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We study the anomalous Hall effect at a PtO,/Co interface. We extracted the intrinsic and extrinsic
contributions to the anomalous Hall effect in SiO,/Co/SiO, and PtO, /Co/SiO, films by measuring temperature
dependence of the anomalous Hall resistivity. The result shows that the intrinsic anomalous Hall effect in the
PtO,/Co/SiO; film is almost identical to that in the SiO,/Co/SiO, film. In contrast, the extrinsic anomalous
Hall effect is clearly different between the SiO,/Co/SiO, and PtO, /Co/SiO; films. The anomalous Hall effect
for various Co-layer thicknesses ¢ at various temperatures reveals that the extrinsic anomalous Hall resistivity
shows a t~! dependence in the PtO,/Co/SiO, film, while it is almost independent of ¢ in the SiO,/Co/SiO,
film. This result demonstrates the extrinsic anomalous Hall effect originating from the PtO, /Co interface. Our
results show that both the side-jump and skew-scattering mechanisms contribute to the interfacial anomalous
Hall effect, which can be attributed to the formation of Co-O bonds and electron scattering by Pt impurities at

the PtO, /Co interface.
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I. INTRODUCTION

Over the decades, the family of Hall effects has offered
an attractive field of research in condensed-matter physics
[1-4]. The study of the unconventional Hall effects began
with the discovery of the anomalous Hall effect (AHE), which
appears in solids with broken time-reversal symmetry as a
consequence of spin-orbit coupling (SOC). Although the AHE
was discovered in a ferromagnetic metal more than a century
ago, it still attracts considerable experimental and theoretical
interest.

The AHE in ferromagnetic metals arises from intrinsic and
extrinsic mechanisms. The intrinsic AHE is induced by the
Berry curvature, which depends on the band structure [5].
The extrinsic AHE, including the skew scattering and side-
jump mechanisms, originates from spin-dependent scattering
on structural defects or impurities with strong SOC [6,7].
The mechanism of the AHE has been studied experimentally
based on the power-law dependence of the anomalous Hall
(AH) resistivity p,, on the longitudinal resistivity Oyy; pxy X
p2. is expected for the intrinsic and side-jump mechanisms,
while py, oc pyc is expected for the skew-scattering mech-
anism [8—12]. The predominant mechanism of the AHE is
determined by the longitudinal resistivity [2].

The AHE has been observed to be modified when a ferro-
magnetic metal is interfaced with nonmagnetic materials. The
AHE in metallic multilayers, such as Fe/Ta, Fe/Au, Ni/Au,
Co/Pd, and Co/Pt, suggests that spin-dependent scattering at
interfaces, as well as the bulk of a ferromagnetic metal, plays
a key role in the AHE in heterostructures [13—17]. Previous
studies have also demonstrated that oxygen distribution and
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their chemical bonds affect the interfacial contribution to the
AHE in ferromagnetic-metal /oxide heterostructures [18-20].

The interfacial contributions to spin-dependent transport
is also essential in recent progress in spin orbitronics, a
branch of spintronics that aims at discovering phenomena
and functionalities originating from the SOC [21-26]. The
foundation of spin orbitronics is the conversion between
charge and spin thorough the bulk or interface SOC. The
interface SOC plays a major role in the charge-spin con-
version in metal-oxide/ferromagnetic-metal heterostrutures,
where the spin Hall effect of the nonmagnetic layer attached
to the ferromagnetic metal can be neglected [27,28]. Recent
studies have revealed that heavy-metal oxides, such as PtO,,
enables highly efficient charge-spin conversion in the metal-
oxide/ferromagnetic-metal structure [29-31]. These results
indicate that the exploration of the spin-dependent trans-
port at the heavy-metal-oxide/ferromagnetic-metal interface
is crucial for the fundamental understanding and practical
application of the spin-orbitronic devices.

In this paper, we investigate the AHE at the PtO, /Co inter-
face. By measuring temperature dependence of the AHE, we
extracted the intrinsic and extrinsic contributions to the AHE.
We found that the extrinsic AHE in a PtO,/Co/SiO, film
is strongly enhanced by decreasing the Co-layer-thickness,
while this enhancement disappears when the PtO, is replaced
with SiO,. The enhanced AHE can be attributed to the sizable
side-jump and skew scattering AHE at the PtO, /Co interface
due to the formation of Co-O bonds and electron scattering by
Pt impurities.

