PHYSICAL REVIEW B 104, 094430 (2021)

Spin-orbit torque in a Ni-Fe single layer

Takeshi Seki®,">" Yong-Chang Lau®,"? Satoshi lihama®,%%> and Koki Takanashi ®-2#
Unstitute for Materials Research, Tohoku University, Sendai 980-8577, Japan
2Center for Spintronics Research Network, Tohoku University, Sendai 980-8577, Japan
3Frontier Research Institute for Interdisciplinary Sciences, Tohoku University, Sendai 980-8578, Japan
4Center for Science and Innovation in Spintronics, Core Research Cluster, Tohoku University, Sendai 980-8577, Japan
SWPI Advanced Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan

® (Received 30 April 2021; revised 3 September 2021; accepted 9 September 2021; published 24 September 2021)

We evaluated the self-induced spin-orbit torque (SOT) in a single ferromagnetic layer. Spin-torque ferro-
magnetic resonance (ST-FMR) was measured for the very thin Ni-Fe (permalloy, Py) layers with and without
structural inversion symmetry: asymmetric and symmetric Py layers. For both structures, the fieldlike component
coming from the Oersted field clearly appeared. On the other hand, the dampinglike component was observed
only for asymmetric Py with thickness <3 nm. This dampinglike torque is attributable to the significant spatial
change in the properties of Py. We propose a toy model to analyze the self-induced SOT.
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Spin Hall effect (SHE) is the most promising way to con-
vert from charge current (J;) to spin current (J;) and has been
studied in a variety of nonmagnets (NMs) [1]. Exploiting the
SHE-induced J;, one can make a torque acting on the local
spin of a ferromagnet (FM), which is called spin-orbit torque
(SOT) [2]. The structure frequently used for SOT experiments
is a NM/FM bilayer [2-8]. It had been believed that the
nonmagnetic layer is essential to generate SOT acting on the
ferromagnetic layer. However, after the pioneering works on
the conversion from Jg to J. in a FM [9-11], charge-spin
conversion was reported for many kinds of FMs [12-31], and
it has recently been revealed that SOT generated in a FM can
switch the magnetization of the FM itself [32,33].

Representative works on SOT in a single FM were done for
L1y-FePt [32-35], disordered CoPt [36,37], Fe-Mn [38,39],
Co-Tb [40], and Ni-Fe (permalloy, Py) [41]. In addition to
the observation of SOT switching in the single ferromagnetic
layer, spin-torque oscillation in the Py single layer [42] has
been demonstrated, which enlarged an avenue for SOT-based
device applications. On the whole, thick ferromagnetic layers,
e.g., a CoPt layer with thickness of >8 nm [36], were neces-
sary to generate SOT. Several scenarios have been proposed,
and a plausible explanation is that the spatial inversion sym-
metry breaking due to the composition or the disorder gradient
plays an essential role in generating SOT [32,33]. On the other
hand, some works claimed no detectable long-range asymme-
try in the ferromagnetic layer [36]. Thus, the mechanism of
SOT in the single FM is under debate, and it is indispensable
to carry out a systematic study using a conventional spintronic
material such as thin Py.

Let us organize what possible sources of broken inversion
symmetry exist along the normal direction to the film plane,
which is the essential question for the observation of SOT in

*takeshi.seki@tohoku.ac.jp

2469-9950/2021/104(9)/094430(9)

094430-1

a single FM. Given two different nonmagnetic materials of
NMI1 and NM2, (i) an asymmetric NM1/FM/NM2 structure
breaks the inversion symmetry. Also, (ii)) a NM1/FM/NMI
structure can be inversion asymmetric if the NM1/Py and
Py/NMI interfaces are not equivalent. In addition, (iii) within
the FM layer itself, microstructure evolution such as compo-
sition gradient can break the inversion symmetry. In order to
separate those possible sources, it is a straightforward way to
evaluate SOT for both symmetric and asymmetric FMs with
various layer thicknesses.

In this paper, we report the spin-torque ferromagnetic res-
onance (ST-FMR) for very thin Py layer devices with and
without structural inversion symmetry: asymmetric and sym-
metric Py. The dampinglike and fieldlike components of SOT
were evaluated together with the magnetic Gilbert damping
parameter for the Py layers with various thicknesses (d).
We show that dampinglike SOT becomes remarkable for the
asymmetric Py samples as d is reduced to 1.5 nm. A toy model
to analyze self-induced SOT is also proposed.

