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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 Bo=79.5 GPa and,=4, andB,=80.1 GPa and,=4, respectively. As compared to the initial phases,
the rocksalt phase, adopted at higher pressure, is denser and less compressiBlg=With.6 GPa and,,
=4. The high-pressure rocksalt structure is also shown to be unstable for pressures in excess of 65 GPa,
leading to a transition to th€mcm structure, an orthorhombic distortion, without a significant change in
volume. The occurrence of tl@mcmstructure in dense ZnS is in line with the observed dense phases in other
zinc chalcogenides.

[. INTRODUCTION perturbed-ion method, and found a quantitative agreement
with the P(V) experimental results of Zhou, Campbell, and

Zinc sulfide adopts two archetypal crystalline structures atieinz? at least using an equation of state formalism derived
room conditions, namely, wurtziteP6zmc, Z=2) and zinc  from finite strain theory. Moreover, a first calculation of
blende £43m, Z=2). The tetrahedron formed by the Zn Nazzal and Qteisi have implied the occurrence of a

atoms and its four first neighbor S atoms in the WurtziteC'nm‘bar'ty.pe phase as an intermediate step between _the
structure is almost identical to what is observed in the zinc-Iower density zinc-blende structure and the higher %eﬁnsny
blende structure. Furthermore, a large fractidnout of 12 rocksglt ;tructure. Recen_t and more accurate calcul 10NnS
(Ref. 1] of the second-alike neighbors are the same in bot have indicated that the cinnabar structure is unstgble in the
) rE)ressure range close to the pressure of the wurtzite-rocksalt

structures. Consequently, the unit-cell volume difference beg,jtion. In view of the available structural and compres-

tween the two structures is slim and one expects their COMgjqn gata of dense ZnS and the current understanding of the
pressive properties to be comparable. Zinc sulfide has begfterial, we have defined four goals for the present x-ray-
studied repeatedly at high pressure. Chang and Bangia- giffraction study: (1) establish the stability of the high-
sured, by ultrasound propagation, the equation of state Qfressure, high-density phases of ZnS at room temperature;
zinc blende ZnS. A first phase transition from zinc blende t0(2) measure accurate|y the structural parameters and the
rocksalt Fm3m) was reported in several studi€g. More  equations of state of ZnS in the zinc-blende, wurtzite, and
recently, the structural, optical, and electronic properties ofocksalt phases and compare then with the calculated ones;
cubic (zinc blendeé ZnS were studied by Vestal®> and (3) search for the existence of a presumed cinnabar-type
Zhou, Campbell, and HeirfzIn both studies, equations of phase, intermediate to the low-pressure zinc-blende and the
state for both the zinc-blende and the higher density rocksahigh-pressure rocksalt structures; a@d confirm and char-
phases were reported, with a reduced number of data poin&sterize the distortion of the high-density rocksalt phase oc-
for the high-density phase resulting in a less than accurateurring at very high pressure. The pressure-induced transi-
equation of state. The rocksalt phase has been reported to Bens in ZnS recorded in the present study are summarized in
stable to 45 GP&;a further transition to a distorted rocksalt Fig. 1.

structure has been observed above 64 G®egesult not sup-

ported by the static pressure results of the recent study of Il EXPERIMENT

Uchino et al® In the latter study, indications of melting or '

