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Magnetic-field-induced localization in narrow-gap semiconductors Hg, Cd„Te and InSb
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Magnetotransport measurements on n-type Hgl „Cd„Te{x=0.2) and InSb and far-infrared mag-
netooptical spectroscopy in Hgl „Cd„Te are reported. The transport data at magnetic fields below
and near the magnetic-field-induced metal-insulator {M-I) transition indicate clear similarity of
Hgl „Cd„Teand InSb. At fields well above the M-I transition and at low temperatures, the magne-

totransport coefficients for Hgl „Cd„Teshow anomalously weak dependences on field and tempera-
ture. This is attributed to shorting of the bulk by a conducting surface layer. Below the M-I transi-
tion field, an anomalous Hall effect is observed in both Hgl „Cd„Te and InSb. We interpret this
effect within a model in which the M-I transition takes place in the donor impurity band. The im-

purity cyclotron resonance observed in Hgl „Cd„Te provides conclusive evidence for donor-bound
electrons in this semiconductor and further confirms its similarity to InSb. The cyclotron-resonance
data are in agreement with theoretical predictions for hydrogenic donors in a strong magnetic field.
These observations provide strong evidence against the Wigner crystallization of electrons in

Hgl „Cd„Te.

I. INTRODUCTION Several years ago, Nimtz et al. interpreted an anoma-
lously weak magnetoresistance observed in Hg& „Cd„Te
at high magnetic fields as evidence for an electronic phase
transition into a Wigner crystal. Magnetotransport stud-
ies by several groups that followed were often not con-
sistent with each other and led to much controversy. The
results were interpreted as evidence for magnetic freeze-
out, ' Anderson localization, "' Mott transition, ' and
Wigner crystallization. ' ' This latter interpretation is
especially surprising, however, in view of the similarity of
the electronic structure of Hg&, Cd„Te to InSb.

In this paper we present the results of our extensive
study of the magnetotransport and far-infrared magne-
tooptical properties of well-characterized samples of state
of the art Hg, „Cd„Te at low temperatures and high
magnetic fields. ' The results establish the following.
(1) The transport data of Hg& „Cd„Te are indeed very
similar to those of InSb at magnetic fields near and below
the M-I transition. Only at fields well above the MI-
transition anomalous features are observed for
Hg& „Cd Te. These anomalies can be attributed to the
shorting of the bulk by a conducting surface layer. This
observation casts doubt on the Wigner-crystal interpreta-
tion which has been based on such anomalous
features. ' Below the M-I transition field in both

Hg& „Cd„Te and InSb we observe an anomalous Hall
effect. This anomaly can be interpreted within a model in
which the M-I transition in InSb and Hg& Cd Te takes
place in the donor impurity band. (2) Conclusive and
direct spectroscopic evidence that at high magnetic fields
the electrons are indeed bound on shallow donors in the
ground state is provided by the magnetooptical transi-
tions in Hg, „Cd Te. We report far-infrared transmis-
sion experiments which indicate the presence of impurity
cyclotron resonance in Hg& „Cd Te at low temperatures

Consider a moderately doped (n-type) semiconductor,
which exhibits metallic behavior at low temperatures,
subjected to an intense magnetic field. In the extreme
quantum magnetic limit, where only the lowest spin-
polarized Landau level is occupied, the electron Fermi
energy EF (measured relative to the bottom of the lowest
Landau level) decreases as 1/82 so that the ratio of the
electron Coulomb energy Ec ( -e n '~

) to the kinetic en-

ergy Etc (Etc -EF ) can become very large (8 is the mag-
netic field strength and n is the electron density). When
E&/Ez is large, and if the ionized impurities that gen-
erate the carriers are considered to be a uniformly
charged (jellium) background and the effects of disorder
are neglected so that the system can be idealized as a
free-electron system, then various highly correlated elec-
tron states such as a charge-density wave or a Wigner
crystal may ensue. ' On the other hand, in a uniformly
doped semiconductor, the interaction between electrons
and the randomly distributed ionized impurities is always
present. This interaction, which is at least as strong as
the electron-electron interaction, can (and usually does)
lead to a ground state in which the electrons are bound
on impurities and the so-called magnetic freeze-out effect
is observed.

The magnetic-field-induced metal-insulator (M I) tran--
sition in narrow-gap semiconductors such as InSb and
Hg& „Cd„Te (x =0.2) has been the subject of much in-
terest. Although some of the early results on InSb were
interpreted in terms of Wigner condensation of elec-
trons, it is well established by now that the magnetic
freeze-out effect takes place in this material. The case
of Hg& Cd„Te, however, has remained controversial.
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and at magnetic fields above and near the M-I transition.
The magnitude of the absorption shows that (within the
experimental accuracy) nearly all the electrons are bound
on shallow donors. Our magnetotransport and
cyclotron-resonance data therefore establish that the
magnetic-field-induced M-I transition in Hg, „Cd„Te
occurs in the impurity band and is not a manifestation of
Wigner crystallization of electrons.

In Sec. II we present some general considerations re-
garding the M-I transition in crystalline semiconductors
doped with shallow impurities. In Secs. III and IV we
present and discuss the magnetotransport and magne-
tooptical results, respectively. Finally, we summarize our
conclusions in Sec. V.

II. GENERAL CONSIDERATIONS

Although the metal-insulator (I-I) transition in doped
semiconductors has been studied for many years, ' our
understanding of this phenomenon is far from complete.
Early contributions by Mott and Anderson emphasized
the importance of electron correlations and disorder, re-
spectively. The concepts of a mobility edge and smooth
potential fluctuations have proved to be fruitful in the
pictures of the M-I transition in amorphous semiconduc-
tors and two-dimensional electron systems. The nature
of the disorder, however, is different in crystalline semi-
conductors doped with shallow (hydrogenic) impurities.
At high impurity concentrations, such that a*n' &&1,
where n is the electron concentration and a' is the
effective donor Bohr radius, the interaction energy be-
tween the conduction-band electrons and the ionized im-
purities E; is of the order e n ' la, where a is the static
dielectric constant of the crystal. On the other hand, the
Fermi energy is EF -A n ~ Im ', where m ' is the
conduction-band effective mass. Therefore, at such im-
purity concentrations E, /EF -(a 'n '

)
'

&& 1, and the
electrons can be treated as a nearly ideal gas. Closer to
the M-I transition, however, the screening is not effective
and the electron-impurity interaction is strong for small
separations and cannot be well approximated by a
smooth effective potential. In addition, the origin of the
disorder in crystalline semiconductors lies chiefly in the
randomness of the spacial distribution of shallow impuri-
ties and not in the difference in the strengths of the in-
teraction or spacial fluctuations in the band-edge energy.
It is well established that at sufficiently low impurity con-
centrations the so-called impurity band is formed; how-
ever, there is no general agreement on whether the M-I
transition takes place in the impurity band alone or
whether the hybridized conduction-band states play an
important role.

