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Stable humplike Hall effect and noncoplanar spin textures in SrRuO3 ultrathin films

Byungmin Sohn,1,2 Bongju Kim,1,2,* Se Young Park,1,2,3 Hwan Young Choi,4 Jae Young Moon,4 Taeyang Choi,5

Young Jai Choi,4 Hua Zhou,6 Jun Woo Choi,7 Alessandro Bombardi,8,9 Dan. G. Porter,8 Seo Hyoung Chang,5,†

Jung Hoon Han,10 and Changyoung Kim1,2,‡

1Department of Physics and Astronomy, Seoul National University, Seoul 08826, Korea
2Center for Correlated Electron Systems, Institute for Basic Science, Seoul 08826, Korea

3Department of Physics and Origin of Matter and Evolution of Galaxies (OMEG) Institute, Soongsil University, Seoul 06978, Korea
4Department of Physics, Yonsei University, Seoul 03722, Korea

5Department of Physics, Chung-Ang University, Seoul 06974, Korea
6Advanced Photon Source, Argonne National Laboratory, Argonne, Illinois 60439, USA
7Center for Spintronics, Korea Institute of Science and Technology, Seoul 02792, Korea

8Diamond Light Source Ltd., Harwell Science and Innovation Campus, Didcot, Oxfordshire OX11 0DE, United Kingdom
9Department of Physics, University of Oxford, Parks Road, Oxford OX1 3PU, United Kingdom

10Department of Physics, Sungkyunkwan University, Suwon 16419, Korea

(Received 26 November 2018; accepted 26 May 2021; published 22 June 2021)

We observed a humplike feature in Hall effects of SrRuO3 ultrathin films, and systematically investigated it
by controlling thicknesses, temperatures and magnetic fields. The humplike feature is extremely stable, even
surviving as a magnetic field is tilted by as much as 85◦. Based on the atomic-level structural analysis of a
SrRuO3 ultrathin film with a theoretical calculation, we reveal that atomic rumplings at the thin-film surface
enhance Dzyaloshinskii-Moriya interaction, which can generate stable chiral spin textures and a humplike Hall
effect. Moreover, temperature dependent resonant x-ray measurements at the Ru L edge under a magnetic field
showed that the intensity modulation of unexpected peaks was correlated with the hump region in the Hall effect.
We verify that the two-dimensional property of ultrathin films generates stable noncoplanar spin textures having
a magnetic order in a ferromagnetic oxide material.
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I. INTRODUCTION

In magnetic materials, topological properties based on
noncoplanar spin textures offer intriguing possibilities for ex-
ploring emergent properties and creating functionalities at the
nanoscale. In ferromagnets, a transverse electric field can be
induced without an external magnetic field owing to asym-
metric spin scattering, known as the anomalous Hall effect
(AHE) [1]. Recently, beyond AHE a non-vanishing anoma-
lous conductance—a humplike feature—appears in the Hall
effect [2,3]. This emergent Hall effect, dubbed the topologi-
cal Hall effect (THE), is found to be from real-space Berry
curvature of noncoplanar spin or magnetic structures such
as all-in–all-out spins in pyrochlore lattice [2] or magnetic
skyrmions [3–6]. During the last decade, THE has been ob-
served in materials with noncoplanar spin textures [7–10].
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A key ingredient for generating noncoplanar spin
structures in thin film systems [11,12] and heterostruc-
tures [13,14] is well known to be the Dzyaloshinskii-
Moriya interaction (DMI) in the presence of an inversion
symmetry breaking (ISB). The underlying design strat-
egy for achieving stability has been artificially breaking
the inversion symmetry and boosting the spin-orbit cou-
pling necessary for DMI by exploiting the heterostructure
of thin film with a heavy-metal layer [15]. However,
such heterostructures usually become quite complicated,
which should be detrimental to construction of theoreti-
cal models and designing highly scalable energy efficient
devices.

SrRuO3 (SRO), a well-known itinerant ferromagnet, was
recently shown to be an excellent platform for studying THE
[16,17] and engineering the stabilization of noncoplanar spin
textures. For instance, a capping layer with Ir element grown
on SRO films was able to enhance the spin-orbit coupling
in SRO and to increase the DMI energy for THE. Moreover,
researchers reported that, in the ultrathin limit, SRO films ex-
hibited the THE even without the additional heavy elements.
Note that the phenomena can be described by topological
effects or inhomogeneities in AHEs [18,19]. For instance, a
recent study on magnetic circular dichroism patterns verified
the existence of chiral spin structure in SRO films [20]. De-
spite these works, there is still a lack of deep understanding on
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FIG. 1. Emergent humplike structures in the Hall effect of SrRuO3 (SRO) ultrathin films under a perpendicular magnetic field. (a) Hall
effect measurement as a function of the perpendicular field μ0H at various temperatures for 4–7 unit cells (u.c.) SRO after subtraction of the
ordinary Hall effect. The red (blue) arrow indicates the positive (negative) sweep direction of the magnetic field. Both anomalous Hall effect
(AHE) and the humplike features are observed on 4 and 5 u.c. SRO, while only AHE is observed for 6 and 7 u.c. SRO. (b) An enlarged plot of
the Hall effect measured for 5 u.c. SRO at 30 K. The curves contain contributions from both AHE and the hump structure. (c) Phase diagram of
5 u.c. SRO in the (T, μ0H ) plane. Color plots represent the measured (anomalous + hump) Hall resistivity values. Assignments of the phases
are ferromagnetic (FM) and emergent humplike structure (Hump) regions, respectively. The hump region is defined between Hc1(θ ) and Hc2(θ )
in Fig. 2(b). Arrows next to the “FM” indicate the direction of magnetization.

how to stabilize the noncoplanar spin textures in the ultrathin
limit.

In this paper, we present a systematic approach for inves-
tigating a Hall effect in SRO ultrathin films on SrTiO3 (STO)
(001) substrates by controlling thicknesses from 7 unit cells
(u.c.) to 4 u.c.. Clear humplike features, which we attribute
to a THE, were observed in the Hall resistivity of 4 and
5 u.c. SRO thin films. The humplike features were found
to be quite robust, surviving with the magnetic field tilting
angle as large as 85◦. To elucidate microscopic origins of
the humplike feature, we analyzed atomic-level structure of
a 4 u.c. SRO thin film by using surface x-ray scattering com-
bined with coherent Bragg rod analysis (COBRA) and density
functional theory (DFT) calculations. A cation-oxygen rum-
pling into the out-of-plane direction can lead to sufficient DMI
required for stabilizing noncoplanar spin structures. Further-
more, temperature-dependent resonant elastic x-ray scattering
(REXS) studies on a 4 u.c. SRO thin film showed nontrivial
magnetic order that concomitantly appears with the humplike

features. Based on a theoretical calculation and experimental
observations, we suggest that the robust humplike structure in
Hall resistivity is induced by noncoplanar spin textures, which
can be stabilized by DMI and strong out-of-plane magnetic
anisotropy.

