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ABSTRACT: Interfaces between complex oxides provide a unique opportunity to discover novel
interfacial physics and functionalities. Here, we fabricate the multilayers of itinerant ferromagnet SrRuO3
(SRO) and multiferroic BiFeO3 (BFO) with atomically sharp interfaces. Atomically resolved transmission
electron microscopy reveals that a large ionic displacement in BFO can penetrate into SRO layers near
the BFO/SRO interfaces to a depth of 2−3 unit cells, indicating the ferroelectric proximity effect. A
topological Hall effect is indicated by hump-like anomalies in the Hall measurements of the multilayer
with a moderate thickness of the SRO layer. With magnetic measurements, it can be further confirmed
that each SRO layer in the multilayers can be divided into interfacial and middle regions, which possess
different magnetic ground states. Our work highlights the key role of functional heterointerfaces in exotic
properties and provides an important guideline to design spintronic devices based on magnetic
skyrmions.
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1. INTRODUCTION

Interfaces between two distinct oxides have been a key point of
interest in both fundamental research and device applications.
Ultrathin regions within oxides near the interfaces often exhibit
novel electrical and magnetic properties that are different from
inherent properties of its bulk region, arising from the coupling
of lattice, orbital, charge, and spin degrees of freedom across
the heterointerfaces. Some intriguing phenomena, such as two-
dimensional electron gas,1 superconductivity,2,3 and magneto-
electric coupling,4 have been observed at their heterointerfaces,
playing a critical role in the current electronic devices.
Perovskite oxide SrRuO3 (SRO), an itinerant ferromagnet

with a Curie temperature (Tc) of 160 K and a low-temperature
saturation magnetization of 1.6 μB/Ru,

5 often serves as an
electrode material due to its high metallic conductivity and
chemical stability. In bulk, SRO shows an orthorhombically
distorted phase with the symmetry group Pbnm at room
temperature.6 The electrical transport and magnetic properties
of SRO films are strongly dependent on the structural
parameters, which can be controlled by strain induced by the
residual lattice mismatch.7,8 Previous works show that an
insulating state is observed when the SRO thickness is less than
3−4 unit cells (u.c.).9−11 They attribute the metastable phase
in SRO with shrinking dimensionality to the structure disorder
from the heterointerface. Recently, magnetic skyrmions, a
nanoscale swirling spin texture, have been observed at low
temperatures and under large applied magnetic fields,
stimulating an increasing interest for their rich physics and

potential applications in spintronics.12 The topological Hall
effect (THE) as a result of skyrmions is often inferred from the
observation of hump-like anomalies in Hall measurements.
Several studies have reported the THE in ultrathin SRO
heterostructures,13−20 which are driven by the strong
interfacial Dzyaloshinskii−Moriya interaction (DMI) due to
the broken inversion symmetry and spin−orbit coupling. It has
been revealed that in a BaTiO3 (BTO)/SRO heterointerface,
ferroelectric-driven ionic displacements in BTO can penetrate
into SRO near the interface, resulting in a displacement
between Ru and O along the [001] axis.16,20,21 This
ferroelectric-driven lattice distortion breaks the inversion
symmetry of the SRO structure near the interface, inducing a
strong DMI, which is the driving force for the formation of
skyrmions. Moreover, van Thiel et al.22 reported that charge
discontinuity in the SRO/LaAlO3 interface can result in the
broken inversion symmetry, thus inducing both magnetic and
topological reconstruction in the SRO layer. Nonetheless, the
hump-like Hall signal may also result from SRO inhomoge-
neity and can be explained by a two-channel anomalous Hall
effect (AHE) model.23−26 Ren et al.25 reported that the
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observed nonmonotonic anomalous Hall resistivity behavior in
the BFO/SRO bilayer system can be attributed to SRO
inhomogeneity instead of THE. Ko et al.26 found that the
stoichiometry and lattice deformation of the SRO layer can be
manipulated by controlling the growth pressure of the LaAlO3

capping layer, thus resulting in two-channel AHE signals.
In this work, we present a design of multilayer structures of

