
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Coexistence of low-frequency spin-torque ferromagnetic
resonance and unidirectional spin Hall magnetoresistance

Motomi Aoki, Ei Shigematsu, Ryo Ohshima, Teruya Shinjo, Masashi Shiraishi, and Yuichiro
Ando

Phys. Rev. B 104, 094401 — Published  1 September 2021
DOI: 10.1103/PhysRevB.104.094401

https://dx.doi.org/10.1103/PhysRevB.104.094401


1 

 

Coexistence of low-frequency spin-torque ferromagnetic resonance and 

unidirectional spin Hall magnetoresistance 

 

Motomi Aoki1, Ei Shigematsu1, Ryo Ohshima1, Teruya Shinjo1, Masashi Shiraishi1, and Yuichiro Ando1,2† 

 

1Department of Electronic Science and Engineering, Kyoto University, Kyoto, Kyoto 615-8510, Japan 

2PRESTO, Japan Science and Technology Agency, Honcho, Kawaguchi, Saitama 332-0012, Japan 

 

Corresponding authors 

†Yuichiro Ando Address: A1-226, Kyodai Katsura, Nishikyo-ku, Kyoto, Kyoto, Japan 

              Tel.: +81-75-383-2356, Fax: +81-75-383-2275  

                     E-mail: ando.yuichiro.5s@kyoto-u.ac.jp 

  



2 

 

Abstract 

We investigate the DC voltage under an applied microwave current for platinum(Pt)/cobalt(Co), tantalum(Ta)/Co, and 

tungsten(W)/Co bilayers, where the microwave-induced alternating magnetic field (Brf) is parallel to an external static 

magnetic field (Bext). Whereas spin torque ferromagnetic resonance (ST-FMR) signals do not appear because of the 

parallel configuration of Brf and the magnetization of the Co layer, we recently found a clear hysteresis signal around 

Bext = 0 mT only when the microwave frequency (fMW) is low, typically less than 10 GHz. This low-frequency ST-FMR 

(LFST-FMR) signal enables us to detect magnetization switching induced by spin-orbit torque (SOT) with high 

sensitivity. In this study, we found an additional background (BG) signal superimposed on the LSFT-FMR signal. The 

additional BG signal also has hysteresis behavior and appears even at high fMW, where the LSFT-FMR signal completely 

disappears. The sign of the BG signal is changed by changing the nonmagnetic material from Pt to Ta or W. By 

measuring fMW, the microwave current, the temperature, and the magnetic-field-angle dependences, we conclude that 

the BG signal is induced by spin-dependent unidirectional spin Hall magnetoresistance (SD-USMR), which is generated 

by a spin current induced by the spin Hall effect of nonmagnetic metals and spin-dependent electron mobility in 

ferromagnetic metals. The SD-USMR signal appears in wide ranges of fMW and Bext because the SD-USMR originates 

from the nonlinearity of current-dependent resistance and is not related to magnetization dynamics. From the 

magnitude of the BG signal, the spin Hall angles of Pt and Ta are calculated to be 0.026±0.006 and –0.042±0.006, 

respectively. In addition, we demonstrate SOT magnetization switching using the BG signal.  
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Ⅰ. INTRODUCTION 

Spin-orbit torque (SOT) is one of the most attractive research areas of spintronics [1,2] because it enables low-

power consumption and highly enduring magnetization switching in magnetoresistive random access memory 

(MRAM). A material with a large spin Hall angle, SH, is essential for efficient writing of MRAM using SOT. 

Therefore, many researchers have experimentally investigated SH for various materials [3–13]. Spin torque 

ferromagnetic resonance (ST-FMR) is one of the most widely used methods for evaluating SH [14]. In this method, 

an alternating current, Irf, for generation of microwaves is injected into a nonmagnetic metal (NM)/ ferromagnetic 

metal (FM) bilayer under an applied static magnetic field, Bext. A microwave alternating magnetic field, Brf, and/or 

SOT generated by the spin Hall effect (SHE) in the NM layer induces precession of the magnetization of the FM 

layer. The magnetization precession is converted into an oscillation of the resistance of the NM/FM bilayer, RNM/FM, 

via the anisotropic magnetoresistance (AMR) of the FM layer. The oscillating RNM/FM and Irf generate a DC voltage, 

VDC, whose amplitude is maximized around the ferromagnetic resonance (FMR) condition. SH is estimated by 

analyzing the VDC–Bext spectra. Note that the ST-FMR does not generally appear when a sufficiently large Bext is 

applied perpendicular to the direction of Irf because neither Brf nor the SOT induces a torque on the magnetization. 

