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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, labeledO, 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 stead of fourfold coordinated. Subsequently, we found that
this structure can be transformed into rocksalt by an in-plane
The relative stability of different crystallographic phasesstrain. The plane here refers to the basal plane of the wurtzite
and possible high-pressure phase transformations amorigom which we started. We will show that there is a margin-
them have been of long-standing interest in type IlI-V andally small barrier between this-MgO phase and rocksalt.
[I-VI semiconductor compounds. Of particular interest is theHowever, the important point is that this suggested a direct
interplay between tetrahedrally bonded structures, such dik from wurtzite to rocksalt without any bond breaking or
zinc blendgZB) and wurtzite(WZ) on the one hand and the atom reshuffling. Instead, as we will show below, the transi-
octahedrally bonded structure, rockséRS), on the other tion involves only the formation of additional bonds. Only a
hand. It is well known that ionicity favors high coordination combined homogeneous strain in @@ and in-plane direc-
and thus rocksalt. At high pressures, several of the moré&ons is required. It turns out that the general structure with
ionic semiconductors undergo a transition to rocksaltboth types of strains combined is orthorhombic. This makes
whereas the less ionic ones prefer a transition from zinsense because the orthorhombic group is a common sub-
blende to the3-Sn structuré:? On the other hand, the more group of both the hexagonal and cubic structures. It led us to
ionic semiconductors have the wurtzite structure instead ofhvestigate the structural transformation from wurtzite to
the zinc blende stacking at ambient pressure and the reallpcksalt via such intermediate orthorhombic structures and
ionic materials(for example, NaCl, MgQ® prefer rocksalt suggests in other words a simflemogeneous strain mecha-
even at ambient pressure. Thus the wurtzite to rocksalt trammism for this transformation, similar to but slightly more
sition and the competition for stability between these twocomplicated than the well-known Bain transformation phth
structures is of special interest. from fcc to bee. We carried such a study out for GaN and
Recently, this has become of even greater interest becauseported on it in Ref. 17.
of two reasons. The first is that the wurtzite to rocksalt phase In this transformation the hexagonal wurtzite (0001)
transition under pressure has been observed for theasal plane becomes the cubic rocksalt (001) plane. Because
lll-nitrides®® (AIN, GaN, and InN and studied in the cubic structure this plane is equivalent to (100) and
theoretically!®!* The second reason is that, recently, (010), the inverse transformation back to wurtzite could lead
Zn; _,Mg,O alloys have been stabilized in the wurtzite to wurtzite rotated to another direction. This type of path
structuret? ZnO has the wurtzite structure while MgO has from one crystal structure to a rotated version of itself
the rocksalt structure. So this raises the question of rocksathrough an intermediate phase was considered in a general
versus wurtzite structural bonding preference in this alloymanner in the work of Boyét and van de Wadl and is
system and in particular for the end compound MgO. known as a magic strain. To the best of our knowledge such
In the course of a preliminary stutfyof the stability of transitions have not been previously considered in the wurtz-
MgO in the wurtzite phase, we found that wurtzite is un-ite system and are based on transformation of the Bravais
stable towards an intermediate structure between wurtzitiattice, assuming a similar transformation for the various
and rocksalt, which we calh-MgO and which will be de- sublattices in the case of a crystal structure with a basis. In
scribed in detail below. Briefly, it corresponds to the struc-contrast, in the transformation path examined in the present
ture obtained by a restricted relaxation of the wurtzite strucstudy, the sublattice displacements are a crucial aspect of the
ture in which the hexagonal Bravais lattice of wurtzite istransformation. As emphasized in our previous paper, Ref.
preserved but the internal structural parameter a@f@dare 17, the transformation consists essentially in an instability in
relaxed. What we found is a structure with an additionalthe relative positioning of the sublattices driven by their cou-
mirror plane perpendicular to the sixfold axis. In simple pling to the strain.
words, instead of making bonds to only one layer, Mg pre- In this paper, we present our results on the stability inves-
fers to bond to the layer above and below it in equal fashiorigation of MgO and provide additional details on the GaN
and the buckled layer of wurtzite becomes flat. Thus theesults presented earlier. In particular, we here present elec-
structure becomes approximately fivefold coordinated intronic band structures and charge densities exhibiting the for-
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mation of the new bonds as we go from one structure to the
other. These both provide insights into the bonding in these WZ
materials.

The paper is organized as follows. First we discuss the
geometric aspects in Sec. Il. Then we provide the necessary
information on our computational method in Sec. Ill. Next,
we present our results in Sec. IV for Mg@ec. IV A) and
for GaN (Sec. IV B. In both cases, we first present the total
energy and band structure results for the end structures. For
MgO, we also present the results on the energetics of the
intermediate structures along the transition. We provide in-
formation about the charge densities at this point which al-
lows us to monitor the bond formation in going from one
structure to another. For GaN, we present the same informa- h
tion except the total energies along the transition which have
been discussed elsewhéfdnstead, we focus on the charge
densities and bond formation along the transition and present
information on the band structure along the transition path
and in particular at the transition barrier. We note that the
study of both MgO and GaN provides an opportunity to
compare two materials with different degrees of ionicity with
respect to the present problem.

