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The electric field control of magnetism in the solid state has become a very active topic of research recently,

made possible by the advances in the synthesis and fabrication of new materials and artificial

heterostructures. Key strategies include structural manipulation through epitaxial growth to create

single crystalline multiferroic materials with enhanced properties, and exploring proximity effects

between magnetic and ferroelectric materials to create strong magnetoelectric couplings. The current

state-of-the-art shows that tremendous progress has been achieved in this field and that

functionalisation of this class of materials is within reach.
Long-range ordering in condensed matter is at the origin of
the many functional properties of materials that underpin
science and technology. Hence, not surprisingly, a large
fraction of the research effort to date has been devoted to
discovering new states of matter and to enhancing the
properties of ordered materials. One example is provided by
the renewed interest in a special class of materials systems
characterised by the simultaneous presence of magnetic and
ferroelectric order, called magnetoelectric multiferroics.1,2

These are systems that fulll both requirements for the
presence of magnetism (break in time-reversal symmetry)
and ferroelectricity (break in space-inversion symmetry),
representing therefore a much smaller subset of the magnetic
and ferroelectric systems. Examples of naturally occurring
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multiferroics include Fe3O4 (magnetite)3,4 and CuO (tenor-
ite).5 The motivation for studying multiferroic systems is
twofold: at a basic science level, they provide model systems
for the investigation of electron correlation effects and their
role on the material properties, both at the experimental and
theoretical levels.6,7 From an applied physics perspective, the
electrostatic control of magnetism and the direct magnetic
generation of electromotive forces in the solid state have
potential for the development of disruptive technologies,
including novel electronic devices in which both charge and
spin carry information (spintronics), non-volatile random-
access memories, ultra-sensitive detectors and actuators, and
solid state transformers.8–10

A feature common to all intrinsic (single phase) multiferroics
is the presence of strong electron correlations, which renders a
full understanding of the microscopic mechanisms of magne-
toelectric coupling challenging.6,7 They can be divided into type
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I and II depending on whether the magnetic and ferroelectric
order are uncorrelated or derived from one another, respec-
tively.11 Type I multiferroics are characterised by large polar-
isations, an independent onset of magnetic and ferroelectric
order (as reected in very different magnetic and ferroelectric
critical temperatures) and by small magnetoelectric couplings.
Type II multiferroic behaviour occurs in spiral magnets
(induced by spin–orbit coupling in the form of a Dzyaloshinskii-
Moriya exchange interaction) or in spin frustrated collinear
systems (arising from exchange striction, where atomic
displacements of the magnetic ions set in at the critical
temperature to minimize the magnetic exchange energy), where
the onset of magnetic order triggers a ferroelectric state.11–13

Hence, they are characterised by strong magnetoelectric
couplings, but have typically small polarisations and low critical
temperatures. For practical applications both the presence of a
strong coupling between the two order parameters and room
temperature operation are required, conditions that are not met
for most known single phase multiferroics—the best known
exceptions to date being BiFeO3 and the hexaferrites.14–17

Additionally, single phase multiferroics have complex crystal
structures, which renders the growth of high quality crystals
challenging.

One way to circumvent the difficulties associated with
intrinsic multiferroics is to explore proximity effects that arise
at the interface between magnetic and ferroelectric systems.
This results in articial multiferroics, composed of heteroge-
neous systems where an interfacial magnetoelectric coupling
is created between the two order parameters.18,19 One key
advantage of this approach is that one can draw from the
much larger magnetic and ferroelectric group of materials to
optimise the magnetoelectric strength with large polarisations
and operation at ambient temperatures. This approach to
multiferroic behaviour relies on high quality, sharp, interfaces
between the different phases of the composite; hence, partic-
ular attention must be given to the chemical stability of the
interface to prevent intermixing that may lead to a dulling of
the interaction mechanism between the different order
parameters. In this context, the recent developments in
nanoscale characterisation tools, such as scanning trans-
mission electron microscopy,20,21 X-ray synchrotron spectros-
copy techniques,22–29 and scanning probe microscopy,30,31 have
been instrumental for the recent advances in our under-
standing of the physics and chemistry of interfaces. In the
time domain, X-ray based ultrafast time-resolved techniques
have recently become available32,33 that have a large potential
for addressing the fundamentals of electron dynamical
processes that govern the physical, chemical, and functional
behaviour of surfaces and interfaces.