II. EXPERIMENTAL METHOD

The samples used in this study are Si0,(10)/Co(¢)/SiO;-
cap(4) and PtO,(4)/Co(t)/Si0,-cap(4) films [see Fig. 1(a)],
where the numbers in parentheses represent the thickness in

©2019 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.100.214415&domain=pdf&date_stamp=2019-12-16
https://doi.org/10.1103/PhysRevB.100.214415

HAYASHI, ASAMI, AND ANDO

PHYSICAL REVIEW B 100, 214415 (2019)

(a) (c)

Si0,(4) Si0,(4) oIPtaf T 7a2ev
i i St P A 7196V
Si0,(10) PtO,(4) £t *
Si/SiO, Sub. Si/Si0,Sub. =
2
Q
(b) P 7 _
T T T L 1 1 il L
Si0,/CofSiO, 80 78 76 74 72 70
Binding Energy (eV)
1 20 1s 15304eV |
= 5[ 53156V
5 2t i i
o k) exp.
a 2[— calc. ]
(8] [
cr -
8
! IS -
30 70 50 60 536 534 532 530 528 526
26 (deg) Binding Energy (eV)

FIG. 1. (a) The schematic illustration of the SiO,/Co/SiO, and
PtO,/Co/SiO, films. The numbers in parentheses represent the
thickness in units of nm. The Co-layer thickness ¢t was varied from 10
to 100 nm. (b) XRD profiles of the 100-nm-thick Co film fabricated
on the SiO, and PtO, layers. The red and blue curves are the data
for the Si0,/Co/SiO; and PtO,/Co/SiO, films, respectively. The
black dashed lines represent 41.7°, 44.4°, and 47.4°. (c), (d) The XPS
spectra for the PtO, film, where (c) Pt 4f and (d) O 1s. The solid
circles in gray are the experimental data. The solid circles in red are
the fitting result. To eliminate the charge effect on the film surface, all
of the XPS spectra have been corrected by using the binding energy
of C 15 (284.0 eV).

units of nm. The films were sputtered on thermally oxidized
Si/Si0,(100) substrates at room temperature, where the base
pressure was better than 3.0 x 107> Pa. First, for the fabri-
cation of the SiO,/Co/SiO, (PtO,/Co/SiO,) film, the SiO,
(PtO,) layer was deposited by radio frequency magnetron
sputtering in an argon (oxygen) atmosphere, where the work-
ing pressure was 0.24 (1.75) Pa and the deposition rate was
0.2 (0.1) A/s. Then, the Co layer was deposited in an argon
atmosphere by direct current magnetron sputtering at 1.52 Pa
with the deposition rate of 0.9 A/s. For the fabrication of
the PtO, /Co/SiO; film, the chamber was evacuated to 3.0 x
1073 Pa after the PtO, deposition to prevent the oxidation of
the Co layer during the Co deposition. The Co thickness ¢
was changed from 10 to 100 nm. Finally, a 4-nm-thick SiO,
capping layer was deposited on the Co layer to avoid natural
oxidation of the films.

To study the AHE, the SiO,/Co/SiO, and PtO,/Co/SiO,
films were pattered into Hall bars with the width of 4 xm and
length of 40 um using negative photolithography and liftoff
technique. We measured the longitudinal resistivity py, and
Hall resistivity py, for the SiO,/Co/SiO, and PtO, /Co/SiO,
films using Physical Property Measurements Systems (Quan-
tum Design PPMS-14 T system). For the transport mea-
surement, we used the standard lock-in technique, where
an alternating current with a frequency of 17 Hz and an
amplitude of 1 mA were applied. In both films, we assume
that the applied current flows only in the Co layer; we neglect
the current flow in the PtO, layer because the resistivity of

the PtO, layer (larger than 2.2 x 107 S cm) is more than
five orders of magnitude larger than that of the Co layer
(around 100 ©€2cm). In the present paper, all the error bars
are the fitting errors, i.e., within the sample (between analysis)
variance [32].

