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Abstract

Dynamic magnetization reversal was studied in lithographically patterned thin-film

permalloy (Ni80Fe20) microstructures using time resolved scanning Kerr effect

microscopy (TR-SKEM).  These few-micrometer lateral-dimension, patterned, thin-film

elements were magnetically excited by transient magnetic field pulses and studied in their

nonequilibrium states during magnetization reversal.  TR-SKEM, a method for unique,

ultrafast, spatiotemporally resolved detection of all three magnetization components, was

developed and cultivated giving birth to experimental micromagnetic dynamics.  This

method elucidated the magnetization motions in 180o reversal geometries and engendered

(and allowed) the creation of new classifications of magnetic switching.  The new

classifications were modifications on the two historical styles of incoherent rotation and

coherent rotation magnetic switching.  In particular, the actual rotation dynamics were

experimentally observed for the first time, including the inaugural direct observation of

precessional switching.  For incoherent rotation, two styles (in particular) emerged:  the

first starts from equilibrium with magnetostatically defined symmetry breaking and is

characterized by vortex creation and expulsion and two rates of reversal, the second starts

from nonequilibrium and exhibits large energy transfer to high spatial frequency

magnetic excitations.  Comparison to numerical micromagnetic simulations further

elucidated the dynamic behaviour, witnessed convergence of experimental and numerical

micromagnetic dynamics, and allowed exploration of the range of validity of numerical

micromagnetic simulation.



Preface

This work is sub-divided into six chapters.  The first gives a background and

context, the second details the experimental technique, and the third shows some

technical fabrication and characterization details.  The fourth chapter produces most of

the measured results and the fifth brings in simulation for comparison and summarizes

the work.  Chapter six gives the conclusion and future prospects.

Chapter 1 provides a scope for the thesis work and tackles the breadth and depth

of the pertinent issues.  It motivates magnetic study from both fundamental and

application points of view, and motivates the need for spatiotemporal experimental data.

Micromagnetic dynamics and magnetic switching (dynamic reversal) are laid out in

historical context.  Analytical spin wave theory is derived and discussed.  Finally,

contemporary literature that is important in context of the work is presented and

discussed.

Chapter 2 outlines the experimental technique of time resolved scanning Kerr

effect microscopy (TR-SKEM).  A background in ultrafast optics and magneto-optical

Kerr effects is provided.  The unique spatiotemporal measurement technique of TR-

SKEM is presented in stages, specifically, with discussion regarding the three-component

magnetization measurement capabilities.  In addition, several technical discussions and

figures are included (such as digital photographs of the apparatus).  The apparatus is also

presented as a whole unit and layouts for 180o dynamic magnetization reversal

(switching) are considered.

Chapter 3 details the materials, fabrication, and characterization techniques used

to prepare the permalloy thin film elements and the excitation geometries.  The highly

technical chapter describes depositions of permalloy, metals and oxides, shows optical

lithography and etching techniques, and suggests and uses a repertoire of analysis tools.

Chapter 4 gives the bulk of TR-SKEM measurements taken for 180o dynamic

magnetization reversal in the lithographic thin-film permalloy elements.  The acquisition,

presentation, and interpretation of a considerable amount of data allows initial



categorization of magnetization reversal into several distinct styles:  resonant

(precessional), torque dominated, metastable, dynamic domain nucleated, and

unequilibrated network nucleated.  In addition, technical discourse on data handling,

compilation, interpretation, and presentation is presented throughout.

Chapter 5 brings forth numerical simulation results of magnetization dynamics for

comparison to experimental data.  In small angle dynamics (ferromagnetic resonance)

strong convergence is achieved.  In large angle dynamic magnetization reversal, iterative

steps in the simulation are seen to improve agreement and achieve convincing

comparisons for magnetostatic dominated reversals.  Further improvements for the

numerical work are also suggested.

In addition, chapter 5 heralds the advent of experimental micromagnetic

dynamics.  The insights gained in the chapter allow solid classification of the

magnetization reversal dynamics in historical context while confidently defining new

modes of magnetic switching and, for the first time, directly witnessing a precessional

switching event.  In particular, the magnetization reversal style of incoherent rotation was

sub-identified into metastable switching, torque-energy coupled switching, dynamic

domain switching, and network nucleated switching.
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magnitude of the longitudinal effect is the same here as in the case of Fig. 2.8(b), but of opposite sign.
In the transverse case, only parallel polarization yields an effect.  Both effects require a non-vanishing
angle of incidence.  After Hubert and Schäfer, Ref. [47]. .....................................................................76

Fig. 2.9  Faraday signal from a garnet layer for sampling local, transient magnetic fields.  The three traces
characterize filtered field pulses from a 10 ns long avalanche transistor pulser.  Since charge is
conserved, the area under each curve is conserved.  The filters were placed in the current line.  Time-
resolved experimental analysis of magnetization behaviour using these three as input pulses is
undertaken in Sect. 4.4.  inset  The original garnet measurement.  This trace profiles the transient
magnetic field used for most data in Ch. 4.  The noise during pulse-on is a manifestation of random
behaviour...............................................................................................................................................80

Fig. 2.10  Comparison of the current pulse characterization techniques of time-resolved Faraday rotation in
garnet and inductive probing with a CT-6 probe.  The traces show 60 ns long avalanche transistor
launched current pulses under varying degrees of in-line pulse filtering.  The two methods give similar
results (the undershoot effects in the CT-6 is a product of its AC coupling and low frequency cutoff).
inset  Rise-time comparison of the two techniques...............................................................................83



Fig. 2.11  Power spectral densities of the Fourier transforms of garnet traces from Fig. 2.10.  The unfiltered
current waveform is shown in the top graph.  The envelope of the sinc function oscillations gives
information on the bandwidth contained in the rise-time.  This envelope terminates between 3000 and
4000 MHz.  For the 50 MHz and 10 MHz filtered pulses, the bandwidth corresponds to similar values
(50 and 10 MHz, respectively). .............................................................................................................86

Fig. 2.12  Cartoon describing differential detection of polarization rotations.  Both outputs of a polarizing
beam splitter (at 45o from incident polarization) are used in subtraction.  The intensity in each arm
rises or falls, respectively with rotations of the plane of polarization induced by the interaction black
box.  The subtracted signal (A–B) is only non-zero when a rotation occurs.  The differential scheme
takes advantage of common mode rejection of noise in each channel. .................................................88

Fig. 2.13  Cartoon illustrating separation of longitudinal and polar Kerr signals.  The Gaussian beam enters
the microscope objective and light is incident on the sample at many angles.  Light striking the sample
from left-to-right (collected in detector “R”) sees the in-plane magnetization pointing away (inducing
a polarization rotation).  Light striking from right-to-left sees in-plane magnetization pointing towards
it (inducing the opposite rotation).  The out-of-plane component looks the same in both cases
(inducing the same rotation).  Once these rotations are turned into intensity shifts (by the Thomson –
not shown), L+R will give only information on the out-of-plane magnetization, L–R only on the in-
plane magnetization...............................................................................................................................90

Fig. 2.14  Operation of the Thomson analyzer and dual split detector system.  The light (rotated with
opposite senses in each half) from the sample is split with the Thomson.  The beam incident on
detector 2 has polarization projected onto the x-axis giving a positive intensity shift for A2 and a
negative shift for B2.  The beam hitting detector 1 has polarization projection onto the y-axis giving a
negative shift for A1 and positive shift for B1.  In longitudinal detection mode, the two differential
detectors are subtracted ((B1–A1)–(B2–A2)) to give four positive intensity shifts to the signal S, while
maintaining a subtraction of the full beam profile from itself for noise reduction.  A shift of angle δ
corresponds to an intensity shift of (1+δ)/21/2. ......................................................................................92

Fig. 2.15  The quadrant combinations for polar and longitudinal magnetization components......................92

Fig. 2.16  Comparison of raw signals for 0 and 90o positioning of the initial polarizer.  Results are unclear
since the spot location shifts during repositioning.  In this case, both Mx and My signals seem to
reproduce after repositioning (with stronger signal at 0o due to the reflection coefficients of the beam
splitter).  The Mz is made up of a portion that is reproduced with opposite polarity after repositioning,
but also seems to have a portion that does not change polarity and mimics the x-component..............96

Fig. 2.17  Comparisons of intensity line-scans to longitudinal signal line-scans.  (a)  Scan of x-component
along the y-direction where no resolution degradation should occur.  The x-component and intensity
overlap very well with a Rayleigh limited ½ µm resolution at the edges.  (b)  Scans of y-component
along the y-direction (where a resolution degradation might occur).  The sections chosen for the scan
are averages of small areas of the test images (cf. Fig. A4.14) in (c) where y looks mostly saturated
(pointed out by the arrows).  The nature of free poles and lack of perpendicular component saturation
at an edge obfuscate the result and interpretation.  (c)  Test images with some “halo” effect at
horizontal edges for the My data..........................................................................................................100

Fig. 2.18  A polarized pulsed laser source is split by a 50/50 beam splitter and focused onto the sample with
a 1.3 numerical aperture oil immersion objective.  The reflected light, polarization affected by
magneto-optical Kerr effect interactions with the magnetization in the sample, is analyzed by a
Thomson polarizing beam splitter (THOM) and used in a dual quadrant detection scheme that
simultaneously acquires all three components of magnetization at the surface with 0.5 µm spatial
resolution (LA=Lock-in amplifier).  Temporal resolution is achieved by synchronizing the laser pulses
through the output of a cavity dumper or pulse picker (PP/CD) triggering an electronic pulser
(PULSER) at MHz frequencies via a variable delay generator (VDG) with computer controlled



variable delay ∆t.  The detection is made phase sensitive to the system with low frequency modulation
(gating) provided by a function generator (FUNC) at kHz which toggles a fast gating switch that
controls the output of the VDG.  The gated train of 50 V (1 amp), 10 ns long, 1/2 ns rise, 1 ns fall,
electrical pulses launched down a lithographic line, creates an in-plane, transient magnetic field H(t)
at the sample in opposition to a static in-plane field Hdc maintained by a permanent magnet (PERM).
The computer controlled piezo-driven flexure stage (FLEXURE) raster scans the sample underneath
the laser spot to build a spatial image..................................................................................................104

Fig. 2.19  Digital pictures of the time-resolved scanning Kerr effect microscope. .....................................105

Fig. 2.20  Cross-sectional schematic of the current pulse and sample geometry.  (a)  The pulse ji(t) travels
in a “thick” gold line that is 40 µm across and creates the transient magnetic field Hi(t).  The 25 nm
SiO2 spacer layer insulates and optimally places the magnetic sample in the field.  The biasing field or
dc field Hb is in the opposite direction to and weaker than the transient field.  (b)  A cross-sectional
vectorial map of the transient magnetic field vector within the space that a magnetic element could
occupy (shown in (a)).  The z-component is strongest at the left and right edges of the sample area.106

Fig. 2.21  Plane view of a 10.8 x 3.7 µm2 magnetic element on top of the gold line (shown blown up in the
inset).  The current pulse creates the transient magnetic field H(t) which overpowers the biasing or dc
field Hdc...............................................................................................................................................107

Fig. 3.1  Considerations for the blooming layer.  (a)  Cartoon of destructive interference for an anti-
reflection coating (with best extinction).  (b)  Increased Kerr rotation angle due to destructively
interfered main reflected intensity component Io.  The Kerr interaction gives a 90o polarization
component δ that retains its length (undergoes no interference).  The reflected light undergoes larger
rotation θ' > θ when the main intensity component destructively interferes. ......................................113

Fig. 3.2  Traces with and without TiO2 coating showing raw longitudinal Kerr signal during manual
externally applied magnetic field induced switches.  The small jumps in each trace are the difference
between remanence and saturation as the magnet is removed and brought close with the same face.
The large jumps result from bringing the magnet in close with opposite face.  The signal with coating
is about twice of that without, with the same noise, giving an SNR improvement of ~2....................115

Fig. 3.3  Optical micrographs of results for high-resolution optical lithography.  (a)  Patterned photoresist
(PR) of ellipses before etching on a 20 µm wide gold line.  (b)  Ellipses after etching with PR.  (c)
Ellipses after etching after stripping the PR.  (d)  Photoresist patterns of rectangles.  The wisps on the
large rectangles are some undeveloped PR.  The corners, even on the 10x2 structures, are well defined.
(e)  An overview of the ellipses before etching.  (f)  Rectangles of (d) after etching.  The wisps
restricted full etching.  (g)  The only two ellipses on the line from (e) that were not etched properly.
(h)  As (f). ...........................................................................................................................................118

Fig. 3.4  Data from TEM composition analysis of a lifted off Py film fragment.  (a)  The energy loss
spectrum.  (b)  the energy dispersive x-ray spectrum.  The former gives wt.% ratios of 76% Ni, 22%
Fe, and 2% Oxygen.  The later gives wt.% ratios of 83% Ni and 17% Fe. .........................................123

Fig. 3.5  TEM granular analysis of the lifted film fragment.  Grains range from ~5 to ~15 nm in size and
are crystalline (from the interference stripes)......................................................................................125

Fig. 3.6  SEM micrographs of the microstructured permalloy elements.  The elements are shown at top with
close-ups below.  The axes definitions “A” and “B” will be referred to later. ....................................128

Fig. 3.7  PPMS magnetometer data on a ½ cm square Py film on sapphire substrate.  The easy axis is nicely
square, transverse axis mostly closed, and perpendicular axis well closed.  The coercivity is 2.7 Oe,
the anisotropy field is ~4½ Oe, and the saturation magnetization is 980±30 G not including film
thickness error. ....................................................................................................................................130



Fig. 3.8  AFM and MFM sample characterizations.  (a)  AFM micrographs of some Py elements.  (b)
Unsuccessful MFM imaging attempt.  (c)  Successful MFM imaging of a test piece (recording tape).
(d)  An early MFM imaging result on the “10x2”.  (e)  MFM imaging results with in-situ application
of various magnetic fields.  (f)  AFM images of some of the “rougher” Py sputtered in the first runs in
Bob.  (g)  Different surfaces on a substrate for roughness determinations..........................................132

Fig. 3.9  AFM Roughness determinations on Py and Au thin films and sapphire substrates......................136

Fig. 4.1  Introduction of the concepts of “Spot” and “x-t” scan time-resolved magnetization data from an
uncovered (no TiO2) 6x12 µm2 Py ellipse in a 100 Oe static field.  The top (spot) graphs sample the
magnetization response at the center of the sample (marked with an “X”) vs. time.  These show 90o

phase shifted oscillations (2.4 to 2.8 GHz) in z and y magnetization components at the beginning and
end of the 10 ns pulse (due to the rising and falling edge bandwidths).  These phase shifts, which
indicate precessional motion, are more clearly seen, with the help of drop lines, in the spatial-time
scanned gray-scale data.  The gray map, “x-t” data plots a spatial line-scan (either along x or y through
the sample center as shown by the white lines on the SEM images) as the fast scan axis vs. time (the
slow scan axis).  The wavefront is also curved in time for the x-axis case, showing that the
ferromagnetic resonance occurs at different times spatially across the sample...................................142

Fig. 4.2  Similar layout as Fig. 4.1 for the x-component of magnetization data for the same sample.  A
“montage” of spatial snapshots of magnetization response (as frames of a movie) is added at the
bottom of the figure.  The “magnetic switch” (from dark gray to light gray and vice versa) is seen in
the x-t data as are some oscillations at the sample edge.  The montage shows the global, spatially non-
uniform behaviour of the magnetization during the switching process. ..............................................146

Fig. 4.3  Spot trace and montage data for the 21.6 x 5.8 µm2 stadium shaped element.  The montage data
has been normalized with background gold response masked to zero.  The scalebar, colorbar, and axes
definitions are shown at the bottom of the figure.  Each montage frame is the same time step later than
the previous (0.25 ns in this case).  The static field is 100 Oe.  Vertical stripes form during the front
switch; the back switch is more uniform. ............................................................................................150

Fig. 4.4  Temporal close-up of the data during the front switch of the montage in Fig. 4.3 (0.05 ns spacing).
The right hand side of the element has been added (scanned at a different time due to the finite size of
the piezo-scanning window).  The different normalizations on each half do not qualitatively affect the
results.  A zigzag stripe pattern clearly develops and “locks” into place. ...........................................152

Fig. 4.5  Spot trace and montage data for the 10.4 x 3.9 µm2 element (the “10x2”) in 100 Oe field (0.25 ns
spacing).  The front reversal starts from the left and right edges and locks into a stripe pattern (within
which the y-component wanes without movement to complete reversal) consistent with coherent
rotation within transiently formed stripe domains.  The back reversal is more uniform.  It may be
nucleating from a network of unequilibrated spins and/or random averaging may be at work...........154

Fig. 4.6  Temporal close-ups of the rising and falling edges of Fig. 4.5 (0.05 ns spacing).  The waning and
waxing in y is strongly evident.  The x-reversal is attracted across by the upper edge defect. ...........155

Fig. 4.7  Spot trace and montage data for the 7.7 x 16.5 µm2 element in 100 Oe field.  This less than one
aspect ratio element induces more oscillatory behaviour (as seen in the spot traces).  Only every 2nd Mz
image is shown (since Mz was only sampled at half the amount as the other two components in this
case).....................................................................................................................................................158

Fig. 4.8  Temporal close-ups of the rising and falling edges of Fig. 4.7.  The rising edge may be exhibiting
dynamic domain behaviour but it is not entirely clear.  The back reversal has changed to a new
(precessional) reversal style. ...............................................................................................................159



Fig. 4.9  Whole-average magnetization vs. time traces for the different sized permalloy elements.  Elements
6–8 have the same arbitrary time zero assignment.  All others have individual assignments (which
cannot be compared).  The inset shows the rise times and fall times of the different elements.  The ½
aspect ratio elements reverse more quickly than the ~2 aspect ratio elements because of the extra
torque coupling to more off-axis initial magnetization (and, in the case of the back reversal, different
switching mechanism).  The switching portions of the traces also often have two rates. ...................162

Fig. 4.10  Study of the 10x2 µm2 Py element in 40 Oe field.  The main graph shows an Mx spot
measurement overlaid on a garnet measurement to put magnetic field and response on the same graph.
The spot risetime is very fast, quickly saturating in the 120 Oe net external field.  The fall exhibits
metastable behaviour.  The spot waits for 4 ns after field reversal, slowly descends, but re-reverses
several times due to blips in the external field (none of which rise above zero field) which create a
positive variational field at the spot location.  The x-t image shows that the re-reversal occurs over the
whole length.  The noisy montage data is hard to interpret.  The inset shows the Mz and My traces
exhibiting random noise behaviours (likely caused by the metastability of the back reversal)...........164

Fig. 4.11  Spot measurements as a function of external field in the “10x2” permalloy element.  All are for
the x-component of magnetization.  (a)  Time traces built up for different external fields to form a
gray-scale image of the magnetization (fast axis is time).  The static field (Hdc) is manually increased
from 35 to 175 Oe along the vertical axis (with repeated intervening scans).  Three regimes are evident
(below 70 Oe, above 150 Oe, and in between).  The highlights are the metastable behaviour on the
back end of the low-field regime and the slope matching zero crossing in the middle regime.  (b)  The
time delay to magnetization onsets and (c) the time of reversal as a function of dc field for the front
and back reversals for the data in (a).  Note the behaviour changes at the 65 Oe cutoff. ....................168

Fig. 4.12  Line-scans and line-scan averages vs. time for the “10x2” permalloy element as a function of dc
external field.  The line-scan data (x-component) over the white band on the SEM image is used to
build the x-t gray-scale maps and averaged to give the traces at the top of the figure.  The dc fields are
given to the left of the data.  The envelope “U” shape reveals edge to center propagation, with notches
suggesting the spatial-stripe development.  Metastability for the back reversals for 40 to 70 Oe is seen.
No curvature occurs for the “network nucleated” back reversals of 80 to 140 Oe.  For the line-average
trace data, the slopes and onsets are appropriate to the driving fields conditions with lower and later
values, respectively for lower driving field.  Two rates are sometimes evident..................................172

Fig. 4.13  Montage images (rising and falling edges) of the 10x2 in different external fields (60, 80, and
100 Oe).  For 100 Oe, the front-locking behaviour is similar, though the back is slightly more
structured than previously.  For 80 Oe, front-locking is observed with back switching similarly washed
out as the 100 Oe case seen previously (Fig. 4.6).  The 60 Oe also seems to be the dynamic domain
style on the front, with some suggestion of that style on the back. .....................................................175

Fig. 4.14  Switching rates and time delays to onset as a function of static external field for the 10x2
element.  The dashed lines in the upper graph (a) correspond to a continuation of the Olson and Pohm
slopes for coherent and incoherent rotations, respectively.  Data exhibit upward curvature with driving
field.  The time delay to onset data (b) also shows a dashed line indicating where the transient
magnetic field pulse stops changing for the front reversal. .................................................................177

Fig. 4.15  X-t scan for a new 10x2 sample (with simultaneous component acquisition) for a field pulse with
no frequency filter on the ½ ns rise time.  The data clearly show nonequilibrium effects such as
resonant oscillations and initial locking motions. ...............................................................................181

Fig. 4.16  X-t scan for a new 10x2 sample for a field pulse with 50 MHz frequency filter on the ½ ns rise
time (giving ~10 ns rise time).  The data exhibit spatial structure, having reached a stripe equilibrium
position (presumably induced by static ripple structure).  The data is mostly quasi-static with no
oscillatory or locking behaviour.  The few bright and dark patches at the onset of the switch may be
remnants of non-equilibrium with some domain wall motions. ..........................................................182



Fig. 4.17  X-t scan for a new 10x2 sample for a field pulse with 10 MHz frequency filter on the ½ ns rise
time (giving ~50 ns rise time).  The data is completely quasi-static. ..................................................182

Fig. 5.1  Comparison of measured and simulated current pulses for the transient magnetic field.  The
simulated pulse is just created by ramping up and down for ½ ns and 1 ns, respectively, with 10 ns
between.  The inset overlaps show that this simple function is a close match on the front end, but does
not reproduce the tail on the back end (which has repercussions for lack of metastability in the
simulation)...........................................................................................................................................189

Fig. 5.2  Montage images of the simulated data for a precisely rectangular sample shape in a 100 Oe static
field.  The front reversal is shown in (a) and back reversal is shown in (b).  The temporal spacing
between adjacent frames is 50 ps.  The former has strong zigzag stripe development with the
excitation travelling towards the center.  The latter has more complicated stripes, but still well defined
waxing and waning of the y-component. ............................................................................................192

Fig. 5.3  The whole-average traces and derivatives for the 10x2 in 100 Oe field (both experiment and
simulation) for comparison to the inductive style (hence the “scope” layout to the graphs).  The
longitudinal traces (ML = Mx) are shown in the first panels; the transverse and perpendicular traces
(MT = My and M⊥ = Mz) in the second.  Their derivatives follow in the third and fourth panels.  Time
zero is arbitrary in all cases.  The asymmetric shape of the ML derivative reveals either two-rate or
exponential rate recovery of the magnetization.  The MT derivative exhibits a positive peak followed
by a slower negative peak. ..................................................................................................................195

Fig. 5.4  Derivative traces (x-component) for all the whole-average data (from Fig. 4.9).  Time zero may be
compared for the last three.  The first, third, and fourth clearly exhibit two-rate asymmetric behaviour
(and the second is, at least, asymmetric) an indication of incoherent rotation.  The back reversals are
more, but not entirely, symmetric, as are the front reversals of the hard shaped elements (the final
two).  The back reversals of the last two are fully symmetric (indicating coherent rotation)..............197

Fig. 5.5  Derivative data as alternative risetime characterization technique.  The data are derivatives of the
experiment and simulation line-average traces (cf. Fig. 5.8).  The height of the peak can be used
(maximum slope) to define the rise times.  The onsets can be obtained from the location of the
maxima.  The expected trend of larger peaks and quicker onsets with higher driving fields can be seen.
.............................................................................................................................................................198

Fig. 5.6  X-t scan of the rectangular 10x2 simulation data (x-component).  (a)  X-t using a linear gray scale.
The “U” curvature and notches are visible as normal.  (b)  X-t with a log gray scale centered near –1.
Small deviations from perfect negative alignment are revealed.  (c)  X-t with a log scale around +1.
Small deviations from perfect positive alignment are revealed...........................................................200

Fig. 5.7  Fourier transforms (FT) of the rectangular 10x2 simulation data (x-component).  (a)  FT of Fig.
5.6(a) along the spatial axis; notice the “plumes” of high frequency spatial response at the reversal
onsets.  To the right is an average over time of the same.  (b)  FT of Fig. 5.6(a) along the time axis.
Below is an average over space of the same revealing f and 2f of resonance......................................200

Fig. 5.8  Line-scans and line-scan averages vs. time (x-component) for the 10x2 permalloy element as a
function of dc external field in both experiment and real-shaped simulation (after Fig. 4.12).  A similar
envelope “U” shape (revealing edge to center propagation) is exhibited in the simulation, as are
similar notches (spatial stripes).  The reversal also similarly onsets later and is slower for lower
driving field conditions.  The metastability is suppressed earlier (as the driving field increases) in the
simulated data than in the experiment.  Also, unlike the experiment, spatial curvature remains during
the back reversal for all field values....................................................................................................205

Fig. 5.9  X-t scan and Fourier transform (FT) experimental data (x-component) for the 10x2 permalloy
element.  (a)  X-t scan (after Fig. 4.12).  (b)  FT of (a) along the spatial axis; some activity at the



onsets is visible.  The temporal average of the same appears to the right.  (b)  FT of (a) along the time
axis.  The spatial average of the same appears below. ........................................................................209

Fig. 5.10  Switching rates as a function of static external field for the 10x2 element in both experiment and
real-shaped simulation (after Fig. 4.14).  The dashed lines are again the Olson and Pohm slopes for
coherent and incoherent rotations, respectively.  The simulation data also exhibit upward curvature
with driving field until they saturate due to the finite risetime of the field pulse.  The simulation data
are faster than the experimental data until this saturation. ..................................................................210

Fig. 5.11  Selected frames of the real-shaped simulation result presented with full resolution.  The axes
definitions are shown in Fig. 5.13 along with the colorbar and scalebar.  The static external field is 100
Oe.  Notice the broken symmetry all along the long edges in the initial state.  Dynamic domains form
due to the magnetostatic configuration from this textured edge..........................................................213

Fig. 5.12  More frames from the real-shaped simulation in 100 Oe field.  The reversal is magnetostatically
attracted across the sample horizontally off of the inward curvature along the bottom edge.  Cross-tie
walls (frame 5) form at high stress locations of oppositely saturated y-domains.  Reversal can cross
domains through these locations.  Notice the highly textured state (y-component) prior to equilibration
in frame 6.  This texture is gone by the back reversal onset (frame 7). ...............................................214

Fig. 5.13  The final three frames from the real-shaped simulation in 100 Oe field.  Though more
complicated than the front reversal, the dynamic domain formation is essentially similar in nature for
this back reversal.  The locking in frame 8 (previous Fig.) is quickly achieved because of the
unreversed regions along the sample long edges (frame 7).................................................................215

Fig. 5.14  Full spatiotemporal comparison of the experimental and real-shaped simulation data for the 10x2
permalloy element.  Both reversals start at the left and right edges, develop dynamic domain stripes,
and cross the center via the same magnetostatics dominating curved edge (frame 4).  The spatial
frequencies of the simulation are higher than those of the experiment.  The back reversal behaves
differently between experiment and simulation. .................................................................................216

Fig. 5.15  Full spatiotemporal comparison of the experimental and real-shaped simulation data for the 10x2
permalloy element with a Gaussian convolution and scanning algorithm performed on the simulation
data to mimic the experimental spatial resolution.  The spatial frequencies of the simulation are
dramatically lower than in Fig. 5.14 and now compare favourably to the experimental data.  The
magnetostatics of the element shape dominate the entire front reversal as the experimental and
simulation match very well.  The back reversal still does not agree indicating a different back reversal
mechanism for the two sets of data. ....................................................................................................217

Fig. 5.16  Three component, experimental, vectorial mapping of the precessional, coherent rotation, back
reversal process for the 6x15 permalloy element (SEM micrograph and coordinate definitions to the
right) in a 100 Oe dc field.  The locus of points and reversal trajectory (for the dotted area in the
micrograph) is shown (two viewpoints) by the two spheres at the top of figure and demonstrates the
large angle precessional reversal event.  The 3D rendered spatial images below also clearly exhibit the
resonant reversal.  The cone direction and length indicate the direction and size of the local vector M.
The gray scale background underneath the vectors indicate the local length of the measured
magnetization vector. ..........................................................................................................................223

Fig. 5.17  Experimental and simulation vectorial mapping of the precessional reversal for the 6x15
permalloy element in the 100 Oe dc field.  (a)  The experimental vector trajectory from Fig. 5.16.  (b)
The simulated vector trajectory.  Both trajectories describe the classic z-component demagnetization
driven precessional reversal process (cf. Fig. 1.7)...............................................................................224

Fig. 5.18  Three component, experimental, vectorial mapping of the incoherent rotation reversal process in
the 10x2 permalloy element in 100 Oe dc field.  Selected frames from Fig. 4.5 are shown (temporal



spacing of 0.25 ns between adjacent numbers).  The reversal nucleates with the alternating y-
component pattern (frame 8) causing vortices to form throughout the element.  The vortices, which
must be expelled out the top and bottom edges, lock the pattern into place while reversal slowly occurs
around them by local coherent rotation (i.e. incoherent rotation).  The vortex formations on the lower
left and right (governed by magnetostatics) allow the reversal to proceed across the center via the
lower edge curve. ................................................................................................................................226

Fig. 5.19  Three component, experimental, vectorial mapping of the incoherent rotation reversal process in
the 10x2 element (back reversal).  The vortices are slowly expelled to frame 30.  The state just prior to
back reversal (frame 46) is unsaturated and claimed to be unequilibrated.  The magnetization appears
to “shut off” over large portions of the element as reversal quickly occurs over frames 48–50.  Many,
if not most, of the spatial frequencies of magnetization are higher than the experimental spatial
resolution during this process indicating considerable energy storage in the forms of exchange energy
and nonlinear spin waves. ...................................................................................................................227

Fig. 5.20  Full, vectorial, spatiotemporal comparison of the incoherent rotation reversal process for the
experimental and real-shaped, Gaussian convolved, simulation rise data for the 10x2 element in 100
Oe dc field.  The triangle length and direction indicate |M| and direction of M, respectively.  The
background gray scale also indicates the local length of |M| (white being full length).  Both data sets
exhibit nucleation at the left and right edges due to static closure domain structure and vertically in the
middle due to the magnetostatic energy defined by the lower edge curvature (frame 2).  Vortices form
(frame 3) in very similar positions in both data sets and the locally coherent rotation process allows the
reversal to expand around the vortices (and through the middle via the lower edge defect) in similar
ways. ...................................................................................................................................................229

Fig. 5.21  Comparison of experimental and (real-shaped, Gaussian convolved) simulation data (cf. Figs.
5.18–5.20) for the averaged, normalized value of the length of the magnetization vector |M|.  The local
|M| value is averaged spatially over the element and shown as a function of time.  The initial fast drop
in |M| (in both traces) indicates the energy transfer to exchange and nonlinear spin waves as the
dynamic domains and vortices form in the incoherent rotation process.  The experimental drop is
larger and faster (than the front) for the back reversal (the simulation is about the same in each case)
dropping below 0.4.  This indicates substantial energy transfer to high spatial frequency (higher than
the measurement bandwidth) nonlinear spin waves.  The inset shows the experimental whole-average
x- and z- components of magnetization during the back reversal window where |M| drops abruptly.
The x-component has a relatively large slope showing the high speed of reversal and the bump in the
z-component is taken as one signature of a dense network of unequilibrated spins during the back
reversal. ...............................................................................................................................................231



List of Symbols
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α Gilbert’s dimensionless
damping parameter

αk, αk
÷ creation and annihilation

operators for
quasiparticles (magnons)

β sinθ

χ magnetic susceptibility

∆ domain wall width =
(A/Ku)1/2

δ Kerr component (in
polarized reflectivity)

δ Kerr rotation angle in
radians

ε dielectric constant

εk energy of quasiparticles

φ cylindrical coordinate

φ magnetic scalar potential

γ cosθ

γ gyromagnetic ratio

γ' cosθ'

γLL Landau-Lifshitz’s
gyromagnetic ratio

γLLG Gilbert’s gyromagnetic
ratio

ϕ angular coordinate
(usually azimuthal)

ϕ generic parameter

κ1, κ2, κ3 terms in the dielectric
constant (matrix)

λ Landau-Lifshitz’s
damping frequency

λ wavelength

λ0 optical wavelength

λf optical wavelength inside
film

µ Bohr magneton

µ dipole moment

µ micro (x10-6)

µ permeability

µΩ-cm unit of resistivity

µ, µw mobility, Walker mobility

µ0 vacuum permeability

θ angle of incidence

θ angular coordinate
(usually polar)

θ Kerr rotation angle

θ' bloomed Kerr rotation
angle

τ switching time or reversal
time

τs switching time

ω angular frequency

ωk frequency of quasiparticle

ωM equivalent frequency of
4πMs

∆t change in time

∆t rise time

|M|, |M| length of the
magnetization vector

3D three dimensional

A Amps

Å Angström (10-10 m)

A exchange constant



AB-M name of commercial
photomask aligner

AFM atomic force
microscope/microscopy

AMC Alberta Microeletronic
Centre/Corporation

AMR anisotropic
magnetoresistance

Ar elemental argon

Au elemental gold

B, B magnetic induction
(H+4πMs)

b.c.'s boundary conditions

BLS Brillouin light scattering

Bob name of sputtering
system

BVMSW backward volume
magnetostatic wave

c centi (x10-2)

CD cavity dumper

cf. confer (compare or the
colloquial “comes from”)

CMR colossal
magnetoresistance

CoCr coating on MFM tips
(MESP-10 is standard,
"LC" is low coercivity)

CPP current-perpendicular-to-
plane

D exchange field coefficient
(= 2A/Ms)

d optical resolution

d thickness

DE Damon-Eshbach

demag demagnetization

DI de-ionized water

DI Digital Instruments

DRAM dynamic random access
memory

E polarized electric field

EDX energy dispersive x-ray

EELS electron energy loss
spectroscopy

emu unit of magnetization

et al. et alia (and others)

f femto (x10-15)

f, f frequency

Fe elemental iron

FFT fast Fourier transform

FLEXURE flexure stage

FMR ferromagnetic resonance

FT Fourier transform

FUNC function generator

FVMSW forward volume
magnetostatic wave

FWHM full width at half
maximum

G Gauss (unit of
magnetization)

G giga (x109)

Gb gigabit

GMR giant magnetoresistance

— Planck’s constant divided
by 2π.

H Hamiltonian (energy)

H quantum Hamiltonian

H⊥ perpendicularly applied
magnetic field

H(t) time dependent applied
external field

H, H magnetic field



H2O2 hydrogen peroxide

H2SO4 sulfuric acid

Ha applied magnetic field

Hc coercivity

Hcrit critical magnetic field

Hdc permanent magnet (time
independent) applied
external field

Hdrive external driving magnetic
field (H(t)–Hdc)

Heff effective magnetic field

Hext external magnetic field

HF hydrofluoric acid

Hi “internal” field

Hk anisotropy field

HL longitudinally applied
magnetic field

Ho offset or critical magnetic
field, or applied magnetic
field, or coercivity

HPR 504 type of photoresist

hs reduced switching
magnetic field (=Hs/Hk)

Hs switching magnetic field

HT transversely applied
magnetic field

Hx x-component of magnetic
field

Hy y-component of magnetic
field

Hz Hertz (inverse seconds)

i.e. id est (that is)

I0 polarized intensity
(normal)

Ip initial intensity (p-
polarized)

Is initial intensity (s-
polarized)

J exchange interaction

J magnetization

J1(q) ordinary Bessel function

ji(t) volume current density

k kilo (x103)

k, k, k wave vector or spatial
frequency; reciprocal
spatial vector

K, Ku, K1 anisotropy constant

LA lock-in amplifier

LLG Landau-Lifshitz-Gilbert

M mega (x106)

m milli (x10-3)

M molar (chemical
concentration)

M, M magnetization

MD 354 type of photoresist
developer

MDM magnetic dissipation
microscope/microscopy

MFM magnetic force
microscope/microscopy

Microfab University of Alberta
Micro and Nano-
fabrication Facility

MMM Magnetism and Magnetic
Materials
(conferences/journal)

MOKE magneto-optical Kerr
effect

MRAM magnetic random access
memory

MS magnetostatic

Ms, Ms saturation magnetization



MSSW surface magnetostatic
wave

MTJ magnetic tunnel junction

Mx, Mx x-component of
magnetization

My, My y-component of
magnetization

Mz, Mz z-component of
magnetization

mµsec millimicroseconds

n index of refraction

n nano (x10-9)

N.A. numerical aperture

n0, n1, n2 indices of refraction

N2 dry nitrogen

Ni elemental nickel

Ni80Fe20 alloy of nickel and iron
known as permalloy or Py

nk number of quasiparticles

ns nanoseconds

NSERC Natural Sciences and
Engineering Research
Council (Canada)

Oe Oersted

p pico (x10-12)

p- p-polarization state

PC printed circuit

PD photodiode

PDdestr (optical) path difference
for destructive
interference

PEM photoelastic modulator

PMMA type of photoresist and
electron resist

POL polarizer

PP pulse picker

PPMS Physical Property
Measurement System

PR photoresist

ps picoseconds

PSD power spectral density

Py permalloy

Q complex magneto-optic
parameter

QUAD quadrant photodetector

R roughness

Ra arithmetic average
roughness

Rc critical radius in
nucleation

RC resistive/capacitive
(frequency rolloff)

RK polarized reflected Kerr
component

RN polarized reflected
normal component

Rp reflected intensity (p-
polarized)

rpp, rss, rsp, rps optical reflectivity matrix
elements

Rq root mean square
roughness

Rs reflected intensity (s-
polarized)

s- s-polarization state

s seconds

S signal

S spin value

Sapph sapphire

SCCM standard cubic
centimeters per minute

SEM scanning electron
microscope/microscopy



simile continue in the same
manner

SiO silicon monoxide

SiO2 silicon dioxide

SKEM scanning Kerr effect
microscope/microscopy

SMA type of coaxial electrical
connector or cable

SNR signal-to-noise-ratio

SOM scanning optical
microscope/microscopy

SSWR standing spin wave
resonance

STM scanning tunneling
microscope/microscopy

SW Stoner-Wohlfarth

Sw switching coefficient

T Tesla

t time

T2 Bloch-Bloembergen’s
faster relaxation time

T1 Bloch-Bloembergen’s
slower relaxation time

TEM transmission electron
microscope/microscopy

THOM Thomson polarizing beam
splitter

Ti elemental titanium

Ti2O3 titanium oxide (telluride)

TiO2 titanium dioxide

torr unit of pressure

TR-SKEM time resolved scanning
Kerr effect
microscope/microscopy

TR-SPM time resolved scanning
probe
microscope/microscopy

UHV ultrahigh vacuum

v velocity

V Volts

VDG variable delay generator

VHV very high vacuum

vLor velocity of electrons due
to Lorentz force

vW Walker velocity

W magnetic energy

w magnetic energy density

W Watts

Wcubic, Wu, Wanis anisotropy energy

WD demagnetization energy

Wex exchange energy

WH external field energy

wt.% weight percent

WZ Zeeman energy

x Cartesian coordinate

y Cartesian coordinate

YAG yttrium aluminum garnet
(lasing material)

YIG yttrium iron garnet (a
ferromagnetic insulator)

z Cartesian coordinate
(usually out-of-plane)

z number of nearest
neighbours

Zave vertical location of
average

Zcp vertical location of
central plane

Zi vertical location of point i

ZnS zinc sulfide
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CHAPTER 1

Magnetism

1.1 Motivation and Introduction

Due to some recent developments in technology, discoveries of fundamental new

physics, and societal demand for data handling and storage, there has been a renaissance

in the field of magnetism.  Improvements in ultrathin, epitaxial, and multilayer films1, the

accumulation of methods to perform micro and nanoscale lithography2, several novel

experimental techniques for determining magnetic properties3, and the advent of high-

powered numerical calculation, have all conspired to throw magnetic research into the

realm of the nanoscale4.  Adding fuel to this fire of reawakening is the discovery of

fundamental new magnetic phenomena like giant (GMR)5 and colossal (CMR)6

magnetoresistance (the large changes in resistance depending on the magnetization

directions in a magnetic device) and oscillatory magnetic coupling of ultrathin films7

(changing between antiferromagnetic and ferromagnetic depending on thickness).

Combined with a proliferation of possibilities for magnetic devices based on these new

phenomena8, nanoscale and industrial magnetism is poised for incredible expansion in

this new paradigm dubbed “magnetoelectronics”9.

1.1.1 Industry

Magnetoelectronics has already made waves in ultrahigh density and high speed

magnetic recording10 (which gives us hard drives).  Giant magnetoresistive spin valves

are more sensitive to magnetic fields than devices based on anisotropic

magnetoresistance (AMR).  The read portion of a magnetic recording head has undergone

an evolution from inductive read, to AMR read, to GMR read, all the time shrinking
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while maintaining absolute sensitivity.  On the thin film write side, issues of high

moment materials and head switching characteristics (where our contributions tend to

come in) are a sub-set of the contemporary problems.  Through recent advances, the

number of bits per square inch recorded (the benchmark of recording) has not only

maintained a Moore’s Law pace, but the logarithmic rate of improvement turned upward

about three years ago (current records are around the ~50 Gb/in2 mark) mostly due to the

GMR reader.  Fundamental limits, however, are looming in the distance for the recording

industry.  One of these is the superparamagnetic limit that occur in around 70~100 Gb/in2

as the number of grains needed to give good signal drives individual grains below the

volume who’s equivalent energy is room temperature.  Avenues to overcome this limit

include the use of media with higher anisotropy to increase the magnetic energy per

volume (this requires higher moment writers, or use of a thermomagnetic assist to write

to the higher coercivity media).  One of the attractions of current-perpendicular-to-plane

(CPP) GMR right now is that its sensitivity is independent of track width allowing

reduction to square shaped bits (best for superparamagnetic concerns) without signal loss.

Devices like magnetic tunnel junctions (MTJs) and GMR spin valves (each which

can store an “on/off” state that can be read by a current pulse) are about to challenge the

silicon juggernaut in the lucrative area of random access memory as well (see Refs. [9]).

In a magnetic random access memory (MRAM) array, a grid of current carrying wires is

used in such a way that two crossing currents (giving two coincident magnetic fields)

combined are required to successfully reverse a given magnetic element.  MRAM has the

possibility to challenge FLASH and EPROM memories because of its comparable

density and order of magnitude faster speed.  Currently magnetic tunnel junctions look to

be the best bet11 because of their higher resistance and reasonable signals (CPP GMR is

good for density).  The most pressing issues currently are integration of the devices into

the Si processing steps, reliability, reproducibility and uniformity of the tunneling

junction, and temporal operation and addressing of the elements12.

Computer logic can also be challenged with magnetic based devices.  Johnson’s

hybrid ferromagnet–semiconductor Hall cross combines both memory and logic into one

device13.  The Hall cross interrogates the state of a single layer magnetic element above it

via a Hall voltage.  The ultimate packing density and integration may make it more viable
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than the DRAM architecture of the “classic” MRAM device.  Cowburn’s quantum

cellular automata14 are another possibility for logic.

In addition, the field shows no sign of dwindling over the long term as a string of

fundamentally interesting (and technologically worthwhile) related topics reside on or

near the horizon (with the name “magnetoelectronics” slowly being changed to

“spintronics”).  These start15 with the phenomenon of spin transport, spin injection, and

the possibility of a spin transistor among other things.  Successful injection of spin-

polarized current at a ferromagnetic-semiconductor interface is a key stumbling block

that has seen some recent successes16, since a lag after earlier work at magnetic-

nonmagnetic interfaces17.  The fundamentally interesting topics include forefront issues

of spin coherence18, quantum entanglement and cryptography, and the eventual

realization of the quantum computer19.

1.1.2 Fundamental

On the fundamental side, the effects mentioned in the opening paragraph are no

less interesting.  The topics of exchange, coupling at interfaces, and fundamental

properties of materials have seen strong advancements with the use of surface science

techniques1.  References [5]–[7] have initiated entire new sub-fields that study new

phenomena.  There are other reasons that make magnetism alluring to study as a

fundamental system.

The exchange interaction is at the heart of the magnetic quantum mechanical

system.  As much as superconductivity or superfluidity, magnetism can be described as a

macroscopic manifestation of purely quantum phenomena.  Though treatment has been

mainly quasi-classical over the ~66 years of modern understanding, the inevitable push

towards the nanoscale faces fundamental magnetism with rich theoretical possibilities as

the scale between quantum and quasi-classical is broached (interface magnetism such as

oscillatory coupling already has many treatments at the quantum level).  Thus, magnetism

is tracking into a very active area in condensed matter physics (spin injection, spin

coherence, and quantum entanglement have already been mentioned as fresh new areas).

Spin wave studies and magnetic solitons form an exciting sub-class of magnetism that is

also broadening in outlook, appeal, and notable results20.
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Essentially, magnetism is also a highly non-linear phenomenon and makes up a

more or less, self-contained solid state system.  This means there is ample room for a

wide variety of research angles and techniques to collectively study the phenomena, in

addition to a crossover benefit between the field and solid state physics as a whole.  For

example, one can see magnetism as a “test-bed”21 for ultrafast techniques and numerical

simulation, or can apply techniques from condensed matter to magnetism such as

Brillouin scattering or many-body quantum mechanics.

The summation is that, clearly, both the applications possibilities and the

fundamentally interesting problems in magnetism give a feeling of excitement and

anticipation to the field.  This counteracts the antiquated feel a researcher has when

entering the field and being confronted by a close, fifty year tie with industry (MRAM

arrays were first envisioned with ferrite cores, magnetic bubbles almost became memory

alternatives, and magnetic recording has had its solid history).  Gaussian units and the

mass of “standard” literature from the sixties22–36 (to be fair, some standards are more

modern37–45) do not help matters (not to mention the pre-quantum birth of modern

magnetism with Weiss46).  Once a reader is exposed to the possibilities and new

fundamental directions, however, these strongly outweigh the archaic side, and will do so

more and more as modern “standards” become available47–50,1.

1.1.3 Spatiotemporal magnetization characterization

An essential point, especially on the applications side, is that fast magnetic

motions on small spatial scales are an important recurring theme in many fundamental

studies and almost every industrial application.  Magnetic recording is governed by

reading and writing small areas at speed in a film.  Particularly on the write head, the

spatially resolved magnetization state as a function of time is a parameter of principal

importance51.  The most basic operation of GMR spin valves and MTJs is the fast

reversal of magnetic thin film elements in (often non-trivial) magnetic field pulses.

Further research on the Hall device is targeting characterization of the sample behaviour

in pulsed, crossed fields52.  Spin wave studies and spin coherence also require analysis on
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the fast temporal and small spatial scales20,18.  Spatiotemporal characterization of

magnetization is clearly a very important asset to fundamental and applied research in

magnetism.

A quick survey of the available spatio-temporal techniques, however, reveals few

avenues for determining the magnetization this way.  Imaging techniques are basically

static.  For instance, magnetic force microscopy (MFM) gives highly detailed spatial

information, but only for static configurations (even magnetic dissipative microscopy or

MDM53 has only “relatively” low temporal resolution).  Higher frequency techniques are

basically unresolved spatially (like microwave techniques or inductive probing).

Numerical modeling addresses this spatio-temporal regime very well, but it is a

theoretical interpretation and approximation of reality, and not an experimental

technique.  In fact, direct space and time resolved experimental data is conspicuously

absent from the accumulation of current magnetic results, given its central importance to

the field.

Hence the motivation for time-resolved scanning Kerr effect microscopy (TR-

SKEM) which is the heart of this thesis.  Combining sub-picosecond temporal and sub-

micrometer spatial resolutions, TR-SKEM uniquely engages this, hitherto vacant,

measurement domain.  In addition, it presents its results as the whole spatio-temporally

resolved magnetization vector for immediate comparison to numerical micromagnetic

dynamics, the modern cornerstone for understanding magnetic behaviour.

In this thesis, the development and initial applications of TR-SKEM to

magnetization dynamics are reported.  The germination and flourishing of the

experimental technique are evident in the set-up and data presented.  Results generate

new classifications of magnetization reversal and witness the birth of experimental

micromagnetic dynamics.

1.2 Background:  Micromagnetics

The next four sections attempt to layout the breadth and depth of the issues in

magnetism that are an important background and context for the thesis work.  In many

ways, the work approaches an intersection between two, seemingly separate, fields.  On

the one hand are spin wave studies, which rule in Fourier transform space.  Theory and
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experiment produce results in the frequency domain and with spatial k-vectors.  On the

other is “dynamic” magnetism, which is mostly “quasistatic” magnetism, and is very

particular about addressing magnetization in real-space spatial fashion and (somewhat

less-so) temporal fashion.  These two fields have always been linked, but have recently

come together more fully with gyrotropic, nonequilibrium, magnetization dynamics.

1.2.1 Micromagnetism:  classical vs. quantum

Modern magnetism began with Weiss46 explaining why ferromagnetic materials

can appear completely unmagnetized and introducing the concept of magnetic domains.

A material will break up into domains because of the energy competition between free

magnetic poles on its surface, that favour demagnetization, and the “internal field” or

“Weiss field” (later to be known as the exchange interaction), that favours parallel

alignment of the material.  The contribution of the first term per volume is much smaller

than the second is.  This means that, on a microscopic scale, the magnetization tends to

be aligned, but on a macroscopic scale the material tends to be demagnetized.  Other

energy terms come into play, and micromagnetics54 is the result.  Energy minimization is

what determines the static state one finds in a magnetically ordered material.

Before going into micromagnetics, however, one has to understand a theoretical

basis for magnetism to occur at all.  Take a thermodynamical argument known as van

Leeuwen’s theorem55 (using classical statistical mechanics and the grand canonical

ensembles) where the magnetization is the derivative of the Hamiltonian with respect to

magnetic field.  Because of the statistical nature, averaging a microscopic area over time

is the same as averaging the ensemble over space.  Changing the energy, however, only

shifts the integration in phase space (which runs to ±infinity).  Thus the integration

always gives zero and no magnetization in thermal equilibrium is allowed in classical

physics.

Magnetism requires a quantum mechanical basis for existence.  This is achieved

by using the relativistic Dirac equation56.  Since space and time must be symmetric, we

obtain
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where α and β are initially arbitrary, but certain requirements on the solutions of the

Dirac equation force them to take a certain form (with, for instance, Pauli matrices as

sub-units of 4x4 matrix α).  Effects of an external electromagnetic field described by

vector potential A and scalar potential φ mean p  p–(e/c)A and eφ is added.  Taking the

two positive energy solutions only and combining terms leads to (in a stationary vector

potential and a spherically symmetric scalar potential V(r))
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where ξ is the spin-orbit parameter

dr
V

rcm
e ∂

=
1

4 22

2hξ  , (1.4)

σr  is the intrinsic spin of the electron, and l
r

 is its orbital momentum.  The thrust of this

result is that a spin-orbit interaction and a spin-field interaction are derived, both of

which are important (for instance, for anisotropy and external field coupling), however,

the very fundamental exchange interaction does not come out of this analysis.

The exchange interaction* is a consequence of the antisymmetrization

requirement for electron wavefunctions (space and spin together).  The triplet state for a

two electron interaction, which is symmetric in spin coordinates and anti-symmetric in

space coordinates, will tend to have a lower energy than the singlet state (anti-symmetric

in spin and symmetric in space) purely from electrostatic energy considerations.  The

triplet state tends to “push” the electrons apart (since the wavefunction value is zero at

identical coordinates from the antisymmetrized space condition) and therefore, tends to

have lower Coulomb energy.

                                                          
* This highly simplified argument is less obvious when, e.g., crystal structure is included.  Indeed, for rare-
earth materials, the overlap between the 4f electrons is too small to effectively allow for this direct
exchange and  indirect and super-exchange are found, where a hopping electron mediates the interaction
between separate sites.  Furthermore, antiferromagnetic coupling has the sign of exchange reversed.
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This electrostatic effect can be framed as an interaction between the spins,

generally denoted as the Heisenberg Hamiltonian57

∑
><

•−=
ji

jiji SSJH
,

,

rr
. (1.5)

Moving to quantum mechanics solves the statistical ensemble problem and allows all the

interactions we should need.  However, as macroscopic phenomena, magnetism is “too

big” to be worked in practice.  Many-body problems are only feasible up to a few atoms.

Rigorously, the problem cannot be tackled classically either as discussed earlier, but

practically, it is possible to modify the classical framework to model some of the

quantum effects.  All vectors, space, and properties of the sample are made continuous,

but exchange is added to the picture.  Discrete exchange becomes continuous

∑∑ −→•−
>< neighbors

ij
ji

jiji JSSSJ φcos2

,
,

rr
 . (1.6)

Then, φ is assumed to be quite small, so 2
2

11cos φφ −→  and

[ ]222222
zyxijjiij mmmmrmm ∇+∇+∇⇒∇•≅−≅

rrrrφ (1.7)

for cubic symmetry.  This dependence is not surprising.  The gradient makes a penalty for

misalignment, but must be symmetric (bi-directional) eliminating odd order terms and

higher order is neglected.  This leaves the exchange energy density as

[ ]222
2

zyxneighborex mmmk
a

JSW ∇+∇+∇= (1.8)

where kneighbor is the number of nearest neighbors (e.g., cubic~1, bcc~2, fcc~4, hcp 22 ).

The quantity (JS2/a) kneighbor is defined as the exchange constant or stiffness constant, A.

Now that exchange enters into the material in a semi-classical way (i.e., now that

we have “lowered our standards”), any number of empirical effects can be lumped into

the same.  For instance, grain boundaries effectively change the exchange, locally.  Often

two values of A will be quoted for a material:  the crystalline and the polycrystalline

values.  For permalloy, the polycrystalline (effective medium) value for A is 10-6 erg/cm.
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The next energy term to consider is anisotropy.  The magnetization can choose

any direction until a symmetry breaking assignment is made*.  This comes in the form of

the anisotropy, i.e., the differing energy densities for different magnetization directions.

Anisotropy can be magnetocrystalline (for instance, from the spin-orbit coupling in the

relativistic interaction or even from the notion that the exchange is not spherically

symmetric) or induced (for instance from strain during growth or directional growth).

Surface anisotropy can exist separately from bulk (reconstruction and different spin-orbit

coupling at work).  The demagnetization associated with sample shape can be lumped in

with the anisotropy term.  The energy density usually takes on a form like

)( xzzyyxcubic KW αααααα ++= (1.9)

for cubic symmetry where the α’s are the direction cosines with respect to the crystalline

axes, and K is the anisotropy constant.  The forms

θ2sinuu KW = (1.10)

or

...coscos 4
2

2
1 +++= θθ KKWanis (1.11)

are used for the uniaxial case.  In practice, anisotropy can also be expressed as an

effective field Hk

s
k M

KH 2
= (1.12)

which is added to the external field condition.  Uniaxial anisotropy is what gives rise to

an “easy” and “hard” axis for a ferromagnetic material.

