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Theoretical study of the relative stability of wurtzite and rocksalt phases in MgO and GaN
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We report local density functional calculations using the full-potential linearized muffin-tin orbital method
for MgO and GaN in the wurtzite and rocksalt structures and for orthorhombic structures along a homogeneous
strain transition path linking wurtzite to rocksalt. MgO is found to be unstable in the wurtzite and marginally
metastable in a layered hexagonal phase, labeledh-MgO, in which Mg is approximately fivefold coordinated,
the stable phase being rocksalt. GaN is stable in the wurtzite at ambient pressures but exhibits a phase
transition to the rocksalt. Band structures and charge densities exhibiting the bond formation as one goes from
one structure to the other are presented.
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I. INTRODUCTION

The relative stability of different crystallographic phas
and possible high-pressure phase transformations am
them have been of long-standing interest in type III-V a
II-VI semiconductor compounds. Of particular interest is t
interplay between tetrahedrally bonded structures, such
zinc blende~ZB! and wurtzite~WZ! on the one hand and th
octahedrally bonded structure, rocksalt~RS!, on the other
hand. It is well known that ionicity favors high coordinatio
and thus rocksalt. At high pressures, several of the m
ionic semiconductors undergo a transition to rocks
whereas the less ionic ones prefer a transition from z
blende to theb-Sn structure.1,2 On the other hand, the mor
ionic semiconductors have the wurtzite structure instead
the zinc blende stacking at ambient pressure and the re
ionic materials~for example, NaCl, MgO! prefer rocksalt
even at ambient pressure. Thus the wurtzite to rocksalt t
sition and the competition for stability between these t
structures is of special interest.

Recently, this has become of even greater interest bec
of two reasons. The first is that the wurtzite to rocksalt ph
transition under pressure has been observed for
III-nitrides3–9 ~AIN, GaN, and InN! and studied
theoretically.10,11 The second reason is that, recent
Zn12xMgxO alloys have been stabilized in the wurtzi
structure.12 ZnO has the wurtzite structure while MgO ha
the rocksalt structure. So this raises the question of rock
versus wurtzite structural bonding preference in this al
system and in particular for the end compound MgO.

In the course of a preliminary study13 of the stability of
MgO in the wurtzite phase, we found that wurtzite is u
stable towards an intermediate structure between wur
and rocksalt, which we callh-MgO and which will be de-
scribed in detail below. Briefly, it corresponds to the stru
ture obtained by a restricted relaxation of the wurtzite str
ture in which the hexagonal Bravais lattice of wurtzite
preserved but the internal structural parameter andc/a are
relaxed. What we found is a structure with an addition
mirror plane perpendicular to the sixfold axis. In simp
words, instead of making bonds to only one layer, Mg p
fers to bond to the layer above and below it in equal fash
and the buckled layer of wurtzite becomes flat. Thus
structure becomes approximately fivefold coordinated
0163-1829/2001/63~10!/104103~11!/$15.00 63 1041
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stead of fourfold coordinated. Subsequently, we found t
this structure can be transformed into rocksalt by an in-pl
strain. The plane here refers to the basal plane of the wur
from which we started. We will show that there is a marg
ally small barrier between thish-MgO phase and rocksalt
However, the important point is that this suggested a dir
link from wurtzite to rocksalt without any bond breaking o
atom reshuffling. Instead, as we will show below, the tran
tion involves only the formation of additional bonds. Only
combined homogeneous strain in thec/a and in-plane direc-
tions is required. It turns out that the general structure w
both types of strains combined is orthorhombic. This ma
sense because the orthorhombic group is a common
group of both the hexagonal and cubic structures. It led u
investigate the structural transformation from wurtzite
rocksalt via such intermediate orthorhombic structures
suggests in other words a simplehomogeneous strain mecha
nism for this transformation, similar to but slightly mor
complicated than the well-known Bain transformation pat14

from fcc to bcc. We carried such a study out for GaN a
reported on it in Ref. 17.

In this transformation the hexagonal wurtzite (000
basal plane becomes the cubic rocksalt (001) plane. Bec
in the cubic structure this plane is equivalent to (100) a
(010), the inverse transformation back to wurtzite could le
to wurtzite rotated to another direction. This type of pa
from one crystal structure to a rotated version of its
through an intermediate phase was considered in a gen
manner in the work of Boyer15 and van de Waal16 and is
known as a magic strain. To the best of our knowledge s
transitions have not been previously considered in the wu
ite system and are based on transformation of the Bra
lattice, assuming a similar transformation for the vario
sublattices in the case of a crystal structure with a basis
contrast, in the transformation path examined in the pres
study, the sublattice displacements are a crucial aspect o
transformation. As emphasized in our previous paper, R
17, the transformation consists essentially in an instability
the relative positioning of the sublattices driven by their co
pling to the strain.

In this paper, we present our results on the stability inv
tigation of MgO and provide additional details on the Ga
results presented earlier. In particular, we here present e
tronic band structures and charge densities exhibiting the
©2001 The American Physical Society03-1
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SUKIT LIMPIJUMNONG AND WALTER R. L. LAMBRECHT PHYSICAL REVIEW B 63 104103
mation of the new bonds as we go from one structure to
other. These both provide insights into the bonding in th
materials.

