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ABSTRACT Nanostructures of multiferroic materials have drawn increasing interest due to the enhanced
magnetoelectric coupling and potential for next-generation multifunctional devices. Most of these structures are
typically prepared by thin film evaporation approaches. Herein, however, we report a novel sol —gel-based process
to synthesize epitaxial BaTiO; — CoFe,0, nanocomposite thin films via phase separation and enhanced
heterogeneous nucleation. The magnetoelectric coupling effect is investigated by examining the temperature-
dependent magnetization of the composite film, which manifests as a sharp and significant drop (>50%) of the
magnetization at the vicinity of a BaTi0; ferroelectric phase transition. We propose that the phase transition in
BaTi0; is mediated by the tensile strain due to intimate coupling to CoFe,0, phase, which has rarely been reported
before. The significant coupling effect is attributed to the small substrate clamping, and the large areal
distribution of intimate heteroepitaxial interfaces between the three-dimensionally distributed ferroelectric and
magnetic nanostructured phases.
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ultiferroic magnetoelectric (ME)
materials exhibit simultaneous
ferroelectric (FE) and (anti)ferro-

or ferrimagnetic (FM) properties, as well as

effective coupling between the dual order
parameters. Although the work on ME ma-
terials can be traced back to early studies in
the 1960s,’ the recent revival of the re-
search interest has resulted in remarkable
progress in the growth, characterization,
and application of both single-phase mate-
rials and heterostructures. This renewed in-
terest in ME is driven by both theoretical ad-
vances in coupled phenomena and
technological prospects in novel
devices.?~* However, due to scarcity and
much weaker room-temperature ME cou-
pling in single phase materials,? more ef-
forts in application have been directed to-
ward two-phase heterostructures because
of their greater design flexibility and multi-
functionality.?

The indirect strain-induced ME effect be-
tween the FE and FM phases provides a
promising alternative strategy to enhance
the coupled phenomena and resultant
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properties. In the meanwhile, nanostruc-
tured FE—FM composites have been ex-
plored in film-on-substrate geometry.® The
intimate contact between the two phases
and the reduced substrate clamping are
crucial for achieving a large ME effect.* The
pioneering work by Zheng et al.,> which in-
troduced self-assembled epitaxial vertical
heterostructures with FM nanopillars in an
FE matrix, noted as 1—3 nanostructures,®
has triggered widespread research
activities.” " Hitherto, high-quality epitax-
ial multiferroic nanocomposite thin films
have been grown almost exclusively by
high vacuum thin film deposition methods,
such as pulse laser deposition (PLD).
Sol—gel processing, on the other hand, ex-
hibits many processing advantages such as
ease of setup, flexible control of the phase
constituents and possible dopants, cost-
effectiveness, and large-area coverage.'?
As a result, it has been extensively applied
to fabricate various functional thin films, in-
cluding nonvolatile ferroelectric memo-
ries'® and nanocomposite superconductor
films,"* among others. Although ME com-
posite thin films have been prepared by
sol—gel-based methods,’> "7 crack-free
thin films with good epitaxy are still pre-
cluded by the challenges in controlling the
complicated chemical reactions in sol pre-
cursors and the general lack of control over
nucleation/growth behavior in the subse-
quent pyrolysis and annealing.

Epitaxy, implying the registration be-
tween the substrate and thin film crystals,
is generally desirable for most functional
materials and applications because of the
high sensitivity to strain of the electronic
and magnetic properties.'® 2° In ME nano-
composite thin films, as the key for coupling
effect, the elastic interaction between FE
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and FM phases is expected to greatly enhance when
they are grown together epitaxially or with intimate
contact, in general, in order to transfer strain across the
interfaces.” However, the ME films fabricated typically
using conventional sol—gel approaches are polycrystal-
line in nature, often containing randomly oriented
grains, rendering such systems much less competitive
compared to those deposited by vapor-phase growth
methods. Another open question associated with ME
composite films is that large sharp ME effects have only
been reported hitherto for the systems as FM films epi-
taxially grown on FE single crystal substrates, in which
the discontinuous jump of the magnetization of the
films occurs when the substrates go through phase
transitions or when they are being switched by an ex-
ternal electric field.2" ~* However, the high cost of the
substrates, limited geometric variations, high drive volt-
age, and catastrophic failure in this type of horizontal
heterostructures still remain as the bottleneck for prac-
tical applications.?