In this Highlight, we present a brief overview of recent
developments in the eld of articial multiferroics, with
particular focus on the electric eld control of the magnetic
state and on the fast dynamics associated with multiferroic
systems. The latter aspect is critical for the understanding of the
physical mechanisms underlying the magnetoelectric coupling
and is also of primary importance for electronic device appli-
cations, where fast switching is essential.
6732 | J. Mater. Chem. C, 2013, 1, 6731–6742
I. Proximity effects and artificial
multiferroics

One approach to multiferroic behaviour is that of combining
ferroelectric and ferromagnetic materials to dene composite
heterostructures with an interfacial coupling between the two
order parameters, with a strength that is dependent on the
electronic mechanisms linking the order parameters.34,35 The
challenge is to engineer a strong coupling across the interface to
achieve large magnetoelectric effects.

Compared with the case of single phase multiferroics, the
origin of the magnetoelectric coupling in articial multiferroics
is much simpler to address since the origin of the ferroelectric
and magnetic order can be dissociated from the coupling
mechanism between them, which itself is limited to a few
number of possibilities: (i) strain, (ii) direct (spin) exchange,
and (iii) charge coupling,18 as illustrated diagrammatically in
Fig. 1. Further, the control of magnetism is done through
modication of one of the three fundamental parameters in
magnetism: (a) the exchange constant (which drives the
magnetic order), (b) the magnetisation (local spin amplitude),
and (c) the magnetic anisotropy (originating from spin-orbit
coupling).19

The gure of merit that characterizes the coupling between
the electric and magnetic order parameters is the magnetoelec-
tric susceptibility, corresponding to the change in magnetic
(electric) polarisation for a given applied electric (magnetic)
eld, ar ¼ cm0DM/DE or ar ¼ cm0DP/DB, in general a tensor and
dened here as a dimensionless quantity (in c.g.s. units, c ¼
m0 ¼ 1).18,36,37 While for intrinsic multiferroics the magneto-
electric constant is an extensive quantity, for articial multi-
ferroics the coupling is interfacial in nature and the
magnetoelectric coupling mostly scales with the area. For
comparison, however, we consider here the effective coupling
averaged over the magnetic volume of the system and repre-
sentative values for a selected number of multiferroic systems
are given in Table 1, illustrating that the macroscopic magne-
toelectric coupling can be made much larger in articial mul-
tiferroic systems. We consider in the following some recent
developments in the three approaches that have been used to
controlling magnetism electrostatically.

(i) In strain-mediated magnetoelectric coupling, the piezoelec-
tric or electrostrictive effect of the ferroelectric component is
used to modulate the magnetic anisotropy of the magnetic
subsystem through the magnetoelastic interaction;8,9,18,47,48 in
some instances, such as in themanganites, direct modications
in the electronic structure give rise to changes in the exchange
interaction.41,49–54 Several approaches to strain-mediated
coupling have been considered, from bulk particulate
composites formed by sintering ferroelectric and ferromagnetic
nanoparticles,8,18,48 laminate structures composed of ferroelec-
tric and ferromagnetic slabs bonded together,8,9 and the corre-
sponding nanoscale equivalents consisting of self-assembled
ferromagnetic nanostructures embedded in a ferroelectric
matrix,55–59 epitaxial ferromagnetic lms grown on ferroelectric
substrates,60–66 to lithographically dened magnetic structures
on ferroelectric layers.42,67 This approach to magnetoelectric
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Diagrammatic illustration of the different types of interfacial coupling in ferromagnetic/ferroelectric artificial multiferroic structures: (a) strain, where electro-
strain in the ferroelectric propagates to the ferromagnet to induce a magnetoelastic anisotropy; (b) spin exchange, where the exchange bias direction is controlled by
the orientation of the antiferromagnetic spin alignment of a multiferroic layer; and (c) charge mediated, where charge modulation through screening of the ferro-
electric polarisation induces changes in the magnetic interaction of the ferromagnet. Arrows represent magnetic moments, ellipses the ferroelectric polarisation.
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coupling has been extensively explored and well discussed in
recent reviews.8,9,18,47,48,68 In particular, strain-mediated coupling
has been used successfully to control the magnetic congura-
tion of ferromagnetic elements by using the strain induced by
the ferroelectric to modify the magnetic anisotropy, including
the magnetic easy axis.69–72 One example is the recent demon-
stration of reversible electric eld switching of the magnet-
isation direction by 90� in single domain Ni dots deposited on
out of plane ferroelectric domains of PMN-PT(011).42 The
measurements were carried out by X-ray magnetic micro-
spectroscopy as a function of the applied electric eld and show
that the magnetisation direction follows the strain amplitude
applied through the ferroelectric as shown in Fig. 2(c): on
increasing the eld from 0 to 0.15 MV m�1, the magnetisation
direction of the dots inside circles and triangles (which lie on
out of plane ferroelectric domains) changes by 90�, and upon
further increasing the eld (which results in a reduction of the
applied strain), the magnetisation of the dots inside triangles
reorients back to 0�, showing that the switching process is
reversible. On the other hand, dots grown on in-plane ferro-
electric domains see their original anisotropy reinforced by the
applied strain and do not change the magnetisation direction
(dots inside squares), a point that illustrates the need for a good
control of the ferroelectric polarisation state. Since the mag-
netisation of the whole dot changes orientation, a correspond-
ingly very large magnetoelectric constant of about ar ¼ 660 is
obtained.