The paper is organized as follows. First we discuss
geometric aspects in Sec. II. Then we provide the neces
information on our computational method in Sec. III. Ne
we present our results in Sec. IV for MgO~Sec. IV A! and
for GaN ~Sec. IV B!. In both cases, we first present the to
energy and band structure results for the end structures.
MgO, we also present the results on the energetics of
intermediate structures along the transition. We provide
formation about the charge densities at this point which
lows us to monitor the bond formation in going from on
structure to another. For GaN, we present the same infor
tion except the total energies along the transition which h
been discussed elsewhere.17 Instead, we focus on the charg
densities and bond formation along the transition and pre
information on the band structure along the transition p
and in particular at the transition barrier. We note that
study of both MgO and GaN provides an opportunity
compare two materials with different degrees of ionicity w
respect to the present problem.

II. CRYSTAL STRUCTURES

The wurtzite crystal structure is characterized by th
parameters, the lattice constanta, the c/a ratio, and the in-
ternal parameteru which fixes the relative position of th
two hexagonal close-packed sublattices. In the ideal wurt
structure, characterized by equal bond lengths,c/a is A8/3
and u is 3/8. The parametersu and c/a, however, are not
independent of each other, because for any given valu
c/a specifying a uniaxial strain,u must be determined suc
that there is no net force on the atoms. We will see that n
the ideal wurtzite structure,u increases linearly with decreas
ing c/a ~compression! but eventually it starts varying faste
and then locks into a value of 1/2. At that point, the struct
acquires an additional mirror plane and we obtain theh-MgO
structure. The buckled double layer in WZ, indicated by
dashed line in Fig. 1 becomes flat inh-MgO. In each layer,
we then have a flat honeycomb lattice with alternating cat
and anion on the corners of the hexagons. The space g
changes fromP63mc to P63 /mmc by the introduction of
this extra mirror plane. This intermediate structure is isom
phic to the layered materialh-BN with the important differ-
ence, however, that here the two bond lengths perpendic
to the planes are almost equal to the three in the plane.
interesting to compare the situation with BN. As is we
known, h-BN is a layered structure similar to graphite, b
with a different stacking such that B atoms sit right on top
N atoms in two successive layers. In each layer the struc
consists of hexagons with alternatingly B and N atoms on
vertices. The structure is essentially threefold coordina
because the interlayer distance is too large to form a bo
Under compression of this structure alongc/a, it has been
found18 to convert to wurtzite at some criticalc/a reduction
by forming a bond perpendicular to the plane. This bre
the mirror plane symmetry and the bonding becomes te
hedral. Apparently, in MgO, under high compression ofc/a,
10410
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the wurtzite structure again finds a more symmetric solut
with the mirror plane reappearing and the formation of tw
bonds perpendicular to the plane so that the structure
comes fivefold coordinated. So the wurtzite structure w
space groupP63mc degenerates into the more symmet
P63 /mmceither for very low or very highc/a.

The transformation from this intermediate structure
rocksalt is easiest seen in the top view~Fig. 2!. As can be
seen from this figure, a uniaxial compression along

@101̄0# direction, or any of its equivalent directions rotate
from it by 60°, will change the rhombus shaped unit c
projection to a square. This transformation can be viewed

FIG. 1. Two-step transformation of wurtzite~top! to h-MgO
~middle! to rocksalt ~bottom!. The lattice parametersa, b, and c
correspond to the side-centered orthorhombic lattice that is com
to all three and the intermediate stages. The first step occur
changingc/a, the second by changing mainlyb/a with some fur-
ther reduction ofc/a. Hereu specifies the internal parameter relat
to c. A second internal parameterv is more clearly indicated in the
top view ~Fig. 2!.
3-2
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THEORETICAL STUDY OF THE RELATIVE STABILITY . . . PHYSICAL REVIEW B 63 104103
changing the side-centered orthorhombic structure with
tice parameterb until b becomes equal toa. Again, there is
an internal structural degree of freedom, specifying the re
tive positions of the two sublattices, associated with t
transformation, which we callv and which is indicated in
Fig. 2. Again, this parameter cannot be varied independe
but must be fixed by requiring the force on all atoms to
zero. Simultaneously with the changingb/a we let c/a fur-
ther decrease to 1, whileu stays at 1/2. The relation betwee
v and b/a is similar to that ofu and c/a. Once we reduce
b/a close to 1, the parameterv locks into a symmetric posi
tion of 1/2. Finally, when bothb/a and c/a are 1 we have
reached the rocksalt structure.

The values of the parametersc/a, u, b/a, and v in the
three structures discussed so far are indicated in Tab
Except for the value ofc/a in h-MgO, which is determined
by the total energy minimizations, described later in the
per, all these parameters are completely determined by
ometry. Now, in addition to these four parameters, of wh
we can considerc/a andb/a as independent parameters a
u andv as dependent parameters, we must consider the o
all length scale of the structure, specified bya, or, more
conveniently, the volume per pair of atoms~half a unit cell!.
Since we view thec/a andb/a as independent parameter
we will allow the volume to relax to the one that gives t
minimum total energy.

