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The spin Hall effect has attracted a lot of interest in spintronics because it offers the possibility of a faster

switching route with an electric current than with a spin-transfer-torque device. Recently, fieldlike spin-

orbit torque has been shown to play an important role in the magnetization switching mechanism. However,

there is no simple method for observing the fieldlike spin-orbit torque efficiency. We suggest a method for

measuring fieldlike spin-orbit torque using a linear change in the resonance field in spectra of direct-current

(dc)-tuned spin-torque ferromagnetic resonance. The fieldlike spin-orbit torque efficiency can be obtained

in both a macrospin simulation and in experiments by simply subtracting the Oersted field from the shifted

amount of resonance field. This method analyzes the effect of fieldlike torque using dc in a normal metal,

therefore, only the dc resistivity and the dimensions of each layer are considered in estimating the fieldlike

spin-torque efficiency. The evaluation of fieldlike-torque efficiency of a newly emerging material by

modulation of the resonance field provides a shortcut in the development of an alternative magnetization

switching device.

DOI: 10.1103/PhysRevApplied.9.054035

I. INTRODUCTION

Ferromagnetic resonance (FMR) is a phenomenon in
which the precession amplitude of magnetization reaches
a maximum when the frequency of an applied microwave
(MW) magnetic field generating a driving torque in the
magnetization meets with the precession frequency of a
ferromagnet’s (FM’s) magnetization in an external magnetic
field. When resonance occurs, there is a phase difference of
7/2 between the driving torque and the magnetization in the
resonance magnetic field (or MW resonance frequency).
Normally, a physical system is analyzed through the
resonance field (or the MW resonance frequency) and the
absorption linewidth in a FMR spectrum.

Among several FMR techniques, the spin-torque FMR
(ST FMR) has been developed to investigate spin-transfer
torque in a magnetic tunnel junction [1-4]. Recently, the
ST-FMR technique has been widely used in spin-orbit
torque (SOT) research to measure torques in a FM/normal
metal (NM) bilayer structure [5,6]. Within a NM that shows
a large spin-orbit coupling, there is a spin-current flow
perpendicular to the direction of the electrical current,
which results in the transfer of fieldlike SOT (FLT) and
dampinglike SOT (DLT) to magnetization [7-12]. In ST
FMR, a MW current applied to a NM layer generates an
Oersted torque as well as SOT. When these torques
oscillating with an applied MW frequency resonate the
precession motion of the magnetization under a magnetic
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field, the amplitude of the precession motion of the
magnetization reaches a maximum. The oscillating ampli-
tude of resistance induced by the anisotropic magneto-
resistance and the spin Hall magnetoresistance also
increases and is mixed with the MW current simultane-
ously; therefore, the ST-FMR spectrum affected by SOT
can be measured in a direct-current (dc) voltage [3].

As the line shape in the ST-FMR spectrum includes
information about SOT, various methods have been sug-
gested for SOT analysis: e.g., using the intensities of
symmetric and antisymmetric Lorentzian curves, a non-
FLT model [5], FM layers of varying thickness [12], and
experimentally estimated MW current [13,14]. The ampli-
tude of the MW current has to be considered in line-shape
analysis. In the model without FLT, DLT efficiency (DLTE;
&pL) can be estimated from dividing the DLT by the
Oersted torque instead of obtaining the value of the MW
current. Of course, the line-shape analysis fails if there is
FLT parallel to the Oersted torque. In a FM/NM bilayer
system with SOT, the changing thickness of the FM layer
means a change of the ratio between the Oersted torque and
the SOT. Though FLT efficiency (FLTE; &g ) and DLTE
can be estimated from various thicknesses of the FM layer,
this method assumes that all devices have the same physical
properties. With MW current estimated from a complex
microwave model of a ST-FMR device, verifying the MW
model would be a problem. Moreover, induced voltage
from the inverse spin Hall effect can alter the signal of ST
FMR because the line-shape methods analyze the signal
intensities of two Lorentzians [15,16].
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Here, we consider the effect of FLT in a dc-tuned ST
FMR to investigate the SOT of a FM/NM bilayer structure
in a simulation and in experiments. We obtain FLTE by
analyzing the modulation of the resonance field (MOR) in
the spectra of ST FMR. After a thermal effect of a direct
current is removed from shift of resonance field, the
effective field of a FLT by a dc is estimated by subtracting
the Oersted field from the shift in the resonance field. Also,
we study the precession phase of magnetization, which is
determined by the oscillating FLT, DLT, and Oersted torque
in a resonance magnetic field of various FM thicknesses.
Moreover, we compare two values of FLTE which are
estimated from different schemes. The aim of this article is
the introduction of an evaluation method of FLTE. Thus,
we do not discuss the spin-diffusion length or the bulk spin
Hall angle of tungsten.

