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Inverse spin-Hall effect voltage generation by nonlinear spin-wave excitation
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We investigate spin currents in microstructured permalloy/platinum bilayers that are excited via magnetic
high-frequency fields. Due to this excitation spin pumping occurs at the permalloy/platinum interface and a spin
current is injected into the platinum layer. The spin current is detected as a voltage via the inverse spin-Hall
effect. We find two regimes reflected by a nonlinear, abrupt voltage surge, which is reproducibly observed at
distinct excitation field strengths. Micromagnetic simulations suggest that the surge is caused by excitation of a
spin-wave-like mode. The comparatively large voltages reveal a highly efficient spin-current generation method
in a mesoscopic spintronic device.
DOI: 10.1103/PhysRevB.93.064408
I. INTRODUCTION

The demand for alternative technologies rises, due to the
ongoing miniaturization of electronic devices. Promising ideas
can be found in the field of spintronics. Here not only the
charge current, but also the spin current is utilized, taking into
account the spin as an additional degree of freedom. Since
charge currents lead to problematic Joule heating in devices the
idea to generate a pure spin current, using a spin battery, was
proposed by Brataas et al. [1]. The precessing magnetization
m
 of a ferromagnet at resonance (FMR) in contact with a
normal metal generates a spin accumulation at the interface
that diffuses into a normal metal [2–5], or as recently shown
into a semiconductor [6]. This process is denoted as spin
pumping. The resulting spin current js in the normal metal
can be described as [1,4]


dm

 ↑↓

m
×
g
,
(1)
js =
4π
dt
with the real part of the spin mixing conductance g ↑↓ that
summarizes the spin-dependent transport properties of the
interface [1]. There are various methods to detect this spin
current, e.g., by measuring the enhanced damping [2,3] or the
backflow of the spin current [7] in the ferromagnet, utilizing
the Rashba effect [8], or by measuring the inverse spin-Hall
effect (ISHE) [9,10]. In the latter case the strong spin-orbit
interaction scatters the two spin orientations of the spin current
perpendicular to their direction of motion in heavy metals like
platinum. For a nonvanishing spin polarization of the spin
current σ this gives rise to a charge current jc [9,10], cf.
Fig. 1(a):
2e
(2)
jc = ISHE (js × σ ),

whereby ISHE is the spin Hall angle.
To investigate the influence of the high-frequency excitation field on the created spin current, we study laterally
microstructured permalloy (Ni80 Fe20 )/platinum (Pt) bilayers,
see Fig. 1. Note, that the platinum element is slightly wider
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than the permalloy element in order to avoid a direct contact
between ferromagnet and voltage contacts and, thus, parasitic
effects. The magnetization of the permalloy layer is excited
via FMR and a spin current is generated at the interface
that is detected as a voltage via the ISHE. Similar transport
measurements have been reported before, e.g., in Refs. [9–17].
In these publications a linear (quadratic) relation between the
excitation power (field amplitude) and the measured voltage
was found. The bilayers investigated in our experiment are one
order of magnitude smaller in the lateral dimension and, thus,
the conversion from spin current to charge current is being
conducted within a length of only 1 μm. Also, the coplanar
waveguides that are used for FMR excitation are one order
of magnitude narrower (3.6 μm wide signal conductor). This
enhances the amplitude of the high-frequency Oerstedt field
and thereby the ISHE voltage generation. The higher excitation
fields reveal a regime of increased spin-current generation, that
is reflected by an abrupt, nonlinear voltage surge at a distinct
excitation amplitude. Recent studies by Bauer et al. show
that in permalloy structures nonlinear spin-wave excitation
occurs at FMR above a critical high-frequency excitation field
[18]. This effect can be linked with our measurements via
micromagnetic simulations and our FMR measurements. In
the strong excitation regime, the current density reached in our
mesoscopic device is two orders of magnitude larger than the
ones in the conventional millimeter-sized ISHE experiments
[9–17].
II. SAMPLE PREPARATION

