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ABSTRACT: We investigated the structural and magnetic properties of bare
SrRuO; (SRO) ultrathin films and SrRuO;/SrIrO,/SrZrO; (SRO/SIO/SZO:
RIZ) trilayer heterostructures between 10 and 80 K, by comparing
macroscopic data using the magneto-optical Kerr effect (MOKE) and
magneto-transport (anomalous Hall effect: AHE), with nanoscale fingerprints
when applying noncontact scanning force microscopy (nc-SFM) and
magnetic force microscopy (MFM). SRO and RIZ ultrathin films were
epitaxially grown at 650 °C onto vicinal SrTiO; (100) single-crystalline
substrates to a nominal thickness of 4 and 4/2/2 unit cells (uc), respectively.
Our correlated analysis allows associating topographic sample features of 7103 ¢ 1103
overgrown individual layers to their residual magnetization, as is shown here
to be relevant for interpreting the macroscopic AHE data. Although the
hump-like features in the AHE suggest a magnetically textured skyrmion
phase to exist around S5 K associated with the topological Hall effect (THE), both our MOKE and MFM data cannot support this
theory for the ultrathin films investigated. In contrast, our SEM/MFEM local-scale analysis finds the local coercive field to be strongly
dependent on the effective layer thickness and stoichiometry in both the SRO and RIZ samples, with a huge impact on the local
band structure. In fact, it is these variations that in turn mimic a potential THE through anomalies in the AHE resistivity loops.
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1. INTRODUCTION The research field in skyrmion phenomena is given a lot of
attention these days, specifically also with the big view of finding
the next-generation material that supports skyrmion formation,
especially for data storage applications.” One avenue of research
is to discover an insulating skyrmion host material that would
allow electric field manipulation of magnetic domains/phases
using standard gating techniques.”” Epitaxial ferromagnetic
perovskite oxide heterostructures, offering the possibility to tune
the material properties by interfacial engineering, are suitable
candidates for skyrmion hosting systems. In the past years, the
4d transition metal SrRuQO; (SRO) attracted much research
interest due to the observation of peculiar features appearing in

; ) i the Hall resistance loops that resembled a THE contribution
¢ffect (THE) and is of great importance when proving the when SRO was interfaced with the strong SOC SrIrO;
existence of skyrmions by simple transport measurements. As a

Magneto-transport and Hall measurements are versatile
techniques to inspect and characterize magnetically active
materials on the micrometer length scale. Extra contributions to
the ordinary Hall effect arising through the sample magnet-
ization dependence have been identified as the anomalous Hall
effect (AHE). In ferromagnetic materials, the AHE usually is
proportional to the sample magnetization and therefore shows
the same hysteretic behavior."”

Recently, additional contributions to the AHE have been
postulated that arise from topologically nontrivial magnetic
textures.” This component was labeled as the topological Hall

(SIO)>*~'” or when it was grown under nonoptimal growth
nontrivial topological magnetic texture, skyrmion lattices (SkLs)

are expected to contribute to the THE, being visible as hump-
like anomalies on top of the expected AHE.* As a conclusion, it is
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recognized in the Hall data might originate from the presence of
skyrmions.S
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conditions.'”'* These anomalies were attributed either to the

formation of skyrmions™®'”"® or to multiple conduction
channels of the AHE introduced by off-stoichiometry,''
disorder,"* spatial inhomogeneities,ls’16 or interfacial modifica-
tions.'” However, the origin of these anomalies is still under
debate since most conclusions are based on the indirect
measurement of the transverse Hall resistivity, and the
experimental observation of skyrmions by imaging is challeng-
ing. In order to elucidate whether the presence of skyrmions
causes the THE-like contribution to the Hall resistivity, we
combine here magneto-transport with both nanometer- and
micrometer-scale spectroscopy/microscopy for inspecting two
selected samples, a bare SrRuOj; ultrathin film of a 4uc-thickness
(4SRO) and a 4SRO layer overgrown with 2-by-2 unit cells (uc)
of SrIrO; and SrZrOs;, resulting in the trilayer 4RIZ
heterostructure. Our study unambiguously proves that the
origin for the observed THE lies within the 4SRO layer, needing
no skyrmions to be present in order to mimic the hump-like
features observed in the THE data of the ultrathin films
investigated. In turn, the observation of a hump in the AHE is
not unique proof for the existence of skyrmions.