o
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II. CRYSTAL STRUCTURES

The wurtzite crystal structure is characterized by three
parameters, the lattice constamtthe c/a ratio, and the in- RS
ternal parameteu which fixes the relative position of the
two hexagonal close-packed sublattices. In the ideal wurtzite
structure, characterized by equal bond lengtis, is /8/3
andu is 3/8. The parameters and c/a, however, are not
independent of each other, because for any given value of
c/a specifying a uniaxial strainj must be determined such
that there is no net force on the atoms. We will see that near
the ideal wurtzite structureyincreases linearly with decreas-
ing c/a (compressionbut eventually it starts varying faster
and then locks into a value of 1/2. At that point, the structure
acquires an additional mirror plane and we obtainltidgO
structure: Th.e bgckled double Iayer_ in WZ, indicated by the g5 1. Two-step transformation of wurtzitéop) to h-MgO
dashed line in Fig. 1 becomes flatiAMgO. In each layer,  (middle) to rocksalt(bottom. The lattice parameters, b, andc
we then have a flat honeycomb lattice with alternating cationorrespond to the side-centered orthorhombic lattice that is common
and anion on the corners of the hexagons. The space grouyp all three and the intermediate stages. The first step occurs by
changes fromP6;mc to P6;/mmc by the introduction of  changingc/a, the second by changing mainb/a with some fur-
this extra mirror plane. This intermediate structure is isomorther reduction ot/a. Hereu specifies the internal parameter related
phic to the layered materid-BN with the important differ-  to c. A second internal parameteris more clearly indicated in the
ence, however, that here the two bond lengths perpendiculasp view (Fig. 2).
to the planes are almost equal to the three in the plane. It is
interesting to compare the situation with BN. As is well the wurtzite structure again finds a more symmetric solution
known, h-BN is a layered structure similar to graphite, but With the mirror plane reappearing and the formation of two
with a different stacking such that B atoms sit right on top ofbonds perpendicular to the plane so that the structure be-
N atoms in two successive |ayers_ In each |ayer the structuredmes fivefold coordinated. So the wurtzite structure with
consists of hexagons with alternatingly B and N atoms on thépace groupP6s;mc degenerates into the more symmetric
vertices. The structure is essentially threefold coordinated®6s/mmceither for very low or very higte/a.
because the inter|ayer distance is too |arge to form a bond. The transformation from this intermediate structure to
Under compression of this structure alookp, it has been rocksalt is easiest seen in the top viéiig. 2). As can be
found'® to convert to wurtzite at some criticala reduction ~ seen from this figure, a uniaxial compression along the
by forming a bond perpendicular to the plane. This break$1010] direction, or any of its equivalent directions rotated
the mirror plane symmetry and the bonding becomes tetrafrom it by 60°, will change the rhombus shaped unit cell
hedral. Apparently, in MgO, under high compressiorctd, projection to a square. This transformation can be viewed as
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equilibrium volumeV. In this energy landscape we can then
[100] identify the number of local minima and low-energy paths
and the minimum barrier to get from one local minimum to
another. In practice, we explore first what the general behav-
iors of u versusc/a andv versusb/a are and then keep these
dependences fixed as we vary the other external strain pa-
rameters.

In the case of GaN, we have provided complete maps of
the total energy in this two parameter space in Ref. 17. In the
case of MgO, on the other hand, we found that wurtzite is
(a) (b) unstable. The minimum energy hexagonal structure already

lies close to the/a value of the rocksalt structure. Therefore

FIG. 2. Top views of WZa) and RS(b) crystal structures: small we variedc/a simply in linear fashion withb/a as we go
spheres anions, large spheres cations. Empty sphere positions drem theh-MgO structure to rocksalt. Thus, we take a single
indicated by dashed line circles. The parameteendv defining  cut instead of exploring the whole landscape. That means the
the structure are indicated. energy barrier we obtain is only an upper limit. The real

barrier could be slightly lower. In any case, we should realize
changing the side-centered orthorhombic structure with latthat the barriers we calculate are all upper limits anyway
tice parameteb until b becomes equal ta. Again, there is because we constrain the variations of the structure by lim-
an internal structural degree of freedom, specifying the relalfing the transformation to orthorhombic strains of a single
tive positions of the two sublattices, associated with thisunit cell. Nevertheless, the present study provides some idea
transformation, which we cab and which is indicated in ©f the upper limit of the energy barriers involved and thus of
Fig. 2. Again, this parameter cannot be varied independenti{he degree of metastability of the local minima.
but must be fixed by requiring the force on all atoms to be

1\ [0100]

zero. Simultaneously with the changibga we letc/a fur- Ill. CALCULATION METHOD
ther decrease to 1, whilestays at 1/2. The relation between ) ) )
v andb/a is similar to that ofu andc/a. Once we reduce We use the density functional theo?yDFT) in the local

b/a close to 1, the parameterlocks into a symmetric posi- density approximatiofLDA) as parametrized by Hedin and

tion of 1/2. Finally, when bottb/a andc/a are 1 we have Lundqvist?® The self-consistent equations are solved using
reached the rockséllt structure. the full-potential linearized muffin-tin orbita{FP-LMTO)

