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High-pressure Raman scattering measurements have been carried out in ZnGa,Se, for both tetragonal
defect chalcopyrite and defect stannite structures. Experimental results have been compared with
theoretical lattice dynamics ab initio calculations and confirm that both phases exhibit different
Raman-active phonons with slightly different pressure dependence. A pressure-induced phase
transition to a Raman-inactive phase occurs for both phases; however, the sample with defect
chalcopyrite structure requires slightly higher pressures than the sample with defect stannite structure
to fully transform into the Raman-inactive phase. On downstroke, the Raman-inactive phase
transforms into a phase that could be attributed to a disordered zincblende structure for both original
phases; however, the sample with original defect chalcopyrite structure compressed just above
20GPa, where the transformation to the Raman-inactive phase is not completed, returns on
downstroke mainly to its original structure but shows a new peak that does not correspond to the
defect chalcopyrite phase. The pressure dependence of the Raman spectra with this new peak and
those of the disordered zincblende phase is also reported and discussed. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4810854]

. INTRODUCTION

Zinc digallium selenide (ZnGa,Se,) is a tetrahedrally
coordinated semiconductor of the adamantine-type A"B,"'X,""
family of ordered-vacancy compounds (OVCs). The lack of
cubic symmetry provides special properties to this family of
semiconductors with important applications in optoelectronics,
solar cells, and non-linear optics that has been considerably
reviewed.'™ In particular, ZnGa,Se, has a high photosensitiv-
ity and strong luminescence,” can be used for phase change
memories,” and has been proposed as a candidate for electronic
device applications forming part of heterojunction diodes.®

The properties of ZnGa,Se, have been characterized by
x-ray diffraction (XRD) ,”8 neutron and electron diffraction,” 2
extended x-ray absorption fine structure,'® infrared (IR),'*'”
Raman spectroscopy,'”>* and magnetic*> measurements. To
this respect, while some authors claim that ZnGa,Se, crystalli-
zes in the tetragonal ordered defect chalcopyrite (DC) structure
with space group (SG) -4 [see Fig. 1(a)] where cations and
vacancies are completely ordered,”'*!'>'%?2 other authors
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report that ZnGa,Se, crystallizes in the partially disordered tet-
ragonal defect stannite (DS) structure, also known as defect
famatinite, with SG [-42 m and higher symmetry than the DC
phaseg’lz’zh26 [see Fig. 1(b)]. In this compound, Zn and Ga
atoms have similar x-ray scattering factors and both SG -4
and [-42m have the same crystallographic extinctions.
Therefore, the structure of ZnGa,Se, at ambient conditions is
difficult to identify by XRD so neutron scattering measure-
ments are more suitable to determine its crystalline structure.
However, the main reason to this discrepancy seems to be
related to the growth process and the annealing treatment of the
sample since phase diagram studies reveal that several order—
disorder transitions at relatively low temperatures are present
in ZnGa,Sey4.'%*>%" It is also well known that details of crystal
growth and sample preparation, like the maximum temperature
reached in the post-growth annealing treatment and the rate of
decrease of temperature during the growth process, are crucial
to understand the final structure of this compound at ambient
conditions (see Refs. 24 and 25). To this respect, we have
shown in a recent work®® that DC-ZnGa,Se, can be grown
from original DS-ZnGa,Se, by a thermal annealing at 400 °C
during 10 h followed by a slow cooling to ambient temperature
at a rate of 1 °C/min. In fact, the DC sample we use in the pres-
ent study is obtained from DS-ZnGa,Se, in the way described
in Ref. 28.

© 2013 AIP Publishing LLC
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FIG. 1. ZnGa,Se, in different structures: (a) Ordered defect chalcopyrite
(DC) (model 1 in Ref. 34), (b) partially disordered defect stannite (DS)
(model 6 in Ref. 34), (c) DR, (d) DZ, (e) Layered DCA (model 6 in Ref. 34).
Big (blue) atoms are Se, small (red) dark atoms are Ga, and small (magenta)
light atoms are Zn. Mixed Ga and Zn atoms in DS and DCA structures are
shown in rose color. Mixed Ga atoms and vacancies are shown in green
color. For the sake of clarity Wyckoff sites are given in parenthesis.

The influence of pressure upon the degree of disorder in
the cation sublattice of ZnGa,Se,4 has been discussed by vari-
ous authors.®?1'?? In Ref. 8, it was shown that DS-ZnGa,Se,
undergoes a phase transition to a sixfold-coordinated disor-
dered rocksalt (DR) by high-pressure (HP) XRD measure-
ments. In Ref. 21, HP Raman scattering measurements
carried out in DS-ZnGa,Se, samples evidenced a phase tran-
sition to a Raman-inactive phase that was attributed to the
DR phase. A similar HP Raman study was claimed to be
conducted for DC-ZnGa,Se, samples in Ref. 22; however,
we have recently commented in Ref. 28 that the samples
studied in Ref. 22 are too disordered to correspond to the DC
phase. Therefore, to our knowledge, there is no study of the
effect of pressure on the lattice dynamics of DC-ZnGa,Sey.

