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Different from other processes intending to induce selective
nucleation in CoFe,0,-BiFe0; (CFO-BFO) immiscible multiferroic
nanocomposites, a reverse way to get phase ordered CFO-BFO
nanostructure was demonstrated. With dimension confinement in
BFO perovskite phase, distribution of the CFO spinel phase was
modulated; highly ordered core-shell CFO-BFO structure was
obtained. Room temperature ferroelectricity, magnetism, and
magnetoelectric coupling of as-obtained sample were
characterized. These results may help to shed new light on phase
ordered separation process in immiscible systems and build more
heterostructures for magnetoelectric coupling applications.

As promising building blocks for low power consumption, high
speed and electric field controlled spintronic devices,' thin film
heterostructures with magnetoelectric (ME) coupling drew
intensive attention recently and stimulated many breakthroughs
such as electrically assisted magnetic recording,2 multi-state
tunnelling magnetoresistance,3 reversible electrical switching of
spin polarization4 and so on. These ME heterostructures are also
good model systems to study interfacial coupling of strain, charge
and magnetic interactions. Recent advances in deposition technique
greatly promoted the research on ME composite;5 which makes it
possible to epitaxially combine different materials horizontally as
multi-layered thin film (denoted as 2-2 layout) or vertically as pillars
in matrix structure (denoted as 1-3 Iayout).6 In 2-2 samples,
properly chosen single-crystalline substrate with matched lattice
constants can be used as template to direct the growth of topping
layer, giving great flexibility to vary composition and phase
distribution orders in the heterostructure.’ However, substrate
induced clamping effect and critical thickness limitation
dramatically hindered their practical coupling performance;7 while
in the case of 1-3 samples, interfacial strains can be maintained
vertically without film thickness limitation or substrate (:Iamping.8
Consequently, enhanced performance was found in 1-3 systems,2
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which can provide more intrinsic insights into the interfacial
interactions. But drawback of the 1-3 structure is that components
are normally self-assembled during the growth, so interfaces cannot
be well controlled as that in 2-2 sample. How to induce long range
ordered vertical interfaces became a hot research topic with both
fundamental and practical importance,1

Our previous results showed that in a typical 1-3 system,
CoFe,0,-BiFeO; (CFO-BFO) nanocomposite, pre-deposited ordered
CFO seed crystal arrays can direct nucleation of CFO nanopillars
during the phase separation and bring in-plane ordering for this
structure.’ Recently, N. M. Aimon et al reported successful growth
of 1-3 self-assembled nanocomposites on pre-patterned
substrate,m'12 which provided another way to control the phase
distributions in 1-3 systems. Generally, with pre-introduced
nucleation sites, spontaneous nucleation energy of corresponding
component may be reduced and selective growth was achieved.?
But still it is based on self-assembly process, so these nucleation
centres need to match symmetry and in-plane diffusion length of
the components for a successful modulation, thus only few limited
layouts can be obtained from these methods.

In this communication, we reported a reverse and simple way
to get ordered phase separation in CFO-BFO nanocomposites. By
tuning the dimension of BFO matrix phase, distribution of CFO
nanopillar phase can also be affected. As you can see in Fig. 1a, CFO
nucleated spontaneously in BFO matrix; where it diffused freely and
merged into many single crystalline pillars with random size and
ordering as revealed by the field emission scanning electron
microscopy (FE-SEM) top view image. If ordered arrays of CFO
nanodots with proper symmetry and spacing were introduced to
the system, CFO will then prefer to nucleate on these seeds, leading
to a nanocomposite with ordered distribution and uniform size as
shown in Fig. 1b. And when the in-plane dimension of BFO matrix
was confined within 400 nm (comparable with the average diffusion
length of CFO phase in the system,g‘ 12 cFo diffusion was certainly
affected, the pillars showed much closer spacing compared to those
in Fig. 1a, and some of them had already merged into elongated or
even maze-like squares (Fig. 1c). In this case, when the composite
dimension kept shrinking down, more pillars can merge and get
connected with each other, and the whole composite structure will
be altered.
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Fig. 1 Schematic and FE-SEM top view images of (a) self-assembled,
(b) seed layer induced selective growth and (c) dimension confined
growth of CFO-BFO nanocomposites. Scale bars are 100 nm.

Now the problem is how to induce effective and controllable
confinement on this CFO-BFO nanocomposite. An anodic aluminium
oxide (AAO) stencil assisted pulsed laser deposition (PLD) technique
was used to grow the composites with different dimensions. AAO
assisted PLD has been proven to be an efficient way for epitaxial
growth of ordered structures such as Pb(Zry,Tiys)Os nanoislands,14
BaTiO;/CoFe,0, multi-layered nanodots™ *® and so on. So the
components were deposited through AAO stencil onto SrTiO;3 (STO)
(001) substrate. After stencil lifting off, discrete nanoislands were
obtained as schematically shown in Figs. 2a and 2b. More
fabrication details can be found in the support information.