2. MATERIAL

SrRuOj; (SRO) constitutes one of the few functional perovskite
materials with formula ABOj; that is ferromagnetic.'®'? The
ferromagnetic order is robust and preserved down to at least 3
unit cells (uc) when epitaxially grown on SrTiO; (STO) (100)
single crystals.” Furthermore, SRO films have a large magneto-
crystalline anis.otropy20 that is easily manipulated, for instance,
through epitaxial heterostructuring. At ordered perovskite
interfaces, strong structural coupling via the oxygen octahedra
provides a valuable way to engineer magnetic anisotropy, by
controlling the easy-axes orientation of the magnetization.”"**
Magnetic interfacial coupling also provides an appropriate route
to manipulate magnetic ordering, for instance, in SrRuO;/
La,,Sry3MnO; superlattices engineered for strong antiferro-
magnetic interlayer coupling that results in noncollinear
magnetic ordering.”**

In 1999, a Lorentz transmission electron microscopy study25
reported on 30—100 nm thick SRO films reveals magnetic stripe
domains that are separated by 3 nm narrow domain walls
(DWs). These domains drastically impact the linear magneto-
resistance for zero-field-cooled SRO films, as documented by
Klein et al.”® A more recent study reports on a 4 K magnetic
force microscopy (MFM) investigation of patterned rectangular
magnetic nanoislands of a 10 nm thick SRO film.”’

With respect to skyrmion formation in heterostructures based
on broken inversion symmetry, SRO is a very attractive
candidate due to the perpendicular magnetic anisotropy,
exhibited when epitaxially grown on single crystalline (sc)
STO (100). A very recent example is the work on SrRuO,/
SrIrO; (SRO/SIO) bilayers on STO (100) substrates, in which
the ferromagnetic ultrathin SRO layer is interfaced with the
parama%netic SIO that exhibits large spin—orbit coupling
(SOC).> The inherent inversion symmetry breaking at the
interface as well as the proximity of the large SOC of heavy 5d Ir
ions are expected to result in a strong interfacial Dzyaloshinskii—
Moriya interaction (DMI). The latter may lead to noncollinear
magnetic ordering in the ultrathin SRO layers (around 4—6 unit
cells) with strong perpendicular magnetic anisotropy.™®

Matsuno et al. showed MFM investigations of a 5 uc-SRO/2
uc-SIO bilayer heterostructure that were claimed to hint toward
the formation of tiny bubble-like magnetic domains, interpreted

as a possible skyrmion phase.” Therefore, we investigate here the
magnetic domain formation and morphology in epitaxial
ultrathin SRO films and SRO/SIO/SZO (RIZ) heterostruc-
tures, in which the SRO layer thickness is kept the same (i.e., 4
uc). We find the nanoscopic origins of SRO layer overgrowth as
well as the locally varying coercive field within the 4 uc SRO
films to be the origin of macroscopic AHE anomalies, rather than
a textured skyrmion phase.

3. SAMPLE PREPARATION

The heterostructures under study [see Figure 1] were fabricated
by pulsed-laser deposition (PLD) using a KrF excimer laser.

(@) (b)

SrZr0, 32 unit cells
Srir0; | £ 2unitcells

X
SrRuO, | 4unitcells | :4 unit cells

Figure 1. Sample design of (a) the bare SRO thin film with a 4
pseudocubic unit cell thickness (4SRO sample) and (b) the SRO/SIO/
SZO trilayer heterostructure made up from 4/2/2 unit cells (4R1Z
sample), respectively.