The values of the parameteeda, u, b/a, andv in the met_hodz,1 developed by Methfes§éland van $chi|fgaard%é3.
three structures discussed so far are indicated in Table f* triPle-x basis set was used, with specifying the decay
Except for the value of/a in h-MgO, which is determined length of.thg sphe.rlcal Hankel function envelope functions of
by the total energy minimizations, described later in the patn® muffin-tin orbitals. The angular morgentum cut()2ffs for
per, all these parameters are completely determined by g&ach «, denoted byl,l,ls, with values k1= —0.05, k3=
ometry. Now, in addition to these four parameters, of which— 1, andx3=—2.7, all in Ry, were as followsdpp for Mg,
we can considec/a andb/a as independent parameters andO, and N, andddp for Ga. For Mg, the semicore Mgp2
uandv as dependent parameters' we must consider the ovesgtates are treated as valence states. The augmentatiorrbf the
all length scale of the structure, specified ayor, more Wwaves in Ga spheres is done in terms of Gepartial waves.
conveniently, the volume per pair of atorfisalf a unit cel). An additional Ga 4-like orbital is added as a “local
Since we view thec/a andb/a as independent parameters, orbital.”24 For GaN, this is the same procedure as adopted in
we will allow the volume to relax to the one that gives the Our previous work>?®which was found to give satisfactory
minimum total energy. results for elastic constants and other total energy properties.

The general problem can then be stated as mapping odthe angular momentum cutoff for the auxiliary Hankel-
the energy landscape in the parameter spacextérnal function expansion in the interstitial region wég,=6.
strains da andb/a specifying the orthorhombic strain. For Empty spheres were used for expanding the tails of the
each of these, in principle, we have to find the minimummuffin-tin orbitals in the one-center expansions but no basis
energyu andv to minimize the internal strain energy and the set orbitals were centered on these sites. In wurtzite, one
usually employs two types of empty spheres, two large ones
in the empty channei.e., in theC positions if the atoms sit
in A andB positions in the convention& B packing descrip-
tion of the hcp structupeand two small ones in between the

TABLE I. Crystal structure parameters in wurtziteMgO, and
rocksalt structures.

Ideal WZ h-MgO RS cation and anion in the direction, opposite to the bond.
Because we here are compressing the system to the point
cla J8/3=1.633 1.20 1.00 where the two interplanar distances become equal, we de-
u 3/8 1/2 1/2 cided to eliminate the small empty spheres. The results for
b/a NE) J3 1.00 wurtzite were found to be in good agreement with the results
v 1/3 1/3 1/2 using the small empty spheres. Thus we used the same set of
spheres across the whatéa range. The radii of the empty
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spheres were kept fixed over the whole range/af, for the
same volume, but when varying the volume, the sphere size
were allowed to scale with the overall length scale, as set by
the cube root of the volume. The sphere radii are chosen tc
be as large as possible without ever overlapping. In the trans
formation as function ob/a, we start out with the two large &
empty spheres used in the wurtzite structure. The position o"o;o
these empty sphere are indicated in Fig. 2. They sit in theg
right half of the rhombus shaped unit cell symmetric with ®
respect to the atoms seen in the left corner as far as thei
horizontal position is concerned. One sits above the plane
the other below, in between the flat hexagonal layers. How-
ever, in the rocksalt structure, we wish to end up with empty
spheres in the positions in the middle of the sides of the
square unit cell, which means that then there are four empty
spheres per unit cell. Down totda ratio of 1.6, we kept two
empty spheres only. Beyond it, we split the sphere in two
spheres which gradually move towards the positions in rock-
salt. In the regions neda/a= 1.6, we performed calculations
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FIG. 3. LDA band structures afrz-MgO.

wz-, h-, and rs-MgO, respectively. The solid lines corre-

using both sets of empty spheres and the final results we@Pond to the bands at the equilibrium volume of each phase.
obtained by averaging between the two to ensure continuity "€ dashed lines are discussed at the end of this section.

of the results. The sphere sizes were again kept fixed as Ior@_

he label for the high-symmetry points follow the conven-

as the volume stays fixed, but scale with volume to the 1/3ions of Bradley and Cracknéll) Finally, we also calculated
power when the volume is varied. Tlepoint set is based the energy vs volume curves for each structure and derived
on a 4x 4% 2 division of the reciprocal unit cell, resulting in from them the bulk moduli in each structure, and the transi-

about 20k points in the irreducible part of the Brillouin tion pressures between the different structures using the

zone.

IV. RESULTS

A. MgO

common-tangent construction. The total energies as function
of volume are shown in Fig. 6.

First, we note that the equilibrium volume decreases as
we go from wurtzite toh-MgO to rocksalt. Correlated with
this decreasing volume we note an increase in cohesive en-
ergy; in other words, the total energy of the solid becomes

1. Total energy properties and band structures of the end phasesjower. In the same progression, the bulk moduli increase, as
Before we discuss the transitions we present our results it$ 10 be expected. In terms of the electronic structure, we

each of the crystal structures i.e., ideal W¥BN, and RS.

