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Abstract. We have experimentally studied acoustic wave (AW) velocities in
T1;AsSe; crystals. Basing on these results, the matrices of elastic stiffness and
compliance coefficients are obtained and the cross sections of the AW velocity
surfaces by the principal crystallographic planes are constructed. We have revealed a
phenomenon termed as an acoustic isotropic point. We have found that, at the room
temperature and the AW frequency equal to 10 MHz, the T1;AsSe; crystals are close
to the conditions of acoustic isotropy, which are analogous to the isotropic
point known in crystal optics. Namely, the cross sections of the AW velocity
surfaces under these conditions are almost circular and the difference between the
velocities of transverse AWs with mutually orthogonal polarizations is very small.
Then the specific relations among the elastic stiffness tensor components hold true,
which are peculiar for the isotropic glass materials: Ci; = Cs;, Cpp = Ci3,
Cy = Cg = (Cy1— Cpp)/2, and Cy4 = 0. We have revealed that the TI;AsSe; crystals
exhibit very small obliquity of the acoustic energy flow with respect to the wave
vector of the AW, as well as negligibly small angles of deviation of acoustic
polarization from the purely transverse or longitudinal types. The acoustooptic
figures of merit calculated for the interaction of waves propagating close to the
principal crystallographic axes are as high as 3068x10"° and 3262x107"s’/kg,
respectively for the isotropic and anisotropic types of acoustooptic interactions.
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1. Introduction

Tl3AsSe; crystals are ternary halcogenide semiconductors that belong to sulfo-salt compounds [1],
with the band gap being equal to 0.98 eV [2]. The crystals refer to an acentric rhombohedral space
symmetry group R3m (the point symmetry group 3m) and have the lattice parameters a = 9.870(2)
and ¢ =7.094(3) A [3]. Thallium arsenic selenide is optically transparent in the spectral range
1.23-18 um [4]. The crystal represents one of the most efficient materials for the operation of

optical radiation in the mid-IR spectral range [5]. For example, due to high nonlinear optical
coefficients, TI3AsSe; has been found to be promising for the second harmonic generation and
parametrical oscillation at the carbone dioxide laser radiation wavelength, 4 =10.6 um [2, 6].

The material has also been considered useful for detecting X-ray and y -ray radiations [7].
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Perhaps, the most promising applications of thallium arsenic selenide refer to IR acoustooptic
(AO) devices [8—10]. In particular, it has been employed as a working element of AO tunable
filters [8, 9] in both collinear and non-collinear interaction geometries. At the wavelength of
3.39 um, the AO figure of merit (AOFM) of these crystals is equal to 295 [4], as expressed in the

relative units with respect to the AOFM value of the fused quartz (M, =1.56x107"s’/kg at

A =0.6328 um ). This value, which corresponds approximately to 460x107°s* /kg in the absolute

units, has been obtained experimentally in Ref. [4] for the case of AO interactions with the
longitudinal acoustic wave (AW) when the effective elastooptic coefficient (EEC) p,,is equal to
the tensor component p;;. Notice that the AW velocities for the Tl;AsSe; crystals have not been
studied in a sufficient detail. As far as we know, a few components of the velocities have been
determined. In particular, these are the velocities of the longitudinal waves that propagate along

the directions [001], [010] and [210] (2100 m/s), as well as the velocities of the shear AWs
propagating along [001] (1000 m/s) and along directions [010] and [210] (1050 m/s) [4].

As testified by the available experimental data, the anisotropy of AW velocities is rather
weak. At the same time, it follows from Refs. [11, 12] that the anisotropy of EECs is more
pronounced. Moreover, the EECs determined at 3.39 um are high enough. The refractive indices

for Tl;AsSe; crystals are also high, being equal to n,= 3.339 and n,=3.152 at 3.39 um [4, 13],

where the indices o and e refer respectively to the ordinary and extraordinary optical waves. This
implies that the anisotropy of EECs can provide some other geometries of AO interactions that
yield the AOFM values higher than those mentioned above. As an example, the authors of
Ref. [12] have found that the highest AOFM for the Tl;AsSe; crystals is equal to 2886 relative to
the AOFM known for the fused silica. Thus, a further comprehensive analysis of different possible
AO interaction geometries for thallium arsenic selenide seems to be important. To perform this
analysis and determine the actual anisotropy of AW velocities, one needs to know all of the
nonzero components of the elastic stiffness tensor and the elastooptic tensor. The present work
represents a first step in this direction. It reports on experimental determination of the AW
velocities for the Tl;AsSe; crystals and analyses of the acoustic and elastic anisotropy for this
material.

