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The manipulation of magnetization via magnetic torques is one of the most important phenomena
in spintronics. In thin films, conventionally, a charge current flowing in a heavy metal is used
to generate transverse spin currents and to exert torques on the magnetization of an adjacent
ferromagnetic thin film layer. Here, in contrast to the typically employed heavy metals, we study
spin-to-charge conversion in ferromagnetic heterostructures with large spin-orbit interaction that
function as the torque-generating layers. In particular, we chose perpendicular magnetic anisotropy
(PMA) multilayers [Co/Ni] and [Co/Pt] as the torque-generating layers and drive magnetization
dynamics in metallic ferromagnetic thin film Co20Fe60B20 (CoFeB) layers with in-plane magnetic
anisotropy (IMA). We investigate the spin dynamics driven by spin-orbit torque (SOT) and the
concomitant charge current generation by the inverse SOT process using an inductive technique
based on a vector network analyzer. In our experimental findings, we find that the SOTs generated
by our multilayers are of a magnitude comparable to those produced by Pt, consistent with first-
principles calculations. Furthermore, we noted a significant correlation between the SOT and the
thickness of the CoFeB layer.

I. INTRODUCTION

The spin-to-charge conversion facilitated by
spin–orbit interaction, has emerged as a key focus
in spintronics research due to its potential practical
applications for energy-efficient and fast control of mag-
netization in spintronic devices [1–3]. Conventionally,
a heavy metal with strong spin-orbit coupling (SOC)
is used for this purpose [4–6]. The interconversion
of electrical charge currents and spin currents in fer-
romagnet/nonmagnet (FM/NM) multilayers connects
electric currents to magnetic torques during the forward
process, known as SOT [7–10]. In the inverse process
(iSOT) [11–13], they link magnetization dynamics with
spin pumping and conversion of spin currents to the
charge currents. The SOT and iSOT processes are
thereby reciprocal [11]. The SOTs arising from the
spin Hall effect (SHE) and Rashba–Edelstein effect in
heavy nonmagnetic (NM) layers like Pt, β-Ta and W
have been thoroughly examined and modeled [14–17].
Investigations into these torques have been conducted in
both forward and inverse configurations.

Another possible mechanism contributing to mag-
netic torques is the orbital Hall effect (OHE) that can
also account for the extended dephasing length of an-
gular momentum in ferromagnets [18–21]. However, the
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efficiency of OHE generation varies among different mag-
netic materials [22, 23], and experimentally distinguish-
ing the OHE contribution from the SHE remains a sig-
nificant challenge. A common experimental approach for
spin-to-charge conversion involves injecting spin currents
into a heavy metal from an adjacent ferromagnetic ma-
terial and subsequently evaluating the resulting charge
current or voltage. The spin current is often injected by
exciting ferromagnetic resonance (FMR) and spin pump-
ing [24].

In this work, we employ a ferromagnetic material
to generate SOTs using a method similar to that in
Refs. [25, 26], which involves two ferromagnetic layers:
one with perpendicular magnetization and the other with
in-plane magnetization. This methodology has already
been theoretically proposed in Ref. [27]. We employ an
ac inductive method [13], wherein an ac spin current
is injected from a ferromagnetic layer into an adjacent
layer by spin pumping. The ac spin current is converted
into an ac electric current through the various spin-to-
charge conversion processes. We explore spin-to-charge
conversion in ferromagnetic heterostructures containing
multilayers with PMA, specifically [Co/Ni] and [Co/Pt].
These structures induce SOTs in neighboring CoFeB
thin films with IMA. We extract the spin dynamics and
SOTs by applying vector network analyzer ferromagnetic
resonance spectroscopy (VNA-FMR) [13, 28, 29]. We
have witnessed large SOTs from these ferromagnetic lay-
ers specially from [Co/Ni] multilayer which is compara-
ble to what has already been observed in heavy metal
Pt [13, 15, 30].
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FIG. 1. Sample growth order and measurement setup. (a) Sample stack with one ferromagnetic PMA layer and one ferro-
magnetic IMA layer separated by a nonmagnetic spacer. (b) Bilayer consisting of a heavy metal and an IMA ferromagnet.
(c) Measurement setup with external magnetic field orientations for IP and OOP configurations and coplanar waveguide. The
figure is not to scale for better visibility.