In the DR phase, cations and vacancies are randomly
distributed at 4a Wyckoff sites while anions are located at 4b
Wyckoff sites [see Fig. 1(c)]. However, according to previ-
ous thermal theoretical predictions, the disorder process
leading from the DC to the DR structure should occur in two
stages.” In the first one, cation exchange occurs only among
the initially occupied cationic sites (2D sites are still vacant).
In the second one, the vacancies at 2b sites are also involved
in the disorder process and the compound adopts a disor-
dered zincblende (DZ) structure [see Fig. 1(d)] before reach-
ing the HP-DR structure. However, the presence of two
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stages of disorder in OVCs at HP has been recently ques-
tioned on the basis of both theoretical and experimental
studies.?* 3 To this respect, in a recent work, we studied the
different possible intermediate phases of partial disorder
between the initial DC or DS phases and the DZ structure
and discuss the possibility to find them by means of in situ
vibrational spectroscopy.**

In order to shed light on the pressure dependence of the
Raman modes in DC- and DS-ZnGa,Se, and study how pres-
sure affects order-disorder transitions in both phases, we report
here HP Raman scattering measurements at room temperature
(RT) for both DC and DS structures. Note that the DC sample
is completely ordered but not the DS sample which has a cati-
onic disorder [see Figs. 1(a) and 1(b)]. We have carried out two
pressure cycles (up and down) that have allowed us to follow
the different pressure-induced phase transitions. We have also
compared our experimental results for the 1st upstroke with the-
oretical calculations for both DC and DS phases and with previ-
ous HP Raman scattering measurements.'>'**'?? Two runs
were carried out for the DC sample in order to show that the
DC sample requires slightly higher pressures than the DS sam-
ple to fully transform into the Raman-inactive HP structure,
tentatively attributed to the DR phase. On downstroke, the DR
phase undergoes a phase transition to the DZ phase; however,
the decompression of the DC sample under not complete transi-
tion to the DR phase shows a new peak apart from those of the
DC phase so we speculate that the new peak could be related to
the presence of a new phase, likely the layered Disordered
CuAu-like (DCA) phase, on the basis of its pressure depend-
ence and on the comparison with reported Raman spectra of
disordered chalcopyrites. The technical aspects of the experi-
ments and calculations are described in Secs. II and III. The
results are presented and discussed in Sec. IV. Finally, we pres-
ent the conclusions of this work in Sec. V.

Il. EXPERIMENTAL DETAILS

DS-ZnGa,Se, crystals were grown from its constituents
ZnSe and Ga,Se; by chemical vapor transport method using
iodine as a transport agent®' and are the same used previously
in Raman scattering measurements>'*® and in a structural
study under pressure by means of XRD measurements.® On
the other hand, DC-ZnGa,Se, crystals were obtained from
DS-ZnGa,Se, as explained previously and reported in Ref. 28.

Samples were loaded with a 4:1 methanol-ethanol mix-
ture as pressure-transmitting medium in the 250 um diameter
hole of an Inconel gasket inside a membrane-type diamond
anvil cell. The 4:1 methanol-ethanol mixture is hydrostatic
up to 10 GPa,* but reasonably good quasi-hydrostatic condi-
tions are satisfied up to the maximum pressure achieved in
our experiments. In this respect, pressure was determined by
the ruby luminescence method*®*’ and the shape and separa-
tion of the R; and R, ruby lines were checked at each pres-
sure and neither a significant increase in width nor an
overlapping of both peaks were detected up to the highest
measured pressure. Furthermore, samples were small enough
(80 x 80 um? in size and <20 um in thickness) to prevent
bridging of the sample between the two diamonds of the dia-
mond anvil cell.
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HP unpolarized Raman scattering measurements at RT
were performed in samples with incidence along the (111)
pseudocubic direction, which is the usual direction of crystal
growth. Raman measurements were performed with a
LabRAM HR UV microspectrometer coupled to a Peltier-
cooled CCD camera and using a 632.81 nm (1.96eV) HeNe
laser excitation line with a power smaller than 10 mW and a
spectral resolution better than 2cm™'. During Raman experi-
ments, samples were checked before and after each measure-
ment in order to be sure that no heating effects occur during the
measurements by the incoming laser excitation. In order to ana-
lyze the Raman spectra under pressure, Raman peaks have
been fitted to Voigt profiles (Lorentzian profile convoluted by a
Gaussian profile) where the spectrometer resolution is taken as
the fixed Gaussian width. As already commented, two HP runs
were performed in DC-ZnGa,Se, to show that both DC and DS
samples do not have the same phase transition pressure.

lll. ABINITIO CALCULATIONS

Total-energy calculations were performed within the
framework of the density functional theory (DFT) and the
pseudopotential method using the Vienna ab initio simula-
tion package (VASP) of which a detailed account can be
found in Ref. 38 and references therein. The exchange and
correlation energy has been taken in the generalized gradient
approximation (GGA) according to Perdew-Burke-Ernzerhof
(PBE) prescription.®® Details of total-energy calculations in
the DC structure can be consulted in Refs. 33 and 40, a plane
wave cutoff of 520eV and a k-mesh of (4 4 4) was used with
the primitive cell. Total-energy calculations were also per-
formed for the ordered DS structure of OVCs. The properties
of this ordered DS phase are detailed in Refs. 15, 33, 34, and
41 and the justification about why calculations for the DS
phase were performed for this ordered DS phase was already
discussed in Ref. 28.

