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Abstract: Multiferroic materials exhibit two or more ferroic
orders and have potential applications as multifunctional
materials in the electronics industry. A coupling of ferroelec-
tricity and ferromagnetism is hereby particularly promising.
We show that the synthetic melanostibite mineral Mn,FeSbO,
(R3 space group) with ilmenite-type structure exhibits cation
off-centering that results in alternating modulated displace-
ments, thus allowing antiferroelectricity to occur. Massive
magnetoelectric coupling (MEC) and magnetocapacitance
effect of up to 4000 % was detected at a record high temper-
ature of 260 K. The multiferroic behavior is based on the
imbalance of cationic displacements caused by a magneto-
strictive mechanism, which sets up an unprecedented example
to pave the way for the development of highly effective MEC
devices operational at or near room temperature.

There has recently been a strong rise of research interest in
multiferroic materials that can combine several ferroic orders
in one single phase or in heterostructures consisting of
different single ferroic layers.'>! Particularly interesting are
1) the magnetoelectric coupling (MEC) of ferroelectricity
and ferromagnetism for magnetically accessible ferroelectric
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(FE) random access memories (FE-RAM) for use in infor-
mation technology, and 2) magnetocapacitance (MC) effects
for tunable capacitors in the communication technology
sector. The former mechanism requires a strong coupling of
ferroelectric and magnetic orders, that is, it is imperative that
the magnetization (polarization) can be modified by applying
an electric (magnetic) field and vice versa, which may lead to
the design of FE-RAMSs with physically separated read and
write mechanisms.) MC effects present at low fields are much
sought after for allowing simplified resonance tuning in LC
circuits. Multiferroic applications in spintronics have been
proposed for example in magnetic tunnel junctions (MTJs)
where a multiferroic barrier can increase the number of
logical states.”*!

Multiferroic materials can be widely classified into two
types:! in type-I multiferroics, ferroelectricity, and magnet-
ism rely on two independent mechanisms, whereas in type-II
the ferroelectricity directly arises from the magnetic order,
thus only existing in a magnetically ordered state. The
intrinsic relation of the ferroelectric order to the magnetic
one in the latter is expected to produce large MEC effects, but
such ferroic properties tend to appear at rather low temper-
atures. This coupling often involves spiral spin structures.'**!
In contrast, type-I multiferroics tend to show much higher
ferroic transition temperatures at the expense of a small
MEC."!

ABOj; oxides and their ordered quaternary derivatives
AA'B,O; or A,BB'O, with Mn>" on the A site are of
fundamental interest and require the use of high pressure to
be stabilized.'"?!! Herein we report the exceptional case of
amassive MEC effect at the elevated temperature of 260 K on
polycrystals of the high pressure ilmenite Mn,FeSbOy
(I_Mn,FeSbOg). Rietveld refinement of the powder neutron
diffraction (PND) pattern collected at room temperature
(Supporting Information, Figure S1) confirms the crystalliza-
tion of I_Mn,FeSbO, in the R3 space group. Structural
refinement results are summarized in the Supporting Infor-
mation, Table S1. Figure 1a shows the [110] projection of
a portion of the ilmenite structure with a stacking sequence
along [001] Mn-Sb/Fe-0-Sb/Fe-Mn-go (g =vacant site).
Owing to the cation—cation repulsions, commonly observed
in corundum and its derivatives,??! cations are off-centered
from (001) planes within the octahedra in a cooperative
manner resulting in alternating modulated displacements.
This gives rise to a macroscopically centrosymmetric space
group, but the localized type of cationic displacement (dy;, =
0.403 A and dpg,=0.216 A) may still permit antiferroelec-
tricity to occur.”
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Figure 1. a) [110] Projection of a portion of the nuclear I_Mn,FeSbO,
structure illustrating the cation ordering and cation displacements
(dy) above and below (00l) planes. b) Temperature dependence of the
magnetic susceptibility. The inset shows an enlargement of the 380—
550 K temperature range. c) Different projections of the magnetic
structures determined by PND at 150 K (left polyhedron) and 4 K

(right polyhedron). The top views of the structures perpendicular to
the xy plane give evidence of the spin rotation below Ty;,.

