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Abstract. Ferroelastic phase transitions in single crystals of RbIn(MoQOy), have been
studied by means of polarised light microscopy. Investigations of morphology and
temperature evolution of domain structures in three ferroelastic phases of
RbIn(M0Q,), have been performed. Orientation of optical indicatrix axes corre-
sponding to refractive indices n, and n, has been found and optical birefringence
measured in (0001) plane in the temperature range covering all of the ferroelastic
phases.
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1. Introduction

Ferroelastics of a family of double molybdates and tungstates described by the general formula
AB(XOy), (with A standing for alkali metal, B for trivalent element, and X for Mo or W) have
become an object of extensive experimental and theoretical interest in view of their phase transi-
tions and critical phenomena observed with varying temperature, pressure or mixed crystal compo-
sition [1-4].

The object of our present studies is RbIn(MoQy,), that belongs to trigonal subgroup of the
double molybdates and tungstates, which is abbreviated hereafter as TDM/T. The TDM/T are
isostructural compounds with common crystallochemical features [5]. Crystalline structure of their

trigonal high-temperature phases is described by the space group P3ml , with one formula per unit
cell. This structure is build up from corner-sharing BOg octahedra connected to MoQ, tetrahedra,
with A" ions being situated between layers. The octahedra BOg centred at B** reveal a trigonal
symmetry. A strict consequence of their layered structure is a presence of cleavage planes perpen-
dicular to ¢ axis.

Most of the TDM/T compounds undergo phase transitions to ferroelastic phases; the ob-
served structural phase transitions are of a displacive type. They result in either monoclinic (C2/m

or C2/c) or triclinic (Pi) systems [6]. The transition from the trigonal phase is improper and is
accompanied by a doubling of unit cell along the three-fold axis. In spite of the fact that the crys-
tals have been attracting attention of researchers for many years, there still seem to be a lot of
doubts regarding their properties. Recently it has been pointed out that the ferroelastic phases
realising in the TDM/T may be simultaneously incommensurate [7—11]. Thus, the crystals may be
said to be examples of systems described by a multi-component order parameter.

" The materials of this work have been reported at the 2" Ukrainian—Polish-Lithuanian Meeting
on Ferroelectrics Physics (9—13 September 2012, Lviv, Ukraine).
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The symmetry reduction occurring between the trigonal and monoclinic phases leads to oc-
currence of three orientational states S; (i = 1, 2 and 3) separated by two different types of domain
walls Wand W' [12—15].

Upon lowering the temperature, a sequence of phase transitions has been found in
RbIn(MoO,), crystal, as evidenced by anomalies seen in the electron paramagnetic resonance
(EPR) spectra of paramagnetic admixture ions and changes in the ferroelastic domain structure, as
well as through dynamical mechanical analysis (DMA) [16—19]. The transition at 7= 163 K takes
the crystal from a trigonal to incommensurate 3¢ phase, and then to a three-domain 1¢ state at
T,= 143 K. Subsequent transformations have been found at 73= 134 K and 7,= 98 K; this se-
quence ends up with a transition at 75= 84 K, after which the trigonal symmetry seems to be re-
stored.

The present work deals with polarised light microscopy studies of RbIn(M0Qy,), in the tem-
perature region of 77-300 K. Optical birefringence and orientation of the principal axes of optical
indicatrix have been investigated, too.

2. Experimental details

Our single crystals of RbIn(MoQO,), were transparent and of a good optical quality. They were
characterised with a well defined habit, which is typical for the TDM/T crystals. The laboratory
system of X, Y and Z axes used here (see Fig. 1a) coincides with the crystallographic system (X || 2,

Z|| 3 and the Y axis lies in the mirror plane).
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Fig. 1. (a) Typical habitus of our crystal, with a pinacoid face (0001) marked as p and rhombohedron faces
marked as r, and a link of laboratory coordinate system XYZ with crystal morphology. (b) Scheme of domain
patterns. (c) Experimental schemes for studying of optical anisotropy.