Zone-center (I') phonons at different pressures were cal-
culated in the framework of Density Functional Perturbation
Theory (DFPT)** with the Quantum Espresso package.*> We
used this code because it yields transversal optic (TO) fre-
quencies similar to those obtained with the direct method**
but it is much easier to calculate the longitudinal optic (LO)-
TO splitting at the I" point as explained in Ref. 28. In this
way, we have calculated the TO and LO splitting of the pure
polar B and E (B, and E) modes of the DC (DS) structure.
For the lattice dynamics calculations, we have used ultrasoft
pseudopotentials with an energy cutoff of 60 Ry and a
k-mesh of (4 4 4) in order to obtain well converged results.
Furthermore, we have used the same exchange correlation
prescription as in the total-energy calculations.

IV. RESULTS AND DISCUSSION
A. First upstroke

Similarities and differences of the Raman scattering spectra
of both DC- and DS-ZnGa,Se, samples at ambient conditions
were recently discussed in Ref. 28. Therefore, hereafter we will
report HP Raman scattering measurements at RT and discuss
the pressure dependence of the Raman modes in both DC- and
DS-ZnGa,Se, and their pressure-induced phase transitions.
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According to group theory,* the ordered DC structure
of ZnGa,Se, (model 1 in Ref. 34) has 13 optical Raman-
active modes at I" (3A & 5B @ 5E) where A modes are non-
polar modes, and B and E modes are polar modes, with E
modes being doubly degenerate. On the other hand, the DS
structure of ZnGa,Se, (models 1, 2, and 6 in Ref. 34) has 12
Raman-active modes (24, @ 2B, @ 3B, @ 5E), where B,
and E are polar modes, £ modes are doubly degenerate, and
one A, mode is silent. Additionally, two modes should be
observed for each B and E (B, and E modes) in the DC (DS)
structure, due to the TO-LO splitting of the polar modes.
Consequently, taking into account the TO-LO splitting, up to
23 Raman-active modes could be observed in the DC phase
while 21 could be observed in the DS phase.

In order to understand the Raman scattering spectra of
OVCs, it is necessary to take into account that owing to the
optical uniaxial character of the DC and DS crystals one may
observe not pure E, B, TO, or LO modes, but quasimodes
with mixed E and B or TO and LO character depending on
the scattering geometry.”®*®*” From now on, we will note
the Raman modes with a letter, a subscript, and a superscript
for the sake of clarity. The letter represents the symmetry of
the mode, the subscript represents the different types of
modes, and the superscript numbers them.

1. HP Raman measurements in DC-ZnGa,Se,

Figure 2(a) shows unpolarized RT Raman spectra of DC-
ZnGa,Se, at different pressures up to 20.1 GPa during the 1st
run. The Raman spectrum can be divided into three regions:
(i) the low-frequency region below 130 cm™', (ii) the
medium-frequency region between 130 and 220 cm™', and
(iii) the high-frequency region above 220 cm™'. We have fol-
lowed the pressure dependence of 14 Raman modes under
pressure. The pressure dependence of the Raman modes
observed in the three regions allows us to confirm the symme-
try of the different observed Raman-active modes depicted in
Fig. 2(a) and discussed in Ref. 28. Our Raman spectrum for
DC-ZnGa,Se,4 shows similar features to those observed in pre-
vious Raman works on DC-ZnGa,Se, (Refs. 15, 16, and 24)
but do not compare well with those reported by Allakhverdiev
et al? Tt can be noted that at pressures above 16 GPa the
intensities of all the Raman peaks decrease indicating the
onset of a phase transition. The disappearance of all Raman
modes at 20.1 GPa suggests that apparently a phase transition
to a Raman-inactive phase, which could be tentatively attrib-
uted to a DR structure (SG Fm-3 m, No. 226, Z=1) by anal-
ogy to the HP phase found in other OVCs by XRD
measurements (e.g., DS-ZnGa,Se, (Ref. 8)), is completed.

Figure 2(b) shows the evolution of the Raman peak fre-
quencies as a function of pressure for DC-ZnGa,Se4 up to
19 GPa. Experimental values of the first-order Raman modes
of the DC phase are represented with solid symbols. For com-
parison with our measurements and in order to help in the
identification of the different symmetries of the Raman modes,
we plotted with lines in Fig. 2(b) the theoretical pressure de-
pendence of the Raman modes with pure A-, B-, and E-sym-
metry for DC-ZnGa,Se,, where TO and LO modes of both B
and E polar modes are plotted with solid and dashed lines,
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FIG. 2. (a) Unpolarized RT Raman
spectra of DC-ZnGa2Se; up to
20.1 GPa carried out in the 1st run. The
inset shows results from the 2nd run in
DC-ZnGa2Se, from 20.5 to 24.9 GPa.
(b) Pressure dependence of the experi-
mental (symbols) and calculated (lines)
vibrational modes in DC-ZnGa,Se,.
Experimental A, B, and E modes are
represented by solid triangles (black),
solid circles (blue), and solid squares
(red), respectively. Open triangles refer
to the silent A,' mode of DS-ZnGa,Se4
and the purple hexagons refer to the
quasiTO and quasiLO modes with B
and E mixed symmetry. Theoretical
calculations for the TO (LO) phonons
of pure B and E symmetry are repre-
sented by solid (dashed) lines with
blue and red colors, respectively. In
the case of A modes calculations are
shown by solid black lines.

the B and E modes with the highest frequencies; i.e., the B
and E° modes and, to a lesser extent, the B* and E* modes.
Table I summarizes the experimental and theoretical zero-
pressure frequencies, pressure coefficients, and derivative of
the pressure coefficients for the Raman modes of DC-

TABLE I. Experimental and calculated Raman frequencies in DC-ZnGa,Se, at room pressure and their pressure coefficients as obtained from fits to the data
using equation, w = wy + aP 4 bP?, where b was multiplied by a factor 100.