Although not widely known, there exist several pieces
of direct evidence that the M-I transition occurs in the
impurity band. Indeed, infrared transmission experi-
ments performed in narrow-band-gap semiconductor
InSb, and also recently on GaAs, revealed that the ab-
sorption due to electronic transitions between donor-
bound states persists at magnetic fields well below the
magnetic-field-induced M-I transition. The magnitude of
the absorption implies that nearly all donor-band elec-
trons participate in the optical transitions at low temper-

atures. In another experiment, cyclotron resonance of
conduction-band electrons was observed in wide-band-

gap insulating CdSe at helium temperatures under
thermal equilibrium conditions. The origin of the im-
plied extended electronic states was attributed to the M-I
transition in small clusters of donors of higher than aver-
age concentration, resulting from random fluctuations of
local donor density.

These experimental results support the tight-binding
approach to the donor band in the vicinity of the M-I
transition. Our observed magnetotransport and magne-
tooptical data on Hg& „Cd„Te and InSb reported in this
paper are consistent with this view. We present a model
based on a tight-binding picture for the, donor electrons
and a random spacial distribution of donors. We apply
this model to the anomalous Hall effect near, but below
the magnetic-field-induced M-I transition in both InSb
and Hg, „Cd„Te. According to this model, below the
M-I transition, the semiconductor crystal contains an
infinite metallic donor cluster as well as shallow donors
which do not have close neighbors and thus give rise to
effectively localized electronic states. Additional evi-
dence for this assumption is provided by the observation
of impurity cyclotron resonance below the M-I transition
field. The results, therefore, establish that the magnetic-
field-induced M-I transition in these narrow-band-gap
semiconductors takes place in the donor impurity band.

III. MAGNETOTRANSPORT COEFFICIENTS

In the following sections we present the transport mea-
surements made on samples of n-type Hg& „Cd„Te
(x =0.2} in wide ranges of carrier density
(1.1X10' &n &1.8X10' cm ), magnetic field (up to
19 T), and temperature (0.08 ~ T & 77 K). Also presented
are data on two samples of n-type InSb. Section III A de-
scribes the experimental details. In Sec. IIIB general
features of the magnetotransport data in different ranges
of magnetic field are presented, while a more detailed dis-
cussion of the data is given in Sec. III C. In Sec. III D we
review some of the anomalous features in the transport
data of Hg& „Cd„Te which have been interpreted in the
past as evidence for Wigner crystallization of electrons in
this material. We show how these anomalies can be un-
derstood as experimental artifacts. Finally, we summa-
rize our conclusions based on the magnetotransport data
in Sec. III E.

A. Experimental details

Magnetotransport measurements were made on n-type,
bulk, narrow-band-gap semiconductors Hg& „Cd„Te
with x -0.2 (band gap E =0. 1 eV, eff'ective mass
m *=0.007m„dielectric constant v= 17) and InSb
(Eg =0.24 eV, m '=0.014m„x.=16). The relevant pa-
rameters for these samples are listed in Table I. The elec-
tron densities and mobilities listed are from low-field
measurements at 77 K. The Hg& „Cd„Te samples were
grown at Honeywell. Characterization of these samples
in terms of their purity, crystallinity, and compositional
uniformity (typical variations in x are +0.002) (Ref. 31}
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TABLE I. Important parameters of the samples studied. Samples denoted by capital letters are
Hg~ „Cd„Tewith the indicated x.

Sample

A

C
D
H
I
J
K
L
M
P

Y

0.208
0.208
0.208
0.208
0.204
0.184
0.208
0.208
0.208
0.208
0.212
0.199
0.224

n (77 K)
(10' cm )

2.5
12
7.2
1.1
0.3
1.4
1.1
2.7
7.0
4.8
5.4

18
0.6

p (77 K)
(10' cm /Vs)

2.5
1.8
1.9
1.9
2.7
4.5
2.6
2.8
1.9
2.1

2.0
2.2
1.2

&o
(T)

0.22
0.55
0.41
0.12

0.22
0.39
0.29
0.35
0.74

3.6
2.6
0.5

0.5
1.1
2.3
1.6
2.0
6.0

InSb-1
InSb-2

22
55

2.4
1.9

0.81
1.5

3.3
5.8

indicates that they are state of the art bulk Hg& „Cd„Te.
Comparing the mobility values with calculations, we es-
timate the compensation (the ratio of the number of ac-
ceptors to donors) to be fairly small (typically &0.3) in
these samples. The InSb samples were obtained from
Cominco. These are also high-quality samples with com-
pensation & 0. 1.

The preparation of samples for transport measure-
ments was a crucial step in these experiments. It is well
known by now that the transport properties of
Hg, „Cd,Te can be significantly influenced by a con-
ducting surface layer that eventually shorts out the bulk
once the bulk resistance becomes sufFiciently
large. ' ' ' ' The exact nature and origin of this
surface layer are not known yet; however, it is probably
related to the preferential out-diffusion of Hg near the
surface (leaving behind a Te-rich compound) and/or to
the presence of oxides and damage near the sur-
face. ' We learned in our experiments that al-
though most of the surface layer can be removed by etch-
ing, the surface degrades in a short time when exposed to
air at room temperature. Our observation is in qualita-
tive agreement with the results of recent work by Balev
et a/. , who measured the magnetotransport coefficients
of n-type Hg, „Cd„Te as a function of the time elapsed
after etching the samples. In the studies reported here,
we tried to keep the time between the etching and cooling
the samples in liquid nitrogen as short as possible. How-
ever, we were not able to eliminate the surface problem
entirely.

The Hg& Cd„Te samples were cleaved into rectangu-
lar plates (typical dimensions -2)&7)&0.5 mm ). A
string saw was used to cut the InSb samples into similar
shape and dimensions. The samples were then etched in
a bromine (3%)—methanol (97%) solution, and electrical
leads were soldered to them with indium. In soldering
the leads, care was exercised so that only sufficient heat
to melt the indium at the contact was applied. For mea-
surernents in the temperature range 0.4(T &4.2 K, sam-

ples were immersed in He or He baths and the tempera-
ture was controlled by pumping on the bath and using
the He vapor pressure to monitor the temperature.
Above 4.2 K, a variable-temperature cryostat was em-
ployed and a calibrated carbon-glass resistor was used as
a thermometer. A dilution refrigerator was used for mea-
surements below 0.4 K. The accuracy in our reported
temperatures is estimated to be about 3%.

