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Multiferroics exhibit intriguing physical properties and in turn promise new device applications — as a
result of the coupling between their order parameters. In this review article, we introduce photoemission
electron microscopy (PEEM) as a powerful tool to study multiferroicity with the capability of probing the
charge, spin and orbital states of a material simultaneously with nanoscale spatial resolution and element
sensitivity. Several systematical studies of ferroelectricity, antiferromagnetism, and multiferroicity using
PEEM are discussed. In the end, we outline several challenges remaining in multiferroic research, and
how PEEM can be employed as an important characterization tool providing critical information to

understand the emergent phenomena in multiferroics.

Published by Elsevier Ltd.

1. Introduction

Ferroics are materials with a spontaneous, reversible ordering.
The best known are ferromagnets, where the ordering of spins
can be reversed by a magnetic field. Similarly, in ferroelectrics,
aligned electric-dipoles can be reversed by an electric field and in
ferroelastics, strain alignment can be altered by a stress field.
Ferroics have been of great interest both for their fundamental
physics and for their potential technological applications. In the
last decade there has been a significant amount of research focused
on magnetoelectric multiferroics, i.e. the phenomenon of inducing
magnetic or electric polarization by applying an external electric or
magnetic field [1,2]. These systems exhibit unusual physical prop-
erties — which in turn promise new device applications — as a
result of the coupling between their order parameters [3-5]. The
correlation of order parameters required of ferroic materials to
be classified as multiferroic is shown schematically in Fig. 1 [6].
Only a small subgroup of magnetically and electrically polarizable
materials are either ferromagnetic or ferroelectric and fewer still
simultaneously exhibit both order parameters. In these materials,
however, there is the possibility that electric fields cannot only
reorient the polarization but also control magnetization; similarly,
a magnetic field can change the electric polarization. These func-
tionalities offer intriguing degrees of freedom and we refer to such
materials as magnetoelectrics. Current interests focus more on
materials that combine ferroelectricity with ferromagnetism or,
more loosely, with any kind of magnetism, i.e. ferri- and antiferro-
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magnetism are also considered. The terminology is often extended
to include composite heterostructures, such as ferroelectrics inter-
layered with magnetic materials and ferromagnets embedded in
ferroelectric matrix [5]. The promise of coupling magnetic and
electronic order parameters and the potential to manipulate one
through the other has captured the attention of researchers world-
wide. In terms of applications, the prospect of electric-field control
of magnetism is particularly exciting, as it could lead to smaller,
more energy-efficient devices.

The key to realize the application of multiferroics into real de-
vices depends on the basic understanding of the material systems.
Advanced characterization techniques, such as X-ray diffraction
(XRD), Raman spectroscopy, second-harmonic generation (SHG),
neutron scattering, and transmission electron microscopy (TEM),
have been applied and served in the study of multiferroics to ex-
tract critical information of various multiferroics. XRD has been
widely employed to characterize the crystal structure of the mate-
rials, as well as probing the structural phase transitions. Recently,
giant magneto-elastic coupling in multiferroic manganites has
been carefully observed with XRD and other diffraction methods.
Temperature-dependent XRD reciprocal space mapping also has
been used to find the concurrent transition of ferroelectric and
magnetic ordering near room temperature [7-9]. Neutron scatter-
ing, an excellent probe of both structure and magnetic order, has
been applied to study the magnetic structure and the coupling be-
tween the ferroelectric and antiferromagnetic directions for single
crystals of multiferroic BiFeOs [10]. Sensitive to symmetry break-
ing, SHG is a powerful tool to study ferroelectric and magnetic or-
ders in multiferroics, especially at surfaces and buried interfaces.
Researchers have observed a giant coupling of SHG to the sponta-
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Fig. 1. Interactions in multiferroics. The well-established primary ferroic orderings,
ferroelectricity (P), ferromagnetism (M), and ferroelasticity (&), can be switched by
their conjugate electric (E), magnetic (H), and stress (o) fields, respectively. Cross
coupling allows those ferroic orderings to also be tuned by fields other than their
conjugates; in magnetoelectric multiferroics, for example, an electric field can
modify magnetism.

neous polarization in compounds with magnetically-driven ferro-
electricity, such as TbMn,0s [11]. Utilizing spin waves in multifer-
roics is one pathway to low-power high frequency application,
especially in the terahertz range. Recently, electric-field controlla-
ble magnonics is realized in multiferroic BiFeO3 at room tempera-
ture by probing with Raman spectroscopy [12]. However, ferroics
typically show complex domain structures, most of these tech-
niques do not offer the spatial resolution to probe multiferrocity
in nanoscale region. This is crucial, especially when we want to
take full advantages of the coupling between order parameters in
magnetoelectric multiferroics for device applications [13,14].

