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Unifying description of the wurtzite-to-rocksalt phase transition in wide-gap
semiconductors: The effect ofd electrons on the elastic constants
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The mechanism responsible for the wurtzite-to-rocksalt structural phase transition in zinc oxide has been
studied through thab initio calculations of the full phonon properties. We derive a new and general path of the
transformation from the parent to the daughter phase which involves an intermediate tetragonal phase. This
hypothesis has been tested through analogous calculations on other wide-gap semiconductors, and confirmed in
GaN and InN, but not in AIN and SiC. As a consequence of these results, we formulate a general prediction on
the effect ofd-electrons on the structural and elastic properties of wurtzite semiconductors under pressure.
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Wide band-gap semiconductors zinc oxide and group-llithe energetics of the different structures and of the evolution
nitrides crystallize in thé6smcwaurtzite structure at ambient of the optical phonons along the deformation. The excellent
conditions. Upon increasing pressure at ambient temperaturagreement between the present theoretical results and experi-
they are all known to undergo a structural phase transition tsnental data encourages the extension of our study to the
the rocksalt cubic phase. The mechanism of this transformanitrides, for which only scarce experimental vibrational high-
tion, recently studied by means afb initio total energy pressure results have been obtaiffewe will show in the
calculations for GaN, AIN, and InN? and other following that the wurtzite-to-rocksalt phase transition
semiconductor$;® has been described as a continuous deformechanism depends on the presencal aflectrons on the
mation involving a compression of the wurtzitda axial  cation. In fact, we observe that GaN and InN both show a
ratio which, alone, would bring the system close to a hexvery similar behavior to that of zinc oxide, but different from
agonal intermediate phase referred tohaglgO.! However, that of AIN andw-SiC. This points to a strong connection
in Ref. 2 it was shown that such an axial deformation is notbetween the electronic properties of the cation, the pressure
observed in GaN hydrostatically compressed at least up tdependence of the shear elastic constants, and the mecha-
200 GPa and no estimate of the pressure range where sunism of the phase transition.
distortion should occur in GaN is reported in Ref. 1. In gen- As shown in Fig. 1, the transformation of a wurtzite struc-
eral, the quest for a transformation path in a first-order phasture into a rocksalt phase can continuously follow the “hex-
transition does not necessarily succeed, in the sense that tagonal” path, going through a compression of thaxis to
daughter structure might nucleate spontaneously around @a=~\3/2 and a vertical displacement of a ZnO pair,
defect with no obvious deformation of the parent phase. Irbonded along the direction, fromu=0.375 tou=1/2. In
other words, such an analysis is rigorously justified only forthis structure, each Z0) atom is located at the center of the
second order phase transitions. However, it has been recentiguilateral triangle formed by 3 oxyganc) atoms, and has
shown in Refs. 6—8 how the knowledge of the phonon propiwo opposite bonds along thedirection, perpendicular to
erties is necessary in order to make correct predictions. lthe triangle plane.The rocksalt structure is then obtained
fact, it allows the determination of the vibrational distortionsthrough the opening of the hexagonglangle from 60° to
that would eventually lead, continuously, from one phase t®0°, and the corresponding displacement of atoms which
the other at pressures higher than the transition one. Thisiove horizontally from the center of the triangle to the cen-
analysis corresponds to the determination of the path whickter of the square resulting from the angle widening.
would allow the least costly crossing of the transition en- However, a different distortion, that will be referred to as
thalpy barrier. In that view, the study of phonon dispersion‘tetragonal” in the following, is shown in the right part of
curves of semiconductors under pressure provides a key teig. 1. In this case the wurtzite hexagonal angle, as sug-
the understanding of the phase transition mechanismgested above from the behavior of the elastic constants, at
largely unknown even in the most common cases, and théirst opens upt and the atoms move horizontally to the cen-
existence of possible metastable structures along the distater of the square, while/a andu remain still rather close to
tion can only be supported or ruled out through such analythe wurtzite typical values; each @) is located at the body
sis. center of square pyramid formed by 5 oxy@ganc) atoms.