To investigate the microstructure of the Co film on the SiO;
and PtO, layers, x-ray diffraction (XRD) was measured with a
Bruker D8 Discover diffractometer in the rocking curve mode
with a two dimensional detector using a Cu-Ka radiation
A=1.54 A). For the PtO, film, the chemical profile was
investigated using x-ray photoelectron spectroscopy (XPS,
JPS-9010TR) with a Mg-Ko radiation (hv = 1253.6 eV)
and a hemispherical energy analyzer (pass energy of 10 eV
with a resolution of 0.03 eV) to probe the surface of the
samples.

III. RESULTS AND DISCUSSION

We show the XRD spectra measured for SiO,(10)/
Co(100)/Si0; and PtO,(4)/Co(100)/SiO; films in Fig. 1(b).
As shown in Fig. 1(b), hcp-Co(10-10), hep-Co(0002) or fec-
Co(111), and hep-Co(10-11) peaks were observed for the Co
films deposited on the SiO, and PtO, layers [33,34]. This
result indicates that the XRD pattern is almost independent
of the seed layer, showing similar polycrystalline nature of
the Co layers deposited on the SiO, and PtO, layers. We also
measured the XRD for a PtO, film with the thickness of 45 nm
and found that no peak can be observed.

For the PtO, film, we measured the XPS as shown in
Figs. 1(c) and 1(d). As shown in Fig. 1(c), we observed
peaks at the binding energy of 71.2, 72.3, and 74.0 eV, which
correspond to the chemical state of Pt°, Pt?*, and Pt**(J =
7/2), respectively [35]. This result shows that the PtO, film
fabricated by the reactive sputtering is predominated by PtO,.
This is supported by the fact that, in the PtO, film, the O 1s
peak is around 530.2 eV [Fig. 1(d)] [35].

Figure 2(a) shows the Hall resistance R,, for the
PtO,/Co(15)/SiO; film as a function of the magnetic field
woH, applied perpendicular to the film [see also Fig. 2(b)].
We determined the AH resistivity py, using py, = 1/2(R{;, —
Rx_y) at various temperatures 7', where R;fv and R;y were
obtained from the Hall resistance at high positive and neg-
ative magnetic fields [see the dashed lines in Fig. 2(a)]. In
Fig. 2(b), we show the AH resistivity as a function of the
Co-layer thickness. This result shows that the AH resistivity
increases with decreasing the thickness in both PtO, /Co/SiO,
and SiO,/Co/SiO; films. The enhancement of the AH re-
sistivity with decreasing the thickness in the SiO,/Co/SiO,
film shows a non-negligible AHE originating at the SiO,/Co
interface, which is consistent with a previous report [36].
We note that the enhancement of the AH resistivity in
the PtO,/Co/SiO; film is more significant than that in the
Si0,/Co/Si0; film. This indicates a stronger interfacial AHE
originating at the PtO, /Co interface.

In Figs. 2(c) and 2(d), we show the temperature 7" depen-
dence of the AH resistivity py, for the PtO,/Co(15)/SiO, and
Si0,/Co(15)/Si0, films. We also show the temperature T
dependence of the longitudinal resistivity p,, in Figs. 2(c) and
2(d). This result shows that the 7' dependence of p,, is well
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FIG. 2. (a) The perpendicular magnetic field poH dependence
of the Hall resistance R,y for the PtO,/Co(15)/SiO; film at 10 K.
Rjy(‘) represents extrapolated values obtained by fitting R, using
a linear function at the positive (negative) high magnetic field. The
inset shows schematic illustration of the Hall bar with the width W =
4 pm and length L = 40 um. (b) The Co-thickness ¢ dependence of
AH resistivity p,, for SiO,/Co/SiO, film (open squares in blue) and
PtO, /Co/SiO, film (open triangles in red) at 300 K. (c), (d) The
temperature 7 dependence of the longitudinal resistivity p,, and
AH resistivity py, for the Si0,/Co(15)/SiO, and PtO, /Co(15)/SiO,
films. The black curve is the fitting results using Eq. (1). (e), (f) The
AH resistivity p,, as a function of the square of the longitudinal
resistivity p?, for the Si0,/Co(15)/SiO, and PtO,/Co(15)/SiO,
films. The black lines are the fitting result using Eq. (2).

