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Far-infrared magnetotransmission studies of n-type Hg,_,Cd, Te (0.2 <x <0.3) are reported for
temperatures down to 1.5 K and magnetic fields up to 9 T in Voigt and Faraday geometries.
Magneto-optical transitions of donor-bound electrons are observed, including the [000] —[001] and
[010]—[01k,] transitions in the Voigt geometry, and the [000]—[110] transition in the Faraday
geometry. These identifications are confirmed by the resonance positions, selection rules, and tem-
perature dependence. The experimental observations are consistent with calculations of resonance
positions and line shapes based on the hydrogenic donor model including central-cell effects and
band nonparabolicity. This work confirms the donor-bound-electronic ground state for n-type

Hg,_,Cd, Te.

I. INTRODUCTION

The  narrow-band-gap  semiconductors  n-type
Hg,_,Cd, Te (MCT) and n-type InSb have long been
considered as suitable candidates for the study of
magnetic-field-induced localization because they can
satisfy the Mott criterion for the metal-insulator transi-
tion at readily achievable carrier densities and magnetic
fields.!”* MCT is particularly attractive because the
effective Bohr radius can be varied by changing the Cd
concentration x so that the critical magnetic field B, for
the transition can be tuned both by varying x and the car-
rier density. However, sufficiently high-quality samples
of MCT have only recently become available. Therefore,
unlike InSb, where the condensation of the electrons onto
donors at high fields and low temperatures has been well
established, the nature of the ground state of n-type MCT
has been controversial.

This controversy centers on whether the observed lo-
calization corresponds to condensation of the electrons
into a periodic electron lattice as predicted by Wigner
(driven by the electron-electron interaction) or to the ran-
domly distributed donors (Mott-Anderson transition).
Studies based on transport measurements alone have not
resolved this controversy because transport measure-
ments are notoriously difficult to interpret and the Mott-
localization criterion [n!/3a*(B)=0.25] applies to both
cases. Since this issue has remained unresolved, it is im-
portant to clearly establish the nature of the ground state
in this material. Far-infrared magnetospectroscopy of
the impurity-bound electrons, which should settle the is-
sue, has only recently been reported in MCT.>~7 The
study of shallow donor levels is of importance not only
because of the more conclusive and direct evidence for
the properties of the electronic ground state in high fields
and low temperatures, but because it may also lead to a
method of identifying the donor impurities through their
chemical shifts (i.e., the central-cell effect). Therefore,
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these studies could lead to the development of higher-
quality MCT and improved optical and electronic devices
based on this semiconductor alloy.

In this paper we present the results of extensive studies
of the far-infrared magneto-optical transitions of donor-
bound electrons in MCT. We report on the [000]— [001]
impurity transition and the [010]—[01k,] photoioniza-
tion transition in the Voigt geometry, which involve only
states associated with the lowest Landau level, and the
[000]—[110] transition (impurity cyclotron resonance) in
the Faraday geometry, in which the final state is a donor
state associated with the first-excited Landau level. The
magnetic field dependence of the resonance energies,
their selection rules, and the temperature dependence of
the observed spectra confirm the identifications of these
impurity transitions. Their oscillator strengths demon-
strate that nearly all of the extrinsic electrons are on
donor sites at sufficiently low temperatures. Central-cell
effects are included in the analysis of the transitions from
the [000] donor ground state. The [010]—[01k,] photo-
ionization line shapes, which do not depend on central-
cell effects, are compared with calculations of the
optical-absorption coefficient. In the [000]—[110] im-
purity cyclotron-resonance (ICR) transition nonparabolic
effects are significant and have been included in the
analysis.

The paper is organized as follows. In Sec. II the exper-
imental aspects are presented. We present the experi-
mental data and some of the results of the analysis in Sec.
ITII. The details of the analysis are presented in Sec. IV.
We discuss the relation of this work to the magnetic-
field-induced metal-insulator transition in Sec. V. In Sec.
V1 we present our conclusions.

II. EXPERIMENTAL DETAILS

The far-infrared (FIR) magnetotransmission measure-
ments have been carried out on bulk single-crystal sam-
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TABLE I. Sample parameters

n (10" em™)  p (10° cm?/Vs)

m¢ (1073m,)

x E, (meV) € ¢, (1077 meVem?)
0.270 1.0 0.80 12.5 200 16.1 2.33
0.237 0.6 1.96 8.53 125 16.3 2.37
0.224 0.6 1.20 6.82 100 16.2 3.02
0.204 0.3 2.70 5.01 67 16.0 2.77
0.198 2.1 4.50 4.00 56 16.4 3.23

