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The interface between a magnetic material and a heavy metal that has a large spin-orbit interaction
is at the root of various spin-related phenomena. In this paper, we address the peculiar spin-dependent
transport at a Pt/Cr, O3 interface by exploring the origin of the nonlinear anomalous Hall effect (AHE)
in Pt/Cr,O3 bilayers. X-ray magnetic circular dichroism (XMCD) measurements show no appreciable
magnetic moment at the interface originating from Cr 3d and Pt 5d orbitals, which could be associated
with the AHE response. A possible interfacial magnetic moment M at the Pt/Cr,0O; interface, assumed
from the detection limit of the XMCD measurements, yields an anomalous Hall conductivity (c AHE)
per unit net magnetic moment (M), —oaue/M, of 0.57 V™!, which is extraordinary large compared with
that for general magnetic materials. Together with first-principles calculations, the results suggest the
possibility of an intrinsic AHE in the Pt/Cr, 05 interface that does not rely on the net magnetic moment.
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I. INTRODUCTION

There is growing interest in spin-dependent transport
due to the Berry phase and topological effects, manifested
by the anomalous Hall effect (AHE) [1,2]. The magnitude
of the AHE has been phenomenologically believed to be
proportional to the magnitude of the spontaneous magne-
tization. However, since the intrinsic AHE emerges from
an interplay between the Berry curvature and the spin-
orbit coupling, a spontaneous magnetization is not always
necessary for the AHE to occur. There are a few impor-
tant examples which experimentally demonstrate such an
interplay in the AHE. The itinerant ferromagnetic oxide
SrRuOj; is one of the typical materials which exhibit an
intrinsic AHE, due to a strong spin-orbit interaction [3,4]
together with a Berry curvature associated with multiple
band crossings around the Fermi level £r. One can observe
a nonzero anomalous Hall conductivity when the net mag-
netization is zero. Another example is the antiferromag-
netic material Mn3Sn, with a chiral Kagome magnetic
lattice [5]. While it has a negligibly small net magnetiza-
tion, a sizable AHE has been observed due to the Berry
curvature associated with the spin-chiral texture. A sim-
ilar giant AHE has been predicted and observed in the
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Mns X family (X = Sn, Ge, Ir, Pt, etc.) [6,7]. Both of these
examples manifest the effects of the Berry phase and the
spin-orbit interaction on the bulk properties.

On the other hand, interfaces between a magnetic
material and a heavy metal (HM) that has a large spin-
orbit coupling exhibit a variety of spin-related interfacial
phenomena, such as proximity-induced magnetic moments
[8-10], the Dzyaloshinskii-Moriya interaction [11], the
Rashba effect [12], and spin-orbit torque [13,14]. These
phenomena have been of great importance in spintronic
applications, as interfacial engineering can drastically
improve the properties of devices and add novel func-
tionalities. However, although these phenomena are recog-
nized to be phenomenologically useful, the detailed phys-
ical mechanisms of how they occur are still controversial,
partly due to experimental difficulties rooted in the nature
of the interfaces. One of the intriguing consequences of
these phenomena is a novel type of interfacial magne-
toresistance in HM/magnetic material bilayer systems, the
so-called spin Hall magnetoresistance (SMR) [15,16], that
is induced in conjunction with the spin Hall effect in
the HM. Investigations of such interfacial magnetoresis-
tance have recently been extended to HM/antiferromagnet
bilayers, such as Pt/Cr,Oz, where the direction of the
antiferromagnetic moments can be read from the resis-
tance [17,18]. It has so far been reported that Pt/Cr,0s3,
W/Cr,03, and Ta/Cr,O3 show a SMR-like variation in
both the transverse and the longitudinal resistance [19].
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However, all previous reports seem to pay less attention
to the peculiar temperature dependence of the SMR-like
effect in the vicinity of the Néel temperature, which cannot
be accounted for if the typical temperature dependence of
the magnetic susceptibility determines predominantly the
behavior of the SMR. This strongly suggests that there may
be an additional type of spin-dependent transport that we
have been overlooking in these material systems.

In this paper, we report in-depth investigations of the
spin-dependent transport in Pt/Cr,Os3. It is found that there
is a nonlinear Hall effect originating from the Pt/Cr,O;
interface, and its magnitude is considerably large com-
pared with the net magnetic moments possibly residing
at the interface, which are determined by use of hard-
and soft-X-ray magnetic circular dichroism (XMCD). Our
thorough exploration reveals that the origin of the non-
linear Hall effect is due not to the SMR but to the AHE
intrinsic to the Pt/Cr, O3 interface.

