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Raman-scattering study of the high-pressure phase transition in Cd& Mn„Te
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The high-pressure phase transition in Cd& „Mn Te from the cubic zinc-blende structure to the
NaCl structure is investigated by Raman scattering. The measurements are made while increasing
as well as decreasing the pressure. The transition pressure depends on composition and shows hys-
teresis. The behavior of zone-center optical phonons as well as that of zone-boundary acoustic pho-
nons, which appear in the first-order Raman spectra due to the disorder in the mixed crystal, are in-

vestigated. The zone-boundary acoustic phonon TA(X) shows softening similar to that observed in

other compound semiconductors. The longitudinal-optic (LO) phonon frequencies in pure CdTe ob-
served while decreasing pressure match with those observed while increasing pressure whereas in the
mixed crystals there is a marked difference. As a result of cycling through the phase transition, the
CdTe-like LO-phonon frequencies measured at the ambient pressure are higher compared to those
before the cycling; the MnTe-like LO-phonon frequencies show an opposite behavior. This change
in the LO-TO splitting of the CdTe-like and MnTe-like modes implies a redistribution of the mode
effective charges associated with these modes such that the net charge remains unchanged.

I. INTRODUCTION

There has been considerable interest in the vibrational
spectra of mixed crystals associated with many fundamen-
tal aspects of lattice vibrations. ' Zone-center optical pho-
nons in mixed crystals exhibit one-mode, two-mode, or an
intermediate behavior depending on the vibrational
characteristics of the end members. In this context, the
mixed crystals of the tetrahedrally coordinated II-VI com-
pound semiconductors, where the cation is replaced by a
magnetic element like Mn, are of special interest due to
their unique combination of semiconducting and magnetic
properties. The vibrational spectra of these mixed crys-
tals, known as diluted magnetic semiconductors (DMS's),
have been investigated in detail at room pressure. '

A large number of tetrahedrally coordinated III-V and
II-VI compound semiconductors as well as group-IV
semiconductors undergo a high-pressure phase transition
to the /3-Sn metallic phase (body-centered tetragonal)
around or above 100 kbar. The Cd chalcogenides also
undergo the same transition; however, they experience in
addition an intermediate transition to an NaCl phase, this
transition occurring at a much lower pressure, e.g., in
CdTe at 35 kbar. ' A zone-boundary acoustic phonon has
been found to show softening in these compounds and it
is speculated that the same phonon is also responsible for
driving the phase transition. The optical absorption and
luminescence experiments show that the band gap changes
from direct to indirect and it has a lower value in the
NaCl phase. ''" This first-order phase transition is also
associated with a large volume change ( —16%%uo).

' Recent
optical" ' and x-ray measurements show that the DMS
Cd& „Mn„Te, a mixed crystal of CdTe and MnTe, also
shows similar behavior. A preliminary report of the
high-pressure Raman scattering study in this system has
been made recently. ' In the present paper we report a
detailed high-pressure Raman scattering investigation of

this phase transition in Cd& Mn Te by studying the
behavior of the zone-center and zone-boundary phonons
as a function of hydrostatic pressure in a diamond anvil
cell.

II. EXPERIMENT

The DMS Cd& Mn Te has cubic zinc-blende structure
in the composition range 0&x &0.7. The samples used
in the present investigation were grown by the Bridgrnan
method. Raman scattering measurements at high pres-
sure were carried out in a gasketed diamond anvil cell of
National Bureau of Standards design' in the backscatter-
ing configuration. An Inconel X750 steel gasket with
0.3-mm circular hole was used as the gasket. A 4:1
methanol-ethanol mixture was used as the pressure-
transmitting medium. Pressure in the diamond anvil cell
was measured by measuring the shifts of ruby R lines and
using the accepted shift' of —0.753 cm '/kbar. Raman
spectra were excited with 100 m%' of power from a Kr+
laser (7993-, 7525-, 6764-, and 6471-A lines). A
computer-controlled triple rnonochrornator and a stan-
dard photon-counting unit was used to analyze the scat-
tered radiation.