All the transport measurements were made in Bitter
magnets at the Francis Bitter National Magnet Laborato-
ry at the Massachusetts Institute of Technology (MIT).
We measured the longitudinal (p„), transverse (p„„),and
Hall (p„) resistivities. Denoting the direction of the
magnetic field by z, p„refers to the resistivity along z,
p„„ to the resistivity along x, and p„„ to the conventional
Hall resistivity (the current direction is along z for p
and along x for p„„and p„~ ). All the measurements were
made using the dc technique. The data acquisition and
subsequent analysis were done using a computer. Be-
cause of the imperfect positions of the contacts, it was
usually necessary to correct the data to eliminate the con-
tribution of p„„ to p„and vice versa. In all of our re-
ported data, p„„and p„were measured for opposite
directions of the magnetic field and the data were added
(subtracted) to obtain p„„(p„). The corrections are
especially important when measuring p„at high magnet-
ic fields and low temperatures where p, is very large and
can dramatically influence p„ if the corrections are not
made.

B. Magnetotransport results

In Figs. 1 —3 we show log-log plots of p,» p„„,and pzy
versus magnetic field 8 for an InSb sample and two
Hg& „Cd„Te samples (E and B) at low temperatures.
These figures give an overall view of the magnetotrans-
port data in these materials. The important features of
the data are the following. (I) In the absence of magnetic
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FIG. 1. Longitudinal (p ), transverse (p„„),and Hall (p„~ ) resistivities of an n-type InSb sample shown for the indicated tempera-
tures as a function of the magnetic field B. At low temperatures, above the metal-insulator transition field BM.I all the resistivities
rapidly increase with increasing B.

field the transport coefficients for all of the samples listed
in Table I are weakly temperature dependent (metallic be-
havior). (2) As 8 is increased, the transport data show
stronger temperature dependences. We denote the mag-
netic field above which p„y abruptly rises at low tempera-
tures as the M-I transition field 8~ & (see Figs. 1 —3).
Note that p and p„„also show a strong magnetoresis-
tance above B~I. (3) At magnetic fields well above BM I,
the Hg& „Cd„Te data show a much weaker dependence
on temperature and magnetic field than what is expected
for the magnetic freeze-out eSect and is observed for InSb
(see Figs. 1 —3). (4) Below B~ z the data for Hg, „Cd„Te
and InSb are very similar. At low temperatures, p„y data
show an anomalous "Hall dip, " i.e., the Hall coefficient
RH—:p„ /8 falls below its low-field value. We now
present the data in more detail.

In Figs. 4 and 5, p~, pzz, and pzy for two InSb and two

Hgo 79Cdp g~Te samples (K and 8) are shown in the low-

field range where the Shubnikov —de Haas (SdH) oscilla-
tions are observed. The data for the two semiconductors
are similar both qualitatively and quantatively. For in-
stance, the last SdH maximum in p» is expected to occur
at a magnetic field Bo approximately given by

Bo——(H/v'P) (2g/e)n

This expression is valid at low temperatures
(k+T «Ac@, ) and for low effective mass (m /m, «1),
where co, =eB/m' is the cyclotron frequency. The mea-
sured Bo for the samples we studied are listed in Table I
and are plotted versus density n (as measured from the
Hall data) in Fig. 6. We also plot the dependence of Bo
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FIG. 2. p, p„„,and p„~ data shown for an n-type Hgo»Cdo»Te sample (sample E in Table I). In the field range B &BM I, the
resistivities show behavior similar to the InSb data of Fig. 1. Above BM z, however, the relatively weak field and temperature depen-
dencies of the resistivities at low temperatures observed in this figure are in contrast to the InSb data.
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FIG. 3. p„,p„„,and p„„data shown for another Hgo 79Cdo 2,Te sample with a higher carrier density (B in Table I). These data are
similar to those in Fig. 2 and are in contrast to the InSb data (at fields 8 & 8~1) of Fig. 1.

on n as given by Eq. (1) (dashed line in Fig. 6}. The very
good agreement between the predicted and observed posi-
tions of the last SdH maximum seen in Fig. 6 is impres-
sive, especially since there are no adjustable parameters
for either semiconductor. It is also worth noting that the
agreement between Bo in Eq. (1}and the observed value
extends to higher densities [Bc=5.4 T both experimen-
tally and according to Eq. (1) for Hgo szCdo, sTe with
n =3.8X10' cm ].

Previously, an anomalous peak in p„„above the last

SdH maximum was reported and was claimed to be the
evidence for a resonant state above the conduction-band
minimum in Hg& „Cd„Te. This anomalous peak was re-
ported to shift to lower magnetic Selds as a function of
increasing carrier density. From our studies, two con-
clusions can be clearly made. First, for the samples we
studied, no such anomalous feature was observed.
Second, our observed Bo for both HgI „Cd„Te and InSb
agree with the expected values quite well.

In Figs. 1-3 the data indicate that as B is suSciently
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FIG. 4. p, p„„,and p„~ data for two InSb samples with different carrier densities are shown in the low-field range where the
Shubnikov —de Haas quantum oscillations are observed.
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FIG. 6. Observed metal-insulator transition fields B~, (cir-
cles) and the positions of the last maximum in the
Shubnikov —de Haas oscillations Bp (triangles) plotted vs the
carrier density for the Hgp8Cdp2Te and InSb samples. The
dashed line is the predicted Bp based on Eq. (1). The solid
curves represent the metal-insulator transition field vs density
calculated using Eq. (3) with 5=0.31 (0.34) for Hgo, Cdo 2Te
(InSb), respectively (see text). On the right, the parameter y in
Eq. (2) is indicated for the two semiconductors as a function of
the magnetic field.

increased p„abruptly rises. We define the magnetic field
at which p„„abruptly rises as the M-I transition field

BM I. Above BM I, all three resistivities p„,p„, and p„~
increase strongly with increasing field or decreasing tem-
perature for InSb (Fig. 1). For Hg, „Cd„Te, however,
no such strong dependence on temperature or field is ob-
served for magnetic fields well above BM I. In Figs. 1-3
it is evident that the rise in p„becomes less sharp at
higher temperatures and, therefore, a precise definition of

BM I at finite temperatures is difficult. A discussion of
BM I, including its dependence on carrier density and its
relation to the other transport coefficients, will be given
in Sec. III C.

