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Modification of interfacial spin-orbit torque in Co/Pt/oxide hybrid structures
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We investigate current-induced spin-orbit torque (SOT) in Co/Pt/oxide systems by varying a sort of the
oxide layer. When the Pt thickness is less than ~2 nm, Pt at the interface of the oxide layer is magnetically
polarized owing to the magnetic proximity effect. In these systems, fieldlike (FL) SOT depends significantly on
the adjacent oxide material, whereas dampinglike SOT is almost irrelevant to oxides. The FL SOT efficiency
of the P/HfO, sample is 2.2 times greater than that of the Pt/MgO sample at the maximum. X-ray magnetic
circular dichroism spectroscopy reveals that the anisotropy of the Pt orbital magnetic moment varies with the
oxide material, suggesting that the modulation of the electronic structure at the Pt/oxide interface contributes to

SOT enhancement.
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I. INTRODUCTION

In the field of spintronics, tailoring a thin-film stack affords
a variety of fascinating static and transport magnetic phe-
nomena via spin-orbit coupling (SOC) [1-4]. Recently, one
SOC-driven phenomenon, current-induced spin-orbit torque
(SOT), which appears in a ferromagnet (FM)/heavy metal
(HM) layered structure, has attracted much attention as a
promising technology for high-speed information writing. To
clarify the underlying mechanisms, many researches of SOT
have been intensively addressed in various layer structures
based on FM/HM systems [5-9]. In addition, previous studies
have reported that the oxide capping layer on the FM layer
imposes a nontrivial effect on both fieldlike (FL) and damp-
inglike (DL) SOTs [8,10]. The SOT modulation is assumed to
be induced by an electronic mechanism, such as the modifi-
cation of the interfacial Rashba-Edelstein effect (REE) at the
FM/oxide interface [10,11]. However, some reports indicate
that in similar structures, the chemical (e.g., the oxidation
of the FM layer and/or FM interface) or structural (e.g., the
crystallinity and magnetic dead layer) factors also affect SOT
[8,10,12—-16]. Hence, it is difficult to elucidate the origin of
changes in SOT.

In this paper, we report the study of SOT in Ta/Co/Pt/oxide
films by changing the adjacent oxide material, where the
magnetic moment is induced into the HM Pt layer from the Co
layer. Owing to the high ionization energy of Pt, the difference
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in chemical and structural properties by the deposition of
different oxide materials is almost negligible; thus, solely the
effect of electronic structure modulation can be investigated.
In the system with less than 2.0-nm-thick Pt layer, FL SOT
is sensitive to the oxide type, whereas DL SOT does not
depend significantly on the oxide in all Pt/oxide samples. In
addition, an investigation of the magnetic anisotropy and the
spin and orbital magnetic moments in Pt using the synchrotron
x-ray magnetic circular dichroism (XMCD) measurements
indicates the difference in the electronic structure of Pt-5d
orbitals regarding oxides. Our results suggest that SOT that
emerges at the interface of polarized Pt/oxide can be modified
considerably through engineering the interfacial electronic
state between the Pt and oxide layers.

II. SAMPLE PREPARATION

The layer structures used in the SOT study are illustrated in
Fig. 1(a). A metal trilayer, comprising Ta(1.6 nm)/Co(3.2 nm)/
Pt(tp), was deposited on a thermally oxidized Si substrate by
rf magnetron sputtering at room temperature. Here, several
samples with different #p; values (=0.74-3.0nm) were pre-
pared. After the deposition, the samples were removed from
the sputtering chamber to the air and divided into some pieces.
Subsequently, three types of oxide layers, HfO,(5.0 nm),
Al,03(5.0 nm), and MgO(1.5 nm)/HfO,(5.0 nm) layer were
grown on each film (denoted as “Pt/HfO,,” “Pt/Al,03,” and
“Pt/MgO” hereinafter, respectively), where rf magnetron sput-
tering was used to deposit MgO, and atomic layer deposition
(ALD) to deposit HfO, and Al;O3. In the sputtering (ALD)
process, the oxide layer was grown in the Ar-filled (N,-filled)
chamber at room temperature (150 °C). Although the top Pt
layer protects the sample from natural oxidation, the samples
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FIG. 1. (a) Cross-sectional view of layer structures used for SOT
experiments. (b) Pt thickness dependence of areal saturation mag-
netic moment. Inset shows dc Hall resistance measured by sweeping
perpendicular magnetic field for Pt(0.74 nm)/HfO, sample. (c) Pt
thickness dependence of Pt resistivity. Solid line shows resistivity
calculation [27].