The general problem can then be stated as mapping
the energy landscape in the parameter space ofexternal
strains c/a andb/a specifying the orthorhombic strain. Fo
each of these, in principle, we have to find the minimu
energyu andv to minimize the internal strain energy and th

FIG. 2. Top views of WZ~a! and RS~b! crystal structures: smal
spheres anions, large spheres cations. Empty sphere position
indicated by dashed line circles. The parametersb and v defining
the structure are indicated.

TABLE I. Crystal structure parameters in wurtzite,h-MgO, and
rocksalt structures.

Ideal WZ h-MgO RS

c/a A8/351.633 1.20 1.00
u 3/8 1/2 1/2
b/a A3 A3 1.00
v 1/3 1/3 1/2
10410
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equilibrium volumeV. In this energy landscape we can the
identify the number of local minima and low-energy pat
and the minimum barrier to get from one local minimum
another. In practice, we explore first what the general beh
iors of u versusc/a andv versusb/a are and then keep thes
dependences fixed as we vary the other external strain
rameters.

In the case of GaN, we have provided complete maps
the total energy in this two parameter space in Ref. 17. In
case of MgO, on the other hand, we found that wurtzite
unstable. The minimum energy hexagonal structure alre
lies close to thec/a value of the rocksalt structure. Therefo
we variedc/a simply in linear fashion withb/a as we go
from theh-MgO structure to rocksalt. Thus, we take a sing
cut instead of exploring the whole landscape. That means
energy barrier we obtain is only an upper limit. The re
barrier could be slightly lower. In any case, we should real
that the barriers we calculate are all upper limits anyw
because we constrain the variations of the structure by
iting the transformation to orthorhombic strains of a sing
unit cell. Nevertheless, the present study provides some
of the upper limit of the energy barriers involved and thus
the degree of metastability of the local minima.

III. CALCULATION METHOD

We use the density functional theory19 ~DFT! in the local
density approximation~LDA ! as parametrized by Hedin an
Lundqvist.20 The self-consistent equations are solved us
the full-potential linearized muffin-tin orbital~FP-LMTO!
method,21 developed by Methfessel22 and van Schilfgaarde.23

A triple-k basis set was used, withk specifying the decay
length of the spherical Hankel function envelope functions
the muffin-tin orbitals. The angular momentum cutoffs f
each k, denoted byl 1l 2l 3, with valuesk1

2520.05, k2
25

21, andk3
2522.7, all in Ry, were as follows:dpp for Mg,

O, and N, andddp for Ga. For Mg, the semicore Mg 2p
states are treated as valence states. The augmentation ofd
waves in Ga spheres is done in terms of Ga 3d partial waves.
An additional Ga 4d-like orbital is added as a ‘‘loca
orbital.’’24 For GaN, this is the same procedure as adopte
our previous work,25,26 which was found to give satisfactor
results for elastic constants and other total energy proper
The angular momentum cutoff for the auxiliary Hanke
function expansion in the interstitial region wasl max56.
Empty spheres were used for expanding the tails of
muffin-tin orbitals in the one-center expansions but no ba
set orbitals were centered on these sites. In wurtzite,
usually employs two types of empty spheres, two large o
in the empty channel~i.e., in theC positions if the atoms sit
in A andB positions in the conventionalAB packing descrip-
tion of the hcp structure! and two small ones in between th
cation and anion in thec direction, opposite to the bond
Because we here are compressing the system to the p
where the two interplanar distances become equal, we
cided to eliminate the small empty spheres. The results
wurtzite were found to be in good agreement with the res
using the small empty spheres. Thus we used the same s
spheres across the wholec/a range. The radii of the empty

are
3-3
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SUKIT LIMPIJUMNONG AND WALTER R. L. LAMBRECHT PHYSICAL REVIEW B 63 104103
spheres were kept fixed over the whole range ofc/a, for the
same volume, but when varying the volume, the sphere s
were allowed to scale with the overall length scale, as se
the cube root of the volume. The sphere radii are chose
be as large as possible without ever overlapping. In the tra
formation as function ofb/a, we start out with the two large
empty spheres used in the wurtzite structure. The positio
these empty sphere are indicated in Fig. 2. They sit in
right half of the rhombus shaped unit cell symmetric w
respect to the atoms seen in the left corner as far as
horizontal position is concerned. One sits above the pla
the other below, in between the flat hexagonal layers. H
ever, in the rocksalt structure, we wish to end up with em
spheres in the positions in the middle of the sides of
square unit cell, which means that then there are four em
spheres per unit cell. Down to ab/a ratio of 1.6, we kept two
empty spheres only. Beyond it, we split the sphere in t
spheres which gradually move towards the positions in ro
salt. In the regions nearb/a51.6, we performed calculation
using both sets of empty spheres and the final results w
obtained by averaging between the two to ensure contin
of the results. The sphere sizes were again kept fixed as
as the volume stays fixed, but scale with volume to the
power when the volume is varied. Thek-point set is based
on a 43432 division of the reciprocal unit cell, resulting i
about 20k points in the irreducible part of the Brillouin
zone.

