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A B S T R A C T

Bi-phasic composite films are generally grown as multilayers that result in layer-by-layer morphology with each
layer having a distinct chemical composition. In this work, we report an all-in-one chemical synthesis technique
combined with spin-coating to prepare single-layer bi-magnetic LaFeO3 (LFO)-CoFe2O4 (CFO) composite thin
films with both phases co-existing in the same layer. The films have been characterized using X-ray diffraction
(XRD) and transmission electron microscopy (TEM), and the magnetic properties have been probed using dc
magnetometry at room and low temperature. The unique synthesis technique followed ensures homogeneity of
the two phases on the nanoscale with grain sizes ~10 nm for CFO and few tens of nm for LFO, as observed from
TEM images. XRD confirms the presence of only the desired LFO and CFO phases in the films without any
undesired secondary phases. Magnetic hysteresis loops reveal a coercivity of ~0.2 T at room temperature that
increases by nearly one order of magnitude at T = 5 K. The all-in-one synthesis technique reported here can be
used to prepare different bi-phasic composites in the form of single-layer two-dimensional films as well as zero-
dimensional nanoparticles by a suitable modification of the precursors, solvents, and chelating agents.

1. Introduction

Magnetic composites are important functional materials with po-
tential applications in the development of modern devices [1–6]. In
particular, low-dimensional correlated electron oxide systems [7] and
their composites [8–10], where the magnetic properties are intricately
linked to the structural and electronic properties, offer exciting op-
portunities [11]. To extend their applicability, these materials need to
be grown in the form of thin films using scalable and efficient techni-
ques. In the recent past, we have reported the preparation of proto-
typical zero-dimensional LaFeO3 (LFO)-CoFe2O4 (CFO) nanocomposites
and demonstrated how the magnetic properties as well as the extent of
magnetic coupling in the nanocomposites can be controlled depending
on the synthesis route [10]. In this work, we report a unique sol–gel
based synthesis technique to prepare bi-phasic thin films of LFO-CFO.
The chosen constituent components, LFO and CFO, represent perfect
models for two classes of magnetic materials with remarkable physical
properties. LFO is a canted G-type antiferromagnet with a high ordering
temperature of ~750 K [12]. It has an orthorhombic perovskite

structure, in which the Fe3+ ion is surrounded by six O2− ions and
forms an octahedron. The Fe3+ spins are coupled antiferromagnetically
with opposite spin direction between two sub-lattices. The second
phase in the composite films, CFO, is a typical ferrimagnet (ordering
temperature ~800 K) exhibiting high saturation magnetization, high
coercivity, and large magnetic anisotropy [13]. Studies that combine
LFO with a ferrimagnetic spinel system are relatively rare, although this
combination is a promising candidate for tuning the magnetic proper-
ties of LFO that can then be used in applications such as sensors, data
storage media, spintronic devices, and multiple stage memories
[11,14].

The unique “all-in-one” synthesis technique that we use ensures that
both phases of the composite film co-exist in the same layer. The
samples are, thus, intrinsically different from multilayers or hetero-
structures [15], where each layer has a distinct chemical composition.
In the following sections, we first present the details of the synthesis
technique used to prepare the films, followed by their structural,
morphological, and magnetic characterization.
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2. Synthesis and experimental techniques

2.1. Synthesis

In a typical synthesis process, individual sols of LFO and CFO were first
prepared separately. For the CFO sol, cobalt acetate tetrahydrate
(CH3COO)2Co·4H2O (Sigma-Aldrich) and iron nitrate nonahydrate Fe
(NO3)3·9H2O (Sigma-Aldrich) were dissolved at room temperature in stoi-
chiometric amounts in 2-methoxyethanol (Sigma-Aldrich) with a con-
centration of [Co2+] = 0.2 mol.l−1. Next, ethanolamine (EA) was added in
a ratio Co2+:Fe3+: EA = 1:2:3. For the LFO sol, stoichiometric amounts of
lanthanum nitrate hexahydrate La(NO3)3·6H2O (Sigma-Aldrich) and iron
nitrate nonahydrate Fe(NO3)3·9H2O (Sigma-Aldrich) were dissolved at room
temperature in 2-methoxyethanol with a concentration of
[La3+] = 0.2 mol.l−1. Next, EA was added in a ratio
La2+:Fe3+:EA = 1:1:2. The two sols were stirred separately at room tem-
perature using a magnetic stirrer for 1 h to ensure homogeneous mixing of
the precursors. Equal volumes of the above sols were then mixed to prepare
an LFO/CFO composite sol using a magnetic stirrer for 1 h at room tem-
perature. Mixing equal volumes of the equimolar LFO and CFO sols ensured
that the composite sol would lead to a 1:1 ratio of the two phases. LFO, CFO,
and LFO/CFO films were prepared by spin-coating the LFO, CFO, and
composite sols, respectively, on Si(1 0 0) substrates at 3000 rpm for 30 s.
Before deposition, the Si substrates were cleaned using RCA cleaning
method followed by oxygen plasma etching. Each film was dried on a hot
plate at 200 °C, and then annealed in a muffle furnace at 800 °C for 1 h
using a ramping rate of 20 °C/min.

