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Stability and structural properties of the SC16 phase of ZnS under high pressure
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A first-principles pseudopotential method is used to investigate the stability and the structural properties of
the SC16 phase of ZnS under high pressure. It has been found that this form is thermodynamically stable in the
pressure range from 12.8 to 16.2 GPa, which is below the pressure range in which the rocksalt structure is
experimentally observed.

Upon increase of pressure, Si and Ge transform from theia preliminary study, Nelmes and McMaH8rhave found
ground-state diamond structure to tBeSn phase at moder- that RS-ZnS transforms to @mcmilike distorted RS struc-
ate pressures. This process is irreversible, and when pressukge at 69 GPa. Qteisét al' have shown that a very good
is decreased these systems transform to fourfold coordinafééscription of the former phase transformation can be ob-
structures:? known as BC8body-centered cubic with 8 at- tglned.by using the PP-PW and full-potential linear muffm-
oms basisand ST12(simple tetragonal with 12 atoms ba- {in orbital (FP-LMTO) methods. Moreover, they have inves-
si9. A recent experimental and theoretical investigation bytidated the stability and electronic structure of the cinnabar
Crainet al? has revealed that there is an intermediate phasBnase of ZnS. 'I;he cinnabar phase has a local distorted tetra-
between the3-Sn and BC8 forms of Si, which is a rhombo- n€dral borldlngl, and has been recently observed in ZnTe
hedral structure with eight atoms per unit cghie so-called gnd CdTé, and QaAé They have foun_d that this structure
R8 phasek In addition to their intrinsic interest, these struc- 1S thermodynamically unstable as a high-pressure phase of

tures have attracted a great deal of attention, because thé&PS» @lthough it is found to be relatively more stable than the
local distorted tetrahedral bonding is similar to that proposed> Structure. Itis of interest to study the relative stability of
for the grain boundaries and surface reconstruction i Si.the cinnabar and SC16 phases, since this may lead to some
These phases have also been used in modeling the develdﬂf-‘ad'Ct_'O”S when the stab_|I|ty of only one of them is k.nown.
ment of the amorphous structures by increasing the short- N Fig. 1 we show a unit cell of the SC16 phase. It is now
range disorder in crystalline solis. well established that this structure has the space group
The binary analog of the BC8 structure can be obtained®a3 . with a center of inversion ati(4,). For the posi-
by doubling the size of the BC8 unit cell, which leads to ations of the Zn and S atoms in the unit cell, we adopt the
simple cubic structure with 16 atoms per unit cell, known asdescription of McMahoret al:'° one atomic species is on
SC16. This structure has recently received increasinghe 8() site (of the Pa3 space groupat (u,u,u), with u of
interest®~11 Theoretical calculations have shown that it is aabout 0.15 while the other is on anothercB(position at
thermodynamically stable high-pressure phase in GaAs,
GaP, AISb, and InAS® However, the subsequent calcula-
tions of Mujicaet al.”® show that the SC16 phase is unstable
in the Al- and In-based semiconductors. Such discrepancy
can be understood by noting that the instability of the SC16
phase in the latter compounds is quite crititilt has been
argued that the formation of the SC16 phase of these mate-
rials is kinetically inhibited by the formation of wrong bonds
at the structural transition: the binary analog of the R8 phase
has five-membered rings. However, very recently, SC16-
GaAs has been obtained experimentdflypy heating its
high-pressur€mcmphase to about 400 K at 14 GPa. More-
over, the same structure has been observed experimentally in
some |-VII compounds, namely CuCl and CuBrTo the
best of our knowledge, there are no theoretical or experimen-
tal investigations of the SC16 phase in the II-VI compounds.
In this work, we use a first-principles pseudopotential plane-
wave (PP-PW method to investigate the stability of the
SC16 phase in ZnS under high pressure. FIG. 1. A view down thez axis of the SC16 unit cell. Solid
ZnS transforms under high pressure from the zinc-blend®onds: typeA. Open bonds: typ8. The atomic positions along the
(ZB) structure to the rocksalRS) phase at about 15 GPa. In z axis are shown on each atom, in units of @01
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(v,v,v) with v of about 0.65. As is evident from Fig. 1, each 0.645
atom is connected to its first-nearest neighbors by one bond
of type A and three bonds of typB. Whenv —u+#0.5, the
second nearest neighbors distances are different for the two ]

. . 0.644 )
atomic species. The bond lengths and bond angles are ex- 2
pressed in terms of the internal parameters as

Rg=av2(X;+X5)%— (X1 +Xp) + (X;—X)°+0.25, (2) o
O 0.642

S
<
4(X,+X%Xy)—1
=arccos > ( L 2) > , 0641 \\ h \ > . i .
23[2(X1X2)? = (Xg+ %) + (X1~ X)*+0.25] TU02 0183 014 0185 0.1%
@ u(Zn)
@ e ~ 2(X1+X2) %= (X1 +Xy) FIG. 2. Contour plot of the total energyneV/unit cel) as a
BB™ arcco“é[z(xl+x2)2_(X1+X2)+ (X,—X,)2+0.25] ' function of the internal parameters of SC16-ZnS, at the equilibrium

(4) volume.

wherex;=0.25-u, X,=0.75-v; ais the lattice parameter.