ples of unintentionally doped n-type Hg, _,Cd, Te grown
by the quench-anneal process.® The relevant parameters
for the samples used in this study are listed in Table I.
Carrier densities and mobilities were deduced from low-
field magnetotransport measurements at 77 K. In the
handling and processing of the samples used in these
studies, special precautions were taken because of the
well-known problems with MCT. The samples for the
FIR transmission measurements were first cleaved from
the wafers with a sharp razor. To obtain an appropriate
level of transmission, the sample thickness must be re-
duced to =25 um. They were first polished mechanically
with alumina and then chemically polished to the desired
thickness. Care in the etching process is important to
minimize undesirable effects due to accumulation layers
resulting from the surface potential of the oxide layer.” It
is well known that this effect leads to both the shorting of
the bulk by the surface conduction in transport measure-
ments on low-density samples in high magnetic fields,°
and to features in the transmission spectrum due to cy-
clotron resonance in the subbands of the accumulation
layers and impurity transitions due to the surface-bound
electrons, which may obscure the response of the bulk
carriers. The samples were etched for 5 min in a 5%
bromine-methanol solution and then stored in pure
methanol solution to avoid exposure to air. They were
then mounted on an undoped Ge substrate chosen be-
cause of the close match of its dielectric constant and
thermal-expansion coefficient with MCT over a wide tem-
perature range, thus minimizing effects of strain on the
sample and interference fringes associated with the sam-
ple thickness. The Ge substrate was masked around the
specimen with silver paint in order to prevent light leak-
age to the radiation detector.

The measurements were made in a cryostat in which
the sample temperature could be varied from 1.5 to 100
K as measured with a calibrated carbon-glass resistor.
The magnetic field from a 10-T superconducting solenoid
was measured with a GaAs Hall probe. Magneto-
transmission was studied using far-infrared radiation
from an optically pumped cw laser in the spectral range
A=118.8-888.9 um. The Voigt-configuration cryostat
was equipped with a linear polarizer, which could be ro-
tated from outside the cryostat. In the Faraday-geometry
cryostat a circular polarizer consisting of a linear polariz-
er and a set of crystal quartz A/4 plates was placed =5
mm in front of the sample. The detector was a 4.2-K
com}posite bolometer consisting of a small (1X1X.075
mm-”) doped Ge sensor epoxied to large-area
(10X 10X.05 mm?) silicon wafer coated with an absorb-
ing metal film.

III. RESULTS

Typical Voigt-geometry magnetotransmission spectra
in E||B polarization are shown in Fig. 1 for the x =0.198
sample for several photon energies. At 4.2 K two reso-
nant features are seen in this sample. Similar spectra are
observed in the x =0.204 and 0.224 samples, while for
the x =0.237 and 0.270 samples only one absorption
minimum was observed. In ELB polarization neither of
these resonances appear. Instead, the conduction-band
cyclotron resonance is observed, but at much lower mag-
netic fields, or higher frequencies, as shown in Fig. 2 for
the x =0.224 sample. Important information for the
identification of these resonances is provided by the tem-
perature dependence of these spectra. The low-field reso-
nance, which is clearly discernible in the Voigt geometry
at 4.2 K (Fig. 3), is seen to weaken as the temperature is
lowered to 1.5 K. This behavior is more pronounced for
lower-x samples. The positions of these two resonances,
together with the observed selection rules and tempera-
ture dependence, allow us to identify them as the impuri-
ty photoionization transition [010]—[01k,] (low field)
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FIG. 1. Magnetotransmission spectra for the x =0.198 sam-
ple in Voigt geometry in the E||B polarization at T=1.5 K.
The two resonances marked by arrows are identified as the
[010]—[01k, ] and [000]— [001] impurity transitions. The hor-
izontal tic marks on the left-hand axis represent the zero-
transmission levels for each successive trace.
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FIG. 2. Conduction-band cyclotron-resonance spectra for
the x =0.224 sample in the ElB-polarization Voigt geometry.
The tic mark on the left-hand axis indicates the zero-
transmission level for the A=447 um line.

and the [000]—[001] donor transition (high field). The
identification of the photoionization transition as
[010]—[01k,] rather than [000] —[00k,] follows from
the temperature dependence. The weakening of the ab-
sorption at 1.5 K corresponds to the freeze-out of the
electrons from the [010] level to the [000] ground state.
The stronger temperature dependence for small x can be
understood by noting that the separation between [000]
and [010] energy levels decreases with x since the
effective mass and, therefore, the effective Rydberg (Ry*)
decreases with x. Calculations of the absorption
strength, which will be presented in Sec. IV of this paper,
indicate that the photoionization transition should be a
factor of 10 weaker in the Faraday geometry (E1B) com-
pared with the Voigt geometry (E||B). This explains why
the photoionization transition was not seen in the
Faraday-geometry spectra.

