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Ab initio calculations of the pressure-induced structural phase transitions
for four 11-VI compounds
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We report on pseudopotential calculations of the structural properties and pressure-induced solid-solid phase
transitions for four 11-VI compounds: ZnSe, ZnTe, CdSe, and CdTe. For each of these compounds, we fix the
zinc-blende structure as the ambient pressure phase and consider the rocksalt, cinnabarcargiructures
as candidates for the high-pressure phases. We calculate the transition pressures and the changes in specific
volume for each compound. The pressure dependences of the structural parameters of the cinnabar and the
Cmcmphases are determined. T@encmstructure appears to be a common high-pressure phase for the II-VI
and 1ll-V semiconductord.S0163-182807)09316-9

[. INTRODUCTION between 50 and 60 GPa. To our knowledge no new experi-
mental data were obtained for bulk CdSe in recent years,
The high-pressure properties of 11-VI compounds have atalthough a number of interesting experiments on size-
tracted the interest of researchers for over 30 years. Thdependent structural properties of CdSe nanocrystals were
pressure-induced structural phase transitions for CdS, cdsgePorted in Refs. 14 and I&ansition from wurtzite to rock-

and CdTe were first observed in optical studies by Edwardgalo' . _— —
and Drickamet and later confrmed in electrical Experimental findings as well as numerous possibilities

& e acti as6 for industrial applications initiated a number of theoretical
measurementsSubsequent diffraction studiesreproduced ¢ ,dies of structurd®—2! and electronit?—2° properties of

these results, and found the rocksalt phase to be a high.y| compounds. The presence of very localized catibn
pressure phase for II-VI compounds. After these experielectrons high in the valence band makes the computations
ments, the generally accepted transition sequence for [I-Vfor 11-VI semiconductors rather demanding. A number of
semiconductors was zinc-blender wurtzit — rocksalt different techniques have been used to deal with this prob-
— B-tin, with the exception that in the mercury chalco- lem. The pseudopotential method with a high-energy-cutoff
genides(HgX) the rocksalt phase is preceded by a cinnabaPlane-wave basis set was employed in Refs. 16, 19, and 21,
phase which can be intepreted as a distorted rocksalt phaég_hereas linear combinations of Gaussian orbitals were used

The cinnabar phase was first identified as the ambientS & b'::[‘sijs iln Refs. 23 ?n(lj t'24. A fuII-potten(;ia_\I IiRnefaréO
oressure phase in Hg®ef. 7 and HgO? augmented-plane-wave calculation was reported in Ref.

R ¢ i : le-di . i ¢ nd the Hartree-F_ock Iinear—combination-of—atomic—orbijcals

_ recent measurements using angle-diSpersive x-ray eCiiiathog was used in Ref. 17. All these structural calculations
nigues and synchrqtron radiation demonstrated_that the higRyere generally in good agreement with available experimen-
pressure systematics of 1I-VI compounds are in fact muchg| data, and with each other. However, they were limited to
richer. The cinnabar phase which was thought to exist onlyhe ambient-pressure zinc-blende and wurtzite phases and the
in the mercury chalcogenides was found in CdTe anchigh-pressure rocksalt phase, with the exception of Ref. 21,
ZnTe?In ZnTe the cinnabar phase is found to be stablewvhere the cinnabaE mcmphases along with other possible
between 9.3 and 11.0 GPa; in CdTe the cinnabar phase high-pressure phases of ZnTe were also considered.
observed in a very narrow region around 3.5 GPa between In this paper we preserab initio pseudopotential calcu-

the zinc-blende and rocksalt phases. At higher pressure dations of the structural properties for four II-VI compounds:
orthorhombicCmcmstructure is found to be stable for both ZnSe, ZnTe, CdSe, and CdTe. For all these compounds we
ZnTe and CdTéM'2The rocksalt phase of CdTe transforms consider both the cinnabar a@ncmhigh-pressure phases,
into the orthorhombi€€mcmphase at a pressure of 10 GPa.and study the succession of phases under pressure. Cation
The Cmcmphase remains stable to at least 28 GPa. znTél €lectrons in 1I-VI compounds have received considerable
skips the rocksalt phase; the cinnabar phase transforms ttention in the_llte_raturé. It was shown that relaxation of
rectly into theCmcmphase at a pressure of 11.0 GPa. these states is important for both the structiraand

