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ABSTRACT: The combination of ferromagnetism, superconduc-
tivity, and spin−orbit coupling in interfacial two-dimensional
electron liquids (2DELs) assembles the essential ingredients for
realizing tantalized topological or spin polarized superconductivity
for interfacial oxitronics. Unfortunately, these ingredients usually
compete and are sometimes mutually exclusive. Here, by optimally
designing a ferromagnet/superconductor heterostructure
(LaAl0.7Mn0.3O3/SrTiO3), we demonstrate a ferromagnetic 2DEL
with strong Rashba spin−orbit coupling and typical super-
conducting behavior. More excitingly, Rashba spin−orbit coupling
and ferromagnetic order were found to coexist according to the
observation of weak antilocalization and butterfly shaped magnetoresistance with clear hysteresis during the superconducting
transition. Our revealed coexistence of ferromagnetism, superconductivity, and spin−orbit coupling at the oxide interface provides a
fruitful platform to investigate nontrivial properties of spin-polarized supercurrent/topological superconductors and to cultivate
applications for superconducting spintronics/quantum computation.
KEYWORDS: ferromagnet/superconductor heterostructure, ferromagnetism, Rashba spin−orbit coupling, superconductivity,
magneto transport

To realize the entanglement between superconductivity
(SC), ferromagnetism (FM), and further spin−orbit

coupling (SOC) is a highly pursued goal owing to their
extraordinary physical properties, such as spin-polarized
supercurrent for superconducting spintronics,1 spin−orbi-
tronics,2 and magnetic vortex/Fulde−Ferrell−Larkin−Ovchin-
nikov state in topological superconductors for quantum
computation.3−6 However, superconductivity and ferromag-
netism are usually competing, and materials with coexistence of
superconductivity and ferromagnetism are very rare. Further-
more, materials with large SOC usually are hosted by heavy
elements, which favor delocalized and extended orbitals, thus
not favoring ferromagnetism. Therefore, many ferromagnetic
materials usually exhibit small SOC. As a result, it is extremely
challenging to synthesize a material system where all these
intriguing ingredients can coexist. Benefiting from state-of-the-
art deposition technology, atomic scale growth of hetero-
structures is now feasible where different types of materials can
now be artificially integrated and combined, thus generating
functional interfaces for realization of emergent physical
phenomena beyond their bulk counterparts. For example, an
artificially grown ferromagnet/superconductor heterostructure
with interfacial Rashba SOC (RSOC) as shown in Figure 1a4,7

can effectively lead to fantastic ferromagnetic coupled Rashba
superconductivity for low-power logic devices,8−10 especially

the magnetization-controlled nonreciprocal transport near or
inside the superconducting states.

The strongly correlated two-dimensional liquid (2DEL) at
SrTiO3 (STO) or KTaO3 (KTO) based heterointerfaces is a
very promising candidate to explore these nontrivial states of
matter with coexistence of SC, FM, and SOC, due to its highly
tunable SC,11−15 FM,16−21 and RSOC.22−26 At the para-
digmatic interface between LaAlO3 (LAO) and STO or KTO,
strong RSOC and SC have been found,12,22,25,27 boosting the
research of 2D Rashba SC at oxide heterostructures.24,28,29

Furthermore, hybridizing such heterostructures with magnetic
elements is an effective and powerful method to introduce
magnetism into 2DEL through magnetic proximity ef-
fect,18,30−32 despite nonmagnetic insulating STO and KTO.
Though these properties have been extensively investigated,
current research mainly separately investigates their behaviors.
For example, most cases studied the FM from the anomalous
Hall effect (AHE) and SOC from the weak antilocalization
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(WAL) effect in normal state. Although the coexistence
between any two of the three phenomena�SC, FM, and
SOC�has been experimentally established,24,33−37 compre-
hensive investigations into their tripartite interplay has been
notably absent. How FM and SOC behave at the SC state and
how to probe their possibility of coexistence remain open
problems.