IV. RESULTS

A. MgO

1. Total energy properties and band structures of the end phas

Before we discuss the transitions we present our resul
each of the crystal structures i.e., ideal WZ,h-BN, and RS.
For wz-MgO, we fix all structural parameters and allow on
the volume to relax. Forh-MgO, we relaxedc/a, u, and
volume; b/a and v are fixed by the crystal symmetry. Fo
rs-MgO, only volume is allowed to relax, since all oth
crystal parameters are fixed by the crystal symmetries. S
total energy and electronic structure results for each cry
structure are shown in Table II. The electronic band str
tures are also calculated and presented in Figs. 3, 4, and

TABLE II. Calculated equilibrium volumeV, cohesive energy
Ec , bulk modulusB, LDA band gapEg , and upper valence-ban
width W for wz-, h-, andrs-MgO. The values in square brackets a
the parameters at the expanded volume corresponding to the
mon tangent construction shown in Fig. 6.

WZ h-MgO RS

V (Å 3/pair) 22.5 20.9@24.4# 17.8 @20.0#
Ec ~eV/pair! 10.85 11.09@11.05# 11.47@11.44#
B ~GPa! 137 148 178
Eg ~eV! 3.78~d! a 3.50 ~d! @3.18 ~i!# b 5.24 ~d! @3.90 ~d!#

W ~eV! 3.33 4.39@4.04# 4.93 @4.55#

a~d!5direct gap.
b~i!5indirect gap.
10410
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wz-, h-, and rs-MgO, respectively. The solid lines corre
spond to the bands at the equilibrium volume of each pha
The dashed lines are discussed at the end of this sec
~The label for the high-symmetry points follow the conve
tions of Bradley and Cracknell.27! Finally, we also calculated
the energy vs volume curves for each structure and der
from them the bulk moduli in each structure, and the tran
tion pressures between the different structures using
common-tangent construction. The total energies as func
of volume are shown in Fig. 6.

First, we note that the equilibrium volume decreases
we go from wurtzite toh-MgO to rocksalt. Correlated with
this decreasing volume we note an increase in cohesive
ergy; in other words, the total energy of the solid becom
lower. In the same progression, the bulk moduli increase
is to be expected. In terms of the electronic structure,
may note that this is accompanied by an increase in vale
bandwidth and a downward shift of the center of gravity
the O 2s valence band. This means that some of the occup
states obtain lower energy@with respect to the valence-ban
maximum~VBM !# and this is consistent with a band stru
ture contribution lowering the total energy. This is consiste

m-

FIG. 3. LDA band structures ofwz-MgO.

FIG. 4. LDA band structures ofh-MgO, solid lines at equilib-
rium volume and dashed lines at expanded volumeV2 correspond-
ing to the common tangent point shown in Fig. 6.
3-4
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THEORETICAL STUDY OF THE RELATIVE STABILITY . . . PHYSICAL REVIEW B 63 104103
with the formation of additional bonds as will become mo
clear later.

The band gap ofrs-MgO is significantly larger than tha
of wz- or h-MgO, indicating a larger splitting of bonding an
antibonding states, consistent with its lower total energy. T
band gap ofh-MgO is slightly smaller than that of idea
wz-MgO. The smaller volume tends to increase the gap
cause of the usual negative sign of the band-gap deforma
potential. On the other hand, thec/a compression results in
an increasing absolute value of the valence-band crystal
splitting. It turns out that in ideal wurtzite MgO, the singl
G1 lies already above the doubletG6; i.e., the crystal field
splitting Dc5EG6

2EG1
is negative. The actual value i

found to be20.068 eV. Ifc/a is reduced at a fixed volume
the crystal field splitting becomes increasingly more nega
and in theh-MgO structure it is as large as20.95 eV. Thus,
the c/a reduction counteracts the increase in gap due to
volume compression. The results show that the effect of
c/a reduction overwhelms that of the volume compressi
leading to a smaller band gap.

MgO in all three of the structures investigated has a dir
band gap atG. The presented LDA band gaps are listed
Table II. It is well known that the energy band gaps are
given accurately by the Kohn-Sham eigenvalues in the L
because these do not truly represent quasiparticle excita
energies. However, the correction to the LDA gaps is o
weakly dependent on the structure. If we compare
rs-MgO LDA gap with available experiment gap of 7.8 eV
we can estimate a correction of 2.56 eV to be applied for
other structures. Including this correction, the predicted g
for wz- andh-MgO are 6.34 and 6.06 eV, respectively.

Figure 6 shows that the lowest-energy structure is c
rectly found to be rocksalt and that in order to convert
h-MgO we need a negative pressure of 16.2 GPa. At
pressure, the volume is expanded toV1 /V051.12 and the
volume would then discontinuously expand toV2 /V051.37
in going to theh-MgO phase, whereV0 is the volume of
rs-MgO at zero pressure. This is of course somewhat
physical because one cannot apply a negative pressure i
laboratory. However, one may think of alloying with ZnO

FIG. 5. LDA band structures ofrs-MgO, solid lines at equilib-
rium volume and dashed lines at expanded volumeV1 correspond-
ing to the common tangent point shown in Fig. 6.
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leading to an expansion of the lattice constant and in
sense the result shows how big an expansion would
needed before an equilibrium between the metastableh-MgO
and the stable rocksalt phase would occur. Of course, al
ing with Zn will have other effects besides the expansion,
this consideration is only of limited practical usefulness.

