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Abstract

The single crystal BSO of high quality was grown in air by Czochriaski method. We prepared one cubic shape sample of which
the crystal axes were unknown. We have confirmed the directions of crystal axes and the elastic properties in the prepared BSO
crystal by Brillouin scattering experiment. In the case of cubic symmetry crystals it is impossible to observe the conoscope image in
the polarizing microscope. Determination of crystal axes by XRD in the bulk crystal is a very tedious work. So we propose the least
squares fit method to determine the cubic crystal axes by Brillouin scattering experiment.
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1. Introduction

Bi;,Si0,,(BSO) has noncentro-symmetric sillenite
structure and belongs to the space group 123.1 This
material is very attractive for practical applications due
to its pronounced piezoelectric, electro-optic, elasto-
optic, and photoconductive properties.>~” BSO is a pie-
zoelectric semiconductor with a large band gap energy?
and is one of the most sensitive photorefractive semi-
conductors with a fast response time.® Therefore BSO is
a potential material for real-time optical information
processing, optical computing, real-time interferometry’
and image amplification.’

BSO crystal has the body center cubic structure and
the corners of the unit cell are occupied by the silicon—
oxygen tetrahedra. The unit cell contains two formula
units of Bi;»SiO,. Si atoms are positioned in the center
and at the corners of the cubic unit cell. Four oxygen
atoms are the nearest neighbours of the Si atom and
form a tetrahedron, SiOy4. The Si—O bond length is 0.165
nm, and the lattice constant of BSO is 1.0104 nm.'°

In this work, we have observed the acoustic phonons
in the BSO crystal through the sandercock type (3+3)
pass tandem Fabry—Perot interferometer. In the case of
cubic symmetry crystals it is impossible to confirm the

* Corresponding author.
E-mail address: ysyu@dongeui.ac.kr (Y.S. Yu).

0955-2219/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.

doi:10.1016/S0955-2219(03)00589-2

crystal axes through the polarizing microscope, because
the conoscope image cannot be observed. Therefore, we
applied the least squares fit method to the results of
Brillouin scattering experiments to confirm both the
directions of the crystal axes and the elastic constants in
the cubic shaped BSO crystal.

2. Theory

The relations of wave vectors and angular frequencies
among the incident light, the scattered light, and the
acoustic phonon in Brillouin inelastic light scattering
are as follows,

k=ki£§ (1)
ws =w; £ Q 2)

where the subscripts i and s represent the incident and
the scattered light, respectively. Q is the Brillouin shift
and g is a wave vector of the elastic wave. From Eq. (1)
the wave vector of the elastic wave is represented by the
following equation,'!
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q:

where A is the wavelength of the incident light in
vacuum; »; and ng are the refractive indices of the
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incident and the scattered light in the medium, respec-
tively; and 0 is the scattering angle between the incident
and the scattered light. In Brillouin scattering the scat-
tered light from the thermally excited acoustic phonons
shows a frequency shift with respect to the incident
light. The frequency shift is proportional to the phase
velocity of the acoustic wave which is usually in a
hypersonic range. The phase velocity of the acoustic
wave in the medium is given by the relation

v=—. “)
q

An analysis of the elastic wave propagation in crystals
begins with the equation of motion'?

% u;  u
P = M o )
where u is displacement and p is the density of the
material. Cjjq is the tensor components of the elastic
constants and the summation convention is always
valid.

3. Experimental

Single crystal BSO was grown from melt by the Czo-
chralski method using a RF furnace in air. The density
of BSO is 9.2 g/cm? and the refractive index is 2.615 at a
wavelength of 514.5 nm.* The spectrum of the scattered
light was analyzed by the use of a high contrast (3 + 3)-
pass tandem Fabry—Perot interferometer. The light
source was the 514.5 nm line of a single frequency Ar-
ion laser. The incident power of 100 mW was focused
into the sample by a lens of 50 mm focal length and the
scattered light was collected by the same lens in a back-
scattering geometry. The free spectral range was 50
GHz in our experiment and P-polarized light was inci-
dent by 70° with respect to the normal direction of the
sample surface. The sample was cubic shape with
dimensions 10x10x 10 mm which are not parallel to the
crystal axes. The series of Brillouin spectra are obtained
by rotating the cubic sample from 0 to 360° with respect
to the normal direction of the sample surface. A more
detailed explanations of both the sample geometry and
related formula can be also founded in the literature.'34

4. Results and discussions

An arbitrary cubic sample was prepared to confirm
the crystal axes and the elastic constants of the single
crystal BSO. Brillouin scattering experiments and the
least squares fit method were carried out. Fig. 1 shows
the Brillouin spectrum of the single crystal BSO on ¢'-
plane, where ¢’ means that the crystal axis ¢ does not
coincide with the edge of the cubic sample. In Fig. 1, the