The energy contribution that remains is the coupling of spins to the field, the

Zeeman energy

∫ •−= HMZW . (1.13)

The total field should be taken account of for H, but the contribution is usually split into

the external field and a demagnetizing field.  The external field is the one known to be

applied (sometimes denoted as Zeeman energy).  The demagnetizing field is the field on

                                                          
* In fact, statistical averaging still gives no magnetization at H=0 since arbitrarily small KE changes (like
from the thermal bath) will cause rotation, however, there can, now be, a spontaneous magnetization
assignment for below the Curie temperature.
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a spin caused by the field emanating from all other spins (it is really the dipole-dipole

interaction of a spin with all others).  It makes up the “weak” energy term that tries to

demagnetize the sample to avoid free poles at the surface (and therefore is often obtained

as the solution of a magnetostatic boundary value problem). The external field energy

term looks like

∫ •−= HMHW (1.14)

and the demagnetizing energy looks like

∫ •−= DHM2
1

DW . (1.15)

1.2.2 The “demag” problem

Though Eqn. 1.15 looks innocent enough, the field HD depends upon the spin

configuration of the entire sample.  In other words, to calculate the effective field on any

one spin*, the direction of every other spin must be known.  However, the effective field

is needed to determine the direction of the spin under calculation.  The problem is, thus,

non-local and this is the main feature that makes micromagnetic calculations so difficult.

Calculations for the demagnetization in a static configuration are even difficult.

The basic equations are easy to write down (based from Maxwell’s magnetostatic

equations):

0
0

=•∇
=×∇

D

D

B
H

               
MHB

H

DD

D

π4+=
−∇= U

  , (1.16)

which lead to

Mπ42 =∇ U (1.17)

with the boundary conditions that the tangential component of HD and normal component

of BD, at the interface between magnetic material and vacuum, be continuous, written as

FMvac UU =    and    nM
nn

•=
∂

∂
−

∂
∂

π4vacFM UU
(1.18)

where n is a unit vector normal to the surface of the ferromagnet.  The usual conditions

on U at infinity are included,

                                                          
* As in a “big classical spin” or small region of space with uniform collective magnetization value.
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U is regular,    boundedrU → ,  and   boundedUr →∇2 . (1.19)

Analytical calculations are easily done for an infinite cylinder, an infinite layer, and a

uniformly magnetized ellipsoid.  Calculations become much more difficult for a non-

uniformly magnetized sample.  For any sample shape that is not an ellipsoid, the

magnetization cannot be uniform with a simple external field condition*.  On the other

hand, for samples that are very small (approaching single domain) the dominating

exchange interaction can force uniform magnetization.

Finally, the total energy describing the magnetic sample is

HDanisex WWWWW +++=  . (1.20)

This is the basic energy form that will be used in the numerical simulations except that

the uniaxial anisotropy term is lumped in with the external field (via Hk).

1.2.3 Micromagnetic dynamics

Dynamic equations follow from the static configuration.  The effective field felt

by a spin will come out of the total energy density (w=W/(unit volume)) at that point in

space; this can be written as the total derivative of the energy density with magnetization

M
H eff δ

δw
−=  . (1.21)

Now, the effective field can be in a different direction from M allowing the

nonequilibrium situation to be considered.  In fact it is Heff that drives the dynamics.

The equation of motion just amounts to the equation for a magnetic dipole

moment in a field

effHµµ
×−=

dt
d

γ
1 , (1.22)

where µ is the magnetic moment of an individual spin, being acted on by the field it feels,

and γ is the gyromagnetic ratio )2/( mceg=γ .  The spectroscopic splitting factor is g

(g=2 for a free electron) and leads to a value of γ = 1.76 x 107 Oe-1s-1 for g = 2.  For 3d

transition metal ferromagnets (including permalloy), because of spin-orbit quenching, the

                                                          
* One can imagine setting up a very intricate, spatially varying, external field condition to just counteract
the demagnetizing fields and make the magnetization uniform.  Fortunately, this is essentially what
happens for very small particles since the exchange magnetization is strongest for any misaligned spins.

µ µ
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g factor is almost always very close to 2 so the value above for γ will often be used

directly (g varies considerably for 4f ferromagnets, however).  The left-hand side is the

time evolution of the angular mechanical momentum and the right-hand side represents

the torque acting on the spin (the negative sign just comes from the charge of the

electron).

This leads to an equation of motion for the magnetization dynamics

effdt
d HMM

×−= γ  . (1.23)

Note that the direction change of M in this case is always perpendicular to the M–H plane

(and the length of M never changes).  This defines a precession in which the

magnetization vector is never allowed to come closer to the effective field.  In order to

allow relaxation of the magnetization to an equilibrium direction (along the field

direction) damping has to be added to the above equation

( )HMRHMM ,+×−= effdt
d γ  , (1.24)

where R is a phenomenological damping term.  It can be thought of as a frictional or

viscous term added to the equation.  Note that, depending on what form R takes, the

motion could be quite different:  the length of M could now change and the magneto-

mechanical ratio γ could be forced to change.

The first suggestion for an equation of motion was given by Landau and Lifshitz58

in 1935 in trying to describe domain wall motion with the form for damping

( )effHMMR ××−= 2
sM

λ (1.25)

where λ is an adjustable damping parameter or “relaxation frequency”.  Now the motion

vector has a component in the M–H plane (directed toward H) while still maintaining that

M does not change length.  Figure 1.1 shows a schematic of the damped motion of the

magnetization vector.
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( )effHMM ××−

( )effHM ×−

M

Heff

z

T2

T1

Heff
M

Fig. 1.1  A schematic showing
damped, gyrotropic motion of the
magnetization vector.  The vector has
two motion components: one
perpendicular to, and one within, the
M–H plane.

Fig. 1.2  A schematic showing Bloch-
Bloembergen relaxation of the
magnetization to the equilbrium
direction.  The faster T2 process brings
the vector to the symmetry axis first,
while the slower T1 process finishes
the relaxation by re-extending the
length of the magnetization vector.
These two processes can be understood
from a microscopic relaxation point of
view.

Fig. 1.3  Classification of relaxation frequencies.  Different processes (such as magnon-phonon or magnon-
magnon collisions) contribute to the different frequencies (inverse relaxation times), which, in turn, are
connected to the Bloch-Bloembergen relaxation rates T1 and T2.  After Sparks, Ref. [62].
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The Landau-Lifshitz form is often considered unphysical, since very large

damping (or very large parameter λ) will cause very fast motion dM/dt.  A form that

counteracts this problem was suggested by Gilbert59 in 1955

dt
d

M s

MMR ×−=
α . (1.26)

where α is a dimensionless damping parameter.  The length of M is still conserved in this

formulation and now the motion drops to zero for very large values of α.  The two forms

can be shown to be equivalent for low damping only* using the following substitutions:

sLL Mγ
λα =    ,   ( )21 αγγ += LLLLG    ,   and α << 1 . (1.27)

It has been pointed out that the two forms, though they can be equilibrated, involve

different physics60.  Actually, Landau and Lifshitz originally knew that their form did not

make sense for high damping.  They only derived it assuming low damping all along.

This apparently has led to confusion from time to time60,47,48.

The full equation (from Eqn. 1.24) with the Gilbert damping form (Eqn. 1.26) is

written below (with the total derivative from Eqn. 1.21 placed in directly for Heff) and is

generally denoted the Landau-Lifshitz-Gilbert or LLG equation.  This is the equation

most often used in the current literature, especially for finite element numerical

simulations.







 ×−






 ×−=

dt
d

M
w

dt
d

s

MM
M

MM α
δ
δγ  . (1.28)

Another common form of the damping also exists and comes from assuming an

exponential form of relaxation for the magnetization vector (with a linear magnetization

term on the right-hand side).  The Bloch-Bloembergen equations61 assume the

longitudinal and transverse components of magnetization may relax with different rates:

                                                          
* Actually, as long as it is remembered that γ has to be changed, the forms are equivalent for any value of α.
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The length of the magnetization vector is allowed to change in this configuration, as well

as giving more parameters for relaxation.  This form also lends itself to microscopic

descriptions of relaxation62,63 (see Figs. 1.2 and 1.3).

An aside is appropriate here to hint at what really is happening in the damping

process.  Being the only phenomenological part of the Landau-Lifshitz formalism,

damping is important to understand and try and model.  The field (of simulation) is young

in this sense, as the standard is still a single dimensionless parameter, which conserves

length of |M|.  Sparks62 takes a more microscopic viewpoint based on a spin wave

description.  Magnon-magnon, magnon-electron, and magnon-phonon (or spin-spin, spin-

electron, and spin-lattice) collisions are thought to eventually dump the energy into the

lattice.  The Bloch picture works well with microscopic relaxation.  A two-magnon

process (one decaying into a second) conserves magnon number and thus Mz value (Mz is

the chosen quantum state with each magnon taking one unit away from perfect

alignment; see Sect. 1.4).  This rapid process determines the faster T2 transition as the

magnetization vector shrinks towards the z-axis without allowing the z-component to

change (see Fig. 1.2).  A typical two-magnon event might be scattering off an impurity

(the locality means momentum conservation can be broken, as in a k=0 FMR magnon

decaying to a k>0, but energy degenerate magnon).  Slower, three and higher magnon

events allow momentum conservation and decrease the total magnon number (relaxing

Mz along the z-axis).  This is associated with the slower T1 process.  Finally, eventual

magnon decay to the electron and lattice excitations allows the energy to be removed

from the magnetic system (Fig. 1.3 classifies different components of relaxation).

Further discussion on microscopic mechanisms of damping can be found in Sparks62.

Another useful set of references are those of Bary’aktar64 which give an alternative form

of the LLG equation (not shown).  The damping parameter α takes on a tensor form.

This allows the damping to vary on a number of levels including by direction (to take into
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account “relativistic effects” such as anisotropy) and to include the effects of exchange*.

Suhl and Bertram140 talk about damping as well (covered in Sect. 1.5) and will be

covered along with the work of other recent authors.

From a calculational point of view, the LLG formulation is more enticing because

of the spherical symmetry that follows from conserved length of the magnetization.  To

get a more useful form for calculations, we break the equation into its components using

spherical coordinates (first, the definition of total derivative is given),

s
s M

M MmM == , (1.30)

∑
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∂
−

∂
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=







k
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ikii

dx
dM
W

dx
d

M
WW

Mδ
δ  ; (1.31)

in spherical coordinates, ( )θϕθϕθ cos,sinsin,cossin=m  and Eqn. 1.28 becomes:

θα
δθ
δγθϕ

θϕα
δϕ
δγθθ

&&

&&

+=

+=−

W
M

W
M

s

s

sin

sinsin 2

(1.32)

where the dot represents differentiation with respect to time.  These are a set of coupled

differential equations in θ and ϕ  and are basically what is used for numerical simulation

in Ch. 5.

A brief example to show that these equations give expected results appears below.

Let the effective field be along the z-axis with no other contributions (like in an infinite

cylinder) Heff = (0, 0, H).  Then W = MzH =  MsH cosθ .
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* The values of α determined from domain wall velocity measurements and from FMR measurements are
quite different (the former are larger).  This is generally attributed to the lack of accounting for relaxation
due to “exchange damping” in the wall.

θ       m

ϕ
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Thus, we get a precession about the z-axis.  Since α is small in most cases ϕ(t)~(γH)t or

ω(t)~ γH !  As for θ, the arctan gives a monotonic decay to 0, as we would also expect.

1.3 History of statics and “dynamics”

The history of statics and dynamics is outlined in this section.  Nucleation and

domain wall motion are touched on first, followed by the important (and pertinent to our

work) area of magnetic switching (introducing coherent and incoherent rotation) being

reviewed.  Finally a key sub-section (1.3.4) addresses the distinction between quasistatic

and dynamic switching, followed by a contemporary perspective on magnetization

switching.

To understand any research on magnetization dynamics in context, one needs to

understand the long (and painful65) history of the subject.  There has always been an

industrial pressure, from ferrite cores, then thin film, then magnetic bubbles, to current

GMR or MTJ memories.  Magnetic storage, media, and recording heads have forced

magneticians to quickly understand, or at least learn empirically how to control,

magnetization dynamics.  Microwave devices (which spawned so much understanding of

the spin waves and MS modes in YIG, etc.) also contributed to this pressure.  It has also

always been an interesting fundamental problem from Landau and Lifshitz’ domain wall

work to Brown’s micromagnetics and nucleation.  In particular, the question can be

asked, “what happens the instant that the field is too strong and equilibrium is

overcome?”  This turns out to be a hard problem, solved (at first) only in a cylinder.

Thermal effects make this problem moot, while introducing statistics to magnetics (not to

mention superparamagnetism).  Furthermore, as elementary excitations, spin waves are

fundamental entities of study of the system.

1.3.1 Nucleation

We begin by talking about the nucleation problem*.  Chapter 9 of Aharoni48 gives

a particularly good review (especially as to how the word ‘nucleation’ was originally

                                                          
* The nucleation problem is meaningful for us in light of the first instant of reversal in our data, though the
nonequilibrium nature, in our case, adds further complication.
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used by magneticians).  Basically, the question is asked, “what happens when the field

crosses a threshold and reversal must start; what is the first magnetic motion?”

Analytical calculations can be done on a limited basis, based on micromagnetics66,67.  Of

the possible “modes” that are solutions, only the lowest energy one will happen since,

once it happens, the conditions to allow the other modes to happen are gone (unlike, for

instance, normal modes of oscillation).  The “classic” calculations done in Refs. [66] and

[67] are on an infinite cylinder.  There were two modes of rotation found possible, with a

crossover at a critical radius of the cylinder.  The coherent rotation mode or “rotation in

unison” takes place when the applied field (along the symmetry axis of the cylinder and

in the opposite direction to the magnetization) reaches the nucleation field.  In this mode,

the magnetization rotates in the same angle everywhere through the cylinder (as a single

spin like in a Stoner-Wohlfarth particle*).  The other mode is called the “curling” mode

and begins with the magnetization developing a small component along the φ̂  direction

of the cylinder (cylindrical coordinate azimuthal direction).  There is a critical radius Rc

where the mode switches over from uniform rotation if R<Rc to curling if R>Rc, given by

π
A

M
qR

s
c

1= (1.33)

where q1~1.8412 is the smallest root of the ordinary Bessel function J1(q) and A is the

exchange constant**.  Aharoni48 also discusses the nucleation problem in the infinite slab

and ellipsoids and spheroids.

In an article from 195868 Brown discusses these static nucleations in the infinite

cylinder.  However, he also discusses (something very important for our case) the need to

pull together the two fields of static and dynamic magnetization (even implying that

gyromagnetic effects need to eventually be accounted for in the magnetization reversal

situation).  Imploring concern for gyrotropic effects would prove to be a recurring theme

in the sixties lexica.

Domain wall motion turns out to be one of these gyrotropic effects, though on a

localized basis.  The illustrious history of magnetization dynamics, which is entwined

                                                          
* The Stoner-Wohlfarth theorem is described shortly into Sect. 1.3.3.
** According to this formula, the critical radius for permalloy would be ~ 13 nm.
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with, and even one of the foundations of, studies in ferromagnetism, takes domain wall

research as one of its defining portions as seen in the following sub-section.

1.3.2 Domain wall motion

Even before Landau and Lifshitz’s classic paper58 in 1935, Sixtus and Tonks69

investigated a moving domain wall in a ferromagnetic wire.  This kicked off the research

into the idea of reversal as coming from moving domain walls sweeping through a

material (Barkhausen jumps made people conceive that this might be happening).

The crux of the wall motion research lies in the linear relationship between wall

velocity and applied field

)( 0HHv w −= µ (1.34)

where v is the velocity of the wall, µw is the mobility, and H is the applied field (with an

offset H0, usually the coercivity).  This kind of result first came out of the original

Landau Lifshitz paper58 and more seminal work was done by Walker70.  It is still pulled

out often in contemporary works.

In the 1-D theory of domain wall motion, the Landau-Lifshitz mobility formula is

given by

Hv
α
γ∆

= (1.35)

where γ is the gyromagnetic ratio, ∆ is the domain wall width ( 
uK

A
=∆ , A is the

exchange constant and Ku is the uniaxial anisotropy), and α is the dimensionless damping

parameter.  This formula assumes the form of the domain wall does not change over time.

It also allows an alternative method of finding α from mobility rather than from FMR

measurements (mobility = µ = γ∆/α).  However, once time changes are allowed, µ takes a

value below γ∆/α.  The mobility can be shown38 to fall in the range 
α
γµγ

α
α ∆

≤≤∆
+ 21

 ,

which can be a very large range for small damping.

An effective mass can also be considered from energy considerations.  The spins

in the wall allow the motion to occur by falling out of the plane of the wall (during

precession) which affects the energy of the system.  The motion of the wall can then
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basically be considered as a damped or “viscous” flow of an effective inertial object of

mass mD

∆
+

= 2

2

2
1
πγ

α
Dm (1.36)

where mD is known as the Döring mass71 (the calculation is restricted to small velocities).

The velocity of the domain wall can only increase up to a critical velocity known

as the Walker breakdown velocity

sW Mv ∆= πγ2 , (1.37)

reached at a critical field Hcrit ~ 2παMs.  For fields stronger than the critical field, the

domain wall begins to oscillate.

For permalloy Hcrit ~ 50 Oe, ∆ ~ 200 nm, µ(max) ~ 350 m/(s·Oe), giving vw ~ 17

km/s.  The 1-D problem is just an approximate solution so not too much should be read

into these values (especially considering that the films contain Néel walls not the Bloch

walls presumed for the calculations)*.

The original paper that deals with the Walker velocity and oscillation was by

Schryer and Walker72 also showing numerical work on the 1-D 180o wall in an infinite

medium (in uniform dc fields).  Generalized equations for domain wall dynamics are

given by Sobolev et al.,73 and Smith74 shows a dynamic domain model for thin films with

excellent references.  Slonczewski also did considerable work in the field and an

excellent resource for the domain wall dynamics is Ref. [38] and references therein.  This

builds up 3-D wall motion after considering 1-D.  Ref. [42] by O’Dell is also a good

reference for domain wall motion.  Finally, an excellent summary of the past work on

domain wall dynamics (among other things) is Ref. [47] by Hubert and Schäfer.

1.3.3 Switching

Dynamics beyond domain wall motions were discovered in the late fifties (under

industrial pressure) and opened a new genre of dynamics studies:  that of magnetization

switching.  The line of research generally concluded with two new types of magnetization

reversal (now globally dynamic).  Incoherent and coherent rotation occurred when the

                                                          
* For example, Choi quotes vW ~ 3 km/s in Ref. [152].
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sample was subjected to fields that were strong or fast enough such that domain wall

motion would be “too slow” to bring the magnetization to new equilibrium positions.

The former constituted (presumably) a complicated, nonequilibrium magnetization

pattern while the latter was (at first) just seen as a variant on rotation in unison of the

cylinder.  A good review is given by Doyle65 and good discussion found in section 3.5 of

Hubert’s book47 or generally throughout O’Dell’s42.

This new field was spawned out of a drive from industry to make the first

memory arrays, which turned out to be ferrite core memories (an array of ferrite toroids

with write wires thread through) with two or three lines needed for simultaneous write.  A

bit was stored as one of two directions of the toroidal axis.  “How fast…” quickly became

a very important question in writing and reading the magnetic state.  The good thing

about the toroid was there was no demagnetizing field in the stored bit (the closed

structure meant no free poles), but it took a lot to switch between states since there would

be large demag during the switching process.  Another annoyance was that read was

destructive (it re-set the bit to zero).  Thin film looked to be the solution to this as

suggested by Blois75 and Conger75.  An anisotropic thin film (like permalloy deposited in

a field – see Refs. [37] and Ch. 1 of [41]) had no demag in the plane and seemed to

behave like a uniaxial Stoner-Wohlfarth particle.  An aside here is necessary to describe

the, already twice mentioned, Stoner-Wohlfarth particle.

The Stoner-Wohlfarth76 theorem was constructed for analysis of the (coherent)

reversal of a single domain “symmetric” object with a uniaxial-style of anisotropy.

Single domain allows neglect of exchange energy and the “symmetry” should allow for

“neglect” of the demagnetizing energy (for instance, in a spheroid, the demag. energy can

be re-molded as a uniaxial anisotropy along the symmetry axis).  For the case of an

(“infinite”) thin film sample, the perpendicular anisotropy confines the magnetization to

the plane.

Simple calculation can be done.  Start with just a uniaxial anisotropy such that the

energy is given by

θ2sinuu KW = (1.38)

where θ is the angle between the easy axis and the magnetization.  The in-plane external

field components consist of easy and hard axis fields (or longitudinal and transverse) Hx
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and Hy.  Including the Zeeman (external) term only, the total energy per unit volume of

the film becomes

θθθ 2sinsincos uysxs KHMHMW +−−=  . (1.39)

Minimizing with respect to theta and setting to zero gives the equilibrium position for

angle

0cossin2cossin =+−=
∂
∂ θθθθ

θ uysxs KHMHMW  . (1.40)

Setting the second derivative to zero gives the transition between stable and unstable

minima states

( ) 0sincos2sincos 22
2

2

=−++=
∂
∂ θθθθ

θ uysxs KHMHMW  . (1.41)

Eliminating θ between Eqns. 1.40 and 1.41 gives

( ) ( ) ( ) 323232
kyx HHH =+ (1.42)

where 
s

u
k M

K
H

2
= .  Equation 1.42 describes the Stoner-Wohlfarth76 astroid shown in Fig.

1.434.  The astroid delineates the critical values of external field at which the

magnetization has a stable equilibrium position.  The line 0=∂∂ θW  is always tangent

to the curve.  The equilibrium position for a given field (Hx , Hy) is given by plotting the

coordinate of the field (as at point B in the figure) and drawing a tangent through the

point to the astroid (for points inside the astroid (B), there are two unstable positions; for

points outside (A), one stable one).  The direction of the tangent defines the

magnetization direction.  Thus, if the external field condition is at B, the magnetization

rests at MB2, and as the field is increased towards A, the magnetization must flip to

position MB1 as the field condition crosses the astroid curve.  The Stoner-Wohlfarth (SW)

astroid is important in discussing switching and is very often compared to in the literature

(sometimes, without proper consideration).

The SW astroid and analysis of switching can also be used to explain the

hysteresis curve in a ferromagnet (in fact, much of the motivation for developing these

models is just that).  The hysteresis curve is composed of reversible and irreversible

segments25, the latter attributed to irreversible wall motions at pinning sites where energy
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is lost.  The curve can also have discontinuities where the magnetization “jumps” from

one state to another (leading to small and large Barkhausen jumps).  This is theoretically

what happens when crossing the astroid as the field is changed from B to A (Fig. 1.434),

the magnetization discontinuously jumps from direction MB1 to direction MA1
*.

Getting back to switching, we know that wall motion has v proportional to H, so

switching by wall motion of a sample of a given size in a given time (within the context

where the mobility description works) is like

)( 0
11 HHSw −= −−τ (1.43)

where Sw is a switching coefficient.  Kikuchi77 wrote down the formula for the time to

switch a sphere ( ) ( )21 12 αγατ +∝ −H  **.  Gyorgy78 had also come up with a form for Sw

QSw 






 +








=

α
α

γ

212 (1.44)

where Q is ~1, as had Menyuk and Goodenough79 with ( ) ws StHH =∆− 0 , H0 a threshold

for irreversible flux change and Hs the switching field  (the latter authors found Sw to be

like ~ 0.5 Oe·µsec in thin tape toroids).  Thin permalloy films were found to be an order

of magnitude faster than ferrite cores switching in the 10 mµsec range and below***.  This

regime, where switching time was inversely proportional to field due to a wall motion

concept, came to be known as the viscous damping regime or viscous flow regime.  These

style of equations are also still often used contemporarily (see Refs. [152] and [159]).

Like Brown, when imploring for more communication between spin wave

dynamics and micromagnetics (gyrotropic effects), Smith80 argued that the viscous flow

concept breaks down below ~5–10 mµsec because there is not account taken for the

strength of torque acting on the magnetization****.  He was attempting to address the two-

                                                          
* This begs the question, “how does the magnetization vector get from MB1 to MA1”.  The answer is not
important to the quasistatic analysis and the hysteresis loop, but is a valid and very interesting concern from
the dynamic, nonequilibrium point of view.  More will be said about this in § 1.3.4.
** With this formula was also born the notion that the fastest switching would occur for a critically damped
material of α=1.
*** Apparently the first references to these switchings were quaintly using the unit milli-micro-seconds (also
a British unit) since no-one was yet used to using nano-seconds (ns).
**** It would be a common theme for the seminal papers to cite that gyrotropics must eventually be
considered, though usually as a closing thought on the issue of dynamic reversal.
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Fig. 1.4  The Stoner-Wohlfarth astroid.  The curves describe Eqn. 1.42 and delineate the crossover from
unstable to stable equilibrium positions.  For a given field condition, the magnetization equilibrium
direction(s) can be determined by drawing a tangent through the field co-ordinate point to the astroid.  For
fields inside the astroid, there are two possible (unstable) equilibrium directions (e.g., MB2 and MB1).
Outside the astroid, there is one, stable equilibrium direction.  After Anderson, Ref. [34].
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slope behaviour* of τ–1 vs. H data and appealing to a fast coherent rotation regime below

5 ns as opposed to the viscous wall motion regime.  He did not frame a conclusion about

an incoherent rotation regime, though his 60% transverse switching data would have been

a signature for the partial non-coherence.

A flood of papers at this time** targeted the switching process in both the ferrite

cores and the thin permalloy films.  The first thing that was discovered (in experiments

with the ferrites) is that there were three regimes of reversal mode depending on applied

field conditions.  In other words, there were three different possible values for the slope

(Sw
–1) of the τ–1 vs. H curves.  This phenomenon had just been seen in the ferrites and

now it was being observed in the permalloy films.  Olson and Pohm81 presented clear

evidence for this at the third MMM conference in 1957 (Fig. 1.581).

All of the experiments followed the same general scheme.  The magnetization in

the thin film was flipped by an easy axis (longitudinal), external field pulse while

immersed in a static, transverse magnetic field.  The pulse was provided by a wire with

the same wire used to inductively detect the switch on a fast oscilloscope (both in-plane

directions could be detected with some of the schemes).  The inductive detection gave

traces like those in Fig. 1.5 (A)–(E)81 picking out the derivative with respect to time of

the component of magnetization in question (thus, the integration of the curves gives the

M vs. t trace).  The inverse switching time could be pulled out as a function of

longitudinal field as shown in Fig. 1.5 (F)81.  The figure shows 1/T vs. HL with HT (HT is

transverse field) as a parameter for the different curves.  At a certain critical field, the

slope value of each curve becomes steeper.  This would indicate a change in the style of

reversal from domain wall motion*** to coherent rotation.  The evidence for this comes

from the traces in (A)–(E)81.  At point A, with no transverse field, only longitudinal

                                                          
* The three slope behaviour was just starting to be explained at this time.  Smith apparently had not heard of
the third incoherent rotation regime yet as of 1957.
** The first few MMM conferences (starting from 1955) had an amazing amount of seminal material for the
field of magnetization statics and dynamics as atested to by the sheer number of references in this section to
that time period.  Publications often appeared in supplements to Journal of Applied Physics, which are
treated as books as opposed to periodicals and easy to obtain for extended periods of time for careful study.
The MS mode and spin wave fields also saw great advancements at this time (though much of it was still
not worked out until the 60’s and 70’s).  Much of this work is summarized in Chs. 8, 9, 10, and 11 of Ref.
[24].
*** As stated by the authors.  The very traces give away that the main lower sloped region is an incoherent
rotation one, rather than domain wall motion.  No transverse component would also be seen in “buckling”.
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F

G

Fig. 1.5  Inductive switching data in permalloy thin films.  (A)–(E) Derivative with respect to time
component magnetization traces in longitudinal and transverse directions for different kinds of switching.
(F) The inverse switching time 1/T as a function of longitudinal field HL with transverse field HT as a
parameter.  (G) Data on a corner of the SW Astroid.  After Olson and Pohm, Ref. [81].
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inductance is detected (with a Gaussian like form) implying a moving wall with little

change of the transverse component.  On sites B through E the transverse component

takes on a non-zero form that indicates some sort of rotation is happening.  In particular,

C, where no transverse field exists but the longitudinal field exceeds the coercivity*, has

only a small transverse signal.  Site D, with strong initial spike in the longitudinal signal

and strong transverse signal, and E, with Gaussian longitudinal trace and strong

transverse, show a case with some sort of rotation.  In both D and E, the transverse case

gets about ¾ of the longitudinal switch.  The authors cited combination of wall motion

and coherent rotation to varying degrees (i.e. incoherent rotation) to explain these data.

Figure 1.5(G)81 shows a section of the SW astroid with the Olson and Pohm data

falling well on the second derivative zero.  Here they also surmise their data in terms of

the type of rotation that occurs.  The authors also go on to calculate the torque that would

be acting on the magnetization as a function of angle and consider its effect on the

switching time (the usual closing thought).

This regime in between coherent rotation and wall motion, non-coherent (or

incoherent) rotation, seems to be proposed by Gyorgy82 in 1957 and also by Humphrey

and Gyorgy82 in 1958.  Gyorgy produces a model83 for this “incoherent rotation” in

which it is assumed that the applied field is the only field acting on the magnetization (as

if the decoherence allows demag and exchange to become negligible).  This model gives

a value for Sw (this is really just Eqn. 1.44, but now no longer referring to viscous wall

motion but “incoherent rotation”)

AHS sw 











 +==

γα
ατ 1112 2 (1.44a)

where τs is the switching time and A is a constant related to the starting angle (A~1 for

most starting angles).  This gives a value for Sw ~ 0.2 µsec·Oe for permalloy.

Humphrey84 and then Hagedorn85 confirmed the non-uniform rotation.  Humphrey

also showed traces like those in Fig. 1.5.  It was demonstrated that the maximum flux in

the transverse direction does not occur at ½ reversal.  He suggested that, with small HT,

the reversal starts coherently and loses phase (to give the initial peak in response) and

                                                          
* This condition is similar to much of the data in this thesis.



28

with no HT, starts incoherently*.  Hagedorn showed the non-uniformity by performing

partial switches.  The field pulse is interrupted before the reversal is complete and a

second pulse is introduced (all in HT=0).  The second pulse does not add linearly with the

first, so to speak but induces odd behaviour (in fact, there appeared short negative spikes

when the pulse field was switched off).

In ferrites, Shevel86 saw the three clear slopes (and interpreted them as wall

motion ~ incoherent rotation ~ coherent rotation).  DeBlois added more input87 and gave

a good review about domain wall motion to try and connect the areas.  Smith and Weiss88

also made further pulse measurements down to 2 mµsec with data well fitting onto the

SW astroid.

In his review (Ref. [65]), Doyle gives credit to Dietrich89 et al., for the clearest

description of three rate phenomena in the thin films.  The authors used a 0.35 ns scope to

resolve signals as short as 1 ns switching in a 1mm x 1mm Ni-Fe 80/20 150 nm thin film

and observed a slope as high as 108 (Oe·s)-1.  The authors also garnered the clearest

evidence for rotation in Doyle’s analysis.

Figure 1.689 shows the traces obtained for the three different reversal styles.  In (a)

and (b), a pulse field Hs slightly larger than Hk is applied in the easy direction with a

small dc field HT in the hard direction.  The first peak (which lasted only about 2 ns when

resolved in the sampling scope) is the start of coherent rotation but quickly changes to

domain wall motion with the long tail.  These authors also noticed quick negative spikes

when the switching was interrupted.  As the longitudinal pulse and static transverse fields

are increased, more coherent rotation is approached (Figs. (c) and (d)) and reached ((e)

and (f)).  The voltage-time integrals indicate the magnetization rotating coherently from

some initial to some final direction (both off the x-axis due to the hard axis field).

Dietrich et al., also use a pulse field in the hard direction from which is expected

the fastest reversal (as the magnetization torques around an out-of-plane demagnetizing

field) and, in addition, observe damped oscillations consistent with FMR.  Now the

research started to allude to the gyrotropic nature of magnetization reversal.

                                                          
* As will be seen, this initial peak (the same type can be seen in Fig. 1.5) and this initial coherent rotation
concept is reminiscent of the behaviour in Ch. 4 where transient domains are forming (though the initial
process in our case is certainly not coherent rotation prior to dephasing).



29

easy axis
    (Hk)

M

H(t)

H(induced)

(or Hs)

Fig. 1.6  Inductive traces for three different reversal styles.  (a) and (b) show longitudinal and transverse
traces for a reversal that starts with coherent rotation and (allegedly) changes to domain wall motion with
the long tail (though it could also be an incoherent rotation process).  (c) and (d) show “mostly” coherent
rotation and (e) and (f) show a coherent rotation.  After Dietrich et al., Ref. [89].

Fig. 1.7  Schematic cartoon of idealized precessional switching induced by a step-function transverse
magnetic field.  The magnetization, due to the cross-product between M and Hs, first moves directly down,
into the plane of the material, inducing a large demagnetizing field Hdemag.  The magnetization vector than
precesses around Hdemag in the plane of the material to complete the reversal.

Fig. 1.8  Numerical calculations for the reduced switching field hs as a function of damping constant α with
rise time ∆t as a parameter.  For damping values less than one, the switching threshold drops away from the
theoretical SW value as the pulse rise times shrink due to gyrotropic effects.  After He, Doyle, and
Fujiwara, Ref. [91].
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Gyorgy and Hagedorn90 speak about the coherent switch as just a half cycle of

uniform rotation (FMR).  The implied notion is that the bandwidth in the transverse pulse

sends the magnetization vector directly out of the plane (since zM ˆ~dtd ).  An out-of-

plane demagnetizing field component is immediately created, which the magnetization

can then precess around in the plane (see Fig. 1.7).  These authors estimate that the

demag field could be 100 Oe for an applied Hs of 5 Oe and Hk of 3 Oe (giving switching

in ~ 2ns).  Doyle (Ref. [65]) also discusses this notion of the demagnetizing field

providing the torque for in-plane precession.

Having an understanding of the importance of gyrotropic effects and providing

serious calculation and experimentation to account for and observe them are very

separate issues.  Doyle argues it was not until 1994 that the first numerical treatment of

the fundamental differences caused by the rise time of the field pulse was given91 (Bauer

et al. give more theoretical treatment137).  Figure 1.891 shows the effect of rise time ∆t on

switching threshold as the damping constant falls below 1 (the authors use Kikuchi’s

equation77).  For a field at an angle of 135o from the easy axis, SW theory says switching

should occur for 500.0~~ s
k

s h
H
H

.  For values of α above 1 the rise time does not matter

and the threshold remains at exactly ½.  For α below 1, however, the rise time quickly

begins to affect the threshold, and more so the lower the value of damping, leveling off

around α = 0.01.  For a step function, the switching threshold falls below 0.4.  This is a

direct manifestation of what will be known as the “extra energy” available to a system

due to gyrotropic effects.

Doyle65 also discusses bubble memory in Ref. [65], which will not be discussed

here.  Much of his specialty came to deal with magnetic media (several references are

given) and how gyroscopic effect would start to become important in this field as well.

Finally, he also discusses thin film heads.  Of note, Doyle cites Ref. [92] as giving an

excellent review with a large bibliography of what came of the sixties research into thin

film memory on plated wire (which was then usurped by semiconductor memory).  A

chapter in Ref. [24] also gives a very strong account.
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1.3.4 “Quasistatic” switching vs. dynamic or nonequilibrium switching

As has been hinted at throughout, a distinction must be made between quasistatic

switching and dynamic switching.  Not only does the literature not make this distinction

clear, but also there is overlap (e.g. nucleation) to confuse the issue.  Most of the previous

sub-section does address concerns of dynamic switching though some does not.  The

author will attempt to enunciate this distinction, though more time and more “gyrotropic”

experimental results are needed before the community will be able to clearly delineate the

unique characteristics of this sub-field.

The defining characteristic is a concern for nonequilibrium states of the

magnetization (lacking in quasistatic analysis).  The quasistatic switching is nicely

represented in section 3.5 of Hubert's book47.  In it, he builds up the switching of small

particles.  Uniform single-domain switching is considered first (from which follows the

SW model) and Slonczewski93 analysis of the magnetization curve (hysteresis curve).

Then, switching and nucleation are classified into two categories: asymmetrical,

discontinuous switch, where the SW astroid is crossed anywhere except on a symmetry

axis (see Fig. 1.947) and symmetrical switching and nucleation, where the field is exactly

along the easy axis (x-axis of astroid) or exactly along the hard axis (y-axis of astroid).

Finally, analytic and numerical evaluations of nucleations are considered.

Until this last step in considering nucleations (which are still equilibrium

considerations) the review represents quasistatic switching; the first category is entirely

quasistatic and the second (nucleations) follow the entire magnetization process only by

accident because of no discontinuity in equilibrium positions.  The asymmetrical

discontinuous case, the first category, is shown in Fig. 1.9.  The magnetization flips from

the solid position in the gray coloured ellipsoid to the dashed position as the field is

pushed through the astroid curve.  A plot of the particle energy as a function of

magnetization angle reveals the impetus for the jump (which is represented by the dashed

line in the plot) as h|| is increased.  One could also see how this jump would be a “step” in

the hysteresis curve as well.  As is stated, the quasistatic viewpoint is not concerned with

what happens in between these two equilibrium states, only that there are no equilibrium

positions between.
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Fig. 1.9  A Stoner-Wohlfarth transition in the general non-symmetric case, here for a fixed transverse field.
The field value is increased along the arrow in the SW drawing.  The magnetization value “flips” to its new
direction upon the field crossing the astroid.  The reduced total energy is plotted for several longitudinal
field values as a function of the magnetization angle.  The thick line indicates the calculated energy minima
approaching the instability after starting at positive saturation (ϕ = 0), and jumping to an angle close to ϕ =
π at the instability point.  After Hubert and Schäfer, Ref. [47].
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Dynamic switching (the process that is addressed with TR-SKEM) concerns itself

with nonequilibrium states of the magnetization vector.  The main way this is addressed

is through watching the response of the magnetization to a step function or high

bandwidth magnetic field change (as opposed to sitting at a critical field and watching for

thermal switching, which also does not have direct access to the nonequilibrium states).

The step function magnetic field addresses the system by driving the gyrotropic or torque

based dynamics.  The magnetization is not allowed to respond to the field as it would in

the equilibrium case because of the torque in the Landau-Lifshitz equation.  This,

essentially, puts dynamic (nonequilibrium) switching beyond the scope of the static

hysteresis loop.

The hysteresis loop, as its name implies, gives magnetization as a multi-valued

function of magnetic field depending on the sample history.  In the gyrotropic regime, the

magnetization is multi-valued, period.  After a step-function field is introduced, the

magnetization takes on many nonequilibrium values before coming to equilibrium.

Indeed, differing bandwidths to the same step value starting from the same sample

history, will even lead to different nonequilibrium pathways and different final

equilibrium positions94,95.  In this context, the notion of M as a function of H, in a usual

hysteresis curve, is meaningless.  This is not to say that static hysteresis loops would not

aid in analysis of dynamic switching data, only that they have no direct relationship to it.

As most easily seen with spin wave analysis, a high bandwidth field essentially

offers extra opportunities for energy transfer to the magnetization state (through exciting

spin waves).  Basically, gyrotropic magnetic motions become another energy channel (as

long as the H-field step contains bandwidths above the resonance frequencies of the

sample).

Domain wall motion, incoherent rotation, and coherent rotation are all examples

for dynamic switching.  Domain wall motion is gyrotropic in nature (this motion is what

prompted creation of the Landau-Lifshitz equation).  The wall actually moves via the

action of the spins inside it precessing.  In pure domain wall motion, however, most of a

thin film is in equilibrium before and after the wall moves through a given location.  This

is because the field is not high enough (or containing enough bandwidth) to excite each

location directly.  If it is, the sample can be thrown into global nonequilibrium giving the
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incoherent and coherent rotation processes.  For our data (Ch. 4 and Ch. 5), the driving

field conditions (bandwidth and strength) in combination with the small sample size,

generally puts results into this second category in the rotation regimes, beyond domain

wall motion.  In addition, interesting further effects can result with spatially limited

samples as the various magnetic energies take on different importance.

1.3.5 Discussion of switching today

Needless to say, this first switching “renaissance” in the fifties and sixties, and

data provided above are closely linked to the results of this thesis (for instance, a graph of

rate vs. time is presented in Fig. 4.14 and traces made to be like the inductive probe traces

(by differentiating) are given in Figs. 5.3 and 5.4).  There are several subtle and not so

subtle differences, however, that should be kept in mind when placing previous work in

contemporary context.

The first is that all the samples considered earlier were “bulk” thin films with

lateral extension into millimeters.  Samples tested more recently tend to be patterned thin

film elements with lateral dimension in the micron range (and below).  At the very core

of ferromagnetic behaviour is the influence of the boundary, i.e., the demagnetization of

the sample, so this becomes a very important difference as will be seen (as also illustrated

in Sect. 1.1 (and 1.5), small is also the most interesting regime, industrially and

fundamentally).  A review of the more recent pertinent experiments on this size scale will

be outlined in the Sect. 1.5.

The second main difference is the spatial resolution available in the previous

experiments vs. the ones of this thesis.  Spatial resolution was virtually non-existent with

the inductively coupled measurements.  Any inference to “incoherent” rotation was just

that, an inference at best.  Techniques did exist to give spatial resolution, but these were

static.  (Static) spatial measurements have also generally been expanded or improved to

give very good resolution in present-day experiments.  The next section will also devote

time to these more recent measurements with spatial resolution and their implications.

One key advantage of TR-SKEM, with both temporal and spatial resolution, is the ability

to directly observe the domain wall motion, coherent rotation, and incoherent rotation of
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these dynamic phenomena.  Even with better spatial resolution, current experiments do

not have access to the time domain.

Finally, an important difference that should not be overlooked is the reference to

gyrotropic (sometimes called gyroscopic) effects.  This word has been bandied about

(both in the literature and this past section) as eventually needing to come into play with

the switching process.  Gyrotropic effects will be deemed to mean any effect that depends

on the rise time, or bandwidth of the magnetic field as a function of time (or frequency).

This realm has been well studied from the point of spin wave and MS mode research (in,

for instance, microwave studies of YIG and ferrites), even blossoming at a similar time

period as the switching research.  In spite of Brown and other authors who implored the

importance of gyroscopic effects, and encouraged the cross-pollination between workers

in static magnetism (which seemed to develop a “sub-class” of dynamics like DW motion

and quasistatic switching) and spin wave studies, we find the overlap only recently

becoming important in the experimental and numerical work.  The experiments and

calculations that begin to address this overlap will also be detailed in Sect. 1.5.  First,

however, similar footing must be given to the field of spin wave dynamics in magnetism,

to give the background and concepts to some gyrotropic phenomena that may be

emerging in this thesis’ data.

1.4 Spin Wave Dynamics

The sixties renaissance in magnetism also produced considerable results in spin

wave dynamics, much of it in the test material yttrium iron garnet (YIG), again spurred

on by industrial developments (post-war progress leveraged off the novel devices of radar

and microwave techniques).  This field, so at home in the frequency domain, forms the

complement to the previous section.

This section details the (analytical) field of spin wave dynamics.  The reader is

introduced to analytical spin waves and their dispersion relations, then shown an

overview of magnetostatic (MS) mode analysis, first in ellipsoidal geometry, then in thin

film slabs, and finally in spatially limited (rectangular) slabs.  Many details of

calculation, figures, and some discussion are left for the appendix (Appendix 1) since

analytical spin wave analysis provides only limited insight for the purposes of this thesis.
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All calculations and theoretical machinations are based on the premise of linearization of

the LLG equation (among other things).  This confines the validity of these analyses to a

small angle regime of magnetic motion.  For the results of this thesis, the magnetization

vector undergoes large angle motions.  Frustratingly, this immediately suspends

application of the (useful) analytical spin wave dynamics results to any of the thesis data.

There is (a silver lining) the prospect of validity, however, for the first few instants of

magnetic motion in our experimentation; when the magnetization vectors first move

away from their equilibrium directions, they initially fulfill the small angle condition

(consider it almost as a nucleation problem).  Particularly, given the importance of

magnetostatics to our data (to be presented), garnering knowledge surrounding the

magnetostatic modes for our sample geometries (thin film finite slabs) is important.  As

more “MS mode friendly” geometries and experiments are chosen for our experimental

work, the importance could increase and comparisons could become easier.  Perhaps

fruitful comparisons to the analytical will thus be realized in future work.

Though an analytical approach falls short of describing the full large angle

motions seen in our data, an alternative is found in high-powered numerical computation.

One could consider numerical solutions to be providing a form of “non-analytical spin

wave theory” for comparison to the experiments.  Several of these types of comparison

are done and discussed in Ch. 5.  Discussion regarding the possibility for numerical

simulation is found in Sects. 5.1 and 5.2 (particularly, the simulation as “non-analytical

spin wave” generator, is found in sub-section 5.1.2).

1.4.1 Spin waves and their dispersion (the spin wave manifold)

First, we consider the idea of a spin wave.  It can be derived classically30,44

starting with the Heisenberg Hamiltonian57.  The classical energy of the system becomes

∑=
k

kk nεH (1.46)

where the energy dispersion is

0
22 Hk

M
A

s
k µµε +








= (1.47)
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and nk is the number of “magnons” which are quasi-particles (µ is γ—).  As opposed to the

linear dispersion and zero offset of phonon curves, the magnon dispersion relation goes

like k2 and has a Zeeman offset.  Each magnon increases the energy of the system by εk.

This is the same as decreasing the magnetization of the system by µ for every magnon (as

suggested when discussing the Bloch-Bloembergen equations in Sect. 1.2).

One can also obtain spin waves with the Holstein-Primakoff Hamiltonian96. One

finds a second quantized Hamiltonian for the system and develops “magnons” as the

quasi-particles of flipped magnetization, akin to phonons as the second quantized

particles of vibrations.  H-P calculation eventually leads to (including dipole

contributions)

( ) kk
k

k ααω∑= hH (1.48)

in diagonal form with frequency dispersion*
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θk  = spherical coordinate

and H0 is the external field, Nx,y,z, is the demagnetizing factor due to sample shape, z is the

number of interacting nearest neighbour sites, J is the exchange interaction between

individual spins, S is the spin value, and ∑ •=
δ

δγ ki
k z

e1 .  For the k = 0 case, for an

infinite sample (Nx=Ny=Nz), the solution reduces to the familiar infinite material

ferromagnetic resonance (FMR) frequency 0Hγω = .  Also, for the k ≠ 0 case (but small

k) we have
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−−≈−=− γωγ (1.51)

                                                          
* These relations are straight out of Ref. [44] and in Gaussian units.  The same dispersion relation comes
out nicely in Appendix 1, Eqns. A1.32–A1.34 (both unit systems written).

÷
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which reproduces Eqn. 1.47.  A more useful form of Eqn. 1.49 (k ≠ 0 case) is

( )( )ksiik MDkHDkH θπγω 222 sin4+++= (1.52)

where D is the exchange field coefficient 
sM

AD 2
=  in 







 ⋅
2

2

rad
cmOe  and has a value of

2.513 x 10-9 for permalloy97.  It should be noted that the whole of these spin wave

derivations and dispersions have assumed small angle deviations of the magnetization

vector.

The dispersion relation is shown in Fig. 1.1044.  Notice the quadratic dependence

and non-zero offset near k = 0 as opposed to the linear dependence seen for acoustic

phonon dispersions.  Also, the frequencies are highest for wave propagation

perpendicular to the symmetry direction (θk = 90o) and lowest for propagation along the

direction (θk = 0o).  Some different shapes corresponding to resonant oscillation

frequencies for FMR (the k = 0 spin wave) are shown on the left.  These shape effects can

be understood as follows.  For the out-of-plane biasing field at the bottom, the spins are

held in a high energy state by Zeeman energy of the field*.  This means the magnetization

prefers to “fall away” from the biasing field and a lower energy (lower frequency) can

excite magnetic motion.  For the sphere, all demag factors are equivalent (their energy

constant can be subtracted out of the dispersion relation) leaving the base frequency of

γH0.  For the slab, the magnetization lies in the plane in its (sans external field) lowest

energy position.  Now, Nz (the symmetry direction, i.e., along Ho
**) is zero, Nx is zero,

and Ny is one (out-of-plane).  Higher energy (frequency) is required to force the

oscillation that must take place partially out-of-plane giving the relation known as the

Kittel formula (shown for our Py in Fig. 1.11 as frequency vs. external field)

( )sMHHBH πγγω 400 +== (1.53)

For the Kittel formuala, too, the magnetization always lies close to the symmetry axis in a

small angle condition.  This is important to remember as, though geometries presented in

                                                          
* For Hi to be positive, H0 must be greater than 4πMs~ 104 Oe for Py.  Otherwise, the magnetization will not
align (Nz, the demagnetizing factor due to free poles, is 1 since all the “shape penalty” is in the z-direction).
** The z-direction is always taken to be along the symmetry axis, i.e., along the external field direction
when assigning axes.  Here, z is in-plane when it had previously been the out-of-plane direction.
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Fig. 1.10  Dispersion relation for spin waves, or the “spin wave manifold”.  Waves may exist with ωk vs. k
relations anywhere between the top and bottom curve.  For k = 0, the frequencies describe ferromagnetic
resonance and some geometries and their associated frequencies are shown at left (including the Kittel
geometry in the slab).  For low k values, the spin waves can be more fully theoretically explored in the
magnetostatic mode region.  After White, Ref. [44].

Fig. 1.11  The Kittel relation for ferromagnetic resonant frequency f vs. external field H.  For H = 100 Oe
and 60 Oe, the frequency is 2.9 and 2.3 GHz, respectively.
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Ch. 5 match the Kittel geometry (in-plane bias field), the resonant oscillations often

deviate slightly from Eqn. 1.53.

The shaded region in Fig. 1.10 is the region for low-k waves known as

magnetostatic modes, for which Maxwell’s magnetostatic equations can be applied.  The

background for this regime is given next.

1.4.2 Magnetostatic modes (Walker modes)

This section discusses the normal modes of a spheroid* known as the

magnetostatic modes or Walker modes98.  These modes show up at the low-k limit of the

spin-wave manifold as shown in the Fig. 1.10 and are much like normal vibration modes

for elastic waves in a shaped medium.  In the data to be presented with high frequency

excitation of shaped thin film elements, a background and discussion about these modes

is desirable.  Though they cannot be grafted directly onto our results since the geometry

is different (and, most importantly, the angles are large) comparisons can still be evoked.

The low-k (long wavelength) section of the spin wave manifold has some special

properties that allow for analytical calculation of magnetization eigenstates (see Refs.

[98], [44] and [30] for calculations).  In particular, the variation of the magnetization over

a long wavelength means that exchange interaction is negligible; the problem becomes

purely classical.  Further, as long as the sample size is not too large, propagation can be

ignored (the product of wave number and speed of light remains much larger than

oscillation frequency).  This means the electromagnetic forces are effectively

magnetostatic and the resonances observed are just the free modes of oscillation of an

array of magnetic dipoles in a uniform field.  Since there is no size-scale in the system,

these modes will be size-independent**.  They will certainly be shape dependent,

however, since they depend on the dipolar configuration.

Then the situation is simply described by the magnetostatic Maxwell equations

                                                          
* A spheroid is a sphere with one dimension altered (squashed like a disk (oblate) or extended like a cigar
(prolate)).
** As long as the sample is not “too large” or “too small” so as to nullify assumptions about propagation
and exchange, respectively.  This size independence means Dillon’s145 spatially non-uniform observations
in a millimeter size sample are akin to our measurements in an 8 µm disk142,143.
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plus the constitutive torque equation
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The whole derivation for magnetostatic modes is shown in Appendix 1 (it basically

follows the derivations of Ref. [103]).  The solution to Eqn. 1.55 is
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This solution basically relies on the main magnetization and dc field being parallel and

static.  The oscillatory transverse field and transverse magnetization come in as small

perturbations on the equilibrium position.  Introducing a magnetic scalar potential φ,

defined by, φ∇=
r

H , Maxwell’s equations become
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and are called Walker’s equations.  The equations for inside the magnetic material or

structure take on a cylindrical symmetry defined by the direction of the biasing field and

equilibrium magnetization direction.  One assumes the fields go to zero at large distances,

giving enough information to solve as a boundary value problem.  If the boundaries of the

magnetic element take on cylindrical symmetry (along the z-direction), as for a spheroid

(no longer a general ellipsoid), then the problem is “manageable” and gives oscillatory

(for the range of frequencies where µ is nagative, i.e., within the manifold, see appendix),
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polynomial solutions called the magnetostatic modes or Walker modes98 composed of the

associated Legendre functions (Pn
m and Qn

m).  The modes are described by a set of

indices (n, m, r), n and m indicating the periodicity of the fluctuating component of the

magnetization along the z and φ (cylindrical) coordinate axes, respectively, and r being

the root of the characteristic equation determining the resonance frequency.  For example,

the (1, 1, 0) mode of oscillation corresponds to ferromagnetic resonance.  The (4, 3, 0)

mode for a sphere is shown in Fig. 1.1244 with a periodicity of 4 along the axial direction,

of 3 along the angle, and of 0th order resonance frequency.  These modes were first seen

experimentally99 before the calculation was made to quantify them (though the effect was

not unexpected).

A review of magnetostatic (MS) modes in ferrimagnetic spheroids is given by P.

Röschmann and H. Dötch100.  Another interesting paper solved demagnetizing fields in

nonellipsoidal bodies101.

1.4.3 Magnetostatic modes in an infinite slab (DE modes)

Damon and Eshbach102 calculated the modes for a thin slab magnetized in its

plane (our situation more closely).  With this calculation, they found a variety of different

effects on the shape of the manifold depending on the geometry of the external field (and

symmetry axis) with respect to the thin film.  Recall (see appendix) that the problem

comes down to solving Walker’s equation where the z-axis is along the dc external field

direction (this is what gives the axial symmetry to the equation) in a given set of

boundary conditions.  Assuming an infinite slab of material allows simplifying the

conditions to matching just at the top and bottom surface.  The usual matching conditions

are used (that the normal components of B must be continuous and the tangential

components of H must be continuous).

An excellent review and textbook for these calculations of Damon and Eshbach is

Ref. [103] by Stancil.  Hurben and Patton104 also show a good background for MS waves

in thin films in discussing isotropic effects.  Recently, MS spin waves have been studied

in metallic multilayers as well105.  Because of the differences in boundary conditions

depending on whether the symmetry axis is in the plane or out of the plane the waves in

the thin slab can be classed into different types depending upon the geometry of the dc
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Fig. 1.12  The (4, 3, 0) magnetostatic mode in a sphere.  The zeroth order frequency mode has periodicity
of four along the axial direction and three along the angle direction.  After White, Ref. [44].

Fig. 1.13  Geometry descriptions for Damon-Eshbach modes in the slab.  Forward (F) volume waves result
when the symmetry direction is out of plane, backward (B) volume waves when the symmetry direction is
in-plane along the wave propagation direction, and surface (S) waves when the symmetry direction is in-
plane perpendicular to wave propagation direction.
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field as shown in Fig. 1.13.  If the symmetry axis is out of the plane, the set of solutions is

known as forward volume magnetostatic waves or FVMSW (signaled by F in the figure).

This is because the solutions are within the manifold (all dimensions oscillatory, thus the

mode occupies the whole volume of the sample) and the group velocity is positive.  If the

symmetry axis (dc magnetic field) is in the plane along the direction of (in-plane)

propagation of the mode, the set of solutions is the backward volume magnetostatic

waves or BVMSW (shown by B in the figure), since they occupy the whole volume and

have a negative group velocity (the dispersion relation bends back up as k = 0 is

approached).  Finally, if the dc field is in the plane but perpendicular to the propagation

direction, magnetostatic surface waves result (denoted by MSSW or S in the figure).

These waves are above the spin wave manifold; thus, one of the dimensions (the film

normal direction) must be exponentially damped to satisfy Walker’s equation.  The

modes, therefore, exist only on the surface of the film and are quickly damped away from

the surface.  These modes also have the property that they only propagate in one

direction, not both, on a given surface (if they travel left on the bottom of the film, they

will travel right on the top).

Appendix 1 has a sample calculation for computing the dispersion relation for

MSFVW modes in an infinite layer starting from Walker’s equation along with formulae

for frequencies and group velocity for all the geometries.

