
PHYSICAL REVIEW B VOLUME 46, NUMBER 24 1S DECEMBER 1992-II
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in Zn„Cdt „Te and Hgt «Cdy Te
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Root-mean-square {rms) displacements of the constituent atoms in the Zn„Cd& „Te
(x =0,0.04,0.077,0. 114,0.20, 0.31) and Hg, yCdy Te (y =0,0.24, 0.4,0.7) alloys are determined by ion
channeling experiments combined with particle-induced x-ray emission and Rutherford backscattering.
The experimental channeling angular scan data are interpreted by using a recently developed method,
which uses a Monte Carlo simulation program of the channeling process, and includes a structural mod-
el for the ternary alloys based on extended x-ray-absorption fine-structure results on nearest-neighbor
distances. Temperature-dependent measurements show that the experimentally deduced atomic dis-

placements do not contain static contributions but they are rather due to the thermal vibrational ampli-
tudes of the atoms. The room-temperature results are found to be in general agreement with the few

thermal amplitude data reported in the literature obtained by other experimental methods. For both
Zn Cd i — Te and Hg ] —y Cdy Te the rms displacements change nonmonotonically with composition. In
some cases, the results are found to correlate with the experimentally determined bulk moduli and mi-

crohardness. The above correlations deduced from the present experiment for Hgl yCdyTe and

Zn„Cd~ Te are found to be common to other tetrahedrally bonded semiconductors. Temperature-
dependent results for Zn Cdi Te crystals which show a strong reduction in thermal amplitudes as
compared to CdTe at room temperature reveal deviations from the Debye behavior, not observed for the
other materials studied. Possible explanations for the effects observed, as well as their implications to
the phonon-dispersion relations of the ternary alloys studied, are discussed in detail.

I. INTRODUCTION

One of the basic issues regarding zinc-blende pseudo-
binary semiconductors A, B„C is how their physical
properties are related to those of the binary constituents
AC and BC, and how these change with the molar con-
centration x of BC. Of special interest in this context are
the II-VI based pseudobinary semiconductor alloys
Zn~ Cd ) ~ Te and Hg ] y Cdy Te, for which extensive in-

vestigations are being carried out, partially as a result of
their increasing technological applications as infrared
detectors, solar cells, and other devices. ' In order to gain
a basic understanding of the properties of pseudobinary
semiconductor alloys in general, and of Zn„Cd&, Te and

Hg ] y Cdy Te in particular, much effort has been devoted
recently to calculating their electronic and structural
properties, and their thermodynamic properties ' us-

ing first-principles ' as well as empirical ' ' theories.
Theoretical predictions such as alloy structural disorder
due to bond relaxation ' have been confirmed by ex-
tended x-ray-absorption fine-structure (EXAFS) measure-
ments of nearest-neighbor distances for Zn„Cd& Te. '

Nonrandom distributions of atoms in the mixed sublat-
tice (i.e., clustering) are expected theoretically ' ' and
have been observed experimentally by nuclear magnetic
resonance (NMR) measurements in both Hg& Cd Te
(Ref. 11) and Zn„Cd& „Te, '2 and by Raman scattering
measurements' in Hg& Cd Te. More recently, x-ray
diffraction studies have shown that coherent deviations

from the zinc-blende structure may exist in
Zn Cd& „Te,', which are responsible for the unexpect-
ed ferroelectric properties detected at room temperature
in these crystals. ' Despite the importance that bonding
and structural aspects have in determining the lattice dy-
namics and the mechanical stability of these materials,
the implications of both recent theoretical and experi-
mental findings on the atomic vibrations of constituent
atoms in Zn~Cd, ~ Te and Hg, yCdy Te are still lacking.
In fact, the experimental and theoretical knowledge on
the lattice dynamics of these materials is rather limited.
Phonon-dispersion relations have been measured by neu-
tron diffraction only for the binary constituents CdTe,
HgTe, and ZnTe. ' ' Phenomenological models of lat-
tice vibrations, such as the shell model or rigid ion model
(RIM), ' ' yield good overall fits to the experimental
data for the zinc-blende constituents, at the expense of
using a large number of free parameters in the fitting pro-
cedures. Optical Raman scattering and infrared absorp-
tion and reflection measurements have been used to
determine the TO phonon frequencies at critical points of
the Brillouin zone and their low-temperature composition
dependence. For both Zn Cd, „Te (Refs. 20—23)
and Hg, «Cd~ Te (Refs. 13, 24, and 25) a two-mode be-
havior has been found. In general, the random element
isodisplacement model (REI) (Refs. 20 and 25) provides
reasonable fits to the measured frequencies as a function
of composition only when unphysical assumptions are
made regarding the magnitude of interactions between
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next-nearest neighbors. For Zn Cd, Te, the TO mode
corresponding to CdTe shows an unusual dependence on
composition which is presently not understood. Al-
though the atomic thermal vibrational amplitudes have
been measured by diffraction methods for the binaries
CdTe, ZnTe, and (to a lesser extent} HgTe, little is
known about the thermal amplitudes of atomic constitu-
ents in Zn~ Cd, Te and Hg

& y Cdy Te alloys. In
diffraction measurements in polyatomic crystals the ex-
perimentally determined diffracted intensities are fitted
by a convolution of a static structure factor with a
temperature-dependent vibrational factor, the latter in-

cluding contributions from all the vibrating atoms in the
crystal. Therefore the problem of determining the indivi-
dual atomic root-mean-square (rms) displacements from
diffraction experiments requires the deconvolution of the
temperature factor from the static structure factor. This
procedure involves the a priori assumption of a model for
the dynamic behavior of the different constituent atoms
in the crystal. The direct measurement of the individual
vibrational amplitudes of constituent atoms in

Zn, Cd& „Te and Hg, „Cd Te and the study of their
dependence on composition and temperature, as de-
scribed here, is very desirable. It offers information
about the potential well in which each particular atom vi-

brates, and through it about the local bonding properties
and their changes with composition.

In the present work we study the rms displacements of
constituent atoms Zn„Cd i „Te (x=0,0.04,0.077,
0. 114,0.20, 0.31) and Hgi Cd Te (y=0,0.24,0.4,0.7) us-

ing ion channeling combined with particle-induced x-ray
emission (PIXE) and Rutherford backscattering (RBS).
In the present channeling experiments, the crystal un-
der study is bombarded by a 200-keV proton beam and
the yield of the backscattered particles (RBS) and charac-
teristic x rays emitted by the different constituent atoms
(PIXE) are measured as a function of tilt angle off the
[111]crystallographic axis with respect to the beam.
Under optimal channeling conditions, the projectiles are
steered along the open channels of the crystal, never get-
ting closer to the atomic rows than a minimum distance,
which is of the order of 10 A. Since the impact param-
eters required for L-shell ionization and for direct back-

0
scattering are of the order of 10 ad 10 A, respective-
ly, both RBS and PIXE spectra measured under channel-
ing conditions show a strong reduction in yield and typi-
cal RBS and PIXE channeling angular scan curves (chan-
neling dips) can readily be obtained. The velocities of the
channeled particles are such that the time of interaction
with a particular atom in the atomic row is very short as
compared to the period of thermal vibrations of the
atom. The particles thus interact with a "frozen" lattice,
the atoms being displaced from their normal lattice sites
with a certain statistical distribution. %hen the atomic
rows contain different atomic species, as is the case for
the (111) channels in the zinc-blende structure, the in-
teraction probability between the channeled particles and
the atomic species i will be proportional to u &, where u

