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Big.9Bag.1FeO3; (BBFO)/La, /3Sr1 /3Mn03 (LSMO) heterostructures are fabricated on LaAlO3 (100) substrates by
pulsed laser deposition. Giant remnant polarization value (~ 85 uC/cmz) and large saturated magnetization value
(~ 12.4 emu/cm?) for BBFO/LSMO heterostructures are demonstrated at room temperature. Mixed ferroelectric domain
structures and low leakage current are observed and in favor of enhanced ferroelectric properties in the BBFO/LSMO het-
erostructures. The magnetic field-dependent magnetization measurements reveal the enhancement in the magnetic moment
and improved magnetic hysteresis loop originating from the BBFO/LSMO interface. The heterostructure is proved to be
effective in enhancing the ferroelectric and ferromagnetic performances in multiferroic BFO films at room temperature.
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1. Introduction

Multiferroic materials exhibit spontaneous polarization
and magnetization simultaneously, and have attracted consid-
erable attention because of their potential applications in mul-
tifunctional devices as well as interesting physics.!! BiFeOs
(BFO) is the most studied multiferroic compound because cur-
rently it is the only single-phase multiferroic material that has
a giant remanent polarization above room temperature. >~1°!
BFO has a rhombohedral R3c perovskite structure at room
temperature and shows G-type antiferromagnetic order with a
long-periodicity spiral below the Neel temperature of 643 K
and ferroelectricity below 1103 K.!'!l' Although BFO thin
films have these outstanding advantages, their high leakage
currents, and weak spontaneous magnetization have been ma-
jor obstacles for practical application in some devices.

Many efforts have been devoted recently to improving
the multiferroic properties of BFO utilizing cation substitu-
tion to introduce chemical pressure into the system. Both Bi-
and Fe-site substitution with a variety of cations have been at-
tempted in BFO thin films and ceramics. For example, Ho,
Ti, La, Co, and Dy doped BFO ceramics were synthesized
to enhance the mutiferroicity.!'>~'41 Meanwhile, La, Mn, Ti,
Cr, Mn, Co, Ni, and Cu doped BFO films were fabricated by
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pulsed laser deposition and chemical solution deposition on
the SrTiO3, GaAs, LaAlO3, and Si substrates.!!>-211 However,
the improvement degree of multiferroic properties differs in
each study even for the same additives. In addition, differ-
ent orientational doped BFO thin films show great differences
on the ferroelectric and ferromagnetic properties.!!”! It is diffi-
cult to judge which additive is the most effective in improving
the ferroelectric and ferromagnetic properties of BFO films.
The multilayer structure consisting of doped BFO and other
magneto-resistance materials?>?*! was found to be a promis-
ing way to simultaneously enhance the ferroelectric and fer-
romagnetic properties. In recent years, manganite films, such
as (La;_,Sr,)MnO3 (LSMO), have stimulated intense studies
due to their colossal magnetoresistance (MR) effect!?*! and
rich physical phenomena, such as Jahn—Teller distortion, >
metal—insulator transition, %! phase separation, ¥l etc. In the
case of epitaxial BFO/LSMO heterostructures, the strain and
interface effects between the BFO layer and the LSMO layer
are induced, which influence their microstructure, electronic

(27281 A new ferromagnetic state was

state, and magnetism.
found because of the reconstruction of the electron orbit at
the interface of the BFO/LSMO heterostructure.?°! Therefore,

such an influence on the ferroelectric and ferromagnetic prop-
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erties of the doped BFO/LSMO heterostructure is probably re-
lated to an electronic orbit reconstruction at the interface and
the complex interplay between orbit and spin degrees of free-
dom.

In the present work, the BBFO/LSMO heterostructures
were fabricated by pulsed laser deposition. Detailed inves-
tigations on ferroelectric, ferromagnetic and leakage current
properties have been performed and the results have been dis-
cussed. The interface effect of the BBFO/LSMO heterostruc-
ture was investigated with the aim of shedding more light on
the relation between interface and multiferroic performance.