1.4.4 Magnetostatic modes in spatially limited (rectangular) thin film slabs

Just as in standing spin wave resonance or SSWR (first experiment107 and first

theory108), where a thickness quntization leads to standing waves through the thickness,

spin wave modes may also be quantized in the plane in a spatially limited sample (a slab

of finite length and width).  If DE modes (Damon-Eshbach) represent solutions in an

infinite slab, then some quantized forms of them represent solutions in a rectangular slab.

Storey et al., do just this (use DE theory and “quantize” it), allowing only

wavelengths to occur that fit evenly in the finite length and width of the slab material109

(in YIG).  This method is not bad, but it makes no modifications to take into account

edge effects, demag, and non-uniformity of the magnetization inside the slab.  The
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authors do, however, get good agreement with experiment for their calculations of

absorption by different modes of microwave field energy in this quantized form.

Bryant et al., perform calculation for a Py thin film slab and take into account

edge effects and demagnetization110.  They also discuss the merits of the variational

method for figuring out the MS modes.  Stancil103 goes over this method explicitly and

Sparks shows a lot of work with the variational method and slabs111.  These calculations

will be of interest to the reader continuing experimental micromagnetics studies in “MS

mode friendly” experimental geometries.

1.4.5 Analytical spin waves discussion

To close this section, we give a brief discussion on the connections and

limitations of analytical spin wave analysis to our current data.  To begin, it must be

noted that ferromagnetic resonance has been clearly seen in our samples even within the

context of large angle motions (see Fig. 5.16).  The data do not necessarily fit the Kittel

relation (Eqn. 1.53), but some insight is still available.  For spatially varying excitations

(k ≠ 0), comparison becomes more difficult simply because of the added complication.

Some comparison is given in Chs. 4 and 5, though more work needs to be done, in

appropriately selected geometries, to be definitive.

The following concerns should also be kept in mind for future work.  First,

permalloy is metallic.  A main assumption in the Walker derivations was that there were

no sheet currents (YIG is an insulator), but Py has eddy currents.  This concern is not that

bad (the first SSWR was even in Py), though Patton cautions that BV waves do not

propagate in Py due to the eddy currents even though other basic modes exist97.  In our

case, this concern is somewhat mitigated since the layers we use are fairly thin (15 nm).

The very same thin-ness, however, also reduces the range of applicability of

magnetostatic wave results.  For thickness d very small, in order for the term kd to be of

significant size, k must be large.  But when k is large, excessive exchange breaks down

the MS mode presuppositions.  This is shown in Fig. 1.14 (a) where the MSSW,

BVMSW, and FVMSW (lowest order) dispersion relations are shown overlaid on the

spin wave manifold.  The modes do not have time to change much from zero before the

k2 term of spin wave noticeably changes (around 0.1 k d).  If d were much greater, i.e., for
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Fig. 1.14  The spin wave manifold and magnetostatic mode curves in a thin slab as a function of reduced
spatial frequency kd.  For a 15 nm thick permalloy film (a), the quadratic (exchange) curvature of the
regular spin wave manifold becomes noticeable (invalidating MS assumptions) before the MS modes reach
their asymptotes.  In (b) (a thicker film), the asymptotes are reached while the regular curve is still flat.



47

a thicker sample, the MS modes would have time to reach their asymptotes before

exchange is important as is shown in Fig. 1.14 (b) with a flat-lined spin manifold.

The most important difference, which cannot be stressed enough, is the fact that

the magnetization vector undergoes a large angle motion in our experiments.  As

mentioned previously, the first instant of magnetic motion fulfills the requirement of a

small angle regime in that M and H are at least on the same axis (even if in opposite

directions).  The geometry would correspond to backward volume or maybe surface MS

waves (with the symmetry axis in the plane).  The excitation geometry (the equivalent of

an rf field in the microwave studies) is along the same axis, but small components (of the

effective field, in particular, due to demag, etc.) act off the axis such that coupling is

possible.

In the end, unfortunately, the efforts of this section do not make strong headway

in understanding the magnetic motions observed in this thesis (and no comparison of

experimental data to analytical theory is undertaken).  In general, an analytical approach

is not nearly sufficient to shed light on the large angle gyrotropic processes.  Fortunately,

an alternative is found in high-powered numerical computation.  With simulation, we will

find that, though not analytical, “spin waves” do still exist in the large angle motions and

comparisons between experiment and “non-analytical spin wave theory” (simulation) can

be made.

Discussion regarding the possibilities of simulation is deferred to Sects. 5.1 and

5.2.

1.5 Pertinent Contemporary Works in Magnetism

This section discusses the pertinent contemporary works that are closely related or

have a strong connection to the primary themes of this thesis.

1.5.1 Background and small element data

One of the important places to start is to provide background to the thin film

element data for permalloy (Py) to be shown in this thesis.  Because of its central
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importance in industrial applications, measurements are often done on Py (both to

elucidate and, likely, to attract attention).

Reference [47] has several images and discussions of static magnetization patterns

in Py thin film elements.  The wall structure will change as a function of thickness in

fine-grained polycrystalline Py with a weak induced uniaxial anisotropy.  At 10 nm, the

film has pure symmetric Néel walls with occasional, nonequilibrium wall transitions,

separating segments of different wall rotation sense.  This is the expected case for our

data, to have symmetric Néel walls with magnetization being maintained in the plane

during transition between regions.  As the thickness increases (up to ~75 nm), the walls

in Py films will become crosstie walls with increasing crosstie density.  At 90 nm (the

transition region), mixed walls are seen with crossties and asymmetric Bloch wall

segments.  For the thicker films, one obtains asymmetric Bloch walls of increasing wall

width with occasional nonequilibrium transitions.

Labyrinth patterns112 can also result in Py films after removal of an oblique

magnetic field47.  The labyrinth pattern results from a static pattern in the Py known as

magnetization ripple113,114.  Ripple results because stray field coupling across grain

boundaries is stronger in the lateral or transverse direction than the longitudinal one so it

is easier to have magnetization misalignment from one grain to the next along the

magnetization direction (leading to a snake like “ripple” pattern).  Ripple is probably a

key factor contributing to (experimental) symmetry breaking in our thin film elements in

Ch. 4 and 5.

Figure 1.1547 shows the coercivity of different shaped thin film elements as a

function of aspect ratio.  Note that the lozenge shaped sample (with less nucleation

possibility because of the pointed ends) has the highest coercivities.  Longer shaped

samples essentially add shape anisotropy effectively increasing Hk (and, thus, Hc).  The

states just before switching are shown with a hysteresis curve in (b).  The pattern

formations for these static configurations (especially for the rectangle) are reminiscent of

some non-equilibrium states seen in numerical data in Ch. 5 (cf. Fig. 5.2).

Figure 1.1647 shows a hard axis remagnetization process in an elliptical Py

element of 20 nm thickness.  The 360o walls are formed without apparent defects.  This
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Fig. 1.15  The observed coercivity or switching field of thin film elements (a) depends strongly on the
sample shape (here every data point represents an average over five independent events).  The inserted
pictures show the state just before switching for the three different shapes.  (b)  The illustrated easy-axis
hysteresis curve of a rectangular element.  (Samples: permalloy elements of 40 nm thickness).  After
Hubert and Schäfer, Ref. [47].

Fig. 1.16  The hard axis remagnetization process in an elliptical permalloy element of 20 nm thickness.
Here 360o walls are formed even without any apparent defects or pinning points.  After Hubert and Schäfer,
Ref. [47].
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situation is similar to hard axis, high resolution data in Appendix 4C, which may

maintain its walls in higher fields (though likely defect related in that case).

Other authors do nice imaging of the static state as well115, including MFM

imaging116,117.  A lot of TEM imaging has been done by the Chapman group in the area of

small particles and switching118,119.  Some time-domain modeling done from this group in

Ref. [118] gives similar states to our micromagnetic modeling.  Dynamic reversal is

monitored as a function of particle width, shape, and of material damping constant in

these numerical data.  Shinjo et al., observe magnetic vortex cores in permalloy dots120

and Kodama reviews the intrinsic properties of magnetic nanoparticles121.

Cowburn et al., also have nice imaging and small particle switching experiments,

which generally discuss the effect of particle sizes and shapes on hysteresis as well as

discussing “configurational anisotropy”.  Cowburn gives a good review in Ref. [122].

Typical behaviour as nanoelements shrink has the magnetostatic energies falling off in

importance.  In one example from Cowburn et al.123, larger circular elements give a

skewed, two-piece hysteresis loop.  As the field is reduced to zero, the saturated elements

form a flux closure by introducing a vortex into their center bringing the magnetization

quickly to zero.  Expanding the field in the other direction, the magnetization does not

saturate until it expels the costly vortex at high fields.  For smaller circular elements,

however, the vortex is too costly to form in the first place (as exchange wins out over

demag) and the coherent rotation reversal gives an SW hysteresis loop.

Smyth et al.124, measuring and modeling the hysteresis curves as a function of

particles size/aspect, also show that the hysteresis loop can change drastically as a

function of particle shape, with Hc rising strongly as an element shrinks below 1 µm.

This group also looks extensively at static magnetization states of small samples with

numerical micromagnetic modeling125.

1.5.2 Thermal switching

Thermal switching results also provide a backdrop to the thesis work.  Lederman

et al.,126 present thermal activation switching data on single domain γ-Fe2O3 particles.

They find the thermal energy barrier to reversal more complicated than a single Néel

barrier and observe curling mode below 30o angle of switching field and uniform rotation
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above 30o.  Wernsdorfer et al.127 present measurements of individual nanoparticles at low

temperatures which showed single energy barrier, Néel-Brown type, thermal activation.

Thermally assisted switching is also investigated on high coercivity CoCr10Ta4 films by

Rizzo et al.128 in which magnetization reversal is induced by nanosecond field pulses.

They find a crossover from exponential to logarithmic decay behaviour as the pulse

length exceeds 10 ns.  This is attributed to nonequilibrium magnetization driven

relaxation (dynamic switching) for short pulse lengths and metastable equilibrium and

thermally assisted relaxation for longer pulse lengths.  Finally, Koch et al.129 measure and

model thermally assisted reversal in sub-micron thin film element tunnel junctions (either

Ni60Fe40 or permalloy, separated by Al2O3) and interpret the behaviour with an “energy-

ladder” model of thermal activation.

The thermal work leads into the gyrotropic work.  The seminal work of Back et

al.130 piqued interest in the gyrotropic nature of reversal again.  The authors use the

SLAC test beam (2–4.4 ps and up to several Tesla) to get strong short magnetic excitation

such that thermal activation is “turned off” (too slow) for the reversal process.  Co/Pt

multilayers (perpendicular easy axis) are studied in the post-excitation, equilibrium state.

Different domains in different regions are observed that are consistent with coherent

rotation in the different strength fields.

1.5.3 Gyrotropic switching:  modeling

Recent modeling has been done which addresses gyrotropic switching concerns.

Zhu and Bertram made use of extensive numerical micromagnetic work in thin film

elements (for both static and dynamic configurations)131,132.  Interesting analysis of vortex

motion was undertaken.  Figure 1.17131 shows a simulation result of the formation of an

elongated reverse domain for a film with strong intergranular exchange coupling133.  The

applied field axis is vertical instead of horizontal.  The sequence of 4 images represents a

transient process at a single field value.  The vortices move in perpendicular directions to

the applied field to allow the reversed area to grow in an elongated shape across the

sample.  Our experimental data (see Fig. 5.19) show very similar behaviour.  The authors

also investigate the reversal processes as a function of the intergranular coupling (among
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Fig. 1.17  Micromagnetic simulation result for the formation of an elongated reverse domain (as a transient
or nonequilibrium process).  The reversed domain forms via vortex creation and motion perpendicular to
the applied field Ha.  After Zhu and Bertram, Ref. [131].
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other things) and the related ripple structures.  Other micromagnetic modeling references

are Refs. [134], [135], and [54].

Hillebrand’s group has also done some modeling (with Stamps).  They model the

reversal final states from ultrashort field pulses136 that closely resemble the final states in

the work of Back et al.130.  They also model Stoner-like magnetic particles subjected to

short field pulses of varying strength, direction, pulse length, and shape137,138.  Their long

pulse data is still governed by magnetic damping, but short pulse data is dominated by

precessional effects.  This data nicely exhibits the differences between quasistatic and

nonequilibrium switching as shown in Fig. 1.18137.  In the “dc” pulse limit, the graphs

would just be the SW astroid.  The magnetization starts along the easy axis pointing left.

If an applied field made up of components Hx and Hy switches the SW theoretical particle

such that the final equilibrium state is to the right, the pixel at that 2-D field value is light

gray.  If it does not, the pixel is dark gray.  Thus, if the field was static, any field applied

with a component to the left does nothing since the magnetization is already to the left

and the whole left side of the graph is dark (not shown).  If a field is so weak that it falls

within the astroid, nothing happens, since the left pointing direction is still an unstable

equilibrium.  If the field value falls outside the astroid and points to the right (has a

positive Hx component) the particle will switch.  The data shown are for a field that is not

static but has a finite length in nanoseconds.  Both cases are step-on and step-off fields

(the rise time and fall times are zero).  Figure 1.18(a)137 applies fields of the given

strength for 2.75 ns.  For the purposes of this sample, this pulse is fairly long (in

comparison to the resonance frequency, for instance), so the case is very close to a static

one.  Almost everywhere on the right half of the image leads to a switch in the final

magnetization state, almost everywhere on the left does not, and the middle, near zero

field (inside the astroid curve) does not.  The exceptions to the rule are for large fields

that are almost exactly along the hard axis.  The pulse is allowing some excitation and

resonance of the magnetization allowing the final state to differ from what it would have

been in the same static field.  For Fig. 1.18(b)137 however, the Stoner picture is drastically

altered as the shorter pulse strongly couples gyrotropic energy into the system.

Suhl discusses the theory of the magnetic damping constant in Ref. [139].  He

explores damping in magnetization dynamics in terms of the spatial average of the
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a)

b)

Fig. 1.18  Switching “astroids” for gyrotropic, square-pulse magnetic field inputs.  Each location in the
Cartesian plane represents the magnitude of the x and y components of the applied field pulse.  The
location is displayed as a light gray pixel if the sample switched (from the left to the right), dark gray if it
did not.  (a)  The relatively “long” field pulse of 2.75 ns causes only slight deviation from pure SW
switching (with zigzags for hard axis applications).  (b)  The short field pulse of 0.25 ns causes major
deviations from pure SW because of the excess gyrotropic energies.  After Bauer et al., Ref. [137].
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magnetization field and discusses the different damping mechanisms:  relaxation to the

lattice, and indirect relaxation via excitation of magnetic modes (spin waves).  He makes

an interesting argument for the energy transfer by assuming an inversion of part of the

spin-wave manifold.  A conclusion of the argument is that (for larger reversal field) two

distinct damping rates could be observed during the switching process, the first portion

rapid, governed by spin wave excitations, the second half slower, with damping to the

lattice*.

The work of Safonov and Bertram is also very important for our results.  They

discuss magnetization reversal as a nonlinear multimode process140.  They simulate

dynamic magnetization reversal in a single grain for an instantaneously applied reversal

field.  The grain is treated as a small system of exchange-coupled subgrains with uniaxial

anisotropy and the gyromagnetic equations are solved without damping.  The

magnetization is found to exhibit nonlinear spin wave excitation on a short timescale (and

purported to experience spin-lattice damping on a longer time scale**) and the average

magnetization significantly decreases during reversal.  Bertram goes on, with Boerner

and Suhl141, to apply similar calculations in a thin film.  They find that excess Zeeman

energy is transferred to magnetostatic-exchange coupled spin waves allowing the average

magnetization to “relax” towards the equilibrium configuration (even in the absence of

damping such that the magnetization never “re-coheres”).

1.5.4 Gyrotropic switching:  experiment

We introduce gyrotropic switching experiments by presenting some results from

spatially resolved ferromagnetic resonance measurements.  Though not actually

switching (not large angle), the experiments are very closely related and historically

matched to gyrotropic switching.

The first spatially resolved ferromagnetic resonance data was presented in Ref.

[142] (see also Ref. [143]), though TR-SKEM has previously been used in time-domain

                                                          
* This effect is seen in our data in Chs. 4 and 5.
** Presumably exhorting the idea of the ad-hoc, two-stage damping, to explain previous work of Silva et
al.154-157 where anomalous two-rate damping is seen (see the following pages) and taking a cue from
Suhl139.
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ferromagnetic resonance experiments144, and a grossly spatially resolved microwave

(frequency domain) optical experiment even dates back to the sixties145.  In Ref. [142], an

8 µm circular permalloy thin-film element is excited with a non-uniform field pulse and

the resulting small angle resonant oscillations are found to be spatially non-uniform.

Similar methods are used in Hicken’s group to study ferromagnetic resonance146 and to

start studies on magnetization reversal.  Gerrits has also done resonance measurements147.

Acremann et al. report vector results in their spatially non-uniform resonance data148.

They are able to resolve the actual precession of the magnetization vector (as in Fig. 4.1,

4.8 or 5.16, but in the small angle regime).

Spatiotemporally resolved reports on reversal in microstructured elements begin

with Refs. [149] and [150].  Data is given for 20x4, 10x4, and 4x4 µm Py elements and a

number of spatial features to the reversal are seen.  These lines of work continue with

Refs. [151] and [152], and the work of this thesis153.  Reference [151] brings numerical

simulation comparison to bear on the spatiotemporal data, which is now vectorial,

elucidating incoherent rotation reversal.  Ref. [152] suggests two modes of reversal,

coherent rotation and incoherent rotation, achieved with and without application of a

hard-axis field.

Considerable gyrotropic reversal work in the same theme on thin film elements

(though mostly unresolved spatially) has recently been reported.  Silva and Rogers, and

now Kabos, have been active in this field.  Most of their reported results are for excitation

of a permalloy bar on a microstrip line.  The bar (with long anisotropy axes parallel to the

transmission line) is placed on top of the center conductor strip of the same width.  Step

and impulse excitations are then introduced in the plane in the hard (transverse) direction.

For initial work, the net transverse magnetization response of the whole sample is

determined by an inductive sampling technique154,155.  The changing transverse

magnetization gives rise to a changing flux that encircles the center conductor line (much

like the work on films reported from the sixties89) and creates an electric field by

Faraday’s law.  Rotation times as short as 200 ps are observed.  They achieve good

agreement with a (single α) numerical simulation that takes into account demagnetizing

fields and show that the demagnetizing conditions are important.  They further explore

the nature of damping in permalloy by comparing the inductive measurements with
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numerical fitting (of the Landau-Lifshitz equations).  The response for step excitations

needs to be characterized by an anomalous transient damping and the introduction of two,

separate α.  This effect and a higher order precessional mode seen in the data are

suggested as being connected to the large angle rotations.

Spatial microscopy is added with second harmonic magneto-optic Kerr effect

(SHMOKE) measurements156,157.  The frequencies of underdamped precessional response

from the inductive measurement and the SHMOKE measurement were found to be

slightly different.  This was attributed to subtle differences in the sample bulk and surface

properties.  This time, inductive data were fit well with a single damping parameter while

optical data required a “two-regime” (two α) fitting with Landau-Lifshitz.

Kabos et al. investigate a spin valve with inductive methods and numerical

modeling158.  Edge effects or inhomogeneities are shown to strongly influence the

switching process allowing complicated intermediate states (or metastable states) to form

that are only accessible through dynamic excitations.  For example, for easy axis (Hk = 4

Oe) external field of 1 Oe, transverse axis pulse field of 13 Oe (200 ps rise time), and

zero hard axis bias field, they see the angle of magnetization stabilize at 90o to the

original direction for many nanoseconds.  Other metastable states (as revealed by the

simulation) show that the central portion of the sample has reversed but the edges remain

aligned in the original field direction, creating a “blocked state” (causing the center to

eventually switch back).

Koch et al. measure and simulate dynamical magnetization reversal in 5 nm thick,

0.8x1.6 µm thin film (Ni60Fe40) elements159.  The magnetization is monitored by using the

element as the top layer of a spin-polarized tunnel junction (and measuring the tunneling

resistance).  The switching time is monitored as a function of field pulse amplitude with

times ranging from 10 ns down to ½ ns as the pulse is increased from Hc to 100 Oe.

Figure 1.19159 shows simulated data for the reversal with a 70 Oe easy axis field

pulse of 10 ns in length (40 ps rise time).  The hard axis field is nominally zero and the dc

easy axis field is not specified.  The switching occurs in three stages:  the edge domains

on the left and right move into the middle and intercept, the interior of the film rapidly

rotates to align with the applied field, and the film center grows and eventually nucleates

reversal on the film edges (top and bottom).  Of note, for fields beyond ~100 Oe, the
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a)

b)

Fig. 1.19  Simulated reversal in 5 nm, 0.8x1.6 µm2 Ni60Fe20 elements.  (a)  Reversal with motion from the
edges to the center in a 70 Oe easy axis field.  (b)  More resonant reversal in a hard axis bias of 50 Oe and
easy axis pulse field of 80 Oe.  After Koch et al., Ref. [159] (originally in colour).
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center rotates before the left and right edges reach it.  This reversal becomes faster (more

characteristic of coherent rotation).

The simulation work goes on to study the reversal with the addition of a 50 Oe dc

hard axis field (and shortening of the easy axis pulse to 200 ps).  The behaviour in this

case is much more resonant (reminiscent of Ballentine’s simulational material231) with

the magnetization vector oscillating about the hard axis field as can be seen for the 80 Oe

(200 ps) pulse case shown in Fig. 1.19(b)159.  The paper also plots the pulse amplitude

(for successful switching) vs. the pulse width and finds it well described by the empirical

form for viscous domain wall motion (see Eqn. 1.43)*.·

Russek et al. also characterize the magnetization reversal in magnetoresistive

devices160.  In their case, they use GMR effect in pseudo-spin-valves, successfully

switching with only ½ ns pulse widths.  They also find a linear relationship between the

required field amplitude and the inverse pulse width, but argue this dependence is

consistent with single-layer films under rotational dynamics.  It should be noted that this

plotting of the inverse pulse width vs. switching field strength (instead of the inverse

switching time vs. switching field strength) is different then the plotting performed in

Refs. [81] and [89], but there is no reason, in principle, why new plotting standards

cannot be used.  It is likely easier to know the pulse width than to assign switching times.

Using this plotting method for this thesis’ data does not make sense, however, since

switching takes place at each edge of the 10 ns pulse; thus, switching times will be used

instead of switching field pulse widths.

Figure 1.20160 shows the sense voltage belying the switch in both the hard layer

and soft layer.  The switch (in both layers) is characterized by a fast initial motion

followed by slower settling time, attributed to being driven over an energy barrier

followed by damping.  The data are also reminiscent, however, of the incoherent rotation

                                                          
* Author’s note:  The data are actually plotted vs. pulse width instead of switching time τ.  This choice
probably has connections to the thermal switching experiments and roots with Menyuk and Goodenough’s
switching description79.  It may presume that the two are equivelant, i.e., presuming the sample will not
switch if it has not already done so when the pulse turns off.  This point may be a source to alleviate the
possible contradiction that the simulations indicate complicated, non-domain wall switching, while a well-
fit, viscous domain wall regime would indicate domain wall motion.  In any event, the relationship between
1/τ and field strength is linear in all three regimes, domain wall motion, incoherent rotation, and coherent
rotation, so there is no condradiction in the data, possibly just in the statement that lumps it in with domain-
wall motion.
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Fig. 1.20  Magnetoresistively measured switching of a soft layer in a 0.6x4.6 µm2 NiFe-Co pseudo spin
valve device.  Notice the two rates in the trace and its derivative.  After Russek et al., Ref. [160].

Fig. 1.21  Time-resolved data on 50 nm permalloy film showing suppression of precessional dynamics with
pulse tailoring.  The three graphs show response at distances of 0.4 mm, 23 mm, and 37 mm from a shorted
pulse line termination, respectively (equivalent magnetic field pulse reflection arrival times are 7, 380, and
620 ps, respectively).  Destructive interference of the Fourier components in the total field pulse for the 380
case suppress the oscillations.  After Crawford, Kabos, and Silva, Ref. [95].
Fig. 1.22  Time-resolved data on garnet showing suppression of precessional dynamics with pulse tailoring.
Varying the pulse length alternately leads to suppression and enhancement on the falling edge as the
Fourier components of the front and back pulse edges destructively and constructively interfere,
respectively.  After Bauer et al., Ref. [94].

Fig. 1.21  Time-resolved data on 50 nm permalloy film
showing suppression of precessional dynamics with pulse
tailoring.  The three graphs show response at distances of
0.4 mm, 23 mm, and 37 mm from a shorted pulse line
termination, respectively (equivalent magnetic field pulse
reflection arrival times are 7, 380, and 620 ps,
respectively).  Destructive interference of the Fourier
components in the total field pulse for the 380 case
suppress the oscillations.  After Crawford, Kabos, and
Silva, Ref. [95].

Fig. 1.22  Time-resolved data on garnet
showing suppression of precessional
dynamics with pulse tailoring.  Varying
the pulse length alternately leads to
suppression and enhancement on the
falling edge as the Fourier components of
the front and back pulse edges
destructively and constructively interfere,
respectively.  After Bauer et al., Ref. [94].
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styles of Refs. [81] and [89].  Both layers undergo large motions and are coupled so a

complicated reversal and relaxation process is expected.

Ju et al. use ultrafast unpinning of an exchange biased bilayer (NiFe/NiO) to

induce coherent magnetization rotation switching in a very novel way161.  Photoexcitation

of the interface transiently “turns off” the exchange bias, unpinning the ferromagnetic

layer and allowing its reversal to be monitored with stroboscopic techniques.  Bonfin et

al. report time-resolved magneto-optical imaging in garnet162.  The same authors also

promise to shortly report results in time-resolved x-ray magnetic circular dichroism.

Finally, the beautiful results illustrating pulse tailoring/coherent control of

precessional dynamics94,95 need closer inspection.  Though strictly ferromagnetic

resonance, the data have implications for (coherent) switching.  Figures 1.2195 and 1.2294

show how the shape of the field pulse can dramatically affect the magnetization

dynamics.  In both cases, the sample is excited by a magnetic field pulse of varying

length.  If the length of the pulse is such that the falling edge of the pulse induces

precession out-of-phase with the rising edge, the oscillations destructively interfere, and

suppression of the magnetization precession results.

1.6 Summary of the Chapter

This first chapter has attempted to relay to the reader a sufficient background and

context to interact with the results of the rest of the thesis.  The breadth and depth of the

important issues were developed and a framework laid in which to understand the

significance of the work.  Industrial and fundamental motivations were outlined and

micromagnetics and micromagnetic dynamics were introduced with their implications

and background of research.  The real-space, essential topic of switching dynamics was

thoroughly explored and its counterpart in k-space, spin-wave dynamics, was introduced.

Finally, a contemporary body of literature was presented.
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CHAPTER 2

Time-Resolved Scanning Kerr Effect
Microscopy

This chapter details the experimental technique of time-resolved scanning Kerr

effect microscopy or TR-SKEM, a marriage of scanning optical microscopy and ultrafast

optics.  A background for ultrafast laser phenomena and high speed Kerr measurements is

given.  The technique is presented in pieces and the magneto-optic Kerr effect is

introduced.  Finally, discussion is given, the apparatus is presented as a whole, and

layouts for 180o reversal are identified.

The technique has been well treated in a book chapter “Stroboscopic microscopy

of magnetic dynamics,” by Freeman and Hiebert163.  Section 2 of that reference delves

into the stroboscopic magnetic imaging technique with great detail and makes a definitive

reference for the experimental aspects of TR-SKEM.  In depth discussion and review of

the experiment and set-up also appear in a critical review by Stankiewicz et al.164 as well

as this author’s Master’s thesis143.  Because of this, this chapter will focus on this author's

contribution to (and a student's perspective on) TR-SKEM and will focus on, sometimes

technical, material not included in other references.

2.1 Background (Ultrafast Optical Techniques)

Ultrafast laser experiments have opened the door on the world of transient

phenomena.  A good review on ultrafast optics is Ref. [165].  A review article for

progress in high peak-power ultrafast lasers is Ref. [166].
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A cartoon detailing the essence of the pump-probe (or stroboscopic) experiment is

shown in Fig. 2.1.  First, a laser pulse is split into two beams, a pump and a probe.  The

system of interest is excited, or pumped, at time t = 0 with the pump pulse.  After a short

time interval ∆ t, the system is probed with the probe pulse.  The interval ∆ t can be

created just by making the optical path of the probe beam longer than the pump beam.

The parameter of interest, ϕ, is excited out of its equilibrium position at t = 0 by the

pump pulse.  The probe pulse “samples” or detects the value of parameter ϕ at the time

instant t = ∆ t .  Repeated pulses of the laser allow repeated measurements at the same

temporal position ∆ t, for adequate signal to be built up to produce the gray data point.

The optical probe beam path is then changed to give a new ∆ t temporal position and the

signal built-up again.  This procedure is repeated until the entire nonequilibrium profile is

measured.

The ultrafast pump-probe approach adopted here was inspired by the first

magnetic studies by Awschalom and coworkers167.  In terms of magnetization reversal,

which is often complex, it has long been recognized that simultaneous spatial and

temporal resolutions are needed to track the magnetization changes.  Kryder and

Humphrey168 produced images using flash photography (single shot) with 10 ns and 10

µm resolutions.  More recent work includes that of Refs. [169] with stroboscopic

techniques and [170] with a good review.  The technique has come most of the way to its

present resemblance with Freeman171 et al.  Other recent work has also been done172.

O'dell42 and Hubert47 also have mini-reviews of high speed Kerr imaging.

2.2 The Time-Resolved Scanning Kerr Effect Technique:

Part I

This section presents the TR-SKEM in its constituent parts:  the pulsed laser

source, scanning optical microscopy, synchronization, and modulation.  The magneto-

optic Kerr effect, current pulse characterization, and detection are treated in Sects. 2.3,

2.4, and 2.5.  Section 2.6 summarizes the experimental technique.
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The pump-probe experiment

pump

probe

t = 0

t =∆ t

equil. 1
equil. 2

ϕ

t
t = 0 t =∆ t (variable)

Nonequilibrium
response profile

SYSTEM

SYSTEM

Fig. 2.1  Cartoon illustrating the generic pump-probe experiment.  A system is pumped out of equilibrium
at time t=0.  A variable delayed probe samples the system after variable time t=∆ t to acquire a
nonequilibrium response profile.
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2.2.1 The Pulsed light source

The pulsed light source used in these experiments has been one of two types of

ultrafast laser:  a cavity-dumped dye laser or a pulse-picked Ti:Sapph laser.

The former is pumped by a mode-locked, frequency doubled, Nd:YAG and cavity

dumped at a rate usually between 0.5 and 4 MHz, with a nominal pulse width of 2 ps.

The output of the dye is fairly noisy and the limiting noise factor to the signal (even after

treatment).  An electro-optic intensity stabilizer and a pinhole spatial filter are used to

clean the beam.  For a very clean Gaussian profile, as desired for spatial symmetry with

the quadrant detection scheme, the light is filtered through a single mode polarization

preserving, optical fiber in place of the pinhole filter.

The Ti:Sapph is a much more stable source and more convenient to run (almost

turnkey) with a 50-100 MHz train of fs pulses around (tunable) 800 nm.  Fundamental

beam noise of as little as a few tenths of a percent and a nice Gaussian profile make

filtering necessary only for pulse-picked operation and move the signal-to-noise

limitation onto the detection side.

2.2.2 Scanning optical microscope

The laser interaction with the sample occurs within a homemade scanning optical

microscope (SOM) (see Fig. 2.2).  The clean, collimated beam is passed through a

polarization rotator and linear polarizer before being deflected toward the sample with a

50/50 beam splitter and focused to a diffraction limited spot by an infinity corrected

microscope objective.  The sample reflected light is (back along the same path) re-

collimated by the objective and passes through the 50/50 into the detection arm of the

optical system.  The microscope objective determines the spatial resolution according to

the diffraction limited Rayleigh criterion  d = (0.82 λ) / N.A.  where d is the quoted

resolution, N.A. is the numerical aperture of the objective and λ wavelength of laser

irradiation.  With the 0.75 N.A. objective and 590 nm dye source, the resolution is 0.65

µm.  With a 1.3 N.A. oil immersion objective and 800 nm Ti:Sapph source, the resolution

is 0.5 µm (0.25 µm if frequency doubling is employed).  Use of a solid immersion lens
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mounting block was
merely placed for
this camera shot.

Fig. 2.2  Scanning optical microscope.  (a)  Cartoon of scanning optical microscope portion of the
measurement system.  The polarized laser beam is directed by a 50/50 beam splitter through a microscope
objective at normal incidence to the sample.  The sample is rastered under the focused laser spot with a
piezo-driven flexure stage.  The reflected light passes through the beam splitter towards the detection arm
of the system.  (b)  Digital picture of the scanning optical microscope.
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(SIL)173 can push this resolution limit down to the order of 100 nm (SIL with TR-SKEM

is employed in Ref. [174]).

The scanning portion of the SOM is achieved with a piezo-driven flexure stage

which rasters the sample underneath the stationary laser spot.  The Thor stages most often

used for our data did not use feedback but were relatively stable.  One could expect slow

(probably ambient temperature produced) drifts on the order of ½ µm (sometimes up to 1

µm).  Good performance in this regard was achieved by giving special attention to the

voltages applied to the piezos.  The analogue voltage control from the computer was

programmed to always use small voltage steps.  For instance, if changing V from 1 to 3

Volts, a subroutine would step to 3 in e.g. 80 steps.  In addition, the placement of low

pass filters at the input to the piezo-controllers further smoothed the voltage waveforms

(and also decreased the 15 µm square scanning range to ~12 µm)*.  It was found that any

large voltage jump would throw off the absolute placement of the piezo.  In addition, the

hysteresis in the piezo motions could be avoided by always scanning in the same

direction for data acquisition and overshooting when returning to the starting position.  It

was also good practice to allow (noticeable if high resolution was desired) a few minutes

after course adjustments to the screws had been made, and to prefer input voltage

adjustments to the piezo voltages over adjustments made with the tunable knobs on the

control box, once very accurate position memory was desired.  A positioning feedback

stage (such as the Melles Griot feedback stage) would be very nice for high resolution

work, though the Melles Griot feedback has exhibited its own problems such as ringing.

Locating and focusing the sample became a more difficult task when 800 nm light

was used.  There are strategies to counteract this.  One can use an overlapping HeNe or

diode laser introduced with a flipper mirror to locate and coarsely focus the sample under

the laser spot, then, switch to computer focusing algorithms for pulsed beam fine

focusing.  Employing a CCD camera and flipper on the detection side while viewing a

TV monitor also works.  Once the desired location is found, the output beam is

collimated by eye (or CCD) and a computer focusing algorithm may be run (using a

sample edge, for instance).

                                                          
* This scanning range could be recovered if an A/D board with higher than 10 V output was used, but it
would likely be simpler to refine the filters.
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Focusing using an oil immersion objective was also a hassle, particularly with our

horizontal beam path.  Our objective required a 0.17 mm cover slip in addition to the oil.

A spot of oil is placed between the cover slip and the sample to promote adhesion.  The

cover slip could misalign under the tension of its own weight so a small piece of broken-

off slip is best.  When focusing, the objective is brought close to the sample, oil put into

the gap, and the lens intentionally “crashed” onto the cover slip.  This “flattens” the slip

against the sample, firmly held by surface tension of the highly viscous oil.  After

retracting the objective to the approximate focus location, one waits for a few minutes for

the oil to stop flowing and this procedure may have to be repeated if the cover slip sticks

to the objective rather than sample.  There was also some concern over the oil, or

repeated crashing, possibly damaging samples or objective lenses.

This technique, which increases the resolution, of course also increases the

sensitivity to drift and magnifies the focusing errors.  An alternative strategy that might

ease these is to glue the cover slip on with optical glue to make sure it is well flat (this

was not yet tried).  The disadvantage is never being able to use the sample without cover

slip again.  Another possibility would be to erect the entire microscope in a vertical

implementation.

2.2.3 Pumping

For the stroboscopic (pump-probe) experiment a method to synchronously excite

the sample is needed (as shown in Fig. 2.1).  Direct optical pumping was used first167 and

is the well used technique in the current investigations into ultrafast spin

dynamics175,176,161.  In our case, the pumping is done indirectly through a magnetic field

pulse to excite the sample out of equilibrium.  A transient electrical current pulse is used

to create a magnetic field pulse.  Fig. 2.3(a) shows the basic concept.  The sample is

placed on or near a current carrying line.  To excite the sample with an out-of-plane

transient magnetic field pulse, it should be situated beside the line and for an in-plane

pulse, on top of the line.  Possible sample and line geometries are shown in (b).  For a

perpendicular magnetic pulse field with circular symmetry, a one-loop circular coil is

used with the sample in the center.  For a perpendicular pulse field with longitudinal

symmetry, an elongated one-loop coil is used.  For in-plane pulse fields, a simple straight
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H^(t) - circ. symm. H^(t) - long. symm. H|| (t)

a)

b)

Fig. 2.3  Geometries for indirect pumping via a magnetic field pulse.  (a)  A current pulse launched down a
line creates a transient magnetic field.  A sample situated beside the line is pumped with an out-of-plane
field, on top of the line with an in-plane field.  (b)  Different line and sample geometries for different field
symmetries.

⊥ ⊥
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line is used.  Coupling high frequency currents into the lines can be done with

modifications of the basic design (our group is starting to address this issue177).

Fabrication issues surrounding these current carrying lines and the samples are

given in Ch. 3.  The particulars of mounting the substrate and the sample are given here.

The glass or quartz substrate has usually been diced to approximately 1cm x 1cm

in size.  This is glued to a printed circuit board (Fig. 2.4(a)) with optical glue.  Indium

bonds connect the board to the substrate.  The dc resistance is matched to 50 Ω with an

appropriate surface mount resistor.  With reference to pulse profiles in Sect. 2.4 (cf.

garnet traces) this scheme worked well without much electrical reflection, even given that

impedance matching was only done at dc.  A 50 Ω SMA co-axial cable is connected to

the board at the back and the whole structure is mounted (glued, usually) onto a mounting

block that attaches to the flexure stage.  The PC board layout was chosen with a brief,

back of the envelope consideration for geometry for high bandwidths178.

Coupling the pulse in with a rigid SMA cable causes a physical stress on the

mounted PC board.  The cable is clamped tightly to prevent bumping and semi-rigid (or

flexible could be tried) SMA cable with an S bend to allow a bit of movement of the

flexure stage is used.

The electrical pulses can be created optically or electronically.  In the former case

(used for FMR excitation142,143,144 and see also Ref. [171]) a photoconductive switch179 is

placed in the circuit.  The switch is closed by photons above the bandgap energy, freeing

up carriers between two biased, metallized regions in a semiconductor substrate.  Pulses

are fast and jitter free but with difficult to control shapes.  A PC board and switch

geometry that allows rear optical pump access was also developed and photomasks (see

Ch. 3 and the appendix) with lithographic current lines were also made that integrated

switching fingers into the line.  For more focused electro-optic work, see Ref. [180].

Electronically, pulses are produced by an avalanche transistor-based pulser*.

                                                          
* A commercial PSPL product.  The 2000D had a 450 ps rise time, a 1 ns fall time, maximum 1 MHz rep.
rate and was nominally 45 V (actually 51.5) into 50 Ω.
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Fig. 2.4  Printed circuit board for introduction of the current pulse.  (a)  The sample substrate is glued to the
board and electrical contacts made with indium.  The current pulse is introduced to the printed circuit board
through an SMA connection.  (b)  Digital picture of the circuit board and sample mounted for
measurement.
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2.2.4 Synchronization

In stroboscopic imaging, the temporal excitation must be repetitive and triggered

synchronously with the laser pulses.  Interactions of many laser pulses and many

repetitive excitation events are averaged and represent (hopefully) a single event*,181.

Because of this, picosecond temporal information can be extracted with kHz bandwidth

electronics and detectors.  Temporal resolution is ultimately limited by the width of the

laser pulse, but practically limited by the jitter inherent in the synchronization.

Synchronization with the use of a photoconductive switch is naturally achieved as

the current pulse is launched by (a portion of) the laser pulse itself (allowing the optical

delay line method – see Fig. 2.5).  The delay is stepped by computer control with a

stepper motor.  This jitter free method is ideal for faster processes (like FMR

experiments) as the delay range is limited to a few nanoseconds (c => ns/foot of physical

delay) and electrical pulse shape is hard to control.

Electrical delay generation relies on a clock signal from the laser electronics

(from either a pulse picker or cavity dumper).  A variable delay generator (VDG)

receives the clock pulse and sends it on to the avalanche transistor pulser after a set

(computer controlled) delay ∆t.  Trigger jitter in the VDG (50 ps rms; 100~200 ps

practically) is the main limiter of temporal resolution in this case.  Other triggering

techniques are discussed in Ref. [163].  A summary of the delay systems is shown in Fig.

2.5.

2.2.5 Modulation

Signal-to-noise ratio has always been a problem in Kerr imaging because of the

weak magneto-optic Kerr effect.  Standard practice in static Kerr measurements has

become wide-field imaging with digital enhancement182,47.  Generally, the image with

magnetization pattern is digitally subtracted from an image of magnetization saturation.

This removes edge defect and optical system polarization artifacts.

                                                          
* If random behaviour is present, it will not be seen directly by this technique, however, the noise on the
averaged signal will be altered.  Some information regarding random events can be extracted directly from
this noise in a technique termed noise spectroscopy (see Ref. [181]).
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Fig. 2.5  Example cartoon for synchronization with computer controlled optical or electronic delay.

Fig. 2.6  Scheme for synchronization combined with low frequency gating.  The stroboscopic pulses (top
graph) are gated (lower graph) to apply a strong low frequency component to the desired signal for locking.
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In our case signal enhancement is achieved at each pixel of a raster scan with

synchronous modulation and detection using a lock-in amplifier.  This could be done (and

was tried) with polarization modulation (e.g. using a photoelastic modulator or PEM),

however, this technique is unable to discriminate from depolarization effect in the optical

system such as depolarizing in the corners of a high N.A. objective.  More success was

obtained with modulation of the magnetization itself.

The basic idea used for synchronization (and polar detection) in scanning Kerr

effect microscopy (SKEM) is the same as in Refs. [183] and [184] (see also Ref. [185]

which updates SKEM and [186]), adapted for time-resolved measurement.  The

magnetization in the sample is modulated by modulating the electronics at a low

frequency (1~4 kHz).  The modulation on the magnetization itself isolates the signal to be

detected making other depolarizing effects in the system admissible without detriment.

Though this is a great advantage for signal detection, it remains a double-edged sword

with the big drawback that the static configuration cannot be imaged.

For a photoconductive switch, the voltage bias on the switch is gated with a kHz

square wave.  In electronic delay, a function generator controls a gating switch, which

toggles the trigger (clock pulse) at kHz.  In either case the train of pulses is gated at a low

frequency such that a temporal trace looks like a comb with bunches of teeth knocked out

(see Fig. 2.6).

2.3 Interlude I:  The Magneto-optic Kerr effect

This section introduces the magneto-optic Kerr effect (MOKE).  An excellent

review and discussion of MOKE is given in Ref. [47] section 2.3.  Another good recent

work is by Mansuripur50.  Original derivations can be found in these classic

works187,188,189,190.  Magneto-optic ellipsometry with experimental Kerr set-ups for

measurement of magneto-optical constants have been reported191,192 (including the

original PEM modulation work193 and Faraday cell modulation work188) which also

discuss magneto-optic theoretical equations in an understandable way.  More magneto-

optic theory of interest is given194,195,196,197,198, in which scanning, imaging, and
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convergent Gaussian beams are taken into account.  Finally, the Sagnac interferometer

also offers sensitive ellipsometry199.

2.3.1 Geometry for the Kerr effects

Magneto-optic effects result when light propagates in a magnetized medium.  Off-

diagonal terms arise in the complex dielectric tensor of the material, the effect of which

can be calculated from Maxwell's equations (see the Refs. in the previous paragraph).

The effect has been described as a polarization rotation that picks out magnetization

along the k-vector of the incident light.  A set of simple arguments (using the Lorentz

force) qualitatively describe magneto-optic rotations very well47 by considering the

interaction of the electric field of the light with the magnetization of the material.  Figure

2.747 shows the qualitative argument for polar and longitudinal magneto-optic effects.

The polar effect occurs when the magnetization is perpendicular to the film surface, the

longitudinal when the magnetization lies in the plane of the sample, parallel to the plane

of incidence.

Consider the polar case first in 2.7(a)47.  Linearly polarized light (in the plane of

incidence or “p-” polarized) will induce oscillations of the electrons in the sample surface

(along the E-field of the light).  The regularly reflected light is just RN (opposite direction

because of the π-shift at the surface).  Additionally, however, the Lorentz force on the

oscillating electrons (due to J, the magnetization) induces a small vibrational component

perpendicular to the plane of incidence.  This secondary electron oscillation

( EmvLor

rr
×−= ) radiates to create the small Kerr reflected component RK.  The vector

sum of the reflected light is thus rotated in its polarization direction due to the sample

magnetization*.  The cross product is strongest at normal incidence and so is polar

rotation.  “S-” polarized light (perpendicular to the plane of incidence) gives identical

Kerr rotation for the polar effect.

Next, consider the longitudinal case in 2.7(b)47.  At normal incidence, the cross-

product is zero and no longitudinal effect occurs (as is required by symmetry).  At non-

                                                          
* There is generally also a phase lag to the RK component meaning the reflected light is also elliptically
polarized.
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Fig. 2.7  The polar (a) and longitudinal (b) magneto-optic Kerr effects.  RN is the regularly reflected
electric field amplitude.  The magneto-optic amplitude RK can be conceived as generated by the Lorentz
motion vLor.  The polar effect would also occur for a vanishing incidence ϑ0, and is largely independent of
the direction off polarization E (chosen parallel to the plane of incidence).  The longitudinal effect, shown
here also for the parallel polarization case, increases proportional to sinϑ0.  After Hubert and Schäfer, Ref.
[47].

Fig. 2.8  The longitudinal effect for perpendicular polarization (a), and the transverse effect (b).  The
magnitude of the longitudinal effect is the same here as in the case of Fig. 2.8(b), but of opposite sign.  In
the transverse case, only parallel polarization yields an effect.  Both effects require a non-vanishing angle
of incidence.  After Hubert and Schäfer, Ref. [47].
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normal incidence (p-polarized case) the cross-product induces vLor in the plane to give

longitudinal Kerr rotation.  Fig. 2.8(a)47 shows the s-polarized case for the longitudinal

effect.  Now vLor is perpendicular to the surface (pointing straight down) and causes a

rotation of opposite sign.

For transverse orientation (Fig. 2.8(b)47), in which the magnetization is

perpendicular to the plane of incidence, the s-polarized case gives no effect (no cross-

product) and the p-polarized case give vLor such that RK is in the same direction as RN.

The transverse effect therefore gives an amplitude variation instead of a rotation.

2.3.2 Equations for the Kerr effects

Following along Freisen's derivation187, the dielectric tensor for the magnetized

slab is:
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where off-diagonal elements contain the magnetization information and κ2 = -iεQ where

Q is the complex magneto-optic parameter and a function of material and wavelength (ε 

is the dielectric constant).  κ2 is proportional to the magnetization.  Then, the reflectance

coefficients to first order are187:
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As we learned from the qualitative argument, the polar and longitudinal effects

have 90o components RK (s goes to p and p goes to s) that are proportional to the

magnetization and the transverse has a 0o component only for the p-initial state.

2.4 Interlude II:  Characterization of the Current Pulse

Characterization of the current pulse is necessary to know the precise temporal

shape of the transient magnetic field (especially for comparison to simulation – see Fig.

5.1).  Fortunately, a time-resolved magneto-optic method allows fast characterization on

the same time axis as experimental data.  This section details this and an inductive

method of current pulse characterization, and the tandem use and comparison of the two

methods.

2.4.1 High bandwidth current pulse characterization using a garnet sensor

Field pulses can be measured by inductive probe [200] with a long history in

magnetic industry (sixties measurements were made with inductive probe and more

recent ones as well154–160) and a convenient 2 GHz inductive probe is available

commercially (Tektronix CT-6).  The main technique we use is a garnet indicator

film201,202.

A garnet film allows optical measurement of the current waveforms in a very high

bandwidth (over 50 GHz), non-invasive way, in addition to providing an absolute time

reference for the time-resolved magnetic measurements (current and magnetization

                                                          
* Subscripts p and s stand for those polarization states.
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profiles can be placed on the same time axis).  The parametric response in the sensor to

the fringing fields of the current is detected by optical probe.  The sensor can either be a

fast relaxing paramagnet, or a dc magnetic field biased ferromagnet.  For the latter case,

the quickly rising current pulse (containing high frequencies) excites ferromagnetic

resonance oscillations in the Bi-YIG film.  If the dc field bias is strong enough, the entire

bandwidth of the current pulse is below the resonance frequency of the garnet and no

oscillations are excited and no energy is transferred to the precessional mode (i.e., the

field interaction with the garnet is no longer gyrotropic but has become parametric).  The

strongly stiffened magnetization vector in the garnet then follows the “slow” field

changes in a quasistatic fashion.  This (double-pass) Faraday rotation detected

magnetization motion provides a precise temporal map of the current pulse in the line.

Resonant oscillations in the garnet even form a built-in bandwidth readout (about 50 GHz

in a 1.5 T field201).

At first, characterization of the current pulse was attempted using the permalloy

itself as an indicator film.  A lithographic alignment arrow (of Py) is situated 30 µm from

the edge of the transmission line.  The transient field at this distance is ~40 Oe.  The

permanent magnet is moved in towards the sample to create a static field of around 500

Oe; then the 40 Oe (out-of-plane) pulsing field should deflect the permalloy

magnetization enough for detection by the polar Kerr effect.  Unfortunately the signal via

this method was too small to usefully characterize the current pulse.

The use of the garnet sensor film was then employed.  Typically, when

characterizing recording head current leads, the sensor film would provide only enough

signal to just distinguish the important characteristics of the transient current.  In this

case, the garnet was placed directly on top of part of the 40 µm transmission line.  The

current density through the transmission line should be considerably higher than in the

recording head leads (a few orders of magnitude) and the metallized garnet surface

should also be closer to the sample surface than in the former case.  It was hoped that this

would produce excellent signal in comparison (as in Ref. [201]).  This was the case.

The inset in Fig. 2.9 shows the 10 ns long garnet trace in a biasing field of ~2000

Oe.  The trace corresponds to the temporal shape of the magnetic field excitation for most

of the data in Ch. 4.  The noise level between 11 and 18 ns should be noted.  This is the
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Fig. 2.9  Faraday signal from a garnet layer for sampling local, transient magnetic fields.  The three traces
characterize filtered field pulses from a 10 ns long avalanche transistor pulser.  Since charge is conserved,
the area under each curve is conserved.  The filters were placed in the current line.  Time-resolved
experimental analysis of magnetization behaviour using these three as input pulses is undertaken in Sect.
4.4.  inset  The original garnet measurement.  This trace profiles the transient magnetic field used for most
data in Ch. 4.  The noise during pulse-on is a manifestation of random behaviour.
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regular noise level and the garnet signal is above it by several orders of magnitude.  This

allows for very precise and detailed features to become apparent in the current waveform

(such as the reflections in Fig. 4.10).  Having said that, the pulse-on state is exhibiting

considerably higher noise than the initial state.  This is not a product of the measurement

electronics but is another manifestation of non-repeatable magnetization movements in

the garnet itself (cf. Noise spectroscopy181)*.

The current pulse was initially measured in a magnetic field of ~500 Oe on the

garnet (the magnet was brought toward the sample until bumping into a mounting screw).

The Kittel frequency in the garnet (with 4πMs = 160 Oe) at this field

( 2πf = γ [H(H+4πMs)]1/2 ) is 1.6 GHz and ringing was observed to occur in the garnet

trace.  Once the mounting screw is removed, the magnet can be brought up against the

aluminum sample holder block for a field of ~2000 Oe (giving Kittel frequency of 5.8

GHz).  As can be seen (inset in Fig.), no oscillations are evident for this field.  This tells

us that the current pulse contains at least some bandwidth up to and including 1.6 GHz,

but less than 5.8 GHz.  If a second magnet is added and “stacked” with the first, using a

delron spacer to ease the problem of getting the two magnets apart afterwards, a higher

field will result ( >2000 Oe) for stiffening the garnet.  Further comments on use of the

garnet appear in the footnote below**.

                                                          
* This may have been a “bad” piece of garnet in that the pulse-on state is slightly different each repetition
cycle.  This is probably the most serious potential technical flaw one could cite for the garnet measurement
technique21.
** Because of the strong response, some concern was expressed about the garnet not actually being in a
linear regime.  Using a 5X attenuation mitigated this concern with expected results; except for reflections,
the attenuated trace reproduced the original exactly, but 5X smaller (and the current pulse reflections
appeared doubly attenuated, as expected).
  The signal from the garnet was notorious for being “finicky”.  Often there was a strong electrical pick-up
(giving signal where it should be zero).  Also, the signal could vary from hundreds of µV to 10 mV.  This is
related to the placement of the laser spot; moving away from the edge of the transmission line makes the
pulse field (and signal) drop very quickly.  This is the best motivation for creating patterned, reusable
garnet pieces (that are currently being used) where the current flows through the reflective layer on the
garnet face and the measurement spot (fabricated dot) is the same each time.  Another interesting note is
that the extra dc magnetic field (over ~2000 Oe), boosted the signal; one’s first thought would be that the
signal would fall as the spins stiffen and deflect less from an equilibrium position (giving less Faraday
rotation).  The reason for signal boosting is unclear at this time.
  Given such a large signal, calibration of the actual dc magnetic field magnitude was even attempted (by
looking to the garnet oscillation frequencies).  These attempts could not come to fruition in the smaller
fields, of course, since the Kittel formula (what one would compare the frequencies to, to pinpoint the dc
field), would not be applicable due to large angle motions in the low dc fields.
  Finally, the actual voltage out of the (nominally 45 V rated) PSPL 2000D ½ ns rise time pulser was
(51.5±1.0) V. The value of 160 Oe field used in Ch. 4 assumes this with a current of 1.03 A, i.e., 51.5 V
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2.4.2 Dual characterization of current pulse using garnet and CT-6 probe

We continue the analysis with dual characterization of the current pulse using

both the garnet sensor and a CT-6 probe.

Figure 2.10 shows the temporal shape of the current pulse from a commercial

PSPL (Model 2000D) “turbo” pulser (with risetime specifications of 240 ps).  The pulse

is launched with and without filters in the pulse line.  A 60 ns tail is chosen such that the

slower (filtered) pulses can attain the same amplitude (area under the curve, the amount

of charge, is conserved*).  This pulse is also fed through a Model CT-6 commercial

inductive probe, as well as being characterized via the garnet method, for comparison.  In

this case, the fast scope used to monitor the CT-6 signal was triggered from a photodiode

monitoring the laser.  In this way, the two methods should be monitoring exactly the

same thing.

The figure shows that the two methods compare very well.  The CT-6, in this

case, actually has a little bit of artificial drift to the signal because of the ac coupling and

low frequency rolloff at ~ 100 kHz.  The inductive signal has to average to zero (which

cannot be done for a uni-polar pulse), so the signal has to undershoot on the backside

(and slowly recover over a microsecond – 100 kHz rolloff) and has a slant during the

pulse on state.  Both methods pick up the kink in this particular charge line (at 16 ns and

reflected at 64 ns) in the unfiltered data.  The garnet has a one-data point artifact at ~95

ns.  The inset between (a) and (b) shows a close-up of the risetime in the unfiltered case

for the two methods.  They look quite similar.  Evaluation of the 10 ~ 90 % risetime of

the extra-sampled garnet data gives a value of (229±5) ps.

