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ABSTRACT

How spin–orbit torques emerge from materials with weak spin–orbit coupling (e.g., light metals) is an open question in spintronics. Here, we
report on a field-like spin–orbit torque (i.e., in-plane spin–orbit field transverse to the current axis) in SiO2-sandwiched Permalloy (Py), with
the top Py-SiO2 interface incorporating ultrathin Ti or Cu. In both SiO2/Py/Ti/SiO2 and SiO2/Py/Cu/SiO2, this spin–orbit field opposes
the classical Oersted field. While the magnitude of the spin–orbit field is at least a factor of 3 greater than the Oersted field, we do not
observe evidence for a significant damping-like torque in SiO2/Py/Ti/SiO2 or SiO2/Py/Cu/SiO2. Our findings point to contributions from a
Rashba-Edelstein effect or spin–orbit precession at the (Ti, Cu)-inserted interface.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5131665

An electric current in a material with spin–orbit coupling gener-
ally gives rise to a non-equilibrium spin accumulation,1–8 which can
then exert torques—i.e., spin–orbit torques (SOTs)—on magnetization
in an adjacent magnetic medium.9–11 SOTs are often classified into
two symmetries: damping-like SOT that either counters or enhances
magnetic relaxation and field-like SOT (or “spin–orbit field”) that acts
similar to a magnetic field. Next generations of nanomagnetic comput-
ing devices may benefit from an improved understanding of mecha-
nisms for SOTs and the discovery of new thin-film systems enabling
large SOTs.

While most efforts have focused on conductors known for strong
spin–orbit coupling (e.g., 5d transition metals, topological insulators,
etc.),9,10 recent reports have shown SOTs in ferromagnets interfaced
with materials that are not expected to exhibit significant spin–orbit
coupling.12–16 For example, a large damping-like SOT has been
reported in ferromagnetic Ni80Fe20 (Permalloy, Py) interfaced with
partially oxidized Cu;12,13 quantum-interference transport measure-
ments have revealed that Cu with an oxidation gradient can, in fact,
exhibit enhanced spin–orbit coupling comparable to that in heavier
metals (e.g., Au).17 As another example of SOTs that emerge by incor-
porating seemingly weak spin–orbit materials, Py interfaced with a Ti
seed layer and Al2O3 capping layer exhibits a sizable field-like SOT.

14

The key observed features of this spin–orbit field in Ti/Py/Al2O3
14 are

(1) it points in-plane and transverse to the current axis, irrespective of

the magnetization orientation in Py; (2) its magnitude scales inversely
with the Py thickness, i.e., it is interfacial in origin; and (3) it is modi-
fied significantly by the addition of an insertion layer (e.g., Cu) at the
Py-Al2O3 interface. Reference 14 claims that this spin–orbit field is
governed by a Rashba–Edelstein effect (REE)1,5,18,19 at the Py/Al2O3

and Cu/Al2O3 interfaces. However, the complicated stack structures of
SiO2(substrate)/Ti/Py/(Cu/)Al2O3 with multiple dissimilar interfaces
in Ref. 14 obscure the mechanisms of the spin–orbit field, particularly
the roles played by the Ti and Cu layers.

Here, by using simpler stack structures, we gain insight into the
impact of ultrathin Ti and Cu interfacial insertion layers on the
current-induced spin–orbit field in Py at room temperature.
Specifically, we have characterized the total current-induced transverse
field HI,tot in SiO2/Py/Ti/SiO2 (Py/Ti) and SiO2/Py/Cu/SiO2 (Py/Cu)
with the second-order planar Hall effect (PHE)20,21 and spin-torque
ferromagnetic resonance (ST-FMR).22 From the observed HI,tot and
estimated classical Oersted fieldHOe in each stack structure, we extract
the spin–orbit fieldHso via

Hso ¼ HI;tot � HOe: (1)

We find that Py/Ti and Py/Cu exhibit Hso that opposes HOe with a
similar magnitude, i.e., at least 3 times greater than HOe. While this
field-like SOT is well above our detection limit, we observe no evi-
dence for a significant damping-like SOT in Py/Ti or Py/Cu. We
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deduce that the Rashba field at the (Ti, Cu)-inserted interface plays a
key role in the observedHso.

We patterned Py/Ti and Py/Cu, along with a control symmetric
stack of SiO2/Py/SiO2 (sym-Py), by photolithography and liftoff into
Hall crosses (for second-order PHE measurements) and rectangular
microstrips (for ST-FMR measurements). The substrate was Si (001)
covered with 50-nm-thick thermally grown oxide. We used rf-sputtered
SiO2 as both the buffer and capping layers to preserve the structural
symmetry of the sym-Py control stack. The metallic Py, Ti, and Cu
layers were deposited by dc sputtering. The nominal deposited layer
thicknesses were 3nm for SiO2, 3 nm for Py, and 0.5nm for Ti and Cu.
Static magnetic properties of the sym-Py, Py/Ti, and Py/Cu films are
summarized in the supplementary material. The patterned Hall crosses
were 100 and 200lm wide, with essentially identical results obtained
for both device widths, whereas the ST-FMR microstrips had widths of
50lm. Both device types were brought into contact by thermally evapo-
rated Cr (3nm)/Au (100nm) electrodes, patterned with an additional
layer of photolithography and liftoff.