III. RESULTS AND DISCUSSIONS

The mixed crystal Cd& „Mn„Te is known to show a
two-mode behavior. A typical Raman spectrum of the
mixed crystal for x =0.4 at room pressure in the back-
scattering configuration is shown in Fig. 1(a). The Ra-
man spectra consist of peaks corresponding to zone-center
CdTe-like and Mn Te-like transverse-optic (TO) and
longitudinal-optic (LO) phonons as well as those associat-
ed with the zone-boundary phonons in the low-frequency
part of the spectrum. The zone-boundary phonons appear
in the first-order Raman spectrum because of the disorder
in the mixed crystal.
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TABLE I. Mode Gruneisen parameter of zone-center optical
phonons in Cd~ Mn Te. The value of isothermal compressi-
bility is taken from Ref. 9. The numbers in the parentheses give
the accuracy of the parameter in the last or the last two signifi-
cant numbers.
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FIG. 1. Raman spectra of Cdl „Mn„Te (x =0.4) in back
scattering geometry at different hydrostatic pressures: (a) room
pressure, (b) 11.1 kbar, and (c) 35.3 kbar. Spectra are vertically
displaced for the sake of clarity. The zero intensities for spectra
(b) and (c) are marked as b(0) and c(0) respectively, on the
right-hand vertical scale.

A. Zone-center optical phonons

Figures 1(b) and 1(c) show the Raman spectra of
Cd& Mn Te for x =0.4 at 11.1 and 35.3 kbar, respec-
tively. It can be seen from Fig. 1 that as the hydrostatic
pressure is increased, all the zone-center optical phonons
shift to higher frequencies and their intensities decrease.
All the modes finally disappear as the sample undergoes
the phase transition from the cubic zinc-blende to the
NaC1 phase at 30 kbar. It is well known that the selection
rules do not allow any first-order Raman scattering in the
NaC1 phase. Also, the sample turns opaque to the laser
wavelength to which it was transparent in the low-
pressure phase. After reaching the NaCl phase if the
pressure is now decreased below the forward transition
pressure, the Raman intensities do not reappear immedi-
ately, but rather at 19+3 kbar suggesting that there is a
strong hysteresis associated with the transition. First-
order transitions that are associated with large volume
changes like the one being investigated here are known to
show hysteresis. ' Mixed crystals with other composi-
tions also show a similar behavior. The pressure depen-
dence of a mode frequency co; is usually defined in terms
of the dimensionless Griineisen parameter y; given by

BQ);
i

where I' is the pressure and P the isothermal compressibil-
ity. Table I gives the mode Griineisen parameter of dif-
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FIG. 2. Resonance enhancement of the LO line in the Ra-
0

man spectrum of CdTe excited with the 7993-A line of Kr+
laser. The enhancement arises due to the pressure tuning of the
band gap. Spectra (a) room pressure, (b} 7.3 kbar, and (c) 26.5
kbar.

ferent modes for various compositions of the mixed crys-
tal.

Application of pressure usually changes the band gap
and can lead to pressure driven resonance enhancement of
the mode intensities. ' The band gap of Cd& Mn„Te in
the zinc-blende phase is known to increase with pres-
sure. ' Figure 2 demonstrates the pressure tuning of the
resonance enhancement in the case of pure CdTe using the
7993-A line of the Kr+ laser. At room pressure the crys-
tal is opaque to this laser wavelength and the Rarnan sig-
nal due to the LO phonon is weak and rides over a large
luminescence background [Fig. 2(a)]. As the pressure is
increased the Raman signal increases many fold and the
crystal gradually becomes transparent; see Fig. 2(b). At
much higher pressures the Raman intensity again drops to
very small values [Fig. 2(c) at 26.5 kbar].

Figure 3 compares the Raman spectra of the mixed
crystal x =0.4 at room pressure before and after the tran-
sition. It can be seen from Fig. 3 that when the pressure
is fully released, the Raman spectrum appears quite dif-
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FIG. 3. Raman spectra of Cd ~ „Mn„Te ( x =0.4) at room
pressure, (a) before and (b) after cycling through the phase tran-
sition. The zero intensity for the spectrum (b) is marked as b(0)
on the left-hand vertical axis.

