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The lattice thermal conductivity between 1.7 and 270 K is reported for single crystals of mercury
selenide having conduction electron concentrations from 2.1&(10" to 6.7)&10" cm '. The most striking

feature of the data for HgSe is the pronounced depression of the magnitude of the thermal conductivity

between 4 and 30 K, and this is attributed to the Wagner mechanism for third-order

phonon-annihilation resonance scattering of phonons. The data were analyzed by using the Callaway

formalism to determine the relaxation times for phonon scattering by normal and umklapp processes,

point defects, resonance modes, crystal boundaries, and conduction electrons. The resonance dip in

thermal conductivity was observed in variously prepared HgSe samples, including specially purified and

vapor-deposited crystals. Addition of sulfur impurity to HgSe apparently enhanced the resonance

scattering, but because sulfur considerably altered the normal and umklapp scattering it could not be

concluded if substitutional sulfur atoms were the resonantly scattering centers or if they only indirectly
afFected the resonance. The ionized defects in HgSe, in concentrations corresponding to as many as
3)&10" conduction electrons/cm', acted as point Rayleigh scattering centers, but there was no increase

in the Rayleigh scattering as the electron concentration was increased above 3)&10" cm '.

I. INTRODUCTION

Mercury selenide (HgSe) is a H-VI compound
with the same cubic zinc-blende structure as the
well-known DI-V semiconducting compounds. '
However, like ~-Sn' and HgTe, 3 it is a zero-gap
semiconductor or perfect semimetal by virtue of a
symmetry-induced degeneracy of the valence-band
maximum and conduction-band minimum. 4 ~ Be-
cause of this peculiar band structure, the zero-gap

semiconductors display a number of anomalous
features in their dielectric, transport, and
lattice dynamic behavior. ' To understand the pho-
non interactions and defect properties of these
structures, we have investigated the thermal-
transport properties of HgSe.

%e report here the thermal conductivity between
1.7 and 27G K of HgSe single crystals prepared in
different ways and subjected to various annealing
procedures. The low-temperature thermal con-
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ductivity of HgSe has been reported previously by
Aliev, Korenblit, and Shalyt's (AKS). However,
our results differ in a number of ways which will
be discussed. The most striking feature of our re-
sults is a pronounced dip in the thermal conductiv-
ity between 4 and 80 K, which can be interpreted
only as the resonant scattering of acoustic phonons
in a third-order process involving localized modes
of the defect lattice. We analyze this process in
detail and also present results on the Hayleigh
(point-defect), crystal-boundary, normal, um-
klapp, and electron-phonon scattering processes.

HgSe invariably grows as an n-type material with
an ionized-defect concentration of (8-6) &&10" cm,
although the concentration of ionized defects can be
changed by various annealing procedures. The de-
fects are probably defects native to the lattice
rather than chemical impurity defects. We ana-
lyze in detail the relation between the ionized-de-
fect densities (as reflected in the Rayleigh scatter-
ing of phonons) and the conduction-electron densi-
ties. We also find evidence for a remanent neu-
tral-defect density of about the same value as that
which has been invoked to explain the anomalous
electron mobility in c -Sn. ~

In previous literature, '4 '8 estimates of the
room-temperature lattice thermal conductivity
ranged from 0.005 to 0.021 Wcm ~K ~. One rea-
son for the spread of values is that at room tem-
perature the electronic contribution to the total
thermal conductivity is substantial but difficult to
determine with precision. AKS endeavored to de-
termine the electronic thermal conductivity in
HgSe at temperatures between 30 and 200 K, and
Smirnov and Aliev analyzed the electronic ther-
mal conductivity between 80 and 440 K. Their re-
sults will be discussed later in connection with the
method used here to separate the electronic and
lattice contributions to the total thermal conduc-
tivity.

II. EXPERIMENTAL PROCEDURE

Except for one vapor-grown crystal, the HgSe
compound was prepared and single crystals were
grown by the method previously reported by Whit-
sett and Nelson. ~o Single-crystal samples were cut
to size and mechanically polished, the final polish
being obtained with 0.05- p,m-diam particle alumina
abrasive. The as-grown crystals of HgSe had
electron concentrations of about 4. 8&&10 cm at
room temperature and below. Spectrographic
analyses of the HgSe crystals showed the major
metallic impurities to be Cu (0.1-0.V ppm),
Mg (0.5-0. 1 ppm), and Si (0-9 ppm). Chemical
analyses indicated that Te impurity, if present,
was less than 10 ppm and that S was present in con-
centrations possibly as large as 20-30 ypm by
weight.

The absolute, steady-state, longitudinal-heat-
flow method was used to determine the thermal
conductivity. With this method a temperature
gradient d T/Ch is established along the length of the
sample by introducing a heat flow 5 at one end and
extracting it at the other end. If no heat is lost
through the sides of the sample, the thermal con-
ductivity is
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FIG. 1. Electrical conductivity as function of tempera-
ture for single-crystal HgSe samples used in thermal-
coniuctivity study.

where 8 is the cross-sectional area of the sample.
The apparatus and techniques used were as de-
scribed previously. '

Radiation-loss corrections to the measured ther-
mal conductivity were made based upon calcula-
tions which were believed to be accurate to within
a factor of 2. The maximum possible error in the
measurement of total thermal conductivity was
estimated to be + 4. 5/0 at temperatures lower than
100 K, + 5. 5% at 125 K, and + 9 ~ 0' at 155 K. The
increase in the err'or with temperature is due pri-
marily to the correspondingly increasing impor-
tance of radiation loss.

The preparation details and annealing histories
of the samples used in this study are summarized
in Table I. The electron concentration gg was com-
puted by assuming n = —1/Re, where R is the Hall
coefficient and e is the magnitude of the charge of
an electron. In Table II are compiled the electron
concentrations at 4.2 K and the electrical conduc-
tivities at 4.2, 77. 3, and 300 K. In Fig. 1 are
plotted the electrical conductivities as functions of
temperature for all of the samples reported upon
here The t.otal thermal conductivity as a function
of temperature for a number of undoped HgSe sin-
gle crystals is shown in Figs. 2-4. The data points
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TABLE I. Thermal histories and cross-sectional
dimensions of the HgSe thermal-conductivity samples.
As-grown samples were cooled slowly from the 799 'C

melting temperature. Lengths of samples were between
2 and 5 cm.
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I I I I 1111 I I I I 1111

HgSe
sample

No.

