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that X% is also a lower bound for the adiabatic suscepti-
bility which may be obtained from Eq. (32) by making
the entropy constant (the constant entropy does not
mean, in general, the constant population).
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Shubnikov-de Haas measurements have been performed on single-crystal n-type Hg;., Cd,
Te (x=0.204) alloys with carrier concentration from 2 x10% to 1 x10% em™3, Comparison
of the electron effective mass as a function of Fermi energy with k. p theory yields the fol-
lowing band parameters: band-edge mass m§=5.60+0,25 x 107 s, interband matrix element
Ep=17+1,.4 eV, and direct energy gap (at k=0) E,=0.0635+0.008 eV. We also observed
spin splitting of the N=1, 2, and 3 Landau levels, from which the electron g factor was deter-
mined as a function of energy between 8 and 23 meV from the conduction band edge, with g

= 164 + 16 at the band edge.

I. INTRODUCTION

The Hg,.,Cd,Te alloy system is of considerable
interest from several viewpoints. Hg;.,Cd,Te at
X =0 is a semimetal which exhibits a semicon-
ductor -semimetal transition at x~0.18, which is
not yet completely understood. ! As x is increased
further, the energy gap at =0 between a I'g con-
duction band and the I'y valence bands increases to
about 0.10 eV at ¥~ 0,212 and around this com-
position sensitive 8-14-p photoconductors have
been reported.® For an excellent summary of
earlier work and for a discussion of the variation
in band structure through the Hg, .,Cd,Te system,
we refer the reader to two excellent reviews* and
references cited therein. We will be concerned
in this paper only with one alloy composition —
Hgy.706Cdy.204Te, Where the conduction band has
T’y character. While there is agreement that this
T's band is nonparabolic and should be described
adequately by Kane’s k+D theory, *® developed for
the I'y band of InSh, ? there is, at present, no
systematic confirmation of this near the band edge
for the semiconducting alloys (x >0.18). Interest
has generally centered on investigations of the
physical properties as functions of Cd concentra-
tion, with detailed measurements being rare due
to the difficulty in attaining homogeneity in this
system.? For example, the recent helicon prop-
agation results® in low carrier concentration
Hg,_.Cd,Te still do not allow complete character-

ization of the I'y band. We present in this paper
the first detailed measurements on single-crystal
low -concentration n-type Hg,_,Cd,Te (x=0.204)
using the Shubnikov-de Haas effect at liquid-
helium temperatures. The experiments are aimed
specifically at a determination of the I'g-band
parameters, at one alloy composition, where the
energy gap is close to 0.064 eV at 4.2 °K. The
single-crystal alloys used in the present study had
electron concentrations between 2X10' cm™® and
1x10% cm™® and electron mobilities greater than
2x10° cm?/V sec at helium temperatures. We
have determined the electron effective mass over
this carrier concentration range and observed spin
splitting of the lower quantum number Landau
levels, which has allowed us to determine the en-
ergy dependence of the electron g factor. Limits
have also been placed on the sphericity of the Fer-
mi surface from the angular dependence of the
Shubnikov-de Haas period.

We describe in Sec. II the experimental details
together with a discussion of criteria which must
be considered to ensure reliable Shubnikov—de
Haas data. The results are presented in Sec. III
together with a comparison with Kane’s k-5
theory. The relevant formulas from the theory
are well known and summarized in the Appendix.

II. EXPERIMENTAL DETAILS

The single-crystal Hg,;_,Cd,Te alloys from which
the experimental samples were cut were grown
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by a solid-state recrystallization technique.® The
generally unoriented single-crystal samples were
about 10X2X 0.5 mm, and contacts were made by
indium soldering after etching in bromine-methanol.
Several samples were oriented by backreflection
Laue photographs. However, since no dependence
on the magnetic field orientation was observed in
the period of the oscillatory magnetoresistance,
most measurements were made on unoriented
single-crystal samples. Generally the data re-
ported below were taken with the magnetic field H
perpendicular to the direction of current flow.
The alloys used were cut from ingots randomly
doped by unknown trace impurities such that the
electron concentrations were in the range 2x10%
to 1x10' cm™. The mole fraction x = 0. 204 was
very homogeneous throughout the whole source
ingot from which our samples were cut, being
about +0.003 mole fraction over 10 mm as de-
termined from relative spectral response and C
radioactive tracer analyses.®