decomposition over 75 GPa and a temperature in excess of Polycrystalline samples from two sources were used in
3300 K, resulting from dynamic compression, were also rethis study: synthetic ZnS with a nominal purity of 99.999%
ported. Several computational studies have also producedlfa AESAR) and a fine powder prepared from a natural
numerical estimates for the pressure range of phase stabilitgnS crystalunknown provenangeSynthetic ZnS was in the
transition volumes and pressures, and compression paramartzite phase. It should be mentioned that in an attempt to
eters of dense ZnS. By first-principles Hartree-Fock calculareduce the synthetic sample to a finer powder by grinding,
tions, Jaffe, Pandey, and Seékve obtained structural and the sample partially transformed to the zinc-blende structure
compression parameters which agree favorably with the scesulting in a rich wurtzite/poor zinc-blende mixture. Pow-
far published experimental results. Recio, Pandey, andered natural ZnS was confirmed to be in the zinc-blende
Luare'® have also calculated the structural and equation oétructure only. Room condition structural parameters of all
state parameters of the rocksalt phase, by dheinitio = samples used in this study and measuresitu are given in
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Zincblende imaging plates were read by a Fuji BAS2000 scanner at
© @ 100-.um? pixel resolution. X-ray-diffraction images were
processed using the program SImFRef. 17 to obtain 24
~7GPa . . -
——  meaaalt Cmem patterns frqm a proper azimuthal integration of thg Debye
diffraction rings. For both EDXD and ADXD experiments,
@ ® © ‘e‘c M’@ appropriate x-ray beam collimation was provided by crossed
Frryra ‘e edﬁfﬁﬁ&&&’ microslabs of tun.gsten. defining a nearly square ﬂm?
— f beam. All x-ray-diffraction spectra were exempt of signal
“ © ' ‘0 ff ﬁ from the gasket material used to constrain the sample at high
ﬁ& pressure. X-ray-diffraction spectra were analyzed using the
~— program XRDA®1®DBWS9411(Ref. 20 was also used for
% Wurtzite structure refinements.
FIG. 1. Pressure-induced structural transformations in ZnS IIl. RESULTS AND DISCUSSION
found in the present study. A room condition mixture of wurtzite
and zinc blende Zn$powder sampletransforms to the rocksalt A. Crystalline structure sequence under pressure,
structure between 12 and 14 GPa, respectively. Upon pressure re- below 65 GPa

lease, ZnS reverts to the wurtzite and zinc-blende phases at differ- giryctural transformations were induced by starting from
ent pressures. _Above_65 GPa, rocksalt ZnS furthc_ar transforms to itferent samples and preparations. In all samples, whether
an orthorhombically distorted structur& ficn) depicted here. the initial phase is wurtzite, zinc blende, or a mixture of the
these two phases, the ultimate structure is rocksalt for pres-
Table I; they were found in good agreement with those pubsures below 65 GPa. When starting from the pure wurtzite
lished in the literature. Samples were loaded in gasketeghase(sample 4, the sample transforms to the zinc-blende
diamond-anvil cells using silicone fluidow Corning 704  structure prior to a transition at higher pressure to the rock-
as a pressure transmitting medium for generating pressureailt structure with coexistence of both the zinc blende and
in excess of 95 GPa. Fine Cu powder, mixed along with thehe rocksalt over pressures ranging from 12.4 to 13.5 GPa.
sample, was used as a pressure gauge. Our pressure calibygith an initial pure zinc-blende phagsamples 3 and)5
tion was based on the available shock compression data @nS proceeds under pressure to coexisting phases of zinc
pristine Cul*~** fitted to a Birch-Murnaghan equation of blende and rocksalt, from approximately 8 to 13 GPa, and to
state /o=47.23 A3/unit cell, B,=129.497 GPa, an;, the rocksalt structure only at a pressure larger than 13 GPa.
=3.346) for the purpose of volume-pressure interpolation. With samples initially showing both wurtzite and zinc-
Energy dispersive x-ray diffraction experimeriEeDXD) blende structurésamples 1 and)2the transformation to the
were carried out at the National High Pressure Facility ofzinc-blende structuréwith a weak component of the wurtz-
CHESS (Cornell High Energy Synchrotron Source, Bl ite phase in sample)ls observed prior to a complete tran-
line).® The angle calibration was obtained from x-ray dif- sition to rocksalt structure. In the case of samples 1 and 2,
fraction of a thin Au foil, accurately located at the samplepressures at which the onset of the rocksalt structure is ob-
position. All EDXD spectra were acquired at eithErd served range from 12.5 to 20 GPa, with a dominant pressure
=40.280.05 keVA or E-d=64.861+0.005 keVA. centered around 13 GPa. Although the transition from zinc
Angle dispersive x-ray-diffraction experimentADXD) blende to rocksalt is of first order, the relatively extended
were carried out at the CHESS F2 station using monochropressure range over which the transition is observed is in-
matic radiation at 0.3099 Aobtained from a wiggler and a dicative of uncertainties in local pressure estimation due to
double-bounced &111) monochromator, sagittally focused the coexistence two phases having a large volume difference,
at the sampleand the CHESS B2 station with 0.4959 A stress field conditions, and sample preparation. Pressure-
radiation[obtained from the bending magnet and a doubleinduced structural transformations were recorded by starting
bounced Sil11) monochromatdr X-ray-diffraction images from different samples and preparations. Typical ADXD pat-
were recorded on Fuji HRIII imaging plates, placed typicallyterns are illustrated in Fig. 2. Table Il summarizes the tran-
at 29 cm from the sample location. After x-ray exposuressition pressures and the pressure range of stability of all
ranging from 15 to 30 min at F2 and 90 to 120 min at B2,phases observed at room temperature. Our observations of

