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We present the results of a first-principles theoretical study of the relative stability of several structural
phases of the group-IIl nitrides AIN, GaN, and InN that complements the picture of the behavior under
pressure of these technologically important materials. Along with structures which have been previously
considered in other theoretical studies of these mateftaisprising those of the observed phases: wurtzite,
zinc-blende, and rocksalt; and tdes-Sn, NiAs, and CsCI structurgsve have also assessed the stability of
several novel structures, viz., the cinnabar structure imemstructure, and thecl6 structure, which have
been recently observed in high-pressure experiments on various related comf@mgndsaAs and have also
been reported to be either stable or close to stable in a certain range of pressures in other IlI-V and II-VI
compounds on the basis of first-principles calculations. Our results indicate, however, that in AIN, GaN, and
InN, the high-pressure rocksalt phase remains stable with respect to any other phase considered in this study up
to the highest pressures investigated-@00 GPa, which agrees with the available experimental data. We have
further considered the effect of the semicateorbitals of GaN and InN on the phase diagram of these
compounds.

[. INTRODUCTION results of the latest experimental and theoretical studies is
that in certain ranges of pressures sevdoal-symmetry
The experimental and theoretical study of the wide-bandphaseglow compared with those previously considered
gap semiconductors among the II-VI and IlI-V compoundsten seem to be favored by a number of different compounds
has been strongly fostered during the past decade by thselonging to these families.
enticing potential of these materials in the development of The case of GaAs is an excellent example of this. It is
optoelectronic devices operating in the high-frequency rangesow well established that as pressure is increased abage
The family of group-Iil nitrides, in particular, has been suc- Gpa, the low-pressure zinc-blende phase transforms to a
cessfully used in the construction of blue-light emitting andsiaple orthorhombic phase with space gr&mcmand four
laser diodes by Nakamura and co-workef&he direct band atoms(i.e., two formula units in the primitive unit celf®
gap of these binary compounds and their alloys ranges frofgy, eqycing the pressure from tH@mcmphase, two new
2 t0.6 e_V, .Wh'Ch makes t_hem especially well suited for ossibly metastablephases have been observed. One of
applications in optoelectronics. As a consequence, a goo&i’em has the same space groRB,21 as the structure of
deal of research has been done to characterize as accurate| !

as possible not only their important optical and electronic(:'xnab"jlr &-HgS) but with such different values of the in-

properties, which are of primary interds:® but also their ternal parameters that the six atoms in the primitive upit cell
mechanical and structural resporise. this paper we focus of the_ res_ultlng structural phase have a completely different
on the structural response of the group-Ill nitrides AIN, GaN,coordination and, as a matter of fact, the new phase could be
and InN when subjected to extremely high pressures of up tg€tter described either as having space greép22 or as
several hundreds of GPa. being only slightly distorted from it Notwithstanding this, it