II. RESULTS

A. Hall effect measurements

Figure 1(a) shows Hall resistivity measured at various
temperatures for 4–7 u.c. SRO under the perpendicular mag-
netic field to the thin film. Humplike structures are clearly
observed in cases of 4 and 5 u.c. SRO, while only large
hysteresis is observed in 6 and 7 u.c. SRO. The Hall resistivity
in our ultrathin films can be decomposed into three terms,
ρxy = ρOHE + ρAHE + ρhump, namely the ordinary Hall effect
(OHE), AHE, and humplike structures, whereas only OHE
and AHE are sufficient to explain Hall effect in 6 and 7 u.c.
SRO. Note that the ρxy contributed by OHE was subtracted
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FIG. 2. Angle-dependent Hall measurements in 4 u.c. SRO. (a) Schematics of the geometry of angle-dependent Hall measurement. The
external magnetic field is tilted at an angle θ from the perpendicular direction. (b) Hall resistivity data when θ is zero. Hc1 is defined by
the intersection of two extrapolations shown as black dotted lines. Hc2 is defined as the field value at which the Hall resistivity values under
the positive and negative sweeps coincide. �(μ0H ) is defined as the difference, μ0(Hc2 − Hc1). (c) Hall resistivity at various angles of field
inclination. (d) Phase diagram in the plane of parallel (μ0H‖) and perpendicular (μ0H⊥) components of the magnetic field. Inset: A schematic
of our experimental geometry with tilt angle θ .

in all the data shown in the paper. The humplike structure
starts to appear, together with AHE, below the Curie tem-
perature Tc, which can be determined from the temperature-
dependent longitudinal resistivity ρxx(T ) (see Appendix B for
details).

As illustrated in Fig. 1(b), a clear humplike feature is
observed, and disappears near the coercive field where AHE
undergoes an abrupt change. At the lowest measured temper-
ature of 2 K, the humplike structure persists over the 1 tesla
(T) range, demonstrating that the hump structure in SRO film
is extremely robust compared to THE in other materials that
host noncoplanar spin textures over much weaker fields [3,9].
By using the Hall resistivity data, an overall temperature-field
phase diagram for 5 u.c. SRO can be obtained, as shown in
Fig. 1(c). The phase diagram exhibited the universal trend
of the nontrivial topological phase in ferromagnetic films
compared to previous reports on the SrRuO3/SrIrO3 het-
erostructure [16], the thin-film chiral magnet Fe1−xCoxSi [3],
and FeGe [12]. Interestingly, on the other hand, the critical
field for eliminating the hump structure is much larger in our
SRO ultrathin films.

An intriguing aspect of the humplike structure in ultrathin
SRO films is its exceptional stability or robustness under
the tilting of the magnetic field. As shown schematically in
Fig. 2(a), the Hall resistivity of 4 u.c. SRO was measured with

the magnetic field tilted at an angle θ from the perpendicular
direction at 10 K. The angle-dependent Hall data are plotted in
Fig. 2(c), using the total magnetic field (μ0H) as the variable
for the plot. At each angle of inclination one can define two
critical fields Hc1(θ ) and Hc2(θ ), associated with the onset
and disappearance of the hump, respectively [Fig. 2(b)]. The
stable region of the humplike structure is then defined as
�(μ0H ) ≡ μ0(Hc2 − Hc1) for a given angle of inclination.
Hc1(θ ), Hc2(θ ), and �(μ0H ) all increase continuously as the
tilt angle increases. Figure 2(d) represents a phase diagram
in the plane of (μ0H‖, μ0H⊥), deduced from the Hall effect
measurement data. The two components refer to the in-plane
(μ0H‖) and out-of-plane (μ0H⊥) magnetic fields. There exists
a marked increase in the magnetic field window of stability for
the hump structure as the tilt angle θ = tan−1(H‖/H⊥) grows.

Earlier experiment on a EuO film found that the humplike
structure disappears at θ slightly larger than 10◦ inclination of
a external magnetic field from the normal [21]. Similar field-
tilt measurement on FeGe found θc ≈ 12◦ to be the critical
angle of inclination before the cycloidal phase replaced the
skyrmion phase [22]. Compared to similar field-tilt experi-
ments in EuO [21], FeGe [22], GaV4S8 [23] and GaV4Se8

[24], our ultrathin SRO shows an exceptionally wide phase di-
agram region of the humplike structure under the field tilting,
e.g., 85◦.
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FIG. 3. A source of Dzyaloshinski-Moriya interaction (DMI) in a SRO ultrathin film. (a) A crystal model of SRO on the SrTiO3 (STO)
substrate. A green (blue, gray, red) dot indicates Sr (Ti, Ru, O) atom. A blue (gray) translucent octahedron indicates an oxygen octahedron of
Ti (Ru) atoms. The SRO-STO interface is marked by a black dotted line. (b) Electron density contour plot of STO substrate and 4 u.c. SRO
in the (100) plane at 30 K taken by coherent Bragg rod analysis (COBRA). (c) Electron density contour plots on B-site atoms for several Ti
and Ru layers. (d) A schematic plot of the cation rumpling length, δ, measured from the center of the octahedron to the Ru atom, and the
corresponding DMI vector (D12). (e) SRO atomic structure within the ab plane with the octahedral rotation angle γ between Ru atom and
O atom. (f),(g) Layer-dependent cation-oxygen rumpling, δ, and octahedral rotation angle, γ , of the STO substrate and the SRO thin film
measured by COBRA. The blue dotted horizontal line indicates the average of δ and γ for the STO substrate. The cation-oxygen rumpling
near the film surface acts as a source of DMI.

B. Cation rumpling on the surface

If the DMI is responsible for the humplike feature, ISB
may appear in the atomic structure. Hence, atomically re-
solved surface x-ray diffraction measurements combined with
the COBRA method render some key insights into the origin
of the robust humplike feature [25–27]. Figure 3(a) schemat-
ically illustrates the crystal structure of the 4 u.c. SRO thin
film grown on STO (001) substrate. The COBRA method,
being an effective phase-retrieval surface x-ray technique for
ultrathin films, is capable of providing the three-dimensional
electron density profile and accurate atomic positions. The
overall two-dimensional electron density profiles of the 4 u.c.
SRO and the STO layers are seen in the (100) plane for the
Ru, Ti, and O atoms [Fig. 3(b)]. Electron density profiles in
some of the individual Ti-O2 and Ru-O2 planes are shown in
Fig. 3(c) in greater detail.