ferent from that at room pressure before the transition.
The LO-phonon modes broaden from 3 to 12 cm ' and
also shift, whereas TO-phonon and other modes at low
frequencies nearly disappear. It is worth pointing out that
as the mixed crystal is cycled through the phase transi-
tion, it does not remain as a single crystal but shatters and
becomes polycrystalline. The presence of defects even in
single crystals is known to cause broadening of Raman
lines and appearance of a background. ' Thus the
broadening of LO lines and the disappearance of TO and
other low-frequency modes into a background could be
due to introduction of defects in the process of cycling
through the phase transition. Mixed crystals with other
compositions also show a similar behavior. Figure 4
shows the behavior of CdTe-like and MnTe-like LO and
TO frequencies in the mixed crystals of different compo-
sitions while increasing and decreasing the pressure. It
can be seen from Fig. 4 that in pure CdTe, LO-phonon
frequencies measured with increasing and decreasing pres-
sure match, whereas in the mixed crystals there is a
marked difference between them. CdTe-like LO-phonon
frequencies, when the crystal is brought back to room
pressure after the transition, are higher than those before
the transition; MnTe-like LO-phonon frequencies show an
opposite trend. Figure 5 shows the composition depen-
dence of the zone-center optical-phonon frequencies at
room pressure, before and after the transition. It can be
seen from Fig. 5 that the LO-TO splitting of the CdTe-
like phonon increases whereas that of the MnTe-like pho-
non decreases as a result of cycling through the phase
transition.

The change in the optical-phonon frequencies as a re-
suit of cycling through the phase transition can occur due
to one of the following three mechanisms.

(a) The mode frequencies can change if the mixed crys-
tal does not return to the zinc-blende phase after the re-
verse transition. The zinc-blende phase has only one
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FIG. 4. Zone-center optical phonon frequencies as a function
of pressure while increasing as well as decreasing the pressure.
(a) x =0.0 and (b) x =0.4. Circles, LO phonon; squares, TO
phonon. Solid symbols, increasing pressure; open symbols, de-
creasing pressure. Vertical up and down arrows indicate the
forward and reverse transitions. Straight lines through the
points are the linear least-squares fits to the data.
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FIG. 5. Composition dependence of CdTe-like and MnTe-
like LO (circles) and TO (squares) phonon frequencies at room
pressure before (solid symbols) and after (open symbols) cycling
through the transition. Solid and dashed lines through the
points are only guides to the eye.

Raman-active phonon whereas other structures may have
a larger number of Raman-active phonons; however, we
do not see new lines in the Raman spectra. Also, the most
recent x-ray study of this system does not indicate the ap-
pearance of a new phase below the reverse transition pres-
sure. '
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where subscripts 1 and 2 correspond to CdTe-like and
MnTe-like modes and 4~p& 2 are the oscillator strengths.
The oscillator strengths of the individual modes can be
obtained from Eq. (2) in terms of LO and TO frequencies
as

(b) A change in the LO-TO splitting can occur if there
is a pressure-induced phase separation of the mixed crys-
tal into pure MnTe and Cd~ Mn„Te with a lower x
value. However, if one considers the case of 40%
Cd~ „Mn„Te, the phonon frequencies after the reverse
transition suggest that (see, for example, Fig. 5) the mixed
crystal should "phase separate" into 20% Cd& Mn Te
and the rest of the 20%%uo volume should be pure MnTe
having either a hexagonal NiAs structure or a metastable
zinc-blende structure. A volume of 20% is too large to
remain undetected either in a Raman or a x-ray measure-
ment. The Raman spectra do not show new Raman lines
associated with the separated MnTe phase. The recent x-
ray measurements have also not indicated any such
pressure-induced phase separation. '

(c) A change in the LO-TO splitting could also mean a
redistribution of the mode effective charges because the
LO-TO splitting of a mode is determined by the oscillator
strength of the mode which in turn depends on the ionici-
ty or the effective charge on the ions in the crystal known
as Szigeti effective charge. Another equivalent quantity
known as Born's transverse dynamic charge, which is also
a measure of ionicity of crystal, is also frequently used in
the literature. The present results thus indicate that there
could be a redistribution of the effective charge between
the CdTe-like and MnTe-like modes when the mixed crys-
tal is cycled through the phase transition. In order to ver-
ify this it is of interest to make quantitative estimates of
the oscillator strengths and effective charges associated
with the CdTe-like and Mn Te-like phonons.

In the case of a crystal with two polar modes as in
Cd

&
Mn Te, one can write the frequency-dependent

dielectric constant as the sum of the individual contribu-
tions as

3

&~+2

where j= 1 (2) implies a CdTe- (MnTe-) like mode, and
the volume of the primitive cell (V) and the force constant
(f =pc@i.) are composition dependent. The lattice param-
eter and the force constant are taken to vary linearly with
x. The value of e is taken to be independent of x. Fig-
ure 7 shows the composition dependencies of the estimat-
ed effective charges qz/e associated with the CdTe-like
and MnTe-like modes at room pressure before and after

