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Theoretical compressibilities of high-pressure ZnTe polymorphs
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We report the results of a theoretical study of structural, electronic, and pressure-induced phase transition
properties in ZnTe. Total energies of several high-pressure polymorphs are calculated using the density func-
tional theory(DFT) formalism under the nonlocal approximation. Thermal effects are included by means of a
nonempirical Debye-like model. In agreement with optical absorption data, the lowest direct gap of the zinc
blende polymorph is found to follow a nonlinear pressure dependence that turns into linear behavior when
expressed in terms of the decrease in the lattice parameter. The pressure stability ranges(rihcuttiende
and rocksalt, trigonal (cinnabay, and orthorhombidCmcm polymorphs are computed at static and room
temperature conditions. Our calculations agree with the experimental and theoretical reported zinc blende
— cinnabar~Cmcmpressure-induced phase sequence. Linear and bulk compressibilities are evaluated for the
four polymorphs and reveal an anisotropic behavior of the cinnabar structure, which contrasts with the cubic-
like compression of its shortest Zn-Te bonds. The qualitative trend shows a crystal that becomes relatively less
compressible in the high-pressure phases.
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Due to their technical and scientific importance, the strucstructure is found to be stable. On the other hand, the diffi-
tural and electronic behavior of 11-VI compounds has beerculty to obtain reliable equations of staeOS for phases
extensively investigated in the past decades. See, for exot quenched at zero pressure prevents an accurate determi-
ample, Refs. 1 and 2 and references therein. Among the moggtion of the bulk moduluéB) of these high-pressure phases.
interesting phenomena, the pressure-induced polymorphisfrevious experimentalexpy and theoretical(theop zero
is specially relevant, and demands theoretical and experRressureB values(in GP3 are limited to the rocksalt struc-
mental studies to understand the observed changes includifigre of ZnO [194(expd, 170+ 10(theor) (Ref. 11], ZnS
the semiconductor-metallic transformation exhibited by[85.0expd (Ref. 12], [82=2(theor) (Ref. 13], and ZnSe
many 1I-VI materials under hydrostatic pressure. These first54=2(expt) (Ref. 3]. As far as we know, neither experi-
order structural transitions increase the zero-pressure metélental nor theoreticaB, values have been reported for
coordination in the lattice yielding a narrowing of the bandZnTe-ll, ZnTe-lll, and ZnTe-IV phases.
gaps in these solids. Our work is directed to the evaluation of the crystal re-

The study of compounds belonging to the XZn sponse to hydrostatic pressure of ZnTe polymorphs up to 20
(X=0,S,Se,Te) crystal family illustrates quite well how the GPa. The phase diagram is calculated at static and ambient
identification and characterization of the polymorphic se-conditions and is found to be in good agreement with preex-
quences have been performed. Besides the common wurtzigtent data. The observed pressure dependence of the ZnTe-|
— rocksalt(znO) and zinc blende— rocksalt(znS) phase band gap is also obtained in our computations. Liriband-
transitions, the high-pressure structures of ZnSe and znT#g and lattice parametgrand bulk compressibilities are de-
have been a matter of debate in the last deéali€he x-ray termined for the zinc blende, cinnab&mcm and rocksalt
diffraction experiments of Pellicer-Porrest al® allow us Phases. The predicted trends are analyzed in terms of the
now to establish the existence of (metastable cinnabar increasing metal coordinations and Zn-Te bond lengths, and
phase between the zinc blende and rocksalt structures fhe more efficient packings of the high-pressure polymorphs.
ZnSe. Conclusive experimental and theoretical results in The conventional unit cells of the four polymorphs belong
ZnTe have recently confirmed the sequence zinc blend& theF43m (zinc blendg, P3;21 (cinnabaj, Cmcm(ortho-
(ZnTe-l) — cinnabar (ZnTe-ll) —Cmcm (ZnTe-lll), al-  rhombig, andFm3m (rocksal} space groups. In our calcu-
though the presence of a rocksalt struct(@eTe-IV) after  lations, we have fixed thg andy fractional coordinates of
ZnTe-lll remains uncle&®’ For ZnTe, static and room tem- Zn and Te in the cinnabar and orthorhombic phases, respec-
perature phase diagrams, phase transition volumes, aribely, to the experimental values reported in Ref. 2. We have
structural parameters of the three phases are available. forther checked that relaxation of these constrains decreases
addition, the nonlinear response under pressure of the lowekiss than 10* hartree, the total energy of the polymorphs,
direct absorption gap of ZnTe(Refs. 8—10 have been also although it was also detected that the difference between the
reported. x coordinates of Te and Zn in the cinnabar structue)(

