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Pressure-induced structural changes in ZnS

Serge Desgreniers, Luc Beaulieu,* and Ian Lepage
Institut de Physique Ottawa-Carleton, Universite´ d’Ottawa, Département de physique, Ottawa, Ontario, Canada K1N 6N5

~Received 6 October 1999!

We report detailed data on the structural parameters and equations of state of high-density ZnS obtained by
x-ray diffraction using synchrotron radiation for pressures below 96 GPa. It is shown that initial room condi-
tion phases of ZnS, zinc blende and wurtzite, transform unambiguously to the rocksalt structure at 12 GPa and
at room temperature. Our data hence rule out the existence of an intermediate phase of the cinnabar type in
ZnS. The initial zinc-blende and wurtzite phases present quantitatively similar equations of state parametrized
by B0579.5 GPa andB0854, andB0580.1 GPa andB0854, respectively. As compared to the initial phases,
the rocksalt phase, adopted at higher pressure, is denser and less compressible withB05117.6 GPa andB08
54. The high-pressure rocksalt structure is also shown to be unstable for pressures in excess of 65 GPa,
leading to a transition to theCmcm structure, an orthorhombic distortion, without a significant change in
volume. The occurrence of theCmcmstructure in dense ZnS is in line with the observed dense phases in other
zinc chalcogenides.
a

n
ite
nc

ot
be
om
e

t

o

f
sa
in

ra
to
lt

y
r
s
re
c
ili
ra
la

d
s

an
o

ent
d
ed

of
a

the
sity
ns
the
salt
s-

f the
ay-
-
ture;

the
nd
nes;
ype
the

oc-
nsi-
d in

in
%
ral

t to
ng,
ure
-
de
all
I. INTRODUCTION

Zinc sulfide adopts two archetypal crystalline structures
room conditions, namely, wurtzite (P63mc, Z52) and zinc

blende (F4̄3m, Z52). The tetrahedron formed by the Z
atoms and its four first neighbor S atoms in the wurtz
structure is almost identical to what is observed in the zi
blende structure. Furthermore, a large fraction@9 out of 12
~Ref. 1!# of the second-alike neighbors are the same in b
structures. Consequently, the unit-cell volume difference
tween the two structures is slim and one expects their c
pressive properties to be comparable. Zinc sulfide has b
studied repeatedly at high pressure. Chang and Barsh1 mea-
sured, by ultrasound propagation, the equation of state
zinc blende ZnS. A first phase transition from zinc blende
rocksalt (Fm3m) was reported in several studies.2–4 More
recently, the structural, optical, and electronic properties
cubic ~zinc blende! ZnS were studied by Veset al.5 and
Zhou, Campbell, and Heinz.6 In both studies, equations o
state for both the zinc-blende and the higher density rock
phases were reported, with a reduced number of data po
for the high-density phase resulting in a less than accu
equation of state. The rocksalt phase has been reported
stable to 45 GPa;6 a further transition to a distorted rocksa
structure has been observed above 64 GPa,7 a result not sup-
ported by the static pressure results of the recent stud
Uchino et al.8 In the latter study, indications of melting o
decomposition over 75 GPa and a temperature in exces
3300 K, resulting from dynamic compression, were also
ported. Several computational studies have also produ
numerical estimates for the pressure range of phase stab
transition volumes and pressures, and compression pa
eters of dense ZnS. By first-principles Hartree-Fock calcu
tions, Jaffe, Pandey, and Seel9 have obtained structural an
compression parameters which agree favorably with the
far published experimental results. Recio, Pandey,
Luaña10 have also calculated the structural and equation
state parameters of the rocksalt phase, by theab initio
PRB 610163-1829/2000/61~13!/8726~8!/$15.00
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perturbed-ion method, and found a quantitative agreem
with the P(V) experimental results of Zhou, Campbell, an
Heinz,6 at least using an equation of state formalism deriv
from finite strain theory. Moreover, a first calculation
Nazzal and Qteish11 have implied the occurrence of
cinnabar-type phase as an intermediate step between
lower density zinc-blende structure and the higher den
rocksalt structure. Recent and more accurate calculatio12

have indicated that the cinnabar structure is unstable in
pressure range close to the pressure of the wurtzite-rock
transition. In view of the available structural and compre
sion data of dense ZnS and the current understanding o
material, we have defined four goals for the present x-r
diffraction study: ~1! establish the stability of the high
pressure, high-density phases of ZnS at room tempera
~2! measure accurately the structural parameters and
equations of state of ZnS in the zinc-blende, wurtzite, a
rocksalt phases and compare then with the calculated o
~3! search for the existence of a presumed cinnabar-t
phase, intermediate to the low-pressure zinc-blende and
high-pressure rocksalt structures; and~4! confirm and char-
acterize the distortion of the high-density rocksalt phase
curring at very high pressure. The pressure-induced tra
tions in ZnS recorded in the present study are summarize
Fig. 1.

