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ABSTRACT. The power-dependent transfer characteristics of spin currents generated at the 

interface of the permalloy/Pt bilayer device have been investigated over a wide power range from 

a few tens of mW to 396W. We built a high power pulse excitation system for spin pumping, 
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which achieves large electromotive force (EMF) values of 10mV at 396W excitation through the 

inverse spin Hall effect (ISHE) and demonstrates that the EMF generation after pulse excitation is 

very fast. Under strong pulse microwave excitation more than 80 W, the EMF spectrum exhibits 

an asymmetrical lineshape, which is well reproduced by simulations that take into account the 

fold-over effect due to the non-linear ferromagnetic resonance excitation. The maximum output 

power at an external load through spin pumping and ISHE is shown to increase in proportion to 

the square of the input microwave power (Pin) in the power range below 80W. This power 

generation proportional to Pin
2 is unique to spin current-mediated power flow. In the strong 

excitation regime with the fold-over type EMF spectra, the EMF values of peak magnetic field 

position are found to increase less linearly due to spectral broadening. This feature can be used for 

power generation that increases nonlinearly with respect to the input excitation power, where the 

nonlinearity is adjusted by varying the magnetic field position. 

 

1. Introduction 

Understanding the transfer mechanism of spin currents and establishing effective methods of 

efficient spin current transfer is a very important issue for the field of spin current research. The 

combination of spin pumping by ferromagnetic resonance (FMR) excitation and inverse spin Hall 

effect (ISHE) has been widely used as one of the most effective methods to study the propagation 

process of spin currents in multilayer thin-film devices consisting of ferromagnetic (FM) and non-

magnetic (NM) layers.1-5 The ISHE process generates an electromotive force (EMF) through 

charge currents converted from spin currents, and the EMF generates electric power. The sequence 

of processes from the spin pumping to the EMF generation can thus be regarded as transfer and 
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output processes of spin-excited power, which is of interest to the field of spintronics. However, 

under normal continuous microwave irradiation of about 100mW for FMR excitation, the EMF 

induced is typically only a few V, which is too small to be considered for future application as a 

spintronics device.  Simply increasing the microwave power can make the EMF larger, but it may 

cause a temperature increase of devices and reduce the magnetization of FM layer. To circumvent 

the temperature increase, strong excitation by pulsed high power microwaves with short widths 

could be effective. 6 However, the characteristics of transfer process of spin excitation power under 

high power short pulse excitation have not been well studied and, therefore, should be fully 

understood toward future device applications.  

   It has been reported that the EMF of ISHE increases in proportion to the microwave irradiation 

power,6-8 which is important characteristics in understanding the transfer process of spin excitation 

power. However, most of the power-dependent ISHE experiments have been performed under 

relatively weak excitation power below 1W, and the characteristics of ISHE under much stronger 

microwave irradiation have not been sufficiently explored. In particular, it is known that, under 

strong microwave excitation, non-linear responses of FMR signals are often observed with 

distortion of the lineshape called a foldover effect.9-13 ISHE experiments in the regime of such 

nonlinear FMR responses are not only interesting from a physical properties point of view, but 

also important for a comprehensive understanding of the transfer process of spin excitation power 

over a wide power range, and should be fully explored.  

  In this article, the characteristics of ISHE under strong microwave irradiation are investigated 

for the metal bilayer device consisting of permalloy (Py) and Pt layers employed as a prototype of 

the most studied bilayer devices. The microwave power is increased even to about 400W, and such 

high power microwave is pulsed to reduce the effect of device heating. The pulsed ISHE 
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techniques allow us to measure the ISHE-induced EMF in the time domain, demonstrating that the 

response of the EMF signal is very fast. We show that a fold-over like lineshape is obtained from 

the EMF-spectra under strong microwave excitation, suggesting that a non-linear response is 

included in the FMR excitation for spin pumping. The output power via EMF generated at the Pt 

layer is found to increase in proportion to the square of incident microwave power, which arises 

from the characteristics of the power propagation via spin current. Under strong excitation which 

induces the fold-over lineshapes, the incident power dependence of the output power varies due to 

the broadening of the FMR spectrum. These characterizations of the output power provide a basis 

for understanding the transfer process of the spin excitation power and are important for future 

applications. 