The observed resonance energies are plotted against
magnetic field in Figs. 4 and 5. The solid lines in the
figures correspond to the calculated impurity transition
energies of the [000]—[001] and [010]—[O1k,] transi-
tions based on the theory of hydrogenic donors in high
magnetic fields. The details of the analysis are given in
Sec. IV. The observed asymmetric broadening of the
[000] —[001] resonance line shapes in these fixed
frequency-field sweeping measurements can understood
in terms of the effects of the nonlinear dependence of the
transition energies with magnetic field. Since this depen-
dence is sublinear, as seen in Fig. 4, the resonance
linewidths increase as the photon energy increases and
the low-field side of the absorption line tends to be
sharper than the high-field side. This qualitative argu-
ment has been confirmed by comparisons of the magneto-
transmission line shapes based on a Lorentz-oscillator
model for the [000] —[001] transition and a calculation of
the line shape of the [010]—[01k, ] photoionization tran-
sition including lifetime broadening. The details of these
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calculations are given in Sec. IV. A result of a line-shape
calculation, for the x =0.198 sample, is shown by the
solid lines in Fig. 6. The fitting parameters n(000)
~7X10"” cm™3, n(010)~4Xx10" cm ™3, and the ac
mobilities ~1.5X 10° cm?/V's and 2.5X 10° cm?%/V s, re-
spectively, are in satisfactory agreement with the values
determined by transport measurements. In Fig. 7 we
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FIG. 3. Temperature dependence of the Voigt-geometry E||B
spectra showing the [010]— [01k, ] and [000]— [001] transitions
marked by arrows. The magnitude of the [010]—[01k%,] ab-
sorption decreases at 1.5 K, while the [000]—[001] transition
grows. (a) x =0.224 sample. (b) x =0.198 sample. A stronger
temperature dependence is observed in the low-x sample. The
tic mark on the left-hand axis indicates the zero-transmission
level for T =4.2 K.
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FIG. 4. Magnetic field dependence of the [000]—[001] im-
purity transition energy for samples with different x. The ob-
served transition energies are indicated by data points with er-
ror bars. The solid lines correspond to the best fits including
the central-cell effects with two parameters, €, and C ;/» whose
values are listed in Table I for each sample. The fits are dis-
cussed in the text. The dashed curve represents the typical
dispersion of the [010]—[OTk,] photoionization transition,
which is drawn in more detail in Fig. 5.
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FIG. 5. Magnetic field dependence of the [010]—[01k,]
photoionization transition energy. The solid lines are the calcu-
lated peak positions with the parameters given in the text.

dielectric functions associated with the [010]—[01k,] and
[000]—[001] transitions, each component of which is shown by
the dashed lines.

show the line-shape fit for the x =0.237 sample where
only the [000]—[001] transition was observed at 4.2 K.
The good agreement of these fits shows that the asym-
metric broadening of the [000]—[001] transitions is a
natural consequence of laser magnetospectroscopy. It
follows that narrower and more symmetric lines should
be observed in broadband spectroscopy, in which the
magnetic field is fixed and photon-energy scanned.
Typical results of magnetotransmission measurements
in the Faraday geometry are shown in Fig. 8. This figure
displays the temperature dependence of the relative
strengths of two peaks which we identified as the
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FIG. 7. Line-shape curve fits for the x =0.237 sample in
which the only the [000]—[001] transition is observed. The
solid curve is the fit to a Lorentz-oscillator-model dielectric
function for each photon energy. From Ref. 6.
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FIG. 8. (a) Temperature dependence of the Faraday-

geometry magnetotransmission spectra for the x =0.270 sample
at fiw=6.78 meV. The ICR absorption dominates over the
CCR one at 1.5 K. The zero-transmission levels are shown by
horizontal tic marks on the left-hand axis for each successive
trace. (b) Temperature dependence of the Faraday-geometry
magnetotransmission spectra for the x =0.237 sample at
#fio=10.44 meV. The dots are the experimental data and the
solid lines are the fits to a calculation based on a Lorentz-
oscillator-model dielectric function for the impurity transition
and a free-carrier dielectric function for the cyclotron reso-
nance. The ICR and CCR positions are indicated by arrows.
From Ref. 6.

conduction-band cyclotron resonance (CCR),
[0+]—[1+], and the impurity cyclotron resonance
(ICR), [000] —[110]. Both of these resonances were ob-
served only in the electron-active mode of circularly po-
larized light. The solid lines in Fig. 8(b) are fits of these
data to a model dielectric function consisting of a
Lorentz-oscillator dielectric function for the ICR transi-
tion and a free-carrier dielectric function for the CCR.
These fits yield the resonance positions, the linewidths,
and the number density of carriers contributing to the
two resonances. As the temperature is raised, the CCR
transition grows at the expense of the ICR resonance.
The sum of the two carrier densities is =7.5X 103 cm 3,
compared to 6X 10" cm™? as determined from 77-K
magnetotransport. The linewidths interpreted as ac
mobilities give pccpr=2.4X10° cm?/Vs and g
=1.4X10° cm?/Vs, compared to p=2.0X10° cm?/V's
from 77-K transport. The agreement between the in-
frared and transport measurements is satisfactory consid-
ering the uncertainties in both. We note, however, that
since the linewidths are comparable with the splittings,
the CCR-ICR splittings cannot be measured with great
precision for these samples. The dependence of the tran-
sition energies on magnetic field are shown in Fig. 9 for
x =0.237 and 0.270. The solid curves along the
cyclotron-resonance data are the best fits to the Bower-
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FIG. 9. Magnetic field dependence of the ICR and CCR for
the Faraday geometry. The triangles and circles are the ob-
served ICR and CCR, respectively, for the x =0.237 and 0.270
samples. The solid curves are the fits to the Bowers-Yafet non-
parabolic k-p model for the CCR. The nonparabolic calcula-
tions for the ICR, described in the text, are given by the dashed
lines. From Ref. 6.
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FIG. 10. Magnetic field dependence of the relative absorp-
tion strength of the ICR and CCR for the x =0.270 sample at
T=4.2 K. The Mott critical fields corresponding to §=0.25
and 0.30 are indicated by arrows.
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Yafet!! nonparabolic k-p model for the conduction band.
Simplified nonparabolic model calculations for the
[000]—[110] impurity transition energies, which will be
described in Sec. IVE, are given by the dashed lines. The
magnetic field dependence of the relative absorption
strength of the CCR and ICR at fixed temperature
(T =4.2 K) is shown in Fig. 10 for the x =0.270 sample.
The absorption strength of the ICR increases with mag-
netic field, because the binding energy of the donor
ground state increases with field (magnetic freeze-out).