II. EXPERIMENT

Polycrystalline samples from two sources were used
this study: synthetic ZnS with a nominal purity of 99.999
~Alfa AESAR! and a fine powder prepared from a natu
ZnS crystal~unknown provenance!. Synthetic ZnS was in the
wurtzite phase. It should be mentioned that in an attemp
reduce the synthetic sample to a finer powder by grindi
the sample partially transformed to the zinc-blende struct
resulting in a rich wurtzite/poor zinc-blende mixture. Pow
dered natural ZnS was confirmed to be in the zinc-blen
structure only. Room condition structural parameters of
samples used in this study and measuredin situ are given in
8726 ©2000 The American Physical Society



ub
te

ur
th
li
a
f

n.

o
1
if-
le

r

d
Å
le

lly
re
2

at
e

ye
,

sed

al
high
the

m
ther
he
res-
ite

de
ck-
nd
Pa.

zinc
to

Pa.
-

-
-
2,

ob-
ure
inc
ed
in-
to

nce,
ure-
ting
at-
an-

all
s of

n
ite
t
e
iffe
to

PRB 61 8727PRESSURE-INDUCED STRUCTURAL CHANGES IN ZnS
Table I; they were found in good agreement with those p
lished in the literature. Samples were loaded in gaske
diamond-anvil cells using silicone fluid~Dow Corning 704!
as a pressure transmitting medium for generating press
in excess of 95 GPa. Fine Cu powder, mixed along with
sample, was used as a pressure gauge. Our pressure ca
tion was based on the available shock compression dat
pristine Cu,13–15 fitted to a Birch-Murnaghan equation o
state (V0547.23 Å3/unit cell, B05129.497 GPa, andB08
53.346) for the purpose of volume-pressure interpolatio

Energy dispersive x-ray diffraction experiments~EDXD!
were carried out at the National High Pressure Facility
CHESS ~Cornell High Energy Synchrotron Source, B
line!.16 The angle calibration was obtained from x-ray d
fraction of a thin Au foil, accurately located at the samp
position. All EDXD spectra were acquired at eitherE•d
540.2860.05 keV Å or E•d564.86160.005 keV Å .
Angle dispersive x-ray-diffraction experiments~ADXD !
were carried out at the CHESS F2 station using monoch
matic radiation at 0.3099 Å~obtained from a wiggler and a
double-bounced Si~111! monochromator, sagittally focuse
at the sample! and the CHESS B2 station with 0.4959
radiation@obtained from the bending magnet and a doub
bounced Si~111! monochromator#. X-ray-diffraction images
were recorded on Fuji HRIII imaging plates, placed typica
at 29 cm from the sample location. After x-ray exposu
ranging from 15 to 30 min at F2 and 90 to 120 min at B

FIG. 1. Pressure-induced structural transformations in Z
found in the present study. A room condition mixture of wurtz
and zinc blende ZnS~powder sample! transforms to the rocksal
structure between 12 and 14 GPa, respectively. Upon pressur
lease, ZnS reverts to the wurtzite and zinc-blende phases at d
ent pressures. Above;65 GPa, rocksalt ZnS further transforms
an orthorhombically distorted structure (Cmcm) depicted here.
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imaging plates were read by a Fuji BAS2000 scanner
100-mm2 pixel resolution. X-ray-diffraction images wer
processed using the program SImPA~Ref. 17! to obtain 2-u
patterns from a proper azimuthal integration of the Deb
diffraction rings. For both EDXD and ADXD experiments
appropriate x-ray beam collimation was provided by cros
microslabs of tungsten defining a nearly square 900-mm2

beam. All x-ray-diffraction spectra were exempt of sign
from the gasket material used to constrain the sample at
pressure. X-ray-diffraction spectra were analyzed using
program XRDA.18,19DBWS9411~Ref. 20! was also used for
structure refinements.