By four-point measurements on double Hall crosses, we obtained
the sheet resistance for each film stack structure: 320Ohm/sq for sym-
Py, 250Ohm/sq for Py/Ti, and 200Ohm/sq for Py/Cu. The smaller
resistance values for Py/Ti and Py/Cu, compared to sym-Py, suggest
that ultrathin Ti and Cu produce an additional conductive path. The
conductance of the Py layer in Py/Ti and Py/Cu may also be higher
than that in sym-Py, due to the Ti and Cu insertion layers protecting
the top Py surface from oxidation. Both scenarios result in the top por-
tions of the Py/Ti and Py/Cu stacks contributing more to conductance
than the bottom portions with the direct SiO2-Py interfaces. We can
therefore determine the direction of the Oersted field HOe acting on
the magnetization in Py; referring to Fig. 1(a) with the Py/Cu stack as
an example, it is found that with a conventional (positive) charge cur-
rent along theþx direction, a higher current density in the top portion
of the stack generates a net HOe along the þy direction within the Py
layer.

To quantify the distribution of in-plane current density, for sim-
plicity, we treat the Ti (or Cu) and Py layers as parallel resistors and fix
the resistance of Py to that found from sym-Py. We estimate the frac-
tion of the current in Ti (Cu) to be fTi � 20% (fCu � 40%). This
approximation likely overestimates the current in Ti and Cu since the
Py layer in Py/Ti and Py/Cu may be more conductive than that in
sym-Py. Nevertheless, this approximation yields a useful upper bound
of HOe in the stack structures via jHOej ¼ jIdcjf(Ti,Cu)/(2w), where Idc

represents the total in-plane current through the device and w the
device width.

In addition to the sym-Py, Py/Ti, and Py/Cu stacks, we also used
Hall crosses and microstrips of Ta(3)/Py(2.5)/Pt(4) from a previous
study23 as an additional control sample to validate our measurements.
In this sample, which we denote as Py/Pt, a majority of in-plane cur-
rent flows through the top Pt layer (fPt � 70%); the bottom Ta layer
with high resistivity accommodates only �10% of the total current.23

It has also been shown that the total current-induced field in Py/Pt lies
along the direction ofHOe.

20,23

To quantify the in-plane current-induced transverse field, we
employed the second-order PHE technique (Fig. 1), originally devel-
oped by Fan et al.20,21 For Py thin films, the PHE signal from in-plane
magnetization tilting dominates over any anomalous Hall effect
(AHE) signal from out-of-plane tilting.20 As such, the second-order
PHE voltage DVPH ¼ VPH(þIdc) þ VPH(�Idc), with VPH ¼ Vþ�V�
in Fig. 1(a), is related to the in-plane magnetization component trans-
verse to the current axis. The second-order PHE is thus sensitive to
small magnetization tilting induced by the total current-induced trans-
verse field HI,tot, i.e., the sum of the Oersted field HOe and spin–orbit
fieldHso, as illustrated in Fig. 1(a).

We obtained HI,tot directly from the in-plane transverse calibra-
tion field Hy that nulls the second-order PHE voltage. Figure 1(b)
shows exemplary second-order PHE results at a drive current of jIdcj
¼ 1mA in 100-lm-wide Py/Cu, measured using a probe station inside
a two-axis Helmholtz coil setup. When a finite transverse calibration
fieldHy is applied, the second-order PHE voltage is expressed as DVPH

¼ VPH(þIdc, þHy)þVPH(�Idc, �Hy).
20,21 In Fig. 1(b), l0jHyj � 6 lT

along þy nulls the PHE voltage, which signifies that 1mA in the
þx-direction generates l0jHI,totj � 6 lT in the –y direction. Our mea-
surements near this nulled limit [e.g., l0Hy¼ þ6 lT in Fig. 1(b)] show
that the second-order Hall voltage converges to zero at large positive
and negative swept fields Hx. This observation confirms the absence of
any significant AHE20 or thermoelectric contributions (e.g., spin
Seebeck and anomalous Nernst effects)24 that would produce a sizable
difference in the saturated Hall voltages at large positive and negative
Hx. For the results shown in the remainder of this Letter, we used trans-
verse calibration fields l0Hy ¼ þ100 lT and �100 lT and extrapo-
lated HI,tot, as previously used in Refs. 14, 16, and 21 and summarized
in the supplementary material. We note that in Py/Cu, the observed
HI,tot lies opposite to HOe (Fig. 1), suggesting the presence of a sizable
spin–orbit fieldHso [Eq. (1)] as further discussed later in this Letter.