In this work, the internal parametessandv are associated the difference between and u is a fixed value is much

to the Zn and S atoms, respectively. stronger than that along the other diagonal. This behavior
The calculations were performed by using the same S angan be easily understood: the sunvodndu along the latter

optimized Zn pseudopotentials used in Ref. 13. The semicorgiagonal is a constant, which leads to invariét and to

Zn 3d electrons were treated as valence states. Here, Wgsry weak variations oRg, Ogg, and® 5. These weak

have also used a 55 Ry energy cutoff, which amounf[s to aQariations come from thex( —x»)?2 term[see Eqgs(2)—(4)],

average of 14000 PW's, to expand the wave functions Ofyhich is very small compared to the other ones. The other

SClG-_ZnS. The integration over the Brillouin zone was done?mportant feature to note from Fig. 2 is the very weak varia-

by using a regular 22x2 Monkhorst and Pack mesh o o Eio¢ in the considered ranges ofandu. Thus, the

(one special point The total energyf=;o:, convergence with estimated errors in the calculatégl,; due to the uncertain-

respect to the number of special points used is checked . .
increasing the mesh t0>44x 4 (four special points We l%’es in the calculated values of the internal parametseg

found that this leads to a reduction in the calculated values O?bove) are less than 1 meV/atom, which have negligible ef-

: o ects on our results and conclusions.
E.o: Of about 1 meV. This level of convergence is similar to

that of the ZB structure when the number of special points is . [19Ure 3 depicts th&, versusV curves for the ZB, RS,
increased from 10 (44x4 mesh, used in Ref. 130 60 cinnabar, and SC16 phases of ZnS. These curves are ob-

(8x8x 8 mesh. Thus, our calculations are well converged tained by calculatind=,,; at several different volumes, and

. fitting the calculated values to the Murnaghan equation of
\évgtgc{slsggiztt;o both the number of PWsee Ref. 18and state. This figure shows that the SC16 phase is relatively

For each of the volumes of SC16-ZnS considered. thdnore stable than both the cinnabar and RS forms. The

optimal values of the internal parameterandv were de-

termined by minimizing the forces on the ions. It has been 0.7
found that the variation of these parameters with respect to 06 i
volume, V, can be best fitted to straight lines, given by |
u(V/IVy)=0.0983+0.0558//Vy, and v(V/Vy)=0.6412 05}

+0.001%//V,, whereV, is the equilibrium volume. The 3 I RS

maximum difference between the calculated and fitted values % 0.4 [

of bothu andv is less than 0.0005, which can be used asa > g3l Cinn
measure of the uncertainty in our calculated values of these L : SC16
parameters. It is important to note that ¥ elependence af 5 0.2 ZB
is much weaker than that af, which is consistent with the L% 01 [

results of Mujica, Needs, and Ma# for SC16-GaAs and
SC16-AlAs. It is also worth noting that the valueswéndv 0.0
at Vg (0.1541 and 0.6431lare very close to those of SC16- ol ) . Ly
GaAs[experimentRef. 10: 0.15712) and 0.648); theoret- 12 14 16 18 20 22 24
ical calculationgRef. 9: 0.1583 and 0.6398 Volume(l?/atom)
In Fig. 2, we show a contour plot of the calculated; as

a function ofu andv at a certain fixed volume. This figure FIG. 3. Total energy versus volume curves for the ZB, RS,
shows that the variation d;,; along the diagonal on which cinnabar, and SC16 forms of ZnS.
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TABLE I. The calculated lattice parametex,, bulk modulus,B,, and its pressure derivative,, of
ZnS-SC16, compared with those of the other phases considered fofR&fSL3.

