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Abstract. In the present work we analyze anisotropy of the acoustic properties and
acousto-optic figure of merit (AOFM) in CdS crystals at the collinear acousto-optic
interactions. We show that the anisotropy of AW velocity is very small so that the
AOFM anisotropy is mainly caused by the anisotropy of effective elastooptic
coefficients. The obliquity angle and the angle of deviation of polarization of the
acoustic waves (AWSs) from purely longitudinal and transverse types are found. The
geometries of collinear diffraction at which the maximal AOFM values are reached
are determined. It is found that the absolute maximum, M, = 86.26x10’15s3/kg, is
peculiar for the type VIII of interactions with the AW QT; with the frequency
f=49 MHz, which is polarized along the Z axis. In this case the interaction plane is
rotated by the angle ¢,= 45 deg, and both the light and AW propagate along the X'
axis lying in the XY plane. The maximal AOFM values and the appropriate
interaction geometries are also determined for the particular case of collinear AO
diffraction at the AWs QL and QT,. These values are equal to 4.41x10™"° and
26.25x107"° s*/kg for the interactions with the AWs QL and QT,, respectively.
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1. Introduction

CdS crystals are representatives of wurtzite minerals [1] and belong to the point symmetry group
6mm [2]. These crystals are transparent at the optical wavelengths 0.52—16 um [3], i.e. in the

long-wavelength region of the visible spectral range and in a wide part of the infrared. Cadmium
sulfide is among well-known optical materials. In particular, it has been characterized from the
viewpoints of its dielectric, elastic, conductivity [4, 5], electrooptic and nonlinear optical
characteristics [6—9]. CdS can be efficiently used in integrated optical devices in their planar and
channel versions [10-12]. It is known that acousto-optic figure of merit (AOFM) for CdS is equal
to 12.1x10"° s’/kg [13] for the case of interactions with the longitudinal acoustic wave (AW) that
propagates in the plane perpendicular to crystallographic axis c¢. This AOFM value is comparable
with that typical for such a well known acousto-optic (AO) material as LiNbO; [14—16]. However,
the acoustic attenuation for the CdS crystals is somewhat higher. It reaches 2 dB/cm at the
frequency 0.1 GHz for the case of longitudinal AWs and 20 dB/cm at 0.5 GHz for the case of
transverse AWs propagating perpendicular to the ¢ axis [17]. Nonetheless, waveguide AO Bragg
modulators have been successfully fabricated on the basis of CdS [18]. It has been shown
experimentally that the acoustic power necessary for the complete transfer of optical power out
from the zeroth diffraction order is equal to 15 mW at the operation frequency 10 MHz of the
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modulator. Thus, CdS can be efficiency used for the AO operation of light with the integrated
optical waveguide structures.

Although the acoustic and elastooptic properties of CdS have been studied in much detail
[19, 20], anisotropy of their AOFM has not yet been analyzed. This analysis would be important
since it could reveal the geometries of AO interactions characterized by still higher AOFM values.
In particular, this concerns a collinear diffraction type which is a basis for the tunable AO filters
[21-25]. The aim of this work is to analyze the anisotropy of AOFM for the collinear type of AO
diffraction in the CdS crystals.

2. Background of the analysis
CdS crystals are optically uniaxial and negative at the room temperature (n, = 2.467 and n, = 2.434

[26]). Like any material belonging to the point symmetries 6/mmm, 622, 6m2 and 6mm, CdS is
characterized by the elastic stiffness tensor that contains six independent components (C}, = C,,,
C,=GC,,C;=C,=¢(C, =C,,, C,;, C, =C, and C, =(C,,—C,,)/2, where a standard Voigt
notation is accepted). Its elastooptic tensor has seven independent coefficients p,, = p,,,
Py =Pais Pis =Day»> P31 = Py» Piz»> Pauy = Pss and pg =(py, — p,)/2 [27]. In our calculations
we use the elastic-stiffness coefficients of CdS obtained in the work [19] (C;; = 84.31, Cj,=52.08,
C13=45.67, C33=91.83 and C44= 14.58 GPa) and the elastooptic coefficients taken from Ref. [20]
(p11=-0.142, p1,=-0.066, p;3=—-0.057, p3; = —0.045, p33=—0.20, psys=—-0.099 and pss=—0.038). All
the optical data refers to the light wavelength 632.8 nm. The relations of the crystallographic axes a,
b and ¢ and the axes X, Y, Z of optical indicatrix ellipsoid are as follows: Z | ¢||[0001],
X || al||[2110], b||[0110], whereas the Y axis is perpendicular to the ac plane.
The obliquity angles of AWs in the principal planes can be calculated using the relation [28]

