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Perovskite/spinel nanocomposites have attracted great attention due to the novel properties that originate
from the coupling between two oxides through their interfaces. Combinatorial pulsed laser deposition was
used in this work to grow Lag gSrg ,CoOs (LSC)/CoFe,O,4 (CFO) nanocomposites on (001) SrTiOz (STO) un-
der various growth conditions. At a substrate temperature of 680 °C, the LSC/CFO consisted of columns
of CFO and a third phase, likely to be CoO,, within a highly textured LSC matrix. Lowering the temperature
to 600 °C resulted in highly textured LSC/CFO nanocomposites consisting of grains of LSC and CFO a few
nanometers in diameter. The grain size increased with decreasing growth rate. In the nanocomposites, re-
distribution of Fe into the perovskite phase is expected. The strain in the CFO was impacted by the lattice
match at the interfaces with the LSC, and changes in composition as well as the strain led to lower mag-
netic anisotropy compared with CFO films on STO. This approach can also be used to produce other novel
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1. Introduction

Oxide heterostructures have attracted great attention because
of the emergent properties that originate from the interfacial
coupling between two oxides, including magnetism,'”
electronic properties,* transport,” and catalytic activity.®*° Al-
though there has been extensive work on multilayer structures
in which the interfaces are parallel to the substrate, it is also
possible to co-deposit two immiscible oxides which then form
a two-phase structure with specific interface orientations.
These two-phase structures include self-assembled vertical
nanocomposites with pillars of one phase in a matrix of the
other, both of which are epitaxial with the substrate (known
as a 1-3 nanocomposite),"”'* nanosheets within a matrix (a
2-3 nanocomposite) or nanoparticles within a matrix (a 0-3
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nanocrystalline spinel/perovskite systems.

nanocomposite)."*** Among these oxide heterostructures, pe-
rovskite/spinel (ABO;/CD,0,) nanocomposites, especially
BiFeO; (BFO)/CoFe,0, (CFO),">™*® form well-defined vertical
1-3 structures when grown on a perovskite substrate, and in
the case of BFO/CFO exhibit useful multiferroic phenomena
including magnetoelectric coupling' and electric field-
induced magnetization switching.>

The properties of the perovskite/spinel nanocomposite de-
pend on the composition, geometry, strain state and crystal
orientation,” and can be tuned widely by selection of the
composition of the phases and the growth conditions. Perov-
skites can include a variety of substituents on the A and B
sites, giving an extensive range of electronic or transport prop-
erties, but few of these compositions have been investigated
as part of a nanocomposite.*'® Much of the reported work on
perovskite/spinel nanocomposites has been based on perov-
skites of composition BiFeQ;,">'®>° BaTiO;,"*' PbTiO; (ref.
22) or (La,Sr)Mn0;.%>"**72°> However, the family of cobaltite
perovskites also has interesting properties such as ferromag-
netism,>® giant magnetoresistance,”” catalytic activity***°and
fast oxide ion and electron transport.30 Here La, gSr,,C00;
(LSC) was chosen as an example of a cobaltite perovskite
phase because its properties such as catalytic activity**> and
magnetic properties®® are reported to be sensitive to the strain
states of films. Hoffman used sputtering to deposit LSC/CFO
nanocomposites, showing the potential to control the struc-
ture and composition of LSC/CFO through tuning the growth
conditions."
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Perovskite/spinel nanocomposites are often deposited by
pulsed laser ablation of a composite target containing a stoi-
chiometric mixture of the two phases.">'? This requires syn-
thesis of a separate target for each composition. Hence, com-
binatorial pulsed laser deposition (cPLD) has instead been
used in which two separate targets are ablated alternately to
produce a sub-monolayer growth of each material. Previously
we have used cPLD to grow BFO/CFO and other nano-
composites with the flexibility to tune the ratio of the two
phases, the structure, strain state and resulting
properties."””"**?*3¢ [n this work, LSC/CFO nanocomposites
were grown on SrTiO; (STO) (001) substrates using cPLD un-
der a range of deposition conditions, and the structure of the
nanocomposite was characterized. High temperature growth
produced columnar intrusions of CFO and CoO, within a
highly textured LSC matrix. Decreasing the growth tempera-
ture instead formed intermixed LSC and CFO grains with size
of a few nanometers, both highly textured with (00/) out-of-
plane orientation. The magnetic properties of the LSC/CFO
nanocomposite were characterized and were correlated with
the strain state of the CFO. Additionally, Ba, 5Sr( 5C0g gFe( 203
(BSCF)/CFO nanocomposites were synthesized under similar
growth conditions (see ESIt), demonstrating the capability of
producing other nanocrystalline spinel/cobalt-perovskite
systems.