On the contrary, recently we found that a strong DC voltage is also generated even when Bext is perpendicular to the 

direction of Irf, especially when the microwave frequency, fMW, is less than 10 GHz. This is called low-frequency 

ST-FMR (LFST-FMR) [15]. The LFST-FMR generally appear at low Bext. The origin of the LFST-FMR is the finite 

slope in a RNM/FM–Bext curve around Bext = 0 mT [16]. Because the magnetic domain structure is not uniform around 

Bext = 0 mT, particularly at the edge of the FM layer owing to the shape anisotropy, the total magnetization of whole 

FM layer at positive Irf is different from that at negative Irf. This results in oscillation of RNM/FM and generation of 

VDC.  

LFST-FMR is expected to accelerate investigations of SOT materials because it enables highly sensitive detection 

of SOT-induced magnetization switching of the FM layer with in-plane magnetic anisotropy without complicated 

device fabrication. Actually, magnetization switching of 100 nm-wide ferromagnetic electrodes was successfully 

demonstrated owing to the high sensitivity. However, the origin of LFST-FMR has not been completely revealed. 

The obtained LFST-FMR spectrum was approximately a factor of two larger than the one calculated in our previous 

research [15]. Although the magnitude of the LFST-FMR was shown to depend on the slope of the RNM/FM–Bext 

curve, it still deviated from the calculation [17]. Therefore, a contribution to the LFST-FMR spectrum other than 

from the RNM/FM–Bext slope is expected. 

In this study, we found an additional background (BG) signal superimposed on the LFST-FMR spectra and even 
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on the ST-FMR spectra. We concluded that this BG signal is generated by the unidirectional spin Hall 

magnetoresistance (USMR) caused by the SHE in the NM layer [18–23]. In the USMR, the spin-dependent 

interfacial and/or bulk resistance of the FM layer and spin-dependent electron mobility play an important role in 

generating VDC. In an NM/FM bilayer with a finite spin–orbit coupling of the NM layer, a spin current generated by 

the SHE in the NM layer is injected into the FM layer. The spin polarization of this spin current is reversed 

depending on the polarity of Irf. In this situation, the total resistance also has a nonlinear Irf dependence, resulting in 

generation of VDC. By measuring fMW, the amplitude of Irf, the temperature, and magnetic field angle dependences 

of the BG signal, we concluded that the origin of the BG signal is the spin-dependent USMR (SD-USMR) [22]. The 

magnitude of the SD-USMR has been theoretically investigated and calculated using the spin diffusion 

equation [20]. From the magnitude of the BG signal, we estimated SH for Pt and Ta to be 0.026±0.006 and –

0.042±0.006, respectively. We also detected SOT magnetization switching using the hysteresis characteristics of the 

BG signal. Because the SD-USMR is induced by the spin-dependent conductivity of the FM and is not related to 

spin torque or magnetization dynamics, we successfully detected magnetization switching even when fMW was high 

at 13 GHz. The threshold current density was 3×107 A/cm2, which is consistent with a previous research (1.8×107 

A/cm2) [24]. Under a specific condition, we can enhance VDC using both the LFST-FMR and the SD-USMR, which 

enables more efficient detection of the magnetization switching. The SD-USMR is also superimposed on the ST-

FMR signals because it appears universally irrespective of fMW, magnetic field angle, and device geometry. Once 

the parameters such as spin diffusion length, polarization of the electron mobility, and the anomalous Nernst voltage 

are obtained by additional experiments, this allows us to estimate SH from two different perspectives, i.e., spin 

torque and spin dependent magnetoresistance, by only measuring one FMR spectrum, which enables the cross check 

and more reliable evaluation of SH. 

 

Ⅰ. SAMPLE FABRICATION AND EXPERIMENTAL PROCEDURE 

Figure 1(a) shows a schematic of the device structure and electric circuit in this study. First, rectangular 

NM(tN)/Co(tF)/SiO2(tcap) layers were fabricated via electron beam lithography and rf magnetron sputtering. The 

quantities tN, tF, and tcap are the thicknesses of the NM, Co, and SiO2 layers in nanometers (nm), respectively. Then, 

a rectangular ferromagnetic Co/SiO2 region with width w and length l was fabricated using electron beam 

lithography and argon ion (Ar+) milling. The Ar+ milling was stopped after etching of a ~2 nm NM layer to make 

the lead line of the remaining NM later. After an additional Ar+ milling to remove the surface oxidized layer of the 

NM lead line, a Ti (3 nm)/Au (70 nm) electrode was deposited via electron beam deposition without breaking 
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vacuum. We prepared several NM(tN)/Co(tF)/SiO2(tcap) samples with various geometries and materials as follows: 

Pt(15)/Co(3)/SiO2(7) (sample A, w = 5 m, l = 0.8m), Pt(15)/Co(3)/SiO2(7) (sample B, w = 40 m, l = 40m), 