may note that this is accompanied by an increase in valence-

Forwz-MgO, we fix all structural parameters and allow only Pandwidth and a downward shift of the center of gravity of

the volume to relax. Foh-MgO, we relaxedc/a, u, and

the O & valence band. This means that some of the occupied

volume; b/a andv are fixed by the crystal symmetry. For States obtain lower energyith respect to the valence-band
rs-MgO, only volume is allowed to relax, since all other maximum (VBM)] and this is consistent with a band struc-

crystal parameters are fixed by the crystal symmetries. Sondére contribution lowering the total energy. This is consistent

total energy and electronic structure results for each crystal
structure are shown in Table Il. The electronic band struc-
tures are also calculated and presented in Figs. 3, 4, and 5 fc

TABLE II. Calculated equilibrium volume/, cohesive energy
E., bulk modulusB, LDA band gapEg, and upper valence-band

width W for wz-, h-, andrs-MgO. The values in square brackets are %‘
the parameters at the expanded volume corresponding to the cony
mon tangent construction shown in Fig. 6. 2;,"

3|

wz h-MgO RS
V (A 3/pair) 225 20.924.4) 17.8[20.0] -104
E. (eV/pain 10.85 11.0911.05 11.47[11.44
B (GPa 137 148 178 i , : : :
Eq (eV) 3.78(d) @ 3.50(d) [3.18(i)] ® 5.24(d) [3.90(d)] M K r M L A H K
W (eV) 3.33 4.39[4.04] 4.93[4.55|
FIG. 4. LDA band structures di-MgO, solid lines at equilib-

&d)=direct gap. rium volume and dashed lines at expanded volipeorrespond-
b(i)=indirect gap. ing to the common tangent point shown in Fig. 6.
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FIG. 5. LDA band structures afs-MgO, solid lines at equilib- volume(A'/oair
rium volume and dashed lines at expanded voldmeorrespond- FIG. 6. The total energy as a function of volume f& and
ing to the common tangent point shown in Fig. 6. wz-MgO and the common tangent construction.

with the formation of additional bonds as will become more . . . . .
leading to an expansion of the lattice constant and in this

clear later. ! |
The band gap ofs-MgO is significantly larger than that S€NSe the result shows how big an expansion would be

of wz- or h-MgO, indicating a larger splitting of bonding and "€€ded before an equilibrium between the metastablgO

antibonding states, consistent with its lower total energy. Th&nd the stable rocksalt phase would occur. Of course, alloy-
band gap ofh-MgO is slightly smaller than that of ideal M9 with Zn will have other effects besides the expansion, so
this consideration is only of limited practical usefulness.

wz-MgO. The smaller volume tends to increase the gap be
cause of the usual negative sign of the band-gap deformation Ve /S0 study the band structures of bosh andh-MgO

potential. On the other hand, tizéa compression results in &t the éxpanded common tangent volumes. These are shown
an increasing absolute value of the valence-band crystal fiel@ dashed lines in Figs. 4 and 5. The corresponding gaps and
splitting. It turns out that in ideal wurtzite MgO, the singlet Pandwidth parameters are given in square brackets in Table
I'; lies already above the doubl&y; i.e., the crystal field Il. As expected, for each strugture, both band gaps and upper
spliting A,=E; —E, is negative. The actual value is valence-ban_d Wldth_ are getting smaller as the crystal ex-

found to be—0.0668 e\}. Ifc/a is reduced at a fixed volume, pands. One interesting feature is that the valence-band maxi-

the crystal field splitting becomes increasingly more negativgxl:)rgr:ggd%gﬁrigms slightly away from thé" point at the
and in theh-MgO structure it is as large as0.95 eV. Thus, '
the c/a reduction counteracts the increase in gap due to the
volume compression. The results show that the effect of the
c/a reduction overwhelms that of the volume compression, As mentioned in previous sectionsz-MgO is not stable.
leading to a smaller band gap. The transition fromwz-MgO to rs-MgO is studied in two
MgO in all three of the structures investigated has a direcparts:wz-MgO to h-MgO andh-MgO to rs-MgO. The tran-
band gap al’. The presented LDA band gaps are listed insition from idealwz-MgO to h-MgO does not have any en-
Table II. It is well known that the energy band gaps are notergy barrier and was obtained simply by minimizing the total
given accurately by the Kohn-Sham eigenvalues in the LDAENergy with respect to the structural parameters. The total
because these do not truly represent quasiparticle excitatigghergy as a function af/a in the rangg1.2, \J8/3] is shown
energies. However, the correction to the LDA gaps is onlyin Fig. 7 (left pane). Note that along the path fromz-MgO
weakly dependent on the structure. If we compare outoh-MgO bothb/a andv are fixed at those af/z-MgO (due
rs-MgO LDA gap with available experiment gap of 7.8 eV, to symmetries However,u and volume are relaxed to obtain
we can estimate a correction of 2.56 eV to be applied for théhe minimum energy in the following way. The relaxecs
other structures. Including this correction, the predicted gapginction ofc/a was first determined with the volume fixed at
for wz- andh-MgO are 6.34 and 6.06 eV, respectively. that of idealwz-MgO. Additional calculations show that this
Figure 6 shows that the lowest-energy structure is corelation is almost independent of volume. Thus instead of
rectly found to be rocksalt and that in order to convert torelaxingu for each volume, the relatiomas function ofc/a
h-MgO we need a negative pressure of 16.2 GPa. At thisvas then kept fixed for the rest of the calculations. The vol-
pressure, the volume is expanded\g/V,=1.12 and the ume which minimizes the energy at eacta is shown in
volume would then discontinuously expand\Me/V,=1.37  Fig. 8, while theu vs c/a relation is shown in Fig. 9.
in going to theh-MgO phase, wherd/, is the volume of In the vicinity of ideal WZ,u varies almost linearly with
rs-MgO at zero pressure. This is of course somewhat une/a. At the point when the crystal is compressed to heAze
physical because one cannot apply a negative pressure in tAbout 1.3u changes fairly abruptly to a value of 1/2, where
laboratory. However, one may think of alloying with ZnO as it then stays fixed. This can be explained as follows. As we