High-oxygen pressure-reflective high-energy electron diffraction
(RHEED) was used for both monitoring the layer growth in situ
and to analyze the film structure at the growth temperature and
after cooling (see Section S1 of the Supporting Information). sc-
STOs (100) vicinally cut under an angle of about 0.1 °C were
used as substrates after etching in buffered HF and annealing at
1000 °C for 2 h in air. These substrates then show a uniform and
continuous TiO, surface termination, hence providing a stepped
sample surface with regularly distributed terraces of 200—450
nm width.

Stoichiometric SRO, SIO, and SrZrO; (SZO) targets were
employed for PLD. The layer growth was performed in a 0.133
mbar O, atmosphere, and STO substrates were heated to 650
°C. The laser fluence was set to 2 J/cm? while the laser
repetition rates for the SRO and SIO/SZO were S and 1-2 Hz,
respectively. SZO was used here as a protective capping layer on
top of the SRO/SIO bilayer, in order to avoid deterioration in
the SIO stoichiometry due to moisture.”® Both the SIO and SZO
were grown to a 2 pseudocubic uc thickness each, as determined
by RHEED specular spot oscillations. As a result, we obtained a
set of 2 samples [see Figure 1]: (a) a 4 uc thin bare SRO sample
(furtheron labeled as 4SRO) and (b) a 4/2/2 uc thin SRO/SIO/
SZO trilayer heterostructure (labeled furtheron as the 4RIZ
sample).

4. MAGNETIC AND MAGNETO-TRANSPORT STUDIES

4SRO and 4RIZ samples first were analyzed at the macroscopic
length scale, employing the magneto-optical Kerr effect
(MOKE) (for details see Section S2 of the Supporting
Information) and magneto-transport measurements using a
van der Pauw Hall setup in transverse geometry. In order to
suppress the contribution of the linear magnetoresistance,
electrical contacts were cyclically permutated to read proper
Hall data.

It is commonly assumed that the total Hall resistivity of a
ferromagnet is given by the sum of the ordinary Hall resistivity
poue and the anomalous Hall resistivity contribution p g as

pxy = pOHE + pAHE = ﬂo(ROHz + RAMZ) (1)
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Here, p, is the permeability of a vacuum; R, is the Hall
coefficient that mainly depends on the majority-charge carrier
density; and H, denotes the magnitude of the external magnetic
field applied perpendicular to the xy-sample plane. The second
term in eq 1 accounts for the anomalous Hall effect exhibited in
the presence of a spontaneous magnetization and large spin—
orbit coupling; the AHE resistivity is directly proportional to the
macroscopic magnetization component M, perpendicular to the
current flow direction,” with R, denoting the anomalous Hall
coefficient.”

Figure 2 displays the magnetic field dependence of the total
Hall resistance as measured for (a) the bare 4SRO thin film and
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Figure 2. Total Hall resistance loops for (a) the 4SRO film and (b) the
4RIZ trilayer heterostructure. Note that the 4SRO in (a) is
paramagnetic above 80 K, while the 4RIZ heterostructure shows an
open R, hysteresis loop proving the ferromagnetic order.

(b) the 4RIZ trilayer heterostructure at selected temperatures.
Capping the nominally 4SRO layer with 2-by-2 layers of the
strong SOC SIO and the large bandgap insulator SZO results in
dramatic changes in both the magnetic and magneto-transport
behavior of the SRO layers.

A bare 4SRO thin film exhibits a positive anomalous Hall
effect constant R, within its ferromagnetic phase [Figure 2(a)],
while the 4RIZ trilayer shows a negative R, at low temperatures
switching to positive values close to 70 K [Figure 2(b)].