The samples are prepared via electron-beam lithography
and lift-off processing. At first a 120-nm-thick coplanar gold
waveguide (CPW) is thermally evaporated on top of a SiO2
substrate, as shown in Fig. 1(b). Then a 120-nm-thick layer
of hydrogen silsesquioxane (HSQ) is deposited to prevent
an electrical short between CPW and voltage contacts that
are deposited later. In the next step, an ensemble of 8-μmlong, 2-μm-wide, and 30-μm-thick permalloy rectangles is
thermally evaporated on top of the signal conductor of the
CPW. This ensemble enhances the signal strength of the
broadband-FMR signal. On top of each of these rectangles
a 15-nm-thick platinum strip is deposited via dc-magnetron
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the static magnetic field H and the high-frequency magnetic
field Hrf are aligned parallel and, thus, no FMR signal can
occur. This reference signal is also detected ten times for every
frequency and then averaged. Taking the difference T of the
measurement signal and the reference signal for every field step
drastically decreases parasitic contributions like reflections in
the setup and the frequency dependence of the transmission.
The transmission parameter S12 is measured. At port i the VNA
measures the incoming power Pi,in and outgoing power Pi,out .
Therefore, S12 is defined as


x

u)
Leads (C

S12 = 10log

, [S12 ] = dB.

HSQ
10 μm

FIG. 1. (a) Sketch of the Py/Pt bilayer. The magnetization m

precesses around the static magnetic field H with the cone angle θ.
The spin polarization σ is aligned parallel to H . A spin current js is
pumped into the platinum layer that is converted into a charge current
jc via the ISHE. (b) Scanning-electron micrograph of a Py/Pt bilayer
sample. The inset shows a closeup of the center region. The bilayer
is placed on top of the insulating HSQ over the signal conductor of
the CPW. The copper leads are connecting the bilayer to a voltmeter.

sputtering. Then 100-nm-thick, sputtered copper leads are
added as voltmeter contacts to one double layer in the center
of the CPW, as depicted in the inset of Fig. 1(b). Prior to
every sputter deposition step the sample is cleaned in situ via
rf argon-plasma etching. To be able to determine the influence
of spin-rectification effects on our measurements, we have
prepared reference samples without the platinum layer. We
will address the sample types as Py/Pt and Py/-, respectively.
All measurements are performed at room temperature.
III. MEASUREMENTS AND RESULTS

In order to ensure that the measured voltage is generated by
the spin-pumping effect, we characterize the magnetization
dynamics of the permalloy rectangles via broadband-FMR
spectroscopy with a vector-network analyzer. A static magnetic field H is applied along the x axis, cf. Fig. 1, which
is varied from μ0 H = −90 mT to 90 mT. For every field
step an additional high-frequency magnetic field Hrf , aligned
along the y axis, is applied via the waveguide, while the
transmission through the signal line of the CPW is measured
ten times and then averaged. After every field step a reference
signal of μ0 H = 90 mT is applied along the y axis, so that

(3)

P1,out=0


2
Irf (t)
1
Hrf =
=
P2,out
2w
2w 50 

2
1
P1,in 10S12 /(dB·10) .
=
2w 50 

Py

1 μm



With this S parameter, an impedance of R ∼ 50 , the width
w of the signal line and the rf current Irf an estimation of
the minimal applied high-frequency field strength is possible
[19,20]:

x

Pt

P1,in
P2,out

(4)