2. Experimental methods

T1;AsSe; compound was synthesized from high-pure elemental thallium (99.99 wt. % TI), arsenic
(99.9998 wt. % As), and selenium (99.999 wt. % Se), which were additionally purified using a
vacuum distillation. The synthesis was performed in quartz ampoules of special shape evacuated
down to the pressure 0.13 Pa. The following regime was used: heating at the rate 40-50 K/h up to
637 K while rotating the ampoule for saturation, ageing at this temperature during 72 h, and then
cooling down to the room temperature at the rate 50 K/h. The substance thus obtained was
investigated using a differential thermal analysis and X-ray powder diffraction techniques (an
X-ray diffractometer DRON-4; Cu K, radiation). A single endothermic maximum was observed at
587+2 K on the heating DTA curves for our samples, which corresponded to the melting
temperature. Our experimental X-ray diffraction powder patterns agreed well with those calculated
issuing from the structural data reported in the literature.

Tl;AsSes single crystals were grown from a stoichiometric composition using a Bridgman
method. The temperatures in the melting and annealing zones were equal respectively to 637 and
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483 K. The solidification rate was equal to ~ 0.1-0.25 mm/h and the temperature gradient at the
solid-liquid interface to 4-6 K/mm. The crystals obtained by us (see Fig. 1) were annealed in the
growth zone at 483 K for 168 h and then cooled down to the room temperature at the rate 4 K/h.

Fig. 1. Examples of our TI;AsSe; crystalline samples grown with the Bridgman method.

We prepared a number of samples for the AW velocity measurements. The samples had
parallelepiped shapes, with the dimensions ~ 6x7x9 mm’ and the surfaces being perpendicular to
the directions <100> and <110>. The AW velocities were measured with a standard pulse-echo
overlap technique [14]. We excited the AWs in the samples using LiNbO; transducers (the
resonance frequency f =10 MHz, the bandwidth Af =0.1 MHz, and the acoustic power
P,=1-2 W). The acoustic velocities were denoted relative to the crystallographic axes, using the
notationsa=1,b=2 and ¢ = 3.

3. Results and discussion

There are six independent nonzero elastic stiffness coefficients C,,

C

12

= C,, for the trigonal crystals
belonging to the point symmetry group 3m: C,,, C,, C,;, Cy and C, (with 4, u =1-6,

and the notations 1 =11, 2=22, 3=33,4 =23, 5= 13 and 6 = 12). These coefficients have been
calculated following from the known AW velocities and the theoretical relations
Ci=pvi, Cy=pvy, Cu=pviy, Cy=pv,
C,=C,-2C,, C,=pv,—05C,+C,), (1)
Ciy = Cy = Cpy +(Cyy =29V + C (G, —2pVE +Cy).

Here the crystal density p is taken to be 7827 kg/m®, which represents the average of the
measured (7834220 kg/m’) and calculated (7820 kg/m’ [2]) density values, and v; are the AW
velocities, with 7 and j being respectively the propagation and polarization directions. Using the
known elastic stiffness coefficients and the Christoffel equation, one can construct the cross
sections of the AW velocity surfaces by the principal crystallographic planes (see, e.g., Ref. [15]).
The elastic compliance coefficients S, were calculated from the known elastic stiffness
coefficients with the aid of the relation

CouSuw =05 > )
where 6,, implies the Kronecker delta.

The obliquity angle between the acoustic group velocity direction and the AW vector was
calculated as [16]
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Sy )

Here v(¢,) denotes a function of the acoustic velocity that depends upon the angle ¢,

between the wave vector and the corresponding axis of the crystallographic coordinate system,
with the subscript i referring to the axis perpendicular to the geometric plane under consideration.
The angle of deviation of the acoustic polarization from a purely longitudinal type was
calculated basing on the Christoffel equation [17]:
2M

1 ;
¢, =¢, ——arctan——— (5)
2 M,—M,

where M;; are components of the Christoffel tensor and ¢, is the angle between the AW vector and

the crystallographic axis 7 in the crystallographic plane ij, whereas the axis k is perpendicular to the
mentioned plane. The corresponding non-orthogonality of the quasi-transverse waves may, in
principle, be calculated with the same formulae. The only difference is that the term 90° should be
added to the right-hand side of Eq. (5).

The AW velocities obtained experimentally are collected in Table 1. It is seen that the
velocities of the quasi-longitudinal waves are almost the same, lying in the range 2098-2221 m/s.
The same is true of the quasi-transverse AW velocities (978-1073 m/s). Hence, the AW anisotropy
in TI;AsSes is indeed weak.

Table 1. AW velocities measured for the TI;AsSes crystals.