2.2. Characterization techniques

The samples were characterized by X-ray diffraction (XRD) obtained

using a D-5000 diffractometer with CuKα radiation operating at 45 kV
and 40 mA. The film was fixed using a specific sample holder at the
level of the X-ray source that was fixed at a grazing angle of 1° while the
detector scanned the angle range. The data were collected in the range
2θ = 20 − 80°, with a step size of 0.05°. Rietveld analysis of the XRD
data was performed using MAUD [16].

The composition of the film was investigated by energy dispersive X-
ray (EDX) spectroscopy performed using a Tescan Vega3 scanning elec-
tron microscope equipped with an EDAX Element microanalysis. The
atomic concentrations of La, Co, and Fe were measured on eight different
large areas of the sample (each area was approximately 4000 μm2).

Transmission electron microscopy (TEM) observations were carried
out on a Philips CM200 electron microscope equipped with a LaB6 fi-
lament and operating at 200 kV. For TEM cross-sectional observations,
samples were prepared by the conventional thinning procedure con-
sisting of mechanical polishing by grinding papers, diamond pastes, and
a dimple grinder. Final thinning was carried out by an ion beam system
(Gatan PIPS) using Ar ions at 5 kV.

Magnetic field-dependent magnetization of the films was collected
using a superconducting quantum interference device (SQUID) magnet-
ometer from Quantum Design Inc. The films were attached on a piece of
paper using GE Varnish (Oxford Instruments) and mounted with their
planes parallel to the direction of magnetic field. Magnetic hysteresis loops
were recorded at T = 300 K and 5 K in the −5 T to +5 T field range.

3. Results and discussion

3.1. Structural and morphological characterization

The XRD patterns of the films are shown in Fig. 1. For the LFO and
CFO films, the observed reflections can be indexed to the orthorhombic

Fig. 1. XRD patterns of (a) LFO, (b) CFO, and (c) LFO/CFO composite thin films.
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structure of LFO (s.g. Pnma) and the cubic structure of CFO (s.g. Fd-
3 m), respectively, as shown in Fig. 1a and b. For the composite film,
reflections corresponding to both LFO and CFO can be observed, as
indicated by the blue and red asterisks, respectively in Fig. 1c.

A careful look at the XRD patterns reveals that the reflections cor-
responding to the LFO phase in the composite film show a right shift of
the peaks compared to the pure LFO film. This can be seen more clearly
when the XRD patterns are co-plotted on the same graph (Fig. S1 in
electronic supplementary material). This shift of the peaks suggests a
distortion of the unit cell due to strain. To get a more quantitative
measure of the effect of strain on the lattice parameters, we have per-
formed Rietveld refinement of the XRD patterns and extracted the cell
parameters. The Rietveld refinement fits are shown in Fig. S2 (elec-
tronic supplementary material), and the extracted cell parameters are
given in Table 1. The LFO film shows a small decrease in the lattice
parameter ‘a’ compared to the reference structure (258500-ICSD), while
the CFO film has a lattice parameter very close to the bulk reference
(257981-ICSD). Analysis of the composite film reveals that the LFO
phase undergoes a clear compression of the unit cell will a decrease in
all three lattice constants with respect to the bulk, confirming what was
qualitatively suggested by the shift of peaks in the XRD pattern.

EDX analysis to check the composition of the composite film yielded
the following values in atomic percentage: La = (21 ± 2) At%;
Co = (21 ± 2) At%; Fe = (57 ± 2) At%. Oxygen was not considered
because EDX technique is not suitable for quantifying light elements.
Clearly, the concentration of La and Co is the same and one third of the
Fe atomic concentration, inside the experimental errors. This result is in
perfect agreement with the nominal composition of the film and the

stoichiometry of the compounds: LaFeO3 (50%) + CoFe2O4 (50%).
TEM analysis was performed on cross sectioned samples. In parti-

cular, a general view of the LFO/CFO film is shown in Fig. 2a. The film
is composed of superimposed nanocrystals that, in proximity of the
substrate, leave space for small pores (red arrows). The nature of the
crystals was investigated by selected area electron diffraction (SAED)
measurements and high resolution TEM (HR-TEM) observations. Fig. 2b
shows a typical diffraction pattern of the film. The biggest spots are due
to the silicon substrate, while the other spots can all be attributed to the
CFO and LFO phases. HR-TEM analysis has confirmed the crystalline
nature of the film, with a general tendency of the LFO phase to be in
contact with the substrate and to form larger grains (Fig. 2c). The film
thickness is uniform and ~50 nm.