2. Intermediate transition structures
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FIG. 9. Relaxedu as function ofc/a at fixed volume(i.e.,

FIG. 7. Total energy per MgO pair in thez-MgO — h-MgO wz-MgO's relaxed volumg

(left pane) andh-MgO — rs-MgO (right panel transitions.

discussed, the material has a tendency to form more bond@€ Volume vsc/a. So it is clearly in the range 1-4c/a

because of the ionic nature of the bonding which is insensiz 1-3 that the transition from a fourfold-coordinated to a

tive to direction and therefore lower energy corresponds tdiVeéfold-coordinated structure starts happening. It is the for-
higher nearest-neighbor coordination. Howeverc/at near ~ Mation of a new bond that lowers the energy. This then rap-

the ideal WZ structure, having=1/2 to formh-MgO would idly drives the volume to decrease faster, which further low-

stretch the bond too far. At some point, as we redt/eethe ersTt:e tenergty. fromh-MaO t MO i i
tendency to form two bonds instead of one winss(iddenly € transition fromn-vMgw 1o rs-Mgb Is more compll-
changes to 1/2 In this step of the transformation, the total cated to study since it involves the variation of all five struc-

L : ; tural parameters. To simplify matters, we first note that the
binding energy(opposite of cohesive energseduces mono- . :
tonicaﬁ]y fron?y(— fg 85 eV/pair inwz-MgODtEf— 11.09 eV/ relaxedu is 1/2 for allc/a less than 1.3. We still have to deal

pair in h-MgO (0.24 meV/pair different with four parameters. While minimizing the total energy
' F){\_/ith respect to three parametefglume, c/a, andv) for

idly beyondc/a~1.4, i.e. precisely when thevs c/a rela- eachb/a is too time consuming, we choose to minimize only
o otre the volume and while c/a is taken to vary linearly with

tion starts to deviate strongly from the initial linear variation b/a f hat ofh hat of
and starts to rapidly approach the symmetric value 1/2. Alsg?/@ from that ofh-MgO to that ofrs-MgO.

this point more or less corresponds to the inflection point of The .beh.avior ofv vs b/a calculate_d .in this manner is
shown in Fig. 10. It shows clearly a similar behavior as that

of u as function ofc/a. First, it varies linearly with a small

wz . h_Mg? RS slope; then it suddenly jumps to the symmetric value. We
verified that this behavior af as function ofb/a is actually
225 ’ independent ot/a. In other words, if we keep/a fixed at
any value between 1.6 and 1.0 during thl@ variation, the
215 il relaxed values ob vs b/a fall almost on the same curve.

We see that the-MgO structure is only marginally meta-
stable. There is, essentially, just a large almost constant en-
205 . ergy plateau as the structure is sheared alongp tieection.

The activation energy between titeMgO and the energy
barrier is only 0.02 eV/pair. The barrier is located kit

195 7 ~1.5. We note that the value of the energy barrier is quite
sensitive to the relaxation of the internal parameterf,
instead of the relaxed, a v varying linearly between 1/3

Volume (Aalpair)

188 | and 1/2 is used, the barrier height is overestimated to be 0.1
eV/pair above thé-MgO structure. After the transformation
17.5 w w ‘ passes the barrier the binding energy drops sharply and has a

160 1.50 1/-40 130 12016 1-4b/ 1210 minimum at —11.47 eV/pair in thers-MgO phase(0.38
ca a meV/pair lower than thé-MgO phasé

FIG. 8. The energy minimizing volume used in the total energy  Again, this is clearly correlated with the behavioriofhs
calculations(Fig. 7). function ofb/a. Asv starts changing rapidly from 1/3 to 1/2,
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FIG. 10. Relaxed as function ofb/a with simultaneous varia- ©
tion of c/a linearly from 1.2(as inh-MgO) to 1.0 (rs-MgO). Here L
u and volume are relaxed at each point.

FIG. 11. Charge density plot of MgQa) ideal wurtzite struc-

. . o ture in the (11B) plane through the at d (c) h-MgO
the energy starts rapidly decreasing. This is because the o " _e (112) plane through the atomsb) and (c) g

bonding in the planes changes from threefold to fourfold. ppiructure in the (11) plane and (0001) plane through the atoms,

A . and (d) rocksalt structure in the (001) plane through the atoms.
taking into accoun_t th? two bonds perpen(_jlcular to th? planeNote the formation of additional bonds on the left(bj compared
the overall coordination changes from fivefold to sixfold.

. h h his | ) ied b to (a) and on the left ofd) compared tdc). Since the calculations
F'QWe 8s ows that t IIS 1S again accompanied by a Mor,q,qe Mg 20, we see higher electron density at the Mg core than
rapid decrease in equilibrium volume. at the O core.