As a consequence of the very rapid improvement in botS common practice to call this phasénabar The other
experimental and computational techniques, research on tihase experimentally reported to date as having been formed
physical properties of materials at high pressure has seé#Pon decompression from the high-pressGracmphase is
much activity in recent years. The higher accuracy that caflescribed by means of a simple-cubic cell containing 16 at-
now be achieved has led to several important discoverieggms which span the space groB@3, and is namedcl6
which in some cases has resulted in a complete reassessméRef. 10. The existence of such phases has been corrobo-
of what seemed established before. In the case of the techated, when not previously predicted, on the basis of the
nologically important II-VI and 1ll-V compounds, one of the results of several theoretical studies, which also show all
remarkable aspects of the picture that has emerged from thbree phases as stable or close to stability in some range of
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pressures in several other lll-YRefs. 11-15 and II-VI we outline the theoretical framework within which all the
compounds® Our understanding of the high-pressure behav-calculations have been performed. In Sec. Ill, we present and
ior of this material is, however, far from completior ex-  discuss the results of our study concerning the structural
ample, the posEmcmbehavior is experimentally not suffi- properties of the compounds at zero pres¢8eg. Il A), the
ciently well establisheqd a statement that can safely be local stability of the wurtzite phaseSec. 111 B), the energy-
extended to any compound of the family. In all certainty,Volume curves and the calculated phase diagré8ecs.
many more new discoveries and subsequent further rationalll C—1ll E), the stability of the rocksalt phases against dis-
izations of the present situation will occur in the near future fortion (Sec. Il1F), and the pressure evolution of the energy
In comparison to other -V compounds, the high- 92ps of the high-pressure rocksalt phaggsc. Il G. Fi-
pressure behavior experimentally reported to date for th&ally, in Sec. IV we summarize our conclusions and make
group-Ill nitrides displays a rather reduced sequence of°me remarks concerning the high-pressure behavior of the
structural phase transitions. For all three compounds consid®mpounds studied.
ered in this work, only a wurtzite-rocksalt transition has
been experimentally observed and, within the range of pres-
sures covered by the experimental studies, the rocksalt phase
does not undergo any additional transformatibhidowever, All calculations were performed within the framework of
in several other IlI-V compounds previously studiéelg., the density-functional theorfDFT) (Ref. 29 with the local-
InP and InAs, the observed rocksalt phase becomes unstabléensity approximation(LDA) for which we used the
against aCmcmlike distortion as pressure is further in- Ceperley-Alder form of the exchange-correlation energy
creased and the cinnabar ardl16 structures are at least density of the homogeneous electron gas as parametrized by
competitive candidates in certain ranges of pressufe. Perdew and Zungéf. T=0 K was assumed and the zero-
With these facts in mind, it is important to complete the point motion of the ions was not taken into consideration.
picture of the high-pressure behavior of the IlI-V compoundsThis scheme is known to give an accurate enough description
by establishing whether for the Il nitrides one would beof the structural phase diagrams of group-IV, IlI-V, and
likely to observe, in some range of pressures, the kind ofl-VI semiconductors.
structural phases recently identified as being stable or nearly Only the outermost electrons of each atom were explicitly
stable in other I1I-VI and IlI-V compounds. considered in the calculation, and the effect of the inner elec-
In this paper, we show the results of a comprehensivérons and the nucleusghe frozen core¢ was described within
total energy study of several structural phases of AIN, GaNa pseudopotential scherie®? We used the Troullier and
and InN, which comprise some previously studied structurespMartins®* scheme to generate the norm-conserving nonlocal
such as wurtzitéwur), zinc-blende(zb), rocksalt(NaCl), the  pseudopotentials, which results in highly transferable and
diatomic analog of the8 phase of tin ¢-3-Sn), and the optimally smooth pseudopotentials; only in the case of Ga
structure of NiAs; and also the new structural phases prewith d electrons in the core have we used the generation
dicted or observed in other members of the llI-V family: scheme of Hamann, Schér, and Chiang. Nonlinear core-
cinnabar(or rather the class of structures with the same spacealence exchange-correlation correctiofsILCC) were
group P3;21 and set of Wyckoff positions as cinnabar, buttaken into account for the Ga and In pseudopotentraiS.
with rather different structural parameters and structural fea- A plane-wave basis set was used to solve the Kohn-Sham
tures, which nonetheless we will refer to here collectively asquations in the pseudopotential implementation of the
cinnabapn, Cmcm andscl6. The main structural features of DFT-LDA.*® Even using smooth Troullier-Martins pseudo-
these phases have been described before and will not be neetentials, the hardness of tipecomponent of the N pseu-
peated heré® but some further relevant structural discussiondopotential and that of thd component of the Ga and In
will be presented in Sec. IIl at the same time as our results opseudopotentialéwhen their semicorel electrons are con-
the relative stability of these phases are discussed. sidered in the valengerequires the use of a rather large
The electronic and structural properties of the zero-kinetic-energy cutoff in order to produce well-converged re-
pressure wurtzite phase have been the object of a number siilts, which along with the structural relaxation of several
theoretical work¥?2and in addition some previous theoret- phasessee below makes this study computationally chal-
ical studies have also considered the relative stability amontgnging. We have found that a cutoff of 150 RY00 Ry is
the wurtzite, zinc-blende, rocksatt; 3—Sn, and NiAs struc- enough to converge the total energy to an accuracy of about
tures up to pressures 0f200 GPa(Refs. 22—-24 A very 1 mRy per formula unifpfu) in the case of GaNInN) with
simple phase diagram consisting of the wurtzite zinc- thed electrons in the valence; a cutoff of 90 Ry achieves a
blende and rocksalt phases has been indicated by the authossmilar accuracy in the case of AIN and in the case of GaN
of Ref. 23, who, however, did not check a large variety ofand InN with frozend orbitals in the coré’ All the
high-pressure structures that turn out to be relevant in othereciprocal-space integrations were performed using the
II-V and 11-VI semiconductor$~131518|n addition, Chris- Monkhorst-Pack schem®.The k-point meshe® used for
tensenet al?* have predicted a transition from the rocksalt the semiconducting phases werx 4x 4 for the NaCl, zb,
structure to the NiAs structure in AIN at a pressure of aboutandscl6 phases; 8 8 X 8 for the cinnabar an@mcmphase;
30 GPa, which, however, has not yet been confirmed experand 6x6x 3 for the wur and NiAs phase. For the metallic
mentally. The assessment of the relative stability of thed-3-Sn and CsCl phases, the mesh was increased to
Cmcm cinnabar, andscl6 structures has not been under- 20X 20X 20. These samplings of the first Brillouin zone en-
taken before. sure an accuracy in the total energy of about 0.5 mRy pfu. A
The rest of the paper is organized as follows. In Sec. llquasi-Newton method was employed in order to relax the

Il. METHOD OF CALCULATION
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TABLE |. Structural parameters at zero pressure for the wurwite), zinc-blendgzb), and rocksaltNaCl) structures of AIN, GaN, and
INN. AE represents the difference in energy with respect to the zero-pressure wurtzite configimatielv pfu). Values in square brackets
correspond to freezing the semicatelectrons of the cation. Experimental values for the different quantities are given in parentheses.

