PHYSICAL REVIEW B VOLUME 53, NUMBER 13 1 APRIL 1996-I

Ab initio pseudopotential study of the structural phase transformations
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Using a first-principles pseudopotential approach and the local-density approximation for the exchange-
correlation potential, we have calculated the equations of €&’y of the zinc-blenddZB), rocksalt(RS),
B-Sn, and cinnabar structures of ZnS. From these EOS’s the high-pressure structural phase transformations
(HP-SPT’g of ZnS were investigated. These calculations were performed using two approximations for treat-
ing the semicore @ electrons of Zn: as relaxed valence states, and as part of the frozen core and using
nonlinear exchange-correlation core correctifiksCC). It has been found that the NLCC calculatinos provide
a very good description of the structural parameters and the HP-SPT’s of ZnS, provided that the Zn pseudo-
potential is generated from nonrelativistic atomic calculations. The cinnabar structure is found to be an inter-
mediate phase between the ZB and the RS structures of ZnS, a behavior which was previously associated only
with the Te- and Hg-based II-VI compounds. The structural parameters of the cinnabar form of ZnS have very
similar behaviors as those of the same structure of HgTe and CdTe.

I. INTRODUCTION all the atoms of the Periodic Table, including the group 11B
elements.
The high-pressure structural phase transformatibif2- The HP-SPT are usually determined using the common

SPT’s of the 1I-VI compounds have recenlty received a lot tangent technique of the equations of stae®S’s of the
of interest:™! The feature which has emerged in the pastconsidered crystal structures. In this study, four crystal struc-
few years is the observation of the cinnabar structure as afires of ZnS have been considered, which are the ZB, the

intermediate phase between the zinc-bletz) and rock- RS, the cinnabar, and the diatomic equivalence ofAken
salt (RS) structures in the Te-based I1-VI semiconducfd?s. Structures. The calculations of the EOS’s of these forms of

This behavior was previously associated only with the Hg-ZNS were performed using the PP-PW approach and the

- A 21
based II-VI materials. It is worth noting that the cinnabar'oc@l-density approximation(LDA)™ for the exchange-

structure is the ground-state form of H{S 3 Therefore, it is correlation potential. Two approximations for treafing the
semicore 8l electrons of the Zn atom have been usgdas

of great importance to investigate whether the above featur . ;
g P 9 relaxed states, an@) as part of the frozen core and includ-

is common for all the 1I-VI semiconductors or not, which . . . .
. : : .ing the nonlinear exchange-correlation core corrections
requires careful experimental and accurate theoretical StUd'?RILCC) 22

for th? other(not Te- or Hg—ba;@dll-m semlconductors. The rest of the paper is organized as follows. In Sec. Il we
The aim of this work is to investigate theoretically the ZB 10 jy oy ce the method of calculation and give the computa-
the cinnabar HP-SPT of ZnS, using a first-principles pseudogiona) details. In Sec. |1l we report and discuss our results for
potential plane-wavéPP-PW method. o the structural parameters of the four considered crystal struc-
At zero pressure, ZnS is known to crystallize in manyyres of znS and its HP-SPT'’s. Finally, Sec. IV contains a

similar forms (polytypesg with the ZB structure being the summary of our main results and conclusions.
most stable one. The available experimental and theoretical

data show that the first HP-SPT in ZnS takes place from the
ZB to the RS structures at about 15 GPand the RS struc-
ture remains stable up to about 27 GPahere a second The calculations were performed using a PP-PW approach
HP-SPT takes place to as yet an unknown structure. In thignd the Ceperley-Alder forfd of the LDA as parametrized
work we will also address the second HP-SPT of ZnS. by Perdew and Zungéf. The Kohn-Sham equations were

