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It is shown that the band-inversion phenomenon proposed by Dimmock, Melngailis, and
Strauss should influence the electrical properties of Pby, q;Sng,038¢. On the basis of a simple
model, it is demonstrated that this influence should be pronounced for materials of low carrier

concentration.

This expectation is confirmed by our experimental studies of the electrical

resistivity and Hall coefficient as a function of temperature, carrier concentration, and carrier
type. In addition, an analysis of the data indicates that the effective mass of free carriers
changes considerably with temperature as a result of the small and widely varying band gaps

involved in the inversion phenomenon.

Finally, there is no definitive experimental evidence

of the multiple-band effects which have been reported for other materials of this type.

I. INTRODUCTION

Lead-tin-selenide (Pb,., Sn, Se) alloys in the
range 0<x <0, 4 are semiconductors with rocksalt
structure.! For these and the Pb,_, Sn, Te alloys,
the width of the energy gap E,,, is strongly depen-
dent upon both the alloy fraction x and the temper-
ature 7. By changing x and T appropriately, E,
can be varied over wide ranges, which include
very small values.!'? The unusual variability of
E,, is believed to be explainable in terms of the
band-inversion model first proposed by Dimmock
et al.? for Pb,.,Sn, Te and supported by the experi-
mental data of Strauss for Ph,_, Sn,Se.' According
to this model, as the Pb-Sn ratio is changed the
valence and conduction bands progressively ap-
proach each other, touch, and then invert their
roles. For a certain composition range in each
system, the bands can also be inverted by changing
the temperature of a given alloy.

Most of the past research on Pb,.,Sn, Se alloys
has dealt with variable-frequency infrared lasers
and detectors3~" and with crystal preparation, 1»7°
Very little is known concerning their electrical
properties. An objective of the work reported here
was to study these properties as a function of car-
rier type and concentration, in the expectation that
under certain conditions they would be influenced
strongly by phenomena associated with band inver-
sion, Evidence of such influence is provided by
the work of Strauss' who reported unusual sign re-
versals in the Hall coefficients of various
Pb;., Sn, Se alloys as the temperature was lowered
from 300 to 77 °K. In addition, abrupt variations
in the temperature dependence of the resistivity of
both Pb,.,Sn, Te and Pb,., Sn, Se of high carrier
concentration have been correlated with band-in-
version phenomena, %2 More recently, we have
reported a preliminary study on p-type Pbg,;:Sn,.235€
of low carrier concentration in which it is shown
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that large variations in the temperature dependence
of both the Hall coefficient and resistivity are as-
sociated with band inversion, !* The research re-
ported here is an extension of the latter work.

The Pby,775n,235¢ alloy was selected for study be-
cause we believed that the phenomena mentioned
above would be strongly manifested in this material
at convenient temperatures.

Another equally important objective of our work
was to obtain information concerning other features
of the over-all valence-conduction-band structure.
Although a considerable amount of experimental
evidence exists which supports the reality of the
band-inversion phenomenon in this material, there
is very little experimental information concerning
the significance of other possible complicating
band features such as band distortions and multiple
bands. In general, such features would be expected
to influence the electrical properties in distinctive
and observable ways. We believed that our mea-
surements would yield useful information concern-
ing these topics.

II. EXPERIMENTAL

The Pbg,4Sng,255€¢ crystals used in this study
were prepared by the gradient-freeze technique.
The starting alloy was obtained by melting the ele-
ments in a sealed quartz ampoule and quenching.
The crystals were grown by transferring this alloy
to a second ampoule with a conical tip, melting it
in a vertical furnace with a temperature gradient,
and freezing the melt from the bottom up at a rate
of about 0. 2 in. /h. The freezing was accomplished
by lowering the temperature uniformly at a rate
of about 2 °C/h. The polycrystalline materials
grown in this way had crystallite dimensions ranging
from 1 to 5 mm. Metallurgical examination showed
no evidence of metallic inclusions. The alloy
fraction x was determined by measuring the lattice
constant o, using standard powder x-ray techniques
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and by applying the relation®**
ay=6.127-0.12x A, 1)

No significant variation in ¥ was found along the
length of the ingots except very near the ends. The
value of x in the central uniform region was charac-
teristically a few percent less than that of the
starting alloy.

