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Strain relaxation induced transverse resistivity anomalies in SrRuQj; thin films
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Here, we report a magnetotransport study of high-quality StRuO; thin films with high residual resistivity
ratios grown by reactive oxide molecular-beam epitaxy. The transverse resistivity exhibits clear anomalies
which are typically believed to be signatures of the topological Hall effect and the presence of magnetic
skyrmions. By systematically investigating these anomalies as a function of temperature, field, film thickness,
and excitation currents we verify that these anomalies originate from a two-channel anomalous Hall effect
arising from magnetic inhomogeneities in the samples and not from an intrinsic topological Hall effect. Using a
combination of magnetic circular dichroism, scanning transmission electron microscopy, x-ray diffraction, and
magnetotransport, we discover that strain relaxation effects in the films are the origin of these inhomogeneities.
Our results shed light on the recently reported Hall effect anomalies in SrRuOjs thin films and heterostructures
and provide an approach to determine whether such anomalies arise from an intrinsic topological Hall effect or

from extrinsic mechanisms.
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I. INTRODUCTION

The Hall effect, in its various forms, has long been a central
topic in condensed-matter physics, including the quantum
Hall effect [1], quantum spin Hall effect [2], and anomalous
Hall effect [3]. Recently, the topological Hall effect, character-
ized by an anomaly in the transverse resistivity, has attracted
great interest for its potential sensitivity to the topological
charge of a magnetic system, such as magnetic skyrmions
[4], which can be otherwise challenging to detect using other
probes. Possible signatures of the topological Hall effect were
recently reported in SrRuQOj; thin films and heterostructures
[5-8], where it was believed that the Dzyaloshinskii-Moriya
interaction at the interfaces could give rise to magnetic
skyrmions [5,6]. It has, however, also been proposed that the
anomalies in p,, could also be produced in magnetically inho-
mogeneous systems, where different regions produce different
anomalous Hall signals which, when combined, can closely
mimic the signatures of the topological Hall effect [9—14]. In
SrRuOj5 thin films and heterostructures, however, it can be
challenging to distinguish between these possible origins of
these anomalies in the transverse resistivity.

Here, we show that even in very high quality SrRuOj;
films grown by molecular-beam epitaxy with thicknesses
in the range of tens of nanometers, magnetic domains and
inhomogeneities can, nonetheless, give rise to extrinsic
anomalies in py, that could otherwise be interpreted as a sig-
nature of the topological Hall effect. Using a combination of
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magnetotransport, magneto-optical measurements, scanning
transmission electron microscopy, and x-ray diffraction mea-
surements, we find that anomalies in the transverse resistivi-
ties can instead be associated with magnetic inhomogeneities
likely associated with strain relaxation. The insensitivity of
these anomalies to both canted magnetic fields and large
electrical currents suggests that spatial inhomogeneities, and
not the formation of magnetic skyrmions, are the most likely
origin of the observed effects. These results not only provide
important insights into the physics of SrRuOj thin films and
heterostructures but also describe approaches to determine
whether anomalies in p,, are extrinsic or arise from an in-
trinsic topological Hall effect.

II. EXPERIMENT

SrRuO; thin films were synthesized on (110) NdGaOj;
substrates by reactive oxide molecular-beam epitaxy in an
absorption-controlled regime, which reduces the number of
defects related to cation nonstoichiometry, as detailed in
[15]. The compressive strain imposed by the (110) NdGaO;
substrate is —1.77% along the [001] direction and —1.58%
along the [110] direction. The SrRuO; films were grown at
a substrate temperature of 650 °C and a background oxidant
partial pressure of 107 Torr of distilled ozone (~80% O3 +
20% O,). The low amount of disorder in the films is evident
from their low residual resistivities (o4 ~ 10 €2 cm), which
are substantially (i.e., ~ 4-5 times) lower than SrRuOj; thin
films grown by other techniques such as pulsed laser deposi-
tion [7,9].

