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First principles calculations are carried to study the structural stability of SiC, GaN, InN, ZnO, and CdSe
which are found to transform from a fourfold coordinated wurtzite �WZ� structure under ambient conditions to
two different crystalline structures under loading of different triaxialities. Under hydrostatic compression,
transformation into a sixfold coordinated rocksalt �RS� structure occurs, and under uniaxial compression along

the �0001� direction and uniaxial tension along the �011̄0� crystalline direction �except SiC and GaN�, trans-
formation into a fivefold coordinated unbuckled wurtzite phase �HX� is observed. The lack of the WZ→HX

transformation for SiC and GaN under uniaxial tension along the �011̄0� direction is because for these two
materials the tensile stress required for the enthalpy of HX to become lower than the enthalpy of WZ is higher
than their corresponding ultimate tensile strength. Critical stress levels for the transformations are found to
depend on the formation energies of the WZ, HX, and RS structures which in turn are related to the ionicity of
each material. The transformations are a manifestation of the tension-compression response asymmetry of
these materials.
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I. INTRODUCTION

One-to-one binary compounds obeying the octet rule �i.e.,
I-VII, II-VI, III-V, or IV-IV materials� are generally semicon-
ductors or insulators. Although these type AB compounds
have the same chemical formula units, their crystal structures
under ambient conditions show significant variations with
bond ionicity. While highly ionic compounds such as CsCl
�I-VII� prefer dense crystal structures with a coordination
number of 8 �CN=8�, compounds such as NaCl �also I-VII�
with lower degrees of ionicity gravitate toward the rocksalt

�RS� structure �Fm3̄m space group� with CN=6. As the de-
gree of ionicity decreases �shifting toward covalent bonding
states�, compounds such as ZnO �II-VI�, GaN �III-V�, and
SiC �IV-IV� stabilize in wurtzite �WZ� �P63mc� structures
with CN=4. In such covalent compounds, the valence elec-
tron counting �two electrons in each bond� is satisfied
through the formation of four bonds for each atom. However,
in compounds with higher degrees of ionicity such as CsCl
and NaCl, the gain in cation-anion attractions leads to the
formation of structures with higher CN. Nevertheless, bond
ionicity should not be considered as the only factor in deter-
mining crystalline structures in such compounds since the
assumption of a particular structure also depends on intrinsic
factors such as composition, band structure, valence elec-
trons, bonding states, and structural symmetries. Extrinsic
factors such as loading and temperature also play significant
roles.

Calculations and experiments have been carried out to
study the structural stabilities of these materials. Over two
decades ago, first principles calculations have been used to
evaluate the formation energies of different crystalline struc-
tures �see, e.g., Refs. 1 and 2�. X-ray diffraction experiments
have been used to determine the natural occurring structures.
Consequently, the stable crystalline structures under ambient
conditions are well established �for a comprehensive review,

see Ref. 3�. Furthermore, advances in experimental tech-
niques, such as the use of intense and tunable x ray from
synchrotron radiation, have also allowed x-ray diffraction
analyses under external loading. For hydrostatic compres-
sion, it is observed that most materials with low CN struc-
tures �e.g., WZ and ZB� transform into a more compressed
crystalline form with higher CN structures �e.g., RS�.3–13

First principles and empirical potential calculations have
yielded phase equilibrium pressures that are comparable but
always lower than the transformation pressures measured
from experiments.3,14–23 The higher experimental values are
attributed to the existence of an energy barrier between the
phases for each transformation. This finding is supported by,
for example, the observation that critical pressure for the
upward WZ→RS transformation is higher than the critical
pressure for the downward RS→WZ transformation3,18 or
the trapping of nanocrystallite ZnO in the RS phase under
ambient condition after a high heat–high pressure
treatment.24 If there was no transformation barrier, the up-
ward and downward transformations would occur at the
same pressure and there would be no trapping of the meta-
stable high pressure phase.

The recent synthesis of quasi-one-dimensional nanostruc-
tures such as nanowires, nanobelts, and nanorods of GaN,
ZnO, and CdSe �see, e.g., Refs. 25 and 26� necessitates un-
derstanding the response of such materials to uniaxial load-
ing. These nanostructures are single crystalline and nearly
defect-free and, therefore, are endowed with high strengths
and the ability to undergo large deformations without failure.
Also, their high surface-to-volume ratios enhance atomic
mobility and promote phase transformations under loading.
A novel fivefold coordinated unbuckled wurtzite phase �HX�
within the P63 /mmc space group was observed in

