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Structural analysis of the semiconductor-semimetal alloy Cd12xHgxTe
by infrared lattice-vibration spectroscopy

S. P. Kozyrev and L. K. Vodopyanov
Lebedev Physics Institute, 117924 Moscow, Russia

R. Triboulet
CNRS Laboratoire de Physique de Solides, Meudon, France

~Received 6 January 1998!

Far-infrared reflectivity measurements have been made on traveling-heater-method-grown Cd12xHgxTe bulk
single crystals. The spectra at 300, 77, and 25 K display two bands with fine structure, which cannot be
explained by the usual two-oscillator model. These lattice spectra are shown to originate from four Cd-Te and
Hg-Te vibrational modes in five basic Cd(42n)Hg(n)Te (n50,1,2,3,4) cells consisting of cations tetrahe-
drally distributed around a shared Te anion. The mode frequencies are determined by the cation configuration
in each cell. They are assumed to be independent of alloy composition, which determines only the mode
strengths. The temperature dependence of the Cd-Te and Hg-Te vibrations revealed differences. The Cd-Te
frequencies decrease with temperature, as is typical for semiconductor compounds. For the Hg-Te vibrations
the temperature dependence is more complicated. Such temperature behavior was explained by influence of the
anharmonicity corrections, which change sign with variation of frequency. Dispersion analysis of the dielectric
function«9(w) restored from the reflection spectra of the alloys at 25 K by Kramers-Kronig analysis revealed
a peculiarity at 137 cm21, which appears with nearly constant strength over the wide compositional rangex
50.1– 0.8. This mode has the same temperature dependence as the Cd-Te vibrational modes. The most
probable explanation of this mode is associated with the alloy disorder or with multiphonon processes.
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I. INTRODUCTION

The discovery by Mikkelsen and Boyce1 of a bimodal
distribution for nearest-neighbor bond lengths in semic
ducting Ga12xInxAs alloys by EXAFS~extended x-ray ab-
sorption fine structure! has rekindled interest in the loca
structure of semiconductor alloys. X-ray diffraction show
that semiconductor alloysA12xBxC with zinc-blende~ZB!
structure have a lattice constanta(x) changing linearly with
compositionx from the lattice constant of compoundAC to
that of compoundBC. In the virtual-crystal approximation i
is assumed that the distances between nearest neighbors~that
is, the bond lengths! in the alloy are equal to each other an
to 0.75a(x). EXAFS measurements of Ga12xInxAs ~Ref. 1!
and other alloys,2 however, show local deviations from th
ZB structure. Rather than follow the virtual-crystal appro
mation, the nearest-neighbor distances show a bimodal
tribution centered around the bond lengths of theAC andBC
compounds. Even when there are large differences in
AC andBC lattice constants, the change in bond lengths
the alloy are only 20–25 % of the value predicted
the virtual-crystal approximation. Such a distribution
bond lengths~which is close to the conception of cova
ent radii conservation3! is observed in alloys of covalen
III-V compounds,2 and also in the highly ionic II-VI
alloys Cd12xMnxTe,4 Cd12xZnxTe,4 Hg12xMnxTe,5 and
Hg12xZnxTe.6 The structural properties of these alloys a
explained within the valence force field model,7,8 in which
the relaxation mechanism for the bond lengths is determi
primarily by elastic stresses induced by the lattice misma
of the binary components.
PRB 580163-1829/98/58~3!/1374~11!/$15.00
-

is-

e
n

d
h

A different situation is obtained in the quasibinary allo
Hg12xCdxTe, which forms a continuous series of ZB sol
solutions overx50 – 1. The alloy brings together the sem
metal HgTe (Eg520.3 eV) with covalent and metallic
bonding and the wide-gap semiconductor CdTe (Eg

51.6 eV), with its combination of covalent and ionic bon
ing. Both crystallize in the ZB structure, with nearly identic
bond lengths, 0.2798 nm for HgTe and 0.2806 nm for Cd
It is difficult a priori to predict the structural behavior an
consequently the properties of alloys whose compone
have the same crystal structure and almost the same la
parameters—that is, alloys free of lattice-mismat
stresses—but with different types of bonding. Sheret al.9 has
used Harrison’s tight-binding theory for tetrahedral semico
ductors. Later, Hass and Vandberbilt10 used the pseudopo
tential method to predict that in the alloy the Hg-Te bo
becomes shorter, and the Cd-Te bond becomes longer, w
should result in a structural instability. These shifts are
tributed to charge transfer from Cd to Hg in the alloy, whi
changes interionic Coulomb forces. EXAFS measuremen4,5

reveal that the Hg-Te and Cd-Te bond lengths
HgxCd12xTe relax slightly from their values in pure HgT
and CdTe, respectively, changing in opposite directions.
perimental results11 are used as a basis of calculations of t
local relaxation of the bond lengths on the same microsco
model of Hg0.5Cd0.5Te as considered in Ref. 10, but th
d-shell electrons in Hg and Cd were regarded as vale
electrons similar to the bondings andp electrons of Hg, Cd,
and Te. The authors of Ref. 11 concluded that the io
charges were governed mainly by the binding between n
1374 © 1998 The American Physical Society
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PRB 58 1375STRUCTURAL ANALYSIS OF THE SEMICONDUCTOR- . . .
est neighbors and found no evidence for large charge tr
fers between Cd and Hg in~HgCd!Te alloys—that is, the
properties of the nearest-neighbor bonds in pure HgTe
CdTe were retained in the alloy. Wei and Zunger12 calcu-
lated the electron structure of~HgCd!Te from first principles
to determine the role ofd electrons in forming the alloy
chemical bonds, and reached similar conclusions.

