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Systems exhibiting simultaneous magnetic and ferroelectric order, dubbed magnetoelectric
multiferroics, have become an increasingly popular area of study over the past several years [1].
Ferroelectrics exhibit spontaneous electric polarization even in the absence of an external electric ﬁeld, while magnetic materials develop long-range spin order. This magnetic order can be
ferromagnetic, with the local atomic moments all oriented in the same direction, or antiferromagnetic, with adjacent local moments oriented in different directions. Both ferroelectrics and
magnetic materials (especially ferromagnets) are very widely used in a number of applications.
From a fundamental science standpoint, multiferroic systems provide an opportunity to study
large magnetoelectric effects, that is, the ability of an electric ﬁeld to produce a magnetization
or, conversely, the ability of a magnetic ﬁeld to produce an electric polarization. These materials not only offer a platform for investigating coupled spin and charge degrees of freedom, but
are also expected to have important applications for developing new devices, including voltage
switchable magnetic memory and tunable optical elements. Very generally, multiferroics can
be separated into two categories: single-phase multiferroics, in which both the magnetic and
ferroelectric orders develop involving the same set of atoms [2, 3], and composite multiferroics,
which consist of distinct ferromagnetic and ferroelectric constituents and are often structured at
the nanoscale [4]. Although both classes of multiferroics exhibit novel optical properties, I will
restrict this commentary to single-phase homogeneous multiferroic materials.
Within the broad class of single-phase multiferroics, the co-existing magnetic and ferroelectric orders can develop simultaneously at a single phase transition, as observed in TbMnO3 [2],
or they can arise separately at distinct transitions, as observed in YMnO3 [3]. Although the detailed nature of the multiferroic state differs from system to system, there are several common
features. The polar multiferroic state breaks both time reversal symmetry (due to the magnetic
order) and spatial inversion symmetry (due to ferroelectric order). This has profound signiﬁcance for the optical properties of these materials.
There have been a number of studies investigating the relationship between magnetism and
ferroelectricity in multiferroic systems. Perhaps most remarkably, it has been found that for
many of these materials, the ferroelectric polarization is exceptionally sensitive to an external
magnetic ﬁeld. In TbMnO3 for example, the spontaneous polarization can be switched from the
c-axis to the a-axis by applying a magnetic ﬁeld [2]. This magnetically switchable polarization
promises considerable versatility for incorporating multiferroics in magneto-optical devices.
This coupling between the ferroelectric polarization and magnetic ﬁeld is also reﬂected in the
magnetodielectric response (magnetic ﬁeld induced change in dielectric properties) in multiferroics. The low-frequency relative permittivity in multiferroics often scales with an applied
magnetic ﬁeld, with the relative permittivity in DyMnO3 exhibiting a change of 500% in a ﬁeld
of 4 T at 18 K [5]. This magnetodielectric coupling is indicative of the sizeable spin-lattice
coupling in many of these materials.
The control of the ferroelectric polarization by a magnetic ﬁeld or of the magnetization
by an electric ﬁeld in multiferroics is schematically illustrated in Fig. 1. Very generally, the
direction of the polarization vector is ﬁxed by the symmetry of the magnetic structure (see,
for example, Ref. 6), as indicated in Fig. 1(a). Applying an external magnetic ﬁeld will rotate the magnetization, which in turn will rotate the locked polarization, as shown in Fig. 1(b).
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Fig. 1. (a) Schematic diagram of the magnetization and polarization vectors in a generic multiferroic material. The direction of the polarization vector is determined from the symmetry of
the magnetic structure. (b) The magnetization can be rotated by an external magnetic ﬁeld, effectively modifying the (locked) polarization. (c) The polarization can be rotated by an external
electric ﬁeld, effectively modifying the magnetization.
Conversely, applying an electric ﬁeld will rotate the polarization, leading to a change in magnetization (Fig. 1(c)). In real multiferroics, the spin structure is generally more complex than the
simple ferromagnetism indicated in Fig. 1, which leads to a more complicated dependence of
the polarization on external magnetic ﬁelds.