IV. ANALYSIS

A. General considerations

In the quantitative analysis of the experimental data
with the theory of the hydrogenic donor in high magnetic
fields, there are two important considerations. (1) The
adiabatic approximation in which the motion of electrons
along and perpendicular to the magnetic field is taken to
be uncoupled and the transverse part of the wave func-
tion is approximated by the free Landau wave function.
(2) The I'y conduction band of MCT is strongly nonpara-
bolic. MCT (0.2 <x <0.3), like InSb, is a narrow-gap
semiconductor with small effective masses in the conduc-
tion band (m *=0.01), so that the high-field-limit condi-
tion for the adiabatic approximation to be valid, y > 10
(where y =#iw,/2Ry*), can be achieved at modest mag-
netic fields; for example, B > 3.8 kG for the x =0.224
sample. However, the nonparabolicity factor, fiw, /E,
(where E, is the energy gap), generally is not small in
MCT, and so band nonparabolicity can be important de-
pending on the particular transitions involved. For the
[000]—[001] intra-Landau-level impurity transition and
the [010]—[O01k,] photoionization transitions that are
associated with the N =0 Landau level, the transition en-
ergies are relatively, small even at high fields. The
highest photon energy we used for these transitions was
~3 meV, so that #iw /E, <0.06 even for the smallest-gap
sample (x =0.198, where Eg=50 meV). Therefore, for
these transitions the parabolic effective-mass theory'>!? is
a good approximation. However, the effects of nonpara-
bolicity cannot be neglected for the [000] —[110] (ICR)
transitions where the transition energies are large at high
fields."* The photon energies used in these measurements
are as high as 10 meV, giving fio /E, as large as 0.2. As
we discuss in Sec. IV E, the nonparabolic behavior for
this transition can be adequately accounted for by noting
that, while the ground state [000] is weakly dependent on
magnetic field, since it is associated with N =0 Landau
level, the binding energy of the excited [110] state de-
pends on the effective mass that is characteristic of the
N =1 Landau level which increases with magnetic field.

In the parabolic formulation'>!* of the hydrogenic
donor theory the value of the impurity levels depends
only on the dimensionless field parameter y = 1#iw /(1
Ry*). Consequently, the comparison of the data with the
theoretical predictions can be made by scaling the pub-
lished parabolic results with the values of m§ and €, of
our samples. Therefore it is very important to precisely
determine the band-edge effective mass m§ and the static

J. B. CHOI AND H. D. DREW 41

dielectric constant €, for each sample. The considera-
tions in the determination of these parameters for our
samples is discussed in the next subsection.

B. Determination of m § and k-p band parameters

To determine the band-edge effective mass m§ needed
as an input parameter for calculations of resonance ener-
gies and line shapes, we have analyzed the Faraday-
geometry cyclotron-resonance data. In treating the non-
parabolicity of the I'¢ conduction band, the Pidgeon-
Brown model Hamiltonian,’> which includes the far
bands, provides the most complete account of the Landau
levels in cubic narrow-gap semiconductors. However,
the far bands are sufficiently far removed in energy from
the I'y band edge to give rise to only small contributions
to the energy levels, in comparison to the strong k-p cou-
pling between the closely spaced I'g, I';, and I'y bands.
Therefore, we have used the simpler Bower-Yafet mod-
el,'!! which permits exact diagonalization of the I'¢ con-
duction band, and I'; and I'y valence bands. This ap-
proach is quite adequate for the purposes of this paper,
since we only need to determine the effective masses. Ac-
cording to the Bower-Yafet model, for E <<Eg+2A/ 3,
the Landau levels in the conduction band at k, =0 are
given by