Propagation direction | Polarization direction AW velocity, m/s
[100] [100] 2108+28
[010] [010] 2098+28
[001] [001] 2221+147
[011] [011] 2143430
[101] [101] 2181£30
[110] [110] 208147
[100] [010] 1073433
[100] [001] 1009+12
[010] [001] 1071452
[011] [100] 101749
[011] [011] 978 £16

The elastic stiffness tensor components calculated from Eq. (1) are as follows:
C11=34.6£0.9, C33=38.6£5.1, Cyy=8.010.2, C4=9.010.6, C;,=16.6+1.2, C|3=21.6+2.5 and
C14=-0.40£0.33 GPa. As a result, we have the approximate relationships Ci;~ Cs;, Cpp = Ci3,
Cyy = Cgs =(Cy;— C1)/2 and Cy4 =0. The components of the elastic compliance tensor reveal the
same symmetry properties as the elastic stiffness components. They are as follows: S;,=(46.3+4.7),
8$33=(49.0£16.1),  S1,=(9.3+£5.2), S;3=(20.7+8.6), S14=(2.842.3),  S4=(125.8£3.1),
Se=(111.2+6.7) (in the units of 10"'>m?N). Notice that the mentioned relationships among the
elastic stiffnesses and the elastic compliances are peculiar for the isotropic media. In such a case
the cross sections of the AW velocities by the principal crystallographic planes should be circular
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and the velocities of the two transverse acoustic eigenmodes should be the same. As see from
Fig. 2, this is almost our case. Moreover, the appropriate cross sections obtained basing on the
Christoffel equation are in fact almost circular and the difference between the velocities of the
transverse AWs with the orthogonal polarizations is very small. As a result, the Tl;AsSe; crystals
are similar to the glass media from the viewpoint of acoustic anisotropy.
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The equality of the velocities of the transverse acoustic eigenwaves, together with almost
circular shapes of the cross sections of the AW velocity surfaces for all of the eigenwaves, imply
that the TI3AsSe; crystals are under the conditions of acoustic isotropy at the room temperature
and the AW frequency of 10 MHz. A corresponding acoustic isotropic point represents an
analogue of the isotropic point well known in the crystal optics. Let us remind that, in the latter
case, the isotropic point can appear in the crystals of symmetries lower than the cubic one. Then
their principal refractive indices become equal to each other under certain conditions given by the
wavelength of optical radiation, the temperature, etc. (see, e.g., Ref. [15]). Together with the
optical activity effect, the existence of the ‘isotropic point’ enables one to develop various optical
devices, e.g. optical filters [18-20]. We are to note in this respect that a fourth-rank axial tensor

with the internal symmetry £V[V°] describing the acoustic activity is not equal to zero for the

point group 3m [15]. This is why the acoustic activity is allowed by the symmetry of Tl;AsSe;
and, in case when the velocities of the orthogonal linearly polarized transverse AWs are equal to
each other, the eigenwaves can become circularly polarized and propagate with different velocities
resulting in the rotation of AW polarization.

As expected for the case of almost spherical surfaces of the AW velocities, the obliquity of
the acoustic group velocity vector with respect to the phase velocity vector is small enough. It does
not exceed ~ 4.6 deg, with the accuracy ~ 6% (see Fig.3). The same is true of the non-
orthogonality of the transverse AWs and the deviation of the displacement vector from the phase
velocity vector for the longitudinal AWs. All of these deviation angles are approximately zero.
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The AOFM can be calculated with the well-known formula [17]
vy =110 ©)
PVij

where n; and n, denote the refractive indices of the incident and diffracted optical waves and p,,is
the EEC. The relations for the EEC for the crystals of the symmetry group 3m are quite
complicated (see Refs. [21, 22]). Moreover, the signs of the EECs determined with the Dixon—
Kohen method [11, 12] remain unknown. As a consequence, we can estimate the AOFM only for
some particular AO interaction geometries, namely for those geometries under which the signs of
EECs are not essential in the calculations.

As seen from Table 2, the highest AOFM value that can be reached at the isotropic
diffraction is equal to 3068x107"°s*/kg. According to Ref. [21], this diffraction corresponds to the
so-called type II of AO interactions. This is the interaction of the longitudinal AW propagating
along the b axis with the optical wave propagating close to the ¢ axis and having polarization
almost parallel to the b axis. Almost the same AOFM value (3024x10""° s*/kg) is peculiar for the
isotropic diffraction under the conditions when the longitudinal AW propagating along the a axis
interacts with the optical wave that propagates close to the ¢ axis and has the polarization parallel
to the a axis (the type II of AO interactions [21]). It is worthwhile that our data for the AOFM is
similar to those obtained in Ref. [12] for the same type of AO interactions.