II. EXPERIMENTAL METHODS

Pt(#p;)/Cr,03(20 nm) bilayers (tp;=1, 2, 3, 5, and
10 nm) are fabricated on an «-Al,O3; (0001) substrate
by dc magnetron sputtering with a base pressure below
7 x 1077 Pa. The Cr,03 is formed by sputtering of a pure
Cr target in a mixture of Ar and O, gases with a sub-
strate temperature of 773 K. Pt is subsequently deposited at
room temperature. Epitaxial growth is confirmed by in situ
reflection high-energy electron diffraction (RHEED). Typ-
ical RHEED images with a [1 150]substrate azimuth obtained

(b)

2-nm-thick Pt

1-nm-thick Pt

for the Cr,O3 surface and for 1- and 2-nm-thick Pt lay-
ers are shown in Fig. 1. The RHEED pattern of the Cr,0;
surface is streaky, indicating a flat surface of the Cr,O;
layer. The diffraction pattern is explained by the corundum
(0001) surface. According to the structure factor of the
corundum structure, the [1120]-projected reciprocal lat-
tice of the single-crystalline corundum (0001) surface is
asymmetric [20], whereas the observed RHEED pattern is
symmetric with respect to the (00) streak. This symmetric
RHEED pattern is a signature of a twinned Cr,03(0001)
film, as indicated by the key diagram in Fig. 1(d). The
diffraction patterns of the Pt surface indicate epitaxial
growth of Pt(111) on the Cr,03(0001) surface.

For the transport measurements, the films are patterned
into a Hall cross with a 5-um-wide and 25-um-long chan-
nel, as shown in the inset of Fig. 2(a), by conventional
photolithography and Ar ion milling. The longitudinal
(Ry) and transverse (R,,) resistances are measured as a
function of the external magnetic field H, applied per-
pendicular to the film. The temperature is varied from
260 to 350 K, across the Néel temperature 7y~307 K of
Cr,03 [21]. Hard- and soft-X-ray absorption spectroscopy
(XAS) and XMCD spectroscopy are performed to deter-
mine the possible existence of a Pt-induced moment and
the magnetic response of the uncompensated Cr moments
at the Pt/Cr,0; interface. The beamlines BL39XU (hard
X-rays) and BL25SU (soft X-rays) at the SPring-8 syn-
chrotron radiation facility are used for the XAS and
XMCD measurements. The XMCD data are collected by
taking the difference between the XAS spectra for left-

FIG. 1. RHEED patterns of (a)
Cr,0; surface, with a correspond-
ing key diagram, and (b) 1-
nm-thick Pt and (c) 2-nm-thick
Pt layers on Cr,O3;. The elec-
tron azimuth is [1120] of the -
Al,03(0001) substrate. (d) Key
diagram for the Cr,O; RHEED
pattern.
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and right-circularly polarized X-rays, denoted by u, and
U—, respectively. Absorption signals are recorded using
the fluorescence method for Pt and the total-electron-yield
method at a bias voltage of —18 V for Cr. The incidence
angle of the x-ray beam is 10° from the film normal. Dur-
ing the XMCD measurements, the magnetic field is applied
out of the film plane.

I11. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) shows representative values of
AR (=R (H) — R (H =4 T)) and R,, as a function
of the magnetic field applied perpendicular to the sam-
ple plane for the Pt(1 nm)/Cr,O03(20 nm) film. At 260 K,
both AR,, and R,, show a monotonic change with respect
to the magnetic field. With increasing temperature, R,,
starts to show nonlinear behavior and saturates at about
0.5 T, resembling the AHE generally observed in a ferro-
magnet. AR, shows a rather steep increase at low fields,
which seems to correlate with the behavior of R,,. These

observations are in good agreement with recent reports
on Pt/Cr,O; systems [17,18]. We find that this saturation
behavior is common to every tp, while the value of R,,
at saturation, defined as AR, [see Fig. 2(b)], which trans-
lates to a resistivity A p,,, increases with decreasing tp;. We
also note that the longitudinal resistivity p,, shows a rapid
increase as tp; decreases, as shown in the inset of Fig. 2(a).