The rf field depends on the width w of the signal line, on
the incoming power P1,in used for excitation, and on the
damping of the system. Contributing to this overall damping
are the measurement setup and the individual damping of
each waveguide depending on the excitation frequency and
excitation power of the high-frequency field. Thus, the highfrequency field has to be determined with the correct value of
S12 for every measurement. For the measurements performed
using only one excitation frequency and excitation power of
the high-frequency field, this value is easy to determine, while
for the complete broadband FMR measurements, an averaged
value is used.
For the measurement displayed in Fig. 2(a), the dominant
absorption line is the FMR mode of the permalloy rectangles
[21,22]. In the measurement black (white) indicates low (high)
transmission and, thus, high (low) energy absorption of the
magnetic microstructures. The modes at higher frequencies
are spin-wave surface modes (SW-S) [22,23] and the ones at
lower frequencies are spin-wave edge modes (SW-E) [24].
Figure 2(a) also shows a horizontal and a vertical profile
through the transmission data. Like typical absorption phenomena, the transmission obeys a Lorentzian shape. Following
Kalarickal et al. [25], such a broadband-FMR measurement
can be used to determine the Gilbert damping constant α.
Therefore, we fit every vertical line profile with a Lorentzian
and determine the frequency-dependent peak width at halfmaximum f and the resonance frequency for every field
step. The resonance frequencies are used to perform a fit with
the Kittel formula [25,26], cf. green line in Fig. 2(a), extracting
the saturation magnetization Ms,Py/Pt = (835 ± 26) kA m−1
and the anisotropy field Hk,Py/Pt = (10 ± 3) kA m−1 . Figure 2(b) shows the frequency-dependent peak width at
half-height f . The Gilbert damping constant α and the
inhomogeneous broadening in a magnetic field due to sample
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FIG. 3. Comparison of field reference and frequency reference
method: Transmission spectra T for a constant frequency of 7 GHz
and μ0 Hrf = 0.19 mT for one sample with (cyan line) and one without
(dashed yellow line) a Pt layer, using a reference field of μ0 H = 90
mT that is aligned along the y direction. In addition the transmission
spectra Tf for a constant frequency of 7 GHz and μ0 Hrf = 0.19
mT for one sample with (blue line) and one without (dashed red
line) a Pt layer are displayed, obtained with a reference frequency
of fref = 2 GHz. The transmission spectra Tf are shown without
offsets.
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FIG. 2. (a) Broadband-FMR spectroscopy of a Py/Pt bilayer for
μ0 Hrf = 0.19 mT. Low (high) transmission T through the waveguide
is indicated by black (white) color. A horizontal profile (blue) and a
vertical profile (red) is shown. The green line is a Kittel fit. (b) Peak
width at half-height f as a function of the frequency, obtained by the
frequency-dependent Lorentzian fits for every field step. The black
line is a fit using Eq. (5). (c) Peak width at half-maximum H (f )
for different high-frequency fields Hrf indicated in the figure.

imperfections H0 is calculated as follows [25,26]:





γ μ0 Ms 2
γ μ0
H0 + 2αf
1+
,
f =
2π
4πf

(5)

whereby γ = 176 GHz T−1 is the gyromagnetic ratio. For an
excitation field of μ0 Hrf = 0.19 mT the value for a permalloy/platinum bilayer sample is αPy/Pt = 0.0069 ± 0.0001,
while for a sample without the platinum layer we determine
αPy/- = 0.0046 ± 0.0001. The difference is caused by the
additional energy loss in the Py/Pt bilayer sample due to
the spin-pumping effect [9]. We evaluated the broadband

