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Large potential applications
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Tunnel Magneto Resistance Devices

Tunnelling from a magnetic metal 
to another magnetic metal, 

through an intervening insulator 



Improved memory devices ?

Combining benefits of FeRAMs and MRAMS

Possible 4 state memory devices
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In the present work, Gajek et al. exploit 
the large tunnel magnetoresistance in 
junctions (Fig. 2) that have a ferromagnetic 
electrode. Notably, there is also an 
electroresistance e! ect in" uenced by the 
electric polarization P in the LBMO barrier. 
# e combination of these two e! ects — 
magnetoresistance plus electroresistance — 
yields a four-state resistive memory element.

Several other groups have recently 
emphasized the study of ferroelectric $ lms 
as resistive memory elements rather than 
capacitors. Capacitors store information 
as +P or –P polarization, which can be 
read by an applied voltage. Resistive 
memories, on the other hand, can be read 
more simply, for example, by monitoring 
the source–drain current in a $ eld-e! ect 
transistor. Notable in this area has been the 
work in Aachen-Juelich4, as well as earlier 
work by Bednorz and co-workers5. However, 
polarization-dependence of resistance does 
not only arise from tunnelling mechanisms, 
and more pedestrian e! ects are o% en 
dominant6,7. # erefore, clear experiments 
on tunnelling through multiferroic barrier 
materials are particularly welcome. 
# e present study by Gajek et al. seems 
unambiguous and has a su&  cient signal-to-
noise ratio for a real memory system. # e 
slight electrical hysteresis in these tunnel 
junctions can in general be an artefact of the 
electromigration of ions (creep)8 rather than 
true polarization reversal, but this has been 
examined separately by the present authors9.

In order to make a multiple-state 
magnetoelectric memory, one must be 
able to access the four states formed by 

electric polarization P and magnetization M 
(Fig. 1): (+P,+M), (+P,–M), (–P,+M), and 
(–P,–M). However, this is not just a matter 
of symmetry, but also of multiferroic 
coupling. If we wish to switch from (+P,+M) 
to (+P,–M) by applying an electric $ eld, 
a signi$ cant P–M coupling is required. 
Unfortunately this implies that the four 
states are not truly independent10. In the 
extreme limit in which the polarization 
and magnetization are fully coupled (as is 
likely in BaMnF4, see ref. 11), only the states 
(+P,+M) and (–P,–M) — or only (+P,–M) 
and (–P,+M) — are accessible and this is, of 

course, not a four-state memory. # erefore, 
the kind of polarization–magnetization 
correlation studied by Gajek and co-workers 
is an important new topic.

From a practical point of view, the 
e! ects reported by Gajek et al. occur at a 2 V 
bias operation, compatible with the standard 
silicon-chip 5 V-logic level. However, 
the device analysed would require liquid 
nitrogen cooling and the search for a room-
temperature ferroelectric ferromagnetic 
remains, although reports suggest that 
K3F5Fe15 or A3(MF6)2 (A = Sr, Pb; and 
M = Ti, V, Cr, Fe) may satisfy this need12. It 
is clear that signi$ cant practical obstacles 
such as these need to be overcome before 
multiferroic tunnelling junctions can be 
commercialized. Nevertheless, the work 
by Martin Gajek and colleagues represents 
a major advance towards the ultimate 
memory and it will be exciting to follow 
further developments in this $ eld.
Published online: 11 March 2007.
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Figure 2 The four degrees of multiferroic order. a–d, 
Electric polarization P and magnetization M can assume 
four non-collinear states in a multiferroic crystal. In this 
schematic with arbitrary magnitudes, the directions 
are in real space. For some materials the spins and 
polarizations are highly correlated10,11, so that only pairs 
a and d or alternatively b and c are readily accessible.
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Nanoscale $ llers in polymers o! er 
the promise of multifunctional 
polymer composites with enhanced 

mechanical, electrical, optical, thermal 
or magnetic properties without a loss in 

transparency. Developing nanocomposites 
for advanced technological applications, 
however, requires the ability to tailor 
the properties. A major challenge in 
achieving the ability to control and 
predict nanocomposite properties is a 
quantitative understanding of the structure 
and properties of the interfacial polymer 
at the boundary with the $ ller particles. 
In nanocomposites this interfacial 
polymer constitutes a signi$ cant volume 

fraction of the composite even at low 
$ ller concentrations (see Fig. 1), and has 
been shown to have properties di! erent 
from the bulk1. Few models address this 
interfacial region, and there has been limited 
experimental measurement of its structure 
and properties.

On page 278 of this issue, Torkelson 
and co-workers2 tackle two critical 
questions: “What is the size of the 
interfacial region?” and “how do the 

To achieve the often-promised capabilities of polymer nanocomposites, the properties of the 
interfacial region between polymer and fi ller must be controlled. Model nanocomposites offer a 
path towards understanding the physics of this region.

NANOCOMPOSITES

Model interfaces
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possess the quality of non-volatility, 
something extremely important in a world 
where computers are increasingly carried 
and worn. ! e trouble with devices operated 
by classical magnetic " elds is that they need 
more power as they become smaller. Spin 
transfer reverses this trend because the e# ect 
becomes naturally stronger on decreasing 
the size of the device. ! e direct electrical 
control of magnetism therefore promises 
high-performing devices with relatively low 
power needs, which could dominate the 
scene for many years to come.

Will we then see vortex-core memories 
in our computers or mobile phones soon? It 
is probably too early to know. ! e concept 
is certainly worth considering. ! e vortex 
core is one of the smallest, most robust 

objects we possess in nanotechnology, 
and the possibility of switching between 
its two bistable states with an electrical 
current certainly improves the prospects of 
integrating magnetic materials in electrical 
circuits with no clash with scalability, and 
in the world of new device technologies 
scalability is king. ! e problem is that the 
core cannot be detached from the rest of the 
vortex. And the vortex state can only exist 
in intermediate-size devices, transforming 
into a single domain state if the size of the 
disk is reduced too much. Perhaps there 
are other applications, especially given the 
intense magnetic " eld gradients that exist in 
the vicinity of the core. Such gradients might 
" nd use in biotechnology where they could 
be used to trap a biologically functionalized 

magnetic bead. Regardless of the end use, 
the paper by Ono and colleagues is an 
important step in expanding our options of 
how to con" gure electricity and magnetism 
to make the best possible hybrid devices.
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Multiferroic materials simultaneously 
show ferromagnetism and 
ferroelectricity. ! ey hold great 

potential for applications as the multiferroic 
coupling allows switching of the ferroelectric 
state with a magnetic " eld and vice versa. 
Signi" cantly, multiferroics could lead to a 
new generation of memory devices that can 
be electrically written and magnetically read. 
On page 296 of this issue, Martin Gajek and 
co-workers report a signi" cant breakthrough 
in the quest for the ultimate memory device1. 
! e authors demonstrate that thin " lms of 
lanthanum bismuth manganite (LBMO) 
remain ferromagnetic and ferroelectric down 
to thicknesses of 2 nm and, when used as 
a multiferroic tunnelling junction, act as a 
four-state resistive system. ! eir spin-" lter 
device is a subtle complement to related 
work on more conventional magnetic tunnel 
junctions (Fig. 1), and the ferroelectric 
behaviour in such ultrathin " lms is an 
achievement in itself.

Recently, ferroelectric random access 
memories (FeRAMs) have achieved fast 
access speeds (5 ns), high densities (64 Mb) 

and embodiments in several di# erent 
materials (lead zirconate titanate, strontium 
bismuth tantalate and bismuth ferrite), but 
they are limited by the need for a destructive 
read and reset operation. By comparison, 
magnetic random access memories 
(MRAMs), have been lagging far behind, 
although Freescale Corporation reported 

commercial production in 2006 of a smaller 
MRAM for testing.

! e appeal of multiferroics is that they 
o# er the possibility of combining the best 
qualities of FeRAMs and MRAMs: fast 
low-power electrical write operation, and 
non-destructive magnetic read operation. 
At the 256 Mbit level, such memory devices, 
in the words of Clayton M. Christensen2, 
would be a “disruptive technology”!
and could eliminate competition such 
as EEPROMs (electrically erasable 
programmable read-only memories) for 
applications including megapixel photo 
memories for digital cameras or audio 
memories in devices such as mp3 players.

Multiferroic magnetoelectric 
materials were studied extensively by 
Hans Schmid in Geneva from 1970 to 
1990 (ref. 3) with nickel iodine boracite 
as the paradigm material. A primary aim 
was to provide a memory element that 
had more than the two states used by 
Boolean algebra. A four-state logic (Fig. 2), 
or even better, octal logic, would permit 
an exponentially increased computing 
capacity. Unfortunately the boracites 
function only at very low temperatures and 
generally grow in needle-form. ! eir study 
was never extended to thin " lms and was 
never commercialized.

Multiferroics might hold the future for the ultimate memory device. The demonstration of a 
four-state resistive memory element in a tunnel junction with multiferroic barriers represents a 
major step in this direction.

DATA STORAGE

Multiferroic memories
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Figure 1 Schematic of a tunnel junction. Electrons 
tunnel from the bottom electrode through the barrier 
into the top electrode.
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Figure 5 Tunnel electroresistance and its combination with tunnel magnetoresistance in LBMO-based spin filters, defining a four-resistance-state system.
a, Bias-voltage dependence of the current of an LSMO/LBMO(2 nm)/Au tunnel junction, for two different bias sweep directions (negative to positive: red; positive to negative:
black). Inset: I(V ) curves up to the maximum applied bias voltage of 2 V. b, Bias dependence of the tunnel electroresistance and tunnel magnetoresistance measured on an
LSMO/LBMO(2 nm)/Au junction. c, Tunnel magnetoresistance curves at 4 K at Vd.c. = 10 mV in an LSMO/LBMO(2 nm)/Au junction, after applying a voltage of +2 V (filled
symbols) and −2 V (open symbols). The combination of the electroresistance effect and the tunnel magnetoresistance produces a four-resistance-state system. d–g, Tunnel
magnetoresistance curves at 4 K at Vd.c. = 10 mV in another LSMO/LBMO(2 nm)/Au junction on the same sample, after applying a large positive or negative voltage.

points of view. A first mechanism leading to a modulation
of the tunnel current by the polarization of the barrier is
the variation of the barrier thickness owing to the converse
piezoelectric effect. This mechanism gives rise to asymmetrical
current–voltage, I(V ), curves with a shift of the conductance
minimum to a non-zero voltage14. From the low d33 value estimated
by PFM (see Fig. 2d), we expect a shift of only 3.6 mV. A second
mechanism for the influence of the ferroelectric polarization is
related to the charge screening at the electrode–barrier interfaces
and the difference in its spatial extension at both sides of the
barrier. This screening controls the depolarizing field across the
junction and therefore the profile of the barrier potential seen
by the tunnelling electrons13 (see Fig. 1b). By using electrodes
with different screening lengths, the average barrier height is
different for different orientations of the polarization. In our case,
the electrodes are Au and LSMO for which screening lengths
of 0.07 nm and 0.2–1.9 nm (refs 42,43), respectively, have been
reported. This second mechanism is thus likely to be active in our
LBMO-based junctions.

In Fig. 5a, we show I(V ) curves obtained at 6 kOe by cycling
the bias voltage between +2 and −2 V in a LSMO/LBMO(2 nm)/Au
junction. A noticeable hysteresis is observed: the tunnelling current
is smaller (larger) for a given voltage when the voltage is swept
from +2 V to −2 V (from −2 V to +2 V). A similar hysteresis is
observed at low magnetic field, in the ap state, and for different
junctions (see the Supplementary Information). We also note
that the voltage dependence of the current and the conductance
G = dI/dV is the one that is expected if transport occurs by direct
tunnelling (see the Supplementary Information). The hysteresis in
the I(V ) curves corresponds to an ER effect that we define as
the normalized difference between the I(V ) curves at increasing
and decreasing voltage ER = [I(V < 0 → V > 0) − I(V > 0 →
V < 0)]/I(V > 0 → V < 0). The ER has been observed for
different values of the magnetic field and in several junctions. It is
reproducible and does not depend on the voltage sweep rate (see the
Supplementary Information). As shown in Fig. 5b, the ER amounts
to 22% and we can distinguish a low-voltage regime where the ER is
roughly constant, and a symmetric high-voltage regime where the
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Timeline

• 1888 : Roentgen
A moving dielectric in an electric field becomes magnetised

• 1894 : P. Curie
 Crystal symmetry considerations

• 1926: P. Debye
Coined the term ‘magnetoelectric’

• 1959:  I. Dzyaloshinskii
Predicted that Cr2O3 is magnetoelectric

• 1960:  Astrov
measurement of M induced by E

• 1961: Rado, Folen and Stalker
          measurement of P induced by H

F (E,H) = F 0 − P iEi −M iHi −
1
2
�0�ijEiEj −

1
2
µ0µijHiHj − αijEiHj −

1
2
βijkEiHjHk −

1
2
γijkHiEjEk



Why are multiferroics scarce ?

• Symmetry Considerations ?
unlikely to be the reason

• Electrical Conductivity 
look for antiferro (ferri) magnetic systems

• the d0 dn problem
typical ferroelectric perovskites: Ti4+, Nb5+, Zr4+

magnetism requires partially filled d shells



Terminology

• Multiferroic
co-existing magnetic and ferroelectric orders

• Magnetoelectric
long range magnetic order
H induced P
not a ferroelectric (for eg. Cr2O3)

• Magneto-dielectric
di-electric anomaly at the magnetic transition
neither magneto-electric, nor multiferroic 
(MnO, MnF2, TmFeO3, etc )



Characterisation

Dielectric measurements
Pyroelectric measurements

Magneto-dielectric measurements

051101-11 I. Lubomirsky and O. Stafsudd Rev. Sci. Instrum. 83, 051101 (2012)

FIG. 5. (a) The setup for the temperature ramping technique. The pyroelec-
tric materials can be represented as a current generator with equivalent cur-
rent given by I (t) = Aα∂T /∂t where A is the area of the contact and α is the
pyroelectric coefficient. The measurement device can be a high impedance
voltmeter, electrometer, or a low impedance nanoammeter (or current to volt-
age converter) for the short circuit measurement mode (Appendix A 1 b); (b)
equivalent electrical scheme of a pyroelectric material and a high-impedance
voltmeter.