E(N,k,,+)=—E,+(E,/2)
X[1+(4%iw, /E,)N +1—u /2],
(1

where u =1[A/(A+3E, /2)] and fiwo, =eB /mc.
The band-edge effective mass m§ is then
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FIG. 11. x dependence of m§ and E, at T=4.2 K as de-
duced from the cyclotron-resonance data.
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m§ =(3#/4P})E,(A+E,)/(A+3E, /2)] , )

where Py is the k-p momentum matrix element and A the
spin-orbit-coupling constant [taken as 960 meV (Ref. 16)
for MCT]. From a least-squares fit of the cyclotron-
resonance data, shown in Fig. 9, to Eq. (1), with m§ and
E, as fitting parameters, we obtained the values listed in
Table I for our samples. In Fig. 11 we show the resulting
x dependence of mg and E, for these samples. The ener-
gy gap so determined is found to be in satisfactory agree-
ment with Hansen’s recent empirical formula!” for the
dependence of E, on Cd concentration x for MCT. From
these results the corresponding value of the k-p momen-
tum matrix element is Py=—i#i{s|p,lz)/mge
=8.67X107% eVem, which is close to the value
P;=9.40X 1078 eV cm in InSb.®

We have also considered polaron effects in the deter-
mination of m. Since the optical-phonon energies fiw,
are relatively low in MCT (#iw"©®~17 meV and #o ™~ 15
meV),'° the coupling with the optical phonons may also
give rise to nonlinear dispersion of the cyclotron-
resonance frequency with magnetic field. Since fio./E,
attains values as high as 0.2 in our MCT samples, the
band nonparabolicity must be included in the analysis of
the polaron effects. We adopt the analytical expression
for the dispersion of the polaron energy given by Das Sar-
ma and Mason.?® In their treatment the nonparabolic en-
ergy levels are taken as the bare electron energies for a
calculation of the self-energy corrections within the
weak-coupling theory. Their result was further improved
by Larsen,?! who considered the nondiagonal band-
mixing terms on the Frohlich interaction neglected by
Das Sarma and Mason. Larsen’s resulting expression for
the spin-up conduction band, at k, =0, is given by

E(N,+)=X+ Yo, (N +1—u)
X[1—#o (N+1—u)/YE}], (3)

where X = —atiwy(1—%#wy/2E,), Y=1—a/6(1
+2.5%iw,/E,), and E; '=E,; '+3a/40%wy(1—31%iw,/
E;). ais the Frohlich constant. For fio,/E, <<1, Eq. (3)
reduces to the Bower-Yafet nonparabolic result. The
analysis of the cyclotron-resonance data with Eq. (3)
leads to values of m§ and E, corrected for the polaron
effect. For the sample with x =0.237, we find
mg =(8.40X10"*)m,, E, =130 meV, and a=0.4970.
In comparison with the results in Table I, we see that the
polaron effects give only a very small correction to the
evaluation of the effective masses: Amg§/mg =1.4%.
The range of photon energies used in these experiment is
sufficiently below the optical-phonon energies and a is
sufficiently small that the polaron effects are unimportant
in our experiments.

The static dielectric constant €,, which is the other im-
portant parameter in parabolic donor theory, should also
vary with x in MCT. Therefore, €, also needs to be deter-
mined for each sample. For HgTe, €,=20 and, for
x =0.2, different values for €, have been reported in the
literature,'® €,=17 being representative. In the absence
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of consistent data for €, in the literature, we have chosen
to treat €, as a fitting parameter in the analysis of the
[000]—[001] impurity transitions. Therefore, these ex-
periments provide a measure of €, (the results are report-
ed in Table I).

C. [000]—[001] transition and the central-cell effect

It was mentioned earlier that the nonparabolicity of
the conduction band can be neglected in the [000]— [001]
transition. The justification for this conclusion is that
calculations show that nonparabolic corrections to the in-
itial ([000]) and final state ([001]) nearly cancel in the field
range of our measurements (B =9 T), so that the predic-
tions of parabolic theory are quite accurate.?? There is,
however, a significant correction to the resonance energy
due to chemical shifts of the [000]-state energy of the
donor arising from the interaction of the bound electron
with its ion core. This “central-cell effect” can lead to
impurity-specific shifts of the resonances in which the ini-
tial state is the ground state.?372° The resolution of dis-
tinct donor transitions from the residual unintentional
impurities can be used, in principle, to identify these im-
purities and could lead to their elimination and the devel-
opment of higher-purity MCT. In the materials current-
ly available, however, the large impurity-induced
linewidths preclude resolving the central-cell splittings
from different donor species.

The central-cell correction to the jth donor may be ex-
pressed as?®

AE=C;|¥(0)]?, )

where W(0) is the envelope wave function evaluated at
the origin and C; is a magnetic-field-independent con-
stant for the jth donor, which depends on the symmetry
of Luttinger-Kohn basis functions at the ' point. We
adopt the trial wave functions of Yafet, Keys, and
Adams!? (YKA) for the ground state, [000], in the high-
field limit, which is given by12

W(r)=(2’"ala,m)"1"?
Xexp[—(x2+y2)/4af—z2/4aﬁ] , (5)

where a, and g, are the field-dependent variational pa-
rameters in units of the zero-magnetic-field effective Bohr
radius a5. The [000]— [001] resulting transition energy,
in units of Ry*, is given by