&

is the corresponding one-dimensional rms displacement
in the plane perpendicular to the channel. DifFerent
atoms having different u, will therefore yield different

measured channeling angular scan curves. Therefore, in
contrast to diffraction methods where the diffracted in-
tensities contain contributions from all the constituent
atoms in the crystal, the present ion channeling-PIXE-
RBS technique is an atom-sensitive probe which allows
for the determination of the rms displacements of Zn, Cd,
Hg, and Te in Zn Cd, Te and Hg& Cd Te individual-

ly.
The experimental channeling angular scan data are in-

terpreted through a Monte Carlo simulation of the chan-
neling process, which includes a structural model for the
ternary alloys based on EXAFS results for nearest-
neighbor distances. The structural model used in the
simulation is described in Sec. III. Temperature-
dependent measurements show that the atomic displace-
ments deduced do not contain static contributions, i.e.,
they represent pure thermal vibrational amplitudes of the
atoms. The results obtained at room temperature are
found to correlate with previous data on mechanical
properties of the studied alloys, such as the bulk moduli
and microhardness. These correlations, and the implica-
tions of the present results to the phonon-dispersion rela-
tions of the ternary alloys studied, are discussed in Sec.
IV.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

The Zn„Cd i „Te samples (x =0,0.04,0.077,0.114,
0.2, 0.31) were grown by the modified Bridgman
method. ' The Zn content for the x =0.114 and 0.077
samples was determined to within an accuracy of 3% by
the double-crystal x-ray diffraction method, using the
measured dependence of the lattice parameter on compo-
sition reported in the literature. The composition of the
other Zn Cd& „Te crystals was deduced from the rela-
tive intensities of the Cd, Zn, and Te L

& peaks in the
PIXE spectra measured at a random angle of beam in-
cidence. The x values obtained this way were always
very close to the nominal ones. The Hg, „Cd Te sam-
ples (y=0,0.24,0.4,0.7} were grown by the traveling
heater method. All crystals were (111)oriented by x-

ray diffraction, cut, mechanically polished by 5-, 0.3-, and
0.05-pm alumina powder, and finally chemically etched
with S%%uo solution of Br& in methanol. The crystallo-
graphic polarity characteristic of the I 1 1 1 ) faces of zinc-
blende crystals, which is of importance in the present ex-
periments, was determined by the etching procedures
outlined by Fewster et al. and was confirmed in most
cases by the ion channeling measurements.

B. Channeling measurements

For the channeling experiments, the (111)-oriented
samples were mounted on a 3-axis goniometer having an
angular resolution of 0.01. A proton beam accelerated
to an energy of 200 keV was collimated to an angular
definition better than 0.02', and allowed to impinge on
the crystal samples. The backscattered protons were
detected with a surface barrier detector set at an angle of
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C. Data interpretation

In the continuum model of channeling, the channeled
particles are assumed to interact with a momentarily
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FIG. 1. PIXE angular scans through [1 1 1] of Hg M & (~),
Cd L ~ (8 ), and Te L & (0} induced by 200-keV protons in
Hgo 76cd024Te at room temperature. The solid lines are results
from Monte Carlo computer simulations (see text). The
definitions of the channeling half-width P, &2 and minimum yield
y;„are shown on the FIXE angular scan for Te.

165, while characteristic x rays were detected with a Si
(Li) detector at an angle of 135' with respect to the beam.
Both RBS and PIXE spectra were recorded simultane-
ously for each crystal tilt angle, scanning through the
[111]channel, typically at 0. 1 or 0.2' increments. The
angular scan curves for each element in the crystal were
extracted from the PIXE spectra by integrating over the
L lines of Zn, Cd, Te, and the M lines of Hg. Raw data
of such angular scans are shown in Fig. 1 for Hg, Cd, and
Te obtained for 200-keV protons incident on [111]
Hgp 76Cdp 24Te.

The proton beam current density was kept lower than
1 nA/mm in order to minimize sample heating. After a
present charge density had been accumulated, the beam
was moved to a fresh spot on the target in order to mini-
mize damage production by the probing beam. The tar-
get holder could be cooled by a liquid-nitrogen Dewar,
and the temperature could be continuously varied
(100&T &450 K) by heating the cooling finger. The
temperature was controlled within 2 K by a thermocou-
ple placed on the sample holder close to the sample. The
chamber was held at a pressure of 5X10 Torr. A cy-
lindrical cryoshield at liquid-nitrogen temperature was
placed surrounding the sample assembly in order to
reduce impurity condensation on the sample surface dur-
ing the low-temperature measurements.

"frozen" lattice, the atoms being displaced from their
normal lattice sites with a spatial distribution I', which is
generally assumed to be described by a Gaussian function
with a standard (one-dimensional) deviation u, , the
thermal vibrational amplitude. The interaction probabili-
ty g between the flux of channeled particles F and the tar-
get atoms can be expressed by

y(Q)= fF(p, g)P(p)rjp . {1)

Here p is the position vector relative to the atomic row
in the plane perpendicular to the channel and g is the an-
gle of the incident beam with respect to the channel
direction. The ffux F(p, g) is determined mainly by the
transverse continuum potential due to the atomic rows
bordering the channels. When different atomic species
are present in the rows, the fact that channeled trajec-
tories have typical wavelengths of the order of a few hun-
dred atomic spacings suggests that it is the average atom-
ic charge which mainly determines the effective trans-
verse potential and hence the flux F in such a case. The
same argument applies when different interatomic spac-
ings are present along the atomic rows, as is the case for
the (111)strings in the zinc-blende structure. However,
it is the individual displacement distribution of each con-
stituent atom P(p) which will determine the degree of in-
teraction between the channeled projectiles and the
different atoms. Atomic species having different P(p)
(and different rms displacements) will therefore yield
different measured channeling angular scan curves. This
is the basis of the present experiment.

The most straightforward way of obtaining channeling
data is by measuring the backseat tering yield of the chan-
neled particles (Rutherford backseat tering). Unfor-
tunately, the limited elemental resolution of RBS does
not permit a clear discrimination between particles back-
scattered from different constituent atoms in the materi-
als studied in the present work, which contain atoms hav-
ing rather similar masses (i.e., Cd and Te in CdTe,
Zn„Cd, „Te, and Hg, ~Cd~ Te), and light atoms distri-
buted in a heavier matrix (i.e., Zn in CdTe). These ele-
ments can be discriminated by particle-induced x-ray
emission. The L shells of Zn, Cd, and Te and Hg M
shells are easily excited by sub-MeV protons and the
characteristic x rays emitted can be readily resolved.
However, a known disadvantage of FIXE is its poor
depth resolution. As the projectiles penetrate into the
solid they gradually lose their energy, the probability for
target atom inner shell excitation being reduced with
depth. Furthermore, the x-ray photons emitted are par-
tially self-absorbed in the crystal on their way out to the
detector. As a result, measured PIXE channeling angu-
lar dips for different constituent atoms contain contribu-
tions from broad depth bins in the crystal. Since the
characteristics of the channeled beam are also depth
dependent, the different depths over which characteristic
x rays emitted by different atoms originate must be con-
sidered. In the present work, the experimental angular
scan data are interpreted by using two methods which
overcome the above difficulties. These have been dis-
cussed in detail elsewhere, and are therefore only briefly
described below.
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1. Method A

In this method, the half-widths f, zz
' and minimum

yields y;„' are extracted from the experimental PIXE
channeling angular scans (see Fig. 1). The RBS channel-
ing angular scan data, which are measured simultaneous-
ly with the PIXE data, are used to calculate depth
correction factors for P, zz

' and y ';„'. These calcula-
tions, which take advantage of the depth information
contained in RBS spectra and make use of the published
data on inner shell ionization cross sections and the x-
ray photon absorption probabilities, have been de-
scribed in detail elsewhere. The individual rms atomic
displacements u', for each constituent atom i are deter-
mined from the corresponding depth corrected FIXE
half-widths using the equations

Z&Z2e 3a 2
qPIXE, i(0) 0 g

Ed 1 44(u' )

' 1/2

(2)

while the corresponding depth corrected experimental
FIXE minimum yields are checked to satisfy the equa-
tions

'(0)=6%de(u' )

yPIXE, i(0)d
'

2 I /2

X 1+
2.2u

&

(3)

In Eqs. (2) and (3), the index 0 states that the PIXE chan-
neling parameters have been corrected for the corre-
sponding depth effects. Z, is the atomic number of the
projectile while Z2 and d are the weighted average of the
atomic numbers of the crystal constituent atoms and the
interatomic spacing along the rows, E is the beam energy,
N is the atomic concentration, and a is the weighted aver-
age of the atomic Thomas-Fermi screening lengths.

