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Abstract. We analyze anisotropy of acousto-optic figure of merit for a special case
of collinear acousto-optic interactions between circularly polarized optical eigen-
waves. These interactions take place in an optically active AgGaS, at the wavelength
of a so-called isotropic point. The anisotropy of acoustic properties of the AgGaS,
crystals is scrutinized and the cross sections of acoustic-wave velocity surfaces are
obtained. We show that the acoustic walk-off angle reaches ~ 36 deg inside the crys-
tallographic planes, while the non-orthogonality of polarization of the acoustic wa-
ves remains small and does not exceed ~ 7 deg in the principal planes. Theoretical
relations for the effective elasto-optic coefficients are obtained for the case of
collinear diffraction. The maximal acousto-optic figure of merit, 0.9x107"° s’/kg, is
reached when the interacting waves propagate at the angles 42, 138, 222 or 318 deg
with respect to the a (b) axis in the ac (bc) plane. When the collinear acousto-optic
diffraction is considered and the case of so-called acousto-gyration diffraction is
disregarded, the angular momentum of circularly polarized photons can be
transferred only into mechanical angular momentum of a crystalline sample.
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1. Introduction

In our recent work [1] we have considered the acousto-optic (AO) interactions between circularly
polarized optical eigenwaves. Circular waves can play a role of eigenwaves in an optically active
medium whenever the linear birefringence is absent. Gases [2, 3], liquids [4], solid polymers [5],
and crystals (see, e.g., Ref. [6]) are among those media which can reveal a natural optical activity
and no linear birefringence. The appropriate conditions are cubic symmetry of the medium or
propagation of light beam along one of the optic axes in optically uniaxial or biaxial crystals. For
the media with cubic or higher symmetries the indicative surfaces of refractive indices for the left-
handed (LH) and right-handed (RH) optical waves represent spheres of different radii, while in the
optically uniaxial or biaxial crystals circular birefringence is hidden by linear birefringence, which
is usually much larger than its circular counterpart. The circular birefringence caused by the
optical activity is given by the relation (see, e.g., Ref. [7]):

Anc =+m)G, G = gnll,. (D

Here /, =sinfcosg, L, =sinf@sing and L =cosf are the components of the unit optical

wave vector in the spherical coordinate system, with 8 and ¢ denoting respectively the polar and
azimuthal angles, gj, the axial symmetric second-rank gyration tensor, G the pseudo-scalar
gyration parameter, and n, the ordinary refractive index.
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Probably, a unique possibility for manifestation of anisotropy of the circular birefringence is
a situation when the linear birefringence equals to zero at the wavelength of isotropic point A; in
non-cubic crystals. Then the condition of equality of the ordinary and extraordinary refractive
indices is satisfied. Under this condition, splitting of the indicative surfaces of the refractive

indices for the LH (7, ) and RH (nz ) waves is expected. The appropriate relation is as follows:
Ne.L =n0i%n3G. )

Since the G parameter depends on the constitutive gyration tensor, the refractive-index
surfaces for the LH and RH waves in the crystals belonging to middle- or lower-symmetry systems
are no longer spheres but represent complicated high-order surfaces [8, 9].

Under such conditions, one can anticipate AO interactions between the circular optical
eigenwaves and, in particular, an anisotropic Bragg diffraction at which the incident and diffracted
optical waves have the opposite circular polarizations. In our recent work [1], we have considered
three particular cases of AO interactions between the circular optical waves in AgGaS, (the point
symmetry group 42m [10]). These are isotropic, anisotropic and collinear anisotropic diffractions
at the wavelength of the isotropic point (A4 =497.4 nm and n, = 2.685 [10]). It has been found in
Ref. [1] that the AO figure of merit (AOFM) defined as

My =nip;; | pv; (3)

is quite small at the chosen geometry of anisotropic interactions. We remind that, in Eq. (3), p.s is

the effective elasto-optic (EO) coefficient, v; the acoustic wave (AW) velocity (with i and j
corresponding respectively to the directions of AW propagation and polarization), and p the

crystal density. In particular, the AO figure of merit does not exceed ~ 10™° s¥/kg at the collinear
diffraction of the waves that propagate at the angle 45 deg with respect to the a axis in the
crystallographic plane ac. Hence, it would be reasonable to study the anisotropy of AO figure of
merit in order to find more efficient geometries of the interactions. We stress in this respect that
only modules of the EO coefficients have been determined in Ref. [1], although the signs of all the
EO coefficients are usually needed to determine the effective EO coefficients. The only exception
is concerned with the AO interactions inside the crystallographic planes, where the effective EO
coefficient is given by a single EO tensor component.