                                                                                                                                              
into 50 Ω (in fact, the wrong field value of 140 Oe was quoted before in Refs. [149] and [150]).  The pulser
output was taken directly into a fast scope under various in-line attenuations (in case any individual
attenuator rating was off) for this calibration.  The scope was likely accurate since measurement of a
second commercial pulser (to be called the “turbo pulser”), same model (2000D), with slightly faster rise,
from the same company (picosecond pulse labs), showed output voltages of around 45 V.  The ± 1 V error
translates into a field error of ± 3 Oe.  As for the permanent magnet field, as long as the magnet is not too
close (i.e. the dipole approximation holds), the ± 0.7 mm error in the magnet placement translates into a
field error of ~ ± 5 Oe around 150 Oe for the static field.
* The main portion of Fig. 2.9 shows the initial garnet traces taken for the filtered data.  These were taken
using a 10 ns charge line so the peak amplitudes of the more strongly filtered data are decreased due to
charge conservation.  The 10 ns tail with filtered response is used in Sect. 4.4 in discussing bandwidth
affects on magnetic behaviours.
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Fig. 2.10  Comparison of the current pulse characterization techniques of time-resolved Faraday rotation in
garnet and inductive probing with a CT-6 probe.  The traces show 60 ns long avalanche transistor launched
current pulses under varying degrees of in-line pulse filtering.  The two methods give similar results (the
undershoot effects in the CT-6 is a product of its AC coupling and low frequency cutoff).  inset  Rise-time
comparison of the two techniques.
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The garnet and inductive methods seem to give equivalent results, though the

garnet is ultimately faster and, arguably, a more direct measurement of the temporal

current behaviour.  The inductive probe, on the other hand, has some system

characterization advantages not available to the garnet.  The trigger to the fast scope can

be taken directly from the pulser internal trigger, from the delay generator trigger, from

the photodiode detecting the laser, from the laser electronics, or anywhere else in the

electronics line.  This allows for determining how much jitter each individual component

adds to the system.  An example was CT-6 data taken from just after the new Ti:Sapph

laser was incorporated into the measurement system.  Using the internal trigger from the

(turbo) pulser, a value of 240 ps was obtained for the risetime.  Using the trigger from the

photodiode (without low frequency gating), the rise time was (335±10) ps.  Assuming

independent random addition of temporal jitter, this would place the DG 535 jitter at

~200 ps.  Adding gating did not seem to add much time to the rise (concern that it would

follows from a possible temperature dependent response of the avalanche pulser).

The important conclusion of this discussion is that an extremely thorough

temporal characterization can be done of the current pulse.  Using both garnet and CT-6

methods, stronger confidence can be placed in the result (both methods have been

questioned as to validity in the past – this is one of the first tandem uses*).  Furthermore,

examination of the system weaknesses (jitters) can be easily undertaken.

2.4.3 Actual bandwidth (frequencies) in the field from Fourier analysis

Having strong confidence in the temporal current pulse shape gives credence to

the next step in the process.  The data can be Fourier transformed to give a frequency

space representation of the transient magnetic field.  This is a necessary step to

understanding if energy is being transferred to resonant modes (spin waves) in the

permalloy system by knowing what the spectrum of frequencies is that is available for

transfer.

                                                          
* The very first tandem use being performed by the author in connection to an industrial application.
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Figure 2.11 shows the power spectral densities (PSD) of the current waveforms

acquired in the previous sub-section.  The unfiltered current waveform is shown at the

top, the filtered waveforms at the bottom.  A simple fast Fourier transform (FFT) was

performed on the temporal waveforms to obtain their frequency counterparts.  The graph

insets show the frequencies on a log plot.  The unfiltered waveform shows peaks and

valleys reminiscent of the transform of a square pulse, which is a sinc function.  The first

zero is at 1/T where T is the pulse width.  In this case, the pulse width is between 1 and 2

ns (the trace of the inset of Fig. 2.10 is just truncated back to zero at 7.5 ns), but the first

few oscillations of the sinc are not shown since they are not of interest.  Of interest, is

how far the envelope of oscillations extends before dying off.  This gives a measure of

the bandwidth in the rising edge of the pulse.  In this case, that runs out to about 3 GHz

with a bit fainter response to 4.4 GHz

As the pulser used for these data was the turbo pulser (250 ps rise) as opposed to

the 51 V pulser (450 ps) rise, we could expect the frequencies available from the latter to

be just over half of those available here (2~2½ GHz).  In many of our cases, this is just on

the edge of the ferromagnetic resonance line and there may be some interesting effects in

what gets excited and what does not by this pulse (recall, the back edge has half as much

bandwidth again as the front)*.  On the other hand, the field change is very large (160 Oe)

and if a smaller field change is driving some dynamics, the effective frequency will be

higher over the smaller change (vis-à-vis slew rate).  Essentially, the bandwidth is within

range of exciting modes of the system, but faster rise times would be preferred in the

future.

The 50 MHz and 10 MHz spectral densities are shown in the bottom of the

figure**.  These were taken from the data with the 60 ns long charge line (from the top of

Fig. 2.10).  The 50 MHz has a few bumps in it from the oscillation in the line and rolls

out to 50 MHz.  The clean 10 MHz data rolls off smoothly around 10 MHz.

                                                          
* This is not too much of a concern, however, since the resonance in our geometry is at the top of the spin
wave manifold.  The bottom of the manifold runs as low as ~¼ GHz (for 100 Oe field “out-of-plane” field).
In fact, large motions in the plane are almost more akin to an out-of-plane FMR geometry which is at the
bottom of the manifold.  It would not be surprising if several frequencies below FMR are available for
energy transfer.
** These bandwidths are used in Sect. 4.4 to study the pulse bandwidth affect on magnetization reversal.
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Fig. 2.11  Power spectral densities of the Fourier transforms of garnet traces from Fig. 2.10.  The unfiltered
current waveform is shown in the top graph.  The envelope of the sinc function oscillations gives
information on the bandwidth contained in the rise-time.  This envelope terminates between 3000 and 4000
MHz.  For the 50 MHz and 10 MHz filtered pulses, the bandwidth corresponds to similar values (50 and 10
MHz, respectively).
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2.5 The Technique Part II:  Detection

The particular detection methods for the time-resolved microscope have been

recently developed to allow for simultaneous detection of all three magnetization

components at the surface (vector magnetometry)143,151,163,164.  Kabos et al. also proposed

a simultaneous vector magnetometry using second harmonic generation203, Hicken and

Wu report two components146, and recently, Acremann et al. also reported results of

(non-simultaneous) time-resolved vector magnetometry148.

2.5.1 Differential detection of polar Kerr effect

Consider detection of the polar Kerr effect.  Linearly polarized light is

perpendicularly incident on the sample (by a beam splitter) and analyzed to detect the

out-of-plane magnetization.  An analyzer that is 90o with respect to the polarizer

(crossed) will allow small rotations through in the method of extinction but

depolarization and stray light pose problems.  It is better to obtain common mode

rejection by subtracting the laser beam signal from a reference beam.  In practice, this is

best achieved in the method of Kasiraj et al.184. The reflected probe beam light is

analyzed at 45o and –45o with respect to the initial polarization using a Thomson

beamsplitting cube204,*.  As shown in Fig. 2.12 the cube splits an incoming beam into two

orthogonal polarization states.  If there is no rotation at the interaction “black box”, each

portion of the split beam will be of equal intensity and differential subtraction of the

outputs coming from the two photodiodes will result in zero signal.  A small rotation will

increase the intensity in one PD while decreasing it in the other leading to a differential

signal.  This technique, where each beam is used as a reference to the other, has the

advantage of doubling the signal (45o is also the most sensitive angle to small

polarization changes) in addition to the common mode rejection of laser noise.

                                                          
* Also called polarizing beam splitter, Glan-Thomson prism, Wollaston prism, etc.  Differences between
different prism styles lie in the method for extracting the two polarization states and the separation angle
that output beams follow.  For TR-SKEM (with the bulky diodes in e.g. Fig. 2.19(b)) the bigger separation
angle, the better.
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Fig. 2.12  Cartoon describing differential detection of polarization rotations.  Both outputs of a polarizing
beam splitter (at 45o from incident polarization) are used in subtraction.  The intensity in each arm rises or
falls, respectively with rotations of the plane of polarization induced by the interaction black box.  The
subtracted signal (A–B) is only non-zero when a rotation occurs.  The differential scheme takes advantage
of common mode rejection of noise in each channel.
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2.5.2 Longitudinal detection

These same advantages of common mode rejection and signal doubling inherent

for the polar geometry can be cleverly adapted to the longitudinal Kerr effect143,205,206.

Clegg et al.206 describe an experimental set-up that uses quadrants in a diagonal scheme

with all the benefits to be described below143, but without using all of the captured light

for each component.  Silva and Kos205 describe the use of a single quadrant

photomultiplier tube (the only problem being its susceptibility to mechanical noise).

The possibility for longitudinal detection exists because of the high numerical

aperture focusing of the microscope objective, as the light interacts at a wide range of

incident angles.  Consider a Gaussian beam that “just” fills the input aperture of the

objective.  A cartoon cross-section of the intensity is shown in Fig. 2.13, entering a

microscope objective and interacting with the sample.  Different parts of the beam

interact at different angles of incidence; the collimated exit beam contains different

information about the magnetization as a function of position in the cross-section.  This

can be taken advantage of with position sensitive optical detection devices*.

A simple split photodiode is used, centered in the beam, where light collected

from each half is detected separately, and the split is along the y-axis to create a left side

L and a right side R (top of figure).  Light striking the sample, travelling from left to right

(collected by detector half R) goes from the tail towards the head of the Mx vector of

magnetization and sees a positive longitudinal shift.  From right to left, however, light

travels from the head to the tail of Mx and sees a negative longitudinal shift.  In both

cases, Mz looks the same so gives a positive polar Kerr shift.

These different rotations are turned into intensity shifts by the Thomson analyzer

(not shown) and detected by the split photodiode.  When the two halves are added, the

negative and positive longitudinal shifts cancel leaving the polar information.  When

subtracted, the polar shifts cancel leaving the longitudinal information.  In this way, Mx

and Mz can be isolated, depending on the electrical combination chosen on the diode

output.  Using a quadrant allows My to be similarly isolated.

                                                          
* In fact, the quadrants described here are basically position sensors.
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Fig. 2.13  Cartoon illustrating separation of longitudinal and polar Kerr signals.  The Gaussian beam enters
the microscope objective and light is incident on the sample at many angles.  Light striking the sample from
left-to-right (collected in detector “R”) sees the in-plane magnetization pointing away (inducing a
polarization rotation).  Light striking from right-to-left sees in-plane magnetization pointing towards it
(inducing the opposite rotation).  The out-of-plane component looks the same in both cases (inducing the
same rotation).  Once these rotations are turned into intensity shifts (by the Thomson – not shown), L+R
will give only information on the out-of-plane magnetization, L–R only on the in-plane magnetization.
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Furthermore, introduction of a second quadrant allows maintenance of the

common mode rejection inherent in the polar system described earlier.

This latter point is most easily seen in a pictorial view of the longitudinal

detection process in Fig. 2.14.  As mentioned, the light polarization (on average) is

rotated in opposite senses in the two halves because of interaction with a non-zero Mx

component in the sample.  The Thomson prism projects the polarization onto the y-axis

in arm 1 and the x-axis in arm 2.  Photodiode half A2 sees a positive intensity shift, B2 a

negative, A1 a negative, and B1 a positive.  With each arm in differential mode B1–A1

and B2–A2, a net signal is produced.  Subtracting all of arm 1 from all of arm 2 ((B1–

A1)–(B2–A2)) gives 4x the signal of a single half beam.

Note that A2 and B1 are added together in this way.  Together, they constitute a

reading of the whole beam profile.  A1 and B2 are also added together the sum of which

is subtracted from the first two.  In this way, the full beam is “subtracted from itself” to

achieve the common mode rejection on laser noise.  In addition, mechanical noise that

acts simultaneously on arm 1 and arm 2 is subtracted*.

The information about all three magnetization components is, thus, available

simultaneously.  With three pre-amplifiers and three lock-in amplifiers it can be recorded

simultaneously taking the quadrant combinations shown in Fig. 2.15.

2.5.3 The quadrant detectors in practice.

The design schematics and board layout for the detectors appear in Appendix 2**.

Each individual quadrant is a model SPOT-9DMI from UDT Sensors Inc207.  The larger

active area was needed to ensure that the beam did not have to be focused onto the

detectors (with extra capacitance and dark current as a tradeoff) and the smallest gap

dimension was also chosen (10 µm).  The quadrant detector is connected to a circuit

board with seven op amps to process the signals.  Each individual quadrant of the

detector has its own amp for high front-end gain.  Three additional amplifiers perform the

                                                          
* Substantial decrease in mechanical noise was noticed when quadrants were subtracted.  A swift rap on the
table that sent a 100 mV transient on the output of a single quadrant would be reduced to a few mV
transient in subtraction.
** Two “quick and dirty” previous iterations for quadrant detection were also used, neither on a patterned
circuit board.  Each allowed operation of a 3-position switch to choose only one component at a time.
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Fig. 2.14  Operation of the Thomson analyzer and dual split detector system.
The light (rotated with opposite senses in each half) from the sample is
split with the Thomson.  The beam incident on detector 2 has
polarization projected onto the x-axis giving a positive intensity
shift for A2 and a negative shift for B2.  The beam hitting
detector 1 has polarization projection onto the y-axis giving a
negative shift for A1 and positive shift for B1.  In
longitudinal detection mode, the two differential
detectors are subtracted ((B1–A1)–(B2–A2)) to give
four positive intensity shifts to the signal S,
while maintaining a subtraction of the full
beam profile from itself for noise
reduction.  A shift of angle δ
corresponds to an intensity shift of
(1+δ)/21/2.

Fig. 2.15  The quadrant combinations for polar and longitudinal magnetization
components.
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following operations:  (1) A+B+C+D, (2) A+B–C–D, and (3) A–B–C+D, respectively, at

unity gain (i.e., sum, top–bottom, and left–right).  Back of the envelope calculations were

made to decide on the gain resistors and capacitors versus frequency of operation.  To

only work above the “knee of mechanical and electromagnetic noise” (around 1 kHz),

little care was needed.  If it is desired to work with a photo-elastic modulator (for

instance) at 100 kHz, more design care is needed to ensure the RC rolloff is sufficient.

OP-37s were used for amplifiers (having a very low noise).  OP-27s should be used on

the back end necessitated by the unity gain.  The circuit had some serious problems,

initially, with ringing.  Adjustments were made to the feedback capacitors to overcome

this problem and to arrive at the final values of resistors and capacitors as stated in the

appendix. Changing the potentiometers to low noise versions also helped (the zeroing of

the amps is very important).  Newer versions of these detectors that are more compact

(and where more noise analysis has been taken into consideration) have also been made

in our lab208.

It is desirable to have the initial polarization of the beam horizontal or vertical as

it is split and directed toward the sample.  This eases the mixing of s- and p- components

that would happen at the beamsplitter (it is also desirable that a 50/50 beamsplitter is

chosen that lets through equal amounts of s- and p- polarized light).  This means that the

Thomson splitter has to be oriented at 45o to the plane of the optical table.  Practically,

this means that one arm comes off at an odd angle to the table.  In our case, a base (mini-

table) large enough to mount both the quadrant photodetector and the Thomson was

bolted at 45o to solve this problem.  Another note about the Thomson prism is the manner

in which it flips the second beam.  In our prism, the orientation of the right output arm is

unchanged (the beam path is straight), but the orientation of the left arm is inverted and

rotated (this determination is made simply by inserting a card into the beam path).  In

order to achieve the subtraction shown in Fig. 2.15, the quadrant circuit board outputs 2

and 3 have to be crossed (output 2 of arm 1 is coupled with output 3 of arm 2 and vice

versa).

The central cross of each quadrant is centered in the beam by zeroing the outputs

(2) and (3) of the quad circuit with course positioning screws.  With the 10 µm gap, very
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fine zeroing can be undertaken.  With each quadrant set individually zeroed, the

difference between each arm (in the given mode) is also very close to zero.

2.5.4 Discussion of the quadrants:  open questions.

An important question regarding this detection scheme is if it is measuring what

we think it is.  Several issues come into play in creating possible systematic errors.

First on the technical side, the key to good results with the quadrants is that the

laser beam have a very nice, symmetric profile to ensure good balancing and

cancellation.  A beam that is more intense in one portion over another (or amps that are

not properly balanced with respect to each other) will result in an off-centered “zeroed”

state.  The uncentered beam has extra components from one portion of the objective over

another and the polar effect (for instance) can receive “cross-talk” in that longitudinal

effects will not subtract themselves out perfectly.

Some things that were noted in testing of the quadrants are discussed below.

Individual amplifications of single quadrants could vary by several percent.  Re-zeroing

the pots was necessary a few times (better after using low noise pots).  Using a single

chip quad amplifier was proposed as a good solution to this as well (this is done with the

new designs208).  The coverings over the detectors were found to be slightly depolarizing

(one component was preferred by 3 or 4% as discovered with “rotating” a HeNe shining

straight into the detector).  Electrical cross-talk (through the ground-loops) was analyzed

and found to be less than 1/2 %.  The 50/50 beam splitter transfer function might be a

concern. At 45o incidence, different amounts of s- and p- polarized light might be

reflected depending on the splitter used.  These changes might make in-plane longitudinal

sensitivities different.

The main open concerns are theoretical ones.  Particularly, referring to Fig. 2.13,

we see the possibility for transverse Kerr signal (so far ignored) from the My direction to

leak into the Mx measurement.  For s-polarized light, the beam travelling from left to

right or right to left faces no problem, because the transverse Kerr effect (that would pick

out an My component in this case) is zero for s-polarization.  For p-polarized light

however, the possibility of cross-talk does exist.  In practice, this problem can be
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circumvented by measuring the two longitudinal components separately with two initial

polarization states (horizontal or vertical) to ensure the longitudinal state being measured

is always using an average of s- polarization (eliminating the possible transverse cross-

talk).  This pre-caution was undertaken with most of the data in this thesis (up to, but not

including, the simultaneously captured data in Sect. 4.4 and Appendix 4C).  The

disadvantage, of course, is loss of simultaneity and imperfect registration of data.  How

the transverse component actually comes into play in our data is not entirely clear, mainly

because of the difficulty in making a reference sample in which the magnetization can be

made to be any direction, known perfectly, and detected at modulation.

The first attempt at a reference measurement appears in Fig. 2.16.  Here, time-

resolved measured data are compared, taken at vertical and horizontal polarization states.

Several data sets were taken, each with slightly different results.  It must be assumed that

minor placement changes of the laser spot hamper the analysis of these data sets by

introducing confusion about the actual magnetization states (they might be different due

to beam shifts after rotating the polarizer).  Data (black points) are taken with vertical

polarization (s-polarized for the Mx component and p-polarized for My), i.e. the polarizer

rotation value is 0o.  The polarizer is rotated to 90o to give horizontal polarization (p- for

Mx and s- for My), the detectors are re-zeroed, and data is re-taken (white points).

Discussion is detailed in the footnote below*.

                                                          
* The effect on Mx was always fairly similar; the s-polarized case gives higher signal than the p-polarized
case, but the response looks the same.  This is unexpected because p-polarized light has lower reflectance
leading to higher absolute Kerr rotations (the discrepancy is explained below by the reflectivity of the
50/50 splitter).  The other two components showed a variety of behaviours that could indicate cross-talk,
but were also, often inexplicable (many may have been caused by the laser spot moving to a different
magnetization value).  The My p-polarized data (0o) seems to have better signal than the 90o data, but
otherwise seems similar shape in this case (other cases showed some differences).  For Mz, there is
evidence of signal leaking in from Mx.  The initial portion of the curve (from 68 to 67 ns) has the same data
of similar height but opposite polarity (this is OK given the diode zeroing done).  Both data, however, then
show a gradual decrease from 66 ns down to 59 ns (read backwards).  This decrease should be the opposite
polarity if it is coming from Mz so is likely coupling in from Mx (it appears to be the same trend as the Mx
data from 66 to 59).
  This result seemed to be somewhat repeatable with other testing.  The Mz component was more likely to
receive signal than My was, though My did sometimes show data that might have cross-talk.  Mx never
seemed to receive cross-talk from the other signals and My never received cross-talk from Mz.  The
difference between Mx and My could be just the amount of signal that each has (M was usually along x).
Some data that were taken with M along y were inconclusive.  The data shown here were taken before a
fiber filter had been introduced and this could explain some of the discrepancy as well.
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Fig. 2.16  Comparison of raw signals for 0 and 90o positioning of the initial polarizer.  Results are unclear
since the spot location shifts during repositioning.  In this case, both Mx and My signals seem to reproduce
after repositioning (with stronger signal at 0o due to the reflection coefficients of the beam splitter).  The Mz
is made up of a portion that is reproduced with opposite polarity after repositioning, but also seems to have
a portion that does not change polarity and mimics the x-component.
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The tentative conclusion that has been drawn is that polar data do not contribute

to the longitudinal signals, but longitudinal signals can contribute to the polar data.

Additional tests were also done with just manually reading the lock-in while performing

rotations, etc.  It seemed that the longitudinal effects could mix to each other no more

than about 10% (if the right polarization state is used).  The polar effect could receive

components from longitudinal effects on the order of 20–30%.

Follow-up reference measurements removed some of the ambiguity by shifting to

static, modulated measurement.  Several methods were envisioned for making a static

modulation.  The first would use an electromagnet to modulate the magnetization in the

sample.  The magnet could allow for a fairly strong field that would better ensure

saturations than a weaker field.  This idea was discarded because of the concern for the

Faraday rotation in the glass*.  The second idea would use both the electromagnet and

modulation of the current in the lithographic coil itself.  Anharmonic detection might then

be used, with the coil modulation providing a “dither” of the magnetic component.  This

idea was also discarded for two reasons:  the difficulty in setting up and the ambiguity in

what, exactly, is being detected.

The third method considered would use square-wave modulation on the

lithographic coil alone.  A symmetric square wave field at ~kHz frequencies would surely

be accessing the equilibrium states of a magnetic test element (this same technique could,

in fact, be used to perform hysteresis imaging**).  The main problem is getting enough

current into the coil to make a strong enough field.  With a 100 mA limited function

generator, a maximum of only ±16 Oe field could be generated.  However, theoretically,

for Hk ~ 5 Oe permalloy, this would be enough field for in-plane saturations.  The other

problem with this method was that only one direction of modulation could be chosen on a

given element (due to the geometry of the lithographic line underneath it).  To overcome

this second problem, two similar elements at different positions (one with x-axis field

                                                          
* This might be workable if the test is done on both a magnetic film and a non-magnetic background and
subtracted.
** Direct subtraction of a saturated state (e.g., 16 Oe) from an intermediate state (–16 Oe < H < 16 Oe) with
phase sensitivity could be achieved by assigning appropriate offsets and amplitudes to the kHz square
wave.  For example, setting the square wave to toggle between –100 mA and –10 mA, would sample the
static configuration at the –10 mA (–1.6 Oe) point in the hysteresis loop (think of it as dithering on a
ridiculously large scale).
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direction and modulation, the second with y-axis field direction and modulation) were

used.  The coil was hooked up to a 2.3 kHz square wave to give ±16 Oe field modulation

(slow ramping and testing found the coil to be able to withstand the steady fields without

burning out).  Position 1 was on the microstructure where modulation would be in the x-

direction.  Position 2 was on the microstructure with modulation in the y-direction.  The

footnote table and discussion below summarizes the results*.

Now, the tentative conclusions become somewhat stronger.  The longitudinal

effects likely couple to each other, no more than ~ 10% when the proper polarization

state is used and the possibility of parasitic transverse Kerr signal is eliminated.  When

the improper polarization state is used, this coupling grows to ~25% or more.  It remains

to be seen whether this parasitic transverse Kerr coupling is too high a price to pay for

                                                          
*

Pos'n. Pol. Comp. Signal trial 1 Signal trial 2
1 90 X 550±20 570±20
1 90 Y 140±20 130±20
1 90 Z –190±20 –210±20
1 0 X 300±15 315±15
1 0 Y 30±20 30±20
1 0 Z –100±15 –110±20
2 0 X 75±20 70±20
2 0 Y 275±15 275±15
2 0 Z 70±15 70±02
2 90 X 70±20 50±15
2 90 Y 540±20 565±25
2 90 Z 70±30 110±20

  This table summarizes some static characterizations of two test magnetic microstructured elements for
purposes of determining cross-talk between different magnetization components.  Here, Pol. stands for the
polarization state 0o (horizontal) or 90o (vertical) and Comp. is the component being measured.  The results
are inconclusive for determining the mixing of components simply because the magnetization state is not
known with certainty (the 16 Oe field is likekly not enough to saturate the sample).  It should be noted,
however, that the coupling along the direction not being modulated is bigger when that direction has p-
polarized light (cases 2 and 7 versus cases 5 and 10), being ~25% in the former case and ~10% in the latter.
This is likely the signature of the transverse Kerr effect coupling.  The coupling to z seems large and
irregular but on the order of ~30%
  Other concerns throw question into these manual readings.  The anisotropy of the sample is different in
the two positions, 1 and 2 (16 Oe is not that big compared to anisotropy estimated at 5–10 Oe).  Also, there
is a z-gradient to the field that might be contributing to the z-signal.  Note also that the vertical state always
giving higher signal could just be from vertically polarized light more easily passing the 50/50 beam
splitter than horizontally polarized (because of the p- vs. s- reflectivity).  Also of note, when the fiber filter
was added to make a very clean beam, the coupling problems to z seemed to improve.
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simultaneity of measurement.  The polar effect is unlikely to couple any signal to the in-

plane detections, but can pick-up parasitic in-plane signals up to ~30% of the absolute in-

plane signal.  This latter coupling is not of great concern given the much larger absolute

polar signal.

Further improvement in creating and characterizing a reference sample is

encouraged.  It is suggested that a background subtraction method be tried again with an

external magnetic field created with bulk electromagnets.  This would enable application

of the larger, omni-directional, applied modulated external field.  A larger Py test element

would then be of good use (such as a bulk thin film) where Stoner-Wohlfarth conditions

can be assumed (where the ‘precise’ in-plane magnetization equilibrium direction is

theoretically available).

The other theoretical issue of concern is the spatial resolution of the measurement.

This is an issue that, should poorer resolution be proven, nothing can be done about

anyway, so the goal is only to decide what the resolution is.  I have suggested that the

design maintains full resolution in the longitudinal measurements.  Hillebrands group has

suggested209 that the longitudinal measurement is like effectively measuring the same

thing twice with half an aperture and should degrade the spatial resolution.

The author believes that the spatial resolution is maintained.  As mentioned when

discussing Fig. 2.14, detector halves A2 and B1 together make up a fully receptive

detector.  All that matters is that all the information (light) is gathered for a given pixel

point and used and it is.  Further, Freeman has pointed out the important point that it is a

different half-aperture making the second measurement210.

To test our hypothesis, Figure 2.17 shows some data related to this issue taken on

high resolution samples.  A couple of frames of the data of Fig. A4.14 were chosen.  For

(a) the sample is saturated in the x-direction and a linescan (average of many lines) across

the y-direction of the sample is undertaken.  There should be no degradation of the

longitudinal x signal in this dimension since the degredation (if existing) would only be

sensitive to vertical step edges.  Fig. 2.17(a) shows the intensity and Mx signal on this

linescan.  The two signals overlap almost perfectly as should be the case (this is just a

“sanity check”).  If the whole sample is saturated, then intensity and Mx should be the
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Fig. 2.17  Comparisons of intensity line-scans to longitudinal signal line-scans.  (a)  Scan of x-component
along the y-direction where no resolution degradation should occur.  The x-component and intensity
overlap very well with a Rayleigh limited ½ µm resolution at the edges.  (b)  Scans of y-component along
the y-direction (where a resolution degradation might occur).  The sections chosen for the scan are averages
of small areas of the test images (cf. Fig. A4.14) in (c) where y looks mostly saturated (pointed out by the
arrows).  The nature of free poles and lack of perpendicular component saturation at an edge obfuscate the
result and interpretation.  (c)  Test images with some “halo” effect at horizontal edges for the My data.
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same spatial function and should produce the same results when measured (note the 10-

90% resolution of the Mx trace give 0.5 µm resolution = Rayleigh limit).  The inset also

shows the overlay as being almost perfect.

Fig. 2.17(b) shows another two frames of data.  The frames are shown in Fig.

2.17(c) for reference.  The traces are during the pulse rise and fall where the largest My

components are available (as the sample splits into its coherently rotating sub-domains).

The My response is taken as an average of vertical linescans over the black domain near

the sample center (shown by an arrow).  The data are left un-normalized.  In this case, if

resolution is to be lost, it will be in the y-direction at these horizontal step edges.

Unfortunately, because it is unclear where the My saturation value is or what the

sample magnetization is, it is impossible to tell strictly whether the resolution is

maintained or not.  Inspection of the first trace indicates it could be, the second that it

might not be.  The main problem is that the location where a test would be best (at a step

edge) is also a location where the magnetization is very unlikely to be aligned let alone

saturated in the proper (y-) direction because of free-poles.

Other complications, non-magnetic in nature, also hamper conclusive results.  The

edge itself could act as a deflector of the light path.  As the beam passes over the edge,

one could imagine it being deflected and passing more through one side of the objective

than the other.  This could be a serious problem as the longitudinal detection scheme is,

after all, a position or deflection sensor at the same time.  This might explain the halo

seen on the top and bottom edges of the y-data in (c).  Then again, it could be the real

magnetization configuration due to free poles at the edge, or possibly even a signature of

the reduced resolution*.  Even just the different reflectivities of the Py and Au stepping

over the edge also introduce complication.

The conclusion of this sub-section is that the detection system has some minor

concerns and some open questions.  Fortunately, these do not inhibit our data analysis.

The 10% mixing of Kerr signal in the longitudinal modes is not much over the noise floor

anyway, the ~25% or more mixing from parasitic transverse Kerr effect can be avoided if

                                                          
* This last possibility is believed unlikely because the halo appears to be opposite polarity to its
neighbouring areas.
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necessary, and (meaningful) polar effect will generally be at least 5X larger than absolute

in-plane signals, so ~30% coupling from them is small by definition.  Gross coupling can

be ruled out, taking as example Fig. 4.8.  The peak signal transfers between z and y to

clearly give a resonant oscillation (the phase difference means the signal cannot possibly

be leaking from z to y or vice versa and the oscillation is absent from x).  The only

concern is needing to pick the right polarization state (vertical or horizontal) for x or y,

respectively, which limits the simultaneity.  This was done in most of the data in this

thesis (up until the high resolution measurements).  Further testing should be done to

better quantify the coupling due to the transverse Kerr effect.  If a good reference method

can be devised (like that outlined earlier) and a low cap placed on the coupling, the

advantages of simultaneous measurement might be worth the extra coupling.  The spatial

resolution of the technique in the longitudinal directions is also not clear (in any event,

only the x-dimension of the Mx data and the y-dimension of the My data are in question)

and needs further strategies to verify it.

2.6 The Time Resolved Scanning Kerr Effect Microscope

Having introduced everything surrounding the time resolved Kerr effect

microscope, it is now presented as a whole unit.  Figure 2.18 shows the full experimental

set-up.  Pictures of the apparatus set-up appear in Fig. 2.19.  The top figure shows the

SOM side of the apparatus, the bottom the detection side, both contained in an aluminum

“quiet box”.  Details are provided in captions around the images.

2.7 Set-up Postlude:  Layouts for 180o Reversal

Some layouts for 180o reversal are shown in Figs. 2.20 and 2.21.  A cross-

sectional schematic of a typical arrangement is illustrated in 2.20 (a).  The transmission

line is 300 nm thick and 40 µm wide gold.  An insulating spacer (25 nm SiO2) on top of

the gold electrically insulates the magnetic elements and optimally positions them in the

in-plane field.  In this case, a 50 nm, 20 µm thick element is shown, but most work was

done on 15 nm thick elements that were most often shorter.  The definitions for x-, y-,
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and z-directions are also given.  The calculated field distribution above the transmission

line is shown in Fig. 2.20 (b).

The permalloy microstructures are centered on the gold line.  A simple numerical

calculation of the current through the line using Biot-Savart law gives the magnetic field

vector strength and direction in the vicinity of the sample.  One ampere current gives

roughly 160 Oe (± 5 Oe) in-plane magnetic field with a 4 Oe/µm gradient of the out-of-

plane field (as shown in (b)).  The microstructures are laid out with sufficient gaps to be

non-interacting.

Figure 2.21 shows an SEM viewgraph of a sample element on the line.  The

polycrystalline Ni80Fe20 element, 10½ µm long by 3½ µm in height (15 nm thick) is

shown blown up in the inset.  The 1 Amp current pulse (½ ns rise, 10 ns duration, 1 ns

fall times) creates a transient 160 Oe, in-plane magnetic field that overpowers a variable

strength (40~160 Oe) dc in-plane magnetic field and excites the sample into 180o

dynamic magnetization reversal.  As mentioned, the geometry of the transient field also

introduces a 4 Oe/µm gradient (along x) field in the z-direction (out-of-plane).  The

definitions for x-, y-, and z-directions are also shown.
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“A”

Fig. 2.21  Plane view of a 10.8 x 3.7 µm2 magnetic element on top of the gold line (shown blown up in the
inset).  The current pulse creates the transient magnetic field H(t) which overpowers the biasing or dc field
Hdc.
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CHAPTER 3

Materials, Fabrication, and
Characterization

3.1 Introduction

This chapter is about materials, fabrication, and characterization.  The author’s

Masters thesis gives considerable attention to materials, fabrication, and

characterization143, which will not be repeated here, though it may be of interest

(permalloy and its properties is one section that is omitted in this work).  The chapter

outlines the fabrication processes and characterization techniques used more recently,

since the MSc work, and is quite technical in nature with several appendices for

reference.

3.2 Fabrication

Fabrication was done to create the conductive transmission lines, magnetic thin

film elements, and insulating layers.  Depositions of metals, magnetic materials and oxide

layers were performed with three deposition systems.  Pattern transfer was accomplished

with optical lithography and wet chemical etching.

3.2.1 Deposition:  very high vacuum in ultrahigh vacuum (UHV) chamber

The deposition process we use for permalloy was worked out in Ref. [143].  A

UHV potential, load-lock chamber was used (courtesy of  Michael Brett211) with VHV

base pressures (~10–8 torr).
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It should be stressed that sputtering the magnetic material in high vacuum is quite

important.  The magnetic properties vary greatly with amount of oxide in the film

(getting worse with higher amounts).  Some depositions were done with electron beam

evaporation in base pressures like ~10–6 torr.  These yielded films that were highly

resistive (100s of µΩ-cm when it should be ~20 µΩ-cm), a signature of oxide and poor

magnetic properties.

In high vacuums, the lower base pressures decrease the likelihood of oxide in the

film.  This likelihood can be further decreased by using high deposition rates.  In our

case, we use a source that is quite close to the substrate (~2½") giving a high rate (~ 8–9

Å/s) which completes the 150 nm deposition in only 17 s.  Other well known techniques

include pre-sputtering with Ti to “getter” the chamber and lower the base pressure.  To

limit contamination another standard is to perform double depositions, the 1st without

sample in chamber and the 2nd with (then, the walls are coated with the proper target

material).  Neither of these techniques were used for our processes yet.

Permalloy sputtering is done using a specialty magnetic materials gun with high

strength magnets.  DC magnetron sputtering is a particular problem with permalloy*

because of its extremely high permeability.  The gun magnet flux is mostly drawn into

the target with little penetrating through to trap the plasma above.  This is usually

remedied with a higher strength gun and a thinner target.  Instead of 1/8" thick target, a

1/16" thick target is used on the 1/8" copper backing plate.

The base pressure in the UHV chamber is generally around 5 x 10-8 torr.

Deposition pressure is 2.5 mtorr with 10 SCCM of Ar flow.  The target is run in constant

current mode at 300 mA.  The voltage and power are usually around 420 V and 123 W,

respectively.  The deposition run for the samples used in Sects. 4.1 through 4.4 (labeled

7.1.1 in the log-book), had a base pressure of 2.0 x 10-8 torr.  A run for t = 17s gives a

film thickness like 15 nm (with 8~9 Å/s deposition rate).  An in-situ magnetic field is

provided during deposition by a specially made, UHV magnetic assembly substrate

holder143 giving a field of approximately 150 Oe in-plane at the sweet spots.  This seemed

to give decent uniaxial magnetic behaviour to the films.

                                                          
* This is how the alloy got its name!
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Resistivity of these films was measured and found to be ~ 20 µΩ-cm which is

approximately the expected resistivity for bulk Py.

For the most part gold deposition was done by contract to the AMC.  The films

were from a large substrate area chamber.  Conductivity was as expected and films

seemed like good quality.

3.2.2 Deposition:  very high vacuum (VHV) in “Bob”

Later samples were made at the Microfab in a very high vacuum chamber with

similar pressures to the UHV chamber discussed above.  This chamber had to be retrofit

with the magnetic materials gun.  Details of this process appear in Appendix 3A.  In

particular, it was desired to keep target sample distance the same as previously used so

that as little as possible changed in the process.  Results of the first few sputtering runs

seemed to confirm that this goal was fairly well achieved as deposition rate was quite

close to what it had been previously.  The rate was found to give (2.38±0.10) kÅ in 300s,

which translates into just under 8 Å/s or 19 s for a 15 nm film.  Deposition base pressures

were between 3 and 5 x 10-8 torr.  Deposition pressure was still 2.5 mtorr and the sample

dc power source was run in constant power mode at P = 122 W (to match the previous

conditions).  The voltage and current were ~430 V and 285 mA, respectively (which

helps explain the slightly lower rate).

Vacuum tape had been used on the surface of some of the samples at one point (to

hold in place during oxide layer deposition).  Though the tape is rated as good, at least to

“the low 8’s” (~1x10–8 torr), it leaves a slight residue on the sample surface.  This is not a

problem of ruining the surface (it is in the corner) so much, as ruining a perfect contact

for high quality photo-lithography, so tape like this should be used only on the backside

(or not at all).

A thin Py line on a glass slide was made as a witness for one run, and used to

measure resistivity in a four point geometry (using simple indium bonding for contact).

The result was (39±13) µΩ-cm.  This is slightly larger than expected and raises some

concern over the quality of the permalloy films.

In fact, several analyses taken on the first magnetic samples from “Bob” implicate

serious concerns with the magnetic properties.  These include magnetic layer roughness
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problems (discussed in Sect. 3.3.5) and large local coercivities of ~30 to 50 Oe

determined with time-resolved measurements in Appendix 4C).  Unfortunately, the

similar deposition rate and sputtering parameters, and innocuous bulk hysteresis results,

lulled the author into at first accepting the films as good quality and consuming valuable

lithography and time-resolved measurement resources.  In hindsight, the lack of thorough

characterization for the deposition process in a new machine was an obvious mistake.

Naturally, several characterizations of the films followed after inspection of time-

resolved data from thin film elements using these films.  These serve as a teaching device

in film characterizations in many parts of Sect. 3.3.

Getting back to resistivity measurements, an in-line, evenly spaced, four-point

probe measurement (with the usual geometry correction factor of 4.53) was attempted on

a 1 cm x 1 cm sapphire witness substrate.  This technique did not work well as the probes

likely poked through the 15 nm film and stationary readings could not be made.  It is

suggested that, either a simple acetate mask photolithography process, or an in-situ

stainless steel shadow mask process212 be used to define a simple four-point geometry in

the future, for routine resistivity sampling on witness films (preferably on the same type

of substrate as the sample is on to remove one more unknown).

The sample used in Appendix 4C was deposited in “Bob” at a base pressure of

2.6x10–8 torr and deposition pressure of 2.5 mtorr, for 19 s to give 15 nm thick film

(verified by cross-sections in AFM data).  A culprit for the poor film quality may have

been the roughness of the substrate itself, as put forward in Sect. 3.3.5.  More recent

sputtering work213 may indicate (frustratingly) that the long lull at atmosphere between

changing chambers simply deeply contaminated the target as the problem has diminished

over several long target burns.  Belov (with more recent roughness analyses) also

suggests that the roughness depends mostly on substrate surface properties, vacuum and

Ar pressures and scattering of sputtered particles with Ar ions, and on the temperature of

the substrate213.

3.2.3 Deposition:  oxides

These were performed in room 101 using e-beam evaporation (in two different

vacuum systems).  Two types of films, SiO2 and TiO2 were obtained.  The former was
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used for a spacer and insulator layer between the gold and the permalloy (see Fig. 2.20),

the latter as an anti-reflection coating over top of the permalloy (see Ch. 2) known as a

“blooming layer” for better Kerr reflectivity.  For the spacer, the exact content was

unimportant, as its only role was as an insulator (though roughness problems (cf. Sect.

3.3.5) may mean more care is needed).  For the blooming layer, the index of refraction

was important, to make a proper optical thickness of anti-reflection coating for the

observation wavelength.

The deposition of thin film oxides has several good reviews.  Martin214 reviews

ion-based methods for optical thin film deposition.  Haas and Ritter215 review optical film

materials and their applications.  Specifically in regards to TiO2, Küster and Ebert216

investigate reducing absorption losses by changing evaporation conditions.  They vary

the nature of the oxygen (neutral, excited or ionized), the starting material (TiO or Ti2O3)

and the substrate temperature.  Using a “blooming layer” on top of a magnetic thin film

to improve magneto-optic contrast was done by Prutton217 (who also used a quarter-wave

plate) and Kranz218 (in German).  A brief discussion for the blooming layer appears in the

footnote below*.

A TiO2 layer deposition was first attempted with a telluride (Ti2O3) source (purple

pellets).  The test film appeared only translucent and partly metallic.  It was thought that

                                                          
* The blooming layer is essentially an anti-reflection coating.  In the simple optical picture for thin film
interference, a layer of ¼ wavelength thickness will cause destructive interference of the light (see Fig. 3.1
(a)).  For the destructive case, the path difference PD should be π out of phase (or λf /2 where λf is the
wavelength in the film).  The optimum extinction comes when the anti-reflection AR coating is chosen with
index equal to the square root of the product of neighbouring indices (see Ref. [215]).  In our case the anti-
reflection coating should have as high index as possible since the real part of the index in the metal layer is
large.  Zinc sulfide (ZnS) and silicon monoxide (SiO), with indices 2.3 and 1.9, respectively, were used by
Prutton217 with better results from the former.  A zinc deposition was not desirable since zinc is known to
“ruin” high vacuum systems because of its relatively high pressure outgassing.  Titanium dioxide (TiO2)
with refractive index of 2.3 was seen as a better alternative.
  The reason that a blooming layer reduces to an anti-reflection coating can be understood with a simplistic
argument regarding the Kerr effect.  Setting ellipticity aside, the Kerr effect introduces a rotation of the
plane of polarization of the light and this can be viewed as adding a small Kerr component δ at 90 degrees
to the incident polarization.  The reflected light can then be viewed as identical to the incident light, except
for the Kerr component δ.  With an anti-reflection component in place the reflected light from the surface
of the magnetic film and oxide layer interfere destructively (i.e., I0 is eliminated or greatly reduced).  The
Kerr component appears at only one of the interfaces, however, so has nothing to interfere with.  The net
effect is that the I0 component is reduced with respect to the Kerr component δ (see Fig. 3.1 (b)).  This
effectively increases the Kerr rotation angle from θ to θ' thus giving a larger signal.
  Excellent discussion on the Kerr effect and blooming layers can also be found in the Hubert book47.  One
caveat is that Hubert states the absolute signal is what is important, not the rotation.  In our case,
empirically, our ultimate signal to noise was definitely improved.
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Fig. 3.1  Considerations for the blooming layer.  (a)  Cartoon of destructive interference for an anti-
reflection coating (with best extinction).  (b)  Increased Kerr rotation angle due to destructively interfered
main reflected intensity component Io.  The Kerr interaction gives a 90o polarization component δ that
retains its length (undergoes no interference).  The reflected light undergoes larger rotation θ' > θ when the
main intensity component destructively interferes.
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not enough O2 was getting into the film.  A deposition source of TiO2 powder (white

powder) was attempted next.  The results were not satisfactory because of the problem of

e-beam evaporation with a powder; the source did not melt evenly and spit material out

of the target area.  Finally, starting with TiO2 chunks (white pellets), did give satisfactory

results*.  The pellets were placed in a Mo crucible and the values used for density ρ, z-

factor, and tooling T (for thickness monitor purposes) were 4.26 g/cm3, 0.400, and 225%,

respectively.  The old chamber was pumped down to 1.6 x 10-6 torr and a current of 0.28

A was sustained manually by the 10 kV electron beam.  The evaporation took place by

the TiO2 source beginning to melt giving a rate like 0.6 Å/s.  “Stroking” the liquid with

beam movement increased the rate to 0.8 Å/s and just sitting in the middle of a nice liquid

pool gave a rate like 0.9 Å/s and this was consistent for other runs.  Opening the shutter at

the 0.9 Å/s state gave a good optical film of monitor calculated thickness 1000 Å in 24

minutes.  The actual thickness, measured with an alpha stepper was found to be 2500 Å,

assigning a fudge factor to the thickness monitor calculation of 0.4 (this fudge factor was

also consistent over a few runs and likely resulted because of the geometry of the position

of the crystal monitor with respect to the substrate, though it could also partly be from the

incorrect z-factor of the lower index film).  The index of refraction was checked by

Brewster angle extinction and found to be 1.9±0.1 (at 633 nm).  It was thought that the

film was likely mainly comprised of TiO2 with some additions of other oxide states

bringing the index down slightly.

A test of the increased Kerr effect was done using a HeNe laser (633 nm) and an

830 Å coating (¼ * 633nm /1.9 = 833 Å).  New pellets were used each run (the old

pellets had some brown and purple discolourations of the surfaces, likely from tellurides),

the current was kept at 0.3 A and the rate was ~0.5 Å/s.  The laser was incident at 42o and

the in-plane Kerr rotation was measured before and after oxide layer deposition (ex-situ).

The measurement used a photoelastic modulator (PEM) to modulate and lock to the

polarization at 100 kHz.

The result is summarized in Fig. 3.2.  The traces show the longitudinal Kerr signal

as a function of time with a magnetic field (provided by a permanent magnet) brought in

manually at arbitrary times.  For instance, the first few jumps of 10 µV in the “with

                                                          
* Alfa Aesar:  Titanium (IV) oxide, anatese, 99.9%, Stock #36200, Lot #C10I01, CAS #13463-67-7.
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Comparison of Kerr signal with and without optical
     coating on a continuous permalloy thin film

time (arbitrary units)

60 80 100 120 140 160 180 200 220

Lo
ng

itu
di

na
l K

er
r s

ig
na

l a
t 6

33
 n

m
 a

nd
 4

2o  (µ
V)

20

40

60

80

100

120

140

160

180

200

with coating

without coating

Fig. 3.2  Traces with and without TiO2 coating showing raw longitudinal Kerr signal during manual
externally applied magnetic field induced switches.  The small jumps in each trace are the difference
between remanence and saturation as the magnet is removed and brought close with the same face.  The
large jumps result from bringing the magnet in close with opposite face.  The signal with coating is about
twice of that without, with the same noise, giving an SNR improvement of ~2.
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coating” trace are the difference between saturation and remanence as the magnet is

brought close and removed repeatedly.  At time unit 105, the magnet is brought in close

with its opposite face (negative field) and switches the film direction.  Similar arbitrary

assignments of the magnetic field had been done for the “without trace” (the assignments

are not correlated between the different traces), though the difference between remanence

and saturation is harder to see.

The result shows clearly that the Kerr signal has improved for the coated film*.

The noise for each case seems to be about the same (each is telegraphing just above the

dynamic range limit of the measurement) but the signal with coating is about twice the

signal without giving an SNR improvement ratio of ~2.

A coating of 750 Å was done on four actual samples with thin film

microstructures and Py elements.  One of these was used for the bulk of measurements in

Ch. 4.

The deposition process for the SiO2 spacer layer is also detailed here.  Two types

of sources were used (both successful) for the deposition:  a SiO2 powder and a solid

quartz cylinder.  The powder was run with values for energy and current of 7kV and 0.23

to 0.3 A, respectively.  The quartz parameters used were, for energy, density, z-factor,

and tooling, 10 kV, 2.200 g/cm3, 1.070, and 225%, respectively.  The first attempt was

run at 0.3 A current and gave 100 Å/s rate, which was too fast to control finely enough.

The 1250 Å reading from the newly calibrated (properly positioned in the new chamber)

crystal thickness monitor matched very closely to the 1275 Å profilometer measurement.

Further runs were deposited with currents like 0.21 to 0.25 A (Amps).  At around 0.21 A,

the rate was a little too slow at ~1-2 Å/s.  Between 0.22 and 0.23 A, this value climbs to

~5 Å/s and about 10 Å/s for 0.23 to 0.24 A.  The best deposition would keep the beam

focused to create a small, creamy-white area (just past orange) with a layer of “melt” on

the quartz piece.  Values of 0.22 to 0.23 A worked best for this.

                                                          
* The same beam power and sample placement were used for both measurements.  Both reflected beams
had a power of 6.5 µW as they entered the PEM, the photodiode sent 45 mV in each case, and the gain was
set at the same value each time.  The locked signal prior to deposition gave about 60 µV for the switch,
while after, it was at least 120 µV.
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3.2.4 Lithography (optical)

Optical lithography was performed at both the Alberta Microelectronic

Corporation or AMC (now Micralyne) and the University of Alberta Microfab219.

Original fabrication was performed at the former; initially, the author performed his own

photolithography.

For the samples most used in this thesis, the timing of the transition from AMC to

MicroFab was such that the photolithography was contracted to AMC.  The focus of the

corporation’s fabrication was relatively large sample features.  Since small feature

lithography processes were not optimized, the resolution of our relatively small samples

was blurred substantially with 1 and 2 µm corner rounding and “kidney bean” shapes (see

Fig. 4.1).  Some of the shapes actually turned out to be a feature in the end as they

allowed the study of demagnetization effects on the reversal.

More recent optical lithography was performed by the author in the Microfab.  In

the end, a good optical process was worked out that could routinely produce close to sub-

micron features.  Photomask design details are given in Appendices 3B–3D.  First, the

most recent results appear in Fig. 3.3 showing some lithography and etch characteristics

(the lithography process itself will be detailed shortly).  Figure 3.3 (a) shows fairly nice

lithography with ellipses before etching, (b) after etching but PR still on, and (c) after PR

removal (the gold line width is 20 µm)*.  Figure 3.3 (e) is an overview of the ellipses

(concentrate on ones on the line); (g) shows the only 2 ellipses on the line that did not

turn out.  Figures 3.3 (d), (f), and (h) show the process for the rectangles.  In (d), the

rectangles have been nicely defined by the PR exposure and development.  The

nominally 10x2 and 10x4 rectangular bars are actually very close to 10x2 and 10x4 µm2

with definite sub-micron corner rounding.  However, close inspection reveals “wisps” of

photoresist (PR) from an almost, but not quite, complete development.  After etch before

PR removal in (f), the Py areas under the PR wisps were not removed.  In (h), a few

close-up rectangles are shown after etch.  A second development of the PR was not

successful since room lights in the wet etch room had long over-exposed the PR.

                                                          
* The reader will also notice the angle variation of the elements.  A mount for holding the permanent
magnet and slider was made that allows angular variation of the dc field.
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a) b) c) d)

e) f)

g) h)

Fig. 3.3  Optical micrographs of results for high-resolution optical lithography.  (a)  Patterned photoresist
(PR) of ellipses before etching on a 20 µm wide gold line.  (b)  Ellipses after etching with PR.  (c)  Ellipses
after etching after stripping the PR.  (d)  Photoresist patterns of rectangles.  The wisps on the large
rectangles are some undeveloped PR.  The corners, even on the 10x2 structures, are well defined.  (e)  An
overview of the ellipses before etching.  (f)  Rectangles of (d) after etching.  The wisps restricted full
etching.  (g)  The only two ellipses on the line from (e) that were not etched properly.  (h)  As (f).
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The samples done previous to these (before inspection had image capture

abilities) were of similar excellent resolution in the photoresist.  Many elements

transferred well to the metal and the sample is reported on in Appendix 4C.  Sometimes,

“nibbles” and “mousebites” could be found in the etched samples (see, e.g., Fig. 3.8 (a)).

These are likely caused by “mistreatment” of the PR (either by not baking correctly or

not letting re-hydration occur).

The lithography process that gives the sub-micron resolution is detailed below.

First, cleanliness is of utmost importance (dirt specs can also cause mousebites).  A

piranha etch is done on the substrates followed by a DI water rinse and N2 blow-dry; 15

min etch in 3:1 H2SO4:H2O2.  This makes the sample extremely clean.  The samples are

immediately placed in the deposition chamber (within minutes if possible).  The

deposition stage was reviewed in the previous section.

The adhesion should be good on the very clean surface and the new surface

should be very clean from the recent deposition.  The PR spinning is done (very nice

results should come with a clean, dustless surface) without acetone pre-wash*.  One

should use HPR 504 diluted with 3:2 Ethyl Lactate (gives thinner resist)220.  One should

use 4 or 5 drops on the 1 cm x 1 cm square substrate, then let it spin (10 s at 500 rpm and

40 s at 4000 rpm).

The PR must be soft-baked to remove all of the solvent.  This is done either by

vacuum bake, heating up for short time and using vacuum to quickly evaporate the

solvent, or longer oven bake (~ ½ hour and solvent slowly evaporates).  The MicrFab

recipe220 for soft bake is 115o C on a vacuum hot plate (under vacuum) for 55s with 5s

N2 purge.  It was also suggested that, for non-thermally conducting samples (like

electrical insulators), the vacuum plate cannot transfer the heat effectively to the film

surface; under this circumstance using 90 s of vacuum bake or the convection oven at

100o C for 10 minutes was suggested.  The other method is to use a longer convection

                                                          
* The surface is clean and needs no washing.  The MicroFab220 recipe suggests doing an acetone pre-wash
as the substrate is spinning without further washing.  The residue layer the acetone leaves actually helps the
smooth spreading of the photoresist.  In the author’s experience, the pre-washing tended to be detrimental.
Unfortunately this also means that spinning can only be done once.  When cleaned and redone, the PR
never looks as good the second time.
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bake at 110o C for 30 minutes.  This is supposed to be the most sure-fire way, it just is not

used because of time restrictions221.  In research cases, it should definitely be used.

After soft-bake, the sample must be allowed to cool or rehydrate222 before UV

exposure.  Times like 5 to 15 minutes are suggested (use 15 minutes).

The exposure is done with an AB-M commercial mask aligner.  For small

features, Keith Brown’s edge bead removal process220 significantly improves the mask-

to-sample distance.  An ad hoc mask can be made simply with a small, square piece of

electrical tape (about 7.5 mm x 7.5 mm) placed on a clear mask.  The mask is placed with

tape side down (otherwise it would be too far away and there is no reason to touch the

glass to the sample anyway, it only distorts the PR surface) and brought quite close to the

square substrate by eye, being careful not to touch it.  This alignment process is very

coarse and does not use any contact or the need for a vacuum.  A very high dose of

exposure is then given to the sample (with only its edges showing); 20 seconds was used

in our case, to ensure strong exposure of the edge bead.

The first develop is then performed to remove the edge bead of PR from the

sample.  MD 354 developer is used with the sample immersed for 30~35 seconds or until

the edge bead is visibly gone.  The completely unexposed portion of the PR is virtually

unaffected by this development so more time can be taken to remove thick layers at the

corners.  The bead is removed quickly from most everywhere and within ~30 seconds for

the straight edges.  The corners can take up to an extra ~ ½ minute or more, however.

The removal of the edge bead ensures that the highest portion of the sample is uniformly

across its center areas and this situation will give the closest contact in vacuum contact

mode of the mask aligner.

