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The exchange bias in BiFeO3/Lagg7Sro.33MnO3 (BFO/LSMO) bilayers has been investigated. Exchange bias field with blocking temperature of
about 150 K and enhanced coercivity at room temperature has been observed in (001) BFO/LSMO bilayers. The blocking temperature coincides
well with the emerging temperature of the vertical magnetization shift due to the blocking of the possible interfacial spin glass. Only enhanced
coercivity without exchange bias field down to 10K has been observed in (111) BFO/LSMO bilayers. The piezoelectric force microscopy images
show that the domain size of (111) BFO is 2 orders larger than that of the (001) BFO, indicating the much higher domain wall density in (001) BFO.
Our results demonstrate that the exchange coupling with interfacial spin glass at the domain walls contributes to the exchange bias field with
blocking temperature of about 150 K, while the exchange coupling with the domains contributes to the enhanced coercivity up to room temperature.

© 2014 The Japan Society of Applied Physics

1. Introduction

With multiferroic materials integrated into spintronics
devices, the spins might be manipulated by the electric field,
leading to the development of the next generation of low
power-consumption, high-speed information technologies."
Much attention has been paid on BiFeO3; (BFO) due to that
it is possibly the only room temperature (RT) multiferroic
material with ferroelectric Curie temperature (7c.fg ~
1100K) and antiferromagnetic (AFM) Neel temperature
(Tn ~ 640K).? The coupling between the AFM and ferro-
electric orderings has been confirmed experimentally by the
observation of coupled AFM and ferroelectric domains.®) The
most plausible application in spintronics for BFO is the AFM
pinning layer,” and exchange bias has been reported on BFO
with various ferromagnetic (FM) layers.> !9 However, the
interfacial oxidation might be severe at elevated temperatures
for the metallic FM layers.!) Furthermore, the electrical
manipulation on the exchange bias in BFO-based bilayers has
been demonstrated to be irreversible.!>"1¥

Half metallic manganite perovskite with very high spin
polarization [at least 95% for Lag ¢Sto33:Mn0O; (LSMO)!¥]
has been widely used as spin source in spintronics,'® and is
the suitable oxide FM layer without structural deterioration of
the interfacial oxidation, and has pseudo-cubic structure with
similar lattice constant with BFO, providing the epitaxial
growth of films. Clear exchange bias has been observed in
BFO/Lay ;Sry3MnO; bilayers with reversible electrical field
controllable exchange bias.'”!® In spite of the high film
quality by the epitaxial growth on (001) SrTiO; (STO)
substrate, the blocking temperature of exchange bias is only
about 100K,”!'” which is much lower than the FM Curie
temperature of Lag 7SrosMnO; (Tepy ~ 350 K)!'? and Ty of
BFO. Furthermore, the electrical manipulation of the
exchange bias can only be observed below 30K.!® Thus, it
is important to understand the mechanism of the exchange
bias in BFO/LSMO bilayers to extend the multiferroic
operation temperature to RT. In this paper, we studied the
exchange bias in (001) BFO/LSMO and (111) BFO/LSMO
bilayers. Only coercivity enhancement has been observed in
(111) BFO/LSMO bilayers, while both exchange bias field
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and coercivity enhancement have been observed in (001)
BFO/LSMO bilayers. Our results demonstrate that there is
possible interfacial spin glass at the ferroelectric domain
walls of BFO which contributes to the exchange bias field,
while the domains contribute to the coercivity enhancement.

2. Experimental methods

2.1 Films preparation

The LSMO and BFO layers were deposited on the single-
crystal (001) and (111) STO substrates by pulsed laser
deposition (PLD). During the deposition, the substrate
temperature (75) was fixed to 850 °C with oxygen pressure
(Po3) of 30 Pa for the LSMO layers, 700 °C and 7 Pa for the
BFO layers. The thickness of layers was controlled by the
laser pulse number. For the exchange bias study, the structure
of STO/LSMO (300 pulses, ~12nm)/BFO (1000 pulses,
~80nm) was selected. Single layer LSMO films of the
same thickness were also deposited on (001) and (111) STO
substrates under the same conditions as the bilayers for
the comparative studies. Since the lattice constant of
BFO (3.96 A, pseudo-cubic) is larger than that of LSMO
(3.873 A),2%2D in-plane tensile strain might be induced in
LSMO layer. For comparison, the BFO was replaced by
PbZr0,52Ti0,480 (PZT, TS = 800 OC, P02 =20 Pa) with the
same laser pulse number on (001) STO substrates to study
the influence of tensile strain at top interface on the magnetic
properties of LSMO, because the a lattice constant of PZT
(4.036 A, tetragonal, PDF No. 330784) is close to that of
BFO.