The annealing procedure involved in the crystal
growth process was progressively optimized so
that finally electron mobilities p, better than
2x10° cm?/V sec were attained for the lower-
concentration samples and greater than 1x 10°
cm?/V sec for carrier densities up to 10'® cm™,

The oscillatory signals were detected by a
sensitive derivative recording technique'’ in which
the sample was mounted between two small coils
providing an ac modulation field. Magnetic fields
up to 20 kG were provided by a superconducting
solenoid in which the samples could be rotated by
a gear arrangement extending into the helium cryo-
stat. Bath temperature was monitored by a Texas
Instruments precision pressure gauge.

We now discuss briefly the quality of the Hg;.,
Cd,Te used in the present investigation. As men-
tioned above, the homogeneity problem is par-
ticularly severe because of the large separation
of the solidus and liquidus lines.* While the solid-
state recrystallization technique gives much
greater uniformity in mole fraction x than does a
Bridgman-type technique, one must rely on im-
purity diffusion below the melting point to obtain
homogeneity in carrier concentration. We have
made use of the Shubnikov—de Haas oscillations
to gauge the variation in carrier concentration
along our samples by evaporating a series of 10-
mil-diam indium dots along the sample and re-
cording the periodicity of the oscillations between
successive pairs of dots. The oscillatory period
denoted by A(1/H) is directly related to the car-
rier concentration » for a spherical Fermi sur-
face since in this case A(1/H)= (2¢/Tic)(3n°n)™2/3,
This relation is valid for Hgg.796Cdg.004Te since we
find that the Fermi surface is spherical to within
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+2% (Sec. III). The resolution of this technique is
limited by the requirement that a measurable volt-
age must appear between adjacent dots. A spacing
of 20 mil was used, but we are of the opinion that
this could be reduced considerably without de-
grading the oscillatory signal too badly. For the
best samples, we observed less than a 10% varia-
tion in » over a distance of 0.5 mm. Inhomogeneity
can also affect the envelope of the oscillations as
shown in Fig. 1. From the regions labeled A and
C, the oscillatory magnetoresistance appears as
expected, increasing in amplitude with increasing
magnetic field with periodicity in 1/H. However,
region B is sufficiently inhomogeneous in » (pos-
sible also in x) to introduce a second oscillatory
component. Because of level broadening, the
oscillatory amplitude of B has been reduced. Use-
ful data were obtained only from regions such as
A and C, but such areas could be located on all
specimens between at least one pair of indium dots.
This technique provides a much more sensitive
probe than a resistivity profile and has indicated
that there is still microinhomogeneity on a scale
smaller than 10 mil when the carrier concentration
isinthe low 10'® range. Thismay be due to partial
compensation at these electron concentrations.

In many instances, particularly in the early
phases of this investigation, we were unable to
obtain a reliable determination of the electron

T

REGION A
Q224-25
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FIG. 1. First derivative of sample resistance versus
magnetic field showing the Shubnikov—de Hass oscillations
from three adjacent pairs of contacts along sample
@224-25. TFrom regions such as B, no reliable data
can be obtained. The structure in the last derivative
minimum in the A trace is a spin-splitting effect (see
text).
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effective mass from the temperature dependence
of the Shubnikov—-de Haas amplitude. This is a
standard technique of mass measurement since
the ratio of the oscillatory amplitude at two tem-
peratures T, and T, (T, <T,) is given by

A(T;)_ T; sinhU, _ 2T, P
A(T)  T,sinhl,’ ' TJw, ' ¢ m¥e’

Often we observed that the envelope of good oscil-
latory data (e.g., region A or C above) did not
increase uniformly with decreasing temperature.
We are of the opinion that this was due to the
presence of inhomogeneity, and such samples were
discarded. We also observed an additional effect
which strongly perturbed the mass determination,
particularly in the low-carrier-concentration
samples. The values of m* derived from progres-
sively higher magnetic field oscillations often in-
creased toward a high-field-limiting value. This
was due to heating of the electron system by the
applied dc bias which caused the electron tempera-
ture to increase above the lattice temperature.
The electric field across the sample when such
results were obtained was about 20 mV/cm. Since
the magnetic field “cools” the electron system,
we expect to approach the correct value of m* at
the higher magnetic fields; by reducing the dc bias
we verified that this was indeed the case.