Thin films were prepared on a thermally oxidized Si
(Si-O) substrate by employing an ion beam sputtering sys-
tem. The base pressure was of the order of 107 Pa, and
the deposition temperature was room temperature. The com-
position of Py was determined to be Nig;Fej9 by electron
probe x-ray microanalysis. As schematically illustrated in
Fig. 1(a), the asymmetric Py samples (Asym-Py) have the
film stack of Si-O Subs.//Py(d)/Al-O(5) (in nanometers), in
which d was varied in the range from 1.0 to 15.0 nm,
while the symmetric Py samples (Sym-Py) are composed
of Si-O Subs.//Al-O(5)/Py(d)/Al-O(5). The layer thicknesses
were controlled using the sputter-deposition rates estimated
prior to the sample preparation. In addition, two kinds
of Py/Pt samples, Si-O Subs.//Py(5)/Pt(5)/Al-O(5) and Si-
O Subs.//Pt(5)/Py(5)/Al-O(5), were prepared as reference
samples. Magnetic properties were measured at room tem-
perature using a superconducting quantum interference device

©2021 American Physical Society
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FIG. 1. (a) Schematic illustration of thin Ni-Fe (permalloy, Py) layers with and without structural inversion symmetry, which are called
asymmetric Py (Asym-Py) and symmetric Py (Sym-Py). (b) Magnetization curves for Asym-Py with the Py layer thicknesses (d) of 1.5 nm
and (c) 10.0 nm. The magnetic field (H) was applied along the out-of-plane (OOP) and in-plane (IP) directions, which are represented by the
blue and red curves, respectively. (d) Saturation magnetization (M;), (e) saturation field (Hs), and (f) resistivity (p) as a function of d. The red
squares, gray circles, and triangles denote the data of Asym-Py, Sym-Py, and the Pt/Py reference samples, respectively.

magnetometer. Figures 1(b) and 1(c) display the magne-
tization curves for Asym-Py with d = 1.5 and 10.0 nm,
respectively. The blue and red curves denote the magneti-
zation curves with the external magnetic field (H) applied
along the out-of-plane (OOP) and in-plane (IP) directions,
respectively. Figures 1(d) and 1(e) plot the d dependence of
saturation magnetization (M) and the saturation field along
the OOP direction (H;), respectively, for Asym-Py, Sym-Py,
and the Py/Pt references. Here, M; is reduced with decreasing
d, suggesting the presence of a magnetic dead layer, and no
definite film stack dependence is observed for d = 5 nm. Sim-
ilarly, regardless of the film stacks, Hs shows a clear reduction
as d is decreased. It is noted that the change in the demag-
netizing field 4 M; fails to fully explain the d dependence
of H,, implying the contribution of perpendicular magnetic
anisotropy induced at the interfaces. The resistivity (p) of the
Py layer rapidly increases for the low d samples, as shown
in Fig. 1(f), which can be attributed to the effect of interface
scattering and/or the change in the film morphology.

For the ST-FMR measurement, the films were patterned
into a rectangular-shaped element with 10 um width and
40 pm length, and the Au electrodes were made to form
the coplanar waveguide shape using photolithography and
Ar ion milling. As illustrated in Fig. 2(a), the ST-FMR was
measured by applying the radiofrequency (RF) current (/)
along the x direction. The RF power of 15 dBm with the fixed
frequency (f) was applied from a signal generator. Even in
the case of a Py single-layer device, an oscillating transverse
magnetic field (Hys) could be induced in the y direction, as
explained later. When H matched the resonance field (Hg),
the device resistance [R (¢)] oscillated through the anisotropic
magnetoresistance (AMR) effect. As a result, applied ¢ (¢)

