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We report the experimental observation of net spin-orbit torques (SOT) in single conductive ferromagnets
(FMs), e.g., FeyoNigy(Py), Co, and Ni, despite the system symmetry constraint. Unlike the traditional FM/heavy
metal (HM) bilayers, where only the in-plane (IP) damping-like SOT is presented, an unexpected out-of-plane
(OOP) damping-like SOT is also unequivocally observed in the single FMs. Using the field angular-dependent,
spin-torque ferromagnetic resonance technique, we quantify the IP and OOP SOT efficiencies of 0.018 £ 0.003
and 0.047 £ 0.002 in the pure Py, respectively. We argue that the IP SOT is primarily related to the Py bulk spin
Hall effect, while the unconventional SOT is ascribed to the out-of-plane polarized spin current generated from
the nonequilibrium spin swapping effect. Additionally, we confirm that such self-induced SOTs also generally
exist in the most studied HM/FM multilayer systems, especially for the HMs with low conductivity. Hence, our

findings provide a new perspective on understanding SOT control of magnetization reversal and dynamics by an
in-plane current in thin, single FM and FM/HM bilayer systems.

DOI: 10.1103/PhysRevB.105.224417

I. INTRODUCTION

The interconversion of charge current to spin current is
attracting widespread interest in spintronics because the spin
current can manipulate the magnetization dynamics with
forms of damping-like (DL) torque (rpr) and field-like (FL)
torque (tgp) [1-4]. Many studies have proved that the spin-
orbit torques (SOTs), exerted by the spin current generated
from nonmagnetic heavy metal (HM) due to the spin Hall
effect (SHE) and/or the interfacial Rashba effect (IRE), can
be used to control the magnetization switching and dynamics
of the ferromagnet (FM) layer in HM/FM bilayer systems
effectively. The spin polarization (torque direction) of the
generated spin currents due to SHE and IRE are strictly con-
strained by the symmetry and crystal structure of these spin
polarization materials, e.g., spin current Jg, spin polarization
o, and charge current J. are mutually orthogonal [5]. Some
alternative approaches to generating spin currents with flex-
ible spin polarizations have been theoretically proposed [6]
based on the anomalous Hall effect (AHE) [7] and planar Hall
effect (PHE) [8] in the conductive ferromagnetic materials,
where the magnetization of FMs controls the spin current
and its spin polarization directions. Additionally, several ex-
periments find that the spin-orbit coupling (SOC) effect in
FMs is nonnegligible, and even the spin Hall angle in some
FMs is comparable to heavy metals [9-13]. In such FMs
with considerable SHE, the spin polarization of the generated
spin currents is independent of the FM magnetization [11,14],
in contrast to AHE and PHE mechanisms. Therefore, both
the magnetization-dependent and -independent spin current
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are expected to be generated in the FMs with SOC due to
AHE/PHE and SHE.

As the spin currents with flexible polarization are self-
generated in the FMs, a significantly consequent question
emerges whether it can induce SOT on itself due to the
misalignment between spin polarization and magnetization.
Recently, the spin swapping and spin precession effects can
generate SOT on themselves in the diffusive ferromagnets,
proved in the theoretical aspect [14]. Moreover, several groups
experimentally observed a substantial SHE angle by combin-
ing spin pumping, inverse SHE, and current-induced SOTs
driven magnetization switching [15-17]; and coherent auto-
oscillation [18] in the single FM systems. However, the
emergence of self-induced SOT in these reports was ascribed
to the asymmetry of the studied systems, such as break-
ing surface/interface [19,20] or crystal (or spatial) symmetry
[15,16,21-23]. In contrast, the self-induced DL torque 7p. has
also been observed in the single ferromagnetic layer CosoPtsg
[24] and Feg §Mng ; [25] systems without breaking symmetry,
which is speculated to be related to the chemical disorder [24]
and surface spin rotation [25]. Additionally, it is still elusive
that the self-induced 7py. corresponds to the FL effective field
for FeypgMng,, while the DL effective field for CosgPtsp.
Although such self-induced SOTs have been reported in the
single FM layer and FM/HM bilayer systems, the fundamen-
tal mechanisms are still elusive and urgently need further
exploration.

