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Abstract

Ground state lattice vibrational properties of wurtzite-BeO are reported using an ab initio
plane-wave pseudopotential method. The ab initio results for the phonon dispersion relations
are in good agreement with the available experimental data. The only discrepancy observed
between experiment and present data for the longitudinal optic frequency at the centre of the

Brillouin zone for a displacement along the symmetry axis is expected to be due to the indirect
measurement of that mode in the experiment. The dielectric constant, the Born effective charges
and the elastic constants for the compound are computed from the lattice dynamics. All of them
agree well with the experimental results. The elastic constants calculated using the phonon
spectra agree reasonably well with the results from other first-principles calculations. The good

agreement of the quantities calculated, with the experimental results pave the way for future
studies on the contribution of lattice vibrations to the pressure-induced phase transition in this
compound. We try to understand the features of the phonon spectra from the
component-projected phonon densities of states and by analysing the contributions of each atom
type towards each normal mode. We find that the phonon spectra of BeO contains features
common to some of the members with the same crystal structure as well as to some of the

members in the same alkaline earth oxide group.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The presence of oxygen in different compounds has always
attracted the attention of the scientific community due to the
significantly high chemical reactivity of the oxygen with its
surroundings. Alkaline earth oxides are an important class of
oxides as they are fundamental materials for industrial research
and are comparatively simple in their structure. They act as
the prototype to other ionic oxides and are widely used as
precursors for processing a large variety of materials in the
chemical industry. BeO, one member of this class, which is
alow-Z oxide and the lightest II-VI compound, is of particular
importance because of its high thermal and low electrical
conductivity. Unlike the other members of its class (MgO,
CaO, SrO and BaO) all having cubic symmetry, BeO has
hexagonal symmetry. At ambient pressure and temperature
BeO crystallizes in the wurtzite structure and belongs to the
space group Cgy (P63mc) with two formula units per unit cell
and with all atoms occupying Csy sites [1]. The structure is
illustrated in figure 1.
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Figure 1. The perspective view of a BeO crystal illustrated along
[100] direction. The larger balls are for oxygen, smaller ones are for
beryllium. The unit cell and the Wigner-Seitz cell are also shown in
the figure.

There is a lot of controversy regarding the temperature
and pressure where BeO undergoes structural transforma-
tions [2—6]. In all these calculations, the role of vibrational
contributions towards the phase transformation has been

© 2008 IOP Publishing Ltd  Printed in the UK


http://dx.doi.org/10.1088/0953-8984/20/39/395201
mailto:munimab@gmail.com
mailto:munima@alumni.iitg.ernet.in
http://stacks.iop.org/JPhysCM/20/395201

J. Phys.: Condens. Matter 20 (2008) 395201

M B Sahariah and S Ghosh

neglected altogether, whereas it is known to play a signif-
icant role. The contribution towards the entropy from the
vibrational part can lower the free energy, stabilizing one phase
over the other at a given temperature and pressure. Therefore,
the controversy related to the correct pressure and temperature
ranges for the structural transformation and the underlying
mechanism can be resolved by explicit consideration of
vibrational contributions. Reliable and accurate information
on the lattice dynamics or the vibrational properties can
be obtained from ab initio electronic structure calculations.
Thermodynamic properties like specific heat, heat transport
etc are closely related to the atomic vibrations in the crystal
and can be derived from the dispersion relations. The phonon
dispersion relation also helps in understanding the phonon
density of states, which in turn can be related to the reaction
kinetics of a system. Even though wurtzite crystals exhibit
one of the simplest structures, and therefore form an important
class of materials, very few attempts have been made to
completely understand the full phonon dispersion relation of
BeO in the ground state. No ab initio calculation has yet
been done to study the ground state lattice dynamics of this
material. Several theoretical groups [7, 8] have made only
preliminary calculations, either from lattice potential or from
the valence force field, to obtain the dispersion relation in BeO.
The picture is also not encouraging from the experimental
point of view. The first set of neutron scattering data was
given by Brugger er al [9] for a few modes of the spectra
along two symmetry directions. However, later it was found
that the low lying optical branches reported in this work are
actually the result of some multiphonon process [8]. The
later work [8] reported some new branches along the same
symmetry directions and also mapped the whole spectra with
these data and the existing Raman scattering data for optical
frequencies at I" from Loh [10].

