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Elastic constants and sound velocities calculated from first principles as function of pressure are presented
for wurtzite SiC, GaN, InN, ZnO, and CdSe. The C11 and C33 elastic constants, which are involved in
longitudinal sound waves along symmetry directions, are found to monotonically increase with pressure. The
shear moduli C44 and C66, which are involved in transverse sound waves along symmetry directions, either
decrease with increasing pressure or initially increase from zero pressure but then turn over and start decreas-
ing. Of special interest is the pressure at which the C44 and C66 elastic constants cross. At this pressure, the
transverse acoustic waves in the basal plane, which are shown to be closely related to the symmetry breaking
strain component that leads to the phase transition, become easier to excite than the ones with displacement
along the c axis. It is found that this crossover pressure is an upper limit to the actual phase transition pressure.
The average of the calculated equilibrium transition pressure and the crossover pressure is proposed as a good
estimate for the actual transition pressure in cases where the transition is strongly kinetically hindered by an
enthalpy barrier between the two phases. This occurs for SiC and GaN and is confirmed with literature data for
AlN. For the remaining materials, all these pressures are close to each other. The trends of the elastic constants
and sound velocities with the materials’ Phillips scale ionicity are also reported.
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I. INTRODUCTION

Most group-IV, III-V, and II-VI-semiconductors are well
known to undergo a high-pressure phase transition from a
tetrahedrally bonded phase to an octahedrally bonded phase.
Most prior work has focused on determining the equilibrium
transition pressure, at which the two phases have the same
enthalpy. Recently, however, several studies have started to
study the mechanism of transformation from one phase to the
other. In particular, homogeneous transition paths have been
proposed between wurtzite and rocksalt1–3 and zincblende
and rocksalt.4–7 In such mechanisms, the transformation hap-
pens by a continuous deformation from one structure to the
other by imposed strains. At each strain, the internal coordi-
nates �i.e., atomic positions� are required to adjust to mini-
mize the energy. For example, for the wurtzite to rocksalt
transformation, the two strains correspond to a c /a reduction
perpendicular to the basal plane and a strain in the basal

plane along the �101̄0� direction or any direction which is
�60° or �120° from it, which we can call the b /a direction.
On the experimental side, advanced diffraction techniques
utilizing high brilliance synchrotron x-rays open up the op-
portunity to study crystal structures under high pressure in
more detail.8–11 Although the actual transition mechanism is
likely to be more complex than a homogeneous transforma-
tion, as shown for example by molecular dynamics studies,12

the homogeneous transformation path provides a useful sim-
plified picture which may in reality happen locally in small

regions and determine the nucleation event of the transition.
Sarasamak et al.3 studied the enthalpy landscapes in this
space of strains driving the homogeneous transformation.
Such enthalpy landscapes can be constructed at different hy-
drostatic pressures. By constructing such enthalpy land-
scapes, one can gain insight in the behavior of the system
along various paths from one phase to the other within the
strain coordinates. The local curvatures in different direc-
tions for example will tell us in which direction the system
will initially most easily deform. The elastic constants are
closely related to the local shape of this enthalpy landscape.
In fact, they essentially determine the curvatures near the
minima on this energy landscape. It is thus of interest to
determine the elastic constants as function of pressure to bet-
ter understand the initial stages of phase transition.

The elastic constants are also closely related to the sound
velocities. Thus studying the sound velocities as function of
pressure provides possibly an experimental way to determine
the pressure dependence of the elastic constants. In fact, ho-
mogeneous strains are simply the long-wavelength limit of
the acoustic phonon modes. The relation between sound
waves in specific directions and the strains involved in the
zincblende and wurtzite to rocksalt transition were previ-
ously pointed out by Prikhodko et al.13

Here, we study the elastic constants and sound velocities
as function of direction and pressure in various wurzite crys-
tals: SiC, GaN, InN, ZnO, and CdSe. Our choice of materials
includes a IV-IV, two III-V, and two II-VI compounds. These
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materials also have varied transition pressures. As will be
seen, rather different behavior is obtained for different mate-
rials. Because we have systematically studied several mate-
rials, we can investigate the trend of the elastic constants and
sound velocities with respect to the ionicity of material.