before covering the oxide layer were kept in the load lock
chamber of the sputtering machine during the deposition of
each oxide layer. For comparison of SOT, we also prepared
the sample with the bare Pt surface of fp; = 0.74 and 3.0 nm.
To align baking time, all the samples were annealed in an
ALD chamber for 2 h at 150 °C under N, atmosphere. The
samples were processed into a wire structure with 15-pm
width w using photolithography and Ar ion milling. Finally,
electrodes with Cr(3 nm)/Cu(60 nm)/Au(10 nm) contact pads
were formed at the end of the Hall bar using lift-off method.

III. EXPERIMENTAL RESULTS

A. Magnetization and Pt resistivity measurements

The inset of Fig. 1(b) shows the out-of-plane magnetic field
H, dependence of the dc Hall resistance Rﬂ“ for the Pt/HfO,
sample with #p; = 0.74 nm, indicating that the easy axis is in
the in-plane direction. It was also confirmed that all the SOT
devices have the in-plane magnetization easy axis. Figure 1(b)
shows the dependence of the saturation magnetic moment per
unit area mg, /S at 300 K on fp, for each sample. In all the
Pt/oxide samples, mgy/S increases with tp; up to 2 nm, but
no significant increase in mg, /S is observed at fp; = 3.0 nm,
which is attributed to the well-known magnetic proximity
effect (MPE) in Pt. In a FM/HM bilayer [17-22], the FM
layer induces a magnetic moment in the neighboring HM
layer through the hybridization of each d orbital. The MPE
decays from the FM/HM interface, indicating that the mag-
netic moment at the Co/Pt interface is larger than that at the

Pt/oxide interface. The MPE length obtained here (~2 nm)
is consistent with those reported in previous studies [17,19].
The current shunting of the multilayer was estimated by
measuring the sheet resistances of the Pt/oxide samples,
Ta(1.6 nm)/MgO sample, and Ta(1.6 nm)/Co(3.2 nm)/MgO
sample using a standard four-probe method. The tp; depen-
dence of the Pt resistivity pp is shown in Fig. 1(c). The
significant increase in pp; with decreasing tp; is due to the
interface and/or grain-boundary scattering [23], which is con-
sistent with previous reports regarding continuous ultrathin
Pt films [24-27]. Note that the magnitudes of pp, among
three Pt(0.74 nm)/oxides are slightly different among three
Pt(0.74 nm)/oxide samples, but even assuming this difference
is completely originating from the difference in #p;, such as
the thickness of dead layer due to the difference in the de-
position methods, it is calculated to be at most ~0.005 nm,
which is much smaller than the atomic radius of Pt; thus, the
difference in tp; in our Pt/oxide samples is considered to be
ignorable. The values of both mg,/S and tp are similar in
the three Pt/oxide samples, implying that the crystal structure
and effective thickness of polarized Pt are independent of the
neighboring oxide material.

B. Spin-orbit torque measurement

For the quantitative determination of DL and FL
SOTs, harmonic Hall measurements were performed at
300 K [16,28,29]. We characterized the DL and FL SOT
effective-field vectors as Hpp = HDL(M xy) and Hg, =
Hp [M x ¥ x M)]. Here M and y are the unit vectors along
the magnetization and y axis [see Fig. 2(a)], respectively,
and Hpprr) is the proportionality constant of the DL (FL)
SOT effective field. An ac charge current / sin wt with fre-
quency w/2m = 13.14 Hz was injected along the x axis. We
defined +/ as current flowing along the +4x direction. The
in-phase first harmonic voltage (V|{) and the out-of-phase
second-harmonic voltage (Vi) were measured using a lock-
in amplifier with rotating in-plane external magnetic field
H from ¢ = 0° to 360° with respect to the +x direction.
When the sample magnetization M is uniformly aligned along
the in-plane H direction, the first and second-harmonic Hall
resistances (R = V#/I and R} = Vé“’ /1, respectively) are
simply expressed as