Ta(15)/Co(3)/SiO2(7) (sample C, w = 5 m, l = 1m), Ta(15)/Co(8)/SiO2(7) (sample D, w = 10 m, l = 1.3m), 

Ta(15)/Co(3)/SiO2(7) (sample E, w = 40 m, l = 40m), and W(6)/Co(1)/SiO2(3) (sample F, w = 5 m, l = 5m), 

as summarized in Table 1. Microwave radiation with a power PMW was applied via an analog commercial signal 

generator (KEYSIGHT N5173B EXG). VDC was measured using a voltmeter (Keithley Nanovoltmeter 2182A). To 

demonstrate SOT magnetization switching, a 1-s-wide pulse current was injected using a function generator 

(KEYSHIGHT 33622A) to switch the magnetization. We used a physical property measurement system (Quantum 

Design: PPMS) to measure the VDC–Bext curves at low temperature. VDC was measured using a voltmeter (Keithley 

Nanovoltmeter 2182A) under microwave irradiation generated by a function generator (KEYSHIGHT 33622A) 

with a frequency of 0.1 GHz. The amplitude of the voltage for generating Irf, VMW, was fixed to 2 V peak-to-peak. 

Bext was applied along the y axis as shown in Fig. 1(a). The experiments were carried out at room temperature unless 

otherwise indicated. 

 

Ⅰ. RECTIFICATION SIGNAL UNDER MICROWAVE IRRADIATION 

When fMW is lower than the ferromagnetic resonance (FMR) frequency, a non-zero VDC is generated around Bext 

= 0 mT via the oscillation of RNM/FM due to the LFST-FMR [15]. VDC generated by the LFST-FMR, VLF, is expressed 

as 

𝑉LF =
1

2
𝐼rf

0 𝐵eff
0

∆𝑅NM/FM

∆𝐵ext
, (1) 

where definitions of 𝐼rf
0   and 𝐵eff

0   are 𝐼rf = 𝐼rf
0 sin2𝜋𝑓MW𝑡  and 𝐵eff = 𝐵eff

0 sin2𝜋𝑓MW𝑡 , respectively. Beff is 

composed of Brf induced by the part of Irf flowing through the NM layer and the spin Hall effective field, BSH, 

corresponding to the field-like spin orbit torque. Bext is the peak-to-peak value of Brf+BSH, and |Brf|>|BSH| was 

confirmed in this study. Considering that the signs of Irf and Brf are always opposite in our device structure, VLF is 

proportional to −
∆𝑅NM/FM

∆𝐵ext
. The contribution of damping-like SOT is negligible for generating VLF, because the 

phase difference between the oscillating magnetization and Irf is almost 0° when fMW is sufficiently low compared 

with that for the FMR conditions. Figures 1(b)–1(d) show the Bext dependences of (b) RNM/FM, which was obtained 

by monitoring DC voltage with an application of a DC charge current; (c) −
∆𝑅NM/FM

∆𝐵ext
; and (d) the rectification 

voltage under microwave, VDC, for sample A. Here, Bext was set to 0.2 mT. The shape of the VDC–Bext curve in Fig. 
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1(d) roughly corresponds to that of the −
∆𝑅NM/FM

∆𝐵ext
 – Bext curve in Fig. 1(c). Note that the signal shape of −

∆𝑅NM/FM

∆𝐵ext
 

– Bext curve were almost unchanged even though different Bext i.e., different BSH was employed. [see the 

Supplemental material, SM, A [25]] Figures 1(e)–1(g) show the Bext dependences of (e) RNM/FM; (f) −
∆𝑅NM/FM

∆𝐵ext
; and 

(g) VDC for sample C. In contrast to sample A, there are clear differences between the −
∆𝑅NM/FM

∆𝐵ext
 – Bext and VDC–

Bext curves as shown in Figs. 1(f) and 1(g). For example, VDC at strong positive Bext is clearly lower than at strong 

negative Bext, indicating an additional background voltage. We can recognize the LFST-FMR with switching fields 

at ±20 mT as indicated by the blue arrows, which correspond to the switching fields in Fig. 1(f). It seems that a BG 

signal with an odd function and a saturation around |Bext| ≥ 30 mT is superimposed on the LFST-FMR. The 

magnitude of the BG signal, VBG, is defined as 2𝑉BG = 𝑉DC
+ − 𝑉DC

− , where 𝑉DC
+  (𝑉DC

− ) is the average of VDC at Bext 

> 50 mT (Bext < −50 mT). Note that the ST-FMR was negligible in our measurement setup because Bext was applied 

perpendicular to the direction of Irf. Whereas relatively low VBG is also recognized for sample A, its sign is opposite 