Magic-angle sample spinning NMR is a new method
investigation of local structure. When it is applied to t
cation substitution alloys Cd12xHgxTe,13,14 Cd12xZnxTe,14

and Cd12xMnxTe,14 the chemical shift of the resonance fr
quency of the Te nuclei is characterized by a set of disc
lines whose number depends on the local composition.
lines are attributed to five possible cation configurations
the form A(42n)B(n) (n50,1,2,3,4) around each Te an
ion. For Cd12xHgxTe with equal Hg-Te and Cd-Te bon
lengths that are independent of alloy composition, but w
different bond ionicity, the chemical shift is determined
charge transfer between a Te anion and its tetrahedral e
ronment of cations. For each Cd(42n)Hg(n) configuration,
the shift is independent of alloy composition; further, cub
symmetry is retained around Te as alloy composition is v
ied. NMR data have been used to estimate the degre
cation ordering in Cd12xHgxTe. For powder samples o
Cd12xHgxTe (0.1,x,0.9),13,14the analysis shows some o
dering of Hg and Cd atx50.25 and 0.75. But more
recently,15 when the same authors analyzed NMR data fr
p-type as-grown single crystal Hg0.78Cd0.22Te, they found
that Hg and Cd are randomly distributed

Infrared spectroscopy of the lattice vibrations inA12xBxC
alloys also gives valuable information about interatomic
teractions. Infrared spectra of most ZB or wurtzite III-V an
II-VI alloys are characterized by two-mode behavior, whe
two strong reststrahlen bands appear at frequencies
those of the end-point compounds and that vary weakly w
alloy composition, whereas the intensities of the bands
approximately proportional to the concentration of the cor
sponding compound.16 Some tetrahedral (AB)C alloys, how-
ever, display only a single band, the position of whi
changes continuously with alloy composition from the T
frequency for one end-point compound to the TO freque
for the other end-point compound, whereas its intensity
mains practically constant. According to Refs. 17 and 18
phonon spectrum behavior of (AB)C alloys is determined by
the ratio of the two values: perturbation vibrational energy
the substitution of atomA for atomB, and interaction vibra-
tional energy of atoms inAC lattice. For the two-mode be
havior the first energy should be bigger than the second
the opposite case we have one-mode behavior.

In the anion alloys Ga~AsP! and Cd~SeS!, fine structure
atop the main infrared reflectivity bands has been explai
by assuming a nonrandom distribution of anions of differ
sorts around the common cation.19,20 Infrared spectra for the
cation alloy Cd12xHgxTe also show considerable fine stru
ture, which has been attributed to a formation of short-ra
clusters.21 A cluster model of distribution of the anion
around the common cation considered by Verleur a
Barker20 for the alloys Cd~SeS! was used by Perkowitz, Kim
and Becla22 to analyze ir reflection spectra of CdSexTe12x
(x50.05– 0.35) at 80 K. This model was also used for
comparison of cluster effect in the anion alloys Cd~SeTe!
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and Cd~SeS!. Similarly, it was not possible to reproduce r
flectivity spectra from Cd12xZnxTe (x50.005– 0.50) at 20
K ~Ref. 23! using only two modes, a CdTe- and a ZnTe-lik
vibration.

In this paper, we present analysis and interpretation
infrared lattice reflection spectra from Cd12xHgxTe (0,x
,0.8), which agrees with the latest investigations of lo
structure of semiconductor alloys. We measured spectr
temperatures as low as 25 K, and analyzed them by suc
sive applications of dispersion and Kramers-Kronig~KK !
methods, to clearly reveal band details. The lattice spectr
Cd12xHgxTe are shown to originate from four each Cd-T
and Hg-Te vibrational modes in five basic Cd(
2n)Hg(n)Te (n50,1,2,3,4) cells consisting of cations te
rahedrally distributed around a shared Te anion. The m
frequencies are determined by the cation configuration
each cell. They are assumed to be independent of alloy c
position, which determines only the mode strengths. Ana
sis of strength vs alloy composition provides information
the relative content of the basic cells at that composition a
consequently, on the nature of the cation substitutions.

II. MEASUREMENT AND ANALYSIS OF LATTICE
REFLECTION SPECTRA

Single crystals of Cd12xHgxTe (0,x,0.8) were grown
with a traveling-heater method~THM!.24 Among different
methods of HgxCd12xTe bulk crystal growth the THM, com-
bining some advantages of solution growth and zone mel
with those of the growth under steady-state condition, is
most promising method. This method allowed us to gr
pure homogeneous oriented crystals of large dimensions
gots of 30 mm diameter and up to 80 mm in length we
currently produced with longitudinal homogeneity bett
than 60.02 mol and radial homogeneity better tha
60.002 mol for x50.21, 0.3, and 0.7. Electron carrie
concentration of 231014 cm21 with mobility of
160 000 cm2/V s at 77 K for x50.21, as well as the high
performance of photoconductor detectors, such asR0A prod-
uct of 16V cm2 at 77 K, for crystals withx50.21, attest to
the high quality of the grown crystals.24 The reflection spec-
tra of these samples were determined at temperatures o
85, and 300 K, using a vacuum diffraction spectrometer t
covered the range 110– 250 cm21 at a resolution of 1 cm21.
At each wavelength, the reflection from the sample and fr
a reference mirror was measured consecutively at the s
location on the sample.

