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Field dependency of magnetoelectric coupling in multilayered
nanocomposite arrays: Possible contribution from surface spins
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Highly ordered BaTiOs/CoFe,O, (BTO/CFO) epitaxial heterostructures were grown via modified
stencil-assisted pulsed laser deposition. With proper particle size and good crystal quality, the
magnetoelectric (ME) coupling effect of the as-prepared nanodots can be probed in a low field.
Unexpected coupling relaxation was found after BTO phase transition onset in low field (50 Oe)
but was suppressed in high field (50 kOe). This field dependency of ME coupling is proposed to
originate in different contributions from bulk and disordered surface spins. The results may provide
a way to enhance ME coupling at nanoscale for the design of low-field operated multifunctional
ME devices. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4768290]

As choice for voltage-driven magnetic recording devices,
magnetoelectric (ME) materials hold the promise to be suitable
for next-generation memories with high storage capacity, ultra-
fast access speed, low-energy dissipation, and non-volatility."
To fulfill this promise, the bottleneck problem is to find proper
materials showing sizable room-temperature ME coupling at
low field. Since natural single-phase systems rarely show a
prominent room-temperature ME effect, great effort had been
devoted to the design and fabrication of ME composites in
recent years. Various ferroelectric and magnetic materials were
combined in such composites. Elastic interaction, i.e., interfa-
cial strain, mediates the ME coupling, which was proven to
effectively enhance the ME response up to 310 Vem ™' Oe ™' .2

With the actual trend of device integration, nanostruc-
tured ME composites receive more and more attention. Differ-
ent from their bulk counterparts, as size decreases, other
interfacial characteristics such as charge carriers,” exchange-
bias,4 chemical bonding,5 etc., can also make an important
contribution to the ME effect. In these cases, more physical
phenomena will arise from these coupling factors and help to
obtain a better understanding of the ME behavior. But ME
coupling in nanocomposites (NCs) has been less well explored
due to many challenges beyond microscopic and systematic
studies, such as the precise control of lattice matching, con-
nectivity order and dimension of each part in the composite.

With the advances in epitaxy techniques, multilayered
thin films, i.e., 2-2 NCs, were subject to intensive investiga-
tions; different phases were combined at atomic level with
near-perfect mechanical coupling, but the ME response is
limited to quite a low level due to clamping from the stiff
substrate. Ramesh et al. developed nanostructured self-
assembled vertical epitaxial columnar films, i.e., 1-3 (or 3-1)
NCs, and opened a way to reduce substrate clamping and
maintain interfacial strain.® A significant enhancement of
ME coupling, and electric-field induced magnetization
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switching, was achieved in 1-3 NCs.” Further applications of
1-3 NCs were hindered, however, by their uncontrollable
component distribution and limited choice of materials; it is
not trivial to solve these problems due to the self-assembly
nature of the preparation process.® Recently, Lu et al. pro-
posed epitaxial multilayered nanodot arrays, i.e., 0-O NCs via
a stencil assisted direct epitaxy process. It was designed to
combine the features of 2-2 and 1-3 structures with good con-
trol of component assembly and confined lateral size to reduce
substrate clamping.” A clear coupling effect was found in
these tiny nanodots (less than 60 nm in thickness), indicating
great potential as a model system for further investigation of
ME materials and for making device prototypes.

In the previous report,9 BaTiOs/CoFe,O, (BTO/CFO)
heterostructured nanodots (consisting of up to 4 layers) were
fabricated as a test system to study 0-0 NCs. Phase transition-
induced strain in BTO was found to result in a magnetization
anomaly (AM) in the CFO layer, which was ascribed to be the
signature of an effective ME coupling in these nanodots. For
stencil-assisted pulsed laser deposition (PLD), good epitaxial
quality relies on the proper choice of stencil and oxygen pres-
sure. Normally, a larger aspect ratio (AR, thickness-to-pore
diameter ratio) requires a lower oxygen pressure (Pg,) for
deposition through the stencil channels.'” Insufficient oxygen
(low Pg,) may, however, introduce many defects and reduce
the crystal quality. For the BTO/CFO nanodots in Ref. 9,
oxalic acid-derived anodic aluminum oxide (AAO) mem-
branes (AR ~2) were used as contact mask, which enabled
the deposition in Pg, of 102 Torr. Highly ordered epitaxial
nanocomposite (diameter ~65nm) arrays with up to 4 layers
were fabricated. But further increase of the number of com-
posite layers and of thickness failed due to the limitation of
mask AR and pore closing effect.'® With such tiny amount of
materials, the ME coupling of as-prepared BTO/CFO nano-
dots was investigated in a relatively high probe field (50 kOe)
due to measurement limitations, so that the ME coupling sig-
nal can be somewhat enlarged. But many other effects may
also be hidden in such a high magnetic field.
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In this letter, a modified stencil was used for the depo-
sition. BTO/CFO nanodots with better crystal quality and
bigger size were fabricated, enabling a low-field investiga-
tion of the ME effect. Unexpected coupling relaxation was
found, which can be suppressed with high field. This field
dependency of the ME coupling was ascribed to different
contributions from bulk and surface spins. These results
may help to shed light on the origin of ME effects at nano-
scale and provide references for the study of low-field oper-
ated ME devices.

