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Abstract

BiFeO3; (BFO) and LaFeOj; (LFO) heterostructures were obtained at room temperature on Pt/TiO,/SiO,/Si (100) substrates by chemical
solution deposition. The films were coherently grown at a temperature of 500 °C for 2 h. The magnetoelectric coefficient measurement was
performed to show magnetoelectric coupling behavior of such heterostructures. The bottom BFO layer in the heterostructure was able to promote
the grain growth of the LFO during the annealing process resulting in huge crystal size. Dielectric permittivity and dielectric loss measurements
demonstrated only slight dispersion with frequency due to the lower two-dimensional stress in the plane of the film. Improvement of the P-E
hysteresis loop was observed for the heterostructure due the decrease of leakage current caused by the LFO sublayer. Room temperature magnetic
coercive field measurements indicate that the LFO and LFO/BFO present different magnetic behavior. The magnetic behavior of the

heterostructure is influenced by the crystallite size.
© 2015 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction

Multiferroic materials [1,2] exhibit several ferroic (or anti-
ferroic) orders simultaneously and can be ferroelectric and
ferroelastic [3] or ferroelectric and ferrimagnetic [4,5]. The
existence of several different parameters in a given material is
attractive for memory storage applications as it offers the
possibility to store twice as much information in a given memory
cell volume, thereby providing an exponential increase in storage
density [6]. Ferromagnetic and ferroelectric order parameters are
widely used to store binary information in MRAMs [7] and
FeRAMs [8], respectively but, unfortunately, ferroelectric ferro-
magnets (or ferrimagnets) are very scarce and the quest for a
material with both large finite polarization and magnetization at
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room temperature is still in progress. To reach this goal, it is
neccessary to obtain materials with magnetoelectric coupling.
Among all known multiferroics, the only compound that satisfies
these criteria is BiFeOs (BFO). First synthesized in the late 1950s
by Kiselev et al. [9,10], BFO was shown to be a G-type
antiferromagnet with a Néel temperature of 630 K. Later,
Sosnowska et al. showed that the magnetic order of bulk BFO
is not strictly collinear and that a cycloidal modulation with a
period of 62 nm is present [11]. Although some methods have
been used to decrease the current density leakage of BFO thin
films, their electrical behavior is still not ideal [12—15]. Among
these promising methods, the bilayered structure consisting of
BFO and other ferroelectrics may be a more promising method
for decreasing the leakage current density and improving the
electrical properties of BFO, because of the bilayered structure.
The bilayered thin films consisting of BFO and one other
ferroelectric layer have been reported [13—15], such as Bi;,Nay,
>Ti0;, Pb(Zr,Ti)O;. Some interesting results have been demon-
strated by such a bilayered structure, such as the reduction in
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current density leakage, the improvement in phase purity, and the
enhancement in fatigue behavior, but their polarization value is
much lower as compared with the intrinsic polarization of BFO
thin films. In the present work, the bilayered thin films consisting
of BiFeO; and LaFeO5; were grown in situ on Pt/TiO,/SiO,/Si
(100) substrates without any buffer layers by the chemical
solution deposition method by controlling the thickness of the
layers. Lanthanum orthoferrite LaFeO; (LFO) is a perovskite
oxide with semi-conducting behavior [16], and has been exten-
sively studied with reference to several potential applications,
such as in gas sensors and as an electrode material in solid-state
fuel cells (SOFC) [17]. This oxide crystallizes in an orthorhom-
bically distorted perovskite structure with anti-ferromagnetic
characteristics [18]. The particular characteristics of anti-ferro-
magnetism and an extremely high ordering temperature (7y) are
very promising for the use of the material in the storage industry,
in spin valves, in exchange bias applications and in heterostruc-
tures of magnetic/magnetic and magnetic/electric films [19-22].
The magnetoelectric (ME) coefficient aME=dE /dH=dV /(tdH)
is the most critical indicator for the magnetoelectric coupling
properties in multiferroic materials, where V is the induced
magnetoelectric voltage, H is the exciting ac magnetic field,
and ¢ is the thickness of the sample used for measuring V across
the laminate [22]. Among the various approaches to improve the
magnetoeletric coupling in BFO thin films, a combination of
antiferromagnetic (AFM) layer consisting of LaFeO5 (LFO) is a
promising candidate to improve the coupling between the
magnetic and polarization states of the BFO. Antiferromagnetic
(AFM) layers play a key role in such magnetoeletronic device
applications, where they serve to pin an adjacent ferromagnetic
(FM) layer by force of the exchange-bias coupling [23]. The
interest in exchange-biased nanostructures has accelerated
recently, as a result of advances in fabrication methods and the
emergence of novel tools for characterization of magnetic and
electrical properties with high spatial resolution. Theoretical
models describing exchange-bias recognize the formation of
domains in the antiferromagnet as being important to the strength
of the exchange coupling. The mechanism responsible for domain
formation is not as straightforward as in the case of ferromagnets,
since there is no macroscopic demagnetizing field. The fact that a
multidomain configuration is usually observed in antiferromag-
nets is commonly explained by domain stabilization due to lattice
imperfections, such as crystalline twins, dislocations, and inter-
stitial atoms. Distortions of the crystalline structure, e.g., due to
epitaxial strain, couple to the magnetic order parameter through
magnetoelastic effects and are believed to play a key role in the
AFM domain formation. The AFM domains are of particular
importance to exchange-biased thin film nanostructures compar-
able in size on the exchange coupling by domain formation in the
antiferromagnet. While an extensive body of research exists on
magnetic domain formation in FM nanostructures, far less is
known about the formation of domains in nanoscale
antiferromagnets.

