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to T3". Moreover, as can be seen by compar-
ing (21) and (22), the T'" term in (X)RPA has
only half the expected magnitude. The origin
of these discrepancies is not hard to find.

The transverse terms in the Heisenberg Ham-
iltonian represent the kinetic energy of the mag-
nons and the spin deviations, and they vanish
at zero temperature. The longitudinal terms
represent potential energy of the spins due to
their alignment. As a magnet is heated, spin
deviations are produced which increase the
magnitude of the transverse terms not only
directly, but also indirectly through demagne-
tization and consequent conversion of the po-
tential energy of the spin alignment to addition-
al kinetic energy. In the case of cubic systems,
this is manifested through a cancellation of
T"' terms and an augmentation of T'" terms
in (K). Thus the specific heat depends only
on T"' to lowest order in T. The RPA, how-
ever, violates the balance between the trans-
verse and longitudinal terms assumed in deriv-
ing (13) and (14), and so spurious terms appear
in (K)RpA which would result in the unphysi-
cal prediction of a T"' term in the specific
heat. It is interesting to note that although the
replacement in the RPA of (S&zSt z) by (Sz)'
of itself further violates the internal symme-
try, it restores the balance between the trans-
verse and longitudinal terms at low tempera-
tures and patches the spurious result of (21).

If the exact relations (13) or (14) are to be
of use in the application of improved approx-

imations, it will be necessary to develop a
priori criteria for the validity of the results,
criteria such as those established by Baym'
or by Kadanoff and Baym" for systems of many
fermions.

I would like to thank Dr. R. P. Kenan and
Dr. J. F. Cooke for discussion of the problems
considered here.
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Dielectric relaxation phenomena are relat-
ed to the anisotropy of the intermolecular po-
tential and should in principle provide valuable
information in this respect. In the present sit-
uation of the statistical mechanics of irrevers-
ible processes, however, the theoretical cal-
culation of the dielectric response function
remains very difficult, even for simple molec-
ular models. We therefore have thought that
the method of molecular dynamics, which was
successfully applied to the velocity-autocorre-
lation function of gases and liquids, might al-
so be a valuable tool for studying the dielec-

tric response function. This note gives an ac-
count of some preliminary results.

To simplify the problem we considered a
two-dimensional circular array of 421 mole-
cules (rotators) located on the sites of a rig-
id square lattice; each rotator has a perma-
nent dipole moment and interacts with its neigh-
bors through a.n angle-dependent potential.
The dielectric response function is defined as

q(t) = (M(t+ s) M(s))/(M(s)2),

where M(t) is the electric moment of the sys-
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FIG. 1. Response function p(t) for the dipolar inter-
action (2), for various ratios of potential and kinetic
energies: -0.26 (o), —p.4p {O), and -1.00 (&). The
plain line shows the free rotator response function (1).

tern at time t, and the angular brackets denote
a time average. For infinitely weakly coupled
rotators, with a nevertheless Maxwellian dis-
tribution of angular momenta, one finds

where t is a reduced time, with the mean pe-
riod of rotation of a molecule as unity. When
a finite coupling is allowed, one expects y(t)
to differ from (1) and perhaps to approach the
Debye function 7' 'exp( —t/r) for t » 1, where
7 is a relaxation time depending on the inter-
actions.

A first series of calculations were made,
assuming a strictly dipolar interaction between
nearest-neighboring rotators'

-v cos(p, + p. ) (v & 0),
l

where y;, yj give the instantaneous orientations
of dipoles i,j with respect to the i-j lattice
vector. s The equations of motion were integrat-
ed numerically on an IBM 7040 by the Runge-
Kutta method, over a time interval much larg-
er than the mean period of rotation of a mol-
ecule; y(f) was subsequently derived. ~ Three
couplings were considered, corresponding to
ratios of potential and kinetic energies -0.26,
-0.40, and -1.00, respectively. The results
are shown in Fig. 1 and compared with the re-
sponse function (1) for free rotators. Obvious-
ly the effect of the dipolar interactions is al-
ways very small. The essential conclusion
follows that purely dipolar interactions play
practically no role in dielectric relaxation and
do not lead to the exponentially decaying response
function of Debye. (This was anticipated by
Zwanzig on the basis of semimacroscopic ar-
guments. ')
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FIG. 2. Response function p(t) for the exchange in-
teraction (3), for a ratio —0.25 of potential and kinetic
energies. The plain line shows the free rotator re-
sponse function (1).