The phase purity and structural perfection of the sam-
ples were characterized using a laboratory-based x-ray
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diffractometer (XRD) with Cu Ko radiation (Rigaku Smart-
Lab and Malvern Panalytical Empyrean diffractometers). A
subset of films was also imaged using cross-sectional trans-
mission electron microscopy, lamellae of which were pre-
pared using the standard focused ion beam lift-out process.
High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images were acquired on an
aberration-corrected FEI Titan Themis at 300 keV. Films
were patterned into Hall bars for longitudinal and transverse
resistivity measurements, and the magnetism of a subset of the
films was examined using magnetic circular dichroism (MCD)
using the setup shown in Fig. 1(a).

III. RESULTS AND DISCUSSION

In Fig. 1(b), we show the longitudinal resistivity as a
function of temperature p,,(7T) of a 30-nm-thick SrRuOj;
film measured in zero magnetic field. p,,(7) shows a char-
acteristic kink at the ferromagnetic Curie temperature, Tc =
158 K, and has a residual resistivity ratio p(300 K)/p(4 K)
= 21.4, demonstrating the high crystalline quality and low
amounts of disorder in the sample. The hysteretic behavior
of the resistivity and the MCD signal in magnetic fields
as shown in Figs. I(c) and 1(d) confirm the ferromag-
netic behavior. In Fig. 1(d), we show the transverse resis-
tivity oy, as a function of the out-of-plane magnetic field
uoH at 130 K, which clearly shows two pronounced peaks
around £0.12 T, the typical signature of the topological Hall
effect.

To more systematically investigate the origin of the
anomaly in p,,, we investigated a series of samples as a
function of both thickness and temperature, as shown in
Fig. 2(a). Samples with thicknesses between 20 and 40 nm
show obvious anomalies in p,, whereas samples no thicker
than 15 nm do not clearly exhibit such behavior, nor do
substantially thicker samples (i.e., 60 nm). In Fig. 2(b), we
summarize the amplitude of the anomaly in py, as defined in
Fig. 2(a), showing that these anomalies are most prominent
within a narrow temperature range of 1220 K <7 < T¢ and a
film thickness range of 20 to 40 nm. This temperature window
follows the sign-switching temperatures of the anomalous
Hall effects, which is consistent with previous reports in
other SrRuO; systems [9,16,17] and implies that the origin
Of Panomaty likely arises from the combination of anomalous
Hall effects from two channels.

In order to determine the mechanism of this anomaly, we
investigated the dependence of panomaly ON the current density,
the canting angle of the magnetic field, and the so-called
minor loop. The dependence of panomaly On the current is
shown in Figs. 3(a) and 3(b) and clearly shows no obvious
dependence over a change in the current density of over two
orders of magnitude up to 10° A cm~2. In Figs. 3(c) and 3(d),
we show the dependence of panomaly ON field canting angles
s, which again show no dependence on canting angles 6y
up to 60°. Finally, the dependence of Panomaly ON the minor
loop is shown in Figs. 3(e) and 3(f), where a closed-loop field
sweep is applied, which has a different minimum field value
MoHpmin and the same maximum field value poHpyax. In this
case, we find that panomaly Systematically decreases as (toHmin
increases. In systems which exhibit magnetic skyrmions,
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FIG. 1. (a) Illustration of the MCD measurement setup, where
the He Ne laser with A = 633 nm, the beam splitter, the lock-in
amplifier, and the photoelastic modulator are labeled by He Ne,
BS, lock-in, and PEM, respectively. The lock-in amplifiers are set
at the same frequency as the PEM. The inset is the optical image
of a 30-nm-thick SrRuO;3;/NdGaO; Hall bar device. The length of
the scale bar is 20 um. (b) In-plane resistivity p,, as a function of
the temperature 7 of the film. (c) Magnetoresistance MR defined
as [px(oH) — P (0)]/ 0. (0) as a function of the out-of-plane
magnetic field woH showing FM hysteretic behaviors, measured at T’
= 50 K. The longitudinal resistivity was symmetrized about the mag-
netic fields to take out the minor transverse resistivity components.
(d) MCD signal AA and transverse resistivity p,, as a function of out-
of-plane magnetic field poH, measured at 130 K. The field sweeping
directions are marked by arrows. Both the longitudinal resistivity and
the MCD signal were antisymmetrized about the magnetic fields and
then subtracted by a linear background so that they are flat at the high
fields.

