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Abstract—The structure, infrared and Raman spectra, heat capacity, and thermal expansion have been inves-
tigated. It has been shown that, down to liquid-helium temperatures, the cubic pyrochlore structure of the
CsMnMoO;F; and CsZnMoO;F; oxyfluorides remains stable. The influence of cation substitution on indi-

vidual features of the properties of the oxyfluorides has been analyzed.

DOI: 10.1134/S1063783414030135

1. INTRODUCTION

Oxyfluorides containing six-coordinated quasi-
octahedral ionic groups (MeF,04_,)*" in the crystal
lattice form a wide variety of compounds that are of
considerable interest from both the fundamental and
applied points of view, in particular, owing to the pos-
sibility of varying the composition of fluorine—oxygen
(F/0) ligands, which leads to significant changes in
the structure and physical properties [1—5]. Com-
pounds with (MeO,F;)*" anions often crystallize in a
cubic structure despite the quasi-octahedral local
symmetry of the anions. Because of the difference in
charges of the fluorine and oxygen ions and the dis-
placement of the central atom toward the direction of
the oxygen atoms, the fluorine—oxygen quasi-octahe-
dra have a significant dipole moment. The absence of
macroscopic polarization is caused by at least two fac-
tors associated with the disordering of the F/O ligands
or relative orientations of the adjacent octahedra. This
situation occurs, for example, in two families of crys-

tals with the general formulas A; (A*)'MeO;F; and

A*A** MeOsF; (where Me is a hexavalent cation). In
the first case, for the ratio of ionic radii R, > R, or
when A= A', the compounds have a crystal structure of
the elpasolite—cryolite type (space group Fm3m , Z =
4) [6]. The compounds with a combination of cations
A*A** have a defect pyrochlore structure (space group

Fd3m,Z=238)[7, 8].

Intensive investigations of elpasolite-like oxyfluo-
rides A2+(/41+)'MeO3F3 (A" (A4%)' = Na, K, NH,, Rb,
Cs; Me = Mo, W) demonstrated that, upon cooling,
many of them undergo structural phase transitions

associated with partial or complete ordering of the flu-
orine and oxygen ligands disordered in the cubic

Fm3m phase. As a result, crystals of this family exhibit
interesting properties, such as ferroelectricity and fer-
roelasticity [9—12]. Moreover, it was found that some
ofthese compounds [13, 14] can be considered as clas-
sical multiferroics due to the dual nature of phase tran-
sitions from the cubic phase, which are caused by the
simultaneous occurrence of spontaneous polarization
and ferroelastic twinning. The compounds with
molybdenum and tungsten, which undergo transfor-
mations of the order—disorder type with rather large
values of the entropy change, are characterized by a
significant difference in susceptibility to hydrostatic
pressure. Owing to the large values of the pressure
coefficient d7/dp, some of the compounds with
(MoO;F;)3~ anions have significant values of the
intensive and extensive barocaloric effects, which are
comparable to the values of the electrocaloric and
magnetocaloric effects in materials considered as
promising solid-state refrigerants [12].

Until now, there is only a rather scarce information
about structural characteristics and, especially, physi-
cal properties of compounds A*4** MeO;F; (A" = Cs;
A** =Ni, Zn, Mn, Co; Me = Mo, W) [7, 8]. Nonethe-
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Table 1. Crystallographic data, data collection, and struc-
ture refinement parameters

Space group Fd3m
a, A 10.43818(7)
Vv, A3 1137.30(2)
20 angle range, deg 5—120
Number of Bragg reflections 58
Number of refined parameters 26
Ry, % 1.735
Ry, % 8.228
R, % 6.324
Rexp, % 5.670
x> 1.451

Ry is the Bragg reliability factor, Ry, is the weighted-profile reli-
ability factor, R, is the profile reliability factor, R, is the expected

exp
reliability factor, and Xz = Ryp/Rexp s the goodness-of-fit.