Finally, we wish to make some comments con-
cerning the magnitude of the energy gap at 2=0
in Hgg 796Cdg 204 Te. The structure of the valence
bands near k=0 in the semiconducting alloys is
not completely understood, so there exists some
doubt concerning the detailed variation of E, near
the extrema. For x=0.204, it has been found in
our laboratories that the 50% relative spectral
response threshold wavelength for photoconduc-
tivity in low-concentration samples is A =13.7
+0.5 p at 77 °K, ® where the quoted error includes
data from many ingots. We have not been able to
measure the threshold for the more heavily doped

TABLE 1. Electron effective mass ratio m*/m, and
spin splitting 6., for six samples of the alloy Hgy, 196
Cdy.54Te. Also listed are the periodicit, A (1/H),
carrier concentration n, and the g values. The Fermi-
energy values Ep were derived from the measured masses
using Eq. (A3).

AQ/H) X107 (m*/my)
10~*0e-Y) em= x1073 Ep(meV) Sppe &

2 7.02 8.0 0,48 137
Q270-22 1.50 3.10 7.55 11.0 0,45 119
@190-15 0.98 5.90 8.30 15.2  0.48 115
Q269-11 0.90 6.60 9.10 19.7 0.45 99
8 9
9 9

Sample
Q228-9 1.80

.32

©269-30 0.81 .00 .20 20.4  0.47 100
@193-19 0.645 .66 .66 23.0 0.44 93

T I I T
Q115-15
ELECTRON CONCENTRATION 3.3x10'% ¢m™3

dR/0H (ARBITRARY UNITS)

MAGNETIC FIELD (k Oe)

FIG. 2. Typical x-y recording of the oscillatory
magnetoresistance showing spin splitting on last three
derivative maxima (marked by 4).

samples used in the present work, but there is no
reason to expect the threshold to be outside the
limits given above since the conditions of growth
were identical. At 4.2 °K, the threshold wave-
length is found to increase by a factor of 1. 37,
implying a direct band gap E}=0. 0665+ 0.002 eV.
This increase may be compared with that predicted
by several formulas available in the literature
which relate E, to x and T. For x=0.204, we
have

E,=0.090+2.96X10™T eV, (Ref. 8)
E,=0.074+3.01%x10"*T eV, (Ref. 12)

E,=0.050+3.30x10™7T eV, (Ref. 13)

from which E,(77)/E,(4. 2) is 0.114/0.091 =1. 26,
0.097/0.075=1.29, and 0.075/0.051=1.48, re-
spectively. Note the rather wide spread in the
magnitude of the energy gap predicted by each
formula. This discrepancy apparently stems from
variations in the determination of mole fraction x
in the alloys grown by different techniques in dif-
ferent laboratories. This problem has been dis-
cussed elsewhere*® and we will not consider it
further. However, we are confident that the true
energy gap of our Hgy 96Cdy 204 Te alloys will not
differ from E? by more than the Fermi energy in
the photoconductive samples, which is ~4 meV
(see Table I).