The SRO ultrathin film on the STO substrate maintains the
tetragonal structure (a0a0c−) [28] [see Appendix C for the

low energy electron diffraction (LEED) data], meaning that
the octahedral tilt angle along the in-plane crystallographic
axes is zero, while rotation about the c axis (by angle γ ) is
allowed. The intriguing aspect of the COBRA findings is the
cation(Ru)-oxygen rumpling, measured by the displacement,
δ, of the Ru atom out of the RuO2 plane [Figs. 3(d) and 3(e)].
Both these quantities have been measured for the individual
SRO and STO layers [Figs. 3(f) and 3(g)]. A significant ionic
displacement of the SRO ultrathin film observed by COBRA
accounts for the ISB and the consequent appearance of DMI in
the SRO thin film, which is consequently expected to produce
noncoplanar spin structures.

In order to quantitatively estimate the DMI energy, we
performed first-principles calculation using a supercell with
average value of the octahedral rotation angles and rum-
pling parameters of 7.8◦ and 0.11 Å, respectively, measured
by COBRA (see Appendix A for details). As displayed in
Fig. 3(d), the direction of the DMI vector, D12, is perpen-
dicular to the Ru( �S1)-O-Ru( �S2) plane and its strength is also
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FIG. 4. Hump structure related magnetic order in a SRO ultrathin film. (a) Phase diagram of 4 u.c. SRO in the (T, μ0H ) plane. Resonant
elastic x-ray scattering (REXS) was performed as a function of temperature with μ0H = 0.47 T. (b),(c) Reciprocal space mapping (RSM) of
REXS around SRO (1, 1, 1/2)pc reflection under a magnetic field of 0.47 T at 120 and 32 K, where pc denotes pseudocubic. Additional peaks
are shown at 32 K (red arrows). (d) Schematic description of REXS features around SRO (1, 1, 1/2)pc reflection. Black stripy (red dotted)
patterns are structural (hump-related magnetic) peaks. An incommensurate magnetic modulation vector �q1 is aligned along the direction of
the step terrace, whereas �q2 is tilted from the step terrace. (e) Temperature-dependent intensity of hump-related magnetic peaks [white dotted
circle in panel (c)].

proportional to the cation(Ru)-oxygen rumpling length [29],
which produces antisymmetric exchange interaction, Hi j =
Di j · (Si × S j ). We obtained the DMI energy of 2.1 meV,
which is comparable to interfacial DMI energy for vari-
ous metallic-ferromagnet and heavy- metal bilayer systems
(∼1 meV) [30,31]. Thus, the DMI energy in SRO ultrathin
films is large enough to induce noncoplanar magnetic struc-
ture in good agreement with the estimated DMI energy in
SrRuO3/SrIrO3 heterostructures [16]. Angle-dependent Hall
resistance measured at 10 K in magnetic fields of 1.5 and
6 T verified that SRO ultrathin films have perfect out-of-
plane magnetic anisotropy (see Appendix D for details).
Two-dimensionality of ultrathin SRO film can induce strong
magnetic anisotropy along the normal direction, which con-
tributes to the robust humplike feature.

C. Experimental evidence for a notrivial magnetic order

It has been demonstrated that hump structures in Hall
measurement results could originate from noncoplanar spin
order such as a skyrmion lattice [7,32]. Thus, hidden mag-
netic orders might emerge with humplike features in a 4 u.c.
SRO ultrathin film. REXS is a powerful experimental method
to directly observe a magnetic order in reciprocal space

[33]. We measured temperature-dependent REXS with a
permanent magnet which induces a magnetic field, μ0H ∼
0.47 T, perpendicular to the thin film. The REXS measure-
ment is performed at the Ru L2 edge (hν = 2.971 keV).
Figure 4(a) represents the experimental range of REXS in the
temperature-field phase diagram of Hall measurement for the
4 u.c. SRO film.

Figures 4(b) and 4(c) show reciprocal space mapping
(RSM) results of REXS measurement under 0.47 T at 120 and
32 K, respectively. At (1, 1, 1/2)pc (pc denotes pseudocubic),
we observed very weak and nearly temperature-independent
diffraction patterns, which can originate from the crystal trun-
cation rods or cation displacement. As shown in Fig. 4(b),
only stripy patterns are observed at 120 K. The separation
between the stripes in the reciprocal space is 0.0028 Å−1,
and can be converted into the distance of ∼220 nm in real
space, which is quite consistent with the width of step terraces
measured by our atomic force microscopy (see Appendix B
for details).

Upon decreasing the temperature to 32 K, the SRO film
entered into the hump phase [Fig. 4(a)]. Then, extra peaks
around the stripes appear in the RSM as indicated by red
arrows in Fig. 4(c). Figure 4(d) illustrates that black and red
peaks resulted from the step terraces and emergent magnetic

023232-5



BYUNGMIN SOHN et al. PHYSICAL REVIEW RESEARCH 3, 023232 (2021)

order at low temperature, respectively. A magnetic vector �q1

is aligned parallel to the step-terrace direction, whereas �q2 is
tilted from the step-terrace direction.

To confirm the correlation between hump phase and the
emergent magnetic peaks, we plotted the intensity of emergent
magnetic peaks as a function of temperature [Fig. 4(e)]. The
phase crossover temperatures from hump to ferromagnetic
and from ferromagnetic to nonmagnetic phases were approx-
imately 15 and 60 K, respectively, with μ0H ∼ 0.47 T. At
both of the crossover temperatures, we clearly observed the
abrupt change of intensity of the emergent magnetic peaks.
Considering the strong correlation between the hump phase
and the intensity of emergent peaks, we propose that the emer-
gent magnetic order is responsible for the humplike feature.

From the experimental results from transport, REXS, and
COBRA with a theoretical calculation, we can conjecture
the possible magnetic structure arising with the hump in
Hall data. The magnetic structure should be periodic on the
scale of step terrace based on the REXS result. COBRA and
first-principles calculation present the source of DMI, which
can induce noncoplanar magnetic structures with large per-
pendicualr magnetic anisotropy [34]. Recently, we observed
magnetic dichroism patterns in a SRO ultrathin film by us-
ing x-ray dichroism [20]. Considering previous reports on
the hump feature in the Hall measurement of SRO systems
[16,17,35,36] and other oxide thin films [37,38], we claim that
the noncoplanar spin order appears in SRO ultrathin films and
induces the humplike structure in Hall measurements.