All the growth condition was kept the same as that of the
sample shown in Fig. 1la. Three different AAO stencils (two-step
anodized at 195 V in H3PO,4, 40 V in H,C,0, and 25 V in H,S0,) were
used in the deposition. The AAO stencils showed well defined
hexagonal porous structure with diameters around 350 nm in
phosphoric acid AAO (denoted as Ph-AAOQ, Fig. 2c), 60 nm in oxalic
acid AAO (denoted as Ox-AAO, Fig. S1) and 40 nm in sulphuric acid
AAO (denoted as Su-AAO, Fig. S2). These ordered hexagonal
patterns were successfully transferred to the composites, and
highly ordered CFO-BFO nanocomposite islands with different
dimensions were obtained. In Ph-AAO derived nanoislands (Fig. 2d)
there are many rectangular-shaped nanodots with clear facets
indicating they might be the top side of single crystalline CFO pillars.
These pillars are very close to each other, some of them had already
merged into maze structure, which is similar to the sample shown
in Fig. 1c.

When Ox-AAO stencil (dimension around 60 nm) induced more
confinement to the system, unexpectedly, only one core like
nanorod can be found in the centre of each BFO island (Figs. 2e and
2f). Based on the analysis above, the core part should be CFO pillars
inside BFO phase, but unlike those with clear facets in normal
sample, most of the CFO pillars from Ox-AAO showed dome like
shape, only very few of them showed pyramid like facet as
indicated by a close-up image in Fig. 2f. This reminds us another
typical 1-3 nanocomposite CoFe,0,-BaTiO; (CFO-BTO) system,
where CFO separated from BTO matrix and formed round shape
nanopillars with very small diameters at 750 °c.” Further increasing
substrate temperature will increase the diameter of CFO
nanopillars, which eventually showed pyramidal facets over 900
°C.®® S0 in our case, the shape variation of CFO pillars might also be
related to a diffusion barrier dominated process.19

Since the growth was normally composed of nucleation and

merging process.20 As high substrate temperature enhances the
diffusion, more CFO crystal nuclei can merge into big and full
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crystals; on the other hand insufficient diffusion may localize CFO
nucleation and lead to CFO crystals with small size. From this point
of view, in Ox-AAO derived sample, when diffusion of CFO phase
was suppressed by the dimension confinement, these localized CFO
nuclei with very close distance can only merge with each other into
one small pillar within BFO matrix; this could lead to the core-shell
like heterostructures. Different composite structure was also found
in Su-AAO derived sample (dimension around 40 nm), it is hard to
tell CFO pillars from BFO matrix in surface topography (Fig. 3g). But
if one checked very carefully, still there was slight contrast
difference between the central and marginal parts in FE-SEM image,
indicating different responses from CFO and BFO phase under the
incident electron beam. Similar to CFO-BTO system mentioned
above, additional post annealing at 800 °C led to clearly separated
core-shell heterostructures as shown in Fig. 2h. This result
confirmed the assumption that dimension confinement can affect
CFO diffusion in 1-3 system and induce a modulation to both
distribution and morphology of the nanocomposite. With this
method, highly ordered core-shell heterostructure arrays were
successfully fabricated.

(a) stencil (c),

(b)

Fig. 2 (a) and (b) Schematic diagrams of AAO stencil assisted growth
of ordered nanoisland arrays; (c) and (d) FE-SEM top view images of
Ph-AAO stencil and as obtained CFO-BFO nanoislands, scale bars are
300 nm; (e) and (f) FE-SEM images of Ox-AAO derived highly
ordered core-shell CFO-BFO nanocomposites, scale bars are 50 nm;
(g) and (h) FE-SEM images of Su-AAO derived as obtained and post
annealed CFO-BFO nanocomposites, scale bars are 50 nm.

Fig. 3 (@) TEM cross section image of Ox-AAO derived CFO-BFO
nanoislands, scale bar is 30 nm; HRTEM images of crystal lattices in
(b) Ox-AAO derived and (c) Su-AAO derived CFO-BFO
nanocomposites, scale bars are 5 nm; (d), (e) and (f) FFT images of
selected areas as marked by corresponding frames in Fig. 3b.
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These interesting samples had provided a bottom up chance to
study phase separation and interface evolution in immiscible
nanocomposite. High resolution transmission electron microscopy
(HRTEM) was then used to get more structure details in as obtained
core-shell islands. Fig. 3a is an overview of cross sectioned Ox-AAO
derived nanoislands, in accordance with top view image in Fig. 2e,
some bump like structure can be found inside these nanoislands. A
close-up image (Fig. 3b) clearly shows different crystal lattices with
inverted triangular interfaces (as noted by dash lines in Fig. 3b).
According to fabrication process and selected area Fast Fourier
Transform (FFT) image (Figs. 3d-3f), the core part should be CFO
phase and shell part should be BFO matrix, while there is an
intermixed region (as indicated in box F in Fig. 3b) between two
phases. From the FFT analysis (Fig. 3f), it could be a mixture of BFO
matrix and many tiny CFO nanocrystals. While in the result of Su-
AAO derived composite island, instead of clear CFO and BFO lattices
with sharp interface (like that in Fig. 3b), mixed phase of tiny
nanocrystals were found in Fig. 3c. Insufficient phase diffusion
might hinder the forming of full and uniform CFO crystals in BFO
matrix, but still one can find a trend of diffusing and merging
process in these CFO particles (as marked by arrows in Fig. 3c).