1 ov

tan(A) = @5 5

(M

where A=0@ -y, O is the angle between the principal axis (e.g., the X axis) and the AW vector,
v the angle between the same axis and the acoustic energy flow direction, and v(®) the AW
velocity specified for the propagation direction under interest. Finally, the changes v(®) in the
AW velocity caused by changing propagation direction are readily obtained from the Christoffel
equation. The same is true of the angle between the AW vector and the displacement vector [2].
We have calculated this angle for the cases of quasi-longitudinal (QL) AWSs propagating
respectively in the XZ, YZ and XY planes:

(C;+C,,)sin20,

= larctan )
2 (C,,—C,)c05’ @, +(Cpy—Cp)sin’ @,
in 2
Gy, = larctan (C132+ C,)sin20, - ’ 3)
2 (C,-C,)cos" O, +(C,, —C;;)sin” O,
in 2
Loy = laI‘Ctan (G +C)sin 20, . )
2 (G, —Cy)c0s20,

In Egs. (2)~(4), ®, (or ©,) denotes the angle between the AW vector and the X (or Y) axis.

The non-orthogonality of quasi-transverse (QT) AWs can be calculated using the same formulae.
The only difference is that a factor of 90 deg should be added to the r. h. s. of Egs. (4)—(6).
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As seen from Fig. 1, the angle of deviation of the acoustic polarizations from their purely
longitudinal and transverse types is very low for the CdS crystals. Its maximum value, ~ 4.7 deg, is
reached when the AW propagates in the XZ or YZ planes along the direction inclined by 17 deg
with respect to the X or Y axes, respectively. The AWs remain purely longitudinal or purely
transverse while propagating in the principal XY plane. This means that, in our further analysis of
the AOFM anisotropy, we can neglect both the non-orthogonality effect and the deviation from the
purely longitudinal AW types.

It is well known that the AOFM is given by the relation [29]

_ n; ”03!P§f

My =———, ®)
PV

where n; and n, are the refractive indices of the incident and diffracted optical waves, p.rdenotes
the effective elastooptic coefficient (EEC), v the phase AW velocity, and p the material density
( p = 4820 kg/m® [19]). The refractive indices and the EEC in the anisotropic media depend on the

propagation direction and the polarization of both incident and diffracted optical waves [10]. In the

case of collinear AO interactions, the parameter n, =n*, in Eq. (5) depends on the angle ® via

. ey \/ne2 sin @+ ng cos’ ®
R 22 : (6)
n, sin” ®+n, cos” O

In order to obtain the angular dependence of AOFM, we apply a method used in our recent
works for the case of anisotropic diffraction [16, 30]. The initial interaction plane parallel to the
XZ plane is then rotated by ¢, around the Z axis. Using such rotations, one can run through all
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possible geometries of the collinear AO interactions in optically uniaxial crystals. The AW velocities
for every propagation direction can be obtained from a standard Christoffel equation. For the
interaction planes rotated by some angle ¢, around the Z axis, we rewrite the elastic stiffness tensor

in a new coordinate system X'Y'Z such that its structure remains the same for the symmetry group
6mm.

According to our classification [30], in our case we deal with the types VII, VIII and IX of
anisotropic AO interactions. The type VII corresponds to AO interactions with the AW QL. The
relation for the EEC for this interaction type is as follows:

(p,, cos” @, cos’ O+ p,, sin” ¢, cos’ O+ p,, sin’ O)sin @ cos @, —

v _

Y (Pye cOS” Osin2¢, )sin Osin g, — sing,

(pss cOs @, sin20) cos O
(7

(= Dy €OS” Osin2¢, )sin@cos ¢, +

—3(py cos® ¢, cos’ @+ p, sin’ @, cos” O+ p,, sin’ O)sin Osin @, + pcos P, .

(P, sin@, sin20)cos O

For the type VIII of interactions with the AW QT propagating with the velocity v;3, we obtain
(Pys — Py, €0S” @, — p, sin” @, )sin 2@sin @ cos ¢, +

pe(_,y”” =< (Py SIN205sin 29, )sin Osin ¢, — sing, —

(pss 0820 cos @, ) cos®

(Pgs 8SIN205in 29, )sin O cos @, + ®)

—3(p; — Py, €08’ @, + p,, sin” @, )sin 2@sin Osin ¢, + rcos @, ,

(P4s cOs20@sing, ) cos O
while, for the collinear AO interactions with the AW QT, propagating with the velocity vy, the
EEC is given by

[(p,, — p1y)sin 29, cos O]sin O cos ¢, +
(x) _

Py = (Pgs €OS 20, cos ®)sin Osin g, — sing, —

(pss sinOsing, ) cos O ©
9
(pgs cOs2¢, cos®)sinOcos g, +

—[(p, — p,))sin2¢, cosO]sin Osin g, — rcos@,.

