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Introduction 

Trigonal double molybdates and tungstates (TDM/T) 
of alkali and trivalent metals of general formula 
AB(XO4)2 (A = alkali metal, B = trivalent element, 
X = Mo, W) have attracted much attention in recent 
years because of their simple structure and the ability 
to undergo ferroelastic phase transitions in wide tem-
perature ranges. 

TDM/T are isostructural compounds with common 
crystal-chemical features [15] and the crystal structure 
of their high-temperature trigonal phases is described 
by the space group P3–m1 with one formula per unit cell. 
This structure is built up from the corner sharing BO6 
octahedra connected to the XO4 tetrahedra. The A+ 
ions are situated between these layers. The BO6 octa-
hedra centred on the B3+ have a trigonal symmetry. 

Most of TDM/T undergo ferroelastic phase transi-
tions of a displacive type. A group theoretical analysis 
of possible transitions in these compounds has shown 
that they lead to either monoclinic (C2/m or C2/c) 
or triclinic (P1–) systems and are induced by one of the 
two-dimensional irreducible representations of the 
space group P3–m1, τ5 or τ6 [19]. The transition from 
the trigonal phase is improper and is accompanied by 
a doubling of the unit cell along the threefold axis of 
the crystal. In the TDM/T compounds the symmetry 
reduction from the trigonal to monoclinic phase leads 
to the occurrence of three orientational states Si (i = 1, 
2, 3) that are separated by two different types of domain 
walls called W and W’ [13, 18]. 
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EPR has proved to be a very useful technique for the 
investigation of ferroelastic phase transitions in these 
compounds [37, 39, 40]. EPR spectra of admixture ions 
have confirmed the reduction of point symmetry and 
the doubling of the unit cell along the c-axis in the low 
temperature phases. Also, on the basis of EPR studies 
models for the deformation of the high-temperature 
(HT) phase leading to the monoclinic systems C2/c or 
C2/m were proposed. It has been shown that EPR of 
Cr3+ ions may be used for evidencing the occurrence of 
ferroelastic domain structure [32]. 

In spite of the fact that the crystals have attracted 
the attention of researchers for a number of years, 
there still seem to be a lot of doubts regarding their 
properties. Recently, it has been pointed out that the 
ferroelastic phases realized in TDM/T may be simul-
taneously incommensurate [16, 30, 33, 35]. Thus, these 
crystals are regarded as examples of systems described 
by the multi-component order parameter. In this paper 
peculiarities connected with the phase transitions occur-
ring in TDM/T are reviewed using as an example one 
member of this crystal family RbIn(MoO4)2. 

Multi-q incommensurate states 

The occurrence of a transition from a normal phase to 
a new phase presenting a structure with an incommen-
surate modulation has been observed in many different 
materials [7, 9]. For the incommensurate phases, the 
free energy is a minimum for the wave vector q0 which 
is not a high-symmetry point of the Brillouin zone of 
the HT (normal) phase. Often the free-energy minima 
lie at several equivalent points related by symmetry 
operations of the high-temperature phase (the star of 
q0). The modulated structure can then correspond to 
a set of domains with a single-wave (1 q) modulation 
corresponding to each pair (±q0) of the star, or to a 
multi-q structure corresponding to the superposition 
of several waves with non-collinear wave vectors [12]. 
Phase transitions leading to such incommensurate phas-
es are described by order parameters with a minimum 
dimensionality 2, 4 or 6 resulting in single-q, double-q 
or triple-q modulated structures [6, 8]. 

The shape of the resonance line in the incommensu-
rate phase depends on the dimensionality of the modu-
lation. Nuclear magnetic resonance (NMR), electron 
paramagnetic resonance (EPR) and nuclear quadrupole 
resonance (NQR) spectra and relaxation of incommen-
surate systems with a two-component order parameter 
corresponding to a one-dimensional modulation wave 
are now well understood; in these cases  the averaged 
structure of the incommensurate phase has the same 
space group as that of the normal phase. The best known 
examples are the crystals of A2BX4 family [7, 9]. 

