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he scarce number of room-

temperature multiferroic materials

hampers its potential in the develop-
ment of novel devices, and two-phase
nanocomposite thin films combining ferro-
electric (FE) perovskite and ferromagnetic
(FM) spinel phases' > have emerged as a
promising alternative to intrinsic multiferro-
ics. Indeed, electric-field induced switching
of magnetization has been observed, at
room-temperature, in CoFe,O,4 (CFO) nano-
pillars in BiFeO3; (BFO) matrix deposited on
SrTiO5(001) (STO),° 8 and it is believed that
elastic interaction mediates the magneto-
electric coupling.* Bulk CFO is a FM spinel
with cubic Fm3m structure (dcro = 8.392 A),
with the magnetic easy axis (EA) along (100)
directions.’ Bulk BFO is a FE with rhombohe-
dral R3c structure (R-BFO) that can be de-
scribed by a distorted perovskite cell with
pseudocubic lattice, a,c = 3.96 A, and po-
lar axis (P) along [111] of the pseudocubic
cell.2 Then, in nanocomposites on STO(001),
the spontaneous polarization of BFO is at
around 55° with respect to the normal di-
rection, whereas in the CFO nanopillars the
out-of-plane is the magnetic easy axis.'®" 2
Clearly, the fixed directions of the FE and FM
easy axes in a columnar nanocomposite re-
strict its development for optimal exploita-
tion of both ferroic properties and magne-
toelectric response. However, there is no
such restriction in the case of BFO and CFO
single phase (001)-oriented films, where the
directions of the ferroic axes are selectable
by appropriate substrate selection. Indeed,
regarding BFO, the nearly tetragonal PAmm
phase (T-BFO) can be epitaxially stabilized
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ABSTRACT We demonstrate that epitaxial strain engineering is an efficient method to manipulate the

ferromagnetic and ferroelectric properties in BiFe0; —CoFe,0, columnar nanocomposites. On one hand, the

magnetic anisotropy of CoFe,0, is totally tunable from parallel to perpendicular controlling the CoFe,0, strain

with proper combinations of substrate and ferroelectric phase. On the other hand, the selection of the used

substrate allows the growth of the rhombohedral bulk phase of BiFe0; or the metastable nearly tetragonal one,

which implies a rotation of the ferroelectric polar axis from [111] to close to the [001] direction. Remarkably,

epitaxy is preserved and interfaces are semicoherent even when lattice mismatch is above 10%. The broad range

of sustainable mismatch suggests new opportunities to assemble epitaxial nanostructures combining highly

dissimilar materials with distinct functionalities.

KEYWORDS: multiferroic nanostructures - BiFeO; - ferromagnetic spinels - magnetic
anisotropy - epitaxial stabilization

on suitable substrates,’>"'® and presents
large spontaneous polarization nearly along
[0011."7 Moreover, it has been recently ob-
served that the structural transition be-
tween the R-BFO and T-BFO phases can be
induced by an electrical field.'*'® The subse-
quent cell deformation can largely modify
the elastic coupling with neighboring CFO
columns in nanocomposites, thus promis-
ing a stronger magnetoelectric response.
Concerning single CFO films, the magnetic
easy axis can be modified by using sub-
strates of different lattice parameters.'®'®
Therefore, the relative orientation of the
distinct ferroic order directions could be
tunable provided BFO—CFO columnar
nanocomposites can grow epitaxially on
suitable substrates, alternative to STO (a =
3.905 A), allowing the growth of the desired
phases and creating the necessary epitaxial
strain to modify ferroic axes. However, the
number of appropriate substrates to grow
two-phase nanocomposites is much
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Figure 1. (@) XRD 6—20 scans of BFO—CFO composite films on LNO/LAO(001) (top red curve) and LAO(001) (bottom blue
curve). L, S, T, and R signal reflections from the substrate, spinel CFO, T-BFO, and R-BFO, respectively. XRD reciprocal space
maps around LAO(103) for (b) BFO—CFO/LNO/LAO(001), and (c) BFO—CFO/LAO(001). Bottom panels show the correspond-

ing maps around CFO(115).