The second exposure using the real mask is then performed.  At the time these

samples were done, the exposure time being used in the AB-M was 1 second*.  This

particular mask aligner allows a self-leveling as the sample is brought in contact with the

mask.  The sample-substrate vacuum is turned on and then the sample-chuck vacuum

turned off to get the best vacuum contact.  If lucky, –24 (inches of Hg (linear scale)

where –30 is vacuum) can be achieved in the vacuum gauge.  Strong Newton’s rings are

                                                          
* This number obviously changes as the UV bulb ages.  The number may not be that critical, since time in
the development can just be slightly lengthened or shortened.
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also a good indication of a good contact.  Also note that particular care should be taken

before bringing into contact; any piece of dust will ruin the contact.  The sample should

be lightly N2 blown before bringing the mask down.

The development is then performed in MD 354.  Developing should take between

30 and 35 seconds.  For this second case, the time should be watched much more closely

than the first (a timer should be used set to 30 seconds).  The sample should be taken out,

washed, dried, and examined under an optical microscope after 35 seconds if not

completed*.  The stereo microscope can well reveal leftover PR when the sample is held

under at the right angle.

After developing, the sample should be hard baked before performing the etching.

The author suggests the full 30 minute 120o C industrial standard should still be used.

The hard bake supposedly has a window of 4 hours to perform the etching after the hard

bake has been completed (soft-bakes have windows of ~weeks222).  The same rule of

waiting for 15 minutes (or more) after pulling out of the oven, before etching, should be

applied to the hard bake.

3.2.5 Etching

If the lithography was done correctly, etching is the easier part.  The Py etch that

was used was still the following combination:  200 mL H2O, 35.6 mL H2O2, and 43.6 mL

H2SO4, added in that order.  The original etch recipe223 also uses a small portion of HF to

etch a Ti underlayer.  The original portions cited were 3.9M H2SO4, 1.12M H2O2 and

0.4M HF.  The user may want to include the HF in the etch recipe to help break through

native oxide, otherwise, uneven etching may result.  It was found that, if the HF was

needed, the Py material probably was not very good anyway for the desired properties.

Other etches are usually available from the Microfab (for instance, Au etch, Cr etch, and

Al etch).  Ti etch can be made with 10:1 H2O:HF.

For 15 nm film, the Py etch occurs very quickly (originally quoted as 4 µm/min.

 ¼ s for the complete Py etch).  In practice, it was found that a second or two was

needed to break through the native oxide, after which, the etch completed within a

                                                          
* The reader is cautioned, of course, not to err the other way and leave PR wisps (as in Fig. 3.3).
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“moment”.  For small substrates, this is suggested as the perfect process; the structure is

protected until it can be fully immersed, the oxide layer is broken, and all local structures

are etched at the same rate, still giving the operator time to quickly move the substrate to

a DI water beaker after witnessing the breakthrough.  If a large substrate is done where

uniformity is desired over a long distance (~cm), using “a few drops” of HF in the

solution may give better uniformity since the HF helps break through the entire surface at

the same moment, immediately upon entry (HF has been used in our recipe, though

usually it is not).  It is just that the operator has less time to remove the sample after

etching is complete.  Dilution of the etch could be considered, though the chemical ratios

might need to be changed.

3.3 Characterization

Characterization is a very important part of the fabrication process.  It is necessary

to know what the sample is to best understand the time-resolved magnetic measurements.

The properties of Py were detailed in Ref. [143] and will not be repeated here.  They may

also be found in the classic Refs. [224], [33], and [25].

3.3.1 Transmission electron microscopy (TEM):  composition

The chemical composition can be obtained by SEM chemical analysis or TEM

analysis.  Chemical composition analysis of our Py material by the former method can be

found in the MSc thesis143 while TEM analysis is shown here.

Briefly, TEM can use two methods for composition analysis:  energy loss

spectroscopy or energy dispersive x-ray analysis225,226, each of whose spectra are shown

in Fig. 3.4 (a) and (b), respectively.  In electron energy loss spectroscopy (EELS), the

energy loss edge is integrated from the edge to infinity after removal of a ~CE–r

background (in practice, a finite energy window is used, keeping the same window for all

elements).  This result is multiplied by an element specific cross-section and the ratio of

different elements is compared.  In energy dispersive x-ray (EDX) analysis (which is the

same as in the SEM), as a first approximation peaks are simply integrated (in practice, by

taking the counts in each bin under the peak, though element specific cross-sections and
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a)

b)

Fig. 3.4  Data from TEM composition analysis of a lifted off Py film fragment.  (a)  The energy loss
spectrum.  (b)  the energy dispersive x-ray spectrum.  The former gives wt.% ratios of 76% Ni, 22% Fe,
and 2% Oxygen.  The later gives wt.% ratios of 83% Ni and 17% Fe.
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several other correction factors are often used).  Again the ratio between elements is

compared.

In our case, EELS gives the ratio of Fe/Ni as ~0.29 and Ox/Ni as ~0.03 (where Ox

= oxygen).  This implies wt. % ratios of 76% Ni, 22% Fe, and 2% Ox.  The oxygen may

be an oxide layer on the film surface or contamination through the whole film.  For EDX,

we get Fe/Ni as ~0.20.  This implies wt. % ratios of 83% Ni and 17% Fe.

According to Ref. [227], the EELS result should be more trusted.  Problems can

occur in each.  In EELS, if the sample is crystalline, artifacts may arise from Bragg

peaks.  In EDX artifacts are most often introduced from the absorption of the x-rays,

including the window to the detector.  The best way to perform EDX is to use a

calibration sample (as a future suggestion, this could be done by using material from an

unused sputter gun, for instance).  The most that can be said about our results is that the

real stoichiometry is likely between 76% and 83%, but not necessarily, and is likely

closer to 76% than to 83%.  Both ends of this range are possible given the 81/19 nominal

composition of the sputter target used.

3.3.2 TEM:  grain size

In addition to chemical analysis microstructural analysis can be performed in the

TEM.  Characterizations that can be made include looking at the grains and the grain

sizes and the crystallinity.  These are important parameters for understanding the

magnetic behaviour (and, e.g., for tweaking the magnetic modeling set-up).

Figure 3.5 shows a close-up  micrograph of a TEM image of the film.  The grains

range in size from ~5 nm, or perhaps smaller, upwards of ~15 nm.  Many grains appear

crystalline as evidenced by some having interference stripes.  Some grains are almost the

size of the film thickness.  These sizes are also close to the exchange length size.

Because of this, it is not surprising that unexpected properties could result in both the

roughness and magnetic properties in, for instance, the “rough” samples (Sect. 3.3.5 and

Appendix 4C).

The use of TEM does have some disadvantages.  The main one (aside from cost

and availability) is in sample preparation.  The films studied must be thin.  We used a

lifted off bit of Py film (from a liftoff lithography process).  The concern is that the film
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Fig. 3.5  TEM granular analysis of the lifted film fragment.  Grains range from ~5 to ~15 nm in size and
are crystalline (from the interference stripes).
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may have grown differently on the PMMA then it would have on the substrate (and

possibly be oxidized differently, e.g., the surface oxide will be on both sides).  It might be

better to figure a scheme for using a proper witness film.  Classic preparation techniques

for TEM include water jet/chemical milling of the substrate away (using HF, for instance)

and, most often recently, ion milling of the substrate228.  Even these two methods may not

be suitable with the very tough sapphire substrates.  Another growth possibility is to grow

a witness on a carbon grid or an NaCl crystallite (the film is floated off in water and then

analyzed).  The advantages of TEM (over SEM) are that it will show the crystal structure

(diffraction effects) and grain structure and provide a more reliable stoichiometry

analysis.

3.3.3 SEM

SEM provides nice micrographs of completed samples.  A summary of many of

the samples that time-resolved measurements were performed on is shown in Fig. 3.6.

The figure shows different pieces of the same transmission line with the structures (or

“thin film elements”) on top and numbered.  Below are close-ups of the individual

microstructures with corresponding numbers.  Structures 2, 3, 5, 6, 7, and 8 were made

from rectangular mask features of dimensions 20x4, 10x2, 10x4, 5x2, 6x15, and 4x10

µm2, respectively.  Structures 1 and 4 were made from 20x4 and 10x4 µm2 ellipse

features, respectively.  In all cases, the AMC lithography step rounded the corners and

otherwise added about 1 µm on every straight edge.  The actual dimensions of each

structure are shown on the figure.

Portions of the 40 micron wide transmission line are shown at the top with 15 nm

thick Py structures (darker) on top.  Between the gold line and the Py structures, is an

insulating layer of SiO2 to insulate the structures from the current and to better place

them in the magnetic field of the line.  The geometry here is the same as in Figs. 2.20 and

2.21, with the “A” set of axes identical to the axes given in those figures*.

                                                          
* In later samples (none reported here) the SiO2 layer was not used for several reasons.  The improved
placement in the field is fairly negligible; the thickness of the spacer layer is 25 nm compared to 300 nm
thickness of the transmission line.  The solid angle contribution from most portions of the line cross-section
is identical with and without the spacer and the part that does change is small compared to the whole.  The
other concern of electrical insulation is also mostly negligible.  Since the permalloy is 20X less thick, ~10X
more resistive, and only covers a portion of the line, the current density that travels through it should, at
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The axes shown that are labeled “B”, a left-hand coordinate system, correspond to

positive detections of the raw Kerr rotations in the quadrant detection scheme (at zero

phase of the lock-in amplifiers).  Several data sets in Ch. 4 are shown with positive

magnetization directions corresponding to the “B” coordinate system.

3.3.4 PPMS

The PPMS (Physical Property Measurement System) is a commercial instrument

from Quantum Design for measuring certain properties, including magnetization and

susceptibility over a wide temperature range.  For our purposes, the system is a

convenient tool as a magnetometer for measuring hysteresis of a bulk sample.  From the

hysteresis one can obtain Hc, Hk, Ms, and remanence, all important properties of the

magnetic film, as stated.

Figure 3.7 shows a series of hysteresis loops taken in the PPMS for a witness

sample of the Dec14/99 Py run (that produced the “rough” permalloy).  The witness was

prepared on a sapphire substrate, including gold layer underneath the Py.  The substrate

was diced into four quarters of ½ cm x ½ cm each.  A delron holder, designed for the

quartered substrate, was used to hold the substrate firmly in the straw at a more accurate

angle (± few degrees) than had been used previously.  The measurement was taken in

three directions:  in-plane easy axis (easy), in-plane hard axis (transverse), and out-of-

plane direction (out-of-plane hard).  The final direction required the substrate corners to

be trimmed slightly to fit into the magnetometer (the 7.07 mm diagonal was ~1mm too

large).

Having a standard substrate size is an advantage in calculating the actual

magnetization per unit volume (Gauss = emu/cm3) vs. the absolute magnetization (emu).

This volume was ½ x ½ x 15 x 10-7 cm3 (for 15 nm thick film), or 3.75 x 10-7 cm3.  In the

case of the out-of-plane measurement, about 8-10% of the substrate volume was

                                                                                                                                              
most, be of the order of 1/400 of the current density in the gold and is likely much less allowing for a
contact resistance from some contamination (the vacuum is broken between layer depositions since
multiple lithography steps are done).  Finally, the inconvenience of an extra process step is not the only
prompt for this change.  The extra layer may have been a factor in exacerbating the roughness problem that
was encountered in the permalloy later on (cf. Sect. 3.3.5).  It likely also inhibited heat flow out of the Py
(from laser fluence).
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removed.  However, the film surface became somewhat scratched and more film was

removed at the edges than substrate, during the removal so an estimate of 20-30%

missing film is appropriate (i.e., 70-80% of the volume should be used for the out-of-

plane case).

Figure 3.7 (a) shows the easy axis loop for the film.  A fast run was taken to see

where the switch occurred, followed by a longer run with large sampling over the

switching region.  The data is offset from being centered on zero moment and zero field,

probably as an artifact of the instrument.  The loop shows good squareness to the Py film,

with remanence equal to saturation magnetization, and coercivity Hc = 2.7 Oe.  The

saturation magnetization is (3.68±0.26) x 10-4 emu.  Converted into Gauss (M(G) =

M(emu)/V(cm3) ) this is 980±30 G (so 4πMs is 12.3 kG).  This value is higher than the

10.8 kG found previously for our Py143.  The discrepancy could be simply due to an error

in measuring the thickness.  A thickness of 17 nm instead of 15 nm would account for the

difference, and this is plausible given the deposition rate is close to 1 nm/s.

Alternatively, the two saturation magnetizations could just be different (e.g., if the

composition is different).

Figure 3.7 (b) shows the transverse axis loop.  The loop does not entirely close,

possibly because the placement during deposition, or placement in the magnetometer, or

both, is off by a few degrees.  The anisotropy field is defined as the field needed to reach

saturation in this case.  A closer examination of the figure puts the anisotropy field Hk at

5.3 Oe.

The hard axis loop is shown in Figs. 3.7(c)–(d).  Loop (c) is out to 1 T field and

uncorrected for the diamagnetic background (probably from the sapphire substrate).  The

slope of the curve at ±10000 Oe is found and used to calculate a linear slope curve to

represent the background which is then subtracted off the data to give (d).  Because of the

subtraction, it is difficult to know for sure when saturation has been reached.

The values obtained from these measurements are typical and expected for the Py

films, and similar to results obtained previously143,*.  It should be noted, however, that

                                                          
* Though 2.7 Oe coercivity is a little larger than normal, it raises no alarm bells.  Evidently, the domain
wall motions of the film (and other “regular” hysteresis behaviours) were not strongly affected by the
roughness, though the spatially (and temporally) limited magnetic properties were.
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these are measurements on a bulk film.  Indications are somewhat different for micro-

sized elements of this film (see Appendix 4C).  The coercivity seems to be more than 30

or even 50 Oe for the “rough” samples and is presumed to be related to the roughness

(described in the next section).

3.3.5 Atomic and magnetic force microscopy (AFM/MFM)

Some characterizations were performed with atomic and magnetic force

microscopy (AFM/MFM).  Work was done on a Digital Instruments, Dimension 3100

microscope.  An excellent reference on the subject of magnetic force microscopy is a

workshop book by Roger Proksch229.  A good overall AFM/MFM resource is the Digital

Instruments web site230.  Our initial magnetic results are tentative, but show some

magnetic contrasts.  They are given below.  Atomic force images mainly contribute in

roughness determinations which follow.

First, some nice atomic force microscope (AFM) images are shown in Fig. 3.8 (a).

High resolution images like this are good for testing the sample resolution and

determining the shape (the same uses as, e.g., SEM images).  These elements reside on

the same gold line.  Frame 1 shows the 20x4 ellipse, 2 the 20x4 rectangle, 3 the sample

used in Sect. 4.4.  Frame 4 is a different “10x2” particle showing that the “low-

resolution” AMC lithography process was actually quite reproducible.  Frame 5 is the

“10x4”.  This set was on the same substrate and had the same deposition and lithography

run as the set used mainly in the experiment with TiO2 covering.  Several sets of these

samples were diced out of the same substrate.

MFM data were taken in tapping mode AFM.  This allows phase sensitive

coupling of the magnetic tip to the stray field of the sample*.  Data are presented with

topographical information on the left and phase sensitive information on the right.  The

latter is obtained in lift mode, i.e., the tip is dragged over the sample with feedback to

determine the topography (left picture), then dragged over the identical path a second

time (without feedback) to allow collection of the topography independent force

gradients.  In this case, the interaction of the magnetic tip (often modeled as a magnetic

                                                          
* The field gradient produces the force on the cantilever.  In lift mode, the force gradient is detected so the
final signal is the 2nd derivative of H with respect to Z.
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dipole) with the stray magnetic fields of the sample gives a force gradient.  In the tapping

or oscillatory mode, the frequency of oscillation is shifted because of this force gradient.

In practice, the phase shift of the oscillation is detected and is what is used below.

Figure 3.8 (b) shows one of the unsuccessful attempts at MFM characterization of

the experimental sample*.  Checking the magnetization of a (magnetically hard) test

sample to ensure the tip was working properly, was substantially easier.  The test sample

is just a piece of magnetic tape with bits and tracks recorded in it.  The result is shown in

(c).  Very good sensitivity is observed at several lift heights with phase shifts of more

than 8o.

Sample (d) shows the magnetic state of a “10x2” element (not the 10x2, but from

the same batch) in a remanent state.  The state looks to have a domain wall in the center.

Some signal is evident on the upper left corner of the sample and may be due to the tip

dragging some closure domain, or may just be the stray leakage from some closure

structure.  Phase sensitivity was set at 10o.

The data of Fig. 3.8 (e) take (d) a little further.  They show the response of the

10x2 to application of a field (ignore the fact that the sample is pictured upside down).

The phase scale is over 4o of scale.  The first image is the remanent state after the

application and removal of a 30 Oe field along the easy axis.  The same is shown in

frame 2 after a +30 Oe field.  A horizontal domain wall along the length of the sample,

near its center is seen (more clearly in 2 than 1) with some sort of closure domains at the

ends (as in (d)).  There is also a hint of the “zebra stripes” along the edge as in (d) and the

wall in 2 looks to have some structure.  This remanent domain structure is not

unexpected.  Frame 3 shows in situ switching of the field from +30 Oe to –30 Oe during

the scan (bottom portion acquired last).  The switch is implicated by the slight change in

                                                          
* This is the 20x4 element used in the experiment.  Scans of all the elements were taken but only this one is
shown since there is no magnetic data to report.  The white and black crescent moons on each side of the
element are an artifact of the scanning.  They change to the top and bottom side of the element if the scan
direction is changed.  The phase sensitivity here is 4o.  In this case, the sample was covered in the TiO2
layer of approximately 70 nm thickness and probably made the tip too far away to be in the correct region
for optimum sensitivity to magnetic forces (this optimum is supposed to be around 50 nm).  The lift height
was 30 nm in this case, but lower heights did not help.  We also used the commercial tips provided from
DI.  The standard tip is MESP–10 and oscillates at 75 to 107 kHz.  It has a 225 µm coating of CoCr with
coercivity ~ 400 Oe.  The possibility of a low coercivity tip was pursued though one was not purchased.
One would look for the “LC tip” (coercivity like 40 Oe).  For soft materials like permalloy, a weaker tip
might mean the walls do not get dragged around as much.



134

contrast of the topographical data.  The sample ends show some change at this time.

Frames 4 and 5 show the sample held in fields of ±30 Oe during the scan.  It is seen,

perhaps surprisingly, that the domain wall is not fully expelled out of the long edge of the

sample in these cases.

Frames 6, 7, and 8 show the affect of fields applied along the transverse (hard)

axis, which is vertical.  The strong field of 110 in frame 6 makes the element almost

magnetically structureless, though stray field exists at the top edge.  Remanences after the

removal of the strong field (±110) seem similar to the in-plane remanent states.

Note that this lack of saturation at ±30 Oe in the easy direction (and even ±110 Oe

in the anisotropically and shapely hard) is very different from the ~5 Oe coercivity value

obtained from PPMS measurements on a thicker bulk film.

Figure 3.8 (f) shows some AFM images of the higher coercivity permalloy.

These are clearly seen to be rougher samples than the previous data.  As mentioned, this

set of samples, whose measurements appear in Appendix 4C, appeared to be good

samples on which to perform time-resolved measurements.  The lithography was the best

we had achieved to that time (is currently still the best optical lithography).  The bulk

film hysteresis loops looked very reasonable (cf. Fig. 3.7).  Yet, the time-resolved

measurements gave unexpected and not very informative results.  The reason for this is

confirmed with AFM inspection as being due to the film roughness.

This makes it clear that AFM roughness measurements should become part of the

standard characterization routine for each sample that is fabricated (which it previously

had not been).  The would-be fabricator is re-cautioned that following the same strict

characterization routine for every sample should be the preferred method of operation.

Analysis of roughness on the substrates in Fig. 3.8 is shown in Fig. 3.9.  The

samples shown in images (b) and (e) of Fig. 3.8 represent the normal sample responsible

for most of the results in Ch. 4 (or from the same deposition and lithography run).  Fig.

3.8(b) shows an example of measurements on the TiO2 covered sample (actually used in

the Ch. 4 data measurements) and (e), measurements on a sample from the same run

(without TiO2 covering).  These two styles are labeled as “normal” and “normal covered

with TiO2”, respectively, in Fig. 3.9.  The samples from Fig. 3.8 (f) represent the new
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substrate with best optical lithography, but more roughness (measureed in Appendix 4C).

It is labeled as “rough” in Fig. 3.9.  Other measurements on substrates are shown under

the label “substrates” (Fig. 3.8(g) shows a location where roughness on three different

surfaces could be determined).

The definitions used for roughness (taken from the DI manuals) are given in the

footnote below*.  The “normal” data show average roughness slightly over 2 nm for both

on the elements and off the elements (background–BG).  One could expect this to be the

actual roughness underneath the TiO2 layer in the second sample “normal TiO2”.  The

covering serves to significantly smooth out the surface however, giving R ~ 1 nm.  FLAT

just refers to re-measuring the roughness after the data has been modified by a flattening

algorithm in the MFM program.

The second set of data, from Fig. 3.9, can be seen to be rougher by eye alone and

is shown in column “rough”.  R varies considerably more with centering somewhere

between 2 and 3 nm and some as high as 4 nm (in “2” and “FLAT”).  The low data point

in “FLAT” was from a region specifically searched for that was dirt free.  It suggests that

the sample microstructure might not be that bad but for a dirty starting substrate.  On the

dirt itself, of course, (“2 dirt” and its BG) the roughness is very high.  Even generically,

where dirt is not in the averaging region, the background (substrate) is still around 4 nm

roughness (“BG (off dirt)”).  Thus, it is confirmed that the samples with the better

lithography are rougher than the previous samples used, which likely ends up affecting

the magnetic properties.

                                                          
* The root mean square (RMS) roughness is the standard deviation of the Z values within a given area
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Notice that Ra is usually slightly lower than Rq.
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The underlying reason for this change is unclear.  The deposition takes place in a

new chamber, which could have an effect, though pains were taken to ensure the

conditions were similar (see previous section on deposition in “Bob”).  The effect, more

likely, has to do with the cleanliness of the substrate, and/or, cleanliness and roughness of

the Au layer beneath the microstructures.  To address this latter question, the last column

of data in the graph shows roughness of different substrate conditions).  The Py directly

on the sapphire (still from sample “rough”), shows R ~ 3nm.  The background sapphire

itself is no better.  For comparison, a new (unprocessed) piece of sapphire is checked for

its roughness.  It is subjected to cleaning with a Piranha etch solution and checked again.

Both of these results show very low roughness (below ½ nm).  Finally, the Au by itself

on the Sapphire was checked with fairly high values of roughness.

The conclusions we might draw from this can vary.  It could be that processing

adversely effects the smoothness of the sapphire substrate (the sapphire also may come

with different polishes).  At first, it was thought that the piranha etch (done first for these

samples) caused a rougher surface.  This must not be the case as evidenced by the

measurements on new, and then piranha cleaned sapphire, both being low R.  The Au line

was in a different sputtering machine than the earlier samples.  The Au on sapphire looks

rougher than the Py in the last column of the figure (these data were taken side-by-side on

the same substrate at an area where both Au and Py were close together).  In addition, the

background (off of the dirt) is rougher than the microstructure when the “rough” sample

was checked.  These may implicate the new Au deposition as the problem.  The

permalloy deposition is likely not the culprit as evidenced by the corresponding

measurements of background.  The Py is usually no rougher than the background.

Especially for the data taken when all three of Py and Au (each directly on top of the

sapphire) and sapphire background were close together (the general sampling area is

shown in Fig. 3.8(g)), we see that the Py takes on the roughness of its background while

the Au adds more.

The SiO2 deposition may be culpable in the roughness as well.  The original SiO2

deposition was performed with powder in the e-beam evaporation experiment.  The new

“rough” sample was coated by e-beam evaporation from a solid source of quartz.  It was

thought that the latter was better because there was much less spitting and jumping.  This
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should be checked if the insulator layer is going to be used in the future.  The difference

might be the oxygen content in the film; since the evaporation from powder tends to have

a lot of oxygen around, the stoichiometry is likely SiO2.  The quartz, with less oxygen

might be slightly less than O2 content.  This should not make an appreciable difference

because they should both be continuously amorphous.  Another reason might be the TiO2

coating on top of the permalloy layer.  The hot evaporated TiO2 material may have served

to anneal the microstructures that gave the good results.

3.4 Summary of the Chapter

In this chapter, the materials, fabrication, and characterization processes have

been given.  Deposition practices for permalloy, oxides, and metals were given.

Cleaning, lithography, and etching processes for patterning our devices were also

detailed.  Several appendices were cited with even more technical details (such as

vacuum system adaptation and photomask designs).

Characterizations were discussed and suggested.  In particular, AFM, TEM, SEM,

MFM, and PPMS measurements were performed on the samples to determine roughness,

stoichiometry, grain size, hysteresis loops, and resistivity.
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CHAPTER 4

Experimental Results for 180o Dynamic
Reversal

This chapter explores the experimental results for 180o dynamic magnetization

reversal taken using time-resolved scanning Kerr effect microscopy.  A variety of sample

shapes and sizes are studied with a wide variety of data representations to enable a

systematic classification of the magnetization reversals.  After comparing to numerical

modeling (Ch. 5), these classifications will be further interpreted at the end of Ch. 5,

especially in light of the context developed in Ch. 1.

The chapter is also partially technical, with several notes and comments of the

sort that would not appear in an article with the same data.  This presentation style should

help the reader really understand all aspects of the experimental technique that is fostered

in this thesis.

4.1 Introduction

In the technique of TR-SKEM, with spatially and temporally resolved capability

in three parameters (the three components of magnetization), there is a substantial

amount of data one has access to.  For a microstructure covering approximately 50 square

micrometers at a resolution approaching 0.4 µm, 16,000 pixels are necessary to sample

the entire surface at an instant in time.  For an assumed temporal resolution of 50 ps, a 20

ns window requires 400 frames giving 640,000 individual pixels or data points.  The

output of three lock-in amplifiers (two channels each) and one intensity channel at each

data point, at a dynamic reserve of 8 bits per channel gives a total of 40 MB of
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information from a single microstructure.  This estimate does not include the prospect of

oversampling to improve signal-to-noise ratio (e.g. linear scanning at 10 pixels/µm).  For

this amount of data, interpretation and presentation start to become problematic*.  Though

most transparent and easiest to interpret, a simple trace of magnetization as a function of

time contains only a fraction of the total information.  Presentation as 400 gray scale

frames conveys all the information at a glance, but is harder to summarize and can be

overwhelming.  A gray image formed by 1 spatial axis and 1 time axis can be an

insightful middle ground but is not self-explanatory.  Used in combination, these styles

can complement each other.

For this reason, several representation styles will be used in different

combinations to try to best convey insight into the dynamical processes occurring.  A

trace or graph will generally be magnetization versus time.  The magnetization may be a

“spot” measurement (averaged over the laser spot), a line-average (the response of a line

scan averaged over the whole line), or a whole-average (the response of the whole, raster-

scanned structure averaged over space) and could be any component (Mx, My, Mz).  A

gray scale image will almost always represent the magnetization as the pixel shade.  The

two image axes could be either 1+1 dimension (1 space and 1 time) or 2 dimension (2

space).  The former (referred to as an x-t scan) can be thought of as a single line scan on

one part of the microstructure repeated while stepping the time value.  The latter (spatial

scan) is merely one “frame” of a movie.  Again, any component (Mx, My, Mz) could form

the gray scale.

Data were taken with an Olympus 0.75 numerical aperture microscope objective

and 590 nm laser wavelength from the Coherent 701 dye laser**.  For the sample of Sects.

4.2 – 4.4, a TiO2 coating layer was used over the permalloy to enhance the Kerr response

(cf. Sect. 3.2.3).  The numerical aperture (especially for high numerical aperture),

wavelength, and overcoat can all affect the longitudinal and polar Kerr efficiencies (the

ratio of longitudinal to polar efficiency can also change).  This combination makes it

difficult to assign absolute scales for the magnetization, thus, these scales are not always

assigned and not with complete confidence.

                                                          
* For this reason, some data in this chapter are relegated to the appendix.
** Data in Appendix 4C utilize the SpectraPhysics Tsunami Ti:Sapph  as a source (around 780 nm) with a
1.3 numerical aperture Zeiss oil immersion objective.
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As an introduction to the representation styles and some initial data, the rest of

this section is devoted to some of the first results obtained with the quadrant photo-

detectors, taken from a sample with no TiO2 covering.  Two microstructures were

investigated:  a nominally 10x4 ellipse (shown in perspective view on the left of Fig. 4.1)

and 5x2 “rectangle” (perspective in Appendix Fig. A4.1).  The available lithography in

this case was not optimized to small feature sizes so two micron rounding is the norm.

The actual dimensions of the ellipse are 11.8 µm by 5.9 µm (as measured in SEM, which

would be off by a few percent at maximum) and its shape is quite close to oval.  The

smaller structure is similarly shaped as an oval with dimensions 5.3 µm by 3.9 µm.  The

sample is immersed in a 100 Oe static magnetic field provided by a permanent magnet*

and is subjected to the 180o reversal geometry of Figs. 2.20 and 2.21.

The simplest conceptual place to start is with a localized “spot” measurement at

the center of the sample.  This ignores spatial information and allows concentration on

the temporal behaviour.

Spot traces for two magnetization components, Mz obtained from the polar Kerr

effect, and My obtained from the longitudinal Kerr effect, are shown at the top of Fig. 4.1.

The spot location is shown as an X on the perspective view SEM micrograph of the

microstructure (at the left of the Fig.).  The two traces have been offset for clarity (each

starts at zero), have not been normalized, and the graph has been broken between 4 ns

and 10 ns (time zero being arbitrarily assigned) with the first portion detailing response to

the magnetic field pulse turn-on (0.5 ns rise time) and the second to magnetic field pulse

shut off (1.0 ns fall time).  Upon application of the field pulse, the magnetization is

thrown out of its initial state (aligned along the negative x-axis) and into ferromagnetic

resonance oscillation about the total field (approximately in the positive x-direction).

The polar effect is expected to be considerably more sensitive, which is why Mz looks to

have stronger response.  In fact, we would expect Mz to be smaller than My due to

demagnetization.  Drop lines corresponding to the Mz minima and maxima have been

included.  Upon close inspection it can be seen that the oscillations in y and z are not in

                                                          
* In this case, the permanent magnet alignment was likely off-axis (alignment accuracy is roughly ±5o) as
evidenced by some amount of resonance to the reversal.  Hard axis field tends to lead to more resonant
behaviour (see rest of Ch. 4 and 5).
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Fig. 4.1  Introduction of the concepts of “Spot” and “x-t” scan time-resolved magnetization data from an
uncovered (no TiO2) 6x12 µm2 Py ellipse in a 100 Oe static field.  The top (spot) graphs sample the
magnetization response at the center of the sample (marked with an “X”) vs. time.  These show 90o phase
shifted oscillations (2.4 to 2.8 GHz) in z and y magnetization components at the beginning and end of the
10 ns pulse (due to the rising and falling edge bandwidths).  These phase shifts, which indicate precessional
motion, are more clearly seen, with the help of drop lines, in the spatial-time scanned gray-scale data.  The
gray map, “x-t” data plots a spatial line-scan (either along x or y through the sample center as shown by the
white lines on the SEM images) as the fast scan axis vs. time (the slow scan axis).  The wavefront is also
curved in time for the x-axis case, showing that the ferromagnetic resonance occurs at different times
spatially across the sample.
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phase.  This phenomena is more pronounced in the left graph and seems to indicate a 90o

phase shift between Mz and My which supports the supposition that the vector is

oscillating about the x-axis.

To confirm this, we can add one spatial axis to the time trace data.  The eight

images at the bottom of the figure are line scans across the microstructure, built up as a

function of time to form gray scale images.  The top set of four images are Mz response,

the bottom set My, both normalized amongst their own set (part of the leftmost images of

the y-set are “cutoff” in the gray scale as data was outside of acquisition range for a brief

time during the initial peak of excitation).  As will be commonly done all images use the

same time axis as the graphs above with time running to the right.  The vertical scale

represents data for a line scan across the sample as indicated in the figure (i.e., the white

stripe in the SEM perspective view), the top images in each set of four being a line scan

in the x-direction, the bottom images being a line scan in the y-direction.  In each case, 80

pixels were acquired in the time dimension (every 0.05 ns), 32 pixels were acquired in

the x-scan dimension, and 16 in the y-scan dimension.  These type of gray scale images

with 1 spatial and 1 temporal axis will generally be denoted as “x-t” images or scans.

The first thing to note is that the excitation for the data along the long axis, has a

curvature.  This indicates that the oscillations are occurring first at the sample edges and

occurring later in the center of the structure (seen first in Ref. [142]).  The fact that this

effect is more pronounced for the left images may be due to a few reasons:  the driving

field is stronger for the back reversal and the sample is probably less saturated.  As a

coherent picture of the magnetization reversal is developed throughout this chapter, we

will be able to assert that this back reversal is fundamentally different than the front.  A

network of unsaturated and nonequilibrium “jostling” spins is believed to exist prior to

back reversal.

The second item of note is that the phase difference between z and y is now much

clearer in the x-t representation.  The drop lines corresponding to the z-component

extrema, which have been extended down to the images (the reason that there is a kink

will be discussed in a moment), show clearly that My is phase lagging Mz by close to 90o.

What we are seeing is the resonant oscillation of the magnetization vector in the y-z plane



144

generated by the bandwidth and direction (x) of the external pulsing field (like Ref. [148],

but here for large angle motion of the magnetization vector).

The kink in the drop lines has been added to correct for an artifact of data

acquisition in the time traces.  Data were taken by setting the temporal point and reading

signal from a lock-in and were acquired in reverse order in time.  In this case, the

computer delay between samples was too short such that the lock-in did not have time to

adjust and response is “late”.  Since acquisition was backward in time, response appears

“early” by 0.15 to 0.20 ns or 3 to 4 time-steps.  This artifact is not present in the image

data, since the temporal point is set and a whole spatial line-scan is acquired before

setting a new temporal point (the spatial axis is the fast scan axis); only within a few

pixels of the edge would the data be suspect.  In fact, visible in the bottom of the x-t scan

response of Mz is a ghost of the top part of the image due to this same artifact.

The oscillations indicate a precession frequency of approximately 2.4 to 2.8 GHz.

Using 100 Oe or 60 Oe in the easy-plane ferromagnetic (Kittel) formula (Eqn. 1.54) gives

2.9 or 2.3 GHz, respectively which is in the right ballpark for these oscillations (the Kittel

formula should not be completely accurate here since boundary demagnetization

conditions are playing such an important role).

Figure 4.2 is for the Mx component of magnetization for the same sample (via the

longitudinal Kerr effect).  Less data points were taken in this case for the time-trace graph

and x-t and y-t images, in favour of a montage of x-y spatial images at the bottom of the

figure.  Response during the pulse field rise is on the left and response during pulse field

fall is on the right.  The gray scale represents Mx with the top and bottom 10% of

response being clipped to white and black, respectively.  The numeration on each image

corresponds to the following times:

Numer. t1 (ns) t2 (ns)

1 0.65 10.85

2 0.75 10.90

3 0.85 10.95

4 0.95 11.00

5 1.00 11.05
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6 1.05 11.10

7 1.10 11.15

8 1.15 11.20

9 1.20 11.25

10 1.25 11.30

11 1.30 11.35

12 1.35 11.40

where t1 and t2 are for the left and right images, respectively.  Rotating the perspective

SEM image 90o clockwise corresponds to the alignment of the montage images.

Some oscillations are present in the x-t and y-t scans and these seem to be

localized or to die out more quickly on one side of the structure.  These oscillations are

not evident in the spot trace graph showing the necessity for the spatial data that we have

obtained*.  The “magnetic switch” can also be seen in these images as the turn from dark

gray to light gray and vice versa.  This is the temporal region that is chosen for

representation of montage data, or data that are, essentially, frames of a movie.  The left

montage shows the excitation beginning at the left and right edges of the structure in

slices 1 through 3.  The images becoming dark for 3 and 4 and bright for 8, 9, and 10,

correspond to the FMR oscillation (again with roughly 2½ GHz frequency).  Other

interesting features are the dark section at the bottom of the sample in slices 4, 5, and 6,

and the vertical notch that develops by slice 3, moves towards the top and remains

throughout.  These were not captured in the x-t images and show the need for full spatial

information.  Though the data is hard to interpret, there is an interesting reversal process

occurring.  In fact, these data are the first ever taken that capture a precessional switching

process with spatiotemporal resolution (see Figs. 4.8 and 5.16 later for better images and

Ref. [152]).  In the right montage, less structure is visible in the individual slices, though

there is still very apparent effects at the structure edges.

                                                          
* If the magnetization is oscillating about the flipped position (as indicated by y and z data), a 2ω  response
of wiggles should be visible in Mx.  This frequency, however, is very likely in the range where delay
generator jitter washes it out.
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Fig. 4.2  Similar layout as Fig. 4.1 for the x-component of magnetization data for the same sample.  A
“montage” of spatial snapshots of magnetization response (as frames of a movie) is added at the bottom of
the figure.  The “magnetic switch” (from dark gray to light gray and vice versa) is seen in the x-t data as are
some oscillations at the sample edge.  The montage shows the global, spatially non-uniform behaviour of
the magnetization during the switching process.
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The x-t scans show that the oscillations almost seem to travel towards an edge.  It

is more likely that they just damp more slowly at the edge (the total field conditions

would be different, after all) and/or that the equilbrium direction at the edge is off of the

x-axis allowing more asymmetric oscillation component at 1ω frequency.  Another

important note here is the dark response (frames 3 and 4, for instance) vis-à-vis

measurement style.  As has been mentioned, our Kerr effect apparatus measures the

difference between an excited state and a reference equilibrium state.  Any “negative”

response of the Mx component tells us that a microstructure was not fully saturated in its

static state.  There is also always the danger of the quadrant detectors measuring

something different than we think they are measuring (i.e., meausuring an admixture of

components – see discussion in Sect. 2.5.4).  It is not unbelievable that x could have the

response shown here with a small oscillation and negative response (since the field

conditions are so unknown).  The inaccurate detection danger must be kept in mind,

though, and bizarre results should be approached with a hermeneutic of suspicion.

Nevertheless, the reversal captured here is setting the stage for coming data.  The

front reversal is active and structured, the back is quicker and more washed out.  The

speed difference can be easily explained by the differing field condition (driving fields of

100 Oe on the back, 60 Oe on the front) but all phenomena are consistent with the picture

that develops in the coming sections.

4.2 Investigations in the 100 Oe Static External Magnetic

Field

We will now consider a sample having a TiO2 covering.  Merely by inspecting

results in this section, one can see that this “blooming layer”217,218 enhances the Kerr

response (cf. Figs. 3.1 and 3.2).  The following microstructures from one sample substrate

were investigated:  “rectangles” of nominal dimensions 20x4, 10x2, 10x4, 5x2, 6x15 and

4x10 (all in µm2).  Being from the same batch of lithography as the sample in Sect. 4.1,

the corner rounding is considerable here as well.  Actual structure dimensions are given
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in Fig. 3.6 along with SEM images of the microstructures.  The experimental setup is also

the same as shown in Ch. 2 (Figs. 2.18, 2.20 and 2.21).

The gray scale data presented for this set of structures is always normalized to ±1

(black being –1, white being +1; see, e.g., Fig. 4.3) with a gray scalebar available on each

figure.  Black and white thus represent full saturation in opposite directions.  Gray is

zero, which means the magnetization vector is perpendicular to the axis in question.  Size

has also been scaled accordingly with a 20x5 µm2 scalebar on each figure.  In particular,

the figures, as viewed on their original 8½"x11" sheets, are at a scale of 1000:1 (where

25.4 µm = 1")!  The positive and negative directions of magnetization are left in the form

as they were detected.  Thus, the “B” definition of positive axes is applicable for all of

these data.  To make the positive directions upward and to the right in the figures, the

perspective is rotated 180o from the perspective in Figs. 2.21 and 3.6, making the “B”

axes now upward and to the right, however, with the positive z-direction still pointing

into the paper.

In addition, a binary mask has been applied to the data.  Using the Mx response

during pulse-on saturation, two areas are defined per image:  (i) on the sample and (ii) off

the sample (i.e., on the background gold).  The binary mask multiplies data in area (i) by

1, data in area (ii) by zero, giving the nice, uniform, gray background to all the data

shown.  As well, the scaling of the gray scale has been applied with, more or less, the

following algorithm. Magnetization at time zero is assumed to be uniformly in the

negative x-direction.  A mean of the response (inside a smaller area well within the

element boundaries) is re-defined as the Mx value of –1.  Similarly, mean of the response

just prior to the back reversal is assigned an Mx value of +1.  The My component is

normalized by the same length as Mx with the zero value of My adjusted so that the mean

of time zero response gives zero My.  Similarly, the mean of time zero response gives the

Mz=0 value, however, after being normalized with the same normalization factor as Mx

and My, the Mz value is multiplied by an additional factor of 0.21 to partially correct for

the higher sensitivity of the polar Kerr effect*.

                                                          
* The value of 0.21 was arrived at by a ballpark comparison with simulation data and is likely too large
still.  First principle calculation of the different effects would be very difficult because of the many angles
of incidence of interaction (Kerr response varies as a function of angle of incidence), the blooming layer,
and the detection scheme used (complicating the incidence angles even more).
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The images are presented as montages of the data as time slices (individual

frames of a movie) and are stepped to the right to complete a line before moving to the

next.  Black horizontal lines delineate separate lines of data.  All data in this section are

for 100 Oe biasing magnetic field.

4.2.1 Permalloy thin film elements with aspect ratio greater than one

Following the trend of moving from small to smaller, we start with investigating

the largest structure and move onto the smaller ones as we go along.  Structure 2 in Fig.

3.6 is too large to fit in a piezo-scanning window so was split into two to obtain all the

spatial information.  Figure 4.3 shows the response of the left-hand side of the

microstructure for the full reversal.  The graph at the top is the x-component of

magnetization measured in the center (at the white “x” in the thumbnail SEM

micrograph).  The montage of data is the gray scale Mx and My response as indicated.

Each time step is 0.25 ns later than the previous where an arbitrary time zero has been

chosen and the times of the last images on a line have been printed to their right.  The

time zero is identical to the arbitrary time zero used for Figs. 4.1, 4.2, and A4.1.

The forward reversal proceeds in a non-trivial way.  Nucleation occurs at the left

edge of the structure (frame 8 = 1.2 ns) with strong polarization in My.  In addition,

vertical stripes of approximately 3 µm periodicity are seen to form.  The magnetization

appears to be taking a standing wave-like shape as the reversal occurs (with the stripe

formation).  On frames 13 and 14 (t=2.45 and 2.7ns), the stripes partially join up leaving

a smaller section near the center to reverse.  The reversed state spreads to the center and

“slowly” pushes out the remaining non-reversed edge states.

The reversal back to the original configuration (after the end of the 10 ns pulse) is

more abrupt and more uniform.  The abruptness is understood because of the stronger

driving field conditions (60 Oe switching to –100 Oe).  The uniformity is harder to

interpret.  The sample probably does not have enough time to fully saturate during the 10

ns pulse leaving unreversed states for nucleation of the back reversal.  This has the effect

of everywhere reversing at the same time.

Estimating the time of reversal can be done by eye:  choosing frame 8 and frame

20 as near beginning and end gives 3 ns.  On the back, we choose frame 48 and 52 giving
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Fig. 4.3  Spot trace and montage data for the 21.6 x 5.8 µm2 stadium shaped element.  The montage data
has been normalized with background gold response masked to zero.  The scalebar, colorbar, and axes
definitions are shown at the bottom of the figure.  Each montage frame is the same time step later than the
previous (0.25 ns in this case).  The static field is 100 Oe.  Vertical stripes form during the front switch; the
back switch is more uniform.
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1 ns.  A more detailed analysis of reversal times will be given in the next section as a

function of magnetic field.  The vertical geometry of the stripes also allows suitable use

of (horizontal) x-t style scans to elucidate the behaviour in a compact form.  These are

also presented in the next section.

The busiest portion of reversal is obviously the first few nanoseconds.  Data taken

from both sides of the structure in separate raster scans, split by a vertical white line, are

shown in Fig. 4.4.  Each frame is 0.05 ns apart.  This time, all three components of

magnetization are shown.

Seeing the two halves side-by-side does betray some of the weaknesses of the

stroboscopic measurement system.  Since the measurement only registers changes in the

magnetization, some assumption must be made about the initial state.  In this case, it is

assumed that the sample is fully saturated along x prior to excitation and (at least the

center) is fully saturated in the opposite direction at the end of the 10 ns pulse.  In this

way the Mx response is normalized to ±1.  Similarly, My and Mz are assumed to be zero

(gray) prior to excitation.  A ground loop pick-up would often give a non-zero signal in

the components.  Their normalization required shifting of the data to assign a zero

average to the first few images*.  Furthermore, especially in the case of the Mz

component (though it is only barely seen here since the spatial mask has cut out the

background gold), there was sometimes signal evident (in the shape of the sample) prior

to the field pulse.  This can only be understood in the context of random behaviour (cf.

noise spectroscopy181) in the z-component.  In this case, the dark rim at the left edge of

the first few Mz images is a remanent signal of some random behaviour.  It has the effect

of throwing the normalization off for the rest of the left half of the structure making the

left and right Mz zero assignments different.  The two halves of Mx also look different

because of scaling (this time, a slightly different normalization led to different conditions

for the binary masking making the right side look bigger**).

                                                          
* In future, it would be safer to use the “beam-blocked” signal as the zero-reference, in case there is a time-
dependent component to the pickup.  This could come, not only from random behaviour, but also from the
38 MHz oscillation (from laser), which sometimes appeared.
** The binary mask was defined using the pulse-on saturation Mx image as the two levels.  An average of
levels (on and off) were defined and values more than (usually) 20% of the way towards on were assigned
binary on, less than 20% towards on assigned binary off.
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Fig. 4.4  Temporal close-up of the data during the front switch of the montage in Fig. 4.3 (0.05 ns spacing).
The right hand side of the element has been added (scanned at a different time due to the finite size of the
piezo-scanning window).  The different normalizations on each half do not qualitatively affect the results.
A zigzag stripe pattern clearly develops and “locks” into place.
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Fortunately, as can be seen, the differing normalizations on each side do not

qualitatively affect the behaviour of the reversal.  The reversal does nucleate both from

the left and right edges and by stripes.  The third line of data shows some strong response

at the edges in the y and z components in a checkerboard pattern.  This could be

explained by assuming the y-component of spin is slightly off zero and points in opposite

directions on the upper and lower half of the structure prior to reversal (breaking the

symmetry of which way to rotate and giving an opposite sign cross-product to MxH).

Focusing on the edge and the y or z component, mild oscillation can be seen with a

periodicity of about 8 frames (0.4 ns) as dark and light areas grow and shrink (e.g. start at

frame 13 on the left edge of Mz and read through to frame 23).  This is consistent with an

FMR oscillation of 2.5 GHz.  Once the stripe pattern forms, it appears to lock into place,

i.e., the pattern appears to change only very slowly from frame to frame.

Figure 4.5 corresponds to the structure in SEM image number 3 (Fig. 3.6), 10.4 x

5.6 µm2.  The time zero point has changed from SEM image number 2 and a new

arbitrary zero is set (i.e., the absolute times cannot be compared between the two figures).

Again, each frame is 0.25 ns later than the one before.  The white “x” on the SEM

micrograph again indicates where the “spot” measurement was taken to obtain the traces

at the top of the figure.

This reversal appears to proceed similarly as for the larger structure (the 21.6 x

5.8 µm2 structure).  Nucleation occurs at the edges and by vertical stripes with a similar

periodicity.  The stripes form together as the reversal pushes to the center and finally out

to the long edges.  The inward curvature of the sample at its top edge (look at the small

SEM micrograph) is acting as a demagnetizing energy “attraction site” and the stripes

select it to meet at.  On the back reversal, things happen more quickly and uniformly as

seen before.  The rise and fall time estimates in this case would be about 2 ns and 1 ns,

respectively.  Whole-average traces of the averaged response of the whole structures as a

function of time will be shown later in this section.

Figure 4.6 shows a close-up of the rising and falling edge behaviour.  The spacing

is 0.05 ns with half a nanosecond per line.  The first thing to note is how strong the My

component becomes by the third line (note the high contrast) and how this slowly fades

out over the next few lines.  The y-response gets locked into a distribution pattern, but is



154

time (ns)0 5 10 15

Ke
rr 

si
gn

al
 (a

rb
itr

ar
y 

un
its

)

Mx

My

Mz

20x5 µm2 -1      +1

* First image is at +0.75 ns.  Each following image
is 0.25 ns later.  One full line represents 2.50  ns.

3.00 ns     5.50 ns     8.00 ns    10.50 ns   13.00 ns  15.50 ns

Mx
My
Mz

Hdc = 100 Oe

x
y

z
“B”

“10x2”

Fig. 4.5  Spot trace and montage data for the 10.4 x 3.9 µm2 element (the “10x2”) in 100 Oe field (0.25 ns
spacing).  The front reversal starts from the left and right edges and locks into a stripe pattern (within which
the y-component wanes without movement to complete reversal) consistent with coherent rotation within
transiently formed stripe domains.  The back reversal is more uniform.  It may be nucleating from a
network of unequilibrated spins and/or random averaging may be at work.
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Fig. 4.6  Temporal close-ups of the rising and falling edges of Fig. 4.5 (0.05 ns spacing).  The waning and
waxing in y is strongly evident.  The x-reversal is attracted across by the upper edge defect.
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still allowed to wax and wane as the magnetization reverses from left to right.  The

pattern is locked for the waning and for the last portion of the waxing, though some

initial (spatial) movements of the y-component are allowed in the first portion of the

waxing.  Thus the sample has formed into domains in a transient fashion (“dynamic

domains”); these unusual domains do not move though they are not in equilibrium.  The

ebb and flow of the y-component here (without moving walls) suggests that within

individual “dynamic domains”, the magnetization is rotating coherently.  The Mz

component tells us something as well.  If there would be a large out-of-plane component

over a small spatial area (as might be the case for “jostling” spins) the laser spot could

see considerable Mz signal but would wash it out spatially.  This may be what is

happening for the z-component (there was no data available in z after the 6th line so the

space has been left blank with zero).  This also highlights the need for as high as possible

spatial resolution in the experiment.  As will be shown in Ch. 5, where the comparison to

simulation is discussed, this “dynamic domain” picture is soundly verified.  There,

unfortunately, we also see that the domain wall (simulated) is very small ~ 20 nm (as

might be expected), well beyond what we could resolve experimentally in the near future.

The Mz component also waxes as the My component wanes.  This could be telling

us something about the behaviour of the dynamic walls as the reversal proceeds.  Perhaps

judgement should be stayed in this case because of the concern that Mz may be mirroring

Mx leaked signal.

Details of the back reversal reside at the bottom of Fig. 4.6 (0.05 ns spaced My

data was not taken for this portion).  The reversal is definitely proceeding more quickly

and more uniformly (on the scale of experimental resolution) than the front.  A consistent

picture of this magnetization reversal is starting to unfold.  The full saturation is never

achieved in the 10 ns in this 100 Oe dc field case.  The magnetization energy landscape is

believed to be extremely non-uniform at this point, not defined by a clean saturation at all

or even an equilibrated state, but as several random and leftover wall sites and still

jiggling spins with a small amount of remanent Mz component*.  If spatially complicated

enough, this kind of “network of nucleation sites” would look like one uniform back

                                                          
* This view is supported by later comparison to simulated data.  It should also be noted that the back
reversal is less likely to be equilibrated (after only 10 ns instead of 1 µs).  It could be argued that the
locking of dynamic domains is unnecessary as a network of walls still exists from the front reversal.
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switch.  Furthermore, if there really is a random component to where exactly the wall

locations end up at the start of back reversal, a further blurring of the experimental data

would result due to the averaging of that random behaviour.  During the reversal, the y-

component (previous figure) is not as bright as it was for the front reversal case.  The z-

component (this figure) is slightly brighter than for the front case.  The x-component

picks two, large areas to start reversal and completes it very quickly (two-center

reversal).  The data of this element (element 3) will be thoroughly revisited in Ch. 5.

Similar data layouts for SEM (Fig. 3.6) elements 5 and 6 (11.7 x 5.8 µm2 and 5.5

x 4.0 µm2 respectively) are given in Appendix 4A.  Similar behaviour is seen with

dynamic domain locking processes for the front reversal and faster, more uniform

appearing, “network nucleation” processes for the back.

The aspect ratio as well as size may be starting to play a role.  For aspect ratios of

between 1 and 2 (structures 5 and 6 – see Appendix 4A) there is some negative response

of Mx before the reversal starts.  For structures 2 and 3 (aspect ratio closer to 3) the

locking into place, particularly in the y-direction, is very strong and probably stronger

than for structures 5 and 6.

4.2.2 Permalloy thin film elements with aspect ratio less than one

Further investigation into this aspect ratio effect is done with structures 7 and 8

(7.7 x 16.5 µm2 and 5.7 x 11.6 µm2, respectively) whose long axes are perpendicular to

the external field directions.  Time zero is the same time zero as for structure 6.  Only

part of the element is shown due to the finite piezo-scanning window size.  The obvious

thing different about Fig. 4.7 is the increased oscillation amplitudes in the spot traces

(taken at the uncentered, white “x” position).  Looking at the montage images (field of

view limitations of the piezo-scanners limit us to the bottom two thirds of the structure)

we see the development that we would expect.  Mz has settled down by 1.65 ns (frame 11

of the rise in Fig. 4.8) and My has found a state by 1.75 ns (frame 7 of Fig. 4.7) as the x

reversal starts to take place.  The back reversal is done quickly again.  The dynamic

domains are not as strongly locked as structures 2 and 3 (similar to structures 5 and 6) but

no negative x-response is evident (different than 5 and 6).  The aspect ratio is different

also (about 0.5) so differences are to be expected.  The other difference is the clear



158

time (ns)0 5 10 15

Ke
rr 

si
gn

al
 (a

rb
itr

ar
y 

un
its

)

Mx

My

Mz

20x5 µm2 -1      +1

* First image is at +0.25 ns.  Each following is 0.25 ns later.  One full line is 4.00  ns.

   4.00 ns                       8.00 ns                      12.00 ns  

  15.00 ns

Mx

My

Mz

Hdc = 100 Oe

x
y

z
“B”

7

“6x15”

simile

Fig. 4.7  Spot trace and montage data for the 7.7 x 16.5 µm2 element in 100 Oe field.  This less than one
aspect ratio element induces more oscillatory behaviour (as seen in the spot traces).  Only every 2nd Mz
image is shown (since Mz was only sampled at half the amount as the other two components in this case).



159

20x5 µm2 -1      +1

   First image is at +11.05 ns.  Each following
is 0.05 ns later.  One full line is 0.40  ns.

   First image is at +0.65 ns.  Each following
is 0.05 ns later.  One full line is 0.40  ns.

   1.00 ns            1.80 ns             2.60 ns           3.20 ns

  11.40 ns                      11.80 ns                     12.20 ns                     12.60 ns

Mx

My

Mz

Mx

Mz

Hdc = 100 Oe

x
y

z
“B”

11

11 13 16

18 20 22

“6x15”

Fig. 4.8  Temporal close-ups of the rising and falling edges of Fig. 4.7.  The rising edge may be exhibiting
dynamic domain behaviour but it is not entirely clear.  The back reversal has changed to a new
(precessional) reversal style.
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oscillations in Fig. 4.8 in the back reversal montage.  Here, it is abundantly evident that

the magnetization vector is oscillating about the x-axis.  Frames 11, 13, 16, 18, 20, and 22

show the signal moving from positive z to negative y to negative z to positive y to

positive z to negative y, respectively, in a quarter cycle per move ferromagnetic resonant

oscillation (the frequency of which is roughly 2½ GHz).  In the meantime the x-

component slowly expands (and the y and z shrink) as the magnetization vector brings

itself closer to the x-axis.  Figure 4.8 constitutes the first imaging of a precessional

reversal event.  This data is also revisited in Ch. 5 (see Fig. 5.16)

The aspect ratio of this structure gives rise to stronger demagnetizing field effects

in the y-direction.  These off-axis effective fields lead to stronger oscillation (this also

supports the claim that there was an off-axis external field for samples in the previous

section).  For the front reversal, the element, initially held in 100 Oe field, has some

effective transverse axis field at the left and right edges.  It is enough to give some

oscillation but not enough to crossover to the resonant style switch seen for the back.