Domain formation occurs to minimize the total free energy of a
system. In a ferromagnet, the single domain state will minimize
the exchange interaction energy. For example, the energetically
most favorable magnetic state of a thin film is to align all the spins
parallel in the film plane. However, the magnetic stray field associ-
ated with this configuration around any finite sample leads to a
huge the magnetostatic energy. As a consequence, closure domains
form and reduce the stray field but increase the exchange energy at
the domain walls and anisotropy energy for the spins oriented
away from their magnetic easy axis. This domain configuration is
the most common in magnetic materials [15]. Similarly, in the case
of ferroelectric materials, the competition of several energy terms,
i.e. dipole-dipole interaction energy and anisotropy energy, lead to
a complex domain configuration in the system [16]. Domain struc-
tures in ferromagnets and ferroelectrics can be studied by mag-
netic force microscopy and piezo-response force microscopy
(PEM), respectively. However, in order to study multiferroicity, a
technique, which can simultaneously study the domain structures
of different order parameters is highly desirable. Second harmonic
generation has been demonstrated to be a powerful tool to study
multiferroic single crystals, which typically have large domains
[17]. The characterization down to nano-size region remains
elusive. In this review article, we will show that photoemission
electron microscopy (PEEM) [18] using synchrotron radiation for
excitation provides a powerful tool to study multiferroicity with
nano-scale spatial resolution.

2. Physics of photoemission electron microscopy

PEEM can employ soft X-rays generated at a synchrotron for
excitation of electrons from the sample of interest using the photo-
electric effect. The spatial distribution of the electrons is then ob-
served. In the X-ray absorption process, electrons are excited
from core levels to unoccupied valence states, leaving empty core
states. The decay of these core holes generates Auger electrons
and fluorescence photons. The primary Auger electrons lose their
energy through inelastic scattering processes creating an electron
cascade. The total number of the low-energy electrons that escape
from the sample into vacuum is proportional to the probability of
creating an Auger electron and hence the X-ray absorption proba-
bility. Mapping the spatial distribution of the secondary electrons
using electron optics in a photoemission electron microscope
therefore images directly the spatial variation of the X-ray absorp-
tion at the chosen photon energy. Since the scattering cross section
of electrons in solids is large, the emitted electrons originated in
the top 2-5 nm of the sample, which makes PEEM a surface sensi-
tive technique [19]. The secondary electrons are accelerated by a
voltage of between 15 kV and 20 kV from the sample to an elec-
tro-magnetic lens system and generate a magnified image on a
charge-coupled device (CCD). Affected most by the chromatic and
spherical aberrations, - i.e. the energy and angular distribution of
the electrons — PEEM typically provides a spatial resolution of tens
of nanometers using soft X-rays [18]. With the implementation of
aberration correction, a spatial resolution of potentially better than
5 nm is expected.

2.1. Advantages of PEEM

Using soft X-ray generated by a bending magnet or insertion de-
vice at a synchrotron facility has many advantages. The photon
beam has orders of magnitude higher brightness than standard
laboratory sources, superior monochromaticity (energy resolution
better than 0.01 eV), wide tunable X-ray energy range, as well as
full polarization control (left and right circular as well as linear
with variable orientation. Within the soft X-ray region (100-
2000 eV), many elements show strong absorption edges that can
be used for element-selective imaging [20]. By tuning the energy
of the incident X-rays to an absorption edge, PEEM allows studying
the spatial distribution of elements in a material or different layers
in a multilayered structure in case elements are distributed suit-
ably. For example, in a Co/BiFeOs bi-layer, the Co and Fe electronic
and magnetic structure can be studied separately. X-ray absorption
spectra provide important information on valence and spin states,
orbital orientations, as well as crystal field effects to the atoms of
interests.

2.2. dichroism

Taking advantage of the fact that X-ray absorption depends sen-
sitively on the polarization of the beam allows a detailed charac-
terization of the sample using linear as well as circular
dichroism. Dichroism is defined as the polarization dependent
absorption of light. Three kinds of X-ray dichroism - X-ray natural
linear dichroism (XNLD), X-ray magnetic circular dichroism
(XMCD), and X-ray magnetic linear dichroism (XMLD) - are partic-
ularly interesting in the study of ferroic/multiferroic materials [21].
XNLD rises from a charge distribution anisotropy where the spins
are not aligned, i.e. in ferroelectrics. The largest XNLD effect can
be measured as the absorption difference between the E vector
points parallel and perpendicular to the direction of the maximum
density of the charge probed by “search light effect” [21]. XMCD
arises from directional spin alignment, i.e. in ferro- or ferrimagnets,
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Fig. 2. Imaging magnetic and structural domains using PEEM. (a) Co and Fe magnetic domains imaged using XMCD at the Co and Fe L; edges in Co(2 nm)/NiO/Fe(15 ML)/Ag
(001) heterostructure with different NiO layer thicknesses (1.8 nm in left panel, 2.4 nm in right panel. (b) Magnetic domains in CoFe and ferroelectric domains in BiFeOs in
Pt(1.5 nm)/CoFe(2.5 nm)/BiFeO3(100 nm)/SrTiOs; (001) heterostructure. XMCD-PEEM image (lower) obtained at the Co absorption edge shows the same domain pattern as
the IP-PFM image (upper) taken at the same area. (c) XLD-PEEM image obtained at the O K edge, which illustrates the different orientations of the carbonate crystal c-axis. The
contrast level in this image scales with the angle difference between the X-ray polarization vector E and carbonate crystal c-axis. (d) XMCD-PEEM images obtained at the Co L3
edges of rectangular pattern with different dimensions: Pattern I, 1 x 1 um?; Patterns Il and III, 1.5 x 1 um?. The images on top and bottom were taken at the specified delay
after a field pulse was applied to the patterns in a pump-probe setup. The vortex dynamics can be resolved using this approach.