To our knowledge, no reports are available on the magneto-
electric coefficient dependence on the dc bias magnetic field of
the LFO-BFO heterostructure. The magnetic and dielectric
properties of such thin films crystallized by the polymeric
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precursor method were investigated for being crucial for
device engineering applications. The motivations are as
follows: LaFeOs, a room temperature antiferromagnetic, can
be used to introduce strain and chemical heterogeneities, and
the periodicity of a heterostructure can tailor the collective
physical properties of the system.

2. Experimental procedure

The thin films were prepared using the polymeric precursor
method, as described elsewhere [24]. The films were spin
coated (KW-4B, Chemat Technology) on (100) Pt/Ti/SiO,/Si
substrates by a commercial spinner operating at 5000 revolu-
tions/min for 30s. Each annealing layer was pre-fired at
300 °C for 1h in a conventional oven. After the pre-firing,
each layer was crystallized in a conventional furnace under
static air at 500 °C for 2 h up to 10 layers. Phase analysis of
the films was performed at room temperature from X-ray
diffraction (XRD) patterns recorded on a Rigaku-DMax
2000PC with Cu-Ka radiation in the 26 range from 20° to
60° with 0.3°/min steps. For Rietveld analyses, X-ray diffrac-
tion data were collected under the following experimental
conditions: 40 kV, 30 mA, 20° <260 <60°, A260=0.02°, ACu
ko monocromatized by a graphite crystal, divergence slit=2
mm, reception slit=0.6mm, step time=10s. The Rietveld
analysis was performed with the Rietveld refinement program
DBWS-941 1. The profile function used was the modified
Thompson-Cox-Hasting pseudo-Voigt, in which # (the lorent-
zian fraction of the function) varies with the Gauss and Lorentz
components of the full width at half-maximum. The annealed
thin film thickness was determined using scanning electron
microscopy (SEM) (Topcom SM-300) by checking the cross-
section where back-scattered electrons were utilized. Three
measurements were taken to obtain an average thickness value.
The surface morphology of thin films was measured by atomic
force microscopy (AFM) using a tapping mode technique
(Nanoscope Ila-Bruker). Dielectric properties of the capacitor
were measured with an HP4192A impedance/gain phase
analyzer under zero bias for a film thickness of 270 nm for
the heterostructure, 250 nm for a BFO layers and 280 nm for
the LFO layer. The crystallite size (d) of the films was
calculated using the Scherrer equation d==kA/fcos 0, where k
is a constant, 4 is the wavelength of X- rays, and S is the full
width at half-maximum (FWHM) for maximum reflection
measured from a slow scan where 6 is the diffraction angle
of the main peak.