The compressibility changes along the polymorphic sebecomes negligibleAx~0 has been observed in previous
quence in ZX crystals have received less attention. In part,calculationd and in the x-ray absorption experiments of San
this is due to the short pressure range where the cinnabadiguel et al?
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thermodynamics quantities from the comput&g\{) points.
To obtain the equilibrium volume at a given press(peand
temperature T), we have invoked the thermodynamic equi-
librium condition, namely, that the dynamic Gibbs energy is
a minimum with respect td/. Isothermal EOS parameters
are then obtained after analyti€ahnd numerical fittings to
the calculated/(p;T) points?®

The computedE,V) values depicted in Fig. 1 contain the
information concerning the static EOS and phase stability
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data of the four ZnTe polymorphs. It is apparent from these
-0.01 . . : : s
40 45 50 55 curves that the zero pressure density increases from ZnTe-I
V(&Y to ZnTe-lll, the equilibrium volume of ZnTe-IV being

slightly lower than that of ZnTe-lll(see also Table)l In

FIG. 1. Potential energy diagram for ZnTetinc blende, agreement with the observed sequence, the zinc blende phase
ZnTe-Il (cinnabay, ZnTe-Ill (Cmcm), and ZnTe-IV(rocksal} poly- is predicted to be the stable phasepat0, whereas zinc
morphs. Energie@vith respect to the value of the zinc blende struc- blende— cinnabar and cinnabar: Cmcmphase transitions
ture at the equilibrium geometryand volumes are per ZnTe unit at increasing pressures are easily inferred from the existence
formula. Symbqlg stand for the calculated values, whereas thgf common tangents in the correspondifizV curves.
curves are the fitting EOS. Therefore, we confirm that ZnTe is special among the 1I-VI

semiconductors because the rocksalt is not a thermodynami-

The calculation of the electronic enerdl) at different  cal stable phase before tlamcmstructure. Two other inter-
volumes (V) of the several structures has been performedesting results are derived from this figure. First, @ecm
under the density functional theoffpFT), as implemented — rocksalt transformation is not possible according to our
in the CRYSTAL package?® Standard exchange and correla- calculations. Second, a metastable rocksalt structure might
tion density functionals from Beck® and Perdew and be obtained directly from the zinc blende phase if we skip
Wang!”8 respectively, have been included in the Kohn-the cinnabar an€mcmphases during the pressure load pro-
Sham Hamiltonian. For 2, the basis set is the same as thecess. Details of the transition phase properties are given be-
one successfully used in earlier calculations on ZAGor  low.

Te?~, we have adopted an effective core pseudopotefitial, As regards the characterization of these structures at zero
while the valence spadgncluding d-type polarization func- pressure, the computed values collected in Table | provide, to
tions) has been reoptimized by minimizing the total energythe best of our knowledge, new detailed information for the
of the zinc blende structure at the experimental equilibriumhigh-pressure polymorphs, whereas for the zinc blende phase
geometny?! Based on previous experiences with trrsTAL ~ the comparison with the experimental ddtis within the
code€?23and after extensive computational tests, we decide@xpected overestimation of the nonlocal density functional
to use the same basis sets for all the ZnTe phases exploredri@sults. Inclusion of zero point vibrations and thermal effects
this work. It should be noted that our calculations differ from at 300 K increase the lattice parameters roughly the same and
previous theoretical studies in the use of the gradient geneabout 0.8% in all the cases. It must be remarked that Lee and
alized approximation, in the inclusion of an all-electron basisshm.? and Cdé et al.” have previously optimized the unit cell
set for Zrt™, and in the consideration, as in the work of Lee geometry of ZnTe-ll and ZnTe-Ill, but only numerical values
and 1hm® of d-like orbitals in the active space of Te. are reported at high pressures.

The thermodynamic properties at finite temperatures have Due to the intense interest and the existence of detailed
been calculated by means of a nonempirical quasiharmoniexperimental information in the zinc blende phase, it is also
Debye modef* This model is based on the evaluation of the worthwhile to check and evaluate our computed band gap
Debye temperature under the isotropic approximation andE,) energies at different pressures. The well known nonlin-
the estimation of the adiabatic bulk modulus by means of thear response®*’ of E, has been characterized by Siser
static bulk modulus. This approach allows us to write alletal® using the following expression:Ey(p) =2.27

TABLE I. Zero pressure equilibrium properties of ZnTe polymorphs according to our calculations. Ex-
perimental values from Ref. 28 in parentheses.