Herein, we report, for the first time, the fabrication
of crack-free epitaxially connected ME nanocomposite
thin films on normal commensurate single crystal sub-
strates using a simple sol—gel approach, which exhibit
a large and sharp ME effect in the temperature-
dependent magnetization measurements. The proto-
typical BaTiOs (BTO) is selected as the room-
temperature lead-free ferroelectric phase, while
CoFe,0, (CFO) as the ferrimagnetic phase for its large
magnetostriction (\ = —10~*) coefficient and high
Curie temperature (T, ~ 520 °C), deposited on (001) Sr-
TiO; (STO) single crystal substrates.

RESULTS AND DISCUSSION

The sol—gel precursors for the growth of BTO—CFO
nanocomposite films were prepared by mixing to-
gether appropriate amounts of individual BTO and
CFO sols, with ethylene glycol and methoxyethanol as
the solvent, and diethanolamine as the complexing
agent (see Methods). The solubility and stability of the
complex sols with multiple metal agents have been the
challenge for sol—gel based methods. To avoid the us-
age of the reactive barium metal and the rigorous con-
dition of the nonaqueous environment,> ethylene gly-
col was chosen as the solvent to dissolve highly
concentrated barium acetate. On the other hand,
enough amount of diethanolamine was added, as it is
critical for stabilizing the complex sol containing various
metal cations with water residue. As-prepared sol can
be stored at room temperature in air for several months.
The precursor is then spin-coated onto STO single crys-
tal substrates at 2000 rpm for 60 s. After baking at
150 °C for 2 min, the films are fast heated to 1000 °C in
air and annealed for 30 min to accomplish the self-
assembly of two phases and epitaxial growth of nano-
composite thin films. Cyclic coating and annealing offer
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Figure 1. (A) Symmetric X-ray diffraction showing epitaxial
growth of the CFO-BTO thin film on (001) STO substrate. The
®-scan of BTO (113), CFO (115), and STO (113) atomic planes

are shown in the inset, indicating the in-plane orientation of the

film. (B) Reciprocal space map of STO (002), BTO (002), and
CFO (004) diffraction peaks.

the desired thickness of films from 100 to 300 nm and
also help minimize shrinkage stresses and cracking.

An X-ray diffraction (XRD) 6—26 scan (Figure 1A) re-
veals a high degree of out-of-plane crystallographic ori-
entation of a 100-nm-thick composite thin film with
separated pure BTO and CFO phases, as all the diffrac-
tion peaks can be assigned to the (00/) atomic planes of
the substrate STO, spinel CFO, and perovskite BTO. The
in-plane orientation was investigated by ®-scan of the
film. The reflections of STO (113), BTO (113), and CFO
(115) (inset in Figure 1A) all exhibit 4-fold symmetry,
which indicates a cube-on-cube epitaxial relationship
of both CFO and BTO phases, on the STO substrate. The
reciprocal space map around BTO (002) (Figure 1B)
again confirms the heteroepitaxy of the nanocompos-
ite film, and the orientational variation of the mosaic
blocks (degree of epitaxy) can also be examined by
evaluating the elongation of the diffraction spots along
the Agy direction. Direct rocking curve measurements
(Supporting Information Figure S1) show an average
full-width-at-half-maximum (FWHM) of 0.4° for BTO
(002) and 0.8° for CFO (004), indicating good quality of
epitaxy, comparable to those obtained for composite
films deposited by laser molecular beam epitaxy®® and
PLD?” on STO substrates. On the basis of angle position
of XRD peaks, the lattice parameters of two phases at
room temperature were determined (+0.0005 nm) to
be:a = b = 0.399 nm, ¢ = 0.400 nm for BTO; and g =
b = 0.839 nm, ¢ = 0.837 nm for CFO, which indicates
that CFO has a compressive out-of-plane strain of 0.2%.
It is worth pointing out that because the BTO grains
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Figure 2. (A) Cross-sectional bright-field TEM image of the BTO—CFO thin film on STO substrate, and (B) corresponding