�011̄0�-oriented ZnO nanowires under uniaxial tensile
loading.27,28 The stability of this novel phase and the stabili-
ties of WZ and RS phases of ZnO under uniaxial tension
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along the �011̄0� direction as well as hydrostatic compres-
sion were analyzed through enthalpy calculations. It is found
that the HX structure cannot be stabilized by a hydrostatic
pressure. Instead, both empirical potential based molecular
dynamics �EP-MD� simulations and first principles calcula-
tions showed that transformation into the HX structure can

occur under either tensile loading along the �011̄0� direction
or compressive loading along the �0001� direction of suffi-
cient magnitude. For this WZ→HX transformation, the
uniaxial stress deforms the crystal in only one direction.
Since the unit cell of HX is significantly shorter than the unit
cell of WZ in the c or �0001� direction �details later�, either
compression along the c direction or tension along the per-

pendicular �011̄0� direction can cause the transformation.
For compression along the c direction, the corresponding
contribution to enthalpy by mechanical work is linearly pro-
portional to −�c�c, with �c and �c being the compressive
stress and the change in unit cell size in the c direction,
respectively. For tension along the b direction, the corre-
sponding contribution to enthalpy by mechanical work is lin-
early proportional to −�b�b, with �b and �b being the ten-
sile stress and the change in unit cell size in the b direction,
respectively. In contrast, for the WZ→RS transformation,
the all around external pressure uniformly compresses the
WZ crystal in all directions and causes it to collapse into the
RS phase which has a lower equilibrium unit cell volume.
The mechanical work contribution to enthalpy is p�V, with
p and �V being the external pressure and volume reduction,
respectively. The discovery of the novel HX phase has sub-
sequently been confirmed in �0001�-oriented ZnO
nanoplates29 and nanowires.30

To gain insight into the existence of the WZ, HX, and RS
structures in materials with different ionicities, we analyze
here the energetic favorability of these phases for ZnO and
CdSe �groups II-VI�, GaN and InN �III-V�, and SiC �IV-IV�
under uniaxial loading along the �011̄0� and �0001� crystal-
line axes as well as under hydrostatic compression. The like-
lihood of transformations from WZ into HX or RS and the
effort of load triaxialities on the transformations are
analyzed.

II. CRYSTAL STRUCTURES

The natural form of the five materials studied is wurtzite,
as shown in Fig. 1 �left column�. This structure is quantified
customarily by the lattice constant a, the c /a ratio, and the
internal parameter u which specifies the relative distance
along the c axis between the two hexagonal-close-packed
cation and anion sublattices. To describe the HX and RS
structures and the transformation from WZ to each of these
phases, an extra lattice parameter b and an internal parameter
v are introduced.19,20 v defines the horizontal distance along
the b axis between the cation and anion sublattices. Out of
the five parameters �a, b, c, u, and v� illustrated in Fig. 1,
only the three external ones �a, b, and c� can be directly
manipulated through applied loading. The two internal pa-
rameters �u and v� cannot be varied directly. These param-
eters are determined such that, for any given configuration,

the net forces on all atoms in the unit cell vanish. An analysis
of the variations of u with c /a and v with b /a can be found
in Refs. 19 and 20. The three structures are significantly
different, with c /a�1.63 and b /a�1.73 for WZ,
c /a�1.20 and b /a�1.73 for HX, and c /a�1.00 and
b /a�1.00 for RS. The ideal values of c /a, b /a, u, and v for
WZ, HX, and RS under no load and zero temperature are
listed in Table I. The c /a value for HX is obtained via en-
thalpy minimization. All other parameters are determined
from the geometry of each structure, for instance, perfect
tetrahedral coordination for WZ and perfect cubic for RS.
Actual values of these parameters can deviate from those in
the table, depending on the material, loading, and tempera-
ture.

III. COMPUTATIONAL METHOD

First principles calculations are carried out to evaluate the
total energy of each material in its natural and deformed

TABLE I. Ideal lattice parameters for WZ, HX, and RS crystal-
line structures.

Parameters WZ HX RS

c /a �8 /3=1.63 1.20 1.00

u 3 /8=0.37 0.50 0.50

b /a �3=1.73 �3=1.73 1.00

v 1 /3=0.33 1 /3=0.33 0.50
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FIG. 1. �Color online� Schematic illustration of the WZ, HX,
and RS structures: small spheres represent anions and large spheres
represent cations. The middle and bottom rows show top view and
side view, respectively. Parameters a, b, c, u, and v are indicated.
For realistic rendering, the images shown are drawn to scale using
parameters for ZnO at equilibrium conditions, i.e., ambient pressure
for WZ, �=−�c

eq for HX, and p= peq for RS. �V, �b, and �c are the
percentage changes in V �volume�, b, and c relative to the same
quantities for WZ.
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states. The calculations are based on the density functional
theory �DFT� with local density approximation �LDA� and
ultrasoft pseudopotentials,31 as implemented in the VASP

code.32 Test calculations have shown that generalize gradient
approximations �GGAs� give the results that are qualitatively
the same as LDA.33 Zinc 3d, gallium 3d, indium 4d, and
cadmium 4d electrons are treated as valence electrons. Cut-
off energies for the plane wave expansion are 400 eV for
ZnO, 180 eV for CdSe, 350 eV for nitrides, and 300 eV for
SiC. The k-point sampling set is based on a 7�7�7 divi-
sion of the reciprocal unit cell based on the Monkhorst-Pack
scheme34 with the � point included, which gives approxi-
mately 100 inequivalent k points.