As a preparatory work towards studying the lattice
dynamics of BeO under pressure and temperature, here we
present the vibrational properties of BeO in its ground state
using the ab initio density functional perturbation theory. The
paper is organized as follows: sections 2 and 3 describe the
theoretical background and computational details. Section 4.1
describes the results of USPP generation for the Be atom and
in section 4.2 we present the equilibrium lattice parameters
from the ab initio calculations. Section 4.3 shows the complete
phonon spectra along with the partial phonon density of
states. Here we also present a mode by mode analysis of
the contribution from both the atom types to the phonon
frequencies along several symmetry directions. Here we also
compare our ab initio data with the available experimental data.
In section 4.4 LO-TO splitting of the optical vibrational modes
associated with the macroscopic electric field are discussed.
Finally we compute the elastic constants of wurtzite—BeO to
test the accuracy of interatomic forces calculated by the present
method in section 4.5. Conclusions and future directions are
provided in section 5.

2. Theoretical background

The electronic structure and lattice dynamics of beryllium
oxide are calculated using density functional perturbation

theory (DFPT) [11, 12]. DFPT is a density functional
theory [13-15] based on a linear response method capable
of computing the electronic structure as well as responses
to phonon excitations at any arbitrary wavevector. It is a
very flexible and powerful technique for calculating the lattice
vibrational properties which depend on the system response
to perturbations in the form of displacements. The lattice
distortion corresponding to a given phonon excitation can be
considered as a static perturbation acting on the electrons of the
crystal. In DFPT, the linear density response of the system to
this perturbation is calculated self-consistently via the solution
of a set of equations which involve only quantities related to
the unperturbed crystal with the atoms in their undisplaced
configuration. Unlike the conventional frozen phonon method,
DFPT has no restriction to high symmetry points and phonon
frequencies can be calculated at an arbitrary wavelength. In
ionic materials, the displacements of charges creates dipoles
which produce a macroscopic electric field in the limit of
zero wavevector. These are responsible for a splitting of
the frequencies of the optical vibrational modes parallel and
perpendicular to the electric field, more commonly known as
the LO-TO splitting. The linear response method provides
a natural way of dealing with the LO-TO splitting in these
materials.

One efficient way to test the accuracy of the interatomic
forces and the phonons is to compute the elastic constants
of the system. Elastic constants can be obtained from
the slopes of the acoustic phonon branches in the long
wavelength limit. All the six different elastic coefficients
typical of hexagonal symmetry were calculated, out of which
only five were independent. This requires acoustic phonon
branches propagating in two different directions, one along the
symmetry axis and the other perpendicular to it.

DFPT has been implemented in the framework of plane-
wave pseudopotential theory and linearized Muffin-tin orbital
theory. Here, we have used the former framework which is
easily implementable and more tractable.

3. Computational details

First-principles Quantum-Espresso code [16] which imple-
ments DFPT within a plane-wave-pseudopotential framework
has been used to calculate the lattice dynamics of BeO. Ul-
trasoft pseudopotentials [17, 18] generated using Vanderbilt’s
scheme [19] were used. Non-linear core corrections [20] were
implemented in the generation of the pseudopotential. The Be
pseudopotential was generated by us and the oxygen pseudopo-
tential was used from the Quantum-Espresso database [21].
PW-91 [22] functionals were used for the exchange—correlation
part of the potential. The kinetic energy cutoff was taken to be
45 Ryd. The Brillouin zone integration was performed over
a Monkhorst—Pack [23] 8 x 8 x 5 mesh. These parameters
converged the phonon frequencies to within 1%. Only at the
I and A point, the frequencies converged at a higher k-mesh
of 14 x 14 x 9. The dynamical matrices were calculated
on a mesh of 6 x 6 x 4 g-points in the irreducible Brillouin
zone, which resulted in 47 g-points. Real-space force constants
were obtained by Fourier transform. The dispersion curves
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Figure 2. Phonon dispersion relations along various symmetry directions in the first Brillouin zone for wurtzite—BeO. The rightmost plot is

for the phonon density of states.

Table 1. Valence s and p levels, the total energies for ground and
excited states for AE and pseudopotential case. Units are in Ryd.

State AE Pseudo Diff.

20 ey S 0414379 0414379 00
SPEUeL) 0150829 0.150829 0.0

. s 0455359  0.454933  0.000426
sp p 0.188283 0.188283 0.000113

o s 1.008715 1.008455 0.000260
SP p 0.720187 0.720477  0.000290

were calculated by diagonalizing the dynamical matrix and the
densities of states were calculated by Eyvaz Esaev’s code.

