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High pressure Raman scattering experiments were performed on RbFe(MoO,),. These experiments
revealed that two phase transitions take place in RbFe(Mo0O,), at very low pressures, i.e. between
ambient pressure and 0.2 GPa and between 0.4 and 0.7 GPa. Raman results showed that at the first
phase transition the room temperature P3m1 phase transforms into the P3 phase, which is also
observed at ambient pressure below 190 K. The second pressure-induced phase transition occurs into a
low symmetry phase of unknown symmetry. The performed lattice dynamics calculations for the P3m1
phase and ab initio calculation of the structural changes under hydrostatic pressure helped us to get
better insights into the mechanism of the observed phase transitions.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

RbFe(Mo00,), belongs to the family of layered trigonal molyb-
dates and tungstates with chemical formula M*™M3*(Mo0O,),,
where M*=Na, K, Rb, Cs and M+ =Al, Sc, Cr, Fe [1-3]. These
materials are potential candidates for broadband laser applica-
tions [4]. Iron containing molybdates, KFe(MoO,), and RbFe
(Mo004),, also gained considerable attention due to the fact that
they constitute rare examples of nearly two-dimensional “trian-
gular” antiferromagnets available in single crystal form [5-9].
Recently, it has been found that RbFe(MoO,), belongs to the
group of multiferroic materials with a simultaneous onset of
magnetic and ferroelectric order [10].

The crystal structure of RbFe(MoO,4), was shown to be isotypic
with KAI(MoO,), having symmetry of the space group P3ml
[11,12]. In this structure type the magnetic ions substituting AI>*
are located in triangular nets, which are stacked in separated layers
arranged perpendicular to the c-axis, and the Rb atoms occupy the
interlayer space. RbFe(MoQO,), exhibits a structural phase transi-
tion at T.=190 K, which was revealed by electron spin resonance
(ESR), Raman spectroscopy and X-ray powder diffraction (XPD) [5].
Based on the neutron powder diffraction analysis, it was assumed
that below 190K temperature the symmetry changes to P3 [8].
Recently, we have confirmed this symmetry by temperature
dependent single crystal X-ray diffraction studies [12].
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High-pressure studies are very important for understanding
structural instabilities of materials. As far as iron containing
compounds are concerned, we have reported high-pressure stu-
dies on KFe(Mo00Q,),, which revealed three pressure induced phase
transitions from the monoclinic ambient pressure phase at about
0.25 GPa, 1.3 GPa and 1.6 GPa [13]. The phase stable between 0.25
and 1.3 GPa was shown to have P3m1 symmetry [13]. The phase
stable in the 1.3-1.6 GPa is trigonal and we proposed that it might
be described by the P3c1 space group. Symmetry of the phase
stable above 1.6 GPa is not known but it is most likely triclinic [13].
Regarding RbFe(Mo0Q,),, we have performed high-pressure X-ray
powder diffraction study for this material [12]. This study showed
that amorphization starts above 5 GPa and increases gradually on
further pressure increase suggesting the thermodynamic instabil-
ity of the high-pressure phase [12].

In the present paper, we report high-pressure Raman scatter-
ing studies of RbFe(MoQ,), in order to obtain information on the
structural changes occurring in this crystal under hydrostatic
pressure and the pressure dependence of the phonon properties.
We have also carried out lattice dynamics calculations for the
ambient pressure phase and ab initio calculations of the structural
changes under hydrostatic pressure.

2. Experimental

Single crystals of RbFe(Mo00,4), were grown by the flux method.
The mixture of Rb,CO3, Fe,03 and MoOs (Fluka products) corre-
sponding to the ratio 2:1:6 was placed in a platinum crucible,
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heated to 800 °C and kept at this temperature for 40 h. Next, the
melt was cooled at a rate of 2 °C/h to 500 °C and then cooled at a
rate of 5°C/h to room temperature. The obtained crystals of
optical quality were extracted from the crucible by washing with
hot water.

