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We show that transverse resistivity anomalies in STRuOj; epitaxial thin films, which have been claimed to be a

manifestation of the topological Hall effect, can be modulated by applying gate voltages (V). The electric field
induced effects on the anomalies are found to be the same as those of the saturated anomalous Hall resistivity
(pang), revealing that the anomalies arise as a result of the coexistence of the intrinsic and extrinsic pagg.
Furthermore, the V;-induced effects on the anomalies are dominated by the Vis-induced changes in the intrinsic
pane While the extrinsic payg remains unchanged under the Vi applications. Our results reveal that electric field
induced modulations in the anomalous Hall effect depend on its mechanism.
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I. INTRODUCTION

For magnetic materials in which conduction electrons are
closely coupled with magnetization, a Berry curvature origi-
nated fictitious magnetic field plays key roles in their transport
properties as manifested in the anomalous Hall effect (AHE)
in ferromagnets and antiferromagnets and in the topological
Hall effect [1-9]. Given that Berry curvatures are often cor-
related to (topologically) nontrivial electronic structures and
magnetic spin textures, electric field tunings of the Fermi
level (Ef) position and motions of conduction electrons (or
orbitals) are expected to modulate and even enhance such Hall
effects, enabling exploration of intriguing magnetotransport
phenomena.

Perovskite strontium ruthenate SrRuOj3 (SRO) is known
to be an itinerant ferromagnet whose AHE is dominantly
contributed by the Berry curvature arising from multiple
band crossings around the Er [10-12]. The magnitude and
sign of the intrinsic anomalous Hall resistivity pagg change
nonmonotonically with temperature, while the magnetization
changes monotonically [11,13-16]. It has also been shown
that gating SRO with positive and negative biases, respec-
tively, increases and decreases papg, allowing us to modulate
both the magnitude and sign of payg (or the anomalous Hall
conductivity) [17-19]. These electric field induced effects are
attributed to gate voltage (V) induced changes in an integral
of the Berry curvature over the filled electronic states, which
are proportional to AHE.

Recently, ultrathin films of SRO were also reported to
exhibit anomalies in transverse (Hall) resistivity p,, that were
seen as hump structures (referred to as hump resistivity,
Phump) in the magnetic-field dependence of p,, [20-27]. The
anomalies cannot be explained by the conventional framework
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of AHE and are often attributed to the emergence of the topo-
logical Hall effect (THE) due to formations of topologically
nontrivial magnetic textures such as skyrmions. However,
such topological magnetic textures have not been experimen-
tally observed for SRO films and the origin of the anomalies
(or pnump) has been under debate. In fact, alternatives to
the topological interpretation of the anomalies have been
proposed [23,24,28,29]. As shown in Fig. 1, inhomogeneity
in coercive field (H,) and papg (coexistence of positive and
negative papgg) has been shown to explain the emergence of
hump structures in the px,-H curves (or ppump). Given the
Vis-induced modulations on papg in SRO, investigating V-
induced effects on phump Would provide insight on its origin.
If phump arises from formation of skyrmions, its origin totally
differs from AHE, and responses of pnump and papg to gate
biases (Vi) should be distinct. It is also worth mentioning
that behavior of ppymp under Vg applications would provide
insight on the alternative scenarios for ppump, as discussed in
the caption to Fig. 1. If the magnitude of pagg is spatially in-
homogeneous but the origin of payg is common (for example,
the intrinsic mechanism), Vg-induced changes in papg should
be seen independent of its magnitude and sign. In this case
[Fig. 1(b)], Vs-induced changes in payg are compensated in
the magnetic-field regions where phump is seen, and the V-
induced effects on ppump are expected to be less pronounced
than those for the saturated payg. On the other hand, if
inhomogeneous papg is a result of coexistence of pagg Whose
mechanisms are different (for example, intrinsic and extrinsic
mechanisms), responses of payg against Vg should depend
on its mechanism. Given that extrinsic papg are expected
to be less influenced by Vi-induced modulations in electron
fillings in the conduction bands, Vg-induced effects on phump
are dominated only by Vg-induced changes in intrinsic papg
[Fig. 1(c)].

In this study we investigated electric field induced effects
on transverse resistivity anomalies (hump resistivity, Pphump)
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FIG. 1. (a) Schematics of the alternative model for transverse
resistivity anomalies (hump resistivity, phump) in StTRuOs. Inhomo-
geneity in the coercive field H. and the anomalous Hall resistivity
pane are taken into consideration. (b), (c) Possible models for gate
voltage (Vi) induced effects on the transverse resistivity anomalies
in SrRuOj;. In (b) the anomalous Hall resistivities pagg in both
domains A and B are electrically modulated. As a consequence of
compensations in Vg-induced changes in pang, Phump 1S €xpected to
remain unchanged under Vi applications. On the other hand, in (c)
the papg only in domain A is electrically modulated while the papg in
domain B remains unchanged under V;; applications. In this case, the
Vi-induced changes in ppump in the SRO film follow the Vi-induced
changes in the saturated payg in the domain A.

in SRO thin films. We found that applying gate voltages into
SRO modulates ppump. Based on electric field induced changes
in Ppymp, its origin is discussed.

