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Energy-dispersive x-ray diffraction experiments were carried out to investigate the structure of
phase transitions under high pressure. It was found that the zinc biBgg#o(rock salt 8,) phase
transition pressures of ggdVing o;Se and Zg,gVMing ».Se bulk crystals are found 118.5 and
9.9+0.5 GPa, respectively. The respective bulk moduli are 60.8 and 60.50.8 GPa. The
pressure-induced zinc blend&B) to rock salt(RS) structure phase transition is interpreted as a
signature of the semiconductor to metal transition for ZiMn,Se. The above interpretation is
further corroborated by the observation of the disappearance of the longitudinal optical phonon at
the pressure where the ZB to RS structure transition occursl9€9 American Institute of Physics.
[S0021-89709)05312-9

I. INTRODUCTION Recently, we studied the phonon Raman scattering of
ZnSe and ZnFeSe bulk crystdfs? The semiconductor to

The physical properties of semiconductors at high presmetal phase transition was found to coincide with the zinc
sure have attracted a lot of attention. Tuchneaml! found  blende to rock salt structural transition. At the transition
interesting photoluminescencéPL) behavior in ZnSe/ pressure, the longitudinal opticdlO) phonon disappears in
ZnMnSe superlattices under hydrostatic pressure. They cothe Raman spectra due to the metallization of the ZnSe and
cluded that the band alignment for the ZnSe/ZnMnSe supeZnFeSe bulk crystals. At the transition pressure, the TO
lattice is type |. Faster increase in energy in the biexciton PLPhonons are still observable in the Raman spectra due to the
was observed. Gorczyca and Christedsemd Yamada and POssible existence of transverse surface vibration modes. The
Masumotd studied the band-alignment-type conversion inPhysical properties of ZnMnSe bulk crystals are similar to
the ZnS/ZnSe strained-layer superlattice. \&sl. found ~ h0S€ of ZnFeSe bulk crystals. Both types of crystals tl)3elong
that the band gap in ZnSe opens up as the applied pressdi% the diluted magnetic semiconductébMS) family.

increase$. Arora et al® reported the splitting of the trans- However, to the best of our knowledge, pressure-induced

verse opticakTO) phonon at pressures around 2.8 and 5 structural transitions have not been studied at high pressure.
P P P ' '2In this article, the pressure-induced structural transitions of

GPa. Lee and Ihm theoretically studied the pressure-inducefno oM o:Se and Zp ,Ming ».Se bulk crystals were studied

structure phase transition of Znfeli et al. used a high-,qing energy-dispersive x-ray diffraction at pressures up to
pressure technique to study the photoluminescence spectra g cpa. The zinc blende to rock salt structural transitions

doped ZnSe for the identification of impurity locatiohhe were observed at 11#8L.5 and 9.90.5 GPa. We propose
pressure-induced metallization of ZnSe was observed byhat the pressure-induced zinc blende to rock salt structural
Itkin et al® Qadri et al’ used energy-dispersive x-ray dif- transition is an indirect observation of the semiconductor to
fraction (EDXD) measurements to study the pressure-metal phase transition. In addition, the Raman scattering of
induced zinc blend€ZB) to rock salt(RS) (sodium chloride, the Zn, 4Mngo;Se and Zp,gMng,.Se bulk crystals were
NaCl) phase transition of Zjpde);/Se crystal. The transi- studied at high pressures up to 35 GPa.

tion from the zinc blende B3) to sodium chloride B,)

phase was determined to be 18@6 GPa. Il EXPERIMENT

aAuthor to whom correspondence should be addressed. Electronic mail:  IN the energ)"'diSperSive x-ray dif_fraCtion experiments,
pechou@phys730.cycu.edu.tw crystals grown using the modified Bridgman method were

0021-8979/99/85(12)/8092/5/$15.00 8092 © 1999 American Institute of Physics
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ground into small particles of km in size. The samples
were then loaded with gold powder into a Mao—Bell-type
diamond anvil cell(DAC), which had two 1/3 carat dia-
monds and 60@m culets. The gold powder was used for the
calibration of the DAC pressuré. The energy-dispersive
x-ray diffraction experiments were carried out at the X17C
beam line of the National Synchrotron Light Souf®6SLS)

of the Brookhaven National Laborato®NL). The beam
size was 5&50 um?. A germanium energy-dispersive detec-
tor, which had 1024 channels was set in position, where the
diffraction angle was 5°, for the detection of the diffracted
x-ray beam. The spectrum resolution was about 0.1 keV,
which corresponded to the accuracy df,, (crystal-plane
spacing calculation of about %10 2 A. The precision for
the determination of the peak position of the diffraction x ray

N 25.6 GPa

Au(200)
?RS(ZZO)

12.8 GPa

Intensity (a.u.)