The paper is organized as follows. In Sec. II, we give the
expressions for the sound velocities in different direction as
function of the elastic constants. The calculation of elastic
constants as function of pressure is also discussed. Essen-
tially, they are obtained by calculating the total energy as
function of a set of strains. Details of the computational
method used to calculate the total energies from first prin-
ciples are given in Sec. III. The results for the elastic con-
stants and sound velocities in specific high-symmetry direc-
tions as function of pressure are presented in Sec. IV. In this
section, the trend of the elastic constants and sound veloci-
ties with respect to the ionicity of material with also be pre-
sented. A summary of the main results is given in Sec. V.

II. THEORY

A. Sound velocities

The acoustic vibrational modes of a solid in the long-
wavelength limit are obtained from the Christoffel
equation,14

��2ui = Milul, �1�

where � is the mass density, � the vibrational angular fre-
quency, ui the displacement amplitudes and summation con-
vention is used for repeated Cartesian indices. The matrix
Mil is given by

Mil = cijklkjkk, �2�

where cijkl is the elastic constant tensor elements, and kj the
wave vector components of the vibrational wave. Using
Voigt notation, in the case of an hexagonal crystal �will be
explained later�, the Mil matrix reduces to

�C11kx
2 + C66ky

2 + C44kz
2 �C12 + C66�kxky �C13 + C44�kxkz

�C12 + C66�kxky C66kx
2 + C11ky

2 + C44kz
2 �C13 + C44�kykz

�C13 + C44�kxkz �C13 + C44�kykz C44�kx
2 + ky

2� + C33kz
2 � . �3�

For any direction the eigenvectors will be a quadratic

function of k= �k� and hence �=cn�k̂�k with cn�k̂� the sound

velocity for polarization n and direction k̂. The results for
hexagonal crystals were reported before by Rosen and
Klimker.15 For example, for k along �001�, kx=ky =0 and kz
=k, the sound velocities become

cTA��001�� = �C44/�, with twofold degeneracy

cLA��001�� = �C33/� , �4�

where TA and LA stand for transverse and longitudinal
acoustic.

Similarly, for any acoustic wave with wave vector in the
basal plane, the sound velocities are given by the results for
the �100� wave vector direction,

cLA��100�� = �C11/� ,

cTA�010���100�� = �C66/� ,

cTA�001���100�� = �C44/� , �5�

where the first TA mode has displacements in-plane and
the second one has displacements perpendicular to the basal
plane. The results are independent of direction in the plane
because we diagonalized a quadratic form representing an
ellipsoid. Since this ellipsoid must have sixfold symmetry
about the z axis, it must be an ellipsoid of revolution.

For a wave vector of the form kx=k sin �, ky =0, kz
=k cos �, the sound velocities are given by

�ct���2 = C66 sin2 � + C44 cos2 � ,

�c���� =
C11 sin2 � + C33 cos2 � + C44

2
��	�C11 − C44�sin2 � + �C44 − C33�cos2 �

2

2

+ �C13 + C44�2cos2 � sin2 � . �6�
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This reduces to the in-plane limit for �=� /2 and along c
limit for �=0.

As will be seen below, at zero pressure, we find for all
wurtzite crystals studied here that C44�C66. Hence, the low-
est TA sound velocity occurs for polarization along c and a
wave vector in the plane or a wave vector along c and po-
larization in the plane. Obviously C11 and C33 corresponding
to the longitudinal sound velocities are significantly higher.

B. Relation to strains and phase transition

To see the relation between specific sound waves to the
wurtzite-to-rocksalt phase transitions, we analyze the strains
related to the phase transitions and strains induced by related
sound waves. A pure c /a strain can be written as

�− �/2 0 0

0 − �/2 0

0 0 �
� . �7�

For ��0, it corresponds to a compression along c combined
with an expansion in the plane in all directions such that the
volume is preserved. This strain maintains the hexagonal
symmetry of the crystal. As discussed, elsewhere, this trans-
formation by itself could transform the wurtzite into the so-
called HX-structure.1,3 The latter differs from wurtzite by the
fact that the layers become unbuckled or flat. At some critical
value of this strain, the internal coordinate finds a minimum

energy for u=1 /2. Here, u is the conventional wurtzite inter-
nal parameters. The structure is fivefold coordinated from
that point on.