 

2. Experiments 

The device fabricated was the Py/Pt bilayer on a quartz substrate. The quartz substrate was first 

subjected to ultrasonic cleaning in the order of distilled water, acetone, and 2-propanol for 15 

minutes each, and then UV-ozone cleaning for 10 minutes. A 5 nm-thick Pt layer was formed by 

vacuum evaporation (13mm×2.5mm) on the cleaned quartz substrate. A permalloy (Ni 78% and 

Fe 22%) layer (15nm-thickness) was formed by vacuum evaporation (6mm×2.5mm) on the Pt 

layer. The two Ag electrode lines to pick up EMF signals were produced by vacuum evaporation 

using a shadow mask on the Pt surface (20nm thickness) so that the upper and lower electrode 

lines were parallel to each other to reduce signals from spin rectification effects such as anisotropic 

magnetoresistance and anomalous Hall effect signals which may broaden the FMR line width.14 

The device was connected to a thin conducting wire with silver paste and then inserted into a glass 

cell for EMF measurements and sealed in a nitrogen-filled glove box.  
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    The EMF signals of the Py/Pt device were measured for a device arrangement where the static 

magnetic field was parallel to the two Ag electrode lines on the device surface. The EMF 

measurement was performed using a partially modified conventional X band ESR spectrometer 

(JES-FE1XG, JEOL Ltd.) with a rectangular TE102 microwave cavity (ES-PCX1, JEOL 

RESONANCE Inc.). For the EMF measurements under the incident microwave power less than 

1W, the EMF was measured by a lock-in technique (SR-830, SRS) synchronized with the 

amplitude modulation of microwave (1.0 kHz). The voltage values by the lock-in measurements 

were corrected to the peak-to-peak output values. In the EMF measurements with high-intensity 

microwave pulse, the output from the microwave unit was shaped into a pulse waveform by a 

double balanced mixer (typical pulse width 500ns) and the pulse output amplified by the traveling 

wave tube amplifier (TWTA) was irradiated to the device. A gate trigger for driving the TWTA 

was controlled by the OPENCORE NMR spectrometer.15-17 In the measurements of microwave 

absorption power, the microwave power emitted from a light guide window on the front side of 

the cavity was measured by a detection diode (75KA50, Anritsu) connected with a pick-up 

antenna.14 All measurements were performed at room temperature. 

 

3. Results and discussion 

3.1. Non-linear characteristics of ISHE-induced EMF 

In typical magnetic resonance experiments using pulsed microwaves, short pulses with a width 

less than 100ns are often adopted to observe time-dependent phonomena.18 In such conventional 

transient measurements with short pulses, a cavity with a low Q-value driven by over coupling 

with the waveguide is generally used to excite a wide frequency domain. However, such small Q-

value cavities reduce the irradiation intensity of samples, resulting in a decrease in signal intensity. 
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In the present study for the Py/Pt bilayer device, the EMF via ISHE is obtained from the thin Pt 

layer (5nm) when the pulse FMR excitation occurs at the Py layer. Then the propagation of the 

spin current in the thin Pt film should be very fast: for instance, the propagation could end in 5 ns 

even at a small velocity of about 1 m/s. Thus, the time difference between the pulse excitation and 

EMF generation should be very short, less than 1 ns, meaning that the propagation process is 

difficult to observe unless the pulse width is considerably shortened. Therefore, we did not adopt 

a low Q-cavity equipment. Instead, we constructed a system which can irradiate strong microwave 

pulses with the width of 500 ns under almost critical coupled condition using high Q-valued cavity 

(ca. 1100). It enables more effective spin excitation and allows us to obtain larger EMF values 

   Figure 1 compares the two EMF spectra of the Py/Pt bilayer obtained from lock-in 

measurements under excitation power of 162mW with 50% duty cycle and from direct 

measurements with a digital oscilloscope under pulsed microwave irradiation of 80W. The latter 

measurement was performed by recording EMF voltages during pulse excitation continuously 

while sweeping magnetic field. The lock-in spectrum is symmetrical and can be fitted with a 

Lorentzian line shape of the half-width at half-maximum (HWHM) of 2.89 mT, but the spectrum 

at 80W exhibits a slightly distorted line shape, which is discussed later.  

