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Abstract: Topologically protected non-trivial spin textures (e.g. skyrmion) give rise to a novel
phenomenon, called the topological Hall effect (THE), and have promising implications in
future energy-efficient nanoelectronics and spintronic devices. Here, we have studied the Hall
effect in SrRuOs/Laj4,CagssMnO3; (SRO/LCMO) bilayers. Our investigation suggests that
pure SRO has hard and soft magnetic characteristics but the Anomalous Hall effect (AHE) in
SRO is governed by the high coercivity phase. We have shown that the proximity effect of a
soft magnetic LCMO on SRO plays a critical role in interfacial magnetic coupling and transport
properties in SRO. With reducing the SRO thickness in the bilayer, the proximity effect
becomes the dominant feature, enhancing the magnitude and temperature range of the THE-
like signatures. The THE-like features in bilayers can be explained by a diffusive Berry phase
transition model in the presence of an emergent magnetic state due to interface coupling. This
work provides an alternative understanding of THE-like signatures and their manipulation in
SRO-based heterostructures, bilayers and superlattices.

Keywords: Proximity effect, Anomalous Hall effect, Topological Hall effect, Inteface
engineering, Heterostructure
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Introduction:

Over the past few decades, theoretical and experimental advances in topological spin
configurations in magnetic materials have opened up a new avenue of material science and
fundamental physics. The vibrant topic has recently drawn considerable attention due to its
potential application in the field of stable high-density nonvolatile memories as well as future
energy-efficient nanoelectronics and spintronic devices!->. Magnetic skyrmions are one of such
topologically protected and stable spin configurations® which are observed in non-
centrosymmetric lattice structures or interfacial symmetry-breaking heterostructures*. This
topologically non-trivial chiral-spin texture with a whirling configuration can have a size
of ~5 nm or less’. It is possible to manipulate skyrmion by much lower current densities on the

order of ~10° A/m?, compared to that required for driving ferromagnetic domain walls®’.

In a conventional ferromagnetic material, the alignment and orientation of spins are determined
by exchange interactions and anisotropy, respectively. Whereas, Dzyaloshinskii-Moriya
interaction (DMI)®° in the presence of strong spin-orbit coupling (SOC) and broken inversion
symmetry induces a relative tilt between neighboring spins. Competition between winding
DMI and aligning exchange interactions is the reason behind the formation of two-dimensional
whirling spin configurations (skyrmions).!®!3 Some other exotic spin configurations such as
vortices'4, merons'>, bubbles'®, bobbers!’, and hopfions!® are also possible to stabilize in a
magnetic material by magnetostatic interactions'®, DMI3?, four spin exchange interactions?’

and frustrated exchange interactions?!-22.

Ordinary Hall effect (OHE) in a material is a consequence of Lorentz force which is
proportional to the applied magnetic field. The Anomalous Hall effect (AHE) is another
interesting phenomenon that is observed in ferromagnets and linked to magnetization?3. The
origin of intrinsic AHE is often described by the Berry phase in momentum space. Analogous
to the Berry phase in momentum space, the real space Berry phase can also arise even without
spin-orbit interaction in the presence of noncoplanar spin configuration with finite spin
chirality?*. An emergent magnetic field appears when charge carriers interact with these
noncoplanar spin configurations?>>2%. The emergent magnetic field deflects the electrons
perpendicular to the current direction and demonstrates interesting phenomena such as the
Topological Hall effect by skyrmions*2%-3°. THE appears as an additional contribution to the
observed Hall signal. Therefore, the Hall resistivity in the presence of skyrmion in a magnetic

material can be expressed as
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PH = POHE + PAHE + PTHE (1)

where the first term denotes the resistivity from the ordinary Hall effect due to majority charge
carriers, the second term is from the anomalous Hall effect, proportional to magnetization and
the third term is the additional resistivity due to THE. This additional contribution to the Hall

resistivity appears as a distinct hump-like feature near the coercive field?!32.

