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RReesseeaarrcchh  oonn  ssppiinnttrroonniicc  ffuunnccttiioonnss  ooff  nnoonn--mmeettaalllliicc  mmaatteerriiaallss  
aanndd  iittss  mmoodduullaattiioonn  bbyy  eexxtteerrnnaall  ffiieellddss  

 
M. Shiraishi 

 

 
    Non-metallic materials, such as inorganic/organic semiconductors and topological quantum materials are now 
collecting significant attention in modern spintronics. The progress of the research field using the materials is quite 
rapid and tremendous amounts of significant studies have been published. In this review article, some important 
milestone works are introduced to enhance further acceleration of the research fields. 
 
KKeeyy  wwoorrddss:: Organic semiconductors, graphene, inorganic semiconductors, silicon, topological insulator, Weyl 
ferromagnet, Weyl semimetal, spin injection, spin manipulation, gating effect 

  
 

11..  IInnttrroodduuccttiioonn  
    

  Since the discovery of giant magnetoresistance effect, 
the field of spintronics has been rapidly expanding. As 
the first-generation material in spintronics, 
ferromagnetic and nonmagnetic metals have been and is 
still now playing the central role. Meanwhile, inorganic 
semiconductors have been collecting significant attention 
as the second-generation material in spintronics since 
the advent of diluted ferromagnetic semiconductor and 
spin transport in semiconductors. In the 21st century, 
novel materials systems such as organic molecules, 
hetero-interfaces, atomically flat materials and 
topological quantum materials are becoming rising stars 
of materials in spintronics. Attractiveness of non-
metallic materials in spintronics is, for example, 
potential for spin modulation by external fields such as 
an electric field, long spin coherence and so on. In this 
review article, significant milestones in spintronics using 
such non-metallic materials including the author’s 
achievements for the MSJ Award 2022 are introduced, 
albeit not all of the notable studies cannot be introduced 
because the field is rapidly expanding, and tremendous 
amounts of works have been implemented. 

  
22..  SSppiinnttrroonniicc  ffuunnccttiioonn  ooff  mmoolleeccuullaarr  mmaatteerriiaallss  

    
  Attractiveness of molecular materials in spintronics is 
its small spin-orbit interaction (SOI) attributed to its 
lightness, which allows expecting good spin coherence. 
Thus, molecular materials attracted much attention in 
the beginning of 21st century. In the advent of the 
research field, magnetoresistance in sexithienyl (T6) 1) 
and Alq3 2) were reported by using a conventional electric 
two-terminal method, of which magnetoresistance (in 
Alq3) is shown in Fig. 1. Meanwhile, as widely recognized 
at present, superposition of anisotropic 

magnetoresistance in an electric local two-terminal 
method strongly hampers precise detection of spin 
transport signals, and sufficient elimination of spin-
tunneling in molecules was not realized. Furthermore, 
long-term problems were missing of the Hanle-type spin 
precession and non-local four-terminal spin transport in 
most of works using molecules, where both achievements 
provide steadfast evidence of successful spin transport, 
albeit a trial to explain the missing was unsuccessfully 
implemented 3). The problem also indicates the difficulty 
in estimating precise spin lifetime in molecules, and most 
of the works utilized a method of gap-dependence of spin 
signals instead of the Hanle method. However, to note is 
that the gap-dependence-like results can be obtained 
even in spin-dependent tunneling. Since most of 
molecular materials are low-conductive materials, 
identification of spin transport mechanisms, i.e., spin 
injection into molecules or spin-dependent tunneling via 
molecules, is difficult if spin transport in molecular 
materials would be successfully realized. Thus, the 
central research topics of the field with sufficient 
reliability is an interesting and unique physical feature 
of spin-dependent tunneling via molecules, where exotic 

                                             
Corresponding author: M. Shiraishi  
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many times without any apparent degradation. After neat cleaning
using acetone, the LSMO was introduced into the evaporation
chamber with a base pressure of 5 £ 1027 torr, where the OSE
film (Alq3) was thermally evaporated. Without breaking the vac-
uum, we then deposited a thin (3–6 nm) cobalt (Co) film followed
by an aluminium (Al) contact, using a shadow mask. The obtained
active device area was about 2 £ 3mm2. We have fabricated several
spin-valve devices with various OSE thicknesses d, between 130 to
250 nm. The OSE thickness was measured by an in situ thickness
monitor and independently confirmed outside the chamber by
scanning electron microscopy and thickness profilometry,