This work explores the emergence of the self-induced
SOT and its nature in several symmetric FM single-layer
and FM/HM bilayer systems. We find that the nonzero
self-induced SOT effect is ubiquitous in the single-layer FMs
with a strong SOC effect, and contains the conventional DL
torque with in-plane (IP) spin polarization and unconventional
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FIG. 1. (a, b) Schematic diagrams illustrating the directions for external magnetic field H.y, applied charge current (j.), spin current (j),
and current-induced out-of-plane torque (7, ) and in-plane torque () in NM/FM bilayer (a) and single FM layer (b) systems, respectively.
(c) Schematic of the experimental setup and the optical image of the active area of the ST-FMR device. (d) The waterfall plot of ST-FMR
spectra of Py(10) obtained at room temperature. (¢) The representative ST-FMR spectrum and its fitting curves of Py(10) at 9 GHz. The solid
line is the Lorentzian fitting curve, including the symmetric (blue) and antisymmetric (red) parts. (f) Resonance frequency f vs. magnetic field

H.,, data. Solid line: the Kittel fit.

DL torque with out-of-plane (OOP) spin polarization through
angular-dependent, spin-torque ferromagnetic resonance
(ST-FMR) and systematic analysis. Combining the bulk
SHE and nonequilibrium spin-swapping effects in FMs, we
propose a phenomenological model and successfully explain
our observed self-induced SOT results.

II. EXPERIMENTAL DETAILS

For SOT systems, a straightforward method to study SOTs
is analyzing the SOT-modulated magnetization dynamics. In
this work, we adopt the widely recognized ST-FMR technique
to study the current-driven magnetization dynamics of single
FM metals [21]. In a standard ST-FMR measurement for the
FM/HM bilayer system, the HM layer acts as the spin-current
source, and the ferromagnetic layer serves as the spin detector,
as illustrated in Fig. 1(a). A microwave current (j.) applied in
the HM layer produces spin current (j;) due to SHE or IRE.
Then the spin current vertically flows into the FM layer and
exerts both in-plane and out-of-plane SOTs on the magnetic
moment of the FM layer. For a single-layer FM system, the
FM layer acts as both the spin current source and the spin de-
tector, as Fig. 1(b) shows. Herein, unless otherwise stated, the
defined torques configuration and the direction of magnetic
field H and current j. in this work are the same as shown in
Fig. 1(a). Figure 1(c) shows the experiment setup and optical
image of the test device. In our experiments, the microsize
samples were fabricated by combining magnetron sputtering
and e-beam lithography, followed by a lift-off process.

III. RESULTS AND DISCUSSION

Our devices consist of the following stacked multi-
layers: sapphire substrate/MgO(2 nm)/Fe,oNigo(Py, 10nm)/
MgO(2 nm). Hereafter, we abbreviate the thickness as a single
Arabic numeral. Py is first chosen because it is the most
popular ferromagnet in spintronics studies. Figure 1(d) shows
the ST-FMR spectra of the single-layer Py sample with the ex-
citation frequency ranging from 6 to 13 GHz and an in-plane
magnetic field at ¢ = 15°. The ST-FMR voltage spectrum is
fitted using the summation of symmetric and antisymmetric
Lorentzian functions:

(Hr - Hexl)AH
VdC = VA 2 )
(Hr - Hexl) + AH

v AH?
S(H, = How)? + AH?’

ey

where AH is the linewidth (full width at half maximum of
the spectrum), H, is the resonant magnetic field; and V4 and
Vs are the amplitudes of the antisymmetric and symmetric
Lorentzian, respectively. Figure 1(e) shows a representa-
tive Lorentzian fitting at 9 GHz. After obtaining H, from
Lorentzian fitting, the effective magnetization M. can be
calculated as 9.4 kOe by fitting the frequency-dependent H,
with the Kittel formula, as shown in Fig. 1(f). The Mg is
consistent with the uniform Py film [26], indicating the high
quality of our samples. From Fig. 1(e), we observe the con-
siderable symmetric Lorentzian component (V) that usually
corresponds to the conventional SHE-like SOT, indicating
the emergence of self-induced SOT in the single-layer Py.
It needs to be mentioned that the possible magnonic charge
pumping mechanism, previously reported in single-layer Py
system [27], may also induce the symmetric Lorentzian sig-
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FIG. 2. (a) The representative spectra obtained under three dc
currents (=5, 0, and +5 mA) and the external magnetic field with
in-plane angle ¢ = 210°. (b) Current-induced linewidth changes of
Py(10) under positive (¢ = 30°) and negative (¢ = 210°) magnetic
fields. (c) The in-plane, angle-dependent antisymmetric and symmet-
ric components of the ST-FMR spectra for the Py(10) sample. The
angular dependence of the antisymmetric parts are fitted by the sum
of sin(2¢)cos(¢), sin(2¢)sin(¢), and sin (2¢); and the symmetric data
are fitted by the sum of sin(2¢)cos(¢), sin(2¢)sin(¢), sin(2¢), and
sin(¢)functions. (d) Same as (c) for the Pt(6)/Py(6) sample.