The dependence of p„on B in the magnetic field range
below Bsr I is anomalous (Figs. 1 —3). At low tempera-
tures, the Hall coefficient RH(B)=p„~(B)tB displays a
"Hall dip. "' ' ' In Figs. 7 and 8 the p„-versus-B data
near and below BM I for several Hg, „Cd,Te and InSb
samples are shown. Note that as the temperature is in-
creased, this dip gradually disappears and the Hall resis-
tivity rises to a high-temperature value consistent with
the low-field carrier concentration. We discuss the inter-
pretation of this anomalous Hall dip in Sec. III C.

As mentioned before, the Hgi Cd, Te transport data
in the field range well above BM I and at low tempera-
tures are anomalous. In Fig. 1 we observe that, for InSb,
the resistivities increase by several orders of magnitude
(relative to the low-field values) in the high-field range
above BM I. In the case of Hgi „Cd„Te (Figs. 2 and 3),
however, the temperature and field dependencies are
much weaker than those observed for InSb. This diverg-
ing behavior at high fields is especially surprising because
in this field range it is expected that the electron's
Coulomb interaction with the ionized impurities dom-
inates, resulting in the magnetic freeze-out of carriers as
observed in InSb. Nevertheless, this anomalous feature
led Nimtz et al. ' and recently Rosenbaum et al. ' to
believe that an electronic phase transition into a Wigner
crystal takes place in Hg, Cd„Te.

We studied the magnetotransport coefficients of several
Hg, „Cd Te samples at high fields and low tempera-
tures. The results can be summarized as follows. (1) In
all cases the weak field dependence at low temperatures
was observed. For instance, in Fig. 9 p data are shown
for three samples with different carrier densities. For all
these samples, a distinctly weak dependence of p on B
for fields above B~ I is observed at T =0.5 K. (2) We ob-
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FIG. 7. Hall resistivity p„» shown for three Hgp sCdp 2Te samples (J, P, and Q in Table I). Similar to the data shown in Figs. 1-3
and 8, the p ~ display "Hall dips" in the field range below the metal-insulator transition fields B~ I and at low temperatures.

served that the onset of this weak dependence (at a fixed
low temperature, e.g. , 0.5 K) depends on sample prepara-
tion. In specific, the onset shifts to higher magnetic fields
for samples that are freshly etched and quickly mounted
in the cryostat. This observation is in agreement with the
results recently reported by Balev et al. , who made
measurements of the transport coefBcients in

Hg, „Cd„Teas a function of time after etching. (3) In a
few cases, we observed SdH oscillations in resistivities at
magnetic fields well above BM I. An example is shown in
Fig. 10 [solid curve labeled (a)]. The frequency of these
oscillations suggests a density —10' cm, well above
the carrier density for this sample. Suspecting that the
oscillations are due to a high-mobility surface layer, we
removed the sample from the cryostat and bombarded its

surface using a sand-blaster with fine-size beads. %e then
remounted the sample in the cryostat and remeasured the
magnetoresistance. The remeasured p,„data are also
shown in Fig. 10 [curves labeled (b)]. Note the disappear-
ance of the high-field SdH oscillations.

In Fig. 11 the temperature dependence of p for two

Hg& Cd„Te samples are shown. Note that at low tem-
peratures and high magnetic fields the data are essentially
temperature independent. For comparison, similar data
are shown in Fig. 12 for an InSb sample. Note that for
InSb a strong temperature dependence is observed down
to the lowest experimental temperatures. At low temper-
atures ( T 5 l. 5 K) and for magnetic fields above BM I the
InSb data show a In(p„)-T™behavior with m =0.3.
This observation is consistent with previously reported
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FIG. 8. p„„data plotted for two InSb samples showing "Hall dips" similar to the Hg08Cdp 2Te data (Figs. 2, 3, and 7) at low tern-
peratures. At higher temperatures, the Hall dip gradually disappears and p ~ rises to a high-temperature value consistent with the
low-field carrier concentration.
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where co, =eB/m" is the cyclotron frequency, R ' is the
effective donor Rydberg constant, and l =(fi/e8)' is
the magnetic length. Note that y-B as indicated on the
right-hand side of Fig. 6 for Hg08Cdo zTe and InSb. In
the strong-field limit, the characteristic size of the elec-
tron wave function (for an isolated hydrogenic donor) in
the direction parallel to the field is a

~t
——a'/lny and that

perpendicular to the field is ai =21. ' Thus the volume
of the electron wave function is a~~ (ai ) =[4(a') ]/
(y lny ) and decreases as 8 is raised. Once the overlap be-
tween the wave functions of electrons is suSciently re-
duced, a M-I transition is expected to occur according to
the condition
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FIG. 12. Plots of log&op„vs 1/T are shown for InSb. The
strong dependence of p on temperature down to the lowest
temperatures is in contrast to the Hgo 79Cdo z& Te data (Fig. 11).

C. Discussion of magnetotransport results

We begin the discussion by noting that for 0.4 & T & 77
K all samples show metallic behavior at B =0. This is
expected since the donor density is from 10 to 100 times
greater than the (zero-field) critical density for the transi-
tion given by n,' a'=0. 25. The Bohr radius a' is
—1800 A ( -600 A) for Hgo sCdo zTe (InSb), resulting in

n, - X310' cm (-7 && 10' cm ). Therefore, for the
samples we studied, the magnetic-field-induced M-I tran-

n(a') (a„)=5 (3)

where 5 is a constant. In Eq. (3) experimental values for
the constant 5 for many systems of doped semiconductors
over a large range of carrier concentrations are found to
be in fair agreement with the theoretical estimate

0 3 41 42

In order to test the validity of Eq. (3) for the samples
we studied, we first determine the fields BM I from the on-
set of the sharp rise in p„data at low temperatures (Figs.
1-3). In Figs. 13 and 14 we show our measured p„„and
p„& for Hg& „Cd„Te and InSb samples at temperatures
down to 80 mK. Following Refs. 17 and 19 it is possi-
ble to extrapolate the apparent onsets of the sharp rise in

p„at low temperatures to the T~O limit to extract
BM I. In Ref. 17 it was observed that p„~ for
Hg& „Cd„Te exhibited an approximately linear depen-
dence on B for B & BM I. A temperature-dependent criti-
cal field was then defined as the intercept of the linear ex-
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FIG. 13. p„„and p„~ vs magnetic field shown for a Hgo»Cdo z& Te sample at low temperatures down to 80 mK.
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FIG. 14. p„„and p„~ vs B shown for an InSb sample at low temperatures down to 80 mK.

trapolation of p„versus 8 with the B axis. ' In Ref. 19
it was suggested that a more suitable definition for an ap-
parent characteristic field, associated with the M-I transi-
tion at a given T, may be the intercept of the linear extra-
polations of p„below and above the abrupt rise in p y.
The fields BM I in Table I and Fig. 6 were determined by
extrapolating these temperature-dependent characteristic
fields to the T~O limit. We note that although such an
empirical procedure may be useful for determination of
BMI, one should be cautious about the validity of the
linear dependence of p„on 8, and also of a "critical"
field that depends on temperature. We discuss below
an alternative determination of BM I.