The observed succession of high-pressure phases for tﬁéectronlé properties of 1I-VI semiconductors. In the calcu-

selenides differs considerably from the tellurides. So far, neila'[Ions presented in this paper, we treat the cafi@fectrons

ther the cinnabar nor the orthorhomiancm phases have as part of the valence complex.

been found for ZnSe and CdSe. Both of these compounds Il. METHOD

transform from the zinc-blende into the rocksalt phase under '

pressure. The rocksalt to a simple hexagonal-type structure The pseudopotential total-energy schéMmeith a plane-
transition has been reportédor ZnSe in the pressure range wave basis set is used to find structural parameters and to
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FIG. 1. Calculated total energy vs volume for the zinc-blefmecles, cinnabar(crossey rocksalt(squares and orthorhombidgtri-
angles phases ofa) ZnSe,(b) ZnTe, (c) CdSe, andd) CdTe. For the ZnSe compound, the simple hexag@mahtagonsphase is also
shown. The curves are constructed using the Birch equation of &afe 39. The blowup of the region indicated by the broken line
rectangle is presented in the ins€}. is the calculated zero-pressure volume for the zinc-blende phase. The energy of the zinc-blende phase
is arbitrary chosen to be zero at zero pressure.

compute total energies of different phases for these comand Te are constructed according to the Hamann-Sahlu
pounds. Our calculations are performed with 24 and  Chiang schem& To describe some of the influence of the
Cd*1? pseudopotentials generated using the method ofe and Ted electrons on the valence complex, partial core
Troullier and Martins’® The ionic pseudopotentials for Se corrections for exchange and correlafidare included in the

TABLE |. Calculated and experimentally observed pressure rafig€aPa for four high-pressure phases
of 1I-VI compounds. The symbd\/R is used to indicate high-pressure phases not found in the calculations,
and N/O denotes phases not observed experimentally. The theoretical data for the CdTe compound are
reported with the energy of the cinnabar phase shifted down as explained in the text.

Zinc-blende Cinnabar Rocksalt Cmcm
Theor. Expt. Theor. Expt. Theor. Expt. Theor. Expt.
ZnSe 0-10.2 0-11.8Ref. 45 10.2-13.4 N/O 13.4-36.5 11.8-48Ref. 45 >36.5 N/O
ZnTe 0-59 0-9Ref. 1) 5.9-11.1 9-1%Ref. 1) N/R N/ O >111 >11
CdSe 0-2.5 0-3Ref. 42 N/R N/O 2.5-29.0 >3 >29.0

CdTe 0-2.5 O0-3.%5Ref.40 2.5-2.8 3.5-3.8Ref. 40 2.8-12.0 3.8-10.1Ref. 12 >12.0 >10.1
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TABLE Il. Calculated and experimentally observed change in specific volume at the transition for four
11-VI compounds. The theoretical data for the CdTe compound are reported with the energy of the cinnabar
phase shifted down as explained in the text.

ZnSe theory ZB— Cin (9.2% Cin — RS (7.7% RS — Orthor (1.0%
experiment ZB— RS(15.4% (Ref. 13 RS — Orthor (N/O)
ZnTe theory ZB— Cin (1.1% Cin — Orthor (8.4%
experiment ZB— Cin (—) Cin — Orthor (5.7% (Ref. 1)
CdSe theory ZB— RS(19.8% RS — Orthor (1.7%
CdTe theory ZB— Cin (13.1% Cin — RS (7.5% RS — Orthor (1.8%

experiment ZB-Cin (14.3%9 (Ref. 40 Cin—RS (3.7% (Ref. 40 RS—Ortho(<1%) (Ref. 12

Se and Te pseudopotentials. This description of the adion phases are very close in energy in the regions of possible
electrons is sufficient, since our structural parameters conphase transitionsshown in the insets of Fig.)lvery small

pare well with those of Ref. 21, where those states have beerariations in the total energies may result in changes in the
allowed to relax. All the pseudopotentials are generated witltalculated high-pressure phase systematics. This makes reli-
semirelativistic corrections. The Ceperley-Adler interpola-able theoretical calculations of transition pressures very dif-
tion formula* for the exchange-correlation energy is used inficult, since small changes in total energy of the order of
our total-energy calculations. typical LDA error (~1 mRy/atom not only change the tran-

