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Current-induced out-of-plane torques in a single permalloy layer with lateral structural asymmetry
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We investigated current-induced torques in a single permalloy layer connected to nonmagnetic electrodes with
lateral inversion asymmetry by spin-torque ferromagnetic resonance. Considering the symmetry of the spin-
torque ferromagnetic resonance spectrum with respect to the magnetic field direction, we successfully separated
various types of torque. In addition to in-plane damping-like and field-like torques, we detected two additional
components of out-of-plane (OOP) torques, the symmetries of which with respect to the magnetic field direction
correspond to an OOP field-like torque and an OOP damping-like torque. We obtained the OOP torques in
particular by breaking a lateral inversion symmetry of the nonmagnetic electrodes, and the sign of the torques is
reversed by inverting the electrode structure. The microwave frequency dependence of the OOP torques indicates
that the OOP torques are not attributable to a spin current but to the Oersted field generated by a nonuniform
charge current, BOersted, and an inductive field, Binduc. (which originates from BOersted). We propose an external
field-free and fast magnetization switching of a ferromagnetic layer with perpendicular magnetic anisotropy by
using Binduc., which can be achieved only by fabricating the electrodes asymmetrically.
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I. INTRODUCTION

Charge-to-spin (C-S) conversion is one of the most widely
studied phenomena in spintronics research [1–6] because
efficient C-S conversion will facilitate highly endurable
magnetoresistive random access memory (MRAM) [7–11].
Breaking of spatial inversion symmetry is essential to C-
S conversion. For example, when an electric current flows
along the x direction, the broken inversion symmetry along
the z direction generates a spin polarization along the y di-
rection. A representative case is the Rashba-Edelstein effect
(REE) [12], where C-S conversion occurs at an interface of
the heterostructure. Such spin polarization can diffuse into
an adjacent ferromagnetic material (FM) and impart torque
to the magnetization [13,14]. Current-induced torques im-
parted by the spin polarization along the y direction are
classified into two components: the in-plane (IP) field-like
(FL) torque (∼y × M) and the IP damping-like (DL) torque
[∼M × (M × y)], where M is the vector of the magnetization
[15,16]. The IP DL torque can be used for magnetization
switching of a FM with IP magnetic anisotropy [8,17,18].
However, the IP DL torque cannot be used for a FM with per-
pendicular magnetic anisotropy (PMA) unless an additional
external magnetic field is applied [7,19], although PMA is
advantageous in terms of integrating MRAM.

Recently, as a counterpart of the REE, current-induced out-
of-plane (OOP) torques via broken lateral inversion symmetry
induced by a broken crystalline symmetry [20,21] or an artifi-
cial wedge structure [22] have been reported. OOP torques are
classified into two components: the OOP FL torque (∼z × M)
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and the OOP DL torque [∼M × (M × z)] [20]. Because the
OOP DL torque can induce field-free magnetization switching
of a FM with PMA [23,24], generation of the OOP DL torque
is strongly desired. However, in contrast to the broken vertical
inversion symmetry that is readily induced by fabricating a
heterostructure, introduction of lateral inversion symmetry
is technically difficult. Although the aforementioned meth-
ods generate OOP torques, broken crystalline symmetry is
nonversatile. Application of the artificial wedge structure to
practical MRAM is also difficult because the broken lateral
inversion symmetry should be introduced within the device,
the size of which is generally less than 100 nm × 100 nm. To
develop a simple method to introduce broken lateral inversion
symmetry in small devices only by using familiar materials,
in this study we focus on the lateral inversion symmetry of
nonmagnetic electrodes connected to FM. Because a finite
asymmetry can be induced by the distribution of a charge
current flow, such asymmetry might contribute to inducing the
OOP torques. By measuring the angular dependence of the ex-
ternal magnetic field of spin-torque ferromagnetic resonance
(ST-FMR) signals, we obtained additional two components
of OOP torques, the symmetries of which with respect to
the magnetic field direction corresponded to OOP DL and
FL torques. Furthermore, a sign of the OOP torques was re-
versed when we inverted the lateral symmetry of the electrode.
However, the frequency dependence of the ST-FMR signals
indicated that the OOP DL torque was mainly due to an
inductive magnetic field, Binduc., generated by the eddy cur-
rent. Although generation of the OOP DL torque originating
from a spin current is not pertinent, we propose an external
field-free magnetization switching of PMA by using Binduc.,
which remained after the IP DL and FL torques were no longer
evident.
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FIG. 1. (a) Schematics of device structure and electrical circuit.
(b) View of the device structure from the z-axis. ST-FMR spec-
tra when f = 13 GHz for (c) �l = 0 μm and (d) −20 μm. Red
and blue curves show the symmetric and antisymmetric Lorentzian
components, respectively, obtained from the fitting of the ST-FMR
spectrum. Insets show f as a function of Bres, and red curves are the
fitting results by using the Kittel equation.