Figure 1 shows the reflection spectra of Cd0.29Hg0.71Te at
25, 85, and 300 K. Two strong reflectivity bands are o
served at frequencies that vary little with alloy compositi
x. As x increases, the high-frequency CdTe-like band b
comes weaker, departing from the value for pure CdTe;
the low-frequency HgTe-like band strengthens approach
the value for pure HgTe. In the rangex50.1– 0.6 fine struc-
ture appears near the CdTe-like vibrations. This struct
was also observed forx50.71 and 0.80 at the lower temper
ture of 25 K. These spectra cannot be interpreted solely
terms of a simple two-mode model, with one each of
CdTe-like and HgTe-like vibrational mode. For deep
analysis, we processed the spectra by successive applica
of dispersion analysis and Kramers-Kronig analysis to de
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mine the complex dielectric function«̂(v)5«8(v)
1 i«9(v). The KK method is independent of the form o
«̂(v), since it involves only the complex reflection amp
tude r̂ 5r (v)exp(iq). It can in principle identify all the sig-
nificant oscillators that generate the reflectivity spectru
without the need to arbitrarily insert any oscillatora priori.
However, the integral transform at the heart of the K
method is sensitive to boundary conditions, since we
measurer (v) only over a finite frequency interval. Our com
bination of dispersion and KK analysis is designed to c
rectly elicit all the structure inherent in the reflectivity spe
tra, by extendingr̂ (v) outside the measured frequency ran
through the use of oscillators with parameters calculated
dispersion analysis.

In the first stage of our processing we approximated
infrared response of the alloy by equating«̂(v) to the sum of
two Lorentzian oscillators corresponding to HgTe-like a
CdTe-like TO vibrations,

«̂~v!5«`1S
Sjv j

2

v j
22v22 ivG j

. ~1!

We selected the oscillator parametersv j , Sj , andG j to yield
a model spectrum that approximated the measured refle
ity and extended it to frequencies outside our experime
values. Then we used the extended data to reconstruct«̂(v)
through KK analysis. This yielded additional structure b
yond that from the two original oscillators. In the seco
step, the imaginary dielectric function«9(v) obtained from
the KK transformation was expanded into a set of oscillato
whose parameters were then optimized to match the m
sured reflectivity spectrum. Then this model spectrum t
closely approximated the experimental reflectivity was u
outside the measured frequency interval to determine th
nal form of «̂(v) by KK analysis. The results of this math
ematical processing are a model reflection spectrum that
be compared to the experimental one; and a model diele

FIG. 1. Reflection spectraR(v) of Cd0.29Hg0.71Te atT525, 85,
and 300 K.
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function «̂(v)5«8(v)1 i«9(v), along with a set of param
eters defining its oscillators. Peaks in the spectral distribu
of «9(v) correspond to the frequencies of the TO mod
whereas the peaks in Im@21/«̂(v)# lie at the frequencies o
the longitudinal~LO! modes.

III. RESULTS

A. Alloys rich in HgTe: Cd 0.29Hg0.71Te and Cd0.19Hg0.81Te

Figure 2 shows«9(v) ~dashed curve! as reconstructed by
KK analysis of the reflection spectrum of Cd0.29Hg0.71Te at
25 K, and the corresponding expression that uses dam
Lorentzian harmonic oscillators~continuous curves!. There
are two well-resolved oscillators at 150.5 and 156 cm21 with
strengths of 0.25 and 0.20, respectively, which are the Cd
like lattice modes. HgTe-like vibrations appear as a sin
strong mode at 121.5 cm21 with a large strength of 4.7. The
137-cm21 mode, whose strength of 0.25 is comparable
those of the CdTe-like modes, was detected in«9(v). This
mode is hidden in the reflection spectrum, even at 25
because it lies in the wing of the very strong HgTe-like ban
The data also give LO frequencies of 142.0 cm21 for the

FIG. 2. ~a! Reflection spectraR(v) of Cd0.29Hg0.71Te at T
525 K ~the dashed curve represents the experimental spectrum
the continuous curve is the model spectrum!; ~b! the dielectric func-
tion «9(v) ~dashed curve! reconstructed by the Kramers-Kroni
analysis of theR(v) spectrum, and the Lorentzian profiles~con-
tinuous curves! of the harmonic oscillators into which the functio
«9(v) is expanded.
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HgTe-like TO vibration ~at 121.5 cm21!, and 155 and
161.0 cm21 for the CdTe-like TO vibrations~at 150.5 and
156 cm21!.

A similar analysis for Cd0.19Hg0.81Te ~Fig. 3! gives TO
frequencies of 121.0 cm21 for the HgTe-like vibration and
151.0 and 155.5 cm21 for the CdTe-like vibrations, which
agree to within 0.5 cm21 with other results.25 The LO fre-
quencies are 139.5 cm21 for the HgTe-like vibration, and
153 and 158.5 cm21 for the CdTe-like vibrations. In Ref. 25
the LO mode at 158 cm21 was paired with the TO mode a
151 cm21, but we disagree. According to our analysis, t
CdTe-like band in the reflection spectrum is governed by
modes at 151.0 and 155.5 cm21 with strengths 0.12 and 0.23
respectively. They correspond to LO modes at 153 a
158.5 cm21 with LO-TO splittings of 2 and 3 cm21, respec-
tively. The LO mode observed at 156 cm21 in the Raman
spectra25 is probably an average of these values because
two LO modes are unresolved; or may involve the TO mo
at 155.5 cm21, which appears because lattice disorder
laxes the ordinary selection rule. The 137-cm21 mode we
observe in Lorentzian profiles derived from«9(v) has an
oscillator strength comparable to that of the CdTe-like T
modes. The mode at 135 cm21 had been observed fo
Hg0.8Cd0.2Te in resonance Raman scattering~RRS! spectra at
liquid-nitrogen temperatures.26 On the basis of calculations
of the phonon state density, it has been attributed27 to vibra-
tions of the Te atom bound tetrahedrally to one Cd atom a
three Hg atoms. The same interpretation is adopted in R
25 to explain a 137-cm21 mode uncovered through KK
analysis of the reflection spectrum of Hg0.79Cd0.21Te at 10 K,

FIG. 3. Dielectric function «9(v) ~dashed curve! of
Cd0.19Hg0.81Te atT525 K reconstructed by the KK analysis of th
R(v) spectrum, and the Lorentzian profiles~continuous curves! of
the harmonic oscillators into which the function«9(v) is expanded.
The figure gives also Im@2«̂(v)21# ~upper continuous curves!.
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and also in Ref. 28 to explain a mode at 133 cm21 observed
in RRS from Cd12xHgxTe with x50.69– 0.80 at 80 K.