Phase B, (GPa B’ a(A) cla u AE (meV)
AIN wur 209 3.7 3.061 1.600 0.382
(207.96.32 201.7, 205.7) (5.7-6.3) (3.117 (1.601 (0.382%F)
zb 210 3.7 4.302 49
(4.37
NacCl 272 3.8 3.978 228

(221(5)", 29517)9) (4.81.0f, 3.54)9) (4.048')

GaN  wur 196[207] 4.3[4.0] 3.180[3.149  1.632[1.628  0.376[0.377
(237(31)3, 245, 188) (4.32.0% 3.2)  (3.160-3.199 (1.622-1.639  (0.377%)
zb 196215 4.2[3.9] 4.497[4.452) 10[17]
(190 (4.49-4.59)
NaCl 240[263] 45([4.3] 4.225[4.157] 908[755]
(248, 32327)9) (5.5) (3.58)9
InN wur 144[136] 4.6[3.9] 3.525[3.477  1.613[1.614  0.379[0.379
(125.54.6?) (12.71.43 (3.533) (1.611) (0.37%)
zb 147[138] 4.4[3.8] 4.968[4.901] 20[31]
(137) (4.98)
NaCl 191[192] 4.6[3.9] 4.636[4.581 372[313]
(170116)9) (5.099
a\. Uenoet al, Ref. 51. fQ. Xia et al, Ref. 48.
bK. Tsubouchiet al,, Ref. 52. 9S. Uehareet al, Ref. 17.
°P. Bochet al,, Ref. 53. PH. Vollstadt et al, Ref. 46.
dc. Stampfl and C.G. Van de Walle, Ref. 21 and references therein. iP. Perlinet al, Ref. 49.
®Reference 54. IH. Xia et al, Ref. 50.

different structural parametets. The E-V curves corre- wurtzite structure. Both structures have a semiconducting
sponding to the relaxed configurations for each phase wergohn-Sham band structure. In the case of the wurtzite struc-
then fitted to the Birch-Murnagh&hequation of state and ture, the experimental energy-band gap is direct with values
the pressurgp=—dE/dV and enthalpyH=E+pV were of 6.2 eV (AIN), 3.5 eV (GaN), and 1.90 eV(InN).*® In
evaluated from the fitted expression. The coexistence pre§-able I, we summarize the calculated structural properties at
sure of two phases is the pressure at which their enthalpiezero pressure for both the wur and zb structures, together
are equal. with the high-pressure rocksalt structure.

Several phases of interest are structurally related in a very At fixed volume, the hexagonal wurtzite structyspace
simple way (see, for example, Ref. 13 concerni@mcm  group P6;mc with four atoms per unit cellhas two struc-
NaCl and Ref. 15 concerning CsCIl-NaCl-cinngband can tural degrees of freedom, one internal parametand the
thus be represented using the same cell and basis vectasial ratioc/a. The wurtzite phase experimentally observed
with, in each case, appropriate choices for the values of that low pressures in these and related compoundsuhkas
internal and cell parameters. In these cases it is possible tind c/a~1.633, which leads to very nearly tetrahedral
perform a very accurate comparison of the total energies angbordination[at theideal valuesuy=3 and (c/a),= \J8/3,
relative stability of the phases at a certain volume, by vary-all four nearest-neighbor distances are equal and all bond
ing the structural parameters in such a way as to deform ongngles are ideal tetrahedral angte$09.5°. In this case, the
phase into the other. We have used this procedure to perforpcal (i.e., up to first neighbojsenvironment of each atom is
a detailed study of the relative stability of the structurally very much the same as in the case of the zinc-blende phase
related phases. and thus the resulting semiconducting structure is very close

in energy to zinc-blend¥®. It is worth noting, however, that
IIl. RESULTS AND DISCUSSION the ideal values of the structural parameters of this wurtzite
configuration arenot fixed by any symmetry consideration.

The values ofu and c/a for the relaxed structures are

At normal conditions all three compounds AIN, GaN, andclose to their ideal values and are in excellent agreement
InN crystallize in the wurtzite structure, although it haswith the experimental values, as shown in Table I. In this
proved possible to grow a zinc-blende modification usingtable we also show the calculated difference in energies be-
epitaxial technique®*4The zinc-blende structure is of tech- tween the wur and the zb structures at their respective equi-
nological interest as it can be doped more easily than thébrium volumes AE,,=ES—E,,. In each of the three

A. Structural properties at zero pressure
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compounds considered, the valueAdE,,, is very small and 0.3 ' ' ' '
positive, which is in line with the experimental observation N
of both phases at zero pressure, with the wurtzite phase bein
the more stable phase. Other previous theoretical studies re 0.2 1
produce this resulisee, for example, Ref. 21 and references [ /[ _____
therein. o1 F———"""

In Table I, comparison is made with several experimental ’
values of the lattice constant, bulk modulus, and pressure
derivative of the bulk modulugall at zero pressuje Re- 0.0
cently, a detailed study of the structural properties of the~
wurtzite phase at zero pressure has been presented ke
Stampfl and Van de Walle in Ref. 21. We refer the interested gz _g1
reader to the very careful comparisons between different ex-&
perimental and theoretical works shown in Ref. 21 and the 5
discussion therein for a fuller account of the structural prop-  -0.2
erties of these compounds at zero pressure, which, howeve
are not our main concern here.