which can be used to measure the size and direction of magnetic
moments with circularly polarized X-rays. This effect is usually
seen at the resonance positions of the magnetic elements, i.e. the
L, 5 edges of the 3d transition metals. XMLD arises from axial spin
alignment, i.e. in ferro-, ferri- or antiferromagnets, which is used in
the study of antiferromagnetism with linearly polarized X-rays.
Unlike ferro- or ferrimagnets, antiferromagnets do not have any
net magnetic moment. However, the axial spin alignment gives rise
to a charge distribution anisotropy through spin-orbital coupling,
which results in a large XMLD effect typically seen in the
absorption fine structure of the resonance peaks in transition metal
oxides. Combining X-ray circular and linear dichroism measure-
ments and analysis, PEEM imaging has also been widely applied
in the study of (anti-)ferromagnetic and ferroelectric domain struc-
ture (Fig. 2a and b [22,23]) and crystal orientations (Fig. 2c [24]) in
both magnetic and non-magnetic nanostructures. By synchroniz-
ing the applied field or pump laser with the synchrotron electron
bunches, researchers have also demonstrated dynamic imaging of
PEEM with a pump-probe measurement design (Fig. 2d [25]).

With the capability of probing the charge, spin and orbital
states of a material simultaneously with nanoscale spatial resolu-
tion and element sensitivity, PEEM is a very powerful tool to study
the interplay and coupling between multiple order parameters in
multiferroics. We will present several systematical studies of ferro-
electricity, antiferromagnetism, and multiferroicity using PEEM in
the following sections.

3. Ferroelectricity

Ferroelectric oxides exhibit a spontaneous, stable, and switch-
able electric polarization that is due to atomic displacements of po-
sitive transition metal ions and negative oxygen ions in opposite
directions, which reduces the symmetry of the crystal lattice
[26]. The ferroelectric PbZrg ,Tig g03 (PZT) for example has a tetrag-
onal perovskite structure where the Ti#* and Zr*" ions occupy the
centers of a cube, the Pb?* ions are located at the corners and the
0%~ ions are centered on each face of the undistorted lattice. In
the ferroelectric phase the Ti*" and Zr** ions are displaced leading
to a net electric dipole polarization [27]. To shed light on the im-
pact of ferroelectric order on the electronic and atomic structure
of ferroelectric PZT films deposited on SrRuOs; (SRO) electrodes
which in turn were grown on (100)-oriented SrTiO5; substrates,
soft X-ray absorption (XA) spectroscopy was employed as well as
PEEM [28].

Fig. 3a shows Ti L3, XA spectra obtained from epitaxial PZT. It
reflects electric dipole transitions from a Ti** d° ground state con-
figuration to 2p° 3d' final states. The 2p spin-orbit interaction
splits the spectrum into 2psj; (L3) and 2pyj; (L) features which
are further split by crystal field interaction, i.e., the electrostatic
potential due to the neighboring lattice sites acting on the 3d orbi-
tals. In octahedral site symmetry the e orbitals of Ti** point toward
the oxygen ligands, while the t, orbitals point in between them,
resulting in a lower energy for the latter. Lowering to tetragonal
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Fig. 3. Experimental Ti L5 ; XA and difference spectra of a PZT thin. (a) Spectra obtained with the X-ray polarization aligned in the surface plane and pointing out of the surface
plane are indicated by solid (blue) and open (red) symbols, respectively in the top panel while their difference spectrum is indicated in black in the bottom panel. (b)
Polarization-averaged Ti L3 ; XA spectrum obtained with the ferroelectric polarization pointing away from and towards the bottom electrode is shown in solid (blue) symbols
and the spectrum resulting with the polarization pointing toward the electrode is shown by open (red). The difference spectrum is shown in black. Insets depict experimental
geometries. The ferroelectric polarization collinear with the surface normal is indicated by a one-ended arrow, the incident X-ray beam by a yellow wave and the X-ray
polarization by double-ended arrows. (¢ and d) Schematic and PEEM image of a domains (dark gray lines) and c domains (light gray areas) imaged using soft X-rays. (e and f)
Schematic and PEEM image of as-grown domains (dark gray areas) and electrically switched domains (light gray areas).

symmetry splits the t,(0) states into d(xy) and d(xz, yz) and the e(O)
states into d(x* — y?) and d(z?). The four main features in the Ti Ls ,
spectra are labeled accordingly in Fig. 3a. This anisotropy in charge
distribution around the Ti*" absorbers induces a difference be-
tween XA spectra taken with polarization along the z and x, y direc-
tions, i.e., parallel and perpendicular to the surface normal [28]. We
observe a +20% difference in the photon energy range of the 2ps;
»3d (t) peak shown in Fig. 3a. Smaller but still easily detectable
intensity differences are found at higher photon energies.