The b /a distortion can be written as

�− � 0 0

0 � 0

0 0 0
� . �8�

For �	0, it corresponds to a compression along the chosen
b direction and a corresponding expansion perpendicular to
it in the plane and no distortion along c. This is a pure in-
plane shear strain and corresponds to the limit of a transverse
sound wave at 45° from it. In fact, for a wave written as
uy�x�=uy

0 exp�ikxx�, the strain matrix has the form

�0 � 0

� 0 0

0 0 0
� , �9�

which when diagonalized, gives a strain of the form of Eq.
�8� with eigenvectors rotated 45° from the original axes in
the plane. This means that the in-plane transverse acoustic
sound waves at an angle 45° from the b directions corre-
spond exactly to the symmetry breaking strain involved in
the wurtzite to rocksalt transition, the strain we usually call
the b /a strain. Thus the excitation of such sound waves
could be viewed as the initial step in creating a b /a strain.

TABLE I. Calculated equilibrium lattice constants of studied wurtzite semiconductors compared to ex-
perimental values.

SiC GaN InN ZnO CdSe

a�Å� Present 3.05 3.19 3.52 3.21 4.28

Expt. 3.079a 3.19b 3.54c 3.26,d 3.253a 4.30,e 4.302f

c /a Present 1.64 1.63 1.61 1.60 1.63

Expt. 1.64a 1.627b,g 1.609c 1.60a 1.63e,f

u Present 0.38 0.38 0.38 0.38 0.38

Expt. 0.376a 0.382a

V�Å3� Present 40.56 44.59 61.03 45.66 111.52

aXRD experiment by Schulz and Thiemann �Ref. 22�.
bSynchrotron EDXD experiment by Xia et al. �Ref. 8�.
cXRD experiment by Osamura et al. �Ref. 23�.
dSynchrotron EDXD experiment by Desgreniers �Ref. 9�.
eX-ray powder method by Hotje et al. �Ref. 24�.
fXRD experiment by Sowa �Ref. 25�.
gXAS experiment by Perlin et al. �Ref. 26�.

TABLE II. Bulk moduls B, its pressure derivative B� and elastic constants �in GPa� for wurtzite SiC
�2H-SiC� compared with experimental data on 6H-SiC.

B
�GPa� B� C11 C12 C13 C33 C44 C66

Present 229 3.6 541 117 61 586 162 212

Expt.a 220 501 111 52 553 163 195

aBrillouin scattering experiment by Kamitani et al. �Ref. 27�.
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The elastic constant defining the sound velocity for this type
of acoustic sound waves is C66. On the other hand, sound
waves in the plane with displacement along the c axis or with
wave vectors along c involve C44. Now, because C44�C66,
we can see that sound waves producing the b /a distortion are
not the easiest to excite. For any finite wave vector, they
require a bit higher energy. However, as we will see at some
pressure the situation reverses and the C66 becomes the lower
one. It is thus of interest to check whether the pressure where
this crossing happens is in some ways related to the initiation
of the phase transition.

III. COMPUTATIONAL METHOD

A. Elastic constant calculation

First, we briefly recall how to calculate elastic constants.
The elastic energy �per unit volume� can be written as

U =
1

2
�ijcijkl�kl. �10�

In Voigt notation, this becomes a matrix equation

U =
1

2
e
C
�e�, �11�

where e1=�xx, e2=�yy, e3=�zz, e4=2�yz, e5=2�zx, and e6
=2�xy. The elastic constants follow a similar contraction of
indices rule, e.g., C12=cxxyy, C44=Cyzyz, etc. Since for a hex-
agonal material there are 5 independent elastic constants, we
can choose 5 independent strains, calculate their elastic en-
ergy per unit volume and write it in terms of the appropriate
combination of elastic constants. We will obtain 5 equations
with 5 unknowns from which the elastic constants can be
extracted. Following Wright et al.,16 we can use the follow-
ing strains and obtain the combination of elastic constants
corresponding to each of them:

e = ��,�,0,0,0,0,0� → U = �C11 + C12��2,

e = ��,�,− 2�,0,0,0� → U = �C11 + C12 − 4C13 + 2C33��2,

e = �0,0,�,0,0,0� → U =
1

2
C33�

2,

TABLE III. Bulk moduls B, its pressure derivative B� and elastic constants �in GPa� for wurtzite GaN
compared with other calculations and experimental data.

