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Microscopic study of the pressure-induced structural phase transition of ZnTe
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We have performedb initio pseudopotential calculations within the local-density approximation to inves-
tigate the structural phase transition of ZnTe under pressure. By calculating the total energy, atomic forces, and
stress tensors, we theoretically determine the structural phase transition of ZnTe from the zinc-blende to the
cinnabar to the orthorhombic structure under increasing pressure, which agrees well with experiment. We
demonstrate that rotation of bonds toward lower-symmetry positions occurs at the critical pressure to relieve
excessive strain.

Recently, Nelme®t al. reported that the cinnabar phase, and Martins’ We consider the Zn@and Te 4 orbitals as
which was supposed to be the structure of mercury compart of the valence states. These pseudopotentials are cast
pounds exclusively, also exists in Cd{Refs. 1 and Rand into the fully nonlocal separable form of Kleinman and
ZnTe (Ref. 3 under applied pressure, creating a lot of inter-Bylande® and the absence of the ghost stdtés checked.
est among both experimentalists and theorists in the strudthe partial core correctidh (PCO is used for the Te
tural stability of 11-VI semiconductors under pressure. SincePseudopotentigffurther core corrections for Zn are unneces-
ab initio pseudopotential calculations were successfully persary. We have found that, as far as the PCC is already in-
formed in the past to study structural phase transitions ofluded, the generalized gradient correctioonly impairs the
certain group IV and I1I-V semiconductors, we attempted toresults and should not be included simultaneously. The total
apply the same method to the structural phase transitions @nergy of the system is calculated by means of the
ZnTe in the present study. Once we started the calculatioiomentum-space formalishilo minimize the total energy,
however, the following points became evident, indicatingwe carry out the force and stress calculations for each vol-
that the study of ZnTe is more than a simple extension of/me of the-tin, cinnabar, andCmcm phases. Increasing
group IV or Ill-V semiconductors. First, in order to deter- Ecy to 144 Ry gives the good convergence of total energy
mine the atomic and electronic structure of ZnTe accurately{<0.1 mRy/ZnTg for each structure compared with the
we found it essential to include the Za &nd Te 4l orbitals ~ Maximum E,, of 196 Ry tested in the present work. The
in the valence band, which enormously increases the numbéglative energy among different structures is found to be
of plane waves in the basis set. Scattering properties of thetable within 0.8 mRy/ZnTe as long &S, is above 80 Ry.
core represented by the pseudopotential were required tbhis number(0.8 mRy is further reduced when comparison
agree with the all-electron calculations very precisely to prois made between similar structures although the absolute
duce meaningful results. Second, competing crystal struonagnitude of the total energy converges to only 10 mRy/
tures under applied pressure were found to be complicatednTe. Thus, we include the plane waves up to the cutoff
and to have large unit cells. It means that there are mangnergy of 81 Ry in the basis set. The typical number of plane
structural parameters to vary and not only total energy buwaves is~5000,~10 000,~4000,~4000,~9000, ~4000,
also atomic forces and stress tensors need to be calculatedtdl 000, or~13 000 for the zinc-blende, wurtzite, CsCl,
determine the equilibrium configuration of the material. NaCl, NiAs, g-tin, cinnabar, o€ mcmphase.

Truly, theoretical determination of the structural change at The calculated total-energy curves for the eight phases are
the pressure-induced phase transition of I1-VI semiconducHlustrated in Fig. 1. The figure shows that the zinc-blende
tors, ZnTe in particular, is a challenging problem that can tesstructure is the most stable one under ambient pressure.
the accuracy of the state-of-the-art computational methodSince the pressure-induced phase transition of usual semi-
We will show below that the accuracy of our method is betterconductors, including ZnTe, is known to be insensitive to
than 1 mRy per atom in energy difference between differentemperaturgat least up to room temperatiiexperimentally,
crystal structures and our calculation agrees with experimerit is @ common practice to neglect the entropy contribution
whenever measured data are available. (—T9) to the Gibbs free energy and minimize the enthalpy