On the other hand, very little is known about the 
multi-q incommensurate systems. In the double-q or 
triple-q modulated structures two different incommen-
surate states may exist. The first one corresponds to the 
2-q or 3-q structures with a simultaneous freezing of all 
vectors ±qj; the averaged structure of such an  incom-
mensurate phase has the same space group as that of 
the normal phase. Another possible state corresponds 
to a domain structure;  each domain is here modulated 
in a single direction (1-q state), but the direction of 
modulation wave varies from one domain to another. 
In this case the symmetries of normal and incommen-
surate phases can be different. The double-q modulated 
structures have been found to realize in biphenyl [21, 
27, 28], in barium sodium niobate, Ba2NaNb5O15 [5, 
26] or in Cs3Bi2I9 [3]. The examples of triply modulated 
systems are quartz, SiO2 [1, 11, 23, 24] and proustite 
Ag3AsS3 [17, 22, 25]. 

In the multi-q systems, transitions between the two 
different incommensurate phases can be observed. For 
example, the 1-q → 2-q transitions have been observed 
in barium sodium niobate [14, 20] and transitions 1-q 
→ 3-q in proustite [4]. The mechanism of the 1-q → 3-q 
phase transition characteristic of the hexagonal system 
is discussed in [10]. 

Phase transitions in RbIn(MoO4)2 

EPR of admixture ions led to the detection of a second-
-order phase transition at T1 = 163 K in RbIn(MoO4)2 
[31]. The transition was observed through the broaden-
ing of EPR lines of Cr3+ and Fe3+ ions. Figure 1 shows 

Fig. 1. Temperature changes in: (a) amplitude and (b) lineshape of the EPR line for Cr3+ in RbIn(MoO4)2 in the vicinity of 
first phase transition at T1 = 163 K, for EPR line of the transition |1/2 > ↔|–1/2 >. 
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the temperature behaviour of the EPR lines for Cr3+ 
ions in the stress free RbIn(MoO4)2 in the vicinity of T1. 
Figure 1a shows temperature changes in the amplitude of 
the resonance line for transition |1/2 > ↔ |–1/2 > where-
as Fig. 1b presents the temperature changes of the EPR 
lineshape. Below 220 K, the intensity of the resonance 
line begins to decrease; it is accompanied with an increase 
of its linewidth. Below 163 K, the resonance line remains 
unresolved, but its amplitude rapidly decreases. One can 
notice that below 156 K the resonance line is spread into 
a broad continuum without any singularities. 

According to the scheme of phase transitions in 
the TDM/T family given in [19] this transition should 
lead from the trigonal to monoclinic symmetry. Thus, 
the transformation to a ferroelastic phase should be 
seen through splitting of the EPR lines into a few 
components. The most striking effect is provided by no  
evidence of any changes in the crystal structure under 
the polarizing microscope in the temperature range 
143–163 K [36], whereas a very pronounced evidence 
of such changes is found in EPR investigations. 

The situation is well understood under the assump-
tion that at Ti = 163 K a transition to an incommensurate 
3-q state takes place in the crystal [29, 30]. The resonance 
field distribution in such a state is given by a multiple 
convolution [6] of field distributions f(Bi) for purely one-
-dimensional modulations B = B0 + Bi cos ϕi 

(1) 

Accordingly to Eq. (1) in the 3-q state lineshape is 
given by a double convolution of the 1-q modulation 
distribution. The distribution functions have no singu-
larities, but their derivatives have between four and six 
van Hove-type singular points depending on the ratios 
between Bi [6]. Making the use of such a distribution 
function we obtained simulated EPR spectra for the 
3-q case as shown in Fig. 2. The simulated EPR spectra 
for the 3-q state are given for the case B1 = B2 ≠ 0 and 
B3 = 0. The spectra are obtained for different values of 
B1/ΔB, where ΔB is the EPR linewidth. The simulated 
lineshape reproduces characteristic features of the 
experimental line shape very well. The 3-q state model 
can describe the EPR lineshape in the temperature 
region 148–163 K [30]. 