SRO and BiFeO3 (BFO), where each SRO layer is sandwiched

between two BFO layers, to investigate the interface effects on
SRO transport and magnetic properties. BFO as a promising
multiferroic material possesses strong ferroelectric polarization
and G-type antiferromagnetic order at room temperature.27−29

A series of SRO/BFO multilayers were fabricated by fixing the
total thickness of SRO in the multilayers but varying the
thickness of the single SRO layer. The ferroelectric proximity
effect was revealed by atomically resolved scanning trans-

Figure 1. Structural characterization of SRO/BFO multilayers. Schematics of (a) m = 18, (b) m = 9, and (c) m = 6 samples grown on STO
substrates, where m represents the number of unit cells. (d) XRD θ−2θ scans around the (002)pc peaks for the m = 18, 9, and 6 samples. (e) RSM
results for the m = 18, 9, and 6 samples around the STO (103) diffraction condition. (f) Schematic diagram of the ionic displacements in the
interfacial SRO regions. The blue, red, green, orange, and magenta spheres denote the Bi, Fe, Sr, Ru, and O atoms, respectively. (g) Atomic-scale
high-resolution high-angle annular dark-field-STEM (HAADF-STEM) image for the m = 9 sample taken along the [100] axis of the substrates.
Insets are the magnified images at the interfaces and the displacement vector of B-site cations with respect to the mass center of four nearest A-site
cations. (h) The HAADF-STEM intensity profiles obtained from the corresponding A-site (Sr, Bi) and B-site (Ru, Fe) atomic columns. The white
and gray dotted lines in (g, h) represent the center of A-site atoms. (i) Ionic displacement (δFe/Ru) along the [001] axis is extracted from the
HAADF-STEM image of the m = 9 sample. The error bars represent the standard deviations of the averaged measurements for each vertical atomic
layer.
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mission electron microscopy (STEM), and the THE arising
from the broken inversion symmetry of the SRO structure was
observed. We further discussed the origin of the THE and the
magnetic contributions from the interfacial and middle SRO
regions.

2. RESULTS AND DISCUSSION

Figure 1a−c shows the configurations of the designed
multilayers with a stacking order of BFO12/(SROm/BFO12)n
grown on SrTiO3 (STO) (001) substrates, where the thickness
(m u.c.) of the SRO layer varies systematically, while the BFO
layer is fixed at 12 u.c. In our multilayers, the thickness of the
SRO layer is chosen as m = 18, 9, and 6 u.c., whereas the total
thickness of SRO is kept at 18 u.c. by designing the
corresponding periodic repetitions of building blocks. The
surface topography of the STO substrate (Figure S1) shows an
atomically flat TiO2-terminated surface, which provides a basic
condition for the growth of high-quality multilayer thin films.
X-ray diffraction (XRD) θ−2θ scans of the multilayers were
performed to examine the quality of the samples, as shown in
Figures 1d and S2. The observed satellite peaks around the
main reflection suggest high interface quality and the structural
coherence of the multilayers. Furthermore, X-ray reciprocal
space mappings (RSMs) around the STO (103) diffraction
condition were measured, as shown in Figure 1e. All
multilayers are fully strained on STO substrates and possess
a coherent in-plane lattice parameter as that of STO substrates
(3.905 Å). The average c-axis lattice constants of BFO and
SRO (Figure S3) extracted from the corresponding (002)pc
Bragg reflection are larger than those of bulk BFO (3.96 Å)
and bulk SRO (3.93 Å),30−35 where the subscript pc denotes
the pseudocubic notation. This suggests that both SRO and
BFO in the multilayers are elongated along the out-of-plane
direction. In general, the mismatch strain can be released with
increasing film thickness. However, our results show a larger

out-of-plane lattice constant of SRO in the thicker multilayer
(with smaller m), which can be related to the strong
modulation of structural parameters of SRO near the BFO/
SRO interface (details are discussed later).
Atomic structures of the multilayers were illustrated by high-

