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Largely enhanced coercivity of cobalt adjacent to straight-stripe mixed-phase bismuth ferrites
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Exchange coupling at the interface of an antiferromagnet and a ferromagnet is the major route toward
the future magnetoelectric applications of multiferroic bismuth ferrite at room temperature. By using angle-
resolved longitudinal magneto-optic Kerr effect microscopy, we have investigated the exchange anisotropy in a
ferromagnetic Co layer adjacent to electrically aligned straight-stripe mixed-phase-boundary (MPB) regions of
La-5%-doped BiFeO3. We have found that the magnetic easy axis of the exchange-coupled Co layer becomes
parallel to the in-plane crystallographic axis nearest to the adjacent MPB elongation axis. The coercive field of
the exchange-coupled Co layer along the magnetic easy axis has prominently increased by ∼66 Oe, i.e., 30 times
larger than that of a control sample (2.3 Oe), wherein a 5-nm-thick nonmagnetic Ta spacer is placed between
the antiferromagnetic and ferromagnetic layers and thus it is intended to have only the shape anisotropy arising
from the surface nanostructure of the MPB regions. The finding opens a promising avenue for magnetoelectric
applications at room temperature.
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I. INTRODUCTION

The electric-field control of magnetic properties has re-
ceived much attention as a mechanism for next-generation data
processor and information storage by virtue of its potential
to reduce the energy dissipation per unit area of devices by
more than one or two orders of magnitude [1–5]. In order
to realize the electric-field manipulation of magnetic orders,
exploring for a room-temperature magnetoelectric multiferroic
that displays both magnetic and ferroelectric orders in addition
to a strong coupling between the two orders has been a major
stream of magnetoelectric materials research [6–10]. Among
few room-temperature single-phase multiferroics, BiFeO3

(BFO; TC ∼ 1100 K, TN ∼ 643 K) [9,11–13] has taken center
stage by showing not only a strong ferroelectric polarization
(∼90 μC cm−2) [12] but also an electric-field-induced rotation

of its antiferromagnetic (AFM) spin axis,
↔
S [4,9,13–16].

In addition, the discovery of a highly elongated multiferroic
tetragonal-like phase (T phase; TN ∼ 380 K) and an epitaxially
connected structural interface called as mixed-phase boundary
(MPB) between the T phase (c/a ∼ 1.23) and a third poly-
morph, i.e., S phase (c/a ∼ 1.07), in compressive-strained
BFO thin films has offered another important route toward
future magnetoelectric devices [17–19]. However, it has been
challenging to utilize the magnetic configurations of BFO poly-
morphs by themselves due to the lack of a significantly large
net magnetization. The limitation is similar to those of the bulk
BFO phase and the weakly strained rhombohedral-like phase,
for which magnetic exchange coupling in BFO/ferromagnet
(BFO/FM) heterostructures has been extensively investigated
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[4,13,16,20–24]. Besides, only a few reports have consid-
ered the local investigation of magnetic exchange coupling
in BFO/FM heterostructures [23,24]; such spatially resolved
study is essential to reveal the close link between FM and
nanosized domains/interfaces of BFO.

Although exotic phenomena such as large electric-field-
induced strain [25,26], spontaneous magnetic moment [27],
enhanced electronic conduction [28,29], and anisotropic pho-
tocurrent [30] have been discovered in the MPB region indicat-
ing the unique values of the nanoscale structure, a systematic
investigation on the magnetic exchange interaction in the
mixed-phase BFO and FM heterostructures for implementation
of the multifunctional magnetoelectric devices has remained
little explored. In particular, as the parent BFO has curved and
broken structures of the MPB regions, the exchange coupling
is influenced by many uncontrolled constituents such as the
irregular distributions and the end points of the boundaries. In
the circumstances, the doping-driven engineered material La-
5%-doped BiFeO3 (BLFO) exhibiting a well-ordered straight-
stripe MPBs with a uniform boundary density provides useful
opportunities to investigate the intrinsic exchange coupling at
a quantitative level, to operate the device deterministically and
reliably, and to take a big step toward the room-temperature
magnetoelectric application.