IIIl. RESULTS AND DISCUSSION

Figure 2, which is reproduced directly from an
x-y recorder plot, illustrates the strong oscilla-
tory signal obtained from all samples. The low-
field oscillations could be recorded with a gain of
10X over that shown without degrading the signal-
to-noise ratio appreciably.. Generally, the first
derivative of the resistance with respect to H was
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recorded. The threshold magnetic field H for the
oscillations was very close to that predicted by
LaH=1X 10® and from six to eight derivative peaks
could be identified before spin splitting of the
Landau levels began to be resolved. From the low-
field data, we determined the periodicity in 1/H
from the derivative extrema by plotting 1/H against
integer numbers (Fig. 3). From the oscillatory
envelope, one may also plot the magnetic fields,
where 8R/8H =0, versus integer numbers to con-
firm that the structure at the Nth Landau level is,
in fact, splitting on the N=1,2, and 3 levels. Even
when the splitting is resolved, the periodicity in
1/H appears to be essentially constant. In Table
I, we give the periodicity A(1/H) for six alloy
samples together with the carrier concentration
calculated from A(1/H)=2e/7ic(37n)2/%=3.18
x10%/#%/%(0e™), a relation which is valid for a
spherical Fermi surface. To ascertain the validity
of this relation for Hgg 796Cdg,204T€, the angular de-
pendence of A(1/H) was studied carefully in sam-
ples with electron densities to 1x 10! cm™® by
rotating the magnetic field in a {110} plane. This
plane contains both (100) and {111) directions
along which distortion first appears at large % val-
ues in the I band of InSb. ** The oscillatory pe-
riod was independent of the direction of the mag-
netic field to +2%, implying a Fermi surface which
is spherical to this accuracy. The above relation
is therefore expected to be valid. The carrier
concentration determined from the Hall coefficient
was in satisfactory agreement with the value de-
rived from the oscillatory period.

The monotonic magnetoresistance for a repre-
sentative sample is shown in Fig. 4. The highest
magnetic field maximum in p,, is strong in the
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FIG. 3. Reciprocal of the magnetic field corresponding
to derivative maxima (¢) and minima ( &) versus integers.
Spin splitting was observed on the last three maxima.
The highest magnetic field point corresponds to the
highest-energy spin state of the N=0 Landau level,
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FIG. 4. Resistance measured between side contacts
as a function of magnetic field strength. 6 is the angle
between the direction of current flow and the magnetic
field and the traces have been displaced vertically for
clarity.

transverse geometry but barely detectable in the
longitudinal orientation. A similar effect has
been observed in HgTe ' and attributed to a small
probability of spin-flip scattering in the longitudi-
nal orientation.!® This maximum appears as the
highest magnetic field derivative in a plot such as
is given in Fig. 2 and is thus ascribed to the high-
est-energy spin state of the N=0 level. The mag-
netic field Hy at which the Fermi level crosses
this level may be calculated from the electron g
factor. We postpone the comparison, however,
until we have discussed the relevant band param-
eters.

In some of the more inhomogeneous samples,
which, however, still showed excellent oscillatory
signals, we observed that additional structure
appeared as the magnetic field was rotated from
the longitudinal to the transverse orientation. To
elucidate this behavior, we recorded the oscilla-
tions in the Hall voltage and found them signifi-
cantly out of phase with those in the magnetoresis-

tance. It is well known!” that sample inhomogeneity
can mix p,, and p,,, the two components of the
resistivity tensor, so one might expect to observe
some p,, character in p,, when in the transverse
geometry. The p,, oscillations are weak except
when the last two Landau levels are occupied, but
it is just in this magnetic field range where the
additional structure is observed. Therefore, we
feel justified in ignoring such effects.

We have measured the electron effective mass
by observing the change in oscillatory amplitude
with temperature below 4.2 °K. Electron heating
effects (Sec. II) were negligible. Generally, the
amplitude of five oscillations (below the magnetic
fields where spin splitting was observed) was
determined at three temperatures between 4. 2 and
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1.5 °K and used to derive some 15 values of m*/
m,, which were averaged to obtain the values given
in Table I. This procedure is allowable since the
amplitude envelope at low magnetic fields, where
several levels are occupied, should yield values
of m* /m, which are independent of magnetic field.
We used oscillations corresponding to N> 3 and
N> 6 for the low- and high-concentration samples,
respectively. We also give in Table I the Fermi
energy derived from the measured masses using
Egs. (A1)-(A4).