angle annular dark-field STEM (HAADF-STEM) images. A
representative HAADF-STEM image for the m = 9 multilayer
is shown in Figure 1g. There is no apparent misfit dislocations
at the interfaces. Strikingly, a displacement between the B-site
Ru and the mass center of the four nearest A-site cations is
observed in SRO near the BFO/SRO interfaces, as shown in
the insets of Figure 1g. It is demonstrated that the ferroelectric-
driven ionic displacements in BFO can penetrate into SRO,
suggesting a ferroelectric proximity effect. The HAADF-STEM
intensity profiles of the A- and B-site cations obtained from the
selected atomic columns in Figure 1g are plotted in Figure 1h.
We can see that the ionic displacements induced by the
ferroelectric proximity effect can cross the heterointerface and
penetrate into SRO to a depth of 2−3 u.c. Thus, the interfacial
SRO regions with ionic displacements can be distinguished
from the middle SRO layer, as schematically shown in Figure
1f. Figure 1i displays the evolution of the layer-by-layer polar
displacements (δFe/Ru) along the [001] axis near the BFO/
SRO interfaces of the m = 9 multilayer. Positive (negative)
δFe/Ru denotes the upward (downward) direction of the ionic
displacement. The larger top and bottom δFe induced sizable
δRu within a depth of 3 u.c. near the BFO/SRO interfaces.
Moreover, the ionic displacements in the interfacial SRO
regions have also been observed in the m = 18 and 6
multilayers (Figures S4 and S5). The ferroelectric proximity
effect has been reported in ferroelectric/SRO heterointerfaces,
as a result of the softness of the SRO lattice that provides an
efficient mechanism of polarization screening.36−38 In our
multilayers, the ionic displacements in the interfacial SRO
regions are modulated by the ferroelectric polarization of BFO,

Figure 2. Transport properties of SRO/BFO multilayers. (a) Temperature-dependent ρxx of all multilayers measured at the zero field. (b)
Temperature-dependent MR with a magnetic field applied normal to the plane of the multilayers. (c) Schematic of the experimental setup for
transport measurements. (d) Magnetic field dependence of MR measured at 5 K. Arrows denote the field-sweeping direction.
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and thus, the ferroelectricity of BFO has directly coupled to
the metallic SRO layer. As a result, the observed ionic
displacements supposedly have a large influence on the
transport and magnetic properties of interfacial SRO regions.
The longitudinal resistivity (ρxx) and Hall resistivity (ρxy) of

the multilayers were measured with a typical geometry, as
shown in Figure 2c. Figure 2a shows the temperature
dependence of ρxx for the three multilayers. For the m = 18
sample, we observe a metallic behavior down to the lowest
temperature. A cusp in the ρxx (T) curve at ∼150 K indicates
the phase transition to the ferromagnetic state. The curve for
the m = 9 sample exhibits higher resistivity and a small upturn
below 47 K, demonstrating the occurrence of a metal-to-
insulator transition. In addition, a slightly weak cusp at ∼140 K
is observed for the m = 9 sample, indicating that Tc reduces
with the decrease of m. For the m = 6 sample, the resistivity at
low temperatures increases more than 2 orders of magnitude
and presents an obvious insulating state. The cusp correspond-
ing to the ferromagnetic transition for the m = 6 sample
becomes indistinguishable. Therefore, the emergence of the
insulating state occurs at multilayers with SRO thicknesses of
6−9 u.c., which is larger than the reported thickness of 3−4
u.c. for the SRO single layer grown on STO substrates.10,11

This result suggests that the structural disorder in the
interfacial SRO induced by the ferroelectric proximity effect
would give rise to the insulating behavior. Moreover, we
cannot rule out the presence of non-zero net charges at the
BFO/SRO interfaces that result in an intrinsic build-in field
across the interfaces. Electronic reconstructions may happen
within the interfacial SRO layers, which might also have an
effect on transport behavior.
Figure 2b shows the temperature dependence of magneto-

resistance [MR = (ρH − ρ0)/ρ0], which was measured at the
magnetic fields of 0 and 5 T along the pseudocubic [001]
direction. For the ferromagnetic state of SRO, the domain wall
resistance has a dominant contribution to the MR, leading to
the observed negative MR under the fields.39 The MR valleys,

which are known to correspond to Tc of SRO, shift to lower
temperatures with decreasing m. This is consistent with the
shift of the cusps in Figure 2a. The decrease of Tc can be
ascribed to the enhanced structure disorder near the BFO/
SRO interfaces.40 Figure 2d shows the out-of-plane MR
measured at 5 K for the multilayers with various m. For all of
the samples, a standard negative MR with a butterfly-shaped
hysteresis is observed. Additionally, the magnetic field
dependence of MR of all of the multilayers measured at
different temperatures is shown in Figure S6. The butterfly-
shaped feature decays with increasing temperature, reflecting
the suppressed ferromagnetic ordering in SRO. Furthermore,
the feature of MR also shows that the SRO layers in the
multilayers are subject to an in-plane compressive strain and
have a magnetic easy axis along the out-of-plane direction.41