STEM Z-contrast image, and (C) EDS element mapping showing the phase separation of BTO and CFO, as well as the 3D stack-
ing of the nanoblocks. Scale bar width is 100 nm. (D) Cross-sectional high resolution TEM image of one CFO particulate em-
bedded in BTO, and (E) high resolution TEM image of the enlarged area at the interfaces, indicating the heteroepitaxial rela-
tionship between three phases. (F) Selected-area electron diffraction pattern demonstrating both in-plane and out-of-plane

epitaxy.

have epitaxial interfaces with both the substrate and
adjacent CFO grains, each of them is possibly exerted
with either compressive or tensile stress or both. There-
fore, localized structures (and polarization domains)
are likely to be diverse and complex.?®

The transmission electron microscopy (TEM) and
energy dispersive X-ray spectroscopy (EDS) study re-
solved the self-assembled nanocomposite struc-
tures. Figure 2 panels A, B, and C show a cross-
sectional bright-field TEM image, a corresponding
scanning TEM Z-contrast image, and the EDS el-
emental mapping of the BTO—CFO nanocomposite
thin film, respectively. It can be observed that the
BTO and CFO phases are well separated to form
closely stacked nanoscale blocks. Moreover, some
CFO particulates with 10- to 20-nm diameter are also
found to be embedded in BTO phases. Figure 2 pan-
els D and E show the cross-sectional high-resolution
TEM images of the film and the enlarged area at the
interfaces, which clearly reveal the commensurate
epitaxial relationship among BTO, CFO, and the STO
substrate. With the electron diffraction pattern (Fig-
ure 2F) in cross-sectional geometry, the epitaxial re-
lationship can be resolved as: (001)s10//(001)gr0//
(001)cro, and [101]s70//[1011g70//[101]cro. The surface
morphology of the film was examined using scan-
ning electron microscopy (SEM) and atomic force
microscopy (AFM). A faceted chessboard-type surface
structure was observed with a surface roughness in the
nanometer range (Supporting Information Figure S2).
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The observed surface roughness of the epitaxial two-
phase composite thin films is likely due to the notable
lattice mismatch between two phases.?®

The self-assembly and epitaxial growth of the crack-
free nanocomposite thin films from sol—gel precursors
can be understood from thermodynamics and kinetics.
First, as shown in the phase diagram of the pseudoqui-
nary system Co—Fe—Ba—Ti—0,3° the mutual solid
solubility between BTO and CFO phases is very low,
which is an important condition for phase separation.
Meanwhile, the energy barrier for heterogeneous nucle-
ation is always smaller than that for homogeneous
nucleation, but the difference is normally so small that
the external energy (i.e., thermal annealing) can over-
come both of them, resulting in the occurrence of two
types of nucleation simultaneously.?’ Therefore, the ef-
fective strategy is to enlarge the energy barrier differ-
ence, which favors the epitaxial growth. In our experi-
ment, several factors were considered in order to
enhance heterogeneous nucleation: (1) Substrate:
Given that both perovskite (BTO and STO) and spinel
(CFO) structures are face-centered cubic system with
octahedral oxygen coordination, and the lattice mis-
match in the system is smaller than 8% (Supporting In-
formation S3), this structural similarity is expected to
lower the energy barrier for heterogeneous nucleation.
(2) Multistep processing: The film was fabricated via cy-
clic deposition, that is, each layer was deposited and an-
nealed before coating the subsequent layer. In this
way, the fully crystallized film serves as preferential
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heterogeneous nucleation sites (also known as seed
layer) for the next layer. (3) Rapid heating: After bak-
ing, the film was directly inserted into a preheated fur-
nace for annealing. Such a handling behaves as the
rapid thermal annealing process, which forces crystalli-
zation of the film to happen at a relatively higher tem-
perature. Since the driving force AG, decreases with
temperature, the delay of nucleation effectively enlarge
the difference between the energy barriers of two
nucleation events. (4) Sol—gel chemistry. The polymer-
ization of the sol precursor adjusted by adding dietha-
nolamine and the high decomposition temperature
(~550 °C) (Supporting Information S4) also postpones
the crystallization to higher temperatures.®'>?

