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Monoclinic high-pressure phase of AgGaS2
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Single-crystal x-ray diffraction study under high pressure has been carried out on AgGaS2 to obtain crys-
tallographic information on the stable phase in the pressure range between 4.2 and 11.6 GPa. The high-pressure
phase has monoclinic symmetry with space groupCc, a58.065~4! Å, b58.039~1! Å, c56.226~3! Å, and
b5128.50~3!° at 5.6 GPa. The monoclinic cell can be approximated as a pseudotetragonal cell of
apt5bpt55.694 Å, cpt59.750 Å, apt5bpt588.70°, andgpt589.82° on the basis of the conventional
chalcopyrite-type unit cell. The high-pressure phase is assumed to have a distorted chalcopyrite-type structure.
The phase transition is reversible. A transformation twinning was observed in the high-pressure phase. The
four possible twin components are related by the twofold axes present in the symmetry of the ambient-pressure
phase.@S0163-1829~97!06105-5#
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I. INTRODUCTION

Carloneet al.carried out a Raman spectroscopic study
AgGaS2 under high pressure, and observed two press
induced phase transitions at 4.2 and 11.6 GPa.1 Werner,
Hochheimer, and Jayaraman carried out a powder x-ray
fraction study on AgGaS2 at pressures up to about 25 GPa2

They reported that AgGaS2 undergoes three phase tran
tions: ~1! from chalcopyrite-type tetragonal lattice to a he
agonal lattice near 5 GPa,~2! from tetragonal and hexagona
to a-NaFeO2-type near 12 GPa, and~3! to the NaCl type at
pressures above 15 GPa. These authors carried out a si
crystal x-ray diffraction study under pressures up to 5 G
using a precession camera, and reported that the diam
glide planes parallel to$110% in the ambient-pressure phas
disappeared above 4.2 GPa.3

No further work has been done on the high-pressure ph
of AgGaS2 above 4.2 GPa. In the present paper, we rep
more detailed crystallographic data on the phase transitio
AgGaS2 taking place at 4.2 GPa, employing the sing
crystal diffraction technique combined with a miniatu
diamond-anvil high-pressure cell.

II. EXPERIMENTS

Single crystals were grown in an evacuated silica-gl
ampoule by the Bridgman technique using the binary co
pounds Ag2S and Ga2S3, which were synthesized by direc
reaction of 4N-grade constituent elements. Crystals were
into rectangular pieces with dimensions of about 100–1
mm in length and width and 50–80mm in thickness. A piece
of the crystal was mounted in a diamond-anvil cell design
by Miyakeet al.4

The diamond-anvil cell was mounted on a four-circle d
fractometer~Rigaku AFC-5!, and the measurements we
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carried out with graphite- or LiF-monochromated AgKa.
The bisecting mode was employed to set the crystal in
diffraction condition. A precession camera was also used
obtain information in a two-dimensional area in reciproc
space. The pressure range surveyed was from ambien
about 6 GPa, and all diffraction studies were carried ou
room temperature.

III. RESULTS AND DISCUSSION

A. General features of the changes in diffraction patterns
associated with the phase transition

Precession photographs taken at pressures above 4.2
showed that the size and the orientation of the reduced ce
the high-pressure phase are approximately the same as
of the ambient one. Above the transition point, most diffra
tion spots split into several fragments around the origi
ambient-pressure phase spots.

FIG. 1. Changes of the profile of 224r̄eflection at 3.4 and 4.6
GPa with increasing pressure, and at 2.0 GPa with decreasing
sure. Data were obtained with a four-circle diffractometer using
2u-v scan technique.
2690 © 1997 The American Physical Society
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The changes in the diffraction profile with pressure a
shown in Fig. 1 for the 224̄reflection. The deviation from
tetragonal symmetry was obvious in the high-pressure ph
because respective fragmental spots related to the same
nal spot had differentd spacings. The intensity ratio of th
fragments differed from one sample to another, suggestin
variation in the amount of twin components. The fragmen
spots combined again into a single spot on releasing p
sure, as shown in Fig. 1. In addition, the reflection condit
2h1 l54n for h̄hl in the ambient-pressure phase chang
reversibly to 2h1 l52n in the high-pressure phase. The r
versible nature of the transition and the slight distortion
the lattice accompanied by the formation of twins abo
transition point suggest that the phase transition is of a
placive type with small displacements of constituent atom

B. Unit cell of the high-pressure phase

Twinning seemed to be inevitable in the high-press
modification for the transition of AgGaS2 at 4.2 GPa. After
an intensive examination of the crystals, the authors foun
specimen which was mainly composed of one twin com
nent, though it contained small fractions of two addition
components with different orientations, and used it for d
tailed crystallographic studies. Using 24 reflections measu
in the sinu/l range between 0.294 and 0.446 Å21, the cell
dimensions at 5.6 GPa were determined asa55.690~5! Å,
b55.693~1! Å, c59.751~1! Å, a588.69~2!°, b588.66~4!°,
andg589.86~5!° without placing any constraints on the p
rameters.

Assuming thata5b anda5b, the pseudotetragonal ce
can be reduced into a monoclinic one by taking thebm axis
unique as follows:

S ambm
cm
D 5S 1 1 0

21 1 0

20.5 20.5 0.5
D S aptbpt

cpt
D , ~1!

where subscriptsm and pt indicate the monoclinic and
pseudotetragonal cells, respectively. The geometrical rela
between the monoclinic and pseudotetragonal unit cell
shown in Fig. 2. The monoclinicc corresponds to the vecto
from the origin to the body center of the pseudotetrago
cell. The cell dimensions were determined asam58.065~4!

