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First-principles study of the orthorhombic mechanism for the B3/B1 high-pressure
phase transition of ZnS
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Ab initio periodic DFT-LCAO methods B3LY P and LDA functional$, at the all-electron level, were
employed to study the atomic pathway of the zinc blende to rocksalt phase transition of ZnS. By the technique
of constant pressure enthalpy minimization, the transformation mechanism base@rma orthorhombic
intermediate structure, recently proposed for SiC, was examined and compared to the traRBimnddom-
bohedral pathway. At the equilibrium pressure of 19 GPa, an activation enthalpy offmsg®) against 0.50
(R3m) eV was obtained, confirming the orthorhombic mechanism to be definitely most favored also for a more
ionic solid such as ZnS. The band gap is predicted to narrow progressively from zinc blende to rocksalt, with
a parallel increase of the Zn to S charge transfer. Some structural and electronic features indicate a jumplike
character of the transformation mechanism at about one third of the path.
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I. INTRODUCTION Zinc sulfide is a wide-gap semiconductor of well known
importance for applications in the fields of optical device
Molecular mechanisms of chemical reactions have beetechnology: optical memories and visual displays are some
long investigated by quantum-mechanical calculations, so asf the devices based on this class of materials. Both ambient
to get insight into the microscopic aspects of chemical kinetpressure polymorphs of Zn@ubic zinc blende and hexago-
ics. On the other hand, only quite recendly initio methods  nal wurtzite undergo a phase transition to the rocksalt struc-
have begun to be applied to the study of atomic-scale transure at a comparatively low pressure, with respect to other
formation pathways in the solid state. Yet, predicting activa-AB semiconductors, in the range from 12 to 18 GPa accord-
tion energies and other phenomelogical kinetic parameterisig to different authord®~1° It seemed therefore interesting
on a first-principles basis is potentially very attractive forto check the results obtained previously for SiC, with a tran-
many crystal processes. sition pressure approaching 100 GPa, on zinc sulfide. Fur-
The simplest case is that of pressure-driven solid-solidher, the electronic and chemical bonding properties along
phase transitions, which can be tackled by a straightforwarthe transformation pathway are investigated in the present
static computational approach. The configurational space afase, as well as details of the structural changes of the inter-
intermediate metastable states is constrained by ideal lattiaeediate states not taken into account in the SiC study. In
periodicity (defects are not taken into accoyrand within it particular, the higher ionicity of ZnS with respect to SiC
least-enthalpy paths are searched for. A crucial role is playeguggests that charge transfer effects could play an important
by symmetry lowering of the “activated state,” whose spacerole in the transformation mechanism for the present com-
group must be a subgroup of those of both end phases. Fysound.
ther, a few recent experimental techniques promise to be able Several previous first-principles investigations of ZnS are
to probe directly or undirectly the intermediate metastablepresent in the literature, dealing mostly with the band struc-
states occurring in such transformations: compare the casegre simulation at ambient conditions® predictions of the
of x-ray diffraction peak profile analydisand of time- B3/B1 phase transition pressure are also reported in a recent
resolved electronic spectroscopy coupled with shock wavetudy!® The theoretical method adopted in this paper is
techniques;® which were applied to study the CdSe and CdSdensity-functional theoryDFT) coupled with use of an all-
wurtzite to rocksalt phase transitions, respectively. electron localized basis set of Gaussian-type atomic orbitals.
The mechanisms of high-pressure phase transformatiorhis approach has proved successful for dheinitio mod-
studied so far by ab initio methods concern the octahedral telling of a number of non-equilibrium Arrhenius-type crystal
cubic (B1 to B2)*° and tetrahedral to octahedr@3 orB4  processes, including also ionic mobility in the solid stte.
to B1)°~° coordination changes in compounds WAIB_sto-
ichiometry. In particular, with reference to tB3/B1 (F43m Il. COMPUTATIONAL METHOD
zinc blendeFm3mrocksal} phase transition of SiC, we have
been recently able to demonstrate that a pathway based All quantum-mechanical calculations were carried out by
on orthorhombic intermediate states is clearly favored, orihe computer codeRysTAL982! implementing a periodic
energetic grounds, over the traditional rhombohedral.CAO (linear combination of atomic orbitglsapproach in
mechanisnt. This study is continued in the present work andwhich the self-consistent-field equations for one-electron ei-
extended to the same transformation for ZnS, where th@envalues and crystalline orbitals can be solved by use of a
chemical bonding is more ionic than in SiC, and thus thevariety of Hamiltonians, which range from pure Hartree-
activated state in the kinetic process might show a differenFock to pure DFT. Here thB3LY P and LDA Hamiltonians
behavior. are employed. The former is based on a “hybrid” combina-
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FIG. 1. Transformation path of the ZnS structur@at1l9 GPa, from zinc blendgeft) to Pmn2 intermediate statémiddle) to rocksalt
(right).