Cd Te
0.5

Mn Te

is reflected in the compositional dependence of the TO
and LO frequencies. From Fig. 5 one notices that the TO
frequencies show a much weaker composition dependence
than do the LO frequencies. As a first step one can esti-
mate the change in TO frequencies due to the changes in
the mode effective charges by assuming that the ratio of
the change in co~o to that in ~Lo is governed by ratio of
the slopes of the composition dependence of TO and LO
frequencies. The composition dependence of the oscillator
strengths thus obtained are shown in Fig. 6. For the pure
MnTe having a hypothetical zinc-blende structure the LO
and TO frequencies were taken from the calculations of
the modified random element isodisplacement model. It
can be seen from Fig. 6 that the oscillator strengths do
change as a result of cycling through the transition. It is
interesting to note that the sum of the two oscillator
strengths remains unchanged within the experimental er-
ror. If the changes in TO frequencies are taken to be
more than what has been assumed above, one would con-
clude that the total oscillator strength has reduced as a re-
sult of cycling through the transition, implying a net in-
crease in the covalency.

It is also important to estimate the effective charges as-
sociated with the CdTe-like and the MnTe-like modes
which directly indicate the ionicity of the mixed crystal.
In the formalism discussed by Csenzel et aI. , the effective
charge (Szigeti charge, q) is related to 4~p as

qq(x) e V(x)f (x) 4np
(4)

4~e

and

2 2 2 2(~L1 ~T1)(~1.2 ~T1)
2 2 2~r t(~v 2
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2 2 2 2
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We emphasize that in the case of a mixed crystal the os-
cillator strengths and hence the LO and TO frequencies
depend on the composition of the mixed crystal.

When the samples are brought back to room pressure
after the transition, the TO phonons are not observed and
their values at room pressure after the reverse transition
are not known experimentally. However, they can be es-
timated as follows. In a mixed polar crystal, the splitting
of the fundamental vibration frequencies into TO and LO
modes is governed by the effective charge which in turn

0.0
0.0 0.2 0.4

FIG. 6. Composition dependence of the total and the indivi-
dual oscillator strengths at room pressure before and after cy-
cling through the transition. Triangles, total oscillator strength;
circles, CdTe-like mode; squares, MnTe-like mode. Solid syrn-
bols, before transition; open symbols, after transition. The solid
and dashed lines are only guides to the eye.
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Mn Te pound semiconductors. ' ' However, the behavior of
mode effective charges in mixed crystals as a function of
pressure has not been investigated earlier. It is interesting
to note in Fig. 8 that the slope of q~ /e versus pressure for
MnTe-like mode is lower than that for CdTe-like mode
for x =0.4, whereas for x =0.6 the trend is reversed.
This reversal of the behavior of CdTe-like and MnTe-like
modes is a result of the exchange of the roles of the
"host" and the "impurity" in the two cases.

B. Zone-boundary phonons
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FIG. 7. Composition dependence of the total charge (trian-

gles) and the mode effective charges associated with CdTe-like,
circles, and MnTe-like, squares, modes at room pressure before
(solid symbols) and after (open symbols) cycling through the
transition. Solid lines are only guides to the eye.

cycling through the transition. The total effective charge,
which is obtained from the total oscillator strength using
Eq. (4), is also shown in the same figure. It is interesting
to note that the total charge and hence the ionicity does
not vary significantly over the entire composition range of
the mixed crystal; however, the mode effective charges
vary with the composition as expected. One can see that
the mode effective charges are indeed redistributed as a
result of cycling the mixed crystal through the phase tran-
sition such that the total charge remains unaltered. How-
ever, as pointed out earlier, if the changes in the TO fre-
quencies are taken to be more than predicted by their
composition dependence, the net ionicity would reduce as
a result of cycling through the transition. Although the
physical cause of the redistribution of charge is not clear,
we speculate that it is due to the evolution of a new local
order as a result of rearrangement of atoms occurring dur-

ing the cycling through the transition.
The effective charge and hence the ionicity is known to

decrease as a function of pressure in a number of com-

As stated earlier, the zone-boundary phonons appear in
the first-order Raman spectra due to the disorder in the
mixed crystal. From Figs. 1(a) and 1(b), one can see that
the low-frequency part of the spectrum consists of three
main peaks —at 42, 72, and 112 cm '. From the
knowledge of the phonon dispersion curves and one-
phonon density of states in pure CdTe, the peak at 42
cm ' has been assigned to TA(X). The temperature
dependence of the peak at 72 cm ' suggested that it is a
LA(L)-TA(L). Though the position of the peak at 112
cm ' coincides with that LA(L), its shape and polariza-
tion has led Venugopalan et al. to assign it to a
disorder-activated breathing mode of Te around a cation.

