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Structural analysis of the semiconductor-semimetal alloy C¢d_,Hg,Te
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Far-infrared reflectivity measurements have been made on traveling-heater-method-giowAd:Be 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{£t)Hg(n)Te (h=0,1,2,3,4) 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 &”(w) restored from the reflection spectra of the alloys at 25 K by Kramers-Kronig analysis revealed
a peculiarity at 137 cmt, which appears with nearly constant strength over the wide compositional xange
=0.1-0.8. 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.
[S0163-182698)02124-9

I. INTRODUCTION A different situation is obtained in the quasibinary alloy
Hg; ,Cd,Te, which forms a continuous series of ZB solid
The discovery by Mikkelsen and Boycef a bimodal  solutions overx=0-1. The alloy brings together the semi-
distribution for nearest-neighbor bond lengths in semiconmetal HgTe E,=—0.3eV) with covalent and metallic
ducting Ga_,In,As alloys by EXAFS(extended x-ray ab- bonding and the wide-gap semiconductor CdTE, (
sorption fine structupehas rekindled interest in the local =1.6 eV), with its combination of covalent and ionic bond-
structure'of semiconductor alloys. X-ray diffraction ShOWSing. Both crystallize in the ZB structure, with nearly identical
that semiconductor _a”OyAPXBXC with ZI_nc-b_Iende(ZB) bond lengths, 0.2798 nm for HgTe and 0.2806 nm for CdTe.
ig;dggiatiZ?Zirg%aitrﬁeIggigzt?é%()stgz?g?Isgnlln(?ﬁ%:‘l\gh It is difficult a priori to predict the structural behavior and
P P consequently the properties of alloys whose components

that of compoundC. In the virtual-crystal approximation it have the same crystal structure and almost the same lattice
is assumed that the distances between nearest neighibatrs ys . .
parameters—that is, alloys free of lattice-mismatch

is, the bond lengthsn the alloy are equal to each other and

t0 0.75a(x). EXAFS measurements of Galn As (Ref. 1 stresses—but with different types of bonding. Séteal® has
and'other élloy%,however, show local deviatxions froh the Used Harrison’s tight-binding theory for tetrahedral semicon-

ZB structure. Rather than follow the virtual-crystal approxi- ductors. Later, Hass and Vandber’c?ilt;sed the pseudopo-
mation, the nearest-neighbor distances show a bimodal digéntial method to predict that in the alloy the Hg-Te bond
tribution centered around the bond lengths of @ andBC becomes shorter, and the Cd-Te bond becomes longer, which
compounds. Even when there are large differences in thehould result in a structural instability. These shifts are at-
AC andBC lattice constants, the change in bond lengths intributed to charge transfer from Cd to Hg in the alloy, which
the alloy are only 20-25% of the value predicted bychanges interionic Coulomb forces. EXAFS measurerfiénts
the virtual-crystal approximation. Such a distribution of reveal that the Hg-Te and Cd-Te bond lengths in
bond lengths(which is close to the conception of coval- Hg,Cd;_,Te relax slightly from their values in pure HgTe
ent radii conservatioh is observed in alloys of covalent and CdTe, respectively, changing in opposite directions. Ex-
l1I-V compounds?’ and also in the highly ionic II-VI perimental resulis are used as a basis of calculations of the
alloys Cd_,Mn,Te* Cd,_,ZnTe* Hg;_,Mn,Te,> and local relaxation of the bond lengths on the same microscopic
Hg,_,ZnTe.? The structural properties of these alloys aremodel of HgsCdysTe as considered in Ref. 10, but the
explained within the valence force field modé&ljn which  d-shell electrons in Hg and Cd were regarded as valence
the relaxation mechanism for the bond lengths is determinedlectrons similar to the bondirggandp electrons of Hg, Cd,
primarily by elastic stresses induced by the lattice mismatctand Te. The authors of Ref. 11 concluded that the ionic
of the binary components. charges were governed mainly by the binding between near-
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est neighbors and found no evidence for large charge transnd CdSeS. Similarly, it was not possible to reproduce re-
fers between Cd and Hg ifHgCdTe alloys—that is, the flectivity spectra from Cgd ,Zn,Te (x=0.005-0.50) at 20
properties of the nearest-neighbor bonds in pure HgTe antd (Ref. 23 using only two modes, a CdTe- and a ZnTe-like
CdTe were retained in the alloy. Wei and Zunidesalcu-  Vibration.

lated the electron structure @figCdTe from first principles ~ In this paper, we present analysis and interpretation of
to determine the role ofl electrons in forming the alloy infrared lattice reflection spectra from CdHg,Te (0<x
chemical bonds, and reached similar conclusions. <0.8), which agrees with the latest investigations of local

