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The interplay between ferroelectricity and magnetism in multiferroic materials is of great scientific
and technological interest, allowing magnetic control of ferroelectric properties and electric control of
magnetic properties through the magnetoelectric coupling from interfacial strain, exchange bias, or charge-
transfer process. We report the charge transfer at the Co/BiFeO3 interface from which the interfacial
exchange coupling is achieved with the formation of Fe2+. The x-ray linear dichroism and x-ray magnetic
circular dichroism results reveal that the strain as well as the exchange coupling Jex in BiFeO3 (BFO) with
periodic 109° domains are stronger than that in BFO with 71° domains, resulting in the higher coercive
field of Co/BFO with 109° domain samples. The possible electric field control of the charge-transfer
process at the Co/BFO interface enables an alternative class of electrically controllable magnetization,
exchange bias, and giant magnetoresistive response of spintronic devices.
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I. INTRODUCTION

The magnetoelectric coupling effect opens a wide array
of alternative applications including spintronic devices,
sensors, high density information storage devices, and
other multiply controlled devices, which allow the rever-
sal of the ferroelectric polarization by a magnetic field
and/or the control of the magnetic order parameters by
an electric field from the strain-induced magnetoelec-
tric (ME) coupling and the charge-transfer process as
well as the orbital reconstruction at the interface and
the modulation of the exchange bias interaction [1–7].
Numerous investigations have been focused on the cou-
pling between ferromagnetic (FM) and multiferroic mate-
rials such as LaxSr1−xMnO3/BFO, BFO/YBa2Cu3O7, and
La0.5Ca0.5MnO3/BFO heterostructures because BFO is a
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widely studied mutiferroic perovskite with a ferroelectric
Curie temperature of 1043 K and an antiferromagnetic
Neel temperature of 643 K [8–11].Through the manipu-
lation of the ferroelectric state in BFO, the FM state can
be controlled through exchange coupling at the interface
between the BFO and the FM layer. With a rhombohedral
structure, BFO has three possible domain patterns includ-
ing 71°, 109°, and 180° types. Exchange enhancement
or exchange bias has been observed in Co0.9Fe0.1/BFO
heterostructures with stripelike (71°) or mosaiclike archi-
tectures (mixed with 71°, 109°, and 180°) ferroelectric
domain walls [4,12] and the 109° or 180° domain walls
have been suggested to be the possible source for the
exchange bias [13–15]. Although many efforts have been
made to investigate the interface coupling effect between
BFO and other ferromagnetic materials, the coupling
mechanism is not clearly understood and further investi-
gations are required to understand the magnetic interaction
at the FM/BFO interface.
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The interfacial structure and chemistry in those metal-
metal oxide systems are crucial aspects to determine the
ME coupling, and the oxidation of the metal is likely to
take place, forming a complex metal-metal oxide interface
[16]. Theoretically, Duan et al. predicted an interface
magnetization due to the charge transfer from Fe to
the interfacial Ti d band in the ideal TiO2-terminated
Fe/BaTiO3 structure [17], and the interface ferromag-
netism of Fe/BaTiO3 was later supported by the results
of Valencia et al. by soft x-ray magnetic scattering inves-
tigations [18]. Electric control of magnetism has been
achieved with the formation of FeOx at the Fe/BaTiO3
interface [19,20]. A first-principles simulation suggests the
charge transfer plays an important role in the emergence
of ferromagnetism and the metallic electronic state at the
BFO/YBa2Cu3O7 interfaces [10]. BFO/La1−xSrxMnO3
has recently been proposed as a candidate to engineer
three-dimensional topological insulators [21]. Induced
interface ferromagnetism as well as exchange bias have
been reported in La0.7Sr0.3MnO3/BFO [8,22–24] and in
La0.5Ca0.5MnO3/BFO [11]; however, the charge-transfer
process was only reported by Liang et al. from the Fe
2p core level x-ray photoemission spectra (XPS) at the
manganite/BFO interface [25].