Figure 1b shows the temperature (7)) dependence of the
magnetic susceptibility for I Mn,FeSbOy from 650 to 2K
measured under a magnetic field (H) of 0.1 T. A nearly
imperceptible change (see inset of Figure 1b) in the Curie
constant appears at approximately 500 K. The presence of
parasitic MnFe,O, (T-=470 K) is discarded as our PND data
collected at room temperature do not show either its nuclear
or its magnetic peaks. The susceptibility follows a Curie—
Weiss behavior over the temperature range 650-530 K. The
fitted Weiss constant (6) amounts to —464.4K and the
magnetic moment to 9.54 pg/f.u, which is close to the
theoretical value (10.25 pg/f.u.) expected for the contribution
of 2Mn*" and Fe’" ions. Upon cooling below 300 K the
susceptibility increases sharply and a ferrimagnetic transition
at Ty, ~260 K is attributed to the antiparallel alignment of
the two sublattices of Mn** and Fe** spins.” This scenario is
supported by field dependent magnetization measurements
depicted in the Supporting Information, Figure S2. The ZFC
curve diverges from the FC data below about 160 K followed
by a broad maximum centered at 100 K (Figure 1b).

To determine the spin ordering, low-temperature PND
experiments have been carried out. The thermal evolution of
high intensity neutron diffraction data recorded between 4 K
and 280 K shows an increase of some nuclear reflections
below Ty, ~260 K (Supporting Information, Figure S3). The
absence of new Bragg peaks appearing from this magnetic
transition reveals a propagation vector x;=[000]. The
magnetic structure, depicted in Figure 1c (left), was deter-
mined from the Rietveld refinement of the high-resolution
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150 K PND data (Supporting Information, Figure S4a). Mn
and Fe ferromagnetic sublattices couple antiparallel in a col-
linear ferrimagnetic arrangement. However, this structure
does not represent the magnetic ground state of the system, as
the appearance of new satellites around the (003) reflection
below Ty, ~50 K (Supporting Information, Figure S3) indi-
cates a second magnetic transition stabilizing an incommen-
surate magnetic structure. It has been determined from the
Rietveld refinement of the high-resolution PND data col-
lected at 4 K (Supporting Information, Figure S4b), and it can
be described as a helix running along the c-direction, defined
by x,=[000.07], with the magnetic moments turning within
the basal ab-plane (Figure 1c-right and Supporting Informa-
tion). Thus, I_Mn,FeSbO, undergoes a symmetry-breaking
phase transition between commensurate and incommensu-
rate magnetic structures. As a consequence of this transition
the time-reversal and the inversion symmetry could break
allowing the presence of electric polarization coupled to the
direction of spin rotation.*-?

Therefore, the frequency (f) and T dependent dielectric
properties of I_Mn,FeSbOy4 bulk material have been inves-

tigated through impedance spectroscopy.””*! Figure 2a
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Figure 2. a) &' vs. T at various frequencies under H=0T for the 10—
900 K temperature range. b) ¢’ vs. T at various frequencies under
H=5T. c) ¢ vs. f under different H at 260 K. d) ¢ vs. T under different
H at f=1kHz.

shows dielectric spectroscopy data collected at 45-900 K in
the format of dielectric permittivity (¢') with H=0T. The ¢
vs. T curves at various frequencies indicate a large peak at
about 650 K, which reduces in height by increasing f. This is
the typical behavior of a relaxor ferro- or antiferroelectric
material. This maximum displays a shoulder on its left side
centered at about 500 K, which can be resolved as a second
dielectric peak through high resolution measurements (Sup-
porting Information, Figure S5), and which is coincident with
the subtle change occurring at about 500 K in the magnetic
susceptibility measurements. Owing to the non-polar struc-
tural symmetry and the alternating cationic displacements in
the I_Mn,FeSbOg it is reasonable to assume an AFE
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structure. The definition of an antiferroelectric material has
been the subject of long discussions in the literature. We find
it useful to adopt here the definition proposed by Rabe,*>?
where antiferroelectrics are clearly distinguished from the
much larger class of materials with centrosymmetric struc-
tures (antipolar materials) described by oppositely directed
dipoles created by ionic displacements but without a transition
into a ferroelectric phase. We have performed P vs. E
measurements at room temperature but any AFE double
hysteresis loops have been observed, which is possibly due to
our experimental limits of 20 kV. However, the appearance of
this AFE order as a shoulder of an immediate massive peak in
the dielectric permittivity points to the existence of a ther-
mally activated transition from the AFE to a FE state. The
observation that the transition into a low-temperature AFE
phase occurs in two steps is not unusual and has previously
been observed in blue bronze materials.™”!