The back, starting in only 60 Oe field and with nonequilibrium spins has more hard-axis

effective field available to crossover its reversal style.

Figures and discussion for (aspect ratio 0.5) element 8 appear in Appendix 4A.  It,

similarly, exhibits precessional reversal on the back edge.  On the front edge, the reversal

is not coherent (as the case for element 7), though it is still highly precessional forming

into four “beating” regions undoubtedly selected from the initial state closure conditions.

4.2.3 Whole-average traces of the x-component

Having such a barrage of data has given us a useful and consistent picture of this

style of magnetization reversal.  However, it is limited in its ability to interface directly

with lexical standards.  Other methods of measuring (not just simulating) the

magnetization at these time scales (or in the frequency domain, at least) must rely on the

whole or average response of a structure as a function of time (see Ch. 1, Sects. 3 and 5).

One way to achieve some comparison with previous works like these is to present data as

a “whole-average” magnetization versus time trace.  The penalty for this presentation

style is acquisition time; with raster scanning, the full spatial image must be captured,

then averaged to get 1 data point on the temporal graph.  A lower N.A. objective and
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bigger laser spot can help with this problem but can also actually change the effective

Kerr responses since the angles of incidence are changing, so one has to be careful.

Figure 4.9 shows the whole-average magnetization traces versus time for the

different-sized permalloy structures considered in this section.  The lettering at the right

side of the legend references the different arbitrary time zero assignments (basically, only

structures 6 – 8 may be compared by absolute time.  The first thing to note is the

considerable difference in switching time between the set of structures 2 – 6 and

structures 7 and 8; the 0.5 aspect ratio structures switch much faster.  This is due to the

fact that these structures have strong demagnetizing fields in the y-direction.  These fields

allow the external field energy to couple quickly into the system through torque terms.  It

has already been mentioned that the dynamic domains, by observation, do not seem to

lock into place as strongly in these two structures.  It is because their front reversals do

not need to rely on this domain formation for nucleation because of the extra torque

transfer.  For the back, the combination of network nucleation with extra torque drives

the reversal fastest of all in a gyrotropic switching process*.  This type of effect can be

thought as akin to the well-known technique of using a hard axis bias to drive reversal

more quickly65.  Recently, work in our lab has started to address this geometry with a

hard axis bias and is finding considerably faster switching times152.

The second item of note is that the back reversals, as expected, are faster than the

front, consistent with our considerations thus far.  An unexpected phenomenon is noted in

the inset to Fig. 4.9.  This inset shows the actual reversal times (switching from 20% to

80% and vice versa) for the six different structures.  The trend seems to have the smaller

structures actually switching slightly slower than the larger structures.  This may not be a

real effect because of the error involved in assigning the rise times (note that there are

clearly two rates in some instances, signaling the moment of the domain locking**).  It

may also be another aspect ratio effect coming into play.  Structures 5 and 6 do not have

a small enough ratio to access the torque energies that structures 7 and 8 can.  However,

the ratio is small enough that the dynamic domains do not form as well as for the aspect

ratio 3 structures (2 and 3).  Though this is counterintuitive (smaller aspects should allow

                                                          
* The astute reader will realize by now that this fastest reversal is coherent rotation, while the other styles
are variants of incoherent rotation.
** The “two-rate” question is revisited in Ch. 5.
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Fig. 4.9  Whole-average magnetization vs. time traces for the different sized permalloy elements.  Elements
6–8 have the same arbitrary time zero assignment.  All others have individual assignments (which cannot
be compared).  The inset shows the rise times and fall times of the different elements.  The ½ aspect ratio
elements reverse more quickly than the ~2 aspect ratio elements because of the extra torque coupling to
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The switching portions of the traces also often have two rates.
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stronger closure domains) it is suggested by the “strength” of the locking observed in the

spatial data (the y-component had the brightest black and white contrast for the higher

aspect structures).  Since the dynamic domain pre-locking regime is faster than the post-

locked regime, this should make the larger structures switch faster.  Furthermore,

inspection of the figures shows that there is no domain wall motion.  Lack of speed

dependence on actual size confirms this notion.

Clear reversal styles have emerged in this data for a variety of structure sizes that

are fundamentally different for initial and back reversals.  The initial reversal is

characterized by the fast, transient formation of a domain structure followed by slower,

coherent rotation within individual “quasi-” domains (or “sub-coherent” rotation).  The

reversal back is nucleated from a dense, pre-existing, nonequilibrium network of

unsaturated spins, or in the case of large effective transverse field provided by smaller

than 1 aspect structures, proceeds through uniform precessional motion.  Resonant effects

are also clearly playing a role even for non-uniform motions.

4.3 Investigations in Different Static External Magnetic

Fields

All of these data have been taken in a 100 Oe dc field.  The next thing to consider

is what happens when the field parameters are changed on a single structure.  We start

with the nominally 10x2 structure (#3) and do analysis as a function of external magnetic

field.

4.3.1 The 40 Oe static external field

Figure 4.10 represents some analysis at a relatively low external dc field of 40 Oe.

The large graph is a trace of both the net external field and the x-component of

magnetization as functions of time.  The left axis is for the net field, which ranges from –

40 Oe to +120 Oe and back to –40 Oe.  The right axis is for the spot magnetization

(averaged near the center – see inset) and switches between ±1.  Horizontal dashed lines

show the zero of each axis, respectively.
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Fig. 4.10  Study of the 10x2 µm2 Py element in 40 Oe field.  The main graph shows an Mx spot
measurement overlaid on a garnet measurement to put magnetic field and response on the same graph.  The
spot risetime is very fast, quickly saturating in the 120 Oe net external field.  The fall exhibits metastable
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montage data is hard to interpret.  The inset shows the Mz and My traces exhibiting random noise
behaviours (likely caused by the metastability of the back reversal).
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The delay to onset of the magnetization (with respect to the driving field) is quite

small at the front end of the reversal (around 0.6 ns) and smaller than for the 100 Oe dc

field case.  This makes sense since the driving field is considerably stronger (120 Oe).

The first montage (near the bottom of the figure) is a more detailed look at this front

reversal.  The first image is at +0.25 ns followed by images at 0.1 ns intervals up to 1.75

ns.  This reversal is different than front reversals in the 100 Oe dc case.  The behaviour is

somewhat resonant (not the case for structure 3 in 100 Oe) as evidenced by y- and z-

spatial image response and does not seem to lock into a dynamic domain configuration.

Perhaps the reversal is driven strongly enough that there is no time for this configuration

to form.  Alternatively, in this relatively “weak” initial field, considerable static domains

could exist (from prior to excitation) providing some localized initial hard axis fields (via

demagnetizing energy).  Then response should be very fast and somewhat resonant, with

little formation of dynamic domains (as seen in structures 7 and 8 in the previous

section).  Unfortunately in this case, the data is too noisy to see signatures of static

domains prior to reversal*.  The signature would be from the images at 1.75 ns, since the

difference state is always what is measured; if we can assume that the sample has reached

a saturation in 120 Oe dc field at 1.75 ns, the difference technique would reveal the initial

domains by looking at the mid-pulse state.

The most interesting part about this data is the back reversal.  When the field

switches off it does not come all the way back to –40 Oe.  Instead it reaches around –20

Oe before rolling off.  This low driving field allows the magnetization at this point to stay

metastably locked at positive saturation for an extra few nanoseconds before starting a

shallow descent.  The shallow slope is not consistent with domain wall motion, which

would look like a sharp drop as the wall crosses this local point.  Having said this, the

(sub-) coherent rotation must be only weakly driven, given the pace; if the descent was

not interrupted it would take at least 10 ns.  Presuming locally coherent rotation**, then,

we see that the magnetization makes it about halfway (i.e. rotates to a position parallel to

the y-axis) when a blip in the external field sends it back to positive saturation.  This re-

saturation effect must be driven entirely by exchange and demagnetizing energy since the

                                                          
* “Bad laser day.”
** A coherent rotation, or rotation that is locally coherent, can be, but does not necessarily have to be,
“precessional”.
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external field remains negative, only decreased in amplitude (from about –30 Oe to about

–15 Oe).  The drop is enough to change the total (variational) field condition from very

weakly negative to moderately positive since the magnetization vector snaps back to

saturation.  As the reflection induced field blip ends, the collective spin has enough

“momentum” to fall back parallel to the y-axis.  A second feature in the reflection sends

the spin up a second time but not as far, after which, the spin is allowed to finish its slow

descent.  The reflections in the external field just happen to be at the right amplitude to

catch the magnetization at a critical point in its reversal.

The x-t scan below the graph (with the same time axis) shows more detail of the

Mx channel.  Interestingly, the front reversal is notched with a bit of resonant behaviour

on one side of the sample.  The notches just confirm what we can already see in the

montage data, that the reversal does not happen uniformly over the length of the sample

but nucleates with a spatial pattern.  This front reversal line is vertically straight.  This

tells us that the excitation is not so much travelling (as was the case for the 100 Oe field

for this structure), but is nucleating everywhere.  This is also believable in the context of

a static domain configuration prior to reversal.

In the back reversal, the very sample edges (left and right edges) are allowed to

reverse (still looking at the x-t scan portion of Fig. 4.10).  Most of the center of the

sample, however, spends considerable time (~4ns) just sitting there before starting a slow

back reversal.  It would be interesting to note the role that the long edges might be having

during this process (possibly “storing” the variational field that provides the “snap-

back”).  In any event, the total field conditions are too small to instigate the switch until

occurs either movement of the area from the structure ends, or gradual (absolute) increase

in the external field strength, or both.  Some nucleation effect is evident here as well

because of the long notches during the initial fall.

This x-t scan also reveals that the re-reversal was evidently not just a local effect.

Most of the way across the sample participated as evidenced by the vertical white

(beaded) band at 19 ns (and 2nd band centered at 21 ns).  This re-reversal is explored with

full spatial resolution in the montage at the bottom of the figure.  The first frame is at

17.75 ns followed at 0.10 ns intervals up to 18.75 ns for the last frame.  The strong

vertical stripes in the y-response show that the metastable, dynamic domain picture
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characterizes this back reversal.  Due to noise, it is hard to register the response in the

different components, but the y-saturation in the first images is consistent with the sub-

coherent rotation picture described above.  The y-saturation backs off later as the x-re-

saturation is occurring.  It appears that most of the sample is involved in the re-reversal.

Metastable states have been seen before149,158 but never in such detail.

More discussion and summary is warranted for this 40 Oe dc field case.  As

opposed to the 100 Oe case for this structure, there are no dynamic domains for the front

reversal.  The front reversal can be thought of as akin to the back reversal in the former

case, except that the starting point is an equilibrium state.  It is probably better compared

to the 0.5 aspect ratio structures where y-direction demagnetizing field couples torque

energy quickly to the system.  The back reversal is also fundamentally different than for

the 100 Oe case.  It is more like the front reversal of the former (not unexpected) since

the 120 Oe pulse-on condition probably saturates and equilibrates the sample prior to

switching off.  In this case, however, a metastable point has been found wherein the

driving field is too small to effectively start the back reversal.

The metastability may be large enough, in fact, to affect the reversal in the next

excitation in the pule train.  The initial state could be slightly different each time due to

the highly sensitive nature of the metastable state.  This manifests itself in the stochastic

nature of the My and Mz data shown in the figure inset (see Ref. [181]).  The data has

considerably increased noise, particularly Mz during the pulse-on.  The equilibrium

position at this particular spatial spot yields a slightly different Mz value each time,

creating the large noise during (+120 Oe) saturation in differencing.  Both the My and Mz

components exhibit some noise during the metastable back reversal as slightly different

states exist each excitation cycle.

The cutoff point to this metastable behaviour is one of the issues investigated with

spot traces as a function of magnetic field.

4.3.2 Center spot response in various external fields

Now we look at the data as a function of external field in a more methodical way.

Imagine the spot trace in Fig. 4.10 taken at several different field values, to arrive at

Fig.4.11(a) (spot traces as a function of external field).  The magnetization forms the gray
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scale while the different field traces are stacked vertically on top of each other.  These

data were obtained by taking several temporal traces in a row, adjusting the dc field value

by hand in between each trace.  There are a few points to note about this figure.  First,

there appear to be three regimes of response; one above 150 Oe, one between 70 Oe and

150 Oe, and one below 70 Oe.  Secondly, the gray scale is actually brighter for middle

field values (centered around 80 Oe) due to the slightly better peak-to-peak saturation

reached at these fields.

Let us investigate the middle regime first.  Two, sloped, vertical lines denote the

point where the net external field crosses 0 Oe.  In both the front and back cases, the

reversal seems to follow a very similar slope.  This can easily be understood as the

magnetization being affected only by the instantaneous external field value.  That is, the

reaching of some critical reversal field by Hext is what matters to start the reversals and

not necessarily the actual final driving field.

Graphs (b) and (c) give more detail of the particulars of these slopes.  The time

delay to onset is what we can basically see with our eye as the switch in the gray scale

images; the magnetization reversal time is more difficult to analyze this way.  As can be

seen, for 70 Oe and up, the time to onset barely changes for the front reversal (filled

circles) and changes with the slope of the Hext crossing zero line for the back reversal, as

we surmised from the gray scale image.  The actual reversal time for this regime (of the

spot location in sample center) is very fast and apparently independent of field value and

bandwidth (it is the same for the front and the back as well).

This behaviour would be consistent with a domain or other excitation moving

through the center of the structure (where we are sampling), but always with the same

speed.  If reaching a critical field value starts the excitation, then the tracking of the slope

to the Hext crossing-zero-line does not allow for dispersion in propagation times.  This

means that the excitation moving towards the center is not a domain wall and not

domain-wall-like in character, in that higher driving fields do not make it travel faster.

Of course, we already suspected this from not witnessing any domain wall

behaviour in the previous section (Sect. 4.2) and also since the driving fields and

bandwidths are always fairly large (thus, we expect global nonequilibrium processes).
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Evidently, the global nonequilibrium switching is always reaching the sample center at

the same time after zero-field-crossing (an interesting result in itself).

Furthermore, we had previously concluded that the reversal styles were

fundamentally different for the front and back reversal in the 100 Oe case.  For the front,

there was some dynamic domain formation followed by slower sub-coherent rotation.

For the back, we proposed a network of nucleation sites.  Yet here, we find that a spot in

the center behaves similarly in each case.  This hints that there is some connection

between the two regimes.  That connection is likely the remaining magnetic motions and

dynamic domains of the first, setting the stage for the second.  It also shows why movie

images or montage images are so important for determining what is really happening in

the sample.

Let us look at the low field regime now.  On the front edge, the structure onsets

later in time and seems to take longer to reverse.  The reversal time value slowly rises as

the field increases until a maximum is reached at 65 Oe and a cusp is created in the

graph.  Contrary to what would be expected, these rise times are slower than the middle

field regime, even though the structure is being driven harder.  In fact, the graph cusp is

our hint that a qualitatively different phenomenon is triggered below 65 Oe.  For the 40

Oe data of the previous sub-section, it was argued that the front reversal nucleates in a

different way because of the hard axis fields present due to demagnetizing energy in the

unsaturated initial state.  In that case, the reversal on-set and completed very quickly, just

as for the 35 Oe case here (with ±5 Oe error and possibility of slight in-plane fields, 35

and 40 Oe are not really different values).  As opposed to the middle field conditions,

lower driving fields here do cause a slow-down (as 40 Oe becomes 65 Oe, the driving

field decreases).  The initial state is less complicated meaning the reversal pattern is less

complicated, and the Zeeman energy has more chance to affect the rotation speeds.  At 65

Oe, the static Zeeman energy has dropped enough to allow torque coupling to the system

and enter a new regime of reversal.

The front style of reversal here may also be setting the stage for the back reversal

as in the middle regime of field values (note the sharp slowdown below 65 Oe for the

back reversal in all three of Fig. 4.11 (a), (b), and (c)).  The back reversal is characterized

by the “metastable” and critically dependent temperaments noted in the previous sub-
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section with abundant “waiting” and re-reversal characteristics.  As suggested before, this

would be consistent with a reversal state that has nothing to start with (i.e. a static,

saturated structure during the pulse-on).

Finally, we must consider the regime above 150 Oe.  This data is somewhat of an

anomaly in that the driving field is very small and the structure certainly should have

started from saturated equilibrium, yet the reversal onsets and times are fastest of all.

The explanation relies on a deus ex machina consideration of the permanent magnetic

field settings.  As the permanent magnet is moved closer to the sample, the axial

placement error is magnified.  If the magnet was slightly off-axis as it was brought closer

in, a hard axis magnetic field could grow considerably quickly.  In this case, the extra

field could have crossed some critical value to enter a new reversal regime (perhaps

similar to the 0.5 aspect ratio and the low field regimes, which include hard axis effects).

In fact, even the application of the slight hard axis field prior to reaching the critical value

might be enough to maintain the full switching amplitudes in field values of 130 to 150

Oe (x-t scans to be presented do not show full switching in this field range).

4.3.3 Spatially varying response in different external fields

Continuing the analysis of driving field dependent behaviour, we look at the x-t

data for the 10x2 sample (structure 3) for various dc field conditions.  Here we take

advantage of the symmetry that the response has had to take data on one spatial line

horizontally across the sample.  A line of data is also much more telling than a single

spot.  Figure 4.12 shows data from structure 3 (nominally 10x2 µm2 element) in dc fields

ranging from 40 Oe to 160 Oe.  The figure presnetation style is reminiscent of Sect. 4.1;

the time trace appears at the top with x-t scans immediately below and with the same time

axis.  The difference here is that the time trace represents an average value of the

magnetization (averaged over the line response in the x-t images) and not a spot response.

The x-t data can be thought of as “collapsed” in the vertical dimension to obtain the

traces.

The first thing to note is the style of front reversal for all data.  The envelope “U”

shape reveals reversal propagation from the edges to the center.  The stripes that

characterize the front reversal are visible here also, as horizontal notches in the rise data.



172

Time (ns)
-2 0 2 4 6 8 10 12 14 16

x-
C

om
po

ne
nt

 o
f M

ag
ne

tiz
at

io
n

   
(fu

ll 
re

ve
rs

al
 a

m
pl

itu
de

=2
)

0

1

2

3

4

5

6

7

8

9

10

Oe

40

70
85

60

160
140
120
100

Oe

40

70

85

60

160

140

120

100

80

x
y

z
“B

”

Fig. 4.12  Line-scans and line-scan averages vs. time for the “10x2” permalloy element as a function of dc
external field.  The line-scan data (x-component) over the white band on the SEM image is used to build
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slopes and onsets are appropriate to the driving fields conditions with lower and later values, respectively
for lower driving field.  Two rates are sometimes evident.
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The spatial frequency of these is of the order of 10-4 cm-1.  These are low frequency

spatial spin excitations, or low frequency spin waves occurring as part of dynamic

domain development.

Look at the back reversal for fields of 40, 60, and 70 Oe.  Here, there is an

envelope “U” structure as well, with spikes also signaling spatial inhomogeneity.  In

particular, the center of the sample is “waiting” the longest before completing its reversal.

Furthermore, the spikes are strong enough that they turn the envelope “U” shape into an

envelope “V” shape.  The excitation travelling in from the edges has more of a well

defined speed in this case with values of about 1 km/s for 40 Oe, 2 km/s for 60 Oe, and 5

km/s for 70 Oe.  For 60 and 70 Oe, the speeds increase rapidly as some critical field value

near 70 Oe is reached, where reversal changes over from metastable dynamic domain to

network nucleation.

The back reversal from 80 Oe and up is seen to be very straight up and down, i.e.,

there is no travelling of an excitation.  This is what we had conjectured from the spot

data, but now we confirm it.  There are still spatial excitations with frequency similar to

the front reversal.  Note that the data for 100 Oe and up is not perfectly saturated (it looks

less than white).  Furthermore, at 140 Oe, the data starts to not approach saturation at all

and parts of the sample do not reverse during the 10 ns.  This is in opposition to the spot

trace data where reversal occurred all the way up to 162 Oe (remember the ±5 Oe error),

but this was asserted as being due to parasitic hard axis field from the close-proximity

permanent magnet (evidently, the permanent magnet alignment is better this time (after

several months and recalibration of the permanent magnetic field had been undertaken)).

The next thing we note for this data is that the front reversal is on-setting later and

taking longer as Hdc is increased.  On the back reversal, the opposite trend is evident (on-

setting later and taking longer for low fields).  These are consistent with the idea of

higher driving fields pushing the reversal faster.

Taking a look at the line-average magnetization traces now, we can see the trends

just mentioned quite clearly.  The front reversal is on-setting later and taking longer as

the static field value increases (note that Hdrive = H(t) – Hdc) and the back is following the

opposite trend.  The transition from metastable dynamic domain to network nucleation is

also evident on the back reversal with the emergence of a piece of sharper slope for the
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70 Oe trace.  Note also, that there appear to be two discernable rates for 70, 85 and 100

Oe back reversals.

Spatial images were taken at field values of 60, 80, and 100 Oe to confirm the

different field behaviours (Fig. 4.13).  The 100 Oe case behaves as before with the

dynamic domains forming on the front.  The My component locks nicely into place by

frame 7, grows, and is just starting to fade by the end of the montage.  Mx nucleates at the

edges and zigzags across the center.  The back reversal is fast but not as “washed out” as

seen previously.  The structure visibly does not saturate in the Hdrive = 60 Oe field (though

it was always conjectured that the sample did not saturate in this field, anyway).

The 80 Oe case also shows dynamic domain formation on the front with the My

component locking into place by frame 4.  This time, the reversal is a little bit quicker

and My starts to fade immediately after locking (as Mx rises).  The fall is definitely

characteristic what we have termed “network nucleation” with what looks like almost

uniform decrease in Mx.

For 60 Oe, Mx appears to reverse by the same method as the other cases.  The

edges start first with vertical stripes also as the reversal spreads.  This one is quicker still

with My fading almost before locking.  This low field regime must be characterized as

being a combination of the dynamic domain style with something else.  In this case,

dynamic domain seems dominant, but we can see how another regime has to be

approached when there just is not enough time to form a dynamic domain.  The back

reversal is slower and does show some of the characteristics of network nucleation, i.e.,

the two broad centers nucleating reversal.  It also has the characteristic My locking of a

dynamic domain formation.

We can confirm behaviour by looking at other structures as well.  Appendix 4B

duplicates Figs. 4.12 and 4.13 for elements 5 and 6 (11.7 x 5.8 µm2 and 5.5 x 4.0 µm2,

respectively).  Spatial periodicity and domain locking during front reversal is evident in

these elements as well, as is more washed out back behaviour.

4.3.4 Switching rates of the 10x2

In order to put our results in context with the lexical work of the sixties (see Sect.

1.3) we need to plot switching rates vs. magnetic field (refer to Eqn. 1.43).  Recall that
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Fig. 4.13  Montage images (rising and falling edges) of the 10x2 in different external fields (60, 80, and
100 Oe).  For 100 Oe, the front-locking behaviour is similar, though the back is slightly more structured
than previously.  For 80 Oe, front-locking is observed with back switching similarly washed out as the 100
Oe case seen previously (Fig. 4.6).  The 60 Oe also seems to be the dynamic domain style on the front, with
some suggestion of that style on the back.
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linear slopes and three different regimes were seen, corresponding to domain wall

motion, incoherent rotation, and coherent rotation (Fig. 1.5).

Figure 4.14 shows the switching rates and time delays to onset for the nominally

10x2 µm2 (structure 3) element as a function of magnetic field.  The time of switching

(inverted to get the rate) is taken from (20%~80%) reversal from Fig. 4.12 (taken from

the line-average curves (as the experimentally easiest determinations to make with good

temporal sampling)).  In our case, the dependence is not linear but has a gradual upward

curvature with field.  The vertical dashed line just shows the symmetric field of 80 Oe.

The sloped dashed lines show the continuation of the Olson and Pohm switching slopes

to higher fields (with values for Sw of 76 Oe·ns for incoherent rotation and 12.6 Oe·ns for

coherent rotation, respectively).  The slope of our data is actually quite close to the slope

for incoherent rotation, as might be expected*.  Note the faster switching for the back

reversal at 120 Oe than for the front reversal symmetric case (of 40 Oe).  This is initially

counter-intuitive because the front field pulse is faster than the back field pulse (so, if

anything, one would expect the asymmetry to go the other way).  It makes sense in the

context of network nucleation, however.  When the structure is not in equilibrium just

prior to the back pulse (i.e. the system has excess energy just prior to the back pulse), the

driving field can have a stronger effect.  In fact, the front response seems to be higher in

the lower driving fields, and the back higher in the higher driving fields.  This confirms

our picture of dynamic domain vs. network nucleation style reversal.  There may be some

change happening for data below ~ 65 Oe (though it is not obvious at first) corresponding

to the seeming “phase change” in Fig. 4.11.  The last four points of back reversal on the

left are quite close to zero rate (long switching times) as more metastable state behaviour

is encountered (see x-t scans 40 through 70 in Fig. 4.12).  There may also be a “mode

switch” for the back reversal data around 85 Oe.  Data above this value start to go very

quickly because of the lack of saturation and remanent network, as mentioned, during the

10 ns pulse.

                                                          
* The data might match even better if one considers shifting the white points to the left by ~20 Oe.  With
the roll-off in the magnetic field about 20 Oe too early (see the garnet trace in Fig. 4.10), the reversal field
is actually about 20 Oe lower than stated.
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Fig. 4.14  Switching rates and time delays to onset as a function of static external field for the 10x2
element.  The dashed lines in the upper graph (a) correspond to a continuation of the Olson and Pohm
slopes for coherent and incoherent rotations, respectively.  Data exhibit upward curvature with driving
field.  The time delay to onset data (b) also shows a dashed line indicating where the transient magnetic
field pulse stops changing for the front reversal.
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In fact, the slope of the few data points that correspond to network nucleation is

closer to 12.6 Oe·ns than 76 Oe·ns*.  As we might have suspected, the network nucleation

reversal style is somewhere between incoherent rotation and coherent rotation reversal

styles with aspects of both.

Next we look at delay to onset of these data in Fig. 4.14 (b).  The time from onset

of the current pulse to onset of the magnetization reversal (to the 20 % mark) is shown.

Again the relationship looks as we would expect it; the times are earlier for higher

driving fields.  This is something we could see visually in the x-t scan averages but is

confirmed here.  The trend is also quasi-linear and the back reversal is more “dispersive”

than the front; at fields of 120 and 140, the back is quicker to respond to the onset than

the front 40 Oe case (also note that the 120 and 140 Oe data onset right around the time

that H(t) finishes changing).  Correspondingly, the back 40 Oe case is considerably

slower than the front 120 Oe.  The back switching to dynamic domain (slower than

network nucleation) for low fields (which are also low driving fields coming off strong

saturation) means longer onsets than the symmetric case and lead to the metastability

seen.

There are some things we have not taken account for in this analysis.  One major

difference is that the sample used is spatially limited and the magnetostatic analysis is

much more important in our case than it was for Olson and Pohm.  The magnetostatics

are most likely what cause the complicated nature to the data and make the rate vs. field

graph curved.

The other concern is hinted at with data rate “saturation” problem for the back

reversal rate in 120 and 140 Oe fields.  The speed at which H(t) can be applied starts to

become important.  This is not just because one is worried about parametrically limiting

the reversal.  Parametrically, one has to know the instantaneous field driving the

magnetization because the switch cannot take place faster than the switching field can be

reached (which depends on the slew rate of the field change).  Also, the energy coupling

(to elementary excitations of the system) can change the behaviour gyrotropically as the

                                                          
* The data point at 140 Oe is starting to be limited by the finite risetime of the pulser.  For all data below
120 Oe, the field value has been attained by the pulser basically before the reversal starts.  For these higher
fields, the field has not actually reached its value (of 120 Oe for example) when the reversal starts.  This
starts to artificially lengthen the switching time.
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field bandwidth contained in the risetime of the pulse changes (as shown so well in Ref.

[137]).  Even more-so, with “visual access” to the actual nonequilibrium dynamic spatial

states in the sample, a new style of thinking has to emerge regarding switching and the

switching process.

Analysis as a function of field has acted to only partly confirm our conclusions

from Sect. 4.2 regarding the two reversal styles.  At the same time, it has opened up a

richer manifold of behaviours.  It is seen that the dynamic domain behaviour may

actually be the seed for network nucleation.  The new low static/high driving field regime

of “torque coupling” is distinguished from dynamic domain formation and a

corresponding metastable reversal style was investigated.  Some investigation into speed

of response and speed of reversal was undertaken and put into literal context.  The style

of reversal we have dubbed network nucleation seems to contain behaviour of two earlier

defined styles of coherent and incoherent rotation and the dynamic domain style seems to

behave like the older style of incoherent rotation.  Finally, questions emerged regarding

the role of bandwidth and the nonequilibrium nature of reversal.

4.4 Magnetic Pulse Bandwidth Dependent Response

This section views the data from a frequency perspective.  Because of the

importance of bearing in mind gyroscopic effects when considering switching, analysis is

made here regarding how the bandwidths contained in the magnetic field pulse affect the

magnetic data.

An argument was made in Sect. 4.3 that the bandwidth contained in the field can

have an effect on the reversal process.  This is investigated in Figs. 4.15–4.17.  Three

different test bandwidths are used (no filter, 50 MHz filter, and 10 MHz filter

respectively).  The garnet (and inductive) traces and frequencies in those traces are given

in Ch. 2 (Figs. 2.10 and 2.11).  For this case, instead of a 60 ns pulse, a 10 ns pulse tail

had been used (see Fig. 2.9).  Because of this, the peak current drops for the lower

frequency filters (since the area under the curves, the charge, is conserved).  The longest
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pulse was checked using a Gaussian distribution and came to the same area as under the

unfiltered (assumed 10ns x height) trace.

A new (10x2) sample was used for this investigation (coming from the same

sputtering run and TiO2 run) also with a blooming layer coating.  Spatial–time images

were taken across the center of the structure.  Figure 4.15 shows x-t scans from this new

sample with no-filter on the bandwidth of the transient magnetic field.  The pulse is

shown at top.  The static field is also set at 80 Oe such that the pulse provides symmetric

field conditions.  Resonant excitation (“waves”) are visible on the front reversal, in

addition to other time-local affects.  As well, spatial variation across the sample is

apparent.  The regime is clearly gyrotropic in this case, as the full bandwidth is able to

transfer energy to the sample via spin waves.

Now we consider the transient pulse bandwidth effect with Figs. 4.16 and 4.17,

which show x-t scans for 50 MHz and 10 MHz filtered pulses respectively.  These slower

pulses should allow no bandwidth for magnon excitation.  For the 50 MHz case, the

amplitude of pulse is almost the same (±80 Oe) but the sample does not fully switch as in

the no-filter case.  It may be due to the little amount of time that the magnetic field

spends at +80 Oe but is more likely a result of missing the extra energy that used to be

available to the system from modal spin excitations.  Either way, this is an interesting

effect.  Consistent with expectations, the localized switching does start just after the

external field crosses zero.  It is interesting to note that the spatial variation is present in

this switching process as it was for other cases shown in previous sections (without a

filtered pulse).  Evidently its forming is not dependent on spin excitation (this is not a

surprise vis-à-vis ripple structure in the static domain113,114).  As expected, the data do not

show any globally resonant behaviour.  Looking at the y- and z- response, we see that

there is, however, some initial brighter formation at the switching onset, before the

response levels out.  This process has not yet fully reached the quasistatic regime.

The 10 MHz switching data (Fig. 4.17) is in a considerably lower field (±25 Oe)

because of the charge conservation.  This is not ideal for comparison to the other two

cases but is still useful.  The magnetization does not fully switch here either.  There is a

bit of (parametric) relaxation of the domain pattern at the top edge of the structure as the

field increases towards zero.  In the vicinity of +10 Oe, the switching starts to occur,
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Fig. 4.15  X-t scan for a new 10x2 sample (with simultaneous component acquisition) for a field pulse with
no frequency filter on the ½ ns rise time.  The data clearly show nonequilibrium effects such as resonant
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Fig. 4.17  X-t scan for a new 10x2 sample for a field pulse with 10 MHz frequency filter on the ½ ns rise
time (giving ~50 ns rise time).  The data is completely quasi-static.
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again with spatial variation over the length of the sample.  Here, it is interesting to see

that there is an envelope “U” structure (without necessarily domain motion) meaning the

switch is being transported from the ends to the center, magnetostatically, even at this

low bandwidth of excitation.  All aspects of the motion are gradual, however, and some

indications of domain wall movements exist (like the triangular shape at the top near the

start) and is presumably viscous domain wall motion.  This reversal process has reached

the quasistatic regime.  The band of changed response near the right of the figure is just a

slow random “mode switch” as we have seen before (Refs. [149] and [150]).

We took a bandwidth view of the magnetic field pulse and its varying effect on

some x-t scan data.  More data like this will be approached in the next chapter in

comparison with simulation.  We saw that the bandwidth contained in the magnetic field

pulse excitation is consistent with some spin excitation frequencies available to the

samples.

4.5 Summary of the Chapter

One hundred eighty degree style reversal was reported in this chapter.  The study

of many samples allowed the formation of a consistent and unambiguous set of reversal

characterizations to emerge.

In lower field (higher driving field), the system generally has enough off-axis

static magnetization to allow torque-energy transfer to dominate the front reversal.  This

style is generally abrupt and fairly spatially uniform (in that travelling is limited), though

stripe structure does exist.  It crosses over to a different regime when the magnetization is

held strongly enough by the static field, somewhere around 70 Oe, that the off-axis

components become small such that torque is no longer dominant.

This style also lays the foundation for a metastable back reversal.  The torque

dominated driving energy, combined with the strong field, allow equilibration of the

magnetization by the end of 10 ns pulse, leaving the lower field back reversal (also lower

bandwidth) little or no nucleation forage.  Its slow speed, its metastability, and its

susceptibility to the external field characterize this back reversal.  It is also described by

non-uniform spatial response (including of the magnetostatic variety) and by the (slow)
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travelling of its excitations.  It is similar to the reversal on the front for higher static fields

(lower driving).

Once the magnetization is held stiffly enough along the easy axis, the most

efficient way to transfer energy into the system is no longer from torque-coupling to off-

axis spins.  Instead, the magnetostatic energy dominates the nucleation.  This style is

typified by two rates:  fast, transient formation of domains within which slower coherent

rotation completes the reversal.  Some torque-transfer is available through the structure

ends in this case and the reversal is also allowed to travel.

The dynamic domain reversal style also likely feeds its progeny.  The lower

driving field values and the transiently formed domains leave the magnetization in a

nonequilibrium state still after 10 ns.  This high energy landscape, network of nucleation

sites allows an abrupt and fairly uniform reversal back to the initial state.

For the special cases where hard axis fields are involved (from sample shape

aspect ratio or dc magnet close proximity or misalignment), the reversals are more

resonant and sometimes coherent if the symmetry is fully broken in the y-direction.

The role of bandwidth was visited but not fully resolved.  Frequency analysis of

the excitation field and magnetization response was consistent with regarding the

magnetostatic formations as spin excitation modes relying on the pumping bandwidth.

Similar spatial frequencies could be achieved, however, by consideration (and

observation) of the static, equilibrium magnetostatics of the structure.

The next step is to look to numerical simulation of the Landau-Lifshitz-Gilbert

equation for comparison and insight.  This is undertaken in Ch. 5.



185

CHAPTER 5

Comparison with Numerical Simulation

This chapter compares the experimental time resolved data with numerical

simulation.  The simulation (performed by Greg Ballentine232) is introduced and

discussed.  Dynamic magnetization reversal (large angle) is compared with a perfectly

rectangular simulated element, then a “correctly shaped” simulation element.  Previous

experimental data (and sim. data) are revisited in vector mapped from and the new modes

of magnetic switching found in this thesis are summarized and discussed.

5.1 Introduction

5.1.1 Gyrotropic magnetic motion and LLG

We start by asking the question, “what is gyrotropic switching, really?”  Our

whole analysis is based off of the Landau-Lifshitz-Gilbert equation.  Consider an

individual, Bohr magneton, spin.  This magneton couples to the field that it feels via the

torque inherent for a dipole in a magnetic field (cf. Eqn. 1.22 in Ch. 1).  If the field is

applied slowly, the spin has to move only infinitesimally (from its viewpoint at

gyrotropic speeds).  Any damping mechanism (temperature related or otherwise) will

easily put the spin into the new low energy equilibrium that is (essentially) infinitesimally

close to the original spin direction.  In this way, for slow fields, the spin direction follows

the instantaneous effective field direction parametrically.

If the field direction changes too quickly (on a gyrotropic time scale), the spin

moves in orthogonal directions to the field change.  Damping may eventually align the

two (spin and field) but cannot do so instantaneously.  In any event, both these situations

are covered by considering the Landau-Lifshitz equation and its “dipole in a field” torque
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term.  The only question about this viewpoint (given one accepts a quasi-classical

framework) is how to approach the damping that occurs.  By using a single dimensionless

damping parameter, the LLG equation is, at the very least, the first term of a Taylor

expansion that, theoretically, would completely describe the underlying quasi-classical

physics*.  The implications of this are that one would expect the equation to describe

reality very well in instances where damping is barely contributing to the magnetic

motions (even for |M| changing).  This includes the quasistatic (parametric) case**.  It is

also likely the case for any other small angle motions like ferromagnetic resonance.  In

the latter case, analytical avenues are also available for analysis, which give us spin wave

theories.

For motions that are larger where damping is an important factor in the motion,

the LLG equation does not, necessarily, have to fail.  It is just that more importance is

now placed on the damping term.  In this way, simulation results from an equation that is

“wrong” could still describe small angle situations very accurately, but would likely not

describe larger angle data well.  A good test of the theoretical equation and its damping

treatment lies in comparison of results at small and large angles of magnetic motion.

This is undertaken in this chapter***.  As will be seen, as the simulation is improved by

shape, the notion of adding granularity and other effects seems like the logical “next

step” for it (or removing granularity and other effects from the experiment) and the

question as to whether the damping is right is still too far off to be addressed (but getting

closer).

In terms of theoretical analysis, the other complication is that low order

approximations to the LLG equation are no longer available and it must be solved in its

full non-locality and non-linearity (even with a zeroth-order damping term).  This forces

us out of analytical descriptions and into the realm of high-powered numerical simulation

to test the equation.  Though one of our ultimate goals is testing and improving (or

disproving) the range of validity of simulations of the LLG equation, it should be noted

                                                          
* At some point, if motions are too fast, Maxwell’s equations need to be incorporated (still classically).
** Though the need for use of a dynamics equation for quasistatics seems overdone, finding the correct (not
necessarily global) energy minimum sometimes requires it.
*** Comparisons of simulation and experiment for small angle motions are actually omitted and left for
much more thorough treatment in Ref. [232].
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that the other obvious motivation for numerical work is to learn about and describe the

magnetic motions that are not easily captured experimentally.

5.1.2 LLG and non-analytical (or nonlinear) spin waves

It has already been mentioned that analytical spin wave analysis is inapplicable

for large angle motions.  This does not mean that spin waves cannot exist for large

angles.  Any time-limited spatial nonuniformities (or the linear portions thereof) can be

called “spin-waves”.  With analytical descriptions impossible, these complicated, time-

limited spatial nonuniformities can be recreated numerically (see Refs. [140] and [141]).

One can compare them to reality, see if they are similar, and iteratively improve (or

disprove) the underlying numerical model (LLG).  One can look at the simulation movies

and often see the element looking like a back-lighted water wave pool with complicated

moving ripples and diffractions (particularly the work with angled structures whose

effective transverse axes cause more resonant response)231.  These are waves; they are

just beyond analytical description and do not necessarily reflect reality (the latter remains

to be seen as one of the many goals of high-resolution ultrafast magnetic microscopy).

These non-analytical spin waves can also be called nonlinear spin waves.

5.2 The Simulation

5.2.1 Description

The numerical model is a time-domain simulation of the Landau-Lifshitz-Gilbert

equation containing magnetostatic, Zeeman, and exchange energy terms231,232 and

basically starts from Eqn. 1.32.  None of the simulation data to be shown were created by

the thesis author.  All were the responsibility of Greg Ballentine as are the immediate

future directions currently being undertaken231,232.  The magnetostatic field was

calculated using fast Fourier transform (FFT) methods.  LLG equations were integrated

using a fourth-order Runge-Kutta method with a variable stepper233.  Most simulated

results were done using a two-dimensional array 512 by 128 blocks in size making cells

about 19.5 X 15.6 X 15 nm3 in dimension.  Magnetic fields are calculated assuming their

sources to be only external, exchange, or magnetostatic.  Exchange is calculated between
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nearest neighbors only.  On boundaries, the inner nearest neighbor cell is replicated in

place of the missing outer neighbor cell for exchange calculations.  This helps to satisfy

the boundary conditions required by Maxwell’s equations, which may not hold otherwise

due to too large cells.  Some important technical factors include the cell size and

boundary conditions used in the exchange (b.c.’s are particularly important given the

important role demonstrated for the magnetostatics).

5.2.2 A theoretical algorithm

Another important factor is the care taken for the numerical simulation to mimic

the experiment.  This is, and will continue to be, an ongoing effort for the simulator.  One

can think of the magnetization dynamics as the output of a complex algorithm (quasi-

classically, the LL equation) with multiple experimental input parameters.  The more

experimental parameters that can be accurately mimicked, the closer we would expect the

agreement of simulated and measured results.  From there, the verisimilitude of the

theoretical algorithm can be evaluated (for instance, breakdown due to improper damping

might be eventually pinpointed).

Steps that have been taken (by Ballentine) include inputting simple measured

material parameters like the damping constant, saturation magnetization, etc.  As

magnetostatics are so important, the next step, taken in Sect. 5.4, is assigning the actual

sample shape to the simulated object.  Future steps, some of which are currently being

undertaken234, could address the polycrystallinity of the sample (as ripple is likely an

important factor in several experimental data sets) and finite temperature effects.  In

practice, these could be attempted by assigning grains, and/or, random distributions of the

anisotropy of the simulation (or using single crystal experimental films). Introducing a

third dimension to simulation (or decreasing the film thickness to below the exchange

length) is a possible route (though the gain is not expected to be great for the price since

the experimental situation is already so close to the exchange length).  Eventually,

perhaps even more complex damping functions could be considered.
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Fig. 5.1  Comparison of measured and simulated current pulses for the transient magnetic field.  The
simulated pulse is just created by ramping up and down for ½ ns and 1 ns, respectively, with 10 ns
between.  The inset overlaps show that this simple function is a close match on the front end, but does not
reproduce the tail on the back end (which has repercussions for lack of metastability in the simulation).
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5.2.3 The time axis

The comparison to experiment can be made on the same time axis by comparing

the transient magnetic fields in both cases.  Figure 5.1 shows the data from one of the

garnet traces compared with the simulation transient field.  In the simulation, the transient

external field is simply made by linearly ramping the field value in 0.5 ns, waiting for 9.5

ns, and linearly ramping back down in 1.0 ns.  By comparing the garnet trace to this

“simulated garnet trace” an absolute zero time value can be associated with the

experimental times.  In the insets of the figure, the two traces are shown overlapped after

time zero has been assigned to the garnet trace.  Especially on the front end, the

assignment is very good.  For earlier simulations, the 10 ns length was slightly shorter

than the length of the actual pulse (this was later corrected).  In these cases, the timing on

the back reversal need merely be shifted accordingly so that the back field ramps

overlapped.

Having just mentioned the importance of proper input for mimicking the

“experimental algorithm”, better simulation field functions can be considered in the

future (than just linear ramps).  For instance, interpolated functions of the real garnet

traces should not be difficult to create.  In particular, the inset of the back pulse in Fig.

5.1 shows a subtle difference due to the long tail recovery of the pulser.  This difference

may actually be quite important in determining, for example, the fact that the simulation

exhibits less metastability.

5.2.4 Ferromagnetic resonance and small angle excitations

Better agreement between experiment and simulation is expected in small angle

excitations.  Though data will not actually be presented here (the reader is directed to

Ref. [232]), comparisons did show very strong agreement providing some evidence of

validity of the Landau-Lifshitz-Gilbert equation for modeling this system (which is

attributed to the small angles the magnetization vector undergoes in its precession).  The

comparison looked at (small angle) ferromagnetic resonance in an 8 µm diameter, 100 nm

thick permalloy disk (experimentally fully presented in Refs. [142] and [143]).

Simulated counterpart data are presented and examined in [232].  The main driver of non-
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uniform magnetization response appears to be magnetostatic energy, with exchange

taking a minor role, though further data are needed to fully verify this assertion231.

5.3 180o Reversal in Rectangular Simulation Element

This section compares simulated data of (large angle) dynamic magnetization

reversal from a perfectly rectangular sample to experimental data.  Simulated data is first

presented.  Analysis with derivative magnetization traces is then taken including

contextualization within historical inductive data.  Finally, Fourier analysis of the

simulation data is undertaken.  Section 5.4 goes on to study the shape defined simulation

data.

5.3.1 Perfectly rectangular simulation

The first simulation data did not take into account the real structure shape but

assumed a perfectly rectangular sample of dimensions 10 µm by 2 µm.  This data is of

interest because of its similarities and differences to the “real-shape” data to be presented

in Sect. 5.4.  In particular similar spatial response, response that we presume is dominated

by magnetostatics, is evident, as are what appear to be magnetostatic modes.  The

advantage of having a perfect sample symmetry is exploited by undertaking some

bandwidth analysis of both the temporal and spatial frequencies present.

Figure 5.2 shows a montage of the simulation data for the 100 Oe dc field (and

160 Oe switching field).  The temporal spacing is ~50 ps per image and all three

magnetization components are shown.  The data shown do not reflect the full power of

the simulation since each image is only 128x32 pixels (the original data is 512x128).  For

the purposes of making a montage that can be viewed on one sheet, and also because of

the impracticality of dealing with too large a data file, the lower resolution was used for

this montage.

The same vertical, stripe-like development of the magnetization is observed as

was the case for the experimental data in Ch. 4.  As well, the magnetization is seen to

move into the center from the structure ends, reflecting the behaviour in the previous

chapter.  Because the excitation provides no torque (M and H are anti-parallel and the
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Fig. 5.2  Montage images of the simulated data for a precisely rectangular sample shape in a 100 Oe static
field.  The front reversal is shown in (a) and back reversal is shown in (b).  The temporal spacing between
adjacent frames is 50 ps.  The former has strong zigzag stripe development with the excitation travelling
towards the center.  The latter has more complicated stripes, but still well defined waxing and waning of
the y-component.
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cross product is zero) there is very little to break the symmetry of the reversal and to

choose which direction the spins rotate in the plane.  Hence the well developed stripe

reversal structure is observed in the y-component as both directions are chosen for the

rotation.  In this perfectly shaped sample, the only symmetry breaking comes from the

small closure structure offered by the static state (as well as the z-gradient of the

excitation field pulse).  This helps in understanding why the response starts at the edges

where the closure and gradient are greatest.  The most interesting feature to the front

reversal is the spatial frequency of the stripe reversal.  Since, the sample is perfectly

rectangular, no local demagnetization effects are at play to pick out the spatial

frequencies (as observed with the “bite” in Fig. 4.5).  The configuration must represent

what is essentially a non-analytical magnetostatic mode of the system (see discussion in

Sect. 5.1.2).

The question remains as to whether this mode depends on the rise-time (i.e.

bandwidth) of the excitation pulse.  In Ref. [47] one sees similar static domain structure

in permalloy of similar shape and thickness.  The structure observed in Fig. 5.2 could

merely be due to the static magnetostatics, i.e. governed only by the ratio of sample

length to width and thickness.  To test this, one has merely to change the rise time of the

pulse and observe the effect on the spatial frequencies.  This sort of analysis is currently

being taken up by Ballentine et al.  The spatial frequencies do seem to change somewhat

but not in, as yet, predictable ways.  See Refs. [234], [231], and/or [232].

The question of information transfer arises in regards to the propagating

magnetization response.  The finite size of the element and the large angle motions

seriously complicate any thinking in terms of analytical spin waves that can be done (see

Sect. 5.1.2).  Speculative arguments can, however, be discussed with reservations.  The

montage shows some excitation travelling from the edge to the center, 5 µm, within 2ns.

This gives a speed of the excitation at 2.5 km/s, consistent with maximum domain wall

velocities, but much faster than the group velocity of simple or magnetostatic analytical

spin waves at the characteristic spatial frequency of 104 cm–1.  What exactly is travelling

and whether energy is being carried is an interesting question.  It was pointed out by

Bauer235 that the phase velocity of spin wave excitations (i.e., ω/k) can be very high for
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small wave vectors (ω/k ~ 2 km/s for 104 cm–1 waves, which is consistent with the

observed propagation).

The reversal occurring by coherent rotation within transiently formed domains is

not fully supported, nor fully denied by this simulation data.  The formation of transient

domains does seem to be occurring, though at different times at different locations on the

sample.  The waning and waxing effect in the y-component can also still be seen.  In

particular, frames 29 through 34 in the y-channel show the center of the structure rotating

through a maximum in y before falling back off.  What is also evident, however, is sub-

dividing within the domains, wherein the center section leads the rotation and even passes

information on to a neighbouring domain.  This is evidenced by the horizontal stripe of

“gray” response in the sample center (see the last line of data in (a)).

It seems exchange energy has become important in this “transferring” process as

the presence of a nearby domain is needed to concentrate the reversed areas.  This could

be illusory, however.  Magnetostatics may actually define the pattern (akin to ripple) that

leaves the center (horizontal stripe) more susceptible to the exchange energy.  Elucidation

can come from Fourier analysis (to be seen shortly in Sect. 5.3.3).

The back reversal (Fig. 5.2(b)) shows much more complexity as to be expected

for starting from a highly non-uniform structure (especially as the long edges had not

finished reversing).  Even with some mild differences between the simulation and the

experimental data of the previous chapter, some good agreement is observed.   More will

be said on both these accounts when the investigation switches to a comparison to a

simulation using the actual structure shape in Sect. 5.4.

5.3.2 Interlude:  analysis of derivative traces

Several figures in Ch. 1 show traces of the magnetization derivative as a function

of time obtained through inductive methods (cf. Fig. 1.5 and 1.6; sixties work).  For more

direct comparison, our experimental and simulational data can be turned into differential

traces (with instantaneous slope of M vs. t curve).  Functionally this is done using the

changes between individual data points.  Results are shown for both experiment and

simulation in Fig. 5.3.  The top frame of the figure shows the magnetization trace whole-

average vs. time for the x-component of magnetization (using structure 3 from Ch. 4).
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The second panel is the perpendicular and transverse (z- and y-) components at 5x signal.

The lower two panels show the derivatives with respect to time of these traces.  In

particular, we can compare the third and fourth panel on the experimental side to Fig. 1.5

(D) in Ch. 1.  The swift rise and gradual fall of the derivative longitudinal trace is

mimicked in panel 3.  One can see that two rates on the rising edge will always give an

asymmetric pattern like this (though a single exponential rate would as well).  The pattern

in our case was identified with dynamic domain formation followed by slower sub-

coherent rotation.  For Fig. 1.5, this corresponds to incoherent rotation (not a surprise).

Further, compare the transverse traces.  A positive peak followed by a slower, negative

(bipolar), secondary peak, typify both cases (this figure and 1.5 D) and also the

simulation trace to some degree.

Derivative traces (x-component) of all of the whole-average data taken in Sect.

4.2 (cf. Fig. 4.9) are shown in Fig. 5.4.  Recall that time zero can only be compared

between the last three traces.  These longitudinal traces do have many of the features of

their sixties counterparts.  The front reversal for the first four all exhibit asymmetric,

often “two-rate” behaviour (which could be seen in the regular traces anyway).  This is

now clearly identified with a peak followed by a tail and taken as a signature of the

incoherent rotation process*.  The back reversals of these four (whose peaks are higher 

faster) are not fully symmetric either, but more-so than the front, supporting that network

nucleation is an incoherent rotation style that is closer to coherent rotation.  The hard

shaped element traces (5 and 6) exhibit high peaks because of the large torque energy

coupling.  The front is slightly asymmetric (almost a coherent rotation), while the back

seems quite symmetric, manifesting the coherent rotation that does take place there (see

Fig. 5.16).

An alternative representation of the speed of reversal may be obtained with

derivative traces also and is shown in Fig. 5.5.  There has always been difficulty in

defining rise times in experimental switching data (one of the reasons why switching

field pulse width is used as a substitute – cf. Refs. [159] and [160]).  The definition of

switching time varied, but one method was to use the height of a peak in the differential

                                                          
* Suhl139 (see discussion at end of Sect. 1.5.3) suggests that a two-rate process could occur wherein the first,
faster portion, damps energy to non-linear spin waves (which we will see indirectly in Fig. 5.21 with |M|
analysis), then, for the slower rate, damps energy directly to the lattice (on which we cannot speculate).
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Fig. 5.4  Derivative traces (x-component) for all the whole-average data (from Fig. 4.9).  Time zero may be
compared for the last three.  The first, third, and fourth clearly exhibit two-rate asymmetric behaviour (and
the second is, at least, asymmetric) an indication of incoherent rotation.  The back reversals are more, but
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reversals of the last two are fully symmetric (indicating coherent rotation).
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Fig. 5.5  Derivative data as alternative risetime characterization technique.  The data are derivatives of the
experiment and simulation line-average traces (cf. Fig. 5.8).  The height of the peak can be used (maximum
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trace.  For us, we take the derivative of the magnetization from line-average traces

(selected since more data is available in-line scans with high temporal sampling) with

respect to time (instantaneous slope of M vs. t curve) as coming from the top of Fig. 4.12.

The placement and height of the peaks give the information that was obtained before with

the switching speed and time to onset.  The drawback in our case is that the noise is

amplified in the derivative data.  This may make this a representation better suited for

simulation.  Here, we have added in, response from simulated data using the perfectly

rectangular element.  The trends in the simulated data correspond well to those in the

measured data.  The peaks shift to the right (left) as static field is increased for the front

(back) reversal, as shown earlier.  A better comparison of simulation and measurement

slopes is given in Sect. 5.5 and discussion will be deferred*.

5.3.3 Fourier analysis of the rectangular simulation

The fact that the simulation is for a perfect rectangle giving it particular symmetry

(and that the “data noise” is “small”) means that analysis using bandwidth and Fourier

transforms may have the promise of more interpretable results.  Figures 5.6 and 5.7 show

the x-t scan and Fourier transforms, respectively, in a 100 Oe field.  Figure 5.6 (a) is the

x-t scan on a linear scale from –1 to +1, the same as the x-t scans in Ch. 4.  Figures (b)

and (c) are the same x-t scan on a log scale (for the gray scale) centered around –1 and

+1, respectively.  If (a) shows X, then (b) shows log(1+X) and (c) shows log(1–X).  This

has the effect that most of the black & white contrast is spent over a small range above

(below) –1 (+1) due to the large slope of the log function near zero.

The reversal here is reminiscent of Sect. 4.3.3.  There is an envelope “U” shape to

both the front and back (the back being quicker with a shallower U) in addition to notches

belying the stripe-like nature to the reversal.  In (b) where the reversal actually starts can

be clearly seen by the strong contrast near –1.  Notice the vertical (temporal) stripes near

the beginning (i.e. oscillations) that seem to be precursors for the spatial stripe structure.