The light-yellow-green transparent crystals of a plate-like
shape with typical dimensions 0.3 x 0.2 x 0.15 cm® were obtained.
The chemical composition of the obtained crystals was checked
using microprobe analyzer (Philips SEM 515) and EDAX spectro-
meter (PV 9800).

The Raman spectra were obtained with a triple-grating spec-
trometer Jobin Yvon T64000, which is equipped with a N,-cooled
charge coupled device detection system. The 514.5 nm line of an
argon laser was used for excitation. The laser power was 80 mW
and the power on the sample in the cell was about 2 mW. The
scattering geometry was z(xx+xy)z. An Olympus microscope lens
with a focal distance of 20.5 mm and a numerical aperture of 0.35
was used to focus the laser beam on the sample surface. The high-
pressure experiments were performed using a diamond anvil cell
with a 4:1 methanol:ethanol mixture as the transmission fluid.
Pressures were measured based on the shifts of the ruby R1 and
R2 fluorescence lines. The spectrometer slits were set for a

resolution of 2 cm~'.

3. Results and discussion
3.1. Lattice dynamics calculations and assignment of modes

A standard group theoretical analysis for the P3m1 ambient
pressure phase of RbFe(Mo0Q,), containing 12 atoms in the unit
cell (Rb* ions at 1b sites, Fe*>* ions at 1a sites, Mo atoms at 2d
sites, O1 atoms at 2d sites and 02 atoms at 6i sites [12]) leads to
36 degrees of freedom at the Brillouin zone center (I" point). The
optical modes are distributed among the irreducible representa-
tions of the factor group D34 as 4A g+ 5Eg+Azg+5A5,+6E,+Aqy.
Selection rules state that Az and E; modes are Raman active, the
Ay, and E, modes are IR active, Ay, and A;, modes are silent. These
modes can be subdivided into v; symmetric stretching (A;g+Azu.),
v3 antisymmetric stretching (Aig+E;+A2,+E,), v2 symmetric
bending (Eg+E,), v4 antisymmetric bending (Aig+Eg+Az,+Ey),
translational (A;g+E,) and librational (Eg+Azg+E, +A1,) modes of
the MoQO3~ ions as well as translational modes of Rb* cations
(Ayy+E,) and coupled translational modes of the MoOz~ and
Fe>* ions (Asu+Ey).

In order to get insight into the vibrational properties of
RbFe(Mo00,),, we have performed lattice dynamics calculations
for the room temperature P3m1 structure. These calculations
were performed using GULP code developed by Gale [14]. We
have determined a set of classical ionic pair potential that better
optimizes the RbFe(Mo0O,), structure. The obtained set of poten-
tial parameters has been then used to derive the initial force
constants that were refined using Wilson’s FG matrix method and
the software package VIBRATZ developed by Dowty [15].

The ionic shell model used in the GULP code treats the
material as a collection of core-shell systems (symbolizing nuclei
and electron shell) interacting with each other through electro-
static and short-range classic potentials. This model was success-
fully used for a number of molybdate and tungstate based
systems [13,16,17]. The following inter-atomic potential is taken
into account:
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The first term is related to the Coulomb forces for modeling the long-
range interactions. The second term is related to the Born-Mayer

type repulsive interaction for accounting the short-range forces. A
van der Waals attractive interaction (third term) is modeled by the
dipole-dipole interaction. z; and z; are the effective charges of the i
and the j ions, respectively, separated by the distance ry. The
parameters p; and b;; correspond to the ionic radii and ionic stiffness,
respectively. The initial lattice parameters and atomic positions for
the RbFe(Mo0Q,), structure were taken from the experimental data
[12]. The optimized potential parameters and ionic charges obtained
after energy minimization are listed in Table 1. Using this set of
parameters, a good agreement between the calculated and the
experimental lattice parameters for the P3m1 space group was
obtained with volumetric error within 1.5%.