The stability of each crystal structure and compound can
be determined by analyzing enthalpy as a function of c /a
and b /a. The enthalpy per a wurtzite unit cell under uniaxial
loading is

H�c/a,b/a� = E�c,b,a,u,v� − Ajk�iqi, �1�

where E is the formation energy per wurtzite unit cell, �i is
the stress along the i direction, qi is the lattice parameter in
the i direction, Ajk is the cross section area of the unit cell
perpendicular to the stress direction, and Ajk�iqi �summation
not implied� is the external work. For tension along the b
axis, i=b, Aac=ac /2, and qb=b, with �b being the tensile
stress. For compression along the c axis, i=c, Aab=ab /2, and
qc=c, with −�c being the compressive stress. For hydrostatic
compression, the enthalpy is

H�c/a,b/a� = E�c,b,a,u,v� + pV , �2�

where p and V=abc /2 are the pressure and unit cell volume,
respectively. Under ambient pressure, the enthalpy is equal to
the internal formation energy. Note that a wurtzite unit cell
contains two cation-anion pairs, i.e., 2 f.u. and occupy the
volume V=abc /2.

For each c /a and b /a pair, the internal parameters u and v
and the unit cell volume V are allowed to relax so that the
configuration that yields the minimum H is obtained. For a
given load condition, the minima on the enthalpy surface
with c /a and b /a as the independent variables identify the
corresponding stable and metastable structures. For the
analyses at hand, the parameter ranges considered are �1.00,
1.63� for c /a and �1.00, 1.73� for b /a, with the increments of
0.05 for c /a and 0.10 for b /a. This meshing of the structural
space results in approximately 170 strained configurations.
For tensile loading along the b direction, additional configu-
rations with b /a up to 2.30 are also investigated, increasing
the number of total configurations to 200. Out of these 170
or 200 configurations, those around �c /a ,b /a�
��1.63,1.73�, �1.2, 1.73�, and �1.00, 1.00� are more care-
fully analyzed since these three parameter sets define the
neighborhoods of stable WZ, HX, and RS structures, respec-
tively, for the given load condition.

For each strained configuration �each c /a-b /a pair�, the
energies associated with at least four different unit cell vol-
umes are calculated. An equation of state �energy-volume
relation� is obtained by a third-degree polynomial fit. Under
loading, the volume that minimizes H is not the same as the
volume that minimizes E. The equation of state allows the

minimum enthalpy for each combination of c /a-b /a pair and
loading condition to be obtained. As an illustration, the en-
ergy and enthalpy are shown in Fig. 2 as functions of volume
for WZ ZnO �c /a=1.61 and b /a=1.73� under hydrostatic
pressure. At ambient pressure �p�0�, the energy and en-
thalpy are equal and the minimum enthalpy is equal to E�V0�,
with V0 being the equilibrium volume of WZ in a stress-free
state. At p= p1, the minimum enthalpy occurs at V=V1 for
which dE /dV=−p1.

IV. RESULTS AND DISCUSSIONS

A. Ambient conditions (stress-free state)

Figure 3�a� shows the energy �or enthalpy at zero external
loading� landscape for ZnO. The global minimum occurs at
the wurtzite structure with �c /a ,b /a�= �1.61,1.73�. The sec-
tions of the surface along b /a=1.73 �solid line� and 1.00
�dash line� are shown in Fig. 3�b�. By virtue of symmetry,
b /a is fixed at �3��1.73� for WZ and HX and at 1.00 for
RS. Clearly, in stress-free state, WZ is the most stable struc-
ture with the lowest energy, HX has higher energy and is not
stable �no local minimum�, and the RS structure is meta-
stable with a high energy. For CdSe, GaN, InN, and SiC, the
shapes of the energy landscapes �not shown but can be found
online35� are similar to that of ZnO. Their two-dimensional
�2D� sections at b /a=1.73 and 1.00 are shown in Fig. 4. The
energy difference �see Ref. 36� between HX and WZ
��EHX−WZ� and that between RS and WZ ��ERS−WZ� are
tabulated in Table II. The energies of the three phases
for all compounds except CdSe follow the order of
ERS�EHX�EWZ. For CdSe, ERS�EHX. This exception can
be attributed to the fact that for compounds such as CdSe
with high ionicity, the energy differences between RS, HX,
and WZ are relatively small. Under this situation, other ef-
fects, such as energy cost for bond distortions, can affect the
ordering in energies.

There are significant variations of �EHX−WZ or �ERS−WZ

among the materials, partly reflecting differences in the ion-
icity. Several indices are available to describe the ionicity of
materials. Although LDA calculation is sometimes believed
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FIG. 2. �Color online� Energy �solid curve� and enthalpy
�dashed curve� as functions of volume for wurtzite �c /a=1.61 and
b /a=1.73� ZnO. At hydrostatic pressure p1=8.22 GPa, the volume
that minimizes enthalpy �V1� is smaller than the volume at ambient
pressure �V0�.
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to slightly overestimate the ionicity in materials, the trend of
ionicity between materials should be qualitatively correct.
Therefore, Phillips’ ionic scale �f i�,37 which has the range
between 0 �the least ionic� and 1�the most ionic�, is used here
by choice. The values of f i for the compounds studied here
are listed in Table II.37 The variations of �EHX−WZ and
�ERS−WZ with f i are shown in Fig. 5. For RS, �ERS−WZ �solid
line� decreases monotonically as f i increases. For HX,
�EHX−WZ �dash line� decreases monotonically with f i �except
for CdSe�. This is expected because compounds with higher
levels of ionicity can significantly lower their energies
through increases in CN. While ionicity is not the only factor
that determines the relative stability of crystal structures, it
clearly affects the stability of structures. For covalent com-
pounds �e.g., SiC and GaN�, the structure with fourfold co-
ordination is highly favored, resulting in large differences
between the formation energies of RS �sixfold� and WZ
�fourfold� and between the formation energies of HX �five-
fold� and WZ. On the other hand, for compounds with higher
levels of ionicity, the differences in formation energies
among RS, HX, and WZ are lower. In this paper, only ionic
compounds that have fourfold coordinated structures �WZ�
under ambient conditions are considered.