SrRuOs, an itinerant ferromagnet, has been considered as a prototype for THE investigation.
It’s an ideal material system to explore novel topological physics33-3* due to sizable spin-orbit
coupling and multiple band crossings near the Fermi level®. In the past decade, most
investigations on THE in SRO were focused on interface engineering by the proximity of heavy
metal compounds?!-36-38  ferroelectric proximity34!, oxygen octahedra tilting*>** and even
magnetic material proximity*** to enhance the DMI. THE in SRO is highly controversial, the
explanation of Hall anomaly based on two AHEs with opposite signs due to the presence of
two magnetic phases refuses the presence of topological spin configuration®64¢48, In our
previous article*’, we have shown that two Berry phases are responsible for THE-like feature
but one of the Berry phases is not directly linked to the soft magnetic phase present in SRO.
The origin of this second Berry phase over a limited range of temperature needs further
investigation and in our present article, we have designed our experiment for further
clarification and manipulation of THE-like feature in SRO. In this report, we have focused on
stabilizing topological spin configuration based on necessary conditions!? and investigated the
results from a two-channel anomalous Hall effect perspective to figure out the governing

mechanism for the Hall anomaly in our samples.
The Hamiltonian of DMI is described as

Hpyr = _Zi]-Dij-SiXSj (2)

where S; and §; are the two neighboring spin vectors at the ith and jth sites respectively,
and D; is the DMI vector. The magnitude of DMI depends on the cross-product of two
neighboring spin vectors which are at a certain angle with each other, as evident from Eq. 2.
Therefore, if we focus on obtaining non-collinearity by interface engineering approaches, the
non-collinearity in spins is supposed to induce DMI at the interface. We believe interfacial
coupling between two magnetic materials (ferromagnet (FM)/ferromagnet or ferromagnet/anti-
ferromagnet (AFM) or ferromagnet/diamagnet) can provide significant noncolinear or canted

spin structure at the interface. Hence, a heterostructure of two different magnetic materials can
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be a source of DMI and topological spin configurations. Previously, the
SrRuOs/Lag7S1o3MnO; (FM/FM) bilayer has shown antiferromagnetic coupling at the
interface and resulted THE-like feature***>. In this work, we have selected SRO and
Lag 4,Cag ssMnO; (LCMO) as our model system, where LCMO composition lies above the 50%
La substitution and can be antiferromagnet, ferromagnet or charge ordered phase depending on
the oxidation state of Mn and temperature>®. The selected composition is supposed to provide
a competing magnetic state and hence a noncolinear or canted spin structure at the interface.
We found that a soft magnetic phase of SRO originates due to interfacial coupling with poor
ferromagnetic LCMO at the interface. Our study suggests such an interfacial coupling and the
proximity effect between SRO and LCMO can be enhanced by reducing the thickness of SRO.
Both, the temperature range and the magnitude of THE-like feature were found significantly
enhanced with reducing SRO thickness.

Experimental: Epitaxial SRO/LCMO bilayer thin films on SrTiO; (STO) substrates with
(001) orientation were grown by pulsed laser deposition with a KrF excimer laser (A = 248
nm). Prior to the deposition, the STO substrates were annealed at 1000 °C for 2 hours in the
air. The base pressure of the chamber was pumped down to the range of ~1x107 Torr. An
optimized growth temperature of 700 °C and an oxygen pressure of 100 mTorr were used for
the growth at a frequency of 2 Hz and 1.8 J/cm? laser fluence. To get uniform laser fluence, an
imaged rectangle laser beam was focused onto the target®'. The samples were cooled at the rate
of 10 °C/min. At 450 °C, the chamber was filled with 200 Torr oxygen. The structural properties
of all the films were characterized using a Panalytical X ’pert PRO X-ray diffractometer with
Cu Ka radiation. The microstructure was characterized by transmission electron microscopy
(TEM) (FEI Titan 80-300 S/TEM with image-corrector operating at 300 kV), where the cross-
sectional TEM samples were prepared by a standard manual grinding and thinning procedure
followed by a final ion-polishing step (Gatan PIPS II 695 precision ion polishing system).
Magnetic and magneto-transport properties were investigated using the vibrating sample
magnetometer (VSM) and DC resistance setup from the Physical Property Measurement
System (Quantum Design). Before the Hall measurement, the samples were wired in Hall bar
geometry using indium metal, where the longitudinal direction measured the normal resistance
and the transverse direction measured the Hall resistance. The Hall measurement has been
carried out between -4T to 4T magnetic field. After each measurement, the sample has been

warmed up to 200 K (above the T, of SRO) to avoid any remanent magnetization in the film.
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The out-of-plane M-H measurements were carried out at different temperatures within a field

range from -3 T to 3 T.