To further determine the impact of the ferroelectric polarization
on the XA spectra, it was reversed from pointing towards the sam-
ple surface in the as grown configuration to point towards the bot-
tom electrode in a 30 pm x 30 um area using an applied voltage
between the tip and the sample in PFM. Fig. 3b shows a compari-
son of the XA results of PZT/SRO obtained from sample areas with
opposite ferroelectric polarization. The data are the average of XA
spectra obtained with the X-ray polarization aligned in the surface
plane and perpendicular to it. Fig. 3b shows the difference spec-
trum as well.

It is at first sight rather surprising that the PZT measurements
reveal two distinct difference spectra, i.e., a first difference spec-
trum between XA spectra obtained with the X-ray polarization par-
allel and perpendicular to the ferroelectric polarization (Fig. 3a)
caused by the tetragonal distortion of the lattice and a distinct sec-
ond difference spectrum between XA spectra with the ferroelectric
polarization pointing toward the bottom electrode and away from
it (Fig. 3b). Since in tetragonal symmetry there can be only one lin-
ear dichroism spectrum, structural differences must be associated
with the reversal of the ferroelectric polarization.

To confirm the presence of the structural changes with polariza-
tion reversal as cause for the difference in Ti** XA spectra, the
polarization averaged XA spectra of PZT/SRO systems with varying
PZT layer thickness resulting in lattice constants c=0.414 and

0.416 nm as determined by X-ray diffraction have been compared.
The samples are in the as-grown state—i.e., the ferroelectric polar-
ization points away from the bottom electrode. It is noted that the
sample with ¢ =0.416 nm—i.e., the sample with elongated c axis—
exhibits a difference spectrum with the same spectral shape as
shown in Fig. 3b. This clearly confirms the finding of the structural
changes associated with the reversal of the ferroelectric polariza-
tion in PZT.

Using these results the dependence of X-ray absorption on the
orientation of the ferroelectric polarization can now be used to im-
age ferroelectric domains using PEEM. Tetragonal PZT thin films on
SRO show a domain structure consisting of alternating ¢ domains
present as extended areas with the tetragonal axis perpendicular
to the film-substrate interface, intercepted by line-like a domains
(90° domains) with the c axis of the tetragonal film along either
(100) or (010) directions of the substrate (Fig. 3¢) [29]. The forma-
tion of these domain structures in ferroelectric films is a mecha-
nism of strain energy relaxation. Fig. 3d shows the ¢ and a
domain structure of a PZT/SRO sample obtained at the Ti L3, edges
with linear polarized soft X-rays. Similarly, artificially written do-
mains that created by inducing 180° ferroelectric switching with
PFM tips (Fig. 3e) can also be imaged by PEEM (Fig. 3f) utilizing
the same effect.

These results show that polarization dependent X-ray absorp-
tion spectroscopy and microscopy are powerful tools for the study
of ferroelectric order.

4. Antiferromagnetism
PEEM is also a unique tool for the study of antiferromagnetic

domains in thin films and single crystals on the nanometer scale.
Due to the lack of observable net magnetization, the techniques
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that can be used to study the antiferromagnetic domain structures
are limited. Although the antiferromagnetic domain structure in
bulk crystal has been determined with neutron diffraction topogra-
phy (~70 pm) and X-ray diffraction topography (1-2 pm) [30], lit-
tle was known about the antiferromagnetic domain structure in
thin films due to the small domain size in those systems. The com-
bination of X-ray magnetic linear dichroism - i.e. the dependence
of X-ray absorption on the relative orientation of spin axis and X-
ray linear polarization vector - with photoemission electron
microscopy provides a unique tool for studying antiferromagnetic
domains in the near-surface region of solids.

PEEM imaging of antiferromagnetic domain structures was
demonstrated on LaFeOs thin films epitaxially grown on SrRuOs;
[31]. Two (100) crystals were joined macroscopically at (110)
and (010) faces, leading to a 45° rotation of the lattice around
the surface normal. The experiments made use of the large X-ray
magnetic linear dichroism (XMLD) effect previously observed in
o-Fe,03 [32]. In both o-Fe,05 and LaFeOs, the Fe** jon has a 3d°,
high-spin S=5/2 ground state and an approximately octahedral
environment. For octahedral symmetry, there is no conventional
linear dichroism arising directly from the charge asymmetry of
the orbitals as observed in the previous case (PZT). The XMLD ob-
served in this system is the difference in cross section for light
polarized perpendicular or parallel to the magnetic moment with
the dependence given by [33,34]

10,T) = a+ b(3cos? 0 — 1)(M?); (1)

where the first term is a constant and 0 is the angle between the E
vector of the polarized X-ray and the preferential orientation of the
antiferromagnetic axis A of the material. The vanishing of the tem-
perature-dependent, second term above Neel temperature is gener-
ally taken as proof of its magnetic origin.

(a)
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This XMLD effect is illustrated in Fig. 4a. The Fe** L-edge X-ray
absorption spectra for LaFeO3; were taken with the E vector along
and perpendicular to the sample normal. A pronounced difference
can be seen between these two spectra. In particular, peak A at
721.5 eV is larger than peak B at 723.2 eV (Fig. 4a inset) for E par-
allel to A and smaller for E perpendicular to A.