II. SAMPLE FABRICATION AND
EXPERIMENTAL PROCEDURE

Figure 1(a) shows schematics of the device structure and
the electrical circuit in this study. We used a single permalloy
(Ni81Fe19, Py) layer to observe the OOP torques clearly, be-
cause in nonmagnetic material (NM)/FM bilayer structures,
the torque via the Oersted field and the IP DL torque via
the spin Hall effect (SHE) in NM are pertinent and hinder
highly sensitive detection of OOP torques. A rectangular Py
(5.5-nm)/Al (2-nm) layer was fabricated on a MgO (100)
substrate using electron-beam lithography and electron-beam
deposition. Deposition of the Al layer prevented oxidation
of the Py layer. The electrical conduction of the Al (2-nm)
layer was confirmed to be negligible after exposure to the
air because of formation of the oxidation layer, AlOx. Then,
nonmagnetic Ti (3-nm)/Au (50-nm) electrodes with a copla-
nar waveguide structure were fabricated after Ar ion milling
to obtain electrical contact. Figure 1(b) shows a schematic
top view of the device structure from the By changing the
shape of the Ti/Au electrodes, the lengths of the Py channel
at each side (l1 and l2) were changed from 5 to 25 μm
to break lateral inversion symmetry. �l was changed from
−20 μm to 20 μm, where �l = l2–l1. ST-FMR was used to
observe the magnitude and direction of the current-induced

torques [15,25,26]. Under irradiation of a microwave electric
current from a microwave source with an external magnetic
field, Bext, along the θ direction, the current-induced torques
produced an oscillation of the magnetization and resulting os-
cillating resistance via anisotropic magnetoresistance (AMR)
around the ferromagnetic resonance condition. The oscillating
resistance was rectified by the rf electric current, Irf , and
a nonzero direct-current (DC) voltage, VDC, was generated,
which was measured with a nanovoltmeter via a bias tee.
Regarding a plot of VDC as a function of Bext, the spectrum
consists of symmetric and antisymmetric Lorentzian func-
tions. In a NM/FM bilayer structure, the spin-orbit torque
(SOT) produces the symmetric Lorentzian function, and the
Oersted field via the electric current flowing in the NM layer
is the main contributor to the antisymmetric Lorentzian. In
this case, the torque efficiency can be estimated by taking the
ratio between two Lorentzian functions. In a single FM layer,
however, the aforementioned analysis is unavailable because
the Oersted field via the electric current flowing in the FM
layer does not impart a torque to the magnetization of the FM
layer, and other contributions such as the IP FL torque and
OOP torques become non-negligible. Therefore, the shape of
each Lorentzian function was directly analyzed as explained
in a subsequent paragraph. The microwave power was fixed
to 5 dBm and all measurements were carried out at room
temperature. The value of θ was fixed to 45 ° unless otherwise
indicated.