2. Experimental methods

The spinel/perovskite nanocomposites were deposited by
combinatorial PLD, as shown in Fig. 1. To obtain samples
with different spinel/perovskite ratio from one deposition,
one material (perovskite phase) was deposited with n; pulses
and the other material (spinel) was deposited with n, pulses
(Fig. 1(a)). This sequence was repeated N times until the de-
sired thickness is obtained. The thickness of each layer that
was deposited in each sequence was below one unit cell. Be-
tween each set of pulses, the targets and substrate holder

(a) Perovskite Spinel
v

STO(001)

Position g4

'
Perovskite rich Spinel rich
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were moved such that a composition gradient was formed
across a distance of about 5 cm. A set of samples was pro-
duced during each deposition run with the perovskite to spi-
nel ratio for each sample depending on n,/n, and the posi-
tion of the substrate on the holder. To obtain several samples
with the same composition, the substrate holder was rotated
during deposition (Fig. 1(b)). A KrF excimer laser source (1 =
248 nm) was employed with repetition rate range from 2-10
Hz. The base pressure in the chamber was below 5 x 107°
Torr and the working pressure was 10 mTorr of oxygen. After
growth, the films were cooled down to room temperature in 2
Torr oxygen pressure. Several growth temperatures were
tested ranging from 560 °C to 680 °C. The substrates used in
this work were STO (001) single crystal substrates.

The surfaces and cross sectional structures of the nano-
composites were characterized with scanning electron micros-
copy (SEM). A Helios Nanolab 600 Dual Beam Focused Ion
Beam Milling System (FIB) was used to prepare cross sections
with a Ga' ion beam, after a Pt layer had been deposited onto
the surface for protection. The crystal structure of the sam-
ples was determined using a Rigaku Smartlab Multipurpose
Diffractometer, equipped with a 9 kW rotating anode X-ray
source and incident-beam Ge (022) double-bounce monochro-
mator. The reciprocal space map (RSM) was measured using
a Bruker D8 Discover diffractometer, with a Gobel mirror,
four-bounce Ge (022) channel-cut monochromator, Eulerian
cradle, and a scintillation counter, using Cu Ko, radiation.

Samples for transmission electron microscopy (TEM) mea-
surements were fabricated in the Helios Nanolab 600 dual
beam focused ion beam milling system. The Ga* focused ion
beam was operated at a voltage and current in the range of
30-2 keV and 9.5 nA-28 pA, respectively. The FIB cuts were
made parallel to the substrate edge in the <001> directions.
TEM measurements were performed using a JEOL 2010 FEG
microscope. The magnetic properties of the films were mea-
sured using vibrating sample magnetometry (VSM, ADE
model 1660) at room temperature.