Hall samples were formed from the parent ingot
using standard cutting and lapping techniques.
They consisted of rectangular parallelepipeds ap-
proximately 1.2x1.3x5, 0 mm®, Low-field Hall
coefficients Ry and resistivities p were determined
by the usual dc potentiometric methods. Extrinsic-
carrier concentrations N and Hall mobilities uy
were obtained from these measurements by em-
ploying the relations

N=1/e|Ry(4.2°K)]| , (@)

ky(T)=Ry(T)/p(T) . (3)

Various temperatures T were achieved by placing
the samples in an open liquid-helium Dewar and
allowing the system to warm slowly to room tem-
perature. The warming period was approximately
12 h, The temperature was monitored by a gold
+3% iron vs copper thermocouple from 4. 2 to 20 °K
and by a copper vs constantan thermocouple from
20 to 300 °K,

Extrinsic-carrier concentrations were varied
from the as-grown hole concentration of P=3,7
x10'® em™ by various isothermal heat treatments.
We believe that the extrinsic-carrier concentration
for our crystals is due primarily to the presence of
ionized lattice defects associated with deviations
from stiochiometry15 and that our heat treatments
served to control these deviations.® A possible
exception applies to sample A, as discussed in the
next paragraph. Large hole concentrations were
obtained by annealing samples at high temperatures
in the presence of a Se-rich ingot of Pby,77Sng,z35€.
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The annealing period was followed by a rapid quench
in water. Samples of large free-electron concen-
trations were obtained by the same method but with
a Se-deficient ingot. Low carrier concentrations
of both # and p type were obtained by anneals at
relatively low temperatures with a Se-deficient
ingot. The annealing temperatures, annealing
times, and the resulting electrical properties are
listed in Table I for all of our samples.

The p-type nature of sample A was unexpected
because heat treatment in the presence of a Se-
deficient ingot would normally be expected to yield
n-type material, We have established on the basis
of various experimental tests that the sample is
homogeneous and that the result is reproducible.
These findings suggest that impurities are playing
a significant role as acceptor defects in sample A,

III. MECHANISMS

In general, the Hall coefficient Ry and electrical
resistivity p can be expressed functionally as

Rg=f(n,1’,b» T’Y)’ (4)
p=gn,p,kn, iy, T,0).

In these relations, » and p are the free-electron
and free-hole concentrations, respectively; u, and
I, are the corresponding carrier mobilities; b

is the mobility ratio u,/H,; and T is the sample
temperature, The remaining symbols ¥ and 6 col-
lectively represent the dependences of Ry and p
upon details of the valence- and conduction-band
shapes. They normally involve phenomena which
are second order in nature, such as nonparabolicities
and anisotropies of the bands. The variables ap-
pearing in Eq. (4) are generally not independent of
one another, their interrelationships involving the
nature of the band structure and carrier scattering
mechanisms. The various explicit forms of Eq.
(4) are well known and will not be discussed here,
However, we do wish to point out some of the phe-

TABLE I. Results of isothermal annealing of Pby 77Sn, s35e.

Extrinsic-
carrier Hall mobility Annealing
concentration (cm=3) (cm?/V sec), temperature Companion® Annealing
Sample® Type 4,2°K 4,2°K 300°K C) ingot time
A p 2.3x10%7 2080 310 550 Se 24 days
deficient
B ) 2,1x10% 70 40 725 Se 1 week
rich
C n 1.1%x1018 28100 1080 575 Se 12 days
deficient
D n 1.7x101° 2620 650 625 Se 24 days
deficient

2A1l samples had cross-sectional areas less than 1.2X1,3 mm?.

2

PThe companion ingot was a Pby,7Sny,935e alloy with either a deficiency or an excess of Se.
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FIG. 1. Temperature dependence of the energy gap
for the Pbg,q;Sny,y;Se alloy expected on the basis of ex-
perimental results and the band-inversion model.

nomena associated with band inversion which could
influence Ry and p.