In Fig. 5, we have plotted (m*/m,)? =m? versus
A(1/H)™ for six samples, following Eq. (A4), where
the solid curve is a least-squares fit of the data to
Eq. (A4). We determine the band-edge mass m,
from the intercept and the matrix element E,
= (2m,/1%)P? from the slope. We find m2=5.60
+0.25x10"% and E,=17+1.4 eV. Since md=3
(E,/E,), we find the interaction energy gap at
k=0to be E,=0.0635+0.008eV. Comparingthis
with Ef, we see that E, ~E{-E,. Our value of
E, may be compared to 18 +1 eV (Hgy gCdy.1¢Te,
HgTe)*!® and to 19 eV, ® estimated from the differ-
ence between HgTe and a value of 21eV for CdTe.'®
This latter is based on early mass measurements
in CdS, CdSe, and CdTe and is supposed to repre-
sent the II- VI compounds. We may note here that
recent HgSe data® give E,=14.5+0.7 eV. Clearly,
one cannot yet establish a systematic variation in
E, across the Hg,.,Cd,Te system. The present
results, where a definite attempt has been made to
eliminate uncertainties in some of the materials’s
parameters, give essentially the same matrix
element as in HgTe. '

For an energy band described by Kane’s two-
band model, the energy levels of an electron in an
extremal orbit in a magnetic field, including elec-
tron spin, are given by

E,(1+E,/E,) = +3)iw,+3guH, n=0,1,2,...

(1a)
where w,=eH/m*c, g is the electron g value, and
i is the Bohr magneton. Introducing a parameter
8 = 3gm*/my, we have

E,(1+E,/E,)=(n+3%+ 38)hw,, (1p)

from which it may be seen that § is the ratio of
spin to Landau-level splitting. Spin splitting of
the magnetoresistance extrema may be resolved
as the lower quantum number levels pass the
Fermi level and typical effects are shown in Fig.
2. The experimental value of 5 is denoted by .,
defined by

_Hy) =g
expt — A(I/H) )

where Hy and Hy are the magnetic field positions
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FIG. 5. Variation of the effective mass ratio m*/m,
=m, with the reciprocal of the Shubnikov-de Haas period,
which is proportional to the Fermi-surface cross sec-
tion. The solid curve is a least-squares fit of the data
to Eq. (A4). The error bars represent the +5% error
in the experimental determination of all m,..

of the split peaks. However, the relation between
Sexpt and g may be complicated by several factors.
To make a positive identification of spin splitting,
one must first eliminate effects which could intro-
duee spurious structure in the oscillatory data.
Such an effect is carrier-concentration inhomo-
geneity, which we find may lead to ambiguity,
especially when the carrier concentration is suf-
ficiently small to preclude definite beat patterns.
This has been observed also in HgTe epitaxial
films.?!' We studied numerous samples with essen-
tially identical electron densities, reasoning that
spin effects would give reproducible splittings
while inhomogeneity would be random from sample
to sample. We are confident that a real spin
splitting of the N=1, 2, and 3 Landau levels has
been observed. Experimentally, we find that the
structure is always more clearly resolved at
higher magnetic fields. We must also consider
the effects on 6,,,, due to the magnetic-field-in-
duced shift in the Fermi energy, % which can be-
come significant at low quantum numbers. In
addition, the inclusion of higher and lower bands
will modify Eq. (1) such that the quantity gm*/m,
will depend on N.%® These effects will be discussed
presently.

We determined the splitting generally from the
derivative extrema, but in a few cases confirmed
that the magnitude of 6., was in satisfactory
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agreement with that determined from the mono-
tonic magnetoresistance. No angular dependence
(+ 3%) was detected in the spin splitting. It was
found that §,,,; for the N=1 structure was generally
about 25% greater than 8, (N=2) and about 30%
larger than 8., (N=3). This effect has also been
reported for InSh.?* For N=1, we measure 8y,
=0.46+0.02 for all samples (Table I), and using
this value, we have calculated the expected shift
in Fermi energy with magnetic field. We find that
the measured splittings will be larger by 5, 3, and
2% on the N=1, 2, and 3 levels, respectively, 2
than if the Fermi level were constant. Therefore,
the large change in §,,,, reported above cannot be
explained by this mechanism. Although we cannot
calculate at the present time the influence of
higher and lower bands on the quantity gm*/m,,
the effect should be small. We therefore, tenta-
tively ascribe the observed increase in 8., with N
to the progressively improved resolution®® and the
preferred value is 8, (N=1). Correcting for the
Fermi-level shift, we have 6=0.96 0., =0.44.
At the band edge, m*/my=5.60x10" so that g,
=164.