(b) Perovskite Spinel

/

Fig. 1 Schematics showing the growth process of spinel and perovskite composite by combinatorial pulsed laser deposition; (a) samples with
different perovskite to spinel ratio grown during the same deposition; (b) by rotating the substrates, several samples are grown with the same

perovskite to spinel ratio.
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3. Results and discussion

3.1 LSC/CFO nanocomposite grown by combinatorial PLD at
680 °C

LSC/CFO nanocomposites with different LSC to CFO ratios
were grown by cPLD at 680 °C substrate temperature with n,
and n, both 50 pulses in each deposition cycle and N = 200
cycles (Fig. 1(a)). Fig. 2(a)-(c) shows SEM images of the LSC/
CFO surface, with the CFO ratio increasing from sample #1
to sample #3. Square inclusions with different sizes were em-
bedded in a dense thin film matrix, as shown in Fig. 2(g) for
sample #1. Dilute hydrochloric acid (HCI) was used to etch
the films. Fig. 2(d)-(f) presents SEM images of the LSC/CFO
nanocomposites after etching. The matrix material was pref-
erentially etched away. While the small inclusions are almost
unchanged after etching, there are small holes visible in the
center of the larger inclusions, seen in Fig. 2(d). HRXRD re-
sults (Fig. S1T) showed that the LSC phase in our LSC/CFO
composite film was highly textured with (001) orientation.
The peaks from CFO cannot be seen in the HRXRD data mea-
sured with monochromatic X-rays. Using XRD without the
monochromator optics, a small (004) peak from the CFO
phase can be observed (Fig. 2(h)). After HCI etching, the LSC
(002) peaks disappear while the CFO (004) peaks remain, as
shown for sample #2 (Fig. 2(h)).

The effect of etching on the peaks visible in the HRXRD
scan identifies the matrix to be a highly textured LSC phase,
whereas the smaller square inclusions and the shells of the
larger inclusions were likely CFO spinel. There is a third
phase at the center of the large inclusions which can be re-
moved by HCI etching. Due to the small volume fraction, the
phase cannot be identified from XRD. However, the structure
resembles the sputtered LSC/CFO composite structure grown
by Hoffmann et al.,”® in which CoO, was present. CoO, can

cFot

As deposited

T T T
HCl etched 44 45 46 47 48 49 50
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be removed readily by an HCI etch. Therefore, we conclude
the LSC/CFO nanocomposite grown at 680 °C exhibited phase
separation of CFO and LSC but additional CoO, was formed
at the cores of the CFO pillars. In comparison, Cu/SrO/
Sr(Ti,Cu)O; is another example of a core-shell-matrix 3-phase
epitaxial nanocomposite.*®

3.2 LSC/CFO nanocomposite grown by combinatorial PLD at
600 °C

3.2.1 Crystal structure. The deposition temperature was re-
duced to 600 °C in order to minimize the growth of the
unwanted phases, yielding an composite structure with quali-
tative structural differences compared to the nanocomposite
grown at 680 °C (growth at 560 °C produced similar struc-
tures to those grown at 600 °C, without the pillars seen at 680
°C). Films were grown with substrate rotation to give a uni-
form composition (Fig. 1(b)). The growth rates predict a vol-
ume fraction of 46% for the CFO. Fig. 3(a) and (b) give SEM
images of the surface and cross sectional structure of the 600
°C nanocomposites, which showed no obvious columnar
phase separation. HRXRD (Fig. 3(f)), however, shows peaks
corresponding to both CFO phase and LSC phase, both highly
textured with (00/) orientation on the STO (001) substrate.
High-resolution TEM (HRTEM) cross-sectional images of the
LSC/CFO film are shown in Fig. 3(c). Two types of atomic ar-
rangements which can be attributed to perovskite and spinel
structures are shown in the inset of Fig. 3(c). TEM diffraction
(Fig. S21) suggests the nanocrystals of the two phases are
highly textured on the substrate, despite lattice defects. The
dark areas observed in the TEM images are believed to be a
result of the inhomogeneous strain in the film, but may also
be related to artifacts of ion milling.

Both HRXRD and HRTEM results therefore indicate the
successful synthesis of a two-phase LSC/CFO nanocomposite,

(h)#2 — as deposited
STO.(003) HCl etched
CFO (004) L5C{002)

l

Intensity (a.u.)