III. SYMMETRY OF ST-FMR SIGNALS WITH RESPECT
TO MAGNETIC FIELD DIRECTION

Figure 1(c) and 1(d) show ST-FMR spectra with a mi-
crowave frequency, f = 13 GHz, and the insets show f as a
function of the FMR field, Bres, when �l = 0 and –20 μm,
respectively. In both cases, signals were well fitted by the sum
of the symmetric and the antisymmetric Lorentzian functions
expressed as [25]

VDC = A
�(Bext − Bres )

(Bext − Bres)2 + �2
+ S

�2

(Bext − Bres)2 + �2
, (1)

where A is the amplitude of the antisymmetric Lorentzian,
S is the amplitude of the symmetric Lorentzian, and �

is the half width at half maximum. In addition, f -Bres

plots were well-fitted by the Kittel formula [27], f =
(2π/γ )

√
Bres(Bres + μ0Meff ), where γ is the gyromagnetic

ratio, μ0 is the vacuum permeability, and Meff is the effective
magnetization [Fig. 1(c) and 1(d)]. Therefore, we confirmed
uniform excitation of FMR despite the reduced geometrical
symmetry in the devices. Here, we focused on the symmetry
in A and S under magnetic-field reversal. When �l = 0 μm,
both A and S were approximately antisymmetric; i.e., the
magnitudes were unchanged but the signs were opposite with
respect to the magnetic field direction [Fig. 1(c)]. However,
when �l = –20 μm, A and S were obviously asymmetric;
i.e., the magnitudes differed with respect to the magnetic-field
direction [Fig. 1(d)]. To verify the origin of this asymme-
try, we measured the θ dependence of the ST-FMR spectra.
Figure 2(a)-2(f) shows the θ dependences of A and S for
devices with �l = 0 μm [Fig. 2(a) and 2(b)], �l = 20 μm
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FIG. 2. θ dependence of (a) A and (b) S for a device with �l = 0 μm. Those of devices with (c and d) �l = 20 μm and (e and f) −20 μm
are also shown. θ dependences of A are fitted by sin2θ cosθ (blue), sin2θ (green), and sin2θ sinθ (purple). θ dependences of S are fitted by
sin2θ cosθ (blue), sin2θ (green), sin2θ sinθ (purple), and sinθ (gold). Red curves are the sum of all of the components.

[Figs. 2(c) and 2(d)], and �l = –20 μm [Figs. 2(e) and 2(f)].
In accordance with prior research, the θ dependence of A
consists of three terms: sin2θ cosθ (blue), sin2θ sinθ (purple),
and sin2θ (green); and that of S consists of four terms:
sin2θ cosθ (blue), sin2θ sinθ (purple), sin2θ (green), and
sinθ (brown) [28,29] as shown in Tables S1 and S2 in Sup-
plemental Material A [30]. The colors in brackets correspond
to the color of the lines in Fig. 2. The origin of the sin2θ

dependence in all of the terms except for the sinθ term in
S is attributable to the differential of the AMR signals, and
the other dependences are attributable to the θ dependence
of the torque (Tables S1 and S2 in Supplemental Material
A [30]). The contribution of the sin2θ sinθ (purple) term
originating from x-polarized spin [31] and that of the sinθ

(brown) term originating from spin pumping and the ther-
moelectric effect [32] were less than 6% of the sum of all
the terms for all the devices, indicating that four types of
torque are dominant: IP FL torque (sin2θ cosθ in A), IP
DL torque (sin2θ cosθ in S), OOP FL torque (sin2θ in S),
and OOP DL torque (sin2θ in A) [33], as summarized in
Table I. In an ideal case, a net spin current along the z direction
is expected to be zero because the adjacent materials of the
top and bottom surfaces of the Py layer are both an insulator.
However, when the anomalous SOT [34], nonuniform mag-
netism [35], stress coming from the substrate [36], or REE at
the Py/AlOx interface [13] are present, finite IP torques are
expected. The asymmetry in the ST-FMR spectra with respect
to the magnetic-field direction [Fig. 1(d)] originated from
the difference in symmetry under 180 ° rotations between
sin2θ cosθ and sin2θ . Therefore, we can estimate the effective
magnetic fields corresponding to each torque by addition and

subtraction operations [26],

Sodd ≡ Sθ − S180◦+θ

2

= BDL,y
πwtRAMR f

�γ (2Bres + μ0Meff )
sin2θ cosθ, (2a)

Seven ≡ Sθ + S180◦+θ

2
= −BFL,z

πwtRAMR f

�γ (2Bres + μ0Meff )
sin2θ,

(2b)

Aodd ≡ Aθ − A180◦+θ

2

= −BFL,y
wtRAMR(Bres + μ0Meff )

