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We report on the phase transitions in the triangular lattice antiferromagnet CsFe(MoO4)2 at low temper-
atures and high pressure using powder neutron and X-ray diffraction, specific heat, magnetic susceptibil-
ity and in situ high pressure Raman measurements. CsFe(MoO4)2 undergoes a structural phase transition
induced by the rotation of (MoO4)2� tetrahedra at Tc = 220 K. The transformation is associated with a
symmetry decrease from P-3m to P-3. Below 4.5 K the antiferromagnetic long range order appears that
is related to the nuclear unit cell by the modulation vector q = (1/31/30.5). The system adopts ‘120�’
spiral spin structure that has been found in several triangular lattice multiferroics. Under pressure
CsFe(MoO4)2 undergoes a reconstructive phase transition to a much larger superstructure which
preserves the super-exchange interactions at low temperatures and allows an additional magnetic
long-range order at T � 20 K.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

The electric-field control of spins and magnetic-field control of
electric dipoles, beside important promising applications, opens
new perspectives in the fundamental research of multiferroic
materials due to rich and fascinating physics. The class of type II
multiferroics, in which a specific magnetic order induces a ferro-
electric phase transition, is of special interest. These so called
spin-driven magneto-electrics are particularly curious because of
the high magneto-electric coupling that allows controlling a ferro-
electric polarization by an external magnetic field and vice versa.
The ferroelectric polarization exists only in a magnetically ordered
state and, appears as a consequence of a spiral magnetic order in
most of the recently discovered type II multiferroics. Its micro-
scopic origin may be explained by the spin-current model or the
reverse Dzyaloshinskii–Moriya effect [1]. In another class of type
II multiferroics ferroelectricity appears along with the collinear
magnetic structure and may be explained by a symmetry-based
phenomenological theory [2].

The spiral spin structures are mostly observed in magnetically
frustrated systems, where the paramagnetic phase extends down
to very low temperatures and the magnetic order sets as a
consequence of competing magnetic interactions. A low tempera-
ture of the multiferroic phase transition is the factor that limits
possible applications of these strongly coupled materials. The
chemical substitutions may increase or lower the critical tempera-
tures and change the range of the existence of subsequent phases.
This applies to the magnetic as well as non-magnetic impurities. A
good example is a spin-driven multiferroic MnWO4 [3], in which
the critical temperatures rise after Mn2+ substitution for Co2+,
whereas other magnetic ions (like Fe2+, Ni2+) may suppress the fer-
roelectric phase [4,5]. On the other hand, the largest increase of the
TN is observed when the nonmagnetic W6+ is substituted for non-
magnetic Mo6+ indication that tiny changes in the local crystal
structure may effectively contribute to the magneto-electric
coupling [6].

The most typical examples of frustrated spin systems are trian-
gular lattice antiferromagnets which accommodate complex spin
structures due to the geometric frustration. The appearance of
polarization at TN has recently been reported for RbFe(MoO4)2 tri-
angular lattice antiferromagnet which adopts ‘120�’ spin structure
in the ground state with the spin spiral confined in the plane as
well as in Cu and AgCrO2 delafossities, which are easy-axis triangu-
lar magnets also adopting ‘120�’ spin structure [7,8].

The RbFe(MoO4)2 belongs to the family of magnetic solids with
AM(XO4)2 composition, where A is an alkali metal, M: magnetic ion
(Cr3+, Fe3+ or Mn3+); X: Mo, W, S, Se [9]. All the compounds exhibit
a rich polymorphism of their layered, trigonal crystal structures.
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The RbFe(MoO4)2 is isotypic to KAl(MoO4)2 which crystallizes in P-
3m1 symmetry [10]. The most important feature of this structure is
its quasi two-dimensional character. Magnetic ions are located on
the triangular lattices and stack along c direction. They are sepa-
rated by MoO4

2� tetrahedra and alkaline metal ions, see Fig. 1.
The quasi 2-D triangular arrangement of the Fe3+ ions leads to the
geometric frustration of the spin system. As a result the incommen-
surately modulated antiferromagnetic order with the magnetic
propagation vector q = (1/31/30.448) sets at a very low temperature
TN � 3.7 K together with the ferroelectric phase. The multiferroic
phase transition is preceded by a structural distortion at Tc = 190 K
associated with the symmetry decrease from P-3m1 to P-3 [11].