Figure 2(a) shows the results of time-resolved EMF measurements at the EMF peak magnetic field 

under the 396W-incident pulse. The time response waveform of EMF showing a 4.0 mV-peak is 

obtained directly from the oscilloscope without a preamplifier for the input (or load) resistance of 

RL =50Ω due to the use of the high Q-value cavity. This panel also shows the waveform of the 

irradiated microwave pulse, and its time-response is similar to that of the EMF, indicating that no 

delay is observed in the EMF response after pulse excitation. Similar results were reported from a 

previous study using high-power pulsed microwaves, showing EMF with no delay relative to the 



 7

pulse.6 In the experiments under high power microwave irradiation, one must be careful about the 

effect of heat generation on the EMF. The time response of EMF with no delay means that the 

EMF rapidly reaches equilibrium during the pulse. Thus, even if the EMF includes the effect of 

heat generation, it is limited to the case where heat dissipation takes place immediately. We found 

that the EMF value after the pulse excitation slightly fluctuates as the repetition frequency of pulse 

is increased, which could be due to the increase of temperature by the pulse excitation. However, 

such fluctuation was almost negligible at the frequency of 500 Hz used in this study and the 

obtained EMF was stable for at least one hour of pulse repetition experiments with high power. 

From these results, we regard that the effect of heating on EMF is negligibly small in these pulse 

measurements. Figure 2b compares the time-response waveforms of EMF between the 

measurement at RL=50 and 1MΩ. The waveform for RL= 1MΩ shows only a slight delay around 

the rise and fall of the signal compared to that RL=50Ω. The resistance of the Pt electrode that 

generates the EMF was 84.5Ω, and, considering the impedance difference between the Pt 

resistance and RL, the larger mismatch at RL= 1MΩ is presumed to cause the slight delay. Even 

with RL= 1MΩ, equilibrium is rapidly achieved within the pulse width of 500 ns, and its intensity 

reaches as high as 10.2 mV, which was achieved by using the high-Q cavity.  

   Figure 3a shows the irradiation power dependence of the pulsed EMF spectra measured under 

RL= 1MΩ at the time when the EMF reaches the equilibrium value. The peak intensity of the 

spectra increases with increasing the pulse power, and the EMF spectra exhibit asymmetric line 

shape with a peak shifted to the high field side. It has been observed that the FMR lineshape of Py 

is distorted under strong excitation.10-12 In the case of EMF spectrum, since the EMF is obtained 

through several processes such as the FMR-absorption, spin injection into the Pt layer, and the 
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conversion from spin current to charge current by ISHE, it should thus be confirmed whether the 

observed EMF lineshape is determined only by the FMR absorption lineshape or not. 

   In magnetic resonance measurements using a microwave cavity under strong pulse irradiation 

as typically employed in electron spin resonance (ESR), because of strong power reflection from 

the cavity and leakage through the circulator, direct observation of microwave absorption signal 

of a sample during the pulse irradiation is usually not possible. In fact, the absorption signals can 

be observed only when the cavity reflection is sufficiently small such that the absorption signals 

remain even after the pulse is turned off.19,20 In addition, when the linewidth of the FMR or ESR 

signal is large, the absorption signal decays faster, making it even more difficult to detect the 

absorption signal. In the present case, the linewidth of the Py signal is too large to be detected by 

such pulse measurements, meaning that the FMR signal of Py under pulsed irradiation cannot be 