III. SUMMARY

We performed Hall effect measurements in 4, 5, 6, and
7 u.c. SRO thin films grown on STO (001) substrate and
observed humplike structures in Hall measurements of 4 and
5 u.c. SRO thin films. Angle-dependent Hall effect measure-
ment shows that the hump is extremely robust against the
magnetic field angle, surviving even in high angles as large
as 85◦. To verify the origin of hump structures, layer-by-layer
atomic structure of 4 u.c. SRO thin film is studied by CO-
BRA which identifies Ru-O rumpling into the out-of-plane
direction as the origin of DMI, which possibly stabilizes
noncoplanar spin texture. Furthermore, we performed REXS
under a magnetic field and observed nontrivial magnetic order
emergent with the humplike feature. Based on experimen-
tal observations and theoretical analysis with recent studies
[20,36], we believe that the humplike feature in Hall measure-
ment is attributed to the noncoplanar spin order, and can be
interpreted as THE.
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APPENDIX A: METHODS

SrRuO3 (SRO) ultrathin films were grown on top of SrTiO3

(STO) (001) substrate by pulsed laser deposition (PLD) tech-
nique. The STO substrate was prepared by deionized (DI)
water etching and in situ preannealing at 1070 ◦C for 30
minutes with oxygen partial pressure (PO2) 5 × 10−6 Torr.
Epitaxial SRO thin film was deposited with PO2 = 100 mTorr
at 700 ◦C. A KrF excimer laser (wavelength = 248 nm) was
delivered on a stoichiometric SRO target with 1–2 J/cm2 and
repetition rate of 2 Hz. A 60-nm-thick Au top electrode with
a Hall bar geometry was prepared on top of the SRO thin
film by e-beam evaporator. Electric transport measurement
was carried out by a physical property measurement system
(PPMS), Quantum Design Inc.

Resonant elastic x-ray scattering (REXS) experiment was
performed at the beam line I16 of the Diamond Light Source
(Didcot, UK). REXS was measured at the Ru L2 absorption
edge with linear polarization. A six-circle diffractometer al-
lowed us to have a grazing incidence diffraction geometry
with an incident angle of 1.5◦ around the forbidden reflection
(1, 1, 1/2)pc. The x-ray path length at this energy and angle is
roughly 30 nm and in this geometry the horizontal x-ray polar-
ization is ∼60◦ from the scattering plane. Air scattering was
reduced with use of a helium-filled bag and an ultrahigh gain,
vacuum-enclosed Pilatus3-100K area detector. A closed-cycle
cryocooler was used to control temperature. SRO thin films
were mounted directly to a copper plate using a conductive
silver paint. A permanent magnet was mounted directly below
the plate, with a measured field on the sample H = 0.47 T,
providing a steady magnetic field in order to measure the
temperature dependence of the topological Hall effect in this
system.

COBRA measurements were performed at Sector 33-ID-D
of the Advanced Photon Source at Argonne National Lab-
oratory. The samples were characterized at 30 K using a
closed-cycle He cryostat (Displex). The crystal truncation
rods (CTR) were measured with a Pilatus 100K area detector
at an x-ray energy at 21.0 keV. The background were removed
using the area detector. The CTR measurements were taken
at 30 K in order to elucidate the detailed atomic structure of
ultrathin SRO film. All the specular and off-specular CTR
measurements were quantified using the COBRA method.
The complex structure factors from measured CTR intensi-
ties were able to determine the electron density distribution
with sub-angstrom resolution using a Fourier transformation
and iterative procedure [25]. Bulk SRO and thick SRO films
grown on STO substrates at room temperature or lower exhibit
orthorhombic (a−a−c+) or orthorhombic-like (monoclinic,
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FIG. 5. In situ reflection high-energy electron diffraction
(RHEED) data of 4 u.c. SRO thin film. (a) In situ RHEED intensity
versus time during SRO thin film growth. A clear growth mode
transition from layer-by-layer growth to step flow growth is shown
after 1.5 u.c. thickness of SRO is grown. The number of laser pulses
for the growth of 1 u.c. is 38 pulses, from which we can calculate
the repetition rate as 2 Hz and a growth rate of 0.103 Å/s. (b) A
RHEED pattern of TiO2-terminated STO substrate in UHV at 670 K.
(c) The RHEED pattern of 4 u.c. SRO thin film in 10−8 mTorr at
room temperature.

a+b−c−) structure, respectively, and the lack of cation-oxygen
rumpling [39–41].

First-principles density functional theory (DFT) calcu-
lations were performed with the generalized gradient ap-
proximation plus U (GGA+U ) method using the Vienna
ab initio simulation package (VASP) [42,43]. The projector
augmented wave method [44] was used with pseudopoten-
tials containing 6 valence electrons for O (2s22p4), 12 for
Ti (3s23p63d24s2), 10 for Sr (4s24p65s2), and 14 for Ru
(4p64d75s1). The Perdew-Becke-Erzenhof parametrization
[45] for the exchange-correlation functional and the rotation-
ally invariant form of the on-site Coulomb interaction [46]
were used with U = 1.4 and J = 0.4 eV for the Ru-d or-
bitals [47,48] and U = 4 and J = 0.68 eV for Ti-d orbitals
[49–51]. Our choice of U and J values correctly reproduced
the ferromagnetic metallic ground state of the bulk SRO
with magnetization of 1μB/Ru aligned in plane consistent
with experimental observations [52,53]. The parameter also
reproduce the ferromagnetic metallic ground state of thin-film
geometry of SRO with the magnetic anisotropy favoring the
out-of-plane direction. We used the energy cutoff of 500 eV
and k-point sampling on a 8 × 8 × 1 grid with a

√
2 × √

2
in-plane unit cell to include a0a0c− octahedral rotation of
SRO/STO heterostructure. The details of the methods used
to calculate the magnetic anisotropy energy and DMI vector
are presented in Appendix E.