ZnTe-| ZnTe-ll ZnTe-lll ZnTe-IV
aA) 6.158 (6.1026 4.305 5.655 5.749
b (A) 6.158 (6.1026 4.305 6.277 5.749
cA) 6.158 (6.1026 9.899 5.267 5.749
V(A3 58.39 (56.82 52.96 46.75 4751
B, (GPa 47.7 (50.5 51.4 62.2 57.0
By 4.7 (5, fixed 45 4.7 5.4
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FIG. 2. Normalized volume-pressure diagram for ZnTe poly- FIG. 3. Distance-pressure diagram of the shortest Zn-Te bonds
morphs. Vertical lines show the volume collapses at ZnTe-l  in ZnTe polymorphs. Vertical lines separate pressure ranges where
ZnTe-ll and ZnTe-ll— ZnTe-lll phases transitionésolid lineg,  ZnTe-I, ZnTe-Il, and ZnTe-lll are the thermodynamic stable phases.
and the hypothetical ZnTe-k ZnTe-IV one(dotted ling. Distances with solid lines belong to the stable phase in each pres-

sure range. Numbers in brackets stand for the metal coordinations
+0.104)—0.0028)2, whereE, is in eV andp goes up to (see text
9.15 GPa. Our fitting in the 0-10 GPa rar{dg,(p) =2.46
+0.109—0.0022?] shows a good agreement with the ex- give only slight overestimations of these transition volumes.
perimental function. Whek is plotted against-Aa/ag (a  The differences betwegn=0 andp; values come from the
is the unit cell lattice parameter and the zero subscript dedecrease in compressibility in the higher-pressure phases, as
notesp=0), the observed linear conduct allows us to distin-the B, values collected in Table | reveal. San Migatlal*
guish the behavior of ZnTe-I from ZnSe-I, which is not pos-found —AV,/V, to be also the sam@3%) for the two ob-
sible with theEy(p) function? The corresponding calculated served transitions, though other experimental va&lugse
fitting gives a linear coefficient of 16.516.2 in experi- higher values for ZnTe-lI— ZnTe-Il (~9%) than for
mentg, and a quadratic coefficient of 30.0, that accounts forznTe-Il — ZnTe-lll (5.7+2%). Assuming that ounV/V,
a negligible deviation from the linear trend of our computedpredictions are correct, this result suggdsgo be higher in
E4 versus—Aala, points. ZnTe-lll than in ZnTe-ll, in agreement with our calculations.

Structural data for ZnTe-Il and ZnTe-Ill have been alsoTheoretical— AV,/V, values from Lee and Ihfrare 9% and
measured at selected pressures within the range where theg®, while Cae et al.” give 1.1%(too low) and 8.4% for the
phases have been found stable. After a number ofnTe-l — ZnTe-ll and the ZnTe-ll— ZnTe-lll transitions,
resistivity’>®° optical? x-ray absorptiof, and x-ray respectively. Although in Ref. 6 the ZnTe-H> ZnTe-lll
diffraction®* experiments, ZnTe-k+ ZnTe-Il and ZnTe-Il  phase transition is suggested to be “weakly first order,” all
— ZnTe-lll transition pressureg(; andp,,) are reported at the above numbers points towards a reconstructive character
9.0+0.5 and 12.6:1.0 GPa, respectively. Our calculations of these structural transformations with atoms more closely
yield p;;=11.9 GPa ang,,=13.9 GPa at static conditions, packed in the higher-pressure structures.
whereasp;;=12.0 GPa ang,=14.3 GPa at 300 K, i.e., a The analysis of the atomic environments reveals different
small and negative change of the transition entropy is preeoordinations for Zn and Te in the less symmetric cinnabar
dicted. The overestimation in the compufgd/alues may be andCmcmstructures. In the zinc blende and rocksalt phases,
traced back as due to the lack of global structural optimizaboth atoms display the same number of unlike nearest neigh-
tions of the ZnTe-ll and ZnTe-lll unit cells, and the similar bors, 4 and 6, respectively. In the cinnabar phase, the four-
slopes of theG(p) curves in the three polymorpfdn con-  fold coordination is kept2+2) for Zn, but is 6(3+3) for Te,
cordance with the above experiments, ZnTe-Il is calculatedvhereas in theCmcm structure the number of Te and Zn
to have a short stability pressure range of existéaoeund 2  unlike nearest neighbors is(8+2+2). Therefore, a net in-
GP3a. Note also that the predicted slightly positive slope ofcrease in the effective coordination is seen along the ZnTe-I
the pi(T) curve agrees with the observed low sensitivity of — ZnTe-ll — ZnTe-lll — ZnTe-IV sequence. The numbers
the transition pressures to thermal effects up to room temin parentheses stand for the number of atoms at different
perature. As pointed out above, the rocksalt phase is found tdistances within a range of few tenths of (ee below.
be metastable after a direct transformation from the ZnTe-According to the common behavior found in other recon-
phase. The static and 300 K values for this transition are 19.8tructive phase transformations, the increase in the coordina-
and 19.3 GPa, respectively. tion is accompanied by an increase in the bond lengthe