AFM domains can be directly observed by combining XMLD spec-
troscopy with PEEM microscopy; that is, by dividing a PEEM image
acquired at 723.2 eV (peak B) by one obtained at 721.5 eV (peak A).
The resultant image (Fig. 4b) was recorded across the bicrystal junc-
tion (crystal orientation is indicated by arrows) and reveals striking
AFM domains on the right side of the junction and a uniform gray
shade on the left side. The strong magnetic contrast on the right side
arises from magnetic domains with an in-plane projection of A
parallel (white) and perpendicular (black) to the horizontal E vector.
On the left side, the domains cannot be distinguished because E has
an equal 45° projection onto the two orientations of A.

In a collection of XMLD images (Fig. 4c) obtained at different
temperatures between 290 and 550K, the image contrast is
strongly reduced at elevated temperatures and it is completely
reversible upon cooling to room temperature, showing a clear tem-
perature dependence of the XMLD effect. The quantitative XMLD
image contrast is also plotted (Fig. 4d), measured for two temper-
ature cycles. According to Eq. (1), the XMLD contrast is a measure
of the square of the AFM moment (M?)7. We have fitted the data in
Fig. 4d with the shown solid line, using the exact expression for
(M?)7in terms of (M) [35]. (M)1 has been approximated following
mean field theory with S =5/2. Data and fit are normalized to 1 at
0 K. From the fit, we obtain the Neel temperature (Ty) =670 + 10 K
for the thin film. The temperature dependence shown in Fig. 4d
clearly establishes the AFM origin of the image contrast and indi-
cates that crystallographic distortions of the octahedral Fe environ-
ment make only a negligible contribution.
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Fig. 4. PEEM images of the antiferromagnetic domain structures in LaFeOs thin films. (a) Fe L-edge XMLD spectra for a LaFeOs film grown on SrTiO3 substrates, measured with
the E vector parallel (in black) and perpendicular (in gray) to the sample surface. (b) XMLD-PEEM image obtained by division of images taken at photon energies 723.2 eV
(peak B) and 721.5 eV (peak A). Arrows indicate the orientation of the antiferromagnetic easy axes. The X-ray polarization E lies in the film plane. (c) XMLD-PEEM images at
various temperatures. (d) Temperature dependence of quantitative XMLD image contrast. The data and fit are normalized to 1 at 0 K.
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5. Multiferroism

Multiferroism in materials can be achieved through different
pathways [36]. For example, a multiferroic can be a material in
which ferroelectricity and magnetism have different sources and
appear largely independent of one another. This can be created
by site-engineering the functionality in model systems like per-
ovskites (ABO3) where one can make use of the stereo-chemical
activity of an A-site cation with a lone pair (i.e., 6 s electrons in
Bi or Pb) to induce a structural distortion and ferroelectricity while
inducing magnetism with the B-site cation. One of the most widely
studied single-phase multiferroics in this case is the antiferromag-
netic, ferroelectric BiFeO3 (BFO) [37]. Another pathway to create a
multiferroic is through geometrically driven effects where long-
range dipole-dipole interactions and anion rotations drive the sys-
tem towards a stable ferroelectric state, such as YMnOs3 [38]. Fur-
thermore, there can also be charge ordering driven multiferroics
where non-centrosymmetric charge ordering arrangements result
in ferroelectricity, one good example is LuFe,04 [39]. There are
multiferroics in which magnetism causes ferroelectricity—suggest-
ing a strong coupling between the two order parameters. The pro-
totypical examples of this sort of behavior are TbMnOs [40] and
TbMn,0s [41] where ferroelectricity is induced by the formation
of a symmetry-lowering magnetic ground state that lacks inversion
symmetry.

A model multiferroic system to demonstrate the electric and
magnetic correlation is BFO. It is a room temperature, single-phase,
multiferroic material with a high ferroelectric Curie temperature
(~1103K) and a high antiferromagnetic Néel temperature
(~643 K) [42]. The structure of BFO is characterized by two dis-
torted perovskite unit cells (a,=3.96 A, o, = 0.6°) connected along
their body diagonal, denoted as the pseudocubic (111) (Fig. 5a),
to build the rhombohedral unit cell [43]. The ferroelectric state is
realized by a large displacement of the Bi ions relative to the
FeOg octahedra. The ferroelectric polarization in BFO, therefore,
can be aligned along the four cube diagonals (111). The direction
of the polarization can be changed by ferroelectric (180°) and fer-
roelastic switching events (71° and 109°) [44]. The antiferromag-

netic ordering of BFO is G-type, i.e. the Fe magnetic moments are
aligned ferromagnetically within pseudocubic (111) planes (green
planes in Fig. 5a) and antiferromagnetically between adjacent
(111) planes. The preferred orientation of the antiferromagneti-
cally aligned spins is in the (111) plane perpendicular to the ferro-
electric polarization direction, with six equivalent easy axes within
that plane [45]. The rotation of the ferroelectric polarizations al-
ways results in a re-orientation of the antiferromagnetic easy plane
to preserve the orthogonality relation between them. The antifer-
romagnetism is therefore coupled to the ferroelectric polarization.
Recent studies of BFO thin films have shown the existence of a
large ferroelectric polarization, as well as a small net magnetiza-
tion of the Dzyaloshinskii-Moriya type resulting from a canting
of the antiferromagnetic sublattice [46]. It has also been noted that
BFO films show a very complicated domain structure, which needs
to be understood for eventual device integration.

