Solutions to assignment 6

1. The dipole moment for a fully ionic bond involves or 44% ionic.
a transfer of one complete unit of charge over a
distance r¢: 2. For Ny, the fundamental rotational energy is
ionic = h2
p ero Eor =248 x 10746V =

= (1.60 x 107%° C)(0.0917 nm) 21

=147 x 1072 Cm. where I = %mr% and m = 14.0067 u. Hence,
Since the measured value is 6.4 x 1073% C, the HF ) B2
bond is 07 (248 x 10~4eV)(14.0067 )

4 x 10730
64 x 107 C =0.44 and

1.47 x 10-20Cm

(1.055 x 10734 J5)?2 1/2 10
= =1.61x1 =0.11 .
"0 | (248 x 104 eV)(1.60 x 10-10 J /eV)(14.0067 u)(1.66 x 1027 kg /u) 01>107"m=0.110nm
[
3. (a) For CO, the atomic separation is ro = 0.113 nm; (c) The transitions E;41 — E; (see diagram) have
the masses of the two species are 12.0112u and energies
15.994u. Consequently, the reduced mass of the
molecule is Es — E; =239 x10"%eV
mcemo  12.0112u-15.994u 6.861 4 Eys—E3 =191 x10"3eV
mc +mo 12.0112u + 15.994 u ’ By — Ey =144 x 1073 eV
the moment of inertia is Ey— FE; =0.95 x 1072 eV
I=pr} By — Ey =478 x 10" *eV
= (6.861u)(1.66 x 102" kg/u)
x (0.133 x 107 m)? = 1.454 x 10~ * kgm?,
and the fundamental rotational energy is 8 —
P R (1055 x 1073 Js)? 7
T 2T T 2(1.454 x 10~ kg m?)  —
—3.827 x 1023 ] T »
—239x 10 *eV. S l T
= 4
(b) Since, E; = I(I + 1)Ey,, we have T g =3
Fo=0 2 —l 1=2
Ey =2F, =4.78 x 10~ *eV 1— l— =1
Ey = 6E, =143 x 107 %eV 0— ! 1=0

Es3 = 12E, = 2.87 x 1073 eV

Ey=20Ey, = 4.78 x 107 eV
Es = 30Eq, — 7.17 x 103 (d) The corresponding wavelength of the photon
5 = 30Eo, =717 107"eV emitted is given by A\ = hc/e, where € = Ej11 — E)
is the energy released in the transition from level



l+1tol.
Agy = % = 5.19 x 10° nm = 0.519 mm
Az = % = 6.49 x 10° nm = 0.649 mm
A3z = % = 8.61 x 10° nm = 0.861 mm
Am;:6%%%%%££%;:]305x]D5mn::L31mm
Mozzégg%gzsﬁ:%gxlﬁnm:QBQmm

Wavelengths on the scale of millimetres are in the
microwave region of the spectrum.

4. (a) The position of the nth atom in a linear crystal
is u, = ucos(wt — nKA). Its velocity is the time
derivative @, = du,,/dt, and thus its kinetic energy
is %MUTQL The total kinetic energy of all the atoms
is the sum Y, 2 Mu2.

The Hooke’s law forces acting on the nth atom,
pulling it to the right and to the left, are F;, =
+C(upt1—tpn)—C(up —up—1). The corresponding
potential is

1 1
V, = 5C’(un_,_l - un)2 —+ §C(un - un_l)Q.

This has been constructed so that F,, = —dV,,/du,,.

The total potential is % >, Vi, where the factor %
is necessary to prevent double counting:

%Z Vn = %CZ |:(un+1 - un)2 + (un - un—1)2

1
= 50 zn:(un+1 — Un)Q.

Finally, the total kinetic and potential energies sum

J

to give

1 .
E=33 [Mug + C(Unst — Un)?

n

(b) Since 4, = —uw sin(wt — nK A), we have

E=-M

1
5 u?w? zn: sin? ¢

1.5 2
+ §C’u Z [COS((,Z5 — Ka) — cos qb] ,
where ¢ = wt — nKa. The functions that depend

on ¢ oscillate with a period P = 27 /w; this leads
to the time average

(cos? ¢) = 1/Pc052(wt—Ka) _1
P -2

which is nothing more than the observation that
cos? ¢ oscillates uniformly between 0 and 1, aver-
aging to 3. Similarly, (sin? ¢) = 5. On the other
hand (cos¢) = (sin¢g) = (singpcos¢p) = 0, since
these functions oscillate bewteen —1 and 1, averag-

ing to 0.
This tells us that the kinetic energy per particle is

%Mw2u2<sin2 o) = iMuﬂuQ. To get the potential
energy, we can make use of the identity

cos(¢p — Ka) = cos¢cos Ka + sin ¢sin Ka

to write

{[cos(¢ — Ka) — cos ¢]2> = {cos? ¢)(1 — cos Ka)? + 2 (cos ¢ sin ¢) cos Ka(1 — cos Ka) + (sin? ¢) sin® Ka
|

——

N[

[N

——

=0

N[

(1 —2cos Ka + cos? Ka+sin2Ka)

=1-—cosKa.

The two contributions together give

1 1 1
iMuﬂuQ + 50(1 —cos Ka)u? = §Mw2u2.

The final simplification comes about because

w = (4C/M)"?|sin L Ka| = (20/M)(1 — cos Ka)'/?,

which tells us that the kinetic and potential energy



terms are equal:

1 1
56’(1 —cos Ka)u® = ZMwQuz.