Together with these HRTEM results and FE-SEM morphology
evolutions, the confined phase separation process in these core-
shell nanocomposites can be preliminarily proposed as following: at
early forming stage of growth, CFO phase transport was restricted
due to the dimension confinement, only part of CFO nuclei within
the same single AAO channel can merge and grew bigger in the
following stage; some of them stay very small size due to limited
diffusion like a super saturated solid solution.”® More dimension
confinement might lead to more tiny dispersive CFO nanocrystals
and less single crystalline pillars in the matrix. The dimension
confining altered the phase separation and induced a modulation to
both distribution and morphology of the output composite. With
this simple yet effective method, ordered core-shell 1-3

nanocomposite can be then fabricated, providing more functional
heterostructures with tuneable interfaces for potential coupling
applications.
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Fig. 4 (a) Topography and (b) VPFM images of Ox-AAO derived CFO-
BFO nanoislands; corresponding (c) P-V and (d) M-H curves; (e) and
(f) steady magnetic field induced piezoresponse change of as-
prepared sample. Scale bars in (a) and (b) are 100 nm.

Besides the structure analysis above, heterointerfaces derived
properties such as strain mediated ME coupling is more attractive in
as obtained new nanocomposites. Strong ME coupling was already
found in self-assembled CFO-BFO system, which enabled an
electrical field induced perpendicular magnetization reversal at

This journal is © The Royal Society of Chemistry 20xx

ambient conditions.” In our case, substrate clamping effect to BFO
matrix can be reduced with its small aspect ratio (in-plane
dimension to out-of-plane dimension),?* which provides a chance to
investigate intrinsic details of interfacial ME coupling of individual 1-
3 nanocomposite. Therefore, piezoresponse force microscopy
(PFM) was used to check local ferroelectric properties of Ox-AAO
derived CFO-BFO core-shell nanoislands at room temperature. In
topography image, all these islands look quite similar (Fig. 4a) while
vertical PFM (VPFM) images show clear differences. The central part
of each island shows weaker piezoresponse signal compared to the
marginal area, leaving bright ring pattern in VPFM image (Fig. 4b).
According to structure analysis above, the central parts of these
islands were CFO nanopillars which certainly should not show
piezoresponse, and the ring patterns in PFM image clearly indicate
BFO areas. Piezoresponse vs bias Voltage (P-V loop) measurements
was also checked on a randomly chosen core-shell nanoisland,
which shows clear ferroelectricity at room temperature (Fig. 4c). An
out-of-plane piezoelectric coefficient (ds;) around 10.3 pm/V were
estimated from the measurement (as shown in the inset of Fig. 4c),
which is lower than that of BFO thin film around the same
thickness.? This may be related to different BFO strain state in this
isolated clamping free core-shell nanoisland. And with
Superconducting  Quantum Interference  Device  (SQUID)
measurement, room temperature ferromagnetic properties were
also checked, as shown in Fig. 4d, Magnetization (M) vs out of plane
external field (H) curve shows clear hysteresis behaviour, a coercive
field around 125 Oe was found.

Since ferroelectricity and ferromagnetism were all found in
these heterostructures as expected, their interaction i.e. the ME
coupling effect should be more interesting. Detailed study is still
underway; some preliminary data did show some interesting
signals. As shown in Fig. 4e, a steady magnetic field (M field,
generated by a permanent magnet) around 450 Oe (higher than the
coercive field ~ 125 Oe) was firstly applied along c-axis of as-
prepared sample; local piezoresponse changed correspondingly,
and there was a clear increasing of piezoresponse above saturation
bias around 2V. As we all know that ferroelectric BFO is highly
sensitive to epitaxial strains, M field induced magnetostrictive strain
in CFO can be transferred to BFO and change its piezoelectric
properties. In this case, we removed external M field and checked
P-V loop again at the same spot, the curve turned back to normal
value (Fig. 4f); and if M field in opposite direction i.e. - 450 Oe was
applied, the corresponding piezoresponse increase showed up
again. Although present data was still noisy and weak, but the M
filed induced piezoresponse change is quite clear and reproducible.
So it is reasonable to attribute this change to strain mediated ME
coupling in our CFO-BFO heterostructures which certainly deserves
further investigations.

Our results had demonstrated the possibility to induce
tuneable phase distribution in immiscible nanocomposite with a
simple yet effective dimension confined process. Room
temperature multiferroic CFO-BFO core-shell nanoisland arrays
were successfully obtained. It may provide a bottom up chance to
study the phase separation process in 1-3 spinel-perovskite system
and help to develop interface coupling derived multi-functional
properties for magnetoelectric coupling applications.
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