We use a cutoff energy of 60 Ry for CdSe and CdTe, andition pressures considerably, but also result in either disap-
a cutoff energy of 80 Ry for ZnSe and ZnTe. The largerpearances or appearances of some phases in the calculated
cutoff energy required for the Zn compounds is a result ofsuccession of high-pressure phases.
their generally smaller unit-cell volume. These cutoff ener- Our calculations agree with experimentally observed se-
gies guarantee convergence of less than 2 fRY27 eV  quence of high-pressure phases for Zni@nc blende
per atom in the whole range of pressures considered. Ours cinnabar— orthorhombi¢ and CdSe(zinc blende—
total energies do not include the contribution from the mo-rocksal}. For ZnSe the cinnabar phase is found to be stable
tion of the atoms, whereas the experiments are generallyn the narrow pressure range between 10 and 13 GPa, al-
done at room temperature. However, the phonon contributiothough, to our knowledge, there are no experimental data
to the variation in the free energy of the different phases byconfirming the existence of the cinnabar phase for ZnSe. For
their zero-point motion and their thermal excitation is esti-CdTe our calculations do not reproduce the observed zinc-
mated to be of the order of our local-density-approximation
(LDA) error.

A quasi-Newton methdd is used to simultaneously relax
the internal coordinates and the lattice parameters of the cin-
nabar and orthorhombic phases under pres&uréhis
method uses the calculated Hellmann-Feynman forces and
stresse¥ to minimize the enthalpy of the crystafi-E
+PV for a given pressurd®. The minimization algorithm
preserves the symmetry of the initial configuration. For the
given structures, the lattice constant, bulk modulus, and tran-
sition pressures are obtained by fitting the energy versus vol-
ume curve to the Birch equation of stdfe.

Ill. RESULTS AND DISCUSSION

The results of our total-energy calculations for four II-VI
compounds are presented in Fig. 1 and Table I. The total-
energy dependence on volume for different phases is very
similar for all four compounds considered. Since different

TABLE Ill. Calculated and experimentdéRef. 46 lattice con-
stants and bulk moduli for the zinc-blende phases. The theoretical
values are calculated using the Birch equation of dfa&f. 39.

Compound Atheor (A) Btheor (Gpa aexpt Bexpt

ZnSe 5.606 70.5 5.6676 64.7
ZnTe 6.013 54.7 6.089 52.8
CdSe 6.050 57.2 6.052

CdTe 6.430 46.0 6.482 44.5

FIG. 2. A hexagonal unit cell of the cinnabar phase.
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FIG. 3. The cinnabar structure shown in projection ontoxpelane. Thez coordinate is given by each atom. The cati¢asions are
represented by opesolid) circles.

blende to cinnabar phase transition, but if the total energy of We predict the rocksalt t€ mcmstructural phase transi-
the cinnabar phase is decreased by an amount smaller théon for ZnSe at around 36 and 29 GPa for CdSe. For the
the error of our calculationg0.4 mRy/aton), it becomes ZnSe compounds, we also calculated the simple hexagonal
stable in a narrow pressure region around 2.6 GPa. Similarlyshase which was reported in Ref. 13. According to our re-
the cinnabar phase in the ZnSe compound disappears if i&ylt, theCmcmphase is always energetically preferable to
total energy is increased slightly. _ the simple hexagonal structure. Table Il shows the calculated
Itis also conceivable that the cinnabar phase in some 0fnq available experimental changes in specific volume at the
the 11-Vl compounds is metastable, and therefore is moSfansition for the four 11-VI compounds considered. A gen-
likely to be observed as the pressure is decreased from g, conciusion seems to stem from the calculations, the

rocksalt phase. This in the case for silicon whereR@and Cmcmphase is predicted to be present as a high-pressure