II. RESULTS AND DISCUSSION

In the ST-FMR experiment depicted in Fig. 1(a), the
Oersted torque, DLT, and FLT generated from Ampere’s
law, and the spin Hall effect (SHE) by the MW current, lead
to the FMR in the magnetic layer [Fig. 1(b) ]. If we apply a
dc, these three torques are also generated by a dc. Among
them, DLT enhances damping or antidamping depending
on the transferred spin direction during the resonance,
which results in changes in the absorption linewidth [17].
The effective fields of the FLT and the Oersted field are
perpendicular to the dc and are aligned in the plane of the
thin film. Thus, the total static field (H ; ¢a.) applied to the
magnetization can be expressed as

H gaic = Hexi + HOe.dc + HFLT.dcv (1)

where H,,, Ho ¢, and Hg 1 4. are the external magnetic
field, the Oersted field, and the effective field of FLT by
the dc in the NM [Fig. 1(c)]. Thus, in the dc-tuned
ST FMR, the shifted resonance field [AHg(I)=
Hg(I) — Hg(I = 0)] is the amount of vector projection
of the effective field of the FLT and the Oersted field on the
external magnetic field (>10 mT) because two fields by a
dc (approximately 10 mA) are below 1 mT in a normal
ST-FMR device (about 20-yum wide and approximately
5 nm thick), where Hg(I) is the resonance field at
the dc (/) applied to the device. Thus, Eq. (1) can be
expressed as

AHg = —(AHge g + AHpi14c) Sin @, (2)

where ¢ is the angle between the external magnetic field
and the current. As the device is much wider than its
thickness, the Oersted field by the charge current is
—[(Aje.nmdnm)/2] if a direct current uniformly flows in
the NM layer, where j. yy and dyy are the electrical current
density and the thickness of the NM layer. The effective field
of FLT is —&e [/ (2€)][1/ (oM, £)]Aj i, Where 7, e,

H,

: Flext

-

tot,static
X
- HOe,dc
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FIG. 1. Schematic diagrams of a dc-tuned ST FMR. (a) SHE
and dc-tuned ST FMR. The x-y and X-Y planes are in the same
plane, the plane of the film. In the NM layer, the dc and MW
currents along the x axis generate the spin current along the z
axis. The magnetization (M) precessional motion around the
external magnetic field (H,) is applied to a dc flow at a certain
angle (¢). The Oersted field (Ho, 4c) and the effective field of FLT
(HppT.4c) by a dc are indicated. (b) Torques generated from a MW
current in ST FMR. The projected vectors of FLT (g pw), DLT
(tpL.mw)» and the Oersted torque (7oe pw) by @ MW current are
drawn in the Y-Z plane. The precessional motion of magnetiza-
tion (M) is also projected on the same plane. The X axis is the
direction of the external magnetic field. The precessional phase of
magnetization is determined according to the direction of the total
torque (7, pw) on the Y-Z plane. (c) Static fields in dc-tuned ST
FMR. Vectors of H ., Hoe gc and the Hg 7 4. by a dc are drawn on
the x-y plane. The sum of these fields is the total static field
(H ot static) applied to the magnetization. All pictures are drawn
under the assumption that FLTE and DLTE are positive.

poM , and 5 are Plank’s constant, the electronic charge,
the saturation magnetization, and the effective thickness of
the FM layer, respectively [18]. With a FM/NM bilayer
structure, Ajenm is AI[(Rem)/ (Rem + Ram)][1/ (Acxm)]s
where Rpy, Ray, and Acny are the resistance of the FM
layer and the resistance and the cross section of the NM
layer, respectively. Using the above equations, Eq. (2) is
expressed as

5 o 26 AHR 1 RFM + RNM A S dNM
L=\ n J\UAI sing  Rpy et 2

X ﬂOMst%fI{/[' (3)

If we obtain the slope of the resonance field for a dc
applied to the device, FLTE can be estimated with the
additional information about the dimensions and the dc
resistivity of each layer. Here, S is 1 or —1 when the device
has the structure FM/NM, as in Fig. 1(a), or NM/FM.

We simulate a macrospin system in a dc-tuned ST
FMR with the Landau-Lifshitz equation containing the
Slonczewski torques [19-21]. We investigate the magneti-
zation dynamics with the spin-torque efficiency
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(épr, = —0.3 and &i = —0.066) of the NM layer with
respect to the thin-film thickness, the external magnetic
field, the MW current, and the dc. We calculate the
ST-FMR signal (on an arbitrary scale) by multiplying
the magnetization along the y axis by the MW current [3].