B. Alloys of intermediate composition: Cd0.43Hg0.57Te
and Cd0.48Hg0.52Te

The lattice reflection spectra of Cd12xHgxTe with x near
0.5 also cannot be fully described by a two-mode mod
Figure 4 shows«9(v) ~dashed curve! at 25 K, from KK
analysis, and its expansion into Lorentzian oscillators~con-
tinuous curve!. The spectrum is similar to that shown in Fi
2; only the oscillator strengths of the lattice modes are d
ferent. For Cd0.43Hg0.57Te, «9(v) is strongly asymmetric
near the HgTe-like vibrations. Servoin and Gervais29 note
that such asymmetry may arise from two close-spaced mo
with different strengths~or from anharmonic effects, which
we do not expect at our low measurement temperature o
K!. The «9(v) spectrum near the HgTe-like vibrations ca
be expanded into two lattice vibration modes; one
126.5 cm21 with oscillator strength 2.2 and one a
131.0 cm21 with strength 0.45. The CdTe-like vibrations a
characterized by three modes at 148.5, 150.5,
156.6 cm21. Once again, «9(v) has a singularity at
137.5 cm21 with oscillator strength 0.25. We show later th

FIG. 4. ~a! Reflection spectraR(v) of Cd0.43Hg0.57Te at T
525 K ~the dashed curve is the experimental spectrum and
continuous curve is the model spectrum!; ~b! the dielectric function
«9(v) ~dashed curve! reconstructed by the KK analysis of theR(v)
spectrum, and the Lorentzian profiles~continuous curves! of the
harmonic oscillators into which the function«9(v) is expanded.
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this singularity appears with almost the same strength
Cd12xHgxTe with compositionx50.09– 0.81. Therefore
unlike the statement in Ref. 25, there is no reason to rega
as only typical of alloys withx50.7– 0.8, corresponding to
vibrations of the Te atom in the tetrahedron consisting of o
Cd atom and three Hg atoms.

C. Alloys rich in CdTe: Cd 0.76Hg0.24Te and Cd0.86Hg0.14Te

The reflection spectra of CdTe-rich Cd12xHgxTe are more
complex than those of the HgTe-rich alloy. They exhibit o
HgTe-like TO mode, two CdTe-like TO modes, and a sing
larity at 137 cm21. Figure 5 shows the spectrum fo
Cd0.86Hg0.14Te, at 25 K. One HgTe-like TO mode appears
«9(v) at 131 cm21. Near the CdTe-like vibrations, we ex
panded«9(v) into Lorentzian oscillators with frequencie
146.0, 148.5, and 151.0 cm21. A singularity also appeared a
138 cm21 in the CdTe-rich alloy, and with the same oscill
tor strength, 0.3, seen for HgTe-rich alloys; again, this s
gularity is not limited to alloys withx50.7– 0.8. The expan
sion of «9(v) into its Lorentzian profiles does not show a
additional oscillator of strength 0.02 at 157.5 cm21 because
it is difficult to resolve. However, this weak oscillator with
frequency near the LO-TO splitting of the strong CdTe-li

FIG. 5. ~a! Reflection spectraR(v) of Cd0.86Hg0.14Te at T
525 K ~the dashed curve is the experimental spectrum and
continuous curve is the model spectrum!; ~b! the dielectric function
«9(v) ~dashed curve! reconstructed by the KK analysis of theR(v)
spectrum, and the Lorentzian profiles~continuous curves! of the
harmonic oscillators into which the function«9(v) is expanded.
in

it

e

-

-

vibrations manifests itself in a well-defined dip at the top
the CdTe-like reflection band. The TO phonon frequenc
corresponding to the oscillators in the dispersion analysis
«9(v) and the reflection spectrumR(v) of the Cd12xHgxTe
alloys forx50 to x50.81 at 25 K~Figs. 2–5!, are plotted in
Fig. 6. The size of the points in the figure corresponds to
mode oscillator strengths. The frequency 117 cm21 of the
TO mode of HgTe at 8 K was taken from Ref. 30. This figur
illustrates a main point in our analysis: at all composition
all the measured frequencies for the CdTe-like vibrations
~CdHg!Te lie within 1 cm21 of four modes: 146, 148.5
150.5, and 156 cm21. At any composition the CdTe-like vi-
brations are governed by four lattice modes with frequenc
approximately independent of composition, which alters o
the oscillator strengths of these modes.

IV. DISCUSSION

A. Lattice modes of Cd-Te and Hg-Te vibrations

To discuss our observations, we begin with the cases
one-mode and two-mode behavior. According to the work
Onodera and Toyozawa17 we have one-mode behavior whe
the perturbation energy at the substitution of one atom
another is smaller than the exchange energy. As has b
shown by Dowet al.18 for the case of phonons the perturb

