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High-pressure phase transitions in semiconductor mixed crystals Znz Mn Se (x ( 0.29) are in-

vestigated using Raman scattering and photoluminescence (PL) up to a pressure of 150 kbar. The
samples are characterized for composition and crystal structure. A new Raman mode is observed
between TO and LO frequencies for samples with x & 0.097 and is assigned-to a disorder activated
zone boundary phonon. Apart from the PL band at 2.1 eV due to the Tq —+ Aq transition between
the crystal field split levels of Mn +, a PL band is observed at 1.94 eV in the samples with x = 0.063
which is assigned to a native defect forming a complex with Mn +. The intensity of the PL band
reduces drastically with pressure and completely disappears at about 15 kbar. A possible model for
this behavior is presented. The pressure dependence of the phonon frequencies and the behavior of
PL suggest three transitions PI, P2, and P3 for the mixed crystals with x = 0.29, whereas those with
x = 0.063 and 0.097 show only P2 and P3 transitions. In the sample with z = 0.29, TO mode splits
into two components across P& and the low-frequency component exhibits softening. The crystals
turn opaque across P2 and the PL signal disappears suggesting that the band gap changes from
direct to indirect. Intensities of Raman lines decrease and completely disappear across P3. The
difference in the behavior of the phase transitions for the low and the high values of x is understood
on the basis of their diferent crystal structures.

I. INTRGDUCTION

High-pressure phase transitions and pressure-induced
metallization in semiconductors ' have been subjects of
great interest for more than a decade. Under the ap-
plication of pressure, tetrahedrally coordinated semicon-
ductors often undergo a transition to a metallic phase
that has a body centered tetragonal (bct) structure. '

Some semiconductors exhibit intermediate phase tran-
sitions before transforming into a metallic phase, e.g. ,
Cd chalcogenides transform to NaCl structure at much
lower pressures and this transition is also associated
with a change in electronic band structure from direct to
an indirect band gap. Diluted magnetic semiconductors,
(DMS), the mixed crystals of II-IV tetrahedral semicon-
ductors, and the magnetic chalcogenides are of special
interest, due to their unique combination of the semi-
conducting and magnetic properties"' and their device
applications.

Mixed crystals Znq Mn Se have been reported to
have many unusual properties, e.g. , anomalous depen-
dence of band gap on composition and the additional
blueshift of' the band edge photoluminescence (PL) at
low temperature. Some of the anomalous behavior are
attributed to the 8-d and the p-d exchange interaction
between the band electrons and the 3d electrons of the
Mn. + This system has also been reported to exhibit
polytypism and coexistence of zinc-blende and wurtzite
structures over a wide range of composition.

Optical absorption studies on these mixed crystals at
high pressures reveal that the transition pressure de-
creases with the increasing Mn content. ' On the

other hand, high-pressure Raman spectroscopic studies
suggest ' that these mixed crystals exhibit an inter-
mediate transition at much lower pressures before the
metallization transition, while pure ZnSe does not show
such transitions. In order to understand its complex be-
havior under various conditions, the mixed crystal sys-
tem Znq Mn Se needs to be investigated in detail. In
the present work, we report detailed high-pressure PI.
and Raman spectroscopic investigations in this system
in a diamond anvil cell (DAC) up to a pressure of 150
kbar. Intermediate transitions are reported in this sys-
tem, which are also identified.