Phosphoric acid (H3PO,) derived AAO membrane (two-
step anodization at 195V dc voltage in 0°C 1 wt. % H3POy,)
was chosen as stencil mask here; the mask AR was confined
as low as possible (AR ~ 1) to enable the following deposi-
tion at the same oxygen pressure as that used for normal thin
film growth (around 0.1 Torr). The mask was then transferred
to a (001) SrTiO; (STO) single crystal substrate (5 mm
x Smm X 0.5mm in dimension) provided with an epitaxial
SrRuOj3 bottom electrode layer. BTO and CFO were subse-
quently deposited through the AAO mask at T~ 650°C,
Poy~ 107" Torr, f~5Hz, and E~0.7-0.9J cm™~? via PLD
(KrF excimer laser, 4 =248 nm) to obtain a 4-layered struc-
ture. The mask confined the growth and hexagonally ordered
nanodot arrays with a dot diameter around 350 nm were
formed [as shown in Fig. 1(a)]. To check the crystallographic
and epitaxial quality of the as-prepared nanodots, X-ray dif-
fraction (XRD) patterns were collected on a commercial dif-
fractometer (Philips X’Pert MRD) with Cu Ko instead of
synchrotron radiation, which is normally used for nanodot
arrays with small particle size.' Figure 1(b) shows the 0-20
diffraction patterns for the nanodots, which display clear
peaks from (0 O 2) planes of STO, and broad (0 0/) peaks of
BTO and CFO. An in plane 360° @ scan was also performed
using the (! / 0) peaks [Fig. 1(c)], indicating the coherent
growth of each layer.
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High resolution transmission electron microscopy
(HRTEM) was then used to obtain more local information
on the interfaces in these nanodots. As shown in Fig. 1(d)), a
randomly selected nanodot was sectioned by a standard
focused-ion-beam technique, and characterized in cross sec-
tion. As expected, clear lattice images in Fig. 1(e) show
stacked layer structures of around 15nm individual layer
thickness. According to the fabrication sequence, these
layers should be BTO/CFO/BTO/CFO epitaxial nanodots,
and this was confirmed by a corresponding fast Fourier trans-
form (FFT) in Fig. 1(f). The inverse FFT image in Fig. 1(g)
shows the filtered HRTEM information from selected planes,
where a nice epitaxial stacking of BTO (200) and CFO (400)
planes can be seen much more clearly. These atomically
sharp interfaces form the basis for an effective ME coupling
in the BTO/CFO nanodots.

As a ferrimagnetic material with a large magnetostrictive
effect, CFO was found to be very sensitive to strain, which
can induce changes in magnetization, magnetic anisotropy,
and so on.'"'? With size reducing, surface anisotropy, spin
canting, exchange bias, etc., become more and more important
for CFO magnetism,'® a combination of these factors possibly
enhancing the ME coupling in composites.'*

As inspired by the structure analysis above, especially
the XRD data, good crystal quality and large particle size
might make the ME response of as-obtained nanodots strong
enough to be detected in a low probe field. The room temper-
ature in-plane magnetization vs. external field (M-H) curve
was collected on a superconducting quantum interference
device (SQUID). Here, a clear hysteresis loop with a coer-
cive field (Hc) around 1500e was recorded [Fig. 2(a)].
There is a paramagnetic like non-saturating part (the linear
part) in the M-H curve, indicating a considerable contribu-
tion from disordered surface spins in the sample.'” To check
the ME effect in the sample, a magnetization vs temperature
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FIG. 1. (a) Field emission scanning electron micrograph (FESEM) of as-prepared BTO/CFO nanodot arrays; XRD study: (b) 6-260 scan and (c) @ scan in (// 0)
planes; HRTEM results: (d) bird-eye view of as-obtained nanodots and AAO mask, (e) high resolution crystal lattice and (f) corresponding FFT image, (g) fil-
tered HRTEM image of BTO (200) and CFO (400) planes; Scale bars: (a) 1000 nm, (d) 100 nm, and (e) 5 nm.
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(M-T) curve was investigated across the BTO tetragonal-to-
orthorhombic phase transition temperature (T to O, ~290K),
where a crystallographically induced strain will be trans-
ferred to the CFO and affects M.'® The sample was cooled
down to 260K in zero field, and M was measured in a 50 Oe
probe field with the temperature ramping up to 310K [ZFC
1, Fig. 2(b)]. As expected, an anomaly in M (AM) was found
around 292 K, which can be attributed to the increase of the
compressional strain in CFO."” In contrast to the bulk CFO,
the M in ZFC1 decreases with decreasing temperature, which
could be due to the disordered surface spin or the diamagnet-
ism from the BTO substrate. The AM unexpectedly relaxes
to the normal value at around 306K, leaving a pulse-like
kink in the M-T curve. For comparison, an M-T curve [ZFC
2, Fig. 2(b)] in a high probe field (50 kOe) was also meas-
ured, where a distinct M change around 290K was found,
too, but no relaxation behavior showed up this time.