RY = Rpsin2gp, 1

R’ = —Rp(cos 3¢ + cos @) — (Rp. + Rr)cosg,  (2)

where Rp, Rpr, RprL, and Ry represent the planar Hall
resistance, FL (including the Oersted field), DL, and field-
independent thermal Hall resistance associated with the
anomalous Nernst effect and the longitudinal spin Seebeck
effect [28], respectively. The values of Rp, Rpr, and Rpp, + Rt
were determined from the sinusoidal fitting of the measured
R and R¥’ [Figs. 2(b) and 2(c)] [16]. Then, we quantified
Hpp and Hg, by fitting the H dependence of Rpp + Rt and
Ry, based on the following relations [16]:

1 RaHpp,
= -, 3
DL 2 H + |Hy| 3)
1 Rp(Hrr, + Hoe)
Ry = - P T o), 4
L= 3 I @
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FIG. 2. (a) Schematic illustration of device structure and exper-
imental setup for harmonic Hall measurements. (b) First harmonic
and (c) second-harmonic Hall resistance in the Pt(3.0 nm)/HfO,
sample at in-plane magnetic field of 0.3 T and ac charge current
with the magnitude of 5.5 mA. Black solid lines show fitting result
estimated using Eqs. (2) and (3). Red and blue solid lines in (c) show
DL and FL terms, respectively. (d), (e) Pt thickness dependence of
DL and FL SOT efficiencies for three Pt/oxide samples.

where R, is the anomalous Hall resistance, Hy the anisotropy
field, and Hop, the Oersted field generated by the current flow
in the Pt and Ta layers. The magnitudes of Ry and Hy were
estimated from the R;“f versus H,| curve [30,31], and Hp. was
calculated using the simplified Ampere law: (Ip; — I1y)/2w,
where Ip; and I, respectively, denote the current flow in
the Pt and Ta layer. Finally, we calculated the DL and FL
SOT efficiencies per unit current density (épr, and &gr, respec-
tively) of each sample, which is a benchmark for evaluating
the performance of the SOT generation, using the following
equation:

2e pomsaHrLpL)

hj S '
with e, /i, and j being the elementary charge, reduced Planck’s
constant, and current density in the HM layers, respectively.
The tp, dependence of &p. and &g of three Pt/oxide samples
is summarized in Figs. 2(d) and 2(e), respectively. The signs
of &p and &g are always positive for all the samples. The
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FIG. 3. [(a), (b)] Pt thickness dependence of change ratio of DL
(FL) SOT efficiency for the Pt/HfO, and Pt/Al,O; samples.

tpy dependences of &pp. and &gp, in each Pt/oxide sample dif-
fer from those previously obtained for HM/Pt/FM trilayer or
Pt/FM bilayer systems [25,32,33], but are qualitatively similar
to the theoretical calculation taking both the bulk spin-Hall
effect (SHE) and the interfacial REE into consideration [34].
Then, we focus on the adjacent oxide dependence of SOT.
&pL exhibits the minimal correlation with the adjacent oxide
material over the entire range of fp;. On the other hand, the
plot of &g versus tp; presents the peculiar oxide dependence.
First, below fp, of about 1.3 nm, the Pt/Hf O, sample indicates
the largest &g, value, and the Pt/Al,O3 and Pt/MgO samples
follow in descending order. Then, the difference in &g be-
comes negligible for the sample with tp; = 2.0 and 3.0 nm.
In Figs. 2(d) and 2(e), &pL. and &g for the Pt(0.74 and 3.0
nm) without oxide layers on top are also shown. Slightly (a
great deal) smaller &py. (&pr) than that in the Pt/Hf O, sample is
obtained at tp; = 0.74 nm, whereas the magnitudes of both &py,
and &g are the same as those in the sample with oxide layers
at tp; = 3.0 nm. These tendencies are quite different from the
cases with the modulation of an oxidation or composition state
in the Co/Pt system [12—-14]. Next, we estimated the change

ratio of &pr(rr), which is defined as KS{?@L) = (Sg{l(\F)L) —

ElgAL(FL))/Eg},(FL)’ where Ell)-[L(FL)’ gSL(FL)’ and %{@L) are
épLrr) for PUHEO,, Pt/Al, O3, and P/MgO, respectively. Fig-

ures 3(a) and 3(b) show the #p; dependences of KS{A) and K;IL(A).