to that of sample C. Therefore, VBG might have a relationship with SH because the signs of SH for Pt and Ta are 

opposite to each other. One possible origin of the BG signal is a thermoelectric effect such as the anomalous Nernst 

effect (ANE) [26,27] and the spin-dependent Seebeck effect (SDSE) [28–30]. Owing to the non-uniform flow of Irf 

in the NM/FM bilayers and unequal heat conductivity between the top and bottom surfaces, a thermal gradient 

perpendicular to the film plane is expected to be generated [8,31]. This thermal gradient generates an electromotive 

force along the x direction in Fig. 1(a) whose sign depends on the magnetization direction. However, the ANE, 

which is dominant over the SDSE in the NM/Co bilayers, shows the same sign irrespective of SH for the adjacent 

NM [31–34] because the direction of thermal gradient in the Co layer of the Pt/Co and the Ta/Co samples are the 

same due to the large heat conductance of the MgO substrate [see SM-B and SM-C]. Therefore, whereas a non-

negligible contribution by the ANE might exist, it is not the dominant origin of the BG signal. 

 

IV. FREQUENCY DEPENDENCE  

In this section, we investigate the large BG signal observed in the Ta/Co bilayer at various fMW values. Figure 

2(a) shows VDC–Bext curves under various fMW values for sample C. Figure 2(b) shows the enlarged signal of the 

meshed area (from –40 to +40 mT) in Fig. 2(a). For fMW > 5 GHz, a simple hysteresis is observed where VDC for the 

up sweep is higher than for the down sweep at Bext = 0 mT. In contrast, for fMW < 3 GHz, the hysteresis signals cross 

at |Bext| ≤ 5 mT; i.e., VDC for the up sweep becomes lower than for the down sweep. The magnitude of the LFST-
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FMR has a strong fMW dependence and becomes almost zero at high fMW. Because of this, the crossing of the 

hysteresis signals at fMW < 3 GHz is due to the appearance of the LFST-FMR where VDC for the up sweep is expected 

to be lower than for the down sweep at Bext = 0 mT, as shown in Fig. 1(f). Since the LFST-FMR disappears at high 

fMW, we found that the BG signal also shows hysteresis and appears even at higher fMW for fMW > 5 GHz. Figures 

2(c) and 2(d) respectively show the VDC–Bext curves under various fMW values and enlarged plots for sample D, 

which had a thicker Co layer. In this case, the LFST-FMR became dominant for fMW < 3 GHz, whereas the BG 

signals became dominant for fMW > 7 GHz. At fMW = 5 GHz, these signals canceled each other out. The 

magnetoresistance of the Co/Ta bilayer induced by the AMR of the Co layer increases with increasing tF owing to 

the increased contribution of the conductance of the Co layer. This enhances the LFST-FMR originating from AMR 

for sample D. The difference in behaviors between samples C and D in Fig. 2 indicates that the origin of the BG 

signals is not directly related to AMR. Additionally, VDC in the VDC–Bext curves becomes constant at strong negative 

or positive Bext in Fig. 2. This indicates that the BG signals do not originate from magnetization dynamics, because 

the magnetization is completely aligned along the −y or +y direction owing to strong Bext and does not change even 

under microwave irradiation. 

 

V. DC VOLTAGE INDUCED BY UNIDIRECTIONAL SPIN HALL MAGNETORESISTANCE 

The BG signal is not related to the temperature gradient, AMR, or magnetization dynamics. Therefore, we focus 

on the USMR [18–23], where the in-plane resistance perpendicular to the magnetization in an NM/FM structure 

depends on the polarity of the charge current. There are two USMR mechanisms. One is the spin-dependent USMR 

(SD-USMR) [22], the origin of which is the spin-dependent resistance at the NM/FM interface and/or in the FM 

layer caused by a spin current generated via the SHE of the NM layer. In this case, the spin-dependent electron 

mobility generates a nonlinear magnetoresistance. The other mechanism is the spin-flip USMR (SF-USMR) [22], 

where modulation of the magnon population due to spin injection via the SHE in the NM layer causes modulation 

of the electron–magnon scattering at the NM/FM interface. Typically, the magnitude of the SF-USMR is suppressed 

at strong Bext [23], which is inconsistent with the behavior obtained in Fig. 2. Therefore, the most likely origin of 

the BG signals is the SD-USMR. From a simple spin diffusion model, the magnetoresistance induced by the SD-

USMR, MRSD-USMR, with spin-dependent electron mobility is expressed as [20]  

𝑀𝑅SD−USMR = 6 (
𝜎F𝐿F

𝜎N𝑡N + 𝜎F𝑡F
)

(𝑝𝜎 − 𝑝N) ((
𝜃SH𝐿N

𝜀F
) tanh (

𝑡N
2𝐿N

) tanh (
𝑡F
𝐿F

))