Recently, the coupling between ferroelectricity and antiferro-
magnetism in BFO thin films was demonstrated by a combination
of PFM and PEEM, which is attributed to the coupling of both anti-
ferromagnetic and ferroelectric domains to the underlying domain
switching events [22,47]. The ferroelectric domain structure of BFO
thin films are frequently characterized by PFM.[22,44] In PFM, do-
mains with up- and down-polarizations give rise to opposite con-
trast in out-of-plane (OOP)-PFM images. In-plane components of
the polarization produce a torque on the AFM cantilever and create
contrast in the in-plane (IP)-PFM images. Furthermore, domains
with polarization vectors along the scanning cantilever’s long axis
do not give rise to any IP-PFM contrast. However, domains with the
polarization pointing to one side of the cantilever’'s long axis
should produce an opposite tone as compared with domains hav-
ing polarization pointing to the opposite side of the cantilever. This
is caused by the antiphase IP-piezoresponse (PR) signals produced
by these domains. By combining the OOP-PFM and IP-PFM images,
therefore, we can identify the polarization direction of each do-
main [44]. Fig. 5b shows an IP-PFM image of a BFO film grown
on a (001) SrTiO3 (STO) substrate. The three contrast levels ob-
served in the IP-PFM images acquired along the two orthogonal
(110) directions, together with the uniform OOP-PFM contrast

Fig. 5. Observation of antiferromagnetic domains in BiFeOs; and their coupling to ferroelectric domains. (a) Schematic of two BiFeOs; unit cells with opposite oxygen
octahedral rotation. The antiferromagnetic easy plane (green plane) in bulk BiFeOs is always perpendicular to the ferroelectric polarization (brown arrow). (b and c) IP-PFM
images showing the ferroelectric domain structure of BiFeO3/SrTiO3 film before and after the electrical switching, respectively, within the yellow rectangular area. (d and e)
Corresponding XMLD-PEEM image of the same area before and after the electrical switching, which suggests that the antiferromagnetic domains always follow the

ferroelectric domains.



222 Q. He et al./Current Opinion in Solid State and Materials Science 16 (2012) 216-226

(not shown), indicate that the domain structure of the BFO films is
characterized by four polarization variants (i.e., circled areas in
Fig. 5b).

Control of multiferroic behavior in BFO films relies on the ability
of controlling the ferroelectric switching. To locally switch the
polarization in the films, a DC bias is applied to the conducting
atomic force microscope (AFM) tip while scanning over the desired
area. By analyzing the OOP and IP contrast changes following this
electrical poling, all three possible switching mechanisms (71°,
109°, and 180°) have been identified (Fig. 5c) [44].

The antiferromagnetic domain structure of BFO can be studied
using PEEM based on XLD (Fig. 5d and e) [22,47]. Linear dichroism
can arise from any anisotropy in charge distribution in a material.
In non-ferroelectric antiferromagnets, such as LaFeOs; discussed
previously, the asymmetry of the electronic charge distribution
due to magnetic order causes a difference in the absorption be-
tween orthogonal linear polarizations of light. This is manifested
as a dichroism in X-ray absorption at the Fe L5, edges, which can
be used to distinguish different orientations of antiferromagnetic
axis in domains. Non-magnetic ferroelectrics, such as PZT, also
show linear dichroism because their polar-nature causes an asym-
metric electronic charge distribution. Therefore, in BFO, both the
antiferromagnetic and ferroelectric order can contribute to the
dichroism. These two contributions can be separated by careful
analysis of the temperature-dependence of the XLD and/or angle
and polarization dependent measurements [22,47]. It was found
that the antiferromagnetic and ferroelectric domains are inti-
mately related and match up spatially. The combination of PFM
and PEEM and the versatility of PEEM make these techniques ideal
for the study of multiferroics.
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The ability to control the nature of the ferroelectric switching in
BFO offers an intriguing avenue by which we can study the cou-
pling between ferroelectricity and antiferromagnetism in BFO
films. Demonstration of room temperature magnetoelectric cou-
pling is not only interesting from a fundamental point of view,
but presents great potential for ultimately controlling magnetism
with an applied electric field. To truly utilize such functionality
for device applications, deterministic control of both antiferromag-
netism and ferromagnetism is essential. To achieve such a goal, an
approach has been proposed based on the presence of two distinct
coupling mechanisms (Fig. 6a) [48]. The first is the coupling be-
tween ferroelectricity and antiferromagnetism in BFO as discussed
earlier. It can be used to change the antiferromagnetic domain
structure with an applied electric field. The second coupling mech-
anism of interest is based on a classic exchange coupling interac-
tion [49] that arises at the interface between a ferromagnet and
an antiferromagnet (Fig. 6a). Researchers have used such hetero-
structures to tune the properties of ferromagnets for over 50 years.
With the addition of a multiferroic antiferromagnet, however, we
now have the potential to control the state of the antiferromagnet
electrically and thereby indirectly control the state of the ferro-
magnet by completing the bottom leg of the coupling triangle in
Fig. 6a. Thus the combination of magnetoelectric coupling in a
multiferroic and exchange coupling between magnetic materials
offers a new pathway for the electrical control of ferromagnetism.
Recently, several studies suggested the possibility of using such an
approach to gain electrical control of a ferromagnet. Chu et al. have
found that by using a combination of PFM and PEEM techniques,
the coupling between a ferromagnetic CoFe layer and multiferroic
BFO leads to a strong one-to-one correlation of their domain struc-