Figures 2(c) and 2(d) plot the anomalous Hall conduc-
tivity o aug (= —A ,oxy/pxxz) as a function of temperature
and 1/p. The negative Hall conductivity indicates the con-
tribution of electron carriers to the Hall effect. We also
plot the transverse magnetoresistance ratio Ap,,/p. as a
function of temperature and fp;. The temperature depen-
dence of 0 ang and Ap,,/p. plotted in Figs. 2(c) and 2(e)
indicates that the abrupt increase in A p,,,, which coincides
with the behavior of p,, from which Ty can be determined
[18], is related to the magnetic phase transition of Cr,O3
(Ty~307 K). oape increases with 1/tp; except for the
thinnest Pt layer, with #p; = 1 nm, for which the continuity
ofthe Pt film is suspect, as seen from the anomalously large
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pxe Seen in the inset of Fig. 2(a). This trend can be fit-
ted with a function 1/tp¢, which indicates that the observed
0 agEe originates from the Pt/Cr,O; interface.

We first analyze the data based on the hypothesis that
the AHE is due to the SMR mechanism. According to the
theory of the SMR [16], Ap,,/p.. in a perpendicular field,
or the spin Hall AHE, is described by

Apy  2)703
Pxx Ipt

0w Gitanh? (tpy/20)
[0 + 20 G, coth(tp /M)

(M

where sy, A, and o (= p,, ') are the spin Hall angle, the
spin diffusion length, and the conductivity of Pt, respec-
tively, and G, and G; are the real and imaginary parts
of the mixing conductance at the Pt/Cr,O; interface.
Assuming that 65y =0.1 [22] and G,=10"* Q! m~?
[23] are hypothetically independent of temperature, it is
found that X is approximately 1 nm, and a temperature-
dependent G;=1-7 x 10"* Q! m~2 can reproduce well
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FIG. 3.

the tp; dependence of Ap,,/p., as shown by the fitting
curves overlaid on Fig. 2(f) and the temperature depen-
dence of G; as shown in the inset of Fig. 2(f). The relatively
large G; and the strong temperature dependence cannot be
reasonably explained in the framework of general inter-
facial spin transfer [23,24]. Even if the SMR were the
origin of the observed AHE, the question would arise of
what magnetic order gives rise to the SMR. Therefore, in
the following, we carefully investigate possible relevant
magnetic orders such as a proximity-induced Pt magnetic
moment and uncompensated Cr magnetic moments.
Figure 3(a) shows the XAS and XMCD spectra at the
Pt L3 edge of the Pt(1 nm) /Cr,03(20 nm) film measured
at 350 K, above Ty of Cr,0; (approximately 307 K). We
apply a constant magnetic field of 1.3 T, which is suf-
ficient to saturate R,, [see Fig. 1(b)]. The peak position
and the extended x-ray absorption fine structure are sim-
ilar to those in the reported spectra for metallic Pt [25].
As seen in Fig. 3(a), the XMCD signal is virtually zero,
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(a) XAS and XMCD spectra at the Pt L3 edge for the Pt(1 nm)/Cr,03(20 nm) film. The measurement temperature is 350 K.

The applied out-of-plane magnetic field during the measurements is 1.3 T. (b) XMCD spectrum at the Pt L3 edge after MEFC, measured
using Pt(1 nm)/Cr,03(200 nm) prepared on a 0.5-wt % Nb-doped SrTiO3(111) substrate. The magnetic field and voltage during the
MEEFC are +1.3 T and +1.2 V, respectively. The measurement temperature is 28 K. The x-ray absorption intensity and the XMCD
intensity are normalized by the XAS edge jump. (c) XAS and XMCD spectra at the Cr L, 3 edges for the Pt(1 nm)/Cr,03(20 nm) film.
The measurement temperature is 300 K. The applied magnetic field during the measurements is 1.9 T in the direction perpendicular
to the film. (d) Magnetic field dependence of the XMCD intensity. The difference between the XMCD signals measured at the photon
energies labeled A and B in (c) is taken and plotted as a function of the external field. The XMCD intensity in (d) is normalized by the