2. Experiment

The BBFO/LSMO heterostructures were deposited on
LaAlO3 (100) substrates by pulsed laser deposition. 10% Bi-
enriched BBFO, 10% Bi-enriched BFO, and LSMO ceramic
targets were synthesized via a solid-state reaction. In order
to ensure the ideal stoichiometry of the targets, we prepared
the targets with an excess of 6% of the mole of raw powder
BiyO3 to suppress the high volatility of Bi. After two sin-
terings, the compositions of the targets were analyzed quan-
titatively by using energy-dispersive spectrometry (EDS). Be-
fore the deposition, the substrates were treated by ultrasonic
cleaning with acetone followed by ethanol, and finally dried
by blowing pure nitrogen. The substrates were fixed in the
substrate holder, and the distance between the targets and the
substrates was 5 cm. Then, the chamber was evacuated below
1076 Pa and the substrate was annealed at 750 °C for 30 min
to clean the carbon contamination and form a high crystalline
surface. A KrF excimer laser (A = 248 nm) was used to ab-
late the target at a repetition rate of 2 Hz. The laser’s en-
ergy density was about 2 J/cm”>. An LSMO layer was first
deposited on the LAO(100) substrate at a substrate tempera-
ture of ~ 750 °C, and the pressure of oxygen was 20 Pa. Sub-
sequently, the BBFO was deposited on the LSMO Ilayer at a
substrate temperature of ~ 600 °C, and the pressure of oxygen
was 10 Pa. A polycrystalline BFO thin film was deposited on
Pt/Ti/Si0,/Si (100) under the same conditions for supplemen-
tary studies. All films were grown to a thickness of ~ 160 nm
to minimize the film thickness effects. After deposition, the
as-grown thin films were in situ annealed at 600 °C and 1 atm
pure oxygen for 30 min, and then gradually cooled down to
room temperature.

The phase structures of the as-grown thin films were
characterized by X-ray diffraction (XRD, Cu K, radiation,
D/max2200PC, Rigaku) using the 6 —26 scan mode. The
valence states of Fe ions in BBFO were characterized with
X-ray photoelectron spectroscopy (PHI-5400, PE). The mi-
crostructure, surface morphology, and piezoelectric proper-
ties of the sample were examined by atom force microscopy
(AFM, Olympus, AC240TM, MFP-3D, Asylum Research) in

tapping mode. To investigate the electrical properties of these
films, circular Pt electrodes (diameter: 0.20 mm) were sput-
tered on the film surface using a shadow mask. Ferroelectric
properties of the films were studied by using an RT6000VHS
ferroelectric tester. The leakage currents of these films were
measured by using a Keithley meter (Keithly 6517A). The
magnetic properties of the thin films were characterized by
a vibrating sample magnetometer (VSM, LakeShore 7400,
Westerville, OH). All measurements were made at room tem-
perature.

3. Results and discussion

Figure 1 shows the X-ray diffraction patterns of
BBFO/LSMO heterostructure deposited on a LaAlO3 sub-
strate and randomly oriented BFO thin film deposited on a
Pt/Ti/Si0,/Si substrate. It is seen that the BBFO and LSMO
thin films grew in a single phase perovskite structure with no
detectable impurity or other phases. The peaks of BBFO and
LSMO films merely appear on the (100) orientation from the
LAO substrate, indicating that the films have a single (/00)
orientation. Through analyzing the (200) peak, as shown in
the inset of Fig. 1(a), the lattice constants of the BBFO and
LSMO films were calculated to be 0.399 nm and 0.391 nm,
respectively. The lattice constant of the BBFO is larger than
that of bulk BFO. Therefore, the lattice distortion can be inter-
preted as a consequence of the compressive in-plane stress and
C-oriented tensile stress!?’! caused by the LSMO layer that has
a smaller in-plane lattice parameter than that of BBFO.
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Fig. 1. (a) XRD patterns of BBFO/LSMO heterostructure grown

on LaAlO3 substrate, (b) XRD patterns of BFO thin film grown on
Pt/Ti/Si0,/Si substrate. The inset in (a) is a magnified XRD pattern
of BBFO/LSMO heterostructure at the (200) peak position.