If the shunt resistor is much smaller than the internal resis-
tance of the pyroelectric sample, i.e., RS ! Rp, then for time
t > CTRS

V = α · A · RS · (∂T/∂t)t=0. (A2)

If the sample is heated at a constant rate rT = (∂T/∂t), then the
current is constant and the method is essentially equivalent to
the measurement of the current under short-circuit conditions.
However, if CTRT is very large, then the current is not constant
and the voltage is (to second order)

V = α · A · rT ·
(
t/CT − t2/

[
2C2

T · RT
])

. (A3)

To deduce the pyroelectric coefficient in this case, measure-
ments have to be performed with two or more different values
of RS.

The Lang-Steckel technique has a simplified version as
pointed out by Fabel and Henisch.51 At the start of the mea-
surement, when no charge has as yet accumulated on the
contacts, then the derivative of the voltage with respect to
temperature is (differentiating Eq. (A1) with respect to time,
t = 0)

∂V
∂T

= α · A
CT

or α = CT

A
∂V
∂T

. (A4)

b. Lang-Steckel method: Short-circuit mode

Although in the case of short circuit measurements,
the pyroelectric coefficient seems to be independent of the
heating rate, in fact, this is not true, because the heating
rate links ∂V

∂T and CT. The advantage of this scheme31 is
that it requires relatively simple hardware (Fig. 5): a rate-
programmable heater (or non-programmable heater, the tem-
perature of which can be monitored at least a few times
a second) and a voltmeter to record temperature-voltage
dependence.31 The only difference in the hardware for the

short-circuit mode is that it requires a fast nanoammeter or
a current to voltage converter. One should note that the short-
circuit technique, originally proposed by Glass was used with
a coulomb-meter because at that time it was the only available
low-impedance device. In this implementation the Glass tech-
nique does produce data that allows the measurement of the
total change of spontaneous polarization between two tem-
peratures without the knowledge of the rate of temperature
change. For this method only the two temperature end points
are necessary, which, in some cases, is an advantage. How-
ever, division of the change in charge over change in temper-
ature gives the average value of the pyroelectric coefficient.
Therefore, if the pyroelectric coefficient is strongly temper-
ature dependent it is disadvantageous with respect to mea-
suring the current, which gives the true value of the pyro-
electric coefficient. Therefore, modification of the Glass tech-
nique with current measurements is the main technique used
at present. The basic equation used for this technique follows
directly from the definition of the pyroelectric current:

I (t) = ∂ Q
∂t

= A
∂ P
∂T

∂T
∂t

= Aα
∂T
∂t

. (A5)

If RS ! Rp (Fig. 5) then Eq. (A2) becomes equivalent to
Eq. (A5). There are two reservations however: (a) since the
current is small (a few nA) even for the case of large contacts
(1 cm2), it is often more advantageous to measure charge with
an electrometer, rather than by measuring current directly; (b)
the condition RS ! Rp has to be verified experimentally, be-
cause Rp may decrease with temperature.

2. Periodic temperature change techniques

a. Periodic pulse technique (Chynoweth method)

In the periodic pulse technique, we consider a bulk sam-
ple with a thermal capacitance, H, connected to its surround-
ings by a thermal conductance, G. If the sample is heated by
a thermal flux, F0 that is switched on at time t = 0, then the
temperature of the sample changes as

T (t) = T0 · (1 − exp[−t/τth]), (A6)

where T(t) = Tsample(t) − .T|t = 0, T0 = F0/G; the thermal time
constant τ th = H/G; and ∂T (t)

∂t = F0/G · exp[−t/τth].
After a period of time t # τ th, the temperature is con-

stant. If the heating is switched off, then the temperature of
the sample decays as

T (t) = T0 · exp[−t/τth] and
∂T (t)

∂t
= − T0/τth · exp[−t/τth].

(A7)
Therefore if the sample is heated by an “on-off” cycle with
period τ r # τ th, the pyroelectric current is given by

I (t) = α · A · T0/τth · exp[−t/(H/G)]

= α · A · F0/H · exp[−t/(H/G)]. (A8)

There are two features that, taken together, identify the ex-
ponentially decaying current as pyroelectric: (a) the response
should be symmetrical with respect to heating and cool-
ing, which would eliminate suspicion of the interference of
photo- or thermoelectric effects; and (b) the amplitude of the

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:
210.212.187.78 On: Sun, 26 Jan 2014 04:40:51

I = p(T )A
∂T

∂t
p(T ) =

∂PS

∂T

Measurements of Magnetisation, Polarisation, di-electric constant, and 
cystallographic and magnetic structures are routine



Mixed (double) Perovskites

• Mix magnetic dn ions with ferroelectric d0 ions

• Independent origin of magnetic and ferroelectric orders

• PbFe1/23+Nb1/25+O3

   PbFe1/23+Ta1/25+O3

   PbFe1/23+W1/25+O3

• Weak coupling between magnetic and ferroelectric orders

• Prototypical ‘Type I’ multiferroics

• Lone pair systems (Pb, or Bi based systems)

Physics 2, 20 (2009)

ovskites: there is practically no overlap of these tables.

Why? Whereas for magnetism one needs partially filled

d shells of a transition metal, practically all ferroelec-

tric perovskites contain transition metal ions with an

empty d shell, such as Ti
4+

, Ta
5+

, W
6+

. Ferroelectric-

ity in these systems is caused by the off-center shifts of

the transition metal ion, which forms strong covalent

bonds with one (or three) oxygens, using their empty

d states. And somehow, the presence of real d electrons

in dn configurations of magnetic transition metals sup-

presses this process, preventing ferroelectricity in mag-

netic perovskites. This so called ” d0 vs dn problem” was

one of the first to be studied theoretically at the begin-

ning of the recent revival of multiferroics [7, 8], and al-

though there has been some progress, largely from ab
initio calculations, still in my opinion there is no full so-

lution of this problem [13]. The answer may well lie in

the fact that this mutual exclusion is not a “theorem,”

but rather a matter of numbers: in most cases a mag-

netic dn ion is stable in the center of its O6 octahedra, but

there may still be the cases where it is not. One possible

way around this problem may be making ”mixed” per-

ovskites with d0 and dn ions, see Fig. 2. Unfortunately

the coupling of magnetic and ferroelectric subsystems in

mixed perovskites is rather weak.

Ferroelectricity due to lone pairs

In BiFeO3, and probably in BiMnO3 and PbVO3, Bi
3+

and Pb
2+

play the major role in the origin of ferroelec-

tricity. In these ions, there are two outer 6s electrons

that do not participate in chemical bonds. They are

called lone pairs, or sometimes dangling bonds. They

have a high polarizability—the condition required for

ferroelectricity in the classical description. More mi-

croscopically one can explain the origin of ferroelectric-

ity in these compounds by ordering of these lone pairs

(with certain admixture of p orbitals) in one direction

[Fig. 2]. Apparently this is what happens in many Bi−
and Pb−containing ferroelectrics and multiferroics such

as BiFeO3, but it also helps to improve the ferroelectric

properties of Pb(ZrxTi1−x)O3.
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One more mechanism that can lead to ferroelectricity

and to type-I multiferroicity can be charge ordering, of-

ten observed in transition metal compounds, especially

those formally containing transition metal ions with dif-

ferent valence. If, after charge ordering, both sites and

bonds turn out to be inequivalent, this can lead to ferro-

electricity [Fig. 2] [20].

A corresponding mechanism can work in systems like

Pr1/2Ca1/2MnO3[20] or in nickelates RNiO3 (see Refs.

[15] and [17], No. 434217) with charge ordering. But
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tiferroics. (a) In “mixed” perovskites with ferroelectrically ac-

tive d0 ions (green circles) and magnetic dn ions (red), shifts of

d0 ions from the centers of O6 octahedra (yellow plaquettes)

lead to polarization (green arrows), coexisting with magnetic

order (red arrows). (b) In materials like BiFeO3 and PbVO3,

the ordering of lone pairs (yellow ”lobes”) of Bi
3+

and Pb
2+

ions (orange), contributes to the polarization (green arrow).

(c) In charge ordered systems, the coexistence of inequivalent

sites with different charges, and inequivalent (long and short)

bonds, leads to ferroelectricity. (d) The “geometric” mecha-

nism of generation of polarization in YMnO3[24] describes the

tilting of a rigid MnO5 block with a magnetic Mn remaining at

the center. Because of the tilting, the Y-O bonds form dipoles

(green arrows), and there appears two ”up” dipoles per one

“down” dipole so that the system becomes ferroelectric (and

multiferroic when Mn spins order at lower temperatures). (Il-

lustration: Alan Stonebraker)

more often we meet the situation in which there exist

ions with different charge (often because they are dif-

ferent elements), but on top of that there occurs dimer-

ization. TbMn2O5 belongs to this class [11], as does the

newly discovered multiferroic Ca3CoMnO6[21], see be-

low. Another similar possibility is when the bonds are

inequivalent because of the structure of the material, the

site-centered charge order appearing on top of that. This

is the case in an organic ferroelectric (TMTTF)2X[22],

and also in the multiferroic LuFe2O4[23].

“Geometric” ferroelectricity

Lastly, we consider a case realized in, for example,

YMnO3[24]. Ferroelectricity in YMnO3 has nothing to

do with the magnetic Mn
3+

, but is caused by the tilting

of the practically rigid MnO5 block. This tilting occurs

just to provide closer packing, and as a result the oxygen

ions move closer to the rather small Y ions [Fig. 2].
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mechanism is ligand-field hybridization. However, as the Mn ions
remain close to the centre of their oxygen cages (in the computations
they move by 0.01 Å along the c axis, and remain almost unchanged
in-plane), it is highly unlikely that they re-hybridize with the
surrounding oxygen anions during the phase transition. And the
strong off-centre displacement that occurs between Y and in-plane OP

ions, leaves the Y and O ions 2.3 Å apart, the distance expected for a
fully ionic bond35 (compare Y2O3 where the average Y–O bond length is
2.27 Å). In this final part of the paper we explore the details of the
ferroelectric phase transition.

To investigate chemical activity, two fundamental quantities can be
calculated efficiently from first-principles: the (transverse) Born
effective charges (Z*) and the orbital-resolved densities of states. The Z*

can be defined as the atomic position derivative of the polarization at
zero macroscopic electric field, or the linear-order coefficient between
the electric field and the force that the field exerts on an ion at zero
displacement.A large Z* indicates that the force acting on a given ion due
to the electric field generated by the atomic displacements is large even if
the field is small, thus favouring the tendency towards a polarized
ground state. Previous work on ferroelectric perovskite oxides36–40 has

Y

Mn

OP

OT

Figure 2 Three-dimensional schematic view of YMnO3 in the two enantiomorphous polarized states.Arrows indicate the directions of the atomic displacements moving from the
centrosymmetric to the ferroelectric structure.
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clearly shown that in all such ferroelectrics studied, the Z*s on the ions
that displace during the phase transition are ‘anomalous’,in that they are
far larger than (often almost double) the nominal ionic charges.

We calculated the Z*s for YMnO3 using the Berry phase approach41–43

generalized to the case of spin-polarized systems. Our calculated
values are Z*

Y = +3.6, Z*
Mn = +3.3, Z*

OT
= –2.3, Z*

OP
= –2.2. Thus, the Z*s

for both the O and the Mn are very close to the formal ionic charges
O2 and Mn3+, whereas Z*

Y is only moderately larger than the nominal
Y3+. The close-to-formal Z* values for Mn and OT ions are consistent
with the absence of substantial Mn off-centre displacement with
respect to the surrounding oxygen ions. Furthermore, the close-to-
formal values for Y and OP suggest that their relative displacements
(which in large part cause the structure to be ferroelectric) are not
driven by chemical activity such as charge transfer, rehybridization of
covalent bonds, or intra-atomic redistribution of charge density.
This is, to our knowledge, the first calculation of close-to-formal Z*s
on the active ions in a known ferroelectric material, and explains in
part why the polarization of YMnO3 is smaller than that in typical
cubic perovskite ferroelectrics (in BaTiO3 it is 25 !C cm–2 and in
PbTiO3, 75 !C cm–2.) To explain the normal Z*s, we show in Fig. 4 
the calculated orbital-resolved density of states (DOS) for the
paraelectric structure. The overlapping DOSs indicate bonding
between the Mn 3d and O 2p states, but there is clearly very little
interaction between the Y and O orbitals. The DOS calculated in 
the ferroelectric phase (not shown) is very similar to that of the

paraelectric phase, confirming that there is no significant
rehybridization. In particular, there is still no bonding between Y and
O, which remain spatially distant even in the ferroelectric phase.
In Table 1, the calculated static charges (that is, the integrals of the
respective DOS components) for some representative orbitals are
reported for both paraelectric and ferroelectric structures.
These numbers confirm that no charge transfer occurs during the
phase transition.

We now identify the actual mechanism for the large Y–OP

displacements that occur in the ferroelectric state. The total
deformation can be decomposed into two components,summarized in
Table 2. (Note that these are the Fourier-transforms of our calculated
ferroelectric displacement vector, rather than normal modes.) 
One,with group theoretical symmetry label K3,is the tilting of the Mn–OT

polyhedra, which causes a tripling of the paraelectric unit cell, and by
symmetry does not lead to an overall polarization. (Although it creates
large local dipole moments, these sum to zero, that is, 2dY2 + dY1 = 0,
and 2dOP2 + dOP1 = 0, where d is the displacement along the c axis).
The other is the so-called -point component (with symmetry label 1),
in which the atomic displacement patterns in each unit cell are identical,
and therefore can sum to give a net ferroelectric polarization. The 
component involves primarily the Y–OP displacements and the non-
cancelling contribution of the MnO5 rotational bucklings.Although the
‘local’ dipole moments are large, the moments on Y1 are partially
cancelled by their antiparallel ordering to the moments on Y2. This also
contributes to the relatively low polarization.Group theoretical analysis
and high-temperature diffraction44,45 shows that the transition from 
the paralectric P63/mmc to the ferroelectric P63cm phase in fact takes
place in two steps. (This is consistent with earlier reports25,30 of no
structural phase transition at the ferroelectric Curie temperature, Tc.)
As temperature is reduced, the unit cell-tripling K3 mode first lowers 
the symmetry, but does not lead to a ferroelectric polarization. At a
significantly lower temperature, the ferroelectric transition takes place
without further reduction in symmetry.