2.2 Characterizations

The structure of the films was characterized by X-ray
diffraction (XRD) with Cu K« radiation. Temperature
dependent magnetic properties were carefully measured by
a commercial dc magnetometer (Quantum Design MPMS
SQUID VSM) from 5 to 300K. In order to obtain accurate
values of Hg and H¢, care was taken to minimize the residual
magnetic field to almost zero before measurements. The
surface morphology and ferroelectric domains were charac-
terized by scanning probe microscopy (SPM; Asylum
Research Cypher). For simplicity, we use (001) to denote
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Fig. 1. (Color online) XRD patterns of (a) (001) BFO/LSMO and

(b) (111) BFO/LSMO bilayers. The “x” marks the diffraction peaks from
STO substrate, and the diffraction due to Ky is also marked. The inset in (a)
shows the enlarged view around the STO (001) peak for (001) BFO/LSMO
and (001) PZT/LSMO bilayers.

the films deposited on (001) STO substrates, while (111) to
denote the films deposited on (111) STO substrates.

3. Results and discussion

Figure 1 shows the XRD patterns of (001) and (111) BFO/
LSMO bilayers. All the peaks are indexed to the pseudo-
cubic structure. Due to the epitaxial growth on the single
crystalline (001) and (111) STO substrates, only (001) and
(002) peaks of BFO on (001) STO substrates, and (111) and
(222) peaks of BFO on (111) STO substrates, can be
observed. The LSMO (001) and (002), (111) and (222)
peaks cannot be resolved in the XRD patterns, which might
be due to the close lattice constant between LSMO (3.873 A)
and STO (3.905A) in the pseudo-cubic structure.”’) The
LSMO film is too thin, and the diffraction peaks are weak and
overlapped by the diffraction peaks of STO. The inset of
Fig. 1(a) shows the enlarged view around the STO (001)
peak for (001) BFO/LSMO and (001) PZT/LSMO bilayers.
The small diffraction peaks marked by arrows are from the
STO substrates. The (001) peak of PZT locates at the left to
that of BFO, for the larger ¢ lattice constant of PZT than that
of BFO.

The magnetic properties of (001) BFO/LSMO bilayers
were first studied. The RT field dependent magnetization
(M-H) loops for (001) LSMO and (001) PZT/LSMO are
shown in Fig. 2(a). Double hysteresis loop can be observed
for (001) BFO/LSMO. We attribute this to the different
location of the LSMO layer on BFO, soft on the ferroelectric
domain walls and hard on the ferroelectric domains of BFO,
which will be discussed later. No significant shift of the loop
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Fig. 2. (Color online) (a) M—H curves for (001) LSMO film and (001)
BFO/LSMO bilayers measured at 300 K. (b) M—H curves for (001) BFO/
LSMO and (001) PZT/LSMO bilayers measured at 5 K.

can be observed, indicating the lacking of the exchange bias
field (Hg) at RT. At 5K, the Hg of 600e can be clearly
observed in (001) BFO/LSMO. Here, Hg is defined as
Hg = —(Hc1 + Hey)/2, where Hey and He; are the left and
right coercive fields, respectively. Recently Shi et al. reported
the tensile strain on ultrathin LSMO film may induce AFM
structure and provides exchange bias on the neighboring
FM layer.?? For comparison, Hg of only about 4Oe can
be observed for (001) PZT/LSMO which is close to the
limitation of our measuring system. Thus the contribution on
HE from the possible in-plane tensile strain on the top surface
of LSMO can be excluded.