3-2

Thermal history (and cross-sectional
dimensions)

As-grown (0.55 && 0.55 cm)

HgSe 3-2 subsequently annealed in vacuum
at 240 'C for 12 h, 210 'C for 100 h, 190 'C
for 12 h, and 180 'C for 6 h (0.55 x 0.55 cm)

HgSe 3-3 subsequently annealed in Se vapor
at 200'C for 36 h (0.65&& 0.55 cm)

HgSe 3-4 subsequently annealed in Hg vapor
at 236 'C for 48 h and 255 'C for 24 h
(0.65x 0.55 cm)
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HgSe 3-5 subsequently annealed in Se vapor
at 280 'C for 48 h (0.55 && 0.56 cm)

After growth, annealed in vacuum at 257 'C

for 24 h and 208 'C for 96 h (0.58 && 0.58 cm)

HgSe 4-1 subsequently annealed in Hg vapor
at 235 C for 48 h and 255 'C for 24 h (0.58
&& 0, 58 cm)

As-grown (0.67 && 0.57 cm)

Starting materials triply distilled in vacuum;
as-grown (0.63& 0.63 cm)

Excess Hg in melt, 6wt. %; as-grown
(0.41&& 0.27 cm)

Sulfur added to melt, 5 x 10 9 atoms/cms.
as-grown (0.67 && 0.57 cm)

HgSe Sl-1 subsequently annealed in vacuum
at 257 'C for 24 h, 235'C for 24 h, and 210'C
for 72 h (0.55 && 0.56 cm)

Sulfur added to melt, 5 && 10 atoms/cm;
as-grown (0.51 x 0.50 cm)

HgSe S2-1 subsequently annealed in vacuum
at 258 'C for 18 h, 235 'C for 46 h, and
210'C for 25 h (0.47&&0.46 cm)
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FIG. 2. Total thermal conductivity as function of tem-
perature for HgSe 3-2 {+)and HgSe 3-3 (LQ. HgSe 3-2
was as-grown and had 3.0 && 10 electrons/cm3; HgSe
3-3 was vacuum annealed and had 5.7 x 10 ~ electrons/
cm at 4.2 K.

fects. Between 4 and 30 K, the thermal conduc-
tivity exhibits a pronounced dip which we interpret
to be due to the scattering of phonons by a reso-
nance process. As the temperature increases
from 30 K to room temperature, the lattice ther-
mal conductivity is limited mainly by umklapp and

normal processes.
The Callaway theoretical model was used to

TABLE II. Conduction-electron concentration g, elec-
trical conductivity c, electron effective-mass ratio m*/

m~, and electron-phonon cutoff temperature 0Hz

= 2v5(3m /g) /E of HgSe thermal-conductivity samples.

shown have been corrected for radiation-loss er-
rors.

III. LATTICE THERMAL CONDUCTIVITY

The qualitative features of the data shown in

Figs. 2-4 may be explained by assuming that six
phonon scattering mechanisms limit the lattice
contribution to the total thermal conductivity. At

the lowest temperatures the thermal conductivity
falls with decreasing temperatures because of the
scattering of phonons by the crystal boundaries and

by conduction electrons. Near 4 K the thermal
conductivity is a maximum and limited primarily
by the Rayleigh scattering of phonons by point de-

3-2
3-3
3-4
3-6
3-6
4-1
4-2
5-1

S1-1
S1-2
S2-1
S2-2

3.0 16
0.57 8.5
0.80 10
6.7 29
1.3 10
0.21 2.4
5.3 29
2.2 13
4.2
0.83 10
4.0 16
0.49 7.0

12
7.2
9.1

26
9.6
2.1

24
12
16
8.7

15
6.2

4.0
2.0
2.3
6.4
3.0

5.5
3.8
4.6
2.4
4.2
1.6

0.061
0.041
0.044
0.075
0.060
0.035
0.071
0.056
0.066
0.045
0.065
0.040

13.2
7.6
8.5

17.2
10.0
5.4

15.9
12.0
14.7
8.6

14.5
7.2

Calculated from Eq. (18).

HgSe 10 ~ g 10+0
sample (4.2 K) (0 cm ) m*/m, 8&

No. (cm 3) 4.2 K 77 K 300 K (4.2 K) (K)



4628 WHITSETT, NE LSON, BROERMAN, AND PAXHIA

10 — I I I I I I II I I I I I I II of the inverses of these relaxation times will be
taken to give the inverse of 7„ the relaxation time
resulting from the combined effect of all scatter-
ing processes. That is,
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Tc T +TU+T +7 +7 +Tk (8)

For the inverse relaxation time for normal pro-
cesses, the expression of Callaway~ was used:
T„=B2T3~ . For the inverse relaxation time for
umklapp processes, we departed from the formu-
lation of Callaway (who used r~ = B,T3&2) and fol-
lowed Slack and Galginaitis~s who used

T-1 gi g
2 -e/ aT

Tg (7)

Bg =- Sy /Mv 8, (8)

where p is a constant of the order of unity. The
form of Eq. (7) gives a temperature dependence
for the thermal conductivity which closely matches
that obtained experimentally. Slack and Galginaitis
determined the form of Eg. (7) empirically and
further derived

FIG. 3. Total thermal conductivity as function of tem-
perature for HgSe 3-4 (V') and HgSe 3-5 (&). HgSe 3-4
was Se-vapor annealed and had 8.0 x 10 ' electrons/cm3
at 4.2 K; HgSe 3-5 was Hg-vapor annealed and had 6.7
x 10 electrons/cm .

analyze the data. This model gives for the lattice
thermal conductivity

~, = (Z/2v'v) (f, + Pf,),
where

@„~2 ao /Zr8 2dTc ~g n~/zr
40

~ &8/& s= 2 he/KT
d~Zr ( htu/KT 1)2 d ~ t

0

(4)

p=I2
0

heo/EF
d

I lf7]l ( a(olET 1)8

(5)
In these equations, 7„ is the phonon relaxation time
for normal momentum-conserving processes, and

T, is the resultant relaxation time for all phonon
scattering processes. Also, K is the Boltzmann
constant, 0 is the Debye temperature, 5 is
Planck's constant divided by 2w, v is the average
speed of sound, and ~ = 2mv, where v is the phonon
frequency. In terms of the phonon wave number q,
the relationship for ~ is ig = vq.

The phonon relaxation times for normal process-
es, umklapp processes, Rayleigh scattering,
boundary scattering, resonance scattering, and
electron-phonon scattering will be denoted, re-
spectively, by T„, T~, T~ T~, T~, and T,. Thesum

where M is the average atomic mass and y is the
Gruneisen constant (here assumed to be 2. 0). For
HgSe, Eq. (8) gives B,

'= .812x10 ~8 secK ~.

For Rayleigh scattering by point defects, the in-
verse relaxation time was taken to be T~ =A~ .
The parameter A is the sum of at least two terms:
A„„for the scattering caused by the natural dis-
tribution of isotopes of the elements in the com-
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FIG. 4. Total thermal conductivity as function of tem-
perature for HgSe 4-1 (0) and HgSe 5-1 (C3). HgSe 4-1
was vacuum annealed and had 2.1 && 10'~ electrons/cm
at 4.2 K; HgSe 5-1 was as-grown and had 2.2 && 10 elec-
trons/cm3.
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pound, and A, , for the scattering by point defects
such as Hg and Se vacancies and interstitials.