The ferroelectric properties of BBFO and BFO thin films
were evaluated by a polarization-electric field (P-E) hystere-
sis loop, as shown in Fig. 2. It is difficult to obtain a saturated
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P-E hysteresis loop for the BFO thin film due to a high leak-
age current in association with various defects. High leakage
current in BFO thin film is primarily due to the occurrence of
a small amount of Fe?* ions, oxygen vacancies, and conduc-
tive Bi; O3 phase rather than the intrinsic property of BFO.[3!]
However, for epitaxial BBFO/LSMO heterostructure, a well-
defined and rectangular P — E loop was observed with a gi-
ant remanent polarization (P,) of 85 uC/cm?. The P, value of
the BBFO/LSMO heterostructure is quite comparable to that
observed in BiFeOs single crystal (P, ~ 60 uC/cm?),1*?! indi-
cating the extremely high quality of our epitaxial BBFO thin
film. Therefore, the enhancement in the remanent polariza-
tion could be attributed to several factors. (i) The suppression
of Fe>* ions could facilitate the formation of the lower leak-
age current density in a high electric field region, which is
also largely responsible for the enhanced ferroelectric behav-
ior. In order to determine the valency of the Fe element in
BBFO thin film, the XPS energy spectrum of the Fe element
in the BBFO/LSMO heterostructure is shown in Fig. 3. This
is evidence that the Fe element in BBFO thin film is trivalent
in contrast to the results of other researchers and the standard
Fe>03 XPS energy spectrum.>334] (ii) The Ba substitution for
volatile Bi in BFO can suppress the formation of oxygen va-
cancies, which contributes to the decrease in leakage current
density. Finally, the interface coupling between the BBFO
layer and the LSMO layer should play an important role in the
improvement of the ferroelectric behavior of the BFO/LSMO
heterostructure. Consequently, the combined effects of these
factors contribute to the enhancement of the ferroelectric prop-
erty of the BBFO/LSMO heterostructure at room temperature.
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Fig. 2. (color online) P-E hysteresis loops of the BBFO/LSMO het-
erostructure and BFO thin film at 2000 Hz.

In order to better understand the reasons for the enhanced
ferroelectricity, the leakage currents of BBFO and BFO thin
films are shown in Fig. 4. It reveals that the BFO thin film de-
posited on the Pt/Ti/SiO,/Si substrate exhibits a much higher
leakage current than that of the BBFO thin film deposited on
the LaAlO3 with La, /381 ,3MnO3 as the conductive buffer

layer. This may be attributed to high densities of defects

and oxygen vacancies and different electrode-film interfaces
in the polycrystalline film as compared with epitaxial film.!”!
It is confirmed that this heterostructure contributes to the de-
crease in leakage current density. It is well known that oxygen
vacancies!?! are the most likely mobile charges, which often
play an important role in the conduction of oxide ferroelec-
tric thin films. Moreover, the ferroelectric domain wall mor-
phology of epitaxial BBFO thin film also seriously affects the
magnitude of the leakage current.
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Fig. 3. XPS energy spectrum of the Fe element in the BBFO/LSMO
heterostructure.
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Fig. 4. (color online) Leakage current density as a function of the elec-
tric field for BBFO and BFO thin films.