3. Charge densities activation energy, indicating a marginal metastability of the
fivefold-coordinatech-MgO followed by a rapid formation

of the final sixth bond ending up in the preferred rocksalt
gtructure. Along the way, the equilibrium volume keeps de-
creasing, and more rapidly so, in the region where the new
bonds start forming. The band structures indicate an overall
increase in gap between bonding and antibonding states with
compression, in agreement with increasing ionicity. It is
omewhat counteracted by the valence-band splitting under
niaxial c/a compression in the first step. The formation of

The valence charge densitiéacluding the semicore Mg
2p electron$ are shown aglogarithmically spacedcontour
plots superposed on a gray scale intensity image in th

(1120) plane cutting through atom@ising the hexagonal
notation), for the wz- andh-MgO are shown in Figs. 14)
and 11b), respectively. One may notice that even in the
ideal wurtzite structurdFig. 11(a@)], the bonding is very
ionic, leading to almost spherical charge densities arounﬁ

each atom. Very little, however noticeable, covalent bonding{he new bonds is indicated by the increasing valence band

Ibsef\l/f/Jg:rr]et?]té AMS v:ta t%?a tt?c;{\t/logrr(ilt[;tlgc.o%rjl(ebr)]én?ﬂ Igavgtt)tﬁgdto width and the downward shift of the Os2band. Overall,
e Mg Pihere is a tendency towards a more symmetric distribution of
left corner is clearly formed. But most of all the charge den-

sity is distributed more uniformly around the atoms. TheT[he bonds around each atom. This, is of course, not surpris-

formation of the sixth bond results from compressinklgO ing and indicates the dominance of ionic over covalent bond-
. . . . .. ing effects.
in the direction perpendicular to crystal axis. Hence it is

easier to see in a plot of the charge density in the basal plane.

Figure 11c) shows the valence charge densities plot in the B. GaN

(0009 plane through atoms df-MgO and Fig. 11d) shows 1. Total energy properties and band structures of the end phases
the same cut ofs-MgO. We can see that an addition bond

between Mg at the top-left corner and O at the bottom-left 'St We present our results fovz- andrs-GaN sepa-
comer is clearly formed as we go fromMgO to rs-MgoO. rately. The relaxed crystal parameters, total energy and elec-

tronic structure results are shown in Table Ill. Similar to
MgO and other binary compounds, GaN has a smaller vol-
ume per atom in the RS than in the WZ structure. The re-
It is clear that the transition from the idealz-MgO to  laxedwz-GaN crystal parameters are quite close to those of
rs-MgO is driven by the formation of new bonds. In the first the ideal WZ structure. The wurtzite structure is found to be
step, for compression alorgja the energy decreases mono- 0.7 eV/pair lower in total binding energy than the rocksalt
tonically, indicating that fourfold bonding is unstable for structure. The energy volume curves are shown in Fig. 12,
MgO. In the second step, compressing, there is a small and indicate a transition pressure of 31 GPa, at a volume

4. Summary of MgO results

104103-7
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TABLE Ill. Calculated equilibrium volumé/, c/a, u and cohe-
sive energyE., LDA band gapE,, and upper valence-band width
W, for wz- and rs-GaN. The values in square brackets are the
parameters at the volume corresponding to the common tanger
construction shown in Fig. 12.

Energy (eV)

wz RS

V (A 3/pair) 22.1[19.6] 17.9[16.2]
cla 1.62[1.62] 1.00[1.00]

u 0.377[0.377] 1/2[1/2]

B 196 243

E. (eV) 13.67[13.45 12.95[12.79
Eq (eV) 2.16(d) [3.07 ()2 0.34(i) [1.42 ()P
W (eV) 7.28[8.22] 8.33[9.16]

&d)=direct gap.
b(i)=indirect gap.

compression 0¥/, /Vy=0.88, and accompanied by a volume
reduction toV,/Vy=0.73 in rocksalt, wher¥,, V,, andV,

PHYSICAL REVIEW B 63 104103

FIG. 13. LDA band structures ofz-GaN: solid line, wurtzite
phase equilibrium volume\{y); dashed line, compressed volume
(V,) corresponding to the common tangent point shown in Fig. 12.

wz-GaN was determined by Moneniato be 3.503

0.005
0.002€V

are the volume ofvz-GaN at zero pressure, the volume of at 1.6 K including exciton binding energy corrections to the

wz-GaN at 31 GPa, and the volume if-GaN at 31 GPa,
respectively. These results of course agree with those of Ref

exciton gap. This value was recently confirmed by work of
ckey et al,! who find anA exciton gap of 3.4800 eV, a

17 where we obtained them directly from the enthalpies in2inding energy of thé\ exciton of 27 meV, and hence a gap

stead of the common tangent construction in the energy ve

sus volume curves.