reduced than that for single phase films, since all three
lattice mismatches involved between the two ferroic
materials and the substrate have to be considered. The
mismatch of R-BFO with CFO (f = (arsro — dcro)/dcro) is
above 5%, and epitaxial growth could be compro-
mised for one of them if the STO substrate is replaced
(see Table ST1 of the Supporting Information). This is
even more critical when considering the T-BFO phase
(a = 3.665 A, c = 4.655 A) since its mismatch with re-
spect to CFO is above 10% and thus the coherent or
semicoherent state of the T-BFO/CFO interface, re-
quired for optimal elastic coupling, is challenging.
Promisingly, the growth of spontaneous long-range
phase ordering of other largely mismatched complex
oxide BFO:Sm,0; composites has been recently
reported.?0?!

In this article we will show that by appropriate sub-
strate or buffer-layer selection for the growth of
BFO—CFO, the polar direction of BFO can be rotated
from [111] to nearly [001] while the orientation of the
easy axis of CFO can be gradually modified, and thus
the relative angle among the two polar axes can be var-
ied. We deposited CFO—BFO nanocomposite films on
(001)-LaAlO; (LAO) substrates and on LaNiO3 (LNO) buff-
ered LAO substrates, with pseudocubic lattice param-
eters dino = 3.86 A and a0 = 3.79 A. We show that in
spite of the large structural mismatch between the in-
volved materials, both CFO and BFO phases grow epi-
taxially forming nanocomposites with well-defined
CFO-nanopillar/BFO-matrix morphology. The matrix
phase is R-BFO on LNO/LAO, whereas the metastable
T-BFO phase is epitaxially stabilized on bare LAO. T-
BFO/CFO interfaces are semicoherent, in spite of their
large mismatch. CFO magnetic anisotropy critically de-
pends on the lattice strain. Analysis of data correspond-
ing to nanocomposites grown on other substrates
and/or having other FE phases, evidence that the lat-
tice strain and the magnetic anisotropy can be largely
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tuned by proper combination of substrate and FE
phase.

RESULTS AND DISCUSSION

Figure 1a shows the XRD 6—26 scans of nano-
composites on LNO/LAO(001) (top curve) and LAO(001)
(bottom curve). The sample on LNO/LAO(001) presents
reflections corresponding to CFO(001) and R-BFO(001),
without traces of other orientations or phases. LNO re-
flections are not resolved because of the small thickness
of the LNO buffer layer (around 10 nm) and the proxim-
ity of the substrate peaks.?? The out-of-plane param-
eters of CFO and BFO are 8.364 and 4.019 A, corre-
sponding to compression of CFO and expansion of
BFO. In contrast, in the nanocomposite directly grown
on LAO, BFO grows, c-axis textured, in the quasi-
tetragonal phase; only a few weak reflections of the
rhombohedral phase are observed. T-BFO grows
strained, with an out-of-plane parameter of 4.625 A (c
parameter of bulk T-BFO is 4.655 A), whereas CFO is re-
laxed (c = 8.391 A). It is worth mentioning that the
nanocomposites on LAO(001) can only be obtained in
a narrow substrate temperature window of 625—650
°C, very similar to that observed when growing nano-
composites on STO(001) substrates using equivalent
deposition conditions.?>?* XRD data of samples on
LAO(001) deposited in the 600—700 °C range, evidenc-
ing BFO decomposition above 650 °C due to Bi loss, are
included in Supporting Information (Figure S1).

XRD analysis of asymmetrical reflections confirmed
epitaxial growth. The ¢-scans around LAO(202),
CFO(404), and R-BFO(202) of a nanocomposite film on
LNO/LAO(001) as well as around T-BFO(202) on bare
LAO(001) were measured. Each scan (see Figure S2 in
Supporting Information) displays a set of four peaks, 90°
apart, at the same ¢ angles, indicating
[100]CFO(001)|[[100]LAO(001) and [100]R,T-
BFO(001)|[[100]LAO(001) epitaxial relationships. Recip-
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scattered electrons. Inset in the bottom right shows the histogram of the islands lateral size. (b) Cross-section view imaged with back-
scattered electrons. The corresponding images for the sample on bare LAO(001) are in panels c and d. (e) Cross section HRTEM image of
the triple interface between a CFO nanopillar, the T-BFO matrix, and the LAO substrate. The continuity of planes between the T-BFO
and LAO and the presence of dislocations at the CFO/LAO substrate interface and at the CFO/T-BFO lateral interface are revealed by FFT
filtered images corresponding to the marked regions in the graph.