We also study the band structures of bothrs- andh-MgO
at the expanded common tangent volumes. These are sh
as dashed lines in Figs. 4 and 5. The corresponding gaps
bandwidth parameters are given in square brackets in T
II. As expected, for each structure, both band gaps and up
valence-band width are getting smaller as the crystal
pands. One interesting feature is that the valence-band m
mum in h-MgO shifts slightly away from theG point at the
expanded volume.

2. Intermediate transition structures

As mentioned in previous sections,wz-MgO is not stable.
The transition fromwz-MgO to rs-MgO is studied in two
parts:wz-MgO to h-MgO andh-MgO to rs-MgO. The tran-
sition from idealwz-MgO to h-MgO does not have any en
ergy barrier and was obtained simply by minimizing the to
energy with respect to the structural parameters. The t
energy as a function ofc/a in the range@1.2,A8/3# is shown
in Fig. 7 ~left panel!. Note that along the path fromwz-MgO
to h-MgO bothb/a andv are fixed at those ofwz-MgO ~due
to symmetries!. However,u and volume are relaxed to obtai
the minimum energy in the following way. The relaxedu as
function ofc/a was first determined with the volume fixed
that of idealwz-MgO. Additional calculations show that thi
relation is almost independent of volume. Thus instead
relaxingu for each volume, the relationu as function ofc/a
was then kept fixed for the rest of the calculations. The v
ume which minimizes the energy at eachc/a is shown in
Fig. 8, while theu vs c/a relation is shown in Fig. 9.

In the vicinity of ideal WZ,u varies almost linearly with
c/a. At the point when the crystal is compressed to havec/a
about 1.3,u changes fairly abruptly to a value of 1/2, whe
it then stays fixed. This can be explained as follows. As

FIG. 6. The total energy as a function of volume forrs- and
wz-MgO and the common tangent construction.
3-5
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SUKIT LIMPIJUMNONG AND WALTER R. L. LAMBRECHT PHYSICAL REVIEW B 63 104103
discussed, the material has a tendency to form more bo
because of the ionic nature of the bonding which is inse
tive to direction and therefore lower energy corresponds
higher nearest-neighbor coordination. However, atc/a near
the ideal WZ structure, havingu51/2 to formh-MgO would
stretch the bond too far. At some point, as we reducec/a the
tendency to form two bonds instead of one wins (u suddenly
changes to 1/2!. In this step of the transformation, the tot
binding energy~opposite of cohesive energy! reduces mono-
tonically from 210.85 eV/pair inwz-MgO to 211.09 eV/
pair in h-MgO ~0.24 meV/pair different!.

We may also note that the total energy changes most
idly beyondc/a'1.4, i.e. precisely when theu vs c/a rela-
tion starts to deviate strongly from the initial linear variatio
and starts to rapidly approach the symmetric value 1/2. A
this point more or less corresponds to the inflection poin

FIG. 7. Total energy per MgO pair in thewz-MgO → h-MgO
~left panel! andh-MgO → rs-MgO ~right panel! transitions.

FIG. 8. The energy minimizing volume used in the total ene
calculations~Fig. 7!.
10410
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the volume vsc/a. So it is clearly in the range 1.4.c/a
.1.3 that the transition from a fourfold-coordinated to
fivefold-coordinated structure starts happening. It is the f
mation of a new bond that lowers the energy. This then r
idly drives the volume to decrease faster, which further lo
ers the energy.

The transition fromh-MgO to rs-MgO is more compli-
cated to study since it involves the variation of all five stru
tural parameters. To simplify matters, we first note that
relaxedu is 1/2 for allc/a less than 1.3. We still have to dea
with four parameters. While minimizing the total energ
with respect to three parameters~volume, c/a, and v) for
eachb/a is too time consuming, we choose to minimize on
the volume andv while c/a is taken to vary linearly with
b/a from that ofh-MgO to that ofrs-MgO.

The behavior ofv vs b/a calculated in this manner is
shown in Fig. 10. It shows clearly a similar behavior as th
of u as function ofc/a. First, it varies linearly with a smal
slope; then it suddenly jumps to the symmetric value. W
verified that this behavior ofv as function ofb/a is actually
independent ofc/a. In other words, if we keepc/a fixed at
any value between 1.6 and 1.0 during theb/a variation, the
relaxed values ofv vs b/a fall almost on the same curve.

We see that theh-MgO structure is only marginally meta
stable. There is, essentially, just a large almost constant
ergy plateau as the structure is sheared along theb direction.
The activation energy between theh-MgO and the energy
barrier is only 0.02 eV/pair. The barrier is located atb/a
'1.5. We note that the value of the energy barrier is qu
sensitive to the relaxation of the internal parameterv. If,
instead of the relaxedv, a v varying linearly between 1/3
and 1/2 is used, the barrier height is overestimated to be
eV/pair above theh-MgO structure. After the transformatio
passes the barrier the binding energy drops sharply and h
minimum at 211.47 eV/pair in thers-MgO phase~0.38
meV/pair lower than theh-MgO phase!.

Again, this is clearly correlated with the behavior ofv as
function ofb/a. As v starts changing rapidly from 1/3 to 1/2

y

FIG. 9. Relaxedu as function ofc/a at fixed volume~i.e.,
wz-MgO’s relaxed volume!.
3-6
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the energy starts rapidly decreasing. This is because
bonding in the planes changes from threefold to fourfold.
taking into account the two bonds perpendicular to the pla
the overall coordination changes from fivefold to sixfol
Figure 8 shows that this is again accompanied by a m
rapid decrease in equilibrium volume.