E=E,(y)+C;la}(y)a(y)]7", (6)

where E is the [000]— [001] transition energy calculated
within the parabolic theory, without the central-cell
correction. Note that the transition energy depends on
the magentic field m§ and on €, through the dimension-
less field parameter ¥ and the Ry* energy unit. In the
data analysis, therefore, we fit our data to Eq. (6) for the
transition energy with C (neglecting, possibly, different
donor species) and ¢, as two fitting parameters. For E,
we use Larsen’s parabolic results.?? The resulting fits are
shown in Fig. 6 as solid lines for each sample, and the
corresponding parameters are summarized in Table I
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The values for €, are close to the values in the literature
for MCT, and the magnitude and sign of the central-cell
correction is reasonable in comparison with InSb re-
sults.?” Because of the large linewidths in these MCT res-
onances, however, the resulting parameter values should
be considered only as estimations.

D. The [010]—[01k, ] photoionization transition

The qualitative characteristics of the photoionization
transitions were discussed in Sec. III. In this subsection
we present the line-shape calculations needed to verify
our identifications. Theoretical calculations for the ener-
gy levels of isolated donors as a function of magnetic field
have been reported by many authors'>!'* since the
pioneering work of YKA.!? For the case of the photoion-
ization transition, however, the experimentally observed
resonance position is not simply the difference between
the discrete level and the bottom of a Landau continuum.
The k, dependence of the dipole matrix elements and
carrier-lifetime broadening both influence the position of
the absorption peak. Therefore, to analyze the photoion-
ization transitions it is necessary to calculate the optical-
absorption coefficient including the line broadening. The
only published work to date is that of Wallis and Bowl-
den'? for the [000] —[00k,] transition for the case ¥ =35.
Also, the broadening parameter they used, to represent
InSb data, is much too small for our MCT samples.
These results are clearly insufficient for the analysis of
our data. Therefore, here we present a full calculation
for the photoionization absorption for both the Voigt and
Faraday geometries.

Since these transitions are all within the lowest Landau
level and fiw << E_, it is sufficient to use parabolic theory.

g
The wave function for the continuum state is given by?®

V¥, (r)=d, (0,9)explik,z) , (7)

where @, (0,¢)=cy(l,m)e™a™ 2 "L (g), with
leot,m)PP=(y 227L) 1 /[(I1 +m)]}?, o=vyp*/2, and
L[, (o) is the associated Laguerre polynomial given by

L (o)=(—1)T(k +1+1)
1
X 3 (=D, Coo! TP/ —p)
p=0

For the bound-state wave function we use the one-
parameter Wallis-Bowlden trial function'® given by

V,..(r)=®, (0,0)P,(z)exp(—yB’z%/4) , (8)

where P,(z) represents a set of orthogonal polynomials
and B is the variational parameter which is a different
function of y for each (ImA) state. Calculating the tran-
sition matrix elements and using standard second-order
perturbation theory with a Lorentzian line-shape func-
tion with a line-broadening parameter #I, the optical-
absorption coefficient a(E) for the Voigt-geometry (E||B)
transitions [000] —[00k, ] and [010]—[01k, ] are

il E)=[4ne’(2m)*"? /m2el *hicly 2B, 501E) ,  (9)
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where
E)= [ * dk,(y +k2—E,,;)klexp(—2k2 /yB}y)
X{T/[(y +k}—E;—E’+T]},

and those for the Faraday-geometry transitions
[000]—[01k,] and [010]—[00k, ] are
i (E)=[8ne?(2m)' % /€l *hicly ~3/B;, L, IIE) , (10)

where
WE)= [ dk,(y+k2=E;,)exp(—2k2/yB,,)
X{T/[(y +k2—E,,,—E?+T?]} .

For the values of the donor energy E,,;(y) and the
variational parameter f3,,;(y), we use the analytical re-
sults of Wallis and Bowlden,!® which are smooth func-
tions of ¥ only. The examples of line shapes calculated
from these results are plotted in Fig. 12. For the case of
the broadening parameter AI'=0.2 Ry*, the absorption
in Faraday geometry is seen to be much sharper than that

100
- (a) y=35
80r #r=0.2 Ry*
L _ _
— [o10] —[07K,] voigt
60} _
| —— [010] ~[00K_]Faraday
40t
20t
\
- \
0 /] \\_,__ L
— 0 10 20 30
1
E 60
A L (b) y =35
W 4ol hr=0.2 Ry*
o]