Magic-angle sample spinning NMR is a new method forstructure of semiconductor alloys. We measured spectra at
investigation of local structure. When it is applied to thetemperatures as low as 25 K, and analyzed them by succes-
cation substitution alloys Gd,Hg,Te *** Cd,_,Zn,Te,!*  sive applications of dispersion and Kramers-KroriiK )
and Cd_,Mn,Te,** the chemical shift of the resonance fre- methods, to clearly reveal band details. The lattice spectra of
quency of the Te nuclei is characterized by a set of discret&d;—xHg,Te are shown to originate from four each Cd-Te
lines whose number depends on the local composition. Thand Hg-Te vibrational modes in five basic Cd(4
lines are attributed to five possible cation configurations of~Nn)Hg(n)Te (n=0,1,2,3,4) cells consisting of cations tet-
the form A(4—n)B(n) (n=0,1,2,3,4) around each Te an- rahedrally distributed around a shared Te anion. The mode
ion. For Cd_,Hg,Te with equal Hg-Te and Cd-Te bond frequencies are determined by the cation configuration in
lengths that are independent of alloy composition, but witheach cell. They are assumed to be independent of alloy com-
different bond ionicity, the chemical shift is determined by Position, which determines only the mode strengths. Analy-
charge transfer between a Te anion and its tetrahedral envis of strength vs alloy composition provides information on
ronment of cations. For each Cd{4)Hg(n) configuration, the relative content of the basic cells at that composition and,
the shift is independent of alloy composition; further, cubicconsequently, on the nature of the cation substitutions.
symmetry is retained around Te as alloy composition is var-
ied: NMR dgta have been used to estimate the degree of | \EASUREMENT AND ANALYSIS OF LATTICE
cation ordering in CQ_XH%XLe. For poyvder samples of REFLECTION SPECTRA
Cd;_,Hg,Te (0.1<xx<0.9),"*"the analysis shows some or-
dering of Hg and Cd atx=0.25 and 0.75. But more Single crystals of Cd_,Hg,Te (0<x<0.8) were grown
recently'® when the same authors analyzed NMR data fromwith a traveling-heater methotMHM).?* Among different
p-type as-grown single crystal kgdCd,,,Te, they found methods of HgCd, _,Te bulk crystal growth the THM, com-
that Hg and Cd are randomly distributed bining some advantages of solution growth and zone melting

Infrared spectroscopy of the lattice vibrationstip_,B,C  with those of the growth under steady-state condition, is the
alloys also gives valuable information about interatomic in-most promising method. This method allowed us to grow
teractions. Infrared spectra of most ZB or wurtzite Ill-V and pure homogeneous oriented crystals of large dimensions. In-
[I-VI alloys are characterized by two-mode behavior, wheregots of 30 mm diameter and up to 80 mm in length were
two strong reststrahlen bands appear at frequencies neaurrently produced with longitudinal homogeneity better
those of the end-point compounds and that vary weakly witthan *=0.02 mol and radial homogeneity better than
alloy composition, whereas the intensities of the bands are-0.002 mol for x=0.21, 0.3, and 0.7. Electron carrier
approximately proportional to the concentration of the correconcentration of X 10*cm™  with  mobility  of
sponding compountf Some tetrahedral(B)C alloys, how- 160 000 crdV s at 77 K forx=0.21, as well as the high
ever, display only a single band, the position of whichperformance of photoconductor detectors, sucR#s prod-
changes continuously with alloy composition from the TOuct of 16 cn? at 77 K, for crystals withx=0.21, attest to
frequency for one end-point compound to the TO frequencythe high quality of the grown crystafé The reflection spec-
for the other end-point compound, whereas its intensity retra of these samples were determined at temperatures of 25,
mains practically constant. According to Refs. 17 and 18 thé85, and 300 K, using a vacuum diffraction spectrometer that
phonon spectrum behavior oAB)C alloys is determined by covered the range 110—250 chat a resolution of 1 cm'.
the ratio of the two values: perturbation vibrational energy atAt each wavelength, the reflection from the sample and from
the substitution of atorA for atomB, and interaction vibra- a reference mirror was measured consecutively at the same
tional energy of atoms iAC lattice. For the two-mode be- location on the sample.
havior the first energy should be bigger than the second. In Figure 1 shows the reflection spectra of,GgHg, 71Te at
the opposite case we have one-mode behavior. 25, 85, and 300 K. Two strong reflectivity bands are ob-

In the anion alloys G#@sP) and CdSe3, fine structure served at frequencies that vary little with alloy composition
atop the main infrared reflectivity bands has been explained. As x increases, the high-frequency CdTe-like band be-
by assuming a nonrandom distribution of anions of differentcomes weaker, departing from the value for pure CdTe; and
sorts around the common catiot Infrared spectra for the the low-frequency HgTe-like band strengthens approaching
cation alloy Cd_,Hg,Te also show considerable fine struc- the value for pure HgTe. In the range=0.1-0.6 fine struc-
ture, which has been attributed to a formation of short-rangéure appears near the CdTe-like vibrations. This structure
clusters?* A cluster model of distribution of the anions was also observed for=0.71 and 0.80 at the lower tempera-
around the common cation considered by Verleur andure of 25 K. These spectra cannot be interpreted solely in
Barker® for the alloys C@SeS was used by Perkowitz, Kim, terms of a simple two-mode model, with one each of a
and Becl&? to analyze ir reflection spectra of Cd$e,_, CdTe-like and HgTe-like vibrational mode. For deeper
(x=0.05-0.35) at 80 K. This model was also used for theanalysis, we processed the spectra by successive applications
comparison of cluster effect in the anion alloys(8dTe  of dispersion analysis and Kramers-Kronig analysis to deter-
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mine the complex dielectric functione(w)=¢'(w) a
+ie"(w). The KK method is independent of the form of
e(w), since it involves only the complex reflection ampli- 0 =
tuder =r(w)exp(q). It can in principle identify all the sig- b) 120 140 160 180

nificant oscillators that generate the reflectivity spectrum,
without the need to arbitrarily insert any oscilla@mpriori.
However, the integral transform at the heart of the KK FiG. 2. (a) Reflection spectreR(w) of CdyodHgo7iTe at T
method is sensitive to boundary conditions, since we can-25 K (the dashed curve represents the experimental spectrum and
measure (w) only over a finite frequency interval. Our com- the continuous curve is the model spectiuth) the dielectric func-
bination of dispersion and KK analysis is designed to corion &”(w) (dashed curvereconstructed by the Kramers-Kronig
rectly elicit all the structure inherent in the reflectivity spec- analysis of theR(w) spectrum, and the Lorentzian profilézon-

tra, by extending () outside the measured frequency rangetinuous curvesof the harmonic oscillators into which the function
through the use of oscillators with parameters calculated by"(®) is expanded.

dispersion analysis.