The PP-PW technique is one of the most attractive theosolved using the Teter, Payne, and Allan conjugate gradient
retical methods for studying the structural properties of con{CG) total energy minimization techniqdé. The RS, the
densed matter, because of its flexibility and accuracy. Very3-Sn, and the cinnabar structures were treated as metals, and
recently, schemé&1" have been developed which producein these cases we used the very recently introduced CG
highly optimized pseudopotentials with respect to the PWmethod by one of u& The Brillouin-zone integration was
basis. The schemes and the recently introduced very efficieperformed by sampling on a regularx4t x4 Monkhorst-
minimization techniqué§=2°have made it possible to extend Pack (MP) mesH?® for all the considered crystal structures,
the range of applications of the PP-PW approach to almoswthich gives rise to 10 speci&lpoints for the ZB and the RS

Il. METHOD AND COMPUTATIONAL DETAILS
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structures, and 11 and 12 spedkapoints for theB-Sn and 2.0
the cinnabar structures, respectively. For the metallic sys-
tems, the use of such small numbers of spdcipbints was
made possible by using quite large values of the Gaussian
smearing parametér(1.0, 0.5, and 1.0 eV for the RS, the
B-Sn, and the cinnabar structures, respectivalyd includ-

ing the corresponding entropy correctin Convergence
tests have shown that a very good convergence with respect
to the number of specidt points has been achieved: for
example, increasing the number of spediapoints in the
case of the RS form of zZnS, witta=5.0 A, to 28
(6xX6x6 MP mesh reduces the ground-state energy by less
than 1 meV. This energy difference is not expected to alter
the calculated structural parameters, and it has very small 0.0
effect on the calculated values of the transition pressure,
P., as will be shown in Sec. Il B.

The used Zn and S pseudopotentials were generated using -0.5 : T T
the Kerker schenf& in Klienman-Bylander fornf® The Zn 5 10 15 20 25
pseudopotentials used in the relaxd@dlectrons calculations v (@a°)
was generated, with highly optimized $seudopotential, as
described in Ref. 17. In these calculations PW's up to a 55 FIG. 1. The calculated EOS’s of the ZB, the RS, sn, and
Ry in energy were includet. The zZn pseudopotential used the cinnabar structures of ZnS, using the relaxkdelectrons
in the NLCC calculations was generated from nonrelativistic(dashed curvgsand the NLCC(solid curve$ approaches. The
atomic calculations, with the configuratiors’?’4p® "2 for EOS’s in the case of the NLCC calculations are rigidly shifted such
the s and p pseudopotentials and the ionic configurationthat the equilibrium total energ¥t, and thg equilibrium volume
480'504p°'254d0'25 for the d pseudopotential. The used core of the ZB strupture match the corresponding values of the same
radii were 2.01, 2.01, and 3.4 a.u. for thep, andd pseudo- s_tructure obtalned_ using the relaxedelectrons approach. Solid
potentials, respectively. In the NLCC calculations, we havec'rde: E,o Of the cinnabar structure_ calcul_ated using the relaced
used a 22.5 Ry energy cutoff, which is found to give a Veryelectrons approach @=3.8 A and its optimal values of/a, u,

good convergence. The S pseudopotential was generated ansdv (which are, in this case, 2.28, 0.46, and 0.49, respeciively