(py, sin®cose,)cosO

Inside the cone of acoustic axes, i.e. between the angles equal to 14 and 166 deg and 194

and 346 deg the Eqgs. 8 and 9 should be interchanged, since the polarization of eigen AWs is

switched on 90 deg at the angular passing by the wave vector the directions of outlets of acoustic
axes (see below).

3. Results and discussion

3.1. Acoustic anisotropy

Although CdS is hexagonal, its elastic properties are rather isotropic. As seen from Fig. 2a and
Fig. 2b, the velocities of the AWs QL and QT manifest only a weak dependence on the AW
propagation direction in the XZ plane. In the XY plane, these velocities lack any anisotropy
altogether. Rotation of the interaction plane around the Z axis does not change the cross sections of
the AW velocities surfaces (see Fig. 3). The velocities of the AWs QT become equal for all the
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propagation directions parallel to the generating lines of the cone of which revolution axis is
parallel to the Z axis, as well as to the Z axis itself. The angle at the vertex of this cone is equal to
152 deg. In other words, the generating lines of the cone and the Z axis represent the acoustic axes
for the CdS crystals (see Fig. 2a, ¢ and Fig. 3b, c).
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Fig. 2. Dependences of AW velocity on the AW propagation direction ® in XZ (a) and XY planes (b): AA

denote outlets of the acoustic axes. ¢ - AW surfaces for CdS crystals, with indication of polarizations of acoustic
eigenwaves by double-sided arrows.
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Fig. 3. Dependences of AW velocities on the angle ©® in the Xz plane at different angles ¢z, as calculated for
the AWs QL (a), QT (b) and QT (c): AA denote outlets of the acoustic axes.

Rotations of the interaction plane around the X axis hardly changes the cross sections of the
AW velocities (see Fig. 4). Therefore, the anisotropy of the AW velocities in CdS cannot affect
sufficiently the AOFM anisotropy.

A low enough anisotropy of AW velocities in CdS results in small deviations of the acoustic
energy flow A from the AW vector. Dependences of the obliquity angle A on the direction of AW
propagation in the XZ plane are shown in Fig.5. The maximum obliquity amounts to
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A% =6.3 deg for the QL wave. This corresponds to the AW propagation direction inclined by

max

the angle ® =62 deg with respect to the X axis in the XZ plane. The deviation of the acoustic

energy flow from the AW vector reaches higher values for the QT, waves. In particular, we have
A% =20.7 deg (the XZ plane; ®= 21 deg with respect to the X axis). For the AW QT, we have

max

AYT' =18.6 deg for the XZ plane and the angle ® = 14° with respect to the X axis. Finally, the

max

obliquity angle remains zero when the AWs propagate in the XY plane.
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Fig. 4. Dependences of AW velocities on the angle ® in the XZ plane rotated by different angles ¢x, as
calculated for the AWs QL (a), QT+(b) and QT (c).
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3.2. Anisotropy of collinear acousto-optic interactions

The anisotropies of the EEC and the AOFM for the type VII of AO interactions with the AW QL
are displayed in Fig. 6. Here the AOFM anisotropy arises due to anisotropic EEC. The maximal
AOFM for this type of AO interactions is not so high (M, =4.41x10 "’s’/kg — see Fig. 6b). This
value is reached in the interaction plane X 'Z rotated around the Z axis by the angles ¢, =50 or

130 deg and at the angles of incidence ® =35, 145, 215 and 325 deg. The AW frequency

providing the type VII of collinear AO interactions is equal to /=71 MHz.

For the type VIII of collinear AO interactions with the AW QT, the AOFM is very large (see
Fig. 7), which is mostly due to low AW velocity. Here the AOFM anisotropy is caused by the EEC
anisotropy (Fig. 7a). As seen from Fig. 7b, the absolute AOFM maximum is equal to
M, =86.26x10""s*/kg. This value is peculiar for the interaction plane rotated by the angle
@, =45 deg. Then both the optical waves and the AWs propagate along the X' axis lying in the

XY plane (i.e., ® =0 deg). Notice that the obliquity angle for the type VIII of interactions is zero

(see Fig. 5). Finally, the AW frequency providing these interactions is equal to /=49 MHz.