10.8 GPa

—
fm
-
ps
m
N

from 0.1 keV of gold powder corresponded to a resolution of = ) =
DAC pressure of about 0.3-0.5 GPa. In cases of high- :y % P
pressure Raman scattering, the ruby powder was loaded with A, N__126GPa
samples for pressure calibration using the fluorescence scale T T T v
method!®® The Raman spectra and the fluorescence spectra 18 2 %0 % 42

Energy (KeV)

of ruby powders were obtained using a Renishaw 2000

micro-Raman system. The 514.5 nm line from the COherenﬁIG. 1. Energy-dispersive x-ray diffraction spectra of,4n, o;Se bulk

INNOVA 5.0 W Ar™ laser is used as the excitation. Usually, crystal at various pressure. ZB denotes zinc-blende structure. While RS

a laser beam with a power of 80 mW was focused to a size gepresents rock salt structure.

about 5um on the sample surface in the DAC. The back-

scattering Raman signals were collected using the micro-

Raman system and detected by a cooled Peltier Chargé.O.B GPa. The volume decreases to about 89% of the initial

coupled device. To analyze the Raman spectra, a Jandéplume (Vo), which was measured at ambient pressure. At

Scientific Peakfit Computer Program was used to calculatethe same pressure, the ZB{ phas¢ to RS (B, phase

the position, intensity, and the width at the half maximum ofstructure transition occurred. The sample volume dropped to

the peaks. The spectral resolution was better than 2'cAs  about 75% of the original volum¥,. As the pressure was

a result, the precision of the pressure determination, whickncreased further to 12.8 GPa, the diffraction peaks due to

was done by reading the peak position of the rigyandR, the ZB phase disappeared. Due to the difficulty in pressure

fluorescence, was much better than 0.5 GPa. tuning, no data point was obtained between 10.8 and 12.8
GPa. As a result, the ZB—RB§—B;) phase transition pres-
sure at which the crystal transform fully from ZB{) to RS

lll. RESULTS AND DISCUSSION (B;) should be written as 11:81.5 GPa. The error bar of 1

The energy-dispersive x-ray diffraction spectra from the
Zng.gMng o7Se bulk crystal, which had a ZB structur84

phasg at ambient pressure, are shown in Fig. 1. At 2.6 GPa, 040 Tﬁ eummam— . ®
the peaks at 22, 36, and 42 keV are attributed to the diffrac- D~D . A
tion from the (111), (220, and (311) planes of the e '
Zng.gMng o7 Se bulk crystal, respectively, while the peak at 035 1 i) o | 0.90
30 keV is identified as the diffraction from tH&11) planes w
of gold used as the pressure calibration. The diffraction peak =~ 030 | : 085 o
of the Au (200 planes at 35 keV was too weak to be ob- E ’ ; Z
served. As the pressure is raised, the diffraction peaks exhibit V% (200) L 0.80 >
a blueshift in energy due to the shortening of the lattice con- T 5. L g o SE P
stant. At 10.8 GPa, additional peaks emerge at 27.7 and 40 Gag - 0.75
keV. The two peaks are attributed to the diffraction of the O
(200 and (220 planes of the RS structureB( phase of 0.20 (220) E""“--g L 0.70
Zng.gMng g Se. As the pressure is increased further, the dif- @11) H,EZ:&H
fraction due to the ZB structure disappears. The variation in 065
plane spacing versus pressure for tiéIlj planes and the 0.15 B3 phase B1 phase

. . . e . 0.60
equation of statéEOS V/V, versus pressure, are shown in 6 & 10 15 20 25 30

Fig. 2 using solid circles and open squares, respectively. The
spacingd,, between thg11l) planes of the ZB structure

_(Bs phase was 3.26 A at ambient pressure. Th_e Plane SPACF|G. 2. Vvariation of plane spacingy, and V/V, vs pressure for the
ing dy;; decreases to 3.13 A as the pressure is increased #y, Vin, o;Se bulk crystal.