2. Method 8

cosg
2m[(ui ) +(r; ) ]1VdlV,

N, 2+ 2

X exp
XJ- PJ.

2[(u I )'+(»; )'] (4)

In this method, a simulation program of the channel-
ing process is used. ' The ion-atom interactions are de-
scribed by Moliere potentials. The particle trajectories
and the nuclear energy loss are calculated within the
binary collision model using the impulse approximation.
The equilibrium position of different atoms in the crystal
are selected taking the zinc-blende lattice structure as a
basis. The crystal atoms are assumed to be displaced iso-
tropically from their lattice sites, with a Gaussian dis-
placement distribution having a one-dimensional stan-
dard deviation u&, where i denotes the atom type. The
quantity calculated by the program at any depth z is the
nuclear encounter probability (NEP) (Refs. 39 and 30)
between the channeled particles and the crystal atom i,
which is given by

where f is the angle of incidence of the particle with
respect to the channel direction, r, is the mean impact pa-
rameter for the inner shell ionization of element i, x- and

y are the particle coordinates in the plane perpendicular
to the channel, and N, is the total number of calculated
collisions. For the cases considered in this work
(r, ).«(u', ) . The PIXE channeling angular dips for the
element i are calculated using the expression

P; = Pz, o;Ez, exp d. ,cos8

where P; is the generalized NEP for element i as a func-
tion of depth [Eq. (4)), iu; is the absorption coeScient of
the x-ray photons emitted by the atom i, 8„ is the angle
between the x-ray detector and the sample normal, e, is
the ionization cross section of the inner shell con-
sidered, and E is the proton energy computed at the
depth z. The individual rms atomic displacements u, are
deduced by directly fitting the simulated results [Eq. (5)]
to the corresponding experimental FIXE angular scan
curves.

III. STRUCTURAL MODEL
FOR THE ALLOY A

&
8 C

The structure of pseudobinary alloys A& „B„Chas
been the subject of many theoretical and experimental
studies. Early x-ray diffraction measurements indicated
a zinc-blende structure, with the lattice parameter chang-
ing almost linearly with composition between the binary
constituents, in agreement with Vegard's law and the
virtual crystal approximation (VCA). ' More recent
EXAFS measurements in In„oai „As (Ref. 42) and in
similar alloys, including Zn, Cd& Te, ' ' have shown
that local deviations from the zinc-blende structure exist.
The main experimental evidences from EXAFS are" '
(1) the nearest-neighbor distances (bond lengths) in the al-
loy A& „B„Cexhibit a bimodal distribution, one mode
corresponding to the AC bond length and the other to
BC, and (2) the next-nearest-neighbor distances for the
mixed sublattice (A, B) approach the VCA limit, while
the next-nearest-neighbor distances for the unmixed (C)
sublattice shows a bimodal distribution.

Evidence (2) would mean that the structure of a mixed
A

&
8 C crystal is composed of a nearly perfect fcc

(A, B) sublattice, with a strongly distorted (C) sublattice.
For the purpose of the interpretation of the present chan-
neling results, a simple structural model which is compa-
tible with the EXAFS results above is adopted for the
description of the crystals under study in the channeling
simulation program. The model is similar (but not
equivalent) to that proposed by Balzarotti.

The A, B C lattice is simulated by taking the zinc-
blende structure as a basis; a random distribution of a
fraction x of atoms B on sites of the A sublattice is as-
sumed. The mixed ( A, B) sublattice is assumed to retain
its fcc characteristic structure, while the unmixed sublat-
tice (atoms C) is allowed to relax in such a way as to
reproduce the experimentally observed AC and BC aver-
age bond lengths over the entire composition range. The
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FIG. 2. Schematic description of the structural model for
A& „B„Calloys used by the channeling simulation program
(see text).

model is illustrated in Fig. 2, where the BCbond has been
assumed to be shorter than the AC bond. There are Ave

different possible configurations of nearest neighbors
around the C atom, denoted by n =0,1,2,3,4 in the figure.
In the ideal zinc-blende structure (i.e., in the VCA) atoms
C would occupy the site at the center of each cubic cell.
In the real alloy, however, the possible existence of two
different kinds of atoms in the corners of the cells with
different associated bond lengths, AC and BC, leads to
static displacements of atoms C from the center of the
cube. In the present model, the cubic unit cells defined
by atoms A and 8 as depicted in Fig. 2 are assumed to
have a side length 2d(x)/&3, where d(x) is the average
bond length of the alloy as deduced from Vegard's law.
This assumption is consistent with evidence (2) from
EXAFS measurements. For the symmetric cases n =0
and 4 atom C remains undisplaced. The displacement of
C along the BC bond for n =1 (see Fig. 2), b.d"', is as-
sumed to be given by

h re e is a free parameter of the model which is as-
ntsumed to be constant with composition. The resultan

displacements of atom C (magnitudes and directions for
n =2, 3 are calculated by symmetry considerations, using
Eq. (6) for the displacement component along the BC
bonds. In the channeling simulations, for every C atom
along the atomic row, its four nearest neighbors (i.e., A

or B) are identified according to the relative composition
x, and the corresponding displacement is calculated. The
new atomic coordinates including both the static and the
isotropic thermal displacements are then used for the cal-
culation of the projectile scattering parameters. Note
that while there are only three possible nonzero displace-
ment magnitudes, there are j.4 different displacement
directions which are all included in the simulation calcu-
lations. The different Te sites allowed according to the
present model for @=0.045 in Zno ICd09Te are depicted
in Fig. 3. It can be seen that the displacement magni-
tudes are of the order of 0.12 A in this case. It should be
pointed out, however, that only those displacements hav-
in nonzero projection on the plane perpendicular to the
channel direction (the x-y plane in Fig. 3) will have
significant inAuence on the calculated scattering of the
channeled particles.

The resulting distribution of bond lengths is also calcu-
lated by the program for comparison with the corre-
sponding EXAFS data to enable the determination of the
parameter e. There are four different Cd—Te and
Zn —Te bond lengths corresponding to the different
configurations n =0 and 4, 1,2,3, each occurring statisti-
cally according to the Bernoulli distribution. Figure 4
shows the average CdTe and ZnTe bond lengths in
Zn„Cd, ,Te (solid lines) as calculated by the simulation
program for a=0.045 and the corresponding experimen-
tal values as measured by EXAFS. ' lt can be seen that
satisfactory agreement between theory and experiment is
obtained.