We note here that both p„and p„„also exhibit a sharp
rise at BM I (Figs. 1 —3, 13, and 14), although their tem-
perature dependence starts at magnetic fields below BM I
(see below). Similar behavior was observed for InSb (Ref.
44) and GaAs, ' and was interpreted in terms of eff'ects
due to electron-electron correlation and disorder. It is
expected from the theory of disordered metals in weak
magnetic fields that the temperature dependence of the
longitudinal conductivity cr„(=p,, ) in the vicinity of
the M-I transition is given by

o„(T)=o + AT'~2+CT, (4)

where oo, A, and C are constants. In Eq. (4) the AT'
term is due to Coulomb interaction and the CT term is
due to weak localization effects. For magnetic fields
greater than BM I, ao ——0. Although the validity of Eq.
(4) in the presence of a strong magnetic field is not
theoretically confirmed, such an expression has been used
to interpret the experimental data.

In Fig. 15 we show 0 for a Hg& „Cd Te and an InSb
sample as a function of T' . These data are qualitatively
similar to the data of Ref. 44 on InSb, and can be fitted to
Eq. (4) fairly well. In fact, the M Itransition field B~I-

can be determined from Fig. 15 as the field above which
oo, used to fit Eq. (4) to the data, vanishes. We found
BM I = 1.1 T for the Hgo 79Cdo 2]Te sample and
BM I =3.2 T for the InSb sample of Fig. 15, in good
agreement with BM I determined from the Hall data
(Table I). We estiinate the accuracy of the fields 8~ z in
Table I and Fig. 6 to be +10%%ua. The solid curves in Fig.
6 represent the critical field versus density calculated us-
ing Eq. (3). The constant 5 was chosen to be 0.31 (0.34)
for Hgo sCdo 2Te (InSb). These values are in fair agree-
ment with the theoretical estimate (5=0.3) and previous
experimental results.

We now focus on the anomalous "Hall dip" below
BM I, and interpret it in terms of a model based on a
tight-binding approach to the donor band in the vicinity
of the M-I transition. The model assumes that a semi-
conductor crystal contains an infinite metallic donor clus-
ter as well as shallow donors which do not have close
neighbors thus supporting effectively localized electronic
states. The average carrier concentration in the infinite
cluster is greater than the crystal-average electron con-
centration.

In the tight-binding picture the amplitude of the elec-
tron wave-function peaks on the donor sites and the me-
tallic electrical conduction via the impurity band (in the
limit T~O) involves tunneling (not hopping) from an oc-
cupied to a neighboring unoccupied donor. Still on the
metallic side, but not far from the transition, the crystal
contains an infinite metallic donor cluster as well as re-
gions which do not participate in the electrical transport,
i.e., are insulating. For example, a donor which does not
have any other donor closer than some distance b sup-
ports an effectively localized electronic state for b large
enough that the overlap integral of this state with the me-
tallic states is exponentially small. Tunneling through
the regions of the crystal containing such a donor is not
feasible since it involves large distances.

For randomly placed donors the probability density for
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B~ I can be determined as the field above which era used to fit Eq. (4) to this data vanishes. B& & = 1. 1 T ( = 3.2 T) was determined for
the Hgp 79Cdp 2&Te (InSb) samples, respectively.

a donor to have the nearest neighbor at distance r is given
by the Poisson formula

P(r)=r /(3rD)exp[ (r/rD) ],—
where rD 3/(4m N——D ) and ND is the donor concentration.
Therefore, the concentration of the donors which have no
other donor closer than b is

bn(b)=n f P(r)dr =n exp[ (b/rD) —] . (5)
b

If we assume that each such isolated occupied donor ex-
cludes a volume of 4nr/3 from t.he infinite metallic clus-
ter, the fraction of the volume of the crystal excluded
from electrical conduction is

s(b}=n f (4rrr /3)P(r)dr
b

= [(4mb ) /( 3rD ) + 1]exp[ (b /rD ) ] .— (6)

The conduction takes place in the infinite metallic cluster
of the average donor concentration

n hn (b)—
1 —s(b)

(7)

Since every isolated donor takes up one electron from the
metallic cluster and excludes a volume greater than the
average volume per electron, n, ff is greater than n. It is
known that the Hall coefficient of a macroscopically in-
homogeneous material treated within the effective-
medium theory RH ——h/n, ffe, where h is a geometrical
factor. ' ' However, it can be argued that in the case of
microscopic inhomogeneities, when the electron-
scattering length is on the order of, or even greater than,
the size of typical inhomogeneity, h = 1.

We now apply these results to the narrow-band-gap
semiconductors in a magnetic field. %'e use the expres-
sions for the characteristic size of the electron wave func-
tion in the strong-field limit, i.e., a

~~

——a */in@ and
a~ =21. Thus a~~ (a~ ) =[4(a*) ]/(y lny) and decreases

as B is raised. Expressing b in Eqs. (5}—(7) in units of
a~~ (a~ ), that is b =Ma f (a~ ), in the strong-field limit

(y » 1), and using h =1,we obtain

RH(B) = 1 1 —s(B)
en, ff(B) e [n b, n (B)]—

M is a dirnensionless parameter; within our model if a
donor does not have a neighbor in the volume
[4mMa~~ (a~ ) ]/3, it does not participate in electrical
conduction at T~0.