B
�GPa� B� C11 C12 C13 C33 C44 C66

Present 207 4.2 367 135 98 409 98 116

Othera 207 4.5 346 148 105 389 76 99

Otherb 202 367 135 103 405 95 116

Otherc 201 4.3 366 139 98 403 97

Expt.d 210 390 145 106 398 105 122

Expt.e 188 3.2

Expt.f 245 4.0

Expt.g 237 4.3

aDFT�LDA� calculation by Kim et al. �Ref. 28�.
bDFT�LDA� calculation by Wright �Ref. 16�.
cDFT�LDA� calculation by Łepkowski et al. �Ref. 29�.
dBrillouin scattering experiment by Polian et al. �Ref. 30�.
eSynchrotron EDXD experiment by Xia et al. �Ref. 8�.
fXAS experiment by Perlin et al. �Ref. 26�.
gXRD experiment by Ueno et al. �Ref. 31�.

TABLE IV. Bulk moduls B, its pressure derivative B� and elastic constants �in GPa� for wurtzite InN
compared with other calculations and experimental data.

B
�GPa� B� C11 C12 C13 C33 C44 C66

Present 151 4.8 232 115 96 239 52 59

Othera 147 3.4 220 120 91 249 36 50

Otherb 141 223 115 92 224 48 54

Otherc 146 3.9 229 120 95 234 49

Expt.d 125 12.7

aDFT�LDA� calculation by Kim et al. �Ref. 28�.
bDFT�LDA� calculation by Wright �Ref. 16�.
cDFT�LDA� calculation by Łepkowski et al. �Ref. 29�.
dXRD experiment by Ueno et al. �Ref. 31�.

SARASAMAK, LIMPIJUMNONG, AND LAMBRECHT PHYSICAL REVIEW B 82, 035201 �2010�

035201-4



e = �0,0,0,0,0,�� → U =
1

4
�C11 − C12��2,

e = �0,0,0,�,�,0� → U = C44�
2. �12�

Note that for the calculations under each of these strains
the internal coordinates are allowed to relax. Also, note that
in the latter two cases, the hexagonal symmetry is broken by
the distortion. Now, we want to calculate all these elastic
constants as functions of pressure. We first determine the
undistorted structure total energy as function of volume, and
from p=−�E /�V determine the pressure corresponding to
each volume. In practice, we fit the Murnaghan equation of
state to the E�V� results and invert it to obtain volume as
function of pressure.

At each pressure, and the corresponding volume, we ap-
ply the strains defined in Eq. �12� and, thus, obtain the elastic
energy and consequently the pressure dependent elastic con-
stants. Although some of these strains are volume conserv-
ing, e.g., the second and last two, the others are not and
contain a hydrostatic component. Still, we use the volume at
pressure p before applying the distortion in defining the en-
ergy per unit volume in those cases, which is sufficient be-
cause we only consider linear elasticity theory. In other
words, we make a quasiharmonic approximation.

B. Computational details

To obtain all total energies required for the calculation of
the elastic constants we use the Kohn-Sham density func-
tional theory17,18 in the local density approximation with the
Perdew-Zunger parametrization of exchange and
correlation.19 The total energies are calculated using the full-
potential linearized muffin-tin orbital method as described by
Methfessel and van Schilfgaarde.20 Well converged double
basis sets are utilized and the Brillouin zone integrations are
done using a 4�4�4 Monkhorst-Pack sampling set.21

IV. RESULTS

A. Elastic constants and sound velocities at zero pressure

First, we give our results obtained for the equilibrium
properties of the materials investigated here compared to ex-
perimental results. Table I shows the wurtzite lattice con-
stants a, c /a, internal parameter u and the volume of the unit
cell. Excellent agreement is obtained in all cases.