APPENDIX B: FILM CHARACTERIZATION

We performed in situ reflection high-energy electron
diffraction (RHEED), atomic force microscopy (AFM), x-ray
diffraction (XRD), and resistivity to ensure the high quality

FIG. 6. Atomic force microscopy (AFM) image of SRO thin
film. (a) AFM image of STO substrate. (b) AFM image of 52 u.c.
SRO. (c) AFM image of 4 u.c. SRO. (d) AFM line profile of 52 u.c.
SRO. (e) AFM line profile of 4 u.c. SRO. Clear step terrace structures
are observed for all of the surfaces.

of our SRO thin films. We monitored the RHEED intensity
versus time along the [100]c azimuth (c indicates the cubic
index) during the SRO growth, and clearly observed the tran-
sition in the growth condition from the layer-by-layer growth
to the step flow growth as previous studies have reported
[54] (Fig. 5). AFM images of the SrTiO3 (STO) substrate
and SRO thin film surfaces are shown in Fig. 6. A clear
step terrace structure is observed for the STO substrate, 52
unit-cell (u.c.) SRO, and the 4 u.c. SRO with the terrace height
of 4 Å.

Figure 7 shows the XRD measurement for the 50 u.c.
SRO thin film. In Fig. 7(a), the range of 2θ is from 42.5◦ to
49.5◦ to show the (002) peak of the STO substrate and SRO.
Clear Kiessig fringes which appear due to an interference
between the film surface and the film/substrate interface were
observed. Figure 7(b) shows the rocking curve measurement.
The full width at half maximum (FWHM) of the SRO (002)
peak is given by 0.01121◦, which proves that the crystallinity
of our SRO thin film is quite high. Figure 7(c) shows the
reciprocal space mapping near the symmetric (103) reflection
of SRO. SRO and STO substrates are aligned at a single H
value, which shows that the SRO film is fully strained by the
STO substrate.
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FIG. 7. X-ray diffraction (XRD) measurements of 50 u.c. SRO
thin film. (a) XRD θ–2θ scan for SRO thin film. Kiessig fringes
from the SRO thin film are clearly observed. (b) XRD rocking curve
measurement of STO substrate and SRO thin film. The FWHM of
SRO thin film is 0.01121◦, which shows the high crystallinity of
SRO thin film. (c) Reciprocal space mapping of the SRO (103) and
STO (103) peaks. Both peaks are aligned on the same H value,
which shows that the SRO thin film is fully strained by the STO
substrate.

We show in Fig. 8(a) the resistivity from 4, 5, 7, and 50 u.c.
SRO thin films. A high value of residual resistivity ratio (RRR
= 11.33) is obtained for the 50 u.c. SRO. We determined the
Curie temperature to be Tc = 151.8 K for the 50 u.c. SRO
from the anomaly in the derivative curve. We define and plot
ρH of 4 and 5 u.c. SRO films in Fig. 8(b). The humplike Hall
effect is observed below the Curie temperature of each SRO
film. Figure 8(d) shows the derivative of 4 and 5 u.c. SRO
resistivity [Fig. 8(c)]. The Curie temperature of each film is
defined by the anomaly of the derivative curve.

These results show that our growth condition for SRO thin
film by PLD method is well optimized and the resulting SRO
films are of very high quality.

APPENDIX C: STRUCTURE ANALYSIS OF SRO THIN
FILM BY IN SITU LEED AND RHEED

After the SRO thin films were synthesized by PLD, films
were characterized in situ by low-energy electron diffraction
(LEED). LEED patterns of 4 and 50 u.c. SRO thin films are
shown in Figs. 9(a)–9(c). Figure 9(a) is a LEED pattern of the
4 u.c. thin film at room temperature, whereas Fig. 9(b) shows a
LEED pattern of 4 u.c. thin film at 16 K. Both LEED patterns
are taken with the electron beam energy of 142 eV. White
dotted rectangles represent primitive cells of a cubic SRO. The
4 u.c. SRO thin film shows

√
2 × √

2 spots. In contrast, 50 u.c.
SRO thin film shows 2 × 2 spots, indicating that the in-plane
real space unit cell is enlarged two times with respect to that
of the 4 u.c. SRO thin film.

FIG. 8. Resistivity of SRO thin film with various thicknesses.
(a) Normalized resistivity of 4, 5, 7, and 50 u.c. SRO thin films.
The 50 u.c. SRO thin film exhibits a high residual resistivity ratio
(RRR) value of 11.33. Inset: The derivative of 50 u.c. SRO thin film
resistivity. Curie temperature, TC , is determined from the anomaly of
the derivative curve. (b) Hump-like Hall resistivity of 4 and 5 u.c.
SRO. ρH is defined as the difference from the maximum of ρxy

to ρAHE. (c) Normalized resistivity of 4 and 5 u.c. SRO. (d) The
derivative of 4 and 5 u.c. SRO resistivity. Curie temperature TC is
determined from the anomaly of the derivative curve.

RHEED patterns were also obtained after the growth of
SRO thin film. Figures 9(d) and 9(e) show RHEED pat-
terns of 4 and 50 u.c. SRO thin film at room temperature
when the electron beam direction is along the [100]c az-
imuth. Bragg spots at zeroth and first Laue circle and Kikuchi
lines are clearly observed, implying that our SRO thin films
have high crystalline order at the surface. In Fig. 9(d), only
(−100), (000), and (100) Bragg peaks are observed whereas

FIG. 9. In situ low-energy electron diffraction (LEED) and re-
flection high-energy electron diffraction (RHEED) patterns of SRO
thin film. (a),(b) LEED patterns of 4 u.c. SRO at room temperature
and 15 K with the electron beam energy of 142 eV. Yellow arrows
indicate

√
2 × √

2 peaks which are induced by tetragonal symmetry
(a0a0c−). (c) LEED pattern of 50 u.c. SRO at room temperature
with the electron beam energy of 150 eV. Red arrows indicate 2 × 2
peaks which are induced by orthorhombic symmetry (a−a−c+).
(d) RHEED image of 4 u.c. SRO at room temperature. (e) RHEED
image of 50 u.c. SRO at room temperature.
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FIG. 10. Angle-dependent Hall effect measurement on 4 u.c.
SRO thin film. (a) A schematic diagram of the angle-dependent Hall
effect measurement. The angle between the external magnetic field
and the normal direction of SRO thin film is θ , and H is the external
magnetic field. (b),(c) Angle-dependent Hall resistance at 10 K with
1.5 and 6 T external magnetic field. The red (blue) arrow indicates
the positive (negative) sweep direction of the external magnetic field.
(d),(e) Enlarged plots of (b) and (c). Black dotted lines are drawn to
guide eyes to the fact that the hysteresis pattern is centered at 90◦.

in Fig. 9(e), ( 1
2 00) and (− 1

2 00) Bragg peaks are observed
additionally, also representing that the in-plane unit cell of
50 u.c. SRO thin film is doubled with respect to the 4 u.c. SRO
thin film. A previous study showed that thick SRO films grown
on the STO substrate at room temperature or lower have
the orthorhombic structure (a−a−c+), while SRO thin films
thinner than 17 u.c. are stabilized with the tetragonal structure
(a0a0c−) [28]. Our 4 u.c. SRO thin film also maintains the
tetragonal structure (a0a0c−) without any octahedral tilting
at room temperature and 15 K, which is consistent with the
COBRA experiment data.