III. RESULTS AND DISCUSSION

A. Crystalline structure sequence under pressure,
below 65 GPa

Structural transformations were induced by starting fro
different samples and preparations. In all samples, whe
the initial phase is wurtzite, zinc blende, or a mixture of t
these two phases, the ultimate structure is rocksalt for p
sures below 65 GPa. When starting from the pure wurtz
phase~sample 4!, the sample transforms to the zinc-blen
structure prior to a transition at higher pressure to the ro
salt structure with coexistence of both the zinc blende a
the rocksalt over pressures ranging from 12.4 to 13.5 G
With an initial pure zinc-blende phase~samples 3 and 5!,
ZnS proceeds under pressure to coexisting phases of
blende and rocksalt, from approximately 8 to 13 GPa, and
the rocksalt structure only at a pressure larger than 13 G
With samples initially showing both wurtzite and zinc
blende structure~samples 1 and 2!, the transformation to the
zinc-blende structure~with a weak component of the wurtz
ite phase in sample 1! is observed prior to a complete tran
sition to rocksalt structure. In the case of samples 1 and
pressures at which the onset of the rocksalt structure is
served range from 12.5 to 20 GPa, with a dominant press
centered around 13 GPa. Although the transition from z
blende to rocksalt is of first order, the relatively extend
pressure range over which the transition is observed is
dicative of uncertainties in local pressure estimation due
the coexistence two phases having a large volume differe
stress field conditions, and sample preparation. Press
induced structural transformations were recorded by star
from different samples and preparations. Typical ADXD p
terns are illustrated in Fig. 2. Table II summarizes the tr
sition pressures and the pressure range of stability of
phases observed at room temperature. Our observation
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TABLE I. Room condition structural parameters of ZnS samples used in this study. Labels are us
reference in text and figures. As indicated, both energy dispersive~EDXD! and angle dispersive~ADXD !
x-ray-diffraction methods were used. The wurtziteu positional parameter is calculated according to the id

relationshipuc/a5( 3
8 )1/2.

Sample Structure Diffraction method a ~Å! c ~Å! u

1 - synthetic wurtzite, zinc blende EDXD 3.816, 5.395 6.252 0.37
2 - synthetic wurtzite, zinc blende EDXD 3.816, 5.395 6.252 0.37
3,5 - natural zinc blende EDXD, ADXD 5.410
4 - synthetic wurtzite EDXD, ADXD 3.816 6.252 0.374
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8728 PRB 61SERGE DESGRENIERS, LUC BEAULIEU, AND IAN LEPAGE
pressure-induced transitions and the measurements of tr
tion pressures and volumes changes are in agreement
those stated in other reports.21,1,5,6

B. Equations of state for phases occurring below 65 GPa

From the volume-pressure experimental data for
wurtzite, zinc-blende, and rocksalt structures, we have

FIG. 2. Room-temperature ADXD patterns of ZnS~sample 3! at
selected pressures indicating the evident pressure-induced tran
from the zinc-blende~ZB! to the rocksalt~RS! structure and the
back transformation to zinc blende. Patterns have been shifted
tically for clarity. Pressure increases and then decreases from
tom to top. X-ray-diffraction lines of Cu are used here for press
calibration. The stability of other phases in the same pressure ra
e.g., an intermediate cinnabar phase, is ruled out.
si-
ith

e
b-

tained the respective equations of state. Our results are s
marized in Table III. We have chosen to use the Birc
Murnaghan formalism to extract the room pressu
compression parameters, i.e., the atomic volume (V0), the
bulk modulus (B0), and its pressure derivative
@(](B0)/]P# T5B08. Proven to give good estimates of th
compression parameters in numerous instances, the B
Murnaghan equation of state is expressed by

P5
3B0

2 F S V

V0
D 7/3

2S V

V0
D 5/3G H 11

3

4
~B0824!F S V

V0
D 2/3

21G J .

The compression parameters are obtained by a stan
weightedx2 minimization to the Birch-Murnaghan equatio
of state. The initial volumeV0 is taken as an adjustable pa
rameter for the occurrence of a phase not stable at amb
conditions, as for the case of the high-pressure rock
phase.