In the present work we obtain phenomenological relations for the effective EO coefficients at
the collinear interactions of circularly polarized optical waves with acoustic eigenwaves in the
AgGaS, crystals. Besides, we analyze the anisotropy of AOFM inside the crystallographic planes.

2. Results and their discussion

Let us analyze the anisotropy of AW velocities in the AgGaS, crystals. For this aim one needs the elastic
stiffness coefficients, which have been determined in Ref [11] as follows: Cj;=8.79+0.05,
C33=7.58+0.05, Cyy=2.41+0.05, Ce=3.0840.05, C1,=5.84+0.05, and Cy3=5.9240.06 (in the units of
10"°N/m?). Using the Christoffel equation [12] and the density p=4700 kg/m’ of AgGaS, [11], we have
obtained cross sections of AW velocity surfaces by the crystallographic planes ac (bc) and ab
(see Fig.la, b). One can see that the velocities of quasi-transverse (QT) AWs with orthogonal
polarisations are equal along the directions of ‘acoustic axes’. One of these axes (AA)) is parallel to the ¢
axis (see Fig. 1a) and four axes lie in the ab plane (see Fig. 1b). The angles between the latter axes and the
a axis are equal to 72 deg for the AA, axis, 18 deg for AA;, —18 deg for AA4 and —72 deg for AAs;.
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A schematic view of a part of the surface of velocities for the acoustic eigenwaves and their polarizations
are presented in Fig. 1¢ in a single octant of coordinate system. The points of outlets of the acoustic axes
AA,—-AA; represent polarization topological defects with the strength %%. There occurs switching of the
polarization by 90 deg under the condition when one passes through a defect on the QT velocity surface
(see Fig. 1c). Here the outlet of the acoustic axis AA; represents the polarization topological defect with
the strength equal to unity.
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The obliquity angle between the acoustic group-velocity direction and the AW vector has
been calculated using the relation [13]
1 ov(Oy)

A; = arctan——
V(@i) 8@,

4)

Here v(®;) denotes a function of AW velocity that depends upon the angle ®; between the

wave vector and the corresponding axis of the crystallographic coordinate system, with the
subscript 7 referring to the axis perpendicular to the geometric plane under consideration. As seen
from Fig. 2a and Fig. 2c, the walk-off angle reaches high values for the QT waves, 39 and 36 deg
respectively in the ac (bc) and ab planes. The walk-off angle for the quasi-longitudinal (QL) wave
is smaller. It achieves its maximal value equal to 5 and 10 deg in the ac (bc) and ab planes,
respectively.

The angle of deviation of the AW polarization from the purely longitudinal types has been
calculated basing on the Christoffel equation [14]:

(Ci3 + C44)sin 20, ,

(Ci1 = Cus)c05? O +(Cay — Cs3)sin’ O,
&= larctan (Ci1 + Ce6)sin 204 . '

2 (Ci1 — Ces) c08* @3 +(Css — C11)sin’ O

)

1
= —arctan
é’ 1,2 2

(6)
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Dependences of the angle of non-orthogonality of AW polarizations on the direction of AW
propagation are presented in Fig. 2b and Fig. 2¢. The angle of deviation of the AW polarizations
from the purely longitudinal and transverse states remains small and does not exceed ~ 7 deg.
Therefore one can neglect the above angle in the further analysis.
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Fig. 2. Obliquity angle (a, c) of AWs and angle of non-orthogonality of AW polarizations (b, d) in the ac (bc)
(a, b) and ab (c, d) planes as functions of angle ®; between the wave vector direction and the a axis.

