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Wet synthesis endows scalable epitaxy of complex oxide multiferroics
Hua Zhou

Synthesis is the bridge linking scientific
fantasies to practical realizations, to push
the boundaries of materials exploration
with societally impactful applications. As
one of the most promising classes of ma-
terials with direct technological implica-
tions, complex oxides exhibit an amaz-
ing collection of electronic, chemical,
ionic and topological properties, mak-
ing them strategic candidates for a va-
riety of electronic, energy and environ-
mental technologies [1]. Tremendous
advances in thin-film growth technology
over the past decades have led to effec-
tive control of structures and composi-
tions during deposition so that even in-
dividual atomic layers can be robustly
manipulated, for example by molecular
beam epitaxy or pulsed laser deposition.
Although the physical vapor deposition
(PVD) techniques enable high-quality
epitaxy, this has not been translated into
large-scale synthesis with high efficiency
for practical implementation of complex
oxides in devices and system-level archi-
tectures. With respect to scalable synthe-
sis, wet-chemistry-based growth meth-
ods such as sol-gel dip/spin/spray/blade
coating have been demonstrated as tech-
nically viable strategies [2]. Neverthe-
less, most solution-based processing so
far reported is inadequate to attain well-
defined single-crystalline quality epitaxy
with large area uniformity as most of
the claimed ‘epitaxy growth’ was either
weakly textured [3] or offered mundane
discrete islands [4].

A recent work on wet synthesis of
complex multiferroic oxides [5] exem-
plifies a compelling case of significant
advances in synthesis of multifunctional
materials with fascinating electronic
and magnetic properties toward lab-
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Figure 1. Schematic of multiferroic complex
oxide epitaxy endowed by solution process-
ing. Single-crystalline quality epitaxial BTFM–
CTO films with thickness uniformity and sur-
face atomic flatness up the centimeter scale can
be synthesized using sol-gel solution process-
ing (e.g. spin coater), effectively mitigating the
evaporation rate during gelation. A large-scale
epitaxial BTFM–CTO film exhibits room temper-
ature ferroelectricity and bulk ferromagnetism,
which enables large magnetically induced polar-
ization switching. NSTO: Nd doped SrTiO3.

to-manufacturing translation. The new
experimental work, led by Prof. Jiangyu
Li and collaborators, reports develop-
ment of solution-based single-crystalline
epitaxy in a large area, in particular tack-
ling a complex oxide multiferroic system
with its composition as sophisticated
as (1-x)BiTi(1-y)/2FeyMg(1-y)/2O3–(x)
CaTiO3 (BTFM–CTO), compared to
simpler oxides in previous endeavors [4].
Using sol-gel solution processing and
effectively mitigating the evaporation
rate during gelation, as illustrated in
Fig. 1, the authors achieved single-
crystalline quality epitaxial BTFM–CTO
films with thickness uniformity and
surface atomic flatness up the centimeter
scale. They employed a full suite of
structural characterizations including
X-ray thin film diffraction (e.g. for phase
purity and epitaxial pseudomorphism)
and cross-sectional scanning transmis-
sion electron microscopy (e.g. EDS and

HAADF atomic profile for a well-defined
abrupt interface and lattice registry),
strictly verifying the impressive single
crystalline quality of the epitaxial growth
typically only accessible by PVD.

With the obtained BTFM–CTO
epitaxial films, Li’s team further con-
firmed the ferroelectricity resulting
from strong spontaneous polarization
and the bulk ferromagnetism at room
temperature, compared to those of an
archetypical BiFeO3 system, by quanti-
fying the polarization vector, visualizing
the domain switching and determining
the magnetization moment. Moreover,
non-volatile magnetically coupled polar-
ization switching with a large coupling
coefficient potential for magnetoelectric
devices was illustrated in the phase-pure
thin film by lateral piezoresponse force
mapping of the domain pattern evolu-
tion under opposite in-plane magnetic
fields.

The encouraging experimental work
by Li’s team substantiates that single
crystalline quality heteroepitaxy with
atomic precision of complex oxide mate-
rials bearing intricate compositions and
subtly varied structures can be steadily
and efficiently delivered in a large area
via solution-based processing toward
scalable manufacturing. Exciting explo-
ration of new multiferroic epitaxial thin
films through the synergy of wet syn-
thesis and combinatory mining in a very
wide composition- and strain-modulated
phase space is envisaged.
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Grain boundary functions as a spin valve
Yuichi Ikuhara1,2

In practical applications, most metals
and ceramic materials are used in poly-
crystalline form, composed of numbers
of tiny single crystals called grains. The
atomic arrangements at the interfaces
between these grains, namely the grain
boundaries (GBs), are verydifferent from
those inside the bulk part.TheGB atomic
structures are rather complicated anddis-
ordered, dependent on the orientations
between two adjacent grains. These GBs
are generally thought to be detrimental
to material properties; however, recent
studies have shown that they can be ben-
eficial, and sometimes even exhibit com-
pletely different mechanical [1], electri-
cal [2,3] and chemical properties [4,5].
In a research article published recently
in NSR, Li and coauthors presented a
new story of GB functionality, with a re-
port of spin-valve magnetoresistance at a
SrRuO3 (SRO) GB [6].

An SRO model GB was designed
using a bicrystal method, in which two
single crystals were bonded to form a
single GB (see Fig. 1a). In such cases,
the GB structure can be controlled by
controlling the orientations of the two
single crystals. This method has been
widely used for GB analysis [1–4], as the
GB obtained is more suitable for electron
microscopy observations and theoretical
calculations than the GB inside poly-
crystalline materials. After fabricating a
SrTiO3 (STO) bicrystal, SRO thin film
was epitaxially grown using a pulsed laser
deposition method to obtain a single

SROGB.Surprisingly, the transportmea-
surements at the GB showed a character
of spin-valve-like magnetoresistance.

The authors revealed such origin
by combing aberration corrected scan-
ning transmission electron microscopy
(STEM) and density functional theory
(DFT) calculations (see Fig. 1b and c).
They first determined the atomic struc-
ture and chemistry using high angle
annular dark field (HAADF) imaging,
integrated differential phase contrast
imaging and energy dispersive X-ray
spectroscopy. It was found that the GB

has an asymmetric core structure, which
was also confirmed to be energetically fa-
vorable over a symmetric core by DFT
calculations. Further analysis using DFT
showed that the asymmetric GB core
leads to different O octahedral distor-
tions at two sides of the GB, with dif-
ferent Ru d orbital reconstructions. In-
terestingly, such structural changes dras-
tically alter the magnetic moments near
the GB; while the total magnetic mo-
ments in the region above theGB core re-
duced compared with those in the bulk,
this changed little in the region below
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Figure 1. (a) Schematic image of bicrystal method used in this study. The GB structure can be con-
trolled by controlling the crystal orientations. (b) Atomic structure of SRO GB obtained from HAADF-
STEM observation (adapted from [6]) and (c) DFT calculations (courtesy of P. Gao). (d) Schematic of
spin-valve structure formed near SRO GB.
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