TABLE I. Room condition structural parameters of ZnS samples used in this study. Labels are used for
reference in text and figures. As indicated, both energy dispe(ElXD) and angle dispersiveéADXD)
x-ray-diffraction methods were used. The wurtzitpositional parameter is calculated according to the ideal

relationshipuc/a= ()2

Sample Structure Diffraction method a(h) c(A) u
1 - synthetic wurtzite, zinc blende EDXD 3.816, 5.395 6.252 0.374
2 - synthetic wurtzite, zinc blende EDXD 3.816, 5.395 6.252 0.374
3,5 - natural zinc blende EDXD, ADXD 5.410

4 - synthetic wurtzite EDXD, ADXD 3.816 6.252 0.374
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g 2 tained the respective equations of state. Our results are sum-
g R marized in Table lll. We have chosen to use the Birch-
Murnaghan formalism to extract the room pressure
compression parameters, i.e., the atomic voluivg) ( the

bulk modulus Bgy), and its pressure derivative,
[(4(Bg)/dP]+=B;. Proven to give good estimates of the
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The compression parameters are obtained by a standard
ggg weightedy? minimization to the Birch-Murnaghan equation
3z N of state. The initial volumé/, is taken as an adjustable pa-
rameter for the occurrence of a phase not stable at ambient
conditions, as for the case of the high-pressure rocksalt
phase.

The low-density phases of ZnS, namely, wurtzite and zinc
blende, are very similar in terms of their compression prop-
erties as illustrated in Fig. 3. Room condition unit-cell vol-
umes are close for both phasiésr synthetic samples, 39.2

g

1
RS(200)
cu(111)

Diffraction Intensity

74>

RS(111)
7B(200)
u(111)

ZB()

ZB(200)

ey
% g and 38.9 A%, respectively, both phases transform to the
N higher density rocksalt phase, and the change of relative vol-
umes as a function of pressure is nearly identical. Our results
r— + 1 r 1 r T r T 1 are in line with the fact that the Zn coordination is almost
6 8 10 12 14 identical in both wurtzite and zinc-blende structures. Figure

20 (% 4 shows experimental volume data obtained from three dif-
ferent loadings of synthetic ZnS and plotted as a function of
FIG. 2. Room-temperature ADXD patterns of Z(@mple 3at _.increasing pressure. Error bars were omitted in Fig. 4 as to
selected pressures indicating the evident pressure-induced trans't'?)?esent clearly the numerous data points. Estimated errors on
from the zinc-blendgZB) to the rocksalt(RS) structure and the volumes are typically of the order to the SS/mbol size whereas
back transformation to zinc blende. Patterns have been shifted v {ﬁose on pressures are within 3%, mainly due to nonhydro-
tically for clarity. Pressure increases and then decreases from bot- . ' .
tom to top. X-ray-diffraction lines of Cu are used here for pressurestatlc coryquns. The large numbgr of data points allows a
calibration. The Ztability of (E)ther r;:hase_s in tlh?j same pressure rangSﬁg%irel;utrr?:tEgsgLr?% ecriovrgﬁ\rltzszlfOPhep?girruegerress.sEr); %?JTI;
©9. an intermediate cinabar phase, 15 ruled ot modulus[d(B,)/dP]t, at a value of 4, we have obtained

pressure-induced transitions and the measurements of tran§lk moduli B, of 80.1 and 79.5 GPa, for the wurtzite and

tion pressures and volumes changes are in agreement with€ zinc-blende phases of synthetic samples, respectively.
For natural ZnS in the zinc-blende structure, B with a

those stated in other repofts'>® _
[d(Bg)/dP]; of 4, calculated with a far fewer number of
B. Equati ‘ for bh ina below 65 GP points, is close to 86 GPa.
- Equations of state for phases occurring below a From the zinc-blende phase, ZnS proceeds to the cubic

From the volume-pressure experimental data for theocksalt phase with in a pressure range over which both
wurtzite, zinc-blende, and rocksalt structures, we have obphases coexist. From 20 GP@n all sampley up to