These different ME responses indicate a field-dependent
coupling effect in the nanodots. It was reported that strain
can be relaxed sideways in nanoislands,18 thus, this AM
relaxation could be a consequence of strain relaxation. But
the induced strain in BTO is not field sensitive; in this case,
a similar relaxation in M should also be found in ZFC2.
Thus, another mechanism should be responsible for the cou-
pling. According to the M-H curve above, disordered surface
spins which can be partially aligned in the high field might
provide a clue. To check this idea, another M-T curve (FC 1)
was measured with the sample cooled down to 260K in a
field of 50 kOe (“poling process”), and the M signal was
collected during temperature ramping in a probe field of
500e. For better comparison, three M-T curves were all
normalized to the magnetization at 300K and aligned in

T (K)

Fig. 2(c). Different from ZFC 1, there is an enhancement of
AM in FC 1 around 290 K, and, even more interestingly, AM
in FC 1 did not fully relax after the BTO phase transition,
leaving a small part of residual increase as marked by arrows
in Fig. 2(c). The enhancement and non-relaxed part of AM in
FC 1 all indicate that there might be a contribution of aligned
surface spins to the ME coupling effect.

Based on these results, a simple explanation of the field-
dependent ME coupling in as-prepared nanodots is proposed
and schematically shown in Fig. 3. In fields lower than the
bulk saturation field (Hs) of CFO nanodots, only part of bulk
spins is aligned with the external field. When the BTO phase
changes from O to T, a compressional strain is transferred to
the CFO, which can induce more aligned bulk spins due to a
reciprocal magnetostrictive effect leading to an M increase. 19
This effect can be considered as a strain-induced extra field
(He) applied to the sample,?’ and this He is not big enough
to align the surface disordered spins. So, in low field, only
bulk spins contribute to the AM. When the external field is
much higher than Hs, most bulk spins are already aligned;
He will not further enlarge M. But since the field is high
enough, disordered surface spins will now be partially
aligned, so that He could affect these pre-aligned spins and
induce a linear increase of M. Unlike bulk spins, AM from
surface spins prefer to keep their original positions due to a
pinning effect at the interface,”' and AM can be maintained
even after strain relaxation (He removed). Thus, in high
field, the persistent part of AM should come from surface
spins. In this context, a field cooled sample gaining a combi-
nation of bulk and surface spin-induced ME effect will show
larger coupling. Actually, what really happened in the
interface-mediated ME coupling could be more complicated
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FIG. 3. Schematic illustration of different responses of bulk and surface
spins in CFO nanodots across the BTO phase transition; the small black
arrows indicate the direction of spin moments.

than this phenomenological explanation, and it is also impos-
sible to obtain a detailed insight into the ME effect via only
magnetization measurements. These well-organized nanodot
arrays deserve more systematic investigations experimentally
and theoretically. Our results have nevertheless revealed a ME
coupling relaxation behavior at nanoscale and a possible path-
way to enhance the ME coupling in nanocomposites.

In summary, high quality and well ordered BTO/CFO
nanodot arrays were fabricated with optimized AAO stencils.
An unexpected field-dependent ME effect was found in the
as-prepared nanocomposite, where the low-field ME effect
gradually relaxes with increasing temperature, while the
high-field one maintains. A possible explanation regarding
the different contribution from bulk and surface spins was
proposed, based on which an enhanced ME coupling was
found in high-field poled nanodots due to a combined ME
effect. These results may provide reference for investigating

Appl. Phys. Lett. 101, 222902 (2012)

and optimizing the interface-derived ME effect at nanoscale
for building low-field operated multifunctional ME devices.
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