Panomaly Should be strongly dependent on the current density
since skyrmions are mobile and can be driven by electrical
currents, which leads to a time-dependent term of the fictitious
field and subsequent suppression of the topological Hall effect
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FIG. 2. (a) Transverse resistivity p,, as a function of out-of-plane magnetic field ;1oH of STRuO3;/NdGaO; Hall bars with various SrRuO;
thicknesses, measured at different temperatures. The transverse resistivity anomalies panomary are labeled. The field sweeping directions are
marked by arrows. (b) A summary of the transverse resistivity anomalies Oanomaly s a function of temperature for SrRuO3;/NdGaO; Hall bars

with various SrRuO; thicknesses.

[18], as observed in MnSi nanowires, where a current density
of <10* Acm™2 will start to suppress any observed effects.
Furthermore, it has been reported that the skyrmion textures
can easily be disrupted by a canted magnetic field, as reported
in EuO, where the topological Hall effect can be completely
suppressed by canting angles as small as 4° [19]. Finally, Kan
et al. [9] and Groenendijk er al. [10] argued that a decrease in
Panomaly as a function of poHy;, indicates the hysteretic behav-
ior of Panomaty, Which is not in line with skyrmion formation,
but rather the ferromagnetic state itself. Therefore, none of
these aforementioned measurements appear to be consistent

with an interpretation where panomaly arises from the formation
of magnetic skyrmions.

Having ruled out magnetic skyrmions and the topological
Hall effect as the origin of these observed behaviors, we
then investigated the possibility of magnetic inhomogeneities
which could give rise to Oanomaly, as proposed by Kan et al.
[9]. In this scenario, different regions of the sample produce
differing anomalous Hall effects (i.e., a two-channel anoma-
lous Hall effect) which subsequently give rise to the ob-
served Panomaly- TO investigate this possibility, we performed
HAADF-STEM measurements of a thin (7.5 nm) sample
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FIG. 3. (a) px, as a function of the magnetic field, measured with various excitation currents, on a 30-nm-thick sample. (b) Panomaly as a
function of the excitation current density j, showing the robustness of the resistivity anomalies against the excitation current densities. (c) oy,
as a function of magnetic field, measured with various field canting angles 6y, from the surface normal direction. (d) Panomaty as a function of
B4, showing the robustness of the resistivity anomalies against the canting fields. (e) Minor loops of the transverse resistivity p.,, measured
with various magnetic field end points poHpin. (f) Transverse resistivity anomalies Ouomary as a function of oHpin. All of the above results
were measured at T = 140 K, where pynomary is nearly at the maximum. The field sweeping directions are marked by arrows.
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FIG. 4. HAADF-STEM high-magnification images (top) and representative medium-angle annular dark-field STEM images (bottom) over
larger-size fields of view of (a) 7.5-nm, (b) 30-nm, and (c) 60-nm thick films, projected along the [100] pseudocubic direction. The dislocation
regions in (b) and (c) are highlighted by white arrows. (d)—(f) The respective in-plane components of the strain tensor (g4 color scales) obtained
from the STEM images by phase lock-in analysis. The circles show the 4-nm real-space resolution of the phase lock-in analysis. Regions above
the crystalline dislocation boundaries (away from the interface) show larger strain amplitudes, while regions below the boundaries (closer to
the interface) show smaller local strain amplitudes. We therefore assign the designations “relaxed” (R) and “coherent” (C) to these regions,

respectively.

which does not exhibit any panomaly, @ 30-nm-thick sample
where panomary s maximum, and a much thicker 60-nm film,
as shown in Figs. 4(a), 4(b), and 4(c). While the thinner
sample exhibits a highly coherent crystalline structure with
no obvious defect structure, the thicker films clearly exhibit
dislocations along the [011] pseudocubic direction, as indi-
cated by white arrows in Figs. 4(b) and 4(c), presumably due
to lattice relaxation. The local in-plane strain &y, was mapped
by phase lock-in analysis [20-23] to track spatial variations in
each film, as shown in Figs. 4(d), 4(e), and 4(f). The 7.5-nm-
thick sample displays a relatively homogeneous coherent local
strain with &, ~ 0 throughout the whole film. In contrast,
the 30-nm-thick sample starts to show signatures of strain
relaxation. The sample displays two types of distinct regions:
one type (labeled by “C”) remains coherently strained with exx