For each compound, our calculated values of the lattice  -0.3
constantag, are within 1-2 % of the reported experimental
value, which is the accuracy normally achieved within the

——= VIV,~0.79

LDA. For AIN, the agreement between the calculated and  -04 —— VIV,~093 | 4
experimental values @, is slightly worse than for GaN and

InN. It has been reported in Ref. 21 that the use of a

generalized-gradient approximatid®GA) in dealing with O e T 0a00 oaze 040 o4 0500

the exchange-correlation energy functional, instead of the u

LDA adopted in the present work, slightly improves these

results for AIN; however, the use of a GGA does not resultin  FIG. 1. The calculated energy of the wurtzite structure as a
any clear improvement in the cases of GaN and InN. function of the internal parameterat several different volume¥,

It is interesting to compare the results for GaN and InNsStands for the calculated wur zero-pressure vol(see Table)l At
obtained by treating the electrons of the cation explicitly in ©ach volume the energy is given with respect to that for the con-
the valence with those results obtained whendieectrons  figuration withu=0.5, which corresponds to a local minimum of
are assumed inert and included in the core. This compariso§€ E-u curve.
is also shown in Table I. For both compounds, the agreement
with the available experimental data is better when ¢he way that the two atomic species alternate along a given
electrons are included in the valence and allowed to relax. lmtomic row in thec direction. The calculated optimal value
particular, the calculated value of the lattice constant inof the axial ratio for this structure, which we will refer to as
creases, which brings the calculated value closer to the exiexagonal(he), is c/a~1.23, which yields an irregular 3
perimental one. The bulk modulus at zero pressure is simi+-2 coordination. Interestingly, this structural configuration
larly reduced. The effect of the relaxation of tielectrons  can be observed experimentally in BN, where it is stable at
on the structural properties at zero pressure of GaN and Inlemperatures of~1200-1800 K. The standard wurtzite
has been considered befdf&’and our present results con- structure has also been observed in this material, as well as
cerning the degree of improvemefompared with experi-  the zinc-blende structure, which is thermodynamically stable
mental values by dealing with thed electrons explicitly  under normal conditions.
among the valence electrons is similar to what has been |n Fig. 1, we show the energy of the wurtzite phéssa-
found in previous studiesA similar comparison concerning tive to theu=0.5 configuratioh as a function ofu for dif-
the energetics of different structural phases will be addresseférent volumes. As shown in this figure for AINnN), at
in Sec. llID) pressures just above-75 GPa(~65 GPa, which corre-
sponds to a reduced volume 6f0.79, the configuration with
u~ 32, which is observed at low pressures, becomes unstable
with respect to the hexagonal configuration, which las
=0.5. In the case of GaN, the~$ configuration remains

When the internal parameter of the wurtzite structure stable with respect to any other configuration up to much
takes the value;, the symmetry changes to space grouphigher pressures 0f200 GPa. However, at the high pres-
P6m2. Associated with this fact, the energy as a function ofsures at which the wus hex instability is predicted in AIN
the internal parametar has an extremal point at=3. This  and InN, the thermodynamically stable phase is rocksalt, and
configuration is best viewed as built up of graphitelike planeonly if the wurtzite phase could exist as a metastable phase
stacked in th€001) direction(each plane resulting from the well above its calculated coexistence pressure with the rock-
coalescence of two hexagonal planes occupied by one of thealt phase would it transform to this hexagonal structure.
two different atomic species, and where every atom in thélhis is, however, not supported by the available experimen-
graphitelike planes is surrounded by three unlike ajoms tal findings, which report the completion of the wuiNaCl
These planes are stacked one on top of the other in suchteansformationsee Sec. lll ¢ and the extinction of the wur

B. The wurtzite phase at high pressure: Local stability,
internal parameters, and isostructural transition
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AIN. The volume is given normalized to the theoretical zero-
pressure volumedor equilibrium volume of the wurtzite phase,
vihe =9.934 A® pfu.

O,wur

FIG. 2. Evolution of theu andc/a parameters of the wurtzite
phase with pressure, for AlNcircles, GaN (squares and InN
(diamond$, with uy=0.375.

) . has the wurtzite structure, while above a certain coexistence
phase in the range 20-30 GPa in AlRefs. 47 and 48(~14  ,resqure the rocksalt structure becomes favored over wurtz-
GPa in InN, Ref. 5L Regardless of this being the case injie This is in perfect agreement with the experimental obser-

practice, the above pressures represent an upper bound to f)g;ons, which to date have only reported a waNaCl tran-
local stability of the wurtzite phase in these compounds.

In Fig. 2, we show the evolution with pressure of the 2.5
internal parameters of the wurtzite structure, obtained upon
structural relaxation as explained in Sec. Il B. The instability
of the low-pressure configuration of the wur structure shows
up in the discontinuities apparent in both thep and the 20 |
c/a-p curves. We also note the distinct nonlinear behavior of
these curves immediately before the onset of the observed
wur— NaCl transition(see Sec. Ill ¢ obtained by Bellaiche
et al. for InN (Ref. 59. These authors relate such pretransi-

anti-NiAs

15}
tional effects in the evolution ofi and c/a with p to an %
isostructural transition, and our calculations show that it is =
indeed connected to the existence of an equilibrium configu- 0
ration with u=0.5 and to the transition between the low- g 10|
pressure configurationu¢2) and this high-pressure con- =
figuration.
05 | .

C. Energetics and phase diagrams: The wurNaCl transition

The energy-volume E-V) curves corresponding to the
different structures considered in the present work for the
three compounds AIN, GaN, and InN are shown in Figs. 3, 4, 0.0 |
and 5, respectively. The enthalpy-pressuse ) curves are
similarly shown in Figs. 6, 7, and 8. The important case of
the energetics of th€mcmstructure is not shown in these
curves: it will be discussed independently in Sec. Il F. FIG. 4. Energy-volume curves for the different phases of GaN,

As it is seen in these figures, we obtain a very simplevje =11.359 A pfu. For the sake of comparison, teV curves
structural phase diagram for the three compounds consideréer the wur and NaCl phases calculated with frozehGa electrons
here. At low pressures, the thermodynamically stable phaseacluded in the core are also shown using dashed lines.

