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Abstract. We present the results of a theoretical study of the structural phase transformations of
ZnS under high pressure, using first-principles pseudopotential and full-potential linear muffin-tin
orbital methods, in which the semicore Zn d electrons are treated as valence states. The zinc-
blende, NaCl and cinnabar forms of ZnS have been considered. The structural properties and the
band structures of these systems have also been studied. In the case of the FP-LMTO approach,
an optimal choice of the empty spheres, atomic radii and filling percentage is introduced, which
gives results in excellent agreement with those of the present pseudopotential method. It has
been found that cinnabar phase is not a stable phase in ZnS under high pressure. The cinnabar
phase is predicted to be a semiconductor with a direct band gap of about 3.6 eV.

1. Introduction

The structural phase transformations under high pressure in elemental and binary semi-
conductors have recently received a renewed interest. The results of the recent
angle-dispersive x-ray measurements performed on many II-VI, llI-V and group IV
semiconductors under high pressures have altered significantly the widely accepted structural
systematics [1]. New phases have been discovered, such as the cinnabar structure in CdTe
[2], ZnTe [3] and GaAs [4], above the zinc-blende (ZB) phase, andGhem form in

several II-VI and IlI-V compounds; see reference [1]. The cinnabar phase in the above three
systems is stable over a very narrow pressure range (about 2 GPa), and it is always observed
on pressure decrease. It is worth noting that the cinnabar structure is the ground-state
form of HgS, and was previously associated only with the Hg-based 11-VI semiconductors.
Therefore, the existence of this phase in other 1I-VI and IlI-V compounds is very interesting,
and has prompted several theoretical investigations [5—8}€ €t al [5] have studied the
stability of the cinnabar and'mcm phases in ZnSe, ZnTe, CdSe and CdTe, by using a
first-principles pseudopotential plane-wave (PP-PW) method. They found that the observed
cinnabar phase in ZnTe is realized by their calculations, but that this is not the case for
CdTe. However, they have noted that the instability of the cinnabar structure in CdTe is
very critical. Moreover, they have found a stable cinnabar phase in ZnSe, contrary to the
experimental observations [9]. On the other hand, the stability of the cinnabar phase in
CdTe is realized [6] by using a full-potential linear muffin-tin orbital (FP-LMTO) method
[10]. Lee et al [7] have also confirmed by using a PP-PW method the stability of the
cinnabar phase in ZnTe. Two of us [8] have studied the stability of the cinnabar phase
in ZnS under high pressure, by using a PP-PW method, in which the semicore Zn 3d
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electrons are treated as a part of the frozen core and the non-linear exchange—correlation
core corrections (NLCC) are included. According to these calculations the cinnabar form in
ZnS is a stable high-pressure phase below the rock-salt (RS) structure. Therefore, extremely
accurate theoretical calculations are required to study the stability of the cinnabar phase in
the above semiconductors.

In this work we will reinvestigate the stability of the cinnabar phase in ZnS, by using
a more advanced PP-PW method, which treats the Zn 3d electrons as valence states, and
a FP-LMTO method (hereafter we will refer to the present PP-PW approach and that of
reference [8] as the PP-PW and NLCC methods, respectively). In both approaches the
local density approximation (LDA) was used for the exchange—correlation potential. The
FP-LMTO method is an efficient and accurate approach for studying various properties of
condensed matter systems. However fidz and Kunc [11] have noted that the FP-LMTO
results for the relative stability of different crystal structures of a certain material, and,
hence, its high-pressure structural phase transformations, are sensitive to the computational
ingredients (i.e., the choice of atomic radii of the true atoms and empty spheres (ESs),
filling percentage (FP) and relativistic effects). The effects of these parameters on the
above properties are thoroughly investigated, and an optimal choice for such parameters is
introduced, which gives results in excellent agreement with those of the PP-PW approach.
The crystal structures considered in this work are the ZB, RS and cinnabar structures. The
electronic structures of these forms of ZnS have also been calculated, by using the FP-LMTO
method.

D D
D D
(a) (b) (© (d)

Figure 1. The unit cell of the ZB (a), RS (b) and cinnabar (c) crystal structures, and a view from
almost directly above (along thedirection) of the cinnabar unit cell (d). The empty spheres
included are also shown as open circles, except for the cinnabar unit cell shown in (c). For the
cinnabar phase we have used the calculated equilibrium valueswofind thec/a ratio (see

table 1), obtained by using the FP-LMTO approach.