II. EX.PERIMENT

The mixed crystals of Znz Mn Se have been reported
to crystallize in the zinc-blende structure for x & 0.19,
as a mixture of zinc-blende and wurtzite structures for
0.19 & x & 0.34 and in the wurtzite structure for x &
0.34. The transition from cubic to hexagonal structure as
a function of x is not sharp and as a result, complicated
structures like microtwins and polytypes are present in
the mixed crystals. Crystals used in the present investi-
gations were grown using the Bridgeman method. These
are analyzed for their structure and composition using
powder x-ray diKraction and x-ray fluorescence. Char-
acteristic x-ray Huorescence of the constituting elements
is measured in a scanning electron microscope (SEM),
using energy dispersive x-ray analysis (EDAX). The in-
tensity of 8.59 keV peak of Zn from undoped ZnSe is
used for obtaining the fraction 1 —x of Zn in the mixed
crystals. The fraction x of Mn thus found is consistent
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with the intensity of the 5.86 keV peak of Mn from the
mixed. crystals. The actual composition turns out to be
rather different from the starting nominal composition
before crystal growth, as shown in Table I. The struc-
ture for crystals with x = 0.063 and 0.097 is found to
be zinc-blende whereas that for x = 0.29 Gts best to the
wurtzite structure. Most of the diffraction peaks of the
samples with x = 0.29 appear as doublet, which are bet-
ter resolved at large 0. From these results, this sample
appears to be a mixture of two wurtzite phases with lat-
tice parameters different from each other by 0.27%. This
may arise due to compositional inhomogeneity; however,
in the EDAX analysis using a SEM, large composition
Buctuations are not detected either with the point focus
(1000 A.) or with the area scan (0.5 mm). It may be
mentioned that the diffraction peaks in x = 0.29 sam-
ple could also be fitted to the orthorhombic structure (a
= 6.643, 6 = 3.520, and c = 2.032 A.) with a somewhat
poorer figure of merit. Table I also shows the results of
the structural analysis.

Raman spectra of unoriented single crystal bits of
Znq Mn Se at high pressure are recorded in backscat-
tering geometry in a gasketed diamond anvil cell. Other
details of DAC loading are described elsewhere. ~ A 4:1
methanol-ethanol mixture is used as a pressure transmit-
ting medium. Pressure in the DAC is estimated using
the ruby Huorescence technique. Raman and PL spectra
are excited using several blue lines of an argon ion laser.
The Raman and the PL spectra are analyzed using a
Spex double monochromator and detected using a cooled
photomultiplier tube and a photon counting unit. Scan-
ning of the spectra and data acquisition are done using
a home-built micro-processor based acquisition-control
system. Data are transferred &om the micro-processor
system to a PC after each scan is over, for further pro-
cessing. All the high-pressure Raman and photolumines-
cence measurements are carried out at ambient temper-
ature. In order to record low temperature PL spectra
at ambient pressure, samples are cooled in a cold-finger
type liquid nitrogen optical cryostat.

III. RESULTS AND DISCUSSIONS

A. Raman scattering

Pure ZnSe in the zinc-blende phase has only one Ra-
man active polar optical phonon of E2 symmetry that ex-
hibits LO- TO splitting. The zone-center optical phonons
in the mixed crystals exhibit a mixed mode behavior;

however, the impurity modes are weak as compared to
that of the host. For the mixed. crystals with x = 0.097,
the TO mode at ambient pressure is found to appear
around 204 cm and the LO mode around 254 cm
The dependence of the mode frequencies on the composi-
tion is found to be consistent with that reported earlier.
Figure 1 shows the Raman spectra of the mixed. crystals
with x = 0.097 recorded at various pressures. Frequen-
cies of all modes increase with pressure. Note the pres-
ence of a Raman peak labeled "A" seen between the TO
and the LO modes even at ambient pressure. Behav-
ior of this mode as a function of pressure is also shown
in Fig. 2 along with those of TO and LO phonons for
the mixed crystal with x = 0.097. Note tiiat beyond
90 kbar, all the modes exhibit a weaker dependence on
pressure. The Raman spectra of the samples with 2: =
0.063 at high-pressure exhibit a behavior similar to those
with x = 0.097. Frequency of the mode "A" at the ambi-
ent pressure (227 cm ) is close to that of the impurity
mode frequency in this system, as well as to that of
zone boundary optical phonons at point X and I in the
Brillouin zone. These phonons also give rise to a peak
in phonon density of states. The Gruneisen parameter
of the mode "A" is 1.9, which is much larger than the
value 1.3 corresponding to that of the impurity mode re-
ported earlier. Hence, this peak can be assigned to the
density of states rather than to the impurity mode. The
Gruneisen parameter of the TO and the LO modes are
found to be the same as those reported earlier.