Demonstrating exchange bias coupling, BFO/

Co0.4Fe0.4B0.2 or BFO/Co0.9Fe0.1 is suitable to accom-
plish 90° or 180° switching [26,27]. The magnetization
of Co0.4Fe0.4B0.2 or Co0.9Fe0.1 can be manipulated by
switching the electric polarization of BFO [28–32]. It is
puzzling that the observed exchange bias of H EB < 100 Oe
is roughly two orders smaller compared to the theoreti-
cal predicted value of H EB = 6.5 kOe [12]. In this work,
the charge-transfer-induced interfacial exchange coupling
at the Co/BFO interface is investigated to shed light on the
exchange coupling mechanism at the metal/BFO interface.
The observation of Fe2+ at the interface reveals that the
coupling between Co and BFO is achieved by the charge
transportation. Our x-ray linear dichroism (XLD) and x-
ray magnetic circular dichroism (XMCD) results indicate
that the compressive strain in BFO with 109° domains
is stronger than that in BFO with 71° domains, which
is the reason that the magnetic coercive field is higher
in the 109° domain samples. Our results confirming the
charge-transfer-induced exchange coupling occurring at
metal/BFO interfaces, in general, presents a clear picture
of interface coupling, which is in favor of the application
of alternative magnetoelectric coupling devices.

II. EXPERIMENT

A. Sample preparation

BFO thin films are fabricated on GdScO3 (GSO) (110)o
single crystal substrates by pulsed laser deposition method
with a KrF excimer laser of λ= 248 nm. The pulsed laser
beam is focused on a Bi1.1FeO3 ceramic target with an

energy density of approximately 2.5 J·cm−2 and a repe-
tition rate of 6 Hz. The spot size is fixed at 1.5 × 2.5 mm2

by adjusting the defocus distance. In the process of film
growth, the substrate temperature is set to 600 °C, which
is confirmed by an infrared temperature instrument, and
the oxygen pressure is stabilized at 10 Pa by adjusting
the flow of oxygen. After the end of the deposition pro-
cess, the temperature is kept constant for 10 min to form a
smooth surface and then cooled to room temperature in the
processing oxygen pressure.

The Co layer with a thickness of 4 nm is deposited by dc
magnetron sputtering method at room temperature. Then
the Ta layer with a thickness of 3 nm follows, which is
a capping layer to prevent Co from being oxidized. The
total thickness of the upper layers is about 7 nm, which
is designed to weaken the signal of Fe3+ from BiFeO3
thin film. The base pressure is about 5 × 10−6 Pa. During
the process, the working gas (high purity Ar) is injected
into the chamber to adjust the working pressure, which is
needed to build up the glow. The power is set to 200 W,
and finally, the deposition rate is fixed at 0.15 nm/s of Co
and 0.18 nm/s of Ta.

B. Piezo-force microsocopy characterization

The surface topography and the domain structures
of the BFO/GSO samples are measured by atomic
force microscopy (Bruker Icon). Piezo-force microsocopy
(PFM) imaging of the samples is performed using a con-
tact PtIr-coated silicon tip, and the tip bias is set to 7 V
while the drive frequency is 25 kHz. In order to confirm
the domain type, samples are rotated 90° to measure the
in-plane (IP) and out-of-plane (OOP) images. The sur-
face topography is measured using a tapping mode under
ambient conditions to obtain a more distinct morphology.
The tip radius used in the tapping mode (approximately
2 nm) is much smaller than that in the contact mode
(approximately 20 nm).

C. Magnetic hysteresis loops

The hysteresis loops are measured at temperatures rang-
ing from 100 to 300 K by a vibrating sample magnetome-
ter (Quantum Design’s Magnetic Property Measurement
System). Before the beginning of the measurement, the
oscillating mode is set to eliminate any residual mag-
netic field. Then the samples are cooled to 4 K at the
rate of 10 °C/min. Increasing the temperature to the test-
ing point, the M-H measurement then begins. Because the
GSO substrate is paramagnetic, the measurement result
contains a large substrate contribution and small upper
layer signals. In order to extract the ferromagnetic infor-
mation in the upper layer, we separately measure the M-H
data of the GSO substrates. Comparing and analyzing the
data between the Co/BFO/GSO samples and the GSO
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substrate, the magnetic hysteresis loops of the Co/BFO
samples are finally obtained.