2. Computational details

The unit cells of the ZB, RS and cinnabar structures are shown in figure 1, including the
ESs considered. Thg-Sn phase which has been ruled out as a high-pressure phase for
ZnS [8] is not considered in this work. The ZB and RS structures can be fully described
by just the lattice constant, whereas the cinnabar phase, which has a hexagonal unit cell
of three ZnS formula units, has four structural parameteyshec/a ratio and two internal
parametersy andv for the Zn and S ions, respectively.

The ESs needed in the FP-LMTO calculations were chosen as follows. In the RS
structure eight ESs were included in the conventional unit cell as shown in figure 1, giving
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Table 1. Structural parameters of the zinc-blende, rock-salt and cinnabar phases of ZnS.

Structural
parameter  Zinc-blende Rock-salt Cinnabar
a (A 5352 5.32(%, 5.280, 5.017 4.97P, 4943,  3.76%, 3.712,

5.394, 5.58@, 5.410 5.094, 5.21@, 5.060 3.67F

By (GPa)  83.% 83.4,83.F, 84, 104.4 104.4, 107.65, 89.% 90.1, 91.%,

75.%,76.90 103.6
B, 443, 448,397, 49 428, 43P, 410 458, 453, 3.
c/a 2.258, 2.297,
2.336
u 0.479, 0.488
v 0.489, 0.49%

a Present work: relaxed d electrons, PP-PW calculations.

b Present work: FP-LMTO calculations.

¢ Reference [8]: PP-PW calculations, with NLCC.

d Reference [17]: LMTO calculations

¢ Reference [18]: Hartree—Fock calculations.

f Reference [19]: experimental data.

9 Reference [17]: experimental data, obtained by using a fixed valugg of 4.0.

four atoms (Zn, S and two ESs) per primitive unit cell. Similarly, eight ESs were included

in the conventional unit cell of the ZB structure: three on the edges of the cube, one in its
centre, and four as in the RS phase—at the vacant sites. For the cinnabar phase, with values
of u andv of about 0.5, two sets of ESs (E1 and E2) each containing six ESs were included,
per unit cell. The radius of an ES of type E2 is about 90% of that of the ES of the other
type. The ESs of type E2 are located along dkgirection near the vertices of the unit cell

in the perpendicular plane, while the ESs of type E1 lie at almost intermediate distances
between the Zn and S atoms along theirection; see figure 1(d). The structural properties
calculated using this method are quite insensitive to the inclusion of ESs, as already noted
by Muioz and Kunc [11]. This is not true for the calculated total enefgy,. Therefore,

our search for the optimal values of these parameters at each of the considered volumes
was conducted without the use of ESs. The ESs are, then, included in the optimized unit
cell to calculate ther,,,-curves E,,, versusV).

The radii of the Zn and S atoms and that of the ESs were chosen as follows. The radii of
the Zn and S atoms were taken to be equal to each other and were assumed to be the same
in the three crystal structures considered at the same valwe dfor each of the values
of V considered, they were considered to be equal. 9342, whered is the bond length
in the corresponding ZB structure. This gives, as a safety measure, an overa@#of
between Zn and S atoms in the ZB structure, as proposed in reference [12]. This approach
is different from the one adopted by oz and Kunc [11], in which these radii (in the
ZB and RS structures) are chosen to be equal at the volumes at which the phase transition
occurs. This implies that thg,,,-curves of these two crystal structures are calculated with
different FPs (larger in the case of RS). We believe that the present approach is more
physical, and, as will be shown below, it leads to very good results, compared to those of
the PP-PW approach. The effects of the FP on the transition pregsui,the ZB-to-RS
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phase transformation in ZnS have been studied: using a value of the FP of 51.1, 53.9, 57.5
and 62.1%, the calculated value pf is of 13, 13.95, 15.3 and 17.28 GPa, respectively.
The last FP value corresponds to equal radii for the atoms and the ESs and an overlap of
—3% between them, in both the ZB and RS phases. This shows that the dependgnce of
on the FP is quite important, especially for delicate structural phase transformations, such
as the present ones. Therefore, in our calculations, a fixed value of the FP is used for all
volumes considered for the ZB, RS and cinnabar structures, which is determined by the
values of the radii of ESs of the cinnabar form. In this phase and with the above choice
for the radii of the Zn and S atoms, the radii of the allowed ESs are rather small: the zero
overlap between these ESs gives a FP of 54.5%. In this work, we considered an average
overlap between the ESs of abouf%, which gives a FP of 53.9%. At a value ©f of