The volume reductions at the transition pressures are disalso Fig. 3. Thus, calculated Zn-Te distances in(&xperi-
played in theV/Vy-p diagram of Fig. 2. The computed mental values in parenthegese 2.666(2.643 in ZnTe-l at
—AV,/V, values are rather similar{7.1%) for the ZnTe-l 0 GPa, 2.5382.528 and 2.653(2.646 in ZnTe-ll at 9.6
— ZnTe-ll and the ZnTe-ll— ZnTe-lll transformations, GPa, and 2.7002.68%, 2.715(2.703, and 2.7192.706 in
whereas in the hypothetical ZnTe-+ ZnTe-IV transition the ZnTe-lll at 11.5 GPa. The good theory-experiment agree-
volume collapse increases up to 13%. Zero-pressure dataent also supports reliability to our zero-pressure structural
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data collected in Table | for the high-pressure phases oéxperimental results agree with our results for ZnTe, which

ZnTe.

We now look further into the compressibilities of the four
polymorphs. The tendency in the calculaiglvalues shows
lower compressible structures for the phases observed
higher pressures. The increaseBinfrom ZnTe-I to ZnTe-llI

seem to be reasonable due to the greater density of atoms
along the helicoidal axic) of the cinnabar structure. In the
orthorhombic phase, a quasi-isotropic behavior is obtained
&r the lattice parameter compressions.

Surprisingly enough, the bond compressibilities of the

is less than 30%. The rocksalt phase is predicted to compreggo shortest Zn-Te distances in the cinnabar phase are com-

slightly more than ZnTe-ll(see also Fig. 2 We should em-

puted to be about the sanisee Fig. 3. The value is also

phasize at this point that, not only tlg values but also the 555 oximately equal to one-third of the bulk compressibility.
trend inV,, suggest the rocksalt phase to behave as an inrhe same result is obtained in ZnTe-lIl. Obviously, this re-

termediate structure between the cinnabar @nacmpoly-
morphs. In fact, the sequence zinc blende cinnabar—
rocksalt—Cmcmhas been previously reported for CcfTe.

Consistency to our results is also given by the fulfillment of

the B~ 1/V empirical law" since the calculateB,V, prod-

ucts do not deviate appreciably from a constant value in th

four polymorphs.
Linear compressibilities«; ,i is a lattice parameter or a

lation also holds for the cubic phases. Two interesting con-
clusions can be derived. First, the lattice parameters in
ZnTe-Il accommodate their response against pressure to
maintain a cubiclike compressibility for the bond lengths.
Second, the bulk compressibility of the four polymorphs can
Be derived from the knowledge of the bonding compressibil-
ity. The global image we obtain is illustrated in Fig. 3 and

bond length have been also computed by means of a mOdi_re_veals a somewhat striking behavior:_ t_h_e larger the Zn_-Te
fied Vinet EOS® The quality of the fittings can be checked distance, the lower th_e bond _compressmlh_ty, the hypothetical
by the separate evaluation of the bulk compressibiliey ( focksalt structure being again an exception. We, therefore,
from the inverse oB and from the thermodynamic relation- conclude that the decrease in the compressibility of the poly-
ship k= k,+ Kk, + k.. The pressure effects on the unit cell Morphs observed at higher pressure originates not only from

parameters of the cinnabar phase found dhexis to com-
press more than the one (k,=7.19x10 3 GPal, «.
=5.03x 10 2 GPa ) in agreement with the theoretical re-
sults of Cae et al.” but in contradiction with the slight de-
crease of thec/a ratio obtained in x-ray diffraction
experiments? though only two values in a narrow pressure

the increase in the effective atomic coordination, but also
from the greater difficulty to compress the Zn-Te bonds.
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