tion of 80% nonlocal Becke® and 20% Hartree-Fock ex- sure, rather than the energy at zero pressure as in the ordi-
change potentials, and uses the gradient-corrected correlatiomry case.
functional of Lee-Yang-Paff according to the formula pro-
posed by Beck&* The LDA (local-density-approximation ll. RESULTS AND DISCUSSION
functional used is based on the Dirac-Sl&t@xchange and
Perdew-Wantf correlation potentials.
An all-electron localized basis set, based on(2f) and In a preliminary calculation, the total energies of B2
22 (S) atomic orbitals, was employed. The radial factors areand B1 phases of ZnS were computed by tBELYP
expressed as linear combinations of Gaussian-type functiorigethod for a range of unit-cell volumes, and they were fitted
of the electron-nucleus distance, according toto the Murnaghan equation of state obtainikg=41.84
8(s)641116p)41(d)G and 86)63116p)1(d)G contrac-  (34.59 A3, K(=71.4(90.0 GPa, ankK’=4.0(3.9) for zinc
tions for zin¢’ and sulphuf® respectively. The exponents of blende(rocksalj. These results are in good agreement with
the outersp andd-type Gaussian functions were reoptimized experimental  dat&® V,=39.65 (32.38 A3, K,=75.0
by minimizing the total energy of the ZnS zinc blende crystal(103.68 GPa, an’ fixed to 4(4). Then, the phase transition
structure at the experimental configuration. pressure, was evaluated, by computing the enthalpy change
The level of numerical approximation in evaluating the AH;=H(rocksalt)-H(zinc blende) at different pressures and
Coulomb and exchange series appearing in the SCF equaelving theAH(p) =0 equation. The enthalpy of each phase
tions for periodic systems is controlled by five tolerantes. was minimized against the cubic cell edge at eyemalue.
These are related to estimates of overlap or penetration fd8y using theB3LY P functional, calculations were carried
integrals of Gaussian functions on different centres, whictout atp=0, 9.1, 18.3, 27.4, and 36.6 GPa. A parabolic fit
define cutoff limits for series summation. The values used iryielded AH(p)=0.710-0.041(p+2.17X10 “p?, with
the present calculations are 79 107, 1076, 106 and p/GPa andH/eV, whencep,=19.3 GPa. LDA results were
10 *2 The reciprocal space was sampled according to abtained forp=0, 5.5, 11.0, 16.5, and 22.0 GPa, giving
regular sublattice defined by eight points in the MonkhorstAH,(p)=0.421-0.039¢+ 2.57X 10 *p?, and p,=11.4
grid (29 and 125 points in the irreducible Brillouin zones of GPa. The discrepancy between tB8LY P and LDA pre-
the cubic and orthorhombic phases of ZnS, respectively dicted transition pressures is consistent with previous results
Convergence was checked with respect both to tolerances similar calculations;?® and with the well known behavior
and to the number of Monkhorst points, and it was controlledof gradient-correctedGGA, B3LY P) and LDA approxima-
by a threshold AE=10"7 hartree per primitive unit célin  tions in simulating the solid phase stabilities at variable pres-
the self-consistent-field cycles. In order to accelerate the SCsure. Shortly, the LDA overestimate of binding energies is
convergence, the technique of level shifter was often usedarger for denser phases, so that phase transition pressures
that enhances the energy difference between highest occare invariably predicted to be too low. On the other hand,
pied and lowest empty states in the first cycles. gradient-corrected functionals usually overcorrect the LDA
The structure optimizations were performed by theerror, leading to the opposite effect of producing too high
LoptCG routine written by C. Zicovich-Wilson, which is transition pressures. For tiB3/B1 transition of ZnS, experi-
based on computation of numerical derivatives of the totamental results obtained by x-ray diffraction in static com-
energy with respect to structural variables, and subsequeptession runs yieldp; values in a range from 12 to 18
processing by conjugate gradients. The routine was modifie@Pal’~1® which is close to that between our LDA and
S0 as to minimize the enthal@y=E+pV at a given pres- B3LY P data.