One of these phenomena is directly connected with
the unusual temperature dependence of E,,, expected
on the basis of the band-inversion model. ! Such
a dependence is illustrated in Fig. 1 for
Pbyg.q7Sng.235e. This relationship was obtained by
employing the experimental values for E,,, which
have been reported for various other alloy compo-
sitions, **% along with linear interpolations based
upon the band-inversion model. In deriving the
relationship in this way, the expected decrease in
the temperature coefficient of E,,, below approxi-
mately* 30 °K has been neglected. However, we
believe that this neglect does not have a significant
bearing upon our analyses. The small gaps in-
volved in the relationship of Fig. 1 suggest the
possibility of thermally exciting enough carriers
to influence the behavior of Ry and p at unusually
low temperatures. We shall refer to all such
situations as being intrinsiclike. Elementary rea-
soning leads to the expectation that intrinsiclike
behavior should be strongly dependent upon the ex-
trinsic-carrier concentration, being most pro-
nounced for low concentrations. These assertions are
supported by the illustrative calculations presented
in Sec. IV.

There are several other phenomena associated
with band inversion which could play significant
roles in determining Ry and p. For example, the
small energy gaps involved could lead to valence-
conduction-band distortions which would be large
enough to influence the effective mass of the free
carriers. In addition, multiple valence or conduc-
tion bands could lead to sizable carrier redistribu-
tions as the temperature is varied. The probable
significance of these phenomena cannot be easily
assessed theoretically, It is for this reason that
a major objective of our work was to obtain experi-
mental information concerning such phenomena,

IV. ILLUSTRATIVE CALCULATIONS

In order to obtain a more quantitative description
of the intrinsiclike behavior described in Sec, III,
we have carried out calculations of Ry and p based
upon an elementary band model undergoing inver-
sion. We wish to emphasize that the model repre-
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sents a simplification of the band structure one
would expect under these conditions. Nevertheless,
we feel that it is realistic enough to yield useful
information regarding many of the major features
in Ry and p arising from band inversion.

The model will be referred to as the constant-
mass band-inversion model. It consists of para-
bolic valence and conduction bands which are mir-
ror images of one another, each band being made
up of four equivalent valleys. I is assumed that
the energy gap separating these bands varies as
indicated in Fig. 1. This is the only feature of
band inversion which the model takes into account.
We have not included the changes in symmetry of
the valence and conduction bands which also accom-
pany the inversion process. The reason for this
omission is that such changes are expected to have
only a relatively minor influence upon the electrical
properties considered here,

Two of the important parameters involved in the
calculations are the carrier effective mass m* and
the electron-to-hole mobility ratio b. We have
assumed that both of these parameters are inde-
pendent of carrier concentration, temperature,
and energy gap despite the fact that they are gen-
erally dependent upon these variables. These de-
pendences are neglected in our model because
their influences are expected to be second order in
nature. The carrier effective mass of 0. 1m, em-
ployed in our calculations represents an upper
limit of values expected for Pbg, :;Sng, .39 over the
range of temperature and carrier concentration
considered here. Our estimate of this upper limit
was based upon the effective masses reported for!”
PbSe and other Pb,_, Sn, Se alloys.® Similarly, the
mobility ratio of 2. 0 which was used represents
an upper limit of values to be expected on the basis
of results reported for PbSe by Baryshev et al.!®

The carrier concentrations » and p were deter-
mined as functions of temperature in a standard
way.!® This involved employing the Fermi-Dirac
distribution function and the charge-neutrality re-
lation

p=ntN, (5)

in which N is the concentration of extrinsic car-
riers. The plus and minus signs apply to p- and
n-type materials, respectively. The extrinsic-
carrier concentration is taken to be independent of
temperature, an assumption based upon the fact
that the donor and acceptor defects in closely re-
lated compounds have been found to be completely
ionized at all temperatures, *"*2° The Hall coef-
ficient corresponding to the calculated values of n
and p was evaluated by applying the elementary two-
carrier relation

Ry=(1/e)[p-b%n/(p +bn)?] . (6)
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FIG. 2. Calculated temperature dependences of the Hall coefficient and resistivity of Pby, ¢;Sng o3Se. The calculations