reproduced by the Bloch-Griineisen formula [37,38],

T 5 Tn/T .XS
Pxx(T) = pxx0 +A<T—D> /0 mdx,
(H

where p,, o is the residual resistivity, A characterizes electron-
phonon scattering, and 7p is the Debye temperature. Using the
result shown in Figs. 2(c) and 2(d), we plot p,, as a function of
pfx for the PtO, /Co(15)/SiO, and SiO, /Co(15)/Si0; films in
Figs. 2(e) and 2(f). This result is consistent with the empirical
relation of the AH resistivity py,,

Pxy = gintp,gx + s Pxx,0 + O’sjp,gx’()a (2)

where oy is the intrinsic AH conductivity, o is the skew
scattering angle, and oy is the side-jump AH conductivity
[9,10,39,40]. In the present paper, we neglect the skew scat-
tering induced by phonons, reported previously [10]. Using
Eq. (2), we analyzed the p;, dependence of p,, for the
PtO, /Co(t)/Si0, and SiO,/Co(t)/SiO, films with various
t. By changing ¢, the residual resistivity p.. o changes as
shown in Fig. 3(a). This result shows that p., o shows a 11
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FIG. 3. (a) The Co-layer thickness ¢ dependence of residual
resistivity py, o for the SiO,/Co/SiO; film (open circles in blue)
and PtO,/Co/SiO, film (open circles in red). The dashed curves
are the fitting result using a function proportional to ¢~'. The error
bars represent the standard deviation. The deviation of the data
from the ¢~! dependence arises from the between sample variance.
(b) The residual resistivity p,.o dependence of intrinsic AHE con-
ductance oy, for the SiO,/Co/SiO, film (open circles in blue) and
PtO, /Co/SiO, film (open circles in red), obtained from Eq. (2).

dependence, consistent with the Mayadas and Shatzkes model
[41] in both PtO,/Co/SiO; and SiO,/Co/SiO; films.

By fitting the measured p?, dependence of p,, us-
ing Eq. (2), we extracted oy, for the PtO,/Co/SiO, and
Si0,/Co/Si0O; films with various . We plot the extracted
values of oj, with respect to p,. o in Fig. 3(b), where
we used the ¢ dependence of p..o shown in Fig. 3(a).
Figure 3(b) indicates that the intrinsic AH conductivity ojpy
decreases monotonically with the residual resistivity pyy o
in both PtO,/Co/SiO, and SiO,/Co/SiO, films. This re-
sult is consistent with a previous calculation based on the
tight-binding model [11]. Figure 3(b) also shows that the
intrinsic contribution to the AHE is comparable between
the PtO, /Co/SiO, and SiO,/Co/SiO, films. This is reason-
able because of the similar bulk crystallinity of the Co layer
in the PtO, /Co/Si0; and Si0,/Co/Si0, films, confirmed by
the XRD measurement. The decrease of oiy with py. o is
consistent with the AHE in the dirty limit [11,39].

In contrast to the intrinsic contribution, the extrinsic con-
tribution to the AHE,

Pext = UssPxx,0 + O—sjp)?x,(): 3)

is clearly different between the PtO,/Co/SiO, and
Si0,/Co/Si0; films. In Fig. 4(a), we show ¢ dependence
of the absolute value of the extrinsic AH resistivity |poex|
extracted from the fitting using Eq. (2). When ¢ = 100 nm,
|pext| 18 comparable between the PtO,/Co/SiO, and
Si0,/Co/Si0; films as shown in Fig. 4(a). This is consistent
with the fact that the interface contribution to the AHE is
negligible in the thick-film limit. In the SiO,/Co/SiO, film,
|pext| is unchanged by decreasing the Co thickness from
t = 100 nm, where the bulk contribution dominates the AHE.
This result indicates that the AHE in the Si0,/Co/SiO; film
is dominated by the bulk contribution, and the contribution
from the SiO,/Co interface is negligible. In contrast to the
almost t-independent |pey| in the SiO,/Co/SiO, film, |pex]
shows a r~! dependence in the PtO,/Co/SiO; film [see the
red dotted line in Fig. 4(a)]. By decreasing #, |pex¢| of the
PtO,/Co/SiO, film becomes 2.5 times larger than that of
the SiO,/Co/SiO; film, indicating that the AHE in the thin
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FIG. 4. (a) The Co-layer thickness ¢ dependence of the absolute
value of the extrinsic AHE resistivity |pey| for the SiO,/Co/SiO,
film (open squares in blue) and PtO,/Co/SiO, film (open triangles
in red). The dashed lines represent t~! and constant. (b) The residual
resistivity p,. o dependence of pexi/pxr,0 for the SiO,/Co/SiO; film
(open squares in blue) and PtO,/Co/SiO, film (open triangles in
red). The dashed lines represent the fitting result using Eq. (3).