The magnetic field dependence of ρxy at different temper-
atures was further investigated to probe the interface effects on
the transport response of the multilayers. In general, the Hall
resistivity can be decomposed into ρxy = ρOHE + ρAHE + ρTHE,
where the first term represents the ordinary Hall resistivity
(ρOHE = R0H) proportion to the out-of-plane magnetic field
(H) and the second term represents the anomalous Hall
resistivity (ρAHE = RSM) proportion to magnetization (M).
Thereinto, R0 and RS are the ordinary and anomalous Hall
coefficients, respectively. The third term is attributed to the
THE contribution, arising from the real-space Berry phase that
is acquired by conduction electrons, as they travel through a
non-coplanar spin texture. Figure 3 shows the Hall measure-
ments for the multilayers. The ordinary Hall effect (OHE)
contribution has been subtracted by linear fitting of the
magnetic field dependence of ρxy in the range of μ0H ≥ 3.0 T.
As shown in Figure 3a, the m = 18 sample in a temperature
range from 5 to 120 K is similar to an inverted magnetic
hysteresis loop, signifying a dominant AHE with negative RS.
As the temperature increases to 140 K, the sign of RS changes
to positive. Such an anomalous sign change is thought to be
associated with the changes in the momentum space Berry

Figure 3. Observation of THE in the SRO/BFO multilayers. The Hall resistivity as a function of magnetic field for the (a) m = 18 and (b) m = 9
samples at various temperatures. The data in (a, b) are shifted vertically for clarity. Red and blue in (a, b) represent the field-sweeping direction. (c)
ρxy, ρAHE, and ρTHE versus H for the m = 9 sample at 60 K. (d) Temperature dependence of ρAHE and ρTHE for the m = 9 sample.
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curvature near the Fermi level.17,42,43 With increasing temper-
ature, the AHE feature is gradually suppressed and finally
vanishes near the ferromagnetic transition temperature,
demonstrating the magnetic origin of AHE.
Figure 3b shows the Hall measurement for the m = 9 sample.

Two abnormal humps are observed in the ρxy (H) curves
below ∼100 K. Several studies have demonstrated the similar
hump structures in SRO thin films when combined with a
spin−orbit coupling layer SrIrO3

15 or ferroelectric
layer.14,16,19,20 This hump feature has been assigned to the
third term THE, where the DMI, which is the driving force for
the formation of magnetic skyrmions, stems from the broken
inversion symmetry by inequivalent interfaces in SRO thin
films. In our case, ferroelectric-driven ionic displacements in
the interfacial SRO layers break the inversion symmetry of the
SRO structure, giving rise to an interfacial DMI. The degree of
broken inversion symmetry in SRO can be determined by the
ionic displacement between Ru and O in the RuO2 plane. The
Hamiltonian of the DMI can be defined as HDMI = D12 · (S1 ×
S2),

16 where the DMI vector D12 is perpendicular to the Ru−
O−Ru chains. Here, S1 and S2 are two neighboring spins in
SRO. For a ferroelectrically distorted SRO layer, the calculated
|D12| value increases with the ionic displacement between Ru
and O chains.18 The δRu values near the top and bottom BFO/
SRO interfaces, as shown in Figure 1i, are up to ∼0.12 Å along
the out-of-plane direction. The polar displacement is larger
than that of the BTO/SRO bilayer system with robust
skyrmions stabilized by a strong DMI.16 In addition, previous
work reported that the THE in the SRO/BFO bilayer system
can be manipulated by the modulation of interlayer exchange
coupling and interfacial DMI induced by ferroelectric polar-
ization. Based on the above scenario, we conclude that the
hump structures in the ρxy (H) curves for the m = 9 multilayer
can be reasonably assigned to the THE with a skyrmion nature,
although the possibility that the additional humps are related
to two-channel AHE signals cannot be ruled out directly. The