(ii) In spin exchange magnetoelectric coupling, one explores the
exchange coupling between the spins of a ferromagnet and the
Table 1 Effective magnetoelectric coupling coefficient for selected multiferroic sys

System Structure Coupling

CuO Tenorite Intrinsic
BiFeO3 Perovskite Intrinsic
Ba0.52Sr2.48Co2Fe24O41 Hexaferrite Intrinsic
La0.67Sr0.33MnO3/BaTiO3 Composite Strain
Ni/PMN-PT Composite Strain
La0.7Sr0.3MnO3/BiFeO3 Composite Spin exchang
NiFe/LuMnO3 Composite Spin exchang
BaTiO3/La0.67Sr0.33MnO3 Composite Charge
PZT/La0.8Sr0.2MnO3 Composite Charge

a Linear variation at high magnetic elds (above 15 T). b Absolute peak va

This journal is ª The Royal Society of Chemistry 2013
uncompensated spins at the interface of an antiferromagnetic
multiferroic.35,44,73–75 This gives rise to a so-called exchange bias
effect76,77 characteristic of ferromagnetic/antiferromagnetic
interfaces, with the added function that the antiferromagnetic
spin orientation (and as a consequence, the uncompensated
interfacial spins and the direction of the exchange bias eld)
can be controlled by an applied electric eld. The exchange bias
effect is extensively used in read heads of hard disk drives
(HDD) to bias the hard layer of the spin-valve sensors.78 Electric
eld control of exchange bias has been demonstrated in mul-
tiferroic heterostructures using BiFeO3,43,74,79,80 and in hexag-
onal YMnO3 (ref. 73 and 81) and LuMnO3 (ref. 44) as
ferroelectric antiferromagnets. The most extensively studied
systems to date employ BiFeO3. Traditionally, the exchange bias
eld is set by cooling down the system from above the antifer-
romagnetic critical temperature under an applied magnetic
eld, which poses some difficulties in BiFeO3 due to the
elevated Néel temperature (643 K). However, full electric control
of the exchange bias without the need for temperature cycling
has been recently demonstrated in La0.7Sr0.3MnO3/BiFeO3 (up
to about 30 K) for the particular case when the magnetic eld is
applied along the [110] direction with respect to the SrTiO3 (001)
substrate.43 These results are displayed in Fig. 3, showing that
the sign and amplitude of the exchange bias are reversibly
controlled by the gate voltage and also that the direction of the
exchange bias can be reversed, depending on whether the
electric eld pulse is applied at the negative or positive rema-
nent magnetisation state. These ndings are interpreted in
terms of a model that takes into account the relative ionic
tems (PMN-PT stands for Pb(Mg1/3Nb2/3)O3-PbTiO3 and PZT for Pb(Zr,Ti)O3)

ar Temperature (K) Ref.

<5 � 10�5 200 38
�1.3 � 10�4a 300 39
0.9b 300 40
69 200 41
660 300 42

e 0.015c 5.5 43
e �1.1c 5 44

�0.04 300 45
�49 180 46

lue. c m0DM is taken as the change in exchange bias eld, m0DHex.