4. Results and discussions

4.1. Ultrasoft pseudopotential for Be

The Ultrasoft pseudopotential for Be was generated using
Vanderbilt’s scheme. The pseudopotential was generated in
the ground 1s?2s? configuration. Both s and p orbitals were
treated as valence ones. The cutoff radius r. for both the
orbitals were set at 1.5 au. To improve the transferability
of the pseudopotential, we also included contributions from
excited states. In table 1 we show the valence s and p levels
for various states with their total energies for all-electron and
pseudopotential cases. The minimum difference between all-
electron and pseudopotential eigenvalues was less than 1 mRyd
which suggests the reliability of the pseudopotential.

4.2. Ground state properties

For the wurtzite structure, the ground state is obtained
by minimizing the total energy with respect to the lattice
parameters a, ¢/a and internal parameter u. The equilibrium
values for all these parameters are listed in table 2. Comparison

Table 2. Equilibrium lattice parameters for BeO in au.

a cla u
Theor. 5.10 1.637 0.377
Exptl. 5.12 1.620 0.378

with the experimental values [24, 25] suggest that the
agreement is pretty good (maximum deviation is 1% for c¢/a).

4.3. Phonon dispersion

Waurtzite-BeO has two formula units per unit cell. Therefore,
there are twelve phonon modes for a given wavevector.
According to the group theory analysis at the I'-point,
the optical and acoustic phonons belong to the following
irreducible representations [26].

Topt = A1(Z) + 2B +2E (X, Y) + 2E,
I =A1(Z2) +Ei(X,Y).

Here optical phonons belonging to A, E; and E, modes are
Raman active. Out of these A; and E; modes are also infrared
active. Phonons belonging to B modes are silent. A; and E;
mode phonons are the polar phonons and split into LO and TO
modes.

The phonon dispersion relations of BeO along several
symmetry directions are calculated and the results are shown in
figure 2. Different linestyles have been used to show different
representations. The rightmost plot of the figure shows the
one-phonon DOS and the projected DOS corresponding to
beryllium and oxygen displacements. In figure 3 we show the
phonon density of state plots separately. For this particular
crystal structure, the I' and M points are symmetry critical
points [27]. The slight discontinuity of some phonon modes at
I" and M point is attributed to the difference in LO-TO splitting
when there is a change in direction of the phonon propagation.
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Figure 3. The plots for phonon density of states. The solid curves
represent the total DOS, whereas the - - - -and - - - - - - curves display
the projected DOS corresponding to beryllium and oxygen
displacements, respectively.

This does not occur at other symmetry points as can be seen
from the figure. We list interpolated phonon frequencies at
several high symmetry points in table 3.

The density of states plot in figure 3 shows that the
phonon states are densely populated in the region around 18—
21 THz. This behaviour can also be seen in CaO [28]. The
fact that a gap appears in the phonon dispersion is shared
by other materials like ZnO, GaN etc [29, 27] having the
same structure and the same space group. However the other
members of the alkaline earth oxides group (MgO, CaO, SrO)
having a rocksalt phase do not show such a gap in their
dispersion relation [28]. The gap in the phonon DOS basically
separates beryllium dominated vibrations from mixed oxygen
and beryllium vibrations.

Experimental measurements of phonon dispersions are
available for a few modes and along two directions only [9, 8].
In figure 4 we plot the dispersion relation along [0110] and
[0001] directions to explicitly show the agreement with the
experimental data from neutron inelastic scattering available
along these directions [8]. We can see from the figure that
the neutron scattering data has good agreement with our ab
initio ones. In the figure we also show the first order Raman
scattering data from Arguello et al [30] in the [0110] plot and
that from Loh [10] in the [0001] plot for the optic modes at
the centre of the Brillouin zone. The discrepancy between the
experimental and theoretical phonon frequencies at I" for some
higher modes is discussed in section 4.4.

A complete analysis of the contributions from beryllium
and oxygen sublattices to all the 12 modes of the phonon
spectra are shown in figure 5 by plotting the squared vibrational
amplitudes along various branches. We can see from the
figure that at higher modes (above the gap) there is a complete
splitting of contributions amongst the two sublattices. The
average contribution from the beryllium sublattice is about
85%. This is as expected because beryllium is lighter than
oxygen. At lower modes it is the oxygen which contributes
more. For modes which lie in between, there are mixed
contributions. For all three acoustic modes both oxygen and

Table 3. Phonon frequencies at some high symmetry points.
Frequencies are in units of THz.