TABLE II. Energy difference �eV/2 pairs� between HX �or RS�
and the WZ structure. The Phillips ionicity parameters �f i� are also
listed. �Ref. 37�.

Compounds Phillips’ f i

EHX−EWZ

�eV�
ERS−EWZ

�eV�

SiC 0.177 2.53 2.74

GaN 0.500 1.32 1.74

InN 0.578 0.61 0.78

ZnO 0.616 0.26 0.41

CdSe 0.699 0.44 0.30

(a)

(b)

FIG. 3. �Color online� �a� Energy �E� �or enthalpy H under zero
external loading� landscape for ZnO �in eV per wurtzite unit cell
which contains two cation-anion pairs or 2 f.u.�. Each point on the
surface represents the minimum energy for a given combination of
c /a and b /a. To arrive at the minimum, u, v, and V are allowed to
relax while a, b, and c are kept constant. Energy levels above
−20.50 eV are truncated as they are not of interest in the discus-
sions here. �b� 2D sections of the energy surface for b /a=1.73
�solid line� and 1.00 �dashed line�.
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B. Hydrostatic compression

Sufficiently high pressures can cause the WZ structure to
collapse into the denser RS phase. As shown in Fig. 1, the
volume of the RS structure is �17% smaller than the volume
of the WZ structure ��V�−0.17V0, with V0 being the equi-
librium volume of WZ�. For a given constant pressure p, the
difference in contributions to enthalpy by mechanical work
between RS and WZ is approximately p�V �neglecting the
difference in bulk moduli of the two phases�. If p is suffi-
ciently high, mechanical work can overcome the formation
energy difference, driving the transformation forward. Figure
6 shows �HRS−WZ=HRS−HWZ and �HHX−WZ=HHX−HWZ as
functions of p for the five compounds studied. The rather
linear trends confirm that the bulk moduli of the WZ, HX,
and RS phases are quite comparable. The slight deviation
from linearity of �HRS−WZ reflects the fact that the bulk
modulus of RS is somewhat higher �approximately 25%�
than that of WZ. Note that the slope of the �HRS−WZ line is
approximately five times that of the �HHX−WZ line, consis-
tent with the fact that the volume decrease associated with
the WZ→RS transformation �17%� is approximately five
times of that associated with the WZ→HX transformation
�3.6%�.

The equilibrium pressure peq between the WZ and RS
structures �the pressure at which the enthalpies of RS and
WZ become equal� can be obtained by examining the en-
thalpy surfaces at several pressures. This pressure is identi-
fied with the intercept of the enthalpy curve with the hori-
zontal axis in Fig. 6. The enthalpy surfaces of all five
materials at their equilibrium pressure peq are qualitatively
the same �not shown here but can be found online35�. There-

fore, we choose to present only the enthalpy surface for InN
in Fig. 7�a�. The corresponding 2D section is shown in Fig.
7�b�. At p� peq, WZ has the lowest enthalpy. As p is in-
creased above peq, RS has a lower enthalpy than WZ. peq

depends strongly on the ionicity of the compound. This is
expected because the initial energy difference between WZ
and RS ��ERS−WZ=ERS−EWZ� depends on the ionicity of the
material �from �ERS−WZ=2.74 eV for SiC to 0.30 eV for
CdSe�. SiC has the highest �ERS−WZ and therefore the high-
est peq �64.9 GPa�. CdSe has the lowest �ERS−WZ and there-
fore the lowest peq �2.2 GPa�. The equilibrium pressures of
the five materials are listed in Table III. Our calculated equi-
librium pressures are in good agreement with other calcu-
lated results in general �see Table III�. To compare with ex-
periments, one should not directly compare the calculated
equilibrium pressure with either the critical pressures of the
upward or downward WZ to RS transformations. This is be-
cause there is a transformation barrier between the two
phases that causes the upward critical pressure to be higher
�and the downward critical pressure to be lower� than the
equilibrium pressure.3,18 The averages between the upward
and downward critical pressures, shown as pt in Table III, are
shown as an approximate experimental equilibrium pressures
and are in good agreement with the calculated equilibrium
pressures.