The temperature dependent Hg and Hc are shown in
Fig. 3. Compared to the almost zero Hg and gradually
increasing H¢ with decreasing 7 for (001) PZT/LSMO, clear
Hg and significantly enhanced Hc for (001) BFO/LSMO
can both be observed below 150K after cooling in field of
2000 Oe. Safeer et al. has suggested the low temperature
exchange coupling from the spin glass in BFO.?®) Generally,
the net spins in 109° domain walls in BiFeOs; have been
considered to be the main origin of the exchange bias.?*?%)
Due to the complicated exchange interaction at the inter-
face,” e.g., AFM for Fe**-0>"—Fe** and FM for Fe’T-0*—
Mn?** and Fe’*—O?>-Mn**, spin glass might be formed at
domain walls in BFO at the interface, and the exchange bias
might originate from the exchange coupling between LSMO
and the spin glass, which has also been confirmed by our
recent study on the exchange bias in BFO/NiFe and BFO/Co
bilayers.?® The formation of the spin glass is confirmed by
the asymmetry along the M axis for each M—H loop of (001)
BFO/LSMO, which is represented by AM and its temper-
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Fig. 3. (Color online) (a) Hg—T and (b) Hc—T curves for (001) BFO/
LSMO and (001) PZT/LSMO bilayers. The inset shows the AM-T curves
for (001) BFO/LSMO and (001) PZT/LSMO bilayers.

ature dependence in the inset of Fig. 3(b). Here, AM means
half of the difference between the magnetic moments at
positive and negative saturation states. For comparison,
nearly zero AM was observed for (001) PZT/LSMO, since
no exchange coupling between PZT and LSMO. The AM
increases significantly when 7'is below 150 K, suggesting the
interfacial frustrated spins frozen and aligned to the cooling
field direction. Because this variation behavior of AM is
much similar to that of Hg at the same temperature range, it
is reasonable to infer that they come from the same origin,
i.e., the interfacial spin glass. If we take the ~0.6 ug/Fe” and
the area fraction of the domain walls of 2%,%* the FM
contribution from a pseudo-cubic unit cell of BFO at domain
walls is about 5.8emu/cm®, which is quite reasonably
consistent with the measured magnetization from the spin
glass. This further confirms the location of spin glass in the
domain walls of BFO at interface. The positive vertical
magnetization of the M-H curve for (001) BFO/LSMO
bilayers suggests the interfacial FM coupling,?” which is due
to the FM superexchange coupling between Fe’* and Mn3+,
and Fe’* and Mn*+.”) With the field cooling, the magnetiza-
tion of the spin glass will be forced to be pinned and parallel
to the field direction due the FM coupling with the LSMO
layer, leading to the negative Hg and positive AM.

To further confirm the contribution of domains and domain
walls on the exchange bias, we studied the exchange bias
effect in the (111) BFO/LSMO bilayers. As shown in
Fig. 4(a), significantly enhanced coercivity compared with
the (111) LSMO film can be observed at 10 K. However, no
significant shift along the field and magnetization of the M—H
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Fig. 4. (Color online) (a) M—H curves for (111) LSMO film and (111)
BFO/LSMO bilayers measured at 10K (b) the temperature dependent Hg
and Hc for (111) LSMO film and (111) BFO/LSMO bilayers.

curve can be observed. The Hg is only about 3 Oe, which is
much smaller than that in the (001) BFO/LSMO bilayers.
Furthermore, the AM for the M—H curve of (111) BFO/
LSMO bilayers is only about 0.7 emu/em?, which is almost
one order smaller than that of the (001) BFO/LSMO
bilayers. Figure 4(b) shows the temperature dependent Hg
and Hc for (111) BFO/LSMO bilayers. No significant Hg
in the measuring temperature range between 10 and 300K
can be observed, while the enhancement of the Hc can be
observed up to 300 K.