D. XAS, XLD, and XMCD measurements

X-ray absorption spectroscopy (XAS), XLD, and
XMCD spectra at the Fe L2,3 and Co L2,3 edges, as well
as the O K edge are measured at T = 4 K using a total
electron yield mode (TEY) at Synchrotron-SOLEIL using
the 7-T cryomagnet installed on the DEIMOS beamline.
The XMCD studies are carried out using x-rays of circular
right (CR) and left (CL) polarizations with a magnetic field
of μ0H = 6.5 T applied along the x-ray beam, while the
XLD is measured with linear polarized x-rays with a verti-
cal (LV) or horizontal (LH) E vector. The XMCD and XLD
data are recorded as (σ+–σ−) and (σ LV–σ LH), respectively,
where σ+ and σ− denote the absorption cross sections for
the right and left circular polarized x-rays and σ LV and σ LH

denote the absorption cross sections for linear polarized x-
rays with a vertical or horizontal E vector perpendicular to
the propagation of the x-rays. With normal incidence [Fig.
3(e): left], the XLD spectra of (σ a–σ b) are obtained with
the E vector of the x-ray parallel along the a or b axis,
while with grazing incidence [Fig. 3(e): middle], the XLD
spectra of (σ ab–σ c) are obtained with the E vector of the
x-ray parallel along the a-b plane or c axis.

III. RESULTS AND DISSCUSION

A. AFM and PFM characterization

High quality epitaxial BFO thin films with 71° and
109° domains, called BFO71 and BFO109, respectively,
are successfully prepared on the GSO (110)o substrates by
the pulsed laser deposition method, and the parameters are
carefully tuned to the process window [33,34]. The surface
morphology and PFM images, including IP and OOP of
the BFO thin films, are shown in Fig. 1. From Figs. 1(a)
and 1(d), we can clearly see that the films grow with a
step flow growth mode with a unit cell height no matter
whether the samples have 71° or 109° stripelike domains,
and the terrace width is about 150 nm. Figures 1(b) and
1(c) show the IP and OOP PFM images of the BFO109
samples. The stripelike domains are clearly shown in both
IP and OOP images, which is consistent with the charac-
teristics of 109° domains [35]. Interestingly, the step path
is needle shaped and moves forward along the direction
of the step in the BFO109 samples, with needle width
of 55 nm. The stripe spacing indicates the period of the
domain is about 59 nm, which is very close to the nee-
dle width. However, this value is as large as 280 nm in
the 71° domain samples. For the BFO71 samples, OOP
PFM images show obscured contrast as shown in Fig. 1(f),
which suggests that all polarization variants are pointing

(a) (b) (c)

(d) (e) (f)

FIG. 1. The surface topography and PFM image of BiFeO3 samples. (a) Topography, (b) in-plane PFM image, and (c) out-of-plane
PFM image show the periodic 109° stripelike domain structure in BFO/GSO samples. (d) Topography, (e) in-plane PFM image and (f)
out-of-plane PFM image indicate the 71° stripelike domain structure in BFO/GSO samples. The insets of (a),(d) show the relationship
between the step advance and the domain styles of the BFO film.
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downward toward the substrate, while the IP PFM images
shown in Fig. 1(e) exhibit an obvious stripe image contrast
essentially throughout the entire film. It is worth men-
tioning that the direction of the step forward is along the
stripe domain in the BFO109 samples, while this direction
is perpendicular to the stripe domain in the BFO71 sam-
ples, indicating the crucial role of the substrate induction in
determining the final domain structure, which is consistent
with the previous reports [15,33].