An important disadvantage of the model is that it
neglects any relaxation of the mixed (A, B) sublattice
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FIG. 3. Possible Te sites according to the

present structural model in Znp I p9d Te for
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FIG. 4. Bond lengths as calculated by the
simulation program (solid lines) for CdTe and
ZnTe in Zn„Cd& „Te as a function of x for
@=0.045. The + symbols are the experimen-
tal values as determined by EXAFS measure-
ments (taken from Ref. 10). Dashed line:
average bond length calculated according to
the VCA. ~: values deduced from the experi-
mental lattice parameters (Ref. 32).
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which according to calculations is likely to exist. Al-

though this neglect is partially justified by the consistency
with EXAFS result (2) above, it may lead to some overes-
timation of the static displacement distribution of C
atoms. The main quantity calculated by the simulation
program to be directly compared to the experimental
channeling results is the nuclear encounter probability
(Sec. II C, method 8) between the channeled particles and
a specific atomic species in the lattice [Eq. (4)]. Figures 5

and 6 show the influence of the static displacements on
the NEP as a function of depth (or number of atomic lay-
ers traversed) as calculated by the program for Cd and Te
in Zno 3Cdo 7Te. For this particular composition the
value obtained for hd" ' is 0.11 A. The channeling calcu-
lations were done for two different cases: u

&
=0.06 A, for

which b,d"') u, (Fig. 5) and u, =0.14 A, for which
hd'"&u, (Fig. 6). In both cases the u, values have been
assumed to be the same for Zn, Cd, and Te, and they
roughly correspond to crystal temperatures of 100 and
293 K, respectively. It can be seen that when the vibra-
tional amplitudes are smaller than the static displace-
ments the NEP's for both Cd and Te are significantly in-
creased when the static displacements of Te are included
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FIG. 5. Nuclear encounter probability (NEP) as a function of
number of layers traversed by the channeled ion calculated for
200-keV protons incident at an angle of 0.8' with respect to the
[111]axis of Zno 3Cdo 7Te, assuming u, =0.06 A. (a) NEP for
Te. (b) NEP for Cd. +, ideal zinc-blende structure; (0), with
Te atoms displaced according to the present structural model.
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Figures 7(a) and 7(b) show the rms atomic displace-
ments ( u, ) as deduced from the channeling results for Cd

0.18— Znx Cd) XTe
(a)

0.14

o~
0.10—

0)

0.06
O
CL
C/la

I

', I'Te

Hg„Cd, -xTe
(b)

0.14—

(Fig. 5). However, for depths shallower than 250 atomic
layers (= 1400 A) the calculated NEP for the Cd atoms is
not influenced by the inclusion of static displacements.
For the case where the vibrational amplitudes are larger
than the static displacements (Fig. 6) the NEP's for Cd
and Te remain almost unchanged upon inclusion of the
static displacements, with only a small increase in the
NEP of Te being observed at the shallow depth region.
The above behavior can be qualitatively understood as
follows: As the particles enter the lattice, the close en-
counter probability with Te atoms is increased relative to
the zinc-blende case due to the static displacements of Te
atoms [shallow depth region in Figs. 5(a) and 6(a)]. How-
ever, an indirect effect caused by the static displacements
of Te is to gradually increase the scattering angle distri-
bution of the channeled particles to higher angles. As a
result, the calculated NEP's for both Cd and Te atoms at
greater depths are higher than those calculated for the
zinc-blende structure [Fig. 5(b)]. For the case in which
b,d'"(u& (Fig. 6) the channeled trajectories and the
NEP's are mainly determined by thermal vibrations of all
the atoms, and therefore the influence of the inclusion of
the Te atoms' static displacements is small.

IV. RESULTS AND DISCUSSION

A. Atomic displacements at room temperature

and Te in Zn„Cd&, Te (O~x ~0.31) and for Hg, Cd,
and Te in Hg, Cd Te (0~y ~ 1). Note that in order to
provide a common basis for a comparison between the re-
sults obtained for both pseudobinary systems, the u, re-
sults for Hg& Cd Te were plotted as a function of x (i.e.,
x =1—y). The displacements obtained for Zn in the
Zn Cd, Te system are not shown in Fig. 7(a) for clari-
ty; they follow the general trend with composition as de-
picted in Fig. 7(a), and are listed in Table I for complete-
ness. Also shown in Fig. 7(a) are similar results from
Mossbauer and diffraction experiments available from the
literature for Zn Cd& „Te (Refs. 45 and 46) and for pure
ZnTe. It should be noted, however, that in contrast to
the present channeling measurements from which the in-
dividual rms displacements of Zn, Cd, and Te are de-
duced, Mossbauer measurements give information on the
vibrations of Te only (specifically the ' Te isotope) and
the diffraction study (Ref. 46) gives an average rms dis-
placement over the individual displacements of the con-
stituent atoms at each composition. As can be seen in
Fig. 7(a), for the compositions where both channeling and
Mossbauer data exist (x =0 and 0.31 —0.35) the agree-
ment between the rms displacements of Te atoms as
determined by the two methods is good. Furthermore,
there is a qualitative agreement between the channeling
and the diffraction data. Both methods show a significant
overall reduction in rms displacements for x =0.114 rela-
tive to pure CdTe (x =0), followed by an increase when

going from x =0.114 to x ~ 0.3. It should be noted that
while the presence of static displacements of Te atoms
due to bond relaxation was taken into account in the
analysis of the channeling results (see Sec. III), the x-ray
diffraction data have not been corrected for such dis-
placements. This is one possible reason for the tendency
of the diffraction u

~
data points to be higher than the

corresponding channeling results for the alloys. The
atomic displacements as obtained by the ion channeling
technique for Cd and Te in CdTe and for Hg and Te in

Hg Te are found, on the other hand, to be in close agree-
ment with similar data obtained by x-ray diffraction
methods available from the literature. ' It must be
pointed out, however, that results from the diffraction
method and ion channeling are not expected to be exactly
the same. While the latter is essentially sensitive to the
vibrations of the nuclei, diffraction measurements are also
sensitive to the displacements of the core electrons. Fur-
thermore, in compound crystals, different constituent
atoms contribute collectively to the measured diffracted

0.12
0

CdTe

I

0.2
I

0.4
I

0.6
Composition x

I

0.8
I I

1.0
ZnTe

OF

Hg Te

TABLE I. Root-mean-square displacements as deduced from
the present room-temperature channeling measurements for Zn
in Zn„Cd& „Teof various compositions.

FIG. 7. rms displacements as deduced from the present chan-
neling measurements for Cd, {C'),Te(6), and Hg ( ) as a func-
tion of composition x in (a) Zn„Cd, „Te and (b) Hg„Cd& Te
at room temperature. Also shown in (a) are similar results ob-
tained by diffraction methods (~) (Ref. 46), and by Mossbauer
measurements for Te (U) (Ref. 45). The Mossbauer data have
been extrapolated to room temperature. 4, Zn in ZnTe; A, Te
in ZnTe (Ref. 27).

x in Zn Cd& Te

0.04
0.077
0.114
0.20
0.31

u, (Zn) (A)
+0.005

0.125
0.129
0.095
0.140
0.148
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intensities in diffraction experiments. In the present ion
channeling method, in contrast, the projection of the rms
displacement of each constituent atom in the plane per-
pendicular to the [1 1 1] channels is deduced directly
from the angular dependence of its characteristic x rays,
which are emitted individually and are clearly resolved in
the measurements.