_ In the first stage of our processingﬁwe approximated thffunctioné(w)=s’(w)+ig”(w), along with a set of param-
infrared response of the alloy by equatieigo) to the sum of  gerg defining its oscillators. Peaks in the spectral distribution
two Lo_rentman_osm_llators corresponding to HgTe-like and ¢ ¢"(w) correspond to the frequencies of the TO modes,
CdTe-like TO vibrations, whereas the peaks in [m1/z(w)] lie at the frequencies of
the longitudinal(LO) modes.

Wave number (cml)

D

s(w)=ex+ wjz—wz—iwrj'
Ill. RESULTS
We selected the oscillator parametexs S;, andI’; to yield
a model spectrum that approximated the measured reflectiv-
ity and extended it to frequencies outside our experimental Figure 2 shows”(w) (dashed curveas reconstructed by
values. Then we used the extended data to reconsitugt KK analysis of the reflection spectrum of ggdHg, ;1Te at
through KK analysis. This yielded additional structure be-25 K, and the corresponding expression that uses damped
yond that from the two original oscillators. In the secondLorentzian harmonic oscillator&ontinuous curves There
step, the imaginary dielectric functiarf (w) obtained from  are two well-resolved oscillators at 150.5 and 156 ¢mvith
the KK transformation was expanded into a set of oscillatorsstrengths of 0.25 and 0.20, respectively, which are the CdTe-
whose parameters were then optimized to match the medike lattice modes. HgTe-like vibrations appear as a single
sured reflectivity spectrum. Then this model spectrum thastrong mode at 121.5 cm with a large strength of 4.7. The
closely approximated the experimental reflectivity was used.37-cmi* mode, whose strength of 0.25 is comparable to
outside the measured frequency interval to determine the fihose of the CdTe-like modes, was detected'ifw). This
nal form of e(w) by KK analysis. The results of this math- mode is hidden in the reflection spectrum, even at 25 K,
ematical processing are a model reflection spectrum that carecause it lies in the wing of the very strong HgTe-like band.
be compared to the experimental one; and a model dielectrithe data also give LO frequencies of 142.0¢nfor the

A. Alloys rich in HgTe: Cd ,Hgg717e and Cd, 1Hgg giTe
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FIG. 3. Dielectric function ¢"(w) (dashed curve of a
Cdy 1 HgpgiTe atT=25 K reconstructed by the KK analysis of the
R(w) spectrum, and the Lorentzian profileontinuous curvesof

the harmonic oscillators into which the functiefi(w) is expanded. b
The figure gives also Ifr-&(w) 1] (upper continuous curvs )
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HgTe-like TO vibration (at 121.5cm?), and 155 and FIG. 4. (8 Reflection spectraR(w) of CdysHgysTe at T
161.0 cm?! for the CdTe-like TO vibrationgat 150.5 and =25K (the dashed curve is the experimental spectrum and the
156 cmi b). continuous curve is the model spectiyitib) the dielectric function

A similar analysis for CglydHgp giTe (Fig. 3 gives TO &"(w) (dashed cur\Aereconst.ructed by the KK analysis of tR€w)
frequencies of 121.0 cit for the HgTe-like vibration and ﬁpewum‘ angill the L_orentzr:gr;] p|:°f'fles°n.g,'{u°us. curve)soofl t:e
151.0 and 155.5 cit for the CdTe-like vibrations, which armonic oscillators into which the functiorf(w) is expanded.
agree to within 0.5 cm* with other result€® The LO fre-
quencies are 139.5 c¢m for the HgTe-like vibration, and
153 and 158.5 cm' for the CdTe-like vibrations. In Ref. 25
the LO mode at 158 cit was paired with the TO mode at
151 cm'!, but we disagree. According to our analysis, the  B. Alloys of intermediate composition: Cd 4d1gos7Te
CdTe-like band in the reflection spectrum is governed by TO and Cdo 4dHgoszle
modes at 151.0 and 155.5 chwith strengths 0.12 and 0.23, The lattice reflection spectra of €d Hg, Te with x near
respectively. They correspond to LO modes at 153 and.5 also cannot be fully described by a two-mode model.
158.5 cmi ! with LO-TO splittings of 2 and 3 ¢, respec-  Figure 4 showss”(w) (dashed curveat 25 K, from KK
tively. The LO mode observed at 156 chin the Raman analysis, and its expansion into Lorentzian oscillat@an-
spectrd® is probably an average of these values because thnuous curve The spectrum is similar to that shown in Fig.
two LO modes are unresolved; or may involve the TO mode2; only the oscillator strengths of the lattice modes are dif-
at 155.5 cm?, which appears because lattice disorder referent. For Cg,Hgys/Te, ¢”(w) is strongly asymmetric
laxes the ordinary selection rule. The 137-¢nmode we near the HgTe-like vibrations. Servoin and Gertaisote
observe in Lorentzian profiles derived froaf(w) has an that such asymmetry may arise from two close-spaced modes
oscillator strength comparable to that of the CdTe-like TOwith different strengthgor from anharmonic effects, which
modes. The mode at 135cth had been observed for we do not expect at our low measurement temperature of 25
Hgy «Cdy »Te in resonance Raman scatter{RRS spectraat  K). The ¢”(w) spectrum near the HgTe-like vibrations can
liquid-nitrogen temperatur€$.On the basis of calculations be expanded into two lattice vibration modes; one at
of the phonon state density, it has been attribtftenlvibra-  126.5cm?* with oscillator strength 2.2 and one at
tions of the Te atom bound tetrahedrally to one Cd atom and31.0 cmi* with strength 0.45. The CdTe-like vibrations are
three Hg atoms. The same interpretation is adopted in Retharacterized by three modes at 148.5, 150.5, and
25 to explain a 137-cm' mode uncovered through KK 156.6 cm?®. Once again,¢”(w) has a singularity at
analysis of the reflection spectrum of 1gCd, ,;Te at 10 K,  137.5 cm ! with oscillator strength 0.25. We show later that