In this work, we rationally designed a LaAl1−xMnxO3/
SrTiO3 (LAMO/STO, 0 ≤ x ≤ 1) heterointerfaces with proper
doping level x and carrier density in order to realize
coexistence of FM, SC, and RSOC. The introduction of an
insulating LAMO thin film can reduce carrier density, and at
the same time it can exhibit strong magnetism with high Mn
doping level. Therefore, the interfacial carrier density (ns),
AHE induced by the magnetic proximity effect, and SC can be
tuned by changing Mn doping level. Previous reports32,38 have
shown the possible coexistence of FM and RSOC for interfaces
with x = 0.25 or 0.3. Therefore, LaAl0.7Mn0.3O3 is optimal
doping level to generate magnetism and at the same time to
induce superconducting 2DEL at the LAMO/STO interface,
where both AHE and SC are observed at 7.6 × 1012 cm−2 < ns
< 1.3 × 1013 cm−2.32 With these, we intentionally fabricate two
LA0.7M0.3O/STO samples with ns of 9.74 × 1012 cm−2

(heterostructure 1: H1) and 1.13 × 1013 cm−2 (heterostructure
2: H2) located in the coexistence regime between FM and SC
by precisely controlling the growth conditions. The inves-
tigations of hysteretic butterfly magnetoresistance (MR), the
hysteretic anomalous Hall effect (HAHE), and X-ray magnetic
circular dichroism (XMCD) confirm the FM of 2DELs.

Meanwhile, the WAL reveals the RSOC of such 2DEL. Most
importantly, both the FM-induced butterfly hysteresis and
RSOC-induced WAL have been observed in MR during the
superconducting transition, demonstrating the coexistence of
FM, RSOC, and SC directly. Additionally, the 2DEL
contributed by Ti t2g electrons was found to have a 2D dxy
feature. Our results provide conclusive evidence of an
emergent Rashba-type superconductivity interwoven with
ferromagnetic ordering at the LA0.7M0.3O/STO interface.

■ RESULTS AND DISCUSSION
Optimized LA0.7M0.3O/STO heterointerfaces with carrier
density at coexistence regimes of FM and SC32 were prepared
by growing a 4 unit cell (uc) buffer layer at 1 × 10−4 mbar of
O2 at first and then depositing the 6 uc top layer at 1 × 10−5

mbar of O2. A schematic band diagram in Figure 1b illustrates
the formation of ferromagnetic 2DELs at the oxide
ferromagnet/superconductor heterointerfaces. For the magnet-
ism, the buffer layer grown at higher pressure can result in
stronger ferromagnetism of LA0.7M0.3O

39 and thus can induce
stronger magnetism of 2DELs by the proximity effect.32

Meanwhile, the introduction of LaMnO3 into LaAlO3/SrTiO3
heterostructures not only provides an electron sink to trap the
electrons at interfaces40 and but also reduces the oxygen
outward diffusion effectively.41 For the 10 uc LA0.7M0.3O film
grown at 1 × 10−4 mbar O2 pressure, the insulating interface at
low temperature confirms the negligible oxygen vacancy
(Figure S2). Therefore, the interfacial oxygen vacancy can be
reduced significantly, and the interfacial itinerant electrons of