Table 2. Atomic coordinates, site occupancies (p), and iso-
tropic thermal parameters (B,,,) of the CsZnMoO;F; and
CsMnMoO;F; structures

CsZnMoO;F;
Atom | Position| X | Y Z P | By, A2
Cs 8b 3/8 | 3/8 3/8 1.0 | 4.15(5)
Zn 16¢ 0 0 0 0.5 | 3.46(5)
Mo 16¢ 0 0 0 0.5 | 3.46(5)
F 48f | 1/8 | 5/8 | 0.4321(3) | 0.5 | 3.2(1)
0 48f | 1/8 | 5/8 | 0.4321(3) | 0.5 | 3.2(1)

CsMnMoO;F;
Atom | Position| X | Y Z p | By, A
Cs 8b 3/8 | 3/8 3/8 1.0 | 4.82(4)
Mo 16¢ 0 0 0 0.5 |3.72(4)
Mn 16¢ 0 0 0 0.5 | 3.72(4)
F 48f | 1/8 | 5/8 | 0.4308(3) | 0.5 | 4.6(1)
0 48f | 1/8 | 5/8 | 0.4308(3) | 0.5 | 4.6(1)

less, from the foregoing, it can be assumed that these
crystals, which, according to the cubic symmetry, pos-
sess a fluorine—oxygen disorder, can exhibit properties
similar to those of elpasolite-type crystals. On the
other hand, magnetic compounds containing Fe and
Mn are of particular importance from the viewpoint of
their potential practical use [14—16]. Therefore, the
investigation of oxyfluorides based on the (MeO;F;)*~
anionic groups containing magnetic cations is promis-
ing from the viewpoint of the search for new ferroics
and multiferroics. It should be noted that some of the
manganese-containing oxyfluorides with a partial
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replacement of O>~ by F~ were recently synthesized by
the fluorination [17—19]. As regards the crystals with
(MeO,F;)*~ anionic groups, only the CsMnMoO,F,

compound with space group Fd3m was reported pre-
viously, but without a detailed description of the struc-
tural and, especially, physical properties [6]. Recently,
the structural characteristics and the magnetic and
electronic properties of the CsMnMoO;F; oxyfluo-
ride were investigated in [20].

With the aim of studying the stability of the pyro-
chlore crystal lattice in oxyfluorides, in this work we
investigated the structure, infrared (IR) and Raman
spectra, and thermophysical properties of the
CsZnMoO;F; and CsMnMoO;F; compounds.

2. SYNTHESIS

Crystals of the CsMnMoO;F; and CsZnMoO;F;
compounds were grown by the spontaneous crystalli-
zation from flux. The compounds were synthesized
from the anhydrous fluorides MnF,, ZnF,, and CsF as
well as from MoO; calcined at a temperature of
600°C, which were taken in stoichiometric ratios:
MnF, (ZnF,) + CsF + MoO; = CsMn(Zn)MoO;F;.
As a result, the samples were obtained in the form of
small intergrowths of cubic crystals.

3. STRUCTURE AND ELECTRON DENSITY

The structure of the CsMnMoO;F; oxyfluoride
was refined earlier in [20]. In the present work, it was
used to investigate the influence of changes in the
chemical pressure due to the substitution for the diva-
lent cation on the structural parameters.

The X-ray diffraction analysis of the polycrystalline
sample of CsZnMoO;F; was performed at room tem-
perature on a D8-ADVANCE diffractometer (Cuk,
radiation, 6—20 scan mode) using a VANTEC linear
detector. The X-ray diffraction pattern of the
CsZnMoO;F; sample was used to refine the structure
by the Rietveld method. The initial parameters of the
crystallographic cell were the data taken from [7]. The
refinement of the parameters was carried out during
fitting of the reflection profiles with the TOPAS 4.2
program [21]. Table 1 presents the selected crystal data
and the parameters of data collection and structure
refinement.

The analysis of the extinctions of reflections con-
firmed that the crystal structure of the CsZnMoOQO;F;
compound actually has cubic symmetry with space

group Fd3m . The search and refinement of the struc-
ture were performed in the same way as for the
CsMnMoO;F; compound [20]. The atomic coordi-
nates, site occupancies, and isotropic thermal param-
eters are presented in Table 2, together with the data
for the manganese oxyfluoride.

No.3 2014



STRUCTURAL, SPECTROSCOPIC, AND THERMOPHYSICAL INVESTIGATIONS

601

(b)

Fig. 1. Electron density maps (with a step of 0.1 e/A3) for the octahedra (a) (Mn)MoO;F;, (b) (Zn)MoO;F3, and

(c) (NH4)MoO;F; in the (NH4)3MoO3F; elpasolite [11].