17 A3, the radii considered for the Zn, S, and the ESs of types E1 and E2, which satisfy
the above requirements, are 1.0800, 1.0800, 0.8118 and OA3&&pectively. In going

to other volumes, these values are simply scaled to maintain a fixed FP.
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Figure 2. (a) Thec/a ratios of the cinnabar phase of ZnS as a function of the volume per atom.
Diamonds: the NLCC results. Circles: the FP-LMTO results. Squares: the data used in the
PP-PW calculations; see the text. (b) As (a), but for the internal parametarsgl¢). Squares

and asterisks: the NLCC results felandu, respectively. Diamonds and circles: the FP-LMTO
results forv andu, respectively. The small dashed lines are the best linear fits to the calculated
values.

The other computational details of the FP-LMTO calculations are as follows. We have
used the Ceperley—Alder form of the LDA as parametrized by Vosikal [13]. As the
basis, we have used three Hankel functions per site with decay energigsff—1.0 and
—2.3 Ryd. Each of the first two functions were expanded in terms of nine atomic orbitals,
while only four atomic orbitals were used to expand the third one. This gives a total of
twenty two basis functions per site. The Brillouin-zone integration was performed using
10 specialk-points for the ZB and RS structures and 34 spekigloints for the cinnabar
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phase. The use of quite small sets of spegidoints is justified by the semiconducting
behaviour of the three forms of ZnS considered. The scalar relativistic effects [14] are very
important and, thus, have been included.

The computational details of the PP-PW calculations and the Zn and S pseudopotentials
used are exactly as described in reference [8], for the relaxed d-electron calculations, and,
therefore, will not be repeated here. In these calculations, the optifatatio and the
internal parameters«(and v) of the cinnabar structure were determined by the constraint
of isotropic stress and by minimizing the forces on the ions, respectively. This was done
at only one value of: (3.7 A). Then, the value of the/a ratio obtained at this value of
a together with the linear variation of the/a ratio, as a function oV obtained by the
FP-LMTO method (see figure 2), were used to find tiie ratio for the other volumes
considered. Moreover, the small variation of the valuea aind v with respect tovV was
neglected. The effects of these assumptions were checked and they were found to alter the
calculatedE,,, by less than 5 meV/atom. Such energy differences are too small to affect
our results and conclusions.

In the FP-LMTO approach, the optimafa ratio was obtained by calculating;,, as
a function of this parameter at a fixed value ¥f and then fitting the resulting values
to a parabola. Similarly, the- and v-parameters were determined by minimizifg, at
the calculated equilibriuna/a ratio. This was done without the use of ESs; see above.
However, it turns out thatt,,, is highly insensitive to the:/a ratio used (around the
equilibrium values) at a fixed value df. Therefore, the uncertainty in the determination
of the structural parameters of the cinnabar structure, using this method, will not affect the
calculatedE,,,-curves. This has been checked by recalculating Ehg-curves with the
values of thec/a ratio used in the PP-PW calculations. The maximum differenck;jnis
found to be less than 2 meV/atom, whereas the difference in the value of dhetio is
0.05 (see figure 2).

3. Results and discussion

3.1. Relative stability and structural parameters

The E,,,-curves of the ZB, RS and cinnabar phases of ZnS calculated by using the PP-
PW and FP-LMTO approaches are shown in figure 3. ThHgsecurves were obtained by
calculatingE,,, at five different volumes, and fitting the calculated values to the Murnaghan
equation of state. The two important features to note from figure 3 are as follows.

(i) First, the E,,,-curves for each of the above three structures calculated by using the
PP-PW and FP-LMTO methods are very close to each other. The Bfjecurves are
shifted almost rigidly by a very small amount to the left with respect to the former ones.
The relative stabilities of both the cinnabar and RS structures with respect to the ZB form
calculated by the above two methods are almost identical. The PP-PW and FP-LMTO
results for the difference in the ground stdig,, AE,,,, between the RS and ZB phases
are 0.267 and 0.263 eV, respectively. In the case of the cinnabar strugtfiyg, takes
the values 0.162 and 0.161 eV, respectively. This excellent agreement between the results
of the PP-PW and FP-LMTO calculations demonstrates the soundness of our choice of the
ESs and atomic radii, in the latter approach.