THE signal can be obtained by fitting and subtracting the AHE
signal because ρAHE is proportion to magnetization. Figure 3c
shows a typically separated AHE and THE contributions for
the m = 9 multilayer measured at 60 K. When the sweeping
field from ±5 T approaches the coercive field (HC), the THE
increases sharply and reaches the maximum values at
approximately ±0.5 T. When the sweeping field further
traverses HC, the THE gradually decreases to zero at a field
of around ±1.8 T, where the inverted M (H) loop (AHE with
negative RS) closes also. This strongly suggests that the THE
occurs when the ferromagnetic domains begin switching. The
summarized ρAHE and ρTHE as a function of temperature are
shown in Figure 3d. We note that the sign reversal of AHE also
appears in the m = 9 sample with increasing temperature. The
amplitude of the THE increases with increasing temperature in
the range from 5 K to below ∼60 K and then decreases to zero
at ∼120 K. No THE is observed in the m = 18 sample because
the effective interfacial DMI reduces with the increase of m and
the spins of SRO cannot be twisted to realize magnetic
skyrmions.15 For the m = 6 sample, Hall signals were not
detected because of its insulating characteristics.
To further investigate the Hall origin, we measured the

magnetism of the three samples. It is known that the Fe3+ ions
in BFO are antiferromagnetic ordering and their moments
describe a cycloid with a period of 62 nm.44 Here, the weak
ferromagnetism of BFO layers due to spin canting by the tilting
of the oxygen octahedral45 is neglected. Figure 4a−c shows the
temperature dependence of field-cooled magnetization for the
m = 18, 9, and 6 samples. The m = 18 sample shows a normal
paramagnetic-to-ferromagnetic phase transition. When m
decreases to 9, the phase transition shifts to a lower
temperature and the magnetization reduces clearly. When m
further decreases to 6, the sample shows quenched magnet-
ization with no clear Curie transition. The phase transition
behaviors are in agreement with that revealed by the
temperature dependences of ρxx and MR shown in Figure

Figure 4. Magnetic evolutions in the SRO/BFO multilayers. The temperature dependence of magnetization measured at 5 K of (a) m = 18, (b) m
= 9, and (c) m = 6 samples. The measurements were taken after field cooling in 0.02 T. The magnetic hysteresis loops of (d) m = 18, (e) m = 9, and
(f) m = 6 samples. All magnetic measurements were taken with the magnetic fields applied in the out-of-plane direction of the STO substrate.
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2a,b, indicating that the ferromagnetic state is relatively
destabilized with decreasing m. Figure 4d−f shows the M
(H) loops for the m = 18, 9, and 6 samples at 5 K. The m = 18
and 9 samples in Figure 4d,e show an unusual step-like
behavior, whereas the loop for the m = 6 sample, as shown in
Figure 4f, presents a slim shape with a small HC value and weak
saturation magnetization. Loops with step-like features are
similar to the hysteresis loop of the bilayer system with soft
(small HC) and hard (large HC) magnetic phases.46 In our
multilayers, we can divide theM (H) loops of the m = 18 and 9
samples into two components with small and large HC,
respectively. By comparison with the ρxy (H) curves at 5 K
shown in Figure 3a,b, it can be deduced that the component
with large HC can be attributed to the middle SRO regions
rather than the interfacial SRO regions because interfacial
regions exhibit the insulating state that almost has no
contribution to ρxy. When m decreases to 6, the M (H)
loops only have soft magnetic phases contributed from
interfacial SRO regions. This is consistent with the HAADF-
STEM result that the SRO layer with a thickness of 2−3 u.c.
near the BFO/SRO interfaces is modified by the ferroelectric
proximity effect.
The magnetic properties of ultrathin SRO films are strongly

dependent on their structural symmetry, which can be
determined by the RuO6 octahedral tilting. Meng et al.21