We have investigated those structures appearing in experd (=E+PV) to predict the transition. The pressure-
ment (zinc blende, cinnabar, andmcn) as well as other induced transition occurs along the common tangent line
possibly competing structurgsvurtzite, NaCl, 8-tin, CsCl,  connecting the tangential points on the two total-energy
and NiAs, each structural parameter optimized through thecurves. The negative of its slope is the critical presfye
calculation of Hellman-Feynman foréesand stress The transition from the zinc-blende to the cinnabar phase has
tensors»® Our calculations are performed in the framework the smallestP. (8.06 GPa among the plausible pressure-
of the density-functional theory within the local-density ap- induced phases we study. The structure further transforms to
proximation(LDA) of Ceperley and Aldéras parametrized the orthorhombic structure with th€mcm symmetry at
by Perdew and Zungé&rWe generate relatively soft norm- 10.24 GPa. With increasing hydrostatic pressure, the struc-
conserving pseudopotentials using the scheme of Troullieture of ZnTe follows the path-+2—3—4—5—6 as shown
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E 0 zing blende FIG. 2. The atomic positions in each ZnTe structure. We draw

6 0.8 the positions with respect to a cube to help visualize the structure.

E 3r — Note that the cube is not a unit cell for ZnTe Il or ZnTe (&) ZnTe

z | structure(side length of the cube: 5.868 A):; (b) ZnTe Il structure

E (side length of the cube= 5.769 A); (c) ZnTe Ill structure(side

= oL ) length of the cube= 5.718 A). Dashed lines indicate near bonds.

o Characteristic features of the atomic movement at phase transition
are described in the text.

1l 4 decreasgfor zinc-blende-cinnabar and cinnabarCmcm
transitions, respectively. On the other hand, the volume
changes would be as small a9.43% forVZ®, —0.33% for

ol i Vet - 1+0.85% forVE™™2, and +0.73% forVS™e™, If the

2ine biends upshift of the curve were-2 mRy, the twoP_'s would col-
' ' L ' ' ' 1 lapse and the cinnabar phase would disappear. The agree-

04 05 06 07 08 09 10 11 12 ment inP. between theory and experiment withl0% error

VOLUME indicates that the accuracy in the energy difference between
different crystal structures is better than 1 mRy/atom. We
FIG. 1. Total-energy curves of the eight phases of ZnTe. Thebelieve we have reduced all controllable errgosiginated
ordinate is the energy per ZnTe basis relative to the minimum totafrom the pseudopotential method and the incomplete conver-
energy of the zinc-blende structure and the volume is normalizegence to within this number as explained above. It means
with repect to the equilibrium volume of the zinc-blende structure,that the error bar inherent in the LDA, which is practically
383.63413BIZnTe basis. Dashed lines are common tangents to tw@he only approximation left over, is also within the same
energy curves. number. Since this is an upper bound, the actual error in the
LDA may even be much smaller than this amount; the LDA

in the inset of Fig. 1. The path-23 represents a mixture of gives a much better description of the ground-state total en-
the zinc-blende and cinnabar phases and the path g4ep-  €rgy of ordinary (non-strongly-correlated materials than
resents that of the cinnabar a@mcm phases. The calcu- generally recognized. Now each phase is described in more
lated critical volumes and critical pressures are given irdetail.

Table | along with experimental values. The differences be- ZnTe Fzinc-blende phaseThe zinc-blende structure in

tween theory and experiment are only 0.62% %™,  Fig. 2a) occurs naturally as a mineral in most Ill-V and
0.77% forVe™2, and 1.10% fonVC™e™ The critical pres- II-VI semiconductors. We have previously calculated the
c. y structural properties of zinc-blende ZnfeWe have ob-
taineda, = 6.1026 A for the lattice constant for ZnTe, in
_ excellent agreement with the experimental value of 6.1037
OA Just before the zinc-blende phase is transformed to the

finnabar phase at 8.09 GPa, the lattice constant is 5.868 A
and the volume is reduced by 11.0% relative to the equilib-

sures have a larger discrepan€9.4% for zinc blende
—cinnabar and 11.0% for cinnabailCmcm). This is a typi-
cal error of the calculation for a quantity involving deriva
tives. Also note that the calculated critical pressures are f
the zero temperature while experiments were done at roo
temperature. The calculatd®l, is quite sensitive to a small fum volume
error in energy. If the total-energy curve of the cinnabar '

phase were tgyshift up by as Iittleggs 1 mRy, figs would ZnTe Ikcinnabar phaseCinnabarHgS) has a hexagonal

change to 8.46 GP&.8% increaseand to 9.58 GP#6.4% structure and this structure has long been thought to be a
' ' ' ' peculiarity of the mercury chalcogenides, until recenty. Now