To gain insight on the transformation enthalpy barrier, we
extracted �from the plots� the homogeneous transformation
barrier �in the unit of eV/2 pairs� of these five materials and
tabulated in Table III using square brackets. The barrier for
ZnO of 0.30 eV /2 pairs is the same as Limpijumnong and
Jungthawan have previously reported.18 The barriers for SiC
and GaN of 1.26 and 0.76 eV /2 pairs are in good agreement
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FIG. 6. �Color online� Enthalpy differences ��H�, in the unit of eV/2 pairs, between RS and WZ �solid line� and HX and WZ �dashed
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with the calculated values reported by Miao and Lambrecht38

�for SiC� of 1.2 eV /2 pairs and by Limpijumnong and
Lambrecht20 �for GaN� of 0.9 eV /2 pairs. We can see that
the magnitude of the barrier increases with the zero pressure
energy difference between phases ��ERS−WZ�, hence the ion-
icity. The detailed investigation of the barriers will be a sub-
ject of further study on more materials in the future.

Figure 8 shows the variation of equilibrium pressure with
the initial energy difference. An approximately linear depen-
dence of peq on �ERS−WZ is seen. The linear fit gives

peq � 25.97��ERS−WZ� − 4.68. �3�

The units of peq and �ERS−WZ are in GPa and eV/2 pairs,
respectively. This approximate universal relationship can be
used to estimate the difference in the formation energy of the
RS and WZ phases when the equilibrium pressure is known
or vice versa.

Figure 6 also shows that the �HHX−WZ line never inter-
cepts the horizontal axis for all five materials over the pres-
sure range analyzed. Obviously, HX is not a thermodynami-
cally stable structure under hydrostatic compression and the
WZ→HX transformation does not occur for such conditions.

C. Uniaxial compression along the [0001] direction

Figure 1 shows that HX has a lattice constant c signifi-
cantly shorter ��19% � than that of WZ in the �0001� direc-

tion. This difference allows WZ to transform into HX via
compression in the c direction. Under constant compressive
stess −�c �negative sign indicates compression�, the me-
chanical contribution to the enthalpy difference between WZ
and HX is −Aab�c�c, where �c�−0.19c. A sufficiently high
−�c would allow mechanical work to offset the energy dif-
ference between HX and WZ, affecting the transformation
into the HX structure. The shapes of the enthalpy surfaces
for SiC, GaN, InN, and ZnO at their respective equilibrium
compressive stress −�c

eq are qualitatively the same �not
shown here but can be found online35�. Therefore, we choose

TABLE III. Equilibrium pressure, transformation barrier, and
stresses for SiC, GaN, InN, ZnO, and CdSe for the WZ→RS and
WZ→HX transformations. peq is the hydrostatic pressure that es-
tablishes the equilibrium between the WZ and RS structures and pt

�reported here as an average between the experimental upward and
downward pressure of transformations� is the corresponding experi-
mental value. −�c

eq ��b
eq� is the value of the compressive �tensile�

force per unit area along the c direction �b direction� at which the
WZ and HX structures are in equilibrium. For CdSe, although
−�c

eq=3.8 GPa provides equilibrium between the WZ and HX
phases, the RS phase has a lower enthalpy �hence more stable�
under this condition. The transformation enthalpy barrier in eV/2
pairs between the WZ and RS phases at a given equilibrium pres-
sure are given in square brackets following peq in the same column.

Material

RS HX

peq

�GPa�
�Present�

peq

�GPa�
�Other�

pt

�GPa�
�Expt.�

−�c
eq

�GPa�
�b

eq

�GPa�

SiC 64.9�1.26� 60,a 66.6,b

66,c 92d
67.5e 60.5

GaN 44.1�0.76� 51.8,f 42.9g 52.2,h 31i 30.5

InN 12.2�0.51� 21.6,f 11.1g 10,j 12.1h 9.6 14.7

ZnO 8.2�0.30� 6.6,k 9.3,l

8.0m
5.5,n 8.5o 6.0 10.8

CdSe 2.2�0.40� 2.5p 2.1q 3.8 5.8

aDFT �GGA� calculations by Miao and Lambrecht �Ref. 41�.
bDFT �LDA� calculations �of zincblende to RS� by Karch et al.
�Ref. 17�.
cDFT �LDA� calculations �of zincblende to RS� by Chang and Co-
hen �Ref. 42�.
dDFT �B3Lyp� calculations �of zincblende to RS� by Catti �Ref. 43�.
eSynchrotron angle dispersive x-ray diffraction �ADX� experiment
by Yoshida et al. �Ref. 10�.
fDFT �LDA� calculations by Christensen and Gorczyca �Ref. 14�.
gDFT �LDA� calculations by Serrano et al. �Ref. 44�.
hADX experiment by Ueno et al. �Ref. 6�.
iSynchrotron energy-dispersive x-ray diffraction �EDX� by Xia et
al. �Ref. 8�.
jSynchrotron EDX experiment by Xia et al. �Ref. 9�.
kDFT �LDA� calculations by Jaffe et al. �Ref. 16�.
lDFT �GGA� calculations by Jaffe et al. �Ref. 16�.
mDFT �GGA� calculations by Ahuja et al. �Ref. 45�.
nSynchrotron EDX experiment by Desgreniers. �Ref. 5�.
oSynchrotron EDX experiment by Recio et al. �Ref. 46�.
pDFT �LDA� calculations by Côté et al. �Ref. 23�.
qEDX experiment by Cline and Stephens �Ref. 4�.