FIG. 2. Relation between the pseudotetragonal cell defined
apt , bpt , andcpt , and the monoclinic cell defined byam , bm , and
cm . Circles show the body-centered pseudotetragonal lattice po
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Å, bm58.039~1! Å, cm56.226~3! Å, andbm5128.50~3!° us-
ing the same 24 reflections with monoclinic indices. T
backward calculation from the monoclinic cell to th
pseudotetragonal cell givesapt5bpt55.694 Å, cpt59.750
Å, apt5bpt588.70°, andgpt589.82°. Crystal data for the

y

ts.

FIG. 3. The geometrical relation among the four twin comp
nents formed above the transition point and the orientation of
ambient-pressure phase viewed along~a! at and ~b! ct . The
subscriptspt and t indicate pseudotetragonal and tetragonal ce
respectively. The deformation of the high-pressure cell is exag
ated.

TABLE I. Crystal data for the ambient and high-pressure ph
of AgGaS2.

Ambient-pressure High-pressure~at 5.6 GPa!

Crystal system Tetragonal Pseudotetragonal Monocli
Space group I 4̄2d Cc
Z 4 4 4
Cell dimensions
a ~Å! 5.7626~5! 5.694 8.065~4!

b ~Å! 5.7626~5! 5.694 8.039~1!

c ~Å! 10.3128~9! 9.750 6.226~3!

a ~deg! 90 88.70 90
b ~deg! 90 88.70 128.50~3!

g ~deg! 90 89.82 90
Cell volume~Å3! 342.47~7! 315.9~2!

Density ~g cm23! 4.69 5.08
Temperature~K! 298 298
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high-pressure phase are given in Table I with those
ambient-pressure for comparison. For convenience, the in
hkl for a reflection in the high-pressure phase is expres
based on the pseudotetragonal cell throughout this pape
can be transformed into the monoclinic index using the tra
formation matrix in Eq.~1!.

C. Possible space group for the high-pressure phase

In tetragonalI 4̄2d, diamond-glide planes parallel to$110%
provide a reflection condition 2h1 l54n for hhl and
equivalent reflections. It is obvious that the diamond-gl
planes parallel to~11̄0! provide 2h1 l54n for hhl and
equivalents withh and k having the same sign, and thos
parallel to~110! provide 2h1 l54n for hh̄l and equivalents
with h and k having the opposite sign. The diffraction e
periments revealed that thehh̄l reflections such as 110̄, 22̄2,
1̄14̄, 2̄26, 1̄18̄, 4̄42̄, 44̄6̄, 33̄8̄, 4̄41̄0̄, and 3̄31̄2̄ had intensities
in the high-pressure phase, whilehhl reflections such as 002
006, 114̄, 118, 118̄, 226̄, and 338̄did not. This means that th
set of diamond-glide planes parallel to~110! is lost in the
high-pressure phase while the set of diamond-glide pla
parallel to~11̄0! is preserved. With this symmetry reductio
the 4̄ axes and all the rotation and screw diads disapp
automatically in the high-pressure phase.

The diamond-glide planes parallel to~11̄0! have glide
vectors one quarter of the body diagonal of the tetrago
cell, which corresponds to half of the centering vector. S
cessive glide planes have glide vectors1

4at1
1
4bt1

1
4ct and

2 1
4at2

1
4bt1

1
4ct , in turn, where the subscriptt indicates the

tetragonalI 4̄2d cell. The former operation corresponds
the n glide plane perpendicular to thebm axis with a glide
vector of 12am11

2cm and the latter corresponds to thec glide
plane perpendicular to thebm axis with a glide vector of
1
2cm . Therefore it is plausible that the high-pressure ph
has the space groupCc, which is atranslationengleichesub-
group of I 4̄2d.
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D. Orientation of twin components in the high-pressure phase

The orientation relation of the twin components is sch
matically shown in Fig. 3. The twin components are quad
plets related by the twofold axes parallel toat , bt , andct of
the tetragonalI 4̄2d cell. They can also be related to eac
other by the 4̄axis of I 4̄2d. Each component hascpt parallel
or antiparallel to thect axis. The glide planes in each com
ponent are originally part of the diamond-glide planes
I 4̄2d. The presence of such twin components also confir
the derivation of the symmetry of the high-pressure ph
described in Sec. III C.

E. Reinterpretation of previous study

In the high-pressure phase of AgGaS2,Werner, Hoch-
heimer, and Jayaraman2 reported that an extra powder lin
appeared apart from those expected from the ambi
pressure phase. The extra line had ad spacing slightly
smaller than that of the strongest 112 line and was in
preted based on a hexagonal lattice. The pseudotetrag
cell at 5.6 GPa in the present study hasd spacings of
d11253.16 Å, d1̄125d11̄253.10 Å, andd112̄53.06 Å. There-
fore, the extra hexagonal line may correspond to 112¯of the
pseudotetragonal high-pressure phase.

IV. CONCLUSIONS

The symmetry of the high-pressure phase of AgGaS2 has
been determined in this study using the single-crystal x-
diffraction technique. The crystal has monoclinic symme
with space groupCc, a58.065~4! Å, b58.039~1! Å,
c56.226~3! Å, and b5128.50~3!° at about 5.6 GPa. The
high-pressure phase is assumed to have a disto
chalcopyrite-type structure. The transition leads to twinn
of the specimen above the transition point. Four poss
twin components are related by the twofold axes ofI 4̄2d.
The phase transition was reversible and the transforma
twin formed above the transition point disappeared when
pressure was released.
and
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