Under collinear interactions with the fast shear AW QT, (i.e., the type IX of AO
interactions), the maximal AOFM is equal to M, =57x10""s/kg — see Fig. 8b). This value is
reached in the interaction plane X 'Z rotated around the Z axis by the angles ¢, =45 and at the

angles of incidence ® =14, 166, 195 and 346 deg. In all of the cases mentioned above, the EEC

anisotropy makes the main impact on the anisotropy of AOFM (see Fig. 8a). The obliquity angle is
high enough for the latter type of collinear AO interactions. Hence, the obliquity angle of the
acoustic energy flow is equal to ~ 19 deg for the geometry of AO interactions that corresponds to
the highest AOFM value (see Fig. 5). The AW frequency providing this collinear interaction type
is equal to /=46 MHz.

Summarizing the results obtained above, we conclude that the anisotropy of EEC does enable
suitable conditions under which the AOFM reaches its highest value at the collinear AO
interactions. It is worthwhile that the acoustic attenuation of CdS in the frequency region of tens of
MHz is not so high. Hence, CdS can be efficiency used in operative elements for both integrated
optical and bulk optical AO applications.
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4. Conclusion

We analyze the anisotropy of AOFM at the collinear acoustoopic interactions occurring in CdS. It
is shown that the anisotropy of AW velocity is small and the AOFM anisotropy is mainly caused
by the anisotropy of EEC. We find that the crystals under study have the acoustic axes parallel to
the Z direction and the directions within the cone of which revolution axis coincides with the Z
axis. The angle at the vertex of this cone is equal to 152 deg. We demonstrate that deviations from
the purely transverse and longitudinal AWs types are rather small for CdS. The maximum

obliquity angle, AY'' =20.7 deg, is peculiar for the AW QT,. Our analysis made for the case of

collinear AO interactions of the optical waves with the AW QL and both the slow and fast AWs
QT has revealed the diffraction geometries at which maximal AOFM values can be reached. The
absolute maximum of the AOFM, M, =86.26x10"s’/kg, is typical for the type VIII of AO
interactions with the AW QT of the frequency /=49 MHz, which is polarized along the Z axis.
Then the interaction plane is rotated by the angle ¢, =45 deg, while the light and the AW
propagate along the X' axis lying in the XY plane. The maximal AOFM values and the
corresponding interaction geometries are determined for the cases of collinear AO diffraction at
the AWs QL and QT,. These values are equal to 4.41x10™"° and 26.25x10 " s’/kg for the
interactions with the AWs QL and QT),, respectively.
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Anomauin. Ilpoananizosano anizomponilo axKycmuuhux enacmueocmei i Koegiyicnma
akycmoonmuunoi saxocmi (KAOA) ons kpucmanie CdS 3a ymosu konineapnoi Oupparxyii.
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THoxkazano, wo auizomponis weuokocmei axycmuyHux xeulo (AX) docums crnabka, a momy
anizomponiss KAOA 6 ocnosHoMmy 3yMO6neHa AHI30MPONIECI0 eQeKMUBHUX NPYICHO-ONMULHUX
Kkoegiyicumis. Ompumano kKymu 3nocy euepeii AX ma kymu ioxunenns ixnHooi noaspusayii 6io
CYMO NO3008ICHLO2O MA NONEPEUHO20 CMAHIE noaspusayii. Busnaueno ceomempii, 3a aKux
MmooucHa docsiemu makcumanvhux 3uavens KAOA ons konineapnoi ougppaxyii. Becmanosneno, wjo
abconomunuti maxcumym KAOS (M, = 86,26x107™" ¢*/xe) npumamannuii muny VIII 63aemodiii iz
AX QT,, axa mae wacmomy f =49 MI'y i nonapuzosana 63006duc oci Z . Todi nnowuna 63aemooii
nosepryma Ha Kym @z= 45 2pao, a obudei onmuyHi ma aKyCmuyHa Xeuni NOWUPIOIOMbCsl 830084
oci X', wo nexcumv y nnowuui XY. Busnaueno maxcumanvhi snavenns KAOA i 6i0nogioni
eceomempii 83a€mMO0iti 01 8unaokie xoiaineaproi ougppaxyii na AX QL i QOT, Li 3nauenus
cmanossme 4.41x107"° i 26.25x107°¢ /xe sionosiono ons ézaemooiii i3 AX QL i QT
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