The behavior of these three modes as a function of
pressure is shown in Fig. 9. It can be seen that the zone-
boundary phonon TA(X) and the mode at 72 cm ' show
softening whereas the one at 112 cm ' shows a more
complex behavior. Table II gives y for zone-boundary
modes for different compositions. TA(X) has been identi-
fied as a soft mode for the cubic zinc-blende to f3 Sn-
transition in a number of II-VI and III-V compound semi-
conductors. In Cd& Mn„Te, including pure CdTe, the
transition to /3-Sn structure takes place at 110 kbar. It
has been suggested that the y' for TA(X) varies linearly
with the transition pressure in a number of II-VI com-
pound semiconductors as well as in Si and GaP; however,
the recent results on GaAs and InP do not seem to follow
this trend. The value of y for TA(X) in this system has a
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modes for x =0.4, circles, and x =0.6, squares. Straight lines
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FIG. 9. Pressure dependence of the zone-boundary phonon
and the defect-mode frequencies in Cd& Mn Te ( x =O. 4).
Squares, TA(X); triangles, 72-cm ' line; circles, disorder ac-
tivated breathing mode of Te around a cation. Open symbols
correspond to the decreasing pressure. Straight lines through
the squares and triangles are linear least-squares fits to the data.
The curves through the circles are only guides to the eye.
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72-cm

mode
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0.2
0.4
0.6
0.7

—1.8(1)
—2.4(1)

—2.6(1)

—2.6(1)
—2.3(1)

2.9(3)
2.5(3)
2.1(3)
0.4(3)

TABLE II. Mode Gruneisen parameter of zone-boundary
phonons and defect mode in Cd i Mn Te. The value of the
isothermal compressibility is taken from Ref. 9. The numbers
in the parentheses give the accuracy of the parameter in the last
significant number.
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value —2.4, while the expected value from the linear rela-
tion at 110 kbar, the transition pressure from NaCl phase
to P-Sn phase, turns out to be —1.5. Hence as in the case
of InP and GaAs, this system also does not obey the rule
proposed by Weinstein for the phase transition in zinc-
blende semiconductors; however, it is interesting to note
that if the pressure dependence of TA(X) mode in
Cd& Mn„Te is extrapolated linearly beyond the zinc-
blende to NaCl transition pressure, the mode frequency
goes to zero at a pressure close to that of the transition
from the Nacl phase to the P-Sn phase. The significance
of this observation in the context of the TA(X) being the
soft mode for the transition to P-Sn phase needs further
examination.

If the peak at 72 cm ', which shows softening, is as-
signed to the LA(L) TA(L) diff-erence mode, this would
imply that LA(L) also shows softening because TA(L)
phonon is expected to show softening similar to that of
TA(X) phonon. However, LA(L) phonon in a number
of other tetrahedrally coordinated compound semiconduc-
tors is known to have a positive y with a value close to
unity ' thus making controversial the previous assignment
of the 72-cm ' mode to the LA(L)-TA(L) mode.

We draw attention to the mode at 112 cm ' which
shows a more complex behavior than those of the zone-
center optical phonons or the zone-boundary acoustic
phonon (Fig. 9). The previous assignment of this mode to
the disorder-activated breathing mode of Te around a ca-
tion is in agreement with the present observation. The
mode frequency for x =0.4 increases with pressure ini-

FIG. 10. Composition dependence of the forward, solid sym-
bols, and reverse, open symbols, transition pressures. Circles,
present work; squares, x-ray measurements (Ref. 9); triangles,
optical-absorption measurements (Ref. 13).

tially and then shows softening. It could be followed
beyond the transition pressure in the NaCl phase, and
shows discontinuous changes across the forward and re-
verse transitions. The hysteresis associated with the tran-
sition is clearly seen. The mode frequency in the zinc-
blende phase after the reverse transition shows a pressure
dependence different from that before the transition. The
origin of this behavior is not clear.

Finally, Fig. 10 shows the composition dependence of
the forward and the reverse transition pressures. The
values reported from the x-ray and the optical-
absorption' measurements are also shown for compar-
ison. There is a good agreement between the values ob-
tained from different techniques. Both the forward and
the reverse transition pressures do show a significant coni-
position dependence as predicted.
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