e

FIG. 6. Distribution of the frequencies of the lattice TO mod
vn

C andvn
H of, respectively, the Cd-Te and Hg-Te vibrations of t

basic Cd(4-n)Hg(n)Te cells (n50,1,2,3,4) as a function of the
composition of Cd12xHgxTe alloys atT525 K. The figure also
shows by wide strips, the distribution of the positions of maxima
the dielectric function«9(v) of Cd12xHgxTe alloys~reconstructed
by the Kramers-Kronig analysis of the reflection spectrum!, which
correspond to the frequencies of TO modes of CdTe and HgTe-
vibrations in accordance with the two-mode approximation for
vibrational spectra of alloys.
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tion has the formuDmuV2, whereDm is the change of mass
V is the frequency of the order of a local or gap mode, a
the exchange term is equal to the force constantK. Thus for
one-mode behavior we haveuDmuV2,K, and two-mode be-
havior is realized when the opposite inequality holds. If t
inequality is not strong, that is,uDmuV2 is close toK, the
mixed cases can be realized, when we have one-mode be
ior in one part of the alloy composition, and two-mode b
havior in the another. One-mode behavior is characteristi
solid solutions of ionic alkali halide compounds, and tw
mode behavior is seen in heavily covalent III-V and II-V
binary compounds that crystallize in the zinc-blende
wurtzite structure. Verleur and Barker19 have departed from
the two-mode concept to explain spectra from GaAsyP12y ,
which are of the two-mode type, but with additional structu
on each band. They extended the random element iso
placement model with three coordinates for As, P, and
which gives two TO modes~and an acoustic mode! by add-
ing 13 coordinates that allow for the three-dimensional str
ture of the alloy; and by assuming that the As and P ato
are not randomly distributed in the anion sublattice, but fo
clusters consisting of one type of atom. It is remarkable t
with sufficiently strong clustering, two of the 12 optic
modes~one of the 13 modes is acoustic! dominate at all
compositions to give the two main bands, whereas
weaker modes determine the additional spectral struct
However, the Verleur-Barker~VB! scheme has some draw
backs. It is well known that in a disordered lattice, in pa
ticular, in A12xBxC alloys, because of the selection rul
relaxation over a wave vectork, that nearly all of 6N modes
are optical active. In the VB model only 13 modes are
garded. Therefore this model cannot describe, on a mi
scopic level, the broadening of the optical-active phono
because this process is due to the interaction withkÞ0
modes. From this model it is also impossible to calculate
phonon density of states.

We first reported21 a similar interpretation we used to an
lyze Cd12xHgxTe lattice reflection spectra atT585 K. Our
spectra were characterized by two strong bands at freq
cies that vary little with composition, but samples withx
50.1– 0.6 exhibit clear additional structure near the Cd
like band. The existence of fine structure in the reflect
spectra was regarded as a manifestation of clustering in
alloys. The four-mode distribution of CdTe-like oscillato
for all compositions agrees with the five basis cells mic
structure model. In view of the predominantly covalent n
ture of the bonding in tetrahedral compounds, in the fi
approximation we ignore interactions among the ba
cells. Then we can derive alloy properties by averag
over the cells, weighted by the probability functionP(x)
that represents the distribution of the different types
cells at a given composition. Using this approach, W
and Zunger12 have calculated from first principles th
electronic structure of Cd12xHgxTe, and the authors o
Refs. 13–15 have interpreted fine NMR structure from125Te
nuclei in the cation alloys Hg12xCdxTe,13–15Cd12xZnxTe,14

and Cd12xMnxTe.14

Figure 7 shows the Cd(42n)Hg(n)Te tetrahedral basis
cells with n50, 1, 2, 3, and 4. Each configuration suppo
one Cd-Te vibrational mode and one Hg-Te vibration
mode, except that there is no Hg-Te mode atn50, and no
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Cd-Te mode atn54. Thus the five-cell configurations ex
hibit among them four Cd-Te modes at frequenciesvn

C and
four Hg-Te modes at frequenciesvn

H .
For Cd12xHgxTe formed from binary CdTe and HgT

with almost identical bond lengths~2.806 and 2.798 Å, re-
spectively!, EXAFS ~Refs. 4 and 5! shows that the Cd-Te
and Hg-Te bond lengths remain the same as in the bin
compounds for any composition; nor does the dimension
the basis cells change. Hence, there is no reason why l
stresses should appear as composition changes. Ano
hypothesis,9,10 that the charge between the Cd and Hg ato
becomes redistributed as composition changes, also rem
unconfirmed.11,12 For Cd12xHgxTe at 25 K it follows from
Fig. 6 that the Cd~4!Te (n50) basis cell has a Cd-Te vibra
tional mode of frequencyv0

C5146 cm21, whereas the
Cd~3!Hg~1!Te (n51) cell has a mode with v1

C

5148.5 cm21, the Cd~2!Hg~2!Te (n52) cell has a mode
with v2

C5150.5 cm21, the Cd~1!Hg~3!Te (n53) cell has a
Cd-Te vibrational mode of frequencyv3

C5156 cm21.
For CdTe-rich Cd12xHgxTe we can identify either three

or four CdTe-like lattice modes, whereas for HgTe-ri
Cd12xHgxTe, only one HgTe-like mode appears, and tw
modes are exhibited only for the intermediate compositio
x50.52 and x50.57 ~Fig. 6!. The different Cd-Te and
Hg-Te chemical bonds determine their mode behaviors.

In a model calculation31 of the lattice vibration frequen-
cies for an ‘‘ideal’’ A12xBxC alloy with atomic parameters
corresponding to Cd12xHgxTe, we obtained agreement be
tween the calculated distribution of the vibration frequenc
for alloys with different composition, and the discrete set
frequencies of the Cd-Te and Hg-Te lattice vibrations
Cd12xHgxTe, determined from the ir lattice reflection spe
tra ~Fig. 8!. The only discrepancy was that in theBC-rich
A12xBxC alloys theBC-like vibrations are characterized b
a number of ir-active vibrational modes@Fig. 8~a!# but for

FIG. 7. Tetrahedral Cd(42n)Hg(n)Te basic cells withn
50,1,2,3,4 of Cd12xHgxTe alloys.
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the Cd12xHgxTe alloys, there is only a single mode@Fig.
8~b!#. We believe that this single mode is only appare
however, because the vibrations associated with the Hg
bond are not truly independent. When modes are coup
and strongly damped, the normal-mode frequencies ten
approach each other, as shown, for instance, in a clas
analysis by Barker and Hopfield.32 If the difference between
mode frequencies is comparable to or less than the dam
parameter, they appear as a single mode as they interact
infrared radiation. We believe the two or three strong
Hg-Te modes are sufficiently coupled and damped, via
harmonic interaction, to appear as an apparently sin
Hg-Te oscillator. The frequency of that apparent sin
mode, as determined from dispersion analysis of the refl
tion spectra, is the average of the frequencies of the stron
modes. In correspondence with these comments, we as
the strong mode of the Hg-Te vibrations withv3

H

5121 cm21 observed atx5 3
4 to the Cd~1!Hg~3!Te basis cell.