26 (degree)

Fig. 2 (a—c) Top surface SEM image of LSC/CFO grown at 680 °C, with the fraction of CFO increasing from sample #1 to sample #3; (d-f) top
surface SEM image of LSC/CFO samples #1 to #3 after HCl etching; (g) cross-sectional SEM image of LSC/CFO sample #1, in which the two large
features in the film surface represent CFO surrounding CoO,; (h) 26-w scan of LSC/CFO sample #2 as deposited and after HCl etching.
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Fig. 3 (a) Top surface and (b) cross sectional SEM image of LSC/CFO nanocomposite grown at 600 °C, using 10 Hz laser frequency (n, = 50; n, =
200, N = 300); (c) HRTEM image of LSCF/CFQ, in which the insets show the structure of the LSC and CFO grains; (d) top surface SEM image and
(e) HRTEM image of LSC/CFO grown with 2 Hz laser frequency (n; = 50; n, = 200, N = 300); (f) comparison of the 26-w scan of LSC/CFO with
different growth rates, 10 Hz and 2 Hz (slow), and of CFO single phase and LSC single phase films grown at 600 °C, 10 Hz.

but without the columnar growth seen at 680 °C. Instead, the
films consisted of grains of the individual phases about 4 nm
in diameter (Fig. 3(c)), corresponding to a 0-0 nanocomposite.
This change in morphology may be a result of the slower
diffusion kinetics during deposition. If surface diffusion is
inhibited, adatoms cannot reach pre-existing columnar grains
and new grains nucleate instead giving a film consisting of
intermixed nanocrystals. To further explore the growth mech-
anism, we decreased the growth rate by a factor of 5 by de-
creasing the laser repetition rate from 10 Hz to 2 Hz. The sur-
face SEM image and HRTEM image of the LSC/CFO films
fabricated with slower growth rates is showed in
Fig. 3(d and e). The films grown at a slower rate showed
larger grains about 6 nm in diameter, but still did not form a
vertical nanocomposite.

3.2.2 Strain in LSC/CFO nanocomposite. Table 1 summa-
rizes the lattice parameters of LSC and CFO single phase and
nanocomposite films. Films of single phase CFO and LSC
grown under the same conditions of pulse rate, pulse energy
and temperature as the nanocomposite (600 °C, 10 Hz) were
highly textured on STO (001) substrate. The out-of-plane lat-
tice parameter of the CFO film was 0.8431 nm, which exceeds
that of bulk CFO (acro = 0.8391 nm). From the reciprocal

space map of CFO on STO (Fig. 4), the CFO in-plane lattice pa-
rameter was 0.8369 nm, indicating that the CFO film is not fully
strained to match the in-plane lattice parameter of the STO sub-
strate (asyo = 0.3905 nm). The CFO is therefore under in-plane
compression and has a tetragonal distortion (c/a = 1.007).

In contrast, the out of plane lattice parameter of an LSC
thin film (2a;sc = 0.7597 nm) grown on STO at 600 °C is
smaller than that of bulk LSC (bulk LSC: 2a;5c = 0.7680 nm
measured from the target),® which is likely due to the tensile
in-plane lattice strain imposed by the STO substrate.

In the LSC/CFO nanocomposites made at 600 °C the out-
of-plane lattice parameter of CFO was smaller than that of
the single phase film and bulk CFO. The CFO peaks in the re-
ciprocal space mapping of the nanocomposite were weak
(Fig. S37), precluding measurement of the in-plane lattice pa-
rameter, but the in-plane and out-of-plane lattice parameters
of the LSC/CFO nanocomposite were estimated based on the
HRTEM image (Table 1). This measurement suggests an out-
of-plane tensile deformation in the CFO.