APPENDIX D: TILT-ANGLE-DEPENDENT HALL EFFECT
MEASUREMENT ON 4 u.c. SRO THIN FILM

Figure 10(a) shows the schematic setup for the angle-
dependent Hall effect measurement. With the fixed external
magnetic field H, the 4 u.c. SRO is rotated and the Hall
resistance is measured. The measured range of rotation is from
0◦ to 370◦, although only the measurement from 0◦ to 180◦ is
shown. Figures 10(b) and 10(c) show angle-dependent Hall
resistance of the 4 u.c. film at 10 K at external magnetic fields
of 1.5 and 6 T, respectively. Clear hysteresis is found in both
fields. Figures 10(d) and 10(e) are enlarged plots of Fig. 10(b)
and 10(c), respectively. In both figures, the reversal of the
magnetic moment takes place only after the field angle has
exceeded 90◦ from the normal, consistent with the easy-axis
nature of the magnetic anisotropy in thin-film SRO [55,56].

FIG. 11. Layer-dependent c-axis lattice constant and octahedral rotation angle in 4 u.c. SRO thin film. (a) A crystal model of SRO on the
STO substrate. A green (blue, gray, red) dot indicates Sr (Ti, Ru, O) atom. A blue (gray) translucent octahedron indicates an oxygen octahedron
surrounding the Ti (Ru) atom. SRO-STO interface is marked by a black dotted line. The c-axis lattice constant is defined as c. (b) ab plane
atomic structure of SRO with the octahedral rotation angle γ between the Ru-Ru and Ru-O bonds. (c) Layer-dependent c-axis lattice constant
c of the STO substrate and 4 u.c. SRO thin film. (d) Layer-dependent octahedral rotation angle γ of the STO substrate and 4 u.c. SRO thin
film.
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APPENDIX E: LAYER-DEPENDENT LATTICE
ELONGATION ALONG THE c AXIS AND ENHANCED
OCTAHEDRAL ROTATION IN 4 u.c. SRO THIN FILM

OBSERVED BY COBRA

Layer-by-layer c-axis lattice constants and ab plane octa-
hedral rotation angles in ultrathin SRO film can be obtained
by COBRA combined with atomically resolved surface x-
ray diffraction measurements. Figure 11(a) shows the atomic
structure of the STO substrate and the 4 u.c. SRO thin film.
The c-axis lattice constant, denoted c, is defined as the length
between two adjacent Sr-O planes. The ab-plane atomic struc-
ture of SRO thin film is given in Fig. 11(b). The octahedral
rotation angle γ is defined as the angle between the Ru-Ru
bond and the Ru-O bond. The γ value is quantitatively cal-
culated using the full width of the oxygen electron density
peaks in the folded structure of the COBRA image [27].
Figures 11(c) and 11(d) show layer-by-layer lattice constants
and octahedral rotation angles of STO substrate and the 4 u.c.
SRO thin film. The average values of c and γ of the STO
substrate measured at 30 K are 3.903 Å and 2.401 Å, respec-
tively, as represented in the figures with red dotted lines. The
experimental results clearly demonstrate that STO has a
tetragonal phase at 30 K [57].

Due to the compressive strain of the STO substrate, the
ab-plane lattice is suppressed and the lattice constant tends
to be fixed to that of the STO substrate. As a result, SRO
layers prefer to elongate toward the surface, causing the c-axis
lattice constant to become larger than in the conventional
pseudocubic SRO bulk. The oxygen octahedral rotation on
the topmost layer of 4 u.c., at ∼10◦, is substantially larger
than the 7.4◦ rotation angle found in the conventional SRO
thin film grown on STO substrate at room temperature [41].
The COBRA result is quite consistent with our previous in
situ LEED and RHEED studies and provides further detailed
information.

In Fig. 12, the crystal truncation rod (CTR) measurements
for COBRA were carried out at 30 K, at which the STO sub-
strate has a tetragonal symmetry. The electron density profiles
obtained by the COBRA method were indeed “folded” elec-
tron density distributions coherently contributed by multiple
structural domains. Using the folded electron density profile,
we can extract the oxygen octahedral rotations [27,58].

APPENDIX F: CALCULATING OF THE DMI ENERGY
USING FIRST-PRINCIPLES METHOD

In order to calculate the magnetic anisotropy of the film,
we used (SrTiO3)4/(SrRuO3)4-vacuum configuration with ex-
perimental atomic positions in which an additional SrO layer
was added to have SrO terminated surfaces for both ends, and
a vacuum of 15 Å was used. The magnetic anisotropy energy
was calculated with spin-orbit coupling by comparing the total
energy per Ru ion calculated with the magnetic moments fixed
along the c axis and that along the a axis. The DMI vector in
the ab plane is obtained by calculating the energy difference
of four different spin configurations, mapped into a classical
Hamiltonian with nearest neighbor spin interactions. The total
energy of each spin configuration is calculated with 2

√
2 ×

2
√

2 × 2 supercell having the average octahedral distortion

FIG. 12. Representative off-specular crystal truncation rods for
COBRA. (a) 1 1 L, (b) 2 0 L, and (c) 1.5 2.5 L measured at
30 K. The symmetry of the crystal structure was consistent with
the Half-order Bragg peak diffraction pattern. Examples of parts
of two-dimensional detector images were taken at (i) L = 2 and
(ii) L = 2.46.

and rumpling of SRO layers from COBRA measurements of
4 u.c. SRO film in which the direction of the local spin mo-
ments of Ru ions is constrained by adding a penalty functional
implemented in VASP. The weigh in the penalty functional
is increased until the contribution from the penalty function
becomes less than 0.15 meV per supercell, less than 10%
of the estimated DMI vector. A 4 × 4 × 6 k-point grid is
used for the supercell, with the increased energy cutoff of
700 eV.