PtO,/Co/SiO; film is dominated by the contribution from the
extrinsic scattering at the PtO, /Co interface.

To reveal the side-jump and skew-scattering contributions
to the AHE in the PtO,/Co/SiO, film, we plot Pexi/Oxx.0
dependence of p..o in Fig. 4(b). Figure 4(b) shows that
Pext/ Pxx,0 changes linearly with p, o in the PtO,/Co/SiO;
and SiO,/Co/SiO, films. This result indicates that the
sign of the slope is opposite between the PtO,/Co/SiO,
and Si0,/Co/SiO, films. Here, the linear relation between
Pext/ Pxx,0 and py, o allows us to determine the skew scattering
angle oy and side-jump AH conductivity oy because of
Eq. (3). Equation (3) predicts that the intercept and slope
correspond to the skew-scattering angle o and side-jump AH
conductivity oy, respectively. For the Si0,/Co/SiO; film, we
obtained g, /%% = —0.75 £ 0.14 % and o7’/ </5% =
423+15.8 @ 'cm™!. These values are consistent with
a previous report [9,39]. For the PtO,/Co/SiO, film, we
obtained oo /%% = —0.40 £ 0.02 % and o /¥ =

—8.34 £2.55 Q7' cm™!. Because of the weak contribution
from the Si0,/Co interface to the AHE, the difference in o
and oy can be approximately attributed to the AHE due to the
PtO, /Co interface.

Since the contribution from the SiO,/Co interface to
the AHE is negligible, the interfacial skew-scattering
angle Aaf©/C° and side-jump conductivity Aoslj)to"/co
due to the PtO,/Co interface can be obtained as
oPIOHCo/Si02 _ /Si0:/Co/Si0 _ 935 4 (014 9

PtO,/Co _
Aass Y PtO,/Co/SiO Si0, /Co/SiO:

tO,
and Ag['OVC0 = g[S g HO/CSI0 50 6 +

16.0 Q! cm~!. Since aS0/°/S1%: _ ( and ass-iozlco/ 502 o,
this result demonstrates the opposite sign ofJ the interfacial
skew scattering and side-jump AHE between the Co bulk and
PtO, /Co interface.

The interface AHE in the PtO,/Co/SiO;, film can be
attributed to the formation of Co-O bonds and electron scat-
tering by Pt impurities at the PtO, /Co interface. The extrinsic
AHE in heterostructures is highly sensitive to the interfacial
oxygen distribution [19]. In the PtO, /Co/SiO, film, accord-
ing to the Ellingham diagram, the standard Gibbs free energy
AGY of Pt is larger than that of Co, whereas AG® of Si
is smaller than that of Co [42,43]: AG&O? (Pt - PtO,) >

AGLo(Co — Co0) > AGY, (Si— SiOy). This suggests

(a) (b)
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FIG. 5. (a) The Hall resistance R,, = R,,/R™™ as a function of
the perpendicular magnetic field uoH for the PtO,/Co(10)/SiO,
and Si0,/Co(10)/Si0O, films at T = 10K. R3™ is the maximum
value of R,,. The inset shows temperature 7 dependence of the
effective demagnetization field poMey for the SiO,/Co/SiO, and
PtO,./Co/SiO; films. (b) ny as a function of uoH at T = 10K for
the SiO,/Co/SiO; and PtO, /Co/SiO; films.

that when Co is attached to PtO,, Co oxidation and PtO,
reduction at the interface are expected, while at the SiO,/Co
interface, the oxidation of Co should be minor, compared to
the PtO, /Co interface. The Co-O bonds formed in PtO,/Co
interface can give rise to the side-jump contribution to the
interface AHE [17,19]. We also note that the skew scattering
can be enhanced by impurity scattering due to heavy elements
[44—46]. Because of the strong SOC of Pt, compared to that
of Si, the AHE is expected to be enhanced by replacing SiO,
with PtO,.