B. Magnetic coupling at the Co/BFO interface

Ta/Co/BFO/GSO sandwich structures are fabricated to
investigate the coupling effect of the two kinds of domains
on the upper ferromagnetic layer. Macroscopic magnetic
hysteresis loops are carried out using a vibrating sample
magnetometer at T = 100, 150, 200, 250, and 300 K, and
the applied field is along the [110]O direction of the GSO
substrates. Figure 2(a) shows typical magnetic hysteresis
loops for the heterostructure of a single Co layer, Fe3+,
and Co/BFO109 samples at 300 K. A strong enhance-
ment of the coercive field (40 Oe, blue curve) compared
to that of the Co/GSO sample (18 Oe, black curve) is
observed in Co/BFO109. While for Co/BFO71, only a
weak enhancement of the coercive field (20 Oe, orange
curve) is observed. The kinklike structure appearing near
the coercive field or the splitting of the derivative magne-
tization peaks shown in Fig. 2(b) indicates the exchange
coupling at the Co/BFO71 interface. The phenomenon of
exchange coupling is usually observed in a ferromagnet-
antiferromagnet (FM-AFM) bilayer, with a shifted hystere-
sis loop (H EB) or an enhanced coercivity (Hc), or both [36].
In both heterostructures, only enhancement of the Hc is
observed in the hysteresis without an exchange bias effect.
If pinned or uncompensated spins at the BFO interface are

formed, which are not reversed by an external field, both
the exchange bias and enhanced Hc will be observed in the
hysteresis loop. Here, the absence of H EB suggests that the
spins at the BFO interface are not pinned and are rotatable
with an external field.

The temperature dependence of the coercive field for
the Co/BFO heterostructure [shown in Fig. 2(c)] clearly
demonstrates the significant enhancement of the exchange
coupling between the two layers at low temperatures,
with the maximum coercive field reached at approximately
330 Oe in Co/BFO109 at 4 K, as derived from the XMCD
intensity at the Co L3 edge (Supplemental Material [37]).
With decreasing temperature, the Hc of all films (Co film,
Fe3+, and Co/BFO109) increases because of the enhance-
ment of the Co film ferromagnetism and thus the coupling
strengths. This enhancement is superimposed to the one
associated with interfacial ferromagnetism. At the same
temperature, assuming the same magnetization of the Co
film and Co/BFO, the enhancement of the coercivity is
from the interfacial magnetic coupling. At T = 100 K, the
Hc of Co/BFO/GSO is 150%–250% enhanced compared
to that of Co on the bare GSO substrate.

C. XLD and XMCD of BFO/GSO

A GSO single crystal has an orthorhombic structure with
a lattice of a = 5.480 Å, b = 5.746 Å, and c = 7.932 Å
[38]. It is usually treated as a quasicubic (qc) structure
and its (110)o surface in the orthorhombic structure cor-
responds to the (100)qc surface in the quasicubic structure.
The equivalent lattice parameters are aqc = cqc = 3.970 Å
and bqc = 3.966 Å. The magnetic anisotropy of BFO grown
on GSO is very sensitive to the lattice parameters, although
there is only a very small difference between aqc and
bqc. For the bulk BFO single crystal with a rhombohedral

(a) (b) (c)

FIG. 2. Magnetic hysteresis of Co/BFO samples. (a) Room temperature magnetic hysteresis loops of a single Co layer (open black),
Co/BFO71 (open orange), and Co/BFO109 (open blue) heterostructure measured with a magnetic field applied along the [100] direc-
tion. (b) The derivative of the magnetization curve of the samples. (c) Evolution of the coercive field Hc with temperature for samples
Co (solid black), Co/BFO71 (solid orange), and Co/BFO109 (solid blue) as measured by Quantum Design’s Magnetic Property
Measurement System. Error bars are smaller than the points.
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crystal structure, the ferroelectric polarization can be point
along any 〈111〉 direction. With consideration of the elec-
trostatic and elastic boundary conditions, three possible
periodic domain walls (i.e., 71°, 109°, 180°) are formed,
which are distinguished by the angle polarization rotations
across the domain wall [39,40]. Bulk BFO has a cycloidal
spin structure and epitaxial BFO films exhibit four AFM
axes, possessing a high spin Fe3+ ion with a 2p63d5 ground
state.

