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Using the density-functional theory within the Full Potential Linear Augmented Plane-
Wave (FP-LAPW) method, we have calculated, in this work, the equation of state, the
effective charges and the phonon dispersion along [100] and [111] directions for the cubic
ITI-Nitrides(c-BN, c-AIN, c-GaN and c-InN), including hydrostatic strains dependence. A
good agreement with the micro-Raman scattering experiment is obtained for the phonon
modes at I'. Our results show that, for c-InN case, the apparent discrepancy between the
known experimental results is a consequence of hydrostatic effects on the sample due to

differences of the used Raman methods.

I Introduction

The group II-nitrides(AIN, GaN, InN) and the cor-
responding alloys have attracted great interest due
to their successful applications in the electronic and
optoelectronic device technology [1]. Unfortunately,
the amount of theoretical knowledge on cubic III-
Nitrides(c-ITIN) is limited to a handful of works [2-
8] and, particularly, the experimental data on phonon
spectra and vibrational properties are rather scarce:
only Raman scattering measurements were reported [9-
11], which deals with the zone-center modes. So, the
knowledge of the whole spectra remains restricted, prin-
cipally, to the theoretical calculations.

Due to the lack of lattice-matched substrates, the
c-ITIN samples are affected by the high density of de-
fects and strain present in the films and it is therefore
unclear how well these data represent the true bulk val-
ues. In the c-InN case, for instance, it is interesting to
note that, despite the fact that only two different Ra-
man spectra [10,11] were reported, both were recorded
on the same sample and their results agree only for the
longitudinal mode at I'. Following Ref. 11, the sup-
posed wrong assignment for the TO(T") mode is proba-
bly due to the similarity of the nonresonant spectra of
Ref. 10 to the second-order spectra of InAs.

In the present work, we report our preliminary re-
sults for the lattice dynamics of c¢-IIIN, including hydro-

static strains, to supply the missing information on the
vibrational properties of these compounds. The phonon
frequencies at [100] and [111] directions were obtained
within the planar force-constant model [12,13]: it con-
sists in selecting one direction of the wavevector k and
in representing the lattice vibrations as the motion
of rigid planes of atoms perpendicular to k and con-
nected by inter-planar forces. In order to determine
these force constants, we have done supercell calcula-
tions using the density functional theory within the lo-
cal density approximation and the full-potential linear
augmented-plane-wave method(FP-LAPW) [14]. For
the electron-gas exchange-correlation term, we have
used the Ceperley-Alder data [15]. In the FP-LAPW
method, the muffin-tin radii used were 1.90 a.u.(for
InN), 1.70 a.u.(for GaN), 1.55 a.u.(for AIN), and 1.29
a.u.(for BN) and the self-consistent total energy was
converged to 10angular momentum was £ = 10 for the
wave function inside the spheres and ¢ = 4 for the com-
putational of non-muffin-tin elements. The Ga-3d and
In-4d electron states were treated explicity as part of
the valence band states in order to take into account the
hybridizations between Ga-3d, In-4d and N-2s states.
The forces on atoms in the out-of-equilibrium situa-
tions are calculated using the Hellmann-Feynman the-
orem [16].
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IT Equilibrium Properties

Before to proceed the supercell calculations, we have
evaluated the total energy for various values of the
lattice constant in order to have a good descrip-
tion of the equilibrium properties for c-IIIN. The re-
sults were fitted by the Murnaghan equation of state.
We have, then, obtained ap = 3.585(c-BN), 4.346(c-
AIN), 4.465(c-GaN), 4.976(c-InN) A, By = 4.01(c-BN),
2.11(c-AIN), 2.02(c-GaN), 1.48(c-InN) Mbar and B’y =
3.5(c-BN), 3.7(c-AIN), 5.5(c-GaN), 4.1(c-InN). Our re-
sults for the lattice constant, Bulk modulus and its pres-
sure derivative are in good agreement with the avail-
able experimental results(within ~ 5%) [2,10], as well
as with previous calculations [3-8].

IIT Planar Force Constants

In order to determine the force constants ab initio, we
proceed in the same way as described in Ref. 12 and
Ref. 13. To describe the phonon dispersion at the [100]
direction, we used supercells which were four and six
times the volume of the elementary cell of c-ITIN, con-
taining eight and twelve atoms, respectively. For the
[111] direction, in the similar way, we have used super-
cells which was three and six times the elementary cell
of c-ITIN, containing, then, six and twelve atoms.