(a)

(b)

InN

FIG. 7. �Color online� �a� Enthalpy surface maps �in eV/2 pairs�
for InN at its RS-WZ equilibrium pressures, peq=12.2 GPa. �b� 2D
sections of the enthalpy surface for b /a=1.73 �solid line� and 1.00
�dashed line�.
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to present the enthalpy surface for InN with a 2D section plot
in Fig. 9�a�. The stability of the HX phase can be
better analyzed through the enthalpy difference �HHX−WZ

=HHX−HWZ as a function of the compressive stress along the
c direction �dashed lines, Fig. 10�. If the elastic moduli of
HX and WZ along the c direction are assumed to be equal,
�H would vary linearly with −�c with an approximate slope
of Aab�c�−0.19�abc /2��−0.19V. Figure 10 also shows
the enthalpy difference between RS and WZ, �HRS−WZ

=HRS−HWZ �solid lines�. Note that �HHX−WZ and �HRS−WZ

show similar trends, with similar slopes. This is because for
the WZ→RS transformation, �c /c�18%, while for the
WZ→HX transformation, �c /c�19%.

For all materials except CdSe, �HHX−WZ is always lower
than �HRS−WZ, indicating that HX is more stable than RS
under compression in the c direction. For CdSe, where ini-
tially �i.e., under no load condition� the RS phase has a
slightly lower energy than HX, �HRS−WZ is always lower
than �HHX−WZ, indicating that RS is the preferred structure
over HX under uniaxial compression along the �0001� direc-
tion as well as under hydrostatic compression. As a result,
the the enthalpy surface at −�c

eq of CdSe �Fig. 9�b�� is quali-
tatively different from those of the other four materials �rep-
resented by Fig. 9�a��, i.e., the RS phase has lower enthalpy.
The equilibrium stress for the transformation �−�c

eq� of each
material is shown in Fig. 10. Below −�c

eq, WZ phase is
stable. Above −�c

eq, HX is stable �RS for CdSe�. The values
of −�c

eq depend on the initial energy difference ��E�
between WZ and HX and are listed in Table III. For SiC,
�E=EHX−EWZ=2.53 eV, the stress required to cause the
HX→WZ transformation is high �−�c

eq=60.5 GPa�. On the
other hand, for ZnO, �E=0.26 eV and −�c

eq=6.0 GPa which
is only 1 /10 of the stress level required for SiC. This linear
trend is clearly seen in Fig. 11 which shows −�c

eq as a func-
tion of �E for the materials analyzed. The linear fit gives

− �c
eq � 25.72��EHX−WZ� − 4.56. �4�

The coefficients in the equation are based on the units of
−�c

eq and �EHX−WZ in GPa and eV/2 pairs, respectively. The
similarity in the numerical values of coefficients of Eqs. �4�
and �3� is fortuitous. Note that the WZ-HX homogeneous
transformation enthalpy barrier is significantly lower than
that of WZ-RS, i.e., always less than 0.1 eV /2 pairs for all
materials studied except SiC. However, for SiC, the barrier is
only slightly higher, i.e., 0.13 eV /2 pairs.

D. Uniaxial tension along the †011̄0‡ direction

The HX structure also has a longer dimension in the

�011̄0� direction compared to the WZ structure �longer by
approximately 9%, see Fig. 1, middle column�. This differ-
ence allows WZ to transform into HX via tension in the b

��011̄0�� direction. Note that the difference in b between the
two structures is only about half of the difference in c. Ac-
cordingly, the mechanical enthalpy contribution Aac�b�b is
roughly half of the case of c compression for the comparable
stress magnitude. Only three �InN, ZnO, and CdSe� out of
the five materials studied have a local minimum correspond-
ing to the HX structure under tensile loading along the b
direction. We choose to present the enthalpy surfaces for InN
�those for ZnO and CdSe can be found online35� at the equi-
librium tensile stress �b

eq �Fig. 12�a�� with its 2D section plot
�Fig. 12�b��. The plot35 between the enthalpy differences
�HHX−WZ=HHX−HWZ as functions of tensile stress �b are
similar to the compressive stress case. The equilibrium ten-
sile stress �b

eq �14.7, 10.8, and 5.8 GPa for InN, ZnO, and
CdSe, respectively� is approximately twice the equilibrium
compressive stress −�c

eq for the c direction. EP-MD simula-
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GaN
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= 23.51 (∆E
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)

FIG. 8. �Color online� Correlation between equilibrium hydro-
static pressure �peq� and the difference in energy ��E� between the
RS and WZ phases of the five materials. peq is the pressure at which
the WZ and RS structures are in equilibrium, as illustrated in Fig. 6
and tabulated in Table III. The energy difference �E=ERS−EWZ is
calculated under the conditions of zero external loading and is tabu-
lated in Table II.