obtained by conventional pulse magnetic resonance methods. We here apply an antenna-probe 

method to measure FMR absorption spectra under intense pulse excitation. The antenna probe 

system, consisting of an antenna to pick up microwave and a detection diode, directly measures 

the microwave power emitted from the front window of a microwave cavity, enabling observation 

of the microwave absorption spectra by lock-in techniques as demonstrated for the Py/Pt device 

under quasi-continuous microwave irradiation below 200mW at 50% duty cycle.14 However, the 

high power excitation system using TWTA must operate under low duty cycles (typically < 2 %), 

in which case conventional lock-in techniques cannot provide a significant signal. To overcome 

such difficulties, absorption spectra by the antenna probe under high-power pulses were measured 

by gating the antenna response signal according to the pulse width with a boxcar integrator and 

amplifying the gated response.  
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   Figure 3b shows the FMR spectrum during the pulse excitation under 396W irradiation 

obtained from the antenna probe measurement, exhibiting an asymmetric spectrum with a peak 

tilted toward the high magnetic field side. The same figure also shows the EMF spectrum obtained 

simultaneously with the antenna measurement. The two spectral shapes are similar except for the 

baseline fluctuation included only in the antenna measurement. This similarity of the spectra 

demonstrates that the anisotropic EMF spectrum under strong pulse excitation is due to anisotropic 

lineshape by FMR absorption.  

   It has been reported that anisotropic lineshape appears in the FMR-spectrum of Py with 

increasing the irradiation microwave power.10-12 The anisotropy is due to a nonlinear FMR 

response that occurs due to large-angle precession caused by strong excitation and results in the 

resonance peak shift increased with the microwave power, which is often called a fold-over effect 

and has also been reported on yttrium-iron-garnet (YIG).13,21-24 In fact, for Py, Khivintsev et al. 

showed that the fold-over-type lineshape appears depending on the magnitude ratio of the static 

and microwave magnetic fields,11 and Guo et al. showed that the direction of the peak shift in the 

fold-over spectra changes from lower to higher field sides depending on the aspect ratio of the 

sample width and length.12 The  spectrum of the fold-over FMR can be described by the following 

equation:10,12 

ܮ ൌ


ሺுିுబାሻమାுమ     (1) 

where L is the FMR intensity, H the magnetic field, H0 the resonance center, H the linewidth, 

A the factor proportional to the squared field of microwave, and a the deviation factor of the 

resonance center proportional to the magnetization. We can here obtain the spectral lineshape by 

calculating the solution of Eq. (1) as a function of magnetic field. Actually, as shown in Fig. 3c, 

we succeeded in reproducing the spectrum under 396W-excitation by the calculation. This good 
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agreement demonstrates that the origin of the EMF-spectrum is indeed due to fold-over FMR 

absorption, which also confirms that the nonlinear FMR response is included in the EMF-

generation process under the strong microwave irradiation.  

 

3.2. Power dependence of spin current-mediated power transfer 

In considering the application of spin current-based devices, the EMF and power mediated by 

spin current should be enhanced, for which exploring the nature and underlying physics of the 

irradiation power dependence of ISHE-based EMF is important. We here address the excitation 

power dependence of EMF over a wide power range including that under strong pulse excitation.  

We first build a model to analyze the power flow mediated by spin currents. In Fig. 2(b), the 

steady-state EMF values obtained at RL=50Ω and 1MΩ under 396 W pulse irradiation were 4.0mV 

and 10.2mW, respectively. The difference of these values is discussed to build the model. The 

charge current converted from the spin currents in the Pt layer is consumed by the resistance of 

the Pt layer and the input resistance (external load) as Joule heat. We expect that the converted 

current is distributed into the two current components at the Pt layer and the external load defined 

by Jpt = Vemf / Rpt and JL= Vemf / RL, respectively, where Vemf is the EMF measured, and Rpt the 

resistance of Pt layer. We also assume that the total charge current converted from the spin current 

is constant regardless of RL. This model is equivalent to assuming a parallel circuit consisting of 

the two resistance components at the Pt layer and the external load shown in Fig. 4(a) and similar 

to the model proposed by Rogdakis et al..25 From the assumption of the constant total currents Jc 