The average crystal symmetry in this state should be 
the same as the one in the high temperature trigonal 
phase. This means that no change of the polarized light 
interaction within the crystal should take place on mov-
ing from the high temperature phase to the low tem-
perature phase (3-q state) below 163 K. This statement 
is in agreement with the results of our polarized light 
microscopy studies of RbIn(MoO4)2 – no changes in the 
interference colours have been found in the crystal on 
cooling down to 143 K [36]. 

Very weak changes indicating the occurrence of the 
ferroelastic domain structure appear at around 143 K. 
The domain configuration observed in different ther-
mal cycles was based on the W or W’ walls. Lowering 
of the crystal symmetry in the vicinity of 143 K is also 
evidenced in the conoscopic images of RbIn(MoO4)2 

[36]. The appearance of ferroelastic domain structure 
at 143 K coincides with another anomaly observed in 
the EPR spectra (Fig. 3a). One can see that close to 
143 K the amplitude of all resonance lines reaches a 
maximum, the lines become narrow and well-separated. 
It has been suggested that at T2 = 143 K a transition 
from the 3-q state to three-domain 1-q states appears 
[36]. The 1-q states are ferroelastic ones, which means 

Fig. 2. Simulated EPR spectra for the 3-q state in the case of 
B1 = B2 and B3 ≈ 0, for various values of B1/ΔB.
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Fig. 3. Temperature changes of EPR spectra in RbIn(MoO4)2:Cr3+ for the transitions (a) |1/2 > ↔|–1/2 > and (b) |–3/2 > 
↔ |–1/2 >.
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that the average symmetry is lowered to the monoclinic 
one. The suggested space symmetry in this monoclinic 
phase is C2/c. 

On further cooling, the crystal, the width of reso-
nance lines starts to increase and their amplitude slowly 
drops. Anomalies in the EPR spectra of Cr3+ indicate 
that at T3 = 134 K (Fig. 3a) and T4 = 98 K (Fig. 3b) 
other phase transitions take place [34]. The temperature 
region around 98 K, in which anomalies in the EPR line 
behaviour occur in RbIn(MoO4)2, coincides with that 
in which rebuilding of the domain structure takes place 
in this crystal; the domains are very homogeneous with 
a preferential type of the W walls [36]. 

Below 98 K, seven broad and overlapping compo-
nent resonance lines are observed (Fig. 4). The nature 
of transitions at T3 and T4 is still unclear. However, the 
presence of broadened EPR lines and the ferroelastic 
domains suggest that these transitions lead to simul-
taneously incommensurate and ferroelastic phases. In 
the temperature range from 85 to 97 K the resonance 
lines change only slightly with temperature. As seen in 
Fig. 4a, significant changes in the EPR spectrum 
start below 85 K and at around T5 = 84 K, instead of 
broad overlapping lines, seven intense well-separated 
resonance lines are observed. Both the temperature 
behaviour of EPR lines as well as motion of the phase 
front observed under polarizing microscope indicate the 
phase transition at about T5 being of the first order. 

Surprisingly, it was found that below T5 the fer-
roelastic phase disappears [38]. This phase transition 
was confirmed by dynamical mechanical analysis 
(DMA) through anomalies in the temperature behav-
iour of both real and imaginary parts of the Young’s 
modulus [38]. 

From the anisotropy patterns, seven kinds of Cr3+ 
complexes are identified that can be divided into two 
structurally in-equivalent groups (marked as I and II in 
Fig. 4b). The chromium complexes of type I lie in the 
axial crystal field with the principal z-axis parallel to 
the threefold crystal Z-axis. The type II group consists 
of six magnetically in-equivalent kinds of paramagnetic 
centres lying in the crystal field of lower symmetry with 
their z-axes deviated from the Z-axis. 