The total current-induced transverse field HI,tot obtained using
the second-order PHE technique is summarized in Fig. 2. In sym-Py,
HI,tot is negligible as expected from the nominally symmetric current
distribution. By contrast, HI,tot increases linearly with driving current
jIdcj for Py/Ti, Py/Cu, and Py/Pt. One contribution to the observed
HI,tot is the Oersted field HOe, which arises due to the higher current
distribution in the top portion of the stack structure. However, as
noted above and shown in Figs. 2(b) and 2(c), the direction of HOe is
opposite to that of the observed HI,tot in Py/Ti and Py/Cu. We empha-
size that the calculated HOe (dashed line in Fig. 2) for each stack struc-
ture is the realistic upper bound: if the in-plane current is more
uniformly distributed between the ultrathin metal and Py, then the
magnitude ofHOe is smaller.

Evidently, the broken symmetry with an ultrathin layer of weak
spin–orbit metal (i.e., Ti or Cu) gives rise to a spin–orbit field Hso

FIG. 1. (a) Schematic of the second-order PHE measurement. Here, the total
current-induced field HI,tot (dominated by a sizable spin–orbit field Hso) opposes the
Oersted field HOe. Note that HI,tot ¼ Hso þ HOe. (b) Example second-order PHE
curves for a 100-lm-wide Py/Cu sample, obtained at jIdcj ¼ 1mA.
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[Eq. (1)], which opposes and is at least 3 times larger than HOe. While
a similar Hso has been reported before,14 our present study directly
shows that ultrathin insertion layers of Ti and Cu yield the same direc-
tion of Hso. This observation, in contrast to the opposite signs of the
bulk spin-Hall effect in Ti and Cu,25 indicates that Hso here is unre-
lated to the filling of d-orbitals in Ti and Cu.

The Py/Pt control sample validates our second-order PHE
results. The observed HI,tot in Py/Pt lies in the same direction as HOe

[Fig. 2(d)], consistent with previous reports.20,23 Moreover, we confirm
that the magnitude of Hso is approximately double that of HOe in Py/
Pt, also consistent with the dc-biased ST-FMR study on the same stack
structure.23

To gain additional insight into the effects produced by in-plane
current, we discuss the ST-FMR results (Fig. 3) on Py/Ti, Py/Cu, and
Py/Pt. While the dc-biased ST-FMR technique14,22,23,26 enables
straightforward quantitative analysis of the current-induced field
(and damping-like SOT), our ST-FMR setup did not yield a sufficient
signal-to-noise ratio for the reliable measurement of resonance field vs
dc current. Nevertheless, the ST-FMR spectral shape can qualitatively
reveal the types of SOTs present (or absent) in the stack structures20,22

as discussed in the following.
Figures 3(b)–3(d) shows example ST-FMR spectra for Py/Ti, Py/

Cu, and Py/Pt, each fit with a combination of antisymmetric
Lorentzian (solid black curve) and symmetric Lorentzian (dashed
black curve). The antisymmetric component is related to the direction
of the total current-induced field.22 The observation that both Py/Ti
and Py/Cu show a large antisymmetric component opposing that of
Py/Pt confirms our second-order PHE results, i.e., there is a substantial
Hso opposing HOe in Py/Ti and Py/Cu. We also observe that, while Py/
Pt shows a large symmetric component, Py/Ti and Py/Cu exhibit a
symmetric component about an order of magnitude smaller than the
antisymmetric component. This suggests that the damping-like SOT,

often related to a pronounced symmetric ST-FMR spectral compo-
nent,12,13,22 is negligibly small in Py/Ti and Py/Cu compared to Py/Pt.
Although identifying the origin of the small symmetric component
in the ST-FMR spectra of Py/Ti and Py/Cu is beyond the scope of this
Letter, it is not due to a damping-like SOT from partial oxidation
of Cu, which would yield the same polarity of symmetric Lorentzian
as Py/Pt.12

We now discuss possible mechanisms for the sizable spin–orbit
field in Py/Ti and Py/Cu, as illustrated in Fig. 4. One candidate mecha-
nism is the REE at metal-oxide interfaces [Fig. 4(a)].14,19 We first con-
sider the top Py-(Ti, Cu)-SiO2 interface; we lump Py/(Cu,Ti) and
(Cu,Ti)/SiO2 into one interface, given that the (Ti, Cu) insertion layer
is only 0.5nm thick. For both Py/Ti and Py/Cu, the spin–orbit field
normalized by the estimated current density in Ti or Cu, J(Ti,Cu)
¼ f(Ti,Cu)Idc/(wt), with t¼ 0.5nm, is l0Hso/J(Ti,Cu) � 0.1mT per 1011