(= JL + Jpt) regardless of RL, we can calculate Vemf at RL=50Ω (Vemf,50) by the relation of 

Vemf,1M(1+10-6Rpt)/(1+Rpt /50), where Vemf,1M is Vemf at RL=1MΩ. We find that, using simply the 

resistance of Pt measured between the EMF measurement terminals (84.5Ω) for Rpt, Vemf,50 is 
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calculated to be -3.80mV using Vemf,1M= -10.2mV, which is close to the actual Vemf,50 value (Table 

1). Also Jc (= Vemf (1/RL+1/ Rpt)) calculated from Vemf,50 and Vemf,1M are shown to be nearly the 

same for RL = 50Ω and 1MΩ in Table 1, indicating the validity of the model.  

   To further confirm the validity of the model, the RL-dependence of Vemf measured in the RL 

range of 50Ω to 1MΩ under the 162mW irradiation for the Py/Pt device is compared with the 

prediction calculated from the relation of Vemf,1M(1+10-6Rpt)/(1+Rpt /RL) (Fig. 4(b)). The prediction 

curve calculated as a function of RL reproduces well the RL-dependence of Vemf, confirming the 

validity of the model. We emphasize that the RL-dependence of all circuit elements such as Vemf, 

JL and Jpt can be predicted only by measuring simple parameters of Vemf at a certain RL (e.g. 1MΩ) 

and a resistance between the EMF measurement terminals. Figure 4(b) also shows that Jc 

calculated from Vemf is nearly constant in the RL range, demonstrating that Jc can be regarded as 

truly constant regardless of RL-magnitude.  

   The model with the equivalent circuit in Fig. 4a enables us to evaluate the effect of RL on the 

output power at the external load. Focusing on the fact that output power is generated by irradiating 

microwave, the power generation can be treated in the same way as in the case of solar cells, where 

the maximum output is calculated from the current/voltage characteristics measured between 

output terminals under light irradiation. In the present case, the current/voltage characteristic 

corresponds to the relation between JL and Vemf, which can be calculated from the RL dependence 

of Vemf as JL=Vemf/RL. The output power at the load Pout is thus given by  

୭ܲ୳୲ ൌ ܸୣܬ ୫ ൌ

మ

ோై
ൌ

మ

ோై൬
భ
ೃై
ା

భ
ೃ౦౪

൰
మ   .   (2) 

When changing RL, since Jc is constant from the equivalent circuit model confirmed above, Pout 

is expected to have the maximum value ܲ௨௧
௫	= (1/4)Jc

2Rpt when RL= Rpt from the fourth side of 

Eq.(2). In fact, Figure 4(c) shows that the RL-dependence of Pout calculated from the RL-
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dependence of Vemf under the 162mW microwave irradiation has a peak around RL= Rpt and can 

be reproduced by the fit using the fourth side of Eq.(2).  

  Since JL is zero when RL→∞, Jc is calculated from the Vemf-value at RL→∞ (V∞) as Jc =V∞/Rpt. 

ܲ௨௧
௫ can thus be estimated by substituting the Vemf-value at RL=1MΩ for V∞. We here define the 

maximum power output efficiency per irradiation power as follows: 

ߟ
௫ ൌ ܲ௨௧

௫

ܲ
ൗ ൌ ஶܸ

ଶ

൫4ܴ௧ ܲ൯
൘  . (3) 

Comparing this efficiency between for Pin =162 mW and 80 W, the efficiencies are 1.2×10-12 for 

162mW and 6.6×10-10 for 80W, respectively, using V∞= 8.27V and 4.22mV substituted by the 

Vemf-values measured under RL= 1MΩ. Surprisingly, ߟ
௫ under 80 W is about 550 times greater 

than that under 162mW as summarized in Fig. 5(a). This finding suggests that the conversion 

efficiency is enhanced by increasing the irradiation power.  