1 + (1 − 𝑝𝜎
2) (

𝜎F𝐿N
𝜎N𝐿F

) tanh (
𝑡F
𝐿F

) coth (
𝑡N
𝐿N

)

𝐼𝑅NM/FM

𝑙
, (2) 
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where I, F(N), and LF(N) are the longitudinal current, the bulk conductivity, and the spin diffusion length of the FM 

(NM), respectively; pis the conductivity spin asymmetry induced by the spin-dependent electron mobility; pN is 

the difference in density of states at the Fermi energy between the up and down spins; and F is the Fermi energy of 

the FM. When Irf is applied, the time average of the voltage induced by the SD-USMR, VBG, is expressed as 

𝑉BG =
𝑅NM/FM

2

𝑙
3 (

𝜎F𝐿F

𝜎N𝑡N + 𝜎F𝑡F
)

(𝑝𝜎 − 𝑝N) ((
𝜃SH𝐿N

𝜀F
) tanh (

𝑡N
2𝐿N

) tanh (
𝑡F
𝐿F

))

1 + (1 − 𝑝𝜎
2) (

𝜎F𝐿N
𝜎N𝐿F

) tanh (
𝑡F
𝐿F

) coth (
𝑡N
𝐿N

)
𝐼rf

0 2
. (3) 

Because the polarities of p and pN are changed by the magnetization reversal and their magnitudes are constant 

unless the magnetization direction changes, VBG in Eq. (3) is consistent with the BG signals obtained in Fig. 2. 

Furthermore, the polarity of VBG depends on SH, which is consistent with the polarity change of VBG between 

samples A and C. For the LFST-FMR, the DC voltage is generated by the product of the oscillating resistance due 

to magnetization precession and the AC current, which has the same frequency. This is the spin rectification effect. 

In contrast, for the SD-USMR, the DC voltage is generated by the charge current dependence on magnetoresistance. 

Therefore, it is not related to the magnetization dynamics and appears in wide ranges of fMW and Bext. The tF 

dependence is also expected to be different because the magnitude of the SD-USMR is maximized at a specific 

value that is related to LF.         

 

VI. CURRENT, TEMPERATURE, AND ANGLE DEPENDENCES 

To verify that the BG signal is actually generated by the SD-USMR, we measured 𝑉BG under various conditions. 

Figure 3(a) shows 𝑉BG/𝐼rf
0 2

 as a function of fMW. Taking into account the frequency-dependent attenuation in the 

measurement system because of impedance mismatch, 𝐼rf
0  was estimated using a vector network analyzer (Agilent 

E5071C). No clear relationship was found between 𝑉BG/𝐼rf
0 2

 and fMW, which is consistent with the characteristics 

of SD-USMR. Next, we investigated the 𝐼rf
0  dependence of VBG by changing PMW from 0 to 13 dBm as shown in 

Fig. 3(b). VBG was proportional to 𝐼rf
0 2

, in agreement with Eq. (3). The temperature dependence of VBG was also 

investigated using PPMS for sample E. Figure 3(c) also shows the conjectured temperature evolution starting from 

300 K of the DC voltage generated by the SF-USMR using values in Ref. [22]. The DC voltage generated by the 

SF-USMR approaches 0 V by decreasing the temperature because of suppression of magnon, obviously different 

from our results. Considering the measured temperature dependences in F(N) and expected temperature 

dependences in SH, LF, LN, and the polarity of the magnetization in Co [35–37], the SD-USMR in Ta/Co is expected 

to have a smaller temperature dependence than the SF-USMR [21–23]. Note that the USMR induced by the high-



9 

 

energy magnon might also contribute to VBG because it is constant up to Bext ~ 5 T [38]. However, the USMR induced 

by the high-energy magnon is suppressed in the low temperature, which is inconsistent with our experimental result. 

Therefore, the obtained temperature dependence of VBG is consistent with that of the SD-USMR. 

We also investigated VBG under a strong external magnetic field (Bext = 2 T) along different directions for sample 

E. Figures 4(a)–4(c) show the definitions of three different angles, , , and . Figure 4(d) shows the , , and 

dependences of VBG. The solid lines are linear fits indicated by sinand sinM, where M is the angle between the 

magnetization and the y axis calculated using micromagnetic simulation. As shown in Fig. 4(d), VBG is proportional 

to sinand sinM (the y component of magnetization), which is also consistent with previous studies on SD-

USMR [18,19,21,39]. Note that if the origin of VBG is magnon-induced USMR, it should shows a different angular 

dependences [22]. Because the frequency, current, temperature, and magnetic-field-angle dependences of VBG were 

consistent with those of the SD-USMR, we concluded that VBG was mainly induced by the SD-USMR.  