Figure 1. Fabrication of oxide ferromagnet/superconductor heterointerfaces. (a) A sketch of oxide ferromagnet/superconductor heterointerfaces
with the 2DEL, which is designed to combine the FM, SC, and RSOC. (b) Schematic band diagram of such LA0.7M0.3O/STO. Given the alignment
of O 2p bands at such heterointerface, the empty eg2 band of LAMO with lower energy than Ti 3d t2g bands provides an electron sink to modulate
the interface. The electrons from top layer first occupy the Mn sites and then transfer into the conduction band of Ti at the interface. (c) The
HAADF-STEM images, spatially resolved Ti L2,3 and Mn L2,3 EELS spectra about the heterointerface. (d) The sheet resistance as a function of
temperature down to 70 mK for two heterostructures. (e) The Rxx at 70 mK as a function of Ibias and B, where the Ibias scans from −350 to 350 nA
and B is increased from −0.2 to 0.2 T. The lower panel shows the horizontal line cuts at B = 0 T (red) and 0.15 T (blue), and the left panel shows
the vertical line cuts at Ibias = 0 nA (green) and 250 nA (violet).
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2DELs arise from the top layer. The typical high-angle annular
dark-field (HAADF) scanning transmission electron micros-
copy (STEM) image for such ferromagnet/superconductor
heterostructure in Figure 1c reveals the chemically abrupt
interface without detectable defects and dislocations. The
spatially resolved Ti L2,3 and Mn L2,3 electron energy-loss
spectroscopy (EELS) indicates the chemically abrupt hetero-
interface, where Mn ions are confined almost exclusively within
the LAMO layer with negligible downward diffusion into the
STO substrate and the Ti ion outward diffusion is less than
one unit cell across the interface.

As shown in Figure 1d, temperature-dependent sheet
resistance (Rxx) shows typical superconducting behavior at
LA0.7M0.3O/STO interfaces, where the significant change of
the corresponding slope (dRxx/dT) indicates that the onset
point of the superconducting transition is around 150 mK for
both heterostructures (H1 and H2 in Figure S3). The
superconductivity has been widely observed in the electron-
doped STO such as the oxygen-deficient STO15 and La-/Nb-/
Sm-doped STO.42 In our case, the carriers contributing such
interfacial superconductivity stem from the LAMO top layer
due to the negligible oxygen deficiencies at the STO side.
Although the zero resistance was not detected down to the
base temperature of our systems due to the lower super-
conducting transition temperature, the superconductivity has
been confirmed in previous work.32 Meanwhile, the differential
resistance Rxx (dV/dI) of the 2DEL as a function of the bias
current (Ibias) and the magnetic field (B) at 70 mK in Figure 1e
provides an alternative method to further characterize the
formation of interfacial superconductivity. For B = 0 T (the
lower panel in Figure 1e), the sharp peaks at the critical current
Ic ≈ 128 nA and the dip in zero-bias Rxx suggest the highly
nonlinear behavior of V−I curves. With the increasing B, such
nonlinear behavior is gradually suppressed, resulting in the
transition from nonlinear behavior to ohmic behavior at the
superconducting upper critical field (Bc2).

43 In addition, the U-

shaped MR is observed clearly below the Ic, where B breaks the
Cooper pairs and phase coherence with the Bc2 of ∼120 mT
(the left panel in the Figure 1e). The significant super-
conducting transition, the highly nonlinear V−I behavior, and
the U-shaped MR confirm the formation of Cooper pairs and
the phase coherence within the 2DELs at LA0.7M0.3O/STO
interfaces. Notably, a dip appears around 30 mT in the typical
U-shaped superconducting regime43 when sweeping the B
from negative to positive (the left panel in the Figure 1e),
which is similar to the ferromagnetism induced hysteretic
butterfly MR,44 which implies the coexistence of ferromagnetic
order and superconductivity.

The further MR (Rxx(B)/Rxx(0)-1) characterization of H1 at
150 mK in Figure 2a shows a sharp dip at low field superposed
on a quadratic MR background. Such a quadratic background
arises from the ordinary MR caused by the classical Lorentz
force. Moreover, the sharp dip around zero field indicates the
presence of RSOC-induced WAL.22,38 Strong RSOC caused by
the absence of spatial inversion symmetry at heterointerfaces
will break the quantum interference from electron phase
coherence in weak localization, leading to WAL effect and thus
a dip around zero field in MR curve.38 A quantitative analysis
based on the Maekawa−Fukuyama developed WAL
theory22,28,45 extracts the spin−orbit coupling field Bso of