Due to the previously found dependence of the anomalous
Hall effect of SRO on the details of its band structure,” the
observed variations of the AHE characteristics may be related to
differences in the crystal structure of the SRO layers.”" The
nonmonotonous AHE temperature dependence already re-
ported for a broad variety of SRO single crystals and epitaxial
films®**" including our 4RIZ trilayer structure is a clear
indication of the structural stabilization of the orthorhombic
structure of the SRO layer. Besides playing a protective role

1184

against ambient contamination, the capping of the 4 uc SRO
layer with the 2 uc SIO/2 uc SZO that has large tilts of the
oxygen octahedral is beneficial to stabilize the RuOj tilt angles
closer to the bulk values of orthorhombic SrRuOj;. In contrast,
for the sample 4SRO, the structure of the 4 uc SRO grown on the
cubic STO substrate and facing vacuum at the top interface is
more distorted, and it is likely to be tetragonal with largely
suppressed oxygen octahedron tilts down to 10 K. This
structural difference may explain why the sample 4RIZ has a
larger Curie temperature than the 4SRO sample. The positive
sign of the anomalous Hall constant of the 4SRO sample down
to 10 K is consistent with a tetragonal structure. The control of
the oxygen octahedral structure of ultrathin SRO layers by the
deposition of a capping layer has been observed for SRO layers
grown on DyScO; (110) substrates and capped with the cubic
STO, where a tetragonal structure was stabilized due to the
suppression of the RuOg octahedra tilts, with direct impact on
the Curie temperature of the ferromagnetic SRO film.*” In the
case of our 4RIZ sample, the enhancement of the ferromagnetic
transition temperature of the underlying SRO was observed
consistently in our magnetic and magneto-transport inves-
tigations.

The Hall resistance loops of the 4SRO films at 80 K exhibit an
S-shaped behavior, indicating that the layer must already be in its
paramagnetic state.”> However, at 80 K, the Hall loop of the
4RIZ trilayer still displays an open hysteresis curve, which
demonstrates that the SRO layer here is ferromagnetic,”* in
agreement with our MFM investigations (see Section S3.3 for
4SRO and Section S3.5 for 4RIZ of the Supporting Information)
and MOKE studies (see Section S2 of the Supporting
Information).

In strong magnetic fields where the sample magnetization is
assumed to be constant, the total Hall resistance of the bare
4SRO thin film is almost field independent [see Figure 2(a)],
whereas the 4RIZ trilayer reveals a negative slope that is
attributed to electron-dominated Hall transport [see Figure
2(b)]. This observed difference of the ordinary Hall effect,
which determines the total Hall resistance in the high magnetic
field range, already indicates severe changes in the electronic
band structure for the SRO layer of the 4RIZ trilayer structure,
leading to such variations of the charge carrier density in the
SRO layers.

Modifications of the electronic band structure have been
found to impact the anomalous Hall effect of SRO thin films as
well. Due to the dominance of the intrinsic contribution to the
AHE,”"® determined by the Berry curvature of the conduction
bands,* the AHE in SRO is sensitive to changes of the band
structure. SRO, which exhibits several Weyl nodes in the vicinity
of the Fermi level, shows a nontrivial temperature dependence of
the AHE, including a sign change from negative to positive close
to the Curie temperature, and in the case of orthorhombic single
crystals and thin films,* it is influenced by the details of the
crystal structure,” the thickness of the film,** the stoichiom-
etry,'" and the interfacial interactions.'” For the 4RIZ sample for
which the 4 uc SRO layer was capped by SIO/SZO, hump-like
anomalies occurred in the Hall resistance loops, close to the
temperature where the AHE changes sign (around $S K),
resembling a contribution that could be attributed to the THE.
Recently, several works claim the observation of a THE
contribution to the AHE resistivity hysteresis loops in SRO
ultrathin films'® and SRO/SIO bilayers.”*'>"* Notably, no such
features were detected in our bare 4SRO layers.
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To clarify such an extra contribution, we compare our AHE
with MOKE data obtained in situ using a home-built MOKE
setup (for details see Section S2 of the Supporting Information).
First, when sweeping the external magnetic field, the macro-
scopic MOKE rotation loops recorded on the 4RIZ thin film
resemble the switching behavior of a hard ferromagnetic layer in
the easy axis configuration, independent of temperature [see
Figure 3]. In fact, MOKE delivers no hints for the existence of an

shift Af for topographic and magnetic feedback control in SEM
and MEFM, respectively.