 

VII. DECONVOLUTION OF THE SIGNAL  

  Since the BG signal was mainly generated by the SD-USMR, the magnitude of which is proportional to the y 

component of the magnetization, we can differentiate the contribution from the BG signal and the LFST-FMR in all 

field range, respectively. y component of the magnetization direction was estimated from the AMR signal in the 

RNM/FM-Bext curve shown in Fig. 1(b) and 1(e). The calculated VDC-Bext curves due to the SD-USMR for sample A 

and sample C are shown in Figs. 5(a) and 5(b). Clear rectangular shape signals with small rotation around switching 

fields were obtained. Figures 5(c) and 5(d) show the difference between experimentally obtained VDC-Bext curves 

(Figs. 1(d) and 1(g)) and the calculated VDC-Bext curves due to the SD-USMR (Figs. 5(a) and 5(c)) for sample A and 

sample C, respectively. The signal shapes of Figs. 5(c) and 5(d) are both similar to those of −
∆𝑅NM/FM

∆𝐵ext
− 𝐵ext 

curves shown in Figs. 1(c) and 1(f), respectively, indicating dominant contribution of the LFST-FMR. We found 

that whereas the signal shapes of Figs. 5(c) and 5(d) are almost the same for samples A and C, those of Figs. 5(a) 

and 5(b) exhibit finite differences in polarity and magnitude. Whereas the magnitude of the signal in Fig. 5(c) is 

dominant for sample A, that in Fig. 5(d) is comparable to that in Fig. 5(b) for sample C.  

 

VIII. DETERMINATION OF SPIN HALL ANGLE 

We determined SH for Pt and Ta from VBG measured in samples B and E. To exclude the contribution from VLF, 

we applied a strong Bext up to 1 T using PPMS and redefined 𝑉DC
+  (𝑉DC

− ) as the average of VDC at Bext > 200 mT (Bext 

< -200 mT). VMW and fMW were set to 2 V peak-to-peak and 0.1 GHz, respectively. We measured VBG as 67 ± 15 nV 
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and −460 ± 70 nV for samples B and E, respectively. Although we experimentally verified that VBG is mainly 

generated from the SD-USMR, a non-negligible contribution from the ANE is also expected [18]. Therefore, we 

calculated the temperature gradient induced by Joule heating using COMSOL Multiphysics [40,41] and determined 

the resulting ANE voltage using the reported ANE coefficient [see the Supplemental material B [25]]. As a result, 

the contributions from the SD-USMR were estimated to be 72% and 118% of the experimentally obtained VBG value 

for samples E and B, respectively. Using these values, we calculated SH for Ta and Pt to be -0.042±0.006 and 

0.026±0.006 from Eq. (3), respectively [see also the Supplemental material D [25]]. The calculated value of SH for 

Ta was in the middle between the values estimated from SOT magnetization switching (~–0.12) [42] and spin 

absorption (~–0.004) [43]. The value of SH for Pt was smaller than that estimated from ST-FMR (~0.076) [14]; 

however, it was consistent with that determined from spin absorption (0.021)  [44] and the spin pumping 

(0.013) [45]. In the estimation of SH, the conductivities of Co, Pt, and Ta were electrically measured to be F = 1.01 

× 106 (• m)-1, Pt = 1.94 × 106 (• m)-1,Ta = 4.32 × 105 (• m)-1. The other parameters were obtained from 

previous works: the spin diffusion lengths of Co, Pt, and Ta, were LF = 40 nm, LPt = 14 nm, and LTa = 1.8 nm [35,46]; 

the polarization ratio was ppN = 0.5; and the Fermi energy was F = 5 eV [20]. LF and LN can also be determined 

by measuring the tF and tN dependences of VBG [21], which allows us to estimate SH more precisely.  

We emphasize that the VBG signals appeared as background signals not only in the measurements of the LFST-

FMR but also those of the ST-FMR, where Bext has a finite angle from the y axis in Fig. 1(a) and the applied fMW is 

generally high at more than several GHz [see the Supplemental material D [25]]. In the ST-FMR, SH is generally 

estimated from the ratio of the symmetric and antisymmetric components of the FMR signals, where the spin torque 

generated by the SHE is important. However, the unwanted effects such as the spin pumping, the ANE, phase 

deviation of the magnetization oscillation, and the non-uniformity of the magnetization, sometimes hinder the 

precise estimation. Note that SH can also be estimated from the background signals induced by the SD-USMR. 