nals. However, this presumption can be excluded by the
following discussion of the damping modulation experiments.
In addition, the fact that the metal ferromagnets with structure
or interface asymmetry can generate SOT [20,28] is also elim-
inated because those asymmetries are absent in our studied
system.

To explore the nature of the self-induced SOT, we further
adopted a so-called damping modulation scheme in which
an additional dc is applied to the device during ST-FMR
measurements. Once the charge current induces any SOT
on the Py magnetization, the SOT will modify the ST-FMR
signal linewidth. Figure 2(a) shows the representative 7-GHz
ST-FMR spectra obtained under three dc currents: —5 mA,
0, and +5 mA. The applied dc current can effectively mod-
ify both the linewidth and amplitude. Then, we extracted
the dc current-dependent linewidth under positive (¢ = 30°)
and negative (¢ = 210°) bias magnetic fields. Figure 2(b)
shows an obviously linear modification in linewidth for both
bias field directions, consistent with the characteristics of the
previous current-induced SOT effects. Since the magnonic
charge pumping is insensitive to the dc current, we exclude

the effects of magnonic charge pumping-induced signals in
our previous ST-FMR line shape analysis.

From the damping modulation experiment, except for the
conclusion of current inducing net SOT in single-layer Py, it
is also noted that the linewidth modification slope keeps the
same sign with the bias magnetic field reversal. In a typi-
cal SHE-dominated system, the current-modulated linewidth
usually reveres its sign with magnetization reversal. Thus,
the self-induced SOT in the single-layer Py without sign
change with magnetization reversal cannot be only attributed
to the SHE. We further conducted the in-plane, magnetic
field, angle-dependent ST-FMR experiments to make an in-
side view of the self-induced SOTs. In a SHE-dominated
bilayer system, both field angular dependences of V4 and Vg
follow the sin(2¢)cos(¢) symmetry. To verify the reliability
of our experimental results and get a direct comparison, we
performed similar measurements on the Pt(6)/Py(6) control
sample. Figure 2(d) shows that V4 and Vs of the Pt/Py sample
follow sin(2¢)cos(¢) well, consistent with prior results [9,29].
For our single Py sample, both V4 and Vg components show a
distinct deviation from the sin(2¢)cos(¢) dependence, as il-
lustrated in Fig. 2(c). This deviation is qualitatively consistent
with the current modulation of the earlier damping experi-
ment. To understand the observed SOT effects more fully, it
is necessary to separate the SOT components. As discussed
in prior works [6,21,29], the different SOTs exhibit distinct
magnetic-field, angle-dependent symmetry. For the general
situation, we assume that the self-induced SOT (or the spin
current polarization) directions in the Py are arbitrary; thus,
field angular dependences of V4 and Vs have the following
general formulas [9,30]:

Vy o sin (2¢)(z, pr sin (@) + Typr cos (@) +.p)  (2)