As previously pointed, the phonon calculations were per-
formed using Wilson’s FG matrix method and the software
package VIBRATZ developed by Dowty [15]. The initial force
constants were obtained using the relation:
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where the indices i and j refer to interacting ions, and r is the
distance between them. In order to better fit the experimental
data, the obtained force constant values were refined. This
procedure is necessary in order to correct the lack of covalence
in the ionic model. The final values of force constants used in the
calculation are listed in Table 2.

Table 3 lists the experimental and the calculated wavenum-
bers together with the proposed assignment. Experimental IR
wavenumbers were taken from Ref. [12]. Fig. 1 illustrates atomic
displacements for several Raman-active normal modes of RbFe
(MoQg4), at ambient phase. The performed calculations confirm
that the Raman and IR bands in the 765-977 and 302-388 cm !
range correspond to stretching and bending vibrations of the
MoO, tetrahedral units, respectively. They also show that the IR
modes at 235 and 256 cm ™~ ! correspond to coupled translations of
the Fe*~ and MoO3~ ions. Translational modes of Rb™ ions give
rise to IR bands at 98 and 150 cm . IR active librational mode is
observed at 188 cm~! and our calculations show that the Raman
active librational mode is strongly coupled to translational mode
of the MoOz~ ions giving rise to two Raman bands at 51 and
168 cm ™. Pure translational mode of the MoO%~ ions is observed
in the Raman spectra at 150 cm~ 1.

Table 1
Potential parameters (see Eq. (1) in the text) and ionic charges used in the lattice
dynamics calculation.

Interaction b (eV) p (A) c (eV A®)
Buckingham

Mo-0 2023.97 0.347 0

Fe-0 3163.945 0.2641 0

Rb-0 2665.507 0.326 0

0-0 9547.96 0.2192 32
Charges

Zro=1; Zge=3; Zmo=6; Zo=—2.0

Table 2
Force constants used in the phonon calculations.

Bond Distance (A)/force (mdyn/A)
Mo-0 1.7065/7.0
1.7651/3.2
Fe-O 1.9777/1.5
Rb-O 3.0-3.28/0.12-0.11
0-0 2.75-3.33/0.44-0.24
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3.2. High pressure Raman scattering study

Once a clear picture of the vibrational properties of RbFe
(MoQ,), is obtained we next discuss the effects of hydrostatic
pressure on the structural and vibrational properties of this
compound. Pressure dependence of Raman spectra is shown in
Figs. 2 and 3. However, the overall changes in the Raman spectra
can be better followed by analyzing the wavenumber (w) vs.
pressure (P) plot shown in Fig. 4. Fig. 4 shows that the pressure
dependence of all Raman-active modes, except of that at 51 cm ™!,
can be well described using a linear function w(P)=wo+aP. The
values of g and « are collected in Table 4.

Figs. 2 and 3 show that sudden change in the Raman spectrum
occurs already at 0.2 GPa. The most characteristic change is strong
intensity increase of the 360 cm~! band. This change indicates

Table 3
Experimental and calculated wavenumbers for RbFe(MoQ,), together with the
proposed assignment.

Sym. Exp. Calc. Sym. Exp. Calc. Assignment
[12]
Aig 977 976 Asy 952 973 Vi
Asg 930 897 Aoy 921 880 V3
Eg 765 800 E, 824 836 V3
Eg 360 371 E, 388 353 V4
Aig 343 383 Aoy 326 336 Va
Eg 338 335 E, 302 377 vy
E, 256 258 T'(Fe)*T'(MoO4)
Atu - 216 L(M0Os)
Aoy 235 213 T'(Fe)*T'(MoO,4)
E, 188 195 L(MoO,4)
Eg 168 217 T/(MoO4)* L(MoOy)
Aig 150 127 T'(MoOQy4)
Aoy 150 105 T'(Rb)
E, 98 84 T'(Rb)
Eg 51 85 T'(MoO4)* L(M00O4)
Az - 80 L(MoO4)