The ferroelectric and magnetic properties of the epi-
taxial BTO—CFO nanocomposite thin films were stud-
ied to evaluate the nature and extent of ME coupling.
The electronic polarization (P) versus electric field (E)
measurements were performed for the BTO—CFO film
on Nb-doped STO substrate. The P—E hysteresis loop
(Supporting Information S5) provides the clear evi-
dence for the ferroelectric behavior of the composite
film. Superconducting quantum interference device
magnetometer (SQUID) was employed to probe the
magnetic properties of the films. Figure 4A shows the
magnetization (normalized to the volume fraction of
CFO of ~50%) versus magnetic field (M—H) hysteresis
loops obtained from the BTO—CFO film on STO sub-
strate at room temperature, with the magnetic field per-
pendicular and parallel to the substrate surface, respec-
tively. The saturation magnetization (M) of the sample
was measured to be ~370 emu/cm?, comparable to the
reference data,>>* indicating the high structural qual-
ity of the CFO phase. The similarity between the in-
plane and out-of-plane M—H loops strongly suggests
three-dimensionally distributed nanoparticulate
heterostructure of the film, which is in contrast to the
highly anisotropic nanopillar geometry prepared by
PLD method.” The nanocomposite film has a small co-
ercive field (H,) of ~650 Oe (better viewed in the insets
of Figure 3A). Generally, H. of CFO reaches the maxi-
mum value around 2 kOe when the particulate size is
around a critical diameter (D,) of 70 nm.33 If smaller than
D,, the CFO grains become single domain, and magne-
tocrystalline anisotropy dominates the reversal pro-
cess.>* The TEM observations showed a relatively broad
size distribution of CFO grains, ranging from 10 to 100
nm. However, most of the grains have the size either
much smaller or larger than Ds. In this scenario, both
thermal agitation and domain wall motion contribute
to the small H, observed from our film. It should be un-
derscored here that both low coercivity and large mag-
netostriction of the FM phase can potentially enhance
the ME coupling effect.?*3>

The ME coupling effect was further investigated by
examining the change of magnetization with tempera-
ture. Figure 4B shows the magnetization of the film
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Figure 3. (A) Out-of-plane (blue) and in-plane (red) magnetic hys-
teresis loops at room temperature showing the isotropic magnetic
property of the epitaxial CFO—BTO nanocomposite thin film. The
closer looks of the loops at low field region are shown in the insets,
indicating the small coercive fields of the film. (B) Magnetization
as a function of temperature with the in-plane magnetic field at H
= 50 kOe (black) and H = 500 Oe (red), respectively. Giant and
sharp drops of the magnetization in both cases are clearly
revealed.

while heating from room temperature to 400 K, mea-
sured by SQUID with in-plane magnetic field of 500 Oe
and 50 kOe, respectively. Discontinuous drop of the
magnetization (>50% change in the magnetization)
was detected in both cases. It can also be observed that
these abrupt changes occur at lower temperatures
(~373 Kwhen H = 500 Oe, and ~382 K when H = 50
kOe) than the cubic-to-tetragonal phase transition of
bulk BTO (Curie temperature, T, =~ 398 K).