A comparison of the CsZnMoO;F; and
CsMnMoO;F; structures did not reveal significant
differences. In accordance with the ratio of ionic radii
of Zn (0.74 A) and Mn (0.83 A), the decrease in the
cubic unit cell parameter by 0.15 A in CsZnMoO;F; as
well as the bond lengths d(Zn(Mo)—0) = 1.977 A and
d(Mn(Mo)—0) = 2.011 (2) A are quite reasonable.
The thermal parameters of heavy atoms in these struc-
tures are also close to each other. Only the thermal
parameter of the F(O) atoms in the CsMnMoO;F;
compound is almost one and a half times larger than
that in the CsZnMoO;F; compound. At the same
time, the analysis of the electron density maps
obtained by the section of quasi-octahedra through
the central atoms and O(F) ligands did not reveal sub-
stantial differences in the shapes of the electron den-
sity distributions (Fig. 1). This indicates the absence of
a pronounced anharmonicity of atomic vibrations in
the six-coordinated anionic groups, which could lead
to a dynamic disordering of the structure. Thus, it can
be assumed that the cubic symmetry of the studied
oxyfluorides with the pyrochlore structure is associ-
ated with positional disordering of the quasi-octahe-
dra with ordered ligands having such a mutual orien-
tation that leads to a compensation of the dipole
moments of the adjacent structural units. It is interest-
ing to compare the electron density maps of molybde-
num quasi-octahedra of the same composition in
cubic structures of pyrochlore and elpasolite (Fig. 1).
It can be seen that, in the (NH,);MoO;F; compound,
which undergoes a phase transition of the order—dis-
order type [11], vibrations of the ligands are character-
ized by a more significant anisotropy.

4. INFRARED ABSORPTION
AND RAMAN SCATTERING SPECTRA

The IR absorption spectra were recorded on a
Bruker VERTEX 80v vacuum Fourier transform infra-
red (FT-IR) spectrometer using tablets (13 mm in
diameter and ~0.55 mm thick) pressed together with
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potassium bromide ina 1 : 100 ratio. The Raman spec-
tra were measured on a Horiba Jobin Yvon T64000
spectrometer in the backscattering geometry. The
spectra were excited by radiation from an Ar" laser
operating at the wavelength A = 514.5 nm. The radia-
tion power at the sample was less than 5 mW.

In the cubic phase, the expansion of the vibrational
representation at the center of the Brillouin zone of
the compounds has the form

T(Fd3m) =44y, + 4E, + 11F, + 6T, + 24,
+2E, + 4F, + 7T,
[ Raman = 241 + 2E, + 7T,
[r=11F,

In order to interpret active modes, we performed a
semiempirical calculation of the lattice dynamics of
the studied compounds with the LADY software pack-
age [22]. It turned out that the simplest “rigid-ion”
model is quite applicable to describe the spectra of
these compounds. The model describes the interac-
tion of isolated spherical ions with the charge Z. The
potential function is represented as the sum of the
Coulomb potential and the interatomic interaction
potential described by the Born—Mayer function [23].
The parameters of the computational model were
optimized taking into account the lattice stability con-
ditions. Using the atom—atom interaction potential
parameters, we calculated the complete vibrational
spectrum of the studied crystal and eigenvectors of the
modes active in IR and Raman spectra.

The experimental Raman and IR spectra of the
CsMnMoO;F; and CsZnMoO;F; compounds at
room temperature are shown in Figs. 2a and 2b.

In the structure of the studied crystals, the cesium
atom is surrounded by twelve vertex-shared quasi-
octahedra Mn(Zn)O;F; and MnO;F; [20]. According
to the performed calculation, the Raman spectra of
the CsMnMoO;F; compound exhibit totally symmet-
ric vibrations of the environment of the cesium atoms
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Fig. 2. Experimental (a) Raman and (b) IR spectra of the
CsMnMoO3F; and CsZnMoO3F; compounds at room
temperature. (c) Totally symmetric vibrations in the envi-
ronment of the cesium atoms (shown by arrows in the
Raman spectra).
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at frequencies of 323 and 900 cm™! (A,,) (Fig. 2¢). The