In Fig. 5, we report the calculated energies as a function of the
structural distortion for both the total ferroelectric displacement and its

-point component. (The difference between the two curves is the
contribution from the buckling of the oxygen cages).Both curves present
the well-known double-well shape around the centrosymmetric point,
indicating that both the -point uniaxial Y–OP ferroelectric
displacements and the K3 tiltings are independently energetically

Y

Mn

O

2.53
2.53

1.98

1.97

3.24

2.05
2.062.04 2.04

1.90

1.90

2.85

2.85
2.85

Centrosymmetric Ferroelectrica b

Figure 3 Schematic of a MnO5 polyhedron with Y layers above and below.
a,b,The calculated atomic positions of the centrosymmetric (a) and ferroelectric
structures (b).The numbers give the bond lengths in Å.The arrows indicate atomic
displacements with respect to the centrosymmetric structure.

Table 1 Static charges of selected orbitals calculated for the paraelectric and
ferroelectric structure of YMnO3.

Y pz Y dz2 OP pz OT pz Mn dz2

Paraelectric 0.08 0.09 0.90 0.85 0.51

Ferroelectric 0.08 0.11 0.90 0.85 0.53

Table 2 Calculated ferroelectric displacements along the c axis (TOTcalc), and
the Fourier-space projections calculated at the zone-centre ( 1) and the zone-
boundary (K3) of the paraelectric Brillouin zone.

Atom 1 K3 TOTcalc

Y1 –0.0439 0.1480 0.1222

Y2 –0.0439 –0.0740 –0.0995

OT 0.1551 0 0.0894

Mn 0.0206 0 0.0116

OP1 0.0984 –0.3233 –0.2667

OP2 0.0984 0.1617 0.2186

OT –0.0799 0 –0.0460
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bond+site centered charge order

neutral chain

site centered charge order

bond centered charge order

A

B

C

D

Figure 1. (A) Example of a neutral one-dimensional chain exhibiting
(B) site-centered charge ordering, (C) bond-centered charge ordering,
and (D) a linear combination of these two that is ferroelectric. The
arrows indicate the polarization, which is in total zero in (B) and (C),
but develops a macroscopic moment, indicated by the red arrow in
(D). The red dashed lines in (A), (B) and (C) indicate mirror planes
of the system.

A special group of multiferroics is materials in which
ferroelectricity is caused by the charge ordering (CO); these
systems are the focus of the present paper. Most of such
MFs and potential MFs that we will discuss are of type I:
the perovskite manganites (PrCa)MnO3 [7, 20, 21], magnetite
Fe3O4 [33–37], quasi-one-dimensional organics [48], and the
frustrated charge ordered system LuFe2O4 [44]. The complex
manganites RMn2O5 [62] are probably the first example of
type-II multiferroics in which FE is due to the simultaneous
presence of sites with different charges and with inequivalent
bonds occurring in a magnetically ordered state. Another such
example is the recently discovered MF in Ca3CoMnO6 [51].
We will discuss the observation that the combination of CO and
magnetism may also cause MF behavior in rare earth nickelates
RNiO3 and point out that related physics explains MF behavior
of perovskite manganites with magnetic E-type ordering, as
well as of particular bilayer manganites with CO.

1.2. How charge ordering can induce ferroelectricity

The essential mechanism by which charge ordering can lead to
the appearance of ferroelectricity is easily explained with the
help of the schematic picture shown in figure 1. In figure 1(A)
a homogeneous crystal (a one-dimensional chain in this case)
with equal (say zero) charge on each site is shown. Figure 1(B)
shows the same chain after a charge ordering at which the sites
become inequivalent: one set of sites has charge +e and the
other −e, as in NaCl. This process does not breaks spatial
inversion symmetry, so that the resulting state cannot have a
net dipole moment. This is made explicit in figure 1(B) by
marking mirror planes of the charge ordered structure.

Another type of charge ordering occurs when a system
dimerizes; see figure 1(C). Such a lattice dimerization can have
different origins, e.g. a Peierls distortion. In this case the sites
remain equivalent, but the bonds are not, as the strong and
weak bonds alternate. One can use the terminology of a site-
centered charge ordering or site-centered charge density wave
(S-CDW) in the case of figure 1(B), and a bond-centered CO
or bond-centered charge density wave (B-CDW) in the case of
figure 1(C). Also the B-CDW structure is centrosymmetric and
thus cannot be ferroelectric.

If one now combines both types of charge ordering in
one system, the situation changes drastically. The situation
with simultaneous site- and bond-centered CO is schematically
shown in figure 1(D). Clearly, inversion symmetry is broken
in this case and each ‘molecule’ (short bond in figure 1(D))
develops a net dipole moment, so that as a result the whole
system becomes FE. Thus solids can become ferroelectric if on
top of site-centered charge ordering also a bond dimerization
occurs [7].

1.3. Magnetic materials in which charge ordering can induce
ferroelectricity

We will see below that the simultaneous presence of
inequivalent sites and bonds can have a number of different
origins. In some materials bonds are inequivalent just because
of the crystallographic structure, and a spontaneous CO
that occurs below a certain ordering temperature drives the
inequivalence of the sites. Or vice versa, the material can
contain ions with different valences, which after a structural
dimerization transition induce FE. These two effects may also
occur simultaneously, in which case there is one common
phase transition.

The appearance of charge ordering is in itself quite
ubiquitous in transition metal compounds. It is often observed
in systems with ions that formally have a mixed valence.
For instance, half-doped manganites like La1/2Ca1/2MnO3 or
Pr1/2Ca1/2MnO3 have one extra electron (or hole) per two Mn,
showing charge ordering of formally Mn3+(d4) and Mn4+(d3).
In these manganites CO typically extends over a large part of
the doping phase diagram. For example, in Pr1−x CaxMnO3,
CO exists for 0.3 < x < 0.85. For 0.3 < x < 0.5 the ordering
is commensurate with the same periodicity as for x = 0.5,
but for x > 0.5 it becomes incommensurate. Magnetic order
sets in at temperatures below the CO temperature. The idea of
charge ordering developing a ferroelectric component in such
doped manganites was first put forward in [7].

Iron-oxides such as magnetite (Fe3O4), which exhibits the
famous Verwey transition [26, 27], and LuFe2O4 [44] have a
charge ordering due to the formal presence of both Fe2+(d6)

and Fe3+(d5). In rare earth (R) nickelates of the type RNiO3

the valence of nickel is 3+, but below a certain temperature a
charge disproportionation into formally Ni2+(d8) and Ni4+(d6)

takes place [28, 29].
Traditionally, one has site-centered ordering in mind when

considering CO in such TM compounds. On the most basic
level one can view this ordering as an alternation of TM ions
with different valencies. However, bond-centered CO is also a
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Figure 1
Ferroelectricity
accompanied by a
magnetic transition in
TbMnO3.
(a) Fundamental crystal
structure of TbMnO3 and
the direction of electric
polarization. Temperature
profiles of (b) magnetic
susceptibility, specific heat
divided by temperature,
and (c) electric
polarization along the c
axis in TbMnO3.

different from that of Mn moments (33, 34). At approximately this temperature, the
electric polarization also exhibits a small anomaly. These results suggest an inti-
mate connection between magnetism and ferroelectricity in TbMnO3. At the lowest
temperature, the magnitude of electric polarization is approximately 6 ∼ 8 × 10−4C
m−2. The spontaneous polarization of TbMnO3 is rather small as compared with
that of conventional perovskite ferroelectrics (e.g., ∼2.6 × 10−2 C m−2 at 296 K in
BaTiO3). The sinusoidally modulated magnetic structure model was formerly pro-
posed by Quezel et al. (33) for both the antiferromagnetic paraelectric phase (TC ≤
T ≤ TN) and antiferromagnetic ferroelectric phase (T ≤ TC). However, a recent neu-
tron diffraction measurement by Kenzelmann et al. (30) suggests that the magnetic
structure below TC is not the sinusoidal structure. Their proposed model below TC is a
transversely modulated spiral magnetic structure (or elliptically modulated cycloidal
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Collinear sinusoidal spin structure in paraelectric phase 

a

b

(TC < T < TN)

(T < TC)

Noncollinear spiral spin structure in ferroelectric phase

b

c

Figure 2
Schematic drawings of
proposed magnetic
structures at Mn sites in the
(a) paraelectric
antiferromagnetic phase
(TC ≤ T ≤ TN) and
(b) ferroelectric
antiferromagnetic phase
(T ≤ TC) of TbMnO3 (30).

Collinear (magnetic
configuration): a
magnetically ordered state
in which magnetic moments
are coupled parallel or
antiparallel to their nearest
neighbors (e.g.,
ferromagnetic state)

spiral magnetic structure), which is illustrated in Figure 2b. This spiral spin struc-
ture has also been confirmed in a similar rare-earth manganite, Tb1−xDyxMnO3, for
which the commensurate propagation wave vector (kMn = 1

3 ) is observed at ferroelec-
tric phase by a model-free analysis via the use of single-crystal neutron diffraction
data (35). A key difference between the antiferromagnetic paraelectric phase (TC ≤
T ≤ TN) and antiferromagnetic ferroelectric phase (T ≤ TC) is the existence of mag-
netic moments along the c axis in the ferroelectric phase (Figure 2b), which does
not exist in the paraelectric phase (Figure 2a). In other words, all Mn moments are
aligned along the b axis in the paraelectric phase. Namely, the magnetic structure is
collinear when the system is paraelectric. By contrast, the magnetic structure in the

www.annualreviews.org • Spiral Magnets as Magnetoelectrics 391

A
nn

u.
 R

ev
. M

at
er

. R
es

. 2
00

7.
37

:3
87

-4
13

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
by

 In
di

an
 In

st
itu

te
 o

f S
ci

en
ce

 E
du

ca
tio

n 
&

 R
es

ea
rc

h 
- P

un
e 

on
 1

0/
15

/1
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.

ANRV315-MR37-13 ARI 22 May 2007 13:54

Collinear sinusoidal spin structure in paraelectric phase 
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Figure 2
Schematic drawings of
proposed magnetic
structures at Mn sites in the
(a) paraelectric
antiferromagnetic phase
(TC ≤ T ≤ TN) and
(b) ferroelectric
antiferromagnetic phase
(T ≤ TC) of TbMnO3 (30).

Collinear (magnetic
configuration): a
magnetically ordered state
in which magnetic moments
are coupled parallel or
antiparallel to their nearest
neighbors (e.g.,
ferromagnetic state)

spiral magnetic structure), which is illustrated in Figure 2b. This spiral spin struc-
ture has also been confirmed in a similar rare-earth manganite, Tb1−xDyxMnO3, for
which the commensurate propagation wave vector (kMn = 1

3 ) is observed at ferroelec-
tric phase by a model-free analysis via the use of single-crystal neutron diffraction
data (35). A key difference between the antiferromagnetic paraelectric phase (TC ≤
T ≤ TN) and antiferromagnetic ferroelectric phase (T ≤ TC) is the existence of mag-
netic moments along the c axis in the ferroelectric phase (Figure 2b), which does
not exist in the paraelectric phase (Figure 2a). In other words, all Mn moments are
aligned along the b axis in the paraelectric phase. Namely, the magnetic structure is
collinear when the system is paraelectric. By contrast, the magnetic structure in the
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Noncollinear (magnetic
configuration): a
configuration that is not
collinear (e.g., canted
antiferromagnetic state)

ferroelectric phase shows an elliptically modulated noncollinear spiral spin structure.
This appearance of the spiral spin structure accompanied by ferroelectric phase tran-
sition is important to understanding the origin of ferroelectricity in TbMnO3, which
is discussed below.

Magnetic Control of Electric Polarization and Dielectric Constant
Although the magnitude of electric polarization P in TbMnO3 is much smaller than
that in conventional perovskite ferroelectrics, the ferroelectricity of TbMnO3 can be
controlled by a magnetic field H (28, 36). Figures 3a and b show the magnetic-field
dependence of electric polarization along the c axis (Pc ) and the a axis (Pa ) at 9 K
and 15 K for a TbMnO3 single crystal. In these measurements, magnetic fields were
applied along the b axis. Through the application of a magnetic field of 4 ∼ 8 T,
Pc is suppressed, whereas Pa is induced. These results show that the spontaneous
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Figure 3
Switching of the direction
of electric polarization by
the application of a
magnetic field (electric
polarization flop).
Magnetic-field
dependence of electric
polarization along the c
axis (a) and a axis (b) in
TbMnO3. Magnetic fields
are applied along the b
axis.
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• A spiral spin structure stabilises a ferroelectric state

•Polarisation can be flipped by the application of magnetic fields



Spiral Magnets
• Displacement of Oxygen between two moments

ANRV315-MR37-13 ARI 22 May 2007 13:54

microscopic and phenomenological approaches. A key factor in the ferroelectricity
of these materials lies in their noncollinear spiral magnetic structures with a cycloidal
component. Katsura et al. (29) first proposed a microscopic mechanism of the ferro-
electricity in these systems. These researchers consider that spin current (or vector
spin chirality; !Si × !Sj ), induced between noncollinearly coupled spins because of the
Aharonov-Casher effect (50), leads to the electric polarization. This can be regarded
as an inversed effect of the DM interaction (48, 49), in which two noncollinearly
coupled magnetic moments displace the oxygen sandwiched by the two moments
through the electron-lattice interaction, as pointed out by Sergienko & Dagotto (32).
Figure 8 depicts the relationships among noncollinearly coupled magnetic moments,
oxygen displacement, and resultant change of local electric polarization as predicted
by their considerations (29, 32). As shown in Figure 8a, when the magnetic moments
are aligned in a cycloidal spiral manner, the direction of local electric polarization
induced by the inversed DM effect is uniform in the system, and the total electric
polarization can be finite. Because the exchange of two moments reverses the sign of
the effect in the asymmetric DM interaction [( !Si × !Sj ) = −( !Sj × !Si )], the sign of the
induced electric polarization can be switched by a reversal of spin helicity (Figure 8b).
This effect may exist locally in normal canted antiferromagnetic systems, as depicted

O
Si

eij

Sj Sk

CCW

a

CW

b

Si Sj Sk

Canted AF 

c

Si Sj Sk

Figure 8
Schematic drawings of the
change of local electric
polarization induced by
spin canting in
(a) counterclockwise
(CCW) cycloidal spiral,
(b) clockwise (CW)
cycloidal spiral, and
(c) normal canted
antiferromagnetic (AF)
structures. The difference
between dark green and
light green dots represents
the shift of oxygen ions
due to the spin canting
between the neighboring
two magnetic moments.
The blue arrows denote
the resultant change of the
local electric polarization
(∆P ).
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�P ∝ γ�eij × (�Si × �Sj)
• A canted AFM has no net (macroscopic) polarisation

Typically, the polarisation lies in the plane along which the spins rotate

T. Kimura,  Annu. Rev. Mater. Res (2007)



Exploring new multiferroics

• New materials with magnetic cations on geometrically frustrated 
   lattices, leading to spiral / canted magnetic structures

• Compounds where previous studies have indicated spin canted /spiral
   structures, but have not been investigated for multiferroicity

• Compounds where weak ferromagnetism has been reported/inferred

• Compounds belonging to classes where ferroelectricity has either 
   been reported, or predicted on structural considerations

• Possible candidates from first principle calculations



Single crystal growth 

Pr1Sr2Mn2O7

Ca2Fe2O5

Crystal growth using the floating Zone method

 



axis and is even under the glide plane whose mirror plane is
an a-b plane. In the LTI phase an additional order parame-
ter, !L appears which is even under both operations.

