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crude model correctly captures the essence of
the physics.

To get estimates of the strength of the surface
potential and the magnitude of the bound-state en-
ergy, consider InAs, with a dielectric constant
& =15 and an effective mass I =0.02m„where
ng, is the electron mass. For a doping level of 3
x10" atoms/cm', corresponding to a Fermi ener-
by of 38Q meV and s, =El, one finds ~, =84 meV
and E~=11 meV.

While the direct experimental observation of
these states will present considerable difficulty,
largely resulting from the necessity to obtain a
relatively charge-free surface, the size of the
surface potential has important implications for
the study of surface screening. The use of lin-
ear-response formalisms for studying this screen-
ing, even for the lowest field, is highly suspect
when the zeroth-order potential is already strong
enough to support a bound state. In spite of this
admonition, it is nevertheless particularly inter-
esting that the simple model for calculating the

charge distribution and potential, beginning with

Eq. (9), is capable of obtaining excellent quanti-
tative agreement with the numerical work, even
though the simple model makes no use of the
bound-state charge density for calculating the po-
tential.

~J. B. Schrieffer, in Semiconductor Surface Physics,
edited by B.H. Kmgston (Univ. Of Pennsylvania Press
Philadelphia, Penn. , 1957).

F. Stern and W. K. Howard, Phys. Hev. 163, 816
(1967).

C. B. Duke, Phys. Bev. 159, 682 (1967), and 164,
X2&4 0.969).

G. A. Baraff and J. A. Appelbaum, to be published.
J. Friedel, Phil. Mag. 48, 158 (1952), and Nuovo

Cimento Suppl. 7, 287 (1958).
~see, for example, C. Kittel, Quantum Theory of

Solids (Wiley, New York, 1968), p. 840, for the one-
dimensional evaluation, and W. J. Swiatecki, Proc.
Phys. Soc., London, Sect. A 64, 226 (1951) for the
three-dimensional result.

Rayleigh Scattering in a Plastic Crystal Due to Orientational Relaxation

L. Boyer, R. Vacher, and I.. Cecchi
Labo~atoA "e de PIIysiqge de E'etat CHstaEBe, 9'acNEte des Sciences, 84 MontepeEEiew, 5'vance

and
M. Adam and P. Berg~

Centre d'Etudes Xucleaires de Saclay, 92 Gif-sur-Ycette, Prance
(Received 28 November 1970)

The Hayleigh line scattered, by succinonitrile is studied by means of a Fabry-Perot in-
terferometer having a resolving power of 5&105. The line is found to be Lorentzian with
a 5.4-0Hz width and a depolarization ratio 0.77. The experimental data are in good
agreement with the orientational relaxation theory in liquids.

At room temperature the plastic crystal of
succinonitrile (N -=C -CH, -CH, -C =I) belongs
to t:he class m3m of the cubic system. '~ Several
observations, especially by means of NMR, 3

have shown the existence of a rotational motion
of the molecule in the plastic phase. The mole-
cule, which has a dipole moment of 3.5 D,4'
is aligned along one of the ternary axes of the
crystalline lattice, and the change from one
orientation to another is performed by discontin-
uous ]umps. ' There is also a rotational hopping
motion of one of the —CH2 —C =N groups with
respect to the other one around the axis of the
molecule. 7

A first study of the spectrum of light scattered
by succinonitrile and pyvalic acid was made by

Hyde, Kevorkian, and Sherwood' by means of a
Iow-resolution interferometric spectrometer.
The aim of the present work is a study of the
spectral shape a,nd the depolarization ratio of
the Rayleigh line in succinonltrile.

The experimental device, a classical one,
has been previously described. The resolving
power of the plane Fabry-Perot (PFP) spectrom-
eter is equal to 5X1Q' with a free spectral range
of 75 0Hz. The incident light was provided by
a single-frequency argon-ion laser with an out-
put power of BQ mW for A. =4880 A. The succino-
nitrile single crystal, purified by zone melting,
was made in a. sealed cell by H. Fontaine using .

the Bridgman-Stockbar ger technique. AII the
experiments were performed at 25'C. The spec-
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FIG. 2. (a) Instrumental and (b) Vh polarized Ray-
leigh profiles compared to a Lorentzian shape (tri-
angles) .
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FIG. 1. (a) Instrumental profile 8'(~-vp). (b) Total
Brillouin spectrum for succinonitrile crystal (both
Vv and Vh polarizations). The scattering angle is
equal to 90 . (c) Plain curve, Vv polarized spectrum;
curve C', Rayleigh line IRR» (v-v0); curve C", line
due to elastic scattering or entropy fluctuations,
ION(v-vt). (d) Vh polarized spectrumIRv„R»(v-vo).

tra have been studied in polarized light: Let
U and IJ respectively denote the directions of
polarization of the incident beam perpendicular
and parallel to the scattering plane, and v and
h the related directions for the scattered beam.
Figure 1(a) shows the recordings of the instru-
mental profile, and Figs. 1(b)-1(d) the spectra
for several polarization conditions of the scat-
tered light. The recordings of Figs. 1(b) and
1(c) show that the central line is due to the super-
position of several components. The broadening
of Brillouin lines is noticeable on these two re-
cordings. Its study is under investigation and
will be published later. Figure 2 shows the in-
strumental and depolarized Rayleigh-line shapes
compared with Lorentzian profiles of the same
height and width. Figure 3 represents the half
width at half-height of the depolarized line at
several scattering angles. The dispersion of
the results can be attributed to the frequency
drift of the incident radiation.