and

Vs ocsin (2¢)(z,pL sin (@) + 7y,pL €08 (@) + T pL) + sin (¢),
3

where the 7;, ; are the torques, with subscripts 7 (j) indicating
the spin current polarization direction (torque types). As for
the last term in Eq. (3), spin pumping or heat-related effects
may contribute to them [9,20], but the analysis method of
angular dependence is still valid. From the fitting results of
V4 and Vg in Fig. 2(c), we obtain the nonzero torque terms
Ty FL> Tz,DL»> Ty,DL, and 7, p.. The 7, p and 7, pr are the con-
ventional SHE torques produced by the in-plane transverse
polarization o, spin currents, while the previously unrevealed
terms 7, pr. and 7, g correspond to out-of-plane polarization
o, spin currents. In other words, the net spin currents with o,
and o, polarizations can be generated in the Py single layer.
This anomalous behavior in the linewidth modulation exper-
iments is likely correlated to the self-induced spin currents
with o,-induced the unconventional SOT effects in Py. For
convenience, we preferentially estimate these SOT efficien-
cies before discussing the origin of the SOT effects.
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We define the DL torque efficiencies by dimensionless co-
efficients, analogous to the spin Hall angle, with the following
equations:

Ty, DL e,lLoMsth Mgt
&.pL = 4
Ty, FL h
and
T, DL eMOMS th Mt
& pL = , )
Ty,FL

where e, g, and 7 are the electron charge, vacuum perme-
ability, and reduced Planck’s constant; and My and tp, are the
saturation magnetization and the thickness of Py. With taking
Mg = Mg because of a negligible magnetic anisotropy for
Py, the 7, pr. and 7, pr. efficiencies are calculated as &, p;, =
0.018 and &, p. = 0.047. The conventional SHE (&, pr) is
consistent with the prior spin pumping experimental result
[31]. Meanwhile, &, pr, is more than twice the value, ~0.019,
of the antiferromagnetic Mn3GaN/Py system [30], indicating
that the Py can be a spin current source for the potential ap-
plication in field-free perpendicular magnetization switching.
Using the unconventional spin current generated from Py to
switch perpendicular magnetization has been reported in a
Py/non-magnetic materials (NM)/FM trilayer device [32,33],
whereas the authors considered the out-of-plane SOT from
the contribution of the Py/NM interface. Our results of the
self-induced SOTs reveal that these magnetic multilayer sys-
tems have a more complex SOTs effect than the previous
reports. For example, the spin Hall angle varies with different
ferromagnets as the spin detector for the same heavy metal
in HM/FM. Specifically, the spin Hall angle of Pt was deter-
mined as ~0.05 with Py as the spin detector [3,34]; the much
larger values (>0.10) were determined with Co or CoFeB as
the detector [35,36]. The inconsistent spin Hall angle is likely
attributed to the different self-induced SOT efficiencies of
the ferromagnets themselves. To reaffirm this hypothesis, we
further conducted several control experiments and observed
the different SOT effects in high-resistance tungsten-based
bilayer samples W/Py and W/CoFeB. For convenience, we
only analyze the antisymmetric component V, that reflects
the &, pp information, and its angle dependence is shown in
Fig. 3(a) and 3(b). One can see a nonzero component T, p,
in W/Py and W/CoFeB samples. This considerable 7, p will
significantly influence the evaluation of the SOT efficiencies
based on line shape analysis. Hence, this is the reason that the
spin Hall angle of Pt shows a huge deviation by using different
ferromagnets and even different thicknesses as the detector.
In a traditional SOC system, such as the heavy metals Pt,
W, and Ta, the SHE-generated spin currents flow along the
+z-axis with the polarization along the +y-axis if the charge
current flows along the +x-axis. Usually, the spin currents
with opposite polarization are equal at each edge or surface.
As a result, the net spin currents (or SOT effect) should be
canceled entirely in the single symmetric Py system. Before
exploring the origin of the observed SOT effects, we first
excluded the possible surface/interface origins via system-
atical interfacial control experiments. Since our single-layer
Py sample may have two different interfaces for MgO/Py
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FIG. 3. The angle-dependent V, components of the ST-FMR
spectra of the W(6)/ Py(6) sample (a), W(6)/CoFeB(6) sample
(b), Pt(2)/Py(10)/Pt(2) sample (c). and Ta(2)/Py(10)/Ta(2) sample
(d). The black solid lines are the best fits with the summation of
sin(2¢)cos(¢) and sin(2¢) functions.