Single crystals of NVO were grown from BaO-V2O5
flux[10]. The single crystal samples were oriented using a

Laue x-ray diffractometer. To probe the ferroelectric order,
we sputtered two gold electrodes on opposite faces of the
crystals and measured both the pyroelectric current at fixed
H, and the magnetoelectric current at fixed T, using a
Keithly electrometer. We then integrated the current to
find the spontaneous polarization P, corresponding to the
ordered moment arising in the ferroelectric state. We
aligned the ferroelectric domains by applying a
(! 2 kV=cm) polarizing electric field E0 as the sample
was cooled through the transition temperature. After re-
moving the electric field, we measured the polarization Pa,
Pb, and Pc, along each of the three crystal axes. To within
experimental error, only Pb was found to be nonzero.

Figures 3(a) and 3(b) show Pb, the electric polarization
along the b axis, versus T at zero applied voltage for fixed
magnetic fields applied along the a and c axes, respec-
tively. Since the sign of the polarization in zero electric
field changed when the sign of the polarizing field E0 was
changed, we infer that this polarization arises from ferro-
electric order in NVO. From data for the magnetic field
along different crystal axes, it became clear that the region
in which Pb was nonzero coincided exactly with the region
in which the LTI phase existed, as shown in Fig. 2.
Furthermore the hysteresis in ferroelectric order as a func-
tion of magnetic field or temperature is connected with the
fact that the LTI-CAF phase transition is discontinuous.

The isothermal data shown in Figs. 3(b) and 3(d) cor-
roborate the above picture. Figure 3(d) shows Pb versus the
magnetic field along c, Hc, at T " 5 K. At low Hc, Pb is
insensitive to the external magnetic field. As Hc is in-
creased, the sample undergoes CAF ordering, which com-
pletely suppresses the spontaneous polarization. On
decreasing Hc, Pb returns to the initial value. The field
hysteresis is attributed to the first order LTI to CAF tran-
sition. Figure 3(b) shows Pb at T " 2 K, versus H k a. At

FIG. 2 (color). Phase diagram of NVO versus T and H for H k a and H k c in panels (a) and (b), respectively. The data points
indicate anomalies in specific heat (C), magnetization (M), dielectric permittivity ("), and electric polarization (P) traces versus H and
T. Solid lines are guides to the eye. The phases are described in the text and illustrated in Figs. 1(b)–1(d)

a

b

d

c

LTI

CAF

HTI

P

c

b

a

a

b

FIG. 1 (color). Crystal and magnetic structures of NVO.
(a) Crystal structure showing spin-1 Ni2# spine sites in red
and cross tie sites in blue. (b), (c), (d) Simplified schematic
representation of spin arrangement in the antiferromagnetic HTI,
LTI, and CAF phases [10]. ‘‘!!’’ indicates the direction of
uniform magnetization distributed over spine and cross tie sites
in the CAF phase. Only the HTI and CAF phases have inversion
symmetry relative to the indicated central lattice point.
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small Ha, there is no ferroelectric order in the CAF phase.
However, increasing Ha produces a spontaneous polariza-
tion in the LTI phase which is independent of the sign of
the magnetic field. The crucial observation is that we can
magnetically gate NVO to either suppress or promote
ferroelectric order, depending only on the direction of the
applied field and the temperature.

We now give a phenomenological explanation of our
results. The essence of this discussion is that the paramag-
netic phase of the crystal has spatial inversion symmetry
and that this inversion symmetry is broken solely by the
complex spin structures in the LTI phase. In the HTI phase
the incommensurate magnetic order cannot induce a non-
zero value of P because the magnetic structure is inversion
symmetric. This symmetry is not easy to establish directly
by analyzing the neutron diffraction data. If one assumes
the spin amplitudes are restricted according to a represen-
tation analysis [14], one still has to determine the complex-
valued order parameters !H;i!k" # !H;i!$k"% which char-
acterize the HTI phase, where k denotes the wave vector of
the incommensurate ordering and i # 1; . . . ; 6, corre-
sponds to the six spin components (the a, b, and c compo-
nents of the spine and cross tie spins). In the LTI phase the
additional order parameters !L;i!k" # !L;i!$k"% appear.
Representation analysis considers only operations which
leave the incommensurate wave vector invariant, but ne-
glects additional symmetries (such as spatial inversion)
possessed by the crystal. We use the additional constraints
imposed by inversion symmetry of the crystal lattice to
define the order parameters so that they satisfy

I !X;i!k" # !X;i!k"%; (1)

where X denotes either H or L. The quadratic terms in the
Landau free energy which describe the appearance of the
HTI phase are

F #
X

i;j
Fij!H;i!$k"!H;j!k"; (2)

where Fi;j # F%
j;i. Then Eq. (1) implies that the coefficients

Fij are all real valued. This in turn means that the ampli-
tudes !H;i are all real valued (as eigenvectors of a real
matrix), apart from a common overall phase:

!H;i!k" # ciei"H!H; (3)

where the ci, obtained from the critical eigenvector, are
real. Thus, the HTI phase is described by a single complex-
valued order parameter ei"H!H, whose overall phase, "H,
is not fixed at this level of analysis. This overall phase "H
can be eliminated by redefining the origin of coordinates.
The resulting Fourier components !H;i!k" are all real so the
HTI magnetic structure is invariant under spatial inversion
with respect to the redefined origin, and therefore this
magnetic ordering cannot induce a spontaneous electric
polarization. Since the CAF phase is also inversion sym-
metric [Fig. 1(d)], ferroelectricity is not induced by mag-
netic order in that phase either. These results confirm that
this model based on our extension of representation analy-
sis successfully predicts the experimental observation that
there is no ferroelectric order in the HTI or CAF phases.
We can also understand why when a sufficiently large
magnetic field is applied so as to enter the CAF phase
[Fig. 2(b)], the spontaneous polarization abruptly
disappears.

We now introduce a phenomenological model to explain
the symmetry of the magnetoelectric coupling which in-
duces a spontaneous polarization in the LTI phase. While
the specific details of this discussion apply to NVO, the
general approach is applicable to other systems. To de-
scribe the incommensurate phases and ferroelectric behav-
ior in a single model, we write the Landau free energy as

F # a!T $ TH"!2
H & b!T $ TL"!2

L &O!!4"
& !2#E"$1P2 & V; (4)

where a and b are constants and #E is the electric suscep-
tibility. In a conventional ferroelectric P becomes nonzero
when #E becomes infinite, often associated with a struc-
tural phase transition. Here #E is finite and the appearance
of a nonzero P is due to the term V coupling magnetic and
ferroelectric orders. Note that this expansion is expressed
in the disordered phase, so that all terms in this equation
must be invariant under the complete set of symmetry
operations of the disordered phase. In particular, this ex-
pression must be invariant under spatial inversion.

We now discuss the form of the magnetoelectric cou-
pling V. To conserve wave vector this coupling must be at
least trilinear [15], being proportional to one order parame-

FIG. 3 (color). Promotion and suppression of electric polar-
ization by applying magnetic fields in NVO. Temperature and
magnetic-field dependence of electric polarization along the b
axis for H along the a [frames (a) and (b)] and c [frames (c) and
(d)] axes.
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The case of Ni3V2O8

Cmca

a = 5.9178Å

b = 11.3652Å

c = 8.2896Å

G. Lawes, et al., Phys. Rev. Lett. 95, 872205 (2005)
I. Cabrera et al., Phys. Rev. Lett. 103, 87201 (2009)



Cu3Nb2O8

• Centrosymmetric Triclinic (P-1)

1a (Cu1, on an inversion center and in square-planar
coordination) and 2i (Cu2, in general position and
square-pyramidal coordination) of space group P!1. The
magnetic Cu2þ sites (S ¼ 1=2) form sawtooth chains
parallel to the a axis with 3-atom Cu2-Cu1-Cu2 steps
sharing the edges of their CuO4 squares, linked by
Cu2-Cu2 ‘‘risers’’ ( jumps), sharing the edges of the trian-
gular faces of the pyramids [Figs. 1(a) and 1(b)]. The
chains are then separated along the b axis by a layer of
nonmagnetic Nb5þ ions. The room-temperature lattice
parameters of Cu3Nb2O8 were refined to be a¼
5:1829ð5Þ "A, b¼5:4857ð7Þ "A, c¼6:0144ð7Þ "A, !¼
72:58ð1Þ%, " ¼ 83:421ð9Þ%, # ¼ 65:71ð1Þ%.

Figure 2(a) shows the temperature dependence of the
specific heat of Cu3Nb2O8, measured using a Quantum
Design PPMS. Two anomalies are evident, indicating
phase transitions at 26.5 and 24.2 K. Magnetic susceptibil-
ity measurements, obtained using a Quantum Design
MPMS, confirmed the magnetic nature of the phase tran-
sitions [Fig. 2(b)]. At higher temperatures, the magnetiza-
tion is dominated by a broad feature centered at 40 K,
characteristic of short-range magnetic correlations. A clear
anomaly was observed at 26.5 K, concomitant with the first
anomaly in the specific heat. Figure 2(c) shows the electric
polarization measured in four directions: ð0; 1; 0Þ, ð3; 2; 3Þ,
ð5; 2;&5Þ, and ð6; 2; 6Þ. The ferroelectric transition, labeled
T2, coincides with the 24.2 K anomaly in the specific
heat. This behavior is similar to many of the cycloidal
multiferroics [1,3,5], in which an electrical polarization

develops at the lower transition. The polarization vector
P was determined to be in the ð1; 3; 2Þ direction with a
magnitude of 17:8 $Cm&2 at 10 K. The four polarization
components were calculated at 20 K [colored dots in
Fig. 2(c)] and found to be in excellent agreement with
the data. It is important to note that the electric polarization
was 100% switchable in electric field, as shown in Fig. 2(c)
for the ð0; 1; 0Þ direction.
A powder neutron diffraction experiment, performed on

the WISH instrument [15], ISIS, UK, confirmed the
existence of incommensurate magnetic ordering below
TN ¼ 26:5 K. Comparison of diffraction data measured
at 1.6 K (Fig. 3) and 30 K clearly showed a number of
well-correlated magnetic diffraction peaks, which can be
indexed using the propagation vector km ¼ ð0:4876;
0:2813; 0:2029Þ (incommensurate in all three reciprocal
space directions). Additional diffraction patterns were

FIG. 1 (color online). (a),(b) The crystal structure of
Cu3Nb2O8 in the ac and bc plane, respectively. Cu2þ ions
form sawtooth chains parallel to the a axis with steps of three
edge sharing CuO4 squares. The steps are linked via Cu2-O-Cu2
risers. Nb5þ atoms separate the chains along the b axis. (c) The
magnetic structure of the Cu2þ chains. The envelope of the spin
rotation is shown by gray circles. (d) P (green arrow) perpen-
dicular to the spin rotation plane.

FIG. 2 (color online). (a) The specific heat of Cu3Nb2O8.
(b) The magnetic susceptibility of a single crystal sample,
measured in a field of 1000 Oe k ð3; 2; 3Þ. The inset shows the
same measurement up to room temperature. (c) The electric
polarization in three approximately orthogonal and the general
ð6; 2; 6Þ directions, determined through the integration of a
pyroelectric current, measured at a warming rate of 1 Kmin&1,
having field cooled (FC) the sample with E ¼ 2 kV cm&1. The
ð6; 2; 6Þ data were measured down to 21 K and extrapolated
below. (d) The temperature dependence of the neutron magnetic
diffraction intensity of the fundamental reflection at d ' 10:4 "A.
The data have been fitted with a power law.
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a = 5.1829Å

b = 5.4857Å

c = 6.1144Å

α = 72.58o

β = 83.421o

γ = 65.71o

1a (Cu1, on an inversion center and in square-planar
coordination) and 2i (Cu2, in general position and
square-pyramidal coordination) of space group P!1. The
magnetic Cu2þ sites (S ¼ 1=2) form sawtooth chains
parallel to the a axis with 3-atom Cu2-Cu1-Cu2 steps
sharing the edges of their CuO4 squares, linked by
Cu2-Cu2 ‘‘risers’’ ( jumps), sharing the edges of the trian-
gular faces of the pyramids [Figs. 1(a) and 1(b)]. The
chains are then separated along the b axis by a layer of
nonmagnetic Nb5þ ions. The room-temperature lattice
parameters of Cu3Nb2O8 were refined to be a¼
5:1829ð5Þ "A, b¼5:4857ð7Þ "A, c¼6:0144ð7Þ "A, !¼
72:58ð1Þ%, " ¼ 83:421ð9Þ%, # ¼ 65:71ð1Þ%.