rocal space maps (RSM) around LAO(103) of films on
LNO/LAO(001) and LAO(001) are presented in Figure
1b,c, respectively. The sample on LNO/LAO(001) shows
a high intensity R-BFO(103) reflection, and in agreement
with the symmetrical 6—26 scans, no T-BFO(103) peak
is observed. The position of the R-BFO(103) reflection
indicates partial strain relaxation (a = 3.91 A, corre-
sponding to in-plane strain ¢ = —1.3% and 70.6% of re-
laxation). In contrast, T-BFO on LAO(001) (Figure 1¢) is
fully strained (a = 3.79 A, corresponding to £ = 3.4%
and 0% of relaxation). The CFO(206) reflection is in both
cases, barely observable due to its low intensity and
the proximity of the Kz component of the substrate re-
flection. Alternatively, corresponding CFO(115) asym-
metrical reflections are presented in the bottom pan-
els of Figure 1b,c.

The surface morphology of the nanocomposites on
LNO/LAO(001) and LAO(001) is presented in Figure 2
panels a and ¢, respectively. The secondary electrons
(SE) images show faceted islands perfectly oriented
along (110) in-plane directions; the majority of them
have a square base and likely they have pyramidal
shape; some few others islands are of hut-cluster type.
The mean lateral size is ~60 nm on LNO/LAO(001) and
~42 nm on LAO(001) (see the histograms in the inset).
Backscattered electrons (BSE) images were acquired si-
multaneously (see the insets in the top right). The BSE
signal is of higher intensity in the areas where Bi is
present (atomic number Zg; = 83 is much higher than
Zre = 26 and Zc, = 27). It is observed that Bi is only
present in the flat areas, implying that islands corre-
spond to the CFO phase surrounded by a BFO matrix,
being R-phase on LNO/LAO(001) and T-phase on
LAO(001). The morphology in both cases is thus similar
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to that of nanocomposites on STO(001)
substrates.>”8122325 However, whereas BFO—CFO nano-
composites on LAO(001) and buffered-LAO(001) sub-
strates show highly uniform and a flat BFO matrix, the
BFO matrix of the nanocomposites grown on STO forms
plateaus of different heights (see for example refs 8
and 23). The columnar structure of CFO is confirmed
by cross sectional SEM analysis. The corresponding BSE
images (Figure 2b,d) reveal the nanopillars topology of
CFO (dark regions) in the R- or T-BFO matrix (bright re-
gions). More detailed characterization of the T-BFO ma-
trix/CFO nanopillar interfaces in the sample on LAO
was conducted by cross-section high-resolution trans-
mission electron microscopy (HRTEM). Figure 2e shows
a cross-section micrograph and Fourier-filtered images
corresponding to the three interfaces. CFO presents
well-defined interfaces with both LAO substrate and
T-BFO matrix, with misfit dislocations, approximately 5
nm apart. The interfaces are thus semicoherent: there
are extra atomic planes in CFO in its interface with
T-BFO matrix (=~10% tensile stressed, dcro/2 < crgro0) and
there are extra atomic planes in LAO in its interface with
CFO (=10% compressively stressed, dcro/2 > aiao). The
other interface, between T-BFO and the LAO substrate,
is fully coherent. It is noted that the epitaxial stabiliza-
tion has occurred in spite of the important mismatch
(—3.3%, tensile stress). In contrast, we find that BFO de-
composes when composites are grown on substrates
with large lattice parameters as MgAl,0, (@ = 8.031 &)
and MgO (a = 4.212 A), causing epitaxial tensile stress
to R-BFO. Probably, the better matching of the resulting
Fe,O, oxides with these substrates favors the decompo-
sition. As a result, Bi-rich dendritic structures are present
on the surface, while the rest is covered by pyramidal
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Figure 3. (top) Sketch shows the T-BFO, R-BFO, and CFO crystal structures and the topology of a sample grown on LNO.
The 3D view is a result of combining different filtered SEM images. (bottom) Scanning secondary electrons images (SE) and
backscattered electron images (BS) are shown for samples of 100 nm thickness grown under similar conditions on cubic sub-
strates with increasing lattice parameter LAO, LNO/LAO, STO, MgAl,0,, and MgO. Films grown on LAO, LNO/LAO, and STO
have a closed BFO matrix with surrounded CFO columns. In contrast, BFO decomposes on substrates causing tensile strain
on R-BFO (MgAl,0, and MgO), forming Bi-rich dentritic structures and pyramidal CFO islands. (scale bars are 500 nm).