revealed a similar step-like behavior in the M (H) loops of
BTO/SRO heterostructures and considered that this behavior
originated from the discrepancy of structural distortions in the
interfacial and middle SRO regions, which is induced by the
ferroelectric proximity effect. The previous study suggests that
tetragonal SRO shows uniaxial perpendicular anisotropy with
large out-of-plane HC, whereas monoclinic SRO exhibits
longitudinal anisotropy with small out-of-plane HC due to
the canted magnetization.47 The monoclinic phase can be
transformed to the tetragonal phase by controlling the RuO6
octahedral distortion in SRO.48,49 Additionally, Jeong et al.
suggested that the tetragonal phase of the SRO layer in SRO/
BTO superlattices exhibits higher Tc and larger HC compared
to the orthorhombic phase.50 In our multilayers, ultrathin SRO
layers fully strained on STO substrates should have exhibited
the tetragonal phase. However, an additional geometric
constraint induced by the ferroelectric proximity effect would
be imposed to trigger the structural distortion of SRO layers
near the interfaces. This ferroelectric-driven lattice distortion
of SRO causes the RuO6 octahedral tilting while elongating the
lattice along the out-of-plane direction. As m decreases to 6,
the entire ultrathin SRO layers are controlled by the
ferroelectric proximity effect, thus resulting in larger c-axis
lattice parameters. Thus, the SRO near the interfaces can be an
orthorhombic phase with slight monoclinic distortion and
shows a small HC value. In addition, oxygen vacancies
inevitably exist in oxide multilayers. Lu et al. recently reported
that in the SRO thin films grown on STO substrates with high-
concentration oxygen vacancies, the oxygen-deficient SRO
near the interface is a ferromagnetic insulator with small HC,
while the above SRO is a ferromagnetic metal with large HC.
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Thus, in our multilayers, the possible accumulation of oxygen
vacancies in the interfacial SRO regions may also contribute to
the observed magnetic behavior.

3. CONCLUSIONS
In summary, we report the unusual transport and magnetic
properties in SRO/BFO multilayers. The ferroelectric

proximity effect has been confirmed by the observation of
Ru ionic displacements in interfacial SRO regions. Further-
more, THE with a skyrmion nature is observed in the m = 9
multilayer, arising from the broken inversion symmetry of the
SRO structure near the BFO/SRO interface. The magnetic
results further suggest that the interfacial SRO regions exhibit
smaller HC compared to that of the middle SRO region, which
can be attributed to an additional geometric constraint induced
by the ferroelectric proximity effect. Our work opens the door
to further explore functional oxide heterointerfaces that
potentially exhibit novel physical properties at the atomic scale.

4. EXPERIMENTAL SECTION
4.1. Sample Preparation. Epitaxial SRO/BFO multilayers were

grown on TiO2-terminated STO (001) substrates by laser molecular
beam epitaxy (Pascal system). A focused pulsed excimer laser with a
wavelength of 308 nm was employed to irradiate the ceramic BFO
and SRO targets alternatively at a fixed energy density of ∼1.5 J/cm2

and a repetition of 2 Hz. All multilayers were grown at a substrate
temperature of around 640 °C under an oxygen pressure of 10 Pa.
After the deposition, all samples were in situ annealed for 10 mins and
then cooled down to room temperature at a rate of 10 °C/min.

4.2. Structural Characterization. The surface topography of the
atomically flat TiO2-terminated STO substrates was characterized by
atomic force microscopy (AFM, Asylum Research MFP-3D)
equipped with Ti/Ir-coated silicon tips. High-resolution XRD θ−2θ
scans and reciprocal space mappings (RSMs) of the samples were
performed using an X-ray diffractometer (Rigaku SmartLab) equipped
with a 9 kW rotating anode X-ray source (λ ∼ 1.54 Å). HAADF
images of all of the multilayers were acquired by an aberration-
corrected STEM (JEOL ARW-300F) working at an accelerating
voltage of 300 kV.

4.3. Measurements of Transport and Magnetic Properties.
Transport measurements were performed using a physical property
measurement system (PPMS, Quantum Design) in a conventional
four-terminal configuration, as shown in Figure 2c. The magnetization
data were recorded by a magnetic property measurement system
(MPMS, Quantum Design) with a magnetic field applied perpendic-
ularly to the surface plane.
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