Note: * means “coupled to”.
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Fig. 2. Raman spectra of RbFe(MoOQ,), crystal in the high wavenumber region
recorded at different pressures during compression and decompression experiments.
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Fig. 1. Atomic displacements for several Raman-active normal modes of RbFe(Mo0O,), at ambient phase.
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that a first pressure-induced phase transition took place some-
where between ambient pressure and 0.2 GPa. Unfortunately, the
available diamond anvil cells do not allow to obtain additional
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Fig. 3. Raman spectra of RbFe(MoO,), crystal in the low wavenumber region
recorded at different pressures during compression and decompression experiments.

experimental points between 0 and 0.2 GPa and, therefore, more
precise information of transition pressure could not be obtained.

By further increasing the pressure, wavenumbers of majority
of modes increase (see Figs. 2-4). The pressure coefficients o are
unusually large for some modes, especially for the wy=163 cm ™!
mode, in agreement with the extreme softness of this material, as
previously reported [12]. However, negative pressure dependence
is observed for the modes with wg equal to 980 and 338 cm~!.

Raman spectra experience drastic changes also at 0.7 GPa
indicating that a second phase transition took place between
0.4 and 0.7 GPa. The most characteristic features of this phase
transition are (i) large and discontinuous frequency shifts;
(ii) large intensity change of all modes; (iii) increase in the
number of observed bands from 8 to 14 and (iv) decrease of the
energy gap between stretching and bending modes from about
350 to 150 cm~!. Upon further increase of pressure, the spectra
remain qualitatively the same, indicating that this high-pressure
phase is stable up to 6.8 GPa, the highest pressure reached in our
experiment.

In order to get a new insight into the mechanism of phase
transitions in RbFe(MoO,4);, we have also performed Raman
studies of RbFe(MoQ,), crystal during the decompression. This
study shows that upon releasing the pressure, the starting P3m1
phase was not recovered (see Figs. 2 and 3). This result indicates
that the transition into the high-pressure phase is not reversible.

3.3. Ab initio calculations

In order to shed light on observed modifications in the Raman
spectra, first principle density-functional theory (DFT) calcula-
tions were performed to study the structural changes undergone
by the P3m1 phase of RbFe(Mo0O,), system under hydrostatic
pressure [18]. The SIESTA code was used, and full self-consistent
calculations were performed by solving the Kohn Sham equations
[19,20]. The local density approximation of Perdew-Zunger was
employed to the exchange and correlation functional and double
zeta basis plus polarization was used to represent the valence
electrons [21,22]. The interaction between ionic cores and valence
electrons is described by norm conserving pseudopotentials [23],
in the Kleinman-Bylander form [24]. A cut-off of 150 Ry for the
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Fig. 4. Frequency vs. pressure plot in the high frequency (left panel) and low frequency (right panel) region observed during compression. The solid lines are linear fits of
the data to w(P)=wo+oP. The vertical lines indicate the pressures at which the phase transitions take place.
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Table 4
Pressure intercepts wo and pressure coefficients o for high pressure phases of RbFe(MoO,),. For the P3m1 phase, the ambient pressure and room temperature values
are given.
NTP phase Phase | Low pressure phase Phase II High pressure phase Phase II Assignment
Band Wavenumber (cm ™) Band o (cm™1) o (cm~!' GPa~ 1) Band wp (cm™1) (em~'GPa~1)
w(P)=wo+oP
Aig 977 A 979.9 —36.5 I 959.0 3.0 v1(Mo0y)
Aig 930 B 930.1 6.5 J 9325 2.0 v3(MoO,)
K 807.0 1.4
E, 765 c 766.8 0.0 L 768.9 0.5
M 707.8 2.7
N 642.7 3.2
0 485.9 1.6 v4(MoOy)
P 406.0 3.7
E, 360 D 363.9 1.5 Q 368.1 42
Aig 343 E 346.3 36.0
Eg 338 F 3383 -5.0 R 325.4 2.1 v2(MoOg)
S 303.9 2.1
E, 168 G 162.7 114.5 T 2129 53 T/(M0O4)%L(M0O4)
u 189.8 3.1 T/(M0oOy4)% L(MoOy)
Aig 150 H 150.2 26.0 w 107.4 44 T/(MoOy4)
grid integration was used to represent the charge density. The 94 o 1196
Brillouin zone was sampled by four k-points generated according AN " a
to the Monkhorst-Pack scheme [25]. For each value of the e b
external hydrostatic pressure a complete conjugated gradient N “\\ g ¢ 1192
optimization of the atomic coordinates and the lattice parameters L 81 Volume -
was performed. The optimization was interrupted when the g N 1188 <
changes both on the atqmic forces and on Ehe stress components g \\\\ 2
were less than 0.05 eV/A and 4 x 104 eV/A3, respectively. g, N E
We have used the parameters reported for the P3m1 phase of L A o] 184S
RbFe(Mo0Q,), as starting structural parameters [26]. A monotoni- .é T A
cally increasing hydrostatic pressure was applied after equili- S -180
brium under atmospheric conditions. The pressure was increased 6
up to 6.0 GPa, and after optimization we have used the Platon g e e 1476
software developed by professor Spek [27], in order to determine *
the symmetry of structure in each pressure step. We observed ;A ] 7 : a : :