3. Charge densities

The valence charge densities~including the semicore Mg
2p electrons! are shown as~logarithmically spaced! contour
plots superposed on a gray scale intensity image in
(112̄0) plane cutting through atoms~using the hexagona
notation!, for the wz- and h-MgO are shown in Figs. 11~a!
and 11~b!, respectively. One may notice that even in t
ideal wurtzite structure@Fig. 11~a!#, the bonding is very
ionic, leading to almost spherical charge densities aro
each atom. Very little, however noticeable, covalent bond
is apparent. As we go toh-MgO @Fig. 11~b!#, a new bond
between the Mg at the bottom-left corner and O at the t
left corner is clearly formed. But most of all the charge de
sity is distributed more uniformly around the atoms. T
formation of the sixth bond results from compressingh-MgO
in the direction perpendicular toc crystal axis. Hence it is
easier to see in a plot of the charge density in the basal pl
Figure 11~c! shows the valence charge densities plot in
~0001! plane through atoms ofh-MgO and Fig. 11~d! shows
the same cut ofrs-MgO. We can see that an addition bon
between Mg at the top-left corner and O at the bottom-
corner is clearly formed as we go fromh-MgO to rs-MgO.

4. Summary of MgO results

It is clear that the transition from the idealwz-MgO to
rs-MgO is driven by the formation of new bonds. In the fir
step, for compression alongc/a the energy decreases mon
tonically, indicating that fourfold bonding is unstable fo
MgO. In the second step, compressingb/a, there is a small

FIG. 10. Relaxedv as function ofb/a with simultaneous varia-
tion of c/a linearly from 1.2~as inh-MgO! to 1.0 (rs-MgO!. Here
u and volume are relaxed at each point.
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activation energy, indicating a marginal metastability of t
fivefold-coordinatedh-MgO followed by a rapid formation
of the final sixth bond ending up in the preferred rocks
structure. Along the way, the equilibrium volume keeps d
creasing, and more rapidly so, in the region where the n
bonds start forming. The band structures indicate an ove
increase in gap between bonding and antibonding states
compression, in agreement with increasing ionicity. It
somewhat counteracted by the valence-band splitting un
uniaxial c/a compression in the first step. The formation
the new bonds is indicated by the increasing valence b
width and the downward shift of the O 2s band. Overall,
there is a tendency towards a more symmetric distribution
the bonds around each atom. This, is of course, not surp
ing and indicates the dominance of ionic over covalent bo
ing effects.

B. GaN

1. Total energy properties and band structures of the end phas

First, we present our results forwz- and rs-GaN sepa-
rately. The relaxed crystal parameters, total energy and e
tronic structure results are shown in Table III. Similar
MgO and other binary compounds, GaN has a smaller v
ume per atom in the RS than in the WZ structure. The
laxedwz-GaN crystal parameters are quite close to those
the ideal WZ structure. The wurtzite structure is found to
0.7 eV/pair lower in total binding energy than the rocks
structure. The energy volume curves are shown in Fig.
and indicate a transition pressure of 31 GPa, at a volu

FIG. 11. Charge density plot of MgO:~a! ideal wurtzite struc-

ture in the (112̄0) plane through the atoms,~b! and ~c! h-MgO

structure in the (112̄0) plane and (0001) plane through the atom
and ~d! rocksalt structure in the (001) plane through the atom
Note the formation of additional bonds on the left of~b! compared
to ~a! and on the left of~d! compared to~c!. Since the calculations
include Mg 2p, we see higher electron density at the Mg core th
at the O core.
3-7
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compression ofV1 /V050.88, and accompanied by a volum
reduction toV2 /V050.73 in rocksalt, whereV0 , V1, andV2
are the volume ofwz-GaN at zero pressure, the volume
wz-GaN at 31 GPa, and the volume ofrs-GaN at 31 GPa,
respectively. These results of course agree with those of
17 where we obtained them directly from the enthalpies
stead of the common tangent construction in the energy
sus volume curves.

The band structures and total energy properties
wz-GaN have recently received a lot of attention. O
present results are similar to those published earlier, an o
view of which can be found in recent reference works
III-nitrides.28 Figures 13 and 14 show the electronic ba
structures along high-symmetry points in the first Brillou
zone ~BZ! of wz- and rs-GaN, respectively, both at the
minimum energy volume and at the common tangent poi
The latter are relevant to the study of the phase transit
Our calculatedwz-GaN LDA band gap is 2.16 eV and direc
at G, which is in good agreement with other LDA
calculations.29,28 The experimental value of the gap o

TABLE III. Calculated equilibrium volumeV, c/a, u and cohe-
sive energyEc , LDA band gapEg , and upper valence-band widt
W, for wz- and rs-GaN. The values in square brackets are
parameters at the volume corresponding to the common tan
construction shown in Fig. 12.