0.5 0.6 0.7 0.8 0.9 1.0 1.1
Volume
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FIG. 7. Enthalpy-pressure curves for the different phases of
FIG. 5. Energy-volume curves for the different phases of InN,GaN.

Vie,—15.296 A pfu. CalculatedE-V curves for the wur and
NaCl phases with frozen Inddelectrons included in the core are ||, In this table, we also show the reduction in volume cor-

shown using dashed lines. responding to the wueNaCl transition. For specific details

on the experimental values, we refer the reader to the results
sition. All three compounds are difficult to grow and compiled and compared in Ref. 7 and to the original experi-
manipulate and this has limited the number of high-pressurenental articles. Some previous theoretical results concerning
structural studies, which are all fairly recent. There is somehe theoretical wur-NaCl coexistence pressure are also
spread in the values of the reported experimental data corshown in Table II.
cerning this transition, some of which have been collected Experimentally, the wurNaCl transition in AIN has
along with our calculated results for each compound in Tabléeen reported to start at 22.9 GPa by Uenal,*’ at 14 GPa

by Xia et al,*® and more recently at 20.0 GPa by Uehara

2.0 . ‘ . ‘ . ; . et all” Upon releasing pressure from the NaCl phase, this

20

15

15
1.0

1.0

05 |

-2.0 L L L L L L L
0 25 50 75 100 125 150 175 200

Pressure (GPa)

d-B-Sn

=20 L L L L L L
. 0 25 50 75 100 125 150 175 200
FIG. 6. Enthalpy-pressure curves for the different phases of Pressure (GPa)

AIN. At each pressure, the enthalpy is plotted with respect to that of
the wurtzite phase at that pressure. FIG. 8. Enthalpy-pressure curves for the different phases of InN.
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TABLE Il. Calculated coexistence pressure and transition volumes foraiaCl and zb-NacCl in AN,
GaN, and InN. Bracketed values were calculated by freezing the sendagleztrons in the core. Experi-
mental values for the wurNaCl transition are given in parentheses and calculated values from other
theoretical studies are given between curly brackets.

=1 p; (GPa) AV, (%) Vi (A3®)
AIN  wur—NaCl 9.2 20.1 9.542
zb—NaCl 7.1 20.4 9.652
(14-16.6, 22.9, 14-20) (20.64 17.9, 18.6)
{12.9' 16.6} {22.4 18.%
GaN  wur—NaCl 42.9[33.7] 15.0[16.5] 9.78[9.724
zb—NaCl 42.1[32.8 15.2[16.6] 9.811[9.757]
(47-50, 37, 52.73.0]" (15.1, 17.¢, 17.9)

{51.€, 50, 35.4-51.9 55, 65}  {14.&, 13.4, 14, 17, 13}

NN~ wur—NaCl 11.1[10.0] 17.4[16.7] 14.350[13.791
zb—NaCl 10.5[8.2] 17.6[17.2] 14.429[13.983

(12.72]", 23.0", 10Y (17.8", 202]"
[21.6, 4.9, 25.4™ {15.%, 19.3}

a4, Vollstadt et al, Ref. 46. iA. MuTioz et al, Ref. 23.

bM. Uenoet al, Ref. 47. IR. Pandeyet al, Ref. 27.

Q. Xia et al, Ref. 48. P.E. Van Camet al, Ref. 28.

dp.E. Van Camet al, Ref. 26. 'P. Perlinet al, Ref. 49.

®N.E. Christensert al, Ref. 22. "P. Perlinet al, Ref. 55.

fP. Perlinet al, Ref. 49. "Q. Xia et al, Ref. 56.

9H. Xia et al, Ref. 50. °A. Munoz et al, Ref. 25.

PM. Uenoet al, Ref. 51.

structure persists down to atmospheric pres&ifitne large  (Ref. 51, 10 GPa(Ref. 56, and 14.4 GPdRef. 17. Our
hysteresis of the wurNaCl transition does not permit a calculated value for the wur—NaCl coexistence pressure of
precise location of the coexistence pressure between the waid.1 GPa agrees with these experimental values. The transi-
and NaCl phases, but we note that our calculated value of 9.on pressure of~23 GPa obtained from direct observation
GPa is plausibly close to the middle of the hysteresis cycleby Perlin et al>® is, however, much larger than both our
~7-11.5 GPa. The maximum pressure achieved in highealculated value and other reported experimental values. No
pressure experiments on AIN is 132 GfRef. 17 and up to  other transition has been reported on increasing pressure
this pressure the NacCl structure does not undergo any furthérom the NaCl phase.
transitions.