[= Icos(2m ft)] and oscillating R (¢) [ox cos(2m ft)] generated
a rectification direct current (DC) voltage (Vy.), which was
detected by a lock-in amplifier. All the ST-FMR measure-
ments were carried out at room temperature. Figures 2(b)-2(e)
display the Vy. as a function of H for Asym-Py with d = 5.0,
3.0, 2.0, and 1.5 nm, respectively. Here, f was set at 7 GHz,
and H was applied at the in-plane angle (8) of 45 °, in which
the Py magnetization vector (m) follows the direction of H.
As reported in Ref. [3], the spectra of Vg, were fitted using the
summation of Lorentzian and anti-Lorentzian functions given
by Vae = VL(0)fL(H) + VaL(0) faL(H ), respectively, in which
fLH) = (AH/2)*/[(Hr — H)* + (AH/2)*] and faL(H) =
(AH/2)(Hy — H)/[(Hr — H)* 4+ (AH/2)*], and AH repre-
sents the resonance linewidth. Here, V| is proportional to the
dampinglike torque (r)?), where V1 is proportional to the
fieldlike torque (119) including the Oersted field contribution.
For d = 5.0 nm, the spectral shape is well fitted only by the
anti-Lorentzian function, indicating no Vi, component. As d is
reduced, however, the V. component becomes nonnegligible.
For d = 1.5 nm, the Vi, component is observed remarkably.
The 6 dependence of Var, and V. for Asym-Py with d =
1.5nm is plotted in Fig. 3(a), where f was set at 7 GHz. The
current-induced Oersted field torque (7o, ) is generally a major
source of 7{. Given the field angular dependence of resistance
change (AR) via the AMR, AR - 1o, can be described by the
sin26cosf function. On the other hand, if r}? mainly comes
from the SHE, the combination of spin Hall torque (tsy) and
AR also shows the sin20cosf tendency in Vi. As seen in
Fig. 3(a), the V) sin26cosf function can fit the 6 dependence
of Var very well, although the present device does not have
any conductive layers except for the Py. A possible source of
r,(,) will be discussed later. In contrast to Vay , VL is not fitted by
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FIG. 2. (a) Illustration of device and measurement setup for
spin-torque ferromagnetic resonance (ST-FMR) together with the co-
ordinates. The ST-FMR spectra for (b) d = 5.0nm, (c) d = 3.0 nm,
(d) d =2.0nm, and (e) d = 1.5nm. The frequency of radiofre-
quency current (f) was set to 7 GHz, and the external magnetic
field (H) was applied at the in-plane angle (8) of 45°. The blue
and green curves represent the fitted results by Lorentzian (V1) and
anti-Lorentzian functions (Var), respectively, and red curves are the
summations of V|, and V,..

the simple sin260cosf function (see Appendix A 1). This sug-
gests that there exists an additional V4. component. Previous
papers [43,44] reported that the dynamic change in the AMR
is given by AR - m%(t), and the time-averaged m)zc(t), i.e.,
(m% (1)), leads to the modulation of DC resistance. As a result,
the product of AR(m?c(t)) and DC current (I4.) leads to V.. Al-
though we have not obtained clear experimental evidence, the
Seebeck effect may be one of the possible sources for 4. For
the present device, the RF power may heat the device locally
and generate an in-plane thermal gradient along the —x direc-
tion, resulting in an in-plane /3. due to the Seebeck effect (for
more details, see Appendix A 1). This I AR(mf(t)) follows
the cos26cos26 function. Here, we should also mention that
DC voltage generated by the existence of I, in the FMR spec-
tra is similar to the microwave photoresistance phenomenon
[45]. By taking into account this additional Vg, the 6 depen-
dence of Vi is well fitted by V,’sin20cos@ + V; cos?fcos26,
and we find the remarkable V,°, indicating the existence of 7y
for Asym-Py with d = 1.5 nm. Figure 3(b) shows the results
for Sym-Py with d = 1.5nm. As in the case of Asym-Py, 7.
appears. On the other hand, the V. for Sym-Py involves only
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FIG. 3. The 6 dependence of Vi (blue circles) and V, (green
circles) for (a) Asym-Py with d = 1.5nm and (b) Sym-Py with
d = 1.5nm, where the solid curves are the fitting results. (c) f vs
resonance magnetic field (Hg) and (d) resonance linewidth (AH)
vs f for Asym-Py (solid squares) and Sym-Py (open circles) with
d = 1.5nm, where the solid and dashed lines denote the fitting
results.

the Ijc AR(m?(t)) component, and 7y is not observed clearly.
These are totally different from Vi, for Asym-Py. In addition
to the measurement at f = 7 GHz, the 6 dependences of V.
and V. for Asym-Py and Sym-Py were investigated at f = 5
and 9 GHz, and similar angular dependences were observed,
which are summarized in Appendix A 2.

Figure 3(c) plots the f vs Hg for Asym-Py and
Sym-Py with d =1.5nm. It is confirmed that the ex-
perimental results obey the Kittel’s equation of f =
(v /27)/(Hg + Hani)(Hg + 47w Megr), where y is the gyro-
magnetic ratio, Hyy; is the anisotropy field in the film plane,
and 47 M. is the effective demagnetizing field. The values of
H,,i and Mg for all samples are discussed in Appendix A 3.
Figure 3(d) shows AH as a function of f. The experimental
data were fitted with AH = 4x fay/y + AHp, where oy is
the damping parameter. The values of oy and AH, for Asym-
Py (Sym-Py) with d = 1.5nm are obtained to be 0.0156 +
0.0001 (0.0121 &£ 0.0003) and 13 Oe (9 Oe), respectively.
Figure 4(a) summarizes the d dependence of «y. As d is
reduced, one can see that oy is enhanced, particularly for
Asym-Py. This fact means that the two different interfaces
in the asymmetric structure give enhanced damping. At this
moment, we consider that this enhancement comes from the
inhomogeneity of magnetic properties in the thin Py layer
sandwiched by the two different oxide layers.