that the optimized RbFe(MoO,), structure at 0.0 GPa has the
P3m1 space group symmetry and remains with this symmetry in
the entire pressure range studied. Actually, the used computa-
tional methodology is not suitable for prediction of a phase
change, and this is not the aim of this part of the present work.
Therefore the fact that no phase transition was observed in our
DFT calculations was expected, and the results obtained by us
were used only for an analysis of structural properties of the
trigonal phase under hydrostatic pressure.

Fig. 5 shows the calculated dependence of volume and lattice
parameters with pressure. The compressibility along the a- and
c-axes was determined by fitting the data to the equation:

r= TQ,BP—l—TO

with rg and f, the calculated lattice parameters at zero pressure
are =5.743 A and ¢=6.915 A whereas the respective compressi-
bilities are fo=2.6 x 103 and f.=7.5 x 103 GPa~, respectively.

Analysis of bonds lengths and bond angles indicates that most
of the bond lengths present usual behavior, i.e. they exhibit
continuous decrease with the increasing pressure. Similar beha-
vior is also observed for bond angles. However, an anomalous
behavior is observed for the Mo-01 bond, i.e. this bond length
increases with the increasing pressure (see Fig. 6). It is worth
noting that the observed increase in the Mo-01 bond length is
consistent with our lattice dynamics calculations and high-pres-
sure Raman results because the 977 cm~! mode exhibits soft-
ening with the increasing pressure and according to our lattice

Pressure (GPa)

Fig. 5. Calculated dependence of volume and lattice parameters with pressure for

RbFe(Mo00y),.
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o<
<
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Pressure / GPa

Fig. 6. Dependence of the Mo-01 and Mo-02 bonds with pressure.
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dynamics calculations this mode has very large contribution of
the Mo-01 bond vibration (see Fig. 1).