Results and discussion:
XRD and TEM:

The magnetic and transport properties of thin films depend on their phase purity and
crystallinity. Figure 1(a) shows the specular X-ray diffraction pattern of our SRO/LCMO
bilayer films grown on SrTiO; (001) substrate. The presence of only (00]) reflections suggests
pseudo cubic SRO and LCMO were deposited with the c-axis normal to the substrate surface.
The out-of-plane lattice parameter (c) for SRO and LCMO were calculated from the diffraction
pattern and found to be 3.98 A and 3.75 A, respectively. The reciprocal space map (RSM)
around asymmetric (103) reflection indicates both SRO and LCMO layers were fully strained
on STO (001) substrate. The strain status for these samples is similar and we believe the strain
has limited impact on the property difference®?. The thickness of SRO layers obtained from
TEM was 16 nm, 8 nm and 5 nm respectively, whereas the LCMO thickness lies between 30
nm to 36 nm for all the bilayers. To simplify the discussion, we designate the bilayer samples
as S16, S8, and S5, respectively. The high-resolution TEM (HR-TEM) images shown in
Figures 1(c) and (d) confirm the highly crystalline and epitaxial quality of SRO and LCMO
layers deposited on top of the STO substrate. The selected area electron diffraction (SAED)
patterns shown in Figures 1(e) and (f) identify the epitaxial relationships as

SRO(002)//LCMO(002)//STO(002) in both films.
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Figure 1: (a) X-ray 0-20 diffraction patterns of SRO/LCMO bilayer films and a reference
LCMO single phase film, (b) & (c) the RSM around STO (103) reflection for S16 and S5
samples, respectively. (d) & (e) HRTEM images and (f) & (g) SAED patterns of S16 and S35,
respectively.

Transport properties:

The longitudinal resistivity (p.) and Hall resistivity (py,) of these bilayers were measured using
conventional five-probe Hall bar geometry. The temperature dependence of the residual
resistivity ratio (RRR = p1/pjok) 1s shown in Figure S1. The high RRR value of bilayers
indicates highly crystalline films. All bilayer samples exhibit metallic behavior down to low

temperatures. A cusp below 150 K corresponds to the paramagnetic to ferromagnetic transition
(T,) while cooling. This cusp for the bilayers was found to shift towards the lower temperature

with decreasing SRO thickness which can be attributed to the reduced crystallinity of the film33.
The experimental Hall resistivity data has been anti-symmetrized using p,, = [p,, (H+) - py,, (H-
)]/2 to avoid any magnetoresistance contribution. Magnetic field-dependent Hall resistivity,
Pxy» at different temperatures was investigated to examine the thickness-dependent proximity
effect on the electrical transport properties. Figures 2(a), (b) and (c) show the measured Hall
resistivity of all three bilayer samples at different temperatures (all temperatures are shown in

Figure S2). A square-shaped Hall resistivity within the ferromagnetic limit (below 7,.) of SRO
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is an indication of an anomalous Hall effect. The polarity of AHE changed between 80 K to 90
K for S16, which was reduced to between 70 K — 80 K for S8, as shown in Figure 2(d). The

temperature at which polarity changes has been defined as 7. Such a sign change in AHE has

been attributed to the change in Berry curvature in momentum space®’>4, It is clear that T
reduces with reducing SRO thickness and in S5 (Figure 2(d)), such a polarity change never
occurs as T reduces below the lowest measurement temperature (<10 K). Interestingly, all the

bilayer samples exhibit THE-like features near the coercive field at certain temperatures. The
temperature range at which THE feature appeared was also found to increase with decreasing

thickness.