BC8 _structures appear Whe:393|OWIy releasi_ng the pressure Oﬁhase for the II-VI compounds. In the following sections we
fche high-pressurg-tin phase.” In the experiments reported will describe the results of our calculations for the different
in Refs. 40 and 41, we see that the cinnabar phase of CdTe IS ases of I1-VI compounds in more details

& P :

predominately observed in the downstoke runs. This coul
explain why we do not find it to be stable in our calculations
at any pressure. However, since it is so close in energy, a
transition to this phase will still be possible from the rocksalt
phase if the transition to the zinc blende is prohibited. It We treat the zinc-blende phase as the ambient pressure
would be interesting if careful experiments on the ZnSe anghase for all the compounds considered. Although some of
CdSe compounds could be done where the pressure is slomlge compoundge.g., CdSgcan also be found in the wurtzite
decreased from the rocksalt phase to see if the cinnabahase at zero pressure, the total-energy difference between
phase appears. these two phases is extremely small and within the precision

A. Zinc-blende phase
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FIG. 6. TheCmcmphase as a deformation of the rocksalt struc-

h FIG. 4f fc/a Irla\tlllo as a fur:thIO_PhOf plr_((ejss_urtle for the cmtnablar ture. The arrows show how the atoms forming the basis of the cubic
phases of four Ti-VI compounds. The Solid CIrcies represent CaicUs, o\ cait unit cell are shifted in tl@mcmstructure. The dimension-
a1@35 parameters andt give the relative displacements of the cat-

\(/Izﬁfg';lcg]d 40 The broken line corresponds to the rocksalt phaselons and anions from their position in the rocksalt structure.

lations, the equilibrium lattice constant is slightly underesti-
of LDA calculations'® We choose the zinc-blende phasemated (~1%), and as aresult the bulk modulus is
since it has fewer atoms per unit cell, and is therefore comeverestimated £ 5%).
putationally easier to treat.

The results of our calculations for the zinc-blende phase B. Cinnabar phase

are summarized in Table lll. The calculated values of both
the lattice constant and the bulk modulus are in good agreg: .
ment with the experimental data. Typically for LDA calcu-

The cinnabar phase can be visualized as a hexagonal lat-
e of two concentric helices of anions and catidRg). 2).
Lattice parametera andc define the hexagonal lattice. Two

ZnSe ZnTe Znse ZnTe
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FIG. 5. Calculated dimensionless parametergolid squares FIG. 7. Calculateth/a (solid circleg and c/a (solid squares

andv (solid triangle$ as a function of pressure for the cinnabar ratios as a function of pressure for tBencmphases of four 11-VI
phases of four 1I-VI compounds. The open triangles and squaresompounds. The open circles and squares represent available ex-
represent available experimental déRefs. 11 and 40 The broken  perimental datgRefs. 11 and 1R The dotted lines correspond to
line corresponds to the rocksalt phase valuel @induv. the calculated transition pressure to thencmphase.
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7nSe 7nTe corresponding to the rocksalt phase as pressure increases,
except for ZnSe, where we findandv equal to 0.5 over the

o1z L o| 012} o @ ¢ whole range of pressure considered.
L ] Fio
0.08 —.E ] 008 | . C. Cmcm phase
i -' C 'D The Cmcmphase can be considered as a deformation of
0.04 | i | | | 0.04 & | | | the rocksalt structure to an orthorhombic unit cell. The basis
o 50 100 150 o 20 a0 atoms of the unit cell are also displaced with respect to their

positions in the rocksalt phase. For a giv@®1) plane of

: CdSe : CdTe atoms, the cations and anions are shifted along the same
o012 R 012 - 5. . . (1(_)0) direction but by differer_1t amounts. T_he atoms _in the
Ci, % . r® 600 adjacent planes are moved in opposite direction. Figure 6
L . L : . shows a unit cell of theCmcm structure, with the arrows
0.08 - " 008 W %o representing the displacements of atoms from their positions
T - D in the rocksalt structure.
0.04 _||| 0.04 __. G The unit cell of theCmcmstructure has five parameters