Figure 2(a) shows the temperature dependence of the
specific heat of Cu3Nb2O8, measured using a Quantum
Design PPMS. Two anomalies are evident, indicating
phase transitions at 26.5 and 24.2 K. Magnetic susceptibil-
ity measurements, obtained using a Quantum Design
MPMS, confirmed the magnetic nature of the phase tran-
sitions [Fig. 2(b)]. At higher temperatures, the magnetiza-
tion is dominated by a broad feature centered at 40 K,
characteristic of short-range magnetic correlations. A clear
anomaly was observed at 26.5 K, concomitant with the first
anomaly in the specific heat. Figure 2(c) shows the electric
polarization measured in four directions: ð0; 1; 0Þ, ð3; 2; 3Þ,
ð5; 2;&5Þ, and ð6; 2; 6Þ. The ferroelectric transition, labeled
T2, coincides with the 24.2 K anomaly in the specific
heat. This behavior is similar to many of the cycloidal
multiferroics [1,3,5], in which an electrical polarization

develops at the lower transition. The polarization vector
P was determined to be in the ð1; 3; 2Þ direction with a
magnitude of 17:8 $Cm&2 at 10 K. The four polarization
components were calculated at 20 K [colored dots in
Fig. 2(c)] and found to be in excellent agreement with
the data. It is important to note that the electric polarization
was 100% switchable in electric field, as shown in Fig. 2(c)
for the ð0; 1; 0Þ direction.
A powder neutron diffraction experiment, performed on

the WISH instrument [15], ISIS, UK, confirmed the
existence of incommensurate magnetic ordering below
TN ¼ 26:5 K. Comparison of diffraction data measured
at 1.6 K (Fig. 3) and 30 K clearly showed a number of
well-correlated magnetic diffraction peaks, which can be
indexed using the propagation vector km ¼ ð0:4876;
0:2813; 0:2029Þ (incommensurate in all three reciprocal
space directions). Additional diffraction patterns were

FIG. 1 (color online). (a),(b) The crystal structure of
Cu3Nb2O8 in the ac and bc plane, respectively. Cu2þ ions
form sawtooth chains parallel to the a axis with steps of three
edge sharing CuO4 squares. The steps are linked via Cu2-O-Cu2
risers. Nb5þ atoms separate the chains along the b axis. (c) The
magnetic structure of the Cu2þ chains. The envelope of the spin
rotation is shown by gray circles. (d) P (green arrow) perpen-
dicular to the spin rotation plane.

FIG. 2 (color online). (a) The specific heat of Cu3Nb2O8.
(b) The magnetic susceptibility of a single crystal sample,
measured in a field of 1000 Oe k ð3; 2; 3Þ. The inset shows the
same measurement up to room temperature. (c) The electric
polarization in three approximately orthogonal and the general
ð6; 2; 6Þ directions, determined through the integration of a
pyroelectric current, measured at a warming rate of 1 Kmin&1,
having field cooled (FC) the sample with E ¼ 2 kV cm&1. The
ð6; 2; 6Þ data were measured down to 21 K and extrapolated
below. (d) The temperature dependence of the neutron magnetic
diffraction intensity of the fundamental reflection at d ' 10:4 "A.
The data have been fitted with a power law.
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Cu3Nb2O8

1a (Cu1, on an inversion center and in square-planar
coordination) and 2i (Cu2, in general position and
square-pyramidal coordination) of space group P!1. The
magnetic Cu2þ sites (S ¼ 1=2) form sawtooth chains
parallel to the a axis with 3-atom Cu2-Cu1-Cu2 steps
sharing the edges of their CuO4 squares, linked by
Cu2-Cu2 ‘‘risers’’ ( jumps), sharing the edges of the trian-
gular faces of the pyramids [Figs. 1(a) and 1(b)]. The
chains are then separated along the b axis by a layer of
nonmagnetic Nb5þ ions. The room-temperature lattice
parameters of Cu3Nb2O8 were refined to be a¼
5:1829ð5Þ "A, b¼5:4857ð7Þ "A, c¼6:0144ð7Þ "A, !¼
72:58ð1Þ%, " ¼ 83:421ð9Þ%, # ¼ 65:71ð1Þ%.

Figure 2(a) shows the temperature dependence of the
specific heat of Cu3Nb2O8, measured using a Quantum
Design PPMS. Two anomalies are evident, indicating
phase transitions at 26.5 and 24.2 K. Magnetic susceptibil-
ity measurements, obtained using a Quantum Design
MPMS, confirmed the magnetic nature of the phase tran-
sitions [Fig. 2(b)]. At higher temperatures, the magnetiza-
tion is dominated by a broad feature centered at 40 K,
characteristic of short-range magnetic correlations. A clear
anomaly was observed at 26.5 K, concomitant with the first
anomaly in the specific heat. Figure 2(c) shows the electric
polarization measured in four directions: ð0; 1; 0Þ, ð3; 2; 3Þ,
ð5; 2;&5Þ, and ð6; 2; 6Þ. The ferroelectric transition, labeled
T2, coincides with the 24.2 K anomaly in the specific
heat. This behavior is similar to many of the cycloidal
multiferroics [1,3,5], in which an electrical polarization

develops at the lower transition. The polarization vector
P was determined to be in the ð1; 3; 2Þ direction with a
magnitude of 17:8 $Cm&2 at 10 K. The four polarization
components were calculated at 20 K [colored dots in
Fig. 2(c)] and found to be in excellent agreement with
the data. It is important to note that the electric polarization
was 100% switchable in electric field, as shown in Fig. 2(c)
for the ð0; 1; 0Þ direction.
A powder neutron diffraction experiment, performed on

the WISH instrument [15], ISIS, UK, confirmed the
existence of incommensurate magnetic ordering below
TN ¼ 26:5 K. Comparison of diffraction data measured
at 1.6 K (Fig. 3) and 30 K clearly showed a number of
well-correlated magnetic diffraction peaks, which can be
indexed using the propagation vector km ¼ ð0:4876;
0:2813; 0:2029Þ (incommensurate in all three reciprocal
space directions). Additional diffraction patterns were

FIG. 1 (color online). (a),(b) The crystal structure of
Cu3Nb2O8 in the ac and bc plane, respectively. Cu2þ ions
form sawtooth chains parallel to the a axis with steps of three
edge sharing CuO4 squares. The steps are linked via Cu2-O-Cu2
risers. Nb5þ atoms separate the chains along the b axis. (c) The
magnetic structure of the Cu2þ chains. The envelope of the spin
rotation is shown by gray circles. (d) P (green arrow) perpen-
dicular to the spin rotation plane.

FIG. 2 (color online). (a) The specific heat of Cu3Nb2O8.
(b) The magnetic susceptibility of a single crystal sample,
measured in a field of 1000 Oe k ð3; 2; 3Þ. The inset shows the
same measurement up to room temperature. (c) The electric
polarization in three approximately orthogonal and the general
ð6; 2; 6Þ directions, determined through the integration of a
pyroelectric current, measured at a warming rate of 1 Kmin&1,
having field cooled (FC) the sample with E ¼ 2 kV cm&1. The
ð6; 2; 6Þ data were measured down to 21 K and extrapolated
below. (d) The temperature dependence of the neutron magnetic
diffraction intensity of the fundamental reflection at d ' 10:4 "A.
The data have been fitted with a power law.
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• Transitions at 26 K and 24 K

• Ferroelectric polarisation sets 
in at the lower transition

• A new type II multiferroic !



Rietveld refinement

Hugo Rietveld realized that if a diffraction pattern could be 
modeled, the fit between these data and the a computed pattern 
could be optimized.

Starting with a model

Generate reflections list

Generate peak heights

Add broadening and other effects

Optimise model to improve fit

Cons: needs a sensible starting model
          large number of variables

A Rietveld refinement is never perfected, merely abandoned !



measured at a series of temperatures below 30 K.
The magnetic propagation vector was found to be
approximately constant throughout the antiferromagnetic
phase, except for a pronounced change in the b! compo-
nent between 24 and 26 K (inset of Fig. 3), close to the
second magnetic transition at T2. The strong magnetic
diffraction peak at d " 10:4 !A (the fundamental reflection
where the scattering vector equals km) was integrated to
give the temperature dependence shown in Fig. 2(d), which
is proportional to the square of the magnetic order parame-
ter. Power-law fits to the temperature dependence of the
magnetic diffraction intensity [continuous line in Fig. 2(d)]
and electrical polarization yield critical exponents of
!M ¼ 0:25$ 0:02 and !P ¼ 0:354$ 0:001 (compatible
with pseudoproper magnetoelectric coupling [16]).

An initial fit to the neutron data with a collinear mag-
netic structure wrongly predicted Cu (S ¼ 1=2) moments
to be >1"B. An alternative scenario of a rotating spin
order is therefore clearly favored. However, it was not
possible to find a unique solution from the powder data
alone. Consequently, a nonresonant magnetic x-ray diffrac-
tion (NRMXD) experiment was performed at beam line
I16, Diamond Light Source, UK. This technique exploits
the dependence of the NRMXD cross section on the direc-
tion of the magnetic moment with respect to the incident
and scattered directions of the light and the x-ray polariza-
tion [17]. To minimize the fluorescent background, the
incident x-ray beam was tuned to 7.835 keV, well below
the copper and niobium K absorption edges. Three mag-
netic diffraction peaks were then located. At each reflec-
tion the sample was rotated about the scattering vector
(azimuthal scans) while measuring the diffraction intensity

in both the unrotated (#% #0) and rotated (#% $0)
polarization channels, employing a graphite analyzer
crystal tuned to the (006) reflection. The NRMXD data
are shown in Fig. 4. The magnetic moment directions were
evaluated by fitting the azimuthal dependence of the
NRMXD cross section, which was found to be extremely
sensitive to the spin rotation planes. An initial fit with
independent rotation planes for the two sites (Cu1 and
Cu2) converged to a single plane within the experimental
error. The normal vector of the common spin rotation plane
(% and &), and scale factors for the two sites (F1 and F2),
then gave four free parameters to be refined. In spherical
coordinates defined with an orthonormal basis (xyz) such
that a k x and b is in the xy plane, the normal vector of the
rotation planes was found to be at % ¼ 75:5ð2Þ( and & ¼
54:9ð2Þ(, which corresponds approximately to the ð1; 2; 1Þ
reciprocal space direction. The scale factor ratio, equiva-
lent to the ratio of the squares of the magnetic moments,
was found to be F2=F1 ¼ 1:00ð3Þ. The discrepancies be-
tween calculation and data at the extremes of the #% $0

azimuthal dependences are likely to be due to systematic
errors inherent to the measurement. Regardless, this error
in the intensity scaling does not affect the evaluation of the
spin rotation plane. It may, however, lead to an imprecise
determination of F2=F1, which indeed differs from that

FIG. 3 (color online). Rietveld refinement against neutron
powder diffraction data of Cu3Nb2O8 at 1.6 K. Top and
bottom tick marks indicate the nuclear and magnetic peaks,
respectively. The measured and calculated profiles are shown
with dots and a continuous line, respectively. A difference
curve (observed% calculated) is shown at the bottom.
Inset: Temperature dependence of the b! component of km.

FIG. 4 (color online). Nonresonant magnetic x-ray diffraction
intensity measured as a function of azimuth angle at the
(a) ð%3% ka! ;%2% kb! ;%3% kc! Þ, (b) ð%3% ka! ;%1% kb! ;
%3% kc! Þ, and (c) ð%4þ ka! ;%3þ kb! ;%4þ kc! Þ reflections.
The line shape, dependent on magnetic moment direction, has
been fitted (solid red line) to find the spin rotation plane.
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Cu3Nb2O8

• Powder neutron diffraction at WISH (ISIS), and xray diffraction at 
I16 (Diamond)

1a (Cu1, on an inversion center and in square-planar
coordination) and 2i (Cu2, in general position and
square-pyramidal coordination) of space group P!1. The
magnetic Cu2þ sites (S ¼ 1=2) form sawtooth chains
parallel to the a axis with 3-atom Cu2-Cu1-Cu2 steps
sharing the edges of their CuO4 squares, linked by
Cu2-Cu2 ‘‘risers’’ ( jumps), sharing the edges of the trian-
gular faces of the pyramids [Figs. 1(a) and 1(b)]. The
chains are then separated along the b axis by a layer of
nonmagnetic Nb5þ ions. The room-temperature lattice
parameters of Cu3Nb2O8 were refined to be a¼
5:1829ð5Þ "A, b¼5:4857ð7Þ "A, c¼6:0144ð7Þ "A, !¼
72:58ð1Þ%, " ¼ 83:421ð9Þ%, # ¼ 65:71ð1Þ%.

Figure 2(a) shows the temperature dependence of the
specific heat of Cu3Nb2O8, measured using a Quantum
Design PPMS. Two anomalies are evident, indicating
phase transitions at 26.5 and 24.2 K. Magnetic susceptibil-
ity measurements, obtained using a Quantum Design
MPMS, confirmed the magnetic nature of the phase tran-
sitions [Fig. 2(b)]. At higher temperatures, the magnetiza-
tion is dominated by a broad feature centered at 40 K,
characteristic of short-range magnetic correlations. A clear
anomaly was observed at 26.5 K, concomitant with the first
anomaly in the specific heat. Figure 2(c) shows the electric
polarization measured in four directions: ð0; 1; 0Þ, ð3; 2; 3Þ,
ð5; 2;&5Þ, and ð6; 2; 6Þ. The ferroelectric transition, labeled
T2, coincides with the 24.2 K anomaly in the specific
heat. This behavior is similar to many of the cycloidal
multiferroics [1,3,5], in which an electrical polarization

develops at the lower transition. The polarization vector
P was determined to be in the ð1; 3; 2Þ direction with a
magnitude of 17:8 $Cm&2 at 10 K. The four polarization
components were calculated at 20 K [colored dots in
Fig. 2(c)] and found to be in excellent agreement with
the data. It is important to note that the electric polarization
was 100% switchable in electric field, as shown in Fig. 2(c)
for the ð0; 1; 0Þ direction.
A powder neutron diffraction experiment, performed on

the WISH instrument [15], ISIS, UK, confirmed the
existence of incommensurate magnetic ordering below
TN ¼ 26:5 K. Comparison of diffraction data measured
at 1.6 K (Fig. 3) and 30 K clearly showed a number of
well-correlated magnetic diffraction peaks, which can be
indexed using the propagation vector km ¼ ð0:4876;
0:2813; 0:2029Þ (incommensurate in all three reciprocal
space directions). Additional diffraction patterns were

FIG. 1 (color online). (a),(b) The crystal structure of
Cu3Nb2O8 in the ac and bc plane, respectively. Cu2þ ions
form sawtooth chains parallel to the a axis with steps of three
edge sharing CuO4 squares. The steps are linked via Cu2-O-Cu2
risers. Nb5þ atoms separate the chains along the b axis. (c) The
magnetic structure of the Cu2þ chains. The envelope of the spin
rotation is shown by gray circles. (d) P (green arrow) perpen-
dicular to the spin rotation plane.