For GaN, the wur-NaCl transition has been reported to ) ,
occur at 37 GPa by the authors of Ref. 50, while Ueno D. Effect of the semicored electrons on the energetics
et al®* find a NaCl phase above 52.2 GPa and Ueletual *’ of the phases
find it above 53.6 GPa. An earlier experimental sftidg- We have studied the effect of the semicdrelectrons of
cates this transition at 47-50 GPa, and the reverse Na@aN and InN on the relative stability of the phases by cal-
—wur transition on decreasing pressure as beginning at 3€ulating E-V curves for the different structures while keep-
GPa, indicating a rather large hysteresis. Our calculatethg these electrons frozen within the core as explained in
value for the coexistence pressure between the wur and NaGkec. Il. TheseE-V curves are represented by means of
phases is 42.9 GPa, which is close to the above-quoted exlashed lines in Figs. 4 and 5, where only the relevant cases
perimental values for the onset of the waNaCl transition  of the wur, zb, and NaCl structures are actually depicted for
and within the error bar associated with the hysteresis cycléhe sake of clarity.
measured by the authors of Ref. 49. The fact that the wur As seen in Figs. 4 and 5, the main effectfiifezingthe d
—NaCl coexistence pressure of GaN is much larger than foelectrons is to shift th&-V curve corresponding to the rock-
AIN and InN, on which both theoretical calculations and salt structure downwards in energy with respect to that for
experiments agree, has been noted and discussed Béforghe wurtzite structure, which decreases the-witaCl tran-
The maximum pressure up to which experiments on Gahsition pressure from 42.9 GPa to 33.7 GPa in the case of
have been performed is 91 GPand there is no report of GaN and from 11.1 GPa to 10.0 GPa in the case of (sd¢
any further transition. Table Il). Once the effect of the core-valence overlap on the

Experimental studies on InN have been reported up to aonlinear exchange-correlation energy is properly taken into
pressure of 72 GP&Ref. 17. The experimental values for account in the case of frozethelectrons(NLCC, see Sec.
the onset of the wurNaCl transition in InN are 12.1 GPa Il A), the main remaining effect of this freezing on tBeV
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curves is due to the closed-shell repulsion arising from thend c/a~1.633 (ideal. In the present work, we have per-
overlap between core statésr core and valence stajeis formed a full relaxation of the NiAs structure at each volume
neighboring sites, as has been demonstrated by Fiorentigonsidered and have found that théa ratio varies from

et al'® Neglecting this effect by including thetelectrons in 1,717 to 1.722 in the relevant pressure range fre0 GPa
the core results in a reduction of the total energy. This reto ~50 GPa, which agrees with the results of Christensen
duction is stronger in the case of the rocksalt structure thagt a|.in Ref. 24 within the error bars of their quoted results.
in the case of the wurtzite structure on account of the largeyyithin this range of pressures, tiieV andH-p curves of
coordination of the former structure. This accounts for theyo Nias structure for AIN are above those of the NaCl
downward relative shift in energy of the-V curve of the gyt re by a value approximately independent of volume of
rocksalt structure with respect to that of the wur structure an 1.0.33 eV pfu(see Figs. 3 and)6 Therefore, we conclude

the correspondmg decrease in the_ coexistence pré%sur%hat the NiAs structureannotcorrespond to a stable high-
when freezing thal electrons.(There is also a shift of the . o .
: o pressure phase in the case of AIN. This is in agreement with
E-V curves downwards in volume, which is larger for the . ; ;
the report of a recent experimental stddywhich did not

NaCl structure, and results in a reduction of the transitionf. d id f a NiAs oh h hiah
volumes when thel electrons are frozenThis effect of the Ind any evidence of a NIAS phase up tp the very 'gh pres-
ure of ~132 GPa. The origin of the discrepancy with the

semicored electrons is larger in GaN, where the resonance : . , .
between the 8 orbitals of gallium and the € orbitals of results of Christenseet al. in Ref. 24 is not clear. The dif-

nitrogen plays a key role in determining the structural prop-ference in total energy is 6 meVi/f.u. at 20 GPa between our
erties of the solid, than in InN. fully relaxed calculation and one constrained relaxation, as
done in Ref. 24 fixing the/a ratio. Theideal NiAs configu-
ration (c/a=1.633) is found to have a rather larger energy
E. Further comments on the energetics than the relaxed configuration/a~1.72)%° The anti-NiAs
of several structural phases structure, which corresponds to interchanging the positions

The important case of th€mcmstructure deserves spe- of the anion and the cation in the two inequivalent types of
cial attention and will be considered separately in the nexgites of the NiAs structures, with the anion occupying the
section. simple hexagonal sublattice and the cation the hexagonal

We find that thescl6 structure is not thermodynamically closed-packed sublatticd,is also unfavorable(1.38 eV
stable in the whole range of pressures investigated and is ntgrger in energy than the relaxed configuration at a volume
expected to be observed in high-pressure experiments. TAgV,=0.7). Similarly to the case of AIN, the NiAs structure
scl6 structure has been experimentally observed in GaAsannot correspond to a thermodynamically stable phase for
and has been predicted to occur in other IlI-V compounds omither GaN or InN(see Figs. 4 and)5
the basis of total-energy calculations similar to those pre- The CsCI structure, which is favored by strongly ionic
sented heré;**which find it either more stable than the rest compounds, is found not to be stable in the present cases in
of the structures considered or close enough to being stabte whole range of pressures investigated. At zero pressure,
in some range of high pressures to justify its possible formathe difference in enthalpies between the CsCl structure and
tion as a metastable phase. However, the calculated coexighe wur(NaCl) structure in, e.g., AIN is 3.56 eV per formula
ence pressure between the wurtziie zinc-blendgstructure it (3.32 eV pfy, which is considerably larger than in other
and thescl6 structure in the compounds studied h&®., 1.y compounds[cf. the value of~1.1 eV pfu in the case of