FMR measurement with the high-frequency field strength
μ0 Hrf = 0.19 mT in order to connect it directly to the ISHE
measurements shown in Fig. 5. In addition we evaluated
the damping for a low excitation field of μ0 Hrf = 0.06 mT,
because it yields the linear Gilbert damping constant [27], see
also Fig. 2(c). Here the determined value for a sample with
a permalloy/platinum bilayer is αPy/Pt = 0.0089 ± 0.000 04,
while for a sample with only a permalloy layer αPy/- =
0.0071 ± 0.000 06. This value is in good agreement with our
previous results for the intrinsic damping of permalloy [26]
and the literature cited therein.
To investigate different damping contributions, we also
determine the full width at half-maximum H (f ) of the
transmission via Lorentzian fits. This width is displayed for
different high-frequency field strength in Fig. 2(c). For small
high-frequency field strengths up to μ0 Hrf = 0.47 mT the
linewidth H (f ) depends almost linearly on the frequency f
and therefore indicates a linear Gilbert-damping regime without significant two-magnon damping contribution [28]. For
high-frequency field strengths above 0.47 mT, an increasing
quadratic contribution is visible.
Figure 3 shows FMR spectra T for an excitation field of
μ0 Hrf = 0.19 mT for both sample types, respectively. A comparison shows that the Py/Pt sample exhibits a broader peak
shape than the Py/- sample, attributed to the aforementioned
increased damping by spin pumping. The slight shift of the
resonance position results from the preparation process, since
the Py/Pt samples are cleaned additionally via rf argon-plasma
etching before the platinum is deposited. Hence the permalloy
thickness is reduced.
In order to investigate the influence of the rf excitation field
amplitude on the FMR mode multiple FMR measurements are
performed. For this purpose the strength of the high-frequency
excitation field is varied from 0.06 mT to 1.89 mT. To be
able to compare these FMR measurements more directly
with the voltage measurements shown later, we now switch
the reference method from a reference field to a reference
frequency. For this measurement technique again the static
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magnetic field is varied, while for every field step, the
averaged transmission through the waveguide is measured
for a measurement frequency fmeas and a reference frequency
fref . Here the reference frequency is always fref = 2 GHz,
since this frequency does not cross the FMR mode. The
transmission through the waveguide is then determined as
Tf = T (fmeas ) − T (fref ). Note, that for the field reference
method the reference signal is obtained using a static magnetic
field of μ0 H = 90 mT that is aligned along the y direction.
Equivalent measurements for both reference methods are
shown in Fig. 3. For the frequency reference method additional
offsets remain due to the frequency-dependent damping of
the waveguide. If these offsets are removed, the transmission
signals are similar. As mentioned before, the frequencydependent damping of the waveguide is taken into account
in the estimation of the high-frequency fields.
In Fig. 4(a) a detailed analysis of the transmission signal
Tf in dependence of different high-frequency field strengths
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Note, that the transmission data is generated by the whole
ensemble of equal permalloy rectangles, while the voltage
signal is obtained from the centered permalloy rectangle
connected to the leads. It is known from the literature that
the perpendicular orientation between the static magnetic
field that is parallel to the easy axis of the permalloy
rectangles and the high-frequency field in combination with
the position of the voltage contacts allow for an optimum
ratio between symmetric and asymmetric voltage contributions
[9,11,13,14,16,17]. Exemplary transport measurements can be
seen in Figs. 5(a) and 5(b) for both field-sweep directions.
The light blue line indicates the transmission Tf , the blue
circles are the voltage data V , and the black line shows a
Lorentzian fit of each peak in the voltage data. The voltage
peaks exhibit a sign reversal on magnetic field reversal. This
is a typical feature of the inverse spin-Hall effect [15], since
the magnetization, and, thus, the spin polarization, switches
at ±3 mT, cf. Eq. (2). Simultaneously, the flow direction of
the spin current stays the same, cf. Eq. (1). The sign reversal
is also valid for the smaller voltage peaks that are attributed
to the first SW-S mode. It can be seen that the external field
values for the minimal transmission of the FMR signal and
V =

ΔTf (Py/Pt)
5 GHz
7 GHz
9 GHz
ΔTf (Py/-)
7 GHz

-0.15

for the Py/Pt sample is shown. The aforementioned change
between the linear and nonlinear (quadratic) damping regime
for μ0 Hrf = 0.47 mT, cf. Fig. 2(c), corresponds to the
beginning of the plateau of the transmission amplitudes,
displayed in Fig. 4(b). The dependence of the peak width
at half-height Hf,Py/Pt of a bilayer sample on the excitation
strength is shown in Fig. 4(c) for three excitation frequencies.
Since the peak widths at half-height behave similarly for both
investigated sample types and both field branches, only the
values of the positive field branch for the Py/Pt sample are
displayed. An increase of the excitation frequency, as well as
an increase of the excitation field leads to an increased peak
width at half-height, see also Fig. 2(c). However, the values
of Hf for high excitation fields need to be treated carefully,
because the transmission curves broaden and, thus, the peak
shape is less Lorentzian.
For the spin-transport measurements again a highfrequency field Hrf is used to excite the resonant precession of
the permalloy element. Spin pumping occurs and the voltage
drop from the resulting charge current in the Pt layer, generated
by the inverse spin-Hall effect, is measured by a voltmeter,
connected to the sample via rf probes that are positioned on
the leads. The external static magnetic field is varied in steps
of 0.5 mT. The measurement frequency is chosen so as to
cross the FMR mode twice, cf. Fig. 2(a), once for negative
and once for positive values of the external magnetic field.
The reference frequency is below the FMR mode and crosses
no resonance. For the displayed measurements fref = 2 GHz.
For every field step the transmission through the waveguide is
measured ten times for fmeas and fref . The averaged difference
Tf of these values is almost free of contributions that are not
induced by FMR [29]. Afterwards the voltage measurements
are performed similarly for the two frequencies, but repeated
100 times for every field step, so that the averaged voltage
difference is given by