The band structures and total energy properties off
wz-GaN have recently received a lot of attention. Our

er 3.507 eV. Both of these measurements were on thick GaN

epilayers which were shown to be very nearly strain free.

hus LDA underestimates the bandgap by 1.35 eV. Our
LDA band gap of rocksalt GaN is 0.34 eV. Assuming that

present results are similar to those published earlier, an ovel1€ correction to the band gap due to the quasiparticle self-

view of which can be found in recent reference works on

energy effects is approximately independent of the structure,

lll-nitrides 28 Figures 13 and 14 show the electronic bandWe Obtain an estimated gap of 1.69 eV ferGaN. Note that

structures along high-symmetry points in the first Brillouin
zone (BZ) of wz- and rs-GaN, respectively, both at their

this is probably a slight overestimate because if the gap de-
creases, the self-energy correction also decreases because the

minimum energy volume and at the common tangent pointsJaP correction is inversely proportional to the dielectric con-

The latter are relevant to the study of the phase transitior®

tant which in turn is inversely proportional to the gap. In

Our calculatedvz-GaN LDA band gap is 2.16 eV and direct 'S-GaN the VBM is located away fronfi" (approximately

at I', which is in good agreement with other LD
calculation®?® The experimental value of the gap of

125
- -130f
g
=
)
>
f=.]
>
(=4
W 435t

-14.0
15.0 16.0 170 18.0 19.0 20.0 21.0 220 23.0 240

FIG. 12. The total energy as a function of volume fgr and

Volume (Aa/pair)

wz-GaN and the common tangent construction.

Energy (eV)

A 40% away fromI' toward K), while the conduction-band
minimum (CBM) is at X. This is in agreement with the ear-
lier work by Christensen and GorczycRas far as the loca-

FIG. 14. LDA band structures afs-GaN: solid line, rocksalt

phase equilibrium volume; dashed line, compressed voluw}¢ (

corresponding to the common tangent point shown in Fig. 12.
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deform in similar way with volume compression: the band 3,

tion of the band extrema is concerned and close as far as th 15
value of the LDA gap, which they obtained to be 0.6 eV. o PR
We also examined the band structures of bath and IO_X f N~
rs-GaN at the transition pressur@ompressed volume TN~
These band structures are presented as dashed lines in Fi¢ 5/\ L~
13 and 14. The band structures of both crystal structures / \
L S

YIS PS

D
(R

A C s

. . 0
gaps become larger and the upper valence band width |n§° y ~
creases. The changes in band gaps and band widths are suf 5 &
marized in Table Il o \\/
2. Band structure at transition barrier -10+ ]
In contrast to MgO, GaN is stable in the wurtzite struc-
o : ' 15 | L
ture. Thus,a priori, there is no reason why we should first
P M K r N 0Q L A H

decrease/a and thenb/a in transforming from WZ to RS.

Instead we need to explore the complete parameter space. i 15 LDA band structures of GaN afa=1.1 andb/a

This was done in our earlier pap€rOne outcome of this —1.2 The Brillouin zone labels are shown in Fig. 16 and their

study was that the minimum energy path from wurtzite tOre|ation to those in wurtzite is discussed in the text.

rocksalt lies along a more or less straight path indreb/a

parameter plane. Thus, we consider a transformation path isand structure. Note, for example, that the valence bands has

which b/a is vayring linearly withc/a between their end several nearly equal maxima and that the valence band states

values of wurtzite and rocksalt. are much more equally spaced over the width of the valence
To further understand the nature of the transition, we expand atl’. Also, the two topmost valence bands are pushed

amined the band structure of GaN along this transformatiomack together again. Although there appears to be a doublet,

path. Although along the minimum total energy path for thethis near degeneracy is not exact. The symmetry is so low

transformationg/a, b/a, and volume all change together, it that the degeneracies are all completely lifted eveR.at

is of interest to discuss the separate effects of these param- So as the crystal passes through the unstable barrier re-

eters. Volume compression increases the gap as is waffion, the band gap appears to nearly close, possibly turning

known because the hydrostatic deformation potential is negasaN into a semimetal or, at least, indirect narrow gap semi-

tive as in most semiconductors. The uniaxddh reduction  conductor with band gap in the infrared instead of the vis-

on the other hand tends to decrease the gap because of fipde. Whether this is really the case or not is difficult to

increasing splitting of the valence band. Under a lac®  ascertain because of the uncertainties of LDA on the gap. On

compression thé'; singlet andl’g doublet states are inter- the other hand, as mentioned in Ref. 17 a closing of the gap

changed from their ordering at equilibriufi{>1",) and the is consistent with the observation that the samples became

slope of thel’; energy as function of/a is twice that of the opaque to visible light at the onset of the phase transition.

I'4.2% For the large distortions considered here these effectg/hile this could also be due to disorder effects, our results

are comparable in magnitude and of order 1 eV but of oppoprovide a simple explanation for this behavior. While the

site sign. system passes through the unstable barrier region, the band
The b/a distortion on the other hand lowers the bands atgap falls below the visible cutoff. Further investigation of the

otherk points leading to an indirect gap. The band structure

at the barrier point in the transition is shown in Fig. 15. The N(O) P(Q)

(unstable structure here is side-centered orthorhombic. The

Brillouin zone for this structure is related to that of wurtzite

by a compression along one of the directions and an exten- M(L)

sion along the other in the basal plane, resulting in a dis-

torted hexagonal prism. The top view of this Brillouin zone

is shown in Fig. 16. This means that there are now two

inequivalent wurtziteM-like points (middle of the sides of

the hexagon These are labeleN for the short side ani

for the long side. The corners of the hexagon becdfne

(joining two long sides and P (joining a long and a short

sidg. I' is at the center as usual. The points on the Brillouin

zone surface in thk,= 7r/c plane are labeled in parentheses.