Despite the fact that extensive scientific studies have been
devoted to RbFe(MoO4)2 there are not many reports on its cesium
analogue, CsFe(MoO4)2. This is probably due to the difficulties with
the single crystal growth of these materials, although single-
crystals suitable for X-ray diffraction have been obtained and
structurally characterized by Bazarov et al. [12]. At room tempera-
ture CsFe(MoO4)2 is isostructural with RbFe(MoO4)2 and
KAl(MoO4)2 and has similar quasi-2D crystal structure. It crystaliz-
es in a centrosymmetric P-3m1 rhombohedral space group with a
unit cell: a = b = 5.6051(2) Å, c = 8.0118(4) Å and c = 120�. Lattice
parameters correspond to the inter- and intra- Fe3+–Fe3+ distances
for a, b and c, respectively. The inter-to-intra layer distance ratio
c/a equals 1.43 and is higher than the one observed in
RbFe(MoO4)2, where c/a = 1.31, indicating better separation of
magnetic layers.

The chemical substitutions may change the phase diagram in
multiferroic crystals thus promoting or suppressing desired prop-
erties. Here, we report experimental evidence that CsFe(MoO4)2

may be a type-II multiferroic with transition temperature TN -
� 4.7 K. The phase situation concerning the crystal as well as the
magnetic structure changes and its high pressure behavior are dis-
cussed on the basis of the powder neutron and X-ray diffraction
and Raman scattering. Also the preliminary results for the high
pressure phase, obtained after the reconstructive phase transition,
are reported. They differ considerably from recently published
pressure-induced changes in RbFe(MoO4)2 [13].

2. Experimental

The red, fine powders of CsFe(MoO4)2 were obtained by the flux method from
Cs2CO3, Fe2O3 and MoO3 starting materials. The mixture was placed in a platinum
crucible and heated in air in a furnace up to 800 �C for 20 h, cooled at 2 �C/h to
500 �C and subsequently at 5 �C/h to room temperature. During the synthesis there
were oxidizing conditions giving the powder the brownish-red color.

The specific heat measurements were performed on the sintered specimens
using a Quantum Design PPMS platform. The heat capacity measurements were car-
ried out over the temperature interval 2–350 K, employing a thermal relaxation
technique [14]. The magnetization was measured using a Quantum Design
MPMS-5 SQUID magnetometer.
Fig. 1. The characteristic features of a quasi-2D crystal st
The Raman spectra were measured using Renishaw InVia Raman spectrometer
equipped with confocal DM 2500 Leica optical microscope, a thermoelectrically
cooled Ren Cam CCD as a detector and a diode laser operating at 830 nm. The spec-
tral resolution was 2 cm�1. The high pressure for Raman experiment was main-
tained in Merrill-Bassett diamond anvil cell. The pressure was controlled using
single crystal X-ray diffraction of CaF2.

The neutron powder diffraction was measured on the Fine Resolution Powder
Diffractometer E9 at Helmholtz Zentrum Berlin. The detector consisting of eight
individual 2D detectors with 300 � 300 mm active area and a radial collimator to
reduce background noise was used; k = 1.7982(1) Å from Ge(511), angle resolution
was 0.33�.

3. Results and discussion

3.1. The thermal properties of CsFe(MoO4)2

Fig. 2 shows the temperature dependences of the inverse molar
susceptibility v�1 = (M/H)�1 for the ‘as prepared’ CsFe(MoO4)2 and
pressed at 2 GPa, measured in an external magnetic field of
H = 10 kOe on cooling for temperatures 1.9 K 6 T 6 400 K. For the
‘as prepared’ sample the magnetic susceptibilities exhibit an
extended range of the Curie–Weiss (CW) behavior down to 8 K.
Below that, a clear antiferromagnetic anomaly appears at
TN = 4.5 K. The frustration parameter defined as the ratio of the
absolute value of the CW temperature Hp to the transition temper-
ature TN, i.e. f = |Hp|/TN is close to 6 indicating a moderate frustra-
tion of the spin system (for strongly frustrated phases f > 10). In the
sample that was initially compressed to �2 GPa, then recovered to
ambient pressure an additional long range magnetic order appears
at T � 20 K that is followed by the onset of antiferromagnetic phase
with a lower Neel temperature, TN � 3.9 K. Fig. 2(b) shows the total
heat capacity of the sintered sample measured in zero field. A
reversible phase transition is observed at Tc = 220 K. The absence
of a temperature hysteresis implies a continuous character of this
transformation. The magnetic phase transition gives the contribu-
tion to the specific heat at TN = 3.5 K.