and also in Ref. 28 to explain a mode at 133 ¢mbserved
in RRS from Cd_,Hg, Te with x=0.69-0.80 at 80 K.
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FIG. 6. Distribution of the frequencies of the lattice TO modes
wﬁ and w;' of, respectively, the Cd-Te and Hg-Te vibrations of the

b) 120 140 160 180 basic Cd(4n)Hg(n)Te cells f=0,1,2,3,4) as a function of the
Wave number ( cm'l) composition of C¢d_,Hg,Te alloys atT=25K. The figure also
shows by wide strips, the distribution of the positions of maxima of
FIG. 5. (a) Reflection spectraR(w) of CdyggHgp14Te at T the dielectric function‘e”(w) of le,XHgXTe allgys(reconstrugted
=25K (the dashed curve is the experimental spectrum and th&Y the Kramers-Kronig analysis of the reflection specfruwhich
continuous curve is the model spectiyith) the dielectric function ~ correspond to the frequencies of TO modes of CdTe and HgTe-like
¢"(w) (dashed curvyereconstructed by the KK analysis of tRéw) vibrations in accordance with the two-mode approximation for the
spectrum, and the Lorentzian profilésontinuous curvesof the  Vibrational spectra of alloys.
harmonic oscillators into which the functiarf (w) is expanded.
vibrations manifests itself in a well-defined dip at the top of
this singularity appears with almost the same strength ifhe CdTe-like reflection band. The TO phonon frequencies
Cd,_,Hg,Te with compositionx=0.09-0.81. Therefore, corresponding to the oscillators in the dispersion analysis of
unlike the statement in Ref. 25, there is no reason to regard ft (@) and the reflection spectruR(w) of the Cd _Hg,Te
as only typical of alloys withx=0.7—0.8, corresponding to alloys forx=0 tox=0.81 at 25 K(Figs. 23, are plotted in

vibrations of the Te atom in the tetrahedron consisting of ond 19- 6- The size of the points in the figure corresponds to the
Cd atom and three Hg atoms. mode oscillator strengths. The frequency 117 &nof the

TO mode of HgTe 88 K was taken from Ref. 30. This figure
illustrates a main point in our analysis: at all compositions,
C. Alloys rich in CdTe: Cdg 7¢1go 24Te and CdygdHgo14Te all the measured frequencies for the CdTe-like vibrations of
The reflection spectra of CdTe-rich CdHg, Te are more  (CdHgTe lie within 1 cm* of four modes: 146, 148.5,
complex than those of the HgTe-rich alloy. They exhibit one150.5, and 156 cit. At any composition the CdTe-like vi-
HgTe-like TO mode, two CdTe-like TO modes, and a singu-brations are governed by four lattice modes with frequencies
larity at 137 cm’. Figure 5 shows the spectrum for @pproximately independent of composition, which alters only
Cdp sHo 14T€, at 25 K. One HgTe-like TO mode appears in the oscillator strengths of these modes.
¢"(w) at 131 cm?®. Near the CdTe-like vibrations, we ex-
pandeds”(w) into Lorentzian oscillators with frequencies IV. DISCUSSION
146.0, 148.5, and 151.0 ¢rh A singularity also appeared at
138 cmit in the CdTe-rich alloy, and with the same oscilla-
tor strength, 0.3, seen for HgTe-rich alloys; again, this sin- To discuss our observations, we begin with the cases of
gularity is not limited to alloys wittk=0.7—0.8. The expan- one-mode and two-mode behavior. According to the work of
sion of &”(w) into its Lorentzian profiles does not show an Onodera and Toyozawawe have one-mode behavior when
additional oscillator of strength 0.02 at 157.5¢chbecause the perturbation energy at the substitution of one atom by
it is difficult to resolve. However, this weak oscillator with a another is smaller than the exchange energy. As has been
frequency near the LO-TO splitting of the strong CdTe-like shown by Dowet al!® for the case of phonons the perturba-

A. Lattice modes of Cd-Te and Hg-Te vibrations
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tion has the formAm|Q2, whereAm is the change of mass,

1379

Q) is the frequency of the order of a local or gap mode, and n =0

the exchange term is equal to the force conskanThus for Cd(4)Te
one-mode behavior we hayam|Q2<K, and two-mode be-

havior is realized when the opposite inequality holds. If the

inequality is not strong, that iAm|Q? is close toK, the

mixed cases can be realized, when we have one-mode behav- n =1

ior in one part of the alloy composition, and two-mode be- Cd(3)Hg(1)Te
havior in the another. One-mode behavior is characteristic of

solid solutions of ionic alkali halide compounds, and two-

mode behavior is seen in heavily covalent IlI-V and II-VI n =2

binary compounds that crystallize in the zinc-blende or Cd(2)Hg(2)Te
wurtzite structure. Verleur and BarRémhave departed from

the two-mode concept to explain spectra from Ga@As,,

which are of the two-mode type, but with additional structure _

on each band. They extended the random element isodis- n =3
placement model with three coordinates for As, P, and Ga, Cd(1)Hg(3)Te
which gives two TO mode&nd an acoustic mogidy add-

ing 13 coordinates that allow for the three-dimensional struc-

ture of the alloy; and by assuming that the As and P atoms n =4

are not randomly distributed in the anion sublattice, but form Hg(4)Te

clusters consisting of one type of atom. It is remarkable that

with sufficiently strong clustering, two of the 12 optical g 7. Tetrahedral Cd(4n)Hg(n)Te basic cells withn
modes(one of the 13 modes is acoustidominate at all _g 1 >34 of g ,Hg,Te alloys.