Here, let us summarize the main features of ST-FMR for
the Py single layer: (i) 7} appears for both Asym-Py and Sym-
Py, (ii) IQ is observed only for Asym-Py, (iii) IQ becomes
remarkable as d is reduced, and (iv) Asym-Py exhibits the
larger damping parameter than Sym-Py. First, we discuss the
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FIG. 4. (a) d dependence of magnetic damping constant (c),
where the red squares and gray circles denote the data of Asym-Py
and Sym-Py, respectively. (b) The parameter £ as a function of f for
Asym-Py with d = 1.5nm with the assumption of the interface Py
layer with di = 0.2nm. (c) & as a function of the thickness of the
bulk Py layer (dg) and (d) dg/€ as a function of 1/dg for Asym-Py
at f = 7GHz. The solid line in (d) represents the result of linear
fitting. The inset of (c) illustrates the single layer consisting of bulk
and interface regions.

source of 7. According to the previous paper reporting on
the interfacial spin-orbit coupling [46], the Rashba-Edelstein
effect is a possible source of ty. However, the fact that
even Sym-Py shows the clear 119 indicates that the Rashba-
Edelstein effect may not be a major source of 7. because
the two identical interfaces ideally give no spin accumula-
tion. Instead, we consider the possibility of the Oersted field
because the imperfection of structure gives rise to the spa-
tially inhomogeneous current distribution in the Py layer. For
understanding the Oersted field generation, the ST-FMR was
measured also for the Py/Pt reference samples, and at 6 = 45°,
the positive (negative) Vi, and negative (positive) Var were
observed for the Subs.//Pt/Py (Subs.//Py/Pt) stack, as shown
in Appendix A 4. Given the signs of V. for the reference
samples, 7y for both Asym-Py and Sym-Py is mainly at-
tributable to the Oersted field originating from the electric
current flowing at the bottom side of the Py layer. We highlight
that V1 of Asym-Py is nearly one order of magnitude smaller
than that of Sym-Py. Meanwhile, p only increases by ~30%.
One possibility is, for an unknown reason, the inhomogeneity
of current distribution is more severe for Sym-Py. Another
explanation is the contribution of fieldlike torque. If we as-
sume the dissipated microwave power and current distribution
of these structures are not very different, V51, for Sym-Py is
expected to become ~2.4 times larger than Asym-Py, which
comes from the smaller p and larger AMR for Sym-Py (not
shown here). This estimated Va1 cannot explain the dramatic
change of V1. This could indicate the emergence of fieldlike
torque that competes with the Oersted field when the stack is

asymmetric. We will see later that this is consistent with the d
dependence of ST-FMR.

In contrast to 7.} observed for both Asym-Py and Sym-Py,
17 is observed only for Asym-Py with d < 3.0nm. This may
be related to the enhanced « for Asym-Py. A possible sce-
nario to explain 7y is as follows: The magnetic properties are
frequently modulated by contact with another material at the
interface. In the case of Asym-Py, those properties could be
modulated differently at the interfaces with Al-O and Si-O. As
d is reduced, the spatial change of properties in one direction,
which exists along the z direction in the present Py, becomes
steep inside the Py because of the remarkable contribution
of the interface effect. This unidirectional variation of the
magnetic properties may generate the nonzero Js via the SHE
in Py and the resultant 7. Since Sym-Py ideally possesses
two identical interfaces, on the other hand, the J; due to the
spatially changed magnetic property cancel out each other.