In Fig. 16 we show the Hall coefficient RH [normalized
to RH (B~0)] for a Hgo sCdo 2Te sample (P in Table I)
at the lowest experimental temperature. Figure 16 also
shows a fit based on Eq. (8) with M used as a fitting pa-
rameter. The theoretical curve shown has M =12; this
means that the microscopic M-I transition criterion (on
the scale of a few donors) is na l' (a ~ ) =3/(4aM).
=(0.27), in contrast to the macroscopic (on the scale of
the whole crystal) Mott criterion na~~ (a j' ) =(0.31) (see
Fig. 6}. This difference of the microscopic and the mac-
roscopic Mott criteria is consistent with the picture of
the macroscopic M-I transition in crystalline semicon-
ductors being a percolation threshold of formation of the
infinite metallic donor cluster. It is clear that our model
applies only to the metallic side and not to the insulating
side of the M Itransition (i.e., -it does not apply to the
range B &B~I}.

Figure 17 shows the normalized RH(B) data for several
other Hg, „Cd„Te and the InSb samples. The horizon-
tal axis is (y lny)/[n (a ) ] in order to scale the data for
different samples in accordance with Eq. (8) in the region
of strong fields. The scatter of the experimental curves is
on the order of the accuracy with which the samples' pa-
rameters (n, m *,v) are known. The common fit of Eq. (8)
is the same as in Fig. 16 (M =12). We note here that for
the InSb samples B~ I corresponds to y ~30; therefore,
the high-field limit is not fully applicable. This may be
the cause of the worse scaling of InSb data in Fig. 17.
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FIG. 17. The normalized Hall coefficients of several

Hgo 79Cdp 2]Te and InSb samples vs (y 1ny) /[n (a *)']. The den-

sities of the samples are given in Table I. The fit of Eq. (8) is
with the same parameter M =12 as in Fig. 16. The arrow indi-

cates the M-I transition according to the condition

na~~ (a& ) =(0.31) .

The reasonable scaling of the Hall data for the
Hg& „Cd„Te samples with n spanning an order of mag-
nitude is in itself evidence for the impurity-band nature
of the conduction near the M-I transition (the scaling in-
volves the shallow-donor effective Bohr radius). Our
model does not take into account several factors that may
play an important role in the electrical transport near the
M-I transition. We neglected the inhuence of compensa-
tion (except as mentioned in Ref. 28), the effects of finite

temperatures, and the electron-electron interaction.
The calculation does not take into account the presence
of isolated donor doublets and more complex clusters.
Also, we spherically averaged the donor distribution al-
though the magnetic field reduces the symmetry to only
cylindrical. The geometrical factor h most likely deviates
noticeably from the value of 1 we used (especially close to
the M-I transition), thus increasing RH(8) and producing
the rounding at fields close to BM I as is evident in experi-
mental curves.

We believe that our model explains the presence, the
direction and the magnitude of the "Hall dip. " A more
accurate and involved calculation would produce qualita-
tively similar results, probably leading to an increased
value of M since it would take into account more com-
plex isolated donor clusters. We consider the general
agreement of Eq. (8), derived within a very simple model,
and the experiment as encouraging and strong evidence
for the appropriateness of the tight-binding approach to
the impurity-band problem in crystalline semiconductors.

D. Is there evidence for %igndr crystallization
of electrons in Hg& „Cd„Te'F

Certain anomalous features in the magnetotransport
data of Hg, „Cd„Tehave been interpreted in the past as

evidence for Wigner crystallization of electrons in this
material. We review some of these features here and
compare them with our data.

(1) In Refs. 8 and 14—16 it was reported that the Hall
coefficient RH does not rise appreciably at magnetic fields

above B~ I. A temperature-dependent p, however, was
observed and was interpreted as evidence for an activated
mobility. It was concluded that the system could be de-
scribed as a highly correlated electron liquid and/or a
Wigner crystal. Our data (Figs. 2, 3, 7, 13, and 18) indi-
cate that, at low temperatures, p„„sharply rises at mag-
netic fields above B~ I. This behavior is similar to what
is observed in InSb (see, e.g., Fig. 1), and is consistent
with the magnetic-field-induced freeze-out effect. It was
recently argued that an improper sample geometry (small
length-to-width ratio L/8') is responsible for our obser-
vation. Considering the geometry of our samples (see
Sec. IIIA), and also the fact that a temperature depen-
dent RH was indeed observed by other groups' we be-
lieve that our measurements do give the Hall resistivity
correctly.

(2) We mentioned earlier that in view of the similarity
of the electronic structure of Hg, „Cd„Te to that of
InSb, the similarity between the transport data as well as
the rnagnetooptical properties of these semiconductors is
expected. It has been argued, however, that unlike the
case of InSb, the conduction-band electrons in bulk n-

type Hg& „Cd Te are derived from Te vacancies and
that this difference is responsible for the absence of mag-
netic freeze-out in Hg, „Cd„Te. ' ' ' Dornhaus
et al. claimed to have observed a donor state above the
bottom of the conduction band which they assumed to be
created by Te vacancies. The evidence for this resonant
level was reported to be an anomalous peak in the magne-
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totransport data which shifted to lower magnetic fields as
a function of increasing carrier density. We note in
Figs. 4—6 that no such anomalous feature was observed
in any of our samples. In addition, even if such a reso-
nant state exists and a level crossing occurs, the electrons
would occupy the "Te-vacancy" states and a total free-
carrier freeze-out follows (contradictory to the reported
Hall data of Refs. 8 and 14—16). Moreover, vacancy-
derived free carriers would be no more susceptible to
Wigner crystallization than those derived from substitu-
tional donors. Any point-defect source of free electrons
must leave behind fixed positive charge and, therefore,
supports shallow levels.

(3) Weak dependencies of the resistivities in
Hg& „Cd„Te on the magnetic field at high fields and low
temperatures was reported several years ago as evidence
for Wigner crystallization of electrons. ' More recent-
ly, Rosenbaum et al. interpreted the nonactivated behav-
ior of p ~ above 8~1, and the apparent linear depen-
dence of 8~ I on temperature as evidence for the melting
transition of a Wigner crystal. ' As noted earlier, such
anomalous data should be interpreted with extreme care
in view of the conducting surface layer in
Hg& „Cd„Te. Moreover, neither a weak magnetoresis-
tance nor a nonactivated p„can by themselves be re-
garded as evidence in favor of a Wigner crystal.

(4) Recently, non-Ohmic behavior in a Hgp 76Cd024Te
sample at high magnetic fields above B~ I was reported
by Field et al. ' They observed nonlinearity in p start-
ing at very low electric fields of the order of 0.5 mV cm
which they interpreted as evidence for the depinning of a
Wigner crystal. In our measurements of the transverse

resistivity p„„, we observed a non-Ohmic behavior in
both Hg& „Cd„Te and InSb starting at electric fields an
order of magnitude higher than 0.5 mVcm '. Field
et al. also reported another nonlinearity at higher elec-
tric fields (comparable to those reported here) and attri-
buted it to sample heating. ' Considering the small ac-
tivation energies involved for barely insulating samples,
thermally assisted impact ionization and other hot elec-
tron effects cannot be ruled out and may account for the
observed non-Ohmic behavior.