A. Transition path and activation enthalpy
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TABLE I. Unit-cell edges, volume and enthalgper formula unit of the ZnS orthorhombid® mn?
intermediate state between tiB8 and B1 cubic end structures. Values computed by the BBLY P
functional vs thez fractional coordinate of Zn go=0 (above, enthalpy zere-59 253.593 eV) and at the
equilibrium pressure of 19.3 GRaelow, enthalpy zero-59 249.041 eV). The parameters of the | and I
(B3- andB1-like) unit cells are also given.

z(Zn) a(A) b (A) cA) Vv (A3) AH (eV) a (A) 7(°) ay (R) Y (®)

0.250 3.897 3.897 5.511 41.8 0.000 5.511 90.0 6.750 70.5
0.275 3.993 3.835 5.497 42.1 0.040 5.536 87.7 6.703 69.8
0.300 4.110 3.794 5.391 42.0 0.152 5.593 85.4 6.592 70.3
0.325 4.238 3.779 5.230 41.9 0.319 5.678 83.4 6.452 717
0.350 4.480 3.862 4.616 39.9 0.483 5.915 815 6.019 79.8
0.375 4.690 3.881 4.193 38.2 0.597 6.088 79.2 5.713 85.6
0.400 4.888 3.810 3.918 36.5 0.665 6.197 75.9 5.465 88.4
0.425 5.000 3.780 3.800 35.9 0.702 6.268 74.2 5.360 89.7
0.450 5.110 3.710 3.711 35.2 0.709 6.315 72.0 5.247 90.0
0.475 5.165 3.659 3.668 34.7 0.710 6.330 70.6 5.181 89.9
0.500 5.172 3.657 3.657 34.6 0.713 6.334 70.5 5.172 90.0
0.250 3.669 3.669 5.189 34.9 0.000 5.189 90.0 6.355 70.5
0.275 3.810 3.577 5.104 34.8 0.031 5.226 86.4 6.233 70.0
0.300 3.996 3.551 4.834 34.3 0.108 5.346 83.3 5.998 72.6
0.325 4.313 3.703 4.125 32.9 0.152 5.685 81.3 5.543 83.8
0.350 4.492 3.732 3.820 32.0 0.151 5.840 79.4 5.340 88.7
0.375 4.618 3.688 3.677 31.3 0.132 5.910 77.2 5.208 90.2
0.400 4.728 3.625 3.581 30.7 0.105 5.958 75.0 5.096 90.7
0.425 4.832 3.554 3.526 30.3 0.074 5.998 72.7 5.006 90.5
0.450 4.882 3.510 3.500 30.0 0.031 6.013 71.4 4.957 90.2
0.475 4.897 3.490 3.486 29.8 0.004 6.013 71.0 4.933 90.1
0.500 4.918 3.478 3.478 29.7 0.000 6.024 70.5 4918 90.0