In this paper we report a first-principles study of the low- The NaCl phase then occurs through a decreasing af/the
and high-pressure structural and vibrational properties ofatio which concomitantly brings the Z@) atoms from the
ZnO, wurtzite SiC, and of 1lI-N compounds, namely AIN, body center to the base center of the pyramid, ue.1/2.
GaN, and InN. The determination of the full phonon disper-We underline here that the study of the transition mecha-
sions of wurtzite ZnO under pressure, and the favorable conmisms and of these intermediate phases is not carried out per
parison to recent experimental datdlows us to suggest a se, and those phases shoulot be observed under hydro-
new path for the transition from the wurtzite to the rocksaltstatic conditions in any of these compounds. However, their
phase, which is @ posterioriconfirmed by the analysis of structures allow a simple and interesting description of the
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intermediate tures both have a fivefold coordination, consistent with the
u hexagonal Fockalt increase of coordination from 4 to 6 along the wurtzite-to-

- rocksalt transition. However, transition paths through the te-
tragonal region of the distortion plane have a more favorable
enthalpy landscape. In fact, the transition from the wurtzite
to the hexagonal phase would only occur at about 20.0 GPa.
At that pressure, however, this latter phase, more stable than
the NaCl structure at ambient pressure, would be thermody-
namically unstable, since a hexagonal-to-rocksalt phase tran-
sition would take place at about 4.0 GPa. Interestingly, the
) i transition from the wurtzite to the tetragonal phase would

) intermediate occur at 9.8 GPa, just above the theoretical and the experi-
wurtzite fetipand mental transition pressures to the rocksalt structure. The te-
X tragonal phase would also be unstable with respect to the
NaCl one, the transition pressure between the two being
0.8 GPa. These results show that the tetragonal phase has a
lower enthalpy than the hexagonal phase along the wurtzite-
to-rocksalt transformation path. This can be explained by
considering that even though both the tetragonal and the hex-
60 % agonal intermediate structures have a fivefold coordination,
their volumegper ZnO formulain terms of the zinc-oxygen
bond distance, o are about 2.85,, and 2.7%53,, respec-
tively. In other words, at the same bond distance volume is
more efficiently occupied in the tetragonal structure.

We then focus on the vibrational properties of zinc oxide,
only partially known to this date. Nab initio or experimen-
high-pressure wurtzite fundamental properties, enlightenethl determination of its complete phonon dispersion curves,
by the phase transition. either at ambient or high pressure, can be found in the litera-

We adopt the density-functional theofpFT) framework  ture, except for the experimental study of the four lowest
and the local density approximatighDA). Our calculations branches along thE-M reciprocal space direction, and the
are perfomed within the plane-wave/pseudopotential scheméur lowest branches along tH&-A direction!® In the fol-
using therwscrcode!2 Ab initio phonon dispersion curves lowing we will refer toz as the[0001] direction in the wurtz-
are determined through the density-functional perturbatiornite structure, whose reciprocal space counterpart corresponds
theory(DFPT),123implemented in the same code. Typically in to I'-A. We chose 4 different pressures to calculate the vibra-
semiconductors the cation is satisfactorily described by intional properties of ZnO in the wurtzite phase, iR=0, 5.6,
cluding thes electrons in the valence band, and freezing the11.9, and 19.0 GPa, the last two calculations being per-
d electrons in the core. Their effects are usually well takerformed by constraining the system in the wurtzite structure,
into account by adopting the nonlinear core-correctionsheyond the thermodynamic transition pressure. The resulting
(NLCC).1* However, this approximation may give unphysi- transverse acoustic branches of the phonon dispersion curves
cal results in wide-gap compounds: for example, in zinc ox-at ambient pressure andRRt19 GPa are reported in Fig. 2.
ide the rocksalt phase is predicted as the most stable one We observe that, as pressure increases, all transverse
even at ambient pressure. The explicit treatmentl @lec-  acoustic branches, namdiA, I'M, andI'K, have a negative
trons and their inclusion in the valence band is thus a costlyariation, as well as the opticE'zow phonon atl’, which are
but necessary improvement to the reliability of the resultsdegenerate with the TA branch at tAgoint. In other words,
Pseudopotentials for Zn and O are thus chosen according the lowest high-symmetry phonons and their entire branches
the Troullier-Martins approach. A cutoff of 75 Ry and spe-  soften due to the effect of pressure. This trend continues
cial sets ofk points following the Monkhorst-Pack scheme beyond the transition pressure, but onlyPat19 GPa we do
with 8X8X4 grids in the wurtzite phase showed conver-observe an unstable mode. At that pressure, the three TA
gence of frequencies better than 1¢ém branches have a negative slopd atAccording to elasticity