total absorption intensity, (14 — u—)/(u+ + u-).
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indicating that the Pt-induced moment should be below the
detection limit. One may wonder whether the zero XMCD
signal might be due to the multidomain state of the Cr, 03,
which could cause the XMCD signals to cancel out if the
Pt-induced moment is associated with the Cr moments.
Therefore, we take advantage of the magnetoelectric-field-
cooling (MEFC) process, discussed elsewhere [26-28], to
realize single-domain Cr,O; and confirm the absence of
a Pt-induced moment. For the experiments required for
the MEFC process, we use Pt(1 nm)/Cr,03(200 nm) films
prepared on a 0.5-wt % Nb-doped SrTiO3;(111) substrate,
which are slightly different, but the film quality of the
Pt/Cr,03 as checked by RHEED patterns is comparable
to that of the devices that are our main interest. We find
no appreciable XMCD signals of a Pt-induced moment, as
shown in Fig. 3(b), even at 28 K (much less than 7y ) after
forming a single-domain state by MEFC with a field of
+1.3 T and a voltage of +1.2 V (+6.0 MV/m). We there-
fore determine the upper limit of the Pt-induced moment,
if exists, to be Mp; < 0.001up per Pt atom, considering that
the maximum resolution of the XMCD intensity is approx-
imately 0.1% of the edge jump of the XAS spectrum. Here,
we assume that the induced moment is distributed through-
out the whole Pt layer and that the ratio of the XMCD
intensities at the L3 and L, edges, namely, my og/mop
(wWhere my o is an effective spin moment and mgy, 1S an
orbital moment), is the same as that for the Pt-induced
moment at a Co/Pt interface [10]. These results suggest
that the Pt-induced moment is insignificant in the Pt/Cr,O;
system.

Figure 3(c) shows XAS and XMCD spectra for the Cr
L, 3 edges for the Pt(1 nm)/Cr,03(20 nm) film measured at
300 K. The shape of the XAS spectrum indicates a single
phase of Cr,03, without formation of other phases such
as CrO, [29]. The shape of the spectrum is quite similar
to that in our previous report [30,31]. In order to improve
the signal-to-noise ratio, we take the difference between
the values measured at the photon energies labeled A and
B in Fig. 3(c) and plot it as a function of the external
field in Fig. 3(d). The XMCD intensity increases linearly
with increasing magnetic field in the range of 1.9 T. The
result indicates no clear correlation between the magneti-
zation behavior of the Cr moment and the observed Hall
resistance showing nonlinear behavior [see Fig. 2(b)]. The
sum-rule analysis [32,33] with a spin-correction factor [34]
of the XMCD spectrum shown in Fig. 3(c) gives about
0.006up per Cr atom at 1.9 T. This value is well explained
by the magnetic susceptibility of bulk Cr,O3 [21], indicat-
ing that the value of 0.00643 is the response of the bulk
antiferromagnetic moment. The data in Fig. 3(d) suggest
that any possible uncompensated Cr moment, if it exists
and behaves nonlinearly with respect to the field, can be
estimated to be less than 0.001xp per Cr atom.

The present results strongly indicate that there is no
detectable magnetic moment induced at the interface that

could give rise to the AHE response. However, there could
be a possible mechanism that does not involve the net mag-
netic moment, similarly to the case for the AHE in the
noncollinear antiferromagnet Mn3Sn [5—7]. The AHE that
we observe may be associated with the field response of
a nontrivial magnetic texture with a negligible net mag-
netic moment. It should be noted that, considering the
maximum size of the net magnetic moment possibly resid-
ing at the interface, the Hall conductivity found in this
study is considerable. The Hall conductivity per unit net
magnetic moment is calculated to be —o agg/M =350
(7' m~1)/0.0015 (J T~! per magnetic atom) =0.57 V™!,
which is quite large compared with the values for general
magnetic materials [5].

In order to identify the origin of our observed AHE,
we carry out first-principles calculations [35—37] together
with use of the Kubo formula based on linear response
theory [38] to derive the intrinsic anomalous Hall con-
ductivity o’apge. The Pt/Cr,O5 bilayer is modeled by a
two-atomic-layer film of Pt(111) on a 12-atomic-layer film
of Cr,03(0001) as depicted in Figs. 4(a) and 4(b). The in-
plane lattice constant is assumed to be that of bulk Cr,03,
and the Cr-terminated surface structure is determined by
an analysis of the surface formation energy [39]. The lat-
tices of the Pt and the Cr,03(0001) in the first five atomic
layers from the interface are fully relaxed by atomic-force
calculations.