1.5

FIG. 4. (a) Field-dependent transmission spectra for a constant
frequency of 7 GHz and various high-frequency field strengths.
Evaluation of the transmission peak heights (b) and full widths at
half-maximum (c).
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and range between ISHE = 0.013 and 0.33 and λsd = 1.2 nm
and 10 nm [13,30–33]. For an excitation field similar to
0.22 mT the cone angle of the magnetization precession is
[20,21] θ ≈ 1.4◦ . The ellipticity correction factor P ≈ 0.7
for fmeas = 7 GHz considers the elliptical trajectory of the
magnetization precession [13]. The charge conductivities are
σPt = (2.4 ± 0.2) × 106 ( m)−1 for platinum[13] and σPy =
3.6 × 106 ( m)−1 for permalloy [26]. The respective thicknesses are tPt = 15 nm and tPy = 30 nm. The effective spin↑↓
mixing conductance geff includes a possible spin backflow
into the ferromagnet that reduces the spin-pumping current
injected into the platinum layer [13,34],

90

FIG. 5. Transmitted excitation power Tf and inverse spin-Hall
effect voltage V for (a) an up and (b) a down sweep of the external
static magnetic field μ0 H for a constant frequency of 7 GHz and
a high-frequency field amplitude of 0.19 mT. The transmission is
plotted as light blue line, the voltage data are the blue circles and the
black line is a Lorentzian fit. (c) Voltage measurements for different
excitation frequencies of the high-frequency field with a constant
amplitude of 0.19 mT.

for the extrema of the voltage are matching very well. Small
deviations between the resonance positions of the positive in
comparison with the negative field branch can be attributed
to the hysteresis of the magnets that generate the external
magnetic field H . To minimize such inaccuracies due to the
setup the total mean value for the voltage peak height Vmax
and the resonant field μ0 Hres can be determined as the absolute
mean value of the four peaks: Vmax = (43.19 ± 1.69) nV and
μ0 Hres = (42.08 ± 3.21) mT. Since there are no remarkable
differences between the peaks, from now on field up sweeps
and the positive branches are shown.
The inverse spin Hall voltage generated in the platinum
layer can be estimated as follows [13]:


↑↓
ISHE λsd efmeas P sin2 (θ )geff l
tPt
, (6)
VISHE =
tanh
σPt tPt + σPy tPy
2λsd
with the elementary charge e. The spin Hall angle ISHE and
the spin-diffusion length of platinum λsd are vividly discussed

↑↓

geff =

4π Ms tPy
(αPy/Pt − αPy/- ),
gμB

(7)

whereby g = 2 is the Landé factor, and μB = 9.274 ×
10−24 J T−1 is the Bohr magneton. The effective spin-mixing
conductance is calculated using information from the FMR
measurements, for an excitation field of 0.19 mT, that is the
saturation magnetization Ms = 835 kA m−1 , and the damping
parameters αPy/Pt = 0.0069 and αPy/- = 0.0046. For μ0 Hrf =
↑↓
0.19 mT the effective spin-mixing conductance yields geff =
19
−2
3.90 × 10 m . This value is slightly higher than recently
↑↓
reported values [13,14,34,35] that range between geff =
19
−2
19
−2
1.5 × 10 m and 3.0 × 10 m . But a direct comparison
is difficult, since the value of the effective spin-mixing
conductance depends on the high-frequency excitation field
strength, since the linewidth and, thus, the damping of the Py/sample and the Py/Pt sample varies, compare Fig. 4(c). The
ISHE voltage, generated in between the two leads, connected
to the edges of the platinum strip, with a distance l = 1340 nm,
can then be predicted using the different parameter sets for the
spin Hall angle and the spin-diffusion length [30–33] between
VISHE = 14 nV and VISHE = 97 nV. These values are in good
agreement with the overall mean value of the measured maximal voltage Vmax = (43.19 ± 1.69) nV, determined from the
measurements displayed in Figs. 5(a) and 5(b) for a frequency
of 7 GHz and an excitation field of 0.19 mT.
In order to investigate the dependency between the excitation parameters and the voltage that is generated by
the ISHE, the excitation frequency and the high-frequency
field amplitude Hrf are varied. Transport measurements for
frequencies between 5 and 9 GHz are shown in Fig. 5(c). As
expected, due to the course of the FMR mode that is governed
by the Kittel formula, the resonance position increases for
increasing excitation frequency fmeas . The voltage peaks
exhibit a Lorentzian shape.
In Fig. 6 transport measurements for different highfrequency excitation field amplitudes are displayed for a
constant frequency of 7 GHz. For excitation fields smaller
than μ0 Hrf = 0.47 mT the Hall voltage obeys a Lorentzian
shape and the maximal peak height Vmax , shown in Fig. 7(a),
increases quadratically with μ0 Hrf . This correlation occurs
because the voltage depends approximately quadratically on
the cone angle θ that is proportional to the high-frequency
excitation field strength [11,13,14,36,37]. By increasing the
excitation field, the voltage peak shifts to smaller external
fields and a slight asymmetry in the slope of the flanks appears.
This effect is discussed in Sec. V. Figure 6(b) shows the
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FIG. 6. Inverse spin Hall voltage V versus static magnetic
field H for low high-frequency field amplitudes Hrf (a) and high
amplitudes (b) with a constant excitation frequency of 7 GHz.