3.2. The crystal structure at low temperatures from the neutron
diffraction

The neutron diffraction patterns of CsFe(MoO4)2 measured at 7
and 2 K together with the Rietveld refinement results are pre-
sented in Figs. 3 and 4. At 7 K a satisfactory fit to the experimental
data is possible using lower symmetry of the crystal structure than
reported for the room temperature phase [11]. Initial refinement in
the P-3m1 symmetry at 7 K with O(2) oxygen atoms located on .m.
planes did not lead to convergence, giving high discrepancy factors
(RB: 26, RF: 18 and RP = 37) and pronounced residua on difference
diagrams.

The CsFe(MoO4)2 undergoes a structural distortion at low tem-
peratures and its symmetry is reduced from P-3m1 to P-3 at 220 K.
ructure of RbFe(MoO4)2 and KAl(MoO4)2 compounds.



Fig. 2. (a) An inverse magnetic susceptibility for CsFe(MoO4)2 as prepared and
pressed under 2 GPa and (b) the heat capacity for the pristine sample, the inset
details the structural phase transition at Tc = 220 K.

Fig. 3. The results of the Rietveld refinement for CsFe(MoO4)2 in the paramagnetic
state at 7 K: experimental, calculated and difference plots, space group P-3,
Rwp = 8.57, Rexp = 5.68 Bragg R-factor = 4.323, v2 = 2.27; RF-factor = 3.242.
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A similar transition is observed in RbFe(MoO4)2 at Tc = 190 K. The
distortion is associated with the rotation of (MoO4)2� tetrahedra
around the c-axis which removes .m. mirror plane. In all layers,
the tetrahedra rotate in the same direction. Fig 5 illustrates the
arrangement of (MoO4)2� and FeO6 polyhedra before and after
the phase transition. The distortion entails also the reduction of
the local symmetry of Mo6+ and Fe3+ ions from 3m. to 3.. and from
�3m. to �3.., respectively. The rotation angle is large and equals
�14�.

Below TN = 4.5 K discrete magnetic peaks appear as a result of
antiferromagnetic long range order. They may be indexed using
the magnetic propagation vector q = (1/31/30.5) in respect to the
nuclear trigonal unit cell. The crystal structure symmetry P-3 per-
sists in the ordered magnetic phase. Table 1 contains the structural
parameters obtained from the neutron powder diffraction at 7 and
2 K. The temperature dependence of the magnetic Bragg peak area
intensity is shown in Fig. 5(b). The continuous character of the
changes points to the second-order character of the phase transi-
tion. To refine the magnetic structure of CsFe(MoO4)2 the models
with all spins confined in (a, b) plane were applied using formalism
of irreducible representations of propagation vector group imple-
mented in Fullprof and program SARAh [15]. Models with spins
confined from the (a, b) plane were also checked. They gave, how-
ever, peaks in positions that did not much the observed neutron
diffraction patterns.