—[000] ~[00K,] voigt
< - [000] = [0 K,]Faraday

0
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F(c) y=35
40} hI=6.1 Ry*
r — [oi0]—~[0TK,] vaigt
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- [OTO] - [OO KZ]Faruday
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FIG. 12. Calculated photoionization absorption spectra. (a)
y =235 and A" =0.2 Ry*; solid line, [010]— [0k, ] transition in
the Voigt geometry; dashed line, [010]—[00kz] transition in the
Faraday geometry. (b) ¥ =35 and #I’=0.2 Ry*: solid line,
[000] —[00k,] transition in the Voigt geometry; dashed line,
[000]—[01k,] transition in the Faraday geometry. (c) ¥ =35
and Al =6.1 Ry*: solid line, [010]—[0Tkz] transition in the
Voigt geometry; dashed line, [010]—[00k,] transition in the
Faraday geometry.
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in Voigt geometry. However, the integrated strength of
the Faraday-geometry absorption is much smaller than
the Voigt case. Also, we see that the [010]—[01k, ] tran-
sition is stronger than the [000] —[00k, ] transition. This
can be understood in terms of the corresponding dipole
matrix elements. The transition matrix element
for the optical-absorption coefficient has the form
[d’r ¥} (r)z¥,(r) in Voigt geometry, where the i (j) are
the initial (final) states. Since the wave function for the
[010] state has a node at the origin and for the [000] state
an antinode, a larger value of the matrix element results
for the [010]—[O01k, ] transition. The strength and posi-
tion of the absorption peak depends strongly on the value
of broadening parameter AI'. As #I increases, the spec-
tra broaden and the peak position shifts to higher energy.
For broadening suitable for the measurements reported
here, Al =5 Ry*, the Faraday-geometry absorption is
found to be very weak. Therefore, the determination of
the value of T is very important in the comparison of the
experimental data with calculated line shapes.

We have attempted to fit the measured transmission
data to calculated line shapes. Since both [000]—[001]
and [010]—[01k, ] transitions contribute the absorption
spectra, we use Eq. (9) for the absorption coefficient, a;,
for the photoionization [010]—[01k,] transition and a
Lorentzian line shape for the absorption coefficient, a,,
for the [000]—[001] transition. The transmission is cal-
culated from

T=2(1—R)e %, (11)

where R is the reflectance, d is the sample thickness, and
a=a,;+a,. The fitting parameters are the relative car-
rier densities and broadening constants. The resulting fits
are shown by the solid lines in Fig. 6. The value for #I"
in the fit was =6.1 Ry*, which corresponds to an ac mo-
bility of about 1.5X 10° cm?/V's. This mobility value is
satisfyingly close to the values deduced from transport
measurements. Figure 12(c) shows the photoionization
spectra for #Al=6.1 Ry* in the Voigt and Faraday
geometry, respectively. It is seen that the calculated ab-
sorption coefficient in Faraday geometry becomes flat and
nearly imperceptible in comparison with the Voigt-
geometry case. This result explains the absence of photo-
ionization absorption in the Faraday configuration, even
though the transitions satisfy the Am = =1 selection rule.

We have calculated a(y) for the [010]— [01k,] transi-
tion with the fitting parameters #I°'=7.6, 6.1, and 6.1
Ry* for the x =0.224, 0.204, and 0.198 samples, and
determine the maximum absorption positions ¥, for
each fixed measurement photon energy E and each sam-
ple. Typical spectra, a(y), are shown for several photon
energies for the x =0.198 sample in Fig. 13. The reso-
nance positions y .. are converted to the resonance mag-
netic fields by using m§ and €, of each sample. The re-
sulting resonance fields are plotted as solid lines in Fig. 5
for each sample. The overall agreement for all the sam-
ples with the observed resonant fields are seen to be quite
good. We take this agreement to be strong evidence for
this identification of the experimental data with the
[010]—[01k,] photoionization transition. This con-
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clusion is further strengthened by the observed weaken-
ing of the resonance as the sample temperature is lowered
and the electrons freeze out onto the [000] level.

E. [000]—[110] transition: Impurity cyclotron resonance

The band nonparabolicity can not be neglected in the
analysis of the [000]—[110] inter-Landau-level impurity
transitions since #iw /E, is not small in the measurements.
Because the binding energies in nonparabolic theory are
no longer functions only of the dimensionless field param-
eter ¥, we can not simply scale the published nonparabol-
ic results by using suitable m§ and €,. Instead, we must
perform a nonparabolic calculation of the energy levels.
Fortunately, a simple approximate calculation is found to
be adequate for the conditions of our experiments. We
start with the exact Hamiltonian in Luttinger-Kohn
effective-mass theory,?’ which is given by

H,, =H%.+V(rs,, , (12)

where H?. is the free-carrier—nonparabolic-multiband
Hamiltonian, V (r) is the impurity potential, and n,n’ are
band indices. In the strong-field limit ¥ (r) can be treated
as a small perturbation to H?,.. We can therefore exploit
the fact that the results of parabolic theory can be scaled
with only two parameters, namely mg and €, The
scheme for calculation consists of two steps. (1) From
H?. we derive an effective mass m *(B,N,s) which is a
function of magnetic field B, Landau level N, and spin s.
(2) We then scale the parabolic binding energy of each
impurity level belonging to same N,s quantum numbers
using m*(B,N,s). Mathematically, this procedure is
equivalent to the diagonalization of H,,., neglecting the
diagonal Coulomb potential term first and then treating it
as a perturbation, which should be rigorous to leading or-
der in ¥V (r). For H? ., we adopt the Bower-Yafet model
Hamiltonian,'! which is an 8 X 8 matrix, because it treats
the I'y conduction band and T'; and I'y valence bands
only. The more exact Pidgeon-Brown Hamiltonian,'
which includes the coupling among other levels beyond
the ', 'y, and I'; bands, in second-order perturbation
theory, is inconvenient in our calculation scheme since it
does not lead to an analytic expression for m *(B,N,s).
Moreover, the added sophistication is not warranted for
the relatively broad donor resonances in MCT. Using the
symmetric gauge for the vector potential and assuming
E < Eg +2A /3, the effective mass at k, =0 is given by

m*(B,N,+)
=m¢ {1+4%eB /micE, [N +1+(A/4A+6E,)]} .
(13)