shown in Fig. 1c. In the rigid band approximation—that is, without
taking into account the relaxation and polarization energy associ-
ated with charge injection—the highest occupied molecular orbital
(HOMO) of Alq3 lies about 0.9 eV below the Fermi levels, EF, of the
FM electrodes, whereas the lowest unoccupied molecular orbital
(LUMO) lies about 2.00 eV above EF (refs 14, 15). At low applied
bias voltages V, holes are injected from the anode into the HOMO
level of the OSE mainly by tunnelling through the bottom potential
barrier. In addition, the similar work function value f of the two
electrodes (Fig. 1c) leads to a symmetric current–voltage I–V
response (Fig. 1d). For fabricated devices with d . 100 nm we
found that the I–V characteristic was nonlinear with a weak
temperature dependence (Fig. 1d), indicative of carrier injection
by tunnelling. Control devices with similar OSE thickness, in which
ITO replaced the LSMO bottom electrode, showed electrolumines-
cence and also a conductivity detected magnetic resonance at g < 2
(see Supplementary Information), indicating carrier injection into
the OSE. In addition, at low V we measured a typical resistance of

104–105 Q that depends on the deposition rate and thickness of the
Co electrode; such resistance is also consistent with a dominant
pinhole-free organic spacer. Devices with d , 100 nm, however,
showed a linear I–V response and lack of both conductivity detected
magnetic resonance and electroluminescence, leading us to believe
that these devices have an ‘ill-defined’ layer of up to 100 nm that
may contain pinholes and Co inclusions. These findings suggest that
the OSE spacers in the spin-valve devices fabricated with
d . 100 nm may be composed of two sublayers: one sublayer
with a thickness d0 of the order of 100 nm immediately below the
Co electrode that contains Co inclusions owing to the interdiffu-

which carrier transport is dominated by carrier drift.
The magnetoresistance of the fabricated devices was measured

in a closed-cycle refrigerator from 11 to 300K by sending a
current through the two interfaces, while varying an external
in-plane magnetic field, H (Fig. 1a). The hysteresis loops of the
magnetization versus H for the FM electrodes were measured by
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Figure 1 The structure and transport properties of the fabricated organic spin-valve

devices. a, Schematic representation of a typical device that consists of two FM electrodes

(FM1 and FM2) and an OSE spacer. Spin-polarized electrical current I flows from FM1

(LSMO), through the OSE spacer (Alq3), to FM2 (Co) when a positive bias V is applied. An

in-plane magnetic field, H, is swept to switch the magnetization directions of the two FM

electrodes separately. b, Scanning electron micrograph of a functional organic spin-valve

consisting of a 60-monolayer-thick LSMO film, a 160-nm-thick Alq3 spacer, a 3.5-nm-

thick Co electrode and a 35-nm-thick Al electrode. c, Schematic band diagram of the OSE

device in the rigid band approximation showing the Fermi levels and the work functions of

the two FM electrodes, LSMO and Co, respectively, and the HOMO–LUMO levels of Alq3.

d, I–V response of the organic spin-valve device with d ¼ 200 nm at several

temperatures.

 

 

 

 

 
 

 

Figure 2 The magneto-transport response of the OSE spin-valve devices. a, GMR loop of

a LSMO (100 nm)/Alq3 (130 nm)/Co (3.5 nm) spin-valve device measured at 11 K. The

blue (red) curve denotes GMR measurements made while increasing (decreasing) H. The

anti-parallel (AP) and parallel (P) configurations of the FM magnetization orientations are

shown in the insets at low and high H, respectively. The electrical resistance of the device

is higher when the magnetization directions in FM1 and FM2 films are parallel to each

other. b, The GMR value of a series of LSMO/Alq3/Co devices with different d. The line fit

through the data points was obtained using the spin diffusion model, equation (1), with

three adjustable parameters, as explained in the text. All devices were fabricated on the

same LSMO film. c, Magnetic hysteresis loops measured using MOKE for the LSMO

electrode (H c1 < 30 Oe), and Co film deposited on Alq3 under the same conditions as

that for the Co electrode in the actual spin-valve devices (H c2 < 150 Oe). These coercive

fields are seen in a when the resistance switches from parallel to the anti-parallel

configuration, and vice versa.

letters to nature

NATURE |VOL 427 | 26 FEBRUARY 2004 | www.nature.com/nature822 ©  2004 Nature  Publishing Group

FFiigg..  11 Two-terminal magnetoresistance in a 
Co/Alq3/LaSrMnO spin valve (ref. 2)). Notable is an 
observation of negative magnetoresistance. 
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enhancement of magnetoresistance ratio was discovered 
4-7) (see Fig. 2), until the era of graphene spintronics. 
Although there were some contributions facing with the 
remaining serious problems in molecular spintronics 8), 
lack of serious devotion for solving these problems 
impedes further progress of the field, and at present, 
spintronics using molecules except for graphene is 
unfortunately shrinking. Novel approaches with showing 
reliable and reproducible evidence are still strongly 
awaited to help the field from severe stagnation.  