The isotope scattering may be calculated by us-
ing the result of Klemens 4 for an isolated substi-
tutional atom with mass difference &M,

1 4 ~ hM)
~isot

isot(d 4 3g M + r
7FV i

(9)

where a~~ is the unit cell volume, G is the number
of unit cells in the crystal, and M is the mass per
unit cell. For each atomic species, we define the
quantities m = Pf, m, and I' = P f,[(m, —m)/m]~,
where I, is the mass of the ith isotope and f, is
the fractional natural abundance of the isotope.
Equation (9), summed over all unit cells, becomes D(m*/m, )'(u (~ & 2vk~)

0 ((u &2vk~),
(15)

and Ziman. 28

For the HgSe crystals with electron concentra-
tions greater than 1&&10» cm 3, the thermal con-
ductivity below 4 K is too low to be satisfactorily
explained as being limited only by the boundary

scattering of phonons. It is apparent that the scat-
tering of phonons by conduction electrons also con-
tributes to limiting the magnitude of the low-tem-
perature thermal conductivity. For a simple cubic
material with a spherically symmetric conduction
band, only longitudinal phonons should be scattered
by electrons, and the inverse relaxation time for
the process is29

&o ~Mi' 4

4wv G ) 1 M
(10) where

where M is the average value for the sum of the
atomic masses in a unit cell and 4M, is the devia-
tion from M of the mass in the ith cell resulting
from isotopic mass variations. In the case of
HgSe, for which no = 6.085 A, ~m Eq. (10) is

~

[(m„g)'I'„I+(I,,)'I"„j~
~isot ~ ~Hg+ ~Se)

= (4. 29 && 10 ~ sec~)~4 .
Klemens24 calculated the inverse relaxation time

for substitutional atom or vacancy scattering in a
monatomic crystal to be

4 3~O~ 24= Aimp =
3 ~ N]S ]Q)

mp

(12)

1 =(4, 88x18 + cm ) r NS()x
imp

(13)

The inverse relaxation time for scattering of
phonons by the crystal boundaries was taken to be

ra'= v/F(]. 12@'~') (14)

where @ is the cross-sectional area of the sample
and F is related to the fraction f of phonons which
are diffusely scattered at the boundaries, accord-
ing to F= (2-f)/f. This formula for 7 s~, based
upon the works of Casimir2~ and of Herman, Si-
mOn, and Zimanr2~ makeS nO allOWanCe fOr finite
sample length as discussed by Berman, Foster,

where N, is the concentration and S& is the scatter-
ing factor of the ith type of defect, and V~ is the
atomic volume. In the case of diatomic HgSe, Vo

is the primitive unit cell volume: V~= —,'~3. The
scattering factor S, depends in detail upon the bind-
ing forces of the defect as well as the mass change,
but it usually has a value near unity. Klemens24

calculated S, for a number of cases of substitution-
al impurities or vacancies in alkali halides and ob-
tained values ranging from 0.5 to 2. 1. For HgSe,

4 p2 8' p2 1/2 1I*=I 1+ '2 Eg+ (18)

In Eq. (18), Eo is the I'8-1"8 band gap at the center
origin of the Brillouin zone, and P is the interband
momentum matrix element. The values 0.24 eV
for E~ and V. 1&10 eVcm for P were used, based
upon Shubnikov-de Haas measurements on HgSe. 31

A defect introduced into a lattice, in addition to
providing a center for ordinary Rayleigh scatter-
ing, also produces changes in the normal modes of
the lattice itself. In particular, it introduces a lo-
calized part in the wave functions of the acoustic
yhonons. For most frequencies the plane-wave
yart is dominant, so that a description in terms of
yhonons still is valid. However, there may occur
a small interval about a resonant frequency , for
which the localized part dominates, and this intro-

(18)

I* is the electron effective mass in HgSe, m, is
the free-electron mass, Ed„ is the lattice defor-
mation potential, p is the crystal density, and k~
is the radius of the Fermi surface. For face-cen-
tered-cubic HgSe, because of the p -like symme-
try of the conduction-band wave functions, both
transverse and longitudinal phonons can interact
with electrons and here are assumed to have the
same relaxation times. With v, » contributing to
the sum v, ~, the integrals in Eqs. (3)-(5) each be-
come the. sum of two integrals, one with the limits
zero and Ke~/8' and the other with the limits Ke~/ff
and Ke/g where 8„=2vkk~/K. As a function of
electron concentration ~, the Fermi-surface radius
is k~= (3m'n)'", and

Qx~=2v@(3w n) ~ /K. (17)

The dependence upon electron concentration of the
electron effective mass in HgSe is given by the fol-
lowing formula which is based upon the theory of
Kane30:
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duces the possibility of new scattering processes
between phonons characterized by a wave vector q
and polarization A, and localized modes character-
ized by a quantum number s. For a simple sub-
stitutional defect, which introduces no new normal
modes, the new processes are of third order,

and

rq')+(q'x')=(s),
(grqx)+~(q'x') =(d,

rqx)+(s)= rq'x'),

~(qX)+ "~=(d(q'),

(19a)

(19b)

(20a)

(20b)

while the second-order process

rq.)=(.) (21)

is forbidden by energy conservation. If the defect
is complex, i.e. , has internal modes, then the
second-order process is also allowed.

Wagner32 calculated the relaxation times for the
third-order resonant processes. He found that
the process of Eqs. (20) is important only at high
temperatures. The relaxation time for the pro-
cess of Eqs. (19) is given by

~Kg((O)f((d, T)h((O),
9 71' by
16 p

(22a)

(
g(~) =~1+4

~

ln —1 ——~+1
(d) Q3 (d MI
+e] s 'ds s)

4 1, (22b)
s (ds

( )8e(ro'-a&)1l/K ( Ttls&e/ T K1)
f(&s T)=(h&o/KT —1)( ((y~ (o)h/KT 1) ~ (22c)

( )
(Q7 (d~) (M~-'QPD)

e((d8 (dD Q))8(M (d()) ((ds&(g)D)

e() 1 (p(0)
0 (yO)' (22d)

In these expressions, y is the Gruneisen constant,
N is the product of the concentration of resonant
scattering centers by the number of modes per cen-
ter, ~Dis the Debye frequency (»=8/k), ~, is
the average resonant frequency of a scattering cen-
ter, and ~„=~„where ~,' is the effective "radius"
of a scattering center.

The relaxation time given by Wagner's resonance
scattering model has the temperature dependence
necessary to fit the data. A resonance scattering
cross section is required which is sharply cut off
on the low-temperature side. For this reason, a
mechanism such as that proposed by Krumhansl33
for vacancy scattering or the process of Eq. (21)
could not fit these data. As an alternative to reso-
nance scattering, the method of Holland34 for con-

If the only thermal conduction mere by the lat-
tice, then the thermal conductivity should be about
the same for all samples above 100 K. However,
beginning near the temperature of liquid nitrogen,
the conduction electrons carry an increasingly
significant portion of heat as the temperature is
increased. The electronic thermal conductivity is
larger for larger electron concentrations. At tem-
peratures below 100 K, the samples with the larger
electron concentrations have the lower thermal
conductivities because they have the greater den-
sities of point defects to scatter phonons. Above
80 K, the larger electron-concentration samples
have the higher thermal conductivities because they
have the greater electronic heat transport. Thus,
the total-thermal-conductivity curves for two sam-
ples mith different electron concentrations inter-
sect near 80 K.