74 GPa in the case of Galis far beyond the limit of ther-  |ag (Ref. 12]. We note the metallic character of this highly
modynamical stability of the wurtzite phagehich in the coordinated structure

case of GaN becomes less stable than the NaCl phase at aat negative pressures, we finccanabarstructure which
pressure of 42.9 GPa as per our calculatipasd this struc- u . . - ’
pon relaxation, has internal parametersv =0.5 andc/a

ture does not seem to be close to thermodynamical stability’ N N
at any pressure. For the three compounds considered, the2-444 for AN (c/a~2.349 for GaN anct/a~2.390 for

scl6 phase has a semiconducting Kohn-Sham band struér-‘N_)' ,At these values of the iqternal p.aram(.ater.s, .the symme-
ture, in agreement with previous studies in other II-V try is mcregsed and the resulting conflguratlon is in fact four-
Compoundé'l,lZ fold coordinated(see the comments in Sec. | and Ref).15

A similar state of affairs holds for thé-3—Sn structure, HOWeVer, as pressure is increased, this configuration rapidly
which is found in the present study not to be a favored phasBe€comes unstable. This behavior is in line with previous
at any pressure. The nonexistence ofdag-Sn structure in  Studies of GaAs and other I11-V compountfsin the present
II-VI and 11I-V semiconductors in experiments has been as-cases, however, this particular configuration of the cinnabar
serted by the authors of Ref. 58, who have critically consid-structure is not thermodynamically stable or close to stability
ered all previously reported occurrences of this phase in any range of pressures of inter¢see Fig. 10, where we
[1I-V and 1I-VI binary compounds. show the variation of the energy corresponding to a path in

The case of the NiAs structure is of particular interest aghe space of internal parametassand v which links this
for AIN the authors of Ref. 24 have theoretically predicted aconfiguration to the rocksalt structureWe have further
transition from the rocksalt structure to the NiAs structure atchecked that the NaCl phase is stable against a cinnabar-like
a pressure of~-30-35 GPa. We note that all the calculationsdistortion at all positive pressures considered. It is thus un-
of Ref. 24 for the NiAs structure were performed at fixed likely that any cinnabar phase could be formed as a meta-
values of the structural parametetss0.25 andc/a=1.72  stable phase upon decrease of pressure from the high-
(obtained upon relaxation at a single volunedu=0.25 pressure rocksalt phaSe.
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FIG. 9. Variation in the total energy when a shearing of alter-
nate(100 planes in thd001] direction by a magnituda (see texk FIG. 10. Stability of the NaCl structure against a cinnabar-like
is imposed on the NaCl phase, for different fixed volurf@sen in  distortion. The casei=v =3 corresponds to the NaCl structure.
units of the zero-pressure volume of the rocksalt phalee energy
is given in units of eV pfu and, at each volume, is measured withconstants? The starting point of the minimization consisted
respect to the total energy of the rocksalt structure-Q) at such  of a distorted configuration, with nonzero shearing, pucker-
volume. The magnitude of the shearing is given in units of theing, and orthorhombic distortion: at all pressures investigated
lattice constana (see Refs. 12 and 13 and for each different starting configuration considered, the
relaxation procedure found only one minimum correspond-
ing to the undistorted rocksalt structure, that is, zero shearing
The kind of distortion of the NaCl phase leading to theand puckering and all three lattice constants equal. We thus
structure known a€mcmcan be understood in terms @)  conclude that for the three compounds considered here, the
a shearing of alternat@d 00 NaCl planes in th¢001] direc-  orthorhombicCmcmstructure isnota favorable distortion of
tion, (b) a puckeringof the[010] atomic rows of NaCl in the the high-pressure rocksalt phase, even at very large compres-
[001] direction, and(c) an orthorhombic adjustment of the sions ofV/Vy~0.60 (p>300 GPa This is unlike the rest of
axis213 This distortion has been recently found to occur inthe 11I-V compounds and the 11-VI compounds, for which the
several I1I-V and II-VI compounds'®12131658nd thus we  NaCl structure becomes unstable againGhacmlike distor-
have assessed its occurrence in the compounds consideréah at only moderately high pressurég:1°
here. Such a pattern of atomic displacements as appears in The variation of the energy with respect to the sheating
Cmcm(which in turn induces the orthorhombic deformation of the alternatg100) planes of the NaCl structure is shown
of the cel) corresponds in fact to a transverse-acoustic phoin Fig. 9 for several different volumes. As can be seen in this
non of the NaCl structure at th¥ point, and the observed figure, the rocksalt configuratiofcorresponding ta=0) is
instability of the NaCl phase againstGncmlike distortion  the stable configuration at all compressions considered in the
in the majority of the 11I-V and 1I-VI compounds can thus be case of AIN and GaN. There is, however, a slight decrease in
related to this TAK) phonon softening, eventually becom- the slope of thé&e-u curves as the compression is increased,
ing zero as pressure is increased. OZnéind Zunget have  which would eventually lead to an instability of the NaCl
subsequently confirmed this result by calculating the fullstructure. By extrapolation, this is expected to occur at ex-
phonon spectrum of the NaCl phase in several IlI-V com-tremely high pressures well above 300 GPa, which we have
pounds: in their calculations, they obtain a negative XA( not explicitly studied and which are currently difficult to
mode Grueisen parameter which eventually causes the inachieve experimentally. ThE-u curves for InN show an
stability of the structure(These authors did not explicitly incipient instability atv/V,~0.50, which for this compound
consider the compounds studied hgre. corresponds to a pressure abov@00 GPa. We can there-
We have investigated the minimum-enthalpy configura-fore conclude that, although there is a certain softening of the
tion for a hypothetical phase with themcmstructure by  TA(X) phonon as pressure is increased, the instability of this
using the relaxation procedure outlined in Sec. IlBncm  mode does not occur within the range of pressures of interest
has two internal parameters, related to the shearing of planésvestigated in the case of the compounds considered in this
and the puckering of atomic rows, and three different latticestudy.