The kinetic mechanism of phase transformation was ex- The total enthalpy of themn?2 structure of ZnS was
amined, first of all, along the new orthorhomIflenn® path-  minimized with respect to the unit-cell edgasb, andc at
way recently proposed for the same transition of $ithe  values of the reaction coordinatézn) ranging from 0.25 to
unit cell of intermediate states contains two ZnS formula0.5 with steps of 0.025. The whole procedure was repeated at
units, with fractional coordinates of the S atoms equal toconstanp values of 0, 9.1 and 19 @quilibrium pressure,)
0,0,0 and%, 1,1, and of Zn to G,z and 3,02+ 2. The z GPa, using thé33LYPfun<_:t|onaI. Results for zero pressure
and p=p, are reported in Table I, where the enthalpy

valuet, |nd|ctated _?ereafte:jgsztn),flfhassumed als gmi:zpa' changes with respect to the zinc blende end phase and the
rameter or transition coordinate of the process. in optimized lattice constant&lso in the | and Il reference

representation, the cubiE43m zinc blende andFm3m frameg are given_ The curves ofH vs Z(Zn) are shown in
rocksalt end states are characterized by the constraints Fig. 2 for all three pressure values considered. Activation
=b, c=\2a, z(Zn)=1%, andb=c, a=22b, z(Zn)=3, re-  enthalpies of the phase transition in the forwaB8(to B1,
spectively. Their unit cells are related to tRenn?2 one by AH,’) and backward B1 to B3, AH; ) directions are
the transformation matricgsd —10/110/001] (zinc blende, given, for every pressure, by the enthalpy differences be-
cell I) and[011/0—11|100] (rocksalt, cell 1), whose rows tween the maximum and the=0.25 orz=0.5 end point,
represent the basis vector components of either | or Il cell irespectively. The constrailtH, —AH; =AH; must hold,
terms of those of the orthorhombic unit cell. Of course, alongso that at the equilibrium pressup we have thatAH,’

the transformation path the | and Il cells are distorted into a=AH; =AH, . By inspection of Fig. 2, a behavior similar
noncubic geometry with only two equal edges and two rightto that shown by silicon carbid@ppearsAH; is vanishing
angles, and their lattice constants are related to the orthext zero pressure, but increases wgtthill it equals AH," at
rhombic ones according ta,=b,= ya®+b®, ¢;=c, cosy,  p;; AH, decreases fromH, to AH, asp rises from zero
=[1—(bla)?)[1+(bla)?], a, =b; = Vb%+c?, ¢, =a, cosy, to the equilibrium valuep;. The parabola passing through
=[1—(b/c)?)[1+(b/c)?]. In Fig. 1, the end structures and an the threep points considered isA\H, =0.713-0.0421%
intermediate state witlz(Zn)=0.375 are shown, with all +6.83<10 “p?, with eV and GPa as units. From this ex-
three kinds of unit cells outlined. pression, the forward activation volur(iee., the volume dif-
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FIG. 3. Enthalpy changes along tRenn?2 andR3m transition
025 030 035 040 045 0.50 paths, predicted by thB3L Y P (full lines) and LDA (dashed-dotted

z(Zn) lines) functionals at the equilibrium pressupg (19 and 11 GPa for
the B3LY P and LDA cases, respectivgly

FIG. 2. Enthalpy changéne ZnS formula unjtwith respect to
the zinc blende phase along tRenn? transformation pathway to
rocksalt, plotted versus the zirdractional coordinate at different
pressures. Results obtained by B@LY P functional.

transition pressure of 11.4 GPa. The results, shown as
dashed-dotted lines in Fig. 3, are fully consistent with those
previously discussed; a slight increase of the activation en-

ference between the bottleneck state along the reaction patthalpy is observedRmn 0.17 andR3m 0.54 eVj, which is

way and the end state stable at low pressoas be obtained however quite minor if compared to the large difference be-
as AV, =dAH_ /dp=—6.75+0.219, with units of GPa tween theB3LY P (19 GPe} and LDA (11 GPa equilibrium

and A. Forward and backward values are related accordingressures. Thermodynamics seems to be affected to a much
to AV; —AVS =AV,, whereAV, is the volume difference 1arger extent than kinetics by neglect or inclusion of nonlocal