II. SAMPLE GROWTH

To study the SOTs in all-ferromagnetic hybrids, we
prepared several sample series with two different kind
of sample stacks using sputter deposition. The first
two sample series contain two layers of ferromagnets.
One of the ferromagnet layers has PMA, and the other
layer has IMA. These two layers of ferromagnets are
separated by copper (Cu), a non-magnetic metal. For
the PMA layers, we choose [Co(0.2)/Ni(0.6)]6 and
[Co(0.5)/Pt(0.5)]5, where the numbers in parentheses
indicate the thickness of the layer in nanometres. We
prepared two series of metallic stacks for PMA samples
consisting of substrate/Ta(3)/Cu(3)/[Co(0.2)/Ni(0.6)]6/
Cu(3)/CoFeB(dCoFeB)/MgO(2)/Ta(4) and substrate/
Ta(3)/Cu(3)/[Co(0.5)/Pt(0.5)]5/Cu(3)/CoFeB(dCoFeB)
/MgO(2)/Ta(4) as shown in Fig. 1(a). The third series
of samples is a bilayer system containing a layer of heavy
metal (Pt) and the same IMA ferromagnet (CoFeB) that
we used for the PMA series. The bilayer series consists of
substrate/Ta(3)/Cu(3)/Pt(4.8)/CoFeB(dCoFeB)/MgO(2)
/Ta(4) as shown in Fig. 1(b). The thickness of Pt(4.8) is
chosen to match the thickness of the PMA layer from the
other series for a better comparison. This series was also
investigated with the same spacer that we used for the
first two PMA samples series, so the forth series contains
substrate/Ta(3)/Cu(3)/Pt(4.8)/Cu(3)/CoFeB(dCoFeB)/
MgO(2)/Ta(4) (sample stack not shown explicitly in
Fig. 1).

III. EXPERIMENTAL TECHNIQUE

As demonstrated in Fig. 1(c), the samples with l
= 10mm length are placed on a coplanar waveguide
(CPW), facing down, with in-plane (IP) or out-of-plane
(OOP) field H0 configuration. The actual size of the
samples used is 6 × 10mm2 with substrate thickness of

525 µm. Further details about sample fabrication and
substrate are provided in the Supplemental Material [31].
This CPW has a characteristic impedance Z0 = 50Ω and
a signal line with width Wwg = 80µm. The CPW-sample
assembly is placed between the pole shoes of an electro-
magnet which can produce a static magnetic field up to
µ0H0 ≈ 2.5T.

For our experiments, we use the VNA-FMR tech-
nique to obtain magnetic-field and frequency-dependent
S21 parameters with complex amplitude. Quantitative
evaluation of the S21 data [13, 29, 32, 33] provides a
measure of the spin-orbit torque (SOT) [25, 34, 35]. All
measurements are carried out at room temperature. We
measure the microwave transmission through the CPW
loaded with the sample with the VNA as we sweep a
dc magnetic field IP (H0 ∥ x̂) or OOP (H0 ∥ ẑ) [see
Fig. 1(c)] through the FMR condition of the CoFeB layer.
To enhance the signal-to-noise ratio, we repeat the field
sweeps and average the transmission data. Our technique
takes advantage of the magnitude and phase of the sig-
nal to directly investigate the alternating charge currents
generated by iSOT [36–39]. We measure the change in
microwave transmission

∆S21 = −1

2

(
iωL

Z0 + iωL

)
≈ − iωL

2Z0
(1)

where ω is the microwave frequency, that is related to
the complex inductance L, where L is the sample induc-
tance from magnetization precession as well as ac current
flow. Extraction of L is critical for the analysis of our
data, as it contains information on currents generated
by odd symmetry SOTs that are commonly attributed
to, e.g., spin pumping and the inverse spin Hall effect
(iSHE) [38, 40] and also currents generated by even sym-
metry SOTs commonly attributed to, e.g., the inverse
Rashba–Edelstein effect (iREE) [41–43]. We note that
both iSHE and iREE can generate SOTs of both symme-
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tries and we thus refer to the symmetry of the torque (odd
or even) and not to the microscopic mechanism when dis-
cussing our data.