WZ RS

V (Å 3/pair) 22.1@19.6# 17.9 @16.2#
c/a 1.62 @1.62# 1.00 @1.00#
u 0.377@0.377# 1/2 @1/2#

B 196 243
Ec ~eV! 13.67@13.45# 12.95@12.79#

Eg ~eV! 2.16 ~d! @3.07 ~d!#a 0.34 ~i! @1.42 ~i!#b

W ~eV! 7.28 @8.22# 8.33 @9.16#

a~d!5direct gap.
b~i!5indirect gap.

FIG. 12. The total energy as a function of volume forrs- and
wz-GaN and the common tangent construction.
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wz-GaN was determined by Monemar30 to be 3.50320.002
10.005eV

at 1.6 K including exciton binding energy corrections to t
exciton gap. This value was recently confirmed by work
Eckey et al.,31 who find anA exciton gap of 3.4800 eV, a
binding energy of theA exciton of 27 meV, and hence a ga
of 3.507 eV. Both of these measurements were on thick G
epilayers which were shown to be very nearly strain fr
Thus LDA underestimates the bandgap by 1.35 eV. O
LDA band gap of rocksalt GaN is 0.34 eV. Assuming th
the correction to the band gap due to the quasiparticle s
energy effects is approximately independent of the struct
we obtain an estimated gap of 1.69 eV forrs-GaN. Note that
this is probably a slight overestimate because if the gap
creases, the self-energy correction also decreases becau
gap correction is inversely proportional to the dielectric co
stant which in turn is inversely proportional to the gap.
rs-GaN the VBM is located away fromG ~approximately
40% away fromG toward K), while the conduction-band
minimum ~CBM! is at X. This is in agreement with the ear
lier work by Christensen and Gorczycka10 as far as the loca-

nt

FIG. 13. LDA band structures ofwz-GaN: solid line, wurtzite
phase equilibrium volume (V0); dashed line, compressed volum
(V1) corresponding to the common tangent point shown in Fig.

FIG. 14. LDA band structures ofrs-GaN: solid line, rocksalt
phase equilibrium volume; dashed line, compressed volume (V2)
corresponding to the common tangent point shown in Fig. 12.
3-8
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tion of the band extrema is concerned and close as far a
value of the LDA gap, which they obtained to be 0.6 eV.

We also examined the band structures of bothwz- and
rs-GaN at the transition pressure~compressed volume!.
These band structures are presented as dashed lines in
13 and 14. The band structures of both crystal structu
deform in similar way with volume compression: the ba
gaps become larger and the upper valence band width
creases. The changes in band gaps and band widths are
marized in Table III.

2. Band structure at transition barrier

In contrast to MgO, GaN is stable in the wurtzite stru
ture. Thus,a priori, there is no reason why we should fir
decreasec/a and thenb/a in transforming from WZ to RS.
Instead we need to explore the complete parameter sp
This was done in our earlier paper.17 One outcome of this
study was that the minimum energy path from wurtzite
rocksalt lies along a more or less straight path in thec/a-b/a
parameter plane. Thus, we consider a transformation pa
which b/a is vayring linearly withc/a between their end
values of wurtzite and rocksalt.

To further understand the nature of the transition, we
amined the band structure of GaN along this transforma
path. Although along the minimum total energy path for t
transformation,c/a, b/a, and volume all change together,
is of interest to discuss the separate effects of these pa
eters. Volume compression increases the gap as is
known because the hydrostatic deformation potential is ne
tive as in most semiconductors. The uniaxialc/a reduction
on the other hand tends to decrease the gap because o
increasing splitting of the valence band. Under a largec/a
compression theG1 singlet andG6 doublet states are inter
changed from their ordering at equilibrium (G6.G1) and the
slope of theG1 energy as function ofc/a is twice that of the
G6.26 For the large distortions considered here these eff
are comparable in magnitude and of order 1 eV but of op
site sign.

The b/a distortion on the other hand lowers the bands
otherk points leading to an indirect gap. The band struct
at the barrier point in the transition is shown in Fig. 15. T
~unstable! structure here is side-centered orthorhombic. T
Brillouin zone for this structure is related to that of wurtzi
by a compression along one of the directions and an ex
sion along the other in the basal plane, resulting in a d
torted hexagonal prism. The top view of this Brillouin zon
is shown in Fig. 16. This means that there are now t
inequivalent wurtziteM-like points ~middle of the sides of
the hexagon!. These are labeledN for the short side andM
for the long side. The corners of the hexagon becomeK
~joining two long sides! and P ~joining a long and a shor
side!. G is at the center as usual. The points on the Brillou
zone surface in thekz5p/c plane are labeled in parenthese
The minimum of the conduction band is seen to occur at
N point and the indirect gap almost vanishes~0.1 eV!. Fur-
ther compression to rocksalt increases the gap althoug
stays indirect and the conduction band minimum locat
evolves into theX point of the fcc BZ. The band structure a
the transition point is drastically different from the wurtzi
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band structure. Note, for example, that the valence bands
several nearly equal maxima and that the valence band s
are much more equally spaced over the width of the vale
band atG. Also, the two topmost valence bands are push
back together again. Although there appears to be a dou
this near degeneracy is not exact. The symmetry is so
that the degeneracies are all completely lifted even atG.