Tables II–VI give our results for the elastic constants at
zero pressure compared with literature values. Overall, good
agreement is obtained both with experimental and calculated
values by others. For SiC, the wurtzite phase, which is usu-
ally called 2H-SiC is difficult to grow and, therefore, no
experimental data on elastic constants of 2H-SiC are avail-

TABLE V. Bulk moduls B, its pressure derivative B� and elastic constants �in GPa� for wurtzite ZnO
compared with other calculations and experimental data.

B
�GPa� B� C11 C12 C13 C33 C44 C66

Present 162 4.0 227 133 118 232 40 47

Othera 217 117 121 225 50 50

Otherb 231 111 104 183 72 60

Expt.c 206 118 211 44.3 44.6

Expt.d 181 4.0 209.7 121.1 105.1 210.9 42.47 44.3

Expt.e 206 4.0 207 117.7 106.1 209.5 44.8 44.65

aDFT�LDA� calculation by Gopal and Spaldin �Ref. 32�; for C66 we used the value from �C11−C12� /2.
bAtomistic simulation techniques based on the shell model calculation by Zaoui and Sekkal �Ref. 33�.
cBrillouin scattering experiment Carlotti et al. �Ref. 34�.
dB and B� from Synchrotron EDXD experiment by Decremps et al. �Ref. 10�, Cij from Ultrasound measure-
ments by Bateman �Ref. 35�.
eB and B� from Synchrotron EDXD experiment by Wu et al. �Ref. 11�, Cij from Kobiakov �Ref. 36�.

TABLE VI. Bulk moduls B, its pressure derivative B� and elastic constants �in GPa� for wurtzite CdSe
compared with other calculations and experimental data.

B
�GPa� B� C11 C12 C13 C33 C44 C66

Present 60 4.6 80 47 40 92 15 17

Expt.a 74.9 46.09 39.36 84.51 13.15 14.40

Expt.b 53.3 4.0 74.1 45.2 39.3 83.6 13.17 14.45

aUltrasound measurements by Cline et al. �Ref. 37�.
bB and B� from XRD experiment by Sowa �Ref. 25�, Cij from resonance measurement by Berlincourt et al.
�Ref. 38�.
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able. However, one finds that the elastic constants for 4H and
6H SiC, two slightly different polytypes, are very close to
each other. We thus compare with the values for 6H.

The sound velocities at zero pressure extracted from these
at zero pressure are given in Tables VIII for wave vector
directions along �001� and �100�. As discussed above, the
sound velocities for wave vectors in the plane are indepen-
dent of the direction angle in the plane. For wave vectors that
are intermediate between in-plane and perpendicular to the
basal plane, the sound velocities have a well defined angular
dependence given in Eq. �6�.

B. Pressure dependent elastic constants and sound velocities

In Figs. 1 and 2, we show the pressure dependence of the
elastic constants and sound velocities, respectively. The dots
show the first principles results for the given pressures. The
lines are the second-order polynomial fit to the results. The
fitting results �quadratic equations� for the elastic constants
are shown in Table VII. We can see quite different behaviors
depending on the material and the elastic constants consid-
ered. The compressional moduli, C11 and C33 are increasing
with pressure but for most materials we see that C33 curves
downward at higher pressures. The exception is ZnO, where
it curves upward. For SiC and GaN, the shear type elastic
constant C66 initially increases but goes through a maximum
and then bends down. For InN, ZnO, and CdSe, it monotoni-