FIG. 2 (color online). (a) The specific heat of Cu3Nb2O8.
(b) The magnetic susceptibility of a single crystal sample,
measured in a field of 1000 Oe k ð3; 2; 3Þ. The inset shows the
same measurement up to room temperature. (c) The electric
polarization in three approximately orthogonal and the general
ð6; 2; 6Þ directions, determined through the integration of a
pyroelectric current, measured at a warming rate of 1 Kmin&1,
having field cooled (FC) the sample with E ¼ 2 kV cm&1. The
ð6; 2; 6Þ data were measured down to 21 K and extrapolated
below. (d) The temperature dependence of the neutron magnetic
diffraction intensity of the fundamental reflection at d ' 10:4 "A.
The data have been fitted with a power law.
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• Polarisation nearly perpendicular to plane of rotation of spins 

Dij = P ij × rij + σijrij

Polarisation, P =
�

ij

P ij

Chirality, σ =
�

ij

σij

Structure supports an axial vector

P = γσA

Phys. Rev. Lett. 107, 137205 (2011)



Ferroaxial coupling 

If the crystal structure supports a macroscopic axial vector A (crystal rotation) in the 
paramagnetic phase, then an electric polarisation may arise through the coupling: 
 

         P = !σA



There are just seven non-polar point groups that support such a rotation: 
 

             1, 2/m, 3, 4, 6, 4/m, 6/m 
 
We label these the ferroaxial classes. 
 
 

- - - - 

a 

b 

Cool below 
Ts 

RbFe (Mo4)2 - A. Hearmon et al., Phys. Rev. Lett. 108, 237201 

Previously unrecognised: the case of RbFe(Mo4)2

 Sx!r" # $!!1"!qz" % !!2"!qz"& exp!iq ' r" % c:c:;

Sy!r" # i$!!1"!qz" ( !!2"!qz"& exp!iq ' r" % c:c:;
(1)

where the out-of-plane component qz describes the inter-
planar spin rotation. At zero field at T # 2 K, best agree-
ment with diffraction intensities of 82 magnetic peaks
("2 # 10:6 and R # 0:11) indicates that neighboring spins
in the plane are rotated by 2#=3 with respect to each other
in a structure that is commonly referred to as the ‘‘120)

structure.’’ Here "2 is the mean squared deviation between
the model and the data in units of the variance, and R #
!1=N"PijIoi ( Ici j=Ioi (Ioi and Ici are the observed and cal-
culated intensities, respectively). Spins in adjacent planes
are rotated by an angle 2#qz.

The two order parameters !!1" and !!2" describe two
structures which differ in the sign of the chirality. In
RFMO, chirality is defined as follows: If, as one traverses
clockwise the three vertices of up triangles [see Fig. 1(b)],
the spin directions are rotated clockwise by 120)

((120)), then the spin triangle is said to have positive
(negative) chirality. The two structures represented by !!1"

and !!2" are degenerate in energy, so there will be two
domains in which the zero-field structures are described by
either !!1" # 3:9!5" and !!2" # 0 or !!1" # 0 and !!2" #
3:9!5" at T # 2 K.

In-plane magnetic fields applied along the $1;(1; 0&
direction lead to the collapse of the low-field incommen-
surate order in a discontinuous (first-order) phase transition
for $0H # 3:2 T at T # 2:8 K [see Fig. 2(b)]. For 3:2 T<
H < 9:5 T, commensurate order characterized by an order-
ing vector q # !1=3; 1=3; 1=3" is stabilized. For $0H *
9:5 T, the magnetic order again becomes incommensurate,
and the magnetic periodicity is noticeably field-dependent
[see Fig. 2(d)]. The phase diagram in Fig. 3 was compiled
from the temperature and field dependence of magnetic
Bragg peaks and by tracking specific heat and dielectric
anomalies. In the present Letter, we attempt to describe and
understand the properties of the low-field phases below
$0H # 10 T.

Symmetry requires that at nonzero field the magnetic
structures in RFMO contain both order parameters !!1" and
!!2" of opposite chirality. At $0H # 6 T and T # 2:8 K,
best agreement with diffraction intensities of 62 magnetic
peaks ("2 # 5:2 and R # 0:14) is found for the magnetic
structure shown in Fig. 1(c) that is given by !!1" #
$1:09!4" % i1:85& and !!2" # $1:09!4" % i1:94!4"& (error
bars are provided only for free parameters) and where the
magnitude of the ordered moments are 3:8!3"$B and
2:8!3"$B along and opposite to the magnetic field, respec-
tively. For the magnetic structure at $0H # 10 T and T #
0:1 K, where we have measured only 15 magnetic peaks,
we imposed an equal moment magnitude condition. Here
the best agreement with diffraction data ("2 # 22:6 and

0.5 0.6 0.7 0.8 0.9 1.0

H = 0T

q z
 (r

.l.
u.

)

0.456

0.457

0.458

0.459

0.5 0.6 0.7 0.8 0.9 1.0

P
c 

(µ
C

/m
2 )

0

1

2

3

4

5

6

RbFe(MoO4)2

µ0H (Tesla)

0 2 4 6 8 10

In
te

ns
ity

 (
ar

b.
un

its
)

0

10

20

30

0 2 4 6 8 10
0.30

0.35

0.40

0.45

0.50

q
z 

(r
.l.

u.
)

a b

dc

T = 2.8K

T = 2.8K

T/TN

T/TN

µ0H (Tesla)

µ0H=0T

µ0H=0T

T (K)
2 3 4 5 6

P
c (

ar
b.

 u
ni

ts
)

-5

0

5

FIG. 2 (color). (a) Zero-field temperature dependence of the
magnetic Bragg intensity (solid circles) observed at Q #
!1=3; 1=3; qz" compared to that of the ferroelectric polarization
(solid line) Pc along the c axis. Inset: Pc measured under
positive and negative poling biases. (b) Field dependence of
the intensity at T # 2:8 K for the commensurate (black) and the
incommensurate (gray) reflections. The commensurate and the
high-field incommensurate orders coexist at this temperature for
a narrow field region between $0H # 8 and 9 T. (c),(d) Tem-
perature and field dependence of qz at zero field and at T #
2:8 K, respectively. Squares and circles in (b),(d) distinguish two
independent measurements, for which intensities were put on the
same scale by matching data measured at the same field.

FIG. 1 (color). (a) Low-temperature chemical structure of
RFMO, belonging to the trigonal space group P!3. Shown are
the Fe3% in red and O(2 ions in yellow. The Fe3% are expected to
interact through superexchange involving two O(2 for intraplane
interactions and three O(2 for interplane interactions. There is
one nearest-neighbor and two distinct next-nearest-neighbor in-
teractions between planes. (b) Zero-field magnetic structure at
T # 2 K with an ordered moment at each site M # 3:9!5"$B;
(c) at $0H # 6 T and T # 2 K, two-thirds of the moments point
with M # 3:8!3"$B along the field direction and one-third with
M # 2:8!3"$B opposite to it; and (d) at $0H # 10 T and T #
0:1 K, with M # 3:7!5"$B, one-third of the moments are per-
pendicular to the field and two-thirds are parallel to each other
and form an angle of 30) with the field direction. The structures
shown in (c),(d) have an inversion center indicated by the yellow
point.
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R ! 0:21) was found for the magnetic structure shown in
Fig. 1(d) and is given by !"1# ! $2:16"3# % i0:197& and
!"2# ! $'1:251' i1:724&. Figures 1(b)–1(d) show that
the zero-field structure features a chiral order parameter,
while both commensurate structures contain a point of
inversion.

The absence of a point of inversion for the low-field
magnetic structure prompted us to examine the dielectric
properties of the material. The pyroelectric current was
measured at fixed H and the magnetoelectric current at
fixed T, using a Keithley electrometer. Figure 2(a) shows
the development of ferroelectric polarization along the c
axis upon cooling the sample in zero field. The electric
polarization can be switched by applying an opposite
poling bias as shown in the inset in Fig. 2(a), demonstrating
that RFMO is a ferroelectric below TN . Only a single peak
was observed in the temperature dependence of the specific
heat at zero field measured using a 2 mg single-crystal
sample with a SiN thin-membrane microcalorimeter [16],
demonstrating that the ferroelectric transition coincides
with the onset of antiferromagnetic order. The polarization
is reduced at small magnetic fields and completely sup-
pressed in the commensurate phase. Further, we observed
small anomalies in the dielectric constant at the commen-
surate phase boundary. These measurements identify the
low-field phase as ferroelectric and the field-induced
phases as paraelectric.

In multiferroics such as TbMnO3 and Ni3V2O8, a ferro-
electric order parameter appears when inversion symmetry
is broken by the magnetic structure [7,8]. This occurs

through two consecutive continuous phase transitions, each
characterized by the appearance of a magnetic order pa-
rameter. A Landau theory [7,8] which couples the two
magnetic and one ferroelectric order parameters success-
fully describes the direction of the ferroelectric polariza-
tion, demonstrating that magnetic order induces ferro-
electricity. Ferroelectricity in these systems may also be
understood by the spin-current interaction, which is due to
superexchange and the spin-orbit interactions [9], giving
the spontaneous electric polarization that arises from
canted spins on neighboring sites i and j as Pij!$S"ri#(
S"rj#&($ri'rj&. For RFMO, Pij lies in the basal plane,
and, in view of the threefold rotation axis, the macroscopic
polarization P!P

hijiPij vanishes. RFMO does exhibit
ferroelectricity, so the spin-current interaction alone [9],
while possibly valid for some systems, does not provide a
general explanation for magnetoelectricity. In contrast, we
shall show that the symmetry-based phenomenological
theory [7,8,17] accurately describes magnetoelectricity in
RFMO.

Here we will explicitly consider the Landau theory only
for the case of zero magnetic field, although the general
conclusions are expected to remain valid until a phase
boundary is crossed. The free energy is invariant under
the symmetries of the magnetically disordered phase,
which include T , time reversal t ! 't, I , spatial inver-
sion r ! 'r, and R3, the threefold rotation about the c
axis. Since the effect of these operations on S"r# is known,
one can deduce the effect of these operations on the order
parameters. Thus, using Eq. (1), we find that
 

T!"n#"qz# ! '!"n#"qz#; I!"1#"qz# ! !"2#"qz#);
R3!"n#"qz# ! e2n"i=3!"n#"qz#: (2)

Taking account of these symmetries, one sees that the free
energy must assume the form

 F ! 1
2

X
n;*

r"*qz#j!"n#"*qz#j2 %O"!4#; (3)

where r"qz# is an even function of qz in the P!3m1 space
group above T0 ! 180 K but develops a contribution pro-
portional to #qz in the P!3 space group below T0.
Minimization of F shows that 1=2' qz is proportional to
the lattice distortion # away from the P!3m1 space group.
The transition at T0 ! 180 K does not break inversion
symmetry, but it does determine the incommensurate
wave vector qz. As Eq. (3) indicates, the lattice distortion
actually selects the helicity (the sign of qz), although it
does not lift the degeneracy between magnetic structures
with opposite chirality !"1# and !"2#.

At zero field, the effect of the terms in the free energy of
order !4 is to prevent !"1# and !"2# from simultaneously
being nonzero. We now consider the lowest order terms
allowed by symmetry which couple the magnetic order
parameters to the spontaneous polarization P. The lowest
order interaction that is consistent with the symmetries of

FIG. 3 (color). HT phase diagram of RFMO, for fields applied
along the $1;'1; 0& direction with TN + 3:8 K, obtained through
various techniques. Open circles represent the end of a magne-
tization plateau as a function of field [14]. The color gradient
indicates the estimated increasing magnetization as a function of
magnetic field. The boundary of the high-field incommensurate
phase has not been determined for T < 2 K, 0:5TN . Subtle
phase modifications which may occur in small regions adjacent
to the Q ! "1=3; 1=3; 1=3# phase [14] are not shown. The
commensurate and the high-field incommensurate magnetic
orders coexist in a narrow field region for $0H + 9 T. The
two solid lines indicate where each type of order was observed
in diffraction data [see Figs. 2(b) and 2(d)].
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Interpretation of α3 in RbFe(MoO4)2

In RbFe(MoO4)2 there is a structural transition at ∼ 180 K in which the hexagons of oxygen

atoms surrounding the irons rotate (see figure 1). This rotation removes the mirror planes

running along the a and b axes, and the symmetry therefore allows for an axial vector along

the c axis.

!"#
!"# $
!%&"'

!$#
''($
!%&

Figure 1: Upon cooling below ∼ 180 K, the hexagons of oxygens rotate, thus allowing for a

non-zero axial vector (after [1]).

It is to be expected that the rotation of these structural ‘hexagons’ gives rise to an axial

vector since, relative to the crystal axes, traversing a hexagon clockwise or anticlockwise looks

‘different’. For example, in fig. 1, if one starts along the a direction and then rotates around

towards b about the central Fe ion, the first oxygen one encounters is shifted further in angle

than if one rotated in the opposite sense.

As to the form of the vector α3 itself, we start by considering two lattice vectors, R1 and

R2, and the position vector r which is the in plane component of the vector pointing to the

oxygen situated between R1 and R2 (see fig. 2). The angle ϕ that r makes with the lattice

vector R1 characterises the amount of rotation of the hexagons. When ϕ = 0, π/3 or π/6, then

extra symmetry elements (mirror planes or two-fold rotations) will act on any axial vector to

cancel it entirely – in other words when the hexagon is at these positions then the structure is

non-axial (this occurs in RbFe(MoO4)2 above the structural transition temperature where the

space group is P 3̄m1).

When the hexagon is not at one of these special positions, as shown for example in figs.

2c and 2d, then an axial vector is allowed by the structure. We give below a possible vector

2



Why is this important ? 

Giant Improper Ferroelectricity in the Ferroaxial Magnet CaMn7O12
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In rhombohedral CaMn7O12, an improper ferroelectric polarization of magnitude 2870 !Cm!2 is

induced by an incommensurate helical magnetic structure that evolves below TN1 ¼ 90 K. The electric

polarization was found to be constrained to the high symmetry threefold rotation axis of the crystal

structure, perpendicular to the in-plane rotation of the magnetic moments. The multiferroicity is explained

by the ferroaxial coupling mechanism, which in CaMn7O12 gives rise to the largest magnetically induced,

electric polarization measured to date.

DOI: 10.1103/PhysRevLett.108.067201 PACS numbers: 75.85.+t, 61.05.fm, 75.25.!j, 77.80.!e

The coexistence of electric polarization and long-range
magnetic order in single phase, multiferroic materials has
been the topic of considerable research. The ultimate goal
is to find a compound that displays a large improper
ferroelectric polarization strongly coupled to the magnetic
structure at high temperatures, and hence suitable for
application in technology. A direct coupling between mag-
netism and ferroelectricity has been demonstrated in a
number of multiferroics, for example TbMnO3 [1],
TbMn2O5 [2], Ni3V2O8 [3], and MnWO4 [4]; however,
the electric polarization tends to be small (# 102 !Cm!2)
and the Néel temperature low (< 40 K). Few magneto-
electric multiferroics, for example, the hexaferrites [5]
and CuO [6], are polar close to room temperature (RT),
and no such material has shown a large polarization com-
parable to that of proper ferroelectrics.