II. EXPERIMENTAL DETAILS

To investigate electric field induced effects on transverse
resistivity py, in SRO, we fabricated field-effect transistor
structures with a channel layer of SRO. The channel layer
(3 nm thick) was grown on (110) NdGaOs substrates by
pulsed laser deposition. The epitaxial growth of the SRO
layer on the substrates was confirmed by x-ray-diffraction
characterizations and the layer’s thickness was determined
from x-ray reflectivity measurements. Details of the film
growth were given in our previous papers [23,30]. To fabricate
field-effect transistor structures, the SRO layer was patterned
into a 30-um-wide Hall bar by conventional photolithography
and Ar ion milling. A 50-nm-thick HfO, layer as a gate insu-
lator was subsequently deposited by atomic layer deposition.
We confirmed that the SRO channel layer in the fabricated
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FIG. 2. (a) Device configuration. (b) Magnetic-field dependence
of the electrical resistivity p,, of the SRO film under Vi = +20, 0,
and —20 V at 70 K.

transistor structure exhibits metallic conduction down to low
temperatures and undergoes a ferromagnetic transition around
130 K.

III. RESULTS AND DISCUSSION

We begin with the V-induced effects on the longitudinal
resistivity py, of the SRO channel. Figure 2 shows the device
configuration and magnetic-field dependence of p,, under
Vo = +20, 0, and —20 V at 70 K. We confirmed that when the
gate voltages of +20 and —20 V were applied, the leak current
through the gate insulator layer was less than 100 pA. Under
Vo =0V, the channel exhibits negative magnetoresistance
whose magnitude is about 0.3% at 5000 Oe. In our device con-
figuration, applying positive and negative Vg are, respectively,
expected to accumulate and deplete about 10'8 cm™3 electron
carriers into the channels. The expected carrier density was
calculated by assuming that the HfO, gate insulating layer has
a dielectric constant of 20 and is under Vg = 20V. In fact,
applying Vi of +20 and —20 V, respectively, decreases and
increases py,, while the magnitude of the magnetoresistance
remains unchanged by the Vi applications. Note that essen-
tially the same Vg-induced changes in p,, at 70 K are seen at
all measuring temperatures. These behaviors of p,, under Vg
are in close agreements with previous reports on Vg-induced
effects in SRO films [17,19]. The Vg-induced changes in
pxr therefore indicate that by applied Vi the channels are
electrostatically accumulated and depleted, and consequently
the Berry curvature integrated over the filled electronic states
is changed, leading to the modulations in py, in the SRO
channel.

We then turn our attention to the transverse resistivity
Pxy in the SRO channel layer under V. Figure 3 shows
magnetic-field dependence of p,, under Vg = 420, 0, and
—20 V. By taking the difference between the data measured
at positive and negative magnetic fields and normalizing the
readings, we corrected asymmetric components in measured
Hall resistivity that resulted from misalignments of samples.
To obtain p,, that are associated with the magnetization,
the ordinary part of the Hall resistivity was determined by
linearly fitting the data in the higher magnetic-field region
and was subtracted from the antisymmetrized Hall resistivity.
We first pay attention to p,,-H curves under Vg = 0 V. With
decreasing temperature, the magnitude of the saturated papg
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FIG. 3. Magnetic-field dependence of the transverse resistivity
Pxy of the SRO channel layer under Vg = 420, 0, and —20 V. The
Pxy-H curves were taken at (a) 90 K, (b) 80 K, (c) 70 K, (d) 40 K,
(e) 30 K, and (f) 20 K. The inset in (a) shows the magnetic-field
dependence of p,, under Vg = 420, 0, and —20 V at 130 K.

in the SRO layer nonmonotonically changes and its sign
also reverses. These observations are in close agreements
with previous reports on magnetotransport characterizations
of SRO films [11,13,15,16]. Furthermore, hump structures
(hump resistivity, popump) are seen in the p,,-H curves at tem-
peratures below 80 K and the magnetic-field regions in which
Phump 18 seen are expanded at lower temperatures. The phump
is positive independent of the measuring temperatures. The
whole shape of the p,-H curves can be understood by taking
into account inhomogeneity of both AHE and H.. As shown
in Fig. 1(a), we simply consider that the film consists of two
magnetic domains (domains A and B) that have distinct payg
and H,. The payg of the domain A nonmonotonically changes
and its sign reverses with changes in the temperature, which
can be attributed to the intrinsic paygg in the SRO films. On the
other hand, the payg of the domain B is relatively small and is
positive independent of temperature. In addition, the H, in the
domain A is much larger than that in the domain B. This sim-
ple model can reproduce the temperature-dependent changes
in the px,-H curves (Fig. 2). We note that the magnetic-field
region where the ppymp is seen is determined by the difference
in H, between the domains A and B.