It is noteworthy that the ilmenite structure allows differ-
ent forms of magnetic control of the electric polarization:
linear and non-linear MEC.®'* These effects occur in AFM
and FM/ferrimagnetic materials.™® Consequently, we have
measured the €' vs. T curves for various ffrom 45-320 K under
5T (Figure 2b). Surprisingly, these data do not show any
coupling between the polarization and the helical magnetic
structure below Ty,~50 K but a massive MEC at the
ferrimagnetic transition temperature 7y, ~260 K. The Shub-
nikov magnetic point group at the ferrimagnetic transition is
—3, which allows a non-linear magnoelectric effect corre-
sponding to the H,EE, type (simplified as HEE): this effect
describes the dependence of the dielectric permittivity on
a magnetic field® where H, is the magnetic field, E; is the
electric field, and E, represents the spontaneous dielectric
polarization. The occurrence of such a coupling is evidenced
by the appearance of the large peak in Figure 2b with an
increase in ¢ by a factor of up to about 40 (4000 % ). The
increase of ¢ from the low temperature value of about 15 to
about 700 (f=25 Hz) at 260 K corresponds to an increase of
the polarization of about 7.4 nCm™? to about 34.7 uCm? at
the small applied electric field of 56 Vm ™' in our measure-
ments. Artificial MEC related to secondary relaxations and
magnetoresistance can be ruled out since all ¢ vs. f curves
measured under different A at 260 K (Figure 2c) show only
signs of one dielectric contribution, otherwise a secondary
relaxation would appear as a second permittivity plateau at
low fB*% Figure 2d illustrates that the MEC occurs if H >
70 Oe is applied. The value of 70 Oe is above the small
coercive field (ca. 30 Oe) detected for the ferrimagnetic order
(Supporting Information, inset of Figure S2). It is expected
that the magnetic field needed for inducing magnetocapaci-
tance in I_Mn,FeSbOy, as low as 70 Oe, may help to overcome
the technological barriers for future applications.

To further classify the origin of the massive MEC effect at
260 K we have studied the effect of the exposition to
oscillating magnetic fields on €' vs. T plot (Figure 3a). Cycling
H at a fixed Ty; =260 K between + 5 T a continuous increase
of ¢’ takes place. This result is surprising since the high ¢ and
the coupling do not seem to disappear as H is reduced below
30 Oe during the cycling process. The high ¢ only disappears
upon heating to 7> 300 K. This behavior points to a rather
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Figure 3. a) ¢’ dependence on an oscillating H of +5 T at 260 K and
f=1kHz. b) Temporal stability of the ¢ values reached under H=5T
at 260 K and different f. c) p dependence on the oscillating H at 260 K.
d) Temperature dependence of p under different H.

slow dynamics of the MEC mechanism, which could be
related to metastable local distortions induced by magneto-
striction. After several H cycles the large ¢ value progres-
sively tends towards a certain top limit.

The complementary time dependent ¢ measurements at
constant H (5T) and 7T (260 K) did not result in any significant
increase of ¢ (Figure 3b) and we therefore conclude that the
local distortions are time independent but stabilized and
enhanced by a changing H. The magnetoresistance behavior
of the sample was studied by the variation of the resistivity (p)
1) under the same H cycling procedure at Ty; (Figure 3¢) and
2) by applying different magnetic fields in the 230-320 K
temperature range (Figure 3d). The p, obtained from com-
plex impedance plots —Z" vs. Z' (Supporting Information,
Figure $6),5° drops very quickly over several orders of
magnitude during the first magnetic cycle (Figure 3¢), which
constitutes a colossal magnetoresistance (CMR) effect. The
application of any constant A higher than 30 Oe already
induces the rapid drop in p (Figure 3d), but ¢ increases more
continuously. This observation and the fact that & vs. f
(Figure 2¢) shows the signs of only one dielectric contribu-
tion, implies that the observed CMR effect cannot be
responsible for the giant MEC.P**l The significant changes of
p and ¢ at Ty, must be a reflection of the changes in the
crystal structure induced by H, where p describes changes in
the charge carrier mobility and & in the lattice polarizability.
In the absence of H, the local cation environments may be
regarded as rather rigid: not susceptible to electric fields in
terms of the polarizability. By the application of H at Ty, the
local symmetry seems to get softened and becomes more
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susceptible to electric fields, that is, polarizable, leading to
a strong increase of ¢'.