compositions to give the two main bands, whereas the

weaker modes determine the additional spectral structur
However, the Verleur-BarkeivB) scheme has some draw-
backs. It is well known that in a disordered lattice, in par-
ticular, in A;_,B,C alloys, because of the selection rules

relaxation over a wave vects that nearly all of &8 modes ) . . A
are optical active. In the VB model only 13 modes are re-Vith almost identical bond length2.806 and 2.798 A, re-

garded. Therefore this model cannot describe, on a microsPectively, EXAFS (Refs. 4 and b shows that the Cd-Te

scopic level, the broadening of the optical-active phonons2nd Hg-Te bond lengths remain the same as in the binary

because this process is due to the interaction with0 compounds for any composition; nor does the dimension of

modes. From this model it is also impossible to calculate thé"€ Pasis cgllslghange. Hence, there is no rﬁason WrR’ Io<r:]al
phonon density of states. stresses should appear as composition changes. Another

We first reported a similar interpretation we used to ana- hypothe3|s",*1°_tha}t the charge betw_e_en the Cd and Hg atom_s
lyze Cd_,Hg,Te lattice reflection spectra @t=85 K. Our becomgs redllsltzrlbuted as composition cha_mges, also remains
spectra were characterized by two strong bands at frequerconf'rmedl' " For Cd_,Hg,Te at 25 K it follows from
cies that vary little with composition, but samples with F19- 6 that the CTe (n=0) tc)a3|s cell rj?s a Cd-Te vibra-
—0.1-0.6 exhibit clear additional structure near the CdTellonal mode of frequencywg =146 cm~, whereas th?e
like band. The existence of fine structure in the reflectionCd@)Hg(L)Te (n=1) cell has a mode with w;
spectra was regarded as a manifestation of clustering in the 148.5 cni*, the Cd2)Hg(2)Te (n=2) cell has a mode
alloys. The four-mode distribution of CdTe-like oscillators With w5=150.5 cm'*, the Cd1)Hg(3)Te (n=3) cell has a
for all compositions agrees with the five basis cells micro-Cd-Te vibrational mode of frequenay§:156 cm L.
structure model. In view of the predominantly covalent na- For CdTe-rich C¢_,Hg,Te we can identify either three
ture of the bonding in tetrahedral compounds, in the firstor four CdTe-like lattice modes, whereas for HgTe-rich
approximation we ignore interactions among the basisCd,_,Hg,Te, only one HgTe-like mode appears, and two
cells. Then we can derive alloy properties by averagingnodes are exhibited only for the intermediate compositions
over the cells, weighted by the probability functidt(x) x=0.52 andx=0.57 (Fig. 6). The different Cd-Te and
that represents the distribution of the different types ofHg-Te chemical bonds determine their mode behaviors.
cells at a given composition. Using this approach, Wei In a model calculatioft of the lattice vibration frequen-
and Zunge¥ have calculated from first principles the cies for an “ideal” A;_,B,C alloy with atomic parameters
electronic structure of Gd,Hg,Te, and the authors of corresponding to Cd ,Hg,Te, we obtained agreement be-
Refs. 13—15 have interpreted fine NMR structure frtofTe  tween the calculated distribution of the vibration frequencies
nuclei in the cation alloys Hg ,Cd, Te **-*°Cd,_,zn,Te**  for alloys with different composition, and the discrete set of
and Cd_,Mn,Te.* frequencies of the Cd-Te and Hg-Te lattice vibrations for

Figure 7 shows the Cd#n)Hg(n)Te tetrahedral basis Cd,_,Hg,Te, determined from the ir lattice reflection spec-
cells withn=0, 1, 2, 3, and 4. Each configuration supportstra (Fig. 8). The only discrepancy was that in tBC-rich
one Cd-Te vibrational mode and one Hg-Te vibrationalA;_,B,C alloys theBC-like vibrations are characterized by
mode, except that there is no Hg-Te modenatO, and no  a number of ir-active vibrational modéfig. 8@] but for

©d-Te mode an=4. Thus the five-cell configurations ex-
hibit among them four Cd-Te modes at frequenaixﬁsand
four Hg-Te modes at frequenciaz{‘ .

For Cd _,Hg,Te formed from binary CdTe and HgTe
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LR T fested by an anomalous temperature dependence of the HgTe

% 160 b _ " 4 160 vibrational modes. As temperature increases from 8 to 300
-~ e K, the optical mode frequency increases from 117 to
S e 119 cm%,%° and the mode frequency of the @iHg(3)Te
o b ——— i ~®®%® .  basis cellincreases by 2 cth However, the Hg-Te mode of
the Cd3)Hg(1)Te cell behaves like an ordinary semiconduc-
- . - Rasiliy B dar tor mode; its frequency decreases from 131 to 128%cas
—_— e temperature increases. In CdTe-rich ,CgHg,Te, domi-
1201 e 1 i 1% nated by C#)Te and C@)Hg(1)Te cells, the individual

i 1 L 4 Hg-Te bonds are semiconductorlike; but in HgTe-rich alloys
dominated by H@)Te, Cd1)Hg(3)Te, and CR)Hg(2)Te
basis cells, the Hg-Te bonds behave anomalously. The tem-
i ] L ] perature dependence of the phonon mode frequencies are de-
termined by two factors. First is the lattice expansion as the
A,xBxC [ Cd, xHg,Te T temperature increases, which leads to the decreasing of the
{ frequency with temperature. Second is connected with the