A 0.5 mm diameter top Au electrode was sputtered through
a shadow mask at room temperature. After deposition of the
top electrode, the film was subjected to a post-annealing
treatment in a tube furnace under an oxygen atmosphere at
300 °C for 1h. Here, the desired effect was to eventually
decrease present oxygen vacancies. The J-V measurements
were recorded on the Radiant Technology tester in the current—
voltage mode, with a voltage change from 0 to+ 10 V, from
+10 to —10V and back to OV. The hysteresis loop
measurements were carried out on the films with a Radiant
Technology RT6000HVS at a measured frequency of 60 Hz.
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These loops were traced using the Charge 5.0 program
included in the software of the RT6000HVS in a virtual
ground mode test device. The magnetoelectric coefficient
measurements in the films were attained in a dynamic lock-
in technique. Additionally, an ac magnetic field up to 10 Oe
with frequency of 7 kHz was superimposed onto the dc field.
The ac field was produced by a Helmholtz-type coil (180 turns
with a diameter of 50 mm), driven by an ac current generated
by a function generator (Philips PM5192). The amplitude of
the ac field was calculated from the driving current measured
by a multimeter (Keitley 196 System DMM). Films were
located in the magnetic field with the surface perpendicular or
parallel to the field direction, for longitudinal and transverse
measurements, respectively. The dc magnetic bias field was
produced by an electromagnet (Cenco Instruments J type). The
time-varying dc field was achieved by a programmable dc
power supply (Phillips PM2810 60 V/5 A/60 W). A Hall probe
was employed to measure the dc magnetic field. Magnetization
measurements were done by using a vibrating-sample magnet-
ometer (VSM) from Quantum Design™. The magnetoelectric
signal was measured by using a lock-in amplifier (EG&G
model 5210) with input resistance and capacitance of 100 MQ
and 25 pF, respectively.

3. Results and discussion

Fig. 1 shows the XRD patterns of the heterostructured thin
films fabricated in this work as well as for the LFO and BFO
film. The XRD spectrum can be separated in two sets of well-
defined peaks, one of which belongs to the perovskite BFO
and the other to the LFO. The polycrystalline film exhibits a
pure perovskite phase and its nature can be attributed to the
differences in nucleation energy between the ferroelectromag-
netic material and the electrode. Except for the Si (100) and Pt
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Fig. 1. X-ray diffraction of thin films deposited by the polymeric precursor

method and annealed at 500 °C in static air for 2 h. (a) LFO, (b) BFO and
(c) LFO/BFO.
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(111) peaks, no peaks of impure phases such as BiFe Oy and
BiyeFe>O;, were found so pure phase BiFeO; films were
obtained by the soft chemical method. The clear identification
of these two sets of peak groups without any secondary phase
shows that there was little chemical reaction or diffusion
between these two constituent layers. The crystal sizes of the
phases involved were calculated using the Debye-Scherrer
equation, which gave a crystal size of 24 nm for the BFO film
and a crystal size of 37 nm for the LFO layer. Meanwhile, the
crystal size was around 40 nm for the LFO/BFO layer. These
results reveal that the crystal size of the BFO sublayer in the
heterostructure was smaller as compared to that of the sublayer
counterpart (BFO). The lattice parameters (a¢ and c) and the
unit cell volume (V) of the BFO layers are a (A)=5.6011,
¢ (A)=13.6429, V (A*=371.01. The atomic positions obtai-
ned by Rietveld analyses belong to the ICSD card (PDF 71-
2494) with hexagonal symmetry. In addition, the films are
polycrystalline without epitaxy along specific orientation. LFO
crystallizes in a distorted antiferromagnet perovskite-structure
(orthorhombic, a=5.557 A, b=5.5652 A, and ¢=7.8542 A)
which belongs to the ICSD card (JCPDS file No. 37-1431).
Fig. 2 shows the SEM cross sectional image of the LFO—
BFO heterostructure. The SEM studies reveal a clear boundary
between two different layers, indicating that the LFO sublayer
was deposited on the top of the BFO sublayer. Substantial
diffusion between two different phases was not observed,
which is consistent, with the XRD phase analysis results.
The surface morphologies of the heterostructure and the
single layer LFO and BFO are shown in Fig. 3. The
heterostructure consists of grains with random size distribution
with an average grain size of 68 nm (Fig. 3c). Fig. 3a shows
the single-layered LFO thin films which exhibit a much
smaller grain size of 35 nm while the BFO grain were about
43 nm in size with high porosity which indicates that the
bottom BFO layer in the heterostructure was able to promote
the grain growth of LFO during the annealing process. As
expected from the larger LFO grain size, the surface roughness
of the heterostructure, which was nearly 13 nm, was much