In this work, we report the exchange-coupling effect be-
tween AFM spins in a uniformly aligned MPB region and ferro-
magnetic spins in mixed-phase BLFO and Co heterostructures.
By performing a tip-induced poling via piezoresponse force
microscopy (PFM), we prepared four large straight-stripe MPB
areas with different MPB elongation axes in BLFO thin films.
A thin ferromagnetic Co layer was deposited on the electrically
prepared MPB sample and then protected by a Ta capping layer.
We determine the exact orientations of the magnetic easy axes
of the four prepared regions as well as the as-grown region in
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a spatially resolved way by using angle-resolved longitudinal
magneto-optic Kerr effect (MOKE) microscopy and evaluate
a MPB-induced large enhancement of the coercive field in the
Co layer. To further attest whether the observed anisotropy is
due to the magnetic origin, we prepare another specimen by
inserting a nonmagnetic Ta spacer between the BLFO layer
and the Co layer and examine the magnetic property of the
control sample similarly.

II. EXPERIMENTAL METHODS

A. Synthesis of straight-stripe mixed-phase
BLFO/Co heterostructure

The whole procedures for materializing exchange-coupled
mixed-phase BLFO/FM heterostructures are described in
Fig. 1. Mixed-phase BLFO thin films buffered with a
Pr0.5Ca0.5MnO3 bottom electrode were synthesized on (001)
LaAlO3 substrates by using pulsed laser deposition technique;
for detailed growth parameters refer to Ref. [28]. First, two
single-box poling experiments are performed on the sample
surface using two different slow-scan directions perpendicular
to each other, thereby creating four possible MPB axes;
for more details, the slow-scan directions are rotated 30°

FIG. 1. Schematic diagram for the production process of a
straight-stripe mixed-phase BLFO/Co heterostructure. By scanning
the BLFO surface with a dc-biased conducting tip, four electrically
aligned MPB elongation axes are prepared. Then, a ferromagnetic
Co layer with a nonmagnetic Ta capping layer is deposited on the
BLFO surface. At the bottom, our question on the exchange coupling
between the ferromagnetic spin in the Co layer and the four possible
MPB elongation axes in the BLFO layer is visualized.

counterclockwise from [01̄0] or [1̄00] about the [001] axis,
respectively. After the PFM poling experiments, in order to
form an interface between the aligned MPB regions and the
ferromagnetic Co layer where exchange-coupling effect may
occur, we deposited a 2.5-nm-thick Co layer capped with a
1-nm-thick Ta layer (in order to prevent the oxidation of the
Co layer) by employing ultrahigh-vacuum direct current mag-
netron sputtering system with a base pressure of 3 × 10−8 Torr
and a working pressure of 3 mTorr at room temperature. For
a control sample, a 5-nm-thick nonmagnetic Ta spacer was
inserted before the Co deposition. The surface quality of all
the samples after the metal deposition is comparable to that
of the samples before the metal deposition, which ensures
that the surface morphology of the straight-stripe mixed-phase
BLFO films is well preserved after the whole procedures
(see Supplemental Material, Fig. S1 [31]) and infers that the
interface quality of all the samples is very high. The goal
of this research is to clarify the exchange anisotropy in the
ferromagnetic spins adjacent to the four MPB elongation axes
(see the bottom of Fig. 1).

B. PFM poling and imaging

Electric-field-induced writing of uniformly aligned MPB
regions and PFM imaging were performed using Pt-coated Si
tips (HQ:NSC35/Pt, MikroMasch) under the combination of
Bruker-DI MultiMode V and NanoScope controller V. During
the PFM poling experiments, we used a −10-V-biased tip at a
velocity of 5 μm s−1.