MFM is performed in a two-path mode, quantifying the
sample topography in the first scan while then retracting the tip
by 20 nm for the second scan, in order to be sensitive to the
longer-range magnetic forces, only.*

5.1. Nanoscale Real-Space Analysis of 4SRO and 4RIZ.
Figure 4 displays typical topographic nc-SFM scans of both the

4RIZ (b)
0| T=60K 170
_ A =480 nm 35
c —
g 00 ! 0P
5 g
.01} 5
£ , . 470%F
K T=55K @170 ©
= 02 =
=} ]
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< \
135
02}
. REG

-0.5 0.0
Magnetic field (T)

Figure 3. Magnetic field dependence of the anomalous Hall resistance
(black) and the Kerr rotation angle (red) for the 4RIZ trilayer sample
measured close to the AHE compensation temperature at 55 K (a) and
60 K (b), respectively. MOKE measurements were carried out with
incoherent light at 4 = 480 nm in order to suppress optical artifacts in
these measurements.

additional nontrivial magnetic phase, as inferred by the Hall
measurements. Moreover, the coercive field and the magnetic
field of vanishing AHE differ drastically in the temperature range
where anomalies in the AHE were observed [see Figure 3(b)].

These strong discrepancies hence can be solved only with a
proper analysis of domain nucleation in SRO thin films and
shedding light on those nanoscale processes that unambiguously
contribute to magnetization reversal in the 4RIZ hetero-
structures. We therefore apply low-temperature (LT) non-
contact scanning-force microscopy (nc-SFM) and magnetic-
force microscopy (MFM) to correlate the macroscopic AHE
findings with local-scale structural and magnetic information on
both the 4SRO and the 4RIZ samples, respectively. SEM/MFM
was performed over the full temperature range from 10 to 80 K;
the 55 K results are discussed within the main text here, while all
other data can be found in the Supporting Information (see
Section S3).

5. LOW-TEMPERATURE SFM AND MFM
MEASUREMENTS

The nanoscale analysis of the two sample systems 4SRO and
4RIZ is carried out with our low-temperature (LT) noncontact
scanning force microscope (SFM) operating under ultrahigh
vacuum (base pressure below 2 X 107'° mbar). SSS-QMFMR-
type MEM probes with a hard magnetic coating were used for
both topographic (SFM) and magnetic (MFM) inspection,
revealing a mechanical quality factor of Q > 1.45 X 10°. The
nominal cantilever oscillation amplitude of 10 nm is kept
constant at all times, while then taking the measured frequency
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Figure 4. Topographic images of (a) the bare 4SRO film and (b) the
4RIZ trilayer heterostructure. Note the over- and undergrown S uc and
3 uc areas in (a). Profiles of the stepped terraces in (c) 4SRO and (d)
the 4RIZ heterostructure are taken along the dashed lines in (a) and
(b), respectively. (e) Illustration of the differences in layer thickness as
caused by under- and overgrowth of 4SRO. (f) Hlustration of possible
over- and undergrown combinations for the 4RIZ structure.

4SRO (a) and the 4RIZ (b) samples. We clearly observe the
stepped surface morphology with terraces of a 0.39 nm height
extending over 200—450 nm each, as induced by the vicinal STO
substrate. Etching the STO substrate prior to the SRO growth
for 2.5 min in BHF, it is likely that tiny islands of residual SrO are
still present at the STO terrace edges. As discussed by Bachelet
et al,”” the SRO growth rate is much lower on top of SrO-
terminated STO surfaces, leading to trenches in the sample
topography marking exactly these positions of the STO terrace
edges. Due to the stochastic nature of the deposition process,
step edges of the 4SRO surface do not exactly terminate at
straight STO step edges, creating areas of sample over- and
undergrowth by S uc and 3 uc of SRO, respectively. Figure 4(a),
(b) shows this behavior for the two samples in a birds-view
illustration (xy-scan), while Figure 4(c),(d) and Figure 4(e),(f)
display the same fact in a cross-sectional and pseudo 3D manner.