cally decreases with increasing pressure starting from zero
pressure. In ZnO, it slightly curves upward instead of down-
ward. The C44 changes from increasing with pressure in SiC,
GaN, and InN, to staying almost constant in ZnO and de-
creasing in CdSe. Since the sound velocities are directly de-
rived from these elastic constants, similar behavior is also
observed. Their behavior is, however, slightly different be-
cause the mass density involved in the sound velocity also
changes as a function of pressure. To the best of our knowl-
edge, no measurements of the sound velocities or elastic con-
stants as function of pressure are available for these materi-
als. Our calculations predict and interesting variety of
behaviors, which would be beneficial to verify experimen-
tally. The elastic constants as function of pressure were pre-
viously calculated using DFT by Łepkowski et al.29 for GaN
and InN. They extracted the linear and quadratic pressure
coefficients. Their results for the two materials are compa-
rable to ours �as shown in Fig. 1�, but we considered a larger
pressure range. For ZnO, the elastic constants as function of
pressure were previously calculated by Zaoui and Sekkal33

but using only pair potential shell model level of calcula-
tions. For CdSe, the elastic constants as a function of pres-
sure were previously studied for only the zincblende phase
by Deligoz et al.41

C. Relation to phase transition

As discussed in the introduction, it is of interest to con-
sider the pressure where C44 crosses with C66. Above this
pressure, transverse sound waves in the basal plane should
become easier to excite than sound waves related to c /a
strains. The transverse sound waves are closely related to the
symmetry breaking b /a strain leading to the phase transition,
while the sound waves related to c /a strains preserve the
hexagonal symmetry. In order to initiate the phase transition,
it might seem important to break the symmetry.

We thus consider the pressures where these two shear
elastic constants cross, or equivalently where the sound ve-
locities cross. The values are summarized in Table IX along
with the equilibrium phase transition pressure �the pressure
where the calculated enthalpies of the rocksalt and wurtzite
phases are equal� and the experimentally observed phase
transition pressures. We estimate the uncertainty on these
crossover pressures to be of the order a few GPa.

We can see that for SiC, GaN, and CdSe the cross-over
pressure is higher than the actual transition pressure, while
the equilibrium transition pressure is lower than the experi-
mental value. The latter has been previously attributed to the
existence of a barrier between the two phases at the transition
pressure. It can be considered a kinetic effect. For InN, our
calculated equilibrium transition pressure is in good agree-
ment with the experimental value while the crossover pres-
sure is higher. Note that, generally the InN crystal quality is
quite poor so the measurement of this particular material
might contain a sizable error bar. For ZnO, the calculated
crossover pressure is slightly higher than the calculated equi-
librium transition pressure. The observed experimental tran-
sition pressures of 9.1–10.5 GPa exceeds both of these val-
ues but by only �1 GPa, which is well within the
computational error bar.

TABLE VII. The second-order polynomials describing the pres-
sure dependence of selected elastic constants for SiC, GaN, InN,
ZnO, and CdSe. The polynomials were obtained from a fit to the
calculated results at discrete pressures. The pressure, P, is in GPa
and the ranges used for the fit are shown in the last column.

Elastic constant
�GPa�

P range
�GPa�

SiC C11=542+4.79P−0.0140P2 0–150

C33=586+8.02P−0.0262P2

C44=163+0.91P−0.0015P2

C66=213+0.83P−0.0038P2

GaN C11=369+3.74P−0.0135P2 0–100

C33=405+4.54P−0.0083P2

C44=98+0.58P−0.0023P2

C66=117+0.48P−0.0052P2

InN C11=232+3.86P−0.017P2 0–40

C33=240+4.72P−0.036P2

C44=52+0.24P−0.001P2

C66=58−0.08P−0.005P2

ZnO C11=227+1.62P+0.073P2 0–16

C33=232+1.16P+0.165P2

C44=40+0.03P−0.005P2

C66=47−0.86P+0.006P2

CdSe C11=81+3.53P−0.075P2 0–10

C33=91+5.49P−0.197P2

C44=15+0.05P−0.026P2

C66=17+0.11P−0.111P2
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As discussed before by Limpijumnong and Jungthawan,42

for more ionic or softer tetrahedral semiconductors, the cal-
culated transition pressures are close to the experimental
ones, while for the stiffer ones, the calculated equilibrium
transition pressures are significantly underestimated. The un-
derestimation of the calculated transition pressure was attrib-
uted to the kinetic barrier in the actual transition. Here, we
observe some relationship between the crossover pressure
and the transition pressure. We find that the crossover pres-
sure might serve as an upper limit of the transition pressure.
In addition, we propose that in combination with the calcu-
lated equilibrium transition pressure it can be used to im-
prove the prediction of the actual transition pressure, as will
be described later. This observation is especially useful for
the stiffer materials, for e.g., SiC and GaN in our present
study, where the calculated transition pressure is significantly
underestimated.