IV. DATA ANALYSIS

To study the effect of ferromagnet thickness on even
symmetry and odd symmetry magnetic torques gener-
ated by a ferromagnetic layer or heavy metal layer with
strong SOC [3, 44], we investigate four different sample
series as shown in Fig. 2. The sample growth sequence
is indicated from left to right, with the substrate consis-
tently positioned on the left. We obtain FMR spectra
while varying the IP and OOP external magnetic field,
H0 with microwave frequencies ranging from 8GHz to
40GHz and 10GHz to 24GHz respectively. The VNA
output power is set to 0 dBm, such that all measurements
are carried out in the small-angle precession linear regime
of the magnetization dynamics. We begin by measuring
S21 VNA-FMR spectra and fit these data to

S21(ω,H0) = S0
21 − iAeiϕχyy(ω,H0) , (2)

where S0
21 = C0 + C1H0 is the background origi-

nating from the frequency-dependent transmission of the
setup with C0 and C1 as complex offset and slope correc-
tions respectively to the background. Here, χyy(ω,H0) is
the frequency-dependent magnetic susceptibility [13, 36].
The magnitude of the signal is denoted by A and ϕ is
the raw phase of the signal. Therefore, a background-
corrected signal ∆S21 is obtained as [13]

∆S21(ω,H0) =
S21(ω,H0)− S0

21

S0
21

= −i
Aeiϕχyy(ω,H0)

(C0 + C1H0)
.

(3)
The background-corrected exemplary Re (∆S21), OOP
data for four different samples is shown in Fig. 2. For
all samples, we observe a significant dependence of sig-
nal amplitude and phase on frequency. This indicates
that the signal cannot be purely attributed to the dipo-
lar inductance due to magnetization precession and con-
comitant voltage generation in the CPW by Faraday’s
law, which would always result in a pure dip-like signal
shape in Re (∆S21). In particular, a maximum change
of lineshape is observed when we sweep through the en-
tire frequency range for the [Co/Ni]/Cu/CoFeB sample.
This indicates that this sample shows the highest spin-
to-charge conversion efficiency in Fig. 2. For further data
evaluation, we now concentrate on the complex-valued in-
ductance L, which contains information about the mag-
nitude and phase of the signal as shown in Fig. 2. To
remove the impact of the CoFeB properties on L, we
introduce the normalized inductance L̃. Using Eq. (1)
and Eq. (3) and for Z0 ≫ ωL the normalized inductance
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FIG. 2. Obtained Re (∆S21) of FMR spectra for OOP con-
figuration for four different sample types with excitation fre-
quencies ranging from 10GHz to 24GHz. The first and last
Re (∆S21) spectra are labeled with their corresponding fre-
quencies. (a) a PMA sample with [Co/Ni]/Cu/CoFeB. (b)
a PMA sample with [Co/Pt]/Cu/CoFeB. (c) a sample with
heavy metal and a spacer Pt/Cu/CoFeB. (d) a sample with
a bilayer Pt/CoFeB. When H0 meets the FMR condition, we
observe Re (∆S21) ∝ Re (L). The alteration in the amplitude
and line shape indicates the existence of frequency-dependent
inductive components which is highest in [Co/Ni]/Cu/CoFeB.

L̃ = L/χyy is calculated as

L̃(f) =
Aeiϕ

(C0 + C1H0)

Z0

πf
. (4)

Since L̃ is a complex quantity, we plot Re (L̃) and Im (L̃)
as a function of frequency for selected samples in Fig. 3.
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FIG. 3. Real and imaginary inductances data (symbols) ver-
sus frequency together with the fits (solid lines) to Eq. (5)
and Eq. (6) for OOP configuration for same samples as in

Fig. 2. (a) Re (L̃) for four different samples as a function of
frequency. The slope of the fits gives the values of (σF

e −σSOT
e ).

(b) Im (L̃) for the same samples. Here the linear slope of the
fits reflects σSOT

o .

All samples have similar thicknesses of CoFeB. We define
σ̃FM1 or σ̃NM = (σF

e − σSOT
e ) + iσSOT

o [13] as the effec-
tive conductivity which contains both the magnitude and
symmetry (σe for even symmetry and σo for odd symme-
try with respect to time-reversal) of magnetic torques re-
sulting from applied charge currents. Conversely, it also
characterizes the alternating (ac) charge currents flowing
within a sample in linear response to driven magnetiza-
tion dynamics. The real part of σ̃NM consists of condi-
tions both from Faraday effect (σF

e ) and even symmetry
SOTs (σSOT

e ) while the imaginary part contains contri-
butions from odd symmetry SOTs (σSOT

o ). As shown
in Fig. 3, the measured complex-valued inductances scale
linearly with frequency. Following Berger et al. [13], we
fit our inductance data to

Re(L̃) =
µ0l

4

[
dFM2

Wwg
η2(z,Wwg) + η(z,Wwg)

×L12(z,Wwg, l)ℏω
µ0lMse

(
σF
e − σSOT

e

)]
,

(5)

Im(L̃) =
µ0l

4

[
η(z,Wwg)

×L12(z,Wwg, l)ℏω
µ0lMse

σSOT
o

] (6)

to extract (σF
e −σSOT

e ) and σSOT
o from the slope of the fits.