The energy dependence of g (ignoring higher-
order bands) is given by?

gk)= [ (m )S(EF+2§)+2A] @)

where A is the spin-orbit splitting. Since m,/m*
>>1, this is well approximated by

m* (k) 2A ,
) my 3(EF+E)+2A 25 . ")

gl

The magnitude of A~1 eV for HgTe and is probably
not too different in the alloy, so the above formula
predicts only a 3% increase in 3 as the carrier con-
centration increases from 2x10% to 1x10% cm™3,
Thus, to our experimental accuracy, Eq. (2) pre-
dicts no energy dependence in §, in agreement

with the results. From our value of §=0.44, Eq.
(2) may be used to determine the spin-orbit split-
ting, and we find A=0.75 eV.

Using the measured value of g, we may now con-
firm the interpretation of the structure in the
transverse magnetoresistance given earlier (Fig.
4). The magnetic field H; of the zeroth maximum
in the transverse conductivity o,, = p,,(pZ, +p%)™
is given by?®

*\ -1/3
Hy=n?! 3E(ﬁnz>als (g 7_”_) . (3)
e 2 My

We have measured p,, for two of the lightly doped
alloys; on calculating o,, we find that the magnetic
field for the 0,, maximum is 6% lower than that for
pyx- As an example of the agreement between

experiment and theory, for Hj we find for @190-15
that Hy=13. 4 kOe, while the field calculated from
Eq. (3) is Hf =14.9 kOe. The discrepancy may be
due to Landau-level broadening, but an exact cor-
rection is not available. However, the agreement
is sufficient to confirm the mechanism responsible
for the observed structure in the transverse mag-
netoresistance.
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APPENDIX

The k* p theory has been adequately treated in
the literature™?’; we merely summarize here sev-
eral useful formulas applicable to our investiga-
tion. ®

The I'y conduction of Hg[, 796Cdg 204 T€ should be
well described by the k- p dispersion relation valid
for large spin-orbit splitting since A=0.75 eV:

E =1t°k*/2mo + 5[ E, + (B2 +% PPRP)Y?), (A1)

where E, is the energy gap, P is the momentum
matrix element, and the energy is measured from
the I'; band edge. Near the I's minimum, the
parameters a, b, and ¢, describing higher and
lower bands, " have values a~1, b=c ~0. The
interaction between I'g and the next higher conduc-
tion band I';s should be very small since I'j5— Iy
>1 eV, so that Eq. (A1) should be a good approxi-
mation to the real dispersion relation. Since the
electron effective mass m* =% %k(dE/dk)™, we

have

m*/mq =[1+(4PY 312 my(EE + $P%%) /%]t (A2)

Writing m*/mq=m,, and E,=(2my/%%)P?, we have
from (A1) and (A2)

0 \2 2
m, _ m, 3n X A
(1—mr>" 1—m2> TmeE, © (43)
where m is the band—edge mass ratio given by

0 _ ZZMO Pz
e “(“ 3% E,)

For a spherical surface, (A3) can be written

m, ¥ _ ( m, >2+ el
1-m,)  \1-m']" mcE,
my >

w S
- +6.90x10® (A4)
1-my E,’

where f=[A (1/H)]™" is in Oe and E, is in eV. The
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quantity f is related to the extremal Fermi-surface
cross section S through the relation f="7cs/2re.
For Hgg 796Cdg.204Te€, the electron mass ratio m,< 1
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(Sec. III), so the masstermsarewellapproximated
by m2 and (m2)%,
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