Figure 2(a) shows the spectra of the dc-tuned ST FMR at
-10, 0, and 10 mA dc with £, = 2 nm. There are obvious
changes in intensity and linewidth in the spectra because
DLT by dc acts like a damping torque [17]. After these
spectra are fitted with symmetric and antisymmetric
Lorentzians, only normalizations of the absolute symmetric
curves are depicted in Fig. 2(b) [S]. The inset in Fig. 2(b)
presents an enlarged view of the peaks of these spectra; the
resonance field apparently decreases when the applied dc
increases.

Only the effective field of FLT by a dc can lead to a
decrease in the resonance field because the effective field

Effective thickness of FM (nm)

by negative FLTE has a component parallel to the external
magnetic field. By contrast, the Oersted field has a
component that is antiparallel to the external magnetic
field. This field configuration results in an increase in the
resonance field with an increase in dc, which is the opposite
of the effective field by negative FLTE. In Fig. 2(b),
because the effective field of FLT is larger than the
Oersted field, the resonance field finally decreases.

The shifted resonance fields are depicted in Fig. 2(c) as a
function of the dc for each layer. For thin FM layers
(€l < 6 nm), the resonance field decreases with an
increasing current. However, in 7 > 6 nm, the slopes
of the shifted resonance field are positive because the
effective field of FLT is smaller than the Oersted field.

This competition between the Oersted field and the
effective field of the FLT can be observed with application
of the MW current over various FM thicknesses. The
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oscillating total torque consisting of FLT, DLT, and the
Oersted torque by the MW current resonates the magneti-
zation in the ST-FMR experiment [Fig. 1(b)]. With the
increase in the FM layer, the torque in the out-of-plane
direction (the sum of the FLT and the Oersted torque)
changes from negative to positive at the resonant field when
the MW current along the x axis is positive. This is the case
because the relative intensity between the two torques
changes as depicted in Fig. 2(d), which leads to the change
in the magnetization precession phase. The phase differ-
ence [Aw(#)] at the resonance field and a certain FM
layer is defined by subtracting the oscillating phase of the
Oersted torque along the z axis [wo.. ()] from the
precession phase of magnetization along the Y axis

[,y (££5)] and is expressed as

Ay (fi) = W,y (1) = Woe (ti)- 4)

The phase differences for various FM thicknesses are
shown in Fig. 2(d). With increasing the FM layer, the phase
difference increases and reaches 0° between £, = 5.5 and
6 nm. At this FM thickness, only DLT resonates the
magnetization because FLT and the Oersted torque cancel
each other out.

In the ST-FMR experiment, the dc voltage originates
from mixing the oscillating resistance of the device with
MW current [3]. Along the y axis, the oscillating longi-
tudinal resistance is mainly caused by the precession of
magnetization. The MW current generates the oscillating
Oersted field with a 0° or 180° phase difference, depending
on the sample structure. Thus, the phase difference between
the longitudinal resistance and the MW current is related to
the phase difference between the precessional phase of
magnetization and the torque by the Oersted field. Because
the detection mechanism of ST FMR is the same as a
single-axis detection of a homodyne quadrature scheme,
the ratio between the antisymmetric and symmetric
Lorentzians in the line-shape analysis is related to the
phase difference between the mixing components [22,23].
Therefore, in ST FMR, the phase difference [Ay (£,)] can
be expressed as the ratio between the antisymmetric (A) and
symmetric (S) Lorentzians as

() =~ () (5)

Therefore, the ST-FMR measurements of spin-torque
efficiencies analyze the modulation-of-precession phase
(MOP) in magnetization dynamics in various FM thick-
nesses. The phase difference calculated by Eq. (5) is also
depicted in Fig. 2(d).

Using Eq. (3) and the slopes in Fig. 2(c), FLTE is
calculated for each FM layer [see Fig. 2(e)]. For all FM
layers, the estimated values of FLTE are nearly —0.066,
which is the same as the input parameter of the simulation.

In addition, DLTE is calculated from the change in line-
width in the inset of Fig. 2(e), and shows the same behavior
with the input parameter [17].

To observe SOT effects generated from the direct and
MW currents in ST FMR, we perform a dc-tuned ST
FMR in the trilayer system W(5 nm)/Co4Fe B, (try)/
Ta(l nm)(tgy = 2.5-9 nm) [19]. The amplitude of the
MW signal is modulated with several hundred hertz for
lock-in detection. By a bias tee, direct and MW currents
are applied to a device to resonate magnetization and
enhance the SOT. In the dc-tuned ST FMR, the MW power
is 10-20 dBm with 4.5-7 GHz.

