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New experimental data on the low-temperature mobility of »-type HgSe in the concentra-
tion range 2x10'"-5%10'% cm~2 are compared with a random-phase-approximation (RPA)
calculation and a concentration-independent dielectric-constant calculation. The effects of
band nonparabolicity and the p-like nature of the conduction-band wave function on the
scattering calculation are included. The RPA calculation is in excellent agreement with the
data, while the results of the concentration-independent dielectric-constant calculation are
much too low. New experimental data on HgTe in the concentration range 1,6x10!°— 4x1018
cm~3 are also examined. At 1.6x10' cm’3, the RPA calculation agrees exactly with exper-
iment, while the concentration-independent dielectric-constant calculation is too low by a
factor of 3. In contrast to the case of grey tin, these results strongly support the RPA and
hence the dielectric singularity predicted for symmetry-induced zero-gap semiconductors.
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valence-band maximum and conduction-band mini-
mum have recently attracted considerable interest
as sites for an excitonic phase transition.! One
class of such materials, an example of which is
grey tin (@-Sn),? is characterized by a symmetry-
induced degeneracy of the band edges. If one
ignores overlaps of the order of 10-*-10- eV pro-
duced by small antisymmetric spin-orbit terms in
the single electron Hamiltonian, then the zinc-
blende analogs of o-Sn, HgSe, and HgTe also be-
long in this class.

However, it has been shown that the random-
phase-approximation® (RPA) dielectric function €(g)
for intrinsic materials of this kind diverges at
zero momentum transfer.* The presence of im-
purity carriers removes the singularity leaving a
finite interband part €,(g) which is strongly depen-
dent on carrier concentration.® This strong con-
centration dependence of the dielectric function
should produce a striking anomaly in the concen-
tration dependence of the low-temperature mobility. 5-

Several investigations®~7 of the low-temperature
mobility of degenerate n-type «-Sn have been
carried out. The experimental values®'® are ob-
tained from samples believed to be antimony doped.
Thus, the limiting scattering mechanism for elec-
trical conduction should be scattering by singly
ionized impurities. The mobilities calculated’ us-
ing the RPA dielectric function and singly ionized
scatterers are larger than the experimental values
by a factor of ~3 at low concentrations. On the
other hand, the mobilities calculated® using the con-
centration-independent background dielectric con-
stant €, are in excellent agreement with experiment.
However, doubly ionized donors cannot be ruled
out, and the RPA calculation’ gives reasonably good
agreement with experiment for doubly ionized scat-
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remains unclear until more is known about the
charge states of the impurities.

The original investigation!® of the low-tempera-
ture mobility of HgSe was directed toward a deter-
mination of the band structure, and it was shown
that mobilities calculated for I'y electrons with a
concentration-independent dielectric constant were
in good agreement with Whitsett’s!! experimental
values. However, two points which lie so far above
typical values that Whitsett felt them to be in error
remained unexplained. Since that time more ac-
curate band parameters have become available!?
and a number of other anomalously high mobilities
have been reported both in our laboratory®® and in
the literature,'? For these reasons, and because
of the situation with regard to @-Sn, it was felt
worthwhile to reexamine HgSe.

The conduction-valence—band overlap in this
structure arises from antisymmetric spin-orbit
couplings to higher-lying I';; and I'y, levels which
produce linear terms in the valence-band disper-
sion relation at the zone center. One can estimate
the overlap to be in the neighborhood of 10~ eV,
and this is supported by an analysis of Hall data. 4
This energy is about & of the Fermi energy of the
lowest-concentration sample considered here, and
thus will be ignored in the dielectric-function cal-
culation. With this approximation, the results of
Ref. 7 are applicable. The ionized-impurity-limited
conductivity in the RPA is given by’
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Here p is the zone center cyclotron mass ratio,