Using the approaches introduced in Refs. [1, 15, 16], we have derived the effective EO
coefficients for the collinear AO interactions of circular optical waves with the acoustic
eigenwaves under the condition when the non-orthogonality of their polarization is neglected:

pg =—-0.25cos2¢sin 2psin 6 cos® O(2 pr, —2pi1 + pes) , (7)
g =—-0.5c0s2¢psin 2pcosOsin® O(2 pi, —2pi + pes ) , (8)

2 —_—
g =0.5sin20 {—p«) Cos” 29~ pu

peﬂ > +sin2 2§D(p11 —p12)} . (9)

It is seen from Eqgs. (7)—(9) that the effective coefficients depend on a number of EO
coefficients, the signs of which are not determined yet. In the principal crystallographic plane ab
(6 =90 deg), all the effective coefficients are equal to zero, thus making the AO interactions

impossible. The AO interactions with the AWs QL and QT are impossible in the ac (bc) plane at
@ =0 or 90 deg due to the same reason. However, the collinear AO interactions with the AW

labelled as QT, according standard notation can be implemented at ¢ =0 or 90 deg. In this case

Eq. (9) can be rewritten as
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po- =@sin29. (10)

With taking the equalities pss =0 and pe =0.053 into account (see Ref. [1]), one can

simplify Eq. (10) to the form pgfn :% Pos sin 28 . The dependence of the relevant effective EO

coefficient on the angle 6 is displayed in Fig. 3a. The maximal value of the effective coefficient is
reached whenever the interacting waves propagate at the angles 45, 135, 225 or 315 deg with
respect to the a (b) axis in the ac (bc) plane. The anisotropy of the inverse cube of velocity for the
AW QT,; in these planes (see Fig. 3b) is not notably pronounced. Thus, the AOFM anisotropy
should be mainly caused by the anisotropy of effective EO coefficients. As a result, the AOFM
reaches it maximal value equal to 0.9x107"°s’/kg at the angles 0= 42, 138, 222 or 318 deg. A
difference of +3 deg between the angles of maximal AOFMs and the angles of maximal effective
EO coefficients is caused by the anisotropy of QT, wave velocity.
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Fig. 3. Effective EO coefficient (a), inverse cube of
0.8 the QT, velocity (b) and AOFM (c) in the ac (ab)
plane as functions of the polar angle 6 .

(©)

Fig. 4 shows dependence of the AW frequency f; that satisfies the phase matching condition
kr + K,c =k, (with k and k, being the wave vectors of the optical RH and LH waves, and K ;¢
denoting the AW vector) on the polar angle 6. This dependence concerns the collinear AO
diffraction of circularly polarized optical waves at the AW QT,. The f; frequency changes from
zero up to 7.4 MHz when the propagation direction for the interacting waves changes from
6=90 deg (i.e., along the a (b) axis) to 8= 0 deg (i.c., along the ¢ axis). It should be noted that
the AO interactions cannot be implemented at 8= 0 deg because of the absence of circular
birefringence. Moreover, the effective EO coefficient is equal to zero at 6 =90 deg
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(i.e., in the ab plane), thus making impossible the collinear AO interactions. Finally, the frequency
of AW is equal to 3.1 MHz at 6 =42 deg, which corresponds to the AOFM maximum.

Fig. 4. Dependence of phase-matched AW frequency
on the polar angle 6 in the ac (bc) plane.
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The spin angular momentum of the interacting photons changes as # — —#% at the collinear
anisotropic AO interactions between the incident optical wave RH and the diffracted LH wave.
The conservation law for the angular momentum requires the condition % =-%+M , where
M =2# is the orbital angular momentum of the diffracted beam [17] or the mechanical angular
momentum transferred to a crystalline sample. Notice that the axial symmetry of the collinear AO
interactions can be preserved only in the case of interaction with the longitudinal AW propagating
along the three-, four- or six-fold symmetry axes. In this case the AW induces no birefringence
along the direction of light propagation. However, since the above symmetry axes are parallel to
the optic axes in the uniaxial crystals, the AO interactions with the longitudinal AWs cannot be
implemented along these directions. The reason is zero values of the corresponding elasto-optic
(EO) coefficients. The same is true of the optically active crystals of cubic system when the
interacting waves propagate along the three-fold symmetry axes. Hence, the angular momentum of
circularly polarized photons at the collinear AO diffraction can be transferred only into the
mechanical angular momentum of a crystalline plate, quite similar to the Beth’s effect [18]. This
statement does not refer to the case of acousto-gyration diffraction (see Refs. [19, 20]).