100 T o 4 100

Frequency of lattice TO modes

/

AC 0.8 0.6 0.4 0.2 BC  HgTe 0.8 0.6 0.4 0.2 CdTe 1 Yw)do 1 y(o)o
A== f _ 1 Hwe
T

anharmonicity corrections to the mode frequeigcy

Composition X Composition X

w—w’ T w—w '
b
» ) where y(w) is the damping function of the mode, con-

FIG. 8. (a) Distributions of the frequencies of the ir-active vi- nected with anharmonicity(w)T. From the above equation
brations plotted as functions of the compositiomf A,_,B,C al- it is clear thatAw can have a different sign depending on the
loys, calculated in the rigid-ion approximation for an “ideal” alloy position of thew mode relative to the “center of gravity” of
with the atomic parameters of the CdHg,Te alloy. (b) Distribu- the combinational frequencies. From the comparison of
tion of the frequencies of the optical modes of the lattice vibrationsphonon dispersion curves for CdTe and HgTe it is seen that
plotted as a function of the compositianof a Cd _,Hg,Te alloy,  for CdTe the acoustical branches are close to the optical
deduced from an analysis of the far ir reflection spectra. branchegthe gap is smal] whereas for HgTe the acoustical

branches are shifted towards the low-frequency region.
the Cd_,Hg,Te alloys, there is only a single modEig. Therefore we can assume that, for wg for.Cd'I"e apd for
8(b)]. We believe that this single mode is only apparent,close frequencies in HEd, ,Te alloy, the situation is real-
however, because the vibrations associated with the Hg-T&ed Whenw<w. For similar frequencies for HgTe and the
bond are not truly independent. When modes are couple@!loy we have the reverse case>w. Thus the different
and strongly damped, the normal-mode frequencies tend fgmperature behavior of TO modes in CdTe and HgTe
approach each other, as shown, for instance, in a classicEn9es can be explained by different signs of the anharmo-
analysis by Barker and Hopfiefd.If the difference between MNICIty corrections.
mode frequencies is comparable to or less than the damping
parameter, they appear as a single mode as they interact wifh Oscillator strengths of Cd-Te and Hg-Te lattice vibrational
infrared radiation. We believe the two or three strongest modes

Hg-Te modes are sufficiently coupled and damped, via an- pigyre 9 shows the oscillator strengts§ vs x derived

harmonic ipteraction, to appear as an apparently .Singl?rom our dispersion analysis of the Cd-Te modes corre-
Hg-Te oscillator. The frequency of that apparent single,

. . . ; sponding to the Cd(4vHg(n)Te basis cellsi{=0,1,2,3) at
mode, as determined from dispersion analysis of the refle 5 K. A given mode frequency represents a given type of
tion spectra, is the average of the frequencies of the strongeglhis cell with a definite cation configuration, whereas the

modes. In correspondence with these comments, we assigfiqjjator strength of that mode represents the fraction of

. . . H
the stro[ui:) mode  of tr;e Hg-Te vibrations withg  cg|is with that configuration. For a random uncorrelated dis-
=121 cm ~ observed ak=3 to the Cd1)Hg(3)Te basis cell.  ipytion of Cd and Hg atoms in the cation sublattice of

For CdTe-rich alloys witlbk=0.03, 0.06, and 0.09, the gap Cd,_,Hg,Te of compositionx, the probability of finding a

mode at 132 crﬁl_is observed, which for=0.14 and 0.24, pasis cell with o)Hg atoms and (43)Cd atoms around a
goes into the lattice mode of the Hg-Te vibrations Wit shared Te atom is

=131 cm! corresponding to the GBHg(1)Te basis cell.
For intermediate compositions=0.52 and 0.57 there are