and Py/MgO, the different interfaces may disturb the anal-
ysis because of the different oxidation at such interfaces.
To exclude this possibility, we further fabricate two sam-
ples with the symmetric structure, e.g., Ta(2)/Py(10)/Ta(2)
and Pt(2)/Py(10)/Pt(2), where the asymmetric oxidation of Py
can be eliminated. We also focus on the angle dependence
of the V4 components, as shown in Fig. 3(c) and 3(d). If
the asymmetric interface oxidation generates the SOTs for
the MgO/Py/MgO sample, the unconventional torque (z; pr)
should be absent in these metal control samples with sym-
metric structure. However, both the V4 line shape of the
Ta(2)/Py(10)/Ta(2) and Pt(2)/Py(10)/Pt(2) samples deviate
from the sin(2¢)cos(¢) symmetry and have an additional
sin(2¢) term, indicating the existence of 7, pp. in these sym-
metric Py-based control samples. In addition, the V4 line shape
of these two control samples is also quite similar and seem-
ingly unrelated to the properties of the capping layer. Thus,
we can conclude that the observed SOT effects originate from
the bulk effect in Py.

Based on our observation and prior theoretical [14] and
experimental results [37,38], we propose a phenomenolog-
ical scenario involving the spin swapping effect and spin
current competing mechanism to explain our observed SOT
effect. Because of this competing mechanism, the nominal
zero net spin current can still induce the net SOT effect on
the FM, and even switch perpendicular magnetization at zero
fields through the spin currents with IP polarization [37,38].
The microscopic understanding of the competing mechanism-
induced SOT is still elusive. Here, we argue that the spin
current competing results in nonequilibrium spin swapping
effect probabilities and thus induces a nonzero net OOP SOT
effect. In our Py system, the SHE generates equal spin current
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FIG. 4. Schematic diagrams of the generation of the unconven-
tional spin currents in the single FM layer. (a) The spin Hall effect
generates two opposite polarized spin currents (Q,,), where the broad
arrows indicate the flow direction of spin currents and the small
three-dimensional arrows denote the spin polarization. The region,
as marked by the dotted red line, represents the spin swapping
probabilities of the two opposite spin currents. (b) The schematic
of spin swapping process. (c) The residual net spin currents with two
spin polarization directions (Q,,, and Q, ) after the spin swapping
process.

flows (z-axis) with opposite polarization (y-axis) in the Py, as
shown in Fig. 4(a). Then the spin swapping effect changes the
spin polarization and the flow direction of the spin currents
[39], as illustrated in Fig. 4(b). Due to the nonequilibrium
spin swapping probabilities, the residual z-axis polarized and
y-axis polarized pure spin currents are nonzero, as shown in
Fig. 4(a)-4(c). The nonequilibrium spin swapping probabili-
ties may be related to magnetic moment-dependent scattering
in FMs, warranting further studies of the specific intrinsic
or extrinsic mechanism, which is beyond the scope of this
work. The unconventional SOT effects noted earlier are not
restricted to the special FM single layer and should be univer-
sal in conductive ferromagnets with SOC effects. To confirm
this deduction, we perform the same measurements on other
conductive ferromagnets and observe both the conventional
and unconventional SOT effects in Ni and Co. The SOT effi-
ciencies (&, pr. and &; p) for all studied FMs are summarized
in Fig. 5(a). The Ni sample exhibits much higher unconven-
tional (§;pr) and SHE-like (§,pr) SOT efficiency than the
Py and Co single layer. It should be noted that the line shape
analysis of the ST-FMR method would overestimate the SOT
efficiencies (§,pr. and &;pr.) using Egs. (4) and (5) because
the denominator term 7, . includes not only the /rg-induced
Oersted field but also considerable field-like torque here. Fur-
thermore, the previous reports [40,41] found that, contrary
to the Co, Fe, and Py systems, the Ni-based multilayer sys-
tem exhibited the stronger SOC and considerable field-like
torque opposite to the Oersted field torque. Therefore, the
7, FL 18 no longer a better term to self-calibrating the Irp by
Irg-induced Oersted field torque, consequently causing the
huge overestimation of the SOT efficiencies &, p. and &, pL
for Ni (or underestimation for Co, Fe, Py) if still using the
simple self-calibrated line shape analysis. The additional Ni
and Co single-layer results further rule out the possible chem-
ical disorder origination for the self-induced net SOTs for our
single-element systems (Ni and Co) [17,24].