between the two end states. In Fig. 2 it appears that, oRCITections to the electron density functional.
raising pressure, the(Zn) abscissa of the enthalpy maxi- An explanation of the lower energetic cost of tRenn?2

mum (bottleneck statedecreases, so thahV;'| must de- over the R3m mechanism for the zinc blende to rocksalt
’ a . . . .
crease as well, consistently with the behaviorAof (p) transformation can be obtained by considering the changes

obtained above. Further, th&H(z) curve atp,=19 GPa of chemical bonding undergone by the Zn atom _along_ the
has a quite asymmetriéal shape, with the maximum afwo pathwaygFig. 4). In the rhombohedral mechanism, zinc

z(Zn)=0.337; this indicates that deforming the zinc blende " OVES along the line connecting the centers c_>f a su_Iphur
tetrahedron and of an adjacent octahedron sharing a triangu-

structure along the reaction pathway IS enthalpically MOTYar face. The bottleneck state is achieved exactly at midway,
expensive than the opposite way starting from the rocksal

in the face center, where Zn attains a triangular coordination
end phase. . by breaking one of the four Zn-S bond. This is consistent
The B3/B1 transformation of ZnS was also explored ac-

. . R with the symmetrical shape of theH (z) curve in Fig. 3. On
cqrdlng to theR3m mechanism, by minimizing the enthalpy the other hand, the orthorhombic pathway is based on the
with respect to the andc edges of the hexagonal unit cell

e 1lmln 11 progressive deformation of a pair of S tetrahedra sharing an
related t? .the Iltcell liy.thesmat\t(r)lE(O 02 20|dOZ 2 Zl;)l#thme edge into an octahedron, with the Zn atom moving from a
?jggigf cr:gol:g;n;?;(;:wr;smoiing’] f’rorin 0 22 ?o 0 5’ alsoein tetrahedron center to the middle point of that edge, becoming

; . . h h . By th f the four Zn-
this case. With respect to cell I, the mechanism correspon e octahedron center. By that way, none of the four Zn-S

; ' onds are broken, but two extra ones are added progres-
to a shift of Zn along the cube diagonal frapy;,; t0 3,3,3, sively.

with an intermediate rhombohedral deformation of the cubic At a given pressure, the structural evolution of Bwa 2

cell. Calculations were performed at the equilibrium pressure. : :
i . . o termediate states along the transformation pathway could
of 19.3 GPa; theAH(2) curve obtained is shown in Fig. 3 be defined by the dependence of the unit-cell edgdés and

and therein compared to the corresponding one for th . . :
Pmm2 pathway. It is clear that tHeR3m mechanism, with an on the reaction coordinatg(Zn), obtained by enthalpy

activation enthalpy of 0.50 eV, should be discarded in favor

of the Pmn2 path showing a value of only 0.15 eV. This >
confirms what found previously for the corresponding trans- \
formation of SiC, where, however, the activation enthalpies
were much largef0.75 and 2.10 eV for thB mnm2 andR3m
mechanisms, respectivglyas a consequence of the higher
transition pressure of 92 GPa. Further, tRBm curve is
symmetrical, indicating a bottleneck state exactly half way
between the end phases at variance with the features of the FIG. 4. Coordination change of Zismall sphergfrom tetrahe-
Pmnm2 pathway. Both curves were also recomputed usingiral to octahedral along thEmn2 pathway(thick dashed ling
the LDA instead oB3LY P functional, at the corresponding The R3m path is denoted by a dotted line in the left-hand picture.
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FIG. 5. Percent volume chandeith respect to the zinc blende
phasg along thePmn? transformation pathway, plotted versus the
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anglesvy, and v, of the deformed cubic cells of the zinc
blende (I) and rocksalt(Il) structures, respectively. There-
fore, the angular deformation of th&8 cell is approximately
continuous, but that of thB1 one occurs nearly abruptly in
the first stage of the transformation pasiee also Table)l A
remarkable feature is that the inflection points of ttie and
AV curves occur at approximately the sam(@n) values,
for corresponding pressures, and such “critical” values of
the reaction coordinat®.35, 0.34, and 0.32 fqv=0, 9 and