voltage for high-frequency excitation fields μ0 Hrf  0.47 mT.
At μ0 Hrf = 0.60 mT the system jumps into a new regime.
The maximal peak height abruptly increases from 215 nV
to 1.2 μV. At the same time the voltage peaks broaden and
deviate from the Lorentzian shape. In addition, all voltage
peaks in Fig. 6(b) exhibit a gap in the voltage data in between
approximately 200 nV and 1 μV. The maximal ISHE voltages
for the positive and negative fields +Vmax and −Vmax
for various high-frequency excitation field amplitudes are
shown in Fig. 7(b). Here the two regimes with the transition
at μ0 Hrf = 0.60 mT are well visible. The transfer between
the two regimes is highly reproducible and corresponds
with the change between linear and nonlinear regime in
the FMR measurements. To gain a deeper understanding
of this transition the variation of the high-frequency field
amplitude is repeated for different excitation frequencies,
shown in Fig. 7(c). These measurements show that the
transition between the two regimes is close to invariant for
different frequencies. The negative field branch is displayed in
the Supplemental Material [38]. We have also performed the
same measurements on a sample with larger permalloy width
and on a sample with nonperpendicularly oriented edges, see
the Supplemental Material [38]. An evaluation of the voltage
maxima revealed no qualitative changes, only a slight shift
of the voltage surge towards smaller high-frequency fields
for the sample with the increased width and towards larger
high-frequency fields for the sample with nonperpendicularly
oriented edges occurs. Indeed, ISHE voltages up to a few
microvolts have been reported before [9–17]. However, the
lateral dimensions of the bilayers used there are typically one
or two orders of magnitude larger than the ones used here.
Consequently larger ISHE voltage signals are measured, since
the length l between the voltage contacts is proportional to the

0
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FIG. 7. ISHE voltage peak amplitudes ±Vmax versus highfrequency field amplitude Hrf for positive (cyan) and negative
(fuchsia) field branch and a constant excitation frequency of 7 GHz.
Note, that in (a) only low high-frequency field amplitudes up to
μ0 Hrf = 0.47 mT are displayed, while (b) shows amplitudes up to
1.89 mT. In (c) the high-frequency field dependence for additional
frequencies is supplemented for the positive field branch.

ISHE voltage, cf. Eq. (6). For example in the publication of
Mosendz et al. [13], the maximal obtained current density is
2 × 105 A m−2 . For our samples it is up to 2 × 107 A m−2 for
a high-frequency field amplitude of 1.89 mT. Note, that in our
measurements higher excitation field strength can be reached,
because the bilayer microstructures are placed on top of the
only 3.6 μm wide signal lead of the waveguide.
IV. MICROMAGNETIC SIMULATIONS

In order to identify the cause of the abrupt increase in
the measured voltage at a threshold field we performed
micromagnetic simulations using MicroMagnum [39,40]. A
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(a)