The monotonic reduction of K;IL(A) with increasing tp; up to
~2 nm is observed, whereas tp; dependence of kpp is very
small.

Then, we consider interpreting the results of our SOT mea-
surements in the Pt/oxide hybrid systems. First, as each layer
thickness and resistivity are the same among the three Pt/oxide
samples, SOT originating from the SHE in Pt (even though the
magnetic moment is fully induced in the Pt layer [35]) and Ta
layers is unaffected by the adjacent oxide material. Similarly,
the spin transparency across the Co/Pt interface is expected to
remain unchanged. These might reflect oxide-independent DL
SOT shown in our measurements [15,34,36]. Hereafter, we
focus on the contribution of REE-mediated SOTs. In general,
the REE exerts SOT via two scenarios: the exchange coupling
at a ferromagnetic interface and the spin-transfer effect by
diffusive spin-current generation [34]. In the previous report
pertaining to the Pt/Co system, the modulation of the latter
contribution only affects the change in DL SOT [37]; however,
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FIG. 4. (a) Spin magnetic moment mg and average of out-of-plane (m;") and in-plane (ml) components of orbital magnetic moment
my = (m,f + mﬂ)/Z; (b) anisotropy of orbital magnetic moment Amy = m]f —mﬂ for three Pt(0.74 nm)/oxide samples. (c) Areal PMA energy

for Pt(0.74 and 2.0 nm) with different oxide capping layer.

this effect is not observed in our case. The oxide dependence
of FL SOT observed in this study gets vanishingly small
towards fp; ~ 2 nm, which is consistent with the MPE decay
length in the Pt/Co system [17,19]. Hence, our results suggest
the following: (i) FL SOT is closely associated with the Pt
magnetic moment at the Pt/oxide interface, and (ii) such SOT
might depend on the interface character of the Pt and oxide
layers.

C. X-ray magnetic circular dichroism spectroscopy of Pt

For a better understanding of the electronic state of
the magnetically-polarized Pt, we performed XMCD spec-
troscopy at the Pt-L edges. The angle-dependent XMCD is
a powerful tool for elucidating the element-specific elec-
tronic states and quantifying the spin magnetic moment (mg)
and out-of-plane (in-plane) orbital magnetic moment (mf(”))
by applying the magneto-optical sum rules [27,38-42].
Figure 4(a) shows mg for the P/HfO,, Pt/Al,O3, and Pt/MgO
samples with fp; = 0.74 nm. The layer structure used in the
XMCD study differs slightly from that used in the SOT
measurement [27]. There is no significant difference in mg
among the three samples, which is consistent with the mag-
netization measurement. Although the average value of m;-
and mI‘L, my = (m]f +m]”~)/2, is also irrelevant to the ox-
ide layer [Fig. 4(a)], the anisotropy of the orbital magnetic
moment, Amy, = mﬁ —mﬂ, in the Pt/MgO sample is smaller
than that in the Pt/HfO, and Pt/Al,O3 samples, as shown in
Fig. 4(b). The magnitude of Amy is related to the anisotropy
of the magnetocrystalline energy [43], and the present result
suggests that the perpendicular magnetic anisotropy (PMA)
is enhanced by the oxide layers of HfO, and Al,O;. In
Fig. 4(c), a similar tendency is obtained in the areal PMA
energy, e /S = womsaHy /25 [30,31] of the Pt(0.74 nm)/MgO
sample, whereas there is no difference in e, /S for the Pt(2.0
nm)/oxide samples, where the proximity-induced magnetic
moment at the Pt/oxide interface is diluted. These results
provide the strong evidence regarding the modification of the
interfacial electronic state in polarized Pt by changing the
oxide material.