(i) Second, the agreement between the results of the PP-PW and NLCC calculations
of reference [8] is not satisfactory, especially in the case of the cinnabar structure: the
NLCC results forAE;,, for the RS and cinnabar structures are 0.236 and 0.090 eV/atom,
respectively. In the light of this large discrepancy between the NLCC results and that of
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Figure 3. The total energy versus the volume per atom of the ZB, RS and cinnabar phases of
ZnS. Solid curves: the PP-PW results. Dotted curves: the FP-LMTO results. Dashed curves:
the NLCC results.

the above two approaches for the cinnabar phase, we have inspected our previous NLCC
calculations. We have found that the calculations for the cinnabar phase were done using
a slightly different S pseudopotential from the one used for the ZB and RS phases. After
correcting this mistake, the NLCC results for thg,-curves (also shown in figure 3) are
found to be in good agreement with the PP-PW and FP-LMTO results. The correct NLCC
result forA E,,, for the cinnabar structures is 0.170 eV, which is also in very good agreement
with the PP-PW and FP-LMTO results.

The calculated values of the structural parameters of the three forms of ZnS considered
are listed in table 1, compared with the other available theoretical results and experimental
data. The remarkable features to note from this table are as follows.

(i) The results of the PP-PW and FP-LMTO calculations dgr By and B, for both
the ZB and RS forms are in very good agreement with each other and with the available
experimental data.

(i) The NLCC results for these parameters are also in satisfactory agreement with
experiment. It is worth noting here that our NLCC results are in better agreement with
experiment than those of Engel and Needs [15]; for more details see reference [8].

(iii) The FP-LMTO results for the equilibrium volume per atoiy, for the three forms
of ZnS studied are always slightly smaller than those of the PP-PW approach. The origin
of such a discrepancy is not clear to us, but, fortunately, it has a very small effect on the
calculated values of,; see below and figure 3.

(iv) The equilibrium values of: and v (about 0.5) for the cinnabar form of ZnS are
similar to those observed for this phase in ZnTe and GaAs. For such valuegamud v,
the coordination number of the cinnabar phase is four, as for the ZB form. By considering
the FP-LMTO results for the equilibrium structural parameters of the cinnabar phase (listed
in table 1), we found that two of the four bonds around each of the Zn and S ions have a
length of 2.326A, and the other two bonds a length of 2.386 These values are slightly
larger than the similarly calculated equilibrium. Moreover, the six equal bond angles in
the ZB structure of 104.47split in the cinnabar form of ZnS into two of 93.Q%wo of
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104.97, one of 128.63 and one of 137.77 Therefore, one can conclude that the local
tetrahedral bonding structure in the cinnabar structure of ZnS is quite close to that of the
ZB structure, which explains the presence of #yg-curve of this form between those of

ZB and RS; see figure 3, and its electronic structure properties; see section 3.3.

(v) The values ofB, for the cinnabar structure lie between those of the ZB and the
RS forms. This feature, which was observed experimentally for HgTe (reference [16]), is
consistent with the location of the equilibrium volume of this structure between those of
the ZB and RS phases.

In figure 2, we show the variation of the optimal values of tlie ratio, u andv for the
cinnabar form, as functions df, calculated by using the FP-LMTO and NLCC methods.
The main features to note from this figure are as follows.

(i) The variations of both the FP-LMTO and NLCC results for the above three
parameters, with respect 1, are almost linear.

(i) The averaged difference between the values of bothnd v calculated by the
FP-LMTO and NLCC methods is very small (about 0.01).

(iii) The NLCC results for the:/a ratio are always larger than those obtained from the
FP-LMTO calculations, on average by about 0.03. This difference increases to about 0.1
when the NLCC results are compared with the PP-PW ones (also shown in the same figure).

0.00 p——mee S

Enthalpy (eV)

-0.25
0.25

0.00 S e

-0.25

Pressure (GPa)

Figure 4. The static lattice enthalpy of the RS (solid lines) and cinnabar (dashed lines) forms of
ZnS relative to that of the ZB phase, calculated via the PP-PW (a), FP-LMTO (b) and NLCC (c)
approaches.

3.2. Phase transformations

The values ofp, for the ZB-to-RS and ZB-to-cinnabar structural phase transformations of
ZnS under high pressure were determined from the constraint of equal static lattice enthalpy
(per atom), given by

H(p) = Eis(V(p)) + pV(p). 1)
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Table 2. The transition pressures (GPa) of ZnS, for the ZB-to-RS and ZB-to-cinnabar structural
phase transformations. The other available theoretical and experimental data are also shown.