n, is the electron concentration, Z, is the charge
of the donor, E, is the I'y - I'y splitting, x is the
cosine of the angle between % and k’, kj is the
Fermi momentum, kgp; is the Fermi-Thomas mo-
mentum, &z=Ep/E, with Ep the Fermi energy,
€,(0) is the interband part of the dielectric function
at zero momentum transfer, a’is a constant ~;,
Xre 1s the cell-periodic part of the conduction-
band wave function, and X is a function proportional
to the density of states.® One can further show
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where 7; are defined in Ref. 6.
result, we have used the expression for 4ra
given in Ref. 5, which can be shown numerically
to be accurate to about 7% for the nonparabolic
conduction band of HgSe. This yields a maximum
error of about 0.2% in €,(g). These results also
take into account the effects of band nonparabolicity
and p-like character of the wave function on the
scattering calculation. Using Eq. (6), an analytical
expression can be found’ for the scattering func-
tion &, The results are rather lengthy and will not
be given here. The Fermi energy is found by a
solution of Kane’s'® three-band secular equation.
In the evaluation of 0, we use the band param-
eters determined by Galazka, Seiler, and Becker. 2
They find P=17.2x10® eV ¢m, E,=0.22 eV, and
A=0.45 eV (P is Kane’s (T, |§IT,;) matrix element
and A is the I',; spin-orbit splitting). The result
of this calculation for singly ionized impurities is
the solid curve of Fig. 1. The dashed curve is the
result of a calculation like that of Ref. 6 with a
concentration-independent background dielectric
constant. The dotted curve is the mobility of a
band with the same shape as HgSe but with I'g band-
edge symmetry. The experimental points'~** are
believed to be accurate!® to 5% inHall concentration
and 10% in mobility. The sample denoted by a
cross has been doped with 10 -cm~® sulfur, and all
other samples are “pure” HgSe. As can be seen,
the highest mobility samples in every concentra-
tion range are in good agreement with the RPA
calculation but lie much higher than the concentra-
tion-independent dielectric-constant curve.
Unfortunately, good samples of HgSe with elec-
tron concentrations below 10'7 cm™ have not been
obtained. The material problem in HgTe is just
the opposite of this: Crystals grow naturally with
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FIG. 1. Ionized-impurity-limited Hall mobility of
HgSe. The solid curve is for the RPA dielectric func-
tion, dashed curve for a concentration-independent
dielectric constant, dotted curve for a band with the
same shape but I'; band-edge symmetry. Triangles
are from Ref. 11, squares from Ref. 12, and the cross
and circle from Ref. 13.

large numbers of acceptors, probably doubly ionized
Hg vacancies, and it is very difficult to produce
good n-type samples. Recently, Ivanov-Omskii

et al.'" have been able to reduce the acceptor con-
centrations by annealing in Hg vapor and obtain
n-type samples with the highest mobilities so far
reported.

In the calculation of the mobility of HgTe, we use
the values of P and E, obtained by Pidgeon and
Groves.'® Cardona et al.'® report the A; — A, split-
ting and we use the two-thirds rule to obtain A
=1 eV. For the background dielectric constant we
use the value obtained by Dickey and Mavroides. 2°
The overlap is not known but is probably consider-
ably less than that of HgSe since the antisymmetric
spin-orbit couplings should be much smaller.

The results of this calculation for singly ionized
donors are displayed in Fig. 2. The solid family
of curves represent the RPA calculation for differ-
ent concentrations of doubly ionized acceptors. The
dashed curve is the concentration-independent di-
electric-constant calculation. The experimental
points are some of the higher mobility samples of
Ref. 17. The lowest-concentration sample lies at
1.6 %10 cm™ and has a Hall mobility of 0.95
x10% ¢cm?/V sec. This value is in exact agreement
with the RPA calculation and is larger than the
concentration-independent dielectric-constant cal-
culation by a factor of 3. As one moves to higher
concentrations, the data fall increasingly below
the donors-only curves, presumably due to partial
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FIG. 2.
(solid curves).
data are from Ref. 17.

compensation by doubly ionized acceptors.

The enhancement of the mobility of the 1.6 X10'%-
cm™ sample over the background dielectric-constant
mobility by a factor of 3 clearly indicates a large
enhancement of €,, However, the exact agreement
with the RPA calculation may be fortuitous because
of our uncertainty about the magnitude of the over-
lap. The Fermi energy at this concentration is
about 0.002 eV. If the overlap is of the order of
10 eV, then the result is practically exact. How-
ever, if the overlap is of the order of 107 eV, ¢,
would be enhanced considerably more than our cal-
culation indicates, and the observed mobility could
be accounted for by partial compensation. A cal-
culation including the effect of the overlap, even
if it were known, would be extremely difficult be-
cause of the complicated shape of the valence band
near the zone center. More data on uncompensated
samples in the 10'® -cm-? range, where the overlap
is less important, would be very useful, as would

ng (cm‘3)

Ionized-impurity-limited Hall mobility of HgTe for a variety of concentrations of doubly ionized acceptors
The dashed curve is the concentration-independent dielectric-constant calculation.

The experimental

a firm value for the overlap.

Thus, we conclude that although the situation is
at present ambiguous for a-Sn, the data strongly
support the RPA, and hence the dielectric singu-
larity, in HgSe. The data for HgTe clearly in-
dicate a large enhancement of the dielectric con-
stant, but it is not possible at this time to say with
certainty that the enhancement agrees with that
predicted by the RPA,

I would like to thank Dr. R. R. Galazka, Dr. D.
G. Seiler, and Dr. W. M. Becker for communicat-
ing their work to me prior to publication, Dr. S.
L. Lehoczky and D. A. Nelson for the use of their
mobility data, Dr. C. R. Whitsett for useful dis-
cussions of this problem, and Dr. D. P. Ames for
support of this work. I am grateful to Dr. V. K.
Ogorodnikov for bringing Ref. 17 to my attention,
and to Dr. Ram Levy for assistance in translation
from the Russian.

TResearch conducted under the McDonnell Douglas
Independent Research and Development Program.

IN. F. Mott, Phil. Mag. 6, 287 (1961); B, I. Hal-
perin and T. M. Rice, Solid State Phys. 21, 115 (1968).