The depolarization factor p, which is the ratio
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FIG. 3. Experimental values of l" measured for
several scattering angles 8.

of the scattered Rayleigh powers in the Vh to
that in the Uv polarization, can be identified
with the ratio I a ~/IR ~„of the maximal scattered
spectral densities (we assume here, as is us-
ually done, that the spectral profile is indepen-
dent of the state of polarization). These den-
sities should be measured with accuracy in or-
der to calculate p.

The recordings obtained in Uh poIarization
I Figs. 1(d) snd 2(b)] have a Lorentzian shape,
within the precision of the experiments. The
density I R ~ can be measured with certainty be-
cause in this state of polarization the contribution
to the spectrum of any scattered light other than
the inelastic Rayleigh line is negligible.

In order to measure IR ~„ it is necessary to
eliminate the contributions of the stray light
centered around v„and that of the Brillouin
lines. We estimate the width of the central line
using the following setup: The PFP is used as
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a monochromator, and a spherical Fabry-Perot
interferometer (SFP) placed next is used to
analyze the spectrum near the frequency v, .
The SFP has a free spectral range of 1.5 6Hz
and a bandwidth of 30 MHz. The resulting spec-
trum shows a low-level constant background due
to the wide Rayleigh line, and a very narrow
line centered on the frequency v, having a line-
width estimated to be much sharper than 30
MHz. This line, caused by the elastic scattering
or by entropy fluctuations, has thus a negligible
width in comparison with the PFP bandwidth
(1 GHz). We represent it by the distribution
Io&(v-v, ). Thus the recorded function Y(v-v, )
[Fig. 1(c)] is given by

Y(v-v, ) =I,W( -vv)+I R ~„R,(v-v, )

+ Ia8, (v- va+) + IBB (v- vB ),

where R, and B, are the convolution products
R, =R*R' and B, =B*W; the normalized functions
R(v- v, ) and B(v-v, ) are the Rayleigh- and the
Brillouin-line profiles, respectively; IB is the
maximal spectral density of the Brillouin line;
and 8' is the instrumental transfer function.

Outside a frequency range of 10 GHz (2»,)
around v„ the contribution of I,W to Y is negli-
gible. In the vicinity of one of the Brillouin
lines the contribution of the other one is negligi-
ble too (less than 0.2% of IB). If v, and v, are
two frequencies symmetrical with respect to
&B+ or vB and both outside the range 2b v„and
if we take into account the symmetry of the Bril-
louin line shape, we obtain

Y(v,—v, ) —Y(v, —v, ) = IR ~„[R,(v, —vo)-gi!, (v, —v, )],
this relation allows us to calculate IR ~„. The
calculations made for many pairs v„v, and
upon several recordings show that the dispersion
of the p values is less than 10%.

The following results can be derived from these
observations: (1) The Rayleigh line fits a Lo-
rentzian shape with good accuracy. Half width at
half-height does not depend on the scattering
angle within the precision of our measurements.
One finds

I =2.7+0.3 GHz,

the corresponding relaxation time being

~ =
(2m 1 ) ' = (5.9 + 0.6) && 10 "sec at 25'C.

(2) The depolarization factor is equal to

p=0. 77 +0.08.

To our knowledge, this is the first time that an
indubitably strong inelastic Rayleigh-scattering
line has been observed on a crystalline solid.
Our results (strong line of large width indepen-
dent of the scattering angle; depolarization fac-
tor equal to 0.77) have led us to propose the re-
laxation of the orientation process to account
for the observed phenomena. Within the accura-
cy of our measurements, it turns out that the
theory given by Pinnow, Candau, and Litovitz"
in the case of liquids can indeed be applied to
succinonitrile. Thus, we come to the conclusion
that the Rayleigh depolarized line is due to the
rotation of the succinonitrile molecule in the
plastic phase. Moreover, the value of 7 coin-
cides with the measured dielectric relaxation
time (6&&10 "sec)." The model put forward
by Ivanov, "in which the molecule is assumed
to keep a fixed orientation during the time T and
to jump into a different orientation in a time
much smaller than ~, seems to be suitable.

We wish to thank Professor Fouret and Dr.
Fontaine of the Faculty des Sciences, Lille,
who supplied us with a succinonitrile crystal
and who communicated to us their quoted results.
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