Present work

Other
Phase PP-PW (relaxed PP-PW theoretical Experimental
transition d electrons) FP-LMTO (NLCC) results data
ZB to RS 14.35 13.95 12.99 16,119.9 14.7-15.4,
15.0-16.9,
18.2°
ZB to cinnabar  16.42 15.84 17.8 Not observed

a Reference [18]: Hartree—Fock calculations.
b Reference [17]: LMTO calculations.

¢ Reference [19].

d Reference [20].

¢ Reference [21].

The calculatedH (p) for the RS and cinnabar phases relative to that of the ZB phase are
shown in figure 4. The values @f obtained by using the above three theoretical approaches
are shown in table 2, compared with the other available theoretical results and experimental
data. The remarkable features to note from these results are as follows.

(i) The excellent agreement between the our results, obtained by using the three
approaches considered, especially between the FP-LMTO and the PP-PW results.

(ii) For the ZB-to-RS phase transition, the values gfcalculated by using the FP-
LMTO and the PP-PW approaches (14.35 and 13.95 GPa, respectively) are also in excellent
agreement with the experimental value (about 15 GPa). The NLCC result (12.8 GPa) is in
reasonable agreement with experiment.

(iii) The results of these three theoretical approaches show that the cinnabar phase is
not a stable high-pressure phase in ZnS. The valueg, dor the ZB-to-cinnabar phase
transition are 2.07, 1.89 and 5 GPa higher than those of the ZB-to-RS phase transition,
respectively, in the case of the PP-PW, FP-LMTO and NLCC calculations.

The volume contractions associated with the ZB-to-RS phase transition, defined as
AV /V,(ZB), calculated by using the PP-PW, FP-LMTO and NLCC approaches are 0.160,
0.153 and 0.160, respectively. Heig(ZB) is the volume of the ZB structure at which the
above transition occurs. These results are in very good agreement with the experimental
value of 0.157 (reference [17]).

3.3. Electronic structure

The band structure of the ZB phase of ZnS calculated by using the FP-LMTO technique
is shown in figure 5. The corresponding eigenvalues at the high-symmetry points in the
Brillouin zone for this structure are listed in table 3, compared with the other calculated
values and the available experimental data. The two features to note from these results are
as follows.

() It is evident that the eigenvalues calculated by using the FP-LMTO method are in
excellent agreement with those obtained using the PP-PW method. The maximum difference
is in the position of the d bands, of 0.18 eV. For this reason, we have calculated the band
structures of the three phases of ZnS considered by using just the FP-LMTO technique.
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Figure 5. The band structures of the ZB structure of ZnS calculated at the experimental lattice
constant, by using the FP-LMTO method. The conduction and valence bands are shown by
dashed and solid lines, respectively.

Table 3. The FP-LMTO results for the energy levels (eV) at high-symmétpoints of the zinc-
blende form of ZnS, compared with results of the PP-PW (references [22] and [23]) and linearized
augmented-plane-wave (LAPW) (reference [23]) methods, and the available experimental data.

PP-PW, PP-PW, LAPW, Experiment,
Eigenvalues FP-LMTO reference [22] reference [23] reference [23] reference [19]
'y —13.12 —-13.21 —13.07 —-13.11 —13.50
15y (d) —6.47 —6.65 —6.63 —6.55 ~—10.00
1oy (d) —-5.99 —6.17 —6.16 —6.09 ~—10.00
[isy 0.00 0.00 0.00 0.00 0.00
I 1.84 1.79 1.84 181 3.80
IM1s5¢ 6.27 6.21 6.15 6.19 8.35
X1 —11.86 —-11.92 —-11.77 —-11.84 —12.00
Xay —4.66 —4.77 —4.74 —4.70 —5.50
Xsy —-2.23 —-2.32 —-2.29 —-2.25 —2.50
X1c 3.22 3.19 3.19 3.18
X3¢ 3.91 3.90 3.87 3.87 4.90
L1 —12.18 —12.24 —12.10 —12.16 —12.40
L1y —5.36 —5.47 —5.43 —5.38 —5.50
Layv —0.87 —0.92 —0.90 —0.88 —-1.4
L1ic 3.10 3.30 3.05 3.05
Lac 6.85 6.78 6.75 6.76

(i) The LDA band gap of this system is 1.84 eV, which is 48.4% of the experimental
value (3.8 eV). The LDA underestimation of the energy band gaps of semiconductors is
well known, and can be largely removed by using sophisticated many-body methods, such
as the GW technique [24].