In order to analyze the lattice thermal conductiv-
ity at all temperatures, it was necessary to deter-
mine what fraction of the total heat was transported
by electrons. As a first step, the electronic ther-
mal conductivity was calculated by using the values
determined by AKS for L/Lo (see Fig. 5) in the
modified Wiedemann-Franz law,

KK=(L/L())L(PT, (22)

where &~ is the electronic thermal conductivity,
L,,=2.44x10-' WQK, a is the electrical conduc-

sidering separately the contributions of longitudi-
nal and transverse phonons was tried, but the data
could not be fit at all well in this way without in-
cluding resonance scattering.

The model for the lattice thermal conductivity
of HgSe which we have described is admittedly de-
fective. Lumping together the effects of the trans-
verse and longitudinal phonons cannot be justified,
and the assumption of the Debye-phonon dispersion
relation with a temperature-independent cutoff
frequency is a drastic oversimplification. How-
ever, there simply is not enough known about the
acoustic-phonon dispersion characteristics of HgSe
to justify a more sophisticated model with an ac-
companying proliferation of parameters not now

known.
Of the scattering parameters included in the

thermal-conductivity model, the set A, E, &„N
and 8 is most influential below 30 K, and at these
lower temperatures the model is insensitive to the
value of the Debye cutoff frequency. Thus, by fit-
ting the data, reasonably reliable values for these
parameters should be obtained. Above 30 K, the
normal and umklapp scattering processes are the
more influential, and the values obtained for the
parameters 8&, B2, and g are affected strongly
by the value used for the Debye cutoff frequency.

IV. ELECTRONIC THERMAL CONDUCTIVITY
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FIG. 5. Effective Lorenz number L/Lo as function of
temperature for HgSe as determined by Aliev, Korenblit,
and Shalyt (Ref. 13) ( ~ ) and by this work (0).

tivity, and T is the absolute temperature. The
calculated electronic thermal conductivity was sub-
tracted from the total thermal conductivity to ob-
tain the lattice contribution only. However, when
the values for L/Lo given by AKS were used, the
resultant lattice thermal-conductivity curves for
different samples still intersected. This implied
that the calculated electronic thermal conductivity
was too small, i. e. , that the L/Lo values deter-
mined by AKS were too small. The reasons for
the discrep'ancy when the L/Lo values of AKS were
used may be deduced from the description of their
experimental procedure. They measured the
change in total thermal conductivity of a sample as
a magnetic field was applied, and they assumed
that all of the change resulted from a decrease in
the electronic thermal conductivity. They main-
tained a constant influx of heat into the sample, and

the sample mean temperature increased by 1-2 K
when the magnetic field was fully applied. Above
100 K, a change in sample temperature of 1-2 K
relative to the temperature of its enclosure re-
sults in a significant increase in heat radiated
from the sample. Thus, as they applied a magnet-
ic field to a sample, AKS were measuring not only
a real change in thermal conductivity because of
the decrease in the electronic part, but additional-
ly an apparent change because of increased radia-
tion loss from the sample. A 2-K increase of the
sample mean temperature could easily have re-
sulted in a radiation-loss error of magnitude com-
parable with the change in the electronic thermal
conductivity.

It was necessary for us to independently deter-
mine the electronic thermal conductivity of each
sample. This was done by an iterative procedure
as follows.

(i) The total thermal conductivity at a given
temperature T, for a number of samples was

plotted against electrical conductivity. The points
plotted were least-squares fitted by a straight line,
the intercept of which at o. =0 was assumed to give
the lattice thermal conductivity Kp(T, ) of an ideal
sample free of ionized impurities.

(ii) Approximate values for the Rayleigh scat-
tering parameter A for the different samples were
obtained by least-squares fitting the Callaway ex-
pression, Eq. (2), to the total-thermal-conductiv-
ity data for temperatures lower than 100 K, where
the electronic contribution is small. The values
for A so obtained were plotted against the electron
concentration at 4. 2 K and least-squares fitted by
a straight line. The intercept of the line at n= 0
gave a value Ao which was assumed to be the Ray-
leigh scattering parameter for an ideal sample
free of ionized impurities.

(iii) The Callaway expression with Ao as the
Bayleigh scattering parameter was fitted to the

zo(T, ) values to obtain values for the other param-
eters. The parameters so obtained together with
the approximate values of A for each sample then
were used to calculate the lattice thermal conduc-
tivity of each sample at the temperatures T, . By
subtraction, the electronic thermal conductivity
was obtained for each sample at each temperature
T) ~

(iv) The electronic thermal conductivity was
plotted against electrical conductivity for each
temperature, and from the slope of the least-
squares straight line passing through the origin
the effective Lorenz number was calculated. This
was done for temperatures from 150 to 220 K. Be-
low 150 K, the electronic thermal conductivity was
too small to be determined accurately, and above
220 K the possible errors caused by radiation loss
were excessive. The Lorenz number for tempera-
tures outside the range 150-220 K were obtained
by extrapolation. The Lorenz-number curve as a
function of temperature was extrapolated linearly
from 150 to 0 K, with L/Lo assumed to be unity at
0 K, and extrapolated to higher temperatures by
assuming constant curvature above 220 K. From
the effective Lorenz-number curve so constructed,
the electronic thermal conductivity as a function of
temperature from 0 to 300 K was calculated for
each sample and subtracted from the measured
total thermal conductivity to obtain the lattice con-
tribution.

(v) The lattice thermal-conductivity data for
the different samples were again fitted by the Cal-
laway expression, but this time over the complete
temperature range for which data were obtained.
The fits gave slightly revised values for the vari-
ous scattering parameters. The revised values
for A were plotted again as in step (ii) to obtain a
revised value for Ao and the succeeding steps
were repeated. The cycle was repeated until no
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FIG. 6. Electronic thermal conductivity as function of
electrical conductivity of HgSe at eight different tempera-
tux'es. Data shown were deduced from measured total
thex'mal conductivity. Slopes of least-squares straight-
line fits were used to calculate effective Lorenz numbers
shown in Fig. 5.

changes mere produced in the effective I orenz
numbers. This procedure necessarily yielded val-
ues for the effective I orenz number of HgSe be-
tween 150 and 220 K mhich are consistent with our
thermal-conductivity data. It has been assumed
that the effective Lorenz number does not depend
upon electrical conductivity and that the Hayleigh
scattering parameter is a constant plus a term
mhich increases linearly mith electron concentra-
tion. Our results support these assumptions, at
lea,st for sa,mples with g & 3.Ox 10' cm 3. The final
curve obtained for I,/I, o is shown in Fig. 5, and the
plots of z~ as a function of o for eight different
temperatures are shomn i.n 'Fig. 6. Because of the
scatter in the data and the difficulty of accurately
calculating errors from radiation loss, it is diffi-
cult to establish the probable error of our I/1.0
values. They cannot vary as much as + 10/0, how-
ever, and be consistent with the total-thermal-con-
ductivity data unless our estimates of radiation-
loss errors are incorrect by an order of magni-
tude.