The out-of-plane domain structure of BBFO thin film is
shown in Fig. 5(a). Figure 5(b) is the surface morphology
image corresponding to the region shown in Fig. 5(a) for its
domain image, revealing a flat surface and uniform distribu-
tion of grains. The RMS roughness was 2.082 nm over a
1 um? area, and the average grain size is less than 100 nm.
The ferroelectric domain walls are fairly consistent with the
grain boundaries (see the marks in Fig. 5). It is shown that
the BBFO thin film exhibits a mixed mosaic and stripe-like
domain structure. It is well known that this stripe-like struc-
ture corresponds to arrays of 71° domain walls, while the mo-
saic structure is comprised of a mixture of all possible domain
wall types, particularly, large fractions of 109° domain walls
and smaller fractions of 71° and 180° walls.*®! It has been
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reported that 109° and 180° domains have a much larger elec-
trostatic potential step and hence larger conductivity than 71°
domains.*7! Consequently, it is plausible that BBFO thin film
demonstrates a relatively low leakage current density because
of the mixed domain structure. Therefore, the interface of the
BBFO/LSMO heterostructure significantly influences the fer-
roelectric domains structure of BBFO thin film and hence a
lower leakage current density, which determine the ferroelec-
tric properties of BBFO thin film.

Fig. 5. (color online) (a) A PFM image of BBFO thin film and (b) the
corresponding AFM image.

Figure 6 shows the magnetization characteristics of the
BBFO/LSMO heterostructure and BFO thin film measured at
a maximum magnetic field of 6000 Oe applied parallel to the
substrate surface at room temperature. Before magnetic mea-
surement, the magnetic properties of two kinds of substrates
and Laj 3Sr; 3MnOs thin film were measured and the results
demonstrate that the contribution of these components to the
magnetic performance of the as-deposited thin films is very
limited and can be ignored. The saturated magnetization M
(~12.4 emu/cm?) for the BBFO/LSMO heterostructure is en-
hanced dramatically compared with BFO thin film grown on

the Pt/Ti/Si0,/Si substrate, which is much larger than that of
the pure BFO thin films previously reported.[*®! There are
several possible considerations that are responsible for the
observed magnetization in the BBFO/LSMO heterostructure:
one possible source is the contribution of the LSMO layer.
However, the resistance-temperature curve (inset (b) of Fig. 6)
shows that there is a metal-to-insulator transition at 275 K,
which demonstrates the LSMO thin film is paramagnetic!>!
at room temperature. Meanwhile, the magnetic measurement
(inset (a) of Fig. 6) demonstrates the magnetic performance
of the LSMO thin film is very limited and can be ignored.
The results confirm that the LSMO layer has made very lit-
tle contribution to the magnetic property of the BBFO/LSMO
heterostructure. A second possibility is that the increase of
magnetic property for the BBFO/LSMO heterostructure is at-
tributed to the formation of excessive Fe?t. However, the
XPS energy spectrum of the Fe element in the BBFO/LSMO
heterostructure is evidence that the Fe element in BBFO thin
film is trivalent, as shown in Fig. 3. Therefore, the enhance-
ment of magnetization has nothing to do with the formation
of Fe** jons in this work. Furthermore, the enhancement
of magnetization is presumably a consequence of the inter-
face effect. On one hand, according to the Goodenough—
Kanamori—Anderson rule,?**! super-exchange interactions
between Fe3* and Mn3*, Fe>* and Mn** are ferromagnetic
coupling, resulting in the enhancement of magnetization. On
the other hand, the reconstruction of the electron orbit at the
interface of the heterostructure elicits a new ferromagnetic
state.3?! Tt is believed that the interface effect is the critical
factor that results in the enhancement of magnetization of the
BBFO/LSMO heterostructure.
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Fig. 6. (color online) Magnetic hysteresis loops of BBFO and BFO thin
films. Inset (a): magnetic hysteresis loops of the LSMO thin film; inset
(b): resistance—temperature curve of the LSMO thin film.

4. Conclusion

In summary, this study investigated the multiferroic prop-
erties of the BBFO/LSMO heterostructure, which was epitax-
ially grown on a single-crystal LAO substrate by pulsed laser
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deposition. The interface coupling effect plays an important

role in the enhancement of the ferroelectric polarization and
magnetic behavior. In the BBFO/LSMO heterostructure, a
high P; value of ~ 85 uC/cm? was achieved, and a good mag-

netic behavior was observed at room temperature. In addition,

the structures of the ferroelectric domains are also responsible

for the lower leakage current and good ferroelectric polariza-

tion behavior.
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