Intensities of all Raman modes decrease as the pres-
sure is increased. This is because the band gap increases
with pressure, making the interband transition energy
move away from the exciting photon energy. However, if
a shorter wavelength is used, much higher Raman intensi-
ties are observed suggesting resonance enhancement. The
decrease of the LO phonon intensity is much more rapid
as compared to that of the TO phonon. This is probably
due to several scattering mechanisms contributing to the
LO phonon intensity and the resonance Raman profiles
can be different for different mechanisms. Decrease of the
intensities of the Raman modes is rather rapid above 100
kbar and no Raman signal is seen above 112 kbar in the
mi~ed crystals with x = 0.063 and above 115 kbar in
those with x = 0.097. The disappearance of Raman in-
tensities is often taken as an indirect evidence of transfor-
mation of the sample to a Inetallic phase, due to the ex-
tremely poor scattering eÃeciency in the metallic phase.
It is worth mentioning that although the direct band gap
in these materials is known to increase with pressure,

TABLE I. Composition and the crystal structures of the mixed crystals Znz Mn Se. Numbers
in the parentheses represent the standard errors in the last significant digits.

Sample

I
II
III

Nominal Mn
composition

(x)
0.08
0.15
0.33

Actual Mn
composition

(*)
0.063(5)
0.097(8)
0.29(2)

Structure

zinc-blende
zinc-blende

vrurtzite

Lat tice parameter

( )
5.687(0)
5.681(l)

a: 4.064(0)
c: 6.643(1)
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FIG. 1. Raman spectra of Znq Mn Se mixed crystal (z
= 0.097) at dilferent pressures, using 4765 A line of argon ion
laser. A peak labeled "A" is seen between TO and LO modes
at high pressures. The feature marked P in the spectrum at
119 kbar is a plasma line. Note the disappearance of all the
Raman lines at this pressure.

the mixed crystals are found to turn opaque around 100
kbar, a pressure somewhat lower than that corresponding
to the disappearance of Raman lines. Samples turning
opaque could be due to a direct to indirect gap transi-
tion, as evidenced from the disappearance of the pho-
toluminescence intensity across this transition, with the
indirect band gap energy less than the lowest energy of
the photon in the visible region. This is discussed in Inore
detail in the next section.

The behavior of phonons in the mixed crystals with

x = 0.29 is strikingly difFerent &om those of lower com-
positions. Figure 3 shows the Raman spectra at several
pressures. The TO mode splits into two components,
labeled TQ1 and TO2 in Fig. 3, above 35 kbar. The
frequency of the component TO1 decreases as a function
of pressure, while the frequency of the other component
TO2 exhibits rather weak pressure dependence. Figure
4 shows the dependence of diferent mode frequencies on
pressure in this mixed crystal. From the behavior of the
phonon frequencies it is evident that the mixed crystal
with x = 0.29 exhibits a phase transition (say Pq) at
around 35 kbar. Splitting of the TO mode in the high-
pressure phase may probably be due to the lowering of
the crystal symmetry. Intermediate transitions before
metallization have also been reported in other tetrahedral
semiconductors with wurtzite structure. As indicated in
Fig. 4, the change of slope of the pressure dependence
of TO1 mode suggests another transition (say P2), oc-
curing at 79 kbar. The sample also turns opaque at this
pressure. This may again be due to an associated change
from a direct to an indirect band gap. In these mixed
crystals, the Raman signal is found to disappear above
130 kbar. The weaker dependence of the Raman modes
at high pressure in the mixed crystals with x = 0.063 and
0.097 could also be viewed to be arising due to the tran-
sition to an indirect gap semiconductor around 100 kbar.
Phase transition pressures for various compositions ob-
tained in the present investigation can now be compared
with those obtained from optical absorption experiments
(Table II), which show a decrease in the transition pres-
sure as x increases. Identification of the phase transition
pressures from diferent techniques and its implications
on the present results are discussed further in the next
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FIG. 2. Phonon frequencies in Zn& Mn Se mixed crystal
(z = 0.097), as a function of pressure. Note that mode "A"
has much stronger pressure dependence than those of LO and
TO modes.
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FIG. 3. Raman spectra of Znz Mn Se mixed crystal (x
= 0.29) at di8'erent pressures. Spectra at 8.5 and 40 kbar are
recorded using 4765 A. and that at 114 kbar using 4579 A. line
of argon ion laser. The TO mode splits into TO1 and TO2
above 35 kbar and the splitting increases as the pressure is
increased further.
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section. Upon red. ucing the pressure, transparency of the
sample is regained with a large hysterisis of a few tens of
kbar.