For CdTe-rich alloys withx50.03, 0.06, and 0.09, the ga
mode at 132 cm21 is observed, which forx50.14 and 0.24,
goes into the lattice mode of the Hg-Te vibrations withv1

H

5131 cm21 corresponding to the Cd~3!Hg~1!Te basis cell.
For intermediate compositionsx50.52 and 0.57 there ar
two Hg-Te modes, corresponding to the Cd~3!Hg~1!Te basis
cell with v1

H5131 cm21, and the Cd~2!Hg~2!Te cell with
v2

H5126 cm21.
The temperature dependence of the Cd-Te and Hg

mode frequencies for the Cd(42n)Hg(n)Te basis are of in-
terest. The Cd-Te frequencies decrease by 5 cm21 as tem-
perature increases from 25 to 300 K, typical semiconduc
behavior. However, the metallic binding in HgTe is man

FIG. 8. ~a! Distributions of the frequencies of the ir-active v
brations plotted as functions of the compositionx of A12xBxC al-
loys, calculated in the rigid-ion approximation for an ‘‘ideal’’ allo
with the atomic parameters of the Cd12xHgxTe alloy. ~b! Distribu-
tion of the frequencies of the optical modes of the lattice vibratio
plotted as a function of the compositionx of a Cd12xHgxTe alloy,
deduced from an analysis of the far ir reflection spectra.
,
e
d
to

cal

ng
ith
t

n-
le
e
c-
est
ign

e

r

fested by an anomalous temperature dependence of the H
vibrational modes. As temperature increases from 8 to
K, the optical mode frequency increases from 117
119 cm21,29 and the mode frequency of the Cd~1!Hg~3!Te
basis cell increases by 2 cm21. However, the Hg-Te mode o
the Cd~3!Hg~1!Te cell behaves like an ordinary semicondu
tor mode; its frequency decreases from 131 to 128 cm21 as
temperature increases. In CdTe-rich Cd12xHgxTe, domi-
nated by Cd~4!Te and Cd~3!Hg~1!Te cells, the individual
Hg-Te bonds are semiconductorlike; but in HgTe-rich allo
dominated by Hg~4!Te, Cd~1!Hg~3!Te, and Cd~2!Hg~2!Te
basis cells, the Hg-Te bonds behave anomalously. The t
perature dependence of the phonon mode frequencies ar
termined by two factors. First is the lattice expansion as
temperature increases, which leads to the decreasing o
frequency with temperature. Second is connected with
anharmonicity corrections to the mode frequencyv:

Dv5
1

p E g~v!dv

v2v8
5

1

p

g~v̄!v̄

v2v̄
,

where g~v! is the damping function of the modev, con-
nected with anharmonicityg(v)T. From the above equation
it is clear thatDv can have a different sign depending on t
position of thev mode relative to the ‘‘center of gravity’’ of
the combinational frequenciesv̄. From the comparison o
phonon dispersion curves for CdTe and HgTe it is seen
for CdTe the acoustical branches are close to the opt
branches~the gap is small!, whereas for HgTe the acoustica
branches are shifted towards the low-frequency regi
Therefore we can assume that, forv5vTO for CdTe and for
close frequencies in HgxCd12xTe alloy, the situation is real-
ized whenv,v̄. For similar frequencies for HgTe and th
alloy we have the reverse case,v.v̄. Thus the different
temperature behavior of TO modes in CdTe and Hg
ranges can be explained by different signs of the anhar
nicity corrections.

B. Oscillator strengths of Cd-Te and Hg-Te lattice vibrational
modes

Figure 9 shows the oscillator strengthsSn
C vs x derived

from our dispersion analysis of the Cd-Te modes cor
sponding to the Cd(4-n)Hg(n)Te basis cells (n50,1,2,3) at
25 K. A given mode frequency represents a given type
basis cell with a definite cation configuration, whereas
oscillator strength of that mode represents the fraction
cells with that configuration. For a random uncorrelated d
tribution of Cd and Hg atoms in the cation sublattice
Cd12xHgxTe of compositionx, the probability of finding a
basis cell with (n)Hg atoms and (4-n)Cd atoms around a
shared Te atom is

Pn~x!5S 4
nD ~12x!42nxn, ~2!

where

S 4
0D5S 4

4D51, S 4
1D5S 4

3D54, S 4
2D56.

Noting that the fraction of the Hg atoms in th
Cd(4-n)Hg(n)Te basis cell out of four cations represen

,
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an5n/4, the probabilityPn
H(x) that the Hg atoms in an alloy

of compositionx are in these cells amounts to

Pn
H~x!5anPn~x!5

n

4 S 4
nD ~12x!42nxn, ~3!

and similarly for Cd atoms, we have the corresponding pr
ability

Pn
C~x!5~12an!Pn~x!5

42n

n S 4
nD ~12x!42nxn. ~4!