objects typical for spinel phases (see SEM images in Fig-  ure 3 shows the T-BFO, R-BFO, and CFO crystal struc-
ure 3, bottom).?® The figure summarizes the impact of  tures and the topology of the nanocomposite

the substrate on the growth of BFO: as the substrate lat-  deposited on LNO (the image is created combining fil-
tice parameter increases BFO changes from T-phase tered SEM images).

(on LAO) to R-phase (on LNO and STO), and finally de- Room-temperature magnetization loops of the films
composes (on MgAl,0,4 and MgO). The top panel of Fig-  on LNO/LAO and LAO are shown in Figures 4 panels a
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Figure 4. Magnetization hysteresis loops measured at room temperature with the field applied in the plane (circles) and
out-of-plane (rhombi) for samples on (a) LNO/LAO(001), (b) LAO(001), and (c) STO(001). Magnetization is normalized to the
CFO volume fraction. Labels in each panel indicate remanence/saturation magnetization ratio for parallel and perpendicu-
lar applied field.
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and b, respectively. Measurements have been per-
formed with the magnetic field applied perpendicular
(rhombi) and parallel (circles) to the surface of the sub-
strate, that is, along the [001] and [100] LAO axes. The
magnetization has been calculated using the volume
fraction of the CFO (38 vol %) and yields a saturation
value of Ms ~ 400 emu/cm? for films grown either on
LAO(001) (Figure 4b) or on LNO/LAO(001) (Figure 4a).
This saturation magnetization matches very well with
the reported bulk value. For completeness, we include
here (Figure 4c) the magnetization loops of a nano-
composite deposited on the usual STO(001) substrates,
having a quite similar Ms value.

However, although all films display a similar satura-
tion, their magnetic anisotropy is markedly different.
Whereas the out-of-plane direction is the easiest mag-
netic axis of CFO in films on LNO/LAO (Figure 4a), the in-
plane direction is the easy-axis in the films on LAO (Fig-
ure 4b). The films on STO (Figure 4¢) are somehow
intermediate, although the out-of-plane direction is
still favored. The distinct magnetic anisotropy is better
quantified by the different magnetization remanence/
saturation (Mg/Ms) ratios or more simply by the Mg[001]/
MR[100] which gives 4.06, 0.43, and 1.82, respectively
for films on LNO/LAO, LAO, and STO. It is illuminating
to notice that the MR[001]/Mg[100] ratio has a clear cor-
respondence with the strain state of the film as re-
flected by the ¢ value, included in each panel, as deter-
mined from the measured c-axis lengths. These data
show that the in-plane magnetic easy axis is obtained
for the film grown on LAO, which has the smaller strain
(e = — 0.01%), whereas out-of-plane magnetization de-
velops with increasing strain from films on STO to films
on LNO/LAO (e =~ — 0.19% and —0.33%, respectively).

Because of its large magnetostriction of CFO, strain
plays an important role on the magnetic anisotropy of
films. Indeed, in pure CFO films under tensile strain, that
is, compressed out-of-plane cell parameter, the [001] di-
rection is an easy axis, whereas (001) is an easy-plane
in the case of opposite or negligible strain.'®'® Our re-
sults for CFO in CFO—BFO nanocomposites follow ex-
actly the same pattern. The agreement extends beyond
the results presented here.