Because the SD-USMR is induced by the spin-dependent conductivity of the FM and not related to spin torque or 

magnetization dynamics, we can estimate SH from two different perspectives, i.e., spin torque and spin dependent 

magnetoresistance, by measuring only one FMR spectrum. The unwanted effects are also expected to be different 

between these two signals. Whereas a precise estimation of the polarization of the electron mobility for the SD-

USMR and temperature gradient of the sample for the ANE are not so simple at this stage, it is worth to crosscheck 

the estimated SH values by using both SD-USMR and ST-FMR signals. If we obtain a large SH from the amplitude 

ratio of the symmetric and antisymmetric components of the ST-FMR signal, the BG signal should also increase.    
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IX. SPIN ORBIT TORQUE MAGNETIZATION SWITCHING  

Finally, we detected SOT magnetization switching. In our previous research, we detected SOT magnetization 

switching using the LFST-FMR [15]. However, because the detection sensitivity depends on the magnitude of the 

LFST-FMR (RNM/FM/Bext at Bext = 0 mT), we expect it to be difficult to use when the FM layer has a low AMR 

ratio and/or strong coercive field. In this study, we detected SOT magnetization switching using the SD-USMR. 

When the magnetic easy axis is along the y axis, there is a finite difference in VBG at Bext = 0 mT between the up and 

down sweeps due to magnetization hysteresis, as shown in Fig. 2. Therefore, we expect that SOT magnetization 

switching can be detected in the same way as in our previous research [15]. Figure 6(a) shows VDC as a function of 

Bext at various fMW values for sample F. We confirmed that the SD-USMR was dominant over the LFST-FMR even 

at low fMW [see the Supplemental material E [25]]. Figure 6(b) shows a schematic of the electric circuit for 

demonstrating the SOT magnetization switching. First, a strong external magnetic field, BSET, was applied to 

initialize the magnetization of the Co layer. After removing BSET, we measured the DC voltage representing the 

initial state of magnetization, V1, under microwave irradiation. After microwave irradiation was stopped, a pulse 

current for the SOT magnetization switching was injected into the W channel. Then we measured the DC voltage 

representing the magnetization direction after the pulse current, V2, under microwave irradiation. If the 

magnetization is successfully switched, a non-zero VPLS is observed, whereVPLS = V1 − V2. Figures 6(c) and 6(d) 

show the enlarged spectra of VDC (left panels) and VPLS as functions of pulse current density JPLS, i.e., the SOT 

magnetization switching signal (right panels), where the values of fMW were 0.2 and 13 GHz, respectively. Here, the 

value of VPLS was set to 0 V when the magnetization after the injection of JPLS was along +y [15]. Clear hysteresis 

features were obtained both for fMW = 0.2 and 13 GHz. The magnitude of magnetization switching signal was slightly 

smaller than that expected from VDC-Bext curves. This is because the magnetization did not completely align along 

+y or −y direction even though the maximum pulse current of our apparatus was applied. The gradual change in the 

hysteresis signal is mainly due to the large size of the Co layer, which is consistent with our previous study [15]. 

The threshold current density was 3×107 A/cm2, which is also consistent with previous research [24]. Here we 

mention that the SOT magnetization switching can also be detected with an application of DC charge current 

utilizing the USMR [47] [see the Supplemental material F [25]]. We emphasize that the advantage of using the 

rectification voltage due to the USMR is the sensitivity. If we use DC charge current, measured voltage increases 

as increasing the DC charge current, resulting in the increment of the range of the voltmeter and the reduction of 

the sensitivity. In our method, measured voltage is always around zero no matter how much rf charge current is 

applied, which enables highly sensitive detection of the SOT magnetization switching.  
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In demonstrating SOT magnetization switching using the LFST-FMR, one should consider the contribution of 

the SD-USMR because it modulates the magnitude of magnetization switching signals and might conceal a signal 

unexpectedly. The contribution ratio of LFST-FMR and SD-USMR can be controlled by adjusting fMW, tF, and Bext. 

We emphasize that although the polarities of the LFST-FMR and SD-USMR signals are opposite to each other in 

the Ta/Co or W/Co systems, it is possible to amplify the sensitivity of SOT switching detection by combining the 

LFST-FMR and SD-USMR using suitable NM/FM bilayers. For example, the SD-USMR polarity is related to the 

relative position of the d-bands of the host and impurity of the FM layer, and can be changed by controlling the 

composition. The LFST-FMR polarity can also be changed using the FM layer, which shows negative AMR. The 

deviation in magnitude from the calculation for the Pt/FM systems we previously reported is also likely due to the 

SD-USMR contribution.  

 

X. CONCLUSION 

  In conclusion, we found an additional BG signal superimposed on the LFST-FMR. By measuring the fMW, 𝐼rf
0 , 

temperature, and magnetic-field-angle dependences, we concluded the origin of the BG signal to be the SD-USMR. 