The highest AOFM for the case of anisotropic diffraction (3262x10 " s’/kg) has been found
under the conditions that correspond to the type IX of AO interactions (the optical incident wave
that propagates along the a axis and is polarized parallel to the ¢ axis interacts with the transverse
AW that propagates along the ¢ axis and has polarization parallel to the b axis). On the other hand,
we have not confirmed a high AOFM value reported in Ref. [12] for the case of anisotropic AO
diffraction.
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4. Conclusions

In the present work we have studied experimentally the AW velocities for the Tl;AsSe; crystals.
Complete sets of the elastic stiffness and compliance tensor components have been determined and
cross sections of the AW velocity surfaces by the principal crystallographic planes have been
constructed. We have revealed a phenomenon of approximate acoustic isotropy existing in the
T1;AsSe; crystals. Namely, the conditions very close to the acoustic isotropic point are realized at
the room temperature and the AW frequency equal to 10 MHz. It is analogous to the isotropic
point phenomenon known in the crystal optics. In fact, the cross sections of the AW velocities turn
out to be almost circular, whereas the differences in the velocities of the transverse AW having
orthogonal polarizations become very small.

Under the above conditions, we have found the following relations among the elastic stiffness
coefficients: Cy; = Cs;3, Cjp = Cj3, Cyy = Ces = (C11— C2)/2 and Cyy = 0. In their exact forms,
these formulae are peculiar for the isotropic media. The components of the elastic compliance
tensor manifest the same symmetry properties. Hence, issuing from the viewpoint of the acoustic
anisotropy, the Tl;AsSe; crystals are similar to the glass media.

We have also proved that Tl;AsSe; exhibits very small obliquity of the acoustic energy flow
with respect to the AW vector. The same is true of the angle of non-orthogonality and the
deviation angle of AW polarization from the purely longitudinal type. All of these angles turn out
to be negligibly small.

Finally, we have calculated the AOFM values for some AO interactions of the waves
propagating close to the principal crystallographic axes. In particular, the highest AOFMs are
equal to 3068x10"° and 3262x10°" s3/kg. They refer respectively to the isotropic and anisotropic
interaction types under the conditions when the AWs and the optical waves propagate close to the
principal crystallographic axes.
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Anomayia. Y pobomi excnepumeHmanbHO 8USHAYEHO WBUOKOCTI NOWUPEHHS aKYCIMUYHUX X8UJb
v xpucmanax Tl3AsSe;. Ha ocnosi yux pesyrbmamis 00epiycano mampuyi Koepiyicnmis
JlcopcmKkocmi i HOOAMAUBOCMI, A MAKOJNC NOOYO0BAHO Nepemuli HOBEPXOHb UBUOKOCTEl
AKYCMUYHUX X6UTb 20I06HUMU Kpucmanozpapiunumu niowunamu. Hamu Oyno eusienene ssuwe,
max 36anol, akycmuuhoi izomponnoi mouxu. byno ecmarnosneno, wo kpucmanu Tl;AsSe; npu kim-
HamHill memnepamypi i yacmomi akycmuunux xeunv 10 MI'y nepebysaromo npu ymosax 61u3bKux
00 aKyCmuyHOi I30MpPONnHOI MOYKU — ehekmy, KU € AHANOSIUHUM 00 egheKmy I30MPONHOT MOYKU
6 kpucmanoonmuyi. Ilepemunu nogepxons weuoKocmenl aKycmudHux xeunw 6 kpucmanax Tl3AsSe;
€ Mmatidce KONOBUMU, A PISHUYA MIdC WGUOKOCIMAMU HOUWIUPEHHS NONEPEedHUX Xeulb 3
OPMOCOHANILHOIO NONAPUZAYIEIO € Oyorce Manoro. TIpu ybomy cnieBiOHOUIEHHS MIdHC KOMNOHEHMamu
men3zopa npyscrux mooynie € Hacmynuumu. Ci;=Cs; CiorCp; Cuym Ces= (Cr-Crp)/2 i Cry=0.
Buseneno, wo kpucmanu Tl;AsSe; nposgiaroms 0ocume manui 3HOC HOMOKY eHepeii aKyCmMu4HUux
X8Ub BIOHOCHO XBUTLOBO2O 8EKMOPA i HEXMYBAHO MAUL KyM GIOXUNEHHS CIAHY NOJApU3ayii 6io
Yucmo - nonepeunoco i Nno3008JcHb020  muny. Po3paxoeami  3nauenmns — Koeiyicnmis
aKycmoonmuuHoi aKkocmi O 83a€MO0ii X8Ulb, SAKI NOUWUPIOIOMBCA Y HANPAMKAX ONU3bKUX 00
20106HUX Kpucmanozpagivnux oceii € docums seukumu i docszarme suavens 3068x107c ke
and 3262 x107"°¢ /xe ons isomponnoi i anizomponnoi 63aemodii, 6i0nogiono.
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