The 4RIZ structure is presented in Figure 4(b). This
topographic scan shows a considerably more disturbed surface
arrangement, with both several nanometer high peaks and many
dips in the stepped surface, reaching depths comparable to the
observed step height. Unlike for the bare 4SRO film, the
discrimination of different layer heights is no longer possible
since SRO, SIO, and SZO layers intermix in numerous stacking
variants, as illustrated in Figure 4(f).
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Figure 5. MFM measurements of the 4RIZ trilayer heterostructure at S5 K, showing the domain formation during a forward [(a)—(e), upper row] and
reversed magnetic field sweep [(f)—(k), lower row], respectively. Note that all magnetic features laterally extend over many terraces, reaching sizes of
micrometers. The full loop of the magnetization reversal of the 4RIZ trilayer heterostructure at 55 K is available as a Web Enhanced Object in the

HTML version of the paper.

Step-and-terrace morphology that is typical to films grown in
the PLD step-flow growth regime on vicinal substrates turns out
to play a crucial role in crystallographic domain formation and
growth.”®*” Preferential alignment with terrace step edges
oriented along the [001] orthorhombic axes has been reported
for thinner SRO films, while rotation of the magnetic easy axis
into the substrate plane is observed for medium-range film
thicknesses (between 3 and 7.5 nm).* Both our 4SRO and
4RIZ films clearly belong to the first class and scenario,
concluding that the easy axis of the 4 uc SRO layer always stands
perpendicular to the sample surface. This is of great importance
also to our MFM data acquisition and interpretation.

5.2. MFM of the 4RIZ Trilayer Heterostructure. MFM/
nc-SEM was applied for inspecting both the 4SRO and 4RIZ
thin films at all temperatures. The 4SRO data at 10, 55, and 80 K
are found in Sections S3.1, §3.2, and S3.3 of the Supporting
Information, respectively, while the 4RIZ MFM inspections are
posted in Sections S3.4 and S3.5 of the Supporting Information
for 10 and 80 K. The 55 K RIZ findings are discussed now.

A series of relevant MFM images when switching the 4RIZ
trilayer heterostructure at 55 K from +2 T to —2 T are illustrated
in Figure 5. The terraced substrate sample surface is still vaguely
visible, aligned along the y-axes in all images. When sweeping
from high magnetic fields at +2 T [Figure 5(k)] to the zero-field
state, the 4RIZ sample remains fully magnetized, and there are
no domains with reversed magnetization formed. This is in full
accordance to our hysteresis magnetization loops where the
remanent magnetization is equal to the saturated magnetization
and consistent with the literature.”"

Nevertheless, we still observe a low contrast visible along the
step edges, due to differences in the magnetic susceptibility of
different layer heights that in turn affect the MFM signal
strength. At the negative field value of —22 mT, the tip changes
its magnetization direction and aligns with the externally applied
field.

Domain growth initiates at approximately —100 mT, forming
small magnetic nuclei that rapidly increase their domain size
when increasing the magnetic field; as shown, the film has mostly
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switched at —240 mT [see Figure S(e)], with some isolated
areas remaining pinned and stable up to —300 mT.

When reversing the field, we observe strong pinning of both
initial magnetic nuclei and the switch-resistant areas, with
several sites and domain wall shapes surviving over larger-field
changes and field ramping. One also sees that domain growth is
affected, but not dominated, by the stepped substrate top-
ography, with sharp vertical domain walls parallel to the terrace
direction (y-axes) appearing during switching, a clear indication
of realignment of the SRO to the topographically induced
anisotropy. Nonetheless, as-grown/switched domains extend
over multiple terraces, reaching some micrometers in lateral size.