The out-of-plane lattice parameter of LSC was considerably
larger than bulk, and the LSC (002) peak shifted from the
right of the STO (002) peak to the left in the 20-w scan
(Fig. 3(f)). The Young's modulus of LSC and CFO are quite

Table 1 In-plane (IP) and out-of-plane (OP) lattice parameters of bulk CFO and LSC, single phase films on STO, and nanocomposites on STO deter-

mined from HRXRD and HRTEM

OP lattice IP lattice OP lattice IP lattice
parameter of parameter of parameter of STO, parameter of STO,
Sample CFO, nm CFO, nm cla LSC, nm LSC, nm
Bulk STO (2asr0) 0.7810
Bulk LSC (2arsc) 0.7680
LSC thin film (2a;sc) 0.7597
Bulk CFO 0.8391 0.8391 1.00
CFO thin film 0.8431 0.8369 1.007
LSC/CFO 10 Hz 0.8318 (XRD), 0.84 (TEM)  0.81 (TEM) 1.04 (TEM)  LSC: 0.7892 (XRD), 0.79 (TEM)  LSC: 0.79 (TEM)
LSC/CFO 2 Hz 0.8370 (XRD), 0.84 (TEM)  0.82 (TEM) 1.02 (TEM)  LSC: 0.7890 (XRD), 0.79 (TEM)  LSC: 0.79 (TEM)
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Fig. 4 X-ray diffraction reciprocal space map of CFO single phase on
STO (100) at 600 °C, using 10 Hz laser frequency.

similar, with ~140 GPa for LSC*” and ~141.6 Gpa for CFO.%®
Epitaxy of LSC with CFO in the out-of-plane direction would
lead to compressive strain in CFO and tensile in LSC. How-
ever the measured distortion is large compared to the bulk
lattice parameter. Furthermore, TEM measurement of lattice
parameters showed no clear tetragonal distortion of the LSC,
and its unit cell volume exceeded that of bulk or single phase
thin film LSC. In our previous work,*® we observed elemental
redistribution in BiFeO;-MgO and BiFeO;-MgAl,O, nano-
composite films grown by combinatorial PLD such that the
pillars consisted of Mg(Al,Fe),0,. Hoffman'® also saw in LSC/
CFO grown by sputtering that Fe enters the perovskite. There-
fore, it is possible that besides different strain states, the LSC
in our LSC/CFO nanocomposite has a different composition
or oxygen content compared to single phase films, e.g. from
the incorporation of Fe into the LSC to become
La, gS1(,C0;_,Fe,O3 (LSCF). The lattice parameter of LSCF
was reported to increase with Fe content,* which is consis-
tent with our speculation of Fe incorporation into LSC lead-
ing to a larger lattice parameter than bulk LSC. This would
also lead to Co-rich CFO in the nanocomposite. At higher
growth temperature, the amount of Fe that diffuses from
CFO into LSC increases, which is likely to be the reason for
the formation of CoO, at 680 °C (section 3.1).

When the deposition rate of the nanocomposite was re-
duced by using 2 Hz laser repetition rate, the CFO out-of-
plane lattice parameter was intermediate between that of sin-
gle phase CFO on STO and that of the nanocomposite grown
at 10 Hz. This is attributed to strain relaxation during the
slower growth. The LSC lattice parameter in the LSC/CFO
showed little change between the two samples.

3.2.3 Magnetic properties of LSC/CFO nanocomposites.
Fig. 5 shows the magnetic hysteresis loops for single phase
CFO on STO as well as LSC/CFO nanocomposites on STO
made at 600 °C at two different growth rates. The single
phase CFO has a magnetization of 150 emu cm > at 12 kOe
field. This value is lower than expected for the saturation
magnetization M, of bulk CFO of 400 emu cm™,* but the
CFO film is not saturated at this field and the data represent
a minor hysteresis loop with magnetization below M. Using
wavelength dispersive spectrometry, the stoichiometry (Co: Fe

This journal is © The Royal Society of Chemistry 2016
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ratio) of the CFO films was quantified to be around 0.74,
which is larger than the ideal CoFe,O, stoichiometry (0.5).
Such deviations in the stoichiometry, as well as cation disor-
der between the tetrahedral and octahedral sites, can lower
M, and affect other magnetic properties.**