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

W W+ZB B W+ZB+RS ZB+RS RS DRS RS R$ZB RS+ZB+W ZB+W ZB

Decreasing pressure

Sample Pax Increasing 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 4.9-4.3
3 14.4 room 7.7-8.3 12.5-13.3 8.3-6.7 41-2.4
4 16.3 room 10.7-11.4 12.4 13.5 n/d 10.4-4.7
5 96 room 12.3 135 ~65 74.8 n/d 3.9
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TABLE Ill. Compression parameters for dense ZnS in the wurtzite, zinc-blende, and rocksalt structures, as obtained from x-ray
diffraction experiments and computer simulatioxg, By, and (//Vy)t, stand for the initial atomic volume, the bulk modulus extrapolated
to room pressure, and relative unit-cell volume at a transition pressure, respectively. Subscripe®dTTr refer to room conditions and
uploading transition, and downloading transition, respectively. cst indicates that the parameter was held constant in the fit.

Sample  Results Vo Bo [9(Bo)/dP]¢ (VIVo) 1t P Pri
phase (&) (GP3 (GP3 (GPa
Natural present 39.75 86, 92 (dsY, 2.3
zinc blende
Natural present 32.3 137.2, 147 (céh, 2.4 0.814 8.2 6.5
rocksalt
Synthetic present 38.9 79.5 (o8
zinc blende  expt. 39.6539.68 75.0% 76.5 4(csh® 4.49
simul. 39.28; 43.44 82.0% 75.9 4.20% 4.7 0.85%; 0.862
39.56% 36.8F 83.%: 83.3 4.43" 3.97
Synthetic present 39.2 80.1 (dsh
wurtzite expt. 39.64 75.8 4470
Synthetic present 31.6 117.6, 96.2 (cgb, 4.35 0.821, 0.830 14.6 10.0
rocksalt expt. 32.3833.61 103.6; 85.0 4(csh? 4 (csh 0.865% 0.851 14.7 ~11
simul.  33.05; 33.69; 35.36 100.F 81% 83.1° 4.05% 4.1% 10.0 0.84; ~0.85; 0.8F 19.5% 11.%; 16.1°
31.6% 30.3 104.4; 107.6 429" 4.1° 147 1458

8 MTO-LDA total-energy calculations; x-ray-diffraction results, Murnaghan equation of &Reé 5.
PAb initio perturbed-ion calculationdRef. 10.

CAb initio Hartree-Fock calculationdRef. 9.

9Ab initio pseudopotentials, relaxetielectrons(Ref. 11).

€Ab initio pseudopotentials, frozeshelectrons(Ref. 11).

Derived from x-ray-diffraction data, first-order Birch-Murnaghan equation of $Réé. 6).

9Derived from ultrasonic datéRef. 1).

~65 GPa, ZnS is stable in the rocksalt structure. The relaiS recorded, of the order of 17%, in agreement with figures
tive change of volume with increasing pressure is plotted irreported in the literaturé® The volume data corresponding

Fig. 4 for both the initial phase and the denser rocksalt phasé9 the rocksalt fitted to the Birch-Murnaghan equation of
A large relative volume change is measured as the transitioptate leads t®,=117.6 GPa and an extrapolated room pres-

0.99 +
- ¢ ®  Zincblende - increasing 4 Wincreasing
0.97 B 000 | Zincblende - B-M EoS " RSincreasing
0.95 + A Wurtzite - increasing Wourtzite B-M EoS
' Wurtzite - B-M EoS s L Rocksalt B-M EoS
° 0.93 + \ = .
S b > 075+ ¢
091 + \ \__
-
0.89 + 0.65 + .'ll.._-
.". .
0877 *s 0.55 : : ;
0.85 f f f f f 0 20 40 60
0 8 6 9 12 15 18 Pressure (GPa)