In CsFe(MoO4)2 the spin arrangement may be described by two
complex scalar order parameters r(1,2)(qz), according to which the
spin distribution may be reproduced using the equations:

SxðrÞ ¼ rð1ÞðqzÞ þ rð2ÞðqzÞ
� �

expðiqrÞ
SyðrÞ ¼ i rð1ÞðqzÞ þ rð2ÞðqzÞ
� �

expðiqrÞ

Since these two states are degenerate in energy the magnetic struc-
ture is described by either r(1) = r and r(2) = 0 or vice versa, r(1) = 0
and r(2) = r, depending on the sign of the chirality [2]. The spin
rotation between the triangular layers is determined by qz. The
spins in the adjacent planes are rotated by an angle 2pqz, which
equals 180� for qz = 0.5 giving AF setting. As far as the spin arrange-
ment in (a, b) plane is concerned, a good fit to the experimental data
gives so called ‘120�’ spin structure in which a spin on the triangular
lattice rotates by 120� clock wise or counter-clockwise when it
moves to the neighboring site. The results of the Rietveld refine-
ment together with reliability factors are shown in Fig. 4(a). The
spin arrangement for ‘120�’ spin structure in CsFe(MoO4)2 in the
base cell, in the (a, b) plane and in the 3 � 3 � 1 superstructure is
illustrated in Fig. 6(a)–(c), respectively.

The ‘120�’ magnetic structure has been reported for multiferroic
RbFe(MoO4)2 [2,7]. Kanzelman et al. introduced a symmetry based
phenomenological theory to explain the presence of a magneto-
electric phase in this system. It appears that ferroelectricity is a
generic property of the quasi 2D Heisenberg anti-ferromagnets
on the triangular lattice that under special symmetry conditions
develop ‘120�’ spin structures. Worthy of note is that the incom-
mensurability (qz � 0.46) observed in RbFe(MoO4)2 is not a
requirement for the magnetoelectricity. The main component that
allows for the induction of polarization is associated with the sym-
metry of the crystal lattice. It turns out that the essential ingredient
of the magnetoelectricity is the absence of a mirror plane perpen-
dicular to the c axis (as it is in P-3 space group). The general rule is
that ferroelectric polarization appears when a magnetic structure
breaks inversion symmetry and defines a unique direction. The
‘120�’ spin structure is chiral, thus it breaks the inversion center
whereas the direction of the spiral rotation defines a unique
direction. On the microscopic level the ferroelectricity appears as
a consequence of Dzyaloshinskii–Moriya interaction between
nearest in-plane neighbors when the unit vector connecting them
neither includes a mirror plane, nor is perpendicular to the twofold



Fig. 4. (a) The results of the Rietveld refinement for CsFe(MoO4)2 at 2 K in the antiferromagnetic phase. Reliability factors for profile: Rp = 3.91, Rwp = 4.79, Rexp = 2.98, v2 = 2;
for nuclear structure: bragg R-factor = 4.59, RF = 3.54; magnetic R-factor = 12.9; (b) area intensity of the (1/31/30.5) magnetic peak, the line is plotted only as a guide for the
eye.

Fig. 5. The view of the crystal structure of the CsFe(MoO4)2 at room temperature (a) and 7 K (b). The structural distortion, that appears at Tc = 220 K, reflects in a rotation of
(MoO4)2� and FeO6 polyhedra. The symmetry lowers from P-3m1 to P-3.

Table 1
The structure parameters for CsFe(MoO4)2 at 7 K in the paramagnetic phase and 2 K
(the antiferromagnetic phase) obtained from the Rietveld refinement.

Atom Site Symm. x y z

System trigonal; space group P -3 (147)
7 K a = 5.5652(1) Å c = 7.9794(1) Å V = 214.02(0) Å3

Cs 1b �3.. 0 0 1/2
Fe 1a �3.. 0 0 0
Mo 2d 3.. 1/3 2/3 0.2124(3)
O1 2d 3.. 1/3 2/3 0.4284(4)
O2 6g 1 0.2314(3) 0.3232(4) 0.1470(3)

2 K a = 5.5646(1) Å c = 7.9796(1) Å V = 213.98(0) Å3

Cs 1b �3.. 0 0 1/2
Fe 1a �3.. 0 0 0
Mo 2d 3.. 1/3 2/3 0.2127(3)
O1 2d 3.. 1/3 2/3 0.4282(4)
O2 6g 1 0.2321(3) 0.3236 (3) 0.1471(3)
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rotation axis [16]. The spin current model [1] is expected to pro-
duce polarization in a basal plane thus cannot explain the emer-
gence of Pc in these systems.