(b)

CoFe

BiFeO3
DyScO3

Fig. 6. Magnetoelectric coupling in a Pt(1.5 nm)/CoFe(2.5 nm)/BiFeO3(100 nm)/DyScO3(001),. heterostructure. (a) Schematic of the coupling between the different order
parameters in this system. The electric field control of ferromagnetism in CoFe is realized through the intrinsic coupling between ferroelectricity and antiferromagnetism in
BiFeOs, in combination with the interfacial coupling between the antiferromagnetic order in BiFeO5 and the ferromagnetic order in CoFe. (b) Schematic of the heterostructure
with the BiFeO; layer showing a 71° domain structure. (c) XMLD-PEEM image of BiFeO3; showing antiferromagnetic domains. (d) XMCD-PEEM image taken at Co edge, in
which the ferromagnetic domains are one-to-one correlated to the BiFeOs ferroelectric domains underneath.
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tures [50]. When an electric field was applied in an in-plane test
device structure, the 90° re-orientation of local magnetic moment
was demonstrated. The same concept has also been shown to func-
tion using a BFO single crystal [51]. In the push for low-energy con-
sumption memory and logic applications, establishing control of a
magnetization reversal without the need of a magnetic field would
be very advantageous.

In a recent study, the reversible and deterministic reversal of
the ferromagnet’s magnetization through the application of an
electric field to the CoFe/BFO heterostructure, in absence of a mag-
netic field, was demonstrated at room temperature. In these exper-
iments, PEEM was used to probe the interaction between
ferromagnetic layer and BFO and to provide insights into the cou-
pling mechanism. Based on those observations, a model has been
proposed to explain the intriguing reversal mechanism. The robust,
one-to-one magnetic coupling between a ferromagnetic layer and
BFO causes the 180° reversal of the net magnetization of the ferro-
magnet in a device architecture. This observation is a milestone for
the possible future use of multiferroics in room temperature, non-
volatile, and low-power consumption spintronics devices [52].

Another interesting example of multiferroic nanostructures is
manifested in mixed phase BFO [53]. The concept originates from
the ability to use epitaxial strain as a tool to create a new ground
state of a material [54,55]. Large compressive epitaxial strains were
imposed on the rhombohedral phase (R-phase) multiferroic, BFO
which allows to stabilize the tetragonal-like phase (T-phase) with
a significantly larger c/a ratio [56]. It was also demonstrated that
partial relaxation of the epitaxial strain leads to the formation of
a nanoscale mixture of the T- and R-phases, thus resembling a clas-
sical morphotropic phase boundary in modern piezoelectrics [57].

Partial strain relaxation through control of the film thickness
leads to the formation of two orthogonal arrays of nanoscale,
T+R phase mixtures, as imaged by AFM and shown in Fig. 7a.
The individual stripe-like regions consist of a nanoscale ensemble

of T- and R-phases with a characteristic length scale of 20-
40 nm. XMCD-PEEM imaging has been used to explore the ferro-
magnetic response of BFO films with mixed phases, and compared
to unconstrained R-and pure T-phase films [58]. X-ray absorption
spectra at Fe>* L,3-edge using left and right circularly polarized
X-rays, at grazing incidence (0 = 30°) were obtained as a function
for different applied external magnetic fields. The significantly lar-
ger XMCD (~0.7%) spectra of mixed T + R phase BFO ensembles are
observed, indicating that a higher magnetic moment is present in
mixed phase BFO films. In order to explore the microscopic origins
of this enhanced magnetic moment, the XMCD signal was imaged
using PEEM. PEEM images were obtained using both LCP and RCP
incident X-rays at a grazing incidence angle (0 = 30° to the sample
surface). To enhance the difference in the magnetic contrast and
eliminate the contribution from the topographic contrast, the ratio
of the two images was taken. The image contrast is effectively a
map of the local magnetization vector; regions that have their
magnetic moment lying parallel to the X-ray wave vector appear
bright, while those that are antiparallel appear dark. Fig. 7c is the
PEEM image obtained by LCP X-ray, showing mainly topographic
contrast. The darker areas in this image are in the recessed areas
of the mixed phase features and brighter areas are elevated sec-
tions. The XMCD image, (Fig. 7d), reveals the intrinsic magnetic
contrast that appears as bright and dark stripe-like pattern indicat-
ing that these stripes have magnetic moments lying parallel and
antiparallel to the incident X-ray beam. By carefully determining
the XMCD signal while rotating the sample with respect to the
sample normal, the local magnetization direction of the stripes
was found to be aligned along their long axis. Moreover, a series
of temperature dependent XMCD-PEEM images show lower con-
trast level with elevated temperature (Fig. 7d-f), suggesting the
existence of a magnetic phase transition at ~175 °C. It is worth
noting that the XMCD contrast of the stripe features recovers when
the sample is cooled down to room temperature.