[ e-plane 1
1 c™-plane |

INTENSITY (arb. unit)

BRILLOUIN SHIFT (GHz)

Fig. 1. Brillouin spectra of BSO about ¢’-plane.

central peak is the Rayleigh line and the ghost peaks
appear on both of the end parts which give the free
spectral range (FSR) of 50 GHz. In general there are
three acoustic components, as expected from the elastic
continum, which are one longitudinal acoustic mode (L)
and two transverse acoustic modes (T1, T2). In Fig. 1
the light is incident on the c¢’-plane with the incident
angle 70° with respect to the ¢’-axis. Fig. 1, shows that
all three of the acoustic components appear. Fig. 2(a)
and (b) shows the variations of the Brillouin peaks
which are measured from 0 to 360° at intervals of 10°
with respect to the ¢’ and a’ axes, respectively.

If the prepared cubic sample is cut along the crystal
axes, the variations of the Brillouin peaks in Fig. 2(a)
and (b) will show a fourfold symmetry with a period of
90°. However, Fig. 2(a) and (b) do not coincide with
each other, and neither does the periodicity, so the edges
of the prepared cubic sample are not parallel with the
crystal axes. Therefore, it is possible to find the crystal
axes and the elastic constants from the data in Fig. 2(a)
and (b) by using the rotational transformation and
Christoffel equation.'!

I — pv8u| = 0 ©
where

Ty = ¢ Qi 0k "
and

Clxg = Rim Rijn Rip Rig Cmnpg - ®

In the above equations prime represents rotation and
R is the rotational transformation matrix. According to
the transformation theory and the Christoffel equation
we construct the least squares fit program to obtain the
elastic constants and the crystal axes of the sample. In
Fig. 2(a) and (b) the circles are the measured values and
the lines are the results of the fit. As you can see, the
expermental values and the values fitted by the theory
are almost the same as each other. Therefore, it is
possible to find the crystal axes and the elastic constants
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Fig. 2. Brillouin shifts of the acoustic phonons according to the
propagation direction about (a) a’-plane; and (b) ¢’-plane.

Table 1
Elastic constants of BSO crystal obtained from the least squares fit
(unit: 10'°N/m?)

cr cr2 Ca4

13.43 3.06 2.64

of the sample from the least squares fit. The results of
the obtained elastic constants are shown in Table 1. The
elastic constants obtained in our work and the measured
data by the ultrasonic technique are similar. The ultra-
sonic method is applied in BSO crystals to obtain the
elastic constants by Stepanov et al.* From the view
point of the crystal axes determination, Brillouin scat-
tering is a very simple and convenient method to con-
firm the crystal axes of the cubic symmetry bulk crystal
compared with XRD method. The obtained Euler
angles are «=39.58, 8=123.62, and y=69.38° in our
sample.

From the elastic constants obtained it is possible to
construct the slowness curves of the acoustic phonons in
the BSO crystal. Fig. 3 shows the slowness curves of the
elastic waves of the single crystal BSO in the cube
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Fig. 3. Slowness curves of the acoustic phonons in the cube diagonal
face of BSO. (unit: 10~%s/m).

diagonal face. As you can see, in Fig. 3 the slowness
curves have a twofold symmetry and show degenerate
transverse modes in the directions of the crystal axes.
In this plane there are six directions of degenerate
transverse modes. The anisotropy factor for a cubic
symmetry crystal is defined as follows

2c
A=—" )
C11 — €12
and the inverse of the longitudinal wave velocity can be
written in terms of the anisotropy factor as

1

— = [p/{C11 — Cus(1 — 1/4)}]

172
Vi ’

(10)

In the case of our sample the anisotropy factor is
0.509, that is, this value is less than unity. Therefore as
you can see in Fig. 3 the quasishear slowness curve
bulges in and the quasilongitudinal slowness curve
bulges out.

5. Conclusions

BSO single crystals were grown by the Czochralski
method in air. We prepared one cubic shape sample
with unknown crystal axes in the BSO crystal. Brillouin
scattering experiments performed on two faces of the
prepared sample and the Brillouin shift data obtained
were processed by the least squares fit program. As a
result it was possible to confirm both the crystal axes
and the elastic constants of the cubic BSO crystal. It is
usually very time consuming to determine the crystal
axes in the bulk crystal by XRD, so in this paper we
propose a method using the least squares fit from
Brillouin scattering experiments. The accuracy of the
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axes determination in our study is comparable to values
obtained by XRD and the optical interference method.
Our results for the elastic constants are very similar to
the results of Stepanov’s* using the ultrasonic method.
From the elastic constants obtained the slowness and
velocity curves can be constructed, and the anisotropy
factor is determined to be 0.509.
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