C. Angle-resolved MOKE microscopy

The local magnetic anisotropy of the Co layer was ana-
lyzed through angle-resolved MOKE microscopy. The MOKE
microscopy system basically consisted of a polarizing optical
microscope (Olympus BX60M), which can visualize magnetic
contrast via longitudinal MOKE with maximal spatial resolu-
tion of 0.4 μm. In order to measure the longitudinal MOKE
[32], the light path was off-centered from the center of the
objective lens so the incident light on the sample had a finite
incidence angle, ∼20◦ [33]. The green-color filter of 550 nm
was inserted to maximize Kerr signal for the Co layer. The
50-μm×25-μm area was measured with 500× magnification,
and the images of the corresponding area were stored in 239
× 119 pixels. In order to enhance the weak signals arising
from the very thin Co layer, three steps of image processing
were done on the measured images. A set of images for an
individual magnetic hysteresis loop was obtained by averaging
five images for one data point, and the time for one cycle took
∼51 s in the magnetic field range of −180 to 180 Oe with the
magnetic field step of∼2.8 Oe. The contrast of the stored image
was enhanced by subtracting the background image, i.e., the
image obtained at a negative saturation field. Finally, 25 sets of
images were averaged into a final set of images, and this final
set of images was used to display final magnetic hysteresis
loops; the linear background signal from the Faraday effect
by the applied magnetic field and the constant background
signal from regular components of light reflection were also
subtracted. In every magnetic hysteresis loop, the MOKE
intensity (IMOKE) was normalized to the saturation intensity
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(IS) of a charge-coupled device camera, and one magnetic
hysteresis loop is the spatially averaged signal of a selected
area. The angle-resolved MOKE microscopy was performed
by rotating the sample. For the main sample, θ = 0, 12, 30,
60, 78, 90, 102, 120, 150, 168, 180, 192, 210, 240, 258, 270,
282, 300, 330, and 348° were analyzed. For the control sample,
four additional angles, i.e., θ = 45, 135, 225, and 315°, were
analyzed. The ±12◦ from the crystal axes were included in
order to check magnetic hysteresis loops along the four MPB
elongation axes.

III. RESULTS

A. Electrical aligning of four MPB elongation axes

To determine the MPB elongation axis and the ferroelectric
state of electrically written MPB areas, an atomic force
microscopy image and an out-of-plane PFM image were
measured before the deposition of the ferromagnetic Co layer.
Figure 2(a) shows the two single-box-poled MPB regions
where the left box marked with the green and blue polygons has
the MPB elongation axes almost parallel (±12◦ off) to the [010]

FIG. 2. Electrical aligning of four MPB elongation axes. (a)
Atomic force microscope image of two single-box-poled areas in-
cluding four uniformly aligned MPB elongation axes. The MPB
elongation axes within the green and the blue polygons are ±12◦

off from the [010] crystallographic axis but those within the black
and the red polygons are ±12◦ off from the [100] crystallographic
axis. The two white zoomed-in boxes show 5× magnified images
of the original image. The line profile along a dotted line in each
zoomed-in box shows the height change (∼0.5 nm for peak-to-peak
amplitudes) due to the T - and S-phase alternation crossing the
periodic MPBs. (b) Out-of-plane PFM image on the same area. Both
boxes are in an upward ferroelectric polarization state compared to a
downward ferroelectric polarization state in the as-grown area. Scale
bars indicate 5 μm.

axis but the right box marked with the black and red polygons
has the MPB elongation axes almost parallel (±12◦ off) to the
[100] axis. The surface height modulation of each MPB region
has the spatial period of 50 ∼ 150 nm (see the two zoomed-in
boxes showing a 5× magnified view of the original image).
The as-grown area around the two boxes shows the random
distribution of the four MPB elongation axes. The out-of-plane
PFM image in Fig. 2(b) indicates that both of the two single
boxes have upward ferroelectric polarizations in contrast to
downward polarizations in the as-grown area. In our system,
the out-of-plane polarization switching is indispensable in
order to create a large area having only one or two uniformly
aligned MPB regions when a voltage-biased scanning tip is
used [28]; for reference, the creation of well-aligned MPB
regions is also possible by using coplanar top electrodes at
slightly increased temperature (70 ◦C) [34].