Pressure (GPa)
FIG. 4. Experimental equations of state of synthetic ZnS pow-

FIG. 3. Experimental equations of state of wurtzite and zincder. Data points were collected upon pressure increase from three
blende ZnS. Data were recorded for increasing pressures from different runs of the same synthetic powder using ADXD and
synthetic, wurtzite-rich and zinc-blende-poor ZnS sample. All dataEDXD techniques. All data of the low-pressure wurtzite phase
for wurtzite (solid triangle$ and the zinc-blendésolid diamonds (solid triangle$ and the high-pressure rocksalt phésalid squares
phases are fitted to Birch-Murnaghan equations of state, plottedre fitted to Birch-Murnaghan equations of state, plotted here as
here as solid lines. Fitting parameters are those given in Table llisolid lines. Fitting parameters are those given in Table III.
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FIG. 5. Vo|ume_pressure data points recorded from one syn- FIG. 6. Variation as a function of pressure of the axial rafia
thetic sample(sample 1 upon pressure decrease for the high- in synthetic wurtzite ZnS.
pressure rocksalt phagepen squargsand low-pressure wurtzite
phase(open trianglep Lines correspond to Birch-Murnaghan equa- stant relative axial ratio for pressures below 5 GPa followed
tions of state obtained from volume-pressure data points recordegy a small but definite drop up to 10 GPa. Beyond 11 GPa
upon increasing pressure, exactly as shown in Fig. 4. Significan(tdata points are not shown in Fig),&he wurtzite/rocksalt
deviations are thus observed over the pressure range where the W‘?ray-diffraction pattern overlap makes difficult the determi-
phases coexist. nation of the structural parameters of either phase; conse-
) . quently thec/a has not been measured for a pressure range
sure relative volume of 0.821 by fixingd(Bo)/dP]r=4  \yhere phase coexistence occurs. A pressure-induced change
[note: by allowing all three parameters to vary we fiBgl  of the axial ratio as also been reported in wurtzite ZnO.
=96.2 GPaV/V,=0.830, and 4(B,)/dP]y=4.35]. The re-  Recent studies in the case of ZnO indicate, however, a linear

sulting equation of state is plotted in Fig. 4. relationship between the/a and pressuré>?* It should be
Volume data points of the rocksalt phase follow exactly

the same equation of state upon pressure release, as illus-
trated in Fig. 5. A significant deviation from the extrapolated
equation of state, corresponding to the rocksalt phase, is ob
served, however, for data points in the pressure range wher
coexist both the rocksalt and the wurtzite phases on pressur

release. This point is illustrated in Fig. 5 where the fitted g -
Birch-Murnaghan equations of state of Fig. 4 for both phases = 8§ 8§
are plotted along with the volume-pressure data points re- S 964GPa

corded upon pressure decrease. The following facts are in
ferred to understand this observatidgh) Pressures reported

are those measured from the pressure gauge, external to ttz
ZnS sample; they represent an average pressure submitted
the ZnS grains and domain&) the large volume change
between the two structures necessarily lead to a nonaccurafg
estimation of the pressure encountered by each grains or dcz
mains in their respective phase. Hence the measurement c'%
pressure-volume data points in the advent of a multiphases
coexistence is always difficult.

Finally, our results for the compression parameters for the@
wurtzite, zinc-blende, and rocksalt phases are in relativelyg [
good agreement with other experimental datat obtained =
with synchrotron radiationand simulated data, as reported
in Table III.

89.9 GPa

86.5 GPa

b. coun

84.3 GPa

80.0 GPa

ted

73.0 GPa

68.2 GPa

63.7 GPa

59.5 GPa

C. c/a structural parameter of the wurtzite phase — T T T T T T T
] ) S ) 15 20 25 30 35 40 45 50
The measured wurtzite axial ratio is slightly higherg
=1.637 andu=(2)Yqa/c)=0.374) than the ideal value

(c/a=1.633). It is comparable, however, to the axial ratio G, 7. EDXD spectra of ZnS at selected increases pressures.
measured by neutron diffraction, i.e, 1.6377The relative  Ed=64.861-0.005 keV A . The sequence indicates the emergence
variation as a function of pressure of the hexagonal structurgf nonrocksalt diffraction lineglabeled as ¥, indicative of a tran-
axial ratioc/a, shown in Fig. 6, indicates a peculiar change.sition of rocksalt ZnS to a distorted cubic structure. The transition is
Although the data points are scattered, they indicate a corentirely reversible.