In calculating p, it was assumed that the electron
mobility u, is given by

/1= (1/1g) +CT®, (7)

In this relation pp is the low-temperature residual
mobility and C and B are constants, This relation
was selected as a basis for the calculations because
it provides a reasonably good description of our
experimental results. The calculated values of

L, and W, were used along with the corresponding
calculated values of # and p to determine p by ap-
plying the standard two-carrier equation

p=(nep, +pep,)? . (8)

The results of our calculations are presented in
Fig. 2. They apply to p-type materials with three
different extrinsic-carrier concentrations, selected
so as to demonstrate the evolution of various fea-
tures of the curves. In agreement with expecta-
tions, the results indicate large intrinsiclike vari-
ations in both Ry and p at relatively low tempera-
tures. The variations are largest for the lowest
extrinsic-carrier concentrations, becoming pro-
gressively less significant as the carrier concen-
tration increases.

The variations in Ry calculated for an extrinsic-
carrier concentration of 2x10*" cm™® are of par-
ticular interest. For this case, Ry decreases
rapidly from about 80 to 100 °K. At higher tem-
peratures Ry becomes negative, partially due to the

were based upon the constant-mass band-inversion model described in the text.

fact that the mobility ratio b is greater than 1.
Such behavior is typical of that found in many other
semiconductors when contributions from thermally
excited carriers become increasingly important.
We wish to point out, however, that the relatively
constant value of Ry after it has become negative
is unusual. Normally, intrinsic behavior involves
a strong temperature dependence of Ry in this
temperature region. An analysis based upon our
model indicates that the unexpected constancy of
Ry is the result of a balance between two opposing
mechanisms. The first of these is the increasing
thermal energy which increases the number of
carriers as the temperature rises. The second

is the increasing energy gap which reduces the
number of thermally excited carriers as the tem-
perature is increased. The high degree to which
these two mechanisms balance one another will be
illustrated in Sec. V by calculations based upon
our experimental results.

The resistivity calculations were carried out for
three different values of B, the parameter repre-
senting the power of T in Eq. (7). The powers
1-3 were selected because they cover the range
which affords a reasonably good description of our
experimental data, In carrying out the calcula-
tions, the quantities pug and C in Eq. (7) were ad-
justed so as to give values of p at 4.2 and 300 °K
which are typical of those observed in these ma-
terials. A potentially useful characteristic of the
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resistivity curves applying to low carrier concen-
trations is the distinct minimum which occurs very
near the temperature 7,,, This characteristic is
of considerable interest because it suggests an
experimental means of determining the tempera-
ture at which band inversion takes place.

V. EXPERIMENTAL RESULTS

A. p-Type Material

Experimental results for sample A, with an ex-

trinsic concentration of 2.3%x10' cm™, are pre-

sented in Fig. 3. Both Ry and p vary strongly with

SAMPLE A n

p-2.3x107cm .
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FIG. 3. Observed electrical properties of p-type
Pby,775ny,,35€¢ having a extrinsic-hole concentration of
2.3%10" ¢m™. The various curves represent calcula-
tions based upon our constant-mass band-inversion mod-
el, as discussed in the text.
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FIG. 4. Calculated temperature dependence of the
electron and hole concentrations corresponding to the
observed variations of Ry and p for sample A presented
in Fig. 3. The broken curve represents the intrinsic-
carrier concentration.

temperature in the manner given by the calculated
curves of Fig. 2for a hole concentration of 2x 10"
cm™,

The solid curves in Fig. 3 represent values for
R4 and p calculated for the specific extrinsic-car-
rier concentration of sample A. In doing this, we
have employed the simple model described in Sec.
IV. The parameters of Eqs. (6) and (7) were ad-
justed to obtain the best fit to the experimental data.
The values adopted for these parameters are listed
in Table II. The values m* and u,/u, which are
listed there, were determined by the curve-fitting
process to within +40 and + 20%, respectively. It
can be seen that there is good agreement between
calculation and experiment, thus confirming the ap-
propriateness of our simple model. More impor-
tantly, however, the agreement serves as strong
support for the general validity of the band-inver-
sion model as applied to this alloy, since we know
of no other band model which would yield results
consistent with our observations.