described in Ref. 30, without including the NLCC. e zero energy is taken to be equalgfl of the ZB structure.
Both the ZB and the RS structures have only one struc-
tural parameter: the lattice paramet@r,The 8-Sn form has  cinnabar structure, only NLCC calculations were performed,
two structural parameters: and thec/a ratio. The cinnabar because of the rather large computational effort required to
structure has four structural parametexrsthec/a ratio, and  calculate the EOS of this structure using relaxeélectrons
two internal relaxation parametersandv, for the Znand S approach. The calculated values of the structural parameters
ions, respectively. of the four considered structures are shown in Table |, com-
The determination of the optimal/a ratio, at a fixed pared with other available theoretical results and experimen-
value ofa, for both the3-Sn and the cinnabar structures, tal data. The important features to note from Table | are as
was obtained using the constraint of isotropic stress. Thiollows.
was greatly simplified by making use of the linear variation  First, our results for both the ZB and the RS structures
of the stress components by small changes ofcifzeratio  obtained using the relaxedi electrons approach are in very
around its optimal value, and also by the linear variation ofgood agreement with the experimental data. For example, the
thec/a ratio with respect t@; see below. The optimal values discrepancy between our results for the ZB structure and the
of the internal parameters,andv, of the cinnabar structure, experimental data is 0.074%, 11%, and 9.6%édpthe bulk
at fixed values ofa and its optimalc/a ratio, were deter- modulus,B, and its pressure derivativB,’, respectively.
mined by minimizing the forces on both the Zn and S ions. Second, our calculated structural parameters using the
The tolerance in the anisotropicity of the stress componentsILCC approach are also in good agreement with the corre-
and the residual forces on the ions was 2.3 kbar and® 10 sponding experimental data. For example, for the ZB struc-
dyn, respectively. ture the errors, in this case, were 2.4%, 11.07%, and 20% for
a, B, andB’, respectively. These errors are much less than
those in the similarly calculated values by Engel and N&eds
lll. RESULTS AND DISCUSSION (4.2% and 38% foa anbB, respectively. The main differ-
ence between the latter calculations and the present ones is
that we have used a Zn pseudopotential obtained from non-
The EOS'’s of the ZB, the RS, th@-Sn, and the cinnabar relativistic atomic calculations. It has recently been noted by
structures of ZnS are obtained by calculating the total energyne of ug® that the so generated pseudopotentials for group
E.i, at five or six different volumes, and fitting the cal- 1IB elements give very good description of the structural
cualted values for each structure to the Murnaghan's BOS. properties of the 1I-VI compounds. This suggests that the
The calculated EOS’s obtained using both the relaketec-  relaxation of the semicoré electrons in these materials with
trons and the NLCC calculations are shown in Fig. 1. For theespect to the superposition of the semicore atomic charge
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A. The EOS'’s of the considered crystal structures
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TABLE I. Structural parameters of the ZB, the RS, tBeSn,
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and the cinnabar structures of ZnS. ° 2.42
o . 20000 7ZnS o
s a #xx 3+ HgTe §
Structural § 239 b\, ZoensReloxed d-elctrons {0.58 %
parameter ZB RS B-Sn Cinnabar < | T _g
\ @«
54092528037 5.0224.95° 4.769%  3.76F 8 o3k N 54057 &
5.06°5.21¢  4.738 8 | o i
f c £ \ = P — «
ap (A) 5.394" 5.413¢ 5.094 5 e o= & N
d S 233 ¢ K & 40.56 &
4.7159 5.410 g 253 3 o § — N
5.186 = \ v 3
83.2283.3" 104.42 9382867 92 § 230} o \ 1055 8
Bo (GPa 75°76.9975.9%  107.8 s T ©
82/ 1459 106' 103.6° 83.1° B ,
00.1 2.27 : . ' : 0.54
100. 32 35 38 41 44 47 50
4.4323.92P4° 429241 4.42496° 3.1° a (4)
B, 49947847 4°10°24.08
05683 23363 FIG. 2. The variation of the optimal value of ticéa ratio with
(cla)o 0.5608 respect to the lattice parameter, for the 8-Sn structure as ob-
Ug 0.45% tained from both the relaxed electrons and the NLCC calcula-
ions, and for the cinnabar structure using the calculations.
v oag U d for the cinnabar struct ing the NLCC calculati

The results for cinnabar form of HgTe reported in Ref. 10 are also
shown.

8Present work, relaxed electrons calculations.
bPresent work, frozed electrons and NLCC calculations.

c .
dREference 4, experimental data. bar structure of ZnS is consistent with that of CdTe and
Reference 34, experimental data.