Hereafter, we quantitatively analyze the spin-torque effi-
ciency of Py for Asym-Py. In order to extend the conventional
analytical model used for a NM/FM bilayer [3] to self-induced
SOT, we propose a toy model. In this toy model, there are two
regions in the Py layer: the bulk and interface Py layers, as
shown in the inset of Fig. 4(c). The resistivity and thickness
of the bulk (interface) Py layer are denoted by pg and dg (o1
and dp), respectively, and only the bulk Py layer has magne-
tization, while the interface Py layer has no magnetization
because of the reduction of M with decreasing d, as shown
in Fig. 1(d). Then we consider 7 coming from the Oersted
field and the interface effect such as the Rashba-Edelstein
effect and ‘L')? involving the bulk and interface contributions,
which are represented by £ and t), respectively. For the
bulk contribution, it is assumed that the whole of the bulk
layer generates J;, and the resultant 72 acts on the magnetic
moments for the bulk layer itself. As in the case of the NM/FM
bilayer, Vi./VaL = (9/1)/(H + Honi)/(H + 47 Mer), and
12/70 = h(epoMsdpd; — hEFL)’l(SgLZ—; + &), where i is
the reduced Planck constant, e is the electric charge of
an electron, wo is the permeability in vacuum, &g, is the
fieldlike torque efficiency, &5, is the dampinglike torque
efficiency in the bulk Py layer, and &} is the efficiency
of the dampinglike torque from the interface to the bulk
Py layer (for detailed derivation, see Appendix A 5). Here,
we introduce the parameter of & for convenience, which
is &= (WL/VaL) - (epoMsdl /1) /(H + 47 M)/ (H + Hani).
Although this parameter £ has a form like the spin Hall angle
for the NM/FM bilayer, it is noted that the £ does not directly
indicate the magnitude of self-induced SOT. Using the param-
eter £, the following relation between gg’L, SII)L, and &g is
obtained:

i _ B ﬂ 1 . hépL
dBE = < bLo +§DL>/{dI<1 —eMOMsdBdI)}. (D

Figure 4(b) plots the f dependence of & for d = 1.5nm
with the assumption of df = 0.2 nm. One sees that the val-
ues of & are in the range from 0.1 to 0.15% and do not
depend on the frequency of I;. Here, £ is almost con-
stant irrespective of dg, as shown in Fig. 4(c). Figure 4(d)
shows dg/& vs 1/dg. From the intercept of linear fit using
Eq. (1), &5 2 + &L, (= &) was obtained to be 0.006%. In

PB
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addition to the evaluation by ST-FMR, we also carried out the
harmonic Hall voltage measurement [4—8] and obtained the
dampinglike torque efficiency of 0.04% (see Appendix A 6).
Both the ST-FMR and the harmonic Hall voltage measure-
ments gave small dampinglike torque efficiencies of the same
sign. It is also worth mentioning that the slope of Fig. 4(d) is
negative, indicating positive &g This means that the positive
fieldlike torque is opposing the Oersted field torque. In the
current toy model, we focus on the total dampinglike torque
efficiency instead of dampinglike torque efficiencies in the
bulk Py layer and from the interface. At present, it is difficult
to separately evaluate those dampinglike torque efficiencies
with the independent control of interface SOT and bulk SOT.
Our toy model provides one explanation to our experimental
observations.

We make several remarks on our results. (i) We should
mention the possibility of Vg, originating from the process of
spin pumping and the following inverse SHE in Py. Although
it is difficult to experimentally eliminate the influence of spin
pumping from our ST-FMR result, the fact that the harmonic
Hall voltage measurement also shows the small dampinglike
torque efficiency implies that the spin pumping did not largely
contribute to V. of ST-FMR. (ii) Also, sg‘fa‘ = 0.006% is two
orders of magnitude smaller than the previously reported val-
ues such as 0.5% (Ref. [9]). For the present self-induced SOT
experiment, the configuration between m and the spin angular
momentum (s) of Jy is different from the previous experi-
ments. If the spin anomalous Hall effect (SAHE) [12,17,22]
is only the source of J;, namely, the anomalous Hall current
carries Js, T is not given in the configuration of self-induced
SOT because m is always parallel to s. On the other hand, if
there exists a SHE showing the same symmetry as the SHE in
NM, which is called M-independent SHE, that can provide the
nonzero r)? acting on m. Our previous works [17,22] indicated
that the negligibly small contribution of M-independent SHE
exists. Thus, we consider that the small %@ obtained by
self-induced SOT comes from the M-independent SHE. Here,
we mention that the sign of £10®! is the same as that of Pt with
the assumption of J; flowing along the +z direction, which
was also confirmed by the harmonic Hall voltage measure-
ment (see Appendix A 6). (iii) Let us examine if such a small

ggta' can drive the spin-torque auto-oscillation. According to
Ref. [42], the spin Hall angle of ~13% was required to repro-
duce the auto-oscillation in the nanoconstriction devices with
the Py single layers capped with SiO,. Thus, it seems hard
to excite the auto-oscillation by using only self-induced SOT
in the thin film form. However, since our results imply that
the spatially nonuniform magnetic properties of Py provide
nonnegligible 72, the nonuniform magnetization distribution
in the vicinity of the constriction may lead to 7 sufficient
for the auto-oscillation. (iv) We mention the important finding
that the ST-FMR by self-induced SOT is a sensitive method
for magnetic damping evaluation. As shown in Figs. 3(d)
and 4(a), the determination of damping parameter with high
accuracy was achieved even for the very thin Py layer with
d = 1.5nm. Therefore, we believe that this method will pro-
vide the fundamental knowledge of magnetization dynamics
at the very small thickness region, which is essential for the
development of spintronic devices requiring very thin FM
layers.