0 50 100 150 0 20 40 a, b/a, andc/_a: and two_ dimensionless mtemal parame.ters
z andt describing the displacements of cations and anions,
respectively. In our calculations the total-energy is mini-
mized with respect to all these parameters for a given pres-

andt (solid circles as a function of pressure for tf@mcmphases S.ure' Fc.)rb/a:C/a: 1 andz=t=0 theCmcmphase coin-

of four II-VI compounds. The open squares and circles represen‘fIdes with the undeformed rocksalt structure.

available experimental datéRefs. 11 and 12 The dotted lines Calculated values of the lattice parameters for the

correspond to the calculated transition pressure t€tmemphase.  CMcmphases using the total-energy minimization procedure
together with available experimental data are shown in Figs.

internal lattice parameters andv determine the helix radii 7 and 8 for four 1I-VI compounds. From these figures, we

for cations and anions, respectivelig. 3. can conclude that our calculations slightly overestimate the

Foru=v=2 andc/a= 6, the cinnabar phase coincides degree of deformation from the rocksalt phase for bufh

with the rocksalt structure. We use this fact to calculate total&ndc/a ratios and internal parametersindt, but reproduce
energy convergence corrections for the cinnabar phase bjie pressure dependence of the lattice parameters correctly.
adding to the calculated total energy of the cinnabar phastiterestingly, for theCmcmphase the pressure dependence
the difference between the rocksalt phase total energy frorfif the lattice parameters is closer for the compounds with the
the fully converged calculation using the conventional unitsame anior(we recall here that for the cinnabar phase the
cell and the total energy of the rocksalt phase calculate@essure dependence was mostly determined by the gation
using the unit cell for the cinnabar structure. The lattice parameters of the selenides exhibit stronger pres-
The values of lattice parameters as a function of pressurdure dependence than those of the tellurides. Also, the
calculated using the total-energy minimization procedure an§ mcmphase for the selenides approaches the rocksalt struc-
available experimental data are presented in Figs. 4 and #re faster as pressure decreases.
Both of these figures show that the pressure dependence of
the lattice parameters for compounds with the same cation is
very similar. For ZnSe and ZnTe botifa ratios and the
internal parametersi and v change slowly with pressure, In this paper we considered high-pressure properties of
whereas for CdSe and CdTe all the parameters quickly adour II-VI compounds: ZnSe, ZnTe, CdSe, and CdTe. Highly
proach the rocksalt phase values as pressure increases. localized catiord electrons treated as valence electrons and
The calculated values of th&/a ratio underestimate the necessary minimization of the total energy with respect to
observed values by about 3% for both ZnTe and CdTelattice parameters for the cinnabar adchcmhigh-pressure
Qualitatively, the calculated pressure dependence is in agrephases make this study computationally challenging.
ment with the observed increase @fa in the narrow pres- We found that for all compounds considered, three pos-
sure range around 3 GPa for CdTe. The calculations do natible high pressure phases—cinnabar, rocksalt, and
reproduce slight decrease @fa ratio with pressure observed Cmcm—are very close in energy. This makes accurate esti-
for ZnTe. mation of the transition pressures difficult since small
Our results foru andv underestimate the difference be- changes in the total energy of the order of the typical errors
tweenu anduv, but otherwise are in generally good agree-of the LDA approximation may result in different calculated
ment with available experimental data. For all the com-successions of high-pressure phases. Our calculations repro-
pounds considered the calculated low-pressure values fatuce experimentally observed structural phase transitions for
bothu andv are 0.5. For these values of the internal paramZnTe and CdSe. According to our calculations the experi-
eters the forces on the atoms are zero by symmetry. Ounentally observed cinnabar phase is not realized as a high-
calculations show that there is always a local minimum ofpressure phase of CdTe, although small changes in total en-
the total energy fou=v =0.5. Another local minimum splits ergy may result in its appearance in the region close to the
off and moves(in parameter spageoward the minimum experimentally observed pressure range. Our calculations

Pressure(GPa)

FIG. 8. Calculated dimensionless parametersolid squares

IV. CONCLUSION
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