One interesting observation that can be noted in Fig. 7
is that u] changes nonmonotonically with composition.
For Zn„Cd] Te this is in contrast to the trend expected
from recent RIM calculations where the thermal ampli-
tudes obtained for a "Zn-Cd pseudoatom" and for Te
change monotonically between those of CdTe and ZnTe.
In both pseudobinary systems a minimum in the rms dis-
placements is found to be present within the studied com-
position ranges; for Zn„Cd] Te it is at x =0. 1 and for
Hgt Cd Te at y=0. 7 (x=0.3). However, the overall
changes in u, obtained for the Zn„Cd] Te system are
much more drastic than in Hg] ~Cd„Te. For both ma-
terials the anion (Te) atomic displacements are always
lower than the cation atom displacements. This is in
agreement with the general trend found in diffraction
studies of thermal amplitudes in various III-V and II-VI
binary compounds. ' ' In Hg] yCdy Te the displace-
ments found for Hg are the highest for every composi-
tion, while for Zn„Cd] „Te the displacements of Cd are
the largest. This behavior suggests that the cation atom
which vibrates with a larger rms displacement in its
binary compound (i.e., Hg in HgTe as compared to Cd in
CdTe and Cd in CdTe as compared to Zn in ZnTe, see
Fig. 7},will also have the largest thermal amplitude in the
corresponding alloy, regardless of the relation between
their masses. The insensitivity of the thermal amplitudes
to the mass of the vibrating atoms can be expected
theoretically within the Debye model at temperatures
above the Debye temperature.

B. Correlation with mechanical properties

The general agreement obtained between the present
experimental atomic displacements and the vibrational
amplitudes inferred from diffraction studies, and the fact
that the presence of static displacements due to bond re-
laxation has been taken into account in the analysis of the
experimental data, suggest that the u] results displayed
in Fig. 7 may be interpreted as being mainly vibrational
in character. As will be shown below, the above interpre-
tation is confirmed by temperature-dependent results. It
is therefore justified to compare the present atomic dis-
placements (u, } with the available experimental data on
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FIG. 8. Vicker microhardness (Refs. 51, 52, 56, and 58) vs

the average thermal amplitudes for various IV, III-V, and II-VI
semiconductors. The u, data for the II-VI semiconductors [ex-
cept ZnTe (Ref. 27) and ZnS (Ref. 54)] are those determined in

the present work. 6, data for the Zn„Cd& „Te alloys. A, data
for Zno 04Cdo 96Te.

mechanical properties of the materials under study, such
as microhardness (H) and bulk modulus (B). For that
purpose, a measured increase in u ] is interpreted as being
produced by a general weakening of the lattice (i.e., a de-
crease of the interatomic force constants and therefore a
decrease in H and B) Similar. ly, a measured decrease in
u ] is attributed to a strengthening of the lattice.

The overall dependence of u ] on composition in

Hg ] y Cdy Te was previously found by us to be in quali-
tative agreement with trends in the microhardness ob-
served in this system. ' The measured microhardness for
Hg ] y Cdy Te as a function of composition presents a
significant upwards bowing with respect to the weighted
average of the microhardness values of Hg Te and
CdTe. ' The microhardness maximum found at about
y =0.7 is in agreement with the minimum in u] around
the same composition found in the present work [see Fig.
7(b)]. Figure 8 shows Vicker microhardness experimental
data for various IV, III-V, and II-VI (Refs. 52 and 53)
semiconductors, including the data for Hg] yCdy Te,
plotted against the corresponding vibrational amplitudes
reported in the literature. The u, data for the IV
and III-V semiconductors were taken from the systematic
diffraction measurements carried out by Nielsen et al.
It can be seen in Fig. 8 that a clear correlation exists be-
tween the measured Vicker microhardness and thermal
amplitudes. The relationships

a=0.30 for IV and III-V semiconductors
u] ~H a=0.26 for II-VI semiconductors (except Zn Cd& „Te alloys, see below}

(7a)

(7b}

can be deduced from the figure. Furthermore, it can be
noted that a gap exists between the line connecting the
data for the IV and III-V semiconductors, and the corre-
sponding line for the II-VI materials. The fact that all
data for the II-VI semiconductors exhibit lower mi-

I

crohardness values than the corresponding group III-V
and IV semiconductors may be associated with the lower
structural stability which characterizes the II-VI com-
pounds at high pressures due to their higher bond ioni-
cities. A similar gap between experimental values of the
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microhardness of various III-V and II-VI semiconductors
may be observed when plotting the data against the cor-
responding measured bulk moduli (see Fig. 11 below).
Microhardness measurements as a function of composi-
tion for Zn Cd& Te have been reported. These show
a significantly larger upwards bowing as compared to
Hg& „Cd Te, having a maximum around x =0.75. The
above behavior is in qualitative agreement with the re-
sults deduced from the present channeling measurements.
Both show that the lattice is stiffer for the alloy than for
pure CdTe and ZnTe, and that the detected hardening
effects in Zn, Cd, Te are larger than those found in

Hg ] y Cdy Te. However, the microhardness curve for
Zn, Cd, ,Te increases monotonically from x =0. 1 to-
wards the maximum at x =0.75, in contrast to the
present u, results which show a minimum at x =0. 1 [see
Fig. 7(a)]. The microhardness results for Zn„Cd, „Te
(Ref. 56) are plotted against the presently deduced
thermal amplitudes in Fig. 8 (open triangles); the clear
deviation of the data points from the general behavior is
noted. The above discrepancy may be related to the fact
that Zn, Cd&, Te alloys, in contrast to Hg, Cd Te, are
structurally distorted due to the presence of two very
different (CdTe and ZnTe) bond lengths in this material. '

As has been argued before, ' the strain field produced
by alloy disorder strongly influences the dislocation
motion, thus affecting the measured microhardness. In
fact, this argument has been frequently used to explain
the "solid solution hardening" effect in various pseudo-
binary semiconducting systems. ' The thermal vibra-
tional amplitudes, in contrast, are expected to be deter-
mined mainly by the bonding properties of the crystal
and not by dislocation kinetics. The fact that the data
point corresponding to Zno o~Cdo 96Te (which among the
studied Zn„Cd, „Te alloys is the one having the lowest
Zn content) agrees well with the correlation line (closed
triangle in Fig. 8) may support the above speculation.

The general relationship found between the microhard-
ness and the thermal amplitudes suggests that both quan-
tities are basically determined by common factors.
Correlations between the measured microhardness for the
III-V binary compound semiconductors with bond length
and ionicity in these materials have been previously
noted. Sher, Chen, and Spicer used Harrison's tight-
binding formulation of tetrahedral semiconductors to cal-
culate the hardness of various group-IV semiconductors
and III-V and II-VI binary compounds obtaining good
qualitative agreement with the experimental trends. The
simple correlation found in the present work between the
microhardness and the thermal amplitudes for some
tetrahedral semiconductors, including Hg& yCdy Te, indi-
cates that the microhardness, which is a macroscopic
property, is closely related to the atomic thermal ampli-
tudes through the properties of the bonds. Trends of u,
with bond ionicity have indeed been noted in a previous
diffraction study of thermal amplitudes in various III-V
compound semiconductors. Recently, ionicities for the
CdTe and HgTe bonds in Hg& yCdyTe have been es-
timated from infrared measurements of TO phonons at
very low temperatures (T =4—6 K) for various y values.

where b &0 is the bowing parameter. The data points
(open squares at x =0,0.05, 1 and for HgTe represent the
experimental values available from the literature.
In Eq. (8), the value b =1.4 Mbar has been assumed in
order to normalize the calculated curve to the experimen-
tal data Point for Znp p5Cdp 95Te.