(5) Finally, Stadler et al. recently reported measure-
ments of the energy relaxation time v; for hot electrons in
n-type HgosCdp 2Te in quantizing magnetic fields. ' Us-
ing a simplified energy-balance equation, they deduced
the heat capacity C„of the hot-electron system from the
dependence of ~, on the electron "effective temperature"
T, They interp. reted a broad and shallow peak in C„at
T, -2 K and the falloff of C, below this temperature as
evidence that the system goes through a magnetic-field-
induced liquidlike phase and into a Wigner crystal at low
temperatures. We have pointed out that the data
presented in Ref. 16 do not provide evidence for Wigner
crystallization of electrons in this material. Rather, the
data indicate that there is a decrease of ~, and C„, as cal-
culated in Ref. 16, with decreasing T, as T, approaches
the lattice temperature TI ( TI ——1.5 K in Ref. 16). Simi-
lar measurements of ~, versus T, on insulating InSb made
at zero magnetic field and at different TL show essentially
the same behavior. ' Therefore, in Ref. 16 the pri-
mary significance of the temperature range 1.5—1.9 K
where C, rapidly decreases, we believe, is that it lies just
above the experimental TI. The falloff of C, in this
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range, therefore, does not provide evidence for the forma-
tion and/or melting of a Wigner crystal. Also, Aronzon,
Kopylov, and Meilikhov very recently studied the elec-
tronic specific heat near the M-I transition in n-type
Hgo 8Cdo 2Te using a method similar to that of Ref. 16.
They did not, however, find any singularity in the specific
heat at the M-I transition field and associated the transi-
tion with Anderson localization in potential Quctua-
tions.

E. Summary and conclusions

The low-temperature magnetotransport data presented
in this section establish the basic similarity between the
magnetic-field-induced M-I transitions in InSb and
Hg& „Cd Te. We find this identity intuitively appealing,
considering the fact that the electronic structures of these
narrow-band-gap semiconductors are very similar. The
agreement of the transport data with the proposed model
provides evidence that the magnetic-field-induced M-I
transition in Hg&, Cd„Te and InSb occurs in the impuri-
ty band and is not a manifestation of Wigner crystalliza-
tion of electrons.

IV. IMPURITY CYCLOTRON RESONANCE
INHg& „Cd Te

Impurity cyclotron resonance (ICR) is an optically in-
duced transition of a donor-bound electron from the
ground state, related to the lowest (N =0, spin-up)
Landau-level states, to an excited bound state, related to
the N =1, spin-up Landau level. The energy separation
of the donor-bound states is slightly greater than that of
the Landau levels and, therefore, ICR is shifted from the
free-carrier resonance. The first observation of impurity

cyclotron resonance was reported for InSb in 1957, and
this phenomenon has been studied extensively since
then.

Here we report on the observation of ICR in

Hg& „Cd Te—the first conclusive evidence, to our
knowledge, that at low enough temperatures and
suSciently high magnetic fields the conduction-band
electrons are bound on donors. ' The energy splitting be-
tween the ICR and the conduction-band cyclotron reso-
nance (CCR) is consistent with calculations performed
within the hydrogenic donor model ' and can be used
to determine the binding energy of the electrons. The
saturation of the ICR absorption with the incident radia-
tion intensity, previously studied in InSb, ' was used
here to measure the lifetime of the electrons accurnulat-
ing in the lowest Landau level; we found Tj —10 s-
nearly 2 orders of magnitude longer than in InSb.

Samples (I and Y in Table I) were cut from 15-mm
diam wafers, thinned, polished, and briefly etched in a
3% bromine-methanol solution minutes before mounting
in the cryostat. 6 Final thicknesses were d =305, 290,
and 260 pm for samples Ha, Hb, and F, respectively.
Measurements were made in Faraday configuration using
far-infrared (fir) radiation from an optically pumped cw
laser. The radiation was circularly polarized using a fir
linear polarizer and a crystal quartz A, /4 plate, and was
detected by a Ge:Ga composite bolometer. The samples
were mounted on a wedged germanium substrate and
were immersed in pumped liquid He to achieve tempera-
tures below 4 K. A fir absorber with a small, 3-mm-diam
hole was placed immediately in front of the samples to
ensure the uniformity of the incident radiation.

Typical magnetotransmission spectra are shown in Fig.
19. The ICR absorption decreases and the CCR absorp-
tion increases as the temperature [Fig. 19(a)] or the radia-
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ization, are shown by horizontal tick marks on the left-hand axis for each respective trace.
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tion intensity [Figs. 19(b) and 19(c)] is raised. There is no
ICR absorption in the cyclotron-resonance-inactive cir-
cular polarization within the experimental uncertainty of
-2%%uo, in agreement with the theoretical prediction that
the selection rules for the two processes are the same.

From the transmission data ~e calculated nd, where
a(B) is the absorption coefficient and d is the sample
thickness. We neglected multiple reflections because of
the substrate. At high temperatures ( —10 K) where only
CCR is present, the data can be fitted reasonably well
with a Lorentzian absorption line, which indicates high
compositional uniformity of the samples. The linewidth
is consistent with the 77-K Hall mobility. From the low-
temperature experimental absorption we substr act a
Lorentzian line with the resonance field, Bcc~, and the
half-width, I, from the high-temperature fit and use the
peak CCR absorption, az, as a fitting parameter to get a
smooth, approximately Lorentzian ICR absorption (cf.
Fig. 20). We estimate the resulting uncertainty in the
resonance field splitting, Bcc~—B&cz, as 2.5 mT for
x =0.224 and 1.5 mT for x =0.204. The peak absorp-
tion a&d is accurate to within 5—10%.

The resonance fields, Bccz and B,c„, are plotted
versus photon energy, fico, in Fig. 21(a); the lines show a
nonparabolic, Bowers- Yafet model calculation with the
band-bottom effective mass, m "(B=0), used as a fitting
parameter. The energy splitting between the ICR and
CCR, ' 6—:(E»p —Eppp) (E,+ E—+ ), wa—s calculated
from

A(B) =[d (E,+ Ep+ ) IdBl—ii =II (BccR BicR }

and is shown in Fig. 21(b). The lines in Fig. 21(b) give re-

ar (I) ai (0)I
1+ T)

ar (0) ficon
(9)

where T, is related to the electronic lifetime of the 0+
Landau level. In this model the electrons are excited by
the fir radiation from (000}state to (110) state from which
they relax to the 0+ level and directly to the ground state
(000) with time constants T33 and T», respectively.
Denoting the lifetime of the 0+ Landau level by 'T2& and
making the saine assumptions as Ref. 6 (T33 « T3I,
T32 « T2, }at low enough temperatures, TI =T2, .