B. Local magnetic anisotropy imaging
by longitudinal MOKE microscopy

The local magnetic anisotropy of selected areas on the Co
surface adjacent to the electrically aligned MPB areas can
be determined by analyzing local angle-dependent magnetic
hysteresis loops using the angle-resolved longitudinal MOKE
microscope. Figure 3(a) describes the experimental geometry
of our angle-resolved longitudinal MOKE microscopy. Angle-
dependent magnetic hysteresis loops are measured by rotating
a sample with respect to the fixed magnetic field direction;
here, we define an interangle θ between H and the crystallo-
graphic [100] direction within the sample surface [Fig. 3(a)].
More detailed information on the angle-resolved longitudinal
MOKE microscopy is described in the Experimental Methods
section.

Figure 3(b) shows one representative graph including four
local magnetic hysteresis loops for the θ = 0◦(H ‖ [100])
case where the color of each loop corresponds to that of
the MPB elongation axis defined in Fig. 1. For a chosen
θ , we first collect a MOKE microscope movie by sweeping
an external magnetic field and then the spatially averaged
MOKE intensity is extracted from each polygon as a function
of the magnetic field. The normalized MOKE intensity (see
the Experimental Methods section for more details) of the
hysteresis loop is directly proportional to the magnitude of
the local magnetization (M) along the applied magnetic-field
direction so the obtained hysteresis loops can be regarded
as M-H hysteresis loops. Figures 3(c) and 3(d) display two
selected still images extracted from a MOKE microscope
movie for θ = 0◦(H ‖ [100]) when the applied magnetic field
was smaller [Fig. 3(c)] or larger [Fig. 3(d)] than the coercive
field (Hc) of Co in the right box (the black and the red MPB
regions). All the MOKE microscope movies for θ = 0◦(H ‖
[100]) and θ = 90◦(H ‖ [010]) are provided as supplemental
movies [31]. By comparing the changes in the two boxes,
we observed that the contrast of the right box changed from
black [Fig. 3(c)] to white [Fig. 3(d)] but that of the left box
did not change much and stayed a gray color. In addition,
the as-grown areas with black contrast also changed to white
contrast. Throughout the repeated magnetic-field sweeps, we
found that the contrast of the right box changes abruptly near
the coercive field but that of the left box changes continuously.
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FIG. 3. Angle-resolved longitudinal MOKE microscopy. (a) Schematic diagram of an angle-resolved longitudinal MOKE microscopy. A
linearly polarized light is reflected from the Co surface and it passes through an analyzer. The purple vector indicates the direction of an external
magnetic field, and the in-plane angle θ from the [100] crystallographic axis is described. (b) Four local magnetic hysteresis loops of the Co
layer adjacent to the electrically written MPB areas for the θ = 0◦(H ‖ [100]) case. The selected MOKE microscope images corresponding to
the hysteresis loops in (b) when the applied magnetic field is below (c) and above (d) the coercive field, Hc. The scale bars indicate 5 μm.

In consideration of the MPB elongation axis of each region,
the result infers that the easy axis of the ferromagnetic spins
in the Co layer becomes more parallel to the MPB elongation
axis.

C. Angle-resolved longitudinal MOKE microscopy

In order to confirm the detailed relation between the
magnetic easy axis of Co and the MPB elongation axis of
each region, angle-dependent magnetic hysteresis loops were
measured (see Fig. S2 [31]). In Fig. 4(a), four sets of angle-
dependent M-H hysteresis loops from each MPB region are
presented where the color of each loop corresponds to the
selected angle (θ = 0, 12, 30, 60, 78, and 90°; see the schematic
in the center of Fig. 4). When the angle approaches 90°, the
magnetic hysteresis loops from the green and the blue MPB
regions become more square loops but those from the black
and the red MPB regions become almost linear lines through
the origin. Such trend is reversed when the angle approaches
0°. Another important consequence is that although the MPB
elongation axes of the green and the blue MPB regions (or the
MPB elongation axes of the black and the red MPB regions)
differ by 24°, the hysteresis loops from the two regions overlap
each other. In other words, the MPB elongation axes within
one PFM-poled box induce the same magnetic anisotropy in
the adjacent ferromagnetic layer.