The low-density phases of ZnS, namely, wurtzite and z
blende, are very similar in terms of their compression pro
erties as illustrated in Fig. 3. Room condition unit-cell vo
umes are close for both phases~for synthetic samples, 39.2
and 38.9 Å3, respectively!, both phases transform to th
higher density rocksalt phase, and the change of relative
umes as a function of pressure is nearly identical. Our res
are in line with the fact that the Zn coordination is almo
identical in both wurtzite and zinc-blende structures. Figu
4 shows experimental volume data obtained from three
ferent loadings of synthetic ZnS and plotted as a function
increasing pressure. Error bars were omitted in Fig. 4 a
present clearly the numerous data points. Estimated error
volumes are typically of the order to the symbol size wher
those on pressures are within 3%, mainly due to nonhyd
static conditions. The large number of data points allow
good estimation of the compression parameters. By c
straining the pressure derivative of the room pressure b
modulus@](B0)/]P#T , at a value of 4, we have obtaine
bulk moduli B0 of 80.1 and 79.5 GPa, for the wurtzite an
the zinc-blende phases of synthetic samples, respectiv
For natural ZnS in the zinc-blende structure, theB0 with a
@](B0)/]P#T of 4, calculated with a far fewer number o
points, is close to 86 GPa.

From the zinc-blende phase, ZnS proceeds to the cu
rocksalt phase with in a pressure range over which b
phases coexist. From 20 GPa~in all samples! up to

ion

er-
ot-
e
ge,
, and DRS
tance and
GPa.

4.3
.4
TABLE II. Phases observed and their associated transition pressures or pressure ranges for all samples studied. W, ZB, RS
stand for wurtzite, zinc blende, rocksalt, and distorted rocksalt, respectively. Phase mixture components are listed by order of impor
are separated by a1. Pmax indicates the maximum pressure at which a given sample was submitted. All pressures are in units of

W W1ZB ZB W1ZB1RS ZB1RS RS DRS RS RS1ZB RS1ZB1W ZB1W ZB

Sample Pmax Increasing pressure Decreasing pressure

1 61 room 14.1–14.6 16.8–20.0 10.9–10.0 7.6–6.7
2 20.8 room 8.7–9.4 12.3–12.9 16.3–17.3 11.6–10.3 4.9–
3 14.4 room 7.7–8.3 12.5–13.3 8.3–6.7 4.1–2
4 16.3 room 10.7–11.4 12.4 13.5 n/d 10.4–4.7
5 96 room 12.3 13.5 ;65 74.8 n/d 3.9
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TABLE III. Compression parameters for dense ZnS in the wurtzite, zinc-blende, and rocksalt structures, as obtained fro
diffraction experiments and computer simulations.V0 , B0, and (V/V0)Tr stand for the initial atomic volume, the bulk modulus extrapola
to room pressure, and relative unit-cell volume at a transition pressure, respectively. Subscript 0, Tr↑, and Tr↓ refer to room conditions and
uploading transition, and downloading transition, respectively. cst indicates that the parameter was held constant in the fit.

Sample Results V0 B0 @](B0)/]P#T (V/V0)Tr PTr↑ PTr↓
phase (Å3) ~GPa! ~GPa! ~GPa!

Natural present 39.75 86, 92 4~cst!, 2.3
zinc blende

Natural present 32.3 137.2, 147 4~cst!, 2.4 0.814 8.2 6.5
rocksalt

Synthetic present 38.9 79.5 4~cst!
zinc blende expt. 39.65a; 39.61g 75.0a; 76.5g 4~cst!a; 4.49g

simul. 39.23a; 43.44c 82.0a; 75.9c 4.20a; 4.7c 0.853a; 0.862c

39.56d; 36.81e 83.2d; 83.3e 4.43d; 3.92e

Synthetic present 39.2 80.1 4~cst!
wurtzite expt. 39.61g 75.8g 4.41g

Synthetic present 31.6 117.6, 96.2 4~cst!, 4.35 0.821, 0.830 14.6 10.0
rocksalt expt. 32.38a; 33.61f 103.6a; 85.0f 4~cst!a; 4 ~cst!f 0.865a; 0.851f 14.7a; ;11f

simul. 33.05a; 33.65b; 35.36c 100.1a; 81b; 83.1c 4.05a; 4.1b; 10.0c 0.84a; ;0.85b; 0.89c 19.5a; 11.2b; 16.1c

