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Abstract—The lattice dynamics of the Rb,KMoO;F; oxyfluoride has been studied by Raman spectroscopy

in the temperature range 7—400 K. A phase transition has been revealed at 7'~ 185 K with decreasing tem-
perature. Anomalies of the frequencies and Raman line half-widths have been analyzed. No condensation of
soft lattice modes has been found. The character of changes in the Raman spectra of the Rb,KMoO;F; oxy-

fluoride shows that the phase transition is related to variations in the [MoO3F3]3* molecular octahedron.
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1. INTRODUCTION

The Rb,KMoO;F; oxyfluoride is a representative
of a large family of perovskite-like oxyfluorides with
the general formula 4,4'MO;F; (4, A" = Rb, Cs, K;
M =W, Mo). In the high-temperature phase, the rep-
resentatives of the family have a structure of the elpa-
solite (4 # A') or cryolite (4 = A') type. The unit cell
structure in the cubic phase is identical to that pre-
sented in [1]. A,A'MO;F; oxyfluorides differ from pure
oxides and fluorides by a lower (noncubic) symmetry
of the six-coordinated anion (quasi-octahedron).
According to the fac- and mer-configurations of
arrangement of ligands, the symmetry can be trigonal
(C;,) or orthorhombic (C,,,), respectively [2]. Because
of the difference in the magnitudes of the F and O
charges, each of the configurations must necessarily
have a dipole moment. Despite the existence of a
dipole moment in an individual octahedron, the mac-
roscopic symmetry of the oxyfluoride crystal lattice is

cubic with space group Fm3m (Z = 4) because of sta-
tistical disordering of the F and O atoms [2]. The
interest in oxyfluorides is motivated by searching for
compounds in which a macroscopic dipole moment
exists by itself or due to phase transitions or external
actions. The compounds with similar properties are
studied by many research groups throughout the world
[3—7], and they are widely used in various practical
applications.

In [1, 6], it was shown that the [ MO;F;]*~ octahe-
dron has predominantly the fac-configuration.

Depending on the ratio of the ionic radii R,and R

and also on the type of M atoms, the Fm3m structure
can be distorted as a result of two [7—15] or one phase
transition [1, 7, 11—14, 16], or it can remain stable
down to the liquid-helium temperature [7, 11—14].
For instance, despite very close values of the ionic radii
of Mo (Ry, = 0.073 nm) and W (Ry = 0.074 nm)
atoms, the Rb,KMoO;F; elpasolite undergoes a phase
transition on cooling [17], while the Rb,KWO;F;
elpasolite remains cubic and does not undergo any
phase transformations.

In [2, 11-14, 18], it was found that the
Rb,KMo0O;F; elpasolite undergoes two successive
phase transitions at 7'= 328 K (with appearance of a
spontaneous polarization) and at 7= 182 K. The stud-
ies of the compound were restarted several years ago.
In [17], the properties of the Rb,KMoO;F; elpasolite
were studied on many samples synthesized by various
methods. It was shown that the oxyfluoride undergoes
only one order—disorder ferroelectric phase transition

from the cubic phase (Fm3m , Z=4) at T= 195 K far
from the tricritical point. The structure of the low-
temperature phase of the crystal is unknown up to now
because of the twinning in the existing samples [17].
Thus, the problem was set up to determine the role of
[MO,F;]*~ molecular groups in the phase transition
and to study in detail the low-temperature phase in the
Rb,KMo0O;F; elpasolite based on evolution of the
Raman spectra.
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Experimental values of the vibration frequencies of atoms in
the high-temperature cubic phase G| and low-temperature
phase G,

G, %
Atomic vibrations -
®, cm
1 Lattice vibrations 40
56
46 79
77 91
107
I1 O—Mo—F 203 210
217
Ir | O—Mo-0O 296 300
283 284
v Mo—F 379 366
360 356
\% Mo—-0O 818
823
826 831
844 849
864 863
873
904 896
908

Note: G| is the high-temperature Fm3m phase (T'= 300 K); G, is
the low-temperature phase (7'= 100 K).