J. Mater. Chem. C, 2013, 1, 6731–6742 | 6733
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Fig. 2 (a) X-ray magnetic microscopy images of the magnetisation of Ni dots deposited on PMN-PT(110) versus applied electric field showing a 90� orientation of the
magnetisation (dots inside circles and triangles); the strain relaxation at a larger electric field (0.27 MV m�1) leads to a reorientation back to 0� for the dots in the
triangles. Squared dots do not change the magnetisation direction, corresponding to dots initially deposited on in-plane ferroelectric domains. (b) Piezoelectric force
microscopy image of the ferroelectric domain structure of PMN-PT; control of themagnetisation orientation is achieved only for Ni dots grown on out of plane domains.
(c) The anisotropic in-plane piezoresponse of PMN-PT against the electric field, applied out of plane. Reprinted with permission from ref. 42. Copyright (2013) by the
American Physical Society.
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displacements in BiFeO3 upon ferroelectric switching and the
consequent change in the interatomic distance between the Fe
and Mn cations at the interface that leads to a modication in
the exchange interaction, acting in combination with the
expected exchange bias effect.43 This is a telling example where
physical phenomena in articial multiferroics can shed new
light on an effect that, despite our improved understanding
gained over the last decades, is still far from being fully
understood.82–88 Room temperature control of exchange bias
has been demonstrated in BiFeO3/Fe3O4 nanocomposite struc-
tures59 and in heterostructures using the magnetoelectric anti-
ferromagnet Cr2O3,89 indicating that robust electric eld control
of exchange bias in functional devices can be achieved.

(iii) In charge-mediated articial multiferroics, the bound
charge at the ferroelectric interface is used to modulate the
charge carrier density in the ferromagnetic layer of device
structures through charge screening in a eld effect geometry
(ferroelectric eld effect).90–94 This approach enables large
modulations in the carrier density (charge doping), which are
required in strongly correlated oxides, where typical carrier
densities are of the order of 1021 cm�3.95 In addition, the charge
modulation is both reversible and non-volatile, which is
advantageous for device applications. This approach also avoids
the structural distortions in the system that occurs with
chemical doping.96 More generally, since the charge density is a
6734 | J. Mater. Chem. C, 2013, 1, 6731–6742
fundamental quantity in the solid state,97–99 one may expect
important modications in the electronic and magnetic prop-
erties of the system by using electrostatic doping, including
control of magnetism, electron transport, orbital state, electron
correlations, etc.

Charge screening in metallic ferromagnetic systems results
in a change of the spin imbalance at the Fermi level with respect
to the equilibrium state,100 hence one can infer the presence of
an intrinsic interfacial magnetoelectric effect in such systems.
For example, in bcc Fe(001), Ni(001), and hcp Co(0001), an
effective surface magnetoelectric response of �2–3 � 10�14 Oe
cm2 V�1 (ar � 6 � 10�4) has been estimated.36 For half-metallic
systems, the charge carrier density determines also the
magnetic moment, and a simple argument shows that an
effective universal surface magnetoelectric constant due to
charge screening, as ¼ mB/ec

2 z 6.44 � 10�14 Oe cm2 V�1, is
expected.101,102 When the electric eld is applied across a
dielectric instead of through a vacuum barrier, the magneto-
electric effect is enhanced due to the larger dielectric constant
of the former.103,104 Additionally, chemical bonding (or hybrid-
isation) occurring at the interface will also play a role. For
instance, density functional theory (DFT) calculations for
Fe/BaTiO3 (001) show a large surface magnetoelectric response
whose origin is largely attributed to changes in the chemical
bonding at the interface, i.e., to modulations in the Ti 3d, Fe 3d
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Variation of the exchange bias field and coercivity after the gate pulse
voltage sequence shown on the top panel, demonstrating electric field control of
exchange bias. Middle and bottom panels show the results of applying the gate
voltage at positive and negative remanent magnetisation states, respectively.
Reprinted with permission from ref. 43. Copyright (2013) by the American
Physical Society.
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and O 2p orbital overlap upon reversal of the ferroelectric
polarization direction due to the displacement of the Ti atoms,
which additionally become magnetically polarised.105–110 The
latter effect has been observed experimentally in Fe/BaTiO3

(001) by so X-ray resonant magnetic scattering,111 which shows
that the Ti cations become ferromagnetic by proximity with the
Fe lm, turning the interface region of BaTiO3 both ferroelectric
and ferromagnetic, i.e., multiferroic, at room temperature.