We now turn our attention to Vg-induced effects on onymp.
Regardless of measuring temperatures below the ferromag-
netic transition temperature (Tc), applying Vs is found to
modulate oy, including phump. Note that at temperatures above
Tc, no Vg-induced changes in py, are seen [the inset of
Fig. 3(a)]. At 80 K where papg is positive, the applications
of Vg = 420 and —20 V, respectively, induce an increase and
decrease in p,,. While the pang is negative at 70 K, essentially
the same Vg-induced changes in the p,, are also seen at this
temperature. Although the observed Vg-induced changes in
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FIG. 4. Vg-induced changes in p,,, A p,,(V5) of the SRO channel
layer as a function of the magnetic field at (a) 90 K, (b) 80 K,
() 70K, (d) 40 K, (e) 30 K, and (f) 20 K.

the py, do not follow what is expected from the monotonic
change of the magnetization with the temperature [10,14],
the Vg-induced increase and decrease in py, are consistently
seen at all measuring temperatures (Fig. 3), and are in close
agreement with previous reports on electric field induced
effects on payg in SRO [17-19].

Importantly, the Vg-induced changes in ppymp follow the
same trend as that of the saturated papg. Regardless of the
sign of pamE, increase and decrease in ppump are induced
by the applications of positive and negative Vg, respectively.
To quantitatively evaluate the Vg-induced changes in ppymp,
we calculated Aoy, (Vo) = |0xy(VG) — pxy(0 V)| from the o,
measured by sweeping down the magnetic field. Figure 4
shows the magnetic-field dependence of A p,, (V) (Vg = +20
and —20 V). For both Vg = +20 and —20 V cases, Ap,,(Vg)
is almost constant against the magnetic field. No obvious
changes in Ap,, (Vi) are seen in the magnetic fields at which
Prump appear. This indicates that the origins of ppymp and
pape are the same, implying that topologically nontrivial
magnetic structures are unlikely to form in the magnetic fields
at which ppymp is seen. Our observations can be understood
by the model that ppump Originate from the inhomogeneity
of page and H. within the film (Fig. 1). Furthermore, the
observations that the Vg-induced changes in the phump and
the saturated papg are the same magnitudes indicate that
the oy, in SRO consists of paug originating from distinct
mechanisms—i.e., intrinsic and extrinsic mechanisms—and
that the Vg-induced changes in the pnhump are dominated by
those in the intrinsic pagg [Fig. 1(c)]. Only the intrinsic pagg
that nonmonotonically changes with temperature contributes
to the V-induced changes in p,, while the extrinsic papg that
is positive independent of temperature remains unchanged
under Vi applications. This can consistently explain our ob-
served Vg-induced effect on py, in the SRO film.
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Finally, it should be pointed out that in SRO films grown
by pulsed laser deposition, point defects are easily introduced
through formations of Ru vacancies and local island growth
resulting from mixed termination layers of substrates [31-33].
Such defects would not only reduce H, in local regions but
also provide additional transverse scatterings of conduction
carriers, and the influence of such defects probably is en-
hanced when film thickness is reduced and comparable to
spatial extents of defects’ potentials, leading to the formation
of the domain B in Fig. 1(a). Therefore, the transverse resis-
tivity in the ultrathin SRO films is additionally contributed by
the extrinsic page. The resultant coexistence of the intrinsic
and extrinsic papg, namely the coexistence of the domains
A and B, leads to the emergence of the transverse resistivity
anomalies (the hump resistivity). The mechanism dependence
of the electric field induced effects in pagg is the reason why
the Vi-induced effects on the hump resistivity are the same as
those of paHE.

IV. SUMMARY

We show that the transverse resistivity anomalies (the
hump resistivity, phump) in the SRO channel layer in the
field-effect transistor structure are modulated by applied gate
voltages V. The applications of positive and negative Vg,

respectively, increase and decrease Opump. We also found that
the Vg-induced changes in ppump are essentially the same
as those of the saturated payg. These observations indicate
that the transverse resistivity anomalies emerge as a result
of the coexistence of the anomalous Hall resistivity with dis-
tinct mechanisms, i.e., intrinsic and extrinsic anomalous Hall
resistivity. Topological interpretation such as formations of
topologically nontrivial magnetic structures is not necessary.
Furthermore, the Vg-induced changes in pnump are dominated
by the intrinsic pagg While the extrinsic payg remains un-
changed under the Vg applications. Our results reveal that
electric field induced changes in the anomalous Hall effect
depend on its mechanism.
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