(a) Asym-Py, d = 1.5 nm (b) Asym-Py, d = 1.5 nm
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FIG. 5. In-plane angular dependence of Vi fitted with (a) the
sin20cosf function and (b) with the sin26cosf + cos’*0cos26 func-
tion. (c) Photograph of the present coplanar-waveguide-shaped
device.

In conclusion, the self-induced SOT in the Py single layers
was evaluated by using the ST-FMR technique. Employing
Asym-Py and Sym-Py, we experimentally demonstrated the
generation of rg and 119 in Py single-layer devices and dis-
cussed the possible scenario to explain the sources of 7
and 7). We proposed a toy model to analyze self-induced
SOT. This single-layer ST-FMR method is also beneficial for
evaluating the magnetization dynamics for a very thin ferro-
magnetic layer.
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APPENDIX
1. Details of fitting for angular dependence of Vi,

As described in the main text, if r}? comes from the SHE,
the combination of 7sy and AR shows the sin20cos6 tendency
in V.. As shown in Fig. 5(a), however, the experimental data
are not fitted well only by the sin26cosf function. Particularly,
the data at & = 0 and 180° show nonzero positive values,
which cannot be fitted by the sin20cosf function. Then we
consider the following possibility. The dynamic change in the
AMR is given by AR - m2(t), and (m?(t)) leads to the change
of DC resistance. Then if I, flows, the product of AR(mi(t))
and /. generates Vy.. We think that the Seebeck effect is one
of the possible sources for /., although no direct experimental
evidence has been obtained yet. In this paper, we use the
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FIG. 6. The 6 dependence of V. (blue circles) and Vs (green
circles) for (a) Asym-Py at 5 GHz, (b) Asym-Py at 9 GHz, (c) Sym-
Py at 5 GHz, and (d) Sym-Py at 9 GHz. The Py layer thickness was
1.5 nm. The solid curves are the fitting results.

coplanar-waveguide-shaped device, having the shorted end as
seen in the photograph of Fig. 5(c). In the laterally asym-
metric device structure with the narrow single (S) line and
the wide ground (G) line, local heating occurs at the junction
between the Py rectangular element and the Cr/Au electrode.
This may give rise to a temperature gradient along the x
direction and the resultant DC via the Seebeck effect. The V.
due to the (mf(t)) is given by Vg, = (%)(82V/892) (86(1)%) =
—ARCcos20(86(t)?). Since (86(t)?) is proportional to cos’é,
Vi follows the cos?6cos20 function. The result of fitting with
V%sin20cosd + V; cos?Acos28 is shown in Fig. 5(b).

2. Angular dependence of V,, and Vi, measured at different
excitation frequencies

In addition to the measurement at f = 7 GHz shown in
Figs. 3(a) and 3(b), the field angular dependence of the rec-
tification voltage of ST-FMR was investigated at f = 5 and
9 GHz. Figures 6(a) and 6(b) show the 6 dependences of Va1
and V. for Asym-Py, whereas Figs. 6(c) and 6(d) show the
results for Sym-Py. One sees that similar angular dependence
was observed regardless of the excitation frequency.

3. H,, and M estimated from ST-FMR spectra

The plot of f vs Hg allows us to estimate H,,; in the film
plane and the effective demagnetizing field of 47w Mg by using
the Kittel’s relationship. Figures 7(a) and 7(b) show the d
dependence of H,,; and M., respectively.