40
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20
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8-μm-long, 2-μm-wide, and 30-nm-thick permalloy element
is simulated in a static 38 mT magnetic field along the x axis.
Perpendicular to the static field an rf in-plane excitation field at
7 GHz is applied along the y axis similar to the measurements
presented in Sec. III. For excitation field amplitudes from
0.01 mT to 1 mT the magnetization dynamics are recorded by
increasing the amplitude by 0.01 mT/ns during the simulation.
The voltage measurements are most sensitive to the region
in between the copper leads and from Eq. (6) the voltage
is proportional to the sin2 (θ ) where θ is the cone angle
of the magnetization. Therefore, we calculated the cone
angle for every simulation cell within a 1.6-μm-long and
1.2-μm-wide center region of the permalloy element. Because
the magnetization precession is elliptical we consider cone
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FIG. 9. (a) Voltage measurements of a Py/Pt (blue circles) and
a Py/- (yellow circles and line) sample for an rf excitation field of
0.19 mT. (b) Voltage measurements of a Py/Pt (green circles) and a
Py/- (yellow circles and line) sample for an rf excitation field of 1.06
mT. All measurements are performed with an excitation frequency of
7 GHz.

0
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μm

FIG. 8. Micromagnetic simulations of the permalloy rectangles’
magnetization dynamics. Shown is the average sin2 (θ ) in the center
region of the permalloy rectangle. It is displayed for an excitation field
up to 0.55 mT in (a) and up to 1.0 mT in (b). In (c) and (d) exemplary
plots of the local cone angle θ for excitation field strengths of 0.2 and
0.9 mT at 7 GHz are shown. The black rectangles mark the region of
the permalloy rectangles between the voltage leads that are used for
the calculation of the average sin2 (θ ).

angle averages of full excitation periods. The averaged sin2 (θ )
within the region of interest for excitation amplitudes smaller
than 0.55 mT is shown in Fig. 8(a). As expected it increases
quadratically with increasing excitation power, comparable
to the measured voltage in Fig. 7(a). Figure 8(b) shows
the averaged sin2 (θ ) for excitation amplitudes up to 1 mT.
Above 0.3 mT the increase becomes linear until an abrupt
surge is found for excitation amplitudes larger than 0.77 mT.
This qualitatively resembles the measured behavior shown in
Fig. 7(c). The small quantitative differences can be attributed
to the differences between simulation and measurement, e.g.,
missing surface roughness in the simulation. With the surge
a change in the excited magnetization pattern is observed.
Below 0.77 mT the center region exhibits an almost uniform
precession of the magnetization corresponding to the FMR
mode, as shown in an exemplary cone angle plot for an
excitation strength of 0.2 mT in Fig. 8(c). With increasing field
amplitude the uniform gyration gains amplitude until 0.77 mT,
where a superposed spin-wave mode with a magnetostatic
backward volume character [24,41,42] emerges in the center
of the permalloy elements, see Fig. 8(d) for an excitation of
0.9 mT. The identification as a spin wave and not as a pure
amplitude modulation of the excited magnetization is verified
by analysis of the phase relation (not shown).
V. DISCUSSION