Figure 7 shows the measured thermal conduc-
tivity, calculated radiation-loss error, electronic
thermal conductivity, and resultant lattice ther-
mal conductivity between 100 and 280 K for HgSe
3-2, a sample with a rather large concentration
(Sx 10~8 cm 3) of conduction electrons. The radia-
tion-loss error and electronic contribution both are
approximately the same as the lattice thermal con-
ductivity at 280 K, and an error in determining the

0.10

0,08

I„0.06

I

E

y 0.04

0
o o

xa(4atlon loss ox Kg mould cause a comparable rel-
ative error in the lattice thermal conductivity.
The situation improves rapidly with decreasing
temperatures because zz steadily becomes a
smaller fraction of the total thermal conductivity
and the radiation-loss error decreases and is neg-
ligible at 100 K.

V. THERMAL-CONDUCTIVITY CURVE FITTING

The lattice thermal-conductivity data for HgSe
were fitted by adjusting the parameters 8&, 8„
a, Il, D, A, ~„~, and ¹3The various scat-
tering mechanisms assumed and the parameters
associated mith each are summarized in Table GI.
The sample cross-sectional dimensions are given
in Table I, and the values calculated for m*/m,
and 0, are given in Table H. The average speed
of sound in HgSe mas calculated from the values
at 4 K given by Lehoczky, Nelson, and Whitsett~6

for the longitudinal velocity v, = 2. 896x 105 cm/sec
and the transverse velocity e, = 1.677 x 10' cm/sec
in the (100) direction. The average value used
%RS

2 -'—+— =1.95x10' cm/sec .
t't

The value given by Lehocxky, Nelson, and Whitsett
for the Debye temperature, Q=151 K, also mas
used. The value used for the density p was 8.287
g/cms, which was calculated from the weight
change of HgSe single crystals when immersed in
mater. The Griineisen constant y was assumed to
be 2.0.

0.02
Ik ~

0 MAM-1 ~W 1 f l i i i J i l i i

100 150 200 250 300
Temperature (K)

PIG. 7. Example of relative magnitudes of different
contributions to measured thermal conductivity in the
case of Hgse 3-2 with 3.0 & 10 8 electrons/cm3. Shown
are the measured thermal conductivity (0), the calcu-
lated subtxactive radiation-loss correction (dashed line),
the calculated electronic thermal conductivity (solid line),
and the lattice thermal conductivity ( ~).
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TABLE III. Inverse relaxation times for various phonon scattering mechanisms used to curve-fit thermal-conductivity
data. In these expressions, 8 is the Debye temperature, v is the speed of sound, g is the crystal cross-sectional area,
and 0& is the electron-phonon cutoff temperature. The variable parameters are 8&', 82, a, ~„coN, I', A, D, and N.

Umklapp processes

Normal processes

Boundary scattering

Rayleigh scattering

Electron-phonon
scattering = 0 (a&)KOQI)

N g(u)) f((d, T) gg((o),16 p v M~

g((o)= 1+ ' In ~ — 1 ——+ 1 ——1 ——

Resonance scattering (~ ~)2 ~h 4)~-cu)/KT ( hau/KT 1)
(eh &g/ K& 1)(eh «s"&)/K2' 1)

8 (co —o)~), co,~ coD
h(~) =

e(COg —
COg)

—M) e(M —Mg)) o (dg & COg)

The logarithm of the thermal conductivity given
by Eq. (2) was fit to the logarithms of the mea-
sured values by the method of Marquardt~~ for the
least-squares estimation of nonlinear parameters.
If a, is the thermal conductivity measured for a
sample at a temperature T, , and if N(T, ) is the
value calculated at T, from Eq. (2), then the curve
fitting was done by finding the set of relaxation-
time parameters which minimized

4 =~ [1ogxoz& logioa'(T&)]

where y is the number of data points. The stan-
dard error for the fit to a set of data is So
=[4' „/(x u)]'~, wh-ere I is the number of adjust-
able parameters. Confidence limits for the values
of the parameters which minimized C were calcu-
lated by finding the lower and upper limits of the
range of values of each parameter which gave a 4
such that (4 —C „)/NSoo& F. The variance ratio F
in each case was so chosen that the probability
was 0.990 that the true value of a parameter lay
between the lower and upper confidence limits. 3

Because there was no reason to believe that the
umklapy and normal scattering should vary from
sample to sample, the data. for HgSe 3-2, 3-3, 3-4,
3-5, 4-1, and 5-1 were fit simultaneously with the
restriction that B~, B2, g, and D be the same for
all of the samples. The results of this "group" fit
to a total of 267 data points with 22 adjustable pa-
rameters are complied in Table IV. The range for
each parameter within which the probability is

0.990 that the true value of the parameter is in-
cluded is indicated by the plus and minus incre-
ments in Table IV. The calculation of the confi-
dence limits assumes, of course, that the theoreti-
cal model used to fit the data is perfect. (Also in-
cluded in Table IV are parameters for HgSe 3-6
and 4-2 which were not included in the group fit-
ting; the data below 4 K for these samples were
anomalous, possibly because of diffusion of indium
solder into the crystals )The .lattice thermal-
conductivity data that were fitted are plotted in
Figs. 8-10, and the least-squares-fit curves
calculated from Eq. (2) and the parameters in Ta-
ble IV are shown. Also shown for each sample in
Figs. 8-10 is the calculated electronic thermal
conductivity, which was subtracted from the data
in Figs. 2-4 to obtain the lattice thermal conduc-
tivity.

The values for the parameters Bj, Bp, and a
required to fit the data have the magnitudes usual-
ly found for other materials. The theoretical
basis for none of these parameters is good, and
because of the oversimplification of our model for
thermal conductivity there is no reason to believe
that the precise values of these parameters have
significance. The parameter B,' in the expression
for the umklapp relaxation time, Eq. (7), is 2. 19
x 10-~~ sec K ~. The formula of Slack and Galginai-
ti ~sEg. (8), gives inthe case of HgSe, B~=3.21
x 10 sec K ~, a value about one-seventh of that
determined by curve fitting. The parameter g in
the exponential factor for umklapp scattering
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TABLE IV. Phonon scattering parameters determined by curve fitting the thermal-conductivity data of all HgSe
samples simultaneously. In addition to B&', B2, and a, the electron-phonon scattering parameter D was required to be
the same for all samples. The Least-squares fit was obtained with B& ——{2.19+ 0.14) && 10 sec K, B2= {3.01+ 0.77)
&& 10 sec K, a=1.23+ 0.06, co~=4. 32 &&10 sec, and D=(8.50+1.63) & 10" . Standard deviation for the group fit
was Sp= 0 02586 o Probability is 99.0% that true value of a parameter is within the given plus and minus increments.

HgSe
sample

No.