   To consider the reason of the power-dependent efficiency, we focus on the property reported 

previously that the magnitude of FMR-induced EMF is proportional to the microwave irradiation 

power, 6-8 which could also occur even under strong pulse irradiation.6 Actually, a nearly linear 

relation of V∞ versus Pin was obtained under the irradiation microwave power region of Pin< 

200mW as discussed later. Furthermore, the ratio of V∞/Pin at 162mW to that at 80W was 0.97, 

confirming a nearly linear relationship between V∞ and Pin including under 80W. Here, assuming 

V∞=aPin with the proportional coefficient a, we obtain the following relation: 

ߟ
௫ ൌ

ሺሻమ

ସோ౦౪
ൌ మ

ସோ౦౪
∝ ୧ܲ୬  .   (4) 

This relation suggests that ߟ
௫ increases in proportion to Pin. In fact, the increase in ߟ

௫ under 

Pin =80W against that Pin =162 mW (550-fold) is close to the increase in Pin (490-fold). Also a 
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nearly linear relation in ߟ
௫ versus Pin is actually obtained under Pin< 200mW (Fig. 5(b)). It is 

thus confirmed that the power output efficiency is proportional to Pin.  

This feature of the power conversion efficiency means that if the microwave pulse width for spin 

pumping is halved and the power is doubled, the output energy obtained through the spin current 

is twice as large, while the incident pulse energy is the same. Moreover, the increase of 

ߟ
௫depending on Pin is actually caused by the increase of the absorption power proportional to 

Pin in the FM layer. In the present experiments, since the efficiency of microwave absorption is 

very low,14 increasing the quality-factor of the microwave cavity and optimizing a device structure 

for efficient microwave absorption can further enhance	ߟ
௫ . Also the transfer efficiency of 

absorption power from the FM layer to the NM layer can also be enhanced by selecting FM 

materials that exhibit a large variation of FMR width by addition of a NM layer, or by optimizing 

the combination of FM and NM materials for efficient spin current transfer. Considering all these, 

the output efficiency of spin energy through spin currents still could be increased significantly. 

   We note that the total power provided by Jc generated in the Pt layer and the external load is 

calculated as Ptot =V∞
2(1/RL +1/Rpt) ∝Pin

2 using the equivalent circuit in Fig. 4a, indicating that 

Ptot is also increased in proportion to Pin
2. Therefore, the observed power-dependent features are 

not limited to the external output, but represent the intrinsic nature of the power conversion process 

via spin currents. The origin of this feature is here discussed. The number of spins excited by FMR 

in the Py layer is in proportion to Pin and thereby paramagnetic spins in the Pt layer are excited by 

the FMR-excited spins in proportion to Pin (the number of excited spins is np). Js is then formed 

by a population of the paramagnetic spins and should be proportional to np. Assuming that the 

conversion efficiency from Js to Jc (the spin Hall angle sh) is independent of np, the relation of Jc
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∝Pin is obtained. Since Pout and Ptot are in proportion to Jc
2, the two powers are eventually found 

to increase in proportion to Pin
2, explaining also ߟ

௫	increasing proportional to Pin.  

   The observed Pin-dependence can be explained phenomenologically as described above. 

However, note that, originally, charge current is a quantity that increases in proportion to the 

squared root of the power. Nonetheless, Jc converted from Js increases in proportion to Pin as long 

as sh is constant regardless of Pin. This property of Js is the origin of the observed Pin-dependence 

of Ptot, and it arises from the characteristic of Js that carries not only angular momentum but also 

power by a population of excited states. As shown previously, the absorption lineshape and 

linewidth in the Py/Pt device do not vary with changing Pin below 200mW.14 In this Pin range, the 

fraction of the power injected from the Py layer to the Pt layer by spin pumping (Psp) to Pin, 

corresponding to the linewidth difference between the Py/Pt and Py-only devices divided by the 

Py-only linewidth,14  is unlikely to vary in changing Pin. In this case, importantly, since Js is created 

in proportion to Pin, the fraction of Ptot within Psp increases in proportion to Pin (Figure 5(c)).  

