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have fitted their results to the negative component
of expression (1). The excellent quality of the fits
to Cds,! si, and InAs® data, and presumably other
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degenerate materials, provides further evidence
for the general validity of our empirical expression
and the model it represents.

IR, P. Khosla and J. R. Fischer, Phys. Rev. B2,
4084 (1970).

%Y. Toyozawa, J. Phys, Soc. Japan 17, 986 (1962).

3. Kondo, Progr. Theoret. Phys. (Kyoto) 32, 37
(1964).

‘H. Roth, W. D. Straub, W. Bernard, and J. E.
Mulhern, Phys. Rev. Letters 11, 328 (1963).

5M. Balkanski and A, Geismar, J. Phys. Soc. Japan

Suppl. 21, 554 (1966).

6C. Yamanouchi, K. Mizuguchi, and W, Sasaki, J.
Phys. Soc. Japan 22, 859 (1967).

K. Yosida, Phys. Rev. 107, 396 (1957).

8%, T. Hedgcock and T. W, Raudorf, Solid State
Commun, 8, 1819 (1970).

9G. Bauer and H. Kahlert, Phys. Rev. B 5, 566 (1972).

PHYSICAL REVIEW B

VOLUME 86,

NUMBER 10 15 NOVEMBER 1972

Brillouin Scattering from Transverse Phonons in Rare-Gas Crystals

N. R. Werthamer
Bell Labovatovies, Muyvay Hill, New Jersey 07974
(Received 6 June 1972)

A mechanism is investigated for Brillouin scattering from transverse modes in rare-gas
crystals, which is related to that which produces Raman scattering. Consideration is given
to the intensity to be expected for the anomalous T, mode in the (110) direction in bcc SHe; ob-
servation of this mode is concluded to be experimentally feasible. However, this mechanism is
not compatible with the observed elasto-optic coefficients of xenon.

In a previous paper! we have analyzed the scat-
tering of light from solid helium, giving attention
to the spectral distribution and intensity of one-
and two-phonon Raman scattering. We subsequent-
ly have produced2 numerical computation of these
quantities in the fcc, bee, and hep crystal struc-
tures, for comparison with current experiments.s
The discussion given! of Brillouin scattering was
not complete, however, in that an account was
given of scattering from acoustic modes only of
longitudinal polarization. It is nevertheless true
that scattering from pure transverse acoustic
modes has already been observed* in certain rare-
gas crystals. Furthermore, the extension of these

J

results to the bcc phase of helium would do much
to clarify the rather unusual properties5 inferred®
for the slow transverse (T,) branch, particularly
near the (110) direction. We here investigate a
mechanism for transverse-mode Brillouin scatter-
ing, and elaborate on the intensity to be expected
for the (110) T, mode in bec *He. However, this
model fails to predict the observed* elasto-optic
constants of xenon, which may indicate the inap-
plicability of the Lorentz—Lorenz dielectric model
to this material.

Our starting point in this analysis is the one-
phonon scattering rate for a model crystal com-
posed of neutral atoms with dipole polarizability «,
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This equation and its notation are taken directly
from Eq. (18) of Ref. 1, except that the factor
e"¥ee’ in the last line here has not been neglected.
The o term in the matrix element accounts for
Raman scattering from optical modes in the non-
Bravais crystals. Confining attention here ex-

I

clusively to acoustic modes, the wave vectors k
are sufficiently small that the phonons are thermally
populated, fwg, <<1; and the polarization vectors
of the » atoms in the unit cell are all in phase,

8, =nt/%;,, where a=1, 2, 3 indexes the acous-
tic modes. Then the Brillouin scattering rate is



4076 N. R. WERTHAMER 6

2mnN
|4

- - - - kgT
(115 = Ezf; wiwfni(nf"’l)vl? ﬁ(kif—k)§ M‘rr B [8(wig— wi o) + 8(wis+ wi )]

Wi

X|a(€s &) -8 ,) ~ 2 Dnt X K- TopCpa Vg TEop) D2, (@)
T g,0’

and the Brillouin scattering efficiency is
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By comparison with the standard formulas for
Brillouin scattering in terms of Pockels’s elasto-
optic coefficients p;;,;, we obtain the following ex-
pression for this model:
Dijrr= a6i15k1 -af Z; nt Z; (Tua’)l<‘7k Tu(Fac'» .
T oo
(4)
Although the first term in this expression was
quoted previously1 and leads to scattering from
longitudinal modes only, the second term will con-
tribute to scattering from pure transverse modes.
The o® term in Eq. (4) is fully symmetric on
the three indices 7,7, 2, and has zero trace on any
two of them, because of the assumption that the
dielectric properties of the material are due ex-
clusively to dipole interactions. Furthermore,
since the elasto-optic tensor can be shown’ to be
symmetric on the two indices &, if the crystal
is not birefringent, hence the o contribution has
complete symmetry on all indices. These facts
immediately lead to the sum rule

Z;(P,-j” - Sp“jl) =0 for all i, j . (5)

Let us now specialize to the case of cubic
Bravais lattices. The three independent elements
of the elasto-optic tensor can be taken as usual to
be p11, P12, and py, which are further interrelated
because of Eq. (5):

Pu—p12+3psy=0 . (5")
We can thus write the elements in the form

pu=a+2c(a?/a®)

piz=a—-c(a?/a®), (6)

pa=-c(?/a®) ,

in terms of a single dimensionless parameter c,
with a being the nearest-neighbor distance. Nu-
merical evaluation of the lattice sum defined by
Eq. (4), in the limit of negligible zero-point aver-
aging, gives the estimates

[
c~1.2 (bce), c~1.6 (fcc) . (7)

Previous experience? with the effects of zero-point
averaging in helium indicates that ¢ will be re-
duced from the values (7) by a factor of roughly
two in this material.