The calculated values of » and p for sample A are
represented in Fig. 4 as the solid curves. At low
temperatures, p is equal to the extrinsic value of
2.3x10' cm™ and is temperature independent. The
values of # in this region are negligible. Both » and
p increase rapidly with temperature near 75 °K be-
cause of thermal excitation of carriers. These
rapid variations continue up to near the temperature
Ty, above which n and p become nearly equal to
each other and are relatively temperature indepen-
dent. The abrupt change in the temperature depen-
dence which occurs near T is a direct consequence
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of the discontinuity in the temperature coefficient

of E,,, which occurs there. It is this abrupt change
in the temperature dependence of # and p which pro-
duces the minimum in the resistivity curve which

is observed near T,. The nearly constant values

of n and p at temperatures above T, are the result
of a balance between two opposing mechanisms, as
discussed in Sec. IV. It is this constancy which
leads to the relatively temperature-independent R
which is observed in this temperature region. The
broken curve in Fig. 4 represents the intrinsic-car-
rier concentration calculated for sample A. It is
the limiting carrier concentration which one could
hope to achieve by reducing the extrinsic-carrier
concentration.

Experimental results for sample B having an ex-
trinsic-hole concentration of 2.1x%10%° cm™ are pre-
sented in Fig. 5. The observed temperature depen-
dences of Ry and p are characteristic of a degener-
ate semiconductor, despite the fact that band inver-
sion is presumably taking place. The large unusual
variations described above for sample A have dis-
appeared. Such simplification is to be expected on
the basis of our simple band-inversion model. This
assertion is supported by calculations based upon
the model and the parameters listed in Table II.

The results are presented as the solid curves in
Fig. 5, and they are in good general agreement with
our observations. There is no strong evidence for
the complicating phenomena discussed previously.
However, it is possible that such phenomena play

a role in producing the slowly increasing values of
R, with increasing temperature which are observed
but which are not described by our model. Such de-
pendences are typical of degenerate semiconductors
of this general type.'? In several such cases, the
behavior has been attributed to either multiple
bands®~% or changing statistics.?'?* In addition,
the work of Allgaier suggests that band distortions
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FIG. 5. Observed electrical properties of p-type

Phy,17Sny,38€ having an extrinsic-hole concentration of
2.1%10% ¢m™3, The various curves represent calcula-
tions based upon our constant-mass band-inversion
model, as discussed in the text.

may play a significant role.?® Unfortunately, we
have not been able to establish the origin of the be-
havior in Pbg,sSng,35€.

B. n-Type Material

Our experimental results for sample C with an
extrinsic-electron concentration of 1.1x10!® cm™
are presented in Fig. 6. The solid curves for Ry
and p represent values calculated on the basis of
our model and the parameters listed in Table II.

A comparison of the calculated curves with the ex-
perimental results indicates that the model does not
provide an adequate description of the observed re-
sults. For the Hall coefficient, the model predicts
a sharp drop off near 100 °K followed by relatively

Electrical parameters of Eqs. (5)—(8) used for calculating the Hall-coefficient and resistivity curves

TABLE II.
presented in Figs. 3, 5, 6, and 7.
N2 UR c,d 300 c,e
Sample Type (cm™%) m*/mg® Fy /My ® (cm?/V sec) (cm?®/V sec) B
A b 2.3x1017 0.1 1.5 2060 930 1.0, 1.5, 2.0
B b 2.1x10%0 (0.1) (1.5) 72 50 1,0, 1.4
c n 1.1x10!8 (0.1) (1. 5) 27500 1170 1.5, 2.0, 2.5
D n 1.7%10% 0. 1) (1. 5) 2620 500 1.0, 1.5, 2.0

2N is taken to be the experimentally determined carrier concentration at 4.2 °K listed in Table I
PThese parameters were determined by curve fitting the experimental data of sample A. The parentheses indicate

that the values for sample A were assumed to be appropriate.

able values.
°These are the majority carrier mobilities.