The modulation of the charge carrier density at the interface
can also modify strongly the surface magnetic anisotropy of a
ferromagnetic material via spin–orbit coupling through a
change in the relative electron occupancy of the different d
orbitals.36,104,112–117 The effect can be very strong in 3d transition
metal ferromagnets, where the surface magnetocrystalline
anisotropy is oen the dominant term of the magnetic energy of
ultrathin lms.118 Recently, the control of the surface magnetic
anisotropy through charge screening has been demonstrated in
a number of systems, including Fe,113 FePt,119 Co40Fe40B20,120–122

Co,123 Ni,124 Fe0.5Pd0.5,125 Fe80Co20,126–128 and in Fe80Co20/MgO/Fe
(ref. 129 and 130) and Fe40Co40B20/MgO/Fe40Co40B20 tunnel
junctions.131,132 One motivation for such studies is the control of
the relative magnetisation alignment of ferromagnetic layers in
spin-valve device structures by means of electric elds, aiming
at enabling the electric eld control of the resistive states
through the giant (GMR) or tunnelingmagnetoresistance (TMR)
effects for applications in non-volatile magnetic random access
memories (MRAM) and logic switches.133,134
This journal is ª The Royal Society of Chemistry 2013
Changes in the charge carrier density can lead to more
profound modications in the magnetic interactions by directly
perturbing the relative weight of the kinetic and Coulomb
energy terms. In this context, the sensitivity of the electronic
and magnetic properties of complex oxide materials to the
charge density135 offers a promising venue for the electrostatic
control of the magnetic and electronic responses.92,95,136,137 One
materials system of interest is the doped manganites, such as
La1�xAxMnO3 (A ¼ Ca, Sr, Ba), which are characterized by rich
magnetic and electronic phase diagrams as a function of
chemical doping, including the coexistence of competing
ground states.138,139 The sensitivity to charge carrier density
suggests that large susceptibilities to external electric elds can
be attained when the system lies at the boundary separating two
different ground states by driving it across the phase boundary
using charge doping. We illustrate this approach to magneto-
electric coupling by considering the case of La1�xSrxMnO3

(LSMO) lms in contact with a ferroelectric (Fig. 4). The rst
direct demonstration of electric eld control of magnetism in
LSMO was carried out for a Sr doping of 0.2, which lies near the
boundary separating insulating and metallic ferromagnetic
ground states in the phase diagram of this compound.140

Measurements of the temperature response of magnetisation
for the two states of ferroelectric polarisation (Fig. 4(b)) show
that switching from the accumulation to the depletion state
leads to a large increase in the saturation magnetisation and a
decrease in the magnetic critical temperature (by about 20 K),141

resulting in a large magnetoelectric response with a non-linear
temperature behaviour (Fig. 4(b), inset).46 In addition, a
modulation in the Mn valency as a function of the ferroelectric
polarisation direction was determined directly by X-ray
absorption near edge spectroscopy (XANES), demonstrating
that the effect is electronic in origin and results from a direct
change in carrier density at the LSMO/PZT interface.142,143 One
important conclusion from these studies was that the change in
magnetic moment could not be explained solely by a change in
the spin state due to the change in cation valency, thus implying
that a change in the interfacial spin conguration must occur,
from ferromagnetic in the depletion state to antiferromagnetic
in the accumulation state.142 This mechanism gives rise to a
dramatic change in the average magnetic moment and explains
the large magnetoelectric coupling observed in this system.
Independent studies support these ndings, including the
measurement of a similarly large change in the magnetic
moment of an LSMO lm at 0.13 Sr doping with SQUID
magnetometry (Fig. 4(a)).144 The presence of an interfacial
magnetic reconstruction at the interface, from a ferromagnetic
coupling in the depletion state to an antiferromagnetic
coupling in the accumulation state, agrees with the results of
rst principles calculations, as arising from a change in the
relative weights of the superexchange and double exchange
energy terms as a function of the 3dz2 orbital occupancy
induced by screening.145–148 One direct consequence of these
ndings is that one can control electrostatically both the spin
state and magnetic spin conguration of the interfacial LSMO
layer. A different behaviour has been reported at the 0.3 Sr
doping in LSMO/BaTiO3 heterostructures,45 where the
J. Mater. Chem. C, 2013, 1, 6731–6742 | 6735
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Fig. 4 Magnetic response versus temperature of La1�x SrxMnO3/ferroelectric heterostructures at different chemical dopings, (a) x ¼ 0.13,144 (b) x ¼ 0.2,46 and (c) x ¼
0.33,45 for the two directions of the ferroelectric polarisation (accumulation and depletion states). Insets in (b) and (c) show the variation of themagnetoelectric coupling and
of the change in magnetisation, respectively, as a function of temperature. (a) Reprinted with permission from ref. 144. Copyright (2013) by the American Physical Society. (b)
Reprintedwith permission from ref. 46. Copyright 2010, American Institute of Physics. (c) Reprintedwith permission from ref. 45. Copyright 2012, American Institute of Physics.