Fig. 7. Strain-induced magnetic phase in rhombohedral-tetragonal mixed phase BiFeOs films. (a) Typical topography image of mixed phase BiFeOs films taken with atomic
force microscope. The stripe-like areas in this image are where the rhombohedral and tetragonal phases co-exist. (b) Schematic of mixed phase BiFeOs at cross-sectional view.
The highly distorted rhombohedral phase is constraint by the tetragonal phase. (c) PEEM image showing mainly topography of the film. (d-f) XMCD-PEEM image at various
temperatures (room temperature, 125 °C, and 175 °C, respectively). The highly distorted rhombohedral phase has strong magnetic response to the circularly polarized X-rays;

a magnetic transition can be observed at ~175 °C.
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By careful analysis on PEEM and PFM images, we found the
highly distorted R-phase, constrained between the T-phases (as
schematically illustrated in Fig. 7b), to be the source of the en-
hanced magnetic moment in the XMCD image, arising from a
piezomagnetic effect [59,60]. That the nanoscale magnetic mo-
ment in the highly distorted R-phase can be controlled by an elec-
tric field has been also demonstrated. The magnetic moments in
these stripe-shaped nanoscale mixed phase regions can be erased
and rewritten at room temperature with only the application of
an electric field.

6. Outlook

Several challenges remain in multiferroic research, and PEEM
will keep serving as an important characterization tool providing
critical information to understand the fundamental science. For in-
stance, in order to push the ferromagnet/multiferroic heterostruc-
tures into the real device applications, several key issues need to be
addressed, such as power consumption, switching speed, the scala-
bility. Especially for scale-down issue, nano-size device needs to be
constructed, the competition between coupling of ferromagnet/
multiferroic and coupling between individual ferromagnetic
nano-dots are essential information determining the device size.
PEEM can be used to probe the local coupling of these nano-devices
(Fig. 8a) [61]. Single-phase multiferroics with spontaneous and
simultaneous ferroelectric and ferromagnetic order at ambient
conditions still remain elusive. Many studies have aimed on site-
engineering by ionic substitutions to enhance the magnetic prop-
erties in proper ferroelectrics [62]. PEEM can be served as a critical
tool to understand the mutual coupling between the substitution
and original Fe ions and provide new insights for designing multif-
erroic materials. Another approach to create magnetoelectric mul-
tiferroic is using self-assembled nano-composite materials (Fig. 8b)
[63,64], i.e. a combination of immiscible perovskite, BFO, and spi-
nel, CoFe,04. The strong piezoelectricity of BFO and remarkable
magnetostriction of CoFe,04 was expected to provide a strong if
indirect coupling of the two materials [65]. Several studies sug-
gested the strong coupling in this system and demonstrated the

(a)

LR

ability to electrical switch CoFe,04 nano-pillars with a small mag-
netic field [66]. However, magnetic coupling has not been reported
yet. The key questions to be answered is the magnetic coupling be-
tween matrix BFO and nano CoFe,0, pillars and the magnetic cou-
pling mediated by stray filed between pillars. PEEM will be a power
tool to obtain detailed information to address these questions [67].

Interfaces have emerged as key focal points of current con-
densed matter science [68,69]. In complex, correlated oxides, het-
erointerfaces provide a powerful route to create and manipulate
the charge, spin, orbital, and lattice degrees of freedom. The inter-
action of degrees of freedom at the interface has resulted in a num-
ber of exciting discoveries including the observation of a 2-D
electron gas-like behavior at LaAlOs-SrTiOs interfaces; [70] the
emergence of the ferromagnetism in a superconducting material
at a YBayCu307_x-Lag;CapsMnOs interface [71] and a ferromag-
netic state induced in a BiFeOs layer at a heterointerface with
Lag 7Sro3MnO3 (Fig. 8c) [72]. PEEM studies on interface systems
have provided orbital (XMLD) and spin (XMCD) information to
understand the intriguing phenomena observed in these systems
with spatial resolution. Temperature dependent measurements
can provide more details on the coupling strength. In ferroic oxi-
des, such as ferroelectrics, domain walls emerge as natural inter-
faces as a consequence of the minimization of electrostatic and
elastic energies. Recently, several key studies pointed out interest-
ing observations on domain walls in multiferroics, for example in
BFO systems 109° domain walls have been suggested to be the ori-
gin of the exchange bias in ferromagnet/BFO heterostructures,
which suggests these domain walls might be magnetic (Fig. 8d)
[73,74]. XAS-XMCD spectroscopy has been applied to show en-
hanced XMCD response in 109° domain walls samples [74]. How-
ever, the magnetic characterization with spatial resolution and
element sensitivity is needed to provide local information to ad-
dress the magnetism at domain walls. This approach can be ex-
tended to study other related topological defects in strongly
correlated systems.

In the study of the intriguing physics in multiferroics, PEEM has
been extensively used as a key technique to investigate multiple
order parameters individually, as well as the coupling between

(b)

(d)

Fig. 8. Multiferroic nanostructures of interest. (a) Patterned nano-scale ferromagnetic/multiferroic devices. (b) Self-assembled vertical nano-structure. (c) Interface induced

orbital/spin reconstruction. (d) Domain walls in multiferroics.
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them. Its nano-scale spatial resolution allows us to look closer into
one single domain where the emergent phenomena can be studied
locally in these complex systems.
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