     Psp is the power excluding the self-relaxation power of Py in the absorption power by the Py 

layer and can be regarded here as the power reaching the interface with Pt. Figure 5c then means 

that the portion of the power reaching the interface that is converted to Ptot increases in proportion 

to Pin
2. The low ߟ

௫ values shown above imply that there is much power loss at the interface, 

but, considering the power conservation law, the increase of Ptot in proportion to Pin
2 should be 

supplied by the interface loss power, meaning that the interface power loss can be reduced with 

increasing Pin. Generally, the effect of interface between FM and NM layers on spin current 

generation is evaluated in terms of the spin-mixing conductance (݃↑↓). However, since ݃↑↓  is 

usually defined as a quantity proportional to the difference in FMR linewidth between the FM and 

FM/NM layers, 26-28 it is proportional to Js 28-30 (here also Psp), but is unlikely to vary with Pin in 
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the Pin range where there is no change in linewidth. Therefore, it should be noted that Pin-dependent 

changes in power transfer at the interface cannot be discussed if the effects of the interface are 

evaluated only from ݃↑↓. Our findings derived from power-dependent properties of spin currents 

indicate that the power transfer at the interface should be considered as a power-dependent process. 

   The aforementioned discussion was made for the results under quasi-continuous microwave 

irradiation less than 200 mW. The power-dependent properties under pulsed intense excitation are 

here addressed. As shown in Fig. 3a, under the strong excitation, the peak magnetic field position 

of the EMF-spectrum shifts to the high field side with increasing Pin. Figure 5d shows the plots of 

the Vemf peak intensities against the pulse irradiation power (Pin). Unlike the power dependence of 

Vemf below 200 mW, which exhibits a linear relationship as shown in the inset, the Vemf peak 

intensities increase less than linearly with increasing Pin. To consider the reason for the less-linear 

relation, we focus on the Vemf spectra in Fig. 3a that become broader as the power increases mainly 

due to a power-enhanced distortion of the lineshape by the fold-over effect. We consider that the 

spectral broadening may reduce the peak intensities and thus investigated the Pin-dependence of 

the integrated intensity of the spectrum as in Fig. 5d, showing that the integral intensities exhibit 

nearly linear Pin-dependence. Therefore, when the spectral width broadening is taken into account, 

a linear increase in Vemf proportional to the incident power occurs even under high power pulse 

irradiation.  However, the power-generation proportional to Pin
2 cannot occur at fixed magnetic 

field positions unlike the case in the low power excitation. Instead, Vemf at fixed magnetic field 

positions can exhibit a nonlinear change due to the spectral broadening that varies depending on 

the field position: for instance, when fixed at the peak position of the 396W-EMF spectrum in Fig. 

3a, Vemf increases rapidly beyond the linear relation as the power is increased. The non-linear 



 16

power generation through fold-over type FMR is expected to be applied for a device whose power 

generation efficiency can be tuned depending on the magnetic field.  

 

4. Conclusions 

   We built the high power pulse excitation system for spin pumping and applied it for the Py/Pt 

device. This system employed a high-Q cavity with critical coupling instead of the conventional 

low-Q cavity with over-coupling, which enabled excitation with high excitation density. The 

pulse measurements showed that the transfer of spin excitation power mediated by spin current is 

very fast and the VEMF induced by high power excitation exceeds 10mV. The high-power spin 

pumping exhibited asymmetrical EMF-spectra, which were shown to be due to the fold-over 

effect by non-linear FMR excitation. The conversion, transfer and output processes of the power 

generated by FMR-pumping were examined for the Py/Pt device. The charge current converted 

from spin current was shown to be divided into the two currents flowing the Pt layer and the 

external load, constituting the parallel circuit. The conversion efficiencies of Pout and Ptot to Pin 