0.025 T and the Rashba coefficient αso ( e B

m

3
so

* ) of ∼4.68
meVÅ for H1 in Figure S4. Meanwhile, according to the
analysis of Hall resistance in previous investigations,32,46 the
Hall coefficient (Rxy/B in Figure 2c) from the Hall resistance in
Figure 2b shows an upturn at low fields up to about 4 T and
becomes a constant after 4 T, suggesting that the Hall
resistance undergoes a transition from a nonlinear behavior at
low field to the linear behavior at high field in Figure 2b. This
is the typical AHE with one type of carrier.19,21,32,38,46 Due to
the lower energy of the dxy band compared to the dxz/yz band
within the t2g conduction manifold of STO(001) inter-

Figure 2. Analysis of magnetoresistance and Hall resistance of H1 at 150 mK. (a) The MR of H1 with the weak antilocalization around 0 T. (b)
The Hall resistance of H1. (c) The Rxy/B shows an upturn at low fields up to ∼4 T and becomes a constant after 4 T, suggesting that the Hall
resistance undergoes a transition from a nonlinear behavior to the linear behavior around 4 T. (d) A significant hysteretic loop below ∼30 mT
superposed on a nonlinear Hall resistance without loop is observed when subtracting the linear ordinary Hall resistance. (e) A significant hysteretic
butterfly MR superimposed on the weak antilocalization regime. (f) The total AHE in (d) includes the hysteretic anomalous Hall effect (HAHE)
and the nonhysteretic anomalous Hall effect (NAHE).
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face,32,47−49 such 2DEL is primarily composed of the dxy
electrons. Interestingly, a hysteretic butterfly pattern is
observed in the WAL regime when sweeping B in two
opposite directions in Figure 2e, where this significant
magnetic hysteresis is also manifested in the Hall resistance
within the same low-field regime (see zoomed-in image in
Figure S5). Notably, this Hall resistance hysteresis occurs
below ∼30 mT in Figure S5, which is far lower than the
broader nonlinear Hall regime spanning from −4 to 4 T in
Figure 2c. To extract the anomalous Hall components, we
subtract the linear ordinary Hall effect (OHE) from the Hall
resistance in Figure 2b. The resulting anomalous Hall
resistance in Figure 2d reveals a clear hysteretic loop
superposed on a nonhysteretic, nonlinear background,
suggesting that the total AHE includes the nonhysteretic
anomalous Hall effect (NAHE) and the hysteretic anomalous
Hall effect (HAHE). This NAHE dictates the overall
nonlinearity of the Hall resistance and can be described by
the Langevin-type function46 (RxyNAHE = R0

NAHE tanh(B/Bc))
with two free parameters, Bc and R0

NAHE. After further removal
of the fitted NAHE component (green curve in Figure 2f), the
purely HAHE is revealed in Figure 2f. This HAHE
corresponds directly to the hysteretic butterfly MR shown in

Figure 2e. The NAHE is consistent with previous observations
of spin-polarized 2DELs at STO-based interfaces.18,30,46 On
the other hand, the HAHE both shows a typical conventional
AHE proportion to the spontaneous magnetization,50 and
includes a hump-like Hall component that has been observed
in some magnetic oxide materials with spin−orbit coupling,
such as SrRuO3,

51 SrIrO3/LaCoO3 superlattices,52 and the
LaTiO3/EuTiO3 interface.53 A plausible origin of this hump-
like feature in the Hall data is the topological Hall effect, a
possibility that merits deeper study. Our work clearly
disentangles these distinct AHE components in a strongly
correlated oxide 2DEL. The concurrent hysteretic MR and
AHE are characteristic of ferromagnetic conductors and imply
the emergence of ferromagnetic order among the dxy electrons
in our system.17,18,44 Importantly, the WAL, hysteretic butterfly
MR, and HAHE confirm the coexistence of RSOC and FM at
such superconducting interfaces.