Here, µ0 is the vacuum permeability, Ms and dFM2 are
the saturation magnetization and thickness of the CoFeB
layer, η(z,Wwg) ≡ (2/π) tan−1(Wwg/2z) is the spacing
loss that reduces the signal induced into the CPW from
currents in the sample due to the non-zero distance z
between the CPW and the sample [13]. The value of z for
our experiments varies between about 3 µm ≤ z ≤ 30 µm.
Exact values for z for all measurements are shown in
the Supplemental Material [31]. The L12 is the mutual
inductance between the sample and CPW as described
in Ref. [13].

V. RESULTS AND DISCUSSION

A. EXPERIMENTAL RESULTS

The effective conductivities σSOT
e and σSOT

o for four
different series of samples in IP and OOP are shown in
Fig. 4. Panel (a) summarizes the results of σSOT

e . It is im-
portant to note that here we did not separate the Faraday
conductivity σF

e contribution from σSOT
e (as from Eq. (5))

because we assume that it is identical for all samples due
to the fact that the thicknesses/material of seed layer,
spacer and capping layer are same for all samples. For all
samples, the values of σF

e are comparatively small, which
we attribute to small torques with even symmetry (iREE
or Oersted fields) in all investigated samples. Panel (b)
represents the extracted σSOT

o of the same samples. We
find σSOT

o > σSOT
e for all samples. The sample series with

the [Co/Ni] multilayer shows the overall highest σSOT
o .

For the sample with dCoFeB = 5nm in this sample series
we obtain σSOT

o = 4.19± 0.37× 105 (Ω ·m)−1.

Here, we can compare our measured values of
σSOT
o with those obtained by other groups, employ-

ing either different or similar techniques. Berger
et al. [13] used the same inductive technique and
reported a value of 2.4 × 105 (Ω · m)−1 for
Ta(1.5)/Py(3.5)/Pt(6)/Ta(3) and ≈ 2.1 × 105 (Ω · m)−1

for Ta(1.5)/Py(3.5)/Pt(5)/Ta(3) [32]. Hibino et al. used
Co-Ni-B alloy films and measured via harmonic Hall
measurements for Ta(2)/(CoxNi1-x)80B20(10)/Ta(5) [45],
they find ≈ 1.0 × 105 (Ω · m)−1. Using the
harmonic Hall method, Garello et al. [46] for
AlOx(2)/Co(0.6)/Pt(3) and Nguyen et al. [30] for
Ta(1)/Pt(tPt)/Co(1)/MgO(2)/Ta(1) have reported val-
ues ≈ 5.5 × 105 (Ω ·m)−1 and ≈ 2.5 × 105 (Ω ·m)−1 re-
spectively. All of these reported values are comparable
to our findings. We thus believe that, up to a CoFeB
thickness of about 6 nm, where we observe the enhance-
ment of Gilbert damping as shown in the Supplemental
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FIG. 4. Even symmetry (σSOT
e ) and odd symmetry (σSOT

o ) SOTs conductivities as a function of thickness of CoFeB. (a) σSOT
e

for four different samples in the IP (circles) and OOP (triangles) configuration with CoFeB thickness ranging from 2nm −
15 nm. (b) σSOT

o of the same samples with similar thicknesses of CoFeB in the IP (circles) and OOP (triangles) configuration.
σSOT
o is lowest for Pt/CoFeB sample series and highest for [Co/Ni]/Cu/CoFeB series.

Material [31], the torques in all samples are compatible
with an iSHE mechanism.

In all sample series, the values of σSOT
o continue to

increase with the thickness of CoFeB even after 6 nm.
This is not expected from a conventional iSHE mecha-
nism of charge generation which should show an eventual
saturation of σSOT

o . A possible reason for this behavior
could be a self-induced SOT [47, 48] in the CoFeB layer.
Du et al. [49] have reported in their work that due to
the self-induced SOT, the effective spin Hall conductivity
σs
xx(σ

SOT
o ) increase linearly with the thickness of the fer-

romagnetic Co20Fe60B20 layer well beyond 10 nm thick-
ness, which is quite similar to what we have observed in
our experiment. Note that this is different from the trend
in iSHE voltage with thickness of the ferromagnet such
as reported in the work of Nakayama et al. [50], as the
iSHE voltage is impacted by the line broadening due to
spin pumping. In our evaluation, we use the normalized
inductance, such that our σSOT

o are not impacted by the
dynamic properties of the ferromagnet -in particular the
linewidth of the ferromagnetic resonance.