1044 A.

(sec3)
10 N
(cm 3)

Standard
error

3-2
3-3
3-4
3-5
3-6
4-1
4-2
5-1

1.8 (+1.2, —0.4)
6.0 (+8.2, -1.9)
4.4 (+6.5, -1.2)
0.85 (+0.48, —0.26)
0.31

i36'
0.22

788b

327 (+44, -39)
108 (+17,—15)
114 (+20, -16)
362 (+50, -43)
151

94 (+i5, -i3)
331
232 (+33,-20)

"NonlinearHgSe samples 3-6 and 4-2 were not included in group

fitting

0.032 30
0.03318
0.01451
0, 025 13
0.01641
0.020 50
0.01766
0.01961

436 (+iii, -90)
193 (+49, -66)
222 (+61,-50)
378 (+105,—82)
228
237 (+55, -46)
436
376 (+90, -74)

confidence limits could not be found.

should be of the order unity, and the value of 1.23
found for g is reasonable. The value of Bj for
HgSe is larger than that reported ' for the related
compound HgTe (9.30x 10 ~8 sec K ~), but the val-
ues found for B~ (3.01x10 sec K s) and for g

(1.33) are essentially the same as those (82= 3.00
x10 "secK ' and g=1. 30) for HgTe.

The boundary scattering parameter 5' can range
from unity for completely diffuse reflection of pho-
nons at the crystal bounda, ries to infinity for com-
pletely specular reflection, but for most materials
it is found experimentally to be of the order of uni-
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FIG. 8. Lattice thermal conductivity of HgSe 3-2 ( +)
and HgSe 3-3 (4). HgSe 3-2 was as-grown and had 3.0
&& 10 electrons/cm; HgSe 3-3 was vacuum annealed
and had 5.7 && 10 electrons/cm at 4.2 K. The solid lines
were calculated by using the parameters of Table IV in
the Callaway formulation. The dashed lines are the cal-
culated electronic thermal conductivities.
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FIG. 9. Lattice thermal conductivity as function of
temperature for HgSe 3-4 (V') and HgSe 3-5 (+). HgSe

, 3-4was Se-vapor annealed and had 8.0 && 10 electrons/cm
at 4.2 K; HgSe 3-5 was Hg-vapor annealed and had 6.7
X 10 electrons/cm3. The solid lines were calculated by
using the parameters of Table IV in the Callaway formu-
lation. The dashed lines are the calculated electronic
thermal conductivities.
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FIG. 10. Lattice thermal conductivity as function of
temperature for HgSe 4-1 (0) and HgSe 5-1 (G). HgSe
4-1 was vacuum annealed and had 2.1x 10~~ electrons/
cm at 4.2 K; HgSe 5-1 was as-grown and had 2.2 x 10
electrons/cm . The solid lines were calculated by using
the parameters of Table IV in the Callaway formulation.
The dashed lines are the calculated electronic thermal
conductivities.

ty. In Table IV the large values listed for F re-
sulted from the curve-fitting program virtually
eliminating the boundary scattering term from the
mean free time to achieve a minimum sum of
squares. If the data had extended to lower tem-
peratures, the electron-phonon scattering term
could have been established with much greater
confidence, and the values then obtained for F
would have been more significant. (The data could
be fitted equally well by omitting the electron-pho-
non scattering term and allowing F to vary freely
to limit the calculated low-temperature thermal
conductivity. However, this resulted in values for
E considerably smaller than unity for the samples
with electron concentrations greater than 1x10
cm s, and this is not reasonable physically. )

The parameter D, given by Eq. (16), was deter-
mined to be 8. 50&&10 5, and this implies a value for
the deformation potential of Q. 68 eV. As was men-
tioned previously, the ps~ -like symmetry of the
conduction-band wave functions allows electronic
scattering of both longitudinal and transverse pho-
nons. Moreover, the deformation potential asso-
ciated with longitudinal-phonon scattering by the s-
like electrons of a normal semiconductor is re-
placed by five irreducible matrix elements, ' Bnd
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FIG. 11. Hayleigh phonon scattering parameter A (O)
and resonance mode density N (0) as functions of conduc-
tion-electron concentration. Parameters A and N are
those given in Table IV and were determined by curve
fitting thermal-conductivity data.

complicated angular dependences appear in the dif-
ferential scattering cross section. Thus, the value
of 0.68 eV for the deformation potential has sig-
nificance only as a lumped parameter required to
fit the data.

The Rayleigh scattering parameter, although

strongly statistically correlated with the resonance
scattering coefficient N, was determined with rela-
tively high confidence. In Fig. 11 both A and N are
plotted as functions of the low-temperature elec-
tron concentration n. If the conduction electrons
are contributed by excess interstitial mercury
atoms, then for each electron there should be one
point defect and A should be a linear function of
the electron concentration. For electron concen-
trations up to 3&&10 cm, the values determined
for A do vary approximately linearly with n, and

the straight-line least-squares fit to the data is
represented by

A = 5.7 X10 ' sec + (8.4X10 sec cm )n . (25)

However, for n &3&&10' cm, the Rayleigh scat-
tering parameter no longer varies linearly with the
electron concentration and had, for three samples,
an average value of 3.4&&10 sec'.

The concentration-dependent term in Eq. (25)
for n &3.0&&10 cm ' is given by Eq. (13) if n is
substituted for N& and if S&

——1.43. The constant
term in Eq. (25) is larger than A„,„[Eq. (11)]
by more than an order of magnitude, and such a
discrepancy implies that other, neutral, Rayleigh
scattering centers were present. A simple hypoth-
esis is that each sample had a concentration of
neutral defects of 1.3&10 cm with unity scat-
tering factors. Then Eq. (13) yields a neutral
defect contribution to A of 5. 3X10 sec, which
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TABLE V. Phonon scattering parameters determined
by curve fitting the thermal-conductivity data of all HgSe
samples simultaneously. (HgSe samples 3-6 and 4-2 were
not included in group fitting. ) In addition to B~, B2, a,
and D, the concentration N of resonantly scattering modes
was required to be the same for all samples. The least-
squares fit was obtained with B~ =2.17 x 10 sec K ~,

B2=2.43&& 10 sec K, a=1.33, co~=4.44& 10 sec
D=8.45X 10, and %=349&& 10 9 cm 3. Standard error
for the group fit was 80 = 0 030 85.

HgSe
sample

No.

3-2
3-3
3-4
3-5
4-1
5-1

2, 0
3.0
2, 6
0.84

20
161

10"a
(sec3)

368
69
82

374
69

240

added to the calculated value of A„,t gives the con-
stant term in Eq. (25). This concentration of neu-
tral defects is about the same as that postulated"
to explain the anomalous electron mobility in e-Sn.
The low-electron-con. centration samples of HgSe
used in this study have mobilities vvhich are com-
parable with those of e-Sn samples, i.e. , consid-
erably lower than the theoretically expected val-
ues. To test the hypothesis that the additional
electron scattering is from neutral defects, the
Rayleigh scattering parameter A should be ex-
amined for low-electron-concentration samples
whose mobilities approach more closely the theo-
retical values.