For examination of ferroelastic domain patterns the samples were prepared in the shape of
thin platelets by cleaving as-grown crystals along their (0001) faces. Ferroelastic domains were
studied in a wide temperature range, using a polarising microscope Nikon Eclipse LV100POL.
It was equipped with a thermooptical stage THMS600 and a Linkam temperature controller.
Fig. 1b shows point symmetry elements of the three orientational states S; (i =1, 2 and 3) of the
monoclinic phases and a scheme of all orientational variants, with two kinds of permissible
domain walls (W; || m; and W' || 2;). Here the angle y defines orientation of crossed polariser P and
analyser 4.

Optical birefringence (An); was measured with a Senarmont compensator for a mono-
chromatic light (the wavelength of 546 nm) propagating along the three-fold axis. Here (An),
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represents in fact a morphic birefringence (it is zero in the paraelastic phase, being induced purely
by the structural phase transition). The thickness of our sample was 0.19 mm. The measurements
were performed in the heating run in the temperature range covering all of the ferroelastic transi-
tions.

A diagram of sample orientation with regard to the polariser P, the analyser 4 and auxiliary
plates used during our experiments is shown in Fig. 1. In the past, such an arrangement had been
used in order to examine the optical properties of KSc(MoQ,), crystal [15].

3. Results and discussion

3.1 Ferrroelastic domain structure

A presence of a number of structural phase transitions in RbIn(MoQOy,), has been confirmed by our
observations of domain structure performed in the polarised light. As shown in study [18], the
phase transition occurring at the temperature of 7= 163 K is not accompanied by appearance of
ferroelastic domain structure. This structure becomes visible not earlier than around the tempera-
ture 7, = 143 K and can be observed, with certain modifications, whereas the temperature is low-
ered down to T5= 84 K. Below this temperature point the domain structure disappears and the
crystal, like at the temperatures higher than 143 K, shows no ferroelastic properties [19].

The pictures shown in Fig. 2 reveal the changes in the microscopic image of the crystal in the
polarised light observed when the temperature is lowered. It can be seen that the domain structure
becomes visible after passing of the phase front at ca. 7, = 143 K. A stable lamellar arrangement of
domains separated by the W-type domain walls is formed in the vicinity of 1 K below the tempera-
ture 7»; it does not undergo significant reconstruction in the region of phase transition near
T5;= 134 K. Instead, considerable changes in the domain structure are observed in the vicinity of
T,= 98 K. After passing of the phase front, the structure is completely rebuilt and, as a result, large
domains separated by the W-type domain walls predominate.

Fig. 2. Formation of ferroelastic domain structure in Rbin(MoO,), observed at y = 30°. Passing of the phase
front is marked by a white arrow and domains of the third ferroelastic phase (Dyn ) by black arrows.

The domain structure remains stable with further temperature decrease. Around the point
Ts=84 K and again after passing of the phase front, a new phase occurs where the domain struc-
ture disappears. Any changes in the orientation of our sample achieved by rotating it around the Z

198 Ukr. J. Phys. Opt. 2012, V13, Ne4



On the phase

axis in the field of view of the microscope below the temperature 75 have induced no conse-
quences observed in the polarised light [19]. Hence, the observations in the polarised light provide
a strong evidence of three phase transitions happening at the temperatures 7,= 143 K, T;=98 K,
and 75= 84 K. Moreover, the appearance of the phase front testifies to discontinuous nature of
these transitions.

However, the ferroelastic domain structure in RbIn(MoQ,), shown above is not the only
structure typical for this crystal. A domain structure comprised of two or three types of domains
with blurred colours, which continuously change during the observation of the individual domains,
is very frequently observed for the same samples in the temperature region 98—143 K, as shown in
Fig. 3. Although it is impossible to attribute well defined wall domains to the domain boundaries
in the image, the boundary of different shades of colours seems to be parallel to one of the three
two fold symmetry axes. Therefore, one can conclude that this type of domain structure is built on
the basis of W'-type domain walls in the temperature region 7, < 7 < T5.