Theoretical Experimental

Mode o (th.)* a (th.)* b (th.)* mode o (exp.)® a (exp.)” b (exp)® wy (exp.)
(symmetry) (em™h (ecm™'GPa™h) (ecm™'GPa™?) (symmetry) (em™h (ecm™'GPa™h) (cm™'GPa™?) (ecm™h
ENTO) 79.3 0.02 —3.70 ENTO) 82.0 —0.009 —2.40 82¢, 84¢
E'(LO) 80.0 0.0 —3.70 E'(LO)

BY(TO) 88.9 1.18 —1.80 BY(TO) 91.9 0.90 —0.99 92.5¢, 94¢
BY(LO) 89.1 1.22 —1.95 BY(LO)

E*(TO) 101.0 0.22 EX(TO) 105.8 0.28 —0.31 106°, 1094
E*(LO) 101.1 0.23 E*(LO)

B*(TO) 123.0 0.41 —~1.10 B*(TO) 125.1 0.63 —1.79 126°, 1289
B*(LO) 126.8 0.16 —0.53 B*(LO) 129¢

Al 140.1 430 —433 Al 141.9 453 —6.07 143¢, 145¢
A? 182.8 3.20 —4.67 A? 188.4 3.38 —5.81 182°,1934
EXTO) 197.6 4.86 —-7.10 E3(TO) 194.7 5.43 —8.25 190°
EXLO) 203.1 4.69 —6.39 EXLO) 198¢

A? 197.3 3.00 —2.89 A3 207.9 3.03 —3.99 210¢,209¢
B3(TO) 218.4 274 —2.06 B3(TO) 229.2 277 —2.30 222°
B3(LO) 2223 3.52 —4.96 B*(LO)

BXTO) 221.7 5.12 -7.36 EXTO) + B*TO) 2393 433 —6.55 233.5°¢2354
B*LO) 236.3 4.83 —6.17

EX(TO) 2325 427 —5.20 E*LO)+B*LO) 2442 439 —7.55 241 2424
E*LO) 239.9 4.07 —4.60 248t 2509
E>(TO) 245.5 3.62 —3.42 E>(TO) + B3(TO) 259.0 5.30 —7.64

E>(LO) 267.5 3.23 —3.68 280.5°
B>(TO) 253.8 5.26 —6.75 E>(LO) + B(LO) 281.3 3.83 —8.05 260.5¢, 2639
B>(LO) 269.7 427 —4.60 286.5¢, 2859

*Our ab initio calculations.

Present measurements.
“Reference 15.
9dReference 16.

e_This mode has been assigned to the TO component of the B* mode.
"These modes have been assigned to the TO and LO components of the E* mode.
These modes have been assigned to the TO and LO components of the B* mode.
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7ZnGa,Se,. Table I also shows that our results for the Raman-
active modes at zero pressure compare well with previous
results reported by Eifler ef al. and Tiginyanu et al. for DC-
ZnGa,Se, at ambient pressure. 15,16

In general, a better agreement is found between the ex-
perimental and the theoretical frequencies for the Raman
modes of the low- and medium-frequency region than for
those of the high-frequency region. As regards the Raman
modes of the low- and medium-frequency region, the agree-
ment with calculations is remarkable and the symmetry
assignment of the Raman modes in these regions is similar to
that found in the literature.'>'® A remarkable feature of the
medium-frequency region is the assignment of the E° mode
which is partially masked by close stronger A modes. We
have been able to follow the pressure dependence of the E°
mode in the DC phase and the much larger pressure coeffi-
cient measured for this mode than for those of the two close A
modes is in very good agreement with our lattice dynamics
calculations [see Fig. 2(b)]; thus making the assignment of
this mode rather straightforward. Another curious feature of
the Raman spectrum of the DC phase is the observation of a
broad band at the low-frequency side of the A* mode whose
frequency at room pressure is around 180cm ' and whose
pressure coefficient is similar to that of the A mode. As com-
mented in Ref. 28, we have attributed this broad band to the
local vibrations of the Se (anion) with displacements similar
to those of the A% mode. This mode seems to be the disorder-
activated silent A>' mode of the DS phase and will be com-
mented in Subsection IV A2 when we analyze the pressure
dependence of the Raman modes in DS-ZnGa,Se,. Its pres-
ence in the Raman spectrum of the DC phase indicates the
presence of some remaining disorder in our DC samples.