Table 2 Velocities and time scales relevant to magnetic and ferroelectric systems

Process Time/velocity

Ferromagnetic domain wall velocity #103 m s�1

Ferroelectric domain wall velocity #103 m s�1

Speed of sound in solids 103–104 m s�1

Fermi velocity �106 m s�1

Ferromagnetic spin-wave period �ns
Antiferromagnetic spin-wave period �0.1 ns
Optical phonon period �ps
Electron tunnelling �10 fs
Electron hopping �fs
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magnetisation is found to increase when going from the
depletion to the accumulation state while only a small modu-
lation in the critical temperature of the system is observed
(Fig. 4(c)).149,150 In addition, the same study nds that the
magnetic moment changesmostly for the depletion state, with a
depletion layer that extends well beyond the interface. The
results are explained in terms of a phase separation picture
whereby magnetism is suppressed over a layer thickness up to
2.9 nm due to charge depletion (which favours an antiferro-
magnetic insulating state), in qualitative agreement with the
behaviour expected from the bulk phase diagram.

A related topic which has seen tremendous progress is that
of charge transport phenomena in multiferroics and multi-
ferroic heterostructures.19,151–155 In common with ferroelectrics,
the ferroelectric domain walls in single phase multiferroics
form a region in the material with signicantly distinct struc-
tural and electronic properties,156,157 which manifest in strongly
modied electron transport, including enhanced or depressed
conductivity in BiFeO3 and YMnO3, respectively.158–165 Multi-
ferroic heterostructures oen consist of a ferroelectric layer
sandwiched between ferromagnetic electrodes, and for suffi-
ciently thin ferroelectric barrier layers, magnetic quantum
tunneling phenomena are expected. Indeed, the magnetotran-
sport properties of tunnel junctions composed of metallic
ferromagnetic electrodes and ferroelectric or single-phase
multiferroic tunnel barriers have been intensively investigated.
Such structures are found to display large changes in resistance
when switching both the ferroelectric and ferromagnetic
polarisation directions, demonstrating both electric and
magnetic control of charge transport.81,111,166,167,167–177

II. Ultrafast dynamic response

Understanding ultrafast dynamical responses in complex
oxides has recently attracted signicant interest, an area of
research made possible by the recent developments in experi-
mental methods capable of probing dynamic processes down to
the fs time scale, such as fs X-ray spectroscopy and scattering
using X-ray free electron lasers32 or electron-beam “slicing” in
synchrotrons.33 Indeed, fundamental questions such as how the
magnetic, electronic, and crystal structure respond to external
6736 | J. Mater. Chem. C, 2013, 1, 6731–6742
stimuli on the ultrafast timescales have now begun to be
addressed.178,179 For example, recent experiments in the doped
manganites have studied quantitatively how fast the system can
transform from an insulating charge ordered state into a
disordered metallic regime180 and through which structural
coherent motions the transition takes place.181–183 In particular,
ultrafast optical pump, X-ray probe experiments allow one to
extract direct and quantitative information on the crystal and
electronic structure at ultra-short times aer excitation. Optical
pump-probe experiments are now able to induce an ultrafast
phase transition in a manganite system lying close to the anti-
ferromagnetic/ferromagnetic phase boundary and to probe the
fs transition regime between the different phases.184 Such
ultrafast time resolutions are necessary to resolve the electronic
processes responsible for the magnetic and electric properties.
Table 2 illustrates the different velocities and timescales rele-
vant for multiferroic systems.