31.6d; 30.3e 104.4d; 107.6e 4.29d; 4.1e 14.7d; 14.5e

aLMTO-LDA total-energy calculations; x-ray-diffraction results, Murnaghan equation of state~Ref. 5!.
bAb initio perturbed-ion calculations~Ref. 10!.
cAb initio Hartree-Fock calculations~Ref. 9!.
dAb initio pseudopotentials, relaxedd electrons~Ref. 11!.
eAb initio pseudopotentials, frozend electrons~Ref. 11!.
fDerived from x-ray-diffraction data, first-order Birch-Murnaghan equation of state~Ref. 6!.
gDerived from ultrasonic data~Ref. 1!.
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;65 GPa, ZnS is stable in the rocksalt structure. The r
tive change of volume with increasing pressure is plotted
Fig. 4 for both the initial phase and the denser rocksalt ph
A large relative volume change is measured as the trans

FIG. 3. Experimental equations of state of wurtzite and z
blende ZnS. Data were recorded for increasing pressures fro
synthetic, wurtzite-rich and zinc-blende-poor ZnS sample. All d
for wurtzite ~solid triangles! and the zinc-blende~solid diamonds!
phases are fitted to Birch-Murnaghan equations of state, plo
here as solid lines. Fitting parameters are those given in Table
-
n
e.
n

is recorded, of the order of 17%, in agreement with figu
reported in the literature.5,6 The volume data correspondin
to the rocksalt fitted to the Birch-Murnaghan equation
state leads toB05117.6 GPa and an extrapolated room pre

c
a

a

d
I.

FIG. 4. Experimental equations of state of synthetic ZnS po
der. Data points were collected upon pressure increase from t
different runs of the same synthetic powder using ADXD a
EDXD techniques. All data of the low-pressure wurtzite pha
~solid triangles! and the high-pressure rocksalt phase~solid squares!
are fitted to Birch-Murnaghan equations of state, plotted here
solid lines. Fitting parameters are those given in Table III.
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sure relative volume of 0.821 by fixing@](B0)/]P#T54
@note: by allowing all three parameters to vary we findB0
596.2 GPa,V/V050.830, and@](B0)/]P#T54.35]. The re-
sulting equation of state is plotted in Fig. 4.

Volume data points of the rocksalt phase follow exac
the same equation of state upon pressure release, as
trated in Fig. 5. A significant deviation from the extrapolat
equation of state, corresponding to the rocksalt phase, is
served, however, for data points in the pressure range w
coexist both the rocksalt and the wurtzite phases on pres
release. This point is illustrated in Fig. 5 where the fitt
Birch-Murnaghan equations of state of Fig. 4 for both pha
are plotted along with the volume-pressure data points
corded upon pressure decrease. The following facts are
ferred to understand this observation:~1! Pressures reporte
are those measured from the pressure gauge, external t
ZnS sample; they represent an average pressure submitt
the ZnS grains and domains;~2! the large volume chang
between the two structures necessarily lead to a nonacc
estimation of the pressure encountered by each grains o
mains in their respective phase. Hence the measureme
pressure-volume data points in the advent of a multiph
coexistence is always difficult.

Finally, our results for the compression parameters for
wurtzite, zinc-blende, and rocksalt phases are in relativ
good agreement with other experimental data~not obtained
with synchrotron radiation! and simulated data, as reporte
in Table III.

C. cÕa structural parameter of the wurtzite phase

The measured wurtzite axial ratio is slightly higher (c/a

51.637 andu5( 3
8 )1/2(a/c)50.374) than the ideal value

(c/a51.633). It is comparable, however, to the axial ra
measured by neutron diffraction, i.e, 1.6377.22 The relative
variation as a function of pressure of the hexagonal struc
axial ratioc/a, shown in Fig. 6, indicates a peculiar chang
Although the data points are scattered, they indicate a c

FIG. 5. Volume-pressure data points recorded from one s
thetic sample~sample 1! upon pressure decrease for the hig
pressure rocksalt phase~open squares! and low-pressure wurtzite
phase~open triangles!. Lines correspond to Birch-Murnaghan equ
tions of state obtained from volume-pressure data points reco
upon increasing pressure, exactly as shown in Fig. 4. Signific
deviations are thus observed over the pressure range where th
phases coexist.
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stant relative axial ratio for pressures below 5 GPa follow
by a small but definite drop up to 10 GPa. Beyond 11 G
~data points are not shown in Fig. 6!, the wurtzite/rocksalt
x-ray-diffraction pattern overlap makes difficult the determ
nation of the structural parameters of either phase; con
quently thec/a has not been measured for a pressure ra
where phase coexistence occurs. A pressure-induced ch
of the axial ratio as also been reported in wurtzite Zn
Recent studies in the case of ZnO indicate, however, a lin
relationship between thec/a and pressure.23,24 It should be