This is an interesting viewpoint to take to see this connection between the spatial and the

temporal.  In addition, it reveals that there is some activity in the center before the

                                                          
* Simulation can also be used to view an energy perspective of the reversal process.  This is done in Refs.
[140] and [141], and also by G. E. Ballentine in relation to this work [232].
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Fig. 5.7  Fourier transforms (FT) of the rectangular 10x2 simulation data (x-component).  (a)  FT of Fig.
5.6(a) along the spatial axis; notice the “plumes” of high frequency spatial response at the reversal onsets.
To the right is an average over time of the same.  (b)  FT of Fig. 5.6(a) along the time axis.  Below is an
average over space of the same revealing f and 2f of resonance.
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“domains” reach it.  As each zig and zag occurs (see the montage images) the entire

sample center tilts slightly toward one y-direction, then the other, to give these vertical

white stripes at the beginning of 5.6 (b).  This is a magnetostatic dominated effect.  To

address whether this is a magnetostatic wave nucleation, we look at the frequency of the

motion.  The stripes are at a 3.3 GHz frequency.  This would be double the full cycle of

the magnetization vectors as minima and maxima in Mx would occur twice.  This means a

frequency of 1.7 GHz which corresponds (see FMR graph in Ch. 1) to a 33 Oe field

assuming Kittel like resonance.  This is lower than the 60 Oe field driving the front

reversal (notwithstanding inapplicability of Kittel for large angle), but is a possible

internal field (given that the magnetization is pointing the opposite direction to the

instantaneous external field value).

In (c) the contrast near +1 is enhanced, showing that the sample never saturates

over a large periodic area (notice the oscillations at the start which are at the same

frequencies as the ones in (b), now after the large angle motion).  This is what leads to the

complicated back structure, though the magnetization does seem to equilibrate here (see

frame 3 of Fig. 5.12), different than the proposition for the experimental data.  Some

(temporal) oscillation is also evident near the front of the reversal (more than near the

back of the reversal in (b)).  The lack of saturation (though close to saturation) can also

be understood as a magnetostatically dominated effect coming from the long edges.

It is interesting to try to relate further the spatial and temporal responses; this is

done by taking Fourier transforms (FT) across both the spatial and the temporal domains

in Fig. 5.7.  Figure 5.7 (a) shows the power spectral density (PSD) of the FT across the

spatial dimension as the gray scale of the image.  This PSD is shown as a function of not

only spatial frequency but also time.  The gray scale is scaled as a log base 2 in order to

enhance the smaller contributions (at higher frequencies) while still maintaining the

contrast between large and small density.  The white line at the bottom of the figure

belies the close to unity density in the dc channel with negative peaks only at the two

reversal onsets.  The “plumes” of response at those onsets are what are of interest in this

figure.

First of all, most of the response is not clearly a peak decaying in time, as one

would expect for a simple analytical investigation, but is “noisy”.  One can imagine how
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this happens since only the x-t data is used (most of the “waves” would not be “well-

behaved” and travel along one axis).  This may be a product of the numerics used in the

transform.  It is quite likely to be a real representation of the numerical data in Fourier

transform space and reinforces why numerics are needed in the first place and why

analytical discourse is impossible:  the very complication.  Strong spectral activity is

occurring at the onsets of the reversal.  It is interesting to note that the higher the spatial

frequency, the longer the noise stays around (though, again, the sampling is on a single

axis).  This is in contrast to the notion that high frequency modes should damp out the

quickest.  This is not yet understood. Response that is less noisy (the solid coloured

areas), like the curved section between 1.5 and 3 x 104 cm-1 right at the beginning or the

horizontal stripes after the front onset settles down, might be more informative about the

modes of the system.  The former can be correlated with the notches at the start of the

reversal.  Note that the notches at the very edge (beginning of Fig. 5.6(a)) are of higher

frequency than those in the sample center.  As time goes on, the sampling picks up lower

frequencies corresponding with the sample center.  This is plausible as the demagnetizing

energy could make the effective fields at the sample edge higher than in the middle

leading to higher spatial frequency response.  It is at the point just before the

magnetization “meets in the middle” that the noise takes off and it is alluring to think of

this noise as the visualization of transient high frequency spatial response in the system

(i.e., the launching of nonlinear spin waves as in Refs. [139], [140], and [141]).

After the noise settles down, horizontal stripes between 2 and 3 ns appear.  These

stripes are probably the only thing picked out in the time average trace to the right

(identified by three arrows).  The trace just collapses the image horizontally, averaging

over time and is presented with log base 10 PSD as opposed to log base 2.  These spatial

modes are tempting to associate as the modes of the system.  The little analytical work

that can be done (see Ch. 1) suggests that these relatively low frequency modes should be

associated with the FMR frequency, which is checked with the FT in (b).

The gray scale in Fig. 5.7 (b) shows the PSD of the FT along the temporal

dimension of the x-t scan.  Again the gray scale PSD is shown as a function of position

and the average over space is shown in the trace below.  The data is generally

inconclusive as no peaks in the response can be identified.   The white strip on the left
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again identifies the large dc component to the data.  This probably includes the turning on

and off over 10 ns (0.1 GHz) as well as the data not averaging to zero.  The only other

thing of note is that the center of the structure tends to have higher frequency response

(see the left end of the image just below 1 GHz and the tail at the right end of the image).

This could be a signature of a backward volume nature if the sample edge spatial

frequencies were actually high enough to notice dispersion (since higher spatial

frequencies would mean lower temporal frequencies because of the negative slope of

BVMSW) but is unlikely.

Figure 5.7 (c) shows the temporal FFT averaged over the length (vertically

collapse (b) but gives little insight.  The peaks at 2.9 and 5.5 GHz could be picking up the

resonance of the back reversal (which should be 2.9 GHz in 100 Oe field) at f and 2f.

These inconclusive analyses are the best we can do for now where analytics do not apply.

Only mixed conclusions can be made with the results from this simulation of a

perfectly rectangular shape.  In terms of spin waves and magnetostatic modes, the data

are rather difficult to interpret.  As opposed to a BLS experiment, where a magnon of a

certain energy and k-vector is directly measured, the TR–SKEM experiment relies on

indirect access to ω and k values.  This is compounded by the complicated nature of the

large angle magnetic motions removing analysis from the analytical sphere.  Even with

the “noiseless” simulation for study, which is also in real as opposed to frequency

domains, conclusions regarding the magnetostatic modes are nebulous.

Direct visualization of the reversal process is where TR–SKEM and the

simulation are strongest, however, and these results allow the direct comparison and

elucidation of the reversal.  The process includes stripe formation (at ~104 cm–1) and a

travelling excitation (at ~2.5km/s), which are identified as magnetostatic modes.  The

propagation speed of the modes and their dependence on excitation frequency are unclear

vis-à-vis group or phase velocity and static or dynamic, respectively.  Comparison of the

reversal process to the experimental measurements show similar formations (with slightly

higher spatial frequencies) including some transient domains and internal coherent

rotation.  Differences include what looks like subdivision of the individual domains in the

simulation.  Comparison of the x-t data, however, is favourable with similar notches,
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spikes and envelope “U” shape.  Derivative analysis of magnetization contextualized the

reversal styles and confirmed named rotation behaviours.  Intensive bandwidth analysis,

undertaken in both the spatial and temporal dimensions, reveals strong (spatial) spectral

activity at the reversal onsets and higher (temporal) frequency in the sample center.  The

former is consistent with the notion of transient spin waves formed upon impulse and also

makes sense in regard to the transient formation of a dynamic domain structure.

5.4 180o Reversal in “Shaped” Simulation Element

This section shows comparison of the simulated data to the experiment, this time

using a realistic sample shape.  As mentioned in Sect. 5.2.2, the closer the simulation

mimics the experiment, the more can be said about the theoretical algorithm used (the

LLG equation in our case).  In this case, the SEM image of the sample (cf. Figs. 2.21 or

3.6) is used to define a masked area for the simulation.  In practice, this is done by

assigning all spins inside the defined-by-hand mask to have a magnetization of 1 and all

outside to have a magnetization of 0.

As in the previous sub-section, the comparison is found to be good in spite of the

large angles undergone by the magnetization vector.  All three of temporal traces, x-t

scans, and full images show strong similarities to the experimental data.  Bandwidth

analysis of the simulation is compared to that in Sect. 5.3.2 and Sect. 4.4 as are the rates

of reversal.  The “non-analytical” MS modes, perhaps enhanced by edge roughness, style

of reversal, and speed, all compare favourably between experiment and simulation.

The comparison will be built up from 0+1 dimensional (temporal trace), to 1+1

dimensional (x-t scan), and finally to 2+1 dimensional (montage comparison).  The full-

blown spatial comparison explores the full power of complementary analysis.

5.4.1 Comparison of line-average traces and x-t scans

Figure 5.8 shows the first two comparisons and coincides with Sect. 4.3.3 in Ch.

4.  The traces at the top of the figure are line-averages across the length of the sample (as

in the stripe indicated in SEM viewgraph at the left) as before.  Time runs to the right in

both cases and the data for numerous external field values are given.
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Fig. 5.8  Line-scans and line-scan averages vs. time (x-component) for the 10x2 permalloy element as a
function of dc external field in both experiment and real-shaped simulation (after Fig. 4.12).  A similar
envelope “U” shape (revealing edge to center propagation) is exhibited in the simulation, as are similar
notches (spatial stripes).  The reversal also similarly onsets later and is slower for lower driving field
conditions.  The metastability is suppressed earlier (as the driving field increases) in the simulated data than
in the experiment.  Also, unlike the experiment, spatial curvature remains during the back reversal for all
field values.
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The shape of the temporal traces compares very well for all fields.  The expected

trends are still evident that the switch onsets earlier and occurs faster for higher driving

fields.  Particular features in the slopes can be addressed after viewing the x-t data at the

bottom of the figure.

The first thing to note is the convincing comparison of the envelope “U” structure

that indicates travel of the magnetic excitation from the edge to the center.  This modified

simulation more closely mimics the shape of the measurement than the simulation in the

previous sub-section, which shows the importance of the sample shape.  In particular, the

notch structure during the front reversal is now more random in the second simulation,

and the envelope is better “U” shaped than “V” shaped.  The notches indicate that the

magnetostatic mode structure seen before is still well captured.  Notice that the

simulation reversal occurs slightly earlier than the measurement.

The “U” shape vs. “V” shape is a telling difference.  With respect to the edges,

the center reverses faster than before as the defects allow nucleation to occur there.  On

the other hand, the defects have a slowing effect on the final saturation (compare the 100

Oe x-t simulation data to Fig. 5.6 (a))*,231,232.

More telling information in the images in Fig. 5.8 is seen in the back reversal.  In

Ch. 4, it was noted that there was a crossover region to the measurement around 85 Oe,

belied by the change from a curved to a flat reversal edge.  The simulation, on the other

hand, seems to retain its curvature to the higher fields.  Both exhibit metastability (long

tails) for 60 Oe and below, but the simulation metastability cuts out first as field is

increased**.  These effects highlight a fundamental difference between the measurement

and simulation.

The metastability is the first thing to give away this difference and can be seen in

the sharpness of the line-averaged transitions.  In the weak-field driving conditions, such

as in the low field on the back edge and high field on the front edge, traces with similar

rates in the simulation as the experiment need less amount of driving field.  Compare (on

                                                          
* A similar effect has been seen by Ballentine in a comparison of two perfect simulations, but one with a
single defect (missing pixel) in the center.
** In this case, some solution to this fundamental difference might be using the more realistic current pulse
shape; the metastability could last for 20 Oe longer in the simulation if the field is allowed to roll-off like in
the experiment.
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the back-end) simulational trace 30 to experimental trace 60, sim 40 to exp 70, and sim

60 to exp 85 or 100.  On the front, compare sim 130 to exp 120, sim 120 to exp 100, and

sim 100 to exp 85 or 70.

In fact, there is a difference in the amount of switching.  Even at 120 and 130 Oe,

where the switch takes a long time to develop in the simulation, the contrast is still 100 %

as the spins reverse by (almost – cf. Fig. 5.6 (c)) exactly 180o in contrast to the

measurement which is less likely to saturate and generally has less than 100 % contrast

(see the x-t scans, especially as the field becomes different than 80 Oe).  The more

exponential rise-to-max decay behaviour in all experimental traces is also indicative of

this fundamental difference.

The effects are also self-consistent with the reversal styles.  Less metastability is

expected with easier equilibration in the simulation.  Easier equilibration suspends

network nucleation style reversal on the simulation back (leaving curved back ends up to

130 Oe).  Thus, the measurement can reverse just as quickly as the simulation does on the

back end, without needing to re-undergo the dynamic domain formation process that the

simulation must.  On the other hand, the simulation front reversal is faster since both start

from the level playing field of equilibrium.

Speculating on the reasons for these main differences could be the most valuable

contribution of this Fig. 5.8.  One can imagine the polycrystallinity of the real sample, not

taken into account for in the simulation, serving to “smooth out” and slow down the

experimental response.  This could happen because of reduced exchange coupling across

the grain boundaries.  The same would also contribute to the maintenance, or memory, of

a dynamic domain state leading to network nucleated back reversal more easily and also

accounts for the extra metastability, as movements are pinned at grain boundaries.  The

inherent randomness could also explain the more exponential nature to the experimental

rise and decays.  Finite temperature can also account for similar effects as

polycrystallinity*.  In fact, the simulation with rounded corners is a closer match in speed

(slower) than the perfect simulation is to the experiment234.  By adding edge

                                                          
* though through a somewhat different avenue.  Polycrystallinity is still deterministic; a finite temperature
effect would manifest itself through stroboscopic averaging.
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imperfections, the reversal rates fall and other properties become closer to the

experiment.

5.4.2 Comparison in the frequency domain

Comparisons are also undertaken in the frequency domains.  Figure 5.9 shows

experimental data of Fourier transforms and is similar in layout to a combined Figs. 5.6

and 5.7 (without studying the nucleation and saturation in the log scale).  The x-t data is

given in (a)*.  Figure 5.9 (b) and (c) show the experimental FT data.  The spatial

transform shows some onset response at higher frequencies (mostly for the front onset)

and the trace gives a few modal peaks to the stripe frequencies (at ~0.4 and ~1 µm–1)

which are distinctly lower than the simulation stripe frequencies.  The temporal transform

is similarly lower in frequency with peaks at ~0.4 GHz and just over 1 GHz.  The lower

spatial spectrum is easily understood as a measurement (spatial) bandwidth limitation,

though a more fundamental difference between experiment and simulation should not be

ruled out.

As in the previous sub-section, the spatial and temporal frequencies are in the

correct order of each other for MS mode correspondence, however, conclusions cannot be

made regarding the subtler natures of the spin waves.  What can be noted, is that the

simulation, with and without perfectly rectangular shape, contains similar MS modes.

5.4.3 Switching rate comparisons

Switching rates were already discussed at length in Sect. 4.3.4. (and touched on in

Sect. 5.3.2)  Now, the rates of experiment and simulation can be decisively compared

together.  Figure 5.10 shows the 80%~20% switching rate** as a function of biasing

magnetic field.  Circles are data points from the measurement (filled for front reversal)

                                                          
* Note that data were also plotted from the “shaped” simulation after Figs. 5.6 and 5.7 (not shown).  The
most interesting result was that the log near –1 of the x-t scan (the equivelant of Fig. 5.6 (b)) showed nuc-
leation in the sample center right from time zero (the defects allow faster nucleation, but slower saturation).
** The switching times being defined by 80/20% values is an arbitrary definition.  It was preferred to 90/10,
since the switching in the experiment rolled off and would give values not indicative of the faster switching
portions with such tight restriction.  Exponential fits were performed on several experimental data sets and
agreed nicely with the 80/20 values.  These were not used since exponential fits did not describe the
simulational data very well.
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Fig. 5.9  X-t scan and Fourier transform (FT) experimental data (x-component) for the 10x2 permalloy
element.  (a)  X-t scan (after Fig. 4.12).  (b)  FT of (a) along the spatial axis; some activity at the onsets is
visible.  The temporal average of the same appears to the right.  (b)  FT of (a) along the time axis.  The
spatial average of the same appears below.
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Fig. 5.10  Switching rates as a function of static external field for the 10x2 element in both experiment and
real-shaped simulation (after Fig. 4.14).  The dashed lines are again the Olson and Pohm slopes for
coherent and incoherent rotations, respectively.  The simulation data also exhibit upward curvature with
driving field until they saturate due to the finite risetime of the field pulse.  The simulation data are faster
than the experimental data until this saturation.
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and inverted triangles are data points for the simulation (filled for front reversal).  The

Olson and Pohm coherent and incoherent rotation slopes are visible in the background.

The simulation does show a consistently faster switching than the experiment.  For fastest

sections, it appears to approach the coherent rotation slope.

The simulation has the trend of an upward curvature to each side, but it seems to

saturate between 3 and 4 ns.  As proposed earlier, this is an effect of the finite risetime of

the magnetic field pulse (see also Ref. [234]).  The pulsed magnetic field causes a zero-

crossing of the net field earlier for higher driving fields.  As very high speeds are reached

(like ¼ ns switches) the would-be switch “overtakes” the ½ ns rise time of the magnetic

pulse making the effective driving field only the instantaneous value at the time when

most of the flipping occurs (which may be less than the cited net field).  Essentially, all

the reversals end up completing in the same amount of time, though the hardest driven

ones might start earliest.  The rolloff is also just starting to be seen in the experimental

data at 140 Oe.

This saturation just goes to show that a full comparison to the switching rates in

the literature cannot be made; the finite bandwidth of the pulse, including resonant and

gyroscopic effects, complicate the results past fitting to a simple phenomenological

curve.  It should be reiterated that it is not the case that simple relationships exist and the

measurement has trouble tracking them.  The simulation also exhibits complicated

behaviour.  In fact, it is the exact opposite, that the combination of simulation and

experiment allows a far deeper analysis of a magnetization reversal event than any simple

switching model permits*.

5.4.4 Full-blown comparison of spatial data

This and the full power of the simulation is demonstrated in Figs. 5.11 through

5.15, the first three of which show 11 frames of the fully resolved simulation data in all

its complexity (512x256), and the last two, the paramount spatiotemporal comparisons

between experiment and simulation.  Attention should be first directed toward the

                                                          
* This, of course, is one of the basic reasons for performing such intensive simulation work (instead of
simpler models), and demonstrates the unique and exceptional power of this experimental technique for
magnetic analysis, and the even more powerful complementary analysis available with combined
experimental and numerical micromagnetic dynamics investigations.
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comparison figure (Fig. 5.14) and discussion regarding the higher resolution data will be

issued as needed.  The data is for a biasing field of 100 Oe, experimental data (with all

three components) is taken with 0.75 N.A. air objective of 0.7 µm resolution (cf. Fig. 4.5),

and the ten sets of images are representative of the reversal process though the exact time

step is not always the same for experiment and simulation.

The reversal process is seen to agree very well between the experiment and

simulation, which might be considered surprising in light of the large angle and strongly

driven reversal.  There are some differences because, as mentioned, the images, which

show the same percentage of reversal for the two techniques, are occurring at different

times (the simulation is always faster).  As argued earlier in this section, this “break-

down” can be attributed to the polycrystallinity or temperature and does not indict the

LLG algorithm as inadequate.

Both techniques nucleate at the edges in the torque driven areas, to be expected in

light of static configuration analysis (i.e. small end domains).  Both also nucleate by the

indicative y-component stripes as discussed earlier, vis-à-vis MS modes.  This result is

less likely to have been achieved blindly.  The spatial frequencies are different (as are the

temporal frequencies as seen in the FT analyses).  The spatial point can be argued with

limited experimental resolution but the same argument cannot be used for temporal

frequencies.  This (as it pertains to the coupling between ω and k), combined with

inspection of the figure (the experimental resolution should be able to pick some of the

visible simulation frequencies), implies that the spatial difference could well be real.

At the same time, Fig. 5.15 shows the same data as Fig. 5.14 with a smoothing

operation performed on the simulation.  The data was convolved with a Gaussian filter

with FWHM corresponding to the Rayleigh criterion for the focused laser light used in

the experiment.  Then, out of the convolved data, only every 16th data point was chosen

to form a new image (the same “algorithm” that is performed in a scanning microscope).

For the front reversal, in particular, this new data is very comparable to the

experimental data in terms of observed spatial frequencies.  The general look of the Mx

and My response is now even more similar.  Take frame 3, for example, where the y-

component is white for the left third of the experimental structure, save for a vertical

piece extending from the top, 3 pixels from the end, the quarter right of that is black but
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Fig. 5.11  Selected frames of the real-shaped simulation result presented with full resolution.  The axes
definitions are shown in Fig. 5.13 along with the colorbar and scalebar.  The static external field is 100 Oe.
Notice the broken symmetry all along the long edges in the initial state.  Dynamic domains form due to the
magnetostatic configuration from this textured edge.
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Fig. 5.12  More frames from the real-shaped simulation in 100 Oe field.  The reversal is magnetostatically
attracted across the sample horizontally off of the inward curvature along the bottom edge.  Cross-tie walls
(frame 5) form at high stress locations of oppositely saturated y-domains.  Reversal can cross domains
through these locations.  Notice the highly textured state (y-component) prior to equilibration in frame 6.
This texture is gone by the back reversal onset (frame 7).
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Fig. 5.13  The final three frames from the real-shaped simulation in 100 Oe field.  Though more
complicated than the front reversal, the dynamic domain formation is essentially similar in nature for this
back reversal.  The locking in frame 8 (previous Fig.) is quickly achieved because of the unreversed regions
along the sample long edges (frame 7).
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Fig. 5.14  Full spatiotemporal comparison of the experimental and real-shaped simulation data for the 10x2
permalloy element.  Both reversals start at the left and right edges, develop dynamic domain stripes, and
cross the center via the same magnetostatics dominating curved edge (frame 4).  The spatial frequencies of
the simulation are higher than those of the experiment.  The back reversal behaves differently between
experiment and simulation.
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Fig. 5.15  Full spatiotemporal comparison of the experimental and real-shaped simulation data for the 10x2
permalloy element with a Gaussian convolution and scanning algorithm performed on the simulation data
to mimic the experimental spatial resolution.  The spatial frequencies of the simulation are dramatically
lower than in Fig. 5.14 and now compare favourably to the experimental data.  The magnetostatics of the
element shape dominate the entire front reversal as the experimental and simulation match very well.  The
back reversal still does not agree indicating a different back reversal mechanism for the two sets of data.
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for another small vertical piece, white response is right of that, and the right end is mostly

black (but for the last 3 upper-right pixels).  All of these details can be mapped precisely

to the corresponding simulation image.  This same type of very strong comparison

appears for most of the rising edge data.  Note that the small “kidney bean” curvature,

noted in Ch. 4 for the experimental sample, is having a dramatic effect on the simulated

reversal as well.  The magnetostatics of this “bite” on the bottom edge cause a similar

flaring of the y-component around it (frames 3 and 4) in both data sets, and cause the

reversal to pull itself across with a hook shaped pattern, also in both sets (frames 4 and

5).  MS is obviously playing the most prominent role.  Further, both sets lock into a

transiently formed domain pattern that does not travel as discussed in the previous

chapter for the experiment.

Such strong similarities allow some credence to the notion of inferring unseen

behaviour in the experiment because it is happening in the simulation.  In the previous

chapter, reversal was conjectured to be by coherent rotation within the transiently formed

domains.  This is supported by the simulation (note that the black and white y-component

in frame 3 is stronger than in frame 5, vis-à-vis, waxing and waning y-response – Fig.

5.14), but more information is available as well.  In frame 4 (Fig. 5.14), two sections of

“gray” y-component exist (upper left and middle right), corresponding with the mostly

reversed areas in the x-component.  These nearly saturated areas are transferring the

reversal between them via the walls between domains before spreading to the rest of the

domain.  In the experimental data (same frame), the x-component reversed areas, on the

left and the right, each overlap two, opposite y-direction, domains.  The reduced y-

response here, particularly visible in the middle of the left half of the sample, very well

mimics these “transferring” characteristics.

Better analysis of this effect can be done viewing the full resolution simulation

images, Figs. 5.11–5.13.  The first thing to notice is that the seeds of the stripe formation

can already be seen in the static configuration in frame 1 (from the series of “bumps” on

the simulation long edges) as the magnetization vector follows (parallel to) the sample

border.  These edge states break the symmetry and extend alternating y-components in

frame 2.  By frame 3, a locked y-configuration, or dynamic domain, has formed.  The

dynamic domain symmetry breaking clearly comes from these edge states in simulation,
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while in the measurement, it likely comes from ripple static structure (which is, itself,

based partly on magnetostatics)*.

The left and right edges start first because of the extra torque energy coupling to

the non-zero y-component static closure structure.  Pieces of reversal off of the top and

bottom edges similarly start quickly from the torque coupling and symmetry breaking.

An interesting effect is the formation of transient cross-tie walls.  These form where there

is greatest stress, i.e., where the exchange is greatest, along domain walls that separate

positively and negatively saturated y-component areas.  These cross-tie walls (weak

points) then allow energy transfer from sub-domain to sub-domain across the length of

the sample.  These coupling points allow the reversal to couple all the way across

(catching first off the lower edge bite as they reach the center).  The long edges, though

they led initial motions in the symmetry breaking, are trapped in their alternating y-

component states and must be slowly pushed out the top and bottom by the, now

reversed, middle.

Notice also (frames 1 & 2 of Fig. 5.12) the highly spatially detailed y- and z-

configurations.  In frame 2, highly complicated leftover (nonlinear) spin waves fill the

entire reversed domain.  By frame three, these have damped out and, indeed, the sample

has (more or less) equilibrated by the time back reversal is reached.  It has equilibrated,

but not saturated (see the edge domains on top, bottom, left and right).  This leaves some

nucleation sites for the back reversal but does not induce the network nucleation style that

is seen in the experiment.  The back reversal of the simulation is merely a slightly more

complicated dynamic domain style.

The back reversal is quicker, more complicated and less comparable between

experiment and simulation (Figs. 5.14 and 5.15).  Part of the speed can be attributed to

the net external field driving the switch being larger (100 instead of 60 Oe).  The speed

and complexity both probably have to do with the lack of saturation just prior to “pulse

off” (step 7) leaving a highly structured energy landscape for back nucleation.  This

landscape would also allow for even higher speed (recall that the back rates were faster

for the experiment in Fig. 5.10, even though the front field rise time was shorter).  It is

                                                          
* This simulation shape has an inhernet spatial frequency from the bumps of the shape masking that is not
there in the real sample.  The perfectly shaped simulation had similar but slightly lower spatial frequencies;
the bumps act as enhancers of energy transfer at specific spatial frequencies.
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also not hard to imagine extensive energy transfer to high-k MS modes (and increased

complexity) with such an initial condition.

There is a sharp difference for the back reversal, however, that was not present for

the front.  That is, the simulation still nucleates by dynamic domain formation while the

measurement appears to be a blurry uniform reversal.  Even in Fig. 5.15, where the

experiment and simulation are shown as very similar on the front, the back reversal

simulation has much more y-structure.  As discussed, this discrepancy results from the

difference in equilibration of the simulation and experiment.  The experiment does not

start its back reversal from equilibrium but from a network of disturbed spin distribution

(leading to a flat edge in the x-t scans).  The experiment does not need to nucleate new

dynamic domains as the simulation does, because the sample retains a network of moving

spins to easily couple energies to in a spatially complex fashion (the simulation,

appearing to equilibrate faster in the studied cases, loses this dynamic network before the

pulse off onset – see frame 3 of Fig. 5.12).  With the limited spatial resolution, this gives

the appearance that the magnetization is temporarily “shutting off” in the measurement,

particularly in frame 8 where little space in any component is far from zero*.  The

relatively large z-component in frame 8 also betrays a fine structure of out-of-plane

(biased to one out-of-plane direction – the symmetry could be broken by the different

interfaces – substrate vs. TiO2) magnetization component.

What allows this main difference (and the differences in speed and temporal

frequencies) is an interesting question.  If the sample has areas pinned by grain

boundaries, it could determine the symmetry breaking everywhere in the y-component.

This would mean the spatial and associated temporal frequencies might be dominated by

the location of these boundaries rather than by the temporal bandwidth in the driving

field.  The same argument would follow from a static ripple structure**.  The boundaries

could also effectively slow the response.  The reason for the differences in amount of

equilibration for the back reversal (leading to the different styles) is not as clear.

                                                          
* The possibility should not be ruled out that the actual, local, magnetization (spin) vectors may not be
conserving their lengths.  This could be possible in a Bloch-Bloemergen picture of magnetization, or even
indicate a breakdown in quasi-classical formalism.
** The same static ripple structure could be reproduced from shot to shot given the same boundary
conditions (like magnetostatics from sample shape).  The possibility that the ripple is more random could
aslo be considered.
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Comparisons of simulated and numerical large angle data were given in this

section.  Some convincing agreements were observed, many of which derived directly

from magnetostatic (shape) effects.  These included well compared symmetry breaking

directions in different locations of the two samples and the reversal crossing at the bottom

edge defect.  Finally, some high resolution behaviour in the simulation, that could be

quite believably happening in the experiment (but beyond its resolution), was presented.

This included transfer of the “reversal” between adjacent domains (hinted at upon close

inspection of experimental data) and the “high-stressed” dynamic cross-tie walls

(completely out of range of current experimental resolution).  Some key differences

between the data sets were identified and sometimes attributed to the lack of

polycrystallinity of the simulated data.  These differences included the back reversal style

in 100 Oe dc field (dynamic domain vs. network nucleation) and the general speeds and

amount of metastability and inequilibrity.

5.5 Revisiting Data with Vector Mapping

In this section, the data is revisited with magnetization represented in a vector

map field.  Until now, this sort of representation could only be used in the realm of

numerics.  Three component spatiotemporal TR-SKEM cracks this barrier and, in so

doing, conceives experimental micromagnetic dynamics.  At the same time, the ultimate

experimental/numerical comparisons are made as the first convergence is witnessed

between experimental and numerical micromagnetic dynamics153,231.

5.5.1 Precessional switching (resonant reversal) in hard shape axis elements

The data from Fig. 4.7 and 4.8 are revisited first.  This element is the nominally

6x15 shape (structure 7 in Fig. 3.6).  The easy axis, along x, competes with the shape

anisotropy, along y.  The combination of the shape, which produces a hard axis field, and

an unequilibrated initial state, change the reversal style from incoherent rotation to

coherent rotation.
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Figure 5.16 depicts the back reversal process in the element with a vector plotting

system.  This figure shows the vectorial magnetization dependence as a function of space

and time.  The lower portion of the element is viewed (because of the limited piezo scan

range) and the z-axis data has been multiplied by –1 to give the new axes definitions in

the mini-SEM view in the figure corner.  The images below the micrograph are 100 ps

spaced frames capturing this “precessional” or “gyrotropic” switching event.  In each

frame, the 3 component vector data in 2 dimensions is represented by cones depicting the

direction of magnetization vector M/|M|.  The size of the cones and the gray scale

background beneath the cones, correspond with the length of the vector |M|.  The

perspective view taken is the same view as for the sphere in the upper-left corner with

indicated axes directions.

The unit spheres at the top of the figure shows this gyrotropic switching process

clearly.  They show two views of the locus of points and trace that the tip of an averaged

magnetization vector traces over the course of the reversal (the averaging area used is the

area within the dotted outline in the micrograph).  Each point is 50 ps apart and the length

of the vector has been fixed at unity to ease interpretation of the positions on the sphere.

The magnetization clearly traces a large angle resonant trajectory (also described in the

still frames).

As the vector crosses the y-z plane, the points are spaced farther apart on the

surface of the unit sphere because of the extra demagnetizing field contribution.  In

addition, the vector size shrinks (see the gray background portion develop in frame 5)

after and during the crossing of the y-z plane.  This is a signature of high frequency

response beyond the experimental spatial resolution as energy is being dumped to non-

linear spin waves139–141,154,158.

Looking at the stills now, because of the front reversal process, the initial state has

the spins slightly canted toward the negative y-axis (more-so at the edges) but residing

mainly along –x due to the –60 Oe net external field condition.  As stated before, the

sample is not in equilibrium prior to back reversal in this field (+100 Oe dc field).  As the

external field condition changes to +100 Oe, the data first further relax toward the y-

direction (frame 2), then start a uniform reversal process due to the torque coupling to the

y-component.  The torque drives the magnetization down out of the x-y plane creating a
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Fig. 5.16  Three component, experimental, vectorial mapping of the precessional, coherent rotation, back
reversal process for the 6x15 permalloy element (SEM micrograph and coordinate definitions to the right)
in a 100 Oe dc field.  The locus of points and reversal trajectory (for the dotted area in the micrograph) is
shown (two viewpoints) by the two spheres at the top of figure and demonstrates the large angle
precessional reversal event.  The 3D rendered spatial images below also clearly exhibit the resonant
reversal.  The cone direction and length indicate the direction and size of the local vector M.  The gray
scale background underneath the vectors indicate the local length of the measured magnetization vector.



224

a)

b)

Exp

Sim

Fig. 5.17  Experimental and simulation vectorial mapping of the precessional reversal for the 6x15
permalloy element in the 100 Oe dc field.  (a)  The experimental vector trajectory from Fig. 5.16.  (b)  The
simulated vector trajectory.  Both trajectories describe the classic z-component demagnetization driven
precessional reversal process (cf. Fig. 1.7).
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demagnetizing field that propels it through reversal towards the +x direction (frames 3-5)

in a gyrotropic, precessional switching process.  As the demagnetizing field falls off, the

magnetization continues a damped oscillation around the equilibrium direction (+x-axis)

for frames 5-10.  The frequency of the associated oscillations averages around 2.6 GHz.

This is slightly lower than the FMR frequency from the Kittel formula (which should be

2.9 GHz in 100 Oe field), but Kittel does not apply at all in this case*, so this is not a

concern.

Simulation can be done as well.  Fig. 5.17 shows the locus and trace for the

experimental data in (a) and numerical data in (b).  The data was obtained in a similar

fashion to that for Fig. 5.15; after application of a Gaussian convolution, every ~23rd data

point was chosen (to match the experimental spatial sampling).  5.17 (b) just shows the

averaged results over the same center section as chosen in the experiment.  The z-scale in

the simulation has been multiplied by 5.

The numerical data also clearly show a precessional reversal, but with longer

excursions in the y-direction than the experimental data**.  Still, the same general shape

and explicit “out-of-plane-demag” driven precessional reversal is very encouraging

agreement.

5.5.2 Incoherent rotation reversal in easy shape axis elements

Vector mapping can also be done to shed new light on the incoherent rotation

case.  Figures 5.18–5.19 show a vector style representation of the 10x2 reversal shown

earlier in this chapter.  This time, since the z-component is fairly uniform, the vector style

combines only the x- and y-components into a single 2-D image of the structure (the x

and y values, on a scale of –1 to +1, form a Cartesian data pair at every pixel of the

sample).

                                                          
* Kittel does not apply because of the large angle at work.  The demagnetizing fields on the vector change
drastically over the course of the “resonant” swithcing process meaning the Kittel condition should change
drastically.
** Other differences (not shown) are the long edge pattern during this back reversal and the front reversal as
a whole.  For the back in the simulation, the spins near the edges rotate in the opposite direction to those in
the sample center (presumably to minimize in-plane magnetostatic energy during the large y-excursion
reversal).  For the front, the simulated reversal is similarly precessional (unlike in the experiment).  More
analysis of this comparison will be found in Refs. [153] and [231].
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Fig. 5.18  Three component, experimental, vectorial mapping of the incoherent rotation reversal process in
the 10x2 permalloy element in 100 Oe dc field.  Selected frames from Fig. 4.5 are shown (temporal spacing
of 0.25 ns between adjacent numbers).  The reversal nucleates with the alternating y-component pattern
(frame 8) causing vortices to form throughout the element.  The vortices, which must be expelled out the
top and bottom edges, lock the pattern into place while reversal slowly occurs around them by local
coherent rotation (i.e. incoherent rotation).  The vortex formations on the lower left and right (governed by
magnetostatics) allow the reversal to proceed across the center via the lower edge curve.



227

y

xz

“A”

22 23 24

25 26 27

28 29 30

46 47 48

49 50 51

52 53 54

Fig. 5.19  Three component, experimental, vectorial mapping of the incoherent rotation reversal process in
the 10x2 element (back reversal).  The vortices are slowly expelled to frame 30.  The state just prior to back
reversal (frame 46) is unsaturated and claimed to be unequilibrated.  The magnetization appears to “shut
off” over large portions of the element as reversal quickly occurs over frames 48–50.  Many, if not most, of
the spatial frequencies of magnetization are higher than the experimental spatial resolution during this
process indicating considerable energy storage in the forms of exchange energy and nonlinear spin waves.
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The experimental images correspond to the montage data in Fig. 4.5 with the

perspective changed to “A” axes definitions (see Fig. 3.6).  The number on each image

corresponds to the frame number (of the 60 frames in Fig. 4.5); adjacent frames are 0.25

ns apart.  The magnetization starts out pointing to the right.  Frame 7 (in Fig. 5.18) shows

the reversal just starting at the left and right edges with opposite y-components.  The

cross product term of –MxH, given a z-gradient of the field, is likely responsible for this

asymmetry.  The reversal continues on to split into its vertical domains, but now, the

formation of several vortices is also apparent with this presentation style.  Once the

vortices form, the reversal slows down considerably (frames 11–16).  Apparently, the

vortices are responsible for holding the dynamically formed domains in place as the main

portion of reversal takes place around them.  Continuing on to Fig. 5.19, we see that the

vortices slowly get pushed out of the top and bottom edges of the sample (like in Ref.

[131] or [132] (Fig. 1.17)).  This can explain the two-rate phenomena seen in

magnetization traces; the dynamic domain formation is also vortex formation and the

slower coherent rotations are the cost of pushing the vortices out the top and bottom

sample edges.

By the end of the 10 ns reversal (frame 46), the sample is not saturated, but there

is a small amount of y-component still around for much of the sample.  The picture of

network nucleated back reversal still holds as the magnetization does seem to “shut off”

for frames 48 through 50 across much of the sample (the spatial frequency of response is

too large and averages out to zero).  Also, the reversal is very fast and does not appear to

form any vortices.

The comparison to the simulation is shown in Fig. 5.20.  This is, essentially,

frames 1–4 and 6 of Fig. 5.15 shown in vector form, with cones used again instead of

arrows.  The grayscale background (showing length of |M|) is used, and the simulated

data is convolved as described earlier (note that |M| is not conserved in the simulation

data shown because of this).

The simulation shows a similar stripe structure to the reversal and the lower edge

defect also creates a similarly prominent vertical deviation in the center as the

experimental case.  In addition, frame 4 sees the defect area as the first reversed area in

the center.  As discovered earlier in the gray maps, the left aligning of the spins starts
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Fig. 5.20  Full, vectorial, spatiotemporal comparison of the incoherent rotation reversal process for the
experimental and real-shaped, Gaussian convolved, simulation rise data for the 10x2 element in 100 Oe dc
field.  The triangle length and direction indicate |M| and direction of M, respectively.  The background gray
scale also indicates the local length of |M| (white being full length).  Both data sets exhibit nucleation at the
left and right edges due to static closure domain structure and vertically in the middle due to the
magnetostatic energy defined by the lower edge curvature (frame 2).  Vortices form (frame 3) in very
similar positions in both data sets and the locally coherent rotation process allows the reversal to expand
around the vortices (and through the middle via the lower edge defect) in similar ways.
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nearer the left and right edges and “travels” across the length of the sample using the

lower edge defect as a crossing point.

We can also note the similarity between the extensive vortex formation in both

experimental and simulation data.  Once formed, the vortices move vertically to the top

and bottom edge (depending on their helicity), reminiscent of J. –G. Zhu numerical

micromagnetic modeling131,132 (but now seen for the first time in “experimental

micromagnetics”).  In frame 2 (in both exp and sim), the top right corner, left-most edge,

and center area around the defect are all starting to form vortices.  The bottom right of

frame 3 shows two vortices of the same sense side by side.  Both transfer the reversal

through the center via the magnetostatic “hot spot” caused by the edge defect.

Frame 4 has the prominent vortices in three locations:  bottom left, bottom right,

and top, which are pushed out in frame 5.  This confirms that the magnetostatics are

playing the most important role.

The other essential confirmation in these figures is the sub-domain coherent

rotation.  The vector display unambiguously reveals coherent rotation within sub-

domains (instead of claiming rotations by reading waning and waxing of the y-

component).  It also reveals vortices that are harder to see in the gray scale mapping.

Finally, Fig. 5.21 shows the reduced value of |M| (spatially averaged over the full

element) as a function of time.  The average is obtained by finding a value for |M| at each

“experimental” pixel in space, and then averaging over space.  This averaging procedure

highlights high spatial frequency magnetization variations in the sample.  For instance,

large areas of uni-directional magnetization give local |M| values close to one (this is

apparent in Fig. 5.20 in the grayscale background); averaging over, e.g., the whole

sample in the static state (where there are few magnetization variations) gives an average

of one.  On the other hand, lower averaged values of |M| signify variations on spatial

scales finer than our resolution.  In this way, the drop in |M| occurs at instants when the

exchange energy is large (like during switching) and when spatial magnetization

variations are high and, thus, signifies energy transfer to spin waves in the system.

Both the experimental and simulation traces in the figure show an initial sharp

decline (transient domain and vortex formation), followed by a gradual increase (sub-

coherent rotation and vortex expulsion).  The slow increase is also a measure of how
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Fig. 5.21  Comparison of experimental and (real-shaped, Gaussian convolved) simulation data (cf. Figs.
5.18–5.20) for the averaged, normalized value of the length of the magnetization vector |M|.  The local |M|
value is averaged spatially over the element and shown as a function of time.  The initial fast drop in |M| (in
both traces) indicates the energy transfer to exchange and nonlinear spin waves as the dynamic domains
and vortices form in the incoherent rotation process.  The experimental drop is larger and faster (than the
front) for the back reversal (the simulation is about the same in each case) dropping below 0.4.  This
indicates substantial energy transfer to high spatial frequency (higher than the measurement bandwidth)
nonlinear spin waves.  The inset shows the experimental whole-average x- and z- components of
magnetization during the back reversal window where |M| drops abruptly.  The x-component has a
relatively large slope showing the high speed of reversal and the bump in the z-component is taken as one
signature of a dense network of unequilibrated spins during the back reversal.
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quickly the transient spin waves die out and give their energy back to lower order modes

(in this case, exchange energy is tied up in the vortices and only slowly recovers).

A huge dip in the value of |M|, but deeper and faster, also characterizes the back

reversal of the experimental trace.  The reversal is faster (almost as fast as the simulation)

as can be seen from the inset.  It also dumps more energy to high order spin-waves as the

normalized value of |M| falls below 0.4.  In other words, for most locations, the

magnetization is strongly different within ½ micron.  This is not the case for the

simulation, which behaves as it did on the front reversal, exhibiting dynamic domain

formations.  The faster recovery (though partially due to higher driving field) also

indicates that the vortex stage is partially skipped.

The vector mapping of the experimental data in this section, the first of its kind,

gave some new insights into the reversal processes.  A fully coherent rotation or

precessional switching process was clearly identified, spatiotemporally captured by

experiment for the first time.  Some energy transfer to spin waves could also be inferred

as the vectors traced through their large angle paths.

An incoherent rotation process was also further elucidated with converging

simulation and experimental micromagnetic dynamics.  The incoherent rotations were

also clearly and unambiguously witnessed.  In addition, vortices, not obvious in gray

scale representation, were easily identified in vector style and their creation linked with

dynamic domain symmetry breaking formation, their expulsion with the slower sub-

coherent rotation.  Energy transfer from Zeeman to exchange energy in the form of spin

waves was inferred with vector length analyses and network nucleation was confirmed to

involve strong, high-order, spatial frequency energy transfers.

5.6 Discussion and Revelation:  New Modes of Magnetic

Switching

We are now in a position to fully contextualize the dynamic magnetization

reversal processes seen in this thesis.  As noted, the excitation strengths and bandwidths
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were generally beyond viscous domain wall motion switching, in the global

nonequilibrium regime of coherent or incoherent rotations.

5.6.1 Incoherent rotations:  metastable and torque-coupled states

Incoherent rotation as a reversal class, in particular, was very well explored.  The

“catch-all” descriptor, “incoherent rotation” was really found to be four distinct types of

reversal:  metastable, torque-coupled, dynamic-domain, and network-nucleated.

The metastable state was seen for the back reversal in low driving fields coming

off of equilibrium and/or fairly strongly saturated initial states (in, for instance, Figs.

4.10, 4.11 and 4.12).  The state is almost, but not quite, in viscous domain wall motion

territory (with correspondingly slow response), since, as the name implies, portions of the

element can remain meta-equilibrated.  The sample size and magnetostatic effects likely

aggravate would-be domain wall motion and also would-be incoherent rotation.  These

states, having some random nature, are also more likely to contribute to random noise

increase (cf. Figs. A4.12 and A4.13)*.  Metastability is also discussed in Sect. 1.5.4 and

Ref. [158].

The torque-coupling state is a special case of dynamic domain nucleation.

Starting from a low-field static state for the front reversal (and high driving field), the

initial state has enough transverse components that dynamic domain formation is

unnecessary as the symmetry is already broken.  This relatively fast reversal (see low

field data of Fig. 4.11 and A4.10) could also be said to characterize the front reversals of

the hard shapes coming off equilibrium (7 and 8 of Fig. 4.9).  The fast reversal and high

fields tend to cause equilibration over 10 ns and often lead to metastable back reversal.

5.6.2 Incoherent rotations:  dynamic domain states

The main type of incoherent rotation, dynamic domain formation and sub-

coherent rotation, was prominent and very well established in the data.  Coming from the

180o reversal geometry, a lack of transverse axis field required an initial symmetry

                                                          
* Interestingly, even the garnet noise seen in Fig. 2.9 might be displaying metastability effects (the pulse is
like a small driving field in comparison to dc).
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breaking nucleation process, mostly governed by magnetostatics, into transiently formed,

alternating y-direction, domains (see front reversals of Figs. 4.3, 4.5 and 4.12, the high-

field case in A4.10, fronts of A4.14–A4.16 and A4.19–A4.21, 5.2, 5.6, 5.8 and 5.11–

5.15).  This process could also have a connection to the static ripple state.  This

nucleation could be considered as non-linear magnetostatic modes along the sample

length (Figs. 5.6 and 5.8) and also included a transient vortex formation process (Figs.

5.18–5.20).  The nucleation was also seen to transfer Zeeman energy to exchange energy

in the form of non-linear spin waves of many frequencies (plumes in Figs. 5.7 and 5.9,

and |M| changes in 5.20 and 5.21; see also the discussions at the end of Sect. 1.5.3,

particularly from Refs. [139], [140], and [141]).

After the transient formation, slower coherent rotation takes place within the

individual domains (typified by waxing and waning y-component or seen directly in

vector mapping) as the reversal occurs around the vortices (Fig.5.18–5.20) and slowly

expels them out the longitudinal edges.  Some reversal transfer can also occur through

highly stressed, transient crosstie walls (observed in the simulation, Figs. 5.11–5.14).

This style is typified by two rates of reversal.  This is shown in dML(t)/dt and

dMT(t)/dt traces (and was known) by the asymmetry and long tail in the former and the

asymmetry and smaller, longer, negative secondary peak in the latter (see Figs. 1.5 (D),

5.3 and 5.4).  It is also seen directly in the ML(t) traces (see Figs. 1.5 (D), 4.9, high field

case of A4.10, and 5.3).  The first rate represents the symmetry breaking nucleation, spin-

wave energy transferring process, and the second, the slower rotation and vortex

expulsion process.

5.6.3 Incoherent rotations:  network nucleation

The fourth incoherent style, network nucleation, occurs only off of unequilibrated

states and may also be a special case of dynamic domain formation.  It is characterized by

a momentary loss in much of the measured magnetization and reversal almost as fast as

coherent rotation and presupposed to indicate reversal from a dense network of

unequilibrated, jostling spins.  Thus, network nucleation is also the best example of

strong energy transfer to mostly high-k (little or no low-k) spatial transients (Fig. 5.21).

It can also show two-rates (back reversals of Figs. 4.9, A4.10, and 5.8; a clue that fine
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feature vortex formation and/or transient spin-wave energy transfer is happening).  This

style is not captured in (large angle) simulation, presumably because of the equilibration

factor (it could be just because of the complexity).  Because of the high spatial frequency,

little can be seen directly, experimentally, for this nonequilibrium process so more work

is needed to understand it.

5.6.4 Coherent rotation:  gyrotropic, precessional switching

Finally, fully coherent, precessional switching was seen in hard-shaped samples

(with effective transverse field components), coming off of unequilibrated (or, at least,

unsaturated) states (Figs. 4.7–4.8, A4.7–A4.8, and 5.16).  The switching also exhibited

post-switch damped resonant oscillations.  This switching is also seen with any

considerable transverse axis bias field (top of Fig. 4.11 graph (over 150 Oe), first data in

Sect. 4.1, and Choi’s data in Ref. [152]) and in simulated “angled structures”231.  It is

resonant or precessional or gyrotropic, in that the whole sample behaves as a giant spin

driven by torque of the instantaneous Heff (like Fig. 1.7).  The ML(t) traces are fastest of

all with more like a single rate (back of Fig. 4.9 (7 and 8)) and dML(t)/dt is a large

symmetric peak (Fig. 5.4) to identify with Dietrich’s coherent rotation (Fig. 1.6(e) and

Ref. [89]).  The lower aspect ratio shaped samples (cf. Sect. 4.2) tended to have more

resonant, even if not always coherent rotation, behaviour.

5.7 Summary of the Chapter

This chapter presented the culmination of this thesis’ work.  Numerical simulation

was brought to bear to study the magnetization dynamics in small and large angle cases.

Experimental micromagnetic dynamics was unveiled with revisiting data in vector form.

New modes of magnetization switching, seen throughout the thesis, were summarized

and contextualized.

The excellent convergence of experimental and numerical magnetization

dynamics was mentioned for small angle motion (motion where the functional damping

nature and the granular material nature are not critical) in a non-uniform ferromagnetic

resonance comparison.  Large angle comparisons (for dynamic reversal) were approached
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in two iterations:  the first with an “ideal” sample shape, the next with rounded,

experiment mimicking corners.  Each showed support of (non-analytic or non-linear)

magnetostatic modes along the sample length as vertical stripes, comparing well to the

experimental data.  The latter paralleled the data more closely with somewhat slower

response, nucleation of the sample center, and convincing reproductions of the

magnetostatic dominated, nonequilibrium, dynamic domain, mid-reversal states.  On the

other hand, it was still faster, more often saturated, and more often equilibrated than the

experimental data and, in addition, missing the network nucleation style.  The

improvement, however, holds promise and suggestion for future simulation that accounts

for polycrystallinity and finite temperature.

The vector formations gave different perspectives on the large angle motions,

confirming coherent and incoherent rotations and revealing vortex formation in the

dynamic domain style, in addition to spin wave energy transfer conclusions.  These

mappings filled the last pieces of the puzzle, allowing summation of the different

dynamic magnetization reversal modes.
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CHAPTER 6

Summary and Future Prospects

6.1 Conclusion of This Work

In this thesis, the development and initial applications of TR-SKEM to

magnetization dynamics were reported.  The germination and flourishing of the

experimental technique was shown in the set-up and data presented which resulted in new

classifications of magnetization reversal and witnessed the birth of experimental

micromagnetic dynamics.

In chapter 1, the background and context and breadth and depth of the work were

established.  Motivations were given, micromagnetic dynamics and switching introduced,

analytical spin-wave theory covered, and a contemporary body of literature reviewed.

Chapter 2 outlined the experimental technique of time-resolved scanning Kerr

effect microscopy (TR-SKEM) in technical fashion.  Combining sub-picosecond spatial

and sub-micrometer temporal resolutions, TR-SKEM uniquely engages the

spatiotemporal regime of magnetic measurement, now addressing the whole

magnetization vector.  The technique was considered in pieces, in particular, the three

component detection system was thoroughly discussed.  Ultrafast microscopy and the

magneto-optical Kerr effect were introduced, transient magnetic field characterization

discussed, the whole apparatus was presented, and layouts for 180o dynamic reversal

were considered.
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The highly technical chapter 3 detailed the materials, fabrication, and

characterization processes.  The techniques for depositing and patterning permalloy,

oxides, and metals were given, a repertoire of analysis tools considered, and, in

particular, permalloy roughness was analyzed.

Chapter 4 saw the bulk of TR-SKEM measurements for 180o dynamic

magnetization reversal in lithographically patterned thin film elements of Ni80Fe20

(permalloy).  The collection and presentation of a significant amount of data allowed

formation of ideas and categories for magnetization reversal characterizations including

resonant, torque dominated, metastable, dynamic domain, and network nucleation styles.

Technical discourse about data handling and interpretation was also distributed

throughout.

Chapter 5 brought numerical simulation comparison to experimental work.

Strong agreements were seen in iterative large angle work, including compelling

magnetostatic dominated comparisons, as well as some shortcomings such as speed,

equilibration, and saturation matching.

The advent of experimental micromagnetic dynamics was seen in addition to

more comparison with numerical work.  Particular insights were gained into dynamic

domain (especially) and network nucleation styles of reversal as well as coherent or

precessional rotations and energy transfer considerations to nonlinear spin waves.

Finally, these insights allowed conclusive categorization of the new styles of

magnetization reversal in historical context.  First, coherent rotation as precessional

switching was identified (fully witnessed in vector form for the first time).  In particular,

incoherent rotation was fully classified with historical incoherent rotation sub-identified

into four groups:  (i) low driving field, slow, almost domain-wall-regime, metastable

states, (ii) low-static, high-driving-field, fast, close-to-coherent, torque-energy coupled

states, (iii) symmetry-breaking, two-rate, vortex forming and dynamic domain locking,

sub-coherently rotating and vortex expelling, and nonlinear spin-wave energy

transferring, dynamic domain states, and (iv) necessarily unequilibrated initial state,

possibly two-rate, fast, nonequilibrium, high-k nonlinear spin wave energy transferring,

and partially unknown, network nucleating states.
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6.2 Future Prospects

Consideration for future prospects with the technique of TR-SKEM can start with

consideration of the technique itself.  The issue of simultaneity of data acquisition and

mixing of Kerr components should be addressed (as suggested in Ch. 2 with a “reference

sample”).  Other operational improvements are well-considered in Ref. [163], including

the all-important improvement on spatial resolution.  Alternative magnetic microscopies

with better spatial resolution do hold promise as time-resovled candidates.  Ultrafast,

stroboscopic x-ray techniques236 should boost developments in x-ray and magnetic

circular dichroism237 and photoemission electron microscopy238.  Electron-based methods

include stroboscopic electron beam tomography239, ballistic electron magnetic

microscopy240, and spin-polarized STM241.

Many immediate (and ongoing) experimental directions and initiatives are

suggested by this (and other) work.  A rich manifold of possible experiments lies in

studying elements of differing shapes with field applications in varying symmetry and off

symmetry directions.  Our group has already reported measurements with hard axis fields

purposefully applied to induce faster, coherent switching152.  Angled structures (recall

lithography of Fig. 3.3) can be studied to look for more aspect ratio effects and to better

understand the role of the shape anistropy as an “extra” field, particularly to look for

crossovers between coherent and incoherent rotations (simulations have already been

done in our group addressing angled structures232 with measurements to follow).  In this

way, better understanding of behaviour, and convergence between experiment and

modeling, can be sought in both incoherent and precessional rotation processes.

In particular, application of off-axis pulses should lead to interesting results.  A

transverse axis pulse can be used to try and induce the classic, out-of-plane demag driven

reversal (see Fig. 1.7), or an out-of-plane pulse can be used anticipating a direct

precession around it.  With these one could attempt to reproduce the pulse tailoring work

of Refs. [94] and [95] but in the large angle regime.