The behavior of the mixed crystals with x = 0.29 is
similar to that reported in the previous study, which
was only up to 50 kbar; however, it may be mentioned
that the mixed crystal with nominal compositions of 0.08
and 0.15 are earlier reported to also undergo phase
transition similar to that found in mixed crystals with x
= 0.29. The reason for an apparently different behavior
at low x, is not clear. This may probably be due to com-
positional inhomogeneities and polytypism, which is well
known to occur in this system. The mi~ed crystals used
in the present investigation have been well characterized
for their composition and structure; whereas, those used
in the earlier study were not.

B. Photoluminescence

FIG. 4. Pressure dependence of phonon frequencies in the
mixed crystals with x = 0.29. Note the softening of the low-
frequency component TOl at high pressure and change of
slope around 83 kbar. Vertical arrows mark the transition
pressures.

PL. The ground state of Mn + is A& and the excited
states Tq, T2, and Aq+ E are reported to lie around
2.2, 2.4, and 2.6 eV, respectively, above the ground state.
Similar intra-Mn + levels are found in other DMS mixed
crystals also. Optical absorption measurements in the
mixed crystals Zn~ Mn Se at high pressures show a red-
shift of Aq —+ Aq+ E transition energy as a function of
pressure. This is believed to occur due to the changes
in the crystal-field splitting and in the p-d hybridization
arising from the changes in the lattice parameter. The
behavior of PL arising due to Tq ~ A~ and other radia-
tive transitions in the mixed crystals at high pressures
are also investigated in the present work. The PL band
shifts to lower energies' as pressure is increased. Figure
5 shows the pressure dependence of the PL band energy
for various mixed crystals. Note that the PL energy, due
to intra-Mn + transition in mixed crystals with x = 0.29,
is approximately 30 meV higher than that in the mi~ed
crystals with lower x; however, the pressure coeKcient of
PL energy is the same for all the mixed crystals and has
a value —3.6 meV/kbar. This is in excellent agreement
with that of —3.4 meV/kbar corresponding to the same
transition in Zn~ Mn S. However, this may be com-
pared with the values —2.1 and —1.5 meV/kbar reported
for sAq m4Aq+4E transitions (2.6 eV) from optical ab-
sorption measurements of Ves et al. and Shan et al.
respectively. A stronger pressure dependence for the T~
level than that of A~+ E suggests that these crystal-
field split levels separate further upon the application of
pressure.

The PL disappears at around 103 kbar for the mixed
crystals with x = 0.063 and 0.097 and at 79 kbar for
the crystals with x = 0.29. As mentioned earlier, the
samples also turn opaque at these pressures at which PL
disappears, suggesting some electronic transition, prob-

2.15

The 3d levels of Mn + in the tetrahedral crystal field
of ZnSe host split and give rise to optical absorption and

2.05

TABLE II. Phase transition pressures in the mixed crystal
system Znz Mn Se. Pressure P2 corresponds to the disap-
pearence of photoluminescence and P3 to the disappearence of
Raman signal. P~ are the reported transition pressures from
the optical absorption measurements.

1.95

Composition

0.0
0.063
0.097
0.10
0.15
0.25
0.29

P1
(kbar)

Ves et al. (Ref. 13).
Ves et al. (Ref. 14).