Structural parameter ZB RS cinnabar SC16
ap (A) 5.35225.410 5.01725.060 3.768 6.555
B, (GPa 83.1276.9 104.42103.6 89.3 78.4
By 4.4324.9 4.28 45P 473

3PP-PW calculations.
PExperimental datdRef. 18.
‘Experimental data, obtained by using a fixed valuésé)fof 4.0 (Ref. 19.

ground stateE;,; of the RS, cinnabar, and SC16 structuresSC16-ZnS has not yet been observed experimentally, which
are higher than that of the ZB structure by 0.267, 0.162, an@hay suggest that the ZB> SC16(on pressure increasand
0.120 eV/atom, respectively. RS — SC16(on pressure decregseansitions are hindered
The calculated structural parameters of SC16-ZnS argy high kinetic-energy barriers. The volume contraction as-
listed in Table I, together with those of the other consideredsociated with the ZB— SC16 transition, defined asV/V,
phases of ZnS. The most important feature to note from thigzg) is of 0.085, which is only about half that of the ZB
table is the relatively low value of the bulk modul®&,, of Rg transition(of about 0.160, see Ref. 1Here,V,(ZB) is
the SC16 phaséabout 5 GPa smaller than that of the ZB the volume of the ZB phase at which the ZB SC16 tran-
form). For the other structures consider@®}, increases by oo ccurs. which is 17.044 Xatom
going to the structures with smaller equilibrium voluiize3 ’ : '
— cinnabar— RS). For the lll-V compounds, the calcu-
lated values oB, of the SC16 phase is also foutitito be
smaller than expectdeither equal to or slightly lowefby 1

The stability of the SC16 and cinnabar phases in IlI-V
compounds has been thoroughly studied in a series of papers
by Mujica et al®~° They have found that for GaAs and GaP
GP3 than that of the corresponding ZB phase the SC16 phase is a thermodynamically stable high-pressure

Since the cinnabar phase has been ruled out as a stakﬂ@ase apove ZB, while the cmnapar formhich is also a
high-pressure phase in ZA%we will focus here on the ZB ense distorted tetrahedral strucjureonly metastable. The
—. RS and the ZB— SC16 phase transitions. The transition relative stability between these two structures is about 0.05
pressuresp, , were determined from the constraint of equal €V/atom; for both compounds, which is very close to our

pounds, the two forms have comparable relative stability and
H(p)=E«(V(p))+pV(p). (5) both are unstable high-pressure phdsé&ar the In-based

The calculatec(p) for the RS, cinnabr, and SC16 stue- (BRI P00 b7 T UACE e
tures relative to that of the ZB phase are shown in Fig. 4 '

This figure shows that SC16-ZnS is a thermodynamicall)}he relative stability between the SC16 and cinnabar struc-

stable high-pressure phase. Tiyeof the ZB — SC16 tran- tures depends strongly on the cation, at least in the III-V
sition is of 12.8 GPa, compared with that of the ZB RS compounds. Therefore, one may reasonably expect the SC16

transition of 14.35 GPa. The stability range of the SClehase to be a thermodynamicall_y stable high-pressure phase
phase is quite narroW8.4 GP4, since it becomes unstable N ZnTe and ZnSe, where the cinnabar phase has been ob-

with respect to the RS phase at about 16.2 GPa. Howeveperved in ZnT¥ and theoretical calculations have shown
that it is stable in both caseés.

0.4 There are striking similarities in the calculated high-
pressure phase diagrams of ZnS and G#@Rsf. 6. (i) In
both cases, the SC16 phase is found to be a thermodynami-
cally stable high-pressure structure, with for the ZB —
02t RS SC16 transition of about 12.5 GR@.) For both systems, the
Cinn cinnabar structure is a thermodynamically unstable high-
pressure phaséiii) The ZB — RS (in the case of ZnSor
SC16 ZB —Cmcm(a distorted RS structure, in the case of GRAs
0.0 transitions occur at about 15 GPa. Despite these similarities,
\ the cinnabar phase has been observed in GaAs but not in
ZnS. This may be related to the fact that the cinnabar phase
in GaAs is obtained by depressurizing tikiancm form,
02 . . N which is not the case for ZnS. Therefore, the possibility of
5 10 15 20 observing SC16-ZnS in a way similar to SC16-Gaky
Pressure (GPa) heating, in this case, the RS-ZnS at high pregsisran open
question. Experimental and more sophisticated theoretical

FIG. 4. Static lattice enthalpy of the RS, cinnabar, and SC16using constant pressure molecular dynafficinvestiga-
phases of ZnS relative to that of the ZB structure. tions are invited to explore this possibility.

Enthalpy (eV/atom)
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In summary, we have used a first-principles pseudopoteriil-V compounds, we expect the SC16 structure to be a ther-
tial method to investigate the stability and structural propersmodynamically stable high-pressure phase in ZnSe and
ties of SC16-ZnS. It has been found that this structure iZnTe. However, further theoretical and experimental studies
thermodynamically stable in the pressure range from 12.8 t@"e required to confirm these predictions.
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