(a) InN (b) CdSe

FIG. 9. �Color online� Enthalpy surface maps for �a� InN and �b�
CdSe at their respective HX-WZ equilibrium c direction stress
�−�c

eq�. Their 2D sections for b /a=1.73 �solid line� and 1.00
�dashed line� are also shown in the bottom panel. Note that, unlike
other materials studied here, CdSe favors RS over HX phase under
c-direction stress.
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tions have shown that under tensile loading, �011̄0�-oriented
ZnO nanowires can indeed transform into the HX structure
under tensile loading.28 The nanowires can sustain tensile
stresses up to 14 GPa before failure, which is well above the
equilibrium stress �b

eq predicted here. The equilibrium trans-
formation stress of �b

eq=5.8 GPa for CdSe is the lowest
among the materials studied. For nanostructures, other fac-
tors such as surface effects may contribute to facilitate the
WZ→HX transformation.39 As a result, HX can emerge as
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FIG. 10. �Color online� Enthalpy differences ��H� between the RS and WZ �solid line� and HX and WZ �dashed line� as a function of
c-direction stress �−�c� for �a� SiC, �b� GaN, �c� InN, �d� ZnO, and �e� CdSe. As the magnitude of the stress reaches the equilibrium value
�−�c

eq, indicated by solid dots�, enthalpies of the HX and WZ structures become comparable. At stresses above −�c
eq, the HX phase is more

stable.
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FIG. 11. �Color online� Correlation between equilibrium stresses
�−�c

eq and �b
eq� and the difference in energy ��E� between the HX

and WZ phases for the five materials. −�c
eq ��b

eq� is the equilibrium
value of the c-direction compressive stress �b-direction tensile
stress� for the HX and RS structures �see Table III�. The energy
difference �E=EHX−EWZ is calculated under conditions of zero
external loading and is tabulated in Table II.

(a)

(b)

InN

FIG. 12. �Color online� �a� Enthalpy surface maps �in eV/2
pairs� for InN at its HX-WZ stresses along the b direction,
�b

eq=14.7 GPa. �b� 2D sections of the enthalpy surface for
b /a=1.95 �solid line� and 2.20 �dashed line�.
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an intermediate phase during a WZ→RS transformation in
CdSe nanorods,39 even though it does not have the lowest
enthalpy in the bulk calculations. The relationship between
�b

eq and �EHX−WZ=EHX−EWZ is shown Fig. 11. Note that the
�b

eq of CdSe may be higher than its fracture strength.
A local minimum for HX is not observed in the enthalpy

surfaces for SiC and GaN, even at extremely high theoretical
levels of �b �60 GPa for SiC and 30 GPa for GaN�.35 The
lack of transformation in these materials can be attributed to
the fact that their equilibrium transformation stresses are
higher than their respective ultimate tensile strengths ��b

eq

��UTS�. Indeed, EP-MD simulations have shown that for
GaN nanowires, �UTS�30 GPa,40 only a fraction of the
rough estimation of equilibrium stress of �c

eq	60 GPa. The
�b

eq of SiC is even higher since it has a higher energy differ-
ence between WZ and HX, making it more likely to have
fractured before reaching its theoretical equilibrium stress of
�c

eq	120 GPa.

V. CONCLUSIONS

First principles calculations are carried out to study the
stability of the WZ, RS, and HX phases of SiC, GaN, InN,
ZnO, and CdSe under loading of different triaxialities. The
energy of the materials correlates with their ionicity. At am-
bient conditions, WZ has the lowest energy level, HX has the
second highest energy level, and RS has the highest energy
level �with the exception of CdSe whose RS phase has a
lower energy level than its HX phase�. All five materials
have the fourfold wurtzite structure as their stable and natu-
rally occurring phase. Under all around hydrostatic compres-
sion, the materials can transform into the sixfold coordinated
RS structure. Under uniaxial compression along the �0001�
direction and uniaxial tension along the �011̄0� direction, the
materials can transform into the fivefold coordinated unbuck-
led wurtzite structure. The equilibrium conditions for the
transformations are outlined. For the WZ→RS transforma-
tion, the equilibrium hydrostatic pressures �peq� are predicted

to be 64.9, 44.1, 12.2, 8.2, and 2.2 GPa for SiC, GaN, InN,
ZnO, and CdSe, respectively. These values are in good
agreement with other theoretical calculations and experimen-
tal measurements. For the WZ→HX transformation under
uniaxial compression along the �0001� direction, the equilib-
rium stresses �−�c

eq� are 60.5, 30.5, 9.6, and 6.0 GPa for SiC,
GaN, InN, and ZnO, respectively. For CdSe, uniaxial com-
pression along the �0001� direction induces a WZ→RS
transformation at a stress of 2.4 GPa instead of the
WZ→HX transformation because the formation energy of
RS is lower than HX for CdSe. For the WZ→HX transfor-

mation under uniaxial tension along the �011̄0� direction, the
equilibrium transformation stresses ��b

eq� are 14.7, 10.8, and
5.8 GPa for InN, ZnO, and CdSe, respectively. The stress
level for CdSe is close to its fracture limit. No transformation

is observed for SiC and GaN under tension along the �011̄0�
direction due to the fact that their theoretical equilibrium
transformation stresses are well above their respective ulti-
mate fracture strengths. The magnitudes of peq, −�c

eq, and �b
eq

are approximately linearly dependent with the formation en-
ergy differences between the relevant phase of the materials.
Based on the calculations of five materials, we established a
general linear function between peq and RS−WZ energy dif-
ference that could be useful for predicting the difference in
formation energy of the RS and WZ phases of other materi-
als when the equilibrium pressure is known or vice versa.