2�(2Bres + μ0Meff )
sin2θ cos θ, (2c)

and

Aeven ≡ Aθ + A180◦+θ

2

= −BDL,z
wtRAMR(Bres + μ0Meff )

2�(2Bres + μ0Meff )
sin2θ, (2d)

where BDL,y(z) and BFL,y(z) represent the effective DL and FL
field, respectively; w is the width of the channel; � is the
Dirac constant; e is the elementary charge; Ms is the saturation
magnetization; and t is the thickness of the Py layer. We
used the fact that the AMR in our devices has the form R =
R0 + RAMRsin2θ (Supplemental Material B [30]). The Oersted
field along the y and z directions were included in BFL,y and
BFL,z, respectively. Here, directions of BDL,y, BFL,z, BFL,y, and
BDL,z are along y × M, z, y, and z × M, respectively.

TABLE I. Summary of the symmetry of the torques observed in our experiments.

IP FL, ξFL,y IP DL, ξDL,y OOP FL, ξFL,z OOP DL, ξDL,z

Torque form y × M M × (M × y) z × M M × (M × z)
θ dependence in ST-FMR sin2θ cosθ in A sin2θ cosθ in S sin2θ in S sin2θ in A
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FIG. 3. Torque efficiencies as a function of �l for (a) IP DL
torque, ξDL,y; (b) IP FL torque, ξFL,y; (c) OOP DL torque, ξDL,z; and
(d) OOP FL torque, ξFL,z. Insets show the directions of the effective
magnetic fields that correspond to each torque when the electric
current is along the x direction.

IV. TORQUE EFFICIENCIES AND ORIGINS
OF OOP TORQUES

Figure 3(a)-3(d) shows each torque efficiency, ξ , as a func-
tion of �l calculated by using relationships between ξ and B
[15,16,26],

BDL(FL) = ξDL(FL)
h̄Irf

2eMSwt2 , (3)

and the insets show the directions of each effective magnetic
field. Here, we determined Irf , RAMR, and Ms by additional
experiments (Supplemental Material B [30,37]). Although we
detected contributions of IP FL and DL torques as shown in
Fig. 2, ξDL,y and ξFL,y are one or two orders of magnitude
smaller than the typical values in the NM/FM bilayer struc-
tures. The enhancements of ξDL,y and ξFL,y at �l = ±20 μm
might be due to an increment of net spin current along the
z direction via enhancement in asymmetry of the spin, mag-
netic, and structural properties along the z direction, induced
by the large current density and/or Joule heating. The polarity
of ξDL,y and ξFL,y is always positive and negative, respectively,
and we confirmed no clear correlation with �l , as shown
in Figs. 3(a) and 3(b). In contrast, the OOP torques, ξDL,z

and ξFL,z, strongly depended on �l . The positive correlation
between the OOP torques and �l indicates that the lateral in-
version asymmetry was essential to generate the OOP torques.
We note that enhancement of the IP torques at �l = ±20 μm
does not affect the estimation of the OOP torques because
the OOP torques are separated from the IP torques using
Eqs. (2a)–(2d).

Here, we discuss possible origins of the OOP FL and DL
torques. The OOP FL torque can be simply understood as a
consequence of the Ampere law. A finite magnetic field along
the z direction because of Oersted field, BOersted, is expected
because of the nonuniform charge current flow in the Py layer,
resulting in an OOP FL torque [28,38]. In contrast, the mecha-
nism of the OOP DL torque is unclear. We note that generation
of the OOP DL torque is not restricted to a specific shape of
the electrode shown in Fig. 1(a) and 1(b), because we obtained
a finite OOP DL torque in devices with a different electrode
structure, as discussed in Supplemental Material C [30]. One
can imagine that the OOP spin accumulates at the edge of the

FIG. 4. Microwave frequency f dependence of (a) ξDL,z and (b)
ξFL,z for �l = 20 μm.

