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Lattice Dynamics of Oxyfluoride Rb,KMoO;F3;
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The complete Raman spectra of oxyfluoride Rb;KMoO;F; were obtained. At T~ 185 K
phase transitions were found. Lattice dynamics of disordered structures of the inves-
tigated compound was simulated, and “soft” vibrational modes were found in the
calculated spectrum.
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I. Introduction

The oxyfluoride Rb,KMoO3F; belongs to a large class of elpasolite-type crystals with the
general formula A,BMOsF; (A, B = NHy, Na, K, Rb, Cs; M = Mo, W). Depending on
the ratio of ionic radii Ry u Rp, as well as nature of atom M, the symmetry F m3m of
high temperature phase of these compounds could remain stable down to the temperature
of liquid helium [1-6] or become distorted as a result of one [1-5, 7] or two phase
transitions [1-6, 8-10]. For example, in spite of very close values of ionic radii of Mo
atoms (Ryo = 0.073 nm) and W (Rw = 0.074 nm), elpasolite Rb,KMoO3F3 undergoes
phase transition [11], while elpasolite Rb,KWO;F; retains cubic symmetry and does not
exhibit any phase transitions [12]. It should be noted that the high-temperature cubic
phase is realized in these compounds due to disordering of the F/O anions in the crystal.
Depending on the arrangement of F/O atoms, the local configuration of the octahedric
MOs;F; groups can be either a mer- (symmetry Cj,), or the fac- (symmetry Cz,). It has
been shown in Ref. [13] that in Rb,KMoO;3F; these octahedra are predominantly in the
fac-configuration.

It is known that oxyfluoride Rb,KMoOsF; undergoes an order-disorder structural
phase transition at 7 = 195 K [11], which is far from the tricritical point at the heating
mode of the sample. However, the symmetry of the low-temperature phase is still unknown.

The purpose of this paper is to present results of experimental and theoretical inves-
tigations of Rb,KMoOsF; lattice dynamics and anions ordering by Raman technique in
the framework of generalized Gordon-Kim model and to make an attempt to explain the
mechanism of the phase transition in this crystal.
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II. Raman Measurements

The unpolarized Raman spectra of the nonoriented Rb,KMoO3F; single crystal were
obtained using a Horiba Jobin Yvon T64000 Raman spectrometer. We used 1.5 x 1.5 x
1.5 mm sized sample no. 7, which was described in Ref. [11]. A single-mode Ar™ laser
with wavelength A = 514.5 nm was used as an excitation light source. The radiation power
at the sample was 7 mW.

To extract quantitative information on the spectral parameters of the experimental
data, the spectra were deconvolved into individual lines. At lower frequencies (<150 cm™")
damped harmonic oscillator [14] was used as a model of the line shape function. Lorentzian
[15] contour was used above 150 cm™".

Figure 1 shows the complete experimental Raman spectra of oxyfluoride Rb, KMoO3F;
at room temperature and at 7 = 7 K.

Earlier [16] higher frequency part of the spectrum, which contains the fully symmetric
stretching mode of Mo-O bonds of anionic octahedrons, was obtained with lower resolution
(2 cm™!) and fitted by a single Lorentz contour. In this study, this part of the spectrum was
obtained with better resolution (0.7 cm~'); analysis of the spectra has shown that this spectral
region contains two lines (Fig. 2), though this mode in the cubic phase is nondegenerate.
Temperature dependence of the relative intensity of these two lines is shown in the inset in
Fig. 2.

Figure 3 shows the complete temperature dependence of Raman spectra of the crystal
Rb,KMoO;F;. It is seen that at 7 & 185 K a phase transition occurs, and, according to
the typical drastic changes of the spectral parameters, this phase transition is of the first
order. Major changes occur in the fully symmetric vibrations of Mo-O and Mo-F, as well
as in the external lattice vibrations region. Doubling of the line numbers can be clearly
seen in the range of Mo-O vibrations and in the region of external lattice vibrations below
the phase transition. This may indicate an increase in the unit cell volume of at least two
times.
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Figure 1. Raman spectrum of oxyfluoride Rb,KMoO3F; at room temperature (7 = 300 K) and at
T = 10 K: (a) — the external lattice vibration range; (b) — the range of O-Mo-F bendings; (c) — the
range of O-Mo-O bendings; (d) — the range of Mo-F stretchings; (e) — the range of Mo—O stretchings
[1] (Figure available in color online).



54/[402] A. S. Krylov et al.

(o) e}

L3
=
L]

190 220 250
T K

Rel. int.
o

N

Intensity, a.u.