The sign of pryz was always positive and varied systematically irrespective of the sign of AHE.
The lack of correlation between the sign of THE-like feature and AHE suggests they have
different origins. The enhanced THE-like feature as a function of the magnetic field at different
temperatures in the bilayer can be visualized in Figures 2(e), (f) and (g). The color map in (H,
T) space reveals that reducing thickness has an increasing effect on both magnitudes of p7yz as
well as the magnetic field range over which THE-like feature is observed. Although the
temperature for THE-like feature reduced with thickness, the enhanced range of the magnetic
field suggests the thermodynamic stability of the responsible specific magnetic state has been
amplified by reducing the SRO thickness. To confirm the effect, we also deposited single-layer SRO
films (16 nm and 5 nm) at the same growth conditions as the bilayers. Similar Hall measurements
show no THE-like feature (Figure S6). These results indicate THE-like feature in bilayers is
related to the proximity of the LCMO layer, which is enhanced with decreasing SRO thickness.
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Figure 2: (a), (b), and (c) the Hall resistivity of S16, S8, and S5, respectively, (d) the change
in sign of anomalous Hall effect and the effect of thickness on shifting the sign change
temperature (Ty). (e), (f) and (g) show the change in prypin H vs T space for S16, S8, and S5,
respectively.

We investigated the relation between p,, vs p,, to figure out the scattering mechanism(s) in
these bilayers, as shown in Figure S3. The scaling relation suggests a combination of intrinsic
(Berry phase) and extrinsic (skew scattering and/or side jump) mechanisms are contributing to
the AHE below the sign change temperature. Beyond 75, a deviation from the obtained scaling
relation suggests the scattering mechanism has been changed or modified after the Berry phase

transition but no conclusive evidence regarding the THE-like feature was obtained.
Magnetic properties:

To decipher the origin of THE-like feature in these bilayers, investigation of the magnetic
properties and its correlation with AHE is important. Figure 3 demonstrates the out-of-plane
magnetization of S16, S8, S5, pure 5 nm SRO single layer, and LCMO single layer on STO
(001) substrates at different temperatures (all results are shown in Figure S4). Thicker SRO
bilayers (S16 and S8) showed a two-step magnetic hysteresis at low temperatures, indicating

two magnetic phase contributions. Out of these two phases, one is hard magnetic having higher
H_, whereas, the second phase is soft magnetic (low H,.). The magnetic measurement of pure

LCMO film reveals its soft magnetic behavior over the entire temperature range, which
suggests that magnetization in the bilayer is a collective behavior of SRO and LCMO.
Moreover, the temperature-dependent magnetization in thick bilayers was found to undergo a
transition from a mixture of hard and soft magnetic phases to a soft magnetic phase at high
temperatures. Interestingly, a similar hard-soft magnetic to soft magnetic phase transition has
been observed in single-layer SRO at high temperature. When the same thickness of SRO is
coupled to LCMO, the bilayer (S5) does not show two-step magnetic hysteresis (the present
magnetic phase was soft over the entire temperature range). The comparison of magnetic
properties in single-layer and bilayer SRO films reveals both, the temperature and thickness of

SRO in the bilayer influence the magnetic phase transition (i.e. hard-soft to soft magnetic).

It is important to note here that THE-like feature was observed in the vicinity of temperatures
where the hard-soft to soft magnetic transition is taking place in S16 and S8. Moreover, THE-
like feature was more prominent and existed over a broad range of temperatures in S5 where
SRO is in a soft magnetic state by mimicking LCMO. Therefore, our comparison of Hall

resistivity and magnetic properties in these single-layer and bilayer SRO films indicates the
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THE-like feature is a result of interface coupling between SRO and LCMO. In addition to that,
the hard-soft magnetic to a soft magnetic phase transition provides the necessary magnetic
phase for a diffuse Berry phase transition. The necessary magnetic phase can be manipulated
in SRO by controlling the temperature and its thickness in the proximity of soft magnetic

LCMO.

300
200
100

Mcemu/cm?)

200 |l

Figure 3: Out-of-plane M-H plots of (a) S16, (b) S8, (c) S5, (d) 5 nm pure SRO, and (e) pure
LCMO respectively, at different temperatures.