To further confirm the ferromagnetism of LA0.7M0.3O/STO
systems, element-specific X-ray absorption spectroscopy
(XAS) and XMCD at the Mn and Ti L2,3 absorption edges
were performed to probe the magnetism of the LAMO and the
itinerant magnetism of 2DEL. The peaks of Mn L3 edge XAS
spectra (Figure 3a) at ∼640, ∼642, and 643 eV suggest the

Figure 3. Origin of ferromagnetism. (a and c) XAS/XMCD spectra at Mn L2,3 and Ti L2,3 edges for normal incident sample orientation (90°). (b
and d) XAS/XLD spectra of Mn and Ti for grazing (35°). All signals are collected under 6.5 T and 4 K. (e) A sketch of ferromagnetic coupling at
the interface. (f) The orbital ordering and the spin states of the Mn and Ti.
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appearance of Mn2+, Mn3+, and Mn4+ states in LAMO,
respectively (Figure S6).54 The intensity of the Mn3+ peak
indicates that the Mn3+ dominated in LAMO.39 The
appearance of Mn2+ could arise from the electron sink effect,
where the electrons transfer first to Mn3+ empty eg band with
lower energy than the Ti4+ t2g band before forming the
interfacial 2DEL.32 The significant XMCD signals at the Mn
L2,3 edges are observed around the peaks of Mn2+ and Mn3+,
ambiguously confirming the ferromagnetism of the LA0.7M0.3O
thin film. The X-ray linear dichroism (XLD) of Mn, defined as
σLH-σLV (in Figure 3b), clearly reveals the degeneracy of eg
orbitals of the Jahn−Teller active Mn3+ ions. The positive
integration of XLD (Figure S7b) indicates favorable in-plane
dx2−y2 occupation.

Owing to the magnetic proximity effect, the interfacial
itinerant carriers would be spin-polarized by the ferromagnetic
LA0.7M0.3O thin film, resulting in ferromagnetic 2DELs and
leading to the AHE in Figure 2. To confirm the magnetism of
Ti at the interface, we further measured XMCD of Ti. As
shown in Figure 3c, a clear XMCD signal is observed for Ti L2,3
edges, thus definitely confirming the ferromagnetism of Ti at
the interface. It is worth noting that the XAS of the Ti peak
looks quite similar to the spectrum of Ti4+,55 and thus suggests
the dominating Ti4+ near the interface. However, since Ti4+ has
nonmagnetic 3d0 configuration, the XMCD signal should be
attributed to the small amount of spin-polarized Ti3+ state with
3d1 configuration.55 The formation of 2DEL also suggests Ti3+
at the interface. Meanwhile, the XLD signal of the Ti L-edge
shown in Figure 3d, with a profile similar to previous ones
reported for LAO/STO heterostructures,56 indicates the
degeneracy of the Ti t2g states. According to the very first
negative feature near 457 eV and the resulting total positive
integration (Figure S8), we conclude that the ferromagnetic
itinerant carriers are mainly populated by dxy of the t2g orbitals.
Such orbital degeneracy revealed by XLD is well consistent
with the scenario speculated from the carrier density, as
discussed above, which is below the Lifshitz transition and
suggests the dxy orbit of 2DEL.32,57 The XMCD sum rule58−60

was used to quantitatively estimate the magnetization of Mn
and Ti (Figures S7a and S8a). Following Hund’s rules, for the
3d1 configuration of Ti3+, we obtain a positive Ti spin moment
(0.013 μB) and an opposite, finite, negative Ti orbital moment
(−0.012 μB). Importantly, the observed positive Mn-spin

moment of 2.18 μB confirms that the Ti spin is ferromagneti-
cally coupled to the Mn-spin moment. The ferromagnetic
coupling between Mn3+ and Ti3+ sites in La0.7M0.3O/STO is
different from the oxygen defects induced magnetism55,61 and
the antiferromagnetic coupling between Ti and Eu sites in the
LaAlO3/EuTiO3/SrTiO3 system.30 All spectral results suggest
the interfacial ferromagnetic coupling as shown in Figure 3e,
where the ferromagnetism of Mn induces the spin-polarization
of carriers at the Ti 3dxy orbit, and the corresponding orbital
orderings are shown in Figure 3f.