To obtain the force constants which describe the
phonon dispersion along I' to X direction, we displace
an entire plane of atoms(plane n=0) in the [100] di-
rection(for the longitudinal modes(LM)) or in the [011]
direction(for the transversal modes(TM)). For T" to L
direction, with the [111] supercell, such displacement
was in the [111] direction for the LM and in the [11-2]
direction for the TM. To avoid anharmonicity effects,
we have done five displacements (0, +u, £2u) in each
planar force calculation for c-IIIN at the theoretical
equilibrium lattice constant, as described in the Ref.
17.

The obtained phonon frequencies are summarized
in Table I, compared with the experimental data ob-
tained by Raman measurements. The overall agree-
ment is good(~ 10%). With relation to others calcu-
lations [7,8], our obtained results also compare well.
Other parameters and further details of our calcula-
tions, including the convergence with the sampling of
the Brillouin zone[18], will come up soon in another
publication.

IV Hydrostatic Strains

In Fig. 1, the calculated dependence of the TO(T)
mode with the applied hydrostatic strains is shown for
the c-InN case. Here, we have considered only out-
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ward strains because it is directly related to the ex-
perimental growth conditions of the used sample[10]: a
thin film of c-InN(ag = 4.98 A) deposited over a buffer
layer of InAs(ag = 6.06 A), which is over a substrate
of GaAs(001)(ag = 5.65 A). Indeed, in these condi-
tions, the lattice mismatch between the film and the
substrate(plus a buffer layer) induces outward strains
on c-InN. Moreover, we have chosen hydrostatic strains
once that there is no experimental report about in-
duced uniaxial and/or biaxial strains during the thin
film growth. Also, we indicated, on the figure, both
Raman results for this particular mode. It is clear,
from the figure, that the frequency of the TO(T') mode
is dramatically changed with small hydrostatic strain
variation. Such variation, in our preliminary results,
showed to be linear, which should be reasonable for ap-
plied small strains [19]. However, this picture was not
observed for the LO(T") mode, which remained almost
insensitive to small strain variations in our simulations.

Because of the nature of the TO(T") mode with ap-
plied strains depicted in Fig. 1, it becomes clear that
there is no controversy among the observed experimen-
tal results. In Ref. 10, the authors have used micro-
Raman to determine the TO(T') frequency. If the sam-
ple have any small imperfection on the scanned area,
even preserving its overall symmetry(as small hydro-
static deviations like that of Fig. 1), large deviations
will be detected on the final value for the TO(T") fre-
quency, leading to possible wrong assignment for that.
We note that, between the both Raman results, we can
expect strains at order of 0.5% only. So, we can con-
clude that both experiments have detected the same
mode - the apparent discrepancy is due to differences
between the used Raman methods.

From our simulations of applied hydrostatic strains,
the evaluated Griineisen parameters y for the TO(T),
TO(X) and TA(X) modes were 1.8, 1.7 and 1.2, respec-
tively. The higher values of « for the optical modes
reflect that this band is flat along [100] direction, as
observed in other calculations [9]. Also, as observed in
our previous calculations for BP and for BN [20], the
TA(X) is a soft mode and its frequency decreases with
increasing pressure: its Griineisen parameter v has a
negative value. Complete description of our obtained
results for applied strains on the dynamical properties
of c-InN, as well as for the other III-Nitrides, will be
published soon in another publication.
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Table I. Summary of the calculated phonon frequencies(in cm™

data, extracted from Refs. 7-12.
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1) for ¢-ITIN. In the parenthesis are the experimental

LO(T) TO(T) LO(X) LAX) TOX) TAX) LO(L) LA(L) TO(L) TA(L)
BN  1153.1(1305) 1057.7(1055) 1075.5  940.1 810.7  799.9 1026.3 9293 7274 666.8
AIN 769.2(902) 665.6(655) 689.0 5794  610.8 4223 573.1 497.2  499.1 358.6
GaN  778.0(741) 566.4(555) 739.0  385.2 595.7  248.1 614.2  309.3  490.1 212.3
InN 526.0(587) 478.6(470) 5554  203.8 502.2 147.0  531.7 2171  371.0 128.8
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