Given that the intrinsic unconventional SOT effects are
generated in the FMs, such self-generated SOTs are also ex-

(a) (b)
48 6 Cenm 35 &, pr 33.7
46 Cem 0 & 1
o 24 15 131
I 29 ‘ 18 x 11.3
W s 710 8.8
; 1.8 5 26 > 27
! i 24 .
Ll Mo e . [y
Py Ni Co Py/Ti Py/Ta Py/W Py/Cu/W Ni/Ta

FIG. 5. (a) SHE-like DL SOT efficiency (§,p.) and unconven-
tional DL SOT efficiencies (£, p) in single-layer ferromagnetic
metals Py(10), Ni(11), and Co(11). (b) The &, p;, and & p. in our
studied Py(6)/Ti(6), Py(6)/Ta(6), Py(6)/W(6), Py(6)/Cu(1)/W(6), and
Ni(8)/Ta(5) multilayer structure.

pected in the HM/FM multilayer systems because the charge
current also flows in the adjacent FM layer in high-resistivity,
HMs-based bilayers. Therefore, we fabricated several high-
resistivity HM/FM multilayer samples to maximize self-
generated SOTs by letting more charge current pass through
the Py layer. The obtained SOT efficiencies of these HM/FM
samples are summarized in Fig. 5(b). Both the conventional
and unconventional SOTs were universally observed. The
different unconventional SOT efficiency is related to the
variation in resistivity of these heavy metals. Note that the un-
conventional out-of-plane SOT was not clearly revealed in the
prior reports for the Pt/Py bilayer system, which is attributed
to the most charge current being shut in the high-conductivity
Pt layer rather than the low-conductivity Py layer.

IV. CONCLUSION

In summary, we experimentally demonstrate that the
nonzero self-induced SOT effects are universal in the sin-
gle conductive FM with reserved symmetry and include the
conventional SOT with IP transverse polarization and the un-
conventional SOT with OOP polarization. These self-induced
SOTs result from the competing spin swapping and bulk
spin Hall effects in the FMs with strong SOC. Our find-
ings support further fundamental understanding of the elusive
current-induced SOTs in various hybrid heterostructures with
new experimental characteristics.
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APPENDIX: DISCUSSION OF HARMONIC HALL
MEASUREMENT FOR SINGLE-LAYER PY

To further confirm the observed nontrivial SOT
in the single-layer Py, we conduct the independent
alternative harmonic Hall voltage measurement. During
the measurement, the excitation current is set with amplitude
at 2 mA and frequency at 133.3 Hz, and a lock-in amplifier
monitors the second harmonic in-plane Hall voltage. The
representative in-plane field-dependent harmonic Hall voltage
result is shown in Fig. 6. The SOT information in such
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FIG. 6. In-plane field angle (¢) dependence of second harmonic
Hall voltage for the single-layer Py.

measurement configuration can be analyzed using the field
angle-dependent symmetry

20 RPHECOSZ¢M
)/(Hext - HaCOSZ¢M)
+ Rycos2ey,

(Ty,FLCOS2¢hy1+ T, DL)

(AD)

where Rppg is planar Hall resistance of the sample, Ry
is a constant consistent of the contributions of 7,pr. and

anomalous Nernst effect, ¢y = ¢ + %‘:j‘” ~ ¢, because the
anisotropic field (H, ~ several Oersteds) of the Py is much
smaller than the applied external field (Hex: ~ 1000 Oe). The
solid line in Fig. 6 shows the best fit. Based on the fitting, we
find the nontrivial spin-orbit torque (z, pr.) to SHE-like torque
(ty,FL) Tatio as % ~ 20. The harmonic measurement also
shows evidence of the nontrivial spin-orbit torque existence,
but it overestimates the nontrivial spin-orbit torque ratio
for the Py with a large anisotropy magnetoresistance. The
overestimation may be attributed to some artificial origins:
(1) since the SHE-like torque-induced effective field is too
small in response to a large H.y to be accurately extracted
from the angle dependence of the harmonic resistance
because the SHE-like SOT efficiency is only 0.018 and
(2) since the z-axis spin polarization torque 7, p; does not
depend on the in-plane component of magnetization, it can
be easily overestimated by a tiny out-of-plane component of
magnetization due to an inevitable slight misalignment of the
applied magnetic field in experimental measurements.
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