In single phase multiferroics, ultrafast magnetic processes
have been studied in cupric oxide, CuO, in which the ferro-
electric polarization sets in at a relatively high temperature for a
type II multiferroic (230 K) and where the multiferroic state
persists in an incommensurate antiferromagnetic state down to
213 K, below which the system reverts to a paraelectric,
commensurate antiferromagnetic state, as illustrated in Fig. 5
(top).5 Optical pump, resonant so X-ray diffraction probe
experiments show that a strong optical excitation of a CuO
crystal held at 207 K results in an ultrafast transition from
an antiferromagnetic ordered state to the incommensurate
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 Top: Magnetic structure of CuO in the commensurate antiferromagnetic
phase (CM) and in the incommensurate antiferromagnetic phase (ICM); arrows on
the Cu ions indicate the spin direction. Bottom: Relative ICM/CM phase pop-
ulation following optical excitation, showing an increase in the ICM phase pop-
ulation. The inset shows the variation of the time delay tp as a function of optical
light fluence. Reprinted with permission from ref. 185. Copyright (2012) by the
American Physical Society.
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multiferroic state, as shown in Fig. 5 (bottom).185 The transition
takes place aer a short time delay, which varies with laser
uence: increasing the uence excites the system more strongly
and the time delay decreases, as shown in Fig. 5 (bottom, inset).
This time delay does however level off at higher uences, indi-
cating that there is a minimum time delay that is necessary
before the phase transition sets it. This minimum time delay is
related to the lowest lying magnetic excitations (spin-gap)
available to the system. Therefore, even shorter delays for the
onset of such phase transitions can be anticipated in systems
with suitable magnetic excitation spectra. Although the phase to
which the system is driven to by the optical excitation is mul-
tiferroic, little is known on how the polarisation is built up in
time. Such questions remain to be explored. The future of these
developments clearly rely on the exploitation of selective exci-
tations, such as specic magnon or phonon modes, with the
potential of enabling us to control the magnetic and polariza-
tion properties at will. The required excitation energies that
directly relate to the energy of these physical excitations in the
This journal is ª The Royal Society of Chemistry 2013
material lie in the mid-IR and THz regimes. One exciting
proposal for such a manipulation has been proposed theoreti-
cally for TbMnO3 by Michozuki and Nagaosa,186 who predict
that the electric polarization can be switched in the picosecond
time domain by strong, single cycle, THz pulses by directly
exciting an electromagnon. The latter are collective spin excita-
tions with electric dipole activity,187–193 in which the electric eld
of the photon couples directly to the magnon. Such coupling
makes the previous concept particularly appealing for control-
ling the ferroic state in multiferroics. Although the experi-
mental conrmation remains challenging, the creation of
short and intense THz pulses has recently made signicant
progress.194 The implications of such excitations to articial
multiferroics might be stronger than anticipated at rst, since
for such systems large electric eld gradients in the material
might be achieved more easily.

The study of the dynamic response of articial multiferroics
to external stimuli is also important both at fundamental and
practical levels, because it elucidates the interaction mecha-
nisms underlying the magnetoelectric coupling in both
composite and single phase ferroic materials and because fast
responses are required for device applications. While in
intrinsic multiferroics one may expect a complex interaction
mechanism between the magnetic and electric order parame-
ters (for example, through electromagnons), in composite
multiferroics the dynamics of the system is expected to be much
simpler and can, in general terms, be separated into three
components, namely: the time response of the ferroelec-
tric,195,196 the ferromagnet,197,198 and the coupling mechanism
linking the two order parameters. In particular, we may expect
the magnetoelectric time response to depend strongly on the
mechanisms responsible for the coupling, e.g., strain versus
exchange interactions. The dynamics of ferromagnets and of
ferroelectrics are now mature elds of research, although
several outstanding issues still remain to be addressed, partic-
ularly in thin lms and nanostructures, and at time scales
associated with the various (electronic, lattice, and spin) relax-
ation processes.

Electric eld control of the spin-wave spectrum of strain-
coupled ferromagnet/ferroelectric layered systems has been
investigated by means of ferromagnetic resonance (FMR).199–217

Here, a modulation in the strain-induced magnetic anisotropy
of the ferromagnetic component generated by the ferroelectric
via the inverse piezoelectric effect or electrostriction leads to a
change in the ferromagnetic resonance frequency, typically in
the range from 1–100 GHz. Electric eld modulation of the spin
wave spectra has also been demonstrated in single phase mul-
tiferroics, such as in bulk BiFeO3,218 arising from a direct linear
magnetoelectric coupling of the system. Such effects could be
exploited for electrostatically tunable microwave devices, such
as resonators, phase shiers, and band-pass lters.9,10,199,216

However, while the magnetic response is measured at fast time
scales, the dynamics of the magnetoelectric coupling as such is
not addressed in these studies. The use of THz pulses might
offer a direct way to couple to the strain of a ferroelectric and
inuence the magnetic properties. One way of achieving the
large electric elds required to overcome the electrostatic
J. Mater. Chem. C, 2013, 1, 6731–6742 | 6737
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energy is that of embedding the multiferroic structure within
a nanoslit or nanosplit resonator, where very large eld
enhancements of up to 104 can be achieved.219,220
III. Conclusions