The value obtained for w, 3, 3&&10' sec ', im-
plies a radius of o.,' = 6&&10 cm for the resonant
centers. However, the curve fitting was quite in-
sensitive to cha, nges in iz„, and i~ could be in-
creased or decreased an order of magnitude with-
out significantly increasing the standard error of
the fit. The value of v„4.32&10' sec ', implies
that the resonance lies within the acoustic-phonon
band; that is, the resonance is a quasilocalized
mode. The values for N, the density of resonance
modes, had high statistical correlation with the
Rayleigh scattering parameter values. The best
fit gave values for N between 1.9 ~10 and 4.4
&10 cm . Such large values for N certainly are
not reasonable, even if one assumes that a reso-
nant complex extends to second nearest neighbors
of the responsible lattice defect. Errors of this
sort are typical of calculations for third-order
processes in crystals with unit cells whose non-
equivalent atoms have greatly differing masses.
It is not known whether they are associated with
dispersion, ' that is, violation of the Debye ap-
proximation, or with breakdown of the "Gruneisen

approximation" [Eq. (38) of Ref. 32]. Additional
work, done in an attempt to identify the resonant
scatterers, will be described in Sec. VI.

VI. RESONANCE SCATTERING

The resonance scattering mode density N, plotted
as a function of electron concentration in Fig. 11,
has behavior resembling that of the Rayleigh scat-
tering parameter A. However, the data for all the
samples collectively also could be fitted rather
well (with a standard error of 0.03085) by assum-
ing that N is constant for all samples. The results
of such a fit are compiled in Table V. The con-
stant value obtained for N was 3.49 ~10 ' cm
The values obtained for A are different, but the de-
pendence of A upon n is unchanged qualitatively.
Thus, data for many more samples would be re-
quired to definitely establish if N varies randomly
around a mean value from sample to sample or is
correlated with n and A,

If the resonance scattering is due to a chemical
impurity, the most likely candidates are substitu-
tional oxygen, sulfur, and tellurium. It is diffi-
cult to quantitatively analyze for these elements in
HgSe, but chemical analyses indicated that Te, if
present at all, was less than 10 ppm by weight and
that S was present in concentrations possibly as
large as 20—30 ppm by weight in all samples. Al-
though the resonance frequency lies within the
acoustic band, the lighter elements, oxygen and

sulfur, cannot be eliminated from consideration.
Takeno ' has pointed out that for a light impurity,
even without softening of force constants, there is
a solution of the defect matrix lying within the
band in addition to the solution for the true local-
ized mode lying outside the band.

To determine if substitutional oxygen was impor-
tant in the resonance scattering of phonons, a sam-
ple of HgSe was prepared which should have had a
significantly lower oxygen concentration than that
of the other samples. A specially constructed
quartz distillation apparatus was used to triply dis-
till the Hg and Se starting material; the distilla-
tions were performed and the elements distilled
into the crystal preparation capsule without ex-
posing any of the material to air. Before each dis-
tillation the materials were heated and outgassed in
a vacuum of pressure less than 1&&10 Torr. The
outgassing temperature for Se was 250 'C, a tem-
perature high enough to decompose Se03 to Se.
The thermal conductivity (shown in Fig. 12) of
crystal HgSe 6-1 grown from the triply distilled
and degassed elements was identical with the ther-
mal conductivity of other HgSe crystals that had
the same electron concentration. Although the ox-
ygen content of HgSe 6-1 relative to that of the
other crystals was not determined, it should have
been smaller, and the magnitude of the resonance
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FIG. 12. Total thermal conductivity of HgSe 6-1 (Q),
grown from vacuum-distilled Hg and Se; HgSe 7-1 (Q),
grown with excess Hg; and vapor-grown HgSe (~).

should have been slightly smaller if interstitial
oxygen were important; however, the resonance
was unchanged.

Another crystal, HgSe 7-1, was grown from a
melt which contained a 5-wt% excess of Hg to de-
termine if an increased Hg vapor pressure at the
time of crystallization had an effect on the reso-
nance scattering. The thermal conductivity of
HgSe 7-1, also shown in Fig. 12, was identical
with that of other crystals which had comparable
electron concentrations. Finally, the thermal con-
ductivity (shown in Fig. 12) of a HgSe crystal grown
from vapor on a substrate at 500 'C was measured
and was identical with that of crystals grown from
a melt.

To determine if substitutional sulfur plays a role
in the resonance effect, two HgSe crystals were
prepared with added sulfur impurity. The first
of these, HgSe Sl, contained 5.0x10's atoms/cms
of S substituted for Se; the second, HgSe S2, con-
tained 5. 0x10 0 atoms/cm of S substituted for Se.
These sulfur concentrations are, respectively,
0.14 and 1.4 at. % compared with approximately
0.011 at. % (-4x10 atoms/cm') possibly present
in the undoped HgSe. The sulfur-doped crystals
were subjected to annealing in vacuum and in Hg
vapor, and their lattice thermal conductivities
were determined by the methods used for the un-
doped samples. The lattice thermal conductivities
of HgSe Sl-1 (vacuum annealed) and HgSe Sl-2
(Hg-vapor annea, led) are shown in Fig. 13, and of
HgSe S2-1 (vacuum annealed) and HgSe S2-2 (Hg-

vapor annealed) in Fig. 14. The addition of S to
HgSe lowered the higher-temperature lattice ther-
mal conductivity, and the data for the sulfur-doped
crystals could not be fitted satisfactorily byusing the
umklapp and normal scattering parameters that fit
the data for undoped crystals. The samples S1-1
and S1-2 were fitted simultaneously with only E, A,
and N allowed to vary between samples, and the
data for HgSe S2-1 and S2-2 similarly were fitted
simultaneously. The parameters which gave the
least-squares fits are complied in Table VI. The
Rayleigh scattering parameter increased with in-
creased sulfur doping as is to be expected. Addi-
tionally, both the resonant frequency ~», and the
resonant mode density N increased with sulfur dop-
ing.

The addition of sulfur clearly affects the reso-
nance scattering of phonons in HgSe, but it cannot
be concluded from the results presented here that
substitutional S atoms are the resonance centers.
The change in the lattice dynamics of HgSe upon
the addition of sulfur, as evidenced by the changes
in the umklapp and normal scattering parameters,
mould considerably affect the nature of the reso-
nance scattering whatever the identity of the reso-
nance centers. Furthermore, in the sulfur-doped
HgSe crystals, the increase in N with an increase
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FIG. 13. Lattice thermal conductivity as function of
temperature for HgSe doped with 5 x 10 S atoms/cm .
HgSe S1-1 (Q) was as-grown and had 4.2 && 10 electrons/
cm3; HgSe Sl-2 (~) was vacuum annealed and had 8.5
&& 10~~ electrons/cm at 4.2 K. Solid lines were calcu-
lated by Callaway formulation. The dashed 1.ines are the
calculated electronic thermal conductivities.
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FIG. 14. Lattice thermal conductivity as function of
temperature for HgSe doped with 5 x 10 S atoms/cm
HgSe S2-1 ( ~) was as-grown and had 4.0 x 10 electrons/
cm; HgSe S2-2 (Q) was vacuum annealed and had 4.9
x 10 7 electrons/cm at 4.2 K. Solid lines were calcu-
lated by using the parameters of Table VI in the Callaway
formulation. The dashed lines are the calculated electron-
ic thermal conductivities.

in electron concentration is about the same as for
undoped crystals.