19 GPa, respectivelydecrease ap rises.

The question can be raised whether Bwanm2 nonequi-
librium state of ZnS, characterized here on theoretical
grounds, may be related structurally to any known stable
phase of other binary compounds. By inspection of the high-
pressure polymorphs of 11I-V semiconductors, attractive can-
didates appear to be the orthorhombic phases (IN3hor

zinc z fractional coordinate at different pressures. Results obtainegb4) (Refs. 30 and 31and GaA$ll),%? which are stable in the

by theB3LY P functional.

pressure ranges 2 to 6 and 17 to 24 GPa, respectively. On the
basis of x-ray diffraction results, the sarRenn? structure

minimization. However, it is more convenient to separatewas proposed in both cases, with two atoms per unit cell at

extensive from intensive configurational variables, by choos
ing the unit-cell volume in the first class and two cell edge
ratios in the second one. We therefore adopt a representati
based on the volume changeer ZnS formula unjtAV with
respect to the zinc blende-type end phase, and ob/éhand
b/c ratios, which are plotted as functionsz{zn) in Figs. 5
and 6, respectively, for the three pressure values consider
in the calculations. In Fig. 5, for each curve the differenc
between the end valuesz+ 0.5 and 0.25 givedV,/V, and
the value corresponding to the abscig&an) of the enthalpy
maximum in the corresponding curve of Fig. 2 yields the
relative activation voluméV_'/V. All curves present inflec-
tion points the closer to the startin@®8) configuration the

0,0,0 and at G,z the z coordinate was refined to 0.387
InSb) and to 0.35(GaAs. However, this structure differs
fbm Pmn2-znS andPmn2-SiC because the two atoms at
,3.3 and at3,0z+ 3 are missing, so that only half of the
unit cell content is present, with respect to our nonequilib-
rium state. With reference to Fig. (middle), this corre-

e% onds to removing every secof@0l) layer of S and Zn

atoms. It should be added that the structural model of InS-
b(IV) and GaAsll) is not able to distinguish the chemical
nature of the two atoms in the unit cell, because of their
similar x-ray scattering factors, and that a superstructure
variant is probable at least for InSb)¥* We thus conclude
that, in spite of apparent similarities, the two structures are

higher the pressure, with a slope decreasing with increasingiterent.

p, so that atp=p; the volume change along the transforma-

tion path is smoother. The behavior of the cell edge ratios

(Fig. 6) is peculiar, becausb/a varies very smoothly with
the reaction coordinate, whereld& has a pronounced jum-
plike character independently of pressure. This can be inte
preted by remembering thaéta andb/c are related to the

FIG. 6. Unit-cell ratiosh/a andb/c of the orthorhombi® mn2
intermediate state, plotted versus the zrfcactional coordinate at
different pressures.

22411

B. Density of states and charge transfer

The density of one-electron energy staP©S) has been
computed for the zinc blende and rocksalt end phases and for
the intermediatdPmn? state withz(Zn)=0.35, both atp
=0 and at the equilibrium pressupe=p,. Results of the
B3LY P calculation afp,=19.3 GPa are shown in Fig. 7. In
all three phases, the valence band is built up mainly by sul-
phursp states, with a minor presence of zidéevels; a very
high and sharp band with opposite compositiprostly Znd
with some Ssp state$ is located slightly below. The con-
duction band has a prevalent dneharacter. The most strik-
ing feature is that, at constant pressure, the band Egap
shrinks steadily along thB3-B1 transformation path, with a
sharp fall in the first part of the process, but without closing
completely at the rocksalt end. While the valence band is
little affected, the conduction band changes substantially
along the pathway, becoming much flatter in the proximity of
the gap. Further, the intermediaBmn? state atz=0.35
shows an electronic structure much more similar to that of
the rocksalt than of the zinc blende phase, consistently with
the behavior of the lattice deformatigsee theb/c curve at
19 GPa in Fig. & The band gap narrowing observed along
theB3-B1 pathway is clearly related to the volume decrease
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aReference 16.
bReference 18.
‘Reference 18,19.
dReference 17.
®Reference 16,36.