4
two Hg-Te modes, corresponding to the(@Hg(1)Te basis Pa(x)= n)(l—x)“ ", @)
cell with w?lel cml, and the C®R)Hg(2)Te cell with
w)=126 cmL. where
The temperature dependence of the Cd-Te and Hg-Te 4 4 4 4 4
mode frequencies for the Cd{4n)Hg(n) Te basis are of in- (0 =(4 = 1) = 3) =4, (2) =6.
terest. The Cd-Te frequencies decrease by 5'cas tem-
perature increases from 25 to 300 K, typical semiconductoNoting that the fraction of the Hg atoms in the
behavior. However, the metallic binding in HgTe is mani- Cd(4-n)Hg(n)Te basis cell out of four cations represents
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L L fcc,, for the oscillator strength of the rest of basis cells &9.
would have reduced t&(x)=3.1P5(x). The oscillator
Cd;.x HgxTe 4 3.0 strengthsS©(x) for the CdTe modes witm=0, 1, 2, 3 vs
T=25K composition are shown in Fig. 9 by continuous curves. Their
total oscillator strength is described by a linear dependence
on the compositionSC(x)=3=SS(x)=fSNSPS(x)=3.1(1
—X). However, the experimental values of the total oscilla-
tor strengths of four Cd-Te vibrations, represented by the
chain curve in Fig. 9, deviate appreciably from a linear de-
2.0 . pendence on the composition, with the greatest deviations at
x=0.25 and 0.75. Such deviation may be explained either by
a cluster effect? connected with nonrandom distribution of
different cation configurations of the basis cells in
Cd,_,Hg,Te?! or by the dependence d¢f on the configu-
ration of the basis cell, associated with charge transfer. In
this case one can expect a correlation betwigeand w$ vs
the basis cell numbean. The four frequencies, attributed to
CdTe-like TO modes associated with the basis ae#d), 1,
2, 3, are 146, 148.5, 150, and 156 cmNote that the dif-
ferences between these frequencies, 5.5, 2, and 2.5, do not
vary in a way consistent with the expectations of a simple
elastic spring model. However, for a sequence of the experi-
mental mode strengthd$=3.1, fS=2.4, f$=3.2, andf§
HgTe 0_'8 0.6 0.4 0.2 CdTe =2.9) there is no clear correlation with a sequence of the
Composition X frequenciesnS . The nonmonotonous changesfgf with n
can be related to the noncomplete accounting of CdTe lattice
FIG. 9. Oscillator strength§§ of Cd-Te lattice vibrational modes in HnglixTe a||0y_ As we mentioned above we
modes in Cd(4r)Hg(n)Te basic cells plotted for different compo- giscovered the 137-cit mode with a strength up to 0.25 for
sitions of Cd_,Hg,Te alloys atT=25K. The continuous CUVes pe concentration range=0.09—0.8. According to its tem-
give the distributions of the oscnlgtor strengfi(x) for four_n_wodes_ perature dependence this mode is close to CdTe-like modes.
with n=0, l 2,_and 3, asafunct_lon_of t_he alloy composmon_ using Ei 10 sh that when th illator st ths for th
the approximation of a random distribution of Cd and Hg cations in gur(_a _S ows that when the osciliator strengths O,r e
the alloy. Cd-Te V|br_at|ons of the Cd(_atr) Hg(n)Te (n=0,1,2,3) basis
cells for different compositiongdark squaresare added to
a,=n/4, the probabilityPE(x) that the Hg atoms in an alloy the OSCi||:’_itOI’ strength_ of the 137-cthmode(dark circles,
of compositionx are in these cells amounts to the result.mg t(_)tal oscillator str(—‘j-ngth. for all _the CdTe modes
(crosseglie quite well on a straight line, which corresponds
to the linear dependenc®®(x)=3.1(1—x). Therefore, we
(1=x)*7"x", (3 can obtain an accordance between the experimental and the-
oretical oscillator strength sums for CdTe-like modes under
and similarly for Cd atoms, we have the corresponding probtwo assumptions: the oscillator strength does not depend on
ability the basis cell numben and on the compositior, and the
experimental oscillator strength sum of four basis cells is
completed with the 137-ciit mode. The possible nature of
the 137-cm* mode can be associated first, with the presence
of an ordered phase in the alldysecond, with lattice de-
For a system of independent lattice vibrations the oscillafects, and third, with a disorder in the alloy and with mul-
tor strengthSS of nth lattice mode of the Cd-Te vibrations is tiphonon processes. Wei, Ferreira, and Zuridemd Yeh,
Chen, and Shé? have calculated the mixing enthalpies for a
Sy(x)=fyNPH(x), (5)  disordered and for some possible ordered phases for
) ) ) Hg, _,Cd,Te alloy. They found that all calculated values
wheref{ s the oscillator strength per Cd-Te bord,is the wgiexbigaer thanyzero, a)llnd the value for the disordered phase
total number ofccatlonéor ion pairg in the alloy per unit 55 the smallest. It means that existence of a metastable
volume, andNPy(x) is the probable number of Cd cations orgered phase at the traveling-heater growth temperature is
per unit volume in an alloy of compositionin cells with the  ypjikely. Lattice defects cannot be regarded as a cause of the
Cd(4-n)Hg(n)Te configuration. For pure CdT&=0, N 137-cni'! mode because at reasonable concentration of de-
=0), with a measured oscillator strength of 3.3G(X)  fects it is not possible to obtain a strength that amounts to
=3.1P§(x)=3.1(1—x)* for the Cd4) configuration. Had 0.25. The third possibility seems to be the most probable. In
the reduced oscillator strengﬁﬁ been independent of the this case, due to disorder or anharmonicity, the maxima in
configuration of the Cd(4%)Te(n)Te cell and amounted to one-phonon or multiphonon density of states appear.

3.0F

2.5

1.5

1.0 F

0.5

Oscillator strength Scn of Cd-Te lattice n-mode

0

PE(X):anPn(X): E

4\n
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357 v T T T T T T T 135 Cd, _,Hg,Te with x>0.73% In HgTe, the oscillator strength

of this mode increased from 0 to 2.5 as the temperature rose
to 300 K. This was explainéiin terms of a two-well non-
symmetric potential for Hg atoms in HgTe, in which the Hg
atoms redistribute themselves from the deeper well to the
shallower one as temperature increases. This increases the
oscillator strength of the 98-cm mode for the account of

the main o mode. Increasing strength of the additional
98-cm! mode with temperature has also been seen in
Cd,_,Hg,Te, where a similar explanation may apply.

The general behavior of the phonon spectrum vs compo-
sition for Hg,Cd, _,Te alloys corresponds to the two-mode
type or “persistent” regime in terms of Onodera and
Toyozawa’ (see Fig. 6, solid curye Dow et al!® have sug-
gested a criterion for the phonon mode behavior for the sub-
stitutional alloys. For the two-mode behavior the following
inequality should be helddmQ?>K. The force constark
can be obtained from the equatitt=(2w3,+ w’c)M/3,
where M is the reduced mass. Then the phonon behavior
criterion becomes

3.0 3.0

2.5 2.5
2.0 2.0
1.5 1.5
1.0 1.0

0.5 0.5

Oscillator strength of Cd-Te vibrations

%

4
0] I I
HgTe 0.8 0.6 0.4 0.2 CdTe

Composition X b [Am| 302

-
]
o
o~
AN
X

/
?