Energy (keV)
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5x10° - ~  ac] _
E 7x10° §_,
4 =] ]
o 6x10°4
6 E
’6)\ 4X10 = 5x10°
T z 4x105_' FIG. 8. Angle dispersive
3 b 8 ] x-ray-diffraction pattern of ZnS at
8 = ot 96 GPa(sample 5. The pattern
. 3x1 06 _ ] was obtained from an x-ray-
-e 210° diffraction image recorded on an
(V] 1 imaging plate at the CHESS B2
~ ] 1x10° station with A =0.4659-A radia-
__,z? 1 ) ; tion. X-ray-diffraction lines be-
D 2x10° ~ o e 184 130 130 o 102 18 longing to theCmcm phase and
g o distinct from the rocksalt structure
.,q_’. =] 26 (°) are indicated by an asterisk. Note
= . 8 oo also (insey the splitting of the
N q S & original rocksalt(200) line as a
B & =53] ® lear indication of the orthorhom-
-FB 1X106— N 3 & = clear indication of the orthorhom
O . = ~ * g * - bic distortion of the rocksalt struc-
E T —_ g = 5 =~ ture at that pressure. The lattice
4= 1 & ~ N ~ ﬁ — ﬁ parameter  refinement  gives
A h =2 = L8 4.43§1), 4.4861), and 4.41R1)
0 - ~ A ~ A for a, b, andc, respectively.

26 (°)

noted that the change of th@a in ZnS occurs within a stable. Clearly, starting from the zinc-blende structure, ZnS
pressure range where only the low-density wurtzite and zintransforms unambiguously to the rocksalt structure upon
blende exist. Consequently, the relative change/afmea-  pressure increase at room temperature. The back transforma-
sured in ZnS cannot be attributed to a misreading of thaion (rocksalt to zinc blendehas been observed upon pres-
pressure due to the coexistence of phases presenting substanre decrease and proceeds without an intermediate phase.
tially different atomic volumes and is most likely intrinsic.

E. Distortion of the rocksalt structure at higher pressure,
D. Is there an intermediate phase? above 65 GPa

Rigorous searches along the 300-K isotherm as a function A transition to a distorted rocksalt structure from the ideal
of pressure have given no indication of the existence of theubic case, starting from 65 GPa, was noted in a preliminary
cinnabar structure in ZnS, an intermediate phase occurringtudy reported by Nelmes and McMahbiThe observation
between the zinc blende and the rocksalt over the 11.4 anef x-ray diffraction lines additional to those corresponding to
14.5 GPa pressure range, as first suggested bglihiatitio  the rocksalt, and a slight assymmetric broadening of the
pseudopotential calculations of Nazzal and QtéisAn im- (200 line, for instance, at 84 GPa, led the authors to elude to
proved calculation by the same autHdrkas indicated that the possibility of a transition to @mcmstructure, an ortho-
the cinnabar structure does not represent a stable phase rdombic distortion of the rocksalt structure. It is also worth
ZnS. The pressure was increased and decreased by stepsmgntioning that Uchinet al® have reported the stability of
~0.5 GPa on most samples and by0.1 GPa on one the rocksalt structure of ZnS to 80 GRay static compres-
sample to ensure that a new phase with a restricted pressus®n). Although first assumed to be absent among dense bi-
stability range would not be overlooked. It should be men-nary systems, th€ mcmstructure has been observed in nu-
tioned that the cinnabar structure reported in CdTe was obmerous [lI-V and II-VI semiconductor¢see Nelmes and
served to cover a small pressure range of tenths of &Pa.McMahor and references therginand especially in dense
Furthermore, a cinnabar structure has also been observed @dS, CdSe, CdTe, ZnSe, and ZnTe which bear close resem-
GaAs, intermediate to GaAs-ll and GaAs-l upon pressurédlance to ZnS as they all transform from their room condi-
download?® Figure 2 shows representative ADXD patternstion zinc-blende or wurtzite structure to rocksalt structure
from natural ZnS at selected pressures, within the rangprior to adopting theCmcm phase at higher density. The
where the cinnabar phase has been first predicted to babservation of th&€mcmin ZnS is thus expected.
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4.85 7 in a nonlinear chain of atoms along theaxis. The ZnS in
078 the Cmcmstructure is illustrated in Fig. 1. A further modi-
B 07471 e fication to the cubic rocksalt pattern is observed: (2@0)
°€ 4.75 A . go‘g e . begins to split, clearly observable starting from 75 GPa. At
o 062 ’“o..‘ 96 GPa, the highest pressure reached in the present study, the
% 4.65 1 ¢ 056 | _ =a initial cubic (200 line has then become a definite triplet, as
% . B e o inferred by a line profile decomposition with a proper con-
5 ®e, straint on the x-ray-diffraction linewidth and illustrated in
0 455 4 ® e Fig. 8, consequently ruling out the possibility of a transfor-
8 M LR mation to theB-tin structure. The extent of the orthorhombic
= Smat & distortion in dense ZnS above 65 GPa is shown in Fig. 9
- 4.45 1 .. :E where the change of lattice parameters and the relative vol-
ume is plotted against pressure. Further data and analysis are
4.35 . . . : needed to estimate the atomic positions. The equation of
state of the dense ZnS in tl@&mcmstructure was not cal-
20 40 60 80 100