We calculate the DMI parameters following Ref. [59].
We consider the nearest-neighbor spin Hamiltonian explicitly
written with DMI parameters:

Hsp =
∑

〈i j〉
Di j · Si × S j + Hother[{Si}], (F1)

where Si denotes the spin moment at the ith Ru site, Di j

is the DM vector, the bracket in the summation represents
the nearest neighbors, and Hother[{Si}] denotes other spin
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interactions such as single-ion anisotropy and exchange in-
teractions. We define z axis as the direction perpendicular to
the interface and x and y axes along the in-plane pseudocubic
axes. Due to the rumpling along the z axis, we expect the
DM vectors connecting two Ru sites to be parallel to either
the x or y axis, depending on the direction connecting the
two sites. We consider two Ru sites with site indices 1 and 2
connected along the x direction having the nonzero DM vector
in the y direction, with which the spin Hamiltonian can be
written as

Hsp = Dy
12Sz

1Sx
2 − Dy

12Sx
1Sz

2 +
∑

i �=2

D1i · S1 × Si

+
∑

i �=1

D2i · S2 × Si + HDM
other

[{Si}
] + Hother[{Si}], (F2)

where HDM
other[{Si}] represents the DM interaction between Ru

spins excluding the sites 1 and 2. We consider the total en-
ergy of the four spin configurations with local spin moment

S: (1) S1 = (S, 0, 0), S2 = (0, 0, S); (2) S1 = (S, 0, 0), S2 =
(0, 0,−S); (3) S1 = (−S, 0, 0), S2 = (0, 0, S); and (4) S1 =
(−S, 0, 0), S2 = (0, 0,−S), while all other spin moments are
aligned in the y direction [Si = (0, S, 0) for i �= 1 or 2]. We
define the total energy of the ith spin configuration as Ei

and it can be easily shown that the value of the DM vector
connecting the sites 1 and 2 can be obtained by evaluating the
energy difference [59]

Dy
12 = 1

4S2
(E1 + E4 − E2 − E3). (F3)

The total energy of each spin configuration is calculated
by constraining the magnetic moments of each Ru atom (see
Methods in the main text) with a 2

√
2 × 2

√
2 × 2 supercell

having the average octahedral rotation and rumpling of 4 u.c.
SRO film measured with COBRA. The obtained total energy
relative to the smallest values are (8, 0, 22, 29) meV per
supercell with average magnetic moment of Ru of 1.34 μB,
which gives the value of Dy

12 as 2.1 meV.
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R. Pindak, Anomalous expansion of the copper-apical-oxygen
distance in superconducting cuprate bilayers, Proc. Natl. Acad.
Sci. USA 107, 8103 (2010).

[26] Y. J. Shin, Y. Kim, S.-J. Kang, H.-H. Nahm, P. Murugavel, J. R.
Kim, M. R. Cho, L. Wang, S. M. Yang, J.-G. Yoon et al., Inter-
face control of ferroelectricity in an SrRuO3/BaTiO3/SrRuO3

capacitor and its critical thickness, Adv. Mater. 29, 1602795
(2017).

[27] T. T. Fister, H. Zhou, Z. Luo, S. S. A. Seo, S. O. Hruszkewycz,
D. L. Proffit, J. A. Eastman, P. H. Fuoss, P. M. Baldo, H. N. Lee
et al., Octahedral rotations in strained LaAlO3/SrTiO3 (001)
heterostructures, APL Mater. 2, 021102 (2014).

[28] S. H. Chang, Y. J. Chang, S. Y. Jang, D. W. Jeong, C. U.
Jung, Y.-J. Kim, J.-S. Chung, and T. W. Noh, Thickness-
dependent structural phase transition of strained SrRuO3 ultra-
thin films: The role of octahedral tilt, Phys. Rev. B 84, 104101
(2011).

[29] S.-W. Cheong and M. Mostovoy, Multiferroics: a magnetic
twist for ferroelectricity, Nat. Mater. 6, 13 (2007).

[30] H. T. Nembach, J. M. Shaw, M. Weiler, E. Jué, and T. J. Silva,
Linear relation between Heisenberg exchange and interfacial
Dzyaloshinskii–Moriya interaction in metal films, Nat. Phys.
11, 825 (2015).

[31] G. Chen, T. Ma, A. T. N’Diaye, H. Kwon, C. Won, Y. Wu, and
A. K. Schmid, Tailoring the chirality of magnetic domain walls
by interface engineering, Nat. Commun. 4, 2671 (2013).

[32] J. Zang, M. Mostovoy, J. H. Han, and N. Nagaosa, Dynamics
of Skyrmion Crystals in Metallic Thin Films, Phys. Rev. Lett.
107, 136804 (2011).

[33] S. L. Zhang, G. van der Laan, and T. Hesjedal, Direct experi-
mental determination of spiral spin structures via the dichroism
extinction effect in resonant elastic soft x-ray scattering,
Phys. Rev. B 96, 094401 (2017).

[34] A. Thiaville, S. Rohart, É. Jué, V. Cros, and A. Fert, Dynamics
of Dzyaloshinskii domain walls in ultrathin magnetic films,
Europhys. Lett. 100, 57002 (2012).

[35] K.-Y. Meng, A. S. Ahmed, M. Bacéani, A.-O. Mandru, X. Zhao,
N. Bagueés, B. D. Esser, J. Flores, D. W. McComb, H. J. Hug
et al., Observation of nanoscale skyrmions in SrIrO3/SrRuO3

bilayers, Nano Lett. 19, 3169 (2019).
[36] B. Sohn, B. Kim, J. W. Choi, S. H. Chang, J. H. Han, and

C. Kim, Hump-like structure in Hall signal from ultra-thin
SrRuO3 films without inhomogeneous anomalous Hall effect,
Curr. Appl. Phys. 20, 186 (2020).

[37] L. Vistoli, W. Wang, A. Sander, Q. Zhu, B. Casals, R. Cichelero,
A. Barthélémy, S. Fusil, G. Herranz, S. Valencia et al., Giant
topological Hall effect in correlated oxide thin films, Nat. Phys.
15, 67 (2019).

[38] Y. Li, L. Zhang, Q. Zhang, C. Li, T. Yang, Y. Deng,
L. Gu, and D. Wu, Emergent topological Hall effect in
La0.7Sr0.3MnO3/SrIrO3 heterostructures, ACS Appl. Mater.
Interfaces 11, 21268 (2019).

[39] G. Koster, L. Klein, W. Siemons, G. Rijnders, J. S. Dodge, C.-B.
Eom, D. H. A. Blank, and M. R. Beasley, Structure, physical
properties, and applications of SrRuO3 thin films, Rev. Mod.
Phys. 84, 253 (2012).

[40] A. Vailionis, W. Siemons, and G. Koster, Room tempera-
ture epitaxial stabilization of a tetragonal phase in ARuO3

(A = Ca and Sr) thin films, Appl. Phys. Lett. 93, 051909
(2008).