Discussion:

For all the bilayer samples, regardless of mixed or single phase behavior, the hump feature in
Hall resistivity was fitted by two AHEs with opposite polarity. This allows for a direct
comparison of the Hall components with potential counterparts in the magnetization

measurements. We found at low temperatures the high H,. magnetic phase is solely responsible
for the AHE. The only discrepancy occurs near the 7, where the hump feature appeared. Two

AHEs with opposite polarity generate similar hump features in both samples. These two AHEs
also provide the necessary information about their magnetic counterpart which are responsible

for THE-like feature. The comparison between two AHEs and present magnetic phases around
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T, reveals that the high H, magnetic phase is responsible for one of the AHE but the origin of
the second AHE is not from the low H,. magnetic phase, present in the bilayer. We mapped the
two magnetic coercivities, H.’s of two AHEs and the magnetic field at which the
magnetoresistance peak appeared (/4,-MR) as a function of temperature. The comparison

between these characteristic fields is shown in Figure 4. In the figure, we termed the high H,
magnetic phase as P1 and the low H, magnetic phase as P2. It is interesting to note in Figures

4(d) and (e) that the coercivity of Hall resistivity, /. of the P1 phase and H,-MR matches quite

well until the THE-like feature appears in the system. The comparison also suggests that /-
MR always represents the hard-magnetic phase. When the THE-like feature appears, AHE1
and H,-MR still seem to follow the high /. phase but AHE2 does not have any correlation with
the hard or soft magnetic phases observed in the M-H measurement. A similar approach of
using two AHEs to fit the Hall resistivity in S5 was adopted to investigate the magnetic
counterpart of hypothetical AHEs (Figure 4 (f)). The comparison of peak magnetoresistance
(H,-MR) for S16, S8, and S5 reveals that the behavior of sample S5 is still hard-magnetic
during the transport measurement. However, the non-contact M-H measurement suggests S5
as a soft magnet, which is possibly a thickness effect as we have seen similar behavior in S8
beyond 80 K but not in S16. We can also see in S5 that AHE2 appears to originate from the
high coercivity phase but AHE1 does not have a direct relation to the soft magnetic phase. Such
a lack of correlation between soft magnetic phase(s) and an AHE to describe the THE-like
feature in all the samples indicates the origin of the second AHE is not directly related to the
soft magnetic phase observed in the M-H measurement. The appearance of the second AHE
within a narrow temperature window suggests the presence of an emergent magnetic phase,
most likely at the interface. The hump feature in SRO*?°5-7 and other material systems such
as MnSi?°, Mn; sPtSn’8, Mn,CoAl>°, Cr;,Te,* has been attributed to topological Hall effect
due to noncoplanar spin texture. Nevertheless, an alternative explanation for the THE feature
based on two AHEs with opposite polarity makes its topological origin doubtful. These two
AHEs were linked to magnetic inhomogeneity in SRO*6-48:61 SRO having two magnetic phases
is well accepted among the scientific community®?-%. In our previous work, we proposed a
phenomenological model to explain the THE-like feature in single-layer SRO thin films*. Our

results suggest that a diffusive Berry phase transition model is more appropriate. In this model,

the magnetic phase with relatively higher coercivity (H.) contributes to AHE, which has a sign
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change near 7 and a certain magnetic state bears two Berry phases, with positive and negative

signs. Such a model and observations also match with the results in this work.
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Figure 4: (a) An example of two-channel AHE fitting of p,, for S16 at 85 K, (b) magnetic
hysteresis as a sum of two magnetic contributions with hard and soft behavior respectively, (c)
corresponding magnetoresistance at 85 K for sample S16 (all temperatures are shown in
Figure S4.) and (d-f) the coercivities of Hall, fitted AHE, magnetism and magnetoresistance
obtained between 10 K to 100 K for samples S16, S8 and S5, respectively.

Our thickness-dependent study of Hall resistivity has produced a consistent topological Hall
effect feature which is enhanced with decreasing thickness. The sign of pryz was always
positive and varied systematically irrespective of the sign of AHE. Moreover, THE-like feature
was present in the bilayer samples with both dual magnetic phase (S16 and S8) and single
magnetic phase (S5) characteristics. Similar dual magnetic phases were observed in single-
layer SRO films but the absence of THE-like feature suggests the necessary magnetic state to
give rise to hump-like feature in SRO originates due to the proximity effect of LCMO. This
responsible magnetic state in SRO can be stabilized by controlling its thickness when the SRO
is interfacially coupled to a soft magnetic material. We have provided a schematic of the
possible mechanism for the appearance of an emergent magnetic phase, responsible for the
THE-like feature at the SRO/LCMO interface, shown in Figure 5. To understand the origin of
the emergent magnetic phase, we first describe the concept of exchange coupling between two
magnetic materials. The absence of coupling between two magnetic materials gives rise to two-
step features in the magnetic hysteresis, as shown in Figure 5(a). When SRO is deposited on