FIG. 7. EDXD spectra of ZnS at selected increases pressu
Ed564.86160.005 keV Å . The sequence indicates the emerge
of nonrocksalt diffraction lines~labeled as *!, indicative of a tran-
sition of rocksalt ZnS to a distorted cubic structure. The transitio
entirely reversible.

-

ed
nt
two

FIG. 6. Variation as a function of pressure of the axial ratioc/a
in synthetic wurtzite ZnS.
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FIG. 8. Angle dispersive
x-ray-diffraction pattern of ZnS at
96 GPa ~sample 5!. The pattern
was obtained from an x-ray
diffraction image recorded on an
imaging plate at the CHESS B2
station with l50.4659-Å radia-
tion. X-ray-diffraction lines be-
longing to theCmcm phase and
distinct from the rocksalt structure
are indicated by an asterisk. Not
also ~inset! the splitting of the
original rocksalt ~200! line as a
clear indication of the orthorhom
bic distortion of the rocksalt struc
ture at that pressure. The lattic
parameter refinement give
4.438~1!, 4.486~1!, and 4.412~1!
Å for a, b, andc, respectively.
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noted that the change of thec/a in ZnS occurs within a
pressure range where only the low-density wurtzite and z
blende exist. Consequently, the relative change ofc/a mea-
sured in ZnS cannot be attributed to a misreading of
pressure due to the coexistence of phases presenting sub
tially different atomic volumes and is most likely intrinsic

D. Is there an intermediate phase?

Rigorous searches along the 300-K isotherm as a func
of pressure have given no indication of the existence of
cinnabar structure in ZnS, an intermediate phase occur
between the zinc blende and the rocksalt over the 11.4
14.5 GPa pressure range, as first suggested by theab intitio
pseudopotential calculations of Nazzal and Qteish.11 An im-
proved calculation by the same authors12 has indicated tha
the cinnabar structure does not represent a stable pha
ZnS. The pressure was increased and decreased by ste
;0.5 GPa on most samples and by;0.1 GPa on one
sample to ensure that a new phase with a restricted pres
stability range would not be overlooked. It should be me
tioned that the cinnabar structure reported in CdTe was
served to cover a small pressure range of tenths of GP25

Furthermore, a cinnabar structure has also been observ
GaAs, intermediate to GaAs-II and GaAs-I upon press
download.26 Figure 2 shows representative ADXD patter
from natural ZnS at selected pressures, within the ra
where the cinnabar phase has been first predicted to
c
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stable. Clearly, starting from the zinc-blende structure, Z
transforms unambiguously to the rocksalt structure up
pressure increase at room temperature. The back transfo
tion ~rocksalt to zinc blende! has been observed upon pre
sure decrease and proceeds without an intermediate pha