3. Conclusions

We have analyzed the anisotropy of acoustic and AO properties of the AgGaS, crystals. It has
been found that these crystals have five ‘acoustic axes’. The velocities of the QT AWs are equal to
each other whenever these waves propagate along the above axes. One of the acoustic axes is
parallel to the ¢ axis and the four remaining ones lie in the crystallographic plane ab. The obliquity
of the acoustic energy flow with respect to the AW vector is high enough for the AgGaS, crystals.
For instance, the walk-off angle reaches the value ~ 36 deg inside the crystallographic planes. At
the same time, the angle of non-orthogonality of AW polarizations is small and does not exceed
~ 7 deg inside the principal planes. This allows one to carry out the analysis of AOFM anisotropy
in the approximation when the non-orthogonality effect is disregarded.

The AO properties of AgGaS, have been analyzed for the special case of collinear AO
diffraction of circular optical waves with the wavelength A; =497.4 nm that correspond to the
‘isotropic point’. The relations for the effective EO coefficients for the collinear AO diffraction
have been obtained. We have found that the anisotropy of AOFM in the crystallographic planes ac
and bc is mainly caused by the anisotropy of effective EO coefficient. The maximal AOFM value,
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0.9x10"°s’/kg, is reached in case if the interacting waves propagate at the angles 6 =42, 138,

222 or 318 deg in the ac (bc) plane. Finally, we have shown that, at the collinear AO diffraction,

the angular momentum of circularly polarized photons can be transferred only into the mechanical

angular momentum of a crystalline sample. This is not valid for the case of so-called acousto-

gyration diffraction.

Acknowledgement

The authors acknowledge the Ministry of Education and Science of Ukraine for financial support
of the present study (the Project #0118U003899).

References

1.

10.

11.

12.
13.

14.
15.

16.

17.

Mys O, Martynyuk-Lototska I, Pogodin A, Dudok T, Adamenko D, Krupych O, Skab I and
Vlokh R, 2019. Acousto-optic interaction between circularly polarized optical eigenwaves.
Example of AgGaS,; crystals. Appl. Opt. (submitted for publication).

Wiberg K B, Wang Y, Murphy M J and Vaccaro P H, 2004. Temperature dependence of
optical rotation: a-pinene, B-pinene pinane, camphene, camphor and fenchone. J. Phys. Chem
A. 108: 5559-5563.

Muller T, Wiberg K B and Vaccaro P H, 2000. Cavity ring-down polarimetry (CRDP): a new
scheme for probing circular birefringence and circular dichroism in the gas phase. J. Phys.
Chem. A. 104: 5959-5968.

Gray F, 1916. The optical activity of liquids and gases. Phys. Rev. 7: 472—488.

Kobayashi J, Asahi T, Ichiki M and Oikawa A, 1995. Optical activity of solid polymers.
Ferroelectrics. 171: 69-94.

Kizel V A and Burkov V 1. Gyrotropy of crystals. Moscow: Nauka (1980).

Vlokh O G. Spatial dispersion phenomena in parametric crystal optics. Lviv: Vyshcha Shkola
(1984).

Vlokh R O, Parkhomenko O V, Pyatak Yu A and Skab I P, 1990. Anisotropy of refraction of
the circular polarized waves in gyrotropic crystals. Ukr. Fiz. Zhurn. 35: 680-682.

Vlokh R, Pyatak Y and Skab I, 1992. The refraction anisotropy and the interference of the
circularly polarized optical waves in gyrotropic crystals. Ferroelectrics. 126: 243-246.
Hobden M V, 1968. Optical activity in a non-enantiomorphous crystal: AgGaS,. Acta Cryst.
A. 24: 676-680.

Grimsditch M H and Holah G D, 1975. Brillouin scattering and elastic moduli of silver
thiogallate (AgGaS,). Phys. Rev. B. 12: 4377-4382.