As regards the Raman modes of the high-frequency
region, we have made the symmetry assignments by compar-
ing the Raman spectrum of DC-ZnGa,Se, with those of other
defect chalcopyrites. Our symmetry assignments are similar
to those of Eifler er al. and Tiginyanu et al.'>'® except for
the high-frequency modes. Assuming that we have measured
unpolarized Raman scattering with the incident and outgoing
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radiations along the (111) direction at all pressures, we have
assigned all the modes above 230cm ™' to the quasiTO and
quasiLO modes resulting from the mixture of the E* and B*
and of the E° and B® modes. Some of these high-frequency
modes have been assigned in the previous literature as pure
E and B modes. However, most of these modes should show
mixed character except when measurements are performed
along high symmetry directions.?®

As commented earlier, two runs were carried out for the
DC sample in order to show that this sample requires slightly
higher pressures than the DS sample to fully transform into
the HP DR structure. To this respect, the inset of Fig. 2(a)
shows Raman spectra measured from 20.5 to 25 GPa during
the upstroke of the 2nd run in one of the zones of the DC-
ZnGa,Se, crystal. It is clearly observed that the transition to
the DR phase in this zone during the 2nd run occurs at a
higher pressure than in the Ist run since the most intense
peaks of the DC phase can be followed beyond 20.5 GPa up
to 22.5GPa. In this 2nd run, we carefully checked that all
other zones of the DC-ZnGa,Se, crystal were totally trans-
ited to the DR phase at 25 GPa.

2. HP Raman measurements of DS-ZnGa.Se,

Figure 3(a) shows RT Raman spectra of DS-ZnGa,Se,
at different pressures up to 22.0 GPa. Again, the Raman
spectrum can be divided into three regions: (i) the low-
frequency region below 130cm™', (ii) the medium-
frequency region between 130 and 220 cm ™', and (iii) the
high-frequency region above 220 cm™'. We have followed
the pressure dependence of 11 Raman modes under pressure.
This number of Raman-active modes is comparable to those
of previous measurements>' >* and particularly agrees well
with some previous works.?'** The symmetry of the differ-
ent observed Raman-active modes is depicted in Fig. 3(a)
and the pressure dependence of the Raman-active modes
agrees with the symmetry assignment discussed in Ref. 28. It
can be noted that above 14 GPa all Raman peak intensities
decrease, thus indicating the onset of a phase transition to
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FIG. 3. (a) Unpolarized RT Raman
spectra of DS-ZnGa,Se, up to 22.0 GPa.
(b) Pressure dependence of the experi-
mental (symbols) and calculated (lines)
vibrational modes in DS-ZnGa,Se,.
Experimental A;, By, B>, and E modes
are represented by solid triangles (black),
solid circles (green), solid circles (blue),
and solid squares (red), respectively.
Open triangles refer to the silent A
mode and the purple hexagons refer to
the quasiTO and quasiLO modes with
B, and E mixed symmetry. Theoretical
calculations for the TO (LO) phonons of
pure B, and E symmetry are represented
by solid (dashed) lines with blue and red
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the Raman-inactive DR phase that seems to be completed at
18.0 GPa, in good agreement with previous HP XRD meas-
urements on a DS-ZnGa,Se4 sample.8

Figure 3(b) shows the Raman mode frequencies of
DS-ZnGa,Se, as a function of pressure up to 17 GPa.
Experimental values of the first-order Raman modes of the
DS phase are represented with solid symbols. For compari-
son with our measurements and in order to help in the identi-
fication of the different symmetries of the Raman modes, we
plotted with lines in Fig. 3(b) the theoretical pressure de-
pendence of the Raman modes with pure A-, B-, B,-, and
E-symmetry for DS-ZnGa,Se, using the model of the or-
dered DS structure as previously commented (see Ref. 28).
TO and LO splittings for B, and E polar modes are noted
with solid and dashed lines, respectively. Curiously, the
comparison between the pressure dependence of the experi-
mental and theoretical modes shows, in general, a rather
good agreement, with the exception of the B,' mode, being
this agreement in the low-frequency and medium-frequency
region much better than in the high-frequency region.

Table II summarizes the experimental and theoretical
zero-pressure frequencies, pressure coefficients, and derivative
of the pressure coefficients for the Raman modes of
DS-ZnGa,Sey. Table II also shows previous results of Ursaki
et al*' obtained with the same DS samples and those obtained
by Alonso-Gutiérrez at ambient pressure® for comparison.
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There are several differences between our results, those of
Ursaki et al. (apart from the different notation of the Raman
modes) and those of Alonso-Gutiérrez. They were discussed
previously in Ref. 28 and our experimental and theoretical
pressure dependence of the Raman modes support the assign-
ment done in Ref. 28. One of the most notable differences in
the assignment of symmetry to Raman-active modes of DS-
ZnGa,Se, occurs in the medium-frequency region where a
broad band around 180cm ™" at ambient pressure was identi-
fied previously as the E> mode®' but it was shown that this
mode has A symmetry.”® Fig. 3(b) shows that not only the fre-
quency but also the pressure coefficient of this broad band are
almost coincident with the expected behavior for the silent A,
mode which should be absent in the Raman spectrum of the
DS structure. We attribute its observation to disorder-activated
Raman scattering since it is known that many silent modes
become Raman active as a consequence of structural disor-
der.*®® In fact, in a previous work on the Zn;_,Mn,Ga,Se, se-
ries, a broad band appearing around 180cm ™' in the Raman
spectra of all compounds of the series, either with SG [-42m
or [-4 was assigned to disorder activated vibrations having a
similar pattern as the A, mode.*” Consequently, with all these
considerations, we have tentatively assigned this broad band
to the silent A,! mode [see open triangles in Fig. 3(b)]. As
mentioned previously, this mode is also present in the DC
phase provided that some degree of disorder is present in the

TABLE II. Experimental and calculated Raman frequencies in DC-ZnGa,Se, at room pressure and their pressure coefficients as obtained from fits to the data

using equation, w = wg + aP + bP?, where b was multiplied by a factor 100.