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

The total Raman spectra of the non-oriented
Rb,KMoO;F; single crystal were measured on a Horiba
Jobin Yvon T64000 Raman spectrometer. We used
1.5 x 1.5 x 1.5-mm-sized sample no. 7 with no visible
inclusions, which was synthesized from the melt and
described in [17]. The temperature studies were per-
formed using an ARS CS204-X1.SS helium cryostat of
closed cycle. The temperature was measured by indi-
cations of a calibrated LakeShore DT-6SD1.4L sili-
con diode. The accuracy of temperature stabilization
was < 0.2 K, and that during hysteresis was <0.05 K.
The sample placed into an indium gasket was fixed on
a coolant guide; thereafter, the cryostat was evacuated
to 1.0 x 10~ mbar. A single-mode Ar+ laser with
wavelength A = 514.5 nm was used as an excitation
light source. The radiation power on the sample was
7 mW.

The spectra in the temperature range 7—400 K were
measured at a step of 0.5 K. In the vicinities of the
phase transition and during measurement of the ther-
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mal hysteresis of the transition, the temperature step
was 0.1 K.

To obtain the quantitative data on the positions and
widths of the spectral lines with positions of the maxi-
mum at ® > 150 cm~!, we used the shape of the
Lorentzian profile similarly to [19]

2 T
L4 o) =—™"
T4(x-w) +T

where A4 is the intensity; o is the frequency (cm™!); T is
the full width at half-height, x is the current coordi-
nate (frequency, cm™!). However, the spectra at ® <
150 cm~! are more correctly described using the pro-
file described by the damping harmonic oscillator
(DHO) function [20]:

oY)

210)2Fx

(032 —x2)2 + 40

Ipno(4, ®,T) = n(x, T) 2)

where

kgT
-1
[exp(@) - 1} , ®<0,
kg T

where c is the velocity of light. It should be noted that
the parameters of the spectral lines with high ®
obtained as a result of expansion by two above
described methods coincide within the limits of exper-
imental error.

-1
1} +1, ©>0,
n(o, T) =

3. RESULTS AND DISCUSSION

The total vibration spectrum of the crystal can arbi-
trarily be divided into several ranges corresponding to
vibrations of various structural elements [18]:

I—the lattice vibration range (<150 cm™!);

II—the range of deformation O—Mo—F vibrations
(150—250 cm™);

III—the range of deformation O—Mo—O vibra-
tions (250—235 cm™!);

IV—the range of valence Mo—F vibrations (335—
450 cm™);

V—the range of deformation Mo—O vibrations
(800—940 cm™1).

The transformation (Figs. 1 and 2) and total
dynamics (Fig. 3) of the spectra of the Rb,KMoO;F;
elpasolite in the temperature range 7—400 K demon-
strate the existence of anomalies below T = 185 K
(with decreasing temperature) corresponding to the
phase transition related to ordering of the F/O atoms
in the anion octahedron [17]. The Raman spectrum of
the Rb,KMoO;F; oxyfluoride is substantially
changed: because of the reduction of symmetry, new
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Fig. 1. Temperature transformation of the Raman spectra.

spectral lines appear; the line positions are signifi-
cantly shifted, and there are anomalies in the behavior
of the linewidths. Table lists the experimental frequen-
cies of atomic vibration in the high-temperature cubic
phase and in low-temperature phases.

The largest changes as a result of the phase transi-
tion occur in the frequency range corresponding to the
valence vibrations of the Mo—O and Mo—F bonds,
and also in the range of lattice vibrations (Fig. 1). The
expansion of the spectrum into individual lines for
temperatures lower and higher the phase transition
temperature is shown in Fig. 2. It is clearly seen that,
after the phase transition, the number of lines in the
range of Mo—QO vibrations is doubled. The splitting of
line with a frequency 0f 904 cm~! (at 7= 300 K) of the
totally symmetric Mo—O vibration that is nondegen-
erate in the cubic phase indicates on the increase in the
unit cell volume is at least doubled.

Along with the change in the spectral composition
in the phase transition point, lines at frequencies of
904 and 361 cm™! corresponding to the totally sym-
metric vibrations of the Mo—O and Mo—F bonds are
shifted by 1.7 and 2.1 cm™!, respectively; however, the
shifts are opposite in sign.