D. X-ray diffraction measurement

To estimate the structural property, we performed the x-
ray diffraction (XRD) measurements with Cu-Ko radiation
in the Pt/HfO, samples using the conventional 6-26 method.
Figure 5 displays the XRD profiles for the Pt(0.74 and
3.0 nm)/HfO, samples, where the XRD intensity of the
Pt(3.0 nm)/HfO, sample is resized by 1/20. The three visible
peaks are shown in the range of 35° < 26 < 45°. Foremost,
since the Ta and all the oxide layers in our films have
amorphous structures [19], these peaks are attributed to the
contribution of the Co or Pt. The fcc(111) Pt peak is confirmed
at 260 = 39°—41° in both samples, although the peak obtained
in the Pt(0.74 nm)/Hf O, sample is broad due to the very thin
Pt layer. The feature at 26 = 44.2°-44.5° can correspond to
the fcc(111) or hep(0002) Co layer. The peak around 26 =
43°, which has almost the same (much smaller) magnitude as
(than) the Pt peak in the sample with fp; = 0.74 nm (3.0 nm),
is expected to be a Co,Pt;_, alloy arising from the nominal
intermixing [44]. This result suggests that the interfaces at
Co/Pt and even Pt/oxide in our sputtered samples are not
atomically sharp.
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FIG. 5. XRD profiles of the Pt(0.74 and 3.0 nm)/HfO, samples,

where the XRD intensity of the Pt(3.0 nm)/HfO, sample is resized
by 1/20. Black arrows indicate the peaks obtained around 26 = 43°.
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IV. DISCUSSION

Finally, we discuss the correlation between the consid-
erable oxide dependence of FL SOT and the interfacial
electronic state in the Pt/oxide system. According to the for-
mer report, the intrinsic electric dipole, which is developed
at the surface of the metal layer facing the oxide layer [45],
can induce an enhancement of REE-mediated SOT [11]. The
strength of the interfacial dipole is dominated by the large
electronegativity of the oxygen ion and its concentration.
However, under the assumption that the crystallinity of the
respective oxide represents the most stabilized phase, the
number of oxygen atoms per unit area (n) calculated from
the formula weight and density shows the relation n(Al,O3) >
n(HfO,) > n(MgO) > n(vacuum) [46], which cannot fully
explain our experimental results: the maximum &g for the
Pt(0.74 nm)/HfO, sample [Fig. 2(e)]. Another suggestion
is the change in the interfacial orbital hybridization with
atomic SOC, corresponding to the change in the asymmetry
of the wave function near the interface atoms. The induced
wave-function asymmetry can modulate the Rashba splitting
[47—49]. In addition, the additional PMA induced by the REE
at an asymmetric interface was predicted [50]. In our case,
although it is assumed that the orbital hybridization between
Pt-5d and O-2p dominantly works, the finite SOC in the Hf
and Al atoms, as compared with the imperceptible SOC in
the Mg atom, may cause a change in the orbital hybridization.
These suggestions might be originating from pure electronic
mechanisms, such as the modification of the band structure,
as well as the nanoscale-structural difference at the Pt/oxide
interface. Our XRD measurements imply the intermixing at
the Co/Pt interface brings a greater impact on the cleanliness
of the Pt/oxide interface in the thinner Pt film, which may
cause the slight difference in &pp. in the Pt(0.74 nm) samples

[Fig. 2(d)]. Although our results confirm the effectiveness
of the insulating oxide for the enhancement of SOT, further
investigations, such as the more detailed structural analysis
and SOT measurements using an epitaxially grown Pt/oxide
interface, are needed to clarify the microscopic mechanism of
oxide-dependent interfacial SOT.

V. SUMMARY

In summary, we have investigated current-induced SOT in
the Co/Pt/oxide hybrid structures. Interfacial FL SOT is modi-
fied by engineering the interfacial electronic state of Pt/oxide.
Our findings provide opportunities for material designs that
will not only improve SOT in multilayer structures, but also
realize the efficient active control of SOC-driven phenomena
at the metal/oxide interface, such as the electric-field effect
on SOTs [51,52], magnetic anisotropy [53], and chiral spin
interactions [54].
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