The substantial spin-lattice coupling in multiferroics is reﬂected in the magneto-optical response in multiferroic systems. The high energy dielectric constant in Ni3 V2 O8 shows a strong
dependence on magnetic ﬁeld in the multiferroic phase [7]. The magnetic ﬁeld induced change
in the relative permittivity of Ni3 V2 O8 reaches 15% at 1.3 eV in a 30 T magnetic ﬁeld applied along the b-axis at 5 K. It is believed that this enormous response near optical frequencies
arises from a magnetic-ﬁeld induced distortion of the local NiO6 structure in this crystal. This
result highlights one of the mechanisms producing the signiﬁcant magneto-optical response in
multiferroics. The structural distortions associated with the changing polarization can dramatically affect the optic phonon frequencies, which, in turn, strongly modiﬁes the high frequency
response in these materials.
Multiferroic materials also exhibit remarkable optical properties in the absence of any external magnetic ﬁeld. YMnO3 is a hexagonal multiferroic having a ferroelectric transition
temperature close to 900 K and an antiferromagnetic transition near 90 K [3]. Although the
domain structure orientation cannot be resolved using linear optics, second harmonic generation can distinguish the 180◦ ferroelectric and antiferromagnetic domains. Measurements of
the non-linear optical response in YMnO3 crystals indicate that the ferroelectric and antiferromagnetic domain walls are strongly coupled, with ferroelectric domain walls always co-existing
with antiferromagnetic domain walls [3]. This provides clear evidence for the strong coupling
between the magnetic and ferroelectric structures in this system, and also suggests an approach
for incorporating multiferroics into optical devices. Because the second harmonic light intensity is modulated by the multiferroic domain structure, modifying the domain structure through
external magnetic and/or electric ﬁelds is expected to provide a method for tuning the nonlinear optical response in these systems. This effect has been observed in HoMnO3 , where
the magnetic structure can be modiﬁed by an applied electric ﬁeld, which in turn produces a
change in the second harmonic generation signal [8]. Recently, multiferroic Bi2 FeCrO6 has
also been predicted to show an enormous change in the second harmonic generation response,
of approximately 170%, in an applied magnetic ﬁeld [9].
There are predictions for even more striking optical properties in multiferroics. Coexisting
 , and ferroelectric order, P , give rise to a toroidal moment,
ferromagnetic order, denoted by M


τ = P × M . It has been proposed that an inhomogeneous toroidal moment can give rise
to real-space directional birefringence, which is independent of polarization [10]. Within this
context, a spatial variation in the toroidal moment (as occurs, for example, across a domain
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wall) produces the optical equivalent of a Lorentz force on the light. This directional dependent
optical path would lead to non-reciprocal refraction through domain walls. This effect could
potentially be exploited to produce novel optical devices, as the domain wall structure, hence
optical response, could be switched by external magnetic or electric ﬁelds.
Several of the novel optical properties observed and predicted in multiferroic materials
depend on the inhomogeneous polarization and magnetization across a multiferroic domain
boundary. It is known that these domains can be controlled using external magnetic and/or
electric ﬁelds, and it is this controllable response that makes multiferroics attractive for tunable
optical devices. However, exploiting these properties for device applications will require the
ability to control the domain wall structure at small length scales. Moreover, nanostructured
single phase multiferroics may exhibit very different optical properties than bulk or thin ﬁlm
samples, precisely because of the absence of domain walls. In order to incorporate multiferroics into optical applications, it will be necessary to address at least three fundamental materials questions: Precisely how do the ferroelectric and magnetic domain walls respond to external
magnetic and electric ﬁelds? Can this behaviour be modulated by patterning on the nanoscale?
How does the optical response of multiferroic nanomaterials differ from bulk samples?
Magnetoelectric multiferroics exhibit many optical properties arising from the coexistence
of ferroelectrically and magnetically ordered phases. These properties suggest that multiferroic
materials could be useful in new types of optical devices. The optical-frequency dielectric
response in these systems can be varied by 15% in a magnetic ﬁeld, which could be useful for
producing highly tunable optical ﬁlters. One particularly novel aspect of multiferroics is that the
ordered state breaks both spatial inversion symmetry and time reversal symmetry. This results
in striking effects in the non-linear optical response, including shifts in the second harmonic
generation intensity and the possibility of non-reciprocal refraction through a domain wall.
The rich palette of materials properties, and speciﬁcally the optical properties, exhibited by
multiferroics ensure that these systems will remain an active topic of research for years to come.
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