Py layer because the SHE might contribute to the OOP DL
torque. Because of the nonuniform flow of the electric current,
the OOP spin at one side with a shorter length is more perti-
nent than that with a longer length. However, the sign of ξDL,z

via OOP spin accumulation at the edge should be opposite to
the observed values considering the positive spin Hall angle of
Py [39,40], indicating that the SHE is not a dominant contribu-
tor to the OOP DL torque. OOP spin polarization was recently
reported when a spin along the magnetization direction was
rotated by the Rashba effective field at the interface [41,42].
However, such torque has additional cosθ dependence, which
is inconsistent with sin2θ behavior in A. In the same manner,
the spin swap effect [43,44] and the magnetic SHE [6] are also
excluded. The anomalous Nernst effect and the spin pumping
are also not the dominant originators because they do not
have sin2θ dependence (Tables S1 and S2 in Supplemental
Material A) [26,30,33,45].

To reveal the origin of the OOP DL torque, we investigated
the f dependence of ST-FMR signals. Figure 4(a) and 4(b)
shows the f dependence of ξDL,z and ξFL,z. Unexpectedly,
ξDL,z was considerably enhanced with increasing f , which
differs from the conventional SOT originating from, for ex-
ample, the SHE [25]. The aforementioned mechanisms are
not a dominant factor because they are expected to have no f
dependence. One plausible origin of the OOP DL torque is the
inductive magnetic field. By applying BOersted via the nonuni-
form charge current, an inductive charge current (i.e., eddy
current) is generated. Here, the phase of the eddy current is
shifted by π /2 from BOersted because of Faraday’s law. Finally,
the eddy current generated an additional inductive magnetic
field, Binduc., along the z direction, which is well known as the
complex magnetic permeability [46]. This behavior becomes
pronounced under the application of a magnetic field along the
z direction, because a sufficient eddy current can be generated
because of the large area of the Py film. The Binduc. acted as
the OOP DL torque in the ST-FMR measurements because
of the phase shift by π/2 (Supplemental Material D [30]).
This hypothesis clearly explains the enhancement of ξDL,z

in the high f region [Fig. 4(a)] because the inductive effect
was enhanced at high frequency. A slight reduction in ξFL,z

in the high f region [Fig. 4(b)] also can be explained in
the framework of the inductive effect. When the inductive
effect is dominant in ξFL,z, ξFL,z (corresponding to the real
part of the complex magnetic permeability) should decrease
as ξDL,z (corresponding to the imaginary part of the complex
magnetic permeability) increases. The f dependences of ξFL,z

and ξDL,z (Fig. 4) qualitatively correspond to those of the real
and imaginary parts, respectively, of the complex magnetic
permeability [46]. Therefore, we conclude that the resulting
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FIG. 5. Results of the time evolution of the z-component of
magnetization, mz, by a micromagnetic simulation. The simula-
tion conditions correspond to the SOT magnetization switching of
a FM/NM bilayer structure with asymmetric NM electrodes. We
applied BOersted or Binduc. along the OOP direction with or after
application of the IP DL torque, respectively. Comparison of magne-
tization switching properties (a) under various amplitudes of Binduc.

and (b) under application of BOersted and Binduc. with a magnitude
of 2 μT. Result of –z to +z switching realized by inverting initial
magnetization, injected spin orientation, and the sign of Binduc. is also
shown in the inset. We injected a 100-ps-width spin-polarized current
at t = 0. We applied BOersted concomitantly with the spin-polarized
current. We applied Binduc. at t = 100 ps (indicated as a dotted line),
which exponentially decayed. The spin current was injected from
the bottom surface, which might cause a slight difference in the
magnetization switching properties between –z to +z and +z to –z.

OOP DL torque in this study is not due to the spin current
along the z direction, but to the FL torque generated by the
inductive field along the z direction.