Establishment of graphene spintronics strongly helps 
circumventing the serious stagnation of molecular 
spintronics. “Discovery” of single-layer graphene (SLG) 
exhibiting exotic and intriguing topological physics 9,10) 

provided great impact in broad research fields. Quite 
small effective mass of electrons and holes in SLG 
enables quite fast charge motion with high mobility and 
lightness of SLG consisting of only carbon atoms allows 
good spin coherence, both of which are appropriate 
physical nature for spin transport. Since 2007, the field 
of graphene spintronics rapidly expanded, where 
realization of room temperature spin transport11,12) by 
the non-local four-terminal method (Fig. 3), spin lifetime 
anisotropy/isotropy 13,14), and so forth, and now spin 
relaxation physics of not only SLG but also bilayer 
graphene is investigated and understood in detail.  

It is also quite notable that graphene spintronics 
explored an avenue towards van der Waals 
heterostructure spintronics, where bilayer of SLG and 
transition metal dichalcogenides (TMDs) is collecting 
broad attention in view of proximity effect of the SOI.  

Notable experimental methods applicable to spin 
transport measurements for molecular materials are 
dynamical spin injection. A pioneering work was carried 
out by using CVD-grown graphene, where room 
temperature spin transport in SLG was demonstrated in 
a lateral spin device with separated spin source and 
detector electrodes (see Fig. 4) 15). A subsequent 
achievement of dynamical spin injection into molecule 
was achieved as polaron spin current transport in 
conjugated polymer 16) by introducing a vertical spin 
device for dynamical spin injection and detection in 
condensed matters 17). As in semiconductor spintronics, it 
is corroborated that dynamical spin injection can be a 

paramagnetism of Co nanoparticles and/or �2� C60 /Co inter-
face states. In the former case, suppression of MR results due
to the presence of Co nanoparticles with small diameters
�much less than the average diameter of several nanometers�
that contain unsaturated magnetization. Such small particles
can be introduced during the evaporation. In the latter case,
the C60 /Co interface may have different states from that
of pure Co and contribute to the appearance of the MR.
The formation of a C60-Cox complex has previously been
reported,16 and the influence of the complex on the tempera-
ture dependence of MR has been mentioned.8 The influence
of the paramagnetic components is thought to increase with
decreasing �Co because small �Co results in C60-Co nanopar-
ticles with small diameter, thereby increasing the total sur-
face area of the Co nanoparticles.

On the basis of the above-mentioned model, the observed
temperature dependence of the MR ratio can be explained as
follows. For large �Co, the influence of the paramagnetic
components is presumably small, and the MR effect is al-
most exclusively governed by ferromagnetic components,
i.e., the magnetization in the Co nanoparticles. MR ratio is
thus temperature independent for sufficiently large �Co:

MR ratio = const. ��Co → large� . �4�

On the other hand, for smaller �Co, the paramagnetic compo-
nent becomes dominant. In general, the M-H curve of para-
magnetic moments is approximately described by the Lange-
vin function, and the high-temperature expansion of the
function is inversely proportional to T. Using Eq. �2�, the
temperature dependence of the MR ratio can be expressed as

MR ratio �
1

T2 ��Co → small� . �5�

In Fig. 4�c�, extrapolating the fitting curve to b=0 yields
�Co�34.6%, which is considered to be the percolation limit.
On the other hand, at the limit of small �Co ��10% �, b
exceeds 2 in the fitting curve even though b=2 has to be the
maximum according to Eq. �5�. For b=2, �Co is �7.3%,
which is the volume fraction where hopping starts to govern
the transport mechanism as discussed above. This value also
corresponds to the threshold for the formation of Co
nanoparticles.16 Thus, the description above can explain the
experimental data very well. A mixture of the ferromagnetic
component, which is commonly observed in inorganic insu-
lating granular systems like Co-Al-O,26 and a paramagnetic
component can explain the observed MR in the C60-Co nano-
composites.