“Ref 1 first-orinciples Hartree-Fock | binati ngTe reported in Refs. 5 and 10, respectively. Featire
at?)rizinocriitails I;?e-t%:;gc'p es hariree-rock finear combination O gicates that thes-Sn structure is more susceptible for com-

y . ression under high pressure along thdirection than the
Reference 4, LMTO-LDA total energy calculations. P 9n p 9

her axes; th ite is true for the cinnabar structure.
9Reference 32, PP-PW calculations, frozen core without includingOt Feigﬁree%, (tjef)igfspﬁset\e;afi;ti%i gf t;eeocptimaa?la:/aitjeuscg‘ (tahe

hthe NLCC. ) . _ internal structural parameters of the cinnabar structure of
Reference 32, PP-PW calculations, frozen core and including th%nS (U andv) with respect tea. The important features to
NLCC. '

note here ardi) the values of bothu and v increase by
. : R : : ._increasinga, with a plateau around, (between 3.5 and 3.7
densities obtained from relativistic atomic calculations IS for u. and between 3.6 to 3.8 A far) and i) the values
Iarge_r and more important than that of the noanIat'V'St'Cof u andv in the considered range afare very close to each
atomic calculations. S . . i

other, which is consistent with the experimental results re-

obgi:rgd i;?\mptarelszgoo\jethsvgezulti;gg;ﬁsghztvrv?%z trPeorted in Ref. 5 for CdTdabout 0.63 and 0.56 fon and
g PP v, respectively and those reported for HgTe in Ref. 10

NLCC calculations also provide quite good structural prop- . .
erties for this structure of ZnS. (about 0.64 and 0.56 far andv, respectively. It is worth

Fourth, the equilibrium structural parameters for both the
B-Sn and the cinnabar structures of ZnS serve as predictions.

To the best of our knowledge, there are no theoretical or ® 0.49 seeee ¢ (Zn)
experimental results available for these systems. £ 048 12PPERV (S), _r--n
Fifth, our present calculations show that 'E ///
T 0.47 - 6
(BO)ZB< ( B0)cinnabar< ( BO)RS- g ///
© 0.46 A o '
This feature is consistent with the experimental results for 3 il TP
HgTe reported in Ref. 10. £ 0.45 A /7
The variation of the optimal value of th&'a ratio with s )/
respect toa is shown in Fig. 2 for both thg-Sn and the 8 0.44 ]
cinnabar structures of ZnS. It has been found tptthe &
c/a increasesdecreaseslinearly by increasinga for the 0.43

T T T T T
B-Sn (cinnabay structure.(ii) For the 8-Sn structure, the 3.3 3.4 35 36 3.7 38 3.9
optimal values of thec/a ratio obtained using the NLCC a (4)

calculations are about 1.5% lower than the corresponding

values obtained using the other approach; the variaton of the F|G. 3. The variation of the optimal values of the internal pa-
c/a ratio with respect taa is almost identical for the two rametersu andv for the cinnabar structure of ZnS with respect to
approachesg(iii) The variation of thec/a ratio of the cinna- a.
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TABLE II. The transition pressure§sPg of ZnS, from the ZB  ca|culatedE,, of the fully optimized structure of the cinna-
to the cinnabar or the RS structures, and from the cinnabar to thBar form at only one voluméalso shown in Fig. Lusing the
RS structures. The other available theoretical and experimental realaxedd electrons approach. This calculated valueEgs,
sults are also shown. .
and the very weak volume dependence of energy difference
between the calculated two EOS’s for each of the ZB, the

Present work

Other RS, and the3-Sn structuressee Fig. 1, confirm our conclu-
Phase Relaxed theoretical Experimental  sion that the first HP-SPT of ZnS is from the ZB to the
transiton  d electrons NLCC  results data cinnabar structures. However, the stability range of the cin-
7B - Cin 11.4 nabar structure is expected to be smaller than the one ob-
Cin — RS 145 tained from the NLCC calculation83.1 GPa. It is worth
7B - RS 14.7 145 163195 14.7-15.4 noting here that the stability range of the cinnabar form of
18.1¢ CdTe is also very smallabout 0.8 GPr and it was only
15 0-16.9 observed as a single phase while decreasing the preSsure.