spectral line at 323 cm™! predominantly corresponds
to vibrations of the fluorine atoms along the Cs—F
bond, and the line at 900 cm™!, to vibrations of the
oxygen atoms along the Cs—O bond. A similar pattern
is observed for the CsZnMoO;F; compound: the cor-
responding vibrations occur at frequencies of 370 and
930 cm~!. The only Raman-active lattice vibrational
mode (7,) is observed at frequencies of 50 and 48 cm™!
for the CsMnMoO;F; and CsZnMoO;F; compounds,
respectively, and relates to vibrations of the Cs atoms.
The spectral region located between the low-fre-
quency lattice vibrational mode and the totally sym-
metric vibrational mode of the fluorine atoms corre-
sponds to vibrations of the octahedral groups as a
whole. The differences in the distributions of the rela-
tive intensities of vibrations in this region for the stud-
ied compounds, most likely, are associated with differ-
ent polarizabilities of the manganese and zinc ions.

The IR spectra of the CsMnMoO;F; and
CsZnMoO;F; compounds can be conventionally sep-
arated into two regions: 550—1000 cm~' is the fre-
quency range of polar strains of the octahedral envi-
ronment of the cesium atoms and 450—550 cm~! is the
range of bending vibrations of the Mn(Zn)O;F; and
MoO;F; octahedral groups. For both compounds,
there is an equal number of active vibrations in the fre-
quency range of 550—1000 cm~!, but the intensities of
the lines of the corresponding vibrations are different.
A possible reason can be differences in the effective
charges of the Mn and Zn ions.

It should be noted that the IR and Raman spectra
of the manganese and zinc compounds obey the alter-
native prohibition rule despite the fact that the cubic
structure of these crystals is substantially disordered.

The IR spectra of the CsZn(Mn)MoO;F; com-
pounds at different temperatures are shown in Fig. 3.
The Raman spectra of the CsMnMoO;F; compounds
at different temperatures are presented in Fig. 4. It can
be seen that, down to liquid-helium temperatures, the
vibrational spectra do not exhibit noticeable changes
that could be attributed to structural phase transitions.

5. HEAT CAPACITY AND THERMAL
EXPANSION

The temperature dependence of the isobaric heat
capacity C,(7) in the temperature range of 80—300 K
was measured on an adiabatic calorimeter during con-
tinuous and discrete heatings. The error in the deter-
mination of the heat capacity did not exceed 0.5% over
the entire temperature range studied. The calorimetric
measurements were performed on pressed samples
weighing 80 and 170 mg, which were prepared from
ground polycrystalline compounds CsMnMoO;F;
and CsZnMoO;F;. A more detailed description of the
methodological features of the experiment was given
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Fig. 3. IR spectra of the CsMnMoO;F3 and CsZnMoO;F3
compounds at different temperatures.

in [24]. The temperature dependences of the molar
heat capacity for both compounds are shown in
Fig. 5a. It is seen from this figure that an anomalous
behavior of C,(7) due to possible phase transforma-
tions is not observed at least down to 80 K. As is also
seen, the substitution Zn — Mn leads to an increase
in the heat capacity by 6—8% in the temperature range
studied.

The temperature dependence of the linear thermal
expansion coefficient o(7) was investigated in the
temperature range of 100—320 K on a NETZSCH
DIL-402C inductive dilatometer in the dynamic
mode at heating rates of 2—5 K/min. The measure-
ments were performed in a stream of dry helium. The
calibration and correction for thermal expansion of
the measuring system were carried out using fused sil-
ica reference samples. The dilatometric investigations
were performed on samples in the form of tablets pre-
pared by pressing powders. The sizes of the samples
along the measurement direction were equal to
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Fig. 4. Raman spectra of the CsMnMoO;F; compounds at
different temperatures.

8.0l mm for and 4.3 mm for

CsMnMoO;F;).

CsZnMoO;F;

The results of measurements in the form of the vol-
ume thermal expansion coefficient f = 3o are pre-
sented in Fig. 5b. As in the calorimetric and spectro-
scopic investigations, no anomalies in the dependences
B(7) for both compounds were found. It should be
noted that primary measurements of the thermal
expansion revealed anomalies of 3(7) at temperatures
in the range of 270—290 K (Fig. 5¢). However, during
repeated thermal cycling, anomaly decreased and dis-
appeared altogether. A possible reason for this phe-
nomenon can be related to the presence of some mois-
ture in the as-pressed samples due to their hygroscop-
icity. The absence of relevant anomalies on the heat
capacity curves is explained by the fact that the calori-
metric investigations were performed in a high vacuum.