Theoretical study has proposed that a weak FM moment
can be induced in BFO films via the Dzyaloshin-
skii–Moriya (DM) interaction [41], and the weak
ferromagnetism was later experimentally observed in a
single-domain BFO film [42]. The coupling of the ferro-
magnetic moments of the Co to the canted moments of the
BFO domain surface give rise to the exchange enhance-
ment observed in both types of BFO films. The stronger
enhancement observed in Co/BFO109 [Fig. 2(c)] suggests

an intriguing difference in the magnetic behavior of the two
types of domain structures in BFO/GSO.

The polarization dependence with respect to the magne-
tization axis shows up as variations in the peak intensities,
and the crystal field effect may also cause the shifts in the
peak positions [43]. The latter contribution is neglected
assuming a similar crystal field in BFO with different
domain structures. Thus, the spin orientation in the BFO
films can be simply determined from the XLD intensity
over the Fe-L2,3 edges. The AFM axis may rotate from
the c axis to the ab plane with tensile or compressive
strain [26]. As shown in Fig. 3(f), BFO/SrTiO3 (STO) with
strong compressive strain (c/a∼1.03) will have its AFM
axis roughly in the ab plane, resulting in the hugely dif-
ferent spectra with linear polarized x-rays (E||c and E||ab)
and strong XLD intensity, as shown in Figs. 3(a) and 3(d),
respectively. No XLD intensity will be observed when the
AFM axis is along the 〈111〉 direction, or 54.7o from the
surface normal. The XLD will change its sign when the

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

FIG. 3. X-ray absorption spectroscopy studies on BiFeO3 with 71° and 109° domains. Polarization-dependent FeL2,3 spectra of
BFO/STO (a), BFO/GSO thin films with 109° (b), and 71° (c) type domain with linear polarized x-rays, at T = 4 K. The red and black
curves correspond to the polarization of x-rays parallel to OOP and IP directions, respectively. (d) The corresponding XLD (σ ab -
σ c) with the intensity more reduced in BFO71/GSO. (e) A Schematic drawing of the experimental setup of XLD (left: E||a and E||b,
middle: E||ab and E||c) and XMCD (right), using linear or circular polarized x-rays, respectively. (f) The XLD intensity, controlled
by the tensile or compressive strain in BFO, follows [1–3cos2θ ]/2 with θ the tilted angle of the mean AFM axis from the c axis.
Polarization-dependent Fe-L2,3 spectra of BFO/GSO thin films with 109° (g) and 71° (h) type domains at 4 K with circular polarized
x-rays parallel or antiparallel with the applied field µ0H = 6.5 T along the c axis, and the corresponding XMCD (σ+–σ−) spectra are
shown in panel (i), which reveal much stronger dichroism in BFO films with 71° domain walls.
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AFM axis is tilted from the surface normal with a small
angle, as observed in BFO/NdScO3 with the tensile strain
[44]. For BFO/GSO with 71° and 109° domains, much
weaker XLD are observed compared to that of BFO/STO
due to the weaker compressive strain. The XLD intensity
is proportional to [1–3cos2θ ]/2 with θ the tilted angle [Fig.
3(f)]. Thus, the AFM axes in BFO71 and BFO109 can
be estimated to be approximately 59(5) and approximately
62(5) degrees tilted from the surface normal [Fig. 3(f)],
with the strain slightly higher in BFO109. Our results
indicate that the compressive strain in BFO with 109°
domains is stronger than that in BFO with 71° domains.
In addition, the difference between the E||a and E||b spec-
tra is rather small, in accordance with the multi-AFM axis
cycloidal along the [111] direction. It is worth mention-
ing that the direction of the magnetic moment is isotropic
in the in-plane of the BFO (001)qc films [45]. The arrows
shown in Fig. 3(f) only indicate the relative AFM axis of
the magnetic moment Fe ions in BFO grown on various
substrates.