Bias-voltage dependence of MR in C60-Co nanocompos-
ites is unique as compared to that in typical inorganic
MTJs.24,29 We have previously investigated32,33 a series of
nanocomposites of Co nanoparticles and OSC matrices, such
as tris 8-hydroxyquinoline aluminum �C27H18AlN3O3,Alq3�
and 5,6,11,12-tetraphenylnaphthacene �C42H28, rubrene�,
which are known as typical OSCs in molecular electronics.
Alq3-Co and rubrene-Co nanocomposites exhibit magnetiza-
tion, electrical conduction, and magnetoresistance that highly
resemble those in C60-Co; however, MR-V characteristics are
notably different. Figure 5 shows a comparison of the MR-V

curves for C60-Co ��Co=18% � and for Alq3-Co ��Co

=29% � measured at 4.2 K. Coulomb energy �EC� of the Co
nanoparticles in the Alq3-Co is estimated17 �from �-T curves�
to be 3.29 meV, which is larger than the value estimated for
C60-Co �EC=2.55 meV�. This is possibly the result of charg-
ing effects in Alq3-Co ��Co=29% � being larger than those in
C60-Co ��Co=18% �. While the increase of the MR ratio
��8�V� �14 V� in C60-Co can be attributed to the Cou-
lomb blockade in the Co nanoparticles,26,28 such trends are
not seen for either Alq3-Co or rubrene-Co systems. If the
influence of the Coulomb blockade were dominant in the
MR-V curve for the C60-Co system, the same trends should
be expected for the Alq3-Co and rubrene-Co systems. There-
fore, it is natural to think that the anomalous bias-voltage
dependence of MR in C60-Co nanocomposites results from
C60 /Co interface states. The variability observed in different
matrix materials suggests that the OSC/FM interface has dif-
ferent interface states depending on OSC species. The para-
magnetic moments, which have significant influence on the
MR, are believed to be due to the C60 /Co interface.

V. CONCLUSION

We have examined various properties of C60-Co nano-
composites. Magnetization, electrical conduction, and MR
measurements reveal that spin-polarized carriers tunnel be-
tween Co nanoparticles through C60 molecules. The MR ex-
hibits strong temperature dependence, which is commonly
observed in FM/OSCs/FM junctions. While the temperature
dependence of FM/OSCs/FM junctions is typically attributed
to the disappearance of magnetization in FM or spin scatter-
ing in OSCs, its mechanism has not been understood. We
have provided sufficient materials for theoreticians to imple-
ment quantitative analyses of the temperature dependence of
MR in FM/OSCs/FM junctions, and one can discuss the un-
derlying physics of the spin-dependent transport in OSCs.
The observed temperature dependence in C60-Co nanocom-
posites cannot be explained only by the Coulomb blockade
effect in Co nanoparticles,26,28 and the results of this study
shed light on factors with the following features: a large
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FFiigg..  22 Tunnel magnetoresistance in molecule-Co 
nanocomposite systems (ref. 5)). 

 

Fig. 4 (Left) Spin transport device using single-layer graphene (SLG), where NiFe (Py) spin 

source and Pd spin current detector are equipped separately and an external magnetic field is 

applied to excite ferromagnetic resonance of the Py. (Right) The upper panel shows the 

ferromagnetic resonance spectrum from the Py and the lower panel shows a concomitant 

electromotive force from the Pd. The external magnetic field is applied at q =0. The resonance 

field is consistent with the field where the peak of the electromotive force appears, which is an 

evidence of successful spin injection and transport in SLG by spin pumping.  

 

  

Fig. 5 (Left) Device structure of organic spin convertor. Organic polymer, PEDOT:PSS, is 

equipped on ferrimagnetic insulator, Y3Fe5O12 (YIG). (Right) The upper panel shows the 

ferromagnetic resonance spectrum from the YIG and the lower panel shows a concomitant 

electromotive force from the organic polymer. Again, the magnetic fields where the ferromagnetic 

resonance and the electromotive force peaks appear are consistent (ref. [18]).  
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FIG. 1. (Color online) (a) A schematic image of the SLG spin pumping sample. The CVD-grown SLG is transferred to the SiO2/Si substrate,
and the Al/Py and the Pd electrodes are separately evaporated on the SLG. The angle of the external magnetic field is shown in the inset.
(b)Raman spectra of the SLG just after the synthesis. The black and red solid lines are data from samples 1 and 2, respectively. The typical
symmetric Raman peaks of the G and 2D bands from SLG can be seen. The D band can be hardly seen in sample 1, which shows that the
defect of sample 1 is less than that of sample 2. (c) FMR spectra of the Py on the SiO2 substrate (a black solid line) and the Py/SLG on the SiO2

substrate (a red solid line, sample 1). An increase of the linewidth can be seen, which is attributed to a shift of the Gilbert damping constant a,
namely, spin pumping into the SLG.