For a system of independent lattice vibrations the osci
tor strengthSn

C of nth lattice mode of the Cd-Te vibrations

Sn
C~x!5 f n

CNPn
C~x!, ~5!

where f n
C is the oscillator strength per Cd-Te bond,N is the

total number of cations~or ion pairs! in the alloy per unit
volume, andNPn

C(x) is the probable number of Cd cation
per unit volume in an alloy of compositionx in cells with the
Cd(4-n)Hg(n)Te configuration. For pure CdTe~x50, n
50!, with a measured oscillator strength of 3.1,S0

C(x)
53.1P0

C(x)53.1(12x)4 for the Cd~4! configuration. Had
the reduced oscillator strengthf n

C been independent of th
configuration of the Cd(4-n)Te(n)Te cell and amounted to

FIG. 9. Oscillator strengthsSn
C of Cd-Te lattice vibrational

modes in Cd(4-n)Hg(n)Te basic cells plotted for different compo
sitions of Cd12xHgxTe alloys atT525 K. The continuous curves
give the distributions of the oscillator strengthSn

C(x) for four modes
with n50, 1, 2, and 3, as a function of the alloy composition us
the approximation of a random distribution of Cd and Hg cations
the alloy.
-

-

f 0
C , for the oscillator strength of the rest of basis cells Eq.~5!

would have reduced toSn
C(x)53.1Pn

C(x). The oscillator
strengthsSn

C(x) for the CdTe modes withn50, 1, 2, 3 vs
composition are shown in Fig. 9 by continuous curves. Th
total oscillator strength is described by a linear depende
on the compositionSC(x)5(Sn

C(x)5 f 0
CN(Pn

C(x)53.1(1
2x). However, the experimental values of the total oscil
tor strengths of four Cd-Te vibrations, represented by
chain curve in Fig. 9, deviate appreciably from a linear d
pendence on the composition, with the greatest deviation
x50.25 and 0.75. Such deviation may be explained either
a cluster effect,19 connected with nonrandom distribution o
different cation configurations of the basis cells
Cd12xHgxTe,21 or by the dependence off n

C on the configu-
ration of the basis cell, associated with charge transfer
this case one can expect a correlation betweenf n

C andvn
C vs

the basis cell numbern. The four frequencies, attributed t
CdTe-like TO modes associated with the basis cellsn50, 1,
2, 3, are 146, 148.5, 150, and 156 cm21. Note that the dif-
ferences between these frequencies, 5.5, 2, and 2.5, do
vary in a way consistent with the expectations of a sim
elastic spring model. However, for a sequence of the exp
mental mode strengths~f 1

C53.1, f 2
C52.4, f 3

C53.2, and f 4
C

52.8! there is no clear correlation with a sequence of
frequenciesvn

C . The nonmonotonous changes off n
C with n

can be related to the noncomplete accounting of CdTe lat
modes in HgxCd12xTe alloy. As we mentioned above w
discovered the 137-cm21 mode with a strength up to 0.25 fo
the concentration rangex50.09– 0.8. According to its tem
perature dependence this mode is close to CdTe-like mo

Figure 10 shows that when the oscillator strengths for
Cd-Te vibrations of the Cd(4-n)Hg(n)Te (n50,1,2,3) basis
cells for different compositions~dark squares! are added to
the oscillator strength of the 137-cm21 mode~dark circles!,
the resulting total oscillator strength for all the CdTe mod
~crosses! lie quite well on a straight line, which correspond
to the linear dependenceSC(x)53.1(12x). Therefore, we
can obtain an accordance between the experimental and
oretical oscillator strength sums for CdTe-like modes un
two assumptions: the oscillator strength does not depend
the basis cell numbern and on the compositionx, and the
experimental oscillator strength sum of four basis cells
completed with the 137-cm21 mode. The possible nature o
the 137-cm21 mode can be associated first, with the prese
of an ordered phase in the alloy,33 second, with lattice de-
fects, and third, with a disorder in the alloy and with mu
tiphonon processes. Wei, Ferreira, and Zunger,34 and Yeh,
Chen, and Sher35 have calculated the mixing enthalpies for
disordered and for some possible ordered phases
Hg12xCdxTe alloy. They found that all calculated value
were bigger than zero, and the value for the disordered ph
was the smallest. It means that existence of a metast
ordered phase at the traveling-heater growth temperatu
unlikely. Lattice defects cannot be regarded as a cause o
137-cm21 mode because at reasonable concentration of
fects it is not possible to obtain a strength that amounts
0.25. The third possibility seems to be the most probable
this case, due to disorder or anharmonicity, the maxima
one-phonon or multiphonon density of states appear.

n
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For Hg-Te vibrations we cannot analyze the oscillators
we did for the Cd-Te vibrations, because we carried out
reflectivity measurements over the limited interv
110– 250 cm21. According to the model calculation,33 we
should observe a Hg-Te vibrational mode at 94 cm21, in
addition to the 137-cm21 mode. Such a mode has been se
in infrared transmission spectra from Hg12xCdxTe at various
concentrations and temperatures36–38 and also in
Hg0.65Cd0.33Mn0.02Te.39 In Ref. 36 both the 94- and
137-cm21 modes appeared in transmission spectra, but
analysis was performed to determine the mode strengths

We also measured the oscillator strengths for the Hg
vibrations in Hg12xCdxTe at 25 and 85 K. In the HgTe-rich
alloys, the strong interaction among Hg-Te modes make
difficult to assign oscillator strengths to specific modes of
Cd(42n)Hg(n)Te basis cells. In the CdTe-rich alloy
formed predominantly of Cd~4!Te and Cd~3!Hg~1!Te basis
cells, the 131-cm21 mode from the Cd~3!Hg~1!Te basis cell
is prominent. The oscillator strength for this mode follow
the expressionS1

H(x)512.8(12x)3x. We believe that the
large coefficient, 12.8, results from the strong Hg-Te bo
polarizability. While measuring the Hg-Te vibrational mod
we discovered an interesting peculiarity in the temperat
dependence of their oscillator strengths. In HgTe-r
Cd12xHgxTe, the oscillator strengths of the Hg-Te vibratio
decrease appreciably as temperature increases, wherea
strengths of the Cd-Te modes are independent of temp
tures over 20–300 K and at all compositions. One reason
the temperature dependence of the Hg-Te vibrations coul
the 98-cm21 mode that has been observed in HgTe, and