The band structure of the cinnabar form of ZnS is shown in figure 6. This system is
found to be a direct-band-gap semiconductor, with an LDA band gap ar tpheint of
1.64 eV, which is very close to that of the ZB form. Moreover, the widths of the d and
valence bands of the cinnabar phase of ZnS are larger than those of the corresponding bands
of the ZB form by only 0.3 to 0.4 eV, respectively. This behaviour is not surprising, since
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in the cinnabar structure with values mfand v of about 0.5 the distortions from the local
tetrahedral bonding are quite small; see section 3.1. To get an idea of the fundamental
band gap of the cinnabar form of ZnS, we have assumed that the many-body effects are
wavevector independent, and they are the same in the ZB and cinnabar structures of ZnS.
Therefore, we have used the so-called scissors operator to rigidly shift the conduction bands
up in energy by 1.96 eV, to recover the experimental band gap of the ZB form, giving a
value for the fundamental band gap of the cinnabar phase of 3.6 eV. The use of the same
scissors operator for these two forms of ZnS is justified by the above close similarity in
their band structures. It is worth mentioning that similar electronic structure modifications
are expected in the case of GaAs and ZnTe, on going from ZB to cinnabar phases, since
their equilibrium values ofi andv are about 0.5.

Figure 6. As figure 5, but for the cinnabar phase at the calculated equilibrium geometry.

Energy (eV)

-12 \ - /_,.ﬁ\

L r X UK r

-16

Figure 7. As figure 5, but for the RS form at the onset of the ZB-to-RS phase transition, with
ap equal to 4.872A. This value ofag is obtained by subtracting from the volume of the ZB
structure at which the above transition occurs the associated value of the volume contraction.
We used the experimental data reported in table | of reference [EZ].refers to the Fermi
energy.

The calculated band structure of the RS phase of ZnS, at the onset of the ZB-to-RS
phase transition, is shown in figure 7, which shows that it has a small negative LDA band
gap. However, the above many-body effects will shift the conduction bands up in energy
with respect to the valence ones. This makes the RS phase of ZnS an indirect-band-gap
semiconductor, with two valence band maxima along Ihelirection and at the L point,
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and a conduction band minimum at the X point. The maximum alongxttdirection is
slightly higher in energy than the one at the L point (by about 0.1 eV). These results are in
excellent agreement with the LMTO calculations and the experimental results, which show
that this system is a semiconductor with an indirect band gap of about 2.0 eV, as reported
in reference [17].

4. Conclusions

The stability of the cinnabar phase in ZnS under high pressure is reinvestigated by using
the first-principles pseudopotential plane-wave (PP-PW) and full-potential linear muffin-
tin orbital (FP-LMTO) techniques, in which the Zn 3d electrons are treated as valence
states. We have also repeated the PP-PW calculations of reference [8], in which the Zn 3d
electrons are treated as a part of the frozen core and the non-linear exchange—correlation
core corrections (NLCC) are included. Moreover, the band structure of the three crystal
structures considered (zinc-blende (ZB), rock-salt (RS) and cinnabar) are calculated via the
FP-LMTO method. In the following, we draw our main results and conclusions.

(@) In the case of the FP-LMTO method, we have introduced an optimal choice for
the empty spheres and atomic radii, which gives results in excellent agreement with those
obtained by using the PP-PW approach.

(ii) Although the cinnabar form of ZnS is found to be more stable than the RS form, it
has been excluded from consideration as a high-pressure phase in ZnS.

(iii) The previous NLCC results for the stability of the cinnabar phase are incorrect,
and this approach gives results in good agreement with the above two methods, for both
the relative stability and the structural parameters of the phases of ZnS considered.

(iv) The cinnabar phase of ZnS is a semiconductor with a direct band gap Btgbimt
of about 3.6 eV.

(v) At the onset of the ZB-to-RS phase transition, the RS form of ZnS is also a
semiconductor with an indirect band gap, with two valence band maxima alon& the
direction and at the L point, and a conduction band minimum at the X point.
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Note added in proof After we finished this work, we were informed by R Nelmes and M McMahon that they
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observed a cinnabar phase in this compound, in agreement with the results of the present work.
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