890 900 910 920
Raman shift, cm

Figure 2. Part of the spectrum, which contains the fully symmetric stretching mode of Mo-O, fitted
by two Lorentz contours (inset — relative intensity of these two lines) (Figure available in color
online).

The temperature dependences of the frequencies of totally symmetric vibrations of
Mo-O and Mo-F are shown in Fig. 4. The discontinuous jump of frequencies in the vicinity
of the phase transition point is clearly seen: the frequency of the oxygen mode increases
below the transition temperature, while the frequency of the fluorine line decreases. These
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Figure 3. Temperature dependence of Raman spectra of oxyfluoride Rb,KMoO;Fs;.
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Figure 4. (a), (b) — temperature dependences of fully symmetric vibrations Mo-F and Mo-O (dash
curves — theoretical approximations); (c) — temperature dependence of order parameter (the difference
of experimental Mo-O frequency and the approximated data).

dependences were approximated taking into account the three- and four-phonon interactions
due to lattice inharmonicity in the absence of phase transitions [17]. According to Ref. [18],
the frequency shift Aw of the fully symmetric high-frequency vibrations (the difference
of experimental frequency and the approximated data) is proportional to the square of the
order parameter. The corresponding dependence shows typical behavior of the first order
phase transitions far from the tricritical point.

The widths of fully symmetric vibrations Mo-O and Mo-F also experience anomalies
at the phase transition temperature (Fig. 5). The obtained dependences are non-typical for
an ordered solids. There is a pronounced anomalous A-shaped behavior of the linewidth of
the fully symmetric vibrations of Mo-O and, to a lesser extent, of the totally symmetric
vibrations of Mo-F. Such anomalous dependence of the characteristic of the order-disorder
phase transitions may be caused by the growth of order parameter fluctuations near the
transition point [19].

In ordered elpasolite at liquid helium temperatures the linewidths of anionic octahedral
fully symmetric vibrations tend to the values of ~1-3 cm™! [20-22]. Totally symmetric
vibration 908 cm™! in this case can serve as a parameter related to the degree of ordering of
the octahedra [MoOsF;]°~. Bigger (6 cm™!) values of these linewidths, as compared with
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Figure 5. Temperature dependences of the frequency and the full width of fully symmetric Mo-O
vibration (open circles — FWHM; solid circles — Raman shift).

well ordered elpasolites, prove that the total ordering of the octahedrons is not happening
even at liquid helium temperatures.

III. Lattice Dynamics Simulation by Generalized Gordon-Kim Model

In the present study, the generalized Gordon-Kim model has been used for lattice dynamics
simulations of elpasolite Rb,KMoO;F; [23].

In the high-temperature cubic phase F/O anions are disordered. As a consequence
of this disorder, each octahedron in the unit cell can be located in 20 states equally (8
states of trigonal symmetry Cs, and 12 states of the orthorhombic symmetry C,,). The
authors of Ref. [13] have shown that anionic octahedron [MoOsF;]°~ has a predominantly
trigonal symmetry (fac-conformation); therefore here we considered fac-conformations
only.

To simulate lattice disorder, a cubic unit cell of elpasolite type was chosen, that
contained four formula units (Z = 4). Then the dynamical matrix (its eigenvalues are
the frequencies of lattice normal modes) was calculated for all possible orderings of F/O
octahedra in the fac-configuration of the cell (4 octahedrons in the unit cell, and each of
them can be in eight equiprobable orientations — that gives 4096 structures). The lattice
parameters were cubic and determined by minimizing the total energy of the crystal (a.,, =
8.427 A). The lattice frequencies of a disordered crystal were calculated as the eigenvalues
of the “average” dynamical matrix. Unstable modes of vibration of the atoms, obtained in
the calculation are presented in Table 1. Simulated spectrum includes “soft” modes related
both to the center of the Brillouin zone of the cubic cell, and to the boundary points of the
Brillouin zone. Condensation of the last ones would induce a structural phase transition
with unit cell multiplication. The displacements of the atoms corresponding to the “soft”
mode eigenvectors are presented in Table 1.
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IV. Conclusions

In the crystal Rb,KMoOsFj the first order order-disorder phase transition at 7 ~ 185 K was
revealed in a cooling mode of the sample. According to the theoretical and experimental
results, it may be suggested that this phase transition is mainly associated with molecular
octahedrons [MoO3F3]*~ and accompanied by unit cell multiplication. At the present time,
the question of ordering F/O octahedral group and its role in the structural phase transition
remains open. Further study is required to establish the symmetry of the low-temperature
phase and to understand the nature of the phase transition.
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