4 m— — T T TABLE II. Band energy gaps$eV) of the cubic end and ortho-
_ rhombic intermediate structures of ZnS, computegatp, and at
3 3k F—43m (B3) N room pressure, a_nd compared to other theoretical and experimental
Q values from the literature.
>
Qo
a F43m Pmm2  Fm3m
E 2(zZn)=0.25  0.35 0.50
% B3LYP n=19 GPa 4.8 1.6 1.1
Q LDA p,=11 GPa 3.0 0 0

exp.? p;=15 GPa 4.3 ~2
B3LYP p=0 3.9 2.0 1.3
= LDA p=0 2.5 0 0
3 LDA-PP® p=0 2.0 0
) SIC-PP° p=0 3.7 0.2
® GWA ¢ p=0 4.0
'@ exp.® p=0 3.7-3.8
<
o
@
8

experimental value of -5.0 e\ taking also into account that,
because of experimental problems, “the gap energies at
higher pressures are considered to give the lower limit for the
true value of the gap® A satisfactory agreement is ob-
served, correspondingly, also between the theoretical
B3LY P and experimental absolutg, value of theB3 and

B1 phases of ZnS at the transition press(irable II), with
consideration of the, difference between theory and experi-
ment. As for theB1 phase, the measured band Yapas
reported with a large uncertainty, and in previous work such
phase had even believed to be conducting, so that our pre-
dicted value has a particular relevance.

FIG. 7. Density of states of ZnS computeB3L Y P functiona) Questions may be raised about the theoretical reliability
at 19 GPa for the zinc blend@bove, intermediate orthorhombic of band gaps computed within the DFT approach, as it is
[z(Zn)=0.35, middlg and rocksalt(below) structures along the well known that one-particle eigenvalues in DFT calcula-
transformation pathway. Total DQ&ull lines), and projections onto  tions do not formally correspond to excitation energies. Fur-
the Ssp states(dotted lineg and Znd states(dashed lingsare  ther, LDA results usually give too small gaps, and inclusion
shown. of gradient correction§GGA) is not able to cure this draw-

back satisfactorily. Better approximations to the band gaps
occurring parallely(Fig. 5), which engenders an overall bond can be obtained by methods more expensive computation-
length contraction and increases the coordination numbedlly, such as GW perturbation thedfyand quantum Monte
from 4 to 6. Carlo (QMC).3* Also inclusion of the self-interaction correc-

Values of the band gap, computed by both B@LYP  tion (SIC) in LDA calculations with pseudopotentidPP)
and LDA functionals ap=p; and atp=0, are reported in plane wave basis set has given encouraging re¥iit&ow-
Table Il. Pressure appears to act ufgndifferently, accord-  ever, it has been shown recently that use of standard DFT
ing to the degree of advancement of the transformation: thevith hybrid functionals such a83LY P, where the exchange
gap decreases with increasipgn the final B1) and inter-  potential is an empirically-weighted mixture of GGA and
mediate stages of the phase transition, but it increases in thdartree-Fock contributions, can produce band gaps of the
starting structural configurationB@). The behavior of the same quality of those given by the more sophisticated meth-
ZnS zinc blende phase, whose band gap is predicted to widesds mentioned abov&.This is illustrated just by the case of
under pressure, is at variance with g lowering of many  room pressuré, values of zinc blende Zn§Table Il). The
materials upon volume contraction, but is fully confirmed byexperimental results therein reported come from optical ab-
optical measurements at high presstiren particular, theo- sorption measurements performed at room temper&Bué&
retical B3LY P results for zinc blende ZnS yield a coefficient eV) (Ref. 16 and at 14 K(3.78 eV};*® theoretical results
of band gap increase on compressibn=AEg/(AV/V) from a variety of computational techniques are also included
equal to -6.0 eV, which compares very favorably with thefor comparison with our own data. It is clear that B@&LY P
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1.05 ——7— — T different for theR3m mechanism, where Mulliken charges
increase continuously along the pathway. Applied pressure
has the effect of decreasing the charge transfer throughout
) the transformation, and of shifting the inflection point to-
wards the zinc blende end, just as observed forbtteeand
AV/V curves.