So as the crystal passes through the unstable barrie
gion, the band gap appears to nearly close, possibly turn
GaN into a semimetal or, at least, indirect narrow gap se
conductor with band gap in the infrared instead of the v
ible. Whether this is really the case or not is difficult
ascertain because of the uncertainties of LDA on the gap.
the other hand, as mentioned in Ref. 17 a closing of the
is consistent with the observation that the samples bec
opaque to visible light at the onset of the phase transitio3

While this could also be due to disorder effects, our resu
provide a simple explanation for this behavior. While t
system passes through the unstable barrier region, the
gap falls below the visible cutoff. Further investigation of th

FIG. 15. LDA band structures of GaN atc/a51.1 andb/a
51.2. The Brillouin zone labels are shown in Fig. 16 and th
relation to those in wurtzite is discussed in the text.

FIG. 16. Top view of the Brillouin zone for the side-centere
orthorhombic transition structure of GaN atc/a51.1 and b/a
51.2. The labelsN, P, M, K, andG are for the projection in the
kz50 plane. The corresponding points on the Brillouin zone surf
(kz5p/c) are labeled in parentheses.
3-9
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band structure during the transition could help confirm o
proposed transition path.

3. Charge densities

Finally, we display in Fig. 17 the charge density of Ga
at some selected points along the suggested transform
path. The charge densities around the atoms are now se
be more distorted from the spherical shape than in the M
case. This is indicative of the more covalent bonding. As
MgO, we see progressively the formation of additional bon
as in the case of MgO. Firstly, we look at the charge den

plot of wz-GaN in the (112̄0) plane and compare it with th
plot of the equivalent cut of an intermediate structure dur
the transformation,c/a51.1 andb/a51.2 representing the
barrier, shown in Fig. 17~b!. One can clearly see that a ne
bond is formed between Ga in the bottom-left corner and
in the top-left corner. As the transformation goes furth
from the intermediate structure to the final structure, ro
salt, an additional in-plane bond is formed. As for MgO, th
is most clearly seen in top view. Figures 17~c! and 17~d!
show the charge density plot in the basal plane, which
equivalent to the~0001! plane in hexagonal notation, of th
intermediate structure. Again, we can see the sixth bond~be-
tween the Ga at the top-left corner and N at the bottom-
corner! forming as the transformation goes from the interm
diate structure to rocksalt. As these new bonds form,

FIG. 17. Charge density plot GaN:~a! wurtzite structure in the

(112̄0) plane through the atoms,~b! and~c! at an intermediate step
of the transformation from wurtzite to rocksalt, withc/a51.10 and
b/a51.20 in the~100! plane and the~001! plane through the atoms
and~d! rocksalt structure in the~001! plane through the atoms. Not
the formation of an additional bond in thez direction and the flat-
tening of the Ga-N basal plane double layers as we go from~a! to
~b! and also the formation of additional bond as we go from~c! to
~d!. Since the calculations include Ga 3d, we see higher electron
density around Ga than around N.
10410
r

ion
to

O
r
s
y

g

r
-

is

ft
-
e

overall charge densities become more spherical, indicatin
more and more ionic type of bonding as we further co
press.

V. CONCLUSION

In this paper, we investigated the relative stability of roc
salt and wurtzite in MgO and GaN, examples for which
ther one or the other is the stable phase at ambient pres
and the transitions from one structure to the other.

The main conclusions for the more ionic compound Mg
are that the wurtzite structure itself is unstable but a struc
closely related to it, which we labeledh-MgO is marginally
metastable. This structure differs from wurtzite only in t
existence of an additional mirror plane or, in other words,
the fact that the basal plane layers are flat or that the wurt
internal parameteru51/2. It means that for this ionic com
pound a fivefold coordination is preferred over a fourfo
bonding. By examining the evolution of the minimum ener
volume andu as function ofc/a we put the sudden formation
of an additional bond in evidence. The charge densities
band structures as function of thec/a variation were pre-
sented and provide additional evidence of the formation
the bond. Next, it was shown that an additional uniax
compression in the basal plane along a@ 1̄100# direction
transforms the structure to the stable rocksalt structure w
formation of one more bond. Again, the formation of th
bond happens suddenly when a critical compression
reached and the internal coordinate, describing the rela
position of the two sublattices suddenly changes to its va
where the system acquires an additional symmetry. The
mation of the bonds was shown by means of the cha
densities and the changes in the band structure were
cussed in terms of known deformation potentials. At the m
ment these new bonds form, the system also undergo
faster reduction in volume because of the bond contracti

For GaN, the situation is different in the sense that
wurtzite phase is stable at ambient pressures. Upon a c
bined compression ofc/a and b/a, with b/a the above in-
plane compression along@ 1̄100#, the systems undergoes
phase transition to rocksalt, which was previous
described.17 Here we presented the charge densities alo
this transformation path, again evidencing the formation
additional bonds and we discussed the band structures a
wurtzite and rocksalt phases and at the transition bar
point. In contrast to MgO where the band gap stays direct
along the transformation, it becomes indirect in the G
case. In particular at the transition barrier point, the band
almost vanishes. This could be a signature of the transit
Further experimental investigation of this could lead to
confirmation of our proposed model for the wurtzite to roc
salt transition. The band structure details presented h
could be useful for this purpose. We also presented result
lattice constants, bulk moduli, transition pressures and
accompanying volume distortions for the two phases.
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