Theoretical Wy a (th.)* b (th.)* Experimental wo a (exp.)® b (exp.)° wo a (exp.)’ b (exp.)° wo
mode (th.)? (em™! (em™! mode (exp.)® (cm™! (em™! (exp.)* (cm™! (em™! (exp.)*
(symmetry) (cm ')  GPa ') GPa?) (symmetry) (em ™  GPa ") GPa?) (em ') GPal) GPa™?)  (ecm )
EY(TO) 78.8 —0.64 —1.76 EX(TO) 82.6 0.00 —3.50 84 —0.14 —2.72 84
E'(LO) 79.3 —0.64 —1.72 E'(LO)

B, 90.8 0.63 B, 9.7 0.88 —1.20 90 1.30 —3.19 92
E*(TO) 107.4 0.22 E*(TO) 106.9 0.19 106 0.33 —0.31 107.2
EXLO) 107.4 0.22 EX(LO)

B,Y(TO) 110.8 0.18 B,!(TO) 126 0.51 —1.20 126 0.5 —1.61 125.6°
B, (LO) 115.7 —0.04 B,'(LO)

Al 142.0 456 —4.99 Al 142.8 43 —2.80 143 438 —437 143.1
Ay’ 187.4 2.89 —0.33 A'(silent) 182.6 271 —1.60 180

A2 195.6 3.14 —3.35 A2 208.3 2.57 209 2.70 —2.49 207.3
B,X(TO) 198.7 3.49 —3.76 E*(TO) 196 180" 3.10 —6.10 217.4
B,%(LO) 206.6 3.26 —3.21 E*(LO)

E*(TO) 2123 4.28 —6.39 B2 229.3 2.76 232.6%
E*(LO) 215.4 474 -7.36 E*(TO) + B,%(TO) 243 434 —5.60 240
EXTO) 223.0 4.59 —5.35 234 1.83 —1.91

E4LO) 226.3 433 —4.53 E*(LO) + B,*(LO) 243.4 3.54 243 4.34 —5.60 2473
E>(TO) 2272 432 —4.67 234 1.83 —1.91

E>(LO) 258.5 3.43 —397  EXTO) + B,XTO)  260.4 431 265.3
B,? 243.0 5.60 —7.24

B,*(TO) 268.8 3.34 —3.40 E>(LO) + B,>(LO) 285.7 3.41 —3.00 285 3.40 —425 285.3
B, (LO) 288.4 3.37 —3.95

Our ab initio calculations.

°Present measurements.

“Reference 21.

IReference 23.

“Authors in Ref. 23 assigned this Raman peak to a B; mode.

fAuthors in Ref. 21 assigned this Raman peak to the E*> mode but it corresponds to the silent A,' mode.

€Authors in Ref. 23 assigned this Raman peak to a B, mode.
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FIG. 4. (a) Raman spectra of the DS-ZnGa,Se, crystal in the 1st upstroke at
0.5 GPa and in the 1st downstroke at 1.2 GPa with DS and DZ phase, respec-
tively. (b) Raman spectra of the DC-ZnGa,Se, crystal around 0.3 GPa during
the Ist upstroke and during the 1st downstroke in two different zones. The
inset on the top shows Raman spectra of the 2nd run of the DC-ZnGa,Se,
crystal at 1.9 GPa in the 1st upstroke and 1.2 GPa in the 1st downstroke.

DC samples. On the other hand, we have not been able to fol-
low the pressure dependence of the weak E* mode (found near
196cm™" at ambient pressure®®) and we have assigned the
three modes of highest frequency (see Table II) to quasiTO
and quasiLO modes having both a mixed B, and E character
as in Refs. 23 and 28.

Finally, we have to note that both experimental and theo-
retical Raman frequencies in Tables I and II show a second-
order pressure coefficient, b, which is consistently negative.
The reason is that this pressure coefficient is related to the
decrease of the compressibility of the compound with
increasing pressure;” i.e., this coefficient is negative because
of the positive value of the derivative of the bulk modulus
BO8 just in the same way as the first-order pressure coeffi-
cient, a, is related to the bulk modulus compressibility. In this
respect it is worthy to remind that, several authors have pro-
posed that the pressure dependence of many variables should
be fitted to a modified Murnaghan equation of state.”'=>

B. First downstroke

In this section we are going to discuss what happened to
the original DS- and DC-ZnGa,Se, samples when we

J. Appl. Phys. 113, 233501 (2013)

decreased pressure slowly down to almost ambient pressure
after upstroke in the different runs.