Symmetry Symmetry Symmetry
point Freq. point Freq. point Freq.
0.00 10.61 12.09
0.00 11.29 12.14
0.00 15.10 15.93
9.68 16.29 16.85
9.71 18.25 17.66
19.61 18.61 18.44
r 1963 K 1941 M 19.47
19.97 19.86 19.92
20.52 20.28 20.30
21.12 20.80 21.12
25.72 23.50 23.30
32.14 27.69 26.68
6.79 11.48 11.44
6.82 11.61 11.49
6.83 13.42 15.19
6.85 13.48 15.25
13.05 18.66 18.92
13.09 18.70 18.97
A 2033 H 1983 1930
20.39 19.92 19.37
20.61 20.47 20.94
20.67 20.53 20.99
29.43 27.04 26.18
29.45 27.10 26.21

beryllium contribute equally (50% each) at the centre of the
Brillouin zone (I" point).

4.4. LO-TO splitting at the centre of the Brillouin zone
(I'-point) in BeO

Figure 6 shows the atomic displacement patterns for both
E; and A; branches split into LO and TO modes. For the
E, branch, atoms in the same sublattice vibrate in the same
direction while each sublattice vibrates in a direction opposite
to the other. The vibrations are in planes perpendicular to
the symmetry axis. For the A; type of vibrations, atoms
vibrate along the symmetry axis with each atom of a sublattice
vibrating opposite to each other. For each mode we show the
corresponding frequencies and compare them with the Raman
and infrared scattering data.

The results show that except for the A, mode, where the
ab initio value differs by about 25% from the experimental one,
all the other three modes have very good agreement with the
experimental ones (within 3%). This large difference in the
frequencies of the AL phonon could be due to the indirect
observation of this phonon in the experiment. The direct
observation of the A; longitudinal phonon requires a 45° cut
crystal and the samples used in the experiments were not large
enough for that. So, in that case, the A; longitudinal peak
was observed [10] from the unanalysed right angle Raman
spectrum and in another case [30] from back scattering and
forward scattering diagrams. On the other hand our ab initio
value for the A1, phonon mode (25.72 THz) is close to the one
estimated from the beryllium oxide dispersion relation worked
out by Ostheller (23.09 THz) [8].
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Figure 4. Dispersion plots along [0110] and [0001] to explicitly show the experimental data. The A are for acoustic modes while the ® are

for optic ones from the neutron scattering data. The stars are from the Raman scattering data.
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Figure 5. Squared vibrational amplitudes along some high symmetry directions to show the contribution from both the sublattices to various
phonon modes. The solid lines are for beryllium and dashed ones for oxygen.

In several other insulators like ZnO, GaAs etc the DFPT
and polarization method both based on DFT is found to
deviate (mostly overestimate) from the experimental value of
electronic dielectric constant £+, [31]. In our calculations,
the average value of &5 (3.07) for BeO is also found to
overestimate the experimental value (2.99) by about 2.6% [32].
However the DFPT value from this work is found to have
better agreement with the experimental value as compared to
the polarization method (e = 3.15) [31]. As for the effective

charges the present ab initio calculation gives the effective
charge for beryllium and oxygen to be Zj, 1.82¢ and

& = —1.84e in close agreement with the experimental value
of |Z*| = 1.85¢ [32].

4.5. Elastic constants

The distinct elastic constants for the wurtzite structure are
Ci1, Cia, Cy3, Cs3, Cyq and Cgg out of which only the first
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five are independent. Cgg can be derived from C;; and Ci;
for systems with hexagonal symmetry. We use the following
relations derived for hexagonal symmetry [33] to compute the
various elastic constants from the slopes of the transverse and
longitudinal acoustic branches for phonons propagating along
I'—A and I'-M in the long wavelength limit.

Along I'-A i.e. phonons propagating along the symmetry
axis,

Cs3 = p(vp)?

Cas = p(vp)*.
Along I'-M i.e. phonons propagating in the basal plane
Cii = p(v)?
Ces = 3(C11 — C2) = p (v11)*
Cus = p(vr2)™.

Here p is the mass density and v’s are the sound velocities
i.e. slopes of acoustic branches. In systems where the
equilibrium value of c/a is close to the ideal value +/(8/3),
we have Ci3 + C33 & Cy; + Cy, [34] and in such a situation
the hexagonal bulk modulus takes the form

__2Ci3+Cs3
—

B

Table 4. Elastic constants (in GPa) calculated from the phonon
dispersion relation. The bulk modulus B (GPa) is calculated from the
elastic constants.