close to zero, and the other type (labeled by “R”) has relaxed
strain with exx ~ 0.5%. The C region is located close to the
interface, whereas the R region is located close to the surface.
These two regions are separated by dislocations lines that are
along the [011] pseudocubic direction. Given that in StRuO3
films, the anomalous Hall effect sign and amplitude, magnetic
anisotropy, and 7¢ all depend on the strain, these regions
are the likely origin of inhomogeneous magnetic domains,
thereby giving rise to a two-channel anomalous Hall effect.
The 60-nm-thick sample displays a morphology similar to
that of the 30-nm-thick film, but with larger fractions of the
R region, stronger dislocations lines, and strain variations in
the R region and along the dislocations lines. In this case,
this film cannot be simply described by a two-channel model
but should be governed by a more complicated multichannel
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FIG. 5. (a) and (b) XRD reciprocal space maps of a 15-nm-thick
film and a 40-nm-thick film, respectively, around the SrRuO; (SRO)
103 and NdGaO; (NGO) 103 pseudocubic (pc) reflection peaks.
(c) and (d) Transverse resistivity py, as a function of field canting
angles 6y, of a 15-nm-thick film and a 40-nm-thick SRO film,
respectively, measured at 140 K, showing a single magnetic domain
for the 15-nm-thick sample and multiple magnetic domains for the
40-nm-thick sample. The angle sweeping directions are marked by
arrows.

model, which leads to a nonzero but smaller panomaly, as shown
in Fig. 2. Figures 5(a) and 5(b) show the XRD reciprocal
map of a 15-nm-thick film and a 40-nm-thick film, revealing
a coherent strain in the former one and a strain relaxation in
the latter one, which are likewise consistent with this picture.

To verify this picture of magnetic inhomogeneity in strain-
relaxed films, we measured py, as a function of the mag-
netic field canting angle 6 in the 15- and 40-nm-thick
films in which the reciprocal space maps were measured in
Figs. 5(a) and 5(b). The results are shown in Figs. 5(c) and
5(d), where p,, should show switching behavior around the
magnetic hard axes. Such behavior is indeed observed in
the 15-nm-thick sample [Fig. 5(c)], which exhibits two sharp
transitions around g, = 90° and 270°, indicating that the film
is composed of a single magnetic domain with easy axes
along the out-of-plane direction. In contrast, the 40-nm-thick

film in Fig. 5(d) displays four additional transitions, roughly
separated from the original transitions by 45°, indicating that
this film contains additional magnetic domains with easy
axes canted 45° from the out-of-plane direction, presumably
related to the strain-relaxed regions observed in Fig. 4. Such
an easy-axis canting can be understood in terms of a possible
Ru-O-Ru bond angle and bond length change as a result of
the strain relaxation. These results verify that the transverse
resistivity anomalies observed in these SrRuO; films indeed
result from the correlated structural and magnetic inhomo-
geneities in our films, as proposed by Kan et al. [9]. We
note that although our thicker films exhibit strain relaxation,
they nevertheless exhibit relatively low amounts of disorder,
as determined by their low residual resistivities, compared
to the majority of SrRuQOj films in the literature, indicating
that relatively subtle effects can, nevertheless, give rise to a
spurious indication of the topological Hall effect.

By performing a systematic investigation of SrRuO; films
as a function of thickness and temperature and combining
a variety of experimental probes, including magnetic circu-
lar dichroism, magnetotransport, transmission electron mi-
croscopy, and x-ray diffraction, we can conclude that panomaly
observed in our STRuQj3 films do not arise from the formation
of magnetic skyrmions, but rather from the formation of struc-
tural and magnetic domains arising from strain relaxation,
which gives rise to a two-channel anomalous Hall effect which
mimics an intrinsic topological Hall effect. By providing not
only a solid example verifying the magnetic inhomogeneity
explanation but also a microscopic picture revealing the origin
of the magnetic inhomogeneities, our results shed light on the
recently reported Hall effect anomalies in StRuO; films.

All relevant data are available from the authors upon rea-
sonable request.
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