The magnetic anisotropy of the CFO includes contribu-
tions from shape, magnetocrystalline anisotropy and
magnetoelastic anisotropy. For the (001)-oriented film the
magnetocrystalline anisotropy energy is equivalent for in-
plane and out-of-plane directions. The shape anisotropy field
Hg, = 4nM; (cgs units) yields a maximum value for Hy, = 5
kOe based on M, = 150 emu cm . The magnetoelastic aniso-

_ e

tropy field is given by H = where 440 is the mag-

M

netostriction coefficient, Y is the Young's modulus and &, is
the in-plane strain assuming a volume-conserving strain.
Yero = 141.6 GPa, dgor.cro = (—250 to —590) x 10°° (ref. 42)
and ¢&;90 = 0.005 for a tetragonally distorted unit cell with c/a
=1.007, yielding H, = ~1-2.5 kOe for the single crystal film.
Both the magnetoelastic anisotropy and the shape anisotropy
favor an in-plane easy axis, while the magnetocrystalline
anisotropy favors magnetization along <111> since K;, the
first order term in the magnetocrystalline anisotropy is nega-
tive. Both loops show hysteresis with a low-field step that
may indicate part of the film is easier to magnetize, for exam-
ple due to partial strain relaxation as indicated in the RSM.

The nanocomposites made at 600 °C show much lower
saturation fields than the single phase film, and an in-plane
easy axis. The lower anisotropy is consistent with the more
equiaxed grain shape and the lower strain compared with the
single-crystal film. The small grain size may also facilitate
thermally assisted reversal. The LSC/CFO nanocomposites
saturate at around 30-60 emu cm >, when normalized to the
volume of the entire film. This gives a saturation magnetiza-
tion for CFO of around 60-120 emu cm ™ based on a 46% vol-
ume fraction, lower than for the CFO film. This may be an in-
dication of a Fe depletion of CFO stoichiometry in the
nanocomposite, as reported by Hoffman.'> An LSC single
phase film had negligible M, below ~2 emu cm™>, as shown
in Fig. S6.7

For comparison, the loops of the LSC/CFO nano-
composites grown at 680 °C are given in Fig. S5.f The loops
are isotropic without hysteresis, with a significantly lower sat-
uration magnetization than that of the nanocomposites
grown at 600 °C. The magnetization increased with CFO con-
tent as expected. Etching lowered the magnetization by a fac-
tor of 2.3-2.8. Since etching removes the perovskite phase
but not the spinel, we conclude that some of the magnetic
signal originated in the perovskite phase, presumably as a re-
sult of the cation interdiffusion between the phases since
single-phase LSC has little magnetic moment.

3.3 Discussion

BFO/CFO nanocomposites grown by cPLD are well known to
exhibit columnar growth at a temperature as low as 560 °C,

CrysttngComm, 2016, 18, 7745-7752 | 7749
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Fig. 5 In-plane (IP) and out-of-plane (OP) hysteresis loops of (a) CFO, (b and c) LSC/CFO grown at 600 °C, using (b) 10 Hz and (c) 2 Hz laser repe-

tition rate. M is normalized to the total volume of the film.