F. Local stability of the rocksalt phase
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9.0 \ - - - - counted for within the DFT-LDA. This can be done, for
— AN example, by calculating the quasiparticle spectrum using the

sol ~°° GaN r-r ] so-calledGW approximation, which yields electronic band

B InN -L gaps and excitation energies in much better agreement with

experiment:® The study of the optical properties of these

7.0 r-K 1 compounds at high pressures is beyond the scope of the
//// present work and has not been undertaken here.

60| ] IV. SUMMARY AND CONCLUSIONS
% 50 [ —x =T We have presented a detailed study of the relative stabil-
> : == == ity _of several candidate struc_tural phases of the group-llI
o0 Lx. =" ] nitrides AIN, GaN, and InN which have been either observed
240 5K ///\\1 P ot experimentally as stable phases or proposed as likely candi-
&= - —= dates on account of their observation in other related IlI-V

and II-VI compounds. This study complements the picture of
the behavior of the technologically important group-Ill ni-
trides under pressure.

The materials considered in this work turn out to present a
very simple phase diagram with only two stable phases:
wurtzite at low and moderately high pressures and then rock-
salt up to the highest pressure considered in this work of
~200 GPa. In addition, the zinc-blende structure has also

s been observed experimentally as a metastable phase at nor-
10 20 30 40 50 60 mal conditions and in the present study is found to be less
Pressure (GPa) stable than the wurtzite phase although lying very close to it
FIG. 11. Calculated evolution with pressure of the lowest- " enthalpy. Our results also show that the NiAs phase is not

energy gaps of the NaCl phases of AIN, GaN, and InN. The Iowes{herquynamlca”y stable within the,WhC)le range of pres?
gap occurs betweel-X, 3-X, andL-T', for AIN (solid lineg, GaN ~ SUres investigated, contrary to a previous theoretical study in
(dashed lines and InN (dotted lines, respectively. ' AIN, which predicted it to be more stable than the rocksalt

phase at pressures abov&0 GPa(Ref. 29, but in agree-

The stability of the NaCl phase with respect t€eacm ~ Ment with the present body of experimental evidence for this
like distortion is related to the large ionicity of the group-lil €ompound. From our results, the formation of such structural
nitrides [0.794 (AIN), 0.780(GaN), and 0.853(InN) in the phases a€mcm cinnabar, o15¢16 is not to be expected in
ionicity scale of Ref. 64; cf. the much smaller values for these compounds. _ _ _

GaAs (0.316 or ZnSe(0.59%, for which the Cmcmphase The effect of the semicorgation d orbitals of GaN and

has experimentally been obseridt is expected that the NN on the phase diagram has been analyzed. In the case of
instability of the shearing distortion of the NaCl structure GaN, these electrons play an important role in determining
decreases as the ionicity of the material is increased; in paROth its zero-pressure properties and its structural response
ticular, a larger compression is required to produce an ununder compression. Their effect in the case of InN is slightly

stable mode on account of the larger Madelung energySmaller. We have also studied the local stability of the high-
which has a positive contribution to the @eisen Pressure rocksalt phase agai@shcmlike and cinnabar-like

parametef® Our results for the group-lil nitrides support distortions, and that of th(_e wurtzite structure against an iso-
this picture. structural wur—hex transition.

An important feature of the group-Ill nitrides is the ab-
sence ofp electrons in the core of the nitrogen atoms. As a
consequence, the component of the N pseudopotential is

For all three compounds studied here, the calculatedather deep, which favors the transfer of charge towards the
Kohn-Sham band structure of the high-pressure rocksaltitrogen atoms and results in a larger ionicity than in the rest
phase is semiconducting in the whole range of pressures if the IlI-V compounds. This large ionicity is in particular
vestigated, with an indirect fundamental energy gap. This isesponsible for the local dynamical stability of the high-
shown in Fig. 11, where the pressure evolution of the lowespressure rocksalt phase in the group-Iil nitrides investigated.
energy gaps is depicted. It is commonly assumed that above a critical pressure

It is well known that, although often taken as a startingmost I1I-V semiconductors exhibit metallic behavior, which
point in quasiparticle calculations, the Kohn-Sham LDAis connected with a structural transformation from the
band structure does not correspond exactly to the true quasiround-state or zero-pressure phase to a phase having a more
particle spectrum of the solid. In particular, the bandclosely packed structure. This is not the case with the group-
gap turns out to be underestimated. However, the results of @l nitrides within the range of pressures investigated, which
large body of calculations indicate that the pressure variatiomlso show a remarkably simple high-pressure phase diagram.
of the energy gaps obtained within the DFT-LDA are |t is arguable that once in a compressed metallic phase, en-
close to the experimental values. A precise description of thergetic barriers between this phase and other metallic struc-
electronic and optical properties of these compounds requirasiral phases become less pronounced than in the case of a
a better treatment of many-body effects not properly acsemiconducting structure, which would favor the formation

G. Energy gaps of the rocksalt phases
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