ZnTe |l is identified as having the cinnabar structure built up
of infinite Zn-Te-Zn-Te spiral chainge.g., atoms 5-2-1-
10-14 in Fig. 2Zb)] running parallel to the axis of the hex-
agonal unit cell. The cinnabar structure may be viewed as a
distorted NaCl structure, too. According to the convention in
the literature!® there are twaa bonds(consisting of atoms
1-2 and atoms 1)%etween nearest neighbors on the spirals,
two b bonds(1-10 and 1-15in adjacent spirals, two bonds
Calc. 0.889 0.799 8.06 0.783 0.723 10.24 (1-13 and 1-1Y between different atoms in adjacent spirals,
Expt. 0.804 8.9 0.777 0.731 11.5 and fourd bonds(1-5, 1-12, 1-14, and 1-)6between the
same atoms in adjacent spirals. Becaasend b bond

TABLE |. Comparison of the calculated and measu(Réf. 3
critical volumes Y28, V&M a2 andySMem  and the critical
pressures R.). Volumes are normalized to the calculated zero-
pressure volume of the zinc-blende structure.
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TABLE II. Calculated lattice parameters/a ratio, u andv ~ bonds follows to minimize the overall enthalpy. For example,
atomic coordinates, and bond lengths for the cinnabar phase ZnTe gtye ook at the ZnTe Il structure along ti601] direction
various pressures. Experimental results at 8.9 GPa, and 11.5 GRag projected bond angles of atoms 4-7-5 and atoms 5-2-6
e e oo are 173,51, buckled by 6.7° compared wilh the zinc-
P "blende structure We also note in Table Il that atomic coor-
dinate parametersu(for Zn andv for Te) obtained from our

Calculation Experiment ' ) )
Volume 0799 0791 0.786 force and stress calculations remain constant under various
Pres.(GPa 807 9.16  10.0 8.9 115  Pressures.
ZnTe lll-orthorhombic(Cmcn) phase The crystal struc-
a (A) 4.0904 4.0791 4.0663 4.105 4.085 ture of ZnTe Il is orthorhombic with the space group
c A 9.4084 9.3579 9.3652 9.397 9.315 Cmcm The Cmcm structure is a kind of distorted NaCl
cla 2.3001 2.2941 2.3031 2.2891 2.2803 structures just as the cinnabar structure and the transition
u 0.519 0.519 0.519 0.540 from the cinnabar to th€ mcmis weakly first order. The
v 0.512 0.512 0.512 0.504 bonding arrangement in ZnTe Il may be regarded5s3)
a bond (A) 2.5681 2.5586 2.5543 2.528 coordinated. In Fig. @), around atom 1Zn), there are one
b bond (A) 2.5908 2.5812 2.5768 2.646 a bond (1-10 of 2.6553 A, twob bonds(1-2 and 1-9 of
¢ bond (A) 3.7738 3.7617 3.7524 3.743 2.7308 A, and twoc bonds(1-13 and 1-15 of 2.7154 A.
d bond(A) 3.7465 3.7293 3.7278 3.756 These five bonds have almost the same length. There are two

d bonds of Zn-Zn contactél-11 and 1-1Pof 3.0100 A and
one e bond of Zn-Te contactl-17) of 3.0174 A. With so
lengths are nearly the same, the coordination number is 4 imany bonds of similar length, the band structure turns out to
practice, as in ZnTe |, and the band structure of ZnTe Il turnde metallic. In comparison with ZnTe II, atom 2 is pushed up
out to be semiconducting, as expected. The calculatadd in the [111] direction away from atom 6 and the bond of
d bond lengths also agree with experiment w@kble II), atoms 1-2 rotates clockwise by15° around the bond of
which shows that our optimization procedure using the totahtoms 5-2. The bond of atoms 2-3 also rotates clockwise by
energy, atomic forces, and stress tensors is working accu-40° roughly around the bond of atoms 2-6. By these rota-
rately beyond the nearest neighbors. tions, a shorter bond between atoms 1 and 13 is created. The
It is interesting to see how various atoms move when theaame rotation occurs for the bonds involving the atoms 8, 7,
first-order transition occurs from ZnTe | to ZnTe Il. Although and 11 by translational symmetry. At critical pressure, the
there is no unique way to describe the displacement of thehortest bond length in tt@mcmstructure is 2.655 A, com-
virtually infinite number of atoms, we find the following pared with 2.553 A in the cinnabar structure, indicating that
simplified description helps visualize clearly the characteristhe strain is relieved by the phase transition into a more
tic feature of the structural change. In Fidb® in compari-  uniform and compact structure of higher coordination num-
son with the zinc-blende structure (g), the bond of atoms ber. Table Il compares the calculated structural parameters
1-2 and that of atoms 2-3 rotate clockwise with respect to théor the Cmcmphase with experiment. According to our cal-
[001] axis through atom 2 by 26° and 33°, respectively. Byculation, there is no more transition up to very high pressure
this rotation, atom 1 moves away from atom 13 and ap{~100 GPa
proaches atom 9. Identical rotation occurs for the bonds in- The wurtzite, NaCl, NiAsB-tin, and CsCl structures are
volving the atoms 8, 7, and 11 by translational symmetry. Atnot to be realized in ZnTe. The NaCl structure exists in other
critical pressure, the shortest bond length in the cinnabaellurides(CdTe and HgTeor zinc chalcogenide&nS and
structure is 2.568 A compared with 2.541 A for the zinc-ZnSe. In CdTe(Ref. 2 and HgTe'® the cinnabar phase un-
blende structure, indicating that the strain accumulated byler pressure has been found to transform to the NaCl struc-
the applied pressure is relieved by the phase transition irture before going to th€ mcmstructure. The NaCl structure
volving above-mentioned rotation. Adjustment of otherof ZnTe has a total energy only slightly above tBencm