making a structure of CFO pillars in BFO matrix."® In this
work, even at 600 °C the LSC/CFO nanocomposites formed a
mixture of small grains, highly textured with (001) orienta-
tion on the substrate. The reason for such a difference is
likely due to a smaller diffusion distance of LSC compared
with BFO at this temperature. Zheng et al.** modeled the
growth of BFO/CFO nanocomposites as a diffusion process,
assuming the transport is limited to the solid-vapor interface
and diffusion within the bulk is negligible. Based on the BFO
and CFO nanopillar sizes as a function of growth tempera-
ture, they identify the activation energy of adatom diffusion
of CFO and BFO to be 1.66 eV and 0.58 eV, respectively,
which were believed to be related to the diffusion barrier to
form a pillar structure. Based on these activation energies,
Comes et al.** further estimated the adatom diffusion length
of CFO at 600 °C to be around 55 nm. In our case, the do-
main size of each phase in LSC/CFO nanocomposite is a few
nm, suggesting the diffusion length of LSC at 600 °C is much
smaller than that of CFO. Such differences may be related to
the higher diffusion coefficients of Fe and Co than those of
Sr and La, as quantified for LSC by Kubicek et al.*® The in-
crease of grain size for slower growth rate is also an indica-
tion that the growth of the nanocomposite is limited by diffu-
sion. When the temperature is higher (680 °C), the diffusion
might become fast enough to enable the formation of nano-
pillars as we observed in section 3.1. However, the higher
temperature also introduced the formation of a third phase
in the nanocomposite.

The LSC/CFO nanocomposites consist of uniformly distrib-
uted nanoscale grains of two phases, and can be described as
0-0 nanocomposites. Due to the small grain size, each phase
in the nanocomposite can sustain a large strain. These results
suggest that the 0-0 nanocomposite could serve as platform
for strain engineering of material properties. To demonstrate
the capability of producing other nanocrystalline spinel/
perovskite systems, we also synthesized nanocomposites made
of CFO and Bay 5Sr,5C0, sFep,0; (BSCF),*® one of the most
active cobaltite cathodes with very high oxygen exchange coef-
ficient. The same deposition procedure (T = 600 °C, n; = 50,
n, = 200, N = 300, f = 10 Hz) as in Fig. 1(b) was used to grow

7750 | CrysttngComm, 2016, 18, 7745-7752

a BSCF/CFO nanocomposite structure by replacing the LSC
target with a BSCF target. The BSCF and CFO were phase-
separated during deposition with the grain size similar to the
case of LSC/CFO (~4 nm), and were highly textured in the
(00]) orientation (Fig. S4(b-d)f). The out-of-plane lattice pa-
rameter of CFO in the BSCF/CFO nanocomposite (0.8388 nm)
is larger than that of CFO in LSC/CFO (0.8318 nm), which is
consistent with the larger lattice parameter of BSCF (bulk
BSCF: 2agscr = 0.792 nm)*” than that of LSC (bulk LSC: 2a;sc
= 0.7680 nm).® The BSCF/CFO nanocomposite shows low co-
ercivity and saturation field below 2 kOe, with little aniso-
tropy. This may be attributed to the small equiaxed grains
and the low strain state seen in Fig. S4(e).}

4. Conclusion

Combinatorial PLD was used to grow LaygSr,,Co0; (LSC)/
CoFe,0, (CFO) nanocomposites on SrTiO; (001) substrates
under various growth conditions. At a substrate temperature
of 680 °C the LSC/CFO consisted of columns of CFO and
CoO, within a highly textured LSC matrix, but at 600 °C, LSC/
CFO nanocomposites consisted of grains of LSC and CFO a
few nanometers in diameter, and both phases were highly
textured. The grain size increased with decreasing growth
rate. The magnetic anisotropy and magnetization of the
nanocrystalline CFO was smaller than that of single phase
CFO film on STO, which is likely due to the strain relaxation
and Fe diffusion from CFO into LSC. Bay 5Sr,sC0,gFe o
(BSCF)/CFO nanocomposites were also synthesized using
similar growth conditions, and demonstrated near-bulk CFO
lattice parameter and a low magnetic anisotropy. The forma-
tion of nanocrystalline composites instead of columnar struc-
tures is attributed to limited diffusion on the surface of the
growing film. This synthesis approach could be applied to
produce other strained nanocrystalline spinel/perovskite sys-
tems, which may be useful as catalysts or multiferroics. Our
ongoing effort is to characterize the electrochemical catalytic
activity of those perovskite/spinel composites through strain
engineering by choosing appropriate components in the
structure.

This journal is © The Royal Society of Chemistry 2016
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