The only other low-temperature thermal-conduc-
tivity data for HgSe in the literature is that of
Aliev, Korenblit, and Shalyt. ' Their data for a
HgSe single crystal with 5.0&&10' electrons/cm'
are reproduced in Fig. 15, and for comparison our
data for HgSe 3-3 with n= 5.7 &&10 cm are shown
also. Above 8 K, the two sets of data are the same
to within experimental error. However, their data
do not exhibit any trace of a resonance dip and fall
off much too rapidly with decreasing temperature
to be explained by boundary scattering and elec-

PIG. 15. Comparison of lattice thermal-conductivity
results of Aliev, Korenblit, and Shalyt (Ref. 13) for HgS6
with 5 x 10 electrons/cm (+) and for HgSe 3-3 with
5.7x10'7 electrons/cm at 4.2 K (d).

tron-phonon scattering. It cannot be argued that
the sample measured by Aliev, Korenblit, and
Shalyt was more pure than ours and therefore had
a negligible number of resonance centers, because
if that were true, the thermal conductivity of their
sample should have had a maximum value larger
than that measured for our samples. As Fig. 15
shows, we measured a maximum nearly four times
larger than they did. To explain their results for
temperatures below 8 K, some additional photon
scattering mechanism, not present in our crystals,
must be assumed.

VII. DISCUSSION

Although the general mechanisms of phonon scat-
tering in HgSe have been established, the identity
of and relations between the scattering centers are
far from clear. Of particular importance are the

TABLE VI. Phonon scattering parameters determined by curve fitting the thermal-conductivity data of sulfur-doped
HgSe single crystals. Samples Sl-1 and S1-2 were fit simultaneously with only I', A, and N permitted to vary between
samples. Samples S2-1 and S2-2 similarly were fit simultaneously. The value used for D was that given in Table V.

HgSe
sample

No.

Sl-1
S1-2

S2-1
S2-2

S atoms
added

per cm

5x 10'9

5 x 1020

101v g'
(sec K ~)

1.91

1.19

10 B2
(sec K 3)

1.10

5.18

1.43

3.04

10
(sec-')

5,22

5.50

4.8

1.6
0.93

1044 A
(sec3)

388
205

418
293

10-"N
(cm-3)

601
353

959
790

Standard
error

0.022 84

0.023 78
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relation between N and A and the apparent leveling
off of the number of Rayleigh scatterers above an
electron concentration of 3 &10' cm

The first and simplest explanation of the level-
ing off of A is that the theory of Rayleigh scatter-
ing becomes invalid for defect concentrations
larger than 3~10 cm . Such a sharp cutoff is
unlikely, although in the temperature range for
which Rayleigh scattering dominates, the wave-
length of phonons conveying the maximum heat cur-
rent per unit energy does approach the distance
between scatterers at this concentration. If the
theory is accepted as valid, then a number of other
hypotheses can be formed.

First, assume that the ionized impurities and the
resonant scatterers are one and the same species.
Then, the leveling off of A may be explained as
the appearance of a second ionization state with a
Rayleigh scattering cross section not markedly dif-
ferent from that of the singly ionized state. The
change of ionization state would certainly change
the localized modes, and indeed one does see an
apparent decrease in the resonance mode density
of samples with more than 3&10 electrons/cm'.
However, two factors mitigate against this hypothe-
sis: The change in E is not large enough to account
for the added electrons, and the samples with n
&3~10 cm have electron mobilities closer to
the theoretical values than those with n & 3&&10'

cm . Doubly charged centers would cause mobil-
ities to be more divergent from the theoretical val-
ues.

Second, it might be assumed that the resonant
scatterers are neutral and distinct from the ion-
ized defects, and that the leveling off of A is again
produced by the appearance of a second ionization
of the ionized defects. The same objection con-
cerning the mobility detracts from this hypothesis
as well as the first.

Third, one can assume again that the resonant
scatterers 'and ionized impurities are distinct
species, but that the additional electrons above 3
&&10 cm result from ionization of the neutral
resonant scatterers. This would account for both
the apparent leveling off of A and the decrease
in N.

Whatever the cause of the nonlinear behavior of
A, it may well be related to another characteris-
tic of HgSe, namely, that samples which have
either less than or more than about (2-3)X 10

electrons/cm change with time at room tempera-
ture and tend towards having electron concentra-
tions of about (2-3) && 10' cm . This has been our
observation as well as that of others.

Although the resonance mode density increases
with sulfur concentration in the heavily doped sam-
ples, this does not indicate that the substitutional
sulfur atoms are the source of the resonant scat-
tering, since the increase in mode density is quite
small in comparison with the increase in sulfur
concentration. It is more likely that this effect,
along with the change in &, , is due to a change in
the environment of the resonant scatterers.

In order to settle these questions concerning the
identity of the scattering centers and the leveling
off of A, a larger number of high-concentration
samples would have to be examined. It would also
be useful to have far-infrared ref lectivity or Ra-
man observations of the localized modes to aid in
their identification. Grynberg, Le Toullec, and
Balkanski'6 have recently observed a strongly tem-
perature-dependent structure in the far-infrared
ref lectivity of HgTe which they interpret to be a
localized mode produced by a very large defect
density. This mode, however, is a gap mode. It
may be significant that HgTe, which always grows
p type, has a high-frequency gap mode while HgSe,
which always grows n type, has a low-frequency
mode within the acoustic branches.

Sherrington' has recently predicted that the
acoustic modes of the zero-gap structures, be-
cause of the unusual singular properties of their
dielectric functions, should have two regions of
linear dispersion separated by a transition region
around the Fermi momentum of the electron gas.
It should be noted that at the lowest temperatures
of this experiment, most of the heat current is
carried by phonons with wave vectors smaller than
the Fermi momentum. Thus, if a quantitative
microscopic theory of heat conduction in these
structures at low temperatures were available, a
low-temperature thermal-conductivity experiment
might provide a convenient method of detecting this
anomalous phonon dispersion.
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Attenuation suffered by compressional and shear acoustic waves propagating along the (100) and

(110& directions has been evaluated from measured third-order elastic moduli for germanium metal in

its pure and doped states at room temperature. The present results for pure germanium are in excellent

agreement with previous attenuation measurements. As an effect of doping, an increase in phonon

viscosity and in thermoelastic attenuation is observed. The resisting force acting against moving

dislocations of both types is also presented.

I. INTRODUCTION

The transfer of acoustic energy into thermal-
phonon energy accounts for a major part of the
acoustic-wave attenuation in crystals. Of the three

principal thermal causes' of ultrasonic attenuation
in solids, only the phonon-viscosity mechanism
and the thermoelastic phenomenon provides some
non-negligible contributions for dielectric crys-
tals. ~ In the former process, energy conversion