As the interface roughness might influence the exchange
bias in the AFM/FM bilayers, we investigated the surface
roughness of (001) and (111) LSMO layer by atomic force
microscopy, and the images are shown in Fig. 5(a). As can be
clearly seen, both films are very smooth. The measured
surface roughness (rms value) of (001) LSMO is 0.24 nm,
while that of the (111) LSMO is 0.1 nm. Thus, the influence
of surface roughness on the exchange bias can be excluded.
As there are four possibilities in the in-plane projection of the
polarization, the in-plane domain patterns of both (001) BFO
and (111) BFO films were studied by the piezoelectric force
microscopy (PFM), and are shown in Figs. 5(c) and 5(d),
respectively. The domain size of the (001) BFO is about
several tens of nm, while the domain size of (111) BFO film
is about several pm. Chu et al. have reported the single-
domain state in the (111) BFO film.?® It should be noted that
the STO substrates in our studies were prepared by the
floating zone method, thus there might be mosaic structure
with grains of large size. The (111) polarization of the BFO
film might slightly tilt from the normal of the film surface due

© 2014 The Japan Society of Applied Physics
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to the epitaxial growth on different grains of the substrates,
leading to the smaller in-plane component of the polarization.
However, the domain size of the (111) BFO is about 2 orders
larger than that of the (001) BFO, suggesting the negligible
domain walls in the (111) BFO films. Thus we can further
conclude that the exchange bias field with blocking temper-
ature of about 150K in (001) BFO/LSMO bilayers origi-
nates from the high density of domain walls, while the
domains contribute to the coercivity enhancement. Above
150K, the spins cannot be blocked, so the magnetization of
LSMO cannot be pinned, leading to the disappearance of
the Hc enhancement and Hg. The exchange coupling with
domains can persist up to RT, leading to the H¢ enhancement.
In (001) BFO/LSMO bilayers, there is high density of
domain walls in BFO, LSMO layer will exhibit soft magnetic
properties on the domain walls of BFO while hard magnetic
properties on the domains of BFO, leading to the observation
of the double hysteresis loop.

It should be noted that the exchange bias on (001) BFO
and (111) BFO is not restricted on LSMO, exchange bias
field has been observed in (001) BFO/CoFe but only
coercivity enhancement in (111) BFO/CoFe.? We have
also got the similar results on BFO/NiFe bilayers. Lebeugle
et al. suggested that the exchange coupling between the FM
layer and the BFO is related to the net spins in BFO due to
the spin canting in the cycloidal modulated AFM structure.>”
The exchange coupling should induce a wriggling of the
FM magnetization along the underlying cycloid in BFO.
However, for a given polarization, there are three possible
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(Color online) AFM images for (a) (001) LSMO and (b) (111) LSMO films In-plane PFM images for (c) (001) BFO and (d) (111) BFO films.

cycloidal directions, leading to the three possible pinned FM
magnetization directions. Thus, only coercivity enhancement
without exchange bias field can be observed, though there is
interface exchange coupling between the LSMO and BFO
domains. Due to the much lower temperature of the spin
glass induced exchange bias, the domain contribution to the
exchange bias should be utilized for the daily multiferroic
applications. A better control of the cycloidal direction might
be essential for inducing exchange bias field through the
exchange coupling with the BFO domains, and the electrical
manipulation of the pinned FM magnetization via the
magnetoelectric coupling.

4. Conclusions

In conclusion, BFO/LSMO bilayers were deposited on the
(001) and (111) STO substrates by PLD, and the exchange
bias effect in the bilayers has been systematically studied.
Clear Hg with blocking temperature of about 150K and
enhanced coercivity at room temperature has been observed
in (001) BFO/LSMO bilayers, while only enhanced coer-
civity without Hg down to 10K has been observed in
(111) BFO/LSMO bilayers. By the comparative study on the
(001) PZT/LSMO bilayer, the contribution of the interface
tensile strain on the exchange bias effect has been excluded.
The blocking temperature of Hg in (001) BFO/LSMO
bilayers coincides well with the emerging temperature of
the vertical magnetization shift due to the blocking of the
interfacial spin glass. The PFM images show that the domain
size of (111) BFO is 2 orders larger than that of the (001)
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BFO, indicating the much higher domain wall density in
(001) BFO. Our results clearly demonstrate that the exchange
coupling with the interfacial spin glass at the domain walls
in BFO contributes to the Hg with blocking temperature of
about 150K, while the exchange coupling with the domains
contributes to the enhanced coercivity up to room temper-
ature. Our results suggest that for the RT multiferroic appli-
cation of BFO, the exchange coupling with the BFO domains
should be utilized and a better control of the spin cycloidal
modulation direction is required.
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