Pressure (GPa)
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FIG. 3. Variation of plane spacindy, and V/V, vs pressure for the FIG. 4.V/V, vs pressure for ZnSe, £8dMing o Se, and Zg7gVing ,.Se bulk
Zng 7Mng »,Se bulk crystal. crystals. The data points for ZnSe are obtained from Ref. 12.

GPa results from the difficulty of pressure tuning while thed"(ﬂc.UIty in the fine pressure tuning, no data pomt; were
error of 0.5 GPa comes from the uncertainty of the pressurgbt"’“ned between 9 and 11 Gfadso 11 and 13 GF)aWhlle,_
determination. The bulk modulus evaluated at low pressurén the case of Zp,dMing,,Se crystals, the pressure tuning
for Zn, sMngo:Se€ is about 61.80.8 GPa, which is slightly was better controlled. At 9 GPa, only the ZB4) phase was
smaller than that of 6240.8 GPa for ZnSe. This implies observed. Above 10 GPa, only the RB,J phase was ob-
softening of the lattice due to the substitution of Zn by Mn_served.

Note that the change in bulk modulus was only about 1%. b Iklnc F'%éfértge rl]?oarrrl]agtsprzctrar;rom tr;g Ozl"gwgn‘gésae The
The variation ofdy, for Zng ;gMng ».S€e with pressure is UK CIys show pressures up ) :

shown in Fig. 3. At ambient pressure, the plane spacing o:tedAItlnesbr.ep:esent the r;rl:merlg:al fit to thE expeng‘lentald
di11, apo, anddsy; of the (11D, (220, and (311 planes ata. At ambient pressure, three Raman peaks are observed.

were 3.31, 2.03, and 1.72 A, respectively. The plane spacin he LO phonon locates at 253 ci while the TO phonon is

decreases with pressure due to the shortening of the IatticgétuatEd at 198 cn. Between the TO and LO phonons, the

constant. Below 9.0 GPa, the crystal structure is ZB. At 9.8
GPa, the zinc blende to rock salt phase transition occurs. The
volume drops from 89% of the initial volumé, to 75% of

V. Above 10.0 GPa, the diffraction due to the ZB phase
disappears. For this sample, the pressure tuning was much
better controlled. More data points were obtained in the
neighborhood of the phase transition. As a result, the error
bar is only 0.5 GPa, which was caused by the uncertainty in
the pressure determination. The pressure where the crystal
fully transforms from ZB to RS could be written as 2.6.5
GPa.

In Fig. 4, the V/V, versus pressure of ZnSe,
Zng oMng o7Se and Zp,dMng ,.Se crystals are shown using
open circles, open squares, and open triangles, respectively.
The ZnSe data were obtained from the previous work done
by Greene, Luo, and Ruoff. The ZB—RS transition pressure
drops from 15.5:0.5to 11.8-1.5 GPa, and 9:90.5 GPa for
ZnSe, Zn g MngoSe and Zp,dVing,.Se crystals, respec-
tively. The respective bulk modulus, which are evaluated at
low pressure are 62:40.8, 61.8-0.8, and 60.50.8 GPa. T r ' r Y r
The drop in bulk modulus and the structural phase transition 180 200 220 240 260 280 300
pressure are attributed to the softening of the lattice, which is
caused by then replacement of Zn by Mn. For ZnSe there is
arange, 12.2-15.5 GPa, where the zinc blende and rock s@lfg. 5. solid lines: Raman spectra of the ,ZgMn, ».Se bulk crystal at
structure coexists. In the case of (Z4gVing o:Se, due to the various pressure. Dotted lines: numerical fit to the experimental data.

10.9 GPa

9.6 GPa

8.9 GPa

6.0 GPa

4.7 GPa

Intensity (a.u.)