A noteworthy result is a significant difference
between the thermal expansion coefficients of the
studied samples. In the temperature region of thermal
expansion measurements, the coefficient B varies in
the ranges (55—65) x 10~¢ K~! for CsMnMoO,F; and
(30—40) x 107¢ K~! for CsZnMoO,F; (Fig. 5b). The
thermal expansion is determined by anharmonicity of
atomic vibrations in the crystal structure, and the
parameter characterizing the degree of anharmonicity
of atomic vibrations is the ratio between the squares of
the average displacement of the atoms and the unit cell

parameter § = (x?)/ aé [25]. In turn, there is a direct
relationship between (x2) and the thermal factor B, =
8n%(x?). In structural investigations, we revealed that
the thermal parameter of vibrations of the F/O ligands
in the manganese oxyfluoride (B,, = 4.6 A?) is sub-
stantially larger than that in the zinc oxyfluoride
(B, = 3.4 A?). Thus, it can be assumed that this cir-
cumstance is responsible for the significant difference
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(c) Behavior of B(7) during successive heatings 7—3.
(d) Temperature dependences of the barocaloric coeffi-
cient for (/) CsMnMoO;F; and (2) CsZnMoO;F;.

between the volume thermal expansion coefficients of
the studied oxyfluorides.

The obtained data on the heat capacity and thermal
expansion coefficient allow us to analyze their relation
in terms of the standard thermodynamic equation C, =
Tv(op/0T)4p and to obtain information on the tem-
perature dependence of the adiabatic temperature
coefficient of pressure. Figure 5d presents the inverse
derivative (07/0p)g (barocaloric coefficient), which
characterizes the change in temperature under pres-
sure at a constant entropy. It can be seen from this fig-
ure that, with an increase in the temperature, the baro-
caloric coefficient (07/0p)y for CsMnMoO;F;
increases more rapidly. However, even at 300 K, the
observed barocaloric effect is small compared with the
characteristic values for elpasolite-like oxyfluorides in
the phase transition region [12].
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6. CONCLUSIONS

The influence of cation substitution on the struc-
tural, spectral, and thermophysical properties of the
CsMnMoO;F; and CsZnMoO;F; oxyfluorides with

the pyrochlore structure (space group Fd3m , Z = 8)
has been investigated. No phase transitions have been
found; i.e., the cubic structure of both compounds
remains stable down to liquid-helium temperatures.

The performed analysis of the IR and Raman spec-
tra allowed us to assume that the observed difference in
relative intensities of the vibrations at frequencies of
550—1000 cm™~' in the oxyfluorides can be associated
with the differences in effective charges and polariz-
abilities of the Mn and Zn ions. Despite the disorder-
ing in structures of the studied crystals, the spectra
obey the alternative prohibition rule.

It has been found that a decrease in the size of the
divalent cation leads to a substantial decrease in the
thermal parameters B, of the ligands. However, the
character of the electron density distribution of the
F/O atoms remains almost unchanged. A significant
difference in the values of B, due to the change in
anharmonicity of atomic vibrations was assumed to be
responsible for the experimentally established
decrease (by a factor of 1.5) in the volume thermal
expansion coefficient of CsZnMoO;F;. Accordingly,
the established difference in the barocaloric coeffi-
cients (07/0p)g for the studied oxyfluorides also
proved to be reasonable.

Returning to the problem of thermal stability of the
pyrochlore structure of the studied crystals, attention
should be paid to the fact that the study of the cation

substitution in the series of elpasolites A; (A")'WO;F;
(A*(A4")' = K, NH,, Cs) also revealed combinations of

monovalent cations stabilizing the cubic phase Fm3m
down to liquid-helium temperatures [26]. In both
cases, as in the pyrochlore structure, the inter-octahe-
dral cavity was occupied by the large cation Cs™. It is
likely that one of the directions in the search for dis-
torted pyrochlore phases can be associated with the
synthesis of compounds by means of the substitution
Cs — Rb (NH,, K) or Mo — W.
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