We calculated SH for Pt and Ta to be 0.026±0.006 and –0.042±0.006, respectively, using the measured values of 

VBG. SOT magnetization switching of W/Co was also demonstrated using the hysteresis behavior of VBG. Because 

the SD-USMR has a weaker relationship with the magnetization dynamics, we demonstrated magnetization 

switching over a wide range of fMW, even for an FM with a low AMR ratio and/or strong coercive field. Furthermore, 

by choosing appropriate FM and NM materials, we can use both the LFST-FMR and the SD-USMR, which enable 

highly efficient detection. Once the parameters in eq. (3); spin diffusion length and the polarization of the electron 

mobility in the FM; are obtained and the contribution from ANE is experimentally separated, we can estimate SH 

from two different perspectives by only measuring one FMR spectrum because the BG signals appears in the ST-

FMR signals. This enables the cross check and more reliable evaluation of SH.  
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FIGURE CAPTIONS 

FIG. 1. (a) Schematic of the device structure and the electrical circuit used in this study. (b, e) RNM/FM, (c, f) −
∆𝑅NM/FM

∆𝐵ext
, and 

(c, g) VDC as a function of Bext along the y axis for samples A and C, respectively. VDC was measured under microwave irradiation 

with fMW = 0.2 GHz and microwave power PMW = 5 dBm (𝐼rf
0

 = 4.5 mA for sample A and 5.2 mA for sample C).  

 

FIG. 2. (a) VDC as a function of Bext under various microwave frequencies, fMW, and (b) enlarged VDC– Bext curves from −40 to 

+40 mT (meshed area) for sample C. PMW was 5 dBm with 𝐼rf
0

 ranging from 4.3 mA at fMW = 13 GHz to 5.2 mA at fMW = 0.2 

GHz. (c) VDC as a function of Bext at various fMW values, and (d) enlarged plot for sample D. PMW was 10 dBm, with 𝐼rf
0

 ranging 

from 8 mA at fMW = 13 GHz to 10 mA at fMW = 0.2 GHz. 

 

FIG. 3. (a) 𝑉BG/𝐼rf
0 2

 as a function of fMW at PMW = 5 dBm with 𝐼rf
0

 ranging from 4.3 mA at fMW = 13 GHz to 5.2 mA at fMW = 

0.2 GHz, and (b) VBG as a function of 𝐼rf
0

 at fMW = 0.2 GHz for sample C. (c) VBG as a function of temperature for sample E. 

Under the applied voltage for microwave generation, VMW and 𝑓MW were 2 V (𝐼rf
0

 = 13 mA) and 0.1 GHz, respectively. 

Temperature dependence of DC voltage due to the SF-USMR, where the voltage at 300 K is normalized to the same value of 

VBG at 300 K for sample E.  

 

FIG. 4. (a)−(c) Schematics of the measurement for the magnetic-field-angle dependence of VBG. (d) VBG as a function of , , 

and for sample E. VMW and fMW were 2 V (𝐼rf
0

 = 13 mA) and 0.1 GHz, respectively. 

 

FIG. 5. Numerically calculated Bext dependence of VDC generated by the SD-USMR for (a) sample A and (b) sample C. 

The y component of the magnetization was estimated from the anisotropic magnetoresistance (AMR) signal in the 

RNM/FM-Bext curve shown in Figs. 1(c) and 1(d). Difference between experimentally obtained VDC-Bext curves (Figs. 1(d) 

and 1(g)) and the calculated VDC-Bext curves due to the SD-USMR (Figs. 5(a) and 5(c)) for (c) sample A and (d) sample 

C. 

 

FIG. 6. (a) VDC as a function of Bext under microwave with various frequencies for W/Co/SiO2 device with PMW = 5 dBm with 

𝐼rf
0  ranging from 1.7 mA at fMW = 13 GHz to 2.1 mA at fMW = 0.2 GHz. (b) A schematic of the electrical circuit for demonstration 

of the magnetization switching. (c,d) Enlarged VDC- Bext curves between −3 to +3 mT (left panels) and VPLS as a function of 

pulse current density JPLS (right panels) for (c) fMW = 0.2 GHz and (d) 13 GHz. 
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Table 1. Materials and geometries of samples A−F. 
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Sample C

Ta(15)/Co(3)/SiO2(7)

Sample D

Ta(15)/Co(8)/SiO2(7)
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Fig. 2 M. Aoki et al. 
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Table 1 Aoki et al. 

Sample NM tN (nm) tF (nm) tcap (nm) w (m) l (m) 

A Pt 15 3 7 5 0.8 

B Pt 15 3 7 40 40 

C Ta 15 3 7 5 1 

D Ta 15 8 7 10 1.3 

E Ta 15 3 7 40 40 

F W 6 1 3 5 5 

 