%S, Groves and W. Paul, Phys. Rev. Letters 11,

194 (1963).

’p. Nozidres and D. Pines, Nuovo Cimento 9, 470
(1958).

L. Liu and D. Brust, Phys. Rev. Letters 20, 651
(1968). -



2 EVIDENCE FOR A DIELECTRIC SINGULARITY ...

L. Liu and E. Tosatti, Phys. Rev. Letters 23, 772
(1969).

3. G. Broerman, Phys. Rev. Letters 24, 450 (1970).

'J. G. Broerman, Phys. Rev. B 1, 4568 (1970).

®E. D. Hinkley and A, W. Ewald, Phys. Rev. 134,
A1260 (1964).

%0. N. Tufte and A. W. Ewald, Phys. Rev. 122,
1413 (1961). -

5, G. Broerman, Phys. Rev. 183, 754 (1969).

¢, R, Whitsett, Phys. Rev. 138, A829 (1965).

2R, R. Galazka, D. G. Seiler, and W. M. Becker,
Phys. Rev. (to be published). I am much indebted
to these authors for communication of their work to
me prior to publication.

13, L. Lehoczky and D. A, Nelson (private commun-
ication).

1821

"¢, R. Whitsett, S. L. Lehoczky, and J. G. Broer-
man, Bull. Am. Phys. Soc. 15, 315 (1970).

E, 0. Kane, J. Phys. Chem. Solids 1, 249 (1957).

1®private communications from R. R. Galazka, C.
R. Whitsett, S. L. Lehoczky, and D. A, Nelson.

1y, 1. Ivanov-Omskii, B. T. Kolomietz, V. K.
Ogorodnikov, and K. P. Smekalova, Fiz. Tekh.
Poluprov. 4, 264 (1970) [Soviet Phys. Semicond. 4, 214
(1970)1.

8¢, R, Pidgeon and S. H. Groves, in II— VI Semicon-
ducting Compounds, edited by D. G. Thomas (Benjamin,
New York, 1967), p. 1080.

M, Cardona, K. L. Shaklee, and F. H. Pollak,
Phys. Rev. 154, 696 (1967).

2p, H. Dickey and J. G. Mavroides, Solid State
Commun. 2, 213 (1964).

PHYSICAL REVIEW B

VOLUME 2,

NUMBER 6 15 SEPTEMBER 1970

Wave-Vector-Dependent Dielectric Function for Si, Ge, GaAs, and ZnSe¥

John P, Walter* and Marvin L, Cohen?
Department of Physics, University of California, Bevkeley, California 94720
(Received 11 May 1970)

The longitudinal wave-vector-dependent dielectric function €(g) is calculated for Si, Ge,
GaAs, and ZnSe. The energy eigenvalues and wave functions which are used have been ob-
tained from energy-band calculations based on the empirical pseudopotential method. Explicit
results are given in the [1,0,0], [1,1,0], and [1,1,1] directions in the range 0=<g¢= (47/a).

A comparison is made between the present results and the results of other calculations. Some

comparisons with experiment are also made.

I. INTRODUCTION

In this paper we present a calculation of the stat-
ic longitudinal wave-vector-dependent dielectric
function e(d) for the cubic semiconductors Si, Ge,
GaAs, and ZnSe. €(q) describes the response of a
crystal to an electric field parallel to § :

ﬁei'ﬁ of _ e(a)ﬁeia o7 .

For most applications we are interested in either
static fields or fields varying with phonon frequen-
cies; in this frequency region we may replace the
frequency-dependent dielectric function with the
static dielectric function €(§), an approximation
which is accurate to within 0. 1%.

Using the expression for €(d) givenby Ehrenreich
and Cohen,! we obtain

(1.1)

. 8me? Z Ik +d,v1K,0) 12
€e@)=1+—7 T,
@=1+ q° 3 E,(K)-E,(k+9)

ko0

(1.2)

> s : : I3
where k is summed over the first Brillouin zone,
v over the valence bands, and ¢ over the conduction

bands. In our calculations we use electronic wave
functions and energy eigenvalues which have been
calculated using the empirical pseudopotential
method.? Spin-orbit effects have not been included,
Calculations of €(§) for semiconductors were
first performed by Penn,® using a model isotropic
semiconductor, These calculations have recently
been redone by Srinivasan.! The present calcula-
tions agree fairly well with Srinivasan’s calcula-
tions except that our results exhibit a slight anisot-
ropy. Calculations based on more realistic band
models for Si and Ge havebeen performedby Nara. 5
Despite the fact that his model is almost identical
to ours, his results disagree to some extent with
our results, In particular, he finds a strong anisot-
ropy in €(d) at small ¢ which is missing from our
results. In addition, our calculations show € (3) to

- be a monotonically decreasing function of |§ | , a

feature which is not present in the results of Srin-
ivasan or of Nara (see Fig. 1).

€(@) has had many applications; it has been used
to calculate the lattice vibration spectrum of sili-