To explore the effect of the Pt/Cr,03 interface, we cal-
culate o’ axg by varying the interlayer distance between the
Pt and Cr, O3 layers. When the interlayer distance is virtu-
ally set to infinity, i.e., we assume a freestanding Pt film
with the lattice constant of bulk Pt, we obtain a positive
correlation between the calculated anomalous Hall con-
ductivity and the spin magnetic moments in the Pt induced
by a given applied field, as shown in Fig. 4(c). It is also
found that o’Ayg is much enhanced when the Pt/Cr,O;
interface is properly taken into account [see Fig. 4(c)]. We
also find that o’ayg decreases drastically when the inter-
layer distance is increased by just 1 A from the relaxed
value [see also Fig. 4(c)]. Although the calculation tends
to overestimate the spin magnetic moment of the Pt com-
pared with the experimentally estimated value (less than
0.001up), it clearly reveals that o’ayg can vary drasti-
cally with subtle details of the condition of the Pt/Cr,0;
interface.

By exploring the band structure, o’ agg is found to arise
from the bands around Er at the K-point, as shown in
Figs. 4(d) and 4(e). The spin-orbit coupling opens up a
small energy gap, at the K-point at Er, in the bands con-
sisting mainly of Pt d orbitals, which leads to a large Berry
curvature. Figure 4(e) plots o apg along some k-directions
by integrating the Berry curvature up to Ep. This clearly
shows a large peak in the AHE contribution around the
K-point. It is also found that the magnetic moment cou-
pled to these bands at around the K-point is slightly canted
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FIG. 4 (a),(b) Top and side views of calculated interface structure of Pt/Cr,0s3. (c) Relation between o’ apg and the spin magnetic
moments of Pt at the interface in Pt/Cr,O3, where the red and blue solid circles represent results for the fully optimized interface
structure and when the interlayer distance between the Pt and Cr,O; films is changed by 1 A [Pt(/+1 A)/Cr,0s]. The open circles
show the AHE as a function of the spin magnetic moment in a freestanding Pt film consisting of two atomic (111) layers. (d) Band
structure and (e) variation of o’ syg along the high-symmetry & directions. The inset of (d) shows two constant-energy contours around
the K-point in the two-dimensional Brillouin zone, at 7 meV above (yellow) and 3 meV below (green) Er, where arrows indicate the

in-plane components of the spin magnetic moments.

toward the in-plane direction, while the net spin mag-
netic moment is oriented along the out-of-plane direction.
The in-plane components of the spin magnetic moments,
as shown by the arrows in the inset of Fig. 4(d), lie on
the two constant-energy contours around the K-point at
7 meV above (yellow) and 3 meV below (green) Er. The
results thus illustrate two spin-chiral textures with opposite
chirality in the bands across Ep, which are likely respon-
sible for an intrinsic AHE [40] that does not rely on the
net magnetic moment. We note that the skew-scattering
mechanism in spin-chiral textures under thermal fluctua-
tions, recently proposed by Kato et al. using a Monte Carlo
simulation [41], should also contribute to the observed
large o app, which may indeed explain the enhancement
of o ang above Ty [e.g., Fig. 2(c)]. Further clarification of
the temperature dependence and field dependence of the
spin-chiral texture and therefore of the o oyg observed in
our experiments, although it is beyond our present first-
principles calculations, is a theoretical challenge to be
addressed.

IV. CONCLUSIONS

In summary, we investigate the spin-dependent trans-
port in Pt/Cr,Os, focusing especially on the Hall resis-
tance as a function of the external magnetic field. It is
found that there is a nonlinear AHE originating from the
Pt/Cr,03 interface and that its magnitude is considerable
compared with the interfacial magnetic moments deter-
mined by XMCD measurements. The upper limit on the

possible net magnetic moment M of 0.001up yields a Hall
conductivity per unit net magnetic moment —o app/M of
0.57 V™!, which is extraordinary large compared with the
values for general magnetic materials. First-principles cal-
culations reveal that there are spin-chiral textures in the
energy bands associated with the Pt/Cr,O; interface. This
suggests the existence of an intrinsic AHE at the Pt/Cr,0;
interface due to a nontrivial magnetic texture. While the
SMR mechanism limits the maximum Hall conductivity
because of the magnitude of the spin Hall angle, the mech-
anism of the AHE due to interfacial chiral magnetism
could be used to further enhance the anomalous Hall con-
ductivity by interfacial engineering, which may be found
useful in spintronic applications such as magnetic sensing
and storage.
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