In similar experiments investigating permalloy/platinum
bilayers, other possible contributions to the measured voltage
described in Sec. III are reported. The most important
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contributions are analyzed in the following with respect to
their importance for our measurements, especially concerning
their potential to cause the two voltage regimes. One of
these contributions is the spin-rectification effect [43] in the
permalloy rectangle that can interfere with the voltage generated by the inverse spin-Hall effect [9,11,13,14,16,44,45].
In order to analyze these voltage contributions, transport
measurements with a Py/- sample (without the platinum layer)
are performed. For this sample the leads are directly deposited
on top of the permalloy rectangle. The measured voltage can
then be generated via the spin-rectification effect (SRE) due
to the anisotropic magnetoresistance [13,14,16,17,43] or the
anomalous Hall effect [9,11,16,43].
A direct comparison between the two sample types is
shown for two excitation field amplitudes in Fig. 9. The
voltages generated by the SRE (yellow circles and line)
in the Py/- samples are antisymmetric with respect to the
resonance position and exhibit a small offset voltage. In
contrast, the voltage peaks of the Py/Pt samples are symmetric
(green and blue circles). For the geometry of the voltage
contacts of our bilayer samples no voltage asymmetry is
expected, because the permalloy has no direct contact with
the voltage leads. For increasing excitation fields, as shown
in Fig. 9(b), the measured voltage for both sample types
increases. However, for the Py/- sample no abrupt increase
of the voltage is observed and it is therefore clearly smaller in
comparison to the symmetric ISHE contribution. Nonetheless
small antisymmetric contributions may superpose with the
symmetric voltage generated by the inverse spin-Hall effect
[13,14,16]. Since the measurements shown in Sec. III are
symmetric with respect to the resonance position for small
excitation fields, a significant antisymmetric contribution can
be excluded.
Another possible voltage contribution that should be discussed is the influence of self-oscillation of the magnetization
[46] and spin-torque effects [47,48]. A self-oscillation of the
magnetization can be caused by an electrical dc current that
is sent directly through the sample. Thereby current densities
of minimally 3 × 1012 A m−2 are needed in a platinum layer
to overcome the critical field and excite an auto-oscillation
[46]. It is unlikely that these current densities are reached
in our structures via inductive coupling. Spin-torque effects
generating a dc voltage have been reported for Py/Pt bilayer
samples where an rf charge current is applied to the platinum
[48] or to the bilayer [47]. In principle it is possible that the
high-frequency field generates an oscillating high-frequency
current in the platinum layer via induction. This in return
could cause a spin-torque contribution in the voltage and FMR
measurements. However, we do not consider these cascaded
secondary effects to cause the observed voltage surge.
Further differences between predictions and measurements
may be caused by the used approximations. The concept
of ferromagnetic resonance considers a linear damping of
the magnetic system following the Landau-Lifshitz-Gilbert
equation. Especially for the description of spin currents,
approximations for sufficiently small cone angles θ are used.
However, an increase of the excitation field leads to an
increase of the cone angle, as can be seen in Fig. 8(d),
where locally angles of up to 20◦ are reached. Therewith,
nonlinear FMR responses and foldover effects also known as

Suhl instability processes need to be considered [18,27,49,50].
In the FMR measurements the transition between linear
and nonlinear damping can be identified as an increasing
derivation from the linear relation between the peak width at
half-maximum H and the excitation frequency, cf. Fig. 2(c).
This change correlates with the beginning of the plateau of
the heights of the transmission maxima, see Fig. 4(b). Recent
studies by Bauer et al. show that in permalloy nonlinear
magnetization dynamics due to large high-frequency field
amplitudes leads to nonlinear parametric spin-wave excitation
[18]. In this work the magnon density in dependence on the
high-frequency excitation field strength has been determined.
For an increasing excitation strength at first the number of
uniformly precessing magnons rises until a threshold value is
reached. At this point also nonuniform magnons with k = 0
are increasingly excited and the number of uniform magnons
saturates. In comparison with our measurements the magnon
density calculated by Bauer et al. [18] can be identified to
be inversely proportional to the height of our transmission
maxima. Using this comparison the beginning of the plateau
of the transmission maxima and, thus, the nonlinearities in
our measurements can be identified as the high-frequency
excitation field strength, where the excitation of uniform
magnons saturates and nonuniform magnons with k = 0
are increasingly excited [18]. An excitation of nonuniform
magnons can also be seen at high excitation field strength in our
micromagnetic simulations. Since the beginning of the plateau
of the transmission maxima corresponds to the occurrence of
the voltage surge we deduce the two voltage regimes to be
caused by nonlinear spin-wave excitation.
In summary, the voltage generated in the microstructured
Py/Pt samples is dominated by the inverse spin-Hall effect.
By increasing the excitation field strength, an abrupt and
frequency independent surge of one order of magnitude of
the ISHE voltage is observed. This transition is reproducible
and has not been reported so far. It correlates with the
occurrence of nonlinear damping in the FMR measurements.
In the high excitation field regime current densities of up to
2 × 107 A m−2 are reached in our sample, which is two orders
of magnitude larger than in conventional samples. Micromagnetic simulations in combination with recent publications and
our FMR measurements suggest that the nonlinear voltage
surge results from a superposition of the uniform mode with
nonuniform spin-wave modes. The spin-rectification effect
in the permalloy rectangle as well as self-oscillation of the
magnetization and spin-torque effects are not responsible for
the strong enhancement of the voltage. The presence of two
distinct regimes in combination with high voltage-signals of
up to a few microvolts in a micron-sized device opens new
possibilities in the development of future spintronic devices.
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