were demonstrated to increase in proportion to Pin. These findings mean that the interfacial loss 

in the generation process of spin current is reduced by increasing Pin, indicating the importance 

of considering the Pin-dependence of the interfacial loss in the spin current generation process. In 

the strong excitation regime with the fold-over type EMF spectra, VEMF was found to be 

increased less linearly due to the spectral broadening. This feature can be used for power 

generation increased non-linearly that can be tuned depending on the magnetic field position. 
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Table 1. EMF values and the total charge current Jc calculated from the parallel circuit model 
for the Py/Pt device under pulse microwave irradiation (396 W).  

 

Devices Vemf,1M * Vemf,50 * V'emf,50 ** Jc,50 *** Jc,1M *** 

Py/Pt -10.22 mV -4.04 mV -3.80 mV -1.3×102 A -1.2×102 A

 

* Vemf,1M and Vemf,50 indicate the EMF values obtained when the input resistance of the 
oscilloscope (RL) is 1MΩ and 50Ω, respectively.  

** V'emf,50 is the EMF value at RL = 50Ω calculated from Vemf,1M. 

*** Jc,50 and Jc,1M are the total charge current values calculated for RL= 50Ω and 1MΩ, 
respectively using the relation of Jc,x = Vemf,x (1/RL+1/Rpt) where x= 50 and 1M for RL = 50Ω 
and 1MΩ, respectively. Rpt is the resistance measured from Pt terminals (84.5Ω) of the Py/Pt 
devices. 
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Figure 1. Comparison of the spectra of electromotive force (EMF) induced by ferromagnetic 

resonance (FMR) excitation of the permalloy (Py)/Pt device under the microwave irradiation 

of 162mW and 80W.  
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Figure 2. a. Comparison of the time-response waveforms of the EMF and microwave pulse 

(0.5 s width). The EMF was measured at the peak magnetic field for a 396W-microwave 

pulse with the internal resistance (RL) of 50Ω. b Comparison of the time-response waveforms 

of the EMF measured at the same peak field for the same pulse between RL = 50 Ω and 1 MΩ. 
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Figure 3. a. Microwave power dependence of EMF spectra under pulse microwave irradiation 

measured under RL= 1MΩ. b. Comparison of the FMR spectrum during the pulse excitation 

under 80W-pulse irradiation obtained from the antenna probe measurement with the EMF 

spectrum measured simultaneously. c. Result of the spectral simulation using Eq. (1) for the 

EMF spectrum at 396W shown in a.   
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Figure 4. a Model of the parallel circuit consisting of the resistances of the external load (RL) 

and Pt (Rpt). The charge currents (Jc) converted from spin current (Js) flow in RL and Rpt (JL and 

Jpt, respectively) and the current ratio (JL /Jpt) can be regulated by changing RL. b The RL-

dependence of EMF measured for the Py/Pt device (Vemf) and the total charge current JL+ Jpt 

(=Jc). The black solid curve in Vemf represents the prediction calculated from Vemf at Rpt =1MΩ. 

c The RL-dependence of the output power at the external load Pout (top). The solid curve is the 

result of fit using Eq.(2).  
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Figure 5. a Power flow chart of EMF-output by FMR-spin pumping for the Py/Pt device under 

162mW and 80W microwave irradiations. ߟ
௫is the conversion efficiency of the power that 

can be maximally output ( ܲ௨௧
௫) per the input microwave power (Pin). Psp is the power injected 

from the Py-layer into the Pt layer. sh is the spin Hall angle. b Pin–dependence of ߟ
௫. c 

Schematic representation of the proportion of the total power consumed inside the Pt layer and 

an external load (Ptot) to Psp increasing with squared Pin: for instance, increasing Pi from P0 to 

2 P0 doubles the ratio of Ptot to Psp.  d Input power dependence of Vemf peak values and spectral 

integrals in the spectrum of Fig. 3a. The inset shows the power dependence of Vemf below 200 

mW. 
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