FIG. 10. Total oscillator strengthSn50
3 Sn

C(x) for all Cd-Te vi-
brations of Cd(42n)Hg(n)Te (n50,1,2,3) basic cells for differen
alloy compositions~dark squares! and total value of the oscillato
strengths for all Cd-Te vibrational modesSC(x)5SSn

C(x)1S1(x)
~crosses!. S1(x) is the oscillator strength of the 137-cm21 mode
~dark circles!.
s
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Cd12xHgxTe with x.0.7.30 In HgTe, the oscillator strength
of this mode increased from 0 to 2.5 as the temperature
to 300 K. This was explained40 in terms of a two-well non-
symmetric potential for Hg atoms in HgTe, in which the H
atoms redistribute themselves from the deeper well to
shallower one as temperature increases. This increase
oscillator strength of the 98-cm21 mode for the account o
the main v mode. Increasing strength of the addition
98-cm21 mode with temperature has also been seen
Cd12xHgxTe, where a similar explanation may apply.

The general behavior of the phonon spectrum vs com
sition for HgxCd12xTe alloys corresponds to the two-mod
type or ‘‘persistent’’ regime in terms of Onodera an
Toyozawa17 ~see Fig. 6, solid curve!. Dow et al.18 have sug-
gested a criterion for the phonon mode behavior for the s
stitutional alloys. For the two-mode behavior the followin
inequality should be held,DmV2.K. The force constantK
can be obtained from the equationK5(2vTO

2 1vLO
2 )M /3,

where M is the reduced mass. Then the phonon behav
criterion becomes

P[
uDmu

M

3V2

2vTO
2 1vLO

2 .1. ~6!

After putting into Eq. ~6! the masses of Hg, Cd, and T
atoms, and of the boundary frequencies for HgTe,vTO
5119 cm21, vLO5132 cm21, and also of the local mode
frequency for Cd in HgTe,V5155 cm21, we obtain P
51.78.1. However, in our case the two-mode behavior
complicated by presence of the fine structure, which we
sume to be connected with clusters, and also with effect
alloy disorder and anharmonicity.

V. CONCLUSION

The vibrational properties of Cd12xHgxTe alloys formed
from semiconducting CdTe and semimetallic HgTe dese
attention because both compounds crystallize in the sim
ZB structure with nearly identical lattice parameters, formi
a continuous series of solid solutions forx50 – 1. The near
identity of the lattice parameters of CdTe and HgTe is
result of a balance between the CdTe ionic-covalent bond
and HgTe covalent-metallic bonding. Low-temperature
frared reflection spectra of Cd12xHgxTe are characterized b
two bands with fine structures, which cannot be explained
the usual two-oscillator model.

To explicate the lattice reflection spectra of Cd12xHgxTe
we successively applied dispersion analysis and Kram
Kronig analysis, and found that the CdTe-like lattice fr
quencies are distributed among four frequencies that
approximately independent of composition. This is cons
tent with a model for Cd12xHgxTe ~and other ZB pseudo
binary alloys! where the crystal structure is formed by fiv
Cd(42n)Hg(n)Te (n50,1,2,3,4) basis cells with Cd an
Hg cations tetrahedrally distributed around a shared Te
ion. Each cell has its own Cd-Te and Hg-Te vibrations, w
frequencies determined by its particular configuration a
independent of alloy composition. The composition defin
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only the mode oscillator strengths through the probabilit
of finding each of the four types of cell at a given compo
tion. Thus we replace the overly simple model of one CdT
like and one HgTe-like vibrational mode with a new
model where the vibrational spectrum of Cd12xHgxTe is
set by four Cd-Te and four Hg-Te vibrations in fiv
Cd(4-n)Hg(n)Te basis cells that comprise the alloys micr
scopic structure.

The temperature dependence of the Cd-Te and Hg-Te
brations revealed differences. The Cd-Te frequencies
crease by 5 cm21 as temperature increases from 25 to 300
as is typical for semiconductor compounds. As tempera
increases from 8 to 300 K, the Hg-Te vibrational frequenc
for the Hg~4!Te and Cd~1!Hg~3!Te basis cells increase b
2 cm21, whereas the frequency for the Cd~2!Hg~2!Te cell is
independent of temperature, and that for the Cd~3!Hg~1!Te
cell decreases. Such changes of the mode tempera
dependences can be explained by the anharmonicity co
tions, which change sign with variation of frequency. T
oscillator strengths of the Cd-Te vibrations do not depe
on temperature, whereas in HgTe-rich Hg12xCdxTe, the
strengths of the Hg-Te vibrations do vary with temperatu

Dispersion analysis of the dielectric function«9(w) re-
stored from the reflection spectra of the alloys at 25 K
Kramers-Kronig analysis revealed a peculiarity at 137 cm21
. B
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that appears with nearly constant strength over the w
compositional rangex50.1– 0.8. This mode has the sam
temperature dependence as the Cd-Te vibrational mo
The most probable explanation of this mode is associa
with the alloy disorder or with multiphonon processes. A
analysis of the mode strengths for each alloy compo
tion gives the relative content of different basis cells at t
composition. For Cd and Hg atoms randomly distribut
over the cation sublattice, the probabilityPn(x) to find the
Cd(4-n)Hg(n)Te basis cell in the alloy with compositionx
and the probable values of the oscillator strengthsSn

C(x) and
Sn

H(x) for the Cd-Te and Hg-Te lattice modes were calc
lated. The deviation of the experimental values from the c
culated ones could be explained if we assume that the o
lator strength sum for CdTe-like modes is completed w
the 137-cm21 mode.
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