Comparing the results of bilayer Pt/CoFeB with a
trilayer Pt/Cu/CoFeB, we observe higher values of σSOT

o

in the trilayer sample series. We believe that a nonlocal
direct spin current generation mechanism [51] is respon-
sible for the increased torques observed in trilayers. This
mechanism permits spin components that are symmetry-
forbidden in bilayers to contribute to torques with odd
symmetry. Another intriguing factor that may signifi-
cantly contribute is the interfaces between Cu/[Co/Ni]
and Cu/[Co/Pt], respectively. These interfaces may ex-
hibit unique electronic states capable of generating sub-

stantial spin currents, in accordance with the concept of
interface-generated spin currents [52].

B. FIRST-PRINCIPLES CALCULATIONS

While our experiments cannot reveal the microscopic
origin of the significant SOTs that we observe for thick
CoFeB films, the large SOTs that are generated in partic-
ular in the [Co/Ni]-based samples already in the limit of
thin CoFeB films can be compared to expectations from
first-principles calculations. We consider bulk multilay-

Substrate

Torque

M

M

Charge current

Spin current

[Co/Ni] or [Co/Pt]

Cu

Co Fe B20 60 20

FIG. 5. Schematics of the process for DFT calculations.
The [Co/Ni] or [Co/Pt] multilayer has PMA and CoFeB layer
has IMA. The charge current in multilayers generates the spin
current which transfers a torque to the CoFeB magnetization
(M).
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DFT_plot_SHE_all.pdf

FIG. 6. Calculated values of the SHE conductivities for
[Co/Ni] and [Co/Pt], shown in orange and green lines, re-
spectively. The result for Pt is also shown as a reference
(purple line). Note that the SHE conductivities of [Co/Ni]
and [Co/Pt] are sizable and comparable to that of Pt.

ers of [Co/Ni] and [Co/Pt] and take the compositions
of each material according to our experimental specifica-
tions. The schematics of this process is depicted in Fig. 5
for clarity.

We compare our density functional theory calculation
results with the typical value of the spin Hall conduc-
tivity of Pt [53]. The results are presented in Fig. 6
and details about the calculations are provided in the
Supplemental Material [31]. The Fermi energy is varied
by adding or removing electrons in the calculation,
assuming that the band structure remains the same
as the one obtained at the true Fermi energy, Etrue

F
where the number of electrons equals the number of
total nuclear charges. In our case, at the interface
with another material such as Cu, charge transfer may
happen, which would change the Fermi energy slightly
therefore, we take (EF − Etrue

F ) instead of Etrue
F only.

Usually, the variation of various physical quantities as
a function of the Fermi energy is checked, in case the
quantity sensitively depends on the doping level. For
Pt, at the Fermi energy, the value of SHE conductivity
≈ 4.43 × 105 (Ω · m)−1. For [Co/Ni] and [Co/Pt],
the maximum values of the SHE conductivities are
similar to that of Pt, which appear ∼ 0.7 eV above

the Fermi energy. Even at the true Fermi energy,
the SHE conductivities of [Co/Ni] and [Co/Pt] are
4.55×105 (Ω ·m)−1 and 4.19×105 (Ω ·m)−1 respectively,
which are sizable. These first-principles calculations
demonstrate that [Co/Ni] and [Co/Pt] multilayers can
generate SHE-driven torques that are comparable to
those in Pt, in good agreement with our experimental
data.

VI. CONCLUSIONS

In summary, we conducted inductive ac measure-
ments of a bilayer Pt/CoFeB and trilayer Pt/Cu/CoFeB,
[Co/Ni]/Cu/CoFeB and [Co/Pt]/Cu/CoFeB samples
with different thicknesses of CoFeB using phase sensitive
VNA-FMR. We did not observe significant even symme-
try spin-orbit torque conductivity, σSOT

e in these samples.
However, we observe higher values of odd symmetry spin-
orbit torque conductivity, σSOT

o where [Co/Ni] multilayer
shows the highest value. The odd symmetry spin-orbit
torque conductivity increases linearly with the thickness
of CoFeB, indicating that a pure SHE and REE mech-
anisms are not sufficient to explain our dataset. In the
limit of small CoFeB thicknesses our findings agree with
previous results and align with our first principles calcu-
lations. The large torques that we revealed in [Co/Ni]-
based samples may be relevant for characterization and
optimization of future spintronic devices.
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