D. Comparison with the control sample

The observed magnetic anisotropy in the Co layer could
come from the periodic surface roughness of the MPB re-
gions, the exchange-coupling effect between Co and BLFO,
or from both so we carried out the same experiments on
the control sample which has a 5-nm-thick nonmagnetic Ta

spacer between Co and BLFO layers. The smooth nonmagnetic
Ta spacer kept and delivered the surface nanostructure of
the MPB regions to the upper Co layer but removed the
direct contact of Co and BLFO after the deposition so the
structural effect (or shape anisotropy) of the MPB regions was
effectively isolated from the exchange coupling effect (see the
Experimental Methods section and Fig. S1 [31] representing
a high-quality surface of the control sample). Figure 4(b) is
the result for the control sample (see also Fig. S3 [31]). The
coercive field of the control sample significantly decreased
by more than one order of magnitude (HC = 2.3 ± 0.3 Oe;
see the horizontal scale for the magnetic field) in comparison
with that of the main sample along the magnetic easy axis
(HC = 68 ± 6 Oe). In other words, the coercive field of the
ferromagnetic layer along the magnetic easy axis can increase
by ∼66 Oe due to its exchange coupling with the MPB regions.
Therefore, we can reasonably conclude that the observed
magnetic anisotropy in the main sample is mostly caused by
the exchange-coupling effect at the interface between Co and
MPB, i.e., exchange anisotropy. Moreover, we note that the
exchange bias [35] of our system, i.e., the horizontal shift of
a hysteresis loop, is very small (a few Oe) and does not show
any clear correlation with MPB elongation axes as shown in
Figs. S4 and S5 [31].

E. Magnetic easy- and hard axes in heterostructures

Figures 5(a)–5(c) show polar plots displaying the square-
ness ratios of hysteresis loops (remanent magnetization
MR over saturation magnetization MS) as a function of θ

(Ref. [36]), which provide us an easier view of the magnetic
anisotropy in each MPB region and the as-grown region. The
squareness ratio becomes unity when the shape of a hysteresis
loop is exact square but zero when the remanent magnetization

104420-4



LARGELY ENHANCED COERCIVITY OF COBALT … PHYSICAL REVIEW B 97, 104420 (2018)

FIG. 4. Four sets of angle-dependent magnetic hysteresis loops
from the four electrically written MPB regions for (a) the main sample
and (b) the control sample are shown, where the color of each loop
corresponds to the selected angle (θ = 0, 12, 30, 60, 78, and 90°; see
the schematic in the center). In the lower right corner of each graph,
the MPB elongation axis is described.

is zero; thus, it is a good indicator for the magnetic easy axis.
In Figs. 5(a) and 5(b), it is clearly shown that dumbbell-like
curves where the major axes of the green and the blue curves
(parallel to the [010] axis) are perpendicular to those of the
black and the red curves (parallel to the [100] axis). Therefore,
in the main sample, there exists the almost parallel relation
between the magnetic easy axis of the Co layer and the MPB
elongation axis of the BLFO layer. However, as shown in
Fig. 5(c), the as-grown region does not show any noticeable
magnetic anisotropy due to randomly aligned MPB elongation
axes. Figure 5(d) summarizes the determined magnetic easy
axis of Co on each MPB region. The same analysis done on
the control sample is provided in Fig. 6. Unexpectedly, all
the regions in the control sample show a uniaxial magnetic
anisotropy along the [100] axis. If the coercive field of the
non-exchange-coupled Co layer in the control sample becomes
very small, any other factors than the structural effect of the

FIG. 5. Determination of magnetic easy- and hard axes in
MPB/Co heterostructures. Polar plots for the squareness ratio of (a)
the green/blue MPB regions inside the left box, (b) the black/red MPB
regions inside the right box, and (c) the as-grown region in the main
sample (without a nonmagnetic Ta spacer). The color of each symbol
and curve corresponds to the electrically aligned MPB region with the
same color. The determined magnetic easy axis of each MPB region is
expressed inside each polar plot. (d) Schematic diagram summarizing
the magnetic easy axis of the MPB regions.

MPB regions may compete to create the magnetic anisotropy
of the control sample. We suspect that twin boundaries of the
rhombohedral LaAlO3 substrate, i.e., parallel to the [010] axis
in this sample as shown in Fig. 7, can be the main factor
breaking the in-plane symmetry.