TABLE Ill. The calculated lattice parametera,p,c), relative atomic coordinategTe) andy(Zn) and
their difference for th&€ mcmphase of ZnTe at various pressures. Experimental results at 11.5 GPa and 15.7
GPa from Ref. 3 are given for comparison. Volumes are normalized to the calculated zero-pressure volume of
the zinc-blende structure.

Calculation Experiment
Volume 0.723 0.703 0.652 0.547
Pres.(GPa 10.23 13.29 24.02 62.58 115 15.7
aA) 5.3823 5.3408 5.2224 4.9493 5.436 5.379
b () 6.0348 5.9881 5.8048 5.4020 6.050 5.971
c A 5.0616 5.0042 4.8881 4.6558 5.058 5.010
y(Zn) 0.6350 0.6330 0.6310 0.6284 0.640
y(Te) 0.1950 0.1905 0.1830 0.1697 0.190

Ay 0.4400 0.4425 0.4480 0.4587 0.450
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structure under low pressure, but the difference become$0.24 GPa, in good agreement with experiment. The
larger as pressure increas@Sg. 1). We suspect that the Cmcm phase should be stable up to very high pressure
greater imbalance in size between the cation and anion ifi~100 GPa. Rotation of bonds to relieve the strain is iden-
ZnTe than in CdTe and HgTe favors the distorted structurdified at the critical pressure. The present study demonstrates
over the higher-symmetricubic) NaCl structure. Recently, that theab initio pseudopotential total-enerdincluding the
there was a report on the NaCl phase of ZnTe at combinefprce and the stress tensor when necegsasiculation
high pressure and high temperatutst is not yet clear within the LDA can descrlb_e the pressure-induced phase
whether the free energy of the NaCl structure is actuaugransformaﬂon _of crystals _Wlth the accuracy k_)etter than 1
lowered relative to that of th€ mcmstructure by heating. In MRY per atom in energy difference between different struc-
the NiAs structuré® we find that interchanging the position tures. Since we have garefully reduceq ;he error originated
of the anion(Te) and cation(Zn) further increases the total from the pseudopotential method to within this amount, we

U N i conclude that the same number represents the upper bound of
energy significantly(~0.5 eV/ZnTe. The -tin phase that the error in the LDA; the LDA gives an extremely accurate

alwa)_/s e?<|sts in group IV semlconductors under pressure Iaescription for the ground-state properties of non-strongly-
too high in energy to be realized in ZnTe. .
correlated materials.

In summary, we present a microscopic study of the
pressure-induced structural phase transition of ZnTe, em- We are grateful to R. J. Nelmes, M. I. McMahon, N. G.
ploying the ab initio pseudopotential method within the Wright, and D. R. Allan for sending us their papers prior to
LDA. Our calculation shows that the zinc-blende phase ofpublication. This work was supported by the BSRI Program
ZnTe is the most stable one and it will transform to theof the Ministry of Education and the Korea Science and En-
cinnabar phase at 8.06 GPa and again tocGhecmphase at gineering Foundation through the SRC Program.
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