Indeed, in Figure 5 we collect the Mg[001]/Mg[100]
ratio for the films described here and we also include
the results we have obtained on a number of other
(001)-oriented epitaxial nanocomposites having dis-
tinct strain state. Data correspond to BFO—CFO nano-
composites deposited in similar conditions on bare
STO(001) or Lay;sCaisMnO; buffered STO(001) sub-
strates, and also from BaTiO;—CFO nanocomposites
on STO(001) (information about growth conditions and
characterization can be found in ref 27). In addition,
we also include in Figure 5 data from literature corre-
sponding to BFO—CFO, BaTiO;—CFO, and PbTiO;—CFO
nanocomposites.' 1071228730 (see Table ST2 of the Sup-
porting Information for information on these films and

www.acsnano.org
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Figure 5. The M[001]1/Mg[100] remanence is plotted vs CFO out-of-
plane strain. Solid symbols correspond to BFO—CFO and BaTiO3
samples grown in our laboratory on STO(001), except the sample
labeled with number “1” that was grown on La,;;Ca;;3Mn0Os/
STO(001). Capital letter labeled empty symbols correspond to val-
ues retrieved from literature: (A) ref 28, (B) ref 1, (C) ref 29, (D) ref
10, (E) ref 12, and (F) ref 30. Simplified sketches indicating the de-
pendences of the CFO strain and the BFO phase on the directions of
the magnetic easy axis and the spontaneous polarization, respec-
tively, are plotted in the top of the Figure.

references). Data in Figure 5 display a clear trend. It evi-
dences the dominating influence of the strain on the
magnetic anisotropy of CFO in nanocomposites: highly
c-axis compressed CFO in BaTiO; matrix shows highest
perpendicular anisotropy, c-axis expanded CFO in Pb-
TiO3; matrix shows in-plane easy-axis, and CFO in BFO
matrix is situated in between these extremes. Thus, the
magnetic anisotropy is tunable from perpendicular to
in-plane by the combined action of epitaxial strain in-
duced by the substrate and the accompanying FE phase
(see the sketch in Figure 5).

On the other hand, we have demonstrated here
that the substrate selection determines which BFO
phase (T or R) forms in the nanocomposite, thus criti-
cally affecting the corresponding FE properties. More
precisely: the [001] crystal axes of both BFO phases in
the nanocomposites are parallel to the [001] substrate
direction and the direction of the spontaneous polariza-
tion depends on the specific phase of BFO (see the
sketch in Figure 5), being almost parallel to the
[001]LAO direction or at about 55° away from it for
T-BFO'” and R-BFO, respectively.

CONCLUSIONS

We have shown that exploitation of a large mis-
match in heteroepitaxy of biferroic composites allows
a dual selectivity on the orientation of both ferroic or-
ders, offering new possibilities in their functional devel-
opment. First, the magnetic anisotropy of CFO in bifer-
roic nanocomposite thin films is dominated by the
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magnetoelastic contribution. The CFO magnetic easy
axis can be controlled, from out-of-plane to in-plane, by
proper selection of the substrate and the FE phase. Sec-
ond, the role of the substrate is also crucial on the epi-
taxial stabilization of rhombohedral or the nearly tetrag-
onal phases which implies a rotation of the
spontaneous polarization from [111] toward the nor-

EXPERIMENTAL SECTION

Pulsed Laser Deposition. Nanocomposites with thickness around
100 nm were deposited at a rate of ~0.9 A s~' on LAO(001), LNO/
LAO(001), and STO(001) at 625 °C substrate temperature by
pulsed laser deposition (KrF excimer laser, 5 Hz repetition rate)
using a Bi; ;FeO;—CoFe,0, target with molar ratio of 65:35. The
LNO buffers, around 10 nm thick, were deposited at 600 °C un-
der an oxygen pressure of 0.1 mbar.

XRD. The crystal structure was analyzed by X-ray diffractome-
try (XRD) using Cu Ka radiation and the lattice parameters were
calculated from the position of the diffraction peaks. Reciprocal
space maps and pole figures have been acquired using Bruker
D8 Advance diffractometer with area detector.

SEM. The morphology of the samples and the microstructure
using cleaved cross sections along [110] substrate directions
were measured using a Fei Quanta 200EF microscope equipped
with a backscattering electron and EDX detector.

TEM. A sample on LAO substrate was prepared in cross sec-
tion geometry for transmission electron microscopy and was
studied in a Jeol J2010F microscope with a field emission gun op-
erating at 200 kV.

Magnetic Measurements. Magnetization loops were measured
by SQUID MPMS7XL at a temperature of T = 300 K.

Additional experimental details on sample preparation and
characterization are reported elsewhere.”324
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