V. EXTERNAL FIELD-FREE MAGNETIZATION
SWITCHING USING Binduc.

We briefly comment on applications of Binduc. with an
asymmetric device structure in this study for SOT magne-
tization switching of PMA. Combining the IP torques and
Binduc. might enable fast and external field-free magnetization
switching. If we use a heavy metal/PMA bilayer structure
with asymmetric electrodes, the IP torques via the SHE of
the heavy metal efficiently rotate magnetization. Within a
short time after stopping the pulse current, during which
only Binduc. remains because of the inductive effect, magne-
tization is relaxed to the –z direction by the perpendicular
anisotropy field and Binduc.. To confirm the effect of Binduc.,
we carried out a micromagnetic simulation using MuMax3
[47,48] (Supplemental Material E [30]). In the simulation,
we used ferromagnetic materials with PMA. After we ini-
tialized magnetization along the +z direction, we injected
a spin current with +y spins from the bottom plane. Sub-
sequent to the spin-polarized current, we applied Binduc. at
t = tpls = 100 ps. Here, Binduc. decayed exponentially with a
time constant τ = 500 ps; i.e., Binduc. = B0 exp[–(t–tpls )/τ ].
Figure 5(a) shows the time evolution of the z component of
the magnetization, mz. We immediately aligned mz along +y

by the IP DL torque. When B0 = 0 and 1 μT, we did not
achieve deterministic switching. However, when B0 > 2 μT,
mz was successfully relaxed to the –z direction, indicating
SOT switching of PMA without an additional magnetic field.
The magnitude of B0 used in the simulation is comparable
to that observed in our experiments, which is one-fifth of
the typical value expected in the previous studies for the
SOT switching of PMA; i.e., external field-free switching of
PMA is possible by simply introducing asymmetry of the
electrodes. We also realized magnetization reversal from –z to
+z as shown in the inset of Fig. 5(b). Additionally, we realized
switching of the PMA even when we changed temperature.
We emphasize that BOersted, which we applied concomitantly
with the spin-polarized current, cannot realize deterministic
magnetization switching [Fig. 5(b)]. Therefore, a phase shift
of the OOP magnetic field, Binduc., is an important feature to
induce external field-free magnetization switching.

Finally, we estimate the minimum device size to which
the OOP inductive torque is applicable. Because Binduc. orig-
inates from the eddy current, the minimum size that Binduc.

appears is scaled by the skin depth, δ (Supplemental Material
F [30]) [49]. Here, δ is expressed as δ = 1/

√
π f μDCμ0σ ,

where μDC is relative permeability in the DC limit, μ0 is
the magnetic permeability of free space, and σ is conduc-
tivity. Although the typical μDC of the ferromagnetic layer
is 102 ∼ 106 [50], μDC = 1 is suitable for estimation of
δ because the magnetization immediately before generation
of Binduc. is kept along the in-plane direction due to the
SOT, which substantially increases the minimum size for
application of the OOP inductive torque. Using the typical
value of σ , 1.0 × 106 �–1 m–1 of FM [51], and typical cur-
rent density in PMA magnetization switching, 5 × 1011 A/m2

[52], the minimum length of the rectangular PMA layer for
generation of Binduc. = 2 μT is approximately 400 and 100
nm for the fall time of the pulse current of 100 and 10 ps,
respectively. These values are rather large compared with
those of a practical magnetic device. A pulse current with a
steep change is desired to reduce the device size. However,
we also propose a device structure for applying the OOP
inductive torque to a much smaller device size. The proposed
device has a NM/FM(PMA) or FM(PMA)/NM bilayer for
generating SOT connected to asymmetric electrodes, and an
isolated metal layer without any electric connection located
beneath or on top of the PMA layer (Supplemental Material F
[30]). In this case, the size of the metal layer can be designed
freely and maximum Binduc. can be realized by optimizing the
size of the metal layer.

VI. CONCLUSION

We obtained additional components of current-induced
torques, the symmetries of which with respect to the
magnetic-field direction corresponded to the OOP DL and
FL torques, in a single Py layer connected to electrodes with
lateral asymmetry. We reversed the polarity of the torque by
inverting the lateral symmetry of the electrodes. The OOP FL
torque originated from the nonuniform charge current. In con-
trast, the OOP DL torque was not a real spin torque induced
by spin-current injection but was due to the phase shift of
the OOP FL torque generated by the inductive OOP magnetic
field Binduc.. We proposed an alternative method for field-free
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SOT magnetization switching of PMA by using Binduc. instead
of the real OOP DL torque generated by the spin current along
the OOP direction. The micromagnetic simulation revealed
the usefulness of Binduc.. Findings in this study provide a
versatile method for the external field-free SOT switching of
FM with PMA only by modulating the NM electrodes, and
they contribute to further progress in MRAM technologies.
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