In relation to significant change in the character of
the temperature dependence of the frequency in the
phase transition point, we extrapolated the tempera-
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Fig. 3. Temperature dependences of the vibration frequencies of atoms of the Rb,KMoO;Fj elpasolite.

ture run of the frequency and linewidth in the cubic
phase by known dependences [21] that appear due to
anharmonicity of the vibrations:

2

e —1

o(T) = 0)0+A(1 +

3
; (3)

+B(1+

4

where

_ ho,e

_ hoye
C 2k T T

3ky T’

The constants have the values as follows: for the Mo—
O bond, ®, = 906.4 cm™', I;, = 0.04 cm™!, 4 =
—0.25cm™', B=0018 cm!, C=649 cm™!, D =
59.47 cm~!; for the Mo—F bond, ®, = 355.2 cm™,
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[,=0.009cm™',4=044cm™!, B=-0.005cm™!,C=
8.73cm™!, D=—4.06 cm™.

In Egs. (3) and (4), the second term describes the
decay of the optical phonon into two identical
phonons (three-phonon interaction); the third term
describes the decay of the optical phonon into three
identical phonons, and ®, is the internal frequency of
the optical phonon in the Brillouin zone center in a
harmonic approximation.

The shift of the frequency of the longitudinal Mo—
O mode with respect to the extrapolated value below
the point of transition to the low-temperature phase is
shown in Fig. 4a. At temperatures exceeding the phase
transition temperature, the experimental dependence
agree well with the theoretical that (Eq. (3)); then, an
abrupt jump of the frequency occurs. According to
[22], for the totally symmetric high-frequency vibra-
tions, the frequency shift Aw is proportional to the
squared order parameter. The corresponding depen-
dence shown in the inset to Fig. 4a demonstrates the
behavior characteristic of first-order phase transitions
far from the tricritical point. This result agrees well
with the data from [17]. Similar procedure was per-
formed for the Mo—F vibration (Fig. 4b).
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Fig. 4. Temperature dependences of the frequencies of the
totally symmetric (a) Mo—O and (b) Mo—F vibrations.

The widths of these lines also are markedly
changed with temperature. Their temperature depen-
dences are depicted in Fig. 5. We see a pronounced
anomalous A-shape behavior of the linewidths of the
totally symmetric Mo—O vibration (Fig. 5a) and, to a
lesser degree, the totally symmetric Mo—F vibration
(Fig. 5b). Similar anomalous dependence is character-
istic of order—disorder phase transitions [23], and it
appears due to an increase in order parameter fluctua-
tions in the vicinity of the phase transition. According
to [24], the A-shape temperature dependence of the
linewidth correlates with the behavior of the thermo-
dynamic characteristics, i.e., the heat capacity, during
the phase transition, since the vibration frequency as a
microscopic characteristic of the crystal reflects the
critical fluctuations of the order parameter. The curve
shown in Fig. 5 is a result of extrapolation of the line-
width values in the cubic phase by Eq. (4). It is seen
that the experimental dependence of the half-width
near the phase transition and below is not described
only by influence of anharmonic phonon—phonon
interactions, which demonstrates that there are sub-
stantial contributions of other mechanisms of broad-
ening the lines, in particular, a structural disordering
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of the crystal, and their anomalous changes in the
transition point.

To study such a behavior in more detail, the region
corresponding to the Mo—O vibrations (904 cm™') in
the vicinity of the phase transition temperature was
studied with a higher spectral resolution and smaller
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Fig. 6. Temperature dependences of the frequency and the
linewidth of the totally symmetric Mo—O vibration.
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temperature step. The obtained temperature depen-
dences of the frequency and the linewidth of the
totally symmetric Mo—O vibration are shown in
Fig. 6.

There is a phase transition hysteresis (Fig. 7). Since
the phase transition region is smeared and is ~5 K, the
correct determination of the hysteresis magnitude has
a problem. As is seen from Fig. 7, AT = 20 K.