It has been extensively reported that the phase tran-
sition of BTO in thin film or particulate forms can be
highly affected by the grain size and local strain condi-
tion; however, there is still much controversy over both
the phenomenon and associated mechanism(s).3¢~3°
For the shift of T, on one hand, some theoretical*® and
experimental evidence®® indicate that the elastic strain
in epitaxial BTO thin films, no matter tensile or compres-
sive, can lead to a dramatic increase of T.. On the other
hand, some study based on Landau—Devonshire phe-
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nomenological theory predicts the existence of new
phases (r-phase and aa-phase) with first-order transi-
tion at lower temperature in epitaxial BTO thin films un-
der small tensile strain (<1%).*® In regards to the sharp-
ness of transition, it was observed that the BTO thin
films and nanocrystalline ceramics often show a more
diffuse phase transition compared to their bulk counter-
parts. Some argue that this is due to the intrinsic size ef-
fect and the thermal agitation,?” while others suggest
that the inhomogeneous effects including composition
inhomogeneity, or nonuniform external fields owing
to the asymmetric electrodes®' may be responsible to
diffuse transition. Furthermore, some recent results
have shown that thin freestanding BTO single-
crystalline film with the thickness down to ~75 nm
still maintains bulk-like sharp transitions.****

In the sol—gel derived BTO—CFO nanocomposite
thin films shown here, the larger lattice of CFO can in-
duce tensile strain in BTO, which is often partially relaxed
by the dislocations at the interfaces and has a relatively
small value as inferred from TEM and XRD analysis. With
the applied magnetic field, the magnetostrictive strain
can be estimated as e = 3/,A\[(M/M,)? — '/5],>% where \,
is the saturation magnetostriction coefficient and M and
M, are magnetization and saturated magnetization, re-
spectively. With the M—H hysteresis, we can estimate the
magnetostrictive strains of CFO under different applied
fields: e(500 Oe) = —0.06\ =~ 0; e(50 kOe) = \; =~ —260
ppm. Thus, the CFO-induced tensile strain in BTO at high
magnetic field is decreased due to the negative magneto-
stricitve strain in CFO. Due to the negative slope in the
misfit-temperature phase transition line between r phase
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Figure 4. Schemes of the possible heterostructures and the mechanisms to increase the
ME effect. (A) Horizontal heterostructure with alternating FE and FM layers. Only horizon-
tal interfaces exist and tremendous clamping of the underlying substrate prohibits large ME
effect. (B) Vertical heterostructure with pillars of FM and/or FE phases. The horizontal
clamping is decreased and vertical interfacial area is large. (C) Special horizontal hetero-
structure. Use bulk FE single crystal as the substrate to enhance the mechanical coupling.
(D) Three-dimensional heterostructure. Increase the interfacial area three-dimensionally.
Blocks of both phases are stacked together and some particulates of one phase are embed-

and aa phase predicted by reference,'® the
phase transition temperature of BTO at H =
50 kOe is larger than that at H = 500 Oe. In
the meanwhile, the in-plane lattice param-
eter of BTO increases during the phase tran-
sition. This increase can be coupled to the
CFO phase and would induce a decrease of
magnetization due to its negative magneto-
striction coefficient. However, it should be
noted that the crystal structure and the strain
condition of FE and FM phases in such three-
dimensional (3D) nanocomposite thin films
is likely to be more complex than expected,
and additional experimental and theoretical
work is certainly required for improved
understanding.