By using Otsu’s thresholding method®” to separate the
domains (for details see Section S4 of the Supporting
Information), it is possible to extract hysteresis curves from
individual MFM images, obtained for both the 4SRO and 4RIZ
samples at different temperatures. The temperature dependence
of the coercive field is shown in Figure 6 for comparison with
MOKE measurements. The width, slope, and coercive fields of
MFM hysteresis curves are in good agreement with the
hysteresis curves observed by MOKE and therefore are also
considerably sharper than the peaks observed in the Hall data. At
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Figure 6. Coercive fields of 4SRO and 4RIZ samples and their areas
depending on the number of unit cells.
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the critical field where the hump-like features start to appear in
the AHE, the 4RIZ sample still appears uniformly magnetized
under MEM. At no point do we see an intermediate state or
second transition indicating the presence of a magnetic structure
different from the uniformly polarized domains, skyrmionic or
otherwise.

5.3. MFM of Bare 4SRO Thin Films. For comparison
reasons, field sweeps of the simpler 4SRO sample were as well
investigated by MFM. While full MFM scans at all temperatures
of 10, 55, and 80 K are found in Sections S3.1, S3.2, and S3.3 of
the Supporting Information, the summarized results for the 10
and 55 K MFM findings on the 4SRO thin films are illustrated in
Figure 7.

SRO 10K

SRO 55K

330 mT 460 mT 13 mT 28 mT

Figure 7. Local switching field of the 4SRO ultrathin film, measured at
(a) 10 K and (b) at 55 K. Black areas do not switch within the shown
interval. Note the large variation in H_ over the sample areas at
nominally the same thickness of 4 uc. This variation is strongly
temperature dependent.

What is plotted in Figure 7 is a 2-dimensional map that shows
the variation in the average magnetic field value needed to locally
switch the sample surface at exactly that sample surface spot. We
run a full hysteresis loop at every position of this 512 pixel X 512
pixel image and then deduce (by applying Otsu’s method) the
corresponding local coercive field.

Notably, provided the thin film sample is homogeneous and
defect-free and the growth is independent of any (topographic)
structure, the resulting picture should reveal a uniform color/
gray shade since all areas/domains must switch at the same
coercive field value, independent of temperatures. Concurrently,
the error bar would be zero. Nevertheless, what we
experimentally observe and display in Figure 7 is that even
bare 4SRO is far from being ideal, in that the material switches
unevenly: to the one side, the coercive field shows strong
variations when plotted over the whole sample area, ranging
from 13 to 28 mT at 55 K [Figure 7(b)] with an error bar of 15
mT and 330 to 460 mT at 10 K [Figure 7(a)] with a 130 mT
error bar. Rectangular areas along step edges are seen to switch
cooperatively as a whole. Note also the black areas in these two
figures that correspond to the 5 uc and 3 uc over-/undergrown
areas.

Also note from Figure 7 that larger patches displayed in
uniform color indicate areas that switch at the same coercive
field, as nicely seen for very low temperatures at 10 K [Figure
7(a)]. All the greenish areas in Figure 7 thus are 4 uc SRO layers
and hence are expected to show the same switching behavior on
the uniformly TiO,-terminated STO (100) sample surface.
Nevertheless, we find these areas to split up into SRO regions
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that have completely different switching fields, both parallel and
perpendicular to the step edges. Variation of the epitaxial strain
over the length scale of a terrace width is highly unlikely, which
leaves us to conclude that electronic band structure variations
for these different patches must be the origin for the
documented variable switching behavior.

Also, the underlying anisotropy of the material causes the
domains to elongate first perpendicular to the step edges before
then growing along them. While at 10 K, this shape asymmetry
becomes less pronounced and domain growth is observed both
along and perpendicular to the STO step edges [see Figure
7(a)], the material also shows a strong preference for hosting
nucleation sites, most preferentially at terrace step edges. This is
an indicator that, despite the large difference in coercive fields
between the 4SRO and 4RIZ samples, the observed memory
effect in the domain growth of the heterostructure is due to these
defects within continuous 4SRO layers.

For comparison reasons, the coercive field maps of the 4RIZ
structure are displayed as Figure S10 in Section S4 of the
Supporting Information, essentially showing similar inhomoge-
neities like the 4SRO sample.