DM interaction-induced canted moments in Co/BFO71
and Co/BFO109 is investigated with Fe L2,3 edge XAS
[Figs. 3(g) and 3(h)] using circular polarized x-rays and
the correspondence XMCD spectra [Fig. 3(i)], applying
a magnetic field of 6.5 T along the surface normal. We
observe a much stronger XMCD intensity in BFO71/GSO,
which is 2.5 times higher than that of BFO109/GSO.
This indicates the much weaker canted moments in
BFO109/GSO, probably due to its much stronger AFM

exchange coupling J ex. The XMCD intensity at the
surface region of BFO71 is comparable to that observed
at the BFO/La0.7Sr0.3MnO3interface, which is estimated
to be approximately 0.6 μB/Fe atom, surprisingly larger
than the canted moment (0.03 μB/Fe atom) in the bulk
BFO [8].

D. XMCD of Co/BFO/GSO with 71° and 109° domain
walls

Ta/Co/BFO/GSO sandwich structures are fabricated to
investigate the coupling effect of the two kinds of domains
on the upper ferromagnetic layer. To address the mecha-
nism of the magnetic coupling at the Co/BFO interface,
XAS and XMCD spectra at Fe and the Co L2,3 edge are
recorded together with the O K edge XAS and are shown in
Fig. 4. As shown in Fig. 4(b), the Fe L2,3 edge XAS profile
in Co/BFO/GSO, totally different from that of BFO/GSO
with a typical Fe3+ (3d5) [Fig. 4(a)] configuration, can be
well reproduced with a high spin state Fe2+ (3d6) configu-
ration from atomic multiplet calculation using CTM4XAS
[46] in an octahedral (Oh) symmetry, convoluted with a
Lorentzian function for lifetime broadening and a Gaus-
sian to account for the instrumental resolution. The slater
integrals, which are scaled down to 80% of the atomic
Hartree-Fock value with no reduction for the spin orbit
coupling parameter of ς, are used for the calculation of
Fe3+ and Fe2+ as shown in Figs. 4(a) and 4(b). Different
values of 10 Dq of 2.0 and 1.2 eV are used for the multiplet

(a) (b) (c)

FIG. 4. X-ray absorption spectroscopy studies on Co/BFO with 71° and 109° domains. The Fe-L2,3 spectra of BFO/GSO,
CoO/BFO/GSO (a) and Ta/Co/BFO/GSO (b) thin films. The insets of (a),(b) show the schematics of the samples. In (b), the spectra
are recorded with circular polarized x-rays parallel (red) or antiparallel (blue) with the applied field µ0H = 6.5 T in the OOP direction,
at T = 4 K, with the corresponding XMCD at the bottom. To compare the relative simulations of Fe3+ and Fe2+ from the atomic
multiplet, calculations are also listed at the top. (c) Oxygen K edge XAS spectra from BFO/GSO and Ta/Co/BFO/GSO at T = 4 K.
The spectra for BFO/GSO are roughly divided into Fe 3d, Bi 6sp, and Fe 4sp orbital character regions, while for Co/BFO/GSO, the
O K edge spectra are roughly divided into Co 3d and Co 4sp, and the Bi 6sp peak disappears.
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calculations for Fe3+ and Fe2+ ions. The Fe3+ contribution
to the XAS and XMCD spectra is relatively small and is
not taken into account in the following discussions for the
interfacial magnetism.