We obtain for wurtzitgrocksaly ZnO an equilibrium vol-  theory, the slopes at the Brillouin zo(BZ) center of the TA
ume of 23.76 & (19.49 &), and a bulk modulus pressure branch along th&'A direction and of the one propagating in
dependence of 155+4.2® GPa(198+4.65:P GPa in ex-  the plane perpendicular #0A and polarized along the verti-
cellent agreement with the experimental dédae Ref. 16, calz axis are related to the elastic constapt analogously,
and references therginThe common tangent construction the slope af” of the branch perpendicular 16A and polar-
predicts the wurtzite-to-rocksalt phase transition to takdzed alongzis related taceg. These results thus show that the
place at 7.6 GPa, which compares favorably to the experie,, and cgg elastic constants soften under pressure, in excel-
mental estimate of an equilibrium transition pressure oflent agreement with the experimental observatfbrand
6.0 GP&’ In principle, the phase transformation could occurreach negative values R=19 GPa. This result is very inter-
any path in they-c/a deformation plane between the “hex- esting because the cell deformation associated with these
agonal” and the “tetragonal” limitésee Fig. 1. These struc- constants corresponds to a variation of the hexagonal angle.

FIG. 1. (Color onling The four structures in thab angleu
internal coordinate plane. The optimala ratio is about 1.61 and
1.74 for the wurtzite and tetragonal structusésttom), whereu
~0.38, and 1.29 and2 for the hexagonal and rocksalt structures
(top), whereu=1/2.
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FIG. 2. (Color online Trans-
verse acoustic branches of zinc
oxide at ambient pressure and at
P=19 GPa.
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In the initial stages of the phase transformation each patknt pressures. We observe that this phonon actually softens,
involves different phonons and elastic constants: the hexag@ven under ambient condition, because of this distortion, and
nal distortion is mainly characterized by a compression othat the effect is enhanced at high pressure. On the other
the ¢ axis and the consequent vertical displacement of Zndhand, the effect of a lowec/a ratio seems to go in the
pairs, related to thB, optical phonon. The tetragonal distor- Opposite direction, showing once more that the hexagonal
tion involves instead thegg elastic constant and the, op-  Path is rather unlikely. These results allow us to affirm that
tical phonon. In order to confirm our hypothesis, we studieothe wurtzite-rocksalt transition in ZnO is characterized, at
the vibrational properties along this deformation. As thesdiSt. by an angle opening towards a tetragonal phase,

endpoint phases can be considered as the same monoclifiguPled with a horizontal displacement of atoms, and then,
structure with ay angle equal to 60° and 90° respectively, we before the tetragonal structure actually occurs, by a lowering

carried outab initio phonon calculations for 6 intermediate ©f thec/a ratio to the rocksalt valug2 and a corresponding
stages of the deformation by varying At each stage calcu- Vertical repositioning of atoms. o ,
lations were performed at the point, and at different/a The wurtzite-rocksalt phase transition is observed in
ratios, in order to understand the role of both contributions tgh@ny other technologically relevant wide-gap semiconduc-
the phase transition. We report in Fig. 3 the behavior of thd®rs, most notably the group lll-nitrides. We carried out

E! phonon as function of the angular deformation at differ-2n@logous calculations for AN, GaN, InN, and 1@+SiC, in
order to understand whether the transformation mechanism

100
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we propose for ZnO is intrinsic to this phase transition, or if

'\9 Ambient pressure it depends on the specific compound. In Table | the transition
— pressures from the wurtzite phase are reported. We observe
=50 !‘ﬁ\ g i that the tetragonal phase is never stable or metastable in AIN
g °s*\ ° or SiC: thus our proposed wurtzite-to-rocksalt transformation
= P=19.0 GPa ° * path is unlikely for these compounds. Gallium and indium
5 . nitrides, on the contrary, behave similarly to zinc oxide: for
[}
=5 TABLE I. Transition pressures for zinc oxide and the three ni-
E ° trides from the wurtzite structure to each one of the three other

phases. The tetragonal phase is unstéide, it has no local mini-
mum) in AIN and SiC.
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FIG. 3. (Color onling Frequency of theE'ZOW optical phonons as Zn0 Pw-(GP3 20.0 9.8 76
function of the “tetragonal” distortion, i.e., the variation of the hex- AN Pu—(GPa 24.7 8.3
agonal angle, at two different pressures. The phonon splitting is dueGaN  P,_.(GPa 182.5 50.8 33.5
to the loss of the hexagonal symmetry. Phonon softening occurs atInN P,_.(GPa 39.7 17.7 11.7
rather small angle distortions at high-pressure, and even at ambientsjc P, (GPa 197.9 63.5