Here, we determine the origin of the magnetically in-
duced ferroelectricity in CaMn7O12 [7] through the analy-
sis of electric polarization, magnetic susceptibility, and
neutron powder diffraction measurements. We show that
the magnetically induced polarization, the largest mea-
sured to date in any compound, develops at 90 K, oriented
parallel to the c axis. The improper ferroelectricity is
induced by a helical magnetic structure with incommensu-
rate propagation vector k1 ¼ ð0; 1; 0:963Þ. Contrary to con-
ventional magnetic multiferroics, the electric polarization
was found to lie perpendicular to the spin rotation plane,
and is allowed through coupling to the ferroaxial compo-
nent of the crystal structure [8].

High quality single crystals of CaMn7O12 with approxi-
mate dimensions 300& 300& 300 !m were grown by the
flux method. A 5 g mixture of CaCl2:MnO2 (weight ratio
1:3) was heated for 24 h in an alumina crucible in air at
850 'C, and then cooled at a rate of 5' h!1. X-ray diffrac-
tion and bulk propertymeasurements showed that the single
crystals were not twinned at RT. A 1 g powder sample was
prepared by grinding single crystals and sieving through a

35 !m mesh. The electric polarization was determined by
integrating the pyroelectric current measured on warming
at a rate of 1 Kmin!1, having field cooled the sample in
4:4 kV cm!1. Magnetic susceptibility measurements were
performed using a Quantum Design, Magnetic Properties
Measurement System. Neutron powder diffraction (NPD)
data were collected on the WISH time-of-flight diffrac-
tometer at ISIS, U.K. [9]. Data were collected at RT, and
on warming between 1.5 and 98 K in 3 K steps using a
helium cryostat. The sample was enclosed in a cylindrical
vanadium can. Magnetic structure refinements were per-
formed using FullProf [10] against data measured in detec-
tor banks at average 2" values of 58', 90', 122', and 154',
each covering 32' of the scattering plane.
At high temperatures, CaMn7O12 crystallizes into a

distorted perovskite structure with cubic space group Im!3
[11] (see Fig. 1). The crystal lattice undergoes a rhombo-

FIG. 1 (color online). Left: The crystal structure of CaMn7O12

in both hexagonal and cubic lattices. Calcium and Mn1 ions are
shown as yellow (light gray) and red (medium gray) large
spheres, respectively. Mn2 and Mn3 ions are shown within their
octahedral oxygen coordinations, and oxygen ions are shown as
small black spheres. Right: A view of the CaMn7O12 structure
down the threefold axis showing the macroscopic structural
rotation described by the axial vector, A. The primitive rhom-
bohedral cell is shown with the calcium and Mn2 ions omitted
for clarity.

PRL 108, 067201 (2012)

Selected for a Viewpoint in Physics
PHY S I CA L R EV I EW LE T T E R S

week ending
10 FEBRUARY 2012

0031-9007=12=108(6)=067201(4) 067201-1 ! 2012 American Physical Society

hedral distortion on cooling through a first order phase
transition at !440 K, giving the RT space group R!3
[12,13] with lattice vectors (" 1, 1, 0), (0, "1, 1), and
( 12 ,

1
2 ,

1
2 ) with respect to those of the cubic unit cell. Here,

all real and reciprocal space vectors are given in the
hexagonal basis. In R!3 there are three symmetry inequiva-
lent manganese sites that we label Mn1, Mn2, and Mn3.
The Mn1 ions occupy sites of symmetry !1 (Wyckoff posi-
tion 9e) and form a 3:1 ordered occupation of the pseudo-
cubic perovskite A sites (the minority A sites are occupied
by nonmagnetic calcium ions). Mn2 and Mn3 ions occupy
sites of symmetry !1 and !3 (Wyckoff positions 9d and 3b),
respectively. They are octahedrally coordinated with oxy-
gen and correspond to the pseudocubic B sites with a ratio
of three Mn2 to one Mn3. At RT Mn1 ions have a valence
of þ3, and the Mn2 and Mn3 ions are mixed valent
(þ 3:25). A further isostructural charge-ordering transition
at 250 K leaves nominal valences of þ3 and þ4 on the
Mn2 and Mn3 ions, respectively [14].

CaMn7O12 undergoes two further phase transitions,
TN1 ¼ 90 K and TN2 ¼ 48 K, both of which have mag-
netic origin [15,16]. Measurements of polycrystalline
samples showed that the development of long-range anti-
ferromagnetic order below TN1 coincides with the onset of
a large ferroelectric polarization [7]. In the present study,
the electric polarization was measured on our single crys-
tals perpendicular to the natural facets (parallel to the h100i
pseudocubic axes) and along the threefold axis of the
rhombohedral cell, as shown in Fig. 2(a). The three mea-
surements along (0, 2, 1), (2, 0,"1), and (2,"2, 1) showed
polarization of equal magnitude within systematic error. In
rhombohedral symmetry this equivalence may arise
through one of two scenarios: either the electric polariza-
tion lies within the ab plane, forming a 120% domain
configuration, or the polarization is parallel to the threefold
c axis. The fourth measurement along (0, 0, 1) conclusively
demonstrates that the polarization vector, P, lies parallel to
the threefold axis, where the polarization components

along h0; 2; 1i are reduced by a factor 1=
ffiffiffi
3

p
. Remarkably,

the saturation value jPj ¼ 2870 !Cm"2 is the largest
measured for magnetically driven ferroelectrics to date,
and is at least 4 times larger than that of the prototypal
multiferroic, TbMnO3 [1].

The magnetic susceptibilities measured parallel and per-
pendicular to the c axis [Fig. 2(b)] display accidents co-
inciding with TN1 and TN2. At TN1, a small downturn of the
in-plane susceptibility suggests antiferromagnetic ordering
of the Mn moments in the hexagonal basal plane. At TN2,
the behavior is more complex with a small peak in the c
axis susceptibility, possibly indicative of an additional
ordering along this direction, together with a rise of the
in-plane susceptibility.

Further insights into the nature of the magnetic state of
CaMn7O12 were gained through NPD measurements. A
large number (> 15) of magnetic reflections were observed

below TN1 (Fig. 3) indicative of long-range magnetic
ordering. In the temperature range TN2 < T < TN1, all
magnetic reflections can be indexed with the propagation
vector k1 ¼ ð0; 1; 0:963Þ (phase AFM I). Below TN2 (AFM
II), however, it is impossible to index all magnetic reflec-
tions with a single k vector. Instead, one observes the
coexistence of two modulations along the same symmetry

FIG. 2 (color online). (a) The electric polarization of
CaMn7O12, measured parallel to the hexagonal c axis, and the
three pseudocubic h100i axes. Inset: A small increase in P at
TN2. (b) The magnetic susceptibility parallel and perpendicular
to the hexagonal c axis, measured with H ¼ 500 Oe, in both
zero field cooled and field cooled (500 Oe) conditions. Inset:
Reduction of the in-plane magnetic susceptibility at TN1. (c) The
variation of the incommensurate magnetic propagation vectors
k1 (black circles), k2 (blue triangles), and k3 (red squares),
refined against neutron powder diffraction data. The error bars
are within the size of the data point. (d) The integrated intensity
of the (1, "1, 1" kz) magnetic reflection at d! 9 "A. The black
circles, blue triangles and red squares correspond to k1, k2, and
k3, respectively.
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Polar MnSb2O6 

vector k ¼ ð0:015; 0:015; 0:183Þ in a plane orthogonal
to the a axis—an approximately cycloidal magnetic
structure.

In this study, polycrystalline samples of MnSb2O6 were
prepared using 99.9% pure MnCO3 and 99.999% pure
Sb2O3. Stoichiometric amounts were mixed, ground, and
pelletized. The pellets were sintered at 1100 $C for ten
hours, followed by furnace cooling to room temperature.
The process was repeated twice with intermediate grind-
ings. Single crystals of MnSb2O6 with typical dimensions
2:5% 1:5% 0:5 mm3 were grown by chemical vapor trans-
port using prereacted powders and a Cl2 gas agent.

NPD experiments were performed using WISH [9] at
ISIS, UK. Comparison of diffraction data (Fig. 2) collected
at 20 and 6 K showed a number of reflections evident only
below TN, which could be indexed with propagation vector
kexp ¼ ð0; 0; 0:1820Þ. Contrary to reported results [8], kexp
lies along the ! line of symmetry, preserving the threefold
rotation as in langasite [10]. Apart from this, the published
structure [8] provided a good basis for the refinement of
our 6 K data using FULLPROF [11], yielding a final relia-
bility factor of Rmag ¼ 3:42%. It is not possible to

differentiate between amplitude-modulated and rotating
magnetic structures by NPD measurements alone, but the
former leads to unphysical moment magnitudes and can be
excluded. Manganese moments rotate in a common plane
containing kexp—a cycloidal magnetic structure, shown in

Fig. 3. The three cycloids in the unit cell have the same
polarity, defined as Pm ¼ k% ðS% S0Þ where S and S0 are
adjacent Mn spins along the c axis. This situation should
lead to a net ferroelectric polarization ? c, in analogy to
many other cycloidal magnets [12]. The in-plane orienta-
tion of the spin rotation plane, and hence the direction of
Pm, could not be determined via NPD, but this is not
crucial for the interpretation of the underlying physics as
will become clear. Refined moment magnitudes (con-
strained to be the same for the symmetry-equivalent Mn
ions) and relative phases (position within the spin rotation
plane) are given in Table I. Phases between the cycloids
on the three symmetry-equivalent Mn atoms are either
0 ! ð2=3Þ! ! ð4=3Þ! or 0 ! ð4=3Þ! ! ð2=3Þ!, as dis-
cussed in the Supplemental Material [13]; however, the fit
to the powder data is insensitive to this choice of phases, as
well as the polarity of the cycloids.

FIG. 2 (color online). Rietveld refinement against neutron
powder diffraction data measured at (a) 20 K, top and bottom
tick marks indicate the MnSb2O6 nuclear and impurity
Mn2Sb2O7 peaks, respectively, and at (b) 6 K, top, middle,
and bottom tick marks indicate the MnSb2O6 nuclear,
Mn2Sb2O7, and magnetic peaks, respectively. The measured
and calculated profiles are shown with dots and a continuous
line, respectively, and a difference curve (observed-calculated) is
shown at the bottom. Top inset: The temperature dependence of
the magnetic moment magnitude. Bottom inset: Data in (a)
subtracted from that in (b), showing the magnetic reflections.

FIG. 1 (color online). The crystal structure of MnSb2O6.
(a) z ¼ 0 layer of manganese triangles with intra-connecting
SbO6 octahedra. (b) z ¼ 1=2 layer of SbO6 octahedra.
(c) Projection of the crystal looking down the b& axis. MnO6

and SbO6 octahedra are colored blue and yellow, respectively.
Oxygen ions are shown as red spheres and the unit cell is drawn
in black.
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FIG. 2. (Color online) The real and imaginary components of
the Fourier decomposition of the Ba3NbFe3Si2O14 (top line)
and MnSb2O6 (bottom line) magnetic structures.

known as exchange multiplets. MnSb2O6 has 9 trian-
gular modes (3 magnetic sites × 3 spacial dimensions),
three for each of the 1-dimensional irreducible represen-
tations of the little group. These are joined up in 3 ex-
change multiplets, each arising from linear combinations
of modes from each of the 3 irreps. A suitable set of basis
vectors for each of the exchange multiplets can be con-
structed starting from a pure irrep mode, and rotating
all the spins by ±90◦ around two axes perpendicular to
the c axis. The resulting rotated modes will be linear
combinations of irrep modes.

The same procedure can be employed to describe the
MnSb2O6 magnetic structure starting from that of the
iron langasite Ba3NbFe3Si2O14, as illustrated in Fig. 2.
The real and imaginary components of the Fourier de-
composition of the Ba3NbFe3Si2O14 magnetic structure
are depicted in the top line. Both of them are totally
symmetric modes of the little group of the propagation
vector k=(0,0,0.18), and therefore transform according
to the single irrep Γ1. The real and imaginary com-
ponents of the Fourier decomposition of the MnSb2O6

magnetic structure may be derived from these modes by a
±90◦ global rotation (A), as shown in Figure 2 — bottom
line. These two modes belong to the same exchange mul-
tiplet, like the totally symmetric modes they are derived
from. It is clear that the direction of the spins of the to-
tally symmetric modes are constrained by the three-fold
symmetry operation, with each site having zero relative
phase. Accordingly, the phases of the globally rotated
structure are strictly constrained. Although more than
one description of these modes is possible, it is natural to
consider three co-rotating cycloids associated with each
site, which are de-phased by 0 → 2

3 → 4
3 or 0 → 4

3 → 2
3 ,

depending on the sign of A.

FIG. 3. (Color online) Schematic of the two possible Pm

domain configurations.

FIG. 4. (Color online) Schematic of 1-state/2-state switching
of polar (and hence magnetic) domains under applied electric
field.