The interfacial oxygen distribution and their chemical
bonds are known to influence the perpendicular magnetic
anisotropy (PMA). To characterize the PMA at the PtO, /Co
interface, we analyzed the effective demagnetization field M
using the AHE result. Figure 5(a) shows the Hall resistance
R, =R, /RE™ as a function of the perpendicular magnetic
field woH for the PtO,/Co(10)/SiO, and SiO,/Co(10)/SiO,
films, where R;leax is the maximum value of R,,. In Fig. 5(a),
the ordinary Hall effect (OHE) contribution to ny was
determined by fitting the slope at high magnetic fields,
beyond magnetic saturation, while the AHE contribution
was determined at low magnetic field by extrapolating the
slope at puoH = 0. From the coincidence point of the lin-
ear fits for the OHE and AHE, we obtained the effective
demagnetization field poM.g for the PtO,/Co(10)/SiO, and
Si0,/Co(10)/Si0O; films at various temperatures 7' [see the
inset to Fig. 5(a)]. This result shows that poMcs of the
PtO,/Co/SiO; film is smaller than that of the SiO,/Co/SiO,
film, showing that the effective interfacial PMA energy at
the PtO,/Co interface is larger than that at the SiO,/Co
interface. The larger K at the PtO, /Co interface is supported
by the larger coercivity in the PtO, /Co/SiO, film, compared
to that in the SiO,/Co/SiO; film [see Fig. 5(b)]. The in-
crease of K; due to the replacement of SiO, with PtO, is
consistent with the formation of the interfacial Co-O bonds
[47]. Using uoMesr = noMs — 2K /Mt [48], we obtained the
difference in the effective interfacial PMA energy between the
PtO,/Co and SiO,/Co interfaces as K¢ 'O/ — K50/ =
0.7~ 1.5m] /mz, where M is saturation magnetization and
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KPO:S10/Co ¢ the effective interfacial PMA energy at the

PtO,(Si0;)/Co interface.

IV. CONCLUSION

In summary, we have investigated the AHE in the
Si0,/Co/Si0; and PtO,/Co/Si0O; films to reveal the AHE
at the PtO,/Co interface. By measuring the thickness and
temperature dependence of the AHE, we extracted the in-
trinsic and extrinsic contributions to the AHE. The result
shows that the intrinsic AHE in the PtO,/Co/SiO, film is
comparable to that in the SiO,/Co/SiO; film. In contrast, the
extrinsic AHE is clearly different between the SiO,/Co/SiO,
and PtO,/Co/SiO, films. When the Co layer is thicker than
30 nm, the extrinsic AHE in the PtO,/Co/SiO; film is
comparable to that in the SiO,/Co/SiO, film. However, the
extrinsic AHE is strongly enhanced in the PtO,/Co/SiO,
film by decreasing the thickness. Our results show that the
enhancement of the AHE originates from the sizable ex-
trinsic AHE due to the skew and side-jump mechanism at
the PtO,/Co interface. The enhanced AHE at the PtO,/Co
interface can be attributed to the formation of Co-O bonds

and electron scattering by Pt impurities at the PtO,/Co
interface. Recent studies have reported efficient generation
of the spin-orbit torques in ferromagnetic-metal/metal-oxide
heterostructures. Although the origin of the torques is largely
attributed to the ferromagnetic-metal/metal-oxide interface,
the underlying mechanisms are still unclear. Our finding of
the sizable extrinsic AHE originating at the PtO, /Co interface
suggests that the spin-dependent extrinsic scattering at the
interface may contribute to the efficient spin-torque genera-
tion. Thus, further studies on the relation between the inter-
facial spin-orbit torque and interfacial AHE by varying the
oxidation level will provide an important information for the
fundamental understating of the interfacial spin-orbitronics
phenomena.
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