pressure such deformation would make the wurtzite phase unstable
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their band structure and charge density at low and high pres-
T n sure does not reveal any significant effect_due to the presence
o A Y of d electrons. Analogously, the analysis of ionicity and
%’ | 4 InN P steric effects does not seem to yield an answer, since these
L |vAN * A properties in GaN look more similar to those of AIN rather
Q05| siC than those of InN. A qualitative interpretation of the relation
{2 ©Zn0 = betweend electrons and the softening of thm, and cgg
° L * elastic constants can instead be obtained through the Keating
model, which relates these elastic constants, in tetrahedrally-
: . . ' coordinated semiconductors, to bond-bending and, thus, to
- second-neighbor interactions. In other words, the softening
81 Oopm m oo - of the TA modes ind-electrons-containing systems may be
F [ AInN A due to the increased screening of the Coulomb forces be-
E; v AN A tween cations at increasing pressure. To clarify this issue, we
go 5o o have carried out a detailed analysis of the different contribu-
-oI'm SiC A . . . .
3 tions to the total energy, at ambient and high pressure, in
> | e4n0 A both the wurtzite phase and in a structure slightly distorted
* along the tetragonal deformation. We considered ZnO, GaN,
— AIN, and ad-electron-free GaN. We observe, for all of them
0 1 2p/pm$ < & 2 at high pressure, an increase of the one-electron energy, al-

most completely counterbalanced by a decrease of the Ewald

FIG. 4. (Color online Evolution of c,, andcgg elastic constants ~ term, of the exchange-correlation energy, and of the electron-
under pressure with respect to their ambient pressure values, and @ctron repulsivéHartreg contribution. The relative gain in
a function of the respective wurtzite-to-rocksalt transition pressureenergy due to this last term is however about twice as im-
Pe. portant in ZnO and GaN than it is in AIN and in the NLCC,

- ) d-electron-free GaN.

both the transition from the wurtzite to the tetragonal phase |, conclusion, we show in this work that the commonly
would occur at much lower pressures than the one to thgpserved transition from the fourfold coordinated wurtzite to
hexagonal phase. _ ~ the sixfold coordinated rocksalt phase occurs through a qua-

These results seem to be more general and interesting: tRgetragonal deformation which links, in a crystallographic
study of thec,, andcgg elastic constants under presstsee  simple way, the two endpoint structures. This hypothesis is
Fig. 4) show that they would not soften in AIN and SiC up to ¢onfirmed in ZnO, GaN, and InNbut not in AIN andw
5 times their respective wurtzite-to-rocksalt transition Pres-sic) by the study of the energetics, and strongly supported
sure, while they would in GaN and InN. In other words, in py the experimental anab initio determination of the shear
gallium nitride and indium nitride, similarly to zinc oxide, :gnstants and phonons under pressure. On the other hand, the
the shear instability associated to the tetragonal transitiopbcenﬂy suggested hexagonal deformation path seems pos-
path eventually occurs, even if at pressures higher than thgp|e only in wurtzite semiconductors containing ligftt
wurtzite-rocksalt transition pressure. This suggests that thg|ectr0n_fre¢ cations, such as AIN and-SiC, and can be
tetragonal deformation mechanism is energeticaltyl dy-  inferred for other compounds such as BN. The study of the
namically favorable with respect to the hexagonal path. Ofansformation paths leads to important, general predictions
the contrary, both the energetics and the stiffness of the shegp, the dynamical and elastic pressure properties of the whole
elastic constants seem to rule out the tetragonal transformgam“y of wurtzite wide-gap semiconductors, such as the
tion path in AIN andw-SiC. The similar behavior of ZnO, softening of TA modes and of they, and cg elastic con-
GaN, InN, as well as of CdS¢ould be interpreted in terms  giants in ZnO, GaN, and InN, or the independence of the
of a d electron-induced softening of thm, and cge elastic  \yyrizite internal parameten on pressur@® These predic-

constants. Interestingly, the very fact that the hexagonal ingons, experimentally verified for ZnO, are to be demon-
termediate phase has been described and labeled in Ref.g{ated by experiments for GaN and IAN.

after MgO, which of course does not containelectrons,

points in the same direction. All calculations presented in this work have been per-
This result should be thus interpreted through the elecformed at the IDRIS French National Computational Facility,

tronic properties of these systems. However, the study ofinder Projects Nos. 21387-CP9 and 31387-CP9.
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