2

thin film

Fig. 2. Cross section of LFO/BFO thin films deposited by the polymeric
precursor method and annealed at 500 °C in static air for 2 h.
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Fig. 4a—c shows frequency-dependent dielectric behavior of
the LFO, BFO and the heterostructured film annealed at
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Fig. 3. AFM micrographies of thin films deposited by the polymeric precursor Fig. 4. Dielectric permittivity and dielectric loss spectra of thin films deposited
method and annealed at 500 °C in static air for 2 h. (a) LFO; (b) BFO and by the polymeric precursor method and annealed at 500 °C in static air for 2 h.
(c) LFO/BFO. (a) LFO and (b) LFO/BFO as a function of frequency.
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to 1 mHz. The films have a small dielectric dispersion at low
frequency and the dielectric constants decrease slightly with
the frequency, indicating that the films have a good interface
with the bottom electrode. The dielectric constant shows very
little dispersion with frequency indicating a low concentration
of defects at the interface film-substrate. The low dispersion of
the dielectric constant and the absence of any relaxation peak
in tan 0 indicate that both, the interfacial polarization of the
Maxwell Wagner type and a polarization produced by the
electrode barrier can be neglected in the film measurements.
The dielectric constant and dissipation factor, at 100 kHz, were
found to be 290 and 0.06, respectively for the LFO film
(Fig. 4a), 360 and 0.018 for the BFO film. The heterostrutured
film had a smaller relative dielectric permittivity (400) when
compared with those previously reported in ceramics or films
[1,25-31]. The observed improvement in the dielectric per-
mittivity may be associated with higher structural disorder and
two-dimensional stress in the plane of the film. The tan o
values of the LFO/BFO films changed with increasing
frequency suggesting that the films exhibited space charges
in low concentration in the sublayers. The tangent loss of the
heterostructure is 0.03 and stabilizes after a certain frequency
indicating that space charges and defects associated with
interfaces have effect in the interface due the improvement
in the dielectric permittivity.

Fig. 5 shows the leakage currents density as a function of
voltage measured at room temperature. The curve was
recorded with a voltage step width of 0.1 V and elapsed time
of 1.0s for each voltage. The measured logarithmic current
density (log J) versus the voltage (V) is symmetric and shows
two clearly different regions. The insulating properties of the
films were found to be dependent on the heterostructure. The
leakage current density decreased for the LFO and hetero-
structured film as compared to pure BFO layer. Such a
reduction in leakage current density may be attributed to
reduction of the number of electrons injected from the cathode
at a rate faster than they can travel through the film. A low
threshold electric field was applied in order to overcome the
larger repulsion forces that are due to an increase amount of
non-neutralized charges in the traps of the LFO film. This
study demonstrates that the microstructures of ferroelectric
films play an important role in their conductivity properties
[32]. Since the conductivity is strongly affected by the
characteristics of the film—electrode interface, the lower
leakage current observed here may be probably attributed to
differences in grain size, density, and less stress in the plane of
the film due to differences in the ferroelectric material and the
interface. The current density increases linearly with the
external voltage in the region of low applied voltage strengths
which suggests an ohmic conduction. At higher field strengths,
the current density increases exponentially which implies
that at least one part of the conductivity results from the
Schottky or Poole-Frenkel emission mechanism. The leakage
current density at 5.0 V changes from 10~ ° (LFO-BFO) to
10~* A/em? (BFO) and 10~ % A/em? (LFO).

The room temperature P—E hysteresis loops of LFO-BFO
and BFO thin films deposited on Pt electrodes are shown in
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Fig. 5. Leakage current density versus applied voltage of thin films deposited
by the polymeric precursor method and annealed at 500 °C in static air for 2 h.
(a) LFO; (b) BFO and (c) LFO/BFO.