This is a very important finding, since it shows that the ob-
®Reference 1, first-principles Hartree-Fock linear combination ofservation of the cinnabar structure as an intermediate phase

batomic orbitals method. between the ZB and the RS structures is not only limited to
Reference 34, experimental data. the Te- or Hg-based 1I-VI compounds, but it could be a com-
ZReference 4, LMTO-LDA total energy calculations. mon behavior for all of the 1I-VI compounds. Therefore,
Reference 35, experimental data. more experimental and theoretical investigations are needed
*Reference 36, experimental data. to clarify this point.

It has been observéthat the RS structure of ZnS remains

L ARA3
values ofu andv are 0.72 and 0.48, respectivefy:” Our nknown structure. Figure 1 shows that this unknown struc-
calculated values are smaller than the above observed results

for CdTe and HgTe by about 30% and 15% for batland Ure is not the-Sn.
v, respectively, and the value ofis larger than the value of

u in the present work. The origin of such discrepancies is not
clear to us. However, they cannot be understood as short-
comings of the use of the NLCC calculations, since the re-
laxedd electrons calculations provided almost the same val- |, this study a first-principles pseudopotential technique

ues for the two parametergsuch calculations were .. e |ocal-density approximation are used to claculate the

performed only at one volume, see Fig. Therefore, more e aiions of statéE0S'S of the zinc-blendeZB), the rock-
uiatl © required, especialy for . 9 salt(R9), the 8-Sn, and the cinnabar structures of ZnS. From
pounds, to clarify this point—this work is now in due course.

these EOS'’s the first and the second high-pressure structural

phase transformation€HP-SPT'$ have been investigated.

Two approximations for treating the semicord 8lectrons
First we discuss the HP-SPT of ZnS from the ZB to theof Zn were used(i) as relaxed valence states, diiflas part

RS structures, which was found to be the first HP-3PF.  of the frozen core and including the nonlinear exchange-

We have found that such a transition takes place at 14.7 ansbrrelation core correctionéNLCC). In the following we

14.5 GPa, using the relaxetelectrons and the NLCC cal- symmarize our main results and conclusions.

culations, respectively. These results are found to change (1) The calculated structural parameters for the ZB and

very little when 28 specigk points are used in the calcula- the RS structures of ZnS, using both approximations for

tions of the RS structure: a rigid downshift in energy of theyeating the semicore electrons, are in good agreement with

EOS of the RS structure by 1 meV, see Sec. I, affects thg,e 4yaijlable experimental data and all the electron calcula-

calculated value oP; by only 0.1 GPa. This shows that our ions.

results are well converged with respect to the number O% (2) For the B-Sn structure of ZnS, the calculated struc-

specialk points used. Our_results fdp, are in very good tural parameters using the above two approaches are very

agreement with the experimental results, which range be-

. . _close to each other.
tween 14.7 to 18.1 GPa, and other theoretical values; seé (3) For the cinnabar structure of ZnS, thendy param-

Table Il. An important feature to note here is that the NLCC . .
calculations provide a very accurate description of the abovE!€rS aré almost equal, and thka ratio decreases linearly
phase transformation. with increasinga. o _
The most remarkable feature to note from Fig. 1 is that (4) The most important finding is that for ZnS the first
the NLCC calculations reveal that for ZnS the cinnabarHP-SPT takes place from the ZB to the cinnabar structures,
structure is an intermediate phase between the ZB and tHénlike what has been previously thougi@tB to RS. The
RS structures. According to these calculations, the first HPrange of stability of the cinnabar structure is found to be very
SPT takes place from the ZB to the cinnabar structure amarrow, and it undergoes a SPT to the RS structure at about
about 11.4 GPa. The cinnabar structure remains stable up b GPa.
about 14.5 GPa where it undergoes a HP-SPT to the RS (5) The 8-Sn structure of ZnS can be safely ruled out as a
structure. To assess the accuracy of these results, we haki@gh pressure phase of this material.

IV. CONCLUSIONS

B. Structural phase transformations
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