Sirotin Yu I and Shaskolskaya M P. Fundamentals of crystal physics. Moscow: Mir (1982).
Ohmachi Y, Uchida N and Niizeki N. 1972. Acoustic wave propagation in TeO, single
crystals. J. Acoust. Soc. Amer. 51: 164-168.

Shaskolskaya M P. Acoustic crystals. Moscow: Nauka (1982).

Mys O, Krupych O and Vlokh R, 2016. Anisotropy of an acousto-optic figure of merit for
NaBi(MoOy), crystals. Appl. Opt. 55: 7941-7955.

Mys O, Adamenko D, Krupych O and Vlokh R, 2018. Effect of deviation from purely
transverse and longitudinal polarization states of acoustic waves on the anisotropy of acousto-
optic figure of merit: the case of Tl3AsS, crystals. Appl. Opt. 57: 8320-8330.

Skab I and Vlokh R, 2012. Spin-to-orbit conversion at acousto-optic diffraction of light:
conservation of optical angular momentum. Appl. Opt. 51: C22-C26.

Ukr. J. Phys. Opt. 2019, Volume 20, Issue 2 79



Mys et al

18. Beth R A, 1936. Mechanical detection and measurement of the angular momentum of light.
Phys. Rev. 50: 115-125.

19. Martynyuk-Lototska I Yu, Mys O G, Akimov S V, Krupych O M and Vlokh R O, 2010.
Acoustogyration diffraction of optical waves: case of SiO, and TeO, crystals. Opto-Electron.
Rev. 18: 137-149.

20. Skab I and VIlokh R, 2012. On the conservation of optical angular momentum at
acoustogyration diffraction of light. Ukr. J. Phys. Opt. 13: 1-3.

Mys O., Adamenko D., Skab I. and Vlokh R. 2019. Anisotropy of acousto-optic figure of merit for
the collinear diffraction of circularly polarized optical waves at the wavelength of isotropic point
in AgGas, crystals. Ukr.J.Phys.Opt. 20: 73 — 80. doi: 10.3116/16091833/20/2/73/2019

Anomauia. Ilpoananizosano anizomponito  Koe@iyicHma aKyCmoonmuyHoi saKocmi O
KONIHeapHuX —aKyCMOONMUYHUX —63AEMOOIN  MIJC YUPKYIAPHO —NOAAPUSOBAHUMU  GLACHUMU
onmuynumy xeuasimu. Li 63acmo0ii marome micye 6 onmuuno axmuenux kpucmanax AgGasS, na
00601CUHI  X6UNI MAK 368aHOI [30MpOonHOI mouku. JJoCHiONCeHO aHi30MPONnilo  aKyCMuUYHUX
enacmusocmeti AgGaS, i odepoicano nepepizu noeepxonsb WEUOKOCMEN aKYCIMUYHUX X6UTb.
Tlokazano, wo Kym axycmuuno2o 3HOCY 6 KpUcmanocpa@iunux niowunax oocseac ~ 36 epao, a
HeoOpmo2OHANbHICMb NOAAPUIAYIT AKYCIMUYHUX X8UTb 3ANUUAEMBCA MANOI0 | He nepesuwyc ~ 7
epao. Qoepoicano  meopemuyni  CRiGGIOHOWIEHHA 0Nl ePEeKMUBHUX — NPYICHOONMUUHUX
Koegiyienmis 051 6unaoky koarineapnoi ougparxyii. Maxcumanvruil Koegiyienm axycmoonmuyHol
axoemi (0,9x1077 ¢/ke) docazaemo, konu s3aemoditoui xeuni nowupioromscs nio kymamu 42, 138,
222 abo 318 epao oo oci a (b) y nrowuni ac (bc). Axwo posersdamu KoniHeaphy axKycmoonmuuimny
ougpaxyito ma SUKIOYUMU SUNAOOK MAK 38aHOI axycmoeipayiunoi ougpaxyii, mo momenm
IMAYILCY YUPKYTIAPHO NOAAPUI0BAHUX POMOHIE MOJICHA NEPemeopumu MmilbKu HA MeXaHidHul
MOMEHM IMIYAbCY KPUCMATIYHO20 3PA3Ka.
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