1. HP Raman measurements of DC sample

Fig. 4(a) shows Raman spectra on upstroke and down-
stroke for DC-ZnGa,Se, at similar pressures (0.3 GPa) during
the Ist run (maximum pressure 20.1 GPa). It can be observed
that the Raman spectrum on recovered samples is not the same
in all regions of the sample. The comparison reveals the revers-
ibility of the DC-ZnGa,Se, crystal in the zone 1; however, in
the zone 2, there is an additional peak (marked with an asterisk)
suggesting that we have possibly the initial DC phase mixed
with another unknown structure or perhaps a new structure
exhibiting more Raman peaks than the DC phase. A tentative
nature of this new phase will be discussed later. For the
moment, the result of the 1st run on DC-ZnGa,Se, suggests
that this sample could be not completely transited to the DR
phase at 20.1 GPa. For this reason, as commented above, we
carried out a 2nd run with a DC-ZnGa,Se, sample but increas-
ing the pressure till 25GPa to be sure that the sample has
entirely undergone the DC-to-DR phase transition. We checked
that the phase transition to the DR phase was completed by
measuring Raman spectra in different zones of the DC-
7ZnGa,Se, sample because we found that the transition did not
occur in all zones at the same pressure. The inset in Fig. 4(a)
shows the Raman spectra measured at similar pressures on
upstroke and downstroke in DC-ZnGa,Se, crystal during the
2nd run. The broad Raman spectrum of the recovered sample
looks like a one-phonon density of states, as expected for the
DZ phase, and similar to that of zincblende-type ZnSe.>® In the
DZ phase, cations and vacancies are randomly distributed at 4a
Wyckoff sites, while anions are located at 4c Wyckoff sites
[see Fig. 1(d)]. A similar broad Raman spectrum was observed
after decreasing pressure in DC-HgGa,S; and DC-
CdGa,Ses.***® Therefore, we have tentatively assigned the
Raman spectrum at 1.2 GPa in the downstroke to the DZ phase
since this structure has been observed on downstroke in several
OVCs.>*57 We think that the Raman spectrum at 1.2 GPa on
downstroke corresponds to the first-order one-phonon density
of states of the DZ phase, which shows an average over the
phonons of the whole Brioullin zone. The observation of the
one-phonon density of states is due to the loss of translational
periodicity of the lattice caused by the random distribution of
the cations and vacancies at the same Wyckoff site.

2. HP Raman measurements of DS sample

Raman spectra of DS-ZnGa,Se, obtained at 1.2 GPa on
downstroke from 22.0 GPa show very broad bands and in
some cases asymmetric peaks in contrast to the relatively
narrow peaks measured during upstroke at a similar pressure
as can be seen in Fig. 4(b). The comparison of the Raman
spectra in Fig. 4(b) and the inset of Fig. 4(a) evidences that
the spectrum measured on downstroke for DC-ZnGa,Se, in
the 2nd run is almost the same than that measured on down-
stroke for DS-ZnGa,Se,. In other words, we have observed
the DZ phase on downstroke in both DC- and DS-ZnGa,Se,
samples provided that both samples undergo a complete
phase transition to the DR phase. In this sense, our different
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experiments show that DS-ZnGa,Se, needs a little lower
pressure to become totally transited to the DR phase than
DC-ZnGa,Se,. Since the phase transition from DC or DS to
DR is an order-disorder transition, the smaller pressure
needed by the DS sample to complete the transition is con-
sistent with the larger disorder already present in DS than in
DC samples at ambient pressures.

C. Second upstroke

In order to know more about the nature of the new
phases observed on downstroke in both DC and DS samples,
we have performed Raman measurements during a 2nd
upstroke.

1. HP Raman measurements of DC crystal (1st run)

Figure 5(a) shows the evolution with pressure of the
Raman spectrum of the zone 2 in the recovered sample of
DC-ZnGa,Se, during the 1st run up to 22.8 GPa. We have
measured the Raman spectra of zone 2 as a function of pres-
sure because in this zone an additional strong peak appears
close to the A' mode of the DC phase. The new peak does
not correspond to the DC phase and its presence could
imply, as mentioned before, mixed phases or an unknown
structure with more Raman peaks than the DC phase. The
new peak has a frequency at ambient pressure of 154.8 cm ™'
and moves with a pressure coefficient of 3.3 cm ! GPa !,
which is slightly smaller than that of the A' mode of the DC
structure. Note that a broad band next to the narrow AZ
mode is again observed and that the modes of the recovered
DC sample in the low-frequency region are, in general,
more intense than those in the high-frequency region, as in
the original DC sample. As pressure increases, in general,
the Raman peaks shift to higher frequencies and a general
broadening of the high-frequency modes is clearly observed.
At 19.2GPa, all Raman peak intensities have decreased
indicating that a phase transition to a Raman-inactive phase
is taking place.

J. Appl. Phys. 113, 233501 (2013)

Figure 5(b) shows the Raman peak frequencies of the
recovered sample (zone 2) up to 21 GPa. The solid orange
diamonds refer to the new Raman mode observed. For com-
parison with our measurements, we plotted with lines the
calculated frequencies for A, B, and £ modes of the DC
phase where the TO and LO modes of both B and E polar
modes are plotted with solid and dashed lines, respectively.
The comparison of experimental and theoretical values
allows us to assign up to twelve of the theoretically predicted
Raman-active modes of the DC phase. It can be observed
that the evolution of the measured Raman modes during the
2nd upstroke fits reasonably well with that of the calculated
DC phase.