—_ = O O
w ©

T T T

IV. CONCLUSIONS

The high-pressure transformation of ZnS from zinc
blende to rocksalt structure has been shown to follow a
o5 030 035 040 045 050 Pmn®2 orthorhombic pathway similar to that recently dem-
z(Zn) onstrated for silicon carbide, although their transition pres-
sures are very different and the first compound is much more
FIG. 8. Zinc Mulliken charge plotted versus thefractional  jonjc than the second one. First-principles calculations based
cpprdinate along.th@mmz (full lines) andR3m (dotted ling tran-  gp, density-functional theory, and employing all-electron ba-
sition paths, at different pressures. sis sets and a hybrid exchange-correlation potential
(B3LY P), are confirmed to be a powerful and reliable tool
band gap agrees very well with experiment, and is close tor studying the kinetic mechanisms of solid-solid phase
values obtained by the best theoretical techniques. Furthefransitions at high pressure. In particular, activation enthalp-
concerning the rocksalt phase, tB8LY P result compares jes and activation volumes can be predicted straightfor-
much better with experiment than the value computed by thvardly, opening the way to a systematic determination of the
SIC-PP method? As observed previousfy, this good per-  |east-enthalpy atomic pathways in such transformations. This
formance of the hybrid functional is probably fortuitous asmay be a source of suggestions for new experiments and
due to some cancelling of opposite errors, but is anywayneasurement techniques in the field of solid state kinetics.
systematic for a large class of compounds, so as to attain amnother important result obtained is the prediction of band
outstanding practical importance. gap narrowing of ZnS along the transformation path, and of
A different point of view on the change of electronic the different effect of pressure on the band gaps of the two
structure of ZnS along the phase transition path can be olend phases. This point will be investigated further in future
tained by considering the Mulliken atomic charg€Zn) or  work, also in connection with the zinc-sulphur charge trans-
a(S)=-aq(Zn). At zero pressure, thB1 and B3 phases fer indicated by the dependence of Mulliken charges on the
give q(Zn)=0.87 and 1.0{2|, respectively, to be compared reaction coordinate and on pressure. Eventually, both the
with q(Si)=0.34 and 0.5{2| in the corresponding phases of electronic(band gap and charge transfand structural f/c
SiC. Such values prove clearly ZnS to be much more ionidatio and volume changeredicted evolutions point out that
than silicon carbide. In Fig. 8(Zn) is plotted against the the transformation rate is maximum at about one third of the
reaction coordinate at different pressures, showing a steadilyathway from zinc blende to rocksalt, with inflection points
increasing behavior. This indicates a growing charge transfesf all such quantities at a critical value of the reaction coor-
within the Zn-S chemical bonding, related to the progressivelinate in the range 0.32—-0.3at the equilibrium pressure
increase of coordination number from 4 to 6. Further, each ofrhe role of charge transfer along the transition path is more
the threePmn®2 curves has ans-like” shape similar to that  important in ZnS than in SiC, consistent with the less cova-
observed for the structural parametbrs (Fig. 6) andAV/V lent character of chemical bonding.
(Fig. 5). Also the abscissae of the inflection points are close
to those of the correspondigc andAV/V curves. There-
fore, thePmnR transformation mechanism is confirmed to
have a partially discontinous nature, not only with its struc- This research was supported by a MURST-COFIN
tural but also with its electronic featurésee also the band (Roma grant, and by computing facilities from CINECA
gap behavior discussed abgvimterestingly, things are quite (Bologna.
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