We use the parameters resulting from the cyclotron-
resonance analysis listed in Table I for the value of the
zero-field conduction-band-edge effective mass m§ and
energy gap E,. For each level we then calculate
v(B,N, +) using m *(B, N, + ), and then use the parabolic
theory to estimate the binding energy (relative to the
Landau level) using y(B,N, +) in place of y. This pro-
cedure should be valid as long as the binding energies are
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FIG. 13. [010]—[01k,] photoionization absorption spec-
trum vs field parameter y for different fixed photon energies for
the x =0.198 sample. The chosen broadening parameter
#C=6.1 Ry* is the value corresponding to the best fit of the
transmission spectra.

small compared to E,, as we find in these experiments.
For the binding energies of the impurity levels within the
parabolic theory, we use the calculations of Larsen.!*
The results of the analysis are shown as dotted lines in
Fig. 9. Since the initial state of this transition is the
ground state, [000], we have also included the central-cell
correction discussed in Sec. IVC. The agreement be-
tween experimental data and the predicted dispersion is
seen to be quite satisfactory.

V. MAGNETIC-FIELD-INDUCED
METAL-INSULATOR TRANSITION

The magnetic field dependence of the relative absorp-
tion strength of the ICR and CCR at fixed temperature
(T =4.2 K) for the x =0.270 sample is shown in Fig. 10.
Since the binding energy of the donor [000] ground state
increases with magnetic field, at finite temperature the
magnitude of the ICR absorption should increase relative
to the CCR as the magnetic field increases. This is the
magnetic freeze-out effect. The dominance of the CCR
over the ICR at the resonant field of 4 kG for A=406 um
is due to thermal excitation of the electrons from the im-
purity band to the conduction band. At sufficiently low
temperature, most of electrons should condense onto the
donor sites, and only the ICR will be observed. It is very
interesting to note that the ICR is observed even below
the critical field B,,; for the magnetic-field-induced
metal-insulator transition. For the low-carrier-density
samples used in our optical measurements, the deter-
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mination of the critical field by transport measurement
has been found to be difficult because of the shorting of
the bulk conduction by the surface. Instead, we estimate
B,,; from the Mott criterion [n!/3a*(B)=8), where the
effective Bohr radius is a*(B)=(a}a,)'”?. The parame-
ters a, and a; as a function of magnetic field are those
given by YKA.'? The experimental value of 8 has been
found to be 0.25-0.26 for many systems of doped semi-
conductors over a large range of carrier densities.’®>!
However, the most recent data for the magnetic-field-
induced metal-insulator transition in MCT (x =0.21) ob-
tained by Shayegan et al. indicate §=0.3.3> Therefore,
for the x =0.270 sample, B,,; from the Mott condition
would be 7.0 and 5.8 kG for §=0.25 and 0.3, respective-
ly.

The persistence of the ICR below the critical field for
the metal-insulator transition has also been recently ob-
served in the wide-gap semiconductor GaAs.>* These ob-
servations suggest that the magnetic-field-induced metal-
insulator transition in these materials takes place within
the donor impurity band, which is well separated from
the conduction band. Additional evidence for this con-
clusion has been found from the analysis of the Hall effect
near the metal-insulator transition in MCT.

VI. CONCLUSIONS

We have observed the Voigt-geometry impurity transi-
tions [000]—[001] and [010]—[01k,] and the Faraday-
geometry [000]—[110] transition in Hg, _,Cd, Te. All of
the observations are completely consistent with the prop-
erties of the hydrogenic donor in high magnetic fields.
The central-cell correction and nonparabolicity are found
to be important factors in the analysis. However, the
large linewidth observed in the [000]—[001] transition
precludes observing the fine structures due to the chemi-
cal shifts of individual donors for the samples currently
available. To resolve these shifts, measurements on
higher-mobility samples using broadband spectroscopy
may be required. Observations of these different impurity
transitions in both Voigt and Faraday configurations and
their consistency with the theory permit us to conclude
that the narrow-gap semiconductor n-type Hg,_,Cd, Te
(0.2<x <0.3) has the same low-temperature, high-
magnetic-field electronic behavior as n-type InSb: i.e.,
magnetic-field-induced localization of the Mott-Anderson
type with the condensation of the electrons onto donor
sites. These results disprove the claims of a Wigner-
crystal ground state for this system.>*
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