A/m2. This implies essentially the same magnitude of the REE for
ultrathin Ti and Cu sandwiched by Py and SiO2. We can estimate the
Rashba coefficient aR from Hso/J(Ti,Cu) through aR � (lBMs/P)l0Hso/
J(Ti,Cu),

18,27 where lB is the Bohr magneton,Ms � 700 kA/m is the sat-
uration magnetization of Py, and P� 0.15 is the current spin polariza-
tion (related to the strength of s-d exchange coupling18) in 3-nm-thick
Py.28 Our estimate of aR� 0.003 eVÅ is an order of magnitude smaller
than aR from angle-resolved photoemission studies of crystalline Cu
surfaces.29–31 We remark that the interfaces of sputtered layers in our
study are likely to diffuse; the smallness of the estimated Rashba
coefficient in our study may be due to such ill-defined interfaces. The
Rashba–Edelstein field-like SOT may be enhanced with the use of
highly crystalline ultrathin Ti or Cu.

The bottom SiO2-Py interface might also exhibit a REE, similar
to the previous claim of a REE at Al2O3-Py.

14 However, considering
that Ref. 14 shows a significant spin–orbit field even in Py sandwiched
between Ti and Cu, i.e., without a direct oxide-Py interface, it appears

FIG. 3. (a) Schematic of the ST-FMR measurement, driven by rf current Irf and detected via rectified dc voltage Vmix. (b)–(d) ST-FMR spectra at 5.5 GHz; þ13 dBm microwave
current excitation for (b) Py/Ti, (c) Py/Cu, and (d) Py/Pt. For each spectrum, the black solid curve indicates the antisymmetric component of the Lorentzian spectral fit, whereas
the dashed curve indicates the symmetric component of the fit.

FIG. 2. The total current-induced field HI,tot measured using the second-order PHE technique for (a) sym-Py, (b) Py/Ti, (c) Py/Cu, and (d) Py/Pt, plotted vs the dc current Idc normalized
by the device width w¼ 100lm. The dashed lines in (b)–(d) indicate the estimated Oersted field. The uncertainty of the measured HI,tot is within the size of the dots.
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unlikely that the SiO2-Py interface is the sole or dominant source.
We therefore deduce that the REE at the Py-(Ti, Cu)-SiO2 interface
[Fig. 4(a)] dominates over that at the SiO2-Py interface.

In the REE mechanism discussed above and illustrated in Fig.
4(a), the electron current je in a quasi-two-dimensional conductor is
spin-polarized by the interfacial Rashba field u � z � je, where z is
normal to the interface; the spin-polarized electrons then generate an
effective spin–orbit field Hso on the magnetization via s-d exchange
coupling.18,19,27 However, in our study with a 3-nm-thick conductive
ferromagnet, electronic transport is actually three-dimensional. In this
regard, we consider an alternative mechanism,32,33 which is illustrated
in Fig. 4(b) and proceeds as follows: (1) Some conduction electrons in
Py are first spin-polarized along the magnetizationM. (2) When these
polarized electrons are reflected from the Py-(Ti,Cu)-SiO2 interface
with the Rashba field u, the spin polarization precesses (rotates) about
u and develops a finite component along u�M.32,33 (3) The rotated
spin polarization then dephases in Py (i.e., ultimately aligning with
M34) to exert a spin torque s � M � Hso � M � [M � (u�M)],
where M � (u�M) ¼ u. Thus, the measured spin–orbit field Hso in
the Py layer points along u, irrespective of the magnetization direction.
In other words, three-dimensional spin transport in Py—in concert
with the interfacial Rashba field—may give rise to a magnetization-
independent spin–orbit field in the ferromagnet [Fig. 4(b)], which is
consistent with our experimental observations.

In summary, we have investigated the current-induced spin–orbit
field (field-like SOT) in SiO2-sandwiched Py, with the top Py-SiO2

interface incorporating an ultrathin layer of weak spin–orbit metal, Ti
or Cu. In both SiO2/Py/Ti/SiO2 and SiO2/Py/Cu/SiO2, we observe a
sizable spin–orbit field opposing the Oersted field, whereas no signifi-
cant damping-like SOT is found. We deduce that this spin–orbit
field arises from an interfacial Rashba–Edelstein effect or spin–orbit
precession primarily at the Py-(Ti, Cu)-SiO2 interface. Our findings
provide further insight for engineering SOTs in ferromagnets inter-
faced with weak spin–orbit materials.

See the supplementary material for (1) the static magnetic prop-
erties of the samples and (2) the details of the extrapolation method
for quantifying the total current-induced fieldHI,tot.
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