Pg
(kbar)

103+3
103+3

79+3

P3
(kbar)

122+3
115+4

130+6

Pg

(kbar)
137

117
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92
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FIG. 5. Pressure dependence of the Mn + PL energy for
all the mixed crystals. x = 0.063: (A); 0.097: (o); and 0.29:
(CI). The additional band "N" at 1.97 eV in the mixed crystal
with x = 0.063 is insensitive to pressure.
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ably direct to indirect gap, occurring at these pressures.
In the mixed crystals with x = 0.29, this transition is
also accompanied by changes in the phonon spectrum,
as discussed in the previous section and the transition
pressure is labeled as P2. However, mixed crystals with
lower x do not exhibit the transition Pq. As mentioned
earlier, disappearance of Raman lines is often taken as
an indirect evidence of transition to a metallic phase.
Based on this criterion, one may be tempted to assign
the transition pressure P3, at which the Raman intensi-
ties disappear, to the metallization transition; however,
one needs to confirm this speculation by resistivity mea-
surements. In this context, it may be mentioned that
the optical absorption measurements in pure ZnSe and
ZnS show that the high-pressure phase is indirect gap
semiconductor ' up to much higher pressures. On the
other hand, in the case of pure ZnS, a large drop in re-
sistivity has been observed across the phase transition
at 150 kbar. This drop in resistivity has been assigned
by Ves et al. to the high-density of defects in the high-
pressure phase rather than to metallization. From the
closeness of values of the transition pressures P2 and P3
in the case of mixed crystals with x = 0.063 and 0.097,
one may also suspect that these could be associated with
the onset and the completion of the same phase transi-
tion and the small difkrence in transition pressures as
seen by Raman and by PL measurements may be due
to pressure induced defects. However, the values of P~
and P3 for samples with x = 0.29 are distinctly di8'er-
ent and there is no ambiguity that the two correspond
to diferent transitions. Table II summarizes the phase
transitions observed in the present investigation together
with those reported in other mixed crystals using other
techniques. Note the qualitative agreement of the phase
transition pressures reported from optical absorption ex-
perirnents with the direct to indirect band gap transition
pressure P2 identic. ed in the present investigation. This is
expected as optical absorption would detect the direct to
indirect band gap transition as the phase transition pres-
sure, because of the characteristic changes in the spectral
shape and the accompanying changes in the color of the
sample. The decrease in the value of P2 as a function of
x also being similar to that reported by Ves et al. con-
firms the present assignment. The high-pressure phase
across the 6.rst phase transition in pure ZnSe has also
been theoretically predicted to be nonmetallic. This is
consistent with the present results in the mixed crystals.

The difFerence in the behavior of PL energies and phase

1.9 2.1

PL ENERGY (eV)

2.3

FIG. 6. PL spectra of the mixed crystal with x = 0.063 at
T = 90 K (a) and at 300 K (b) and ambient pressure excited
using 4880 A line of argon ion laser. PL spectra at 2, 6, and 21
kbar are shown as curves (c), (d), and (e), respectively. At low
pressures, intensity of the peak marked "N" is stronger than
that of Ti —

& Ai Mn + transition and reduces drastically at
high pressures.

transition pressures between mixed crystals with low x
and that with x = 0.29 can now be understood on the ba-
sis of the diferent structures of these mixed crystals. The
mixed crystals in the zinc-blende phase do not exhibit
the intermediate transition Pi, whereas only the wurtzite
phase exhibits this transition. Intermediate phase tran-
sitions at pressures much lower than the metallization
pressure are well known in Cd chalcogenides, of which
CdS and CdSe also have wurtzite structure. It is surpris-
ing that the transition Pj in the mixed crystals with x
= 0.29 is not accompanied by any detectable changes in
the behavior of its PL energy. Similar observations are
reported earlier also.

The PL spectrum of the mixed crystal with x = 0.063,
apart from the Ti ~ A~ intra-Mn + transition at 2.16

TABLE III. Energies of the PL band observed at ambient teInperature and at 90 K in the mixed
crystals of Zni Mn Se.