pumped spins induce spin accumulation in the SLG, which
allows generation of a pure spin current in the SLG (see the
Supplemental Material13). The propagating spins are absorbed
in the Pd wire, where a pure spin current (Js) is converted
to a charge current (Jc) due to the inverse spin Hall effect
(ISHE)14 and an electromotive force is generated at the Pd
wire. The ISHE is the reciprocal effect of the spin Hall effect,
and the Jc is described as Jc ∼ Js × σ (σ is the spin direction).
Note that the sign of Jc is changed by varying the direction
of spin (σ ), namely, the sign of the electromotive force at
the Pd wire becomes opposite, when the pure spin current is
successfully generated and propagated in the SLG and σ is
reversed by a static external magnetic field. Figure 1(c) shows
the FMR spectra of the Py with and without the SLG/Pd. The
linewidth of the spectrum from the sample with the SLG/Pd
is larger than that without the SLG/Pd, which is attributed to
the modulation of α due to successful spin pumping into the
SLG/Pd.

Figures 2(a)–2(c) show the FMR signals as a function of
θ , where the FMR of the Py occurs in every condition. The
electromotive force of the Pd wire is shown in Figs. 2(d)–2(f),
where the electromotive force is observed when θ is set to
be 0◦ and 180◦, whereas no signal was observed at θ = 90◦.
Since this finding is in accordance with the angular dependence
of the electromotive force due to the ISHE (Jc ∼ Js × σ ),
the observed electromotive force is ascribed to the ISHE
of the Pd, which is due to spin pumping into the SLG and the
achievement of spin transport of a dynamically generated pure
spin current at room temperature. Here, note that there is no
spurious effect with the observed symmetry and only the ISHE
possesses the symmetry. For example, the anomalous Hall
effect (AHE) signal can be included as a spurious signal, which
may impede detection of the ISHE signals, but the AHE does
not show such an external magnetic field dependence of the
electromotive force. The following investigations also support

the result that the ISHE signals were dominantly observed.
The theoretical fitting was performed in order to separate the
ISHE and the AHE signals in the observed electromotive force
by using the following equation,14 V = VISHE

�2

(H−HFMR)2+�2 +
VAHE

−2�(H−HFMR)
(H−HFMR)2+�2 + aH + b, where VISHE is the electromo-

tive force, VAHE is the voltage due to the AHE, H is an
external static magnetic field for the FMR, HFMR is the
magnetic field where the FMR occurs, and it is 107.7 mT
at 0◦ and 180◦, and 1084.5 mT at 90◦. �, a, and b are
fitting parameters. An example of the fitting is shown in
Fig. 3(a), and VISHE and VAHE are estimated to be 1.16 × 10−5

and 6.67 × 10−7 V, respectively. The contribution from the
AHE to the electromotive force was revealed to be very
weak. Figure 3(b) shows the microwave power dependence
of the electromotive force at the Pd for the Py/SLG/Pd
sample. The electromotive force at the Pd wire, VISHE, is
nearly proportional to the microwave power, which indicates
that the density of the generated spin current in the SLG
proportionally increases with the applied microwave power.15

Also, as shown in Fig. 3(c), the electromotive force increases
linearly with the microwave power, although the voltage due
to the AHE was small. In fact, the ratio of the signal intensities
by the ISHE and AHE at 200 mW was estimated to be
17, which indicates that the ISHE signal is dominant in the
observed electromotive force and that the observed signal was
mainly due to spin transport in the SLG. Furthermore, several
control experiments were carried out by using Py/SLG (no
Pd) and Py/SLG/Cu samples, where no signal was observed
from both samples (see the Supplemental Material13). The
result in the control experiments, in addition to the observed
symmetry of the ISHE in this study, corroborates the successful
transport of the pure spin current in the SLG and conversion
of the pure spin current to the charge current at room
temperature.
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FIG. 4. (Color online) Results on spin pumping and spin transport in sample 2. (a)–(c) Ferromagnetic resonance of the Py under θ is set to
be (a) 0◦, (b) 90◦, and (c) 180◦ under the microwave power of 200 mW. (d)–(f) Electromotive forces from the Pd wire on the SLG when θ is set
to be (d) 0◦, (e) 90◦, and (f) 180◦ under the microwave power of 200 mW. Electromotive forces can be seen as expected, indicating successful
dynamical spin injection. However, the signal was weak and noisy. The red solid lines in (d) and (f) show the fitting lines obtained by using
Eq. (2).