FIG. 6. Determination of magnetic easy- and hard axes in the
control sample (the non-exchange-coupled system). Polar plots for
the squareness ratio of (a) the green/blue MPB regions inside the left
box, (b) the black/red MPB regions inside the right box, and (c) the
as-grown region in the control sample (with a nonmagnetic Ta spacer).
The color of each symbol and curve corresponds to the electrically
aligned MPB region with the same color.
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FIG. 7. Deflection error image of the control sample where the
image contrast is proportional to the surface slope. The long-range
twin structure of the rhombohedral LaAlO3 substrate is visible, and
the twin boundaries are parallel to the [010] axis. Scale bar indicates
5 μm.

IV. DISCUSSION

The microscopic origin of the observed exchange
anisotropy in the mixed-phase BLFO/Co heterostructure can
be discussed from two points of view: (1) the AFM structure
of the MPB region [37] and (2) the enhanced spontaneous
magnetization of S phase in the MPB region [27]. Regarding
the first scenario, Lee et al. [37] showed that the AFM axis of
one MPB region is parallel to the crystallographic axis that
is almost perpendicular to the MPB elongation axis. Since
our BLFO samples possess an atomically smooth surface,
the surface of BLFO can be regarded as a perfectly com-
pensated AFM surface. It has been well understood that for
a compensated AFM/ferromagnetic interface, the interfacial
exchange coupling induces perpendicular alignment between
AFM and ferromagnetic spins [38,39], so this scenario agrees
with the observed exchange anisotropy that the magnetic easy
axis of the ferromagnetic Co layer becomes parallel to the
crystallographic axis nearest to the adjacent MPB elongation
axis. Additionally, the observed negligible exchange bias can
be well explained in the consideration of the compensated
AFM surface [40,41]. In the second scenario, as reported in the
work of He et al. [27], the enhanced spontaneous magnetization
of S phase in a MPB region which aligns parallel to the MPB
elongation axis can be a driving force of the parallel align-
ment between the ferromagnetic layer and the adjacent BFO
layer. Although the exact origin of the enhanced spontaneous
magnetization of S phase is still elusive, the direction of the
magnetization is one possible direction of canted spin moments

due to the Dzyaloshinskii-Moriya interaction within the AFM
spin structure of the first scenario. Therefore, both points
of view mutually support our observation on the exchange
anisotropy in the mixed-phase BLFO/Co heterostructures.

Although our observation has been well understood within
the context of magnetic exchange anisotropy, we would like to
address other possible scenarios which can also contribute to
the observed magnetic anisotropy through the FM/ferroelectric
interfacial coupling. By synthesizing a bilayer of ferroelectric
PbZr0.2Ti0.8O3 and colossal magnetoresistive La0.8Sr0.2MnO3,
Molegraaf et al. [42] reported that the magnetization of a
magnetic layer can be modulated by switching the electric
polarization of an adjacent ferroelectric layer, i.e., field-effect
doping. Lahtinen et al. [43] demonstrated the electric-field con-
trol of magnetic domains via strain transfer in a CoFe/BaTiO3

heterostructure. In a FeRh/BaTiO3 system, the electric-field-
induced transition between antiferromagnetic and ferromag-
netic order was observed by Cherifi et al. [44]. The relevance
of these interfacial mechanisms remains an interesting future
study.

V. CONCLUSIONS

In summary, we visualized magnetic domain switching of a
ferromagnetic Co layer on the electrically patterned multifer-
roic states by angle-resolved longitudinal MOKE microscopy.
We confirmed that the ferromagnetic spins align parallel to the
in-plane crystallographic 〈100〉 axis nearest to the local MPB
elongation axis of BLFO. Furthermore, we quantified that the
coercive field of the ferromagnetic Co layer was increased
by ∼66 Oe as a result of the exchange coupling between
Co and the straight-stripe MPB region while the exchange
bias was negligible. Our experimental demonstration suggests
a possibility of the strong magnetic exchange interaction
inherent in the MPB region.
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