Equations (6) permit a simple order-of-magni-
tude estimate for the intensity of Brillouin scatter-
ing from pure transverse modes in helium, We
adopt the values a=0.2%x10"2* cm® and ¢~ 3.6
x10"® cm. The velocity of the (110) T, mode is
taken to be® s =0.8x10* cm/sec, compared with a
typical longitudinal velocity® of s =6.5x10*
cm/sec. The (110) T, mode scatters with inte-
grated intensity

4
Sp= _l;‘ <%> 1715_?27; [3(p11 - p12) P cos®5 6 (8)
for unpolarized source and detector, where 6 is
the scattering angle. (The cos®} 6 factor indicates
that backward scattering is suppressed and that
the observation is effectively restricted to angles
6590°,) We then estimate that the ratio of scat-
tering intensities from the (110) 7, mode at tem-
perature T =1 K to the Raman-active optical mode®
in the hcp phase is ~5. It should thus be entirely
feasible to observe experimentally this rather un-
usual transverse mode in bce *He, and perhaps to
compare its behavior in bec *He.

Finally, we examine the observed* elasto-optic
coefficients of xenon, in order to test the predic-
tions of our model. The ratios

p1a/Pp11=1.45,  pas/p11=-0.10

have been found, * after allowing for a corrected
definition® of py. Using the value a/a®=4.5x%107®
appropriate to xenon, we would predict

p12/p11~0.81, pas/p11~ —0.0863,

which satisfy relation (5’). The experimental
values not only violate Eq. (5’) but are qualitatively
inconsistent with the underlying dielectric model,
because p5/p11 > 1 and py/pyy <0, as observed,
cannot be reconciled with formulas (6). We can
only ascribe these serious discrepancies to a
breakdown® of the Lorentz-Lorenz approximation
for the dielectric constant of xenon.

I wish to thank S. Geschwind, C. M. Surko, and
D. F. Nelsonfor anumber of helpful conversations.
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It is shown that when the experimental data are analyzed according to the simplified theory
of the space-charge-limited currents proposed by Lampert, the use of the full solution in the
traps-filled-limit region is requisite. In this context Henderson and Ashley’s results do not

prove to be in agreement with Lampert’s theory.

Lampert! pointed out that any current-voltage
characteristic of the space-charge-limited current
(SCLC) in a given n-type semi-insulator with a
given density of shallow donors is confined to a
triangular region in a log-log plot. The bounding
sides of this triangle are formed by two straight
lines corresponding to Ohm’s law and Mott and
Gurney’s law,? and a curved line corresponding to
the traps-filled-limit (TFL) law. ! With the par-
ticular density and location of a trapping level with-
in the energy gap, it may be possible to observe
all the sides of the triangle in a single material.
Recently, Henderson and Ashley® reported that they
succeeded in carrying out such an experiment.

The main feature of the data they obtained on neu-
tron-irradiated silicon at 7="77 °K consists in the
dramatic verticality of the third side of the tri-
angle, the TFL characteristic. In Henderson and
Ashley’s view their results are in full conformity
with Lampert’s theory.

The purpose of this note is first to draw attention
to the very shape of the third side of the Lampert
triangle to guard against the implication that the
TFL characteristics given by Lampert’s simplified
SCLC theory are always very steep and have short
transition regions, and second to consider Hender-
son and Ashley’s data in a new light.

Lampert’s theory is built up assuming no diffu-
sive flow. With this assumption the problem has
an analytic solution, as illustrated in Fig. 1(a),
which shows a computed current-voltage charac-
teristic with the complete Lampert triangle ABC.
Unfortunately, the full solution is relatively com-

plicated and therefore rarely used. Also the curve
fitting by means of the first and second sides of the
triangle can be easily done with the help of good
approximations—Ohm’s law and Mott and Gurney’s
law. On the contrary, on the third side the full
solution has to be used to carry outfitting correctly.
Neglecting this requirement often leads to error.
This can be seen in the example of Henderson and
Ashley’s results.

These authors have interpreted their current-
voltage characteristic on the basis of the SCLC.
The very steep rise of the current vs voltage at
72V, as shown in Fig. 1(b), they have connected
with the TFL phenomenon—strong filling of traps
by one-carrier injection. The measured rise is
indeed very steep—by recording the difference in
voltage between the bottom and top of the vertical
portion of the TFL line [Fig. 1(b), points C and B,
respectively] the authors had to use a high-resolu-
tion digital voltmeter. It is impossible to resolve
these two points in the given voltage scale.

We now wish to compare Henderson and Ashley’s
results with the corresponding theoretical current-
voltage characteristic computed according to Lam-
pert’s equations. In the calculations [results are
shown in Figs. 1(a) and 1(b)] we have adjusted the
product uS, where p is the electron mobility and
S is the effective electrode area, to obtain the best
fit to Henderson and Ashley’s data, and we have put
the dielectric permittivity € equalto 107° F/m, the
magnitudes of other parameters being taken from
Henderson and Ashley’s work as follows: the ther-
mal-equilibrium free-electron density 7, =2.8x10™"