The Rxx of superconductivity under the Ibias in Figure 1e and
the magneto transport characterization in Figure 2 imply the
possible coexistence of RSOC, FM, and SC in the 2DEL at
LA0.7M0.3O/STO interfaces. The MR curves around the
superconducting transition are further analyzed in order to
verify their coexistence and evolution. For T ≥ 150 mK in
Figure 4a, a dip around 23 mT is superposed on the WAL-
induced background MR for a positive field sweep. When
reversing the sweeping direction, the appearance of mirror dip
gives rise to a hysteretic butterfly pattern. Such hysteretic
butterfly behavior suggests the underlying ferromagnetic order
in 2D itinerate carriers. These transport signatures in normal
states indicate the coupling between FM and RSOC. When the
temperature is lower than 150 mK (Figure 4b), an interesting
parabolic dip emerges and results in a minimum around −30
mT, prior to appearance of WAL for positive field sweep. With
cooling, the amplitude and width of the parabolic dip rapidly
increase, which is the feature of superconductivity and is in
agreement with the results in Figure 1e. These collective
observations suggest that such a significant parabolic dip in the
MR curve is from the superconducting fluctuation during the
superconducting transition, where the Cooper pairs signifi-
cantly enhance the overall conductivity. The similar MR
behavior exhibited by both WAL and superconducting
fluctuations62−64 makes it difficult to deconvolve the super-
imposed signals, especially when the superconducting
component dominates at low temperatures. Therefore, the
superconducting fluctuation progressively coalesces with the
WAL during cooling, leaving two dips at 70 mK. Much more
interestingly, a mirror image of the superconducting and
ferromagnetic dips is observed for a negative field sweep.
Because the MR of superconducting states should be B-
symmetric without the hysteresis for the typical oxide

Figure 4. Coexistence of ferromagnetism, weak antilocalization, and superconductivity. The evolutions of MR upon cooling before (a) and after
(b) the appearance of superconducting related MR (red and blue curves are from increasing and decreasing B, respectively). The typical features of
FM, WAL, and SC are highlighted, respectively, taking decreasing B as an example (blue lines). (c) The typical behaviors of FM, WAL, and SC on
the MR with decreasing B.
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superconducting interfaces without FM,43,65 the hysteretic
superconducting MR in Figure 4b could be attributed to the
FM-induced compression of SC around the ferromagnetic MR
dips,66 which has been widely observed in the FI/SC/FI (FI:
ferromagnetic insulator) structures.67 The direct observation of
ferromagnetic ordering and RSOC at our oxide ferromagnet/
superconductor heterointerfaces confirms the coexistence of
out-of-plane FM, SC, and RSOC, which are the necessary
ingredients to realize a designer topological superconductor.4,7

Due to the RSOC induced the spin splitting of energy band
structure and the spin-momentum locking, the combination of
SC and RSOC stabilizes a Rashba-type pairing symmetry in
superconductors,68,69 and such heterointerfaces provide
wonderful platforms to investigate the nonreciprocal transport
by controllable magnetization near or inside the super-
conducting phase.70 Furthermore, such oxide ferromagnet/
superconductor heterointerfaces would have interesting
implications for the controllable magnetic vortex in quantum
computation.