ACKNOWLEDGMENTS

This work was supported by NANOTEC �NN49-024� and
Thailand Research Fund �BRG4880015 and PHD/0264/
2545�. A.J.K. and M.Z. are supported by NSF
�CMS9984298� and NSFC �10528205�. Computations are
carried out at the National Synchrotron Research Center
�Thailand� and at NAVO and ASC MSRCs through AFOSR
MURI �D49620-02-1-0382�.

APPENDIX

Tables IV–VIII.

TABLE IV. Lattice parameters for WZ, HX, and RS SiC under equilibrium loading conditions.

Parameters
WZ

p=0 GPa
HX

−�c
eq=60.5 GPa

RS
peq=64.9 GPa

a �Å� 3.05
�3.06,a 3.08b�

3.32 4.00
�3.68,a,c 3.84d�

b �Å� 5.28 5.74 4.00

c �Å� 4.97 3.98 4.00

V=
abc

2
�Å3�

40.0 38.0 32.0

c /a 1.63 1.20 1.00

b /a 1.73 1.73 1.00

u 0.38 0.50 0.50

v 0.35 0.33 0.50

aDFT �LDA� calculations by Karch et al. �Ref. 17�.
bXRD experiment by Schultz et al. �Ref. 47�.
cSynchrotron ADX by Yoshida et al. �Ref. 10�.
dDFT �LDA� calculations by Hatch et al. �Ref. 48�.
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TABLE V. Lattice parameters for WZ, HX, and RS GaN under equilibrium loading conditions.

Parameters
WZ

p=0 GPa
HX

−�c
eq=30.5 GPa

RS
peq=44.1 GPa

a �Å� 3.15 �3.19,a 3.16,b,c 3.10d� 3.43 4.16 �4.01,a 4.10,b 4.07e�
b �Å� 5.46 5.94 4.16
c �Å� 5.11 4.12 4.16

V=
abc

2
�Å3� 44.0 42.0 36.0

c /a 1.62 1.20 1.00
b /a 1.73 1.73 1.00
u 0.38 0.50 0.50
v 0.35 0.33 0.50

aSynchrotron EDX experiment by Xia et al. �Ref. 8�.
bXRD experiment by Xie et al. �Ref. 49�.
cDFT �LDA� calculations by Kim et al. �Ref. 50�.
dDFT �LDA� calculations by Yeh et al. �Ref. 51�.
eXRD experiment by Lada et al. �Ref. 52�.

TABLE VI. Lattice parameters for WZ, HX, and RS InN under equilibrium loading conditions.

Parameters
WZ

p=0 GPa

HX
RS

peq=12.2 GPa−�c
eq=9.6 GPa �b

eq=14.7 GPa

a �Å� 3.54 �3.53,a 3.54,b,c 3.52d� 3.82 3.48 4.64 �4.67,e 4.62d�
b �Å� 6.13 6.62 7.66 4.64
c �Å� 5.70 4.59 4.35 4.64

V=
abc

2
�Å3� 61.9 58.1 58.0 50.0

c /a 1.61 1.20 1.25 1.00
b /a 1.73 1.73 2.20 1.00
u 0.38 0.50 0.51 0.50
v 0.35 0.33 0.31 0.50

aDFT �LDA� calculations by Kim et al. �Ref. 50�.
bDFT �LDA� calculations by Yeh et al. �Ref. 51�.
cXRD experiments by Osamura et al. �Ref. 53�.
dDFT �LDA� calculations by Furthmüller et al. �Ref. 54�.
eADX experiment by Ueno et al. �Ref. 6�.

TABLE VII. Lattice parameters for WZ, HX, and RS ZnO under equilibrium loading conditions.

Parameters
WZ

p=0 GPa

HX
RS

peq=8.2 GPa−�c
eq=6.0 GPa �b

eq=10.8 GPa

a �Å� 3.21 �3.20,a 3.25,b,c 3.26d� 3.49 3.24 4.24 �4.28,b 4.27c,e�
b �Å� 5.54 6.03 6.46 4.24
c �Å� 5.15 �5.17,a 5.22d� 4.19 4.20 4.24

V=
abc

2
�Å3� 45.7 �46.69,e 47.24,f 47.98d� 44.1 44.0 38.1 �39.03,e 38.16f�

c /a 1.61 �1.59f� 1.20 1.30 1.00
b /a 1.73 1.73 2.00 1.00
u 0.38 �0.38a,d,f� 0.50 0.50 0.50
v 0.33 0.33 0.31 0.50

aDFT �LDA� calculations by Malashevich and Vanderbilt �Ref. 56�.
bSynchrotron EDX experiments by Desgrenier �Ref. 5�.
cXRD experiments by Karzel et al. �Ref. 55�.
dEXAFS experiments by Decremps et al. �Ref. 57�.
eDFT �GGA� calculations by Jaffe et al. �Ref. 16�.
fDFT �GGA� calculations by Ahuja et al. �Ref. 45�.
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