E. Distortion of the rocksalt structure at higher pressure,
above 65 GPa

A transition to a distorted rocksalt structure from the ide
cubic case, starting from 65 GPa, was noted in a prelimin
study reported by Nelmes and McMahon.7 The observation
of x-ray diffraction lines additional to those corresponding
the rocksalt, and a slight assymmetric broadening of
~200! line, for instance, at 84 GPa, led the authors to elude
the possibility of a transition to aCmcmstructure, an ortho-
rhombic distortion of the rocksalt structure. It is also wor
mentioning that Uchinoet al.8 have reported the stability o
the rocksalt structure of ZnS to 80 GPa~by static compres-
sion!. Although first assumed to be absent among dense
nary systems, theCmcmstructure has been observed in n
merous III-V and II-VI semiconductors~see Nelmes and
McMahon7 and references therein!, and especially in dense
CdS, CdSe, CdTe, ZnSe, and ZnTe which bear close res
blance to ZnS as they all transform from their room con
tion zinc-blende or wurtzite structure to rocksalt structu
prior to adopting theCmcm phase at higher density. Th
observation of theCmcm in ZnS is thus expected.
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We have recorded clear indications that the rocksalt ph
in ZnS is unstable against pressures in excess of 65 G
Figure 7 shows selected EDXD spectra which corrobor
the rocksalt-to-distorted-rocksalt transition. It is first not
that the additional x-ray diffraction lines are recorded sta
ing from 65 GPa and become more promiment as the p
sure reaches the approximate maximum of 96 GPa.
x-ray diffraction lines arise from the shift of alternate Zn a
S layers along theb axis: the x-ray-diffraction pattern of th
distorted structure resembles that of the rocksalt struc
except that, for instance, the~110!, ~021!, and~221! lines are
not extinct. The additional x-ray-diffraction lines are in a
cordance to the conditionsh1k52n in hkl andh, k52n in
h0l and 0kl, respectively, of space groupCmcm with the
two atomic species located on sites 4(c) with (0,y1,0.25)
and (0,y2,0.25).27 As noted by Nelmes and McMahon,7 for
a5b5c andy1512y250.75, theCmcmstructure is then
identical to the rocksalt structure. TheCmcm structure is
therefore characterized by the shift along theb axis with y1
512y2Þ0.75 and with another possible distortion arisi
from the fact thaty12y2 can be different from 0.5 resulting

FIG. 9. Variation of the lattice parameters in the rocksalta
axis: diamonds! and distorted rocksalt (Cmcm) phase (a axis:
squares;b axis: triangles; andc axis: circles! as a function of in-
creasing pressure obtained by EDXD. The inset shows the ca
lated relative change of volume (V0 in given in Table III! along the
same pressure range. ADXD data are also plotted~1 symbols!.
Although theCmcm phase coexists with the rocksalt phase a
pressure starting from;65 GPa, its structural parameters could
determined only for pressures above 78 GPa. Consequently,
data points corresponding to the rocksalt phase are plotted belo
GPa. Furthermore, because the orthorhombic distortion rem
small with increasing pressure, the accurate determination of
lattice parameters has not been possible and consequently the
points are scattered.
se
a.

te

-
s-
e

re

in a nonlinear chain of atoms along thea axis. The ZnS in
the Cmcmstructure is illustrated in Fig. 1. A further mod
fication to the cubic rocksalt pattern is observed: the~200!
begins to split, clearly observable starting from 75 GPa.
96 GPa, the highest pressure reached in the present stud
initial cubic ~200! line has then become a definite triplet,
inferred by a line profile decomposition with a proper co
straint on the x-ray-diffraction linewidth and illustrated
Fig. 8, consequently ruling out the possibility of a transfo
mation to theb-tin structure. The extent of the orthorhomb
distortion in dense ZnS above 65 GPa is shown in Fig
where the change of lattice parameters and the relative
ume is plotted against pressure. Further data and analysi
needed to estimate the atomic positions. The equation
state of the dense ZnS in theCmcmstructure was not cal-
culated due to the relatively small pressure range over wh
it was recorded. In brief, like other zinc and cadmium ch
cogenides, ZnS transforms to theCmcm strucutre at high
pressure. As a final comment, we note that the stability of
Cmcm phase has never, to our knowledge, been obser
from numerical simulations.

IV. SUMMARY

In this study, x-ray diffraction by synchrotron radiatio
has been used to study the stability and the compres
properties of the dense phases of ZnS at room tempera
ZnS has been shown to transform to the rocksalt struc
from its ambient wurtzite or zinc-blende phase at 12
60.5 GPa with volume change close to 17%. Using
Birch-Murnaghan equation of state, the following compre
sion parameters evaluated at room conditions have been
tained for the wurtzite, zinc-blende, and rocksalt phases:B0
579.5 GPa,B0580.1 GPa, andB05117.6 GPa, respec
tively, while B08 is constraint to 4. The rocksalt phase h
been found to be stable from 14 to;65 GPa, above which
a pressure-enhanced orthorhombic distortion~the Cmcm
structure! prevails. Consequently, dense ZnS is similar to
other Zn and Cd chalcogenides with regards to the press
induced structure sequence follows: zinc blende/wurtzite→
rocksalt→Cmcm. The low-density wurtzite and zinc-blend
phases proceed directly to the high-density rocksalt ph
upon the application of pressure with no indication of
intermediate cinnabar-type structure phase. At room te
perature, the stability of a cinnabar-type structure in ZnS
hence ruled out.
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