Fig. 3. Temperature evolution of ferroelastic domain structure in Rbin(MoO,), observed at y = 30°.

The double refraction and the orientation of optical indicatrix axes in the ferroelastic phases
presented in the next subsection have been examined only for the first type of the domain structure
seen in Fig. 2. It is also worth noting that in many RbIn(MoQ,), samples, the domain structures of
the both types coexist in different temperature regions.

3.2 Optical anisotropy and double refraction

The presence of the three types of domains (see Fig. 4) observed in all of the ferroelastic phases in
the temperatures region from 84 to 143 K makes it possible to explicitly associate the symmetry
elements of the crystal in the monoclinic phase with the walls and edges of the crystal, which is
important for correct interpretation of the results observed in the polarised light. It also allows for
quick and unambiguous determination of the extinction angle.

Our examination of the extinction angle has enabled us to determine the orientation of optical
indicatrix axes that correspond to standard refractive indices n, and n,, in all the ferroelastic phases
occurring in RbIn(MoQy,), (see Table 1). Their orientation in the phases located in the temperature
regions 134-143 K and 98-134 K can be summarised as follows: the light polarisation direction
corresponding to the refractive index n,, is parallel to the two fold axis (#, || 2) and that corre-
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sponding to 7, lies in the mirror symmetry plane (7, || m). However, a change in the orientation of
optical indicatrix axes takes place at the phase transition point 73 =98 K and we have 7, || 2 and n,,
|| m in the ferroelastic phase (i.c., in the temperature region 84-98 K). Such orientations of the
principal axes of optical indicatrix are expected for the monoclinic arrangement. They indicate that
the ferroelastic phase transitions observed in Rbln(MoQy), at 134 K and 98 K should separate
different modifications of the monoclinically arranged structure.

Fig. 4. Ferroelastic domain structure observed in RbIn(MoQO,); at T =115 K, showing a presence of three do-
main types. Principal axes of optical indicatrix that correspond to the refractive indices ny and n,, are shown for
the domain Ss.
Table 1. Orientations of optical indicatrix axes corresponding to the refractive indices ng and
n,, with respect to the internal symmetry elements of the orientational states typical for the
three TDM crystals, as observed in the cross section (0001).

Crystal Ferroelastic phases Reference
I I 11
KSc(MoOy), ng || m ngll 2 ng || m [15]
N || 2 Ny || m My || 2
RbIn(Mo0Oy,), ng || m ng || m ngll 2 the present
M || 2 M || 2 Ny || m work
KFe(MoOy), gl 2 ng | 2 - [14]

One or two structural phase transitions are usually observed in the group of double trigonal
molybdates and tungstates. For example, two structural transformations take place at the tempera-
tures 311 K [6, 20] and 139 K [21] in KFe(Mo0Q,),. Sometimes, like in the case of KSc(MoOy,),,
there occur three ferroelastic transitions [6, 8] (the corresponding temperatures are 77=260 K,
T,=143 K, and 73;= 181 K). In this family, RbIn(M0QO,), seems to show the richest variety of
structural phase transitions (the points from T to 75s), with three different ferroelastic phases. This
situation is similar to the case of KSc(MoOQy),. For the sake of comparison, Table 1 shows orienta-
tions of the optical indicatrix axes n,, and n, in the crystals mentioned above, which are character-
istic for different ferroelastic phases.

As far as we know, no study has been reported in the literature concerning the double refrac-
tion in the RbIn(MoQy), crystal. As a part of our present studies, we have measured the optical
birefringence (An); = n,— n,, for the polarised light beam passing parallel to the Z axis. Two transi-
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tions occurring at the temperatures 7= 143 K and 7,= 98 K are visible owing to abrupt changes
in the double refraction, whereas the transition at 75=134 K is marked by only a very slight
change of the effect size. The characteristic double refraction values typical for the temperatures
selected near the phase transitions are gathered in Table 2.