3.4. Structural changes at the pressure induced phase transitions

Let us at first discuss the structural changes that occurred
between 0 and 0.2 GPa. As mentioned above, the most character-
istic change was strong intensity increase of the 360 cm~"' band.
However, no splitting of the doubly degenerate modes is
observed. These results indicate that the crystal experiences weak
structural changes at the phase transition and its symmetry
remains trigonal. Since RbFe(MoQ,), exhibits a temperature-
induced phase transition at 190 K from the P3m1 structure into
another trigonal phase, it is reasonable to assume that the phase
observed at 0.2 GPa and room temperature is the same as that
observed below 190 K at ambient pressure. Indeed, comparison of
our results with the temperature-dependent studies of RbFe
(Mo00g4), shows striking similarity between our Raman spectrum
recorded at 0.2 GPa and the Raman spectrum recorded below
190 K. Klimin et al. assumed that this phase transition leads to
P3c1 structure but our recent X-ray diffraction studies unambigu-
ously showed that this trigonal phase has P3 symmetry [12]. This
result shows that the pressure dependence of T, is positive and
very large, i.e. 6T /op is higher than 500 K/GPa. It is worth noting
that our previous high pressure studies of KFe(MoO,), also
showed similar phase transition but this transition was observed
at much higher pressure, i.e. at about 1.3 GPa. This results shows
that the both materials exhibit similar structural instabilities
under pressure. However, the stability field of the P3 phase of
KFe(Mo0Q,), is shifted to much higher pressures and, therefore,
this crystal exhibits a different sequence of temperature-induced
phase transitions than RbFe(MoQ,),, i.e. instead of a transition
into the P3 structure, the structural instability leads to transition
into ferroelastic monoclinic and triclinic phases at 312 and 139 K,
respectively [1]. It is worth noting that at room temperature the
P3 structure is stable only in a very narrow pressure range and
this pressure range is slightly larger for RbFe(MoO4), (about
0.4 GPa) than for KFe(Mo00O,), (less than 0.3 GPa). The comparison
of the results obtained for RbFe(Mo00O,), and KFe(MoQ,), shows
also that the pressure coefficients o are as high as —36.5, 114.5
and 26.0 cm~!/GPa for the A, G and H modes of RbFe(Mo0O,),,
respectively (see Table 4) and —28.3, 98.3 and 20.4 cm~'/GPa for
the corresponding modes of KFe(MoO4), [13]. As can be noticed
these coefficients are larger for the rubidium compound since due
to the larger size of the Rb* cations, when compared to the K*
cations, the distance between the layers is also larger and there-
fore RbFe(Mo00,), is softer than KFe(Mo00O,4),. The unusually high-
pressure coefficients o indicate that pressure induces large
changes in the Mo-O-Fe distances and angles due to significant
rotations of FeOg octahedra and MoO3~ tetrahedra.

The second transition occurs between 0.4 and 0.7 GPa and our
results show that it is also very similar to that observed by us
previously for KFe(MoQ,), [13]. However, the transition pressure is
much lower (between 0.4 and 0.7 GPa) than for KFe(MoOQy,4), (about
1.6 GPa) [13]. Interestingly, in contrast to the P3 phase the pressure
coefficients o are smaller for the high pressure phase of RbFe
(Mo0O4), when compared to the respective data found for KFe
(Mo00Q4,),. This result suggests more compact arrangement of atoms
for the former compound. Regarding the structural changes that
occur due to this phase transition they are certainly very large, as
evidenced through drastic changes in the Raman spectra and
irreversible nature of this transition. We will not discuss in detail
the possible structural changes since such discussion was already
presented in our previous paper for very similar high-pressure

phase of KFe(MoQ,),. Here we will only mention that this phase
has probably two strongly deformed, non-equivalent MoO3~ units
located at low symmetry sites and the structure is most likely no
longer layered.

4. Conclusions

Lattice dynamics and ab initio calculations as well as pressure-
dependent Raman scattering studies were performed on layered
multiferroic RbFe(MoQO,),. The results show that this crystal
exhibits a phase transition from the P3m1l into P3 structure
between 0.0 and 0.2 GPa. This P3 structure is the same as that
observed at ambient pressure below 190 K. The second phase
transition takes place between 0.4 and 0.7 GPa into a low
symmetry phase. This transition is irreversible. Sequence of the
pressure-induced phase transitions in RbFe(Mo0Q,); is very similar
to that observed for KFe(MoQ,),. However, the transitions’ pres-
sures are much lower for the rubidium compound. This result
indicates that both the compounds exhibit similar structural
instabilities under pressures, i.e. the phase transitions are asso-
ciated with rotations of the MoO3~ tetrahedra and strong defor-
mation of the iron-oxygen and alkali-metal oxygen coordination
polyhedra.
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