Figure 3(a) shows the resonance field with £ =
2.06 nm in dc-tuned ST FMR. An offset of about 0.2 mT
is found at / = 0 mA, which originates from inaccurate
calibration of the external magnetic field. We depict the even
and odd components of Fig. 3(a) in Figs. 3(b) and 3(c) using
{[Hg(1) — H(0)] £ [He(=1) — Hy(0)]}/2, where a (+)
or (-) sign describes an even or odd component.

In Fig. 3(b), the even components fit well with the
quadratic term. Because the increase of temperature by
Joule heating depends on the intensity of the direct current
and not on the direction of the direct current, this thermal
effect should be reflected in the even component of the
shifted resonance field. From the shifted resonance field of
about 0.3 mT at / = £7 mA, it can be estimated that
the effective magnetization changes by about 1% using
the Kittel formula [24]. From Bloch’s law (M(T) =
Mg(0)[1 — (T/T¢)'7]), the increase in temperature can
be estimated to be about 10 K on the assumption that the
Curie temperature (7¢) of the CoyFeyB, layer is 900 K
[25]. With this small change, the effective magnetization is
linearly proportional to the resonance field and temper-
ature. A dc is applied to the device and raises the temper-
ature (7)) of the FM layer because of power dissipation
(Pgiss) by Joule heating. Therefore, the shifted resonance
field should increase with the square of the applied dc
[AHg < 4rAM o o AT o APgis o A(I)?]. We conduct
additional ST-FMR experiments at varying temperatures
in order to confirm that the quadratic shift of the resonance
field comes from the thermal effect of the direct current. In
the experiment, the resonance field is linearly shifted with
an increase of temperature. The resultant shift of the
resonance field is 0.3 mT for a temperature rise of
12(£1) K [19].

Odd components in Fig. 3(c) fit well with the linear
curve and are symmetric along the y axis. The shifted
resonance fields with various FM thicknesses are shown in
Fig. 3(d). With an increase in the FM layer, the slope
decreases and changes its sign near #i; =4.56 nm.
Simultaneously, at the phase difference point shown in
Fig. 3(e), the magnetization phase also changes from
negative to positive. At this thickness, the vector sums of
torques and fields of the Oersted and FLT effects generated
by the dc and MW currents change their direction.
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FLTE and DLTE are calculated by MOR and modulation
of damping (MOD) in the dc-tuned ST FMR [see Fig. 3(f)].
We obtain resistivities of each layer from several sheet
resistances of W/Co,Fe,B, regarded as two parallel resis-
tors. The inverse of the total sheet resistance versus the FM
thickness shows a nearly linear curve. These fitting results
would lead to some errors in calculating the DLTE and FLTE
of each FM thickness. But this error is smaller than 5%
[19,26-30]. As FM thickness increases, the error in estimat-
ing FLTE gradually increases and reaches about 30% of the
data value at £If; = 4.56 nm because the signal-to-noise
ratio decreases in each spectrum due to reduced MW current
density. Above £, = 5 nm, we do not draw SOT efficien-
cies because the error is larger than 50% of the data value and
the deviation between the two directions of the magnetic
field is apparent. Thus, we believe that the obtained data
value does not indicate the real SOT efficiency above
A =5nm. The average value of FLTE is
—0.068(=0.005). In DLTE, errors with £, <5 nm are
below 10% of its value, except for teFﬁ\f,l = 3.56 nm, but

DLTE continuously increases with an increasing FM

Effective thickness of FM (nm)

thickness. The average value of DLTE is
—0.318(40.037). In MOP ST FMR, FLTE and DLTE are
—0.052(+0.002) and —0.310(£0.023).

III. CONCLUSION

In this paper, we obtain fieldlike ST efficiency by
manipulating a resonance field in both simulation and
experiment for a dc-tuned ST FMR. With negative field-
like-torque efficiency, the effective field of fieldlike-torque
efficiency is antiparallel to the Oersted field by current.
Because these fields are added to the external static magnetic
field, the resonance field is shifted with a dc. Moreover, as the
thickness of the ferromagnetic layer increases, a relative ratio
between the effective field of the fieldlike torque and the
Oersted field varies, resulting in a change in the slope of the
shifted resonance field and precession phase of the mag-
netization. The shifted phase is reflected in the ratio between
the antisymmetric and symmetric Lorentzians. Additionally,
we observe a quadratic change in the resonance field because
of Joule heating by the dc.
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