This lattice softening was confirmed by Raman spectros-
copy measurements under an applied H. Factor group
analysis yields 10 Raman active phonon modes (I'=5A,+
SE,) which are in good agreement with the Raman spectra of
other R3 ilmenites.”*! The analysis and identification of the
Raman modes as well as the Raman spectrum at room
temperature are summarized in the Supporting Information,
Table S2 and Figure S7 respectively. Figure 4a left shows
selected Raman spectra at various temperatures for H=0T.
The evolution of the frequency for the different modes as
a function of T'is shown in Figure 4 a (right). Each band shifts
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Figure 4. Raman spectra of |_Mn,FeSbO, upon cooling from room
temperature down to 100 K in the absence of H (a), and under an
applied H=0.4 T (b). The right part of the figure shows the evolution
of the Raman frequency shifts as a function of T for different selected
modes.
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to higher frequencies upon decreasing 7, which is consistent
with the typical behavior owing to the anharmonicity. The ten
identified phonons were also observed at ambient temper-
ature under a permanent H=0.4 T (Figure 4b (left)). How-
ever, at T< 260 K, a new peak centered at 128 cm ' (marked
with an arrow in Figure 4b (left)), emerges. Its intensity
quickly enhances with decreasing 7 and a second new peak
appears concomitantly at 94 cm . The possible appearance of
electromagnon peaks was considered and discarded since the
new phonons are visible at frequencies much higher than
those commonly observed in electromagnons (typically
<50 cm ™). Moreover, the applied magnetic field for our
Raman measurements were about 0.4 T, enough for the
symmetry breaking of this system but much lower than that
normally needed for the emergence of electromagnon peaks
(several Tesla typically). Therefore, these new peaks must
arise from the local symmetry breaking when H is applied
below the ferrimagnetic transition. The pseudosymmetric
character of this transition is not always easy to establish
experimentally; however, the evolution of some selected

Angew. Chem. Int. Ed. 2017, 56, 4438 4442

Communications

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Internati

Raman frequency shifts as a function of 7, Figure 4b (right),
does not follow a linear trend as H is applied. The presence of
an up-down feature around 260 K confirms the lattice soft-
ening at the 7y, ferrimagnetic transition. High-symmetry
(R3) and pseudosymmetric structures should be nearly alike
and distortions, probably related to the atomic displacements,
may be such that they only occur at nanometric scale.
Therefore, we demonstrate that both the time-reversal and
spatial symmetry should be broken, thereby allowing the
presence of non-linear HEE MEC.

Among the possible mechanisms originating multiferroic-
ity from spin ordering,*” the most plausible one for this
compound seems to be magnetostriction. This microscopic
mechanism has previously been observed in manganites,
orthoferrites, other antiferromagnetic materials™**! and very
recently in other ilmenites.* Figure 5 (left) shows the unit

H#0
T <260 K

dS b

_a

Sb

Mn

®

dvi

dMn’ = dMn+ 6
dl-'c‘: dl-c Sh+ 8

Figure 5. Representation of the structural distortions at room temper-
ature under H=0T (left) and below Ty, ~260 K and H>0T (right).

dun=0.4034
dreso=0.216A

cell of I_Mn,FeSbOy at room temperature (above Ty;) and
H=0T. Mn*' and Fe’'/Sb>' cations are symmetrically
displaced by averaged distances of dy;, (0.403 A) and dg.s,
(0.216 A) from the center of the octahedra. The symmetric
character of alternating displacements prevents a net electric
polarization. Below Ty;, Mn spins order ferromagnetically
within (001) planes but antiferromagnetically to Fe spins along
the c-axis (Figure 1b). This magnetic ordering breaks the time
reversal symmetry but spatial inversion still produces no
change in ¢’, as demonstrated in Figure 2 a. However, when H
is applied at Ty; ~260 K, a non-linear HEE-type magneto-
electric effect is allowed. The neighboring Mn?" and Fe*"
cations develop an additional displacement () with respect to
that experienced under H =0 T. Consequently, two different
crystallographic positions arise for Mn?" cations: those facing
the diamagnetic Sb°", which do not suffer any 8, and those
facing Fe*', for which dyy, = dy, + 6. This situation is repre-
sented in Figure 5 right showing Mn-Sb and Mn-Fe pairs
under an applied H. The local polarization arises from the
Mn?" displacement imbalance. Intriguingly, the disorder
among Fe and Sb within the (0 0 0.3486) position is respon-
sible for both the crystal centrosymmetry and its spatial
inversion breaking when H is applied at T < Ty;. Therefore,
the application of H below 260 K induces the breaking of
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spatial symmetry in addition to the time reversal symmetry
pushing the system to become multiferroic.

We have shown that a transition into a relaxor antiferro-
electric phase occurs in two steps at about 500-650 K and that
massive MEC and MC effects occur at the ferrimagnetic
transition Ty; ~260 K in I_Mn,FeSbOy. The compound may
be useful in polycrystalline form for use in tunable capacitors,
whereas potential application as a FE-RAM material or MTJ
barrier would require the stabilization of I_Mn,FeSbOg by
epitaxial strain in thin film devices.
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