Other types of angular potentials exist, which
can deeply modify the response function (1)
even for weak coupling. As an illustration we
considered the nearest-neighbor exchange in-
teraction
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—v cos(p. —q .) (v + 0)
l

which favors a parallel alignment of the dipoles.
The response function for a ratio —0.25 of po-
tential and kinetic energies is shown in Fig. 2.
Even though the coupling is weak, the devia-
tion from the response function (1) is large
and denotes the appearance of a new character-
istic time.

These results show the usefulness of the meth-
od of molecular dynamics in the field of dielec-
tric relaxation; further calculations are under
way. A theoretical study of the dynamic polar-
ization of the systems considered above has
been carried out in the weak-coupling approx-
imation, using the statistical theory of irre-
versible processes of Prigogine; it agrees
substantially with the results reported here.

We thank Professor I. Prigogine and Mr.
E. Kestemont for helpful discussions.
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The fundamental ref lectivity of mixed crys-
tals can provide useful information concern-
ing the electronic band structure of the indi-
vidual components. ~ The energy at which struc-
ture arising from allowed transitions occurs
is found to vary continuously with composition,
and hence structure corresponding to the same
electronic transition can be traced as a func-
tion of composition from one constituent to the
other. Band-structure calculations rely heav-
ily on the experimental determination of inter-
band separations as deduced from ref lectivity
measurements. The mixed crystal system
Cd& Zn S is especially important to study
because the transition assignments to the var-
ious ref lectivity peaks in CdS and ZnS are not
yet unambiguously identified.

We report here room-temperature reflectiv-
ity measurements of hexagonal Cd1 xZnxS
crystals made between 2 and 5.S eV with light
polarized both parallel (8 [)c) and perpendicu-
lar ($&c) to the crystallographic c axis and
between 5 and 12 eV for light polarized per-
pendicular to the c axis. The low-photon-en-
ergy reflectance measurements were made
at near-normal incidence (4') using a Leiss
prism monochromator. The far-ultraviolet
measurements were made with a Tropel vac-
uum ultraviolet instrument equipped with an
8-2 ref lectometer. ' The angle of incidence
here was restricted to 20'. A windowless hy-
drogen discharge served as the light source
in the vacuum ultraviolet; tungsten and deu-
terium lamps were used in the visible and near
ultraviolet. The vacuum-ultraviolet-monochrom-
ator pumping system was appropriately baffled
and trapped to prevent oil contamination of
the samples.

The crystals mere gromn by an iodine-vapor
transport technique. The source material was
polycrystalline Cdl-xZnxS prepared in a flow-
ing-argon open-tube furnace. X-ray studies

showed that the crystals were of relatively
uniform composition and exhibited hexagonal
(wurtzite) structure. Composition was deter-
mined to an accuracy of +1 mole/& by a com-
bined x-ray fluorescence and Debye-Scherrer
technique. ' Wherever possible, natural as-
grown faces were used for the reflectance mea-
surements. In other cases, oriented faces were
prepared by grinding, polishing, and etching.

Figure 1 shows some typical reflectance spec-
tra between 4 and 12 eV for a number of crys-
tals of different composition. These measure-
ments were made on crystals with the c axis
perpendicular to the reflecting surface and
hence h wa. s perpendicular to c. The lowest
energy reflectance peaks (E,) have been omit-
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FIG. 1. Typical room-temperature reflectance spec-
tra of several Cd1 ~Zn~S crystals of different compo-
sition measured with S&c. Curves a-e are for hexagon-
al crystals, and curves f and g for structurally impure
predominantly rotation-twinned cubic crystals.
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