These field maps can be used for further analysis. We created
histograms of areas adjacent to and far from the observed
topographic step edges for the 4SRO 10K and 4RIZ 55K
measurements to try to correlate changes in the field with these
teatures. The results can be seen in Figure 8: In both cases, the
histograms close to the edges are slightly, but not significantly,
wider than on the terraces. For SRO, the distribution close to the
edges shows a higher number of points switching later, while for
RIZ, there is no obvious tendency in either direction. This is not
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Figure 8. Histograms of the coercive fields per pixel, for the bare 4SRO
thin film at 10 K (a) and the 4RIZ trilayer heterostructure at 55 K (b).
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an artifact of the larger scan range used for the RIZ
measurements: If the SRO pictures are downsampled to feature
a similar pixel resolution per ym, the resulting histograms retain
their shapes and features.

In fact, one might have the impression that domains
monitored at an early stage of nucleation or at the later
annihilation stage do resemble isolated skyrmion bubbles such
as the ones reported for metallic multilayer systems Pt/Co/Ir.**

In the literature the number of domains is sometimes
correlated with the hump in the AHE.'”** In our case, this
cannot explain the results for two reasons: First, similar domains
are found in both samples at 10 K; however, only the 4RIZ
sample shows the THE-like features and this only at temper-
atures around S5 K, where the AHE resistivity changes sign.
Second, the field region where the hump in the AHE is visible is
much wider than the field region, where the magnetization
reversal takes place. Thus, neither the presence of a number of
bubble domains nor the total length of the chiral domain walls
can be the origin of the hump-like feature in the AHE.

Speculating about the existence of very tiny—i.e., probably
invisible to MFM—skyrmions in the 4RIZ sample at the
temperatures and in the field region of the hump-like feature of
AHE loops, as suggested in the literature,™® leads to contra-
dicting conclusions. The reason is that the polarity and chirality
of skyrmions are generally coupled. Thus, if the magnetization in
an area is inverted, necessarily the skyrmions are inverted too,
leading to a change of the winding number by twice the number
of inverted skyrmions and finally to a sign change of the THE at
the coercive field. Alternatively, the skyrmions could be erased
under the domain reversal, leading to a vanishing THE signal
when the saturated state is reached. Both scenarios can readily
be excluded by our combined MOKE/Hall-effect measure-
ments.

Our MFM investigations hence cannot support the presence
of any skrymions in these samples, neither isolated skyrmions
nor any SKL, as we had found in many other single-crystalline
materials.”> =" What seems much more likely though is that the
local sample inhomogeneities (stoichiometry, thickness-varia-
tion) reflected through the varying local coercive fields, in the
interplay with the SRO—SIO interface (which affects the
electronic band structure and thus the AHE sign and
magnitude), are the origin for the THE-like behavior in AHE
resistivity loops of the 4RIZ heterostructure. The anomalous
Hall constant R, in turn varies slightly and impacts the AHE
loops at 55 and 60 K to differ from both the Kerr loops and local-
scale magnetization loops acquired by MFM.

6. CONCLUSIONS

Our correlated study involving nc-SFM, MFM, MOKE, and Hall
magneto-transport proves that subtle differences in both the
structure (RuOy octahedral tilts and layer thickness variation)
and electronic band structure of the 4 uc SRO-layered thin film
are at the origin for anomalies of the Hall loops when the SRO is
interfaced with SIO. MOKE and MFM results are extremely
consistent when analyzing both types of samples, the bare 4 uc
SRO film PLD grown on vicinal STO (100) and the 4SRO
overgrown by 2 uc SIO and 2 uc SZO. Our results strongly
indicate that anomalies of the Hall resistance loops, which
resemble a topological Hall effect contribution, may have other
origins than nontrivial topological magnetic domains (e.g,
isolated skyrmions or skyrmion lattices). Inhomogeneities of the
local thickness may result in variations of the local magnetization
switching behavior, reflected in the coercive field strength. In
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combination with the interfacial modifications at the SRO/SIO
interface, which have been shown to impact the sign of the
anomalous Hall constant, these inhomogeneities were found to
determine the AHE resistivity loop.
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