Similarly to the rubidium analogue the value of the measured
saturation magnetization obtained from the magnetic susceptibil-
ity measurement is lower than 5 lB expected for the 6S ground
state of Fe3+. The value of the magnetic moment obtained from
the neutron study is even lower and equals to 4.01(5) lB. It may
be explained by a nonmagnetic sample contamination; however,
it may also point to some discrepancies from the ideal ‘120�’
spin structure. An alternative solution of the magnetic structure,
giving the same fit to the diffraction data, produces a remarkably
different spin arrangement in the (a, b) plane which consists of
antiparallel spins set on a honey-comb nods and a not defined (dis-
ordered) spin configuration in the middle, see Supplementary
materials S1.

3.3. The high pressure phase transition in CsFe(MoO4)2

CsFe(MoO4)2 experiences a reconstructive phase transformation
during the compression. In ambient conditions the Raman spec-
trum of CsFe(MoO4)2 is similar to the one recorded for multiferroic
RbFe(MoO4)2 [17]. Before reaching �0.7(1) GPa a reconstructive PT
takes place to a much lower symmetry. The spectrum characteris-
tic for the new phase remains unchanged up to 3.5 GPa. There is no
trace of the ambient pressure phase in the Raman spectra after the
compression which evidences that the whole sample transformed
to the new phase. After a decompression the new phase is stabi-
lized at ambient conditions. A reconstructive character of the high
pressure phase also has been reported for RbFe(MoO4)2 and
KFe(MoO4)2 crystals [18,17]. Fig. 7 presents the pressure depen-
dence of Raman spectra for CsFe(MoO4)2 together with the modes
assignment based on Maczka’s paper [17]. After the transformation
the number of observed bands increases significantly and the
energy gap between the stretching and bending modes drastically
decreases from 413 cm�1 to 116 cm�1. The bending and stretching
modes spread over broad regions (from 306 to 483 and from 600 to
959 cm�1) which denote much larger distribution of Mo–O dis-
tances compare to ambient conditions. Also the sharp and intense
mode at 933 cm�1, which corresponds to the vibration of oxygen



Fig. 6. (a) The spin arrangement in a basic crystallographic cell at 2 K. Fe3+ are shown in yellow, Cs+ in blue, O2� in red and Mo6+ in green; (b) the spin distribution in an ideal
‘120�’ spin structure on a basal plane and (c) the magnetic structure in 3 � 3 � 1 supercell, the spins set AF along c axis. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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interacting with Cs+ ion, decreases rapidly after the transition. It
indicates that also Cs–O bonds are much affected by the transition.
Upon further compression the spectra remain qualitatively the
same but all modes are slightly blue shifted. The changes observed
in Raman spectra are in accordance with the X-ray diffraction mea-
surement done for CsFe(MoO4)2 after the pressure recovery.

The powder diffraction diagram for the sample having been
compressed up to 2 GPa and then recovered to the ambient condi-
tions reveals much reduction of the crystal symmetry. The diffrac-
tion lines of the high pressure phase are much broader than those
observed for the pristine phase significantly complicating a proper
indexing. The peak broadening may be the result of a residual
strain or a significant disorder of the crystal structure. A high back-
ground with a wide hallo evidences the presence of an amorphous
phase. All diffraction peaks may be, however, indexed in the large
monoclinic or pseudo-monoclinic super-cell with parameters
a0 = 13.70(1), b0 = 9.75(1) Å, c0 = 9.80(1) Å and b = 94.74(1)�; related
to the hexagonal cell by [20�1,120,101] transformation. Fig. 8 Pre-
sents a La Bail fit of the diffraction patterns after the compression
using the monoclinic superstructure. The parameter b0 is related to
the distance between the atoms within the hexagonal layer and it
does not change much after the compression (in ambient condi-
tions it equals 9.708(1) Å [12]). This implies that the transforma-
tion does not affect much the intra-layer Fe–Fe distances. The
parameters a0 and c0 are related to the mutual position of the every
second hexagonal layers. The monoclinic angle b is a measure of
the deformation which is possibly a cleavage shift of the layers.
200 400

0

10

20

30

40

50

60

70

80

90

IN
TE

N
SI

TY
 [A

R
B.