As regards the possible nature of the new peak observed
in the recovered DC sample (zone 2), its origin is not clear.
However, a similar strong band was observed in chalcopyrite
samples when there is a mix of chalcopyrite and layered
DCA phases. Layered DCA phases are observed in epitaxial
films of chalcopyrite compound and it can be viewed as
layers stacked in a certain sequence.’® " Our Raman spec-
trum for DC-ZnGa,Se, in zone 2 is very similar to the
Raman spectra of the DCA phase reported for CulnS, (Ref.
58) and CulnSe,,”” where a narrow A; peak coming from the
DCA phase is clearly observed at a slightly higher frequency
than the A' mode of the chalcopyrite phase. To this respect,
the relative intensity of these intense Raman modes has been
used to estimate the relative amount of the two domains.>*%°
Moreover, several DCA phases with SG P-4m2 have been
proposed to occur in ternary OVCs between the DC or DS
and the DZ structures if DS phases undergo an additional
disorder process involving vacancies (see Ref. 34). Figure
1(e) shows the proposed DCA phase for ZnGa,Se4 (model 6
in Ref. 34). Note that Ga atoms at 2a and vacancies at 2b
sites of the DS phase get mixed to result in a structure with
higher symmetry than the I-42m with cation and vacancy
disorder. This DCA phase has only 6 Raman-active modes;>*
i.e., much less than the DC phase. Therefore, we tentatively
propose that the additional Raman mode observed in zone 2
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of DC-ZnGa,Se, could be an indication that the DCA phase
is coexisting with the DC phase. In this respect, we note that
this hypothesis needs to be confirmed by HP XRD measure-
ments in DC-ZnGa,Se,.

2. HP Raman measurements of DS crystal

Since the DZ phase can be obtained on downstroke from
both original DC and DS samples, we performed HP Raman
scattering measurements only for the DZ phase obtained
from the original DS sample after being pressurized to
22.0 GPa. Figure 6(a) shows selected Raman spectra of DZ-
ZnGa,Se4 up to 18.8 GPa. The Raman spectrum at 1.2 GPa
of DZ-ZnGa,Se, is decomposed into several bands marked
by arrows that we have followed under pressure. As pressure
increases, most of the bands shift to higher frequencies and
at a pressure of 17 GPa the Raman spectrum shows broad
peaks of very small intensity resulting in a phase transition
above 19 GPa. Since the HP phase of DZ-ZnGa,Se, shows
no significant Raman peaks and becomes opaque again, we
have tentatively attributed it to the DR phase. Again, after
the transition of the sample to the DR phase, we decreased

TABLE III. Experimental Raman frequencies and pressure coefficients
observed in DZ-ZnGa,Se, as obtained from fits to the data using (w = wg +
aP) or (v = wy + aP + bP?), where b was multiplied by a factor 100.

Mode o (exp.) a (exp.) b (exp.)
labeling (cm™ 1) (cm~'GPa™h) (cm™'GPa™?)
1 84.8 0.15

2 118.7 —0.33

3 131.7 3.97 —11.00
4 151.0 3.32 —3.00
5 170.8 2.29

6 193.5 1.72

7 223.9 3.11 —6.00
8 250.8 3.83 —6.00
9 292.3 2.05

10 12
Pressure (GPa)

slowly the pressure and found that the Raman spectrum of
the released sample at ambient pressure was similar to that
of a DZ phase thus confirming the reversibility of the DZ to
DR phase transition.

Figure 6(b) shows the pressure dependence of the fre-
quencies of the Raman bands of DZ-ZnGa,Se, marked by
arrows in Fig. 6(a). The evolution of Raman peak frequen-
cies is practically linear with pressure with the exception of
mode number 3. Table III summarizes the zero-pressure fre-
quency, the pressure coefficient, and in some cases the deriv-
ative of the pressure coefficient of experimental Raman
modes obtained from fitting the experimental data. In gen-
eral, we have found that the maximum values of the pressure
coefficients are smaller in the DZ phase than those in the DC
and DS phases. This observation is in good agreement with
HP Raman measurements of the DZ phase in CdGa,Se4 and
HgGa,S, reported in Refs. 32 and 33.

V. CONCLUSIONS

In summary, we have reported the pressure dependence
of the Raman spectra of both DS- and DC-ZnGa,Se,;. We
have made tentative assignments of the symmetries of the dif-
ferent modes observed in the Raman spectra of both phases
by comparing the experimental and theoretical frequencies
and pressure coefficients of both phases. Our Raman meas-
urements and calculations allow us to say that both DS and
DC structures undergo an order-disorder phase transition to a
Raman-inactive structure (via a single stage of disorder) that
can be attributed to the sixfold-coordinated DR structure, in
which cations and vacancies are completely mixed.

On decreasing pressure from the Raman-inactive phase,
the samples retain the cation-vacancy disorder as expected in
an irreversible order-disorder phase transition. The irreversi-
bility of the DC to DR or DS to DR phase transitions leads to
the formation of the tetrahedrally coordinated DZ phase on
decreasing pressure, where all cations and vacancies are
completely mixed. The partially reversible DC to DR phase
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transition (in the 1st run of DC-ZnGa,Sey up to 20.1 GPa) is
a clear signature of the occurrence of an incomplete DC to
DR phase transition. In this case, the initial DC structure can
be recovered on decreasing pressure due to the reorganiza-
tion of cations and vacancies around nucleation centers of
the DC phase still not transformed to the DR phase.
However, some zones of the recovered sample show an addi-
tional Raman mode which suggests that the DC phase could
be mixed with another phase, whose cation-vacancy disorder
is intermediate between the DC and DZ phases, and that
could be tentatively attributed to the DCA phase already
observed in chalcopyrites. Therefore, the results presented in
this paper lead to new paths to explore other phases than
those common in OVC compounds at ambient conditions.
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