top of a bare STO substrate, magnetic SRO is in proximity with a non-magnetic STO. As a
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result, a soft magnetic phase arises at the interface. The lack of coupling between this soft
magnetic phase and the bulk hard magnetic phase gives rise to a two-step feature in magnetic
hysteresis, similar to Figure 5(a). The scenario is different in the presence of exchange coupling
between two magnetic materials. The combination of a hard and soft magnetic phases gives
rise to a single-step magnetic hysteresis with coercivity lying in between the hard and soft
magnetic phases in the presence of exchange coupling, as shown in Figure 5(b). When SRO is
in close proximity with a soft magnetic LCMO, a soft magnetic phase of SRO develops at the
interface, which we can identify from the M-H measurement. Initially, this soft magnetic phase
remains decoupled with the hard magnetic phase of SRO and it shows a two-step magnetic
hysteresis. It is important to mention that the soft magnetic contribution to the Hall resistivity
was absent at low temperatures, otherwise a step feature or THE-like feature must have
appeared in the p,,. As the temperature increases, the bulk SRO undergoes a hard-soft (H-S)
magnetic to a soft magnetic phase transition. In this condiction, the interfacial layer is
surrounded by H-S SRO and soft magnetic LCMO and due to exchange coupling between SRO
and LCMO the interfacial layer gives rise to an emergent magnetic phase. The phenomena of
exchange coupling and emergent magnetic phase can be well understood by Figures 5(d) and
(e). This emergent magnetic phase holds the Berry phases with opposite polarity to give rise to
THE-like feature. The effect of thickness reduction of SRO in the bilayer can be understood
from Figure 5(e), where such a magnetic state is spread deep inside the thin SRO layer and the
entire film holds the characteristics of the interfacial state. The Berry phase transition and
coexistence of two Berry phases due to an emergent magnetic phase can be manipulated over

wide temperature ranges by reducing the thickness of SRO in the bilayer. The phenomena are
described in Figure 5(f), where pure SRO undergoes a sharp Berry phase transition at 7 but a
diffuse Berry phase transition state exists only in the presence of soft magnetic LCMO.
Reducing the thickness of SRO affects both 7 and the width of diffusive Berry phase

transition.
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Figure 5: Schematic description of (a) Magnetic hysteresis (two-step feature) resulting from
the absence of exchange coupling between two magnetic phases (b) magnetic hysteresis in
presence of exchange coupling between two magnetic phases, (c) presence of uncoupled hard
magnetic (FM (H)) and soft magnetic (FM (S)) phases. (d) and (e) the interfacial magnetic
state for thick and thin SRO bilayers in SRO/LCMO heterostructure, and (f) schematic
illustration of the role of SRO thickness on the sign change of Hall resistivity and two Berry
phase coexistence.

Conclusion:

In summary, we have demonstrated that SRO behaves as a mixture of hard and soft magnetic
phases in a heterostructure. Hall resistivity measurements indicate that the high coercivity
magnetic phase of SRO is solely responsible for AHE, whereas the THE-like feature in SRO
is only observed when it is in proximity with LCMO. Magnetic measurements reveal that the
THE-like feature is observed in the vicinity of a hard-soft magnetic to a soft magnetic phase
transition. Moreover, fitting of the THE-like feature in the Hall resistivity with two AHE model
suggests the magnetic counterpart of the second AHE with the opposite sign is not directly
related to the soft magnetic phase. This suggests the proximity of LCMO plays a critical role
in manipulating the magnetic behaviour of SRO and hence its transport properties. The THE-
like feature can be explained by a diffuse Berry phase transition model in the presence of an
exchange-coupled emergent magnetic phase. Such a magnetic state, bearing two opposite Berry
phases can be stabilized over a broad range of temperatures by reducing the thickness of SRO
in the bilayer. Although the Hall effect and magnetic measurements confirm the presence of a

distinct magnetic state as the origin of the THE-like feature in the bilayers, the exact nature of
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such a magnetic phase is still unknown and needs advanced characterization to probe its spin

configuration.
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