For temperatures above the Debye temperature, a
power relationship between the thermal amplitude u

&
and

B, u, ~B~, where /3= —0.5, may be expected according
to the harmonic Debye approximation. Using this
power dependence, we can estimate the variations in bulk
modulus with x using the present vibrational amplitude
data for the crystals studied. However, it was found that
in order to obtain a good agreement of B values deduced
this way (filled diamond in Fig. 9) with the reported ex-
perimental data (open squares), a value of the exponent of
P=- —0.8, rather than 13= —0.5, has to be assumed. Also
noted in Fig. 9 is the fact that the rate of increase in B for

1.0—
O

0.8—

I I I I I I I I I I I ~~ I

Znx Cd, x Te

XBznTc +~~ &~ BcdTe+ bx ~~

HgTe—

04—
le

I I I I I I I I I I I w I

0 0.2 0.4 0.6 0.8 1.0
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FIG. 9. Bulk modili (8) as a function of composition in

Zn Cd& Te and HgTe. , experimental results from Refs. 52,
60, and 62. $, calculated according to the measured changes in

u, with composition, assuming u, ~B (see text) [normaliz-

ing the results to the experimental B value for CdTe (x =0)].
Solid curve: calculated B (x) according to Eq. (g).

However, no simple relations between the presently mea-
sured changes of u, with composition for Hg& Cd Te
and the infrared ionicity data of Ref. 59 are apparent.

The strong reduction of u, found for Cd and Te in
Zn Cd& Te for x=0.04, 0.077, and 0.114 with respect
to pure CdTe [see Fig. 7(a)] is consistent with the trend
obtained from compression measurements, where the
bulk modulus of a Znp p5Cdp 95Te samPle was found to be
15% larger than that of pure CdTe. Since the bulk
modulus of ZnTe is only 20% higher than that of CdTe,
the compression results suggest the existence of a
significant upwards bowing of the B(x) curve for the
Zn, Cd, Te system. This is illustrated in Fig. 9, where
bulk modulus values for Zn„Cd, Te are plotted as a
function of alloy composition x. The solid curve in the
figure has been calculated by assuming the empirical
bowing equation '

Bz„cd r, = z„T, +(1—x)BcdT, +bx (1—x), (8)
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0 &x &0.114 as expected from the reduction in u, at the
same composition range [from Fig. 7(a)] is consistent
with that expected from the bowing curve. However, the
presently measured thermal amplitudes predict a reduc-
tion in 8 for x =0.2 and 0.31, in clear disagreement with
the calculated B (x) curve. Unfortunately, no experimen-
tal bulk moduli are available for these compositions to
resolve this discrepancy.

One of the interesting results obtained from the com-
parison made in Fig. 9 is the u

&

~ B dependence rath-
er than the expected u& ~8 . In order to explore
this discrepancy, the experimental bulk modulus data for
various IV, III-V, and II-VI semiconductors were plot-
ted in Fig. 10 against the experimental thermal amplitude
values available from the literature. While a clear corre-
lation between both quantities can be noted in Fig. 10, no
single power dependence of u, on 8 is apparent. The
slope of the log, p(Q, ) vs log, a(B) curve changes from
P= —0.9 for 0.4&B &0.55 Mbar to P= —0.2 for
0.55&8 &0.9 Mbar. The covalent semiconductors Si
and Ge have lower thermal amplitudes than the binary
compounds covering the same range of bulk moduli, and
the change in u

&
with 8 is consistent in this case with

P= —0.6. Note that, in contrast to Fig. 8 where the mi-
crohardness for the III-V compounds was found to be
shifted to higher values with respect to those of the II-VI
materials when plotted as function of u „no such "gap"
is evident in Fig. 10 between the bulk moduli data for the
III-V compounds and those for the II-VI materials. The
bulk moduli as expected for the Zn„Cd& „Te alloys ac-
cording to Eq. (8) were also included in Fig. 10 for com-
parison (triangle symbols). It can be seen that these ex-
pected values do not follow the trends observed in the
figure for the binary compounds. This discrepancy is
probably a result of the quadratic bowing assumed in the
calculation of B for the Zn„Cdt „Te alloys [Eq. (8)],
which, as can be observed in Fig. 9, may lead to an

I I I I I I I I I I

overestimation of the bulk moduli for x &0.15. Indeed,
the data point for the Znp O4Cdo 96Te alloy (closed triangle
in Fig. 10) is found to agree well with the general behav-
ior of 8 as a function of u, as shown in the figure.

We have shown above that correlations between the
thermal vibrational amplitudes (of the present experiment
and of others) and the microhardness (Fig. 8) and bulk
modulus (Fig. 10) can be established. By combining the
approximate u

&
~H and u

&
~B dependences de-

duced from Figs. 8—10 for the II-VI materials, a propor-
tionality H ~ 8 is expected to hold for the relationship
between the microhardness and bulk modulus. Such a re-
lationship has been studied in the past by several authors
for various groups of minerals. In Fig. 11 the mi-

crohardnesses for some of the materials considered in

Fig. 8 are plotted as functions of the corresponding bulk
moduli. It can be seen in the figure that the "gap" be-
tween the microhardness values of the IV and III-V semi-
conductors and those of the II-VI materials observed pre-
viously in Fig. 8 is also present when the data are plotted
against the corresponding bulk moduli. Furthermore,
the dependence deduced from the straight line connecting
the data for the II-VI compounds is H ~8, in agree-
ment with the value of 3 expected from Figs. 8—10. The
calculated bulk moduli for the Zn Cd, Te alloys based
on the present thermal amplitude data and the relation-
ship u& ~8, as deduced from Fig. 9, are also shown

in Fig. 11 for comparison.
The atomic displacements measured in the present ex-

periment at room temperature exhibit the same trend
with composition as that found from microhardness and
bulk modulus measurements. The observed significant
stifFening of Zn„Cd& „Te with low (x =0.04—0. 11) Zn
concentrations as evidenced by the bulk moduli and the
thermal amplitude data has not been explained so far.
Recently, Chen, Sher, and Berding presented a model
for the calculation of the bulk modulus in pseudobinary
crystals of the type 3, B„C. The model, which consid-
ers the strain elastic energy contributions to the bulk
modulus in the harmonic approximation, fails to explain
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FIG. 10. Experimental bulk moduli 8 (Refs. 52, 60, and 62)
as a function of the average thermal amplitude for various IV,
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FIG. 11. Microhardness values for the materials considered
in Figs. 8—10 plotted as a function of the corresponding bulk
moduli. 6, data for the Zn Cd& „Te alloys with B calculated
from the measured u&, assuming u& o-8 . A, data for
Znp ~Cdp 96Te.
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the observed significant increase in bulk modulus for
Znp p&Cdp 95Te relative to CdTe and the upwards bowing
of the curve 8 (x) subsequently expected for
Zn„Cd, „Te (Ref. 60) (see Fig. 9). It is therefore likely
that a model which does not neglect the details of chemi-
cal bonding and its changes upon composition is needed
to explain the effects observed experimentally. Indeed,
total energy calculations reported by %ei and Zunger
show that details of the bonding structure, including
those of the d orbitals, have significant effects on the bulk
moduli of II-VI semiconductors and their structural sta-
bility.