Figures 4(a) and 4(b) show the Fe3+ and Fe2+ L2,3
edge XAS and XMCD spectra, respectively. The magnetic
field of 6.5 T, which is strong enough to saturate both
the Co film at the top and the interface Fe2+ magnetiza-
tion, is applied either in-plane or out-of-plane and almost
identical XMCD spectra are observed for Co/BFO71
and Co/BFO109. Thus, only the spectra of Co/BFO109
are presented. The XAS spectra of the reference sample
CoO/BFO/GSO are also listed for comparison. At the
CoO/BFO interface, no formation of Fe2+ is observed,
and the Fe L2,3 edge XMCD intensity is the same as we
observe on pure BFO/GSO. While for Co/BFO, the exper-
imental XAS of Fe can be well reproduced with pure Fe2+

ions without any contributions from Fe3+ ions. Thus, the
Fe3+ contribution in the experimental XAS and XMCD
spectra is small and will not be taken into account in
the following discussion. The negative sign of the Fe2+

L edges XMCD spectra [Fig. 4(b)] indicate that the cou-
pling between the Co and Fe2+ across the interface is
parallel along the field applied during the measurements.
The XMCD spectrum suggests that the coupling between
the Co film spins and the bulk antiferromagnetic spin lat-
tice of BFO is mediated through the very thin (a few unit
cells) alternative magnetic state of Fe2+ localized at the
interface.

Experimental evidence of the Co—O bond can be con-
firmed in the O K edge XAS, which directly shows trans-
ferred O 2p partial density due to hybridization with the
unoccupied orbital states [8,43]. As seen in Kyung-Tae’s
work [43], for BFO, the spectra are roughly divided into Fe
3d, Bi 6sp, and Fe 4sp orbital character regions. While for
Co/BFO/GSO, the O K edge spectra are roughly divided
into Co 3d and Co 4sp, and the Bi 6sp peak disappears
since the TEY signal comes from approximately the top
few nm of the sample.

Magnetic exchange coupling at the interfaces of
Co/BFO is investigated to understand how the magnetic
coercivity of the cobalt thin film is affected by the BFO
beneath with different domain structures. One can calcu-
late the individual spin moments (MS) and orbital moments
(ML) of the cobalt thin film and the interfacial BFO from
the XMCD spectra {shown in Figs. 4(a) and 4(b), and
Supplemental Material [37] using the sum rules [47,48]}.
For the cobalt thin film, given the 3d orbital unoccupied
number of Nh = 2.49 [47], the saturated orbital and spin
moments at 4 K are ML = 0.26 µB and MS = 1.72 µB,
respectively. The total magnetic moment of the cobalt
thin film is M = 1.98 µB/Co atom, which is approximately
10% enhanced compared to 1.70 µB in bulk cobalt with
a hcp structure. For the interfacial BFO (Fe2+, Nh = 4)
with an external field µ0H = 6.5 T applied at 4 K, both

Co/BFO109 and Co/BFO71 yield the same Fe 2p XMCD
spectra. The orbital and spin moments of the interfacial
BFO are ML = 0.23 µB and MS = 0.88 µB, respectively,
with the total magnetic moment M = 1.11 µB/Fe atom
(Supplemental Material [37]). This interfacial magnetism
of Co/BFO is commensurate with that observed at the
interfaces of Co0.4Fe0.4B0.2/BFO (1 ± 0.5 µB/Fe atom)
[12] and of La0.7Sr0.3MnO3/BFO superlattices (0.3 μB/Fe
atom [23] and 1.83 ± 0.16 µB/Fe atom [24]). Note that the
theoretical value for the total magnetic moment in bulk
iron is 1.2 µB/Fe atom and the interfacial Fe2+ shows an
approximately 40-fold enhancement compared to that in
bulk BFO (0.03 µB/Fe atom).