Table 2. Birefringence values (An); for the cross section (0001) measured in the heating run
for all of the ferroelastic phases in RbIn(MoQOy),.

Phase 1 Phase 11 Phase 111
T, K 143 135 133 100 93
An, 1074 1.89 2.43 2.33 2.57 1.85

The transition at 7, = 143 K is discontinuous and, when the temperature becomes lower, it is
accompanied by a rapid increase in double refraction up to 1.8x107*. Further temperature decrease
causes only a small change of this value; the birefringence remains almost constant in the tempera-
ture region 98—134 K. However, the value mentioned above decreases in an abrupt manner by ca.
30% at T,=98 K.

Conclusions

The ecarlier EPR investigations have revealed a sequence of structural phase transitions in the
RbIn(Mo00,), crystals, starting at 77 = 163 K. Nevertheless, the transition to the ferroelastic phase
should take place only at 7,= 143 K, as evidenced by us through the observation of ferroelastic
domain structure. Subsequent transitions, being also ferroelastic, take place at 73=134 K and
T4=98 K. The last structural transformation is seen at 75= 84 K and the ferroelastic domain struc-
ture disappears below this temperature point.

The microscopic observations in the polarised light presented in this work provide strong
evidence of ferroelastic character of the phase transitions observed earlier by the EPR. The appear-
ance of the phase front at 75, T, and T’ reveals a discontinuous character of these transitions. Two
types of the domain structure have been found in RbIn(Mo0OQy),, a one with homogeneous domains
separated by the W-walls and a second characterised by heterogeneous areas with blurred colours,
which are bordered by the W'-walls.

In this work we have presented the first results of crystal optical measurements performed for
RbIn(M00,), in a wide enough temperature range. We have found the orientations of the optical
indicatrix axes in the (0001) plane corresponding to the refractive indices n, and n,, for all of the
ferroelastic phases (see Table 1). At the temperature 73, the orientation of these axes does not
change; the same has been observed for KFe(MoQy,),, where the transition between two ferroelas-
tic phases occurring at 139 K involves no changes in the optical indicatrix orientation, the transi-
tion being marked only by a small change (namely, a decrease) in the birefringence. With regard to
that fact, a decrease in the birefringence observed at the transition between the first and second
ferroelastic phases in RbIn(Mo0QO,), does not seem to be exceptional. A decrease in the birefrin-
gence seen at the transition 7, between the second and third ferroelastic phases could be closely
associated with a total disappearance of the birefringence several degree of Kelvin below (i.e.,
below the temperature 75).

Basing on the earlier EPR studies for the admixture ions in RbIn(MoOy),, the monoclinic
symmetry C2/c has been suggested for the first and second ferroelastic phases, and the group C2/m
for the third phase. These suggestions seem to correlate with the earlier findings for the
KSc(MoO,), and KFe(MoQy), crystals, which state for the monoclinic phases that the principal
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axis n, is parallel to the m plane for the symmetry group C2/c and the axis #, is oriented along the

two-fold axis for the symmetry C2/m.
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Anomauin. Memooom noaapusayitinoi MIKpOCKOnii 00CHiodiceni cecnemoenacmuymi ¢azosi
nepexoou 6 mouokpucmaiax RbIn(MoO,),. Busueno mopgonozito i memnepamypHy 3miHy
O0OMEHHOI cmpyKmypu y mpvox cezHemoenacmuynux ¢aszax kpucmanie Rbln(MoQO,),. Busnaueno
opienmayiro oceti ONMUYHOL IHOUKAMPUCU, AKI 6i0N0BI0AIONMb NOKASHUKAM 3ANOMACHHS Ng I N,y A
BUMIpsIHe ONMUYHE OB03ANOMAEHHS Y HANPAMKY nepneHouxyiapromy niowuni (0001) 6
memnepamypHiil 061acmi iCHy8aAHHs 6CIX Ce2HeMOeNACMUYHUX (a3.
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