■ CONCLUSIONS
In summary, we directly observed the combination of FM, SC,
and RSOC in the 2DELs by rationally designing oxide
ferromagnet/superconductor heterointerfaces (LA0.7M0.3O/
STO) (Figure 4c). Our analysis unveils a hysteretic component
in the anomalous Hall resistance. The presence of a
conventional hysteretic anomalous Hall effect alongside a
possible topological Hall signal confirms that the itinerant
electrons are coupled to the ferromagnetism. Unlike the
reported coexistence of FM and SC from two types of
electrons, these observed significant properties of 2DEL are
attributed solely to dxy electrons. The observed coexistence of
the FM and RSOC during the superconducting transition
suggests a class of realistic platforms to investigate magnet-
ization-controlled nonreciprocal transport properties near or
inside the superconducting states. The combination of FM,
RSOC, and SC at such oxide ferromagnet/superconductor
heterointerfaces would offer a fascinating method to further
investigate the nontrivial properties such as topological
superconductivity, the spin-polarized supercurrents, and super-
conducting diode effect.

■ EXPERIMENTAL METHODS

Sample Fabrication
The 10 uc LaAl0.7Mn0.3O3 thin films were epitaxially grown by pulsed
laser deposition (PLD) using a KrF laser on TiO2-terminated STO
(001) substrates. A pulsed laser with a wavelength of 248 nm, a
repetition frequency of 1 Hz, and a laser fluence of 2.0 J/cm2 was used
to ablate a LaAl0.7Mn0.3O3 ceramic target. During the growth process,
reflection high-energy electron diffraction (RHEED) was used to
monitor in situ the film growth on unpatterned STO substrates. The
first 4 uc buffer layer was deposited in 1 × 10−4 mbar of O2 and then
subsequently the last 6 uc top layer was grown in 1 × 10−5 mbar of
O2. The growth temperature was maintained at 650 °C, and the
constant distance between target and substrate was ∼50 mm. After
the growth of the film, the samples were cooled under deposition
pressure at a rate of 10 °C/min to room temperature. Before the
deposition, a hard mask made from amorphous LaMnO3 (LMO) was
patterned on the STO substrates in a Hall bar geometry by optical
lithography for transport measurements.

STEM and EELS Analysis
The atomic-scale structural characterization of the 10 uc LA0.7M0.3O3/
STO heterostructure was conducted using a spherical aberration-

corrected transmission electron microscope JEM NeoARM200
(JEOL, Ltd., Tokyo) operated at an accelerating voltage of 200 kV.
Analysis of the STEM data and denoise processing were performed
using the Gatan Digital Micrograph software.

Transport Characterization
The LI 5640 lock-in amplifiers with an AC excitation current of 1 nA
and 13.7 Hz were used to characterize transport properties in the Hall
Bar geometry with ultrasonically wire-bonded aluminum wires as
electrodes. The width (W) and length (L) of the Hall bar were 50 and
500 μm, respectively.32 A tunable DC bias current was provided by a
Keithley 2401 source meter connected in series with a 10 MΩ
resistor. A New Oxford Triton 200 dilution refrigerator system with a
base temperature of 70 mK was used for measuring the transport
properties with a perpendicular magnetic field (B).

Synchrotron Radiation Based Characterization
We performed XAS, XMCD, and XLD measurements at the Mn and
Ti L2,3 edges in total electron yield mode at the Deimos beamline,
synchrotron Soleil.71 The dichroic XMCD signal was recorded as the
difference in the X-ray absorption spectra measured under a magnetic
field of B = ±6.5 T applied perpendicular to the sample surface, with a
parallel (σ+)/antiparallel (σ−) circular helicity beam. The XLD signal
was recorded as the difference in the X-ray absorption spectra with
horizontal (LH) and vertical (LV) linear polarized beam as σLH-σLV,
and with the sample aligned at a grazing angle of 35 degree. Thus, the
XAS from horizontal (LH) and vertical (LV) linear polarized X-
beams, σLH and σLV, are sensitive to the E//c-axis and E//ab-plane,
respectively.
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