Above the crossover pressure, the transverse sound waves
associated with C66 turn easier to excite than sound waves
associated with C44. However, even before the C66 and C44
cross, one may expect that as they approach each other it
already become probable to excite the transverse acoustic
waves at finite temperature and ultimately initiate the transi-
tion. Note that in this model, we consider the excitation of
such modes as the triggering effect. Once the system starts
exhibiting a strain of this type, the c /a distortion follows it
through the anharmonic interactions between these two types
of modes. This then leads the system toward the barrier tran-
sition point which separates the wurtzite from the rocksalt

valley as can be seen from the energy landscapes given in
Sarasamak et al.3 Note that the excitation energy of the pho-
non with the wavelength of about 1 nm can be estimated
from �=vk�10–20 meV, which is comparable to the
thermal energy at room temperature. This means that within
a nucleation region of about 1 nm the homogeneous trans-
formation might be triggered already at room temperature
and serves as a nucleus of the new phase.

From Table IX, it is clear that the calculated equilibrium
transition pressure pt generally underestimates the experi-
mentally observed pressure pu by about as much percentage
wise as the crossover pressure overestimates it. Therefore,
we propose that a good and simple approximation to the
experimental pressure would be �pt+ pc� /2. Our calculated
values of �pt+ pc� /2 are tabulated in Table IX and are very
close the experimental values for SiC and GaN. As a further
test that this gives a useful estimate in particular for cases
where there is evidence of a significant transition kinetic bar-
rier, we consider AlN. Based, on the data of Łepkowski et
al.29 for the pressure-dependent elastic constants, we obtain
the crossover pressure to be 39.6 GPa. The calculated equi-
librium transition pressure by Serrano et al.43 is 9.2 GPa.
This gives as estimate for the actual transition pressure �pt
+ pc� /2=24.4 GPa. The experimental value by Ueno et al.44

is 22.9 GPa.
Note that the correlation found here between the sound

wave excitations of a particular symmetry and the transition
pressures is suggestive but not a complete proof of their roles
in the actual transition processes. The actual transition re-

TABLE VIII. Sound velocities �in km/s� at zero pressure for SiC, GaN, InN, ZnO, and CdSe calculated

from the elastic constants. k̂ is the wave vector and n is the polarization. The Phillips ionicity parameters �f i�
are also listed.

f i

k̂→ �100� �001�

n→ �100� �001� �010� �001� �100�

SiC 0.177 Present 12.8 7.0 8.0 13.4 7.0

Othera 12.5 7.1 7.8 13.1 7.1

Expt.b 12.21 7.69

Expt.c 13.27 7.24

GaN 0.500 Present 7.67 3.96 4.32 8.10 3.96

Otherd 8.0 4.1 6.3 8.0 4.1

InN 0.578 Present 5.76 2.73 2.89 5.84 2.73

Otherd 5.3 1.2 2.5 5.2 1.2

ZnO 0.616 Present 6.23 2.61 2.83 6.30 2.61

Othere 6.08 2.92 2.92 6.19 2.92

Expt.f 6.08 2.73 2.79 6.10 2.73

CdSe 0.699 Present 3.76 1.62 1.71 4.02 1.62

Expt.g 3.63 1.52 1.59 3.86 1.52

aCalculated from elastic constants by Kamitani et al. �Ref. 27�.
bUltrasound measurements by Schreiber et al. �Ref. 39�.
cRaman measurements on various polytypes, Feldman et al. �Ref. 40�.
dCalculated from elastic constants by Wright et al. �Ref. 16�.
eCalculated from elastic constants by Gopal and Spaldin �Ref. 32�.
fUltrasound measurements by Bateman �Ref. 35�.
gUltrasound measurements by Cline et al. �Ref. 37�.
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quires the occurrence of both in-plane and perpendicular to
the plane types of strain to reach the transition barrier. The
transition barrier height42 and the overall enthalpy landscape3

therefore play a significant role in the phase transformation
process.