Fig. 6a and b. The LFO-BFO film possesses a well saturated
and rectangular loop with a P, of 53 uC/cm? after applying a
voltage of 10 V. No sign of leakage has been observed under a
measuring frequency of 60 Hz. Possibly, low coercive fields
could be expected as the bottom BFO sublayer was subjected
for a longer annealing time period resulting in a higher
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Fig. 6. Hysteresis loop of thin films deposited by the polymeric precursor
method and annealed at 500 °C in static air for 2 h. (a) BFO and (b) LFO/BFO.

concentration of defects and higher leakage. For that reason,
new films are being prepared on bottom oxide electrodes to
minimize formation of oxygen vacancies between the sublayers.
Liu et al. [33] have reported substantially reduced leakage of
BiFeO; films by introducing a LaNiO; intermediate layer.
Although a saturated hysteresis loop was observed, they
obtained only a remanent polarization of 26.9 uC/em? under
1.25 MV/cm. Our results are comparable to those observed in
the epitaxial BFO films on a (100) SrTiO5 substrate prepared by
the Pulsed Layer Deposition (PLD) method [34]. According to
Wang et al., [35] the BFO ferroelectricity originates from the
relative displacements of a Bi ion and a Fe—O octahedron along
the (111) orientation in epitaxial BFO thin films. The projection
polarization along the (110) orientation is larger than the
polarization of the (100) orientation. The P-E hysteresis loop
of the BFO film shows a P, of 14 uC/cm?® after applying a

13131

voltage of 10 V. These high values are not intrinsic, but are
induced by high leakage in this structure, as indicated by the
roundish shape of the P—E loop. Additionally, space charges can

o)

2] LFO

1]

Magnetization (emu/g)
" " | I
n (emu/g) \

] Applied Magnetic Field (G)
LI — T T T T T T
-14000 -7000 0 7000 14000
Applied Magnetic Field (G)
b
2.4
] BFO
1.6
) ]
g ]
e] 0.8 _-
= ]
S 1
< 0.0
S ] -
5 ] H
5 0.8 - g I
] 1 R
= ] .
-1.6 B
4 =
| X:)plie(;;(’lagne:ic Fiel:;"(G)
-2.4 T T T T
-15000 -10000 -5000 0 5000 10000 15000
Applied Magnetic Field (G)
Cc

LFO/BFO

\

Magnetization (emu/g)
<> ~ £

2] —

40 200 0 200 400

Applied Magnetic Field (G)

Magnetization (emu/g)
N

£

4

-10000 -5000 0 5000
Applied Magnetic Field (G)

1= : '
-15000 10000 15000
Fig. 7. Field dependencies of the magnetization obtained of thin films
deposited by the polymeric precursor method and annealed at 500 °C in static
air for 2 h. (a) LFO; (b) BFO and (c) LFO/BFO. Inset shows the zero field
region.



13132 E.C. Aguiar et al. / Ceramics International 41 (2015) 13126—13134

a
1
™ 10 DJ] 5
Q d \
g 00, D/ g
S 9r S \
= / /70 B
c 9} 0 9 \
2 / / 0 g
O 8 o} I o \
b= /A o _
3 o o o b
Q V. B
o o 5 o, n
w TF L E(D Oy R
= £ ‘o
J o,
o=, O?%j
6 o/OD’D ©on,
Jai og,
,gu O‘B‘D
88
Kuj
5. g”
1 " 1 " 1 " 1 " 1
-1,0 05 0,0 05 1,0
DC Bias Magnectic Field (kOe)
C
11+
‘...!I .’..\
m F w g "
o W l>.\ .\
5 1,0 { W "
o 1LOF Ia / u \
> o b u u
= r ./ I - \I
qc_’ ./ ./. \I\ \.
32(:3 0’9 B l/ ./. .\. \l
3 o o w  m
(@] F o ./. \'\ m
L w L} .
= 0, 8 | /./ J‘ l\. \.\
./. s h "
I o " By =
=l'. "=
0,7
1 " 1 " 1 " 1 " 1
-1,0 05 0,0 05 1,0
DC Bias Magnetic Field (kOe)
e
10.9890- "
i [ ]
o
IS
L2
2
< 9.15754
0
Qo
=
@
Q
[&]
w
=
7.3260-
[
T T T T T T T
-1.0 -0.5 0.0 05 1.0