In the later cases, curve fitting did not yield more reli-

dug approximates the experimentally determined mobility at 4. 2 °K.
®lgg is the mobility at 300°K as calculated from Eq. (7). Consequently, gy serves to define the constant C in that

equation.
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FIG. 6. Observed electrical properties of z-type
Pby.77Sny,955e having an extrinsic-electron concentration
of 1.1%10!% ¢cm=3, The various curves represent calcu-
lations based upon our constant-mass band-inversion
model, as discussed in the text.

temperature-independent behavior at higher temper-
atures. This is in contrast to the experimental
data, which have a shallow minimum near 130 °K,

a maximum around 200 °K, and a pronounced de-
crease in Ry as the temperature is increased. For
the resistivity, the calculated curves display dis-
tinct dips near T,. According to the model, these
dips are associated with the changes in carrier con-
centration which are evidenced by the sharp drop
off in the calculated Hall coefficient. In contrast,
the observed resistivity shows a break in its tem-
perature dependence near 80 °K where the observed
Hall coefficient gives no indication of a correspond-
ing variation in the carrier concentration. These
differences represent major discrepancies between
the model and our observations.

We believe that the discrepancies are the result
of one or more of the complicating mechanisms
mentioned in Sec. III. We have explored several
such possibilities including multiple-band effects,
band distortions, and semimetallic behavior. Al-
though more experimental information will be re-
quired to definitely identify the mechanisms in-
volved, our analysis suggests that effective-mass
variations play an important role, as discussed in
Sec. VI.

Despite the discrepancies described above, the
resistivities in the low- and high-temperature re-
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gions are well described by the calculated curves
corresponding to f’s of 1.5 and 2.5, respectively.
This represents a change in the power of T in Eq.
(7) for the carrier mobility. Such a variation is not
unusual for materials of this type.!” These agree-
ments should not, however, be considered as sig-
nificant support for the band-inversion model, be-
cause it can be shown that other band models could
lead to similar results.

The experimental results for sample D having an
extrinsic-electron concentration of 1.7%x10!® cm™
are presented in Fig. 7. As in the case of sample
B, the data are typical of a degenerate semiconduc-
tor. There is no evidence of unusual variations in
the temperature dependence of either Ry or p which
are attributable to band inversion. These findings
are consistent with the results expected on the basis
of our model, as illustrated by the calculated curves
based upon the parameters given in Table II. It
should be noted that the resistivity data at low and
high temperatures are best described, respectively,
by the calculated curves for B=1.5 and 2.0. This
suggests that the temperature dependence of the
carrier mobility changes as the temperature is
varied. As mentioned previously, such a change
is not unexpected. The slow increase in the exper-
imental values of Ry with increasing temperature
is similar to that observed for p-type sample B.

As discussed for the latter case, this variation
could be due to multiple bands, changing statistics,
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FIG. 7. Observed electrical properties of n-type
Pby,77Sny,»35e having an extrinsic-electron concentration
of 1.7%10! em™3. The various curves represent calcu-
lations based upon our constant-mass band-inversion
model, as discussed in the text.
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FIG. 8. (a) Calculated temperature dependence of

the Hall coefficient for sample C based upon our constant-
mass band-inversion model as applied to various carrier
effective masses. (b) An assumed variation of the carrier
effective mass resulting from the temperature dependence
of Eg,, for the alloy Pbg,;Sny,538e. The significances of
the broken and solid portions of the curve are discussed
in the text. (¢) Calculated temperature dependence of

Ry for sample C based upon the relations given in parts
(a) and (b) of this figure. This dependence is represented
by the curve and is to be compared with the observed
values given by the data points.

or band distortions. However, the fact that similar
variations are observed for both p- and n-type ma-
terials suggests that multiple Lands do not play a
major role.

VI. EVIDENCE FOR EFFECTIVE-MASS VARIATIONS

As discussed in Sec. VB, discrepancies exist
between the observed temperature dependences of
Ry and p for sample C and the dependences calcu-
lated on the basis of our model of band inversion.
We believe that effective-mass variations play a
major role in producing these discrepancies.