3.5GPa

2.9 GPa

1.8 GPa

0.4 GPa

Raman shift (cm'1)
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400 400
O LO mode O LO mode
380 A O Mnlocal mode 380 A O Mnlocal mode
A TO mode
A TO mode
360 v TO split mode (1) 360
240 O TO split mode (i) Vv TOsplit ()) mode
—— Quadratic polynomial fittings 340 1 O TO split (Il) mode
—
320 1 v _ 320 —— Quadratic polynomial fitting line

Raman shift (cm'1)

160 T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 o} 2 4 6 8 10 12 14
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FIG. 6. Pressure dependence of the Raman shifts of thécirCles, Mn FIG. 7. Pressure dependence of the Raman shifts of thécir€les, Mn
local-mode(square} TO (triangles, TO split | (inverted triangles and TO  ocal-mode(squarg, TO (triangles, TO split | (inverted triangles and TO
split Il (rhombj for Zng 7Mng 2,Se bulk crystals. Solid lines are the qua- split Il (rhombi for ZngedMng o;Se bulk crystals. Solid lines are the qua-
dratic polynomial fit to the experimental data. dratic polynomial fit to the experimental data.

Mn impurity mode is observed at 219 cth As the pressure Zno.2Mno,.Se bulk crystals, two TO split modes are ob-
is increased, all of the three phonon modes exhibit a bluegaryed at pressures below the ZB—R& {B3) phase tran-
shift. At pressure around 4.7 GPa, a split TO phonon modgition pressure. The splittings could result from the deforma-
starts to develop. It becomes very pronounced at 6.0 GPgon of the crystals. The deformation breaks the crystal
The split TO phonpr? mode exhibits a redshift in energy. Thesymmetry of the ZB B5) structure. This in turn results in the
occurrence of splitting of the TO phonon modgz implies agpjitting of the TO phonon model. However, the evolution of
phase transition, which was reported by Aretaal”> As the  the crystal deformation is not known. As the pressure ex-
pressure is increased further, the TO phonon mode split§eeds the structural transition pressure, the fourfold covalent
once more. The second splitting occurs at a pressure aroulhnging of the ZB structure transforms into nondirectional
8.0 GPa. A summary plot of the Raman shift versus pressurgynic honding of the RS structure, which has six nearest
of all the Raman peaks is shown in Fig. 6. The solid linesyeighhors for both anions and cations. When the structural
represent the quadratic fit to thezdat%lFor LO, the fit is repyransition is complete, by compressing the lattice further, the
resented by 248:94.05—0.173° cm ~ (the unit of pres-  jnterion distance of the RS lattice decreases. The decrease in
sure is GPa Above 9.6 GPa, the LO and Mn impurity the interion distance makes electron hopping between the
modes become almost invisible. The same phenomena, digpions relatively easy. As a result, the resistance of the semi-
appearance of the LO and impurity mode, were observed igonductor drops to a value comparable to that of metal. The
ZnFeSe bulk crystal by us recentf§ .2 The disappearance corresponding pressure at which ZgMnoeSe and

of the LO and impurity mode is attributed to the semicon—ZnO -Mng.Se crystals fully transform from the ZB to RS
ductor to metal phqse t_raqsition. The phase transition preSgrycture 11.81.5 and 9.9-0.5 GPa, respectively. We,
sure, 9.6-0.5 GPa, is coincident with the ZB to RS structure herefore, propose that the occurrence of the ZB to RS struc-
transition pressure 9:90.5 GPa, as shown in Fig. 4. At pres- {,re and the disappearance of the LO and impunity mode

sures above the phase transition, the samples becomg,non transition are signatures of the metallization of semi-
opaque. This implies that for ZnSe-based ternary compoundsynductors.

(ZnMnSe and ZnFe3geboth the disappearance of the LO

and |_rr_1pur|ty mode_ phonons and the ZB to RS structurallv. CONCLUSION

transition are the signatures of the semiconductor to metal

transition. The pressure-induced structural phase transition of
The high-pressure Raman spectra for thg AMng o;Se  Zny gdMng g7Se and Zg,gMing o.Se bulk crystals were inves-

bulk crystal are similar to that of the gmMng,.Se. tigated using EDXD experiments. The calculated bulk

The summary plot is shown in Fig. 7. It is clear that themoduli were 62.40.8, 61.8:0.8, and 60.50.8 GPa for

Mn concentration dependence of the transition pressur&nSe, ZpoMngoSe, and Zg,dVng ..Se bulk crystals, re-

is similar to the EDXD work, the transition pressure de-spectively. Indirect observation of the metallization of semi-

creases with Mn concentration. For bothy4gMng ;Se and  conductors was proposed. The pressure-induced metalliza-
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