The reported lifetimes ' for InSb fit the empirical rela-
tion TI =2.5&&10 y s, where y=(a'll) and the mag-
netic length 1 =(fi/eB)'~ For .samples Y and Hb we ob-

I I I I I I

0
e) 0.4—
E

0 0.2 —
o

H9p spCdp zpTe™& H9pTSCdp zzf~ Y

0 I I I t I I I I

l

—(b)

suits of Larsen's nonparabolic model calculation,
adapted for our samples by using m ' given in Fig. 21(a}
and the static dielectric constant ~=17. In the experi-
mental range of magnetic fields, the data are in qualita-
tive agreement with the theory developed for an isolat-
ed donor. The quantitative discrepancy ( -20% } is simi-
lar to that observed in InSb samples. '

Figure 22 gives the dependence of the peak ICR ab-
sorption, azd, on the fir radiation intensity I. A three-
level model predicts

I ) 1 I

go 78Cdo.zaTe- Y 0.12rnW cm
1.54K-

1044meV
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FIG. 20. Example of fir absorption analysis (described in the
text). About 10 magnetotransmission spectra at different inten-
sities were used at every photon energy to obtain a pair of data
points in Fig. 21 and the experimental uncertainties given in the
text.

FIG. 21. (a) Resonance magnetic fields at several fir photon
energies Ace. The lines give nonparabolic fits for 0+ —+1+ transi-
tion, with m used as fitting parameter. The inset shows the
relevant energy-level scheme. (b) The energy splitting
h=~&c~ —Acocc„vs magnetic field. The lines show scaled
theoretical prediction of Ref. 67. Effective Rydbergs for sam-
ples Ha and Yare, respectively, 0.25 and 0.38 meV.
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FIG. 22. Measured peak ICR absorption of the samples as a
function of fir radiation intensity. The curves are fits of Eq. (9)
with the sample parameters given in Table I and in the text.
Pluses denote intensities I&/2 such that 2ai(I&/&)=al(0). The
fits give times T& ——3.4)&10 and 1.6)&10 s for samples Hb
and Y, respectively.

tained T& -1.0)&10 y s and 1.4&10 y s, respectively.
These are substantially longer lifetimes than for InSb.
We believe that the relative uncertainty in values of I is
-10%; however, the absolute calibration of fir intensity
is accurate only to within a factor of 2. A more extensive
study in this alloy semiconductor can determine the
band-gap and/or efFective-mass dependence of the inelas-
tic lifetime of the lowest Landau level and the chemical
shifts in the donor binding energies.

Several factors combine to make the experimental ob-
servation of ICR and data analysis more diScult for
Hgp 8Cdp 2Te than for InSb. Lower electron effective
mass and low fico10 ——17 meV limit the measurements to
lower magnetic fields, which, in turn, combined with
smaller effective Rydberg, leads to smaller relative split-
ting between ICR and CCR and requires lower experi-
mental temperatures and impurity concentrations. The
alloy potential fluctuations may broaden both ICR and
CCR. In addition, the surface of Hg& „Cd„Te attracts
electrons from the bulk. We have performed a study of
this phenomenon using CR absorption to determine the
fraction of the electrons left in the bulk. It has been
found that with our sample-preparation procedure the
bulk electron per square concentration decreased linearly
with the sample's thickness as N =nd —N„where
N, =6X10"cm was concluded to be the surface elec-
tron density. Since the width of CCR did not change ap-
preciably as a sample was thinned, down to N =3&(10'
cm, we also concluded that the bulk concentration, n,
does not change, but rather that the surface electrons
leave behind depletion layers, at each side of the sample.

We note here that the cyclotron resonance of an accu-
mulation layer would be shifted to higher fields due to
nonparabolicity and, more important, would be much
broader than the bulk CCR due to the high scattering
rate of the surface electrons. We do observe a weak and
broad background absorption in the magnetotransmis-

sion data which can be due to the surface-bound elec-
trons.

Shorting of the bulk by the surface conduction
prevented us from obtaining useful transport data in
these low-n samples. However, by extrapolation from the
data on higher-n samples, we can estimate that the
magnetic-field-induced metal-insulator transition field,

B~ I, for sample Y is approximately 0.35 T. The fir data
at fico=2 99 .meV show the ICR absorption present at a
lower field (cf. Fig. 23) with the integrated absorption
strength equal to that at higher fields, within the experi-
mental uncertainty. This experimental observation does
not fit into any of the M-I transition pictures mentioned
in the Introduction and suggests that even on the metallic
side of the M-I transition the delocalized electrons are in
donor band states which are distinct from the
conduction-band states.

V. SUMMARY AND CONCLUSION

%cu =2.99meV 6.74meV I0.44meV

K

O
CA
V)

CA

K

Ml
Hgo.7e Cdo zzTe- Y (4.2K)
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0.5
B (T)

I

I.O

FIG. 23. Magnetotransmission spectra of a Hgo 78Cdo 22Te
sample ( Y) at different fir wavelengths [cyclotron-resonance-
active (CRA) circular polarization] showing the presence of
ICR at magnetic fields below BM I.

We believe that the selection rules, the magnitude of
the splitting, and its magnetic field dependence together
with the absorption saturation effect allow us to identify
the low-field peak in the magnetotransmission spectra of
Hg, „Cd„Te as the (000)~(110) ICR transition, which
is direct and conclusive evidence for hydrogenic donors
in this material. This has been further confirmed by re-
cent Voigt-geometry ineasurements of the (000)~(011)
transitions in Hg& „Cd„Te. ' This observation allows
us to conclude that the Wigner condensation of the
conduction-band electrons does not occur in

Hg& „Cd„Te. The observed similarity of the magneto-
transport data for Hg& „Cd,Te and InSb in the vicinity
of the magnetic-field-induced M-I transition further
confirms this conclusion. Both the observation of ICR at
magnetic fields below the M-I transition, and the agree-
ment of the transport data with the proposed model, sug-
gest that the magnetic-field-induced M-I transition in
these narrow-band-gap semiconductors takes place in the
donor impurity band.
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