We discover that the iron sites at the Co/BFO inter-
face are mainly Fe2+ ions. Both the Fe 2p XMCD spectra
of Co/BFO71 and Co/BFO109 samples are dominated
by the Fe2+ spectral features [Fig. 4(b)]. This interfacial
Fe2+BFO layer is estimated to be about 1–2 atomic lay-
ers based on the escape depth of Fe 2p XMCD signals.
The formation of Fe2+ ions at the interface could occur
when cobalt atoms are deposited onto the BFO surface and
result from the work-function mismatch between cobalt
and BFO. Since the signals from the interfacial Co2+ layer
would be shadowed by the 4-nm cobalt film above it, we
turn to O 1s XAS to disclose the identity of the interfacial
oxide layers. The result [Fig. 4(c)] is consistent with the
charge-transfer picture described here.

It is considered that the Fe2+ of the interface exhibits the
antiferromagnetism since the intensity of the XMCD sig-
nal of Fe2+ is reduced to zero with the decreasing applied
magnetic field. The model can be treated as the exchange
coupling between a ferromagnetic Co layer and the anti-
ferromagnetic layers combined with Fe2+ and Fe3+ of the
BFO. The exchange interaction can be expressed as

E = JCo/Fe2+ · mCo · mFe2+ + JFe2+/Fe3+ · mFe2+ · mFe3+

in which JCo/Fe2+ and JFe2+/Fe3+ are the exchange inte-
grals of Co/Fe2+ and Fe2+BFO, respectively. mco, mFe2+ ,
and mFe3+ are the magnetic moments of the Co metal
layer, Fe2+ interface layer, and BFO layer, respectively.
The magnetic moment can be expressed in scalar form
if only the in-plane projection is considered. Both Fe2+

and Fe3+ are in high spin states, and the spin moments
are 2 and 5/2, respectively. In both samples, the forma-
tion of Fe2+ and the identical strong XMCD signal are
the same, which means not only mFe2+ but also JCo/Fe2+
are the same. Therefore, the first term of the formula is
equal no matter the domain structure of the BFO layer.
And the second term includes the exchange interaction
between interfacial Fe2+ and the BFO film. The exchange
integral between the interfacial layer and BFO layer is sup-
posed to be the same in both samples due to the same
interaction field. The projection of mFe3+ is determined
by the antiferromagnetic moment of the BFO layer. The
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XLD results in Fig. 3 indicate that the projection of the
spin moment of BFO109 is larger than that of the BFO71
sample due to the compressive strain, which makes the sec-
ond term larger in the Co/BFO109 sample. Therefore, the
exchange interactive energy is larger in the Co/BFO109
sample then that in the Co/BFO71 sample, causing signif-
icant enhancement of the coercive field in the Co/BFO109
sample.

It is reported that the exchange field will theoreti-
cally achieve 6.5 kOe, nevertheless the value measured
in the experiment is only tens of Oe. It is believed this
discrepancy originates from the uncompensated spins at
the interface [12]. The confirmation of Fe2+ make the
interface coupling clear in the Co/BFO system. The for-
mation of Fe2+ at the interface weakens the coupling
between Co and BFO, and as a result, the value of the
exchange field is smaller than the theoretical one. All
these results indicate that the formation of Fe2+ plays an
important role in studying magnetoelectric coupling and
the application of spintronic devices.

IV. CONCLUSIONS

To conclude, from the soft x-ray XAS, XLD, and
XMCD spectral investigations we show that an alternative
magnetic phase Fe2+ at the Co/BFO interface is induced
with a charge transfer from Co to Fe3+ in BFO. With
the relative stronger exchange coupling in Co/BFO109,
a stronger enhancement of the coercive field is observed.
As reported very recently, the magnetic anisotropy of
exchange-coupled Co0.9Fe0.1 layers is effectively tuned by
using different substrates with the strain to engineer the
antiferromagnetic-spin orientation of BFO [49]. Our find-
ings strongly suggest that the interfacial charge transfer
plays an important role in tuning the magnetic anisotropy
of the upper ferromagnetic layers. We emphasize that
the presented interfacial charge transfer not only enables
a deeper understanding of the exchange coupling at the
metal/BFO interface, but also can trigger alternative ways
of preparing and controlling interface properties by means
of an electric field.
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