4. ST-FMR measurement for Py/Pt reference samples

In addition to the devices with the Py single layer, we
carried out the ST-FMR measurement for the Py/Pt reference
samples, which provides useful information about the sign

(a) e0 (b) 70
B Asym-P
500 o SymPy 600
A Pt|Py|A-O ~
< 400 A Py|Pt|A-O “g 500 ‘ o
(5]
o} S 400
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FIG. 7. (a) Py layer thickness (d) dependence of the anisotropy
field (H,,) and (b) effective magnetization (M. ) for all the samples,
which were obtained by the spin-torque ferromagnetic resonance
(ST-FMR) measurement.

of tgy and the source of the Oersted field. Figures 8(a) and
8(b) display the ST-FMR spectra for the Subs.//Pt/Py and
Subs.//Py/Pt stacks, respectively, measured at 6 = 45° and
f = 7GHz. The positive (negative) Vi and negative (positive)
VaL are observed for the Subs.//Pt/Py (Subs.//Py/Pt) stack. The
6 dependences of V1, and Vi for Subs.//Pt/Py and Subs.//Py/Pt
are plotted in Figs. 8(c) and 8(d), respectively.

5. Toy model for analyzing SOT in a single ferromagnetic layer

We consider a single layer consisting of the bulk and the
interface regions, as shown in the inset of Fig. 4(c), which
are called the bulk Py layer and the interface Py layer, re-
spectively. By using the resistivity and thickness of the bulk
(interface) Py layer, which are denoted by pp and dp (o1
and dp), respectively, and considering the parallel circuit, the

40
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FIG. 8. (a) Spin-torque ferromagnetic resonance (ST-FMR)
spectra and schematic illustration of the film stack for Subs.//Pt/Py
and (b) Subs.//Py/Pt. The frequency of radiofrequency current (f)
was set at 7 GHz, and the external magnetic field (H) was applied at
the in-plane angle (6) of 45 °. The blue and green curves represent the
fitted results by Lorentzian (V,) and anti-Lorentzian functions (VaL),
respectively, and red curves are the summations of Vi, and Var. (c)
The 6 dependence of Vi, (blue) and V, (green) for Subs.//Pt/Py and
(d) Subs.//Py/Pt.
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electric currents flowing in the bulk and interface Py layers, Iy
and I, are given by

ﬂ
d
IB=/,_B+,),I—’731, (A1)
dg dp
p_B
4
11=pB_T_ﬂ1_7711, (A2)
ds T 4

where 7 represents the ratio of current flow. It is assumed that
only the bulk Py layer has magnetization, while the interface
region has no magnetization.

The anti-Lorentzian component of ST-FMR spectra comes
from rQ including the Oersted field contribution and the inter-
face effect such as the Rashba-Edelstein effect. The Oersted
field torque (72¢) and the interface-induced fieldlike torque
(7"T) are given by

ki
1,5 = —poy 2ur) ,

(A3)

e VISR (Ad)
ZeMs dedB
where w is the width of the coplanar waveguide.

In the present toy model, 7 involves two terms of bulk and
interface contributions, which are represented by t}? and r}(,
respectively. For the bulk contribution, it is assumed that the
whole of the bulk Py layer generates J;, and the resultant 7
acts on the magnetic moments for the whole of the bulk Py
layer. By using the &5, , then ©§ is expressed as

B
B yhépL

Ty = ————=—npls.
X 2eM5wd§ Tt

(A5)
On the other hand, with & , 7} is given by

I yhgDL
= ———nily. A6
™ 2€MSU)dIdB it ( )

The ratio of Vi to VL is expressed as

L _ H + Hypi T)?
Var  \ H +4nMg 0’

which is transformed into

Vi | H+Haui < h
Var  \ H + 47 Mg \ epoMsdpdy —

d,
<5DL d_I s + fDL)

VI [H +4n My
SDL =v i\ oo
VAL H + Ham

1
X (Ee,U«OMsdBdI - EFL>,

(A7)

hépL )

(A8)

Then

di s
<§DL s

(A9)

is obtained. Here, we put the parameter of £ to be

Vi Myd3 [H + 47 M,
%‘E _Le,uo stp + 4 eff. (A]O)
VAL h H + Hani
Using &, Eq. (A9) can be rewritten into
dy B higpL dy
=&l1l——F|—. All
<$DLd " gDL) 5( enotldnds ) a5

Since ding/dgnr = p1/ps, Eq. (All) can be transformed
into

L Sotin (A12)
dB dI(l - eungZBdl)

Finally, the following relation between & and dp is ob-
tained:

— =a——b,

§ dg
in which a = dl(égLﬁ—; + &L, )~ !. Therefore, from the linear
fit to the plot of d/& vs 1/d, the total dampinglike torque
efficiency coming from both the bulk and the interface can
be evaluated by assuming the interface region with dj.