g
↑↓
r γ 2h2h̄[4πMsγ+

√
(4πMs)2γ 2+4ω2]

8πα2[(4πMs)2γ 2+4ω2] , where h is the microwave
magnetic field, set to 0.16 mT at a microwave power of
200 mW. As discussed above, the broadening of W in the
Py/SLG compared with that in the Py film was attributed to
spin pumping into the SLG and g

↑↓
r in the Py/SLG layer was

calculated to be 1.6 × 1019 m−2, and thus js was calculated
to be 7.7 × 10−9 J m−2. Here, half of the generated js can
contribute to the electromotive force in the Pd electrode
in our device geometry, since a pure spin current diffuses
isotropically. The generated js decays by spin diffusion in
SLG, and js decays to js exp(− d

λ
) when spins diffuses to Pd

wire. Furthermore, the electromotive force taking the spin
relaxation in the Pd wire into account can be written as18

VISHE = wθSHEλPd tanh(dPd/2λPd)
dSLGσSLG+dPdσPd

( 2e
h̄

)js in the simplest model. Here,
w, λPd, dPd, and σ Pd are the length of the Pd wire facing
the Py (900 nm), the spin diffusion length (9 nm),19 the
thickness (5 nm), and the conductivity of the Pd, respectively,
and dSLG and σ SLG are the thickness (assumed to be ca.
0.3 nm) and conductivity of the SLG (measured to be ca.
3.10 × 106 S/m under the zero gate voltage application; see
the Supplemental Material13). The spin-Hall angle in a Py/Pd
junction, θSHE, has been reported to be 0.01,15 which allows
us to theoretically estimate the electromotive force in the Pd
wire as 2.37 × 10−5 V if no spin relaxation occurred in the
SLG. In contrast, the experimentally observed electromotive
force was 1.16 × 10−5 V, and this discrepancy is ascribed
to dissipation of spin coherence during spin transport in
the SLG (the decay of js), which can be described as an

exponential damping dependence on the spin transport. From
the above calculations, the spin coherence length in the SLG
is estimated to be 1.36 µm. For comparison, we carried out
the same experiments by using the other sample (sample 2,
where the gap length was measured to be 780 nm), whose
quality is not as good as that of sample 1 (the conductivity
was measured to be 6.40 × 105 S/m under the zero gate
voltage application). Figures 4(a)–4(f) show the result, and
here again the obvious ISHE signals and the inversion of the
ISHE signals can be seen as the external magnetic field was
reversed. However, the signals were comparatively weak and
the estimated spin coherence length was ca. 460 nm, which
is in agreement with the sample qualities and also with the
reported spin relaxation mechanism in SLG, i.e., the Elliot-
Yafet type. These observations also corroborate that our result
is attributed to dynamical spin injection and spin transport
in the SLGs. The spin coherence length in the CVD-grown
SLG, which was estimated by using the dynamical method,
is comparable to the previously reported value (1.1 µm)
estimated by using an electrical method.20 In contrast, the
spin coherence length of the SLG in this study is much
longer than that in p-Si (ca. 130 nm) in our previous study,21

which directly indicates the advantage of graphene for spin
transport.

In summary, we successfully demonstrated the dynamical
spin injection, resulting in generation of spin current in SLG
at room temperature, which enables generation of a pure spin
current that is free from electrical conductance mismatch. The
spin coherence length of CVD-grown SLG was 1.36 µm,
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Figure 1 | Spin–charge conversion in organic material. a, Schematic
illustrations of the PEDOT:PSS/Y3Fe5O12 film. The PEDOT:PSS film was
spin-coated onto a Y3Fe5O12 film. H andM(t) denote the external
magnetic field and dynamical magnetization, respectively. EISHE, js and σσσ
denote the electric field due to the spin–charge conversion, the flow
direction of the spin current and the spin-polarization vector of the spin
current, respectively. b, Current–voltage characteristics for the PEDOT:PSS
film, where the blue and red circles are the experimental data measured
along the x and y directions, respectively. L is the distance between the