 U
N

IT
S]

wavelen

Tr
an

s.
 +

 li
br

.

m
od

es
 M

oO
42-

sy
m

m
. +

 a
nt

is
ym

m
. 

be
nd

in
g 

M
oO

42-

Fig. 7. The high-pressure Rama
In this pseudo-monoclinic setting the volume after transformation
is 6 times greater than before and the Z number increase from 1 to
6, which implies the maximal number of independent (MnO4)2�

groups being equal to 6 (for P-1 symmetry which has general posi-
tions with multiplicity equal to 2). The Raman spectra as well as
X-ray powder data indicate that after the compression
CsFe(MoO4)2 undergoes a reconstructive phase transition without
a trace of the pristine phase. The Raman spectra of CsFe(MoO4)2

and RbFe(MoO4)2 are qualitatively the same above 1 GPa suggest-
ing similar type of the crystal structure for both compounds at high
pressure. The powder data however, are not consistent with the
recent report on the high pressure structure of RbFe(MoO4)2 [13].
By measuring a two-phase system in non-hydrostatic conditions
the authors show that above 1 GPa RbFe(MoO4)2 is isotypic to
RbNd(WO4)2 with C2/c symmetry and lattice parameters
a0m � b0m � 2a and c0m � c and b � 115�. For CsFe(MoO4)2 this type
of the unit cell does not give a satisfactory indexing, alternatively
a larger monoclinic cell is suggested.

Taking into account the magnetic properties of the high pres-
sure phase our results also differ from those reported for the rubid-
ium analog [13]. Instead of vanishing long range magnetic
interactions an additional long range magnetic order appears in
the high pressure phase at T � 20 K (see Fig. 2(a)) that is followed
by the onset of an antiferromagnetic phase at TN � 3.9 K. The pres-
ence of the magnetic order in the high pressure superstructure cor-
roborates the moderate changes in the iron substructure after the
compression and preservation of super-exchange interactions.
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Fig. 8. The powder diffraction diagram of the sample compressed at 2 GPa and subsequently recovered to ambient conditions. All peaks may be indexed in a monoclinic cell
(with lattice parameters a = 13.70(1) Å, b = 9.75(1) Å, c = 9.80(1) Å, b = 94.74(1)�. The difference plot (at the bottom) shows the results of a La Bail fit. The inset presents a
relation between a trigonal cell (black) and a possible superstructure (red). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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4. Conclusions

Based on the powder neutron diffraction data, the specific heat
and the magnetic susceptibility measurements we have shown
that CsFe(MoO4)2 crystals develop long range magnetic order (so
called ‘120�’ spin structure) below T = 4.5 K. Combining the results
with the reports for RbFe(MoO4)2 and the triangular lattice delafos-
sites, CsFe(MoO4)2 is expected to be multiferroic type II material
with a spontaneous polarization induced by the spin configuration.
The crystal as well as the magnetic structure at low temperatures
are similar to those found for multiferroic RbFe(MoO4)2. The chem-
ical substitution with isovalent metal ion changes the magnetic
transition temperature in iron molybdates from 3.7 to 4.5 K (for
rubidium and cesium analogs, respectively). The CsFe(MoO4)2

undergoes a structural phase transition induced by the rotation
of (MoO4)2� tetrahedra at Tc = 220 K. The transformation is associ-
ated with a symmetry decrease from P-3m to P-3. Below 4.5 K anti-
ferromagnetic long range order appears. It is related to the nuclear
unit cell by the modulation vector q = (1/31/30.5). The modulation
vector, as opposed to the rubidium analogue, does not show any
deviation from the commensurability.

It has been evidenced that CsFe(MoO4)2 undergoes the recon-
structive phase transition between an ambient and 0.7 GPa pres-
sure. Due to the rotation of (MnO4)2� tetrahedra and FeO6

octahedra the pressure induces large changes in the Mo–O–Fe dis-
tances and angles which manifests themselves in a varied distribu-
tion of the Raman modes. The preliminary results demonstrate that
the high-pressure phase transition leads to a monoclinic or a
pseudo-monoclinic superstructure which preserves the magnetic
super-exchange interactions at low temperatures and allows an
additional magnetic long-range order at T � 20 K.
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