D. Trends with ionicity

Because we have systematically calculated several wurtz-
ite crystals, i.e., SiC, GaN, InN, ZnO, and CdSe, that
spanned a wide range of ionicity, we can study the trend of
the elastic constants and sound velocities with the material’s
ionicity. To quantify the ionicity of these materials, we
choose to use Phillips’ ionic scale45 �f i� which has the range
between 0 �completely covalent� and 1 �completely ionic�.
This scale is based on optical properties of the semiconduc-
tors and has been shown in the past to be related to the
preference for octahedral and tetrahedral bonding and the
transition pressures.46,47 The values of f i for the materials
studied are listed in Table VIII. In Fig. 3�a�, we plotted the
elastic constants as a function of f i at zero pressure. We can
see that all four elastic constants monotonically decrease as
f i increases. The same holds true at finite pressures. For the
sound velocity, the general trend also follows that of the
elastic constant because the sound velocity is proportional to
the square root of the corresponding elastic constant as

shown in Eq. �4� and �5�. In Fig. 3�b�, the sound velocities
are shown as a function of f i. We note that in both the LA
sound velocities and compressional elastic constants, InN
dips a bit below the trend lines. This may be indicative of the

TABLE IX. Crossover pressure pc where C44=C66, calculated
equilibrium phase transition pressure pt �taken from Ref. 3, except
for AlN� and experimental transition pressures pu for wurtzite-to-
rocksalt transition, all in GPa, for SiC, GaN, AlN, InN, ZnO, and
CdSe.

pc pt �pt+ pc� /2 pu

SiC 131.1 64.9 98.0 100a

GaN 65.5 44.1 54.8 52.2b

AlN 39.6c 9.2d 24.4 22.9e

InN 15.7 12.2 13.9 12.1b

ZnO 8.8 8.2 8.4 9.1f, 10.5g

CdSe 5.2 2.2 3.7 4.0h

aXRD experiment by Yoshida et al. �Ref. 50�.
bXRD experiment by Ueno et al. �Ref. 31�.
cCalculated here from data of Łepkowski et al. �Ref. 29�.
dFrom Serrano et al. �Ref. 43�.
eFrom Ueno et al. �Ref. 44�.
fSynchrotron XRD experiment by Desgreniers �Ref. 9�.
gSynchrotron EDXD experiment by Kumar et al. �Ref. 51�.
hSynchrotron XRD experiment by Wang et al. �Ref. 52�.
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fact that the ionicity of InN is underestimated by the Phillips
scale. InN has a larger ionicity in the Garcia scale.48 The
ionicities of the III-nitrides were discussed in Ref. 49

V. CONCLUSIONS

We presented the calculated elastic constants and sound
velocities in wurtzite SiC, GaN, InN, ZnO, and CdSe as

functions of pressure. We found interesting nonlinear behav-
ior of the elastic constants and sound velocities with pressure
that is quite different in the different materials. We also
showed that the elastic constants are lower in materials with
higher ionicity. Generally, the sound velocities follow the
same trend as the elastic constants, i.e., lower in materials
with higher ionicity. The pressure at which the C44 and C66
shear elastic constants cross are investigated. When C66 be-
comes lower, it should be easier to excite the symmetry
breaking strain mode related to the wurtzite-to-rocksalt phase
transition. We found that the crossover pressure is generally
higher than the experimental transition pressure and ex-
plained it by the fact that finite temperature fluctuations
make it possible to excite the required modes even before the
two sound velocities cross. We proposed the average of the
crossover and calculated equilibrium transition pressures to
be a good estimate for the experimental transition pressure in
cases where there is a significant transition enthalpy barrier.
The results suggest that the in-plane transverse sound waves
could play a significant role in triggering the phase transi-
tion. Of course, the details near the transition point, the
height of the barrier, and the coupling of the in and out of
plane acoustic modes, which are both required to reach the
transition point, are also important for the transition to take
place.
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