(A13)

6. Harmonic Hall voltage measurement for Asym-Py

Harmonic Hall voltage measurement [6] was carried out as
an independent alternative for quantifying the spin-orbit effec-
tive fields in in-plane magnetized Asym-Py with d = 1.5 nm.
A sinusoidal current excitation Iysin(wt) where Iy = 1.5 mA
and 5> = 172.1 Hz was applied using an alternating current
source meter along a micron-sized Hall bar device, while the
first (R,) and second harmonic (R,,) Hall resistances were
simultaneously measured using two lock-in amplifiers. Here,
H was applied and rotated within the film plane, making an
azimuthal field angle (9) with the current. Including thermo-
electric contributions, R, and R, can be described by the
following equations:

R, = Rpyg sin 20, (Al14)
R2u) = <RAHE Hk —]T—LH + Rconst) cosf
H;
— (2RPHE ﬂ) cos 26 cosH
Hani +H
=Acos6f 4+ Bcos20 cosb, (A15)

where Rapg is the anomalous Hall resistance, Rpyg the
planar Hall resistance, R.os the Ry, component that does
not depend on H, Hy the out-of-plane anisotropy field,
Hp, the dampinglike spin-orbit effective field, and Hpp 1o
the fieldlike spin-orbit effective field including the Oersted
field.

The 6 angle dependence of R;, measured for various H
ranging from 1 to 30 kOe is plotted in Figs. 9(a)-9(d). All
data are well fitted using Eq. (A15), and the fitted curves can
be decomposed into the sum of a cos & component (prefactor
A; blue lines) and a cos26 cos6 component (prefactor B;
green lines). We should note that the change in the angular
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FIG. 9. Azimuthal field angle & dependence of second harmonic Hall resistance R,,, for Asym-Py (d = 1.5nm) at various external fields:
(a) H=1kOe, (b) H=2kOe, (c) H= 7 kOe, and (d) H = 30 kOe. Red lines are fits to the raw data (open black squares) using Eq. (A15).
Blue and green lines denote the decomposition of the cos & component (A) and cos 26 cos 8 component (B), respectively. (e) 6 dependence of
the first harmonic Hall resistance R,, for H = 2 kOe with best fit using Eq. (A14) (red line). (f) Transverse Hall resistance R,, loop of the same
Hall bar device measured with an applied field along the out-of-plane direction. (g) Prefactor A of the cos & component and (h) prefactor B of
the cos 26 cos @ component against 1/(Hy + H) and 1/(H,y,; + H), respectively. Red lines are best linear fits to the entire dataset. Inset of (g)
shows the full y scale of the same data, reflecting A mainly consists of R,,, contributions that do not depend on H.

dependence of Ry, upon varying H is mainly due to changes
in B, whereas A remains nearly constant. A typical € angle
dependence of R,, for H = 2 kOe is shown in Fig. 9(e). Here,
Rpyg is obtained from the fit by Eq. (A14). The anomalous
Hall effect loop measured with an applied out-of-plane field
is shown in Fig. 9(f). Upon eliminating the ordinary Hall
effect contribution by linearly fitting the data points at high
fields, we extract Ragg ~ 2 2 and Hy ~ 3400 Oe. Note that
the sign of the Ropgg contribution of this ultrathin Asym-Py
is the same as Ni and is opposite to Co and Fe, which is
consistent with previous work [25]. Using Hypi ~ 250 Oe ob-
tained from Fig. 7, A and B are plotted against 1/(Hx + H)
and 1/(Hy + H), respectively, in Figs. 9(g) and 9(h). Here,
Hpr, ~ 0.06 Oe and Hpp 10 ~ 0.75 Oe are extracted from the
linear fits to these plots. Assuming uniform current distri-
bution, for [y = 1.5 mA and d = 1.5 nm, we obtain a lower
bound of the current density j = 1.0 x 10’ A cm™2. Using
this j, we can estimate an upper bound of the dampinglike

spin Hall efficiency &py :

2e HDLMSd

h 7 (A16)

épL =

If we consider that a net spin current is generated from the
bottom interface of the Py and acts on the entire magnetic film,
we obtain a relatively small &p; & 0.015%, which is equiva-
lent to a spin Hall layer underneath Py with a positive spin
Hall angle (same as Pt). These agree with the ST-FMR. We
emphasize that the accuracy of this measurement is limited
because A is dominated by the Rony contribution at the y
intercept, as shown in the inset of Fig. 9(g). Our results also
demonstrate the necessity of measuring the H dependence
of Ry,(0) for correctly evaluating the self &y of Asym-Py.
The Hpp o extracted from the harmonic Hall voltage mea-
surement is of the same order as the expected Oersted field
generated by Asym-Py on applying j.
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