To substantiate the unique advantages
of the epitaxial BTO—CFO nanocomposite
thin films, the well-studied conventional ge-
ometries of FE—FM systems as well as their
comparison with our 3D heteroepitaxial ME
architecture are summarized in Figure 4. The
horizontal heterostructure (Scheme A) refers
to those multilayers films as thin layers of FE
and FM phases deposited alternatively on
substrates. This is a simple geometry and easy to fab-
ricate, so it is the earliest model for the film-type
ME system and still extensively investigated cur-
rently. However, the film with this geometry is se-
verely clamped by the substrate, which constrains
the structure change of the FE and FM phases in re-
sponse to external conditions, such as magnetic/elec-
tric fields and temperature, among others. To overcome
this drawback, two other models are proposed: vertical
(Scheme B) and special horizontal (Scheme C) hetero-
structures. The vertical heterostructure describes the
pillar-in-matrix geometry, in which there are more inter-
faces between FE and FM phases while the substrate
clamping effect is effectively reduced.® Special horizon-
tal heterostructure improves the ME property through
another way. In this model, FE single crystals are used as
the substrate for deposition of FM thin films. Even
though a large ME effect has been observed from the
samples with CFO films epitaxially grown on single-
crystalline BTO substrates, the high cost of the FE sub-
strate and limited variations make this geometry less at-
tractive. The sol—gel derived BTO—CFO
nanocomposite films (Scheme D) studied here are a
natural evolution of the vertical geometry. Since both
phases exist as nanoparticulates in this architecture, in-
terfacial area between them is further increased, so
that the ME effect is larger (>50% in 1 K step, com-
pared to ~5% in 30 K step in 1—3 geometry®). Com-
pared to special horizontal model, besides the advan-
tage of using traditional substrates, the ME coupling in
the present 3D heterostructures is still remarkable. For
example, Chopdekar et al.** reported ~20% change of
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the magnetization of epitaxial CFO thin filmina 1K
step when the underlying BTO single crystal goes
through the phase transition from rhombohedral to
monoclinic at 185 K.

CONCLUSIONS

3D heteroepitaxial BTO—CFO nanocomposite thin
films were grown on STO substrates using a simple
sol—gel phase separation approach, which can be ap-
plied to other composite systems. A notably large and
sharp magnetoelectric coupling was observed, which
makes this system a promising candidate for high per-

METHODS

Samples. The BTO—CFO sols were prepared as follows. BTO
and CFO sols were prepared separately first. The method to pre-
pare 0.2 mol/L CFO sol can be found elsewhere.** To prepare
~0.2 mol/L BTO sol, 2.04 g of barium acetate was dissolved in
the solvent with 35 mL of ethylene glycol and 3.2 mL of dietha-
nolamine at 60 °C. A 3.89 g portion of titanium diisopropoxide
bis(acetylacetonate) (75 wt % solution in propanol) was then
added dropwise into the solution. Stir the solution at 70 °C until
it becomes clean and transparent, which takes less than 3 h.
Then 0.2 mol/L CFO sol and 0.2 mol/L BTO were mixed with
equivalent volume at 70 °C and stirred for 1 h. The as-prepared
BTO—CFO sol was dark red and stable at room temperature for
more than three months. To prepare the thin film, the BTO—CFO
sol was spin-coated on the STO substrates at 2000 rpm for 1
min, followed by 2 min of baking at 150 °C and fast annealing
at 1000 °C for 30 min. Repeat the previous process for four times
to obtain the film with the thickness of 100 nm.

Characterization. X-ray diffraction measurments were taken
with Rigaku ATX-G thin-film diffraction workstation. The TEM
sample was prepared by focused ion beam milling with FEI
Helios NanoLab Dual Beam SEM/FIB. Bright field TEM and scan-
ning TEM images and high resolution TEM were taken with JEOL
JEM-2100F FAST TEM at the accelerating voltage of 200 keV.
EDS element mapping was taken with Hitachi HD-2300 FE-STEM
at the accelerating voltage of 120 keV. Ferroelectric measure-
ments were performed using a Radiant Technologies RT66A sys-
tem. Magnetic properties were measured with a Quantum De-
sign Magnetometer (MPMS5) with the magnetic field aligned
parallel or normal to the thin films.
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