[41] R. Gao, Y. Dong, H. Xu, H. Zhou, Y. Yuan, V. Gopalan,
C. Gao, D. D. Fong, Z. Chen, Z. Luo et al., Interfacial
octahedral rotation mismatch control of the symmetry and
properties of SrRuO3, ACS Appl. Mater. Interfaces 8, 14871
(2016).

[42] G. Kresse and J. Furthmüller, Efficient iterative schemes for
ab initio total-energy calculations using a plane-wave basis set,
Phys. Rev. B 54, 11169 (1996).

[43] G. Kresse and D. Joubert, From ultrasoft pseudopotentials to
the projector augmented-wave method, Phys. Rev. B 59, 1758
(1999).

[44] P. E. Blöchl, Projector augmented-wave method, Phys. Rev. B
50, 17953 (1994).

[45] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized Gra-
dient Approximation Made Simple, Phys. Rev. Lett. 77, 3865
(1996).

[46] A. I. Liechtenstein, V. I. Anisimov, and J. Zaanen, Density-
functional theory and strong interactions: Orbital ordering in
Mott-Hubbard insulators, Phys. Rev. B 52, R5467 (1995).

[47] J. M. Rondinelli, N. M. Caffrey, S. Sanvito, and N. A. Spaldin,
Electronic properties of bulk and thin film SrRuO3: Search for
the metal-insulator transition, Phys. Rev. B 78, 155107 (2008).

[48] M. Kim and B. I. Min, Nature of itinerant ferromagnetism
of SrRuO3: A DFT+DMFT study, Phys. Rev. B 91, 205116
(2015).

[49] Z. Zhong and P. J. Kelly, Electronic-structure–induced re-
construction and magnetic ordering at the LaAlO3/SrTiO3

interface, Europhys. Lett. 84, 27001 (2008).
[50] S. Okatov, A. Poteryaev, and A. Lichtenstein, Structural dis-

tortions and orbital ordering in LaTiO3 and YTiO3, Europhys.
Lett. 70, 499 (2005).

[51] H. W. Jang, D. A. Felker, C. W. Bark, Y. Wang, M. K. Niranjan,
C. T. Nelson, Y. Zhang, D. Su, C. M. Folkman, S. H. Baek et al.,
Metallic and insulating oxide interfaces controlled by electronic
correlations, Science 331, 886 (2011).

[52] A. Kanbayasi, Magnetic properties of SrRuO3 single crystal. II,
J. Phys. Soc. Jpn. 44, 89 (1978).

[53] S. N. Bushmeleva, V. Y. Pomjakushin, E. V. Pomjakushina,
D. V. Sheptyakov, and A. M. Balagurov, Evidence for the band
ferromagnetism in SrRuO3 from neutron diffraction, J. Magn.
Magn. Mater. 305, 491 (2006).

[54] J. Choi, C.-B. Eom, G. Rijnders, H. Rogalla, and D. H. A.
Blank, Growth mode transition from layer by layer to step flow
during the growth of heteroepitaxial SrRuO3 on (001) SrTiO3,
Appl. Phys. Lett. 79, 1447 (2001).

[55] M. Schultz, S. Levy, J. W. Reiner, and L. Klein, Magnetic and
transport properties of epitaxial films of SrRuO3 in the ultrathin
limit, Phys. Rev. B 79, 125444 (2009).

023232-12

https://doi.org/10.1021/acs.nanolett.7b00135
https://doi.org/10.1038/nmat4402
https://doi.org/10.1038/s41598-016-0028-x
https://doi.org/10.1073/pnas.0914702107
https://doi.org/10.1002/adma.201602795
https://doi.org/10.1063/1.4865160
https://doi.org/10.1103/PhysRevB.84.104101
https://doi.org/10.1038/nmat1804
https://doi.org/10.1038/nphys3418
https://doi.org/10.1038/ncomms3671
https://doi.org/10.1103/PhysRevLett.107.136804
https://doi.org/10.1103/PhysRevB.96.094401
https://doi.org/10.1209/0295-5075/100/57002
https://doi.org/10.1021/acs.nanolett.9b00596
https://doi.org/10.1016/j.cap.2019.10.021
https://doi.org/10.1038/s41567-018-0307-5
https://doi.org/10.1021/acsami.9b05562
https://doi.org/10.1103/RevModPhys.84.253
https://doi.org/10.1063/1.2967878
https://doi.org/10.1021/acsami.6b02864
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.52.R5467
https://doi.org/10.1103/PhysRevB.78.155107
https://doi.org/10.1103/PhysRevB.91.205116
https://doi.org/10.1209/0295-5075/84/27001
https://doi.org/10.1209/epl/i2004-10513-x
https://doi.org/10.1126/science.1198781
https://doi.org/10.1143/JPSJ.44.89
https://doi.org/10.1016/j.jmmm.2006.02.089
https://doi.org/10.1063/1.1389837
https://doi.org/10.1103/PhysRevB.79.125444


STABLE HUMPLIKE HALL EFFECT AND NONCOPLANAR … PHYSICAL REVIEW RESEARCH 3, 023232 (2021)

[56] R. Aso, D. Kan, Y. Shimakawa, and H. Kurata, Control of struc-
tural distortions in transition-metal oxide films through oxygen
displacement at the heterointerface, Adv. Funct. Mater. 24, 5177
(2014).

[57] R. Loetzsch, A. Lübcke, I. Uschmann, E. Förster, V. Große,
M. Thuerk, T. Koettig, F. Schmidl, and P. Seidel, The cubic
to tetragonal phase transition in SrTiO3 single crystals near its
surface under internal and external strains, Appl. Phys. Lett. 96,
071901 (2010).

[58] Y. Yuan, Y. Lu, G. Stone, K. Wang, C. M. Brooks, D. G.
Schlom, S. B. Sinnott, H. Zhou, and V. Gopalan, Three-
dimensional atomic scale electron density reconstruction of
octahedral tilt epitaxy in functional perovskites, Nat. Commun.
9, 1 (2018).

[59] H. J. Xiang, E. J. Kan, S.-H. Wei, M.-H. Whangbo, and
X. G. Gong, Predicting the spin-lattice order of frustrated
systems from first principles, Phys. Rev. B 84, 224429
(2011).

023232-13

https://doi.org/10.1002/adfm.201303521
https://doi.org/10.1063/1.3324695
https://doi.org/10.1038/s41467-017-02088-w
https://doi.org/10.1103/PhysRevB.84.224429