Composition
(*)
0.00

0.063

0.097
0.29

Energies
300 K
2.29
2.00
2.12
1.95
2.14
2.16

of PL bands (eV)
90 K
2.31
1.98
2.13
1.93
2.13
2.02

Assignment

Native defect
T —+ A (Mn+)

Native defect+Mn +

Tr —+ Ar (Mn +)
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eV, shows another band at around 1.97 eV. The posi-
tion of this new band is rather insensitive to pressure;
however, its intensity shows rather interesting pressure
quenching efI'ects, i.e. , intensity decreases rapidly as the
pressure is increased, which is also found to be reversible.
Figure 6 shows the PL spectra for x = 0.063 at different
pressures. Note that the PL band, marked "%," strongly
overlaps with and is even stronger than the Tq —+ Aq
transition of Mn. + However, as pressure is increased,
its intensity drastically reduces and completely vanishes
above 15 kbar. The pressure dependence of the position
of "¹'is also shown in Fig. 5. Another remarkable fea-
ture of the band "¹'is that its intensity is fully recovered
upon release of pressure.

In order to resolve the PL band from the Tq ~ Aq
transition and to understand its origin, PL spectra of all
the mixed crystals and that of the pure ZnSe are recorded
at low temperature and ambient pressure. Mixed crys-
tals with x = 0.097 and 0.29 show only one PL band at
low temperatures corresponding to the Tq ~ Aq transi-
tion of Mn, + whereas those with x = 0.063 exhibit two
clearly resolved PL bands. Figure 6 also shows the low
temperature PL spectrum of the mixed crystals with x =
0.063. Interestingly, pure ZnSe also shows two PL bands,
one of which occurs at energy close to that of the band
at "¹'in the samples with x = 0.063. The presence of
PL band around 1.97 eV even in pure ZnSe suggests that
it could be either due to native defects or due to trace
impurities. Table III gives the position of the PL bands
in various mixed crystals and in pure ZnSe. A somewhat
lower energy of the PL band "¹'as compared to that
of native defect in pure ZnSe may arise, due to the for-
mation of a complex of the native defect and. Mn + at
a neighboring site. Recent band structure calculations
show that the Zn vacancy (Vz„) is the most dominant
native defect in ZnSe. Cu impurity in the singly ion-
ized state at the Zn site is also reported to give a PL at
197 eV 28

We now attempt to understand the reversible pressure
quenching of the PL band "¹'at 1.97 eV in the mixed
crystals with x = 0.063. Figure 7 shows schematically
the positions of the impurity and the defect bands in the
band gap region. At ambient pressure, the PL band "¹'
can arise due to nonradiative excitation transfer from

Tq of Mn + to the defect complex D. As the pressure is
increased, the energy of the level Tq, reduces, whereas
that of the level D remains practically unchanged. This
makes the nonradiative excitation transfer to the level
D more and more ineKcient as the pressure is increased
leading to quenching of the intensity of the band "¹"
The proposed mechanism of excitation transfer to under-
stand the pressure quenching of the PL band "¹is also
consistent with the assignment of the defect level D to a
native defect complex involving Mn. +

4A, .4E
Ec

p

FIG. 7. Schematic representation of the position of the
crystal-Beld split 3d levels of Mn + along with the defect
band D. Vertical and the inclined arrows represent the non-
radiative transition. E, and E„are the conduction and the
valence bands.

IV. SUMMARY AND CONCLUSIONS
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Raman spectroscopic and photoluminescence investi-
gations at high pressures in the mixed crystal system
Zn~ Mn Se have revealed that these transform from
direct to indirect gap semiconductors before the metal-
lization transition. The direct to indirect gap transition
pressure is found to decrease with increasing Mn con-
centration, which is consistent with the optical absorp-
tion results. Further, mixed crystals with wurtzite struc-
ture exhibit an additional intermediate structural tran-
sition at rather low hydrostatic pressure, whereas those
with the zinc-blende structures do not. The intermedi-
ate phases of the mixed crystals with x = 0.29 exhibit
a soft phonon. From the splitting of the TO mode in
this system, one may speculate the intermediate phase
to be of lower symmetry than cubic; however, detailed x-
ray investigations are required to identify the structure of
these phases. A PL band in the mixed crystals with x =
0.063 is observed, which is assigned to a defect complex
involving a native defect and Mn +. Intensity of this PL
band is found to quench reversibly at moderate pressures
of 20 kbar.
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