4. CONCLUSIONS

The Raman spectra have been measured and inter-
preted. The experiment shows that the compound
undergoes the structural phase transition at the tem-
perature 7'~ 185 K. Based on the behavior of the fre-
quency shift proportional to the order parameter and
changes in the shapes of the spectral lines, this phase
transition is a first-order order—disorder transition
that is connected with ordering of the F/O anions.

The character of changes in the Raman spectra of
the Rb,KMoO;F; oxyfluoride shows that the phase
transition at 7' = 185 K is related to changes in the
[MoO;F;]*~ molecular octahedron, and the splitting
of the lines of nondegenerate vibrations allows the
statement that the crystal unit cell volume increases
during the phase transition.

ACKNOWLEDGMENTS

We are very grateful to I.N. Flerov for useful discus-
sion of the results.

This study was supported by the Russian Founda-
tion for Basic Research (project nos. 11-02-98002-
r_sibir’, 09-02-00062, and NSh-4645.2010.2).

PHYSICS OF THE SOLID STATE Vol. 54

keev, A. D. Vasiliev, and M. N. Laptsh, Ferroelectrics
347, 60 (2007).

8. A. S. Krylov, A. N. Vtyurin, V. D. Fokina, S. V. Go-
ryainov, and A. G. Kocharova, Phys. Solid State 48 (6),
1064 (2006).

9. A. Ekimov, A. Krylov, A. Vtyurin, A. Ivanenko, N. Shesta-
kov, and A. Kocharo, Ferroelectrics 401, 168 (2010).

10. R. L. Withers, T. R. Welberry, F. J. Brinc, and L. Noren,
Solid State Chem. 170, 211 (2003).

11. G. Peraudeau, J. Ravez, and P. Haggenmuller, Solid
State Commun. 27, 591 (1978).

12. S. C. Abrahams, J. L. Bernstein, and J. Ravez, Acta
Crystallogr., Sect. B: Struct. Crystallogr. Cryst. Chem.
37, 1332 (1981).

13. J. Ravez, G. Peraudeau, H. Arend, S. C. Abrahams,
and P. Haggenmuller, Ferroelectrics 26, 767 (1980).

14. G. Peraudeau, J. Ravez, and H. Arend, Solid State
Commun. 27, 515 (1978).

15. G. Peraudeau, J. Ravez, A. Tressaund, and P. Haggen-
muller, Solid State Commun. 23, 543 (1977).

16. A.S. Krylov, S. V. Goryainov, A. N. Vtyurin, S. N. Kry-
lova, S. N. Sofronova, N. M. Laptash, T. B. Emelina,
V. N. Voronov, and S. V. Babushkin, J. Raman Spec-
trosc. 43 (4), 577 (2012).

17. E. 1. Pogorel’tsev, E. V. Bogdanov, M. S. Molokeeyv,
V. N. Voronov, L. I. Isaenko, S. A. Zhurkov, N. M. Lap-
tash, M. V. Gorev, and 1. N. Flerov, Phys. Solid State 53
(6), 1202 (2011).

18. M. Couzi, V. Rodriguez, J. P. Chaminade, M. Fouad,
and J. Ravez, Ferroelectrics 80, 109 (1988).

19. V. K. Malinovsky, A. M. Pugachev, and N. V. Surovtsey,
Phys. Solid State 50 (6), 1137 (2008).

20. L. H. Hoang, N. T. M. Hien, W. S. Choi, Y. S. Lee,
K. Taniguchi, T. Arima, S. Yoon, X. B. Chen, and
I.-S. Yang, J. Raman Spectrosc. 41, 1005 (2009).

21. C. Ramkumar, K. P. Jain, and S. C. Abbi, Phys. Rev. B:
Condens. Matter 53 (20), 13672 (1996).

22. J. Petzelt and V. Dvorak, J. Phys. C: Solid State Phys. 9,
1571 (1976).

23. C. Hwangand P. A. Fleury, in Light Scattering Spectra of
Solids, Ed. by G. B. Wright (Springer, New York, 1969),
p. 651.

24. M. Musso, E Matthai, D. Keutel, and K. Oehme,
Chem. Phys. 116 (18), 8015 (2002).

Translated by Yu. Ryzhkov

No. 6 2012