The minimum of the conduction band is seen to occur at the

N point and the indirect gap almost vanish@sl eV). Fur- FIG. 16. Top view of the Brillouin zone for the side-centered

ther compression to rocksalt increases the gap although drthorhombic transition structure of GaN afa=1.1 andb/a

stays indirect and the conduction band minimum location=1.2. The labelN, P, M, K, andT" are for the projection in the

evolves into theX point of the fcc BZ. The band structure at k,=0 plane. The corresponding points on the Brillouin zone surface

the transition point is drastically different from the wurtzite (k,=w/c) are labeled in parentheses.

104103-9



SUKIT LIMPIJUMNONG AND WALTER R. L. LAMBRECHT PHYSICAL REVIEW B 63 104103

overall charge densities become more spherical, indicating a
more and more ionic type of bonding as we further com-
press.

V. CONCLUSION

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

The main conclusions for the more ionic compound MgO
are that the wurtzite structure itself is unstable but a structure
closely related to it, which we labelddMgO is marginally
metastable. This structure differs from wurtzite only in the
existence of an additional mirror plane or, in other words, in
the fact that the basal plane layers are flat or that the wurtzite
internal parameten=1/2. It means that for this ionic com-
pound a fivefold coordination is preferred over a fourfold
bonding. By examining the evolution of the minimum energy
volume andu as function ofc/a we put the sudden formation
) ) . of an additional bond in evidence. The charge densities and

FIG. 17. Charge density plot GaNg) wurtzite structure in the  pang structures as function of thwa variation were pre-
(1120) plane through the atomgh) and(c) at an intermediate step  sented and provide additional evidence of the formation of

of the transformation from wurtzite to rocksalt, witha=1.10 and  the pond. Next, it was shown that an additional uniaxial
b/a=1.20 in the(100) plane and th€¢001) plane through the atoms, compression in the basal plane anng[ElOO] direction

d(d ksalt struct in thed01) pl th h the at . Not .
and(d) rocksalt structure in théd01) plane through the atoms. Note transforms the structure to the stable rocksalt structure with

the formation of an additional bond in thzedirection and the flat- f . f bond . he f . f thi
tening of the Ga-N basal plane double layers as we go f@no ormation of one more bond. Again, the formation of this

(b) and also the formation of additional bond as we go fr@nto bond happens S!Jdde”'y Wher_] a critical ,C_OmpreSSion _is
(d). Since the calculations include Gal3we see higher electron reached and the internal coordinate, describing the relative

density around Ga than around N. position of the two sublattices suddenly changes to its value
where the system acquires an additional symmetry. The for-

_ . i mation of the bonds was shown by means of the charge

band structure _d_unng the transition could help confirm OUlyensities and the changes in the band structure were dis-

proposed transition path. cussed in terms of known deformation potentials. At the mo-
ment these new bonds form, the system also undergoes a

3. Charge densities faster reduction in volume because of the bond contraction.

For GaN, the situation is different in the sense that the

Finally, we display in Fig. 17 the charge density of GaN ., 7ite phase is stable at ambient pressures. Upon a com-
at some selected points along the suggested transformatl%rihed compression af/a and b/a, with b/a the above in-
path. The charge densities around the atoms are now seen { ’

be more distorted from the spherical shape than in the Mg(ghase transition to rocksalt, which was previously

case. This is indicativel of the more coyalent bor_ujing. AS fOrgescribeo‘.7 Here we presented the charge densities along
MgQ, we see progresswgly the formation of additional b°”€‘ his transformation path, again evidencing the formation of
as in the case of MgO. Firstly, we look at the charge density,yitional bonds and we discussed the band structures at the
plot of wz-GaN in the (11®) plane and compare it with the wurtzite and rocksalt phases and at the transition barrier
plot of the equivalent cut of an intermediate structure duringpoint. In contrast to MgO where the band gap stays direct all
the transformationgc/a=1.1 andb/a= 1.2 representing the along the transformation, it becomes indirect in the GaN
barrier, shown in Fig. 1(b). One can clearly see that a new case. In particular at the transition barrier point, the band gap
bond is formed between Ga in the bottom-left corner and Nalmost vanishes. This could be a signature of the transition.
in the top-left corner. As the transformation goes furtherFurther experimental investigation of this could lead to a
from the intermediate structure to the final structure, rock-confirmation of our proposed model for the wurtzite to rock-
salt, an additional in-plane bond is formed. As for MgO, thissalt transition. The _band structure details presented here
is most clearly seen in top view. Figures(&7and 17d) coqld be useful for this purpose. We gl;o presented results on
show the charge density plot in the basal plane, which idattice cons'tants, bulk moduI!, transition pressures and the
equivalent to th€000) plane in hexagonal notation, of the @ccompanying volume distortions for the two phases.
intermediate structure. Again, we can see the sixth libed
tween the Ga at the top-left corner and N at the bottom-left
cornep forming as the transformation goes from the interme-  This work was supported by the Office of Naval Research
diate structure to rocksalt. As these new bonds form, the&inder Grant No. N0O0014-98-1-0160.

fane compression anrnglOO], the systems undergoes a
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