Method C] 1 C12 C13 C33 C44 C(,(, B

Phonon dispersion® 424.7 125.3 75.8 474.2 159.4 149.7 206.8
USP-GGA® 439.1 105.0 72.0 463.0 142.1 167.0 204.0
Ultrasonic® 461.0 126.5 88.5 491.6 147.7 167.0 224.0
Ultrasonic? 470.0 168.0 119.0 494.0 153.0 152.0 244.0
Debye—Waller® 468.0 130.0 120.0 497.0 148.0 169.0 240.0
Debye-Waller 460.0 125.0 82.0 490.0 145.0 167.0 222.0

% This work.

b Ultrasoft pseudopotential based on GGA [35].

¢ Experiment with ultrasonic wave [36].

4 Experiment with ultrasonic wave [37].

¢ X-ray Debye—Waller factor (extrapolated to 0 K) [38].

f X-ray Debye—Waller factor (data at room temperature) [38].

Since the equilibrium value of ¢/a in our system is 1.637,
which is very close to the ideal value, we use the above
approximations to compute C;3 and B.

The results are shown in table 4. Here we compare
our results with some available data from both theory and
experiment. We see that the diagonal elements C;; and Cs3
and off-diagonal element C;; along with the bulk modulus
from our USPP-GGA calculations have pretty good agreement
(a maximum deviation of 5%) with the earlier USPP-GGA
results [35]. The other elements have higher deviations ranging
from 10% to 19%. This difference between the present USPP-
GGA results and the earlier ones can be attributed, firstly to
the difference in exchange correlation functionals used, and
secondly to the approaches in calculating them. We have
used the exchange correlation functional PW91 while the
earlier work was done with PBE functional. On the other
hand the existing results were derived from the stress—strain
relationship by optimizing one against the other, while we have
derived them entirely using the dispersion relations for the
acoustic modes. As for the experimental results, they are pretty
scattered amongst themselves for some coefficients and this
therefore raises the question of reliability. However on average
we have some 4.5%—14% deviations from the experimental
values. Cj, which had maximum deviation from the existing
USPP-GGA result has excellent agreement with some of the
experimental values (within 1%).

Therefore, our calculated elastic constants have rea-
sonably good agreement with the existing theoretical and
experimental results, implying the accuracy of our phonon
calculations. This accuracy is desirable when one attempts
to precisely find out the transition pressure where the system
phase transforms structurally. As we had mentioned in the
introduction, there is a controversy regarding the correct range
of pressure where the structural transformation takes place in
this compound. To resolve the issue of the discrepancy regard-
ing the pressure range where the structural transition in this
material takes place by investigating the role of vibrational con-
tributions it is necessary that the phonons calculated under am-
bient conditions are accurate enough. Elastic constants are the
ideal candidates to confirm this accuracy test as they are quite
sensitive to any deformation.
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5. Conclusions

From the present work, we draw the following conclusions
regarding our results as well as the analysis of the underlying
mechanism. Firstly the present ab initio results for the phonon
dispersion relation in the ground state has very good agreement
with the available INS data. However the frequency for the
AL mode at the I"-point has substantial disagreement with the
Raman scattering data. But again our value is close to the
one estimated from the projected beryllium oxide dispersion
relation. Therefore a careful probing of the higher modes, both
from theory as well as from experiment, is required. Secondly
it has been noticed that in BeO, the split band behaviour in
the phonon DOS is typical of the particular space group to
which it belongs, while the feature that there exists a peak
goes with some materials from the same oxide family. This
means that in BeO the phonon dispersion and hence the phonon
density of states characterizes the structural symmetry as well
as the electronic configuration of the system. A mode by mode
analysis of the contributions to the normal modes by various
atoms has helped us to figure out that the modes around which
the peak appears in the phonon DOS has fluctuating amplitudes
of vibration across the Brillouin zone both from Be and O.
Finally in order to test the accuracy of our phonon calculations
we have computed the elastic constants of BeO from the slopes
of acoustic modes and found that our values have reasonably
good agreement with the available theoretical and experimental
data. Since the long term motivation of this work is to study
the pressure-induced phase transition in this oxide, the study of
elastic constants from phonons is of particular importance. It
will help us to understand the softening of elastic modes near
the transition point at a particular pressure.

As to conclude, this complete understanding of the
features in the phonon spectrum in the ground state and the
derived properties would help us in doing calculations at
elevated pressures to estimate the vibrational contributions and
to understand the microscopic mechanism of phase stability in
wurtzite—BeO.
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