In summary, we have illustrated how novel functionalities can
be generated by exploring the new phenomena that arise at the
interface between dissimilar materials and how such an
approach can be used to achieve electrostatic control of
magnetism in multiferroic heterostructures. Electrostatic
control of magnetism has been achieved as a proof of principle
in a range of materials. The eld of articial multiferroics has
expanded tremendously in the past few years, and trends in the
type of approaches for magnetoelectric coupling are emerging.
These approaches rely on strain, spin exchange, and charge
interactions to achieve effective couplings between the
magnetic and ferroelectric polarisations. They give rise to
magnetoelectric couplings that are much larger than those
typical of intrinsic multiferroics and with functionalities that
can in principle be optimized for device applications. In addi-
tion, new physics is being unveiled at the ultrafast dynamic
scale and new exciting results are expected on this front in the
near future. While much remains to be investigated in terms of
materials optimization, development and characterization of
new systems, and understanding of the interfacial processes
mediating the magnetoelectric coupling, the work achieved
thus far illustrates how novel device structures enabling electric
eld control of the magnetic spin state can be tailored to
provide the requisite characteristics that will make them
excellent candidates for next-generation electronic devices.
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21, 4452.

4 K. Yamauchi and S. Picozzi, Phys. Rev. B: Condens. Matter
Mater. Phys., 2012, 85, 085131.

5 T. Kimura, Y. Sekio, H. Nakamura, T. Siegrist and
A. P. Ramirez, Nat. Mater., 2008, 7, 291.

6 S. Picozzi and C. Ederer, J. Phys.: Condens. Matter, 2009, 21,
303201.

7 J. M. Rondinelli and N. A. Spaldin, Adv. Mater., 2011, 23,
3363.

8 C.-W. Nan, M. I. Bichurin, S. Dong, D. Viehland and
G. Srinivasan, J. Appl. Phys., 2008, 103, 031101.

9 G. Srinivasan, Annu. Rev. Mater. Res., 2010, 40, 153.
10 J. F. Scott, J. Mater. Chem., 2012, 22, 4567.
11 D. I. Khomskii, Physics, 2009, 2, 20.
12 S.-W. Cheong and M. Mostovoy, Nat. Mater., 2007, 6, 13.
13 T. Kimura, Annu. Rev. Mater. Res., 2007, 37, 387.
14 G. Catalan and J. F. Scott, Adv. Mater., 2009, 21, 2463.
15 A. N. Kalinkin and V. M. Skorikov, Russ. J. Inorg. Chem.,

2010, 55, 1794.
6738 | J. Mater. Chem. C, 2013, 1, 6731–6742
16 T. Kimura, Annu. Rev. Condens. Matter Phys., 2012, 3, 93.
17 L. Wang, D. Wang, Q. Cao, Y. Zheng, H. Xuan, J. Gao and

Y. Du, Sci. Rep., 2013, 2, 223.
18 C. A. F. Vaz, J. Hoffman, C. H. Ahn and R. Ramesh, Adv.

Mater., 2010, 22, 2900.
19 C. A. F. Vaz, J. Phys.: Condens. Matter, 2012, 24, 333201.
20 D. A. Muller, Nat. Mater., 2009, 8, 263.
21 H. Tan, S. Turner, E. Yücelen, J. Verbeeck and
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169 H. Béa, M. Gajek, M. Bibes and A. Barthélémy, J. Phys.:
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175 J. M. López-Encarnación, J. D. Burton, E. Y. Tsymbal and
J. P. Velev, Nano Lett., 2011, 11, 599.

176 D. Pantel, S. Goetze, D. Hesse and M. Alexe, Nat. Mater.,
2012, 11, 289.

177 Y. W. Yin, J. D. Burton, Y.-M. Kim, A. Y. Borisevich,
S. J. Pennycook, S. M. Yang, T. W. Noh, A. Gruverman,
X. G. Li, E. Y. Tsymbal and Q. Li, Nat. Mater., 2013, 12, 397.
J. Mater. Chem. C, 2013, 1, 6731–6742 | 6741

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c3tc31428f


Journal of Materials Chemistry C Highlight

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ph

at
a 

20
13

. D
ow

nl
oa

de
d 

on
 2

02
4-

07
-2

2 
07

:2
6:

06
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
178 H. Ehrke, R. I. Tobey, S. Wall, S. A. Cavill, F. örst, V. Khanna,
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