C. Implication to phonon-dispersion relations

The vibrational amplitudes are determined by a
weighted (thermal) average of the various phonon eigen-
frequencies of the lattice. The phonon-dispersion rela-
tions for the binaries CdTe, ZnTe, and Hg Te have been
measured by neutron diffraction' ' showing that the
frequencies of the optic and acoustic branches decrease
significantly from ZnTe to CdTe. The dispersion rela-
tions of Hg Te show optic and acoustic mode frequencies
which are just slightly lower than those of CdTe. The
acoustic modes at the I. and L points in HgTe, however,
are significantly lower as a result of the smaller slope of
the acoustic branches at low wavelengths. Unfortunate-
ly, no neutron diffraction data are yet available for the
corresponding pseudobinary alloys. It may be expected,
however, that the addition of small amounts of Zn atoms
to CdTe to form the Zn Cd& „Te alloy will induce local
phonon modes at frequencies characteristic to the Zn-Te
system, which are higher than the CdTe normal mode
frequencies. As a matter of fact, two of these modes have
been detected in infrared reflection and absorption stud-
ies of Znpp&Cdp99Te and ZnpppCdp98Te. One local
mode (173 cm ') appears above the LO branches of
CdTe. The other, a quasilocal mode (54 cm '), appears
just above the TA branches of CdTe. Furthermore, addi-
tional modifications on the CdTe phonon density of states
are expected to be induced by the Zn through the strain
field produced by the mismatch between the CdTe and
ZnTe bond lengths. Since higher frequencies are associ-
ated with lower vibrational amplitudes, it is conceivable
that the observed reduction in vibrational amplitudes in

Zn„Cd, „Te, (x =0.04, 0.077, 0. 114) with respect to
CdTe is related to the appearance of high-frequency lo-
cal, quasilocal, or resonant modes in the CdTe vibrational
spectrum. It should be noted that for the Zn-rich compo-
sitions (x~1), for which Cd can be considered as the
isovalent impurity added to Zn Te to form the
Zn„Cd, Te alloy, lower-frequency phonon modes
should be induced according to the above argument. The
vibrational amplitudes of the Zn-rich alloys should there-
fore be higher than those of ZnTe. This is indeed con-
sistent with the experimental picture [see Fig. 7(a)]; the
values of u& found for Zn and Te in Znp 3/Cdp 69Te in the
present work are 0.148 and 0.128 A, while the corre-
sponding u, values measured by diffraction methods for
ZnTe are 0.126 and 0.099 A, respectively [see also in Fig.
7(a) the trend of the Mossbauer results in the range
0.35 & x & 1]. Therefore a point for which the u, (x)

curve has a minimum and another one where it has a
maximum should be expected to occur in the measured
compositional dependence of u, . For Zn Cd, Te and

Hg, Cd Te these are observed at x -=0. 11 and x =0, 3
[see Fig. 7(a)], and at y =—0.7 and y —=0.25 [see Fig. 7(b)],
respectively. A similar behavior has been obtained in
diffraction studies of the atomic vibrational amplitudes
in Zn Hg, Te. The amplitude of Te was found in these
studies to decrease significantly from x =0. 13 to 0.2 (no
results for x =0 were reported ), while increasing slight-
ly when going from ZnTe (x =1) to x =0.75. A some-
what similar trend was also found in diffraction studies of
thermal amplitudes of In„Ga& As, where the rms dis-
placement of As was found to increase by 15%%uo from
x =0 to a maximum at x =—0.07. No results for
x )0. 19 were reported for this system.

D. Temperature dependence of thermal amplitudes

The atomic displacements deduced from measurements
at room temperature have been shown to be in general
agreement with vibrational amplitudes obtained by others
from diffraction methods, and to correlate with data on
mechanical properties of the materials studied, such as
bulk modulus and microhardness. Additional informa-
tion on the nature of the atomic displacements measured,
including on the possible existence of static contributions,
can be obtained by performing temperature-dependent
measurements.

Channeling measurements at different temperatures
were performed on some of the crystals studied at room
temperature as discussed above. Analysis by the Monte
Carlo method (method B, Sec. II C) (Ref. 30) of previous-
ly reported channeling results obtained at temperatures
below room temperature showed that significant underes-
timation of u, may result when neglecting the influence
of neighboring crystallographic planes on the [1 1 1] axial
channeling dips at these temperatures. In the present
work, special care was taken to avoid the influence of
such planar effects on the measured [1 1 1] channeling
dips. The channeling results obtained at temperatures
below room temperature were analyzed by the simulation
method which takes into account such possible effects.
Special care was also taken to assure that the composi-
tion of the crystals did not change during the lengthy
measurements at elevated temperatures. The Hg content
of the Hg& yCdyTe samples was monitored in prelimi-
nary PIXE experiments by examining the Hg M & peak
intensity as a function of temperature. No Hg
outdiffusion (e.g., no lowering in the Hg M

& peak inten-
sity) was detected below T =363 K for Hg& yCdy Te with

y =0, 0.24, and 0.4; for the Hgp 3Cdp 7Te sample the Hg
M & peak intensity remained constant even up to T =430
K. The increased stability with respect to Hg loss, ob-
served in Hgp 3Cdp 7Te as compared to the Hg] yCdy Te
alloys with other compositions, is most certainly related
to the minimum in atomic displacements found at this
composition at room temperature [see Fig. 7(b)].

The atomic displacements as a function of temperature
deduced for Hg, Cd, and Te in Hgp 76Cdp 24Te are plotted
in Fig. 12(a), and compared with the results of the Debye
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TABLE II. Debye temperatures in K as determined from the measured atomic displacements for

Cd, Te, and Hg for some of the studied crystals, at room (RT) and low (LT) temperatures. The particu-

lar temperature of LT in each case is specified in the first column, while RT=296 K. The numbers in

parentheses are the expected uncertainties.

Crystal

CdTe
LT=140 K

Hgp 76Cdp 24Te
LT=104 K

Hgp 3Cdp 7Te
LT=112 K

Znp 04Cdp 96Te
LT=120 K

Znp []4Cd0.886Te
LT=126 K

Zn0. 31Cd0.69Te
LT=103 K

RT

129
(4)
126
(4)
144
(6)
150
(6)
184
(12)
130
(4)

Cd
LT

135
(4)
131
(4)
135
(4)
182
(8)
268
(17)
135
(5)

RT

135
(4)
126
(4)
147
(4)
155
(6)
236
(15)
143
(4)

Te
LT

135
(4)
127
(4)
135
(2)
194
(10)
304
(23)
159
(5)

RT

86
(3)
103
(3)

Hg
LT

87
(4)
95

(5)

model (assuming a constant Debye temperature). ' The
Debye model has been shown to describe reasonably well
the temperature behavior of the measured thermal ampli-
tudes of Cd and Te in CdTe. ' The agreement between
the simple Debye model and the experimental data in
Fig. 12(a) for the lower temperatures is acceptable; the
deviations of the data points from the lines at the higher
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FIG. 12. (a) Mean-square displacements of Hg ( X ), Cd (4),
and Te (0 ) as a function of temperature in Hgp 76Cdp 24Te. (b)
Mean-square displacements for Cd ( X ) and Te ( C) ) in

Zn004Cd096Te as a function of temperature. The lines are
values calculated from the Debye model for Hg (dot-dashed
line), Cd (solid lines), and Te (dashed lines).