M 203+ w? > 1. ®
FIG. 10. Total oscillator strengtB3_,S5(x) for all Cd-Te vi- T0 " *Lo
brations of Cd(4n)Hg(n)Te (n=0,1,2,3) basic cells for different

alloy compositiongdark squargsand total value of the oscillator L
strengths for all Cd-Te vibrational mod&S§(x) =3 S5(x) +S*(x) After putting into Eq.(6) the masses of Hg, Cd, and Te

(crosses S*(x) is the oscillator strength of the 137-chmode atoms, afnld of the bounﬁdlary frequencies for Hgleo
(dark circles. =119cm -, w c=132cm ", and also of the local mode

frequency for Cd in HgTe)=155cm !, we obtain P

For Hg-Te vibrations we cannot analyze the oscillators as~ 1-/8>1. However, in our case the two-mode behavior is

we did for the Cd-Te vibrations, because we carried out ouf©MPlicated by presence of the fine structure, which we as-
reflectivity measurements over the limited interval sume to be connected with c_Iu_sters, and also with effects of
110-250 ci’. According to the model calculatioh,we  @lloy disorder and anharmonicity.
should observe a Hg-Te vibrational mode at 94 ¢min
addition to the 137-cm' mode. Such a mode has been seen
in infrared transmission spectra from HgCd,Te at various
concentrations and temperatuf€s® and also in The vibrational properties of Gd,Hg,Te alloys formed
Hgo.6:Cty 3MngooTe®® In Ref. 36 both the 94- and from semiconducting CdTe and semimetallic HgTe deserve
137-cm! modes appeared in transmission spectra, but nattention because both compounds crystallize in the simple
analysis was performed to determine the mode strengths. ZB structure with nearly identical lattice parameters, forming
We also measured the oscillator strengths for the Hg-Te continuous series of solid solutions fo=0—1. The near
vibrations in Hg_,Cd, Te at 25 and 85 K. In the HgTe-rich identity of the lattice parameters of CdTe and HgTe is a
alloys, the strong interaction among Hg-Te modes makes itesult of a balance between the CdTe ionic-covalent bonding
difficult to assign oscillator strengths to specific modes of theand HgTe covalent-metallic bonding. Low-temperature in-
Cd(4—n)Hg(n)Te basis cells. In the CdTe-rich alloys, frared reflection spectra of @d,Hg, Te are characterized by
formed predominantly of Gd)Te and C@3)Hg(1)Te basis two bands with fine structures, which cannot be explained by
cells, the 131-cm! mode from the C(B)Hg(1)Te basis cell the usual two-oscillator model.
is prominent. The oscillator strength for this mode follows To explicate the lattice reflection spectra of,C¢Hg, Te
the expressiorsi'(x)=12.8(1—x)3x. We believe that the we successively applied dispersion analysis and Kramers-
large coefficient, 12.8, results from the strong Hg-Te bondKronig analysis, and found that the CdTe-like lattice fre-
polarizability. While measuring the Hg-Te vibrational modesquencies are distributed among four frequencies that are
we discovered an interesting peculiarity in the temperatur@pproximately independent of composition. This is consis-
dependence of their oscillator strengths. In HgTe-richtent with a model for Cd ,Hg,Te (and other ZB pseudo-
Cd, _«Hg,Te, the oscillator strengths of the Hg-Te vibrations binary alloys where the crystal structure is formed by five
decrease appreciably as temperature increases, whereas €@@(4—n)Hg(n)Te (n=0,1,2,3,4) basis cells with Cd and
strengths of the Cd-Te modes are independent of temper&lg cations tetrahedrally distributed around a shared Te an-
tures over 20—300 K and at all compositions. One reason faion. Each cell has its own Cd-Te and Hg-Te vibrations, with
the temperature dependence of the Hg-Te vibrations could bigequencies determined by its particular configuration and
the 98-cm* mode that has been observed in HgTe, and irindependent of alloy composition. The composition defines

V. CONCLUSION
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only the mode oscillator strengths through the probabilitieshat appears with nearly constant strength over the wide
of finding each of the four types of cell at a given composi-compositional rangex=0.1-0.8. This mode has the same
tion. Thus we replace the overly simple model of one CdTetemperature dependence as the Cd-Te vibrational modes.
like and one HgTe-like vibrational mode with a newer The most probable explanation of this mode is associated
model where the vibrational spectrum of CdHg,Te is  with the alloy disorder or with multiphonon processes. An
set by four Cd-Te and four Hg-Te vibrations in five analysis of the mode strengths for each alloy composi-
Cd(4-n)Hg(n) Te basis cells that comprise the alloys micro- tion gives the relative content of different basis cells at that
scopic structure. composition. For Cd and Hg atoms randomly distributed
The temperature dependence of the Cd-Te and Hg-Te viever the cation sublattice, the probabiliB(x) to find the
brations revealed differences. The Cd-Te frequencies decd(4-n)Hg(n)Te basis cell in the alloy with composition
crease by 5 cm' as temperature increases from 25 to 300 K,and the probable values of the oscillator strengfisc) and
as is typical for semiconductor compounds. As temperaturgf(x) for the Cd-Te and Hg-Te lattice modes were calcu-
increases from 8 to 300 K, the Hg-Te vibrational frequenciegated. The deviation of the experimental values from the cal-
for the Hg4)Te and Cdl)Hg(3)Te basis cells increase by cylated ones could be explained if we assume that the oscil-

2 cm?, whereas the frequency for the @iHg(2)Te cell is  |ator strength sum for CdTe-like modes is completed with
independent of temperature, and that for thg3dg(1)Te  the 137-cmt mode.

cell decreases. Such changes of the mode temperature
dependences can be explained by the anharmonicity correc-
tions, which change sign with variation of frequency. The
oscillator strengths of the Cd-Te vibrations do not depend
on temperature, whereas in HgTe-rich HgCd, Te, the We would like to thank Professor S. Perkowitz for many
strengths of the Hg-Te vibrations do vary with temperature fruitful discussions, and for his help with editing the manu-

Dispersion analysis of the dielectric functieri(w) re-  script. S.P.K. and L.K.V. gratefully acknowledge support
stored from the reflection spectra of the alloys at 25 K byprovided by the Russian Fund of Fundamental Research un-
Kramers-Kronig analysis revealed a peculiarity at 137 tm der Contract No. 97-02-16791.
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