The EPR spectrum of the Cr3+ centre (S = 3/2) is 
described by spin Hamiltonian in the form [2]: 

(2)  

where μB is the Bohr magneton, On
m are the Stevens 

operators, bn
m are the zero-field splitting (ZFS) pa-

rameters, g is the spectroscopic tensor. The values of 
the spin Hamiltonian parameters which characterize 
these two groups of Cr3+ complexes and the disposition 
of the principal axes of their D-tensors are collected in 
Table 1. For comparison, the parameters of spin Ham-
iltonian for Cr3+ complexes are listed in the HT phase 

Fig. 4. (a) Temperature changes of the EPR spectra of RbIn(MoO4)2:Cr3+ in the vicinity of T5 = 84 K for the transition |–3/2 > ↔ 
|–1/2 > and magnetic field B lying in the XY plane; (b) Angular variation of the Cr3+ low-field lines in the XY plane at 77 K. The 
solid curves show the theoretical curves calculated using the spin Hamiltonian parameters from Table 1. The laboratory system of 
the X, Y and Z axes coincides with that of the crystallographic axes (X||2, Z||3

–
).

Table 1. Spin Hamiltonian parameters and direction cosines of Cr3+ centres in RbIn(MoO4)2 at temperatures 300 K (parael-
astic phase), 142 K (ferroelastic phase) and 77 K (non-ferroelastic phase). The direction cosines are referred to the XYZ axis 
system 

Temperature (K) g b2
0 (cm-1) b2

2 (cm-1) Direction cosines Ref. 

300 g|| = 1.964
g⊥ = 1.968 0.540 0

  –   – 0
[40]  –   – 0

  0   0 1

142
gx = 1.968 
gy = 1.968 
gz = 1.965

0.549 0.045
  0.9659   0.2588 0
–0.2588   0.9658 0.0174
  0.0045 –0.0168 0.9998

  77

I g|| = 1.964 
g⊥ = 1.968 0.552 0

  –   – 0

[38]

  –   – 0
  0   0 1

II
gx = 1.968 
gy = 1.968 
gz = 1.965

0.552 0.141
  0.9659   0.2588 0
–0.2580   0.9629 0.0758
  0.0203 –0.0758 0.9969

0 0 2 2
B 2 2 2 2

1 ( )
3

H B g S b O b O= μ ⋅ ⋅ + +
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as well as in the phase limited to the temperature range 
T2 < T < T3. 

The simplest model of the unit cell deformation 
explaining the presence of Cr3+ complexes of type I 
and II below 84 K was given in [38]. The disposition of 
the principal axes of the D-tensors of Cr3+ complexes 
showing the Laue class 3–m as found from the anisotropy 
patterns taken at 77 K, and the lack of ferroelastic do-
main structure below 84 K indicate that, despite large 
changes in the crystal structure, the transition to the 
lowest phase restores the trigonal symmetry. 

Final remarks 

Upon lowering the temperature, a sequence of phase 
transitions was found in the RbIn(MoO4)2 crystal as 
evidenced by anomalies in the electron paramagnetic 
resonance spectra of paramagnetic admixture ions as 
well as through changes in the ferroelastic domain 
structure. The transition at 163 K takes the crystal from 
the trigonal to incommensurate 3-q phase, and then to 
a three-domain 1-q state at 143 K. 

Subsequent transformations are found at 134 K and 
98 K; the sequence ends with a transition at 84 K in which 
the trigonal symmetry seems to be restored. This low-
-temperature phase of RbIn(MoO4)2 seems to be new, 
unknown in the family of TDM/T crystals. A certain fer-
roic ordering like antiferroelasticity or ferrogyrotropy 
could be speculated to exist in this phase. However, to 
prove it additional experiments are required. 
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