One would expect that effective-mass variations
would be associated with band inversion since small
and widely varying energy gaps are involved. We
have carried out an elementary analysis to deter-
mine the influence of such mass variations upon the
temperature dependence of Ry for sample C. The
results are presented in Fig. 8. The curves in the
upper section represent values of Ry calculated on
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the basis of our model for various fixed values of
the effective mass. Below about 80 °K, Ry is inde-
pendent of the mass, but at higher temperatures it
becomes sensitive to changes in the mass. We be-
lieve that this unusual sensitivity plays an impor-
tant role in determining the observed temperature
dependence of R4 for a material like sample C. To
illustrate this point we have calculated the tempera-~
ture dependence of Ry corresponding to the relations
of Fig. 8(a) and the effective-mass variations shown
in Fig. 8(b). The latter relation was obtained by

(i) matching the calculated to the experimental val-
ues of Ry at 300 °K, (ii) assuming that m™* is pro-
portional to E,,,, and (iii) employing the tempera-
ture dependence of E,,, given in Fig. 1. The re-
sults of the calculations are presented in Fig. 8(c)
and they show the same gradual decrease in Ry
above about 200 °K which we have observed for
sample C. Thus, most of the discrepancy between
the calculated and experimental Ry illustrated in
Fig. 6 is removed by a temperature-dependent ef-
fective mass.

We wish to emphasize that the good agreement
between the features of our observations and those
of our calculations does not serve as an over-all
validation of the mass-temperature relationship
presented in Fig. 8(b). In particular, the parts of
the relationship represented by the broken curve
are not at all well established by our analysis. On
the other hand, we believe that the solid portion of
the curve is valid enough to serve as reliable evi-
dence that effective-mass variations are taking
place in this material.

Another limitation pertaining to Fig. 8(b) is that
the assumed temperature dependence of m* is prob-
ably unrealistic because it is symmetrical about
T,. Recent experimental work by Calawa et al.’®
indicates that effective masses before and after in-
version are different for a given E,,,. They attrib-
ute this to differing interactions with higher-level
bands. Unfortunately, our results do not serve as
a useful test of this expected asymmetry because
R, is insensitive to the mass in the low-tempera-
ture region, as discussed above.

Finally, the effective mass at liquid-helium tem-
perature given in Fig. 8(b) is larger by about a fac-
tor of 2 than the value which we estimate from the
band-edge measurements on Pbg 4gSng,225€¢ reported
by Calawa ef al.® We believe that this difference is
explainable in terms of the strong nonparabolicity
which characterizes the bands and the uncertainty
of our value of m™.

Mass-variation analyses of the type described
above have been carried out also for samples A, B,
and D. These analyses show that the influence of
effective-mass variations upon Ry for such materi-
als should be relatively small. Specifically, our
calculations indicate that none of the general fea-
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tures of the Hall-coefficient curves presented in
Figs. 3,5, and 7 would be altered significantly by
mass variations of the type depicted in Fig. 8(b).

It is likely that effective-mass variations of the
type described above are also involved in producing
the discrepanies between the calculated and ob-
served resistivities of sample C. We have not been
able to carry out a meaningful quantitative analysis
of this relationship because the carrier scattering
mechanisms involved are not well enough known.
However, it follows directly from simple qualitative
reasoning that the decrease in the observed temper-
ature coefficient of p near 80 °K can be attributed
to effective-mass variations of type discussed
above. This reasoning is based upon the fact that
the carrier mobility tends to increase as the car-
rier mass decreases. Thus, the decrease in mass
as the temperature increases to T, can be expected
to compensate for the normal tendency of the mo-
bility to decrease due to increased lattice scatter-
ing. This could lead to a decrease in the tempera-
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ture coefficient of p, in agreement with observa-
tion.

VII. SUMMARY

The electrical properties of Pbg, 7:Sng,23Se are in-
fluenced by valence-conduction-band inversion.
The effect is especially pronounced for low carrier
concentrations, but becomes small in the high-car-
rier-concentration range. In addition, the experi-
mental results suggest that the carrier effective
mass changes considerably as a result of the vary-
ing energy gaps involved in the inversion process.
There is no strong evidence of the multiple-band
effects which characterize other materials of this
general type.
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