3.2. Magnetization measurements

Field dependence of magnetization of the CFO and LFO/CFO thin
films recorded at T = 300 K and 5 K are shown in Fig. 3a and b, re-
spectively. The magnetization values have been corrected for substrate
contribution. The LFO film, being antiferromagnetic, has a very low
moment that is beyond the measurement capability of the SQUID
magnetometer. Fig. 3 shows that the saturation magnetization value of
the composite thin film is approximately half the corresponding value
of the CFO thin film at both temperatures, in agreement with the ratio
of LFO:CFO = 50:50 in the composite thin film. Interestingly, both
films show the same value of coercivity (0.2 T) at T = 300 K, while at
T = 5 K, the value of coercivity increases marginally in the composite
thin film (1.75 T) compared to that of CFO thin film (1.65 T). Such an
increase in the coercivity of LFO/CFO compared to the pure phases has
been reported before in nanoparticles for certain compositions [17].
The shape of the M(H) loops can be quantified by the parameter
σ = Mr/M(5T), where Mr = remanent magnetization and
M(5T) = magnetization at H = 5 T. The CFO film exhibits a higher value
of σ both at low as well as room temperature (σCFO = 0.66 and 0.40 at
T = 5 K and 300 K, respectively, while the corresponding values for the
composite film are σ = 0.52 and 0.20). The interface exchange cou-
pling between the antiferromagnetic LFO and ferrimagnetic CFO par-
ticles might be responsible for the change in shape of the M(H) loops.

The all-in-one synthesis technique used here, where both phases of
the composite film exist in the same layer can lead to unique orienta-
tional relationships between the atomic planes of the two phases. We
have observed such oriented growth of one phase over the other in
nanocomposite samples prepared using a similar synthesis route, where

Table 1
Lattice parameters of the LFO and CFO phases in the LFO, CFO, and composite
film as extracted from Rietveld refinement of the XRD data. The lattice para-
meters corresponding to the reference patterns are also mentioned.

Sample Phase Lattice parameters (Å)

a b c

LFO film LFO 5.525(2) 7.853(3) 5.549(2)
CFO film CFO 8.3625(5)
LFO/CFO composite film LFO 5.501(7) 7.837(8) 5.532(6)

CFO 8.359(2)
Ref. 258500-ICSD LFO 5.5621(1) 7.8516(1) 5.5520(1)
Ref. 257981-ICSD CFO 8.367(1)

Fig. 2. LFO/CFO composite thin films: a) bright field TEM general view, b) corresponding selected area diffraction pattern, and c) high resolution TEM image.
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the atomic planes of one phase were seen to deform in order to match
atomic planes of the second phase [18]. Such an interface should lead to
very strong magnetic coupling between the two phases. To explore this,
we have performed direct current demagnetization (DCD) experiments.
In Fig. 4, we show the DCD curves for the CFO and LFO/CFO thin films
obtained at T = 5 K. The DCD curve is obtained by first saturating the
sample in a negative field (−5 T), and then measuring the remanent
magnetization after applying and switching off reverse (positive) fields
of increasing amplitude up to H = +5 T. This measurement protocol
allows us to investigate the irreversible process of magnetization. Fig. 4
shows the MDCD versus reverse magnetic field (black curves) as well as
the differentiated curve of MDCD with respect to H (red curves) for the
two films. The latter represents the irreversible component of suscept-
ibility (χirr). This quantity can be considered to be a measure of the
energy barrier distribution, which is associated to the distribution of
particle’s switching field, defined as the field necessary to overcome the
energy barrier during an irreversible process [19]. In general, in a bi-
magnetic composite system, when the magnetic coupling between the
two phases is weak, the χirr plots show the presence of two peaks
corresponding to the reversal processes of the two individual phases
[10]. In this case, however, the χirr plots show the presence of a single
peak, indicating a single average switching field, even for the composite
film. This indicates the presence of strong magnetic coupling between

the two phases in the composite film, reminiscent of a single-phase
material.

4. Conclusions

In summary, we have established a new route to prepare composite
thin films with the two phases coexisting in the same layer. Prototypical
magnetic systems, antiferromagnetic LFO and ferrimagnetic CFO, were
used to demonstrate the new synthesis technique. Our films show a
uniform thickness of ~50 nm and grain sizes of ~10 nm for CFO and
few tens of nm for LFO. The composite thin film, despite the presence of
a large fraction (50%) of an antiferromagnetic phase (LFO) exhibits
coercivity values that are comparable to that of CFO both at room as
well as low temperatures. This new, low-cost, scalable synthesis tech-
nique can be highly useful in preparing composite thin films for ap-
plications in different technological areas.
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