DC Bias Magnetic Field (kOe)

Fig. 8. The magnetoelectric coefficient dependence on dc bias magnetic field on longitudinal (L) and transversal directions for thin films deposited by the polymeric
precursor method and annealed at 500 °C in static air for 2 h at a 7 kHz ac magnetic field at room temperature. (a) LFO (L), (b) LFO (T), (c) BFO (L), (d) BFO (T),

(e) LFO-BFO (L) and (f) LFO-BFO (T).

also contribute to the polarization property. A poor P-E
hysteresis loop was observed, as has been typically observed
from conductive ferroelectrics and its breakdown with increased
bias electric field is due to a large leakage current. Due the
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measured with the applied voltage and frequency.

Magnetizations (M) versus field (H) loops were recorded
at 300 K (Fig. 7). The magnetic hysteresis loops of the
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single-layered LFO and BFO film and the heterostructure were
normalized by the volume fraction of the LFO layer. All films
exhibit well-defined hysteresis loops with a saturation magne-
tization of 2.3, 2.0 and 4.6 emu/g, respectively. The ferromag-
netic response suggests that the magnetic behavior is
influenced by the crystal size as M, has been reported to drop
according with the reduction in the crystal size [36,37]. The
coercive fields (2H.) of the heterostructure and the single-
layered LFO and BFO are 150, 146 and 250 G, respectively.

The magnetolectric coefficient versus dc bias magnetic field
in the longitudinal and transversal directions reveals hysteretic
behavior, as observed in the magnetic field cycles shown
in Fig. 8a—f. The maximum magnetoelectric coefficient of
12 V/em Oe in the longitudinal direction is much larger than
that previously reported for thin films which was as high as
3 V/cm Oe in the same direction at zero fields [38] which is a
consequence of the antiferromagnetic axis of LFO/BFO which
rotates through the crystal with an incommensurate long-
wavelength period of ~620 A [39,40]. Early reports showed
that the spiral spin structure leads to a cancellation of any
macroscopic magnetization and would inhibit the observation
of the linear magnetoelectric effect [41]. The hysteretic
behavior with peaks at 0.5 kOe comes from the H. of films
being the maximum magnetoelectric coefficient observed when
the maximum linear magnetostriction appears. Upon changing
the measuring conditions from longitudinal to transverse, Hax
changes due to the different demagnetizing field. Significant
magnetization (~ 0.5 puB/unitcell) and a strong magnetoelectric
coupling have been observed in epitaxial thin films, suggesting
that the spiral spin structure could be suppressed [42]. Also,
BiFeO5; and LaFeO5 are G-type antiferromagnets (AFM) with
comparable Fe magnetic moments (3.75uB and 4.6 pB
respectively) and high Neel temperatures (643 K and 750 K,
respectively). Hence, a similar magnetic order well above
room temperature was observed. Both materials have a strong
tendency to similar crystal structure distortion which in turn is
compatible with coupling of lattice modes. Due the high
porosity the BFO film present low magnetoelectric coefficient
while LFO film is much improved which suggest that the AFM
domains serve to pin an adjacent ferromagnetic (FM) layer by
force of the exchange-bias coupling in such compound.

4. Conclusions

In an attempt to synthesize a composite-type multiferroic
structure, a LFO-BFO heterostructure has been created by a
chemical solution deposition method. The polycrystalline film
consists of both well crystallized BFO and LFO phases with no
secondary phases being found. The heterostructure shows a P,
of 53 uC/em? after applying a voltage of 10 V. Structural
defects as high porosity are responsible for the high leakage of
the BFO film with low P-E signal. The high dielectric
permittivity of the LFO-BFO was mainly due to less structural
disorder and less two-dimensional stress in the plane of the
film. In-plane magnetization-field curves revealed improve-
ment of magnetization of the heterostructure which was
influenced by the crystal size. The maximum magnetoelectric
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coefficient was nearly 12 V/cmOe in the longitudinal direction
for the LFO-BFO film. A multiferroic state combining
ferroelectricity and weak ferromagnetism is observed. The
presented results suggest that such system is a promising
candidate to achieve electric switching of the magnetization at
room temperature. We hope that this work will motivate
further experimental investigations.
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