culated due to the relatively small pressure range over which
Pressure (GPa) it was recorded. In brief, like other zinc and cadmium chal-
cogenides, ZnS transforms to ti@mcm strucutre at high
FIG. 9. Variation of the lattice parameters in the rocksalt ( pressure. As a final comment, we note that the stability of the

axis: diamonds and distorted rocksaltdmcn) phase & axis:  Cmcmphase has never, to our knowledge, been observed
squaresp axis: triangles; and axis: circle$ as a function of in-  from numerical simulations.

creasing pressure obtained by EDXD. The inset shows the calcu-

lated relative change of volum&/¢ in given in Table Il) along the IV. SUMMARY

same pressure range. ADXD data are also ploftedsymbols.

Although theCmcm phase coexists with the rocksalt phase at a In this study, x-ray diffraction by synchrotron radiation
pressure starting fromr 65 GPa, its structural parameters could be has been used to study the stability and the compressive
determined only for pressures above 78 GPa. Consequently, onjyroperties of the dense phases of ZnS at room temperature.
data points corresponding to the rocksalt phase are plotted below 78nS has been shown to transform to the rocksalt structure
GPa. Furthermore, because the orthorhombic distortion remaingom its ambient wurtzite or zinc-blende phase at 12.2
small with increasing pressure, the accurate determination of the-0 5 GPa with volume change close to 17%. Using the
lattice parameters has not been possible and consequently the dggch-Murnaghan equation of state, the following compres-
points are scattered. sion parameters evaluated at room conditions have been ob-

e tained for the wurtzite, zinc-blende, and rocksalt phaBgs:
We have recorded clear indications that the rocksalt phasg g GPa,B,=80.1 GPa, an®,=117.6 GPa, respec-

in ZnS is unstable against pressures in excess of 65 GF)ﬁ’\'/ely, while B is constraint to 4. The rocksalt phase has

Figure 7 shows selected EDXD spectra which corroborat%een found to be stable from 14 t665 GPa. above which

the rocksalt-to-distorted-rocksalt transition. It is first noteda ressure-enhanced orthorhombic_distortitine Cmcm
that the additional x-ray diffraction lines are recorded start- P

ing from 65 GPa and become more promiment as the press_ttrhuecrtuzrr? ga?jvg:jséﬁ;glzzegﬂe dnetlg, qtehan: i?dss Itsostlrr:a”arréz;h?e-
sure reaches the approximate maximum of 96 GPa. Tha geni Wi 9 P u

x-ray diffraction lines arise from the shift of alternate Zn andmdﬁceﬁI stéucture iﬁqtljencg foII.(t)ws: Ztm'(t: bler(ljde_/wutr)ltatz

S layers along thé axis: the x-ray-diffraction pattern of the rc;}c salt— mC(T di € t?W; etr;]SI };]Wﬁrdz' N in Z'nkc' Iten he
distorted structure resembles that of the rocksalt structurB'2S€S Proceed directly to the high-density rocksalt pnase
except that, for instance, thi&10), (021), and(221) lines are upon the_ appll_catlon of pressure with no indication of an
not extinct. The additional x-ray-diffraction lines are in ac- intermediate cmnf_;\par-type structure phase. At room tem-
cordance to the conditioris+ k=2n in hkl andh, k=2n in perature, the stability of a cinnabar-type structure in ZnS is

hOl and kI, respectively, of space groupmcmwith the hence ruled out.
two atomic species located on sitesch(with (0,y4,0.25)

and (0y,,0.25)?” As noted by Nelmes and McMahdrfor

a=b=c andy,;=1-y,=0.75, theCmcmstructure is then The authors acknowledge the invaluable help of Dr. K. E.
identical to the rocksalt structure. TH@mcm structure is  Brister, Dr. K. Finkelstein, Dr. C.-S. Zha, and staff members
therefore characterized by the shift along thaxis withy;  at the Cornell High Energy Synchrotron Source. This work
=1-y,#0.75 and with another possible distortion arisingwas financially supported by the Natural Sciences and Engi-
from the fact thaty, —y, can be different from 0.5 resulting neering Research Council of Cana@ddSERQ.
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