Other further investigations from a frequency perspective can be considered.

Using more well-defined geometries with known closure fields (such as a saturated

ellipse), perhaps with single crystal samples, can remove enough variables to better

consider the nucleation problem as an analytical spin-wave one.  Further analyses of the
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pulse bandwidth effect on gyrotropic behaviour could be done (some modeling work has

already occurred232).  Travelling and “launching” of spin waves would fall under the

same category, with the possibility of “magnetic mirage” experiments (after Eigler’s

“quantum mirage”242).  Additionally, further small angle ferromagnetic and spin wave

work can be considered232.

On the industrial side, the work of this thesis already represents gains in

understanding that should be relevant to devices.  The other experimental directions,

while also being fundamentally interesting, will help in the device studies as well.

Research on switching behaviours in “complicated” external fields (such as from

crossed wires) is at the heart of device performance for each of MRAM, magnetic

recording, and magnetic logic.  Work of this sort directly on (Hall cross) devices is also

currently underway in our group243 (as well as considerable past work on recording

heads51,244).  There are many different projects that could be undertaken under this banner

as well.  Particularly interesting are experiments on real devices such as MRAM devices

(these necessitate either collaboration or the means of fabrication and characterization of

such devices).

Future prospects for the modeling side also show no shortage of possibilities.

Simulations can always be done in partnership with the experiments described above.  As

already shown, the complementary analysis that can be done in tandem is greater than the

sum of separate reportings.

There are specific improvements that can be considered for modeling.  One can

address the issue of polycrystallinity by introducing a spatial randomness to the easy axis

(the flip side is to obtain single crystal experimental samples).  Finite temperature can be

assigned to the simulations with various techniques with the prospect of better

reproducing random and metastable behaviours.  For thicker sample, three dimensional

modeling could be considered.  Several somewhat technical issues are also of importance

such as the boundary conditions used since magnetostatics is so important (these and

code improvements are not further considered here – see Ref. [232]).  Finally the actual

damping that is used may eventually be reconsidered with more ambitious forms such as

the microscopic friendly Bloch-Bloembergen form (Eqn. 1.29) or the encompassing

Bar’yakhtar64 formulations.
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Appendix 1:  Analytical Spin Wave Analysis

This first appendix gives analytical spin wave calculations and details left out of
Sect. 1.4, including details of the linearization of the torque equation, derivation of
Walker’s equation and the spin wave dispersion, and derivation and examples of Damon-
Eshbach modes.

1.1 Linearization of the Landau-Lifshitz torque equation
The linearization (small angle) of the Landau-Lifshitz equation is needed to

derive Walker’s equation (which eventually leads to MS modes).  The torque equation
(LLG without damping) in Gaussian units is

)( HMM
×−= γ

dt
d (A1.1)

Assume that the time varying parts of the field (and magnetization response) are small.
That is, we rely on these small fields to linearize the torque equation.  The fields can be
written
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+=
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(A1.2)

where 0M and 0H are static and large, and )(tm and )(th are small and time varying (the
t will be dropped in notation from here on).  Plugging equations (A1.2) into the torque
equation (A1.1), we get
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Since 0M is aligned with 0H , the first term on the right vanishes.  Since )(tm and )(th
are small, they combine in second order small quantities and the fourth term is neglected.
That leaves

( ) ( )[ ]00 HmhMm
×+×−= γ

dt
d  . (A1.4)

Now, we imagine that the solutions are oscillatory, i.e., t- dependence is like tie ω− .  Then
the t-derivative can simply be replaced by ωi−

ωi
dt
d

−⇒  . (A1.5)

Further, 0M and 0H  are along the symmetry axis (the z-axis), with lengths of sM and

0H  so the torque equation (A1.4) becomes
[ ]mhzm 0ˆ HMi s −×−=− γω (A1.6)

or
[ ]mhzm 0ˆ ωωω +−×=− Mi (A1.7)

where
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sM Mγω = (A1.8)
and

00 Hγω = (A1.9)
In SI units, equations (A1.7), (A1.8), and (A1.9) become

[ ]mhzm 0ˆ ωωω +−×=− Mi (A1.10)

sM M0γµω = (A1.11)*

000 Hγµω =  . (A1.12)
Note that equation (A1.10) and (A1.7) are identical in the two systems.  The ω’s in
(A1.8), (A1.9), (A1.11), and (A1.12) give the same value of frequency in the two
systems, and the difference just comes from the differing definitions of M and H.

Equation (A1.10) (or (A1.7)) is denoted as the linearized torque equation.
Solving it for h is done like

00
0

0

+=−

+−=−

−=−

z

xxMy

yyMx

mi
mhmi

mhmi

ω

ωωω

ωωω

   ⇒    

M

yx
x

M

xy
y

mim
h

mim
h

ω
ωω

ω
ωω

+
=

−
=

0

0

   ⇒    















−

=








y

x

My

x

m
m

i
i

h
h

0

01
ωω
ωω

ω
.

(A1.13) (A1.14) (A1.15)

Equation (A1.15) can be inverted to obtain the susceptibility tensor
hm •= χ (A1.16)

where the Polder susceptibility tensor is given by
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1.2 The magnetostatic “Walker” modes
Start from Maxwell’s magnetostatic equations

0
0

=•∇
=×∇

B
H

(A1.19)

It can be shown (Ref. [103], Chapter 3, Section 10) that the equations of
magnetoquasistatics can be derived from equations (A1.19) for the case of small wave
vectors (basically the conditions outlined in Ch. 1)

0=×∇ h (A1.20)
0=•∇ b (A1.21)

                                                          
* In Stancil’s book, the γ appears as –γ.  This is just a different definition for γ that has taken (or not taken)
into account the negative sign on the value of e, the charge of the electron.
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where h and b contain only the time varying portions of field and magnetization as
defined earlier in this section.  But, using (A1.16), b becomes (Gaussian units)

( ) ( ) hbhhhmhb •=⇒•+→•+→+= µχπχππ 4144 (A1.22gauss)
or in SI units

( ) hhb •=•+= µχµ 10  (A1.22SI)

where µ  (in SI) is
















+

−+
=

100
01
01

0 χκ
κχ

µµ i
i

        (SI units) (A1.23)

Since Stancil uses SI units, the calculation from here will continue with them.
Since ( ) 0=∇×∇ ψ  for any analytic ψ, equation (A1.20) allows us to introduce

ψ−∇=h , (A1.24)
where ψ is a magnetostatic scalar potential.  Combining (A1.24), (A1.22SI), and (A1.21)
gives
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which can be expanded using equation (A1.23)
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which is Walker’s equation, the basic equation for magnetostatic modes in a homogenous
media.



256

A simple example is shown below.  Assume uniform plane wave propagation in
an infinite medium.  Then ( )rk •∝ iexpψ  and (A1.25) becomes

( )( ) 01 222 =+++ zyx kkkχ  . (A1.26)
If the propagation angle with respect to the z-axis (also the direction of the DC bias field)
is θ, then

θ

θ
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kkk

z
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 . (A1.27)

Substituting equations (A1.27) into (A1.26) gives
( )( )

1sin
0cossin1

2

2222

−=⇒

=++
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θθχ kk
 . (A1.28)

This can be expressed explicitly for frequency using equation (A1.18) for χ
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finally giving
( )θωωωω 2

00 sinM+=  . (A1.29)
or (in Gaussian units since πχχ 4→ )

( )θπωωωω 2
00 sin4 M+= (A1.29gauss)

Note that the frequency does not depend on k!  Waves at this frequency are degenerate
and all wavelengths have the same energy.  This degeneracy is removed when a boundary
is considered or when exchange interaction is taken into account.

Also note the solutions one might expect for Eqn. A1.25.  Often, solving a BV
problem like this entails use of separation of variables.  For instance, for a particle in a
box solving Laplace’s equation, where φ = X(x) Y(y) Z(z), one gets something like
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(A1.30)

where α2+β2+γ2 = 0 to satisfy Laplace’s equation.  In this case, at least one of the values
and not more than two of, α2, β2, or γ2, has to be a negative quantity giving oscillatory
solutions in that dimension.  Thus one gets either oscillatory solutions in 2 directions and
exponential decay in the third, or oscillatory in 1 and exponential decay in 2.

For the Walker equation (Eqn. A1.25), however, there is another parameter to
play with in front of two of the separated variables, namely, (1+χ).  For χ < 1, this value
is negative and the possibility exists for all three dimensions to have oscillatory solutions.
This is only satisfied, in fact, in the region within the spin wave manifold, i.e., for
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( )Mωωωωω +≤≤ 000 (A1.31)

(since 22
0

0

ωω
ωω

χ
−

= M ).  Thus, the solution is consistent with the boundaries of the low-k

spin wave manifold discussed shown in Fig. 1.10*.

1.3 Spin waves
It can be shown (Section 2.7.3 in Ref. [103]) that exchange can be taken into

account by simply letting 2
00 kexM λωωω +→

( ) ( )( )θλωωλωωω 22
0

2
0 sin+++= kk exMexM  . (A1.32)

The degeneracy is thus clearly lifted and the well-known Dk2 dispersion relation for spin
waves is demonstrated (still in SI units).  In Gaussian units

( )( )θπωλωωλωωω 22
0

2
0 sin4 MexMexM kk +++= (A1.33)

which can also be written as
( )( )θπγω 22

0
2

0 sin4 sk MDkHDkH +++= (A1.34)
where D = 2A/Ms and A is the exchange constant in erg/cm (Msλex is evidently D).

1.4 Magnetostatic “Damon-Eshbach” modes
As the name implies, magnetostatic modes are all about boundary conditions.

Walker solved it for a spheroid.  Damon and Eshbach solve it for a thin layer.  Below is a
sample calculation for the MS modes in the slab.

For forward volume waves the dc field (and z-axis/symmetry axis) is out-of-plane
(forward volume case).  We want waves propagating in plane and bouncing back and
forth off of the top and bottom of the film.  A trial wave function is assigned inside the
material (region II)

                rkrkr •
−

• =






 +
= t

zz
t i

z

zikzik
i

II ezkeee )cos(
2

)( 00 ψψψ (A1.35)

where kt is a wave vector in the plane.  Outside the material (in the dielectric with
subscript d), we have Laplace’s equation

02
,

2
, =+ dzdt kk (A1.36)

or
dtdz kk ,, ±= . (A1.37)

This suggests a trial solution like
zki dtdte ,,~ ±•rkψ . (A1.38)

Since we want ψ to vanish at infinity, we choose the signs in the exponent accordingly
for above (I) and below (III) the film

                                                          
* Since we assumed infinite sample, Nx = Ny = Nz = 0.  Then Hi  = H0 and the k ≠ 0 case (for k ~ 0) gives the
top of the manifold.  The need to set all three of Nx, Ny and Nz to zero here reinforces the adage that “even
infinite crystals have boundaries” since Nx + Ny + Nz = 1 cannot be fulfilled.
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The boundary conditions for the rf fields require
(i) tangential h must be continuous*, and
(ii) normal b must be continuous.

Condition (i) can be shown to be the same as requiring ψ to be continuous across the
boundary (see Ref. [103]).  First this makes C=D in (A1.39), kt,d = kt , and then

( )2cos0
2 dkCe z

dkt ψ=− (A1.40)
where d is the thickness of the film and the z-origin is at the centre of thickness.  The
normal b component continuity at z = ±d/2 gives

( )2sin0
2 dkkCek zz

dk
t

t ψ=−  . (A1.41)
Combining (A1.40) and (A1.41) gives

( ) ( )2sin2cos 00 dkkdkk zzzt ψψ = (A1.42)
or
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Using (A1.26) kt and kz can be related (say kt
2 = kx

2+ ky
2)
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(A1.44)

which is real (recall that 1+χ < 0 inside the manifold).  Combining (A1.44) and (A1.43)
and eliminating kz gives
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 +−

1
11

2
tan

dkt  . (A1.45)

This is the dispersion relation relating kt (the wave number in the film) to
frequency ω (contained in χ).  It can be solved graphically by plotting each side and
looking for intersections and gives multiple solutions, which are numbered n = 0, 2, 4, …
.  The same process can be done for a sine-wave trial solution to give the odd solutions n
= 1, 3, 5, … (the n corresponds to the number of zeros through the film thickness).  The
two can be combined into one full solution
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2
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2
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This is the (transcendental) dispersion relation for MSFVW waves.

An approximation to this dispersion relation that can be solved explicitly for ω
was derived by Kalinikos106 and the lowest-order mode (n = 0) is shown below
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The MSFVW dispersion relation is plotted in Fig. A1.1(a) for the first few modes
(recall that the mode number refers to the number of nodes through the material
                                                          
* This first condition requires the absence of current sheets, i.e., it assumes the material is an insulator.



259

thickness).  The forward volume waves are typified by positive dispersion near k = 0.
This can be understood in context of the direction of propagation of the magnetostatic
waves.  For k = 0 (here kt is k), the wave does not propagate in the plane at all but just
bounces back and forth in the film along the symmetry direction.  In this case, the
direction of propagation and field direction are the same so θk = 0.  For very large values
of k the propagation approaches being completely in the plane and θk approaches 90o.
Thus, near k = 0 the dispersion relation starts at the bottom of the manifold, and for large
k it approaches the top.

The group velocity vg of the excitation is k∂∂ω .  Differentiating (A1.46) with
respect to ω gives

( ) 







−

+
= dk

dv t
Mg χωχ

χκ 2
1

1  . (A1.48)

This relation is plotted in Fig. A1.1(b).  For ktd << 1 it reduces to

dv Mkdg ω
41

0

=
=

 . (A1.49)

Finally, the ψ function itself is plotted in Fig. A1.1(c) for the zeroth and first
modes.  This potential decays outside the film and is oscillatory through the thickness.
The macroscopic quantities can be recovered from the ψ function by recalling that

ψ−∇=h , hm •= χ , and )(0 mhb += µ  and χ is given by Eqn. A1.18.
The MSBVW dispersion relation can be calculated similarly to the MSFVW

calculation.  This time the symmetry axis is in the plane of the film (z-axis is in the plane
along the propagation direction).  The dispersion relation is
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(A1.50)

Again we show the lowest order mode (n = 1) solution of the Kalinikos106 approximation
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The MSBVW dispersion relation is plotted in Fig. A1.2(a) for the first few modes.
The backward volume waves are typified by an upward bending of the dispersion as k = 0
is approached (negative dispersion).  Again, this can be understood in context of the
direction of propagation.  For k = 0, the waves do not propagate in the plane.  Since the
symmetry axis is in the plane, this makes θk = 90o and the dispersion starts at the top of
the spin wave manifold.  For large k, the propagation direction is nearly along the
symmetry axis, θk goes to 0 and the modes drop to the bottom of the manifold.

Note that the slope (which is the group velocity) of Fig. A1.2(a) is negative.
Thus, the group and phase velocities for this case have opposite sign, hence the name,
“backward volume wave”.  The group velocity is again obtained by differentiating the
dispersion relation (Eqn. A1.50) with respect to ω









+

+=
χχω

χκ
1

21 dk
dv

z

Mg

 (A1.52)



260

and is shown in Fig. A1.2(b).  For n = 1 and kzd << 1, this reduces to
( )
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ωωω
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−=
=

 . (A1.53)

Figure A1.2(c) shows the ψ potential across the thickness for the first odd and even mode
(n = 1 and 2 in this case).  Again, the potential decays outside the material and is
oscillatory within.

The MSSW waves are slightly different from the other two types.  The solutions
fall outside the manifold and are exponentially damped along the film normal.  The
dispersion relation is solvable explicitly and is

( ) [ ]kdM
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−−++= e1
4

2

00
2 ω

ωωωω (A1.54)

This time, there is only one solution (and only one mode through the film thickness) and
this dispersion is shown in Fig. A1.3(a) starting with frequency just above the manifold.
The group velocity from differentiation is
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and near k = 0 is
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00
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It is shown in Fig. A1.3(b).  Finally, the magnetostatic scalar potential is shown in Fig.
A1.3(c).  In this case, the potential follows an exponential decay inside the material
(between the two vertical lines) as well as outside since the dispersion lies outside the
manifold.  This means the mode is isolated to one surface only (i.e., peaked at that
surface).  Looked at in another way, the same mode propagates to the end of the film on
one surface and comes back on the other (giving opposite propagation directions on the
two sides of the film).
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a)

b) c)

Fig. A1.1  a)  Dispersion relation, b)  inverse group velocity, and c)  potential profile for forward
volume magnetostatic waves.
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a)

b) c)

a)

b) c)

Fig. A1.2  a)  Dispersion relation, b)  inverse group velocity, and c)  potential profile for backward
volume magnetostatic waves.

Fig. A1.3  a)  Dispersion relation, b)  inverse group velocity, and c)  potential profile for surface
magnetostatic waves.
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Appendix 2:  Quadrant Detector Board Design and Layout
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The legs of the substrate
holder are not shown.  
The shutter is about 1” 
above the target and 
shields the substrates 
which are placed on  the
under side of the holder 
(the magnetic assembly
for in-plane field biasing
is not shown).

The substrate holder had to be
less than 9” diameter (less than
~8” diam.) to fit inside one 
quadrant of the vacuum 
chamber.  The design to the left
fit the chamber (at ~7” diam.).
The three legs of the holder are
not symmetric.  The left and top
leg fall symmetrically, but the 
bottom leg has been offset (set
at 45o instead of 60o from the
horizontal to allow room for 
swinging of the shutter.  The 
holder, when placed in the 
chamber, is aligned with the left
leg offset from the closed 
shutter as shown.  The shutter
swings open to the bottom of 
the diagram. 

Top view

Appendix 3A:  Retrofitting the Magnetic Materials Gun
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Scale 10:1

Scale 20:1

1 2 3 4 5

6

The photomask design for
out-of-plane excitation is
shown on this and the
following page.  The 1 cm
square dice is shown
above, and blown up to
the left.  The design
assumes a doulbe litho-
graphy step where the
larger transmission line
structures are laid first
and the microstructures
are aligned (using the
arrows) into the center
gap of small lithographic
coils.  The dice is
repeated over the
photomask for multiple
sample fabrication at
once.  Below is a larger
scale image of the first 4.

   micro-
structures

  litho-
graphic
  coil

Scale 1:1

Appendix 3B:  Photomask Design for Out-of-Plane Excitation
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1

2

3

4

5

6 7

Images 1 trough 7
correspond to blow-ups
of the sections indicated
on the previous page.  1
through 6 are at a scale of
50:1.  1 and 3 are
identical; the conductor
line width is 20 µm with
20 µm gap.  2, 4, and 5
are identical with
conductor line width of
20 µm and 10 µm gap.
The arrows pointing to
microstructures on the
right are aligned with the
arrows around the
transmission line to line
up the structures in the
gap.  6 shows the close-
up of a photoconductive
switch for integration
onto the same substrate
(three are used for
redundancy).  The finger
spacings are 2 µm.  7
shows a blow up of the
microstructures (at scale
of 360:1):  6x30, 4x20,
and 2x10 (in units of
µm), respectively.
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The photomask design for
in-plane excitation is
shown on this and the
following pages.  The 1 cm
square dice above is
blown-up to the left and
below.  Again, double
lithography places the
microstructures on top of
the transmission line.  The
long extensions to the top
of the dice and some of the
scaffolding are for
grounding purposes for
electron beam lithography.

Scale 1:1Scale 10:1

Scale 20:1

Appendix 3C:  Photomask Design for In-Plane Excitation
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8x40
6x30
4x20
2x10

20x6
20x4
10x2

15x6
10x4
5x2

6x15
4x10
2x5

6x20
4x20
2x10

6x15
4x10
2x5

15x6
10x4
5x2

2x2
4x4
6x6
8x8
4x80

6x60
8x40
6x30
4x20
2x10
2x20
2x40

60x6
40x8
30x6

20x4
10x2
20x2
40x2

4x10
4x4
10x4
10x2
5x2
2x2
2x5

Scale 100:1

Scale 100:1

1, 2, 3

4



272

For e-beam mask.  6” substrate cut into 3 pieces.  Each piece should fit
easily into AB-M Mask aligner at Microfab.  A positive and negative
version of the mask in the top right corner were made.  Die names are
given in the corresponding squares of the lower right quadrant.

recbigou  recbigin    reebigin  circ06sn   circ30sn
       circ09sn   circ60sn
       circ18sn

reemedou reemedin reemedin circ10sq   circ10sq
        circ20sq   circ20sq 
        circ10ln    circ10ln
        circ15ln    circ15ln

reemedou reemedin reemedin coil6in      coil6in
            +               +
        reegrgou  reegrgou

coil40ou  coil20ou   coil20ou  coil6in      coil6in
     +               +             +              +               +
reemedin  recsmin   reesmli    recgrgou  recgrgou

coil40ou  coil40ou   coil40ou  coil6in      coil6in
     +               +             +              +               +
reemedin  recsmin   reesmli    recsmlou  recsmlou

Scale 1:1
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Scale 2:1

Appendix 3D:  Photomask Design for E-beam Mask
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Appendix 4A:  Support for Data in Sect. 4.2 (the 100 Oe Field)

Appendix 4A shows data taken on SEM elements 5, 6, and 8 (11.7 x 5.8 µm2, 5.5
x 4.0 µm2, and 5.7 x 11.6 µm2, respectively) which support conclusions from the montage
data in Sect. 4.2.  It also shows new data taken, with high sampling resolution, on
element 3 (10.4 x 3.9 µm2, often referred to as the 10 x 2).

4A.1 Continuation of introduction:  a smaller uncoated Py element
Figure A4.1 shows data from a smaller structure on the same transmission line as

those in Figs. 4.1 and 4.2.  This one is a stadium shape (made with rectangular mask
feature) approximately 5.3 µm long and 3.8 µm wide.  In the graph at the top, all three
magnetization components are shown as time traces from the center of the structure.
Oscillations are again evident in Mz and My, and somewhat out-of-phase and are also
slightly visible in Mx.  In terms of normalization, x and y are on the same scale since they
are both longitudinal components.  Again, z cannot be directly compared but is believed
to be on the order of ten times larger signal.  Noting the large oscillation in y and the
“switch” occurring in x gives a feel for the full longitudinal Kerr effect scale.  It seems
that the magnetization does not start fully in the x-direction, but perhaps with some
component in the y and some small amount in z, since the amount of y switching is about
1/3 to 1/2 that of x.  This could be explained by the magnet being off-axis by more than
just a few degrees, which I suspect was the case for this first sample.  This would help
explain why Mx is not saturated prior to reversal (and why My has non-zero component
during reversal).  It also makes “cross-product” Landau-Lifshitz torque available from the
off-x-axis field for the more oscillatory behaviour (i.e., some hard-axis or “transverse”
biasing field is provided by the off-axis component of the biasing magnetic field).

Spatial-time (x-t) scans are shown below the graph, this time with Mz and Mx
components.  The drop lines have been lined up with the Mz maxima on the graph and
have not been adjusted for lock-in response time, which was probably one or two pixels.
The x oscillations seem to be mostly in phase with Mz, which does not seem
unreasonable and both are showing “curved” wavefronts indicating impulse starting from
the edges.

The montage on the left is the rising edge, 0 to 4 nanoseconds, on the right,
falling, 10 to 13 ns, with each step being 0.05 ns later than the last (for a total of 80 steps
on the left and 60 on the right).  This time, the gray scale has been matched to the gray
scale of the x-t images immediately above, both with cutting off 10% at top and bottom.
The left montage becomes very noisy for data near the beginning of the pulse (which was
the last data acquired) because the laser became unstable (the timing of the laser noise
occurring just at the switching, in this case and for the montage to the right, is believed to
be coincidence).  The reversal seems to be fairly uniform for both the switch-on and
switch-off cases (with some minor sub-structure seen in the one case), but occurring
faster for the switch off (as expected with the stronger driving field).  It may also be due
to the different size that there is less spatial structure here.

The oscillations in this sample and those of Figs. 4.1 and 4.2 are generally larger
than the following data and that in Sect. 4.2.  This is most likely due to the small tilt of
external field as mentioned in Sect. 4.1 (giving more torque component).  It may also be
coming from a difference caused by the blooming layer.  The angles of incidence
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interacting with the sample change with addition of a higher index dielectric.  This may
be enhancing the longitudinal effects more than the polar one (the x and y components
seem to grow while z stays more-or-less the same in the following data).

4A.2 More permalloy elements with aspect ratio greater than one
Figure A4.2 corresponds with image 5 (11.7 x 5.8 µm2) in the SEM set of images

(Fig. 3.6).  The white “x” is for the spot traces at the top; the montage is 0.25 ns spacing
with all three magnetization components.  The cavity dumper timing was again shifted
(since Fig. 4.6) so a new arbitrary time zero is needed.  The nucleation trend continues
here on a similar vein.  Frames 6 and 7 show stripes and end formation.  The y-
component holds its strength and position for about 1.5 ns while the x-component
undergoes its main reversal portion.  The z-component is strong only for frames 7 and 8
and then settles to a locked position.  This is consistent with the dynamic domain picture;
within the first nanosecond, a domain configuration is chosen and locked into place.  The
z-component is only large prior to the dynamic domain formation.  Once the formation is
in place, z shrinks off, each domain rotates coherently (going through maxima in y) and
the final reversal portions “fill in” a bit more slowly as the domains slowly unlock to try
and saturate in Mx.  This can also be understood with reference to the spot measurements
at the top of the figure.  The first reversal regime (dynamic domain formation) is
consistent for the three components, represented by the initial hump in Mz and the quick
movements in Mx and My which stop abruptly as graph cusps when the formation has
locked.  The second post-locking regime has Mx and My with similar gradual slopes
representing the rotation of individual domains.  One can even note the “negative”
movement of Mx here.  Prior to excitation, the sample was obviously not fully saturated
in the negative Mx direction.  Although this is the case, it would have been in stable
equilibrium.  In the pre-locked, high energy state just after excitation energy is
introduced, the energy gradient for some unsaturated positions of the sample pushed them
further toward saturation before starting the reversal.  This negative initial response of Mx
is difficult to show in the montage images because of the choice of normalization style
and black and white cutoff, but has been shown before in Sect. 4.1.  Frames 6 and 7 have
some negative Mx response.

The reversal process is fundamentally different on the back slope; the dynamic
domain formation step is “skipped” in the sense that little spatial structure is seen
(particularly in My).  Again, this is due to the lack of saturation and, more importantly,
the lack of equilibration of the magnetization before the back reversal.  The very fact that
we can see anything in the y and z channels, even though it looks uniform, probably
means that the remnants of the “dynamic domains” from the front reversal stay right up
to the beginning of the back reversal.  The uniform response of My and Mz is consistent
with the notion of a dense network of walls that show up as average response (due to
limited spatial resolution).  As mentioned the back reversal does not need to nucleate
dynamic domains because it already has a network ready to go.

Figure A4.3 shows us the front reversal in more detail.  Time steps are 0.05 ns.
Frames 8 through 12 are roughly where Mx has some negative response.  The areas can
be seen upon inspection because they are pure black in the center (as opposed to frames 1
through 6, the noise is beyond the cutoff as well).  The shape that the stripes choose to
take may, again, be influenced by the element’s shape as was the case for Fig. 4.6.  As
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can be seen in the SEM figure (Fig. 3.6; remember the 180o perspective rotation) there is
an inward curve at the top of this structure.  This area may be acting to hold the Mx
component in place for frames 8 to 17 and then acting to pull the reversal across (in the
post-formation stage) for frames 31 to the end.  Pre-domain formation response of My and
Mz is also interesting.  Up to about frame 18, the response is changing considerably.  My
starts with a “resonant” response in the left corners (black on top white on the bottom)
reminiscent of the case for structure 2 (Fig. 4.3).  Mz starts with some strong stripes
before settling into an averaged network.  By frame 18 these two have locked into a
formation just as the x component begins its climb.

The back slope, Fig. A4.4 (also at 0.05 ns spacing), has much less spatial variance
to it, similar to elements 2 and 3.  My and Mz are both “bright” as if they were uniformly
partially magnetized.  The supposition again, is that there is a wall network that is blurred
in the spatial resolution and/or a random component adding more blur.  The x-component
does have a mild stripe-feature but not as noticeable as the front.

Continuing the trend to smaller, we look at the response of structure 6 (5.5 x 4.0
µm2) in Fig. A4.5.  The Mx spot trace (and the data of frame 5) shows some negative
response similar to structure 5.  The stripes that form are also similar to structure 5,
though it is hard to tell if they exhibit higher spatial periodicity or not (note that the
horizontal features in frames 9 and 13 are just laser noise blips).  This time, by frame 8
(about 1 ns after initial response) the sample looks locked into the sub-domain coherent
reversal regime.  The Mx component seems fairly spatially uniform from this point on
and My and Mz change only slowly.  This 1 ns (as opposed to 1.5 ns) is consistent with
the smaller size of structure.  Looking at the spot measurements, we see that the front
reversal is again more complicated than the back.  The montage frames for the back
reversal are also “simple” with My and Mz with (presumed) strong averaged response just
prior to reversal.

Figure A4.6 shows more time steps of the rise and fall.  The somewhat trapezoidal
shape of the sample may account for the Mx response finishing at the top first before
spreading more to the bottom.  The back reversal is similar to before.

4A.3 Another permalloy element with aspect ratio less than one
Figures A4.7 and A4.8 show the response of structure 8 with aspect ratio around

0.5 also.  Oscillations are evident for this structure as well.  An additional point about this
structure looks really interesting.  The size seems to be just about right such that a nice
four domain dynamic structure develops (see frame 5).  This feature actually oscillates
(compare frame 10 to frames 14 and 15 in the rise blow-up of Fig. A4.8).  It is
conjectured to be, essentially, an in-plane standing spin wave mode structure* (as
opposed to normal SSWR) as the mode visually seems to beat as if a normal mode.  This
heightens the desire to be able to analytically solve MS wave modes in a spatially limited
element.

The pre-excitation domain structure obviously played an important role in setting
up the ability to form into the four dynamic domains (the static domains were probably
four like this already).  This situation is reminiscent of the one described in Ref. [148]
(with the big difference being large angle motions in this case).
                                                          
* In fact, the large angle motions preclude precise connection of this four mode structure to analytical spin-
wave resonance theory.
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For the rest of this element, the earlier standards still hold in that the front is more
structured and locks into place (after some modal oscillation in Mz that would probably
be there in My but the blown up data was not taken).  The back is quicker and has more
uniform, ferromagnetic resonant oscillation (like the previous structure).  The middle data
is fairly strongly uniform in Mz and My suggesting a possible smeared out “jostling-spin”
network.  The FMR oscillation in this and the previous structure are around 2½ GHz as
before.

4A.4 The “10x2” revisited with high resolution
This section shows some high resolution imaging of the “10x2” structure (#3)

featured in the Sects. 4.2 and 4.3.  Data was taken with the new laser, oil immersion lens,
and was spatially oversampled (as in Appendix 4C).  Unfortunately, the sample was
slightly tilted when glued into the measurement system (~5o off) allowing for hard axis
component to the biasing field).  Along with using a symmetric field condition (–
70/+70/–70) with the faster pulser, this makes the situation different from that in Fig. 4.5.

Figure A4.9 shows six frames of the reversal captured at high resolution (again,
there is the tradeoff between high spatial or high temporal sampling).  The image is
displayed at 50 % (in terms of each data point being one pixel in the word program
image) of its size.  Data in Sect. 4.2 were generally between 100 and 200%, while data in
Appendix 4C are shown only at ~20% size.

The back reversal behaviour is reminiscent of before where very little structure is
seen.  The front does have more structure but not as much as it had previously,
particularly in the y-direction.  There are stripes and ends to nucleate the front reversal
(frame 2).  There is not as much spatial information as had been hoped for, however.
Perhaps it is due to the rounded sample shape, or perhaps the hard axis field.  The
promises of high resolution, and even oversampling, it would appear are limited by the
laser spot size.  Nevertheless, the oversampling allows very detailed pictures in Appendix
4C.  Furthermore, the data in Sect. 4.2 would be improved if it were less pixelated
(sampled at higher rate).  A spatial sampling rate in between these two is probably ideal.
Something like three pixels per Rayleigh criterion distance is suggested for future work.
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Fig. A4.1  Data after the styles in Fig. 4.1 and 4.2 for a 5.3 x 3.8 mm2 oval Py element.  Oscillations are
again evident in the time traces (even somewhat in Mx).  The scales of x and y can be compared (since
both are longitudinal Kerr effects).  The magnetization likely starts off the x-axis here (due to external
field misalignment) as My produces a shift of ~1/3 the switch of Mx.
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Fig. A4.2  Spot trace and montage data for the 11.7 x 5.8 mm2 element in 100 Oe field (0.25 ns spacing).
The stripe pattern still exists on the front edge indicating dynamic domain formation.  The back edge is
slightly more structured than in Fig. 4.5, likely because of the slightly reduced aspect ratio of this element.
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Fig. A4.3  Temporal close-up of the rising edge of Fig. A4.2 (0.05 ns spacing).  Some negative response
is evident in portions of the x-data (pitch black in the center).  This is a result of more off-axis fields in
the slightly lower aspect ratio element (aspect ~2).
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Fig. A4.4  Temporal close-up of the falling edge of Fig. A4.2.  A little more structure is evident than
in Fig. 4.6, though the data is still washed out with possible random behaviour.  The former is again
attributed to the aspect ratio.
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Fig. A4.5  Spot trace and montage data for the 5.5 x 4.0 mm2 element in 100 Oe field.  The stripes
exist on the front edge and the back is washed out.
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Fig. A4.6  Temporal close-ups of the rising and falling edges of Fig. A4.5.
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Fig. A4.7  Spot trace and montage data for the 5.7 x 11.6 mm2 element in 100 Oe field.  This less than one
aspect ratio element also induces oscillatory behaviour in the spot traces.
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Fig. A4.8  Temporal close-ups of the rising and falling edges of Fig. A4.7.  The rising edge exhibits a
kind of in-plane standing spin wave resonance with the “breathing” of its four corners, likely initiated
from the static closure domain structure.  The back reversal is also precessional as in Fig. 4.8.
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Fig. A4.9  High resolution montage of the 10x2 element.  Data are acquired simultaneously and the new
laser and oil immersion objective are used along with a high spatial sampling rate (256 pixels across 12
mm).  The high sampling necessitates fewer frames.  Some spatial response is seen on the front, though
not as much as before, likely because of the sample being positioned slightly off-axis allowing more
torque coupling.  The back is similar to before.
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Appendix 4B:  Support for data in Sect. 4.3 (different static
external magnetic fields)

Appendix 4B again addresses data taken on SEM elements 5 and 6 (11.7 x 5.8
µm2 and 5.5 x 4.0 µm2, respectively) in support of the line-scans and different field
montage data for the 10 x 2 (element 3) in Sect. 4.3.3.

Figure A4.10 shows x-t scans and line-average traces from structures 5 and 6
(11.7 x 5.8 µm2 element and 5.5 x 4.0 µm2 element, respectively).  The spatial periodicity
of excitation during the front reversal is clearly evident in all cases with similar frequency
to before.  The “negative response” effect of having between 1~2 aspect ratio is also
consistent at these other fields.  This can be seen by the black dots that accompany the
front reversal (in the x-t images).  There is no envelope “U” in these cases, which may be
related to the aspect ratio again.  Soft thin film elements like this are known to take on
closure effects at the element “ends”.  In this case, if there is more static domain structure
throughout the sample, prior to excitation (like the 0.5 aspect ratio case), there would be
no need to start the nucleation from the ends.  In fact the negative response of Mx
confirms that there are unsaturated sections along the whole length prior to reversal.

Looking at the line-average traces we see an expected lengthening of response for
higher fields (lower driving fields), with a considerable change from 80 to 100 Au.  There
are likely no domains at all available in the latter case so the structure is left to
dynamically nucleate on its own, followed by slower coherent sub-rotation (see the kink
in the graph for 100 Au case).  In fact, the 60 and 80 Au cases for structure number 5
(very similar in size to structure number 3) are reversing much more quickly than in Fig.
4.12.  We can speculate that the low field regime (found from spot traces on structure 3)
does depend on aspect ratio and that the negative response of Mx is adding speed to the
process.  The back reversal for the 60 and 80 Au cases for #5 also show signs of
metastability with some lines of response extending out to the right long after the pulse-
off.  These are evident also in the two rates in the traces where dynamic domains must
form first before a slower rate takes over.  These two cases do show more spatial
structure on back than the rest of the data in this figure.  The 100 Oe back reversals are
more consistent with network nucleation.

Structure number 6 is harder to interpret simply because we are starting to run out
of spatial resolution.  There is definitely negative Mx response on the front reversal for 60
and 80 Oe and these two cases are also faster, perhaps in a different regime, than the 100
Oe.  However, there are two rates on the front, definitely for 100 Oe (ignore the laser
“blip”) and probably for 80 Oe, due to domain locking.  The back behaviour seems to be
very sharp and non-detailed for all (consistent with network nucleation), though traces
may have two rates for 60 and 80 Oe.

We look at spatial images of all three components to confirm elements of the rise
and fall.  Fig. A4.11 shows montages of the rise and fall for 60 Oe and 80 Oe for
structures 5 and 6.  The 60 Oe case for #5 is not able to capture the locking of My
presumably because it is too fast.  This and the 80 Oe case may have elements of both a
dynamic domain locking and a low-field (high driving field) regime.  Perhaps, the
locking happens as only a minor adjustment of the pre-existing domain pattern.  The back
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reversals for both 60 and 80 Oe certainly look like lengthy dynamic domain formation,
probably from coming off a pure saturated state during the pulse.

With structure number 6, it is again hard to tell.  Stripes are evident in the front
reversal and less so in the back.  The sample dimension is getting to be too close to the
spatial frequency of the excitation.  The 80 Oe case seems definitely to be network
nucleated on the back, and possibly the same for the 60 Oe case.
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Fig. A4.10  Line-scans and line-scan averages vs. time for the “10x4” and “5x2” elements, respectively,
as a function of dc external field.  The white bands show the line-scan used (with the x-component of
magnetization).  Fields are to the left.  Envelope “U” shapes are less obvious for these data (aspect ratio
effect).  The 100 Oe field behaves differently with definite two-rate behaviour (see the traces).  The back
reversal of the 60 and 80 Oe cases also has two rate behaviour.
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Fig. A4.11  Montage images (rising and falling edges) for the 10x4 and 5x2 elements for the different
external fields.  The front and back (10x4 case) both seem like dynamic domain style.  For the 5x2 case,
the style is difficult to perceive due to lack of spatial resolution.
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Appendix 4C: Highly Spatially Sampled Reversal Data from
New (Rough) Permalloy samples

Appendix 4C shows results with simultaneous measurement of all components
using three lock-in amplifiers.  It is also the first data using the Ti:Sapph laser, with better
signal to noise.  The better SNR allowed faster data acquisition and, correspondingly, the
ability to over-sample the spatial stepping.  Typical values of 256x64 were used for a
~12x3 µm2 window giving ~50nm steps.  In addition, an oil immersion lens of 1.3
numerical aperture was introduced giving Rayleigh defined resolution just under 500 nm
(using ~800 nm laser wavelength).  Finally, the bulk of the data is from a new
lithographic permalloy element with much more well-defined corners and aspect.

To avoid confusion, it should be mentioned that a different type of result is being
presented than before.  Whereas the low aspect ratio structures discussed before (with
long axis in the vertical direction) were excited in the same geometry with external dc
and switching field applied along the x-axis (cf. Figs. 4.7 and 4.8), the vertical structures
in this appendix are excited along their long axes (i.e. the external dc and switching fields
are applied along the y-axis).  The only difference between elements at 0o and elements at
90o is the anisotropy direction (easy axis); for the former, the anisotropy is along the
switching axis, for the latter, perpendicular to the swithcing axis (the easy axis is always
horizontal).  In any event, the shape and roughness overwhelm the intrinsic coercivity in
most cases.

4C.1 Rough permalloy:  0 degrees
An AFM micrograph of the structure is given in Fig. 3.8 (f).  Unfortunately, a

large pattern of roughness is clearly evident.  The rms roughness of this sample is
something like 3 nm.  On the scale of 15 nm thick, this roughness (20 %) is quite large.
From the data presented (later) it is clear that the coercivity of the structure is well over
30 Oe.  Referring back to Ch. 3, the bulk measurements on a witness film for this
substrate indicated coercivity still below ~5 Oe.  This means that the combination of
sample size and surface roughness is probably causing the high “local” coercivity in the
10x2 µm2 element.  This is not unbelievable since the sizes where coercivity starts to
significantly climb are only an order of magnitude lower in size (see, e.g., Ref. [122]).  If
this is the case, it will make for an interesting investigation of the reversal of this data.
The data was taken with the turbo pulser (140 Oe transient field peak-to-peak) in fields of
30, 50, 70, 90, and 110 Oe, respectively.  Data were also taken on a second structure of
the same size on the same substrate.  The second element is oriented at 90o to the first so
that the long axis is vertical and the easy axis is along the short length of the element.
Otherwise, conditions are kept the same, this time with the applied fields in the vertical
direction to cause switching along y.

Figure A4.12 is for the horizontal 10x2 µm2 structure in a 30 Oe dc field.  It
should be noted that the first three images look different.  For this and some other fields,
the data was initially missed at the very beginning of the pulse reversal.  New data was
taken at a later date.  The focusing conditions were different for the second data making
the sample look shorter.  Comparison of the My component, in particular, for frames 3
and 4 make it seem as though the sample has “shrunk” even though these used the same
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voltage range on the scanning piezos.  This anomalous effect is not easily explained, but
is clearly a system artifact, and should be targeted for elimination as the scanning system
is improved*.  Unfortunately, where there is this break in the data is the most interesting
portion of the reversal in several cases.  Frustratingly, this makes this set of high-
resolution data less useful than it otherwise might have been.

We look at the salient features of this –30/+110/–30 reversal in Fig. A4.12.  The
sample appears unsaturated in the 110 Oe field.  This is not the case but is a consequence
of the differencing nature of the stroboscopic measurement.  The sample is actually
unsaturated in the negative direction prior to reversal.  In fact, the net magnetization
probably starts well onto the positive axis.  Fig. A4.22 (a) shows how the absolute
magnetization likely looked prior to reversal (it is just the “inverse” of the saturation
level).  The average of frames 4–6 are taken together and then subtracted from 1 to give
the x-response and from 0 to give the y and z response.  White, in this case, is the +
direction.  The domain structure is consistent with what one might expect (see Ch. 3 with
Hubert) except for the high field value.  The role that the roughness is playing may also
influence this static domain pattern.

As can be seen the sample does not have very far to go to reach saturation during
the pulse.  Because of this, the excitation takes the structure to saturation very quickly
(within one frame) making it hard to say what exactly is going on.  Basically, all that can
be seen is that the sample started with a domain structure and ended in saturation**.
Frame 3 may show some excited arrangement (particularly in the Mz component) but is
hard to compare because of the different day and different intensity.  The tradeoff of high
spatial resolution is long acquisition time forcing fewer time steps.

What can be noted is some random behaviour.  The first two frames have a spec
of response (a vertical stripe) near the right end of the structure (most visible in y).  Also,
the structure is switching back and forth between states on its leftmost edge again most
visible in y (frames 3, 4, 5, 6, 8, 10, 11, 12, … are state 1, frames 7,9 , 13, … are state 2).
Switching during a single scan is also evident (horizontal blips).  This telegraphing of the
left edge continues through the back reversal.  The back reversal itself is very slow and
metastable and even re-reverses a few times (corresponding with the transmission line
reflections) indicated by the fading in and back out.  By the end of the data, the pre-pulse
state has not yet been reached.  One might speculate that, this metastability being more
susceptible to small deviations, there is good reason why a “ghost” appears in the pre-
pulse state and telegraphic effects appear during the pulse.

The 50 Oe (horizontal) case is shown in Fig. A4.13 (–50/+90/–50).  Again the
sample is unsaturated prior to excitation (but more than half way switched in the –50 Oe
direction).  The pulse presumably brings it to saturation in the +direction.  Unfortunately,
it is again too fast for this (½ ns) data set to see.  One could speculate that something akin
to a dynamic reversal occurs without the need to nucleate domains.  This regime was also
discussed in Sect. 4.3.1. with reference to a 40 Oe static field front reversal.  It was
argued that torque energy would quickly couple to the system for fast reversal.  This
picture is consistent with the observations here.

                                                          
* The author’s favourite explanation is that the filters on the piezo drivers let through a different voltage
after the date changoever to the year 2000.
** This supposition can be supported by viewing the “inverted” field case of 110 Oe and noting the similar
domain structure.
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The back reversal is quicker than the 30 Oe case but could still be characterized as
metastable, as the x-signal waxes back in around frame 37.  Furthermore, the individual
bright and dark areas just fade without moving.  Along with the 30 Oe case, these results
are consistent with those obtained in previous sections (e.g. Sect. 4.3.1) and indicate
metastable dynamic domain reversal style.

Figure A4.14 shows the 70 Oe (horizontal) case (–70/+70–70).  The structure
probably starts from negative saturation and reaches positive saturation for these field
values.  The front reversal looks similar to the cases in Sect. 4.2.  There is slight negative
response in x in frame 3, but mostly positive.  The y-configuration locks into place as we
have seen before indicating dynamic domain reversal.  There is a difference between this
data and that seen in earlier sections; the back reversal appears to be occurring via
dynamic domain formation as well.  In previous data, we expected the cross-over from
dynamic domain to network nucleation of the back reversal to be in field values around
60 Oe.  The fact that this data has not crossed-over at 70 Oe is not a surprise given the
roughness.  The magnetization is more easily able to equilibrate at the pinning sites
available.  A close inspection of the back reversal may suggest that there is some aspect
of network nucleation going on anyway.  Viewing the y- component, we see that a dense
array of weak vertical lines forms at first but quickly decays into an “average response”
on mid-left and mid-right sections of the structure.  It is only the middle that is pinned
and must undergo the slower process.  In fact, this is reminiscent of the back reversal for
the “10x2” structure (in 100 Oe field) in Sect 4.2 where there were two centers, not
exactly at the edges, that led reversal*.

We look at the 90 Oe case (–90/+50/–90) in Figure A4.15.  We can see that the
structure is not fully saturating during the pulse (symmetric to the case for 50 Oe).  The
front reversal locks into position and reverses coherently via dynamic domains as before.
The back reversal is now much blurrier and is more consistent with network nucleation
style.  The shift from dynamic domain to network nucleation must have occurred for the
70 Oe case or just above it.  Being guided by earlier data these properties are the expected
response in these field conditions.

Finally, we consider the 110 Oe case (–110/+30/–110) in Fig. A4.16.  Since only
a (small) partial reversal happens, this case is less conclusive in terms of reversal style.
The front reversal is slower than for the lower fields and the back is faster, as expected.

4C.2 Rough permalloy:  90 degrees
Next we consider the 90o case.  These are for the second permalloy element of the

same size with long axis along the hard direction.  The external fields are still anti-
parallel along the long axis (in this case vertical).  The element is situated on a portion of
the gold line that is 90o to the earlier elements.  In this way, the easy-axis is still
horizontal, but the switching axis is vertical.  Thus, My actually becomes the switching
direction.  The data have been rearranged accordingly so that switching (My) is in the first
row, other in-plane (transverse) component (Mx) second, and polar component (Mz) is
still third.  The structure was situated slightly low on the 40 µm gold wire (closer to the
bottom edge) so the field is not quite symmetric as before.

                                                          
* Ignore the white blotches in the z-channel; the pickup changed during the scan, another artifact danger.
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The 30 Oe case is shown in Fig. A4.17.  This basically looks the same as the first
case.  There is weak response (presumably starting from stripe-like domain pattern), a
hint of pre-zero activity (more visible in y) suggesting randomness, and metastable
activity at the end.

Figure A4.18 shows the 50 Oe case, which is also similar to its earlier
counterpart.  A stronger saturation is reached this time (i.e., the structure was more
strongly, negatively saturated to start with).  The locking of Mx into place and fading is
more visible this time indicating dynamic domain reversal.  The slow dynamic domain
relaxation on the back reversal actually exhibits some of the characteristics seen in higher
fields, i.e., reversing from two mid-top and mid-bottom areas.  Perhaps this is an effect of
the geometry as much as the reversal style, as the hard-axis/shape-anisotropy conflict is
coming into play to allow this two-site formation.

The 70 Oe data is shown in Fig. A4.19.  Its front reversal is clearly dynamic
domain also with an interesting side note.  The x-component is actually “relaxing” a little
bit as it locks into place with some extra energy allowed into the system via easy axis
torque coupling.  The back reversal is also dynamic domain again with two-center
nucleation.  The locking is not as strong as for the zero degree case (partially network
style).

Ninety Oe is shown in Fig. A4.20.  Symmetric to 50, it “mostly” saturates.  The
reversal proceeds by the dynamic domain method on the front, as before.  There is more
“movement” and relaxation of the Mx component here than for the 70 Oe case.  The back
reversal is much more consistent with a network nucleation now, as the crossover field
has been reached.

The 110 case (Fig. A4.21) is symmetric to 30.  The back is very quick and
probably namable as network nucleation.  The front is slow dynamic domain.  For this
case and the 90 Oe case previously, the excitation starts at the edges and moves in (more-
so than for the rest of the data in this section).

In fact, the zero degree data seemed to be characterized by the same domain
pattern throughout (with reversal often starting first in the middle or waiting from the
middle section).  There was likely roughness induced effect on the center of the first
element that dominated the reversal to some degree.  That would also explain why the
second element had more response in the lowest fields (though this also could be due to
the hard axis addition).

4C.3 Length of |M| and whole-average traces
Let us revisit Fig. A4.22.  This figure shows the subtracted “pre-zero” states for

30 Oe dc field for the 0o and 90o reversal situations, respectively.  The second, third, and
fourth frames are the two in-plane components (switching first) and Mz respectively.  The
first frame in each case is the transverse axis (My for horizontal, Mx for vertical) squared
and placed next to the switching direction data for easy comparison.  Since the data is
perfectly registered (taken simultaneously) and highly resolved, this seemed like an
excellent opportunity to attempt analysis of Mx

2+My
2+Mz

2.  Consider Fig. A4.22 (b) first.
If the Mz component is small, the “missing” part from the My image should all be
contained in Mx.  It is easier to see what the Mx response actually is once it is squared
such that positive and negative portions both appear as light.  If we compare frame 1 to
frame 2, we can see quite easily that the missing portions in My are compensated in Mx.
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Unfortunately, when we take the length vector |M| (root of Mx
2+My

2) we see that match-
up does not quantitatively happen as nicely as we wanted.  This is most likely due to
imperfect assignment of the zero values and normalizations to the data (adding the Mz
component in does not really change much so is not included in the figure).  If we look at
figure (a), the match-up is even worse.  The My

2 component does not match-up to the
missing parts in Mx as well as for the 90o case.  Perhaps this has something to do with the
extra roughness that the horizontal structure had (and extra domains).  Anyway, the
“length of |M|” problem is not at the stage where anything conclusive can be said about it.
We cannot even conclude that data is missing from spatial averaging of strong opposites
until the normalization problem is solved.  The most promising solution for normalization
is a “standard” sample that can be phase-sensitive imaged statically, although the change
to Ti:Sapph laser has made a great improvement, as well.

We look at whole-averages versus time of the data from the previous sub-sections
in Fig. A4.23.  The garnet trace is indicated at the bottom of each graph.  Since we are
using the Ti:Sapph laser, we do not have to worry about the temporal alignment
changing, so all data are referenced to the same time zero.  The strongest saturation
(difference) is reached with the 70 Oe field in both cases.  As the dc field differs from 70
Oe the amplitude of the trace drops (with 30 Oe giving the minimum amplitude).  The
two graphs appear to have similar behaviours for the similar fields.  It is clear that the
switching is occurring in enough of a haphazard way that defining rise and fall times is
not worth the effort.  It is only worth it to note the slopes of the back reversal are
consistently higher as the dc field is increased for both graphs (the rising slope is harder
to interpret).  It should also be noted that almost all features in the current line, no matter
how small, are echoed by magnetization response in the data.  Note, for instance, the
initial oscillation and the dip at 3½ ns.  For the easy-axis structure, the 90 Oe field
responds to these features; for the hard-axis structure, all traces echo these features with
dips.  For the reflection at 18 ns, the easy-axis structure mimics it for 30 and 50 Oe fields.
The hard-axis structure does so, again, for all fields.  Evidently, the competition between
induced anisotropy and shape anisotropy makes the second structure more acute at
feeling and responding to the external magnetic field.

4C.4 Conclusion of Appendix 4C
We have shown some advanced implementations of the technical aspects of the

measurement system.  In particular, spatial resolution and laser stability saw drastic
improvements in the data reported.  Unfortunately, there is still no definitive success with
characterizing, and making conclusions from, the length of the magnetization vector |M|.
In terms of reversal style, there is not that much that is new with the data reported in this
section, but there is some confirmation.  The styles of dynamic domain formation and
coherent reversal, network nucleation, torque-dominated reversal, and metastable reversal
were all consistent and often confirmed in these different samples under different
measurement conditions.  In particular, mixtures of these styles were sometimes evident
in a consistent way.  The shape and roughness of the samples also had an effect on the
reversal and, perhaps, on the ever-important magnetostatic structure (stripes).
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Fig. A4.12  Montage of reversal in the rough 10x2 in 30 Oe static field and switching along the easy axis.



298

Scale=1750:1 ,   H= 50 Oe ,   Horizontal shape
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Fig. A4.13  Montage of reversal in the rough 10x2 in 50 Oe static field and switching along the easy axis.
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Scale=1750:1 ,   H= 70 Oe ,   Horizontal shape
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Fig. A4.14  Montage of reversal in the rough 10x2 in 70 Oe static field and switching along the easy axis.
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Scale=1750:1 ,   H= 90 Oe ,   Horizontal shape
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Fig. A4.15  Montage of reversal in the rough 10x2 in 90 Oe static field and switching along the easy axis.
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Scale=1750:1 ,   H= 110 Oe ,   Horizontal shape
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Fig. A4.16  Montage of reversal in the rough 10x2 in 110 Oe static field and switching along the easy axis.
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Scale=1750:1 ,   H= 30 Oe ,   Vertical shape
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Fig. A4.17  Montage of reversal in the rough 10x2 in 30 Oe static field and switching along the hard axis.
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Scale=1750:1 ,   H= 50 Oe ,   Vertical shape
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Fig. A4.18  Montage of reversal in the rough 10x2 in 50 Oe static field and switching along the hard axis.
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Scale=1750:1 ,   H= 70 Oe ,   Vertical shape
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Fig. A4.19  Montage of reversal in the rough 10x2 in 70 Oe static field and switching along the hard axis.
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Scale=1750:1 ,   H= 90 Oe ,   Vertical shape
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Fig. A4.20  Montage of reversal in the rough 10x2 in 90 Oe static field and switching along the hard axis.
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Scale=1750:1 ,   H= 110 Oe ,   Vertical shape
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Fig. A4.21  Montage of reversal in the rough 10x2 in 110 Oe static field and switching along the hard axis.
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Fig. A4.22  Images showing the length of the magnetization vector |M| as a function of position, using
the new simultaneously captured data.
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Whole-averages vs time for an easy-axis permalloy 
 micro-structure in varying external field conditions

time (ns)
-5 0 5 10 15 20 25 30

Sp
at

ia
lly

 A
ve

ra
ge

d 
M

ag
ne

tiz
at

io
n 

R
es

po
ns

e

0

1
30 Oe
50 Oe
70 Oe
90 Oe
110 Oe
garnet trace

Whole-averages vs time for a hard-axis permalloy
micro-structure in varying external field conditions
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Fig. A4.23  Whole-average traces vs. time for the easy and hard axis permalloy microstructures in different
static external fields.
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