temperatures are probably due to the formation of
domains with high concentration of Hg vacancies and
subsequent lattice disorder, and/or to the increased
anharmonic contributions to the lattice vibrations at the
corresponding temperatures. Similar data for Cd and Te
in CdTe (Ref. 50) and Hg, Cd, and Te Hgo 3Cdo 7Te (not
shown) yield also a reasonable agreement with the Debye
description. However, the results for the atomic dis-
placements of Cd and Te in Znp p4Cdp 96Te as a function
of temperature [see Fig. 12(b)j show a clear discrepancy
between the simple Debye model (lines) and experiment
(symbols) at the lower temperatures. Here the experi-
mental data points for both Cd and Te are significantly
lower than expected according to the model. The situa-
tion is summarized in Table II, where the Debye temper-
atures for Cd, Te, and Hg as deduced ' from the experi-
mental atomic displacements at two different crystal tem-
peratures are listed, i.e., at room temperature (RT) and at
a lower temperature (LT). For the Debye model to be a
reasonable approximation, similar Debye temperatures
should be obtained at RT and LT. %hile this is found to
be the case for CdTe, Hgp 76Cdp 24Te, Hgp 3Cdp 7Te, and
Znp 3~Cdp 69Te, it is not for Zn, Cd& Te with x =0.04
and 0.114. For these the Debye temperatures deduced
from the atomic displacements as the lower temperature
are significantly higher than those deduced from the re-
sults at RT. This behavior cannot be explained by postu-
lating contributions to the measured rms displacernents
of static atomic displacements as these contributions
would be rejected in lower Debye temperatures for the
lower crystal temperatures, in contrast to the observed
trend. It should be pointed out, however, that some care
should be taken when considering the u, values obtained
from channeling measurements at temperatures below
RT. At these temperatures the absolute magnitude of
atomic displacements deduced are more sensitive to the
specific structural model incorporated into the Monte
Carlo simulation program. For example, the reduction
of the u& values with respect to the Debye model found
for Znp p4Cdp 96Te and Znp»4Cdp 886Te at the lower tem-
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peratures [see Fig. 12(b) and Table II] could result from
an overestimation of the static displacements in the
structural model assumed. Nevertheless, this does not
seem to be the case since the u, results obtained for
ZnQ 3]CdQ 69Te (see Table II) do not show the same trend
as for Znp p4Cdp 96Te and Znp»4Cdp 886Te. Furthermore,
the channeling results obtained for all the crystals studied
were also analyzed by method A, in which static displace-
ments due to bond relaxation are neglected (see Sec. II C).
A comparison of the results obtained by both methods
showed that absolute magnitudes, but not the obtained
trends, may be dependent upon the method used for the
analysis of the channeling results.

Interestingly, the crystals which exhibit the enhance-
ment of the Debye temperature at the lower temperatures
in Table II, Znp p4Cdp 96Te and Znp»4Cdp 886Te, are
those that show a strong reduction in thermal amplitudes
relative to CdTe at room temperature [see Fig. 7(a)].
Since the Debye model is a macroscopic one which does
not account for the optical modes or the acoustic modes
at the highest frequencies, it is conceivable that devia-
tions from that model will occur whenever the inAuence
of these high-frequency modes in the vibrational spec-
trum (and hence in the determination of the vibrational
amplitudes) becomes significant. The emerging picture is
consistent with the argument presented in Sec. III C re-
garding the strong reduction of the atomic displacements
in Zn„Cd, „Te (x=0.04,0.077,0.114), i.e., addition to Zn
to CdTe induces modifications to the vibrational spec-
trum of the lattice, including the local modes at higher
frequencies as previously detected in infrared absorption
and refiection measurements. These Zn-induced modes
probably increase the statistical weight of the higher-
frequency phonons in the vibrational spectrum, resulting
in both the detected reduction of the thermal vibrational
amplitudes with respect to CdTe, and in the deviations
from the Debye description evidenced by the
temperature-dependent results for Znp p4Cdp 96Te and
Znp ~ &4Cdp 8g6Te. Fur ther experimental and theoretical
work is clearly needed in order to provide a basis for a
general understanding of the effects observed here for the
crystals studied and their implications to other similar
systems.

V. SUMMARY

The thermal vibrational amplitudes of Cd, Te, and Zn
in Zn„Cd& Te and of Hg, Te, and Cd in Hg& yCdy Te
have been deduced from ion channeling measurements
combined with RBS and PIXE for various alloy composi-
tions and temperatures. For Hg& yCdyTe the thermal
amplitudes were found to change moderately with com-
position at room temperature, however, a clear minimum
exists for y =0.7. The above results are found to be con-
sistent with microhardness results available from the
literature. ' For Zn Cd, Te a strong reduction in the
thermal amplitudes of all constituent atoms was found
upon small additions (x (0.12) of ZnTe to CdTe. The
above reductions, which has been observed by us previ-
ously, is in qualitative agreement with bulk modulus
data available from the literature and with u, data ob-

tained by diffraction methods. For the x =0.114 com-
position the reduction is particularly strong (i.e., -40%
relative to pure CdTe), and is most significant for the Te
atoms. For higher Zn contents (x =0.2 and 0.31) the
amplitudes of Cd and Te are close to those measured in
pure CdTe.

The vibrational amplitudes of Cd in Zn Cd& Te, and
of Hg in Hg& yCdy Te, are found to be larger than those
obtained for the other respective atomic constituents in
all compositions studied. The amplitudes of Te, on the
other hand, are the lowest in both pseudobinary alloys, in
agreement with trends observed in various III-V and
II-VI binary compound

General correlation between the present thermal am-
plitudes and microhardness for Hg, yCdyTe has been
found, which has been shown to be common to other IV,
III-V, and II-VI semiconducting materials. For
Zn Cd, Te, deviations from the correlation line are at-
tributed to the presence of significant alloy disorder in-
duced by bond relaxation, which is expected to create
pinning forces, thus inhibiting dislocation motion and in-
creasing the measured microhardness in these materi-
als. ' The simple correlations obtained between
thermal amplitudes and microhardness (Fig. 8) and be-
tween bulk moduli and thermal amplitudes (Fig. 10), in
conjunction with correlations reported previously be-
tween microhardness and bond length and ionicity,
suggest that microhardness, bulk moduli, and atomic
thermal amplitudes may be closely connected through
the bonding properties in tetrahedrally bonded semicon-
ductors which are not substantially disordered due to
bond relaxation effects.

The dependence of the thermal amplitudes of constitu-
ent atoms in Zn Cd& Te and Hg& yCdy Te on composi-
tion is still not well understood. It is suggested that the
observed reduction in u, for Zn„Cd& „Te with
x =0.04, 0.077,0. 114 is related to local and resonant
modes induced in the high-frequency regime of the vibra-
tional spectrum of CdTe by the presence of Zn. Even
though the observed effect is in qualitative agreement
with bulk modulus data, the measured changes in
thermal amplitudes with composition cannot be account-
ed for by the reported changes in bulk modulus by using
the simple square-root dependence of the thermal ampli-
tude on the bulk modulus as deduced from the harmonic
Debye approximation. A different dependence, which is
consistent with the empirical relations between the mi-
crohardness and the bulk modulus (Fig. 11) and between
the microhardness and the thermal amplitudes [Eq. 7(b),
Fig. 8], has been shown to yield better agreement between
bulk moduli and thermal amplitudes for the materials
studied. Significant deviations from the harmonic Debye
model are also observed on the temperature dependence
of u, in Znp p4Cdp 9~Te and Znp»4Cdp 886Te, which can-
not be explained by assuming static contributions to the
measured rms displacernents. Theories of lattice dynam-
ics reproduce reasonably well the experimental phonon-
dispersion relations for semiconducting binary com-
pounds when multiparameter phenomenological models,
such as the shell model' or the rigid ion model, ' are
used. These models, however, yield calculated thermal
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vibrational amplitudes which are in general in disagree-
ment with the corresponding measured values. The be-
havior of the TO frequencies with composition in the
pseudobinary alloys is usually considered within the
random-element isodisplacement model by linearly inter-
polating the phenomenological force constants of the
binary constituents. ' However, the force constants be-
tween next-nearest neighbors obtained in such calcula-
tions are usually found to be of the same order as the
force constants between the nearest neighbors. This un-
physical result puts in doubt the validity of phenomeno-
logical models for the description of vibrational effects,
such as those observed in the present work. An ab initio
theory, which takes into account the changes with com-
position of the chemical bonding, such as charge transfer
between bonds and bond relaxation, and which incorpo-

rates the structural and strain effects on the lattice vibra-
tions, should reproduce the observed behavior of the
thermal amplitudes with composition and temperature.
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