III. DOMAINS

The magnetic structure of MnSb2O6 is composed of
spin cycloids, co-rotating in a plane containing the c-
axis. This structure breaks the three-fold symmetry of
the P321 paramagnetic space group. Therefore, three
magnetic domains will form if the spin rotation plane
contains a two-fold axis (i.e. Pm ‖ a-axis), or six do-
mains will form if Pm lies in a general in-plane direction,
as illustrated in Figure 3. In the following we discuss the
more likely scenario of three domains, however, the con-
cepts hold for six domains, albeit a more complex case.
Each magnetic domain has a respective magnetic polar-
ity, Pm, which couples to a macroscopic polarization, P .
The three magnetic domains are therefore exactly equiv-
alent to three polar domains, where the three directions
of P are also related by three-fold symmetry. These do-
mains are shown schematically in Figure 4, colored red,
blue and green, which demonstrates the 1-state/2-state
switching predicted in MnSb2O6, as follows. If an ex-
ternal electric field greater than the ferroelectric coercive
field is applied parallel to one of the P domains (red in
Figure 4), a single domain of that type will form. Un-
usually, as Pm is not equivalent to −Pm, reversing the

Weakly Polar 

Novel ferroelectric switching 

Phys. Rev. Lett. 111 67201 (2013)



Ca2Fe2O5

competition between the inter- and intralayer tetrahedral
chain order depends on the separation between the tetrahedral
layers and on the magnitude of the atomic displacements,
which is reflected by the B!-O-B! bond angle.7,8 This
consideration was used to explain the tetrahedral chain order
in the A2MnB!O5 (A ) Ca, Sr, B!) Al, Ga) brownmillerites7,8

and the driving force for the phase transition in Ca2Fe2O5.9

Comparing Sr2MnGaO5 and Sr2Fe2O5 with other brownmil-
lerite structures, one can realize that the distance between
the tetrahedral layers in these two compounds is relatively
large (∼8.1 Å in Sr2MnGaO5

10 and ∼7.8 Å in Sr2Fe2O5
11-15)

and the B!-O-B! bond angles in both structures deviate
strongly from 180°, reflecting significant atomic displace-
ments in thechains(125.7° inSr2MnGaO5

10 and130.5°-132.6°
in Sr2Fe2O5

11-15). From transmission electron microscopy
data it is known that the intralayer tetrahedral chain order is
realized for Sr2MnGaO5, which corresponds to the -L-R-
L-R- alternation of chains along the c axis (γ ) 1/2).4 On
the basis of the similarity between Sr2MnGaO5 and Sr2Fe2O5

an intralayer order could be expected also for the latter
compound, but in spite of numerous structural studies on
Sr2Fe2O5 such order was never reported. From the results of
neutron powder diffraction and X-ray single crystal diffrac-
tion it was reported that Sr2Fe2O5 has either the disordered
Imma structure11,12,14 or the ordered I2mb structure13,15 with
a single type of tetrahedral chains. The disorder in the Imma
structure was attributed to an irregular alternation of tetra-
hedral layers consisting of L and R chains so that fragments
of the I2mb structure occur locally.11

In this contribution we report a detailed transmission
electron microscopy investigation of Sr2Fe2O5 revealing that
this compound demonstrates an order of the L and R chains
within the tetrahedral layers and different ordered stacking
variants of these layers. To describe the locally observed
ordered stacking sequences, a general superspace model is
proposed, which is then applied to derive the polytypic
structures of brownmillerites.

2. Experimental Section

The Sr2Fe2O5 sample was prepared from Fe2O3 (“Reakhim”,
“pure for analysis” purity grade) and SrO. SrO was obtained by
thermal decomposition of SrCO3 (“Reakhim”, “pure for analysis”
purity grade) at 1050 °C for 36 h in a dynamic vacuum of 10-4

mbar. The required amounts (molar ratio 1:2) of the oxides were
mixed in an Ar-filled glovebox, pressed into pellets, placed in
alumina crucibles, and sealed into silica tubes with a volume of
∼10 cm3 evacuated to residual pressure of ∼10-2 mbar. The
samples were annealed at 1000 °C for 40 h and then furnace cooled.
Alternatively, Sr2Fe2O5 was prepared by annealing of the SrFeO2.9

precursor in a dynamic vacuum. The precursor was synthesized
from stoichiometric amounts of SrCO3 and Fe2O3 by annealing at
1000 °C in air. The pellet of precursor was placed in an alumina
crucible and annealed in a silica tube at 800 °C in a dynamic
vacuum of 2 × 10-5 mbar. The sample was kept under vacuum
while cooled in the furnace.

The samples for transmission electron microscopy investigation
were prepared by crushing the powder sample in ethanol and
depositing it on a holey carbon grid. Electron diffraction (ED)
studies were performed using a Philips CM20 microscope, and for
high resolution transmission electron microscopy (HRTEM) a JEOL
4000EX microscope was used. The theoretical HRTEM images
were calculated by means of the Jems software. The JANA2000
program package was used for handling the superspace structure
model.16

3. Results

3.1. X-ray Powder Diffraction. Both synthesis techniques
(annealings in sealed silica tube and in a dynamic vacuum)
resulted in the formation of a single phase Sr2Fe2O5 sample.
The powder XRD pattern (Figure 2) was indexed on a body-
centered orthorhombic unit cell with the lattice parameters
a ) 5.5298(4) Å, b ) 15.5875(12) Å, and c ) 5.6687(4) Å.
The lattice parameters and intensity distribution on the
powder XRD pattern are characteristic for a brownmillerite-
type structure. The analysis of the reflection conditions
suggests two possible space groups Imma or I2mb, in
agreement with those published before for the Sr2Fe2O5

structure.11-15

3.2. Electron Diffraction. The ED patterns along the main
zone axes of Sr2Fe2O5 are shown in Figure 3. The brightest
reflections in all the ED patterns can be indexed on a body
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(14) Hodges, J. P.; Short, S.; Jorgensen, J. D.; Xiong, X.; Dabrowski, B.;
Mini, S. M.; Kimball, C. W. J. Solid State Chem. 2000, 151, 190–
209.

(15) Harder, M.; Müller-Buschbaum, H. Z. Anorg. Allg. Chem. 1980, 464,
169–175.

(16) Petricek, V. Dusek, M. The Crystallographic Computing System
JANA2000; Institute of Physics: Praha, Czech Republic, 2000.

Figure 1. (a) Crystal structure of A2BB!O5 brownmillerite. The B and B!
cations are situated in the octahedra and tetrahedra, respectively. The A
cations are shown as spheres. (b) Two mirror-related configurations of the
tetrahedral chains in the brownmillerite structure.
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FIG. 5. Temperature dependence of the weak ferromagnetic
component in Ca2Fe~O, .
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FIG. 7. Typical plot of the magnetization curves in the field
applied along the different crystallographic axes for T=200 K.

(mo=20X10 emu/g, T=300 K) than was observed in
Ref. 12.
Magnetization measurements for H~~a at other temper-

atures yield a general notion of the behavior of the fer-
romagnetic component mo and susceptibility y, . How-
ever, there is an easier way to obtain their temperature
dependences. It is seen in Fig. 4 that magnetization
versus magnetic field, m (H), is a straight line within ex-
perirnental accuracy for fields larger than 2 T. Therefore,
one merely has to measure the magnetization at, for ex-
ample, 2 and 4 T in order to calculate mo and y, . Using
the temperature dependence of the magnetization at 2
and 4 T, one can obtain mo(T) (Fig. 5) and g, (T) (Fig. 6).
Naturally, we have previously made certain, that the
magnetization curves at other temperatures (100, 200,
and 300 K) have the same form as at 20 K.
Figure 7 shows the magnetization at 200 K in a mag-

netic field applied along the a, b, and c axes. It is easily
seen that the susceptibilities g, and g& are practically
equal for H~~a and H~~b, i.e., when the magnetic field is
perpendicular to the easy axis. Susceptibility along the
easy axis y, is rather small and increases noticeably with

teinperature (Fig. 8). The origin of the easy-axis suscep-
tibility will be discussed below.

IV. DISCUSSION

As has been mentioned above, we assume dicalcium
ferrite to be primarily a collinear antiferromagnet (I
structure, the spins lie along the easy axis) with compara-
tively small deviations from colinearity and coplanarity
due to nonzero components of the rn, a, and c vectors.
We shall see below that these assumptions are justified by
the experimental results. It implies that in the free-
energy equation (1), the antisymmetric exchange D; and
anisotropy X; parameters are essentially smaller than the
symmetric exchange interaction B; parameters. So, in
the calculations we shall consider the terms up to the first
extent of the ratios D;/BJ and K,. /B We as.sume also,
that the antiferromagnetic vectors I, and Iz have the
same equilibrium values

~ I, ~

= ~l2 ~
=4MO, in accordance

with Takeda et al. , where Mo is the atomic magnetic
moment. In Ref. 9 Mo(T) was measured by neutron
diffraction and turned out to be equal for the two non-

(10 s cms/g) (10 6 cm~/g)
(10 cm'/g)

50
I l I100 150 200 I

250 300
Temperature (K)

I50 I100 I150 200 250
Temperature (K)

FIG. 6. Susceptibility vs temperature measured along the a
axis (orthogonal to the antiferromagnetic vector l).

FIG. 8. Easy-axis susceptibility g, (T) in comparison with the
parallel susceptibility y~~(T) calculated by Eq. (13).

a = 5.610Å

b = 14.791Å

c = 5.425Å

P. Marchukov, Phys.Rev. B (1993)



Ca2Fe2O5

A new multiferroic !

Structural characterization of some new multiferroics

1) Aim of proposal and description of scientific background:

! Current research in multiferroic materials is primarily driven by the quest to 
synthesize systems in which charges can be easily manipulated by  applied magnetic 
fields, and spins by applied electric fields. A straightforward means of accomplishing this is 
by the lone pair effect in systems containing Pb or Bi ions /1/.  However, the relatively 
weak coupling between magnetism and ferroelectricity in these materials has focussed 
attention on other novel means of inducing multiferroic properties.  A possible microscopic 
mechanism which could enable the co-existence, and strong coupling between 
ferroelectricity and magnetism is the (antisymmetric) Dzyaloshinskii-Moriya (DM) 
interaction /2/, which is thought to be responsible for the stabilization of weak 
ferromagnetism or magnetic spiral states in systems as diverse as La2CuO4 /3/ and 
BiFeO3 /4/.  In our endeavor to unearth potential multiferroics, we have recently discovered 
the co-existence of magnetism and ferroelectricity  in the brownmillerite Ca2Fe2O5, and the 
double perovskite Y2MnCoO6. 
! The brownmillerite CaFe2O5 is an oxygen deficient perovskite, where the oxygen 
vacancies are ordered into alternate planes, which in turn gives rise to alternate layers of 
Fe3+ in octahedral and tetrahedral sites /5/. This system crystallizes in an orthorhombic 
(Pcnm) structure, and X-ray  analysis of our powder specimens give a = 5.610 Å, b = 
14.791 Å and c = 5.425 Å. Below the antiferromagnetic Neel temperature TN of 725K, the 
system is known to condense into a G-type of antiferromagnetic order, with the Fe3+ 
moments (≈ 4.5 μβ) aligned along the crystallographic c axis, and anti-parallel to each of 
its nearest neighbour Fe3+ ions /6/. Of particular interest to us, is the weak ferromagnetism 
due to a DM interaction, which appears in the temperature range 50K ≤ T ≤ 150K. Our 
measurements have also revealed that a state with finite ferroelectric polarization is 
stabilized from within this ferroelectric state, as is shown in Fig. 1
!

Fig.1: The left panel exhibits the anisotropic magnetization in Ca2Fe2O5 as measured along the 
three crystallographic axes The heat capacity is depicted in the inset, where no feature 
corresponding to the onset of weak ferromagnetism is seen. The right panel is the polarization, 
which indicates the onset of a ferroelectric state.  

! Very recent ab initio density functional calculations have predicted that the double 
perovskite Y2MnNiO6 would exhibit multiferroic properties /7/. It was proposed that 
reduction of the A site ionic radius (from La to Y) would drive the magnetic ground state 
from a ferromagnetic to an antiferromagnetic one. It was also proposed that the magnetic 
ordering in Y2MnNiO6 would be of a E* type, with zig-zag ferromagnetic (Mn4+-O-Ni2+) spin 
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Structural characterization of some new multiferroics

1) Aim of proposal and description of scientific background:

! Current research in multiferroic materials is primarily driven by the quest to 
synthesize systems in which charges can be easily manipulated by  applied magnetic 
fields, and spins by applied electric fields. A straightforward means of accomplishing this is 
by the lone pair effect in systems containing Pb or Bi ions /1/.  However, the relatively 
weak coupling between magnetism and ferroelectricity in these materials has focussed 
attention on other novel means of inducing multiferroic properties.  A possible microscopic 
mechanism which could enable the co-existence, and strong coupling between 
ferroelectricity and magnetism is the (antisymmetric) Dzyaloshinskii-Moriya (DM) 
interaction /2/, which is thought to be responsible for the stabilization of weak 
ferromagnetism or magnetic spiral states in systems as diverse as La2CuO4 /3/ and 
BiFeO3 /4/.  In our endeavor to unearth potential multiferroics, we have recently discovered 
the co-existence of magnetism and ferroelectricity  in the brownmillerite Ca2Fe2O5, and the 
double perovskite Y2MnCoO6. 
! The brownmillerite CaFe2O5 is an oxygen deficient perovskite, where the oxygen 
vacancies are ordered into alternate planes, which in turn gives rise to alternate layers of 
Fe3+ in octahedral and tetrahedral sites /5/. This system crystallizes in an orthorhombic 
(Pcnm) structure, and X-ray  analysis of our powder specimens give a = 5.610 Å, b = 
14.791 Å and c = 5.425 Å. Below the antiferromagnetic Neel temperature TN of 725K, the 
system is known to condense into a G-type of antiferromagnetic order, with the Fe3+ 
moments (≈ 4.5 μβ) aligned along the crystallographic c axis, and anti-parallel to each of 
its nearest neighbour Fe3+ ions /6/. Of particular interest to us, is the weak ferromagnetism 
due to a DM interaction, which appears in the temperature range 50K ≤ T ≤ 150K. Our 
measurements have also revealed that a state with finite ferroelectric polarization is 
stabilized from within this ferroelectric state, as is shown in Fig. 1
!

Fig.1: The left panel exhibits the anisotropic magnetization in Ca2Fe2O5 as measured along the 
three crystallographic axes The heat capacity is depicted in the inset, where no feature 
corresponding to the onset of weak ferromagnetism is seen. The right panel is the polarization, 
which indicates the onset of a ferroelectric state.  

! Very recent ab initio density functional calculations have predicted that the double 
perovskite Y2MnNiO6 would exhibit multiferroic properties /7/. It was proposed that 
reduction of the A site ionic radius (from La to Y) would drive the magnetic ground state 
from a ferromagnetic to an antiferromagnetic one. It was also proposed that the magnetic 
ordering in Y2MnNiO6 would be of a E* type, with zig-zag ferromagnetic (Mn4+-O-Ni2+) spin 
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Ca2Fe2O5

Preliminary neutron diffraction (DMC, SINQ)              Investigating Spin Waves using inelastic 
                                      
No Observable change in magnetic structure               Neutron scattering (MERLIN, ISIS)

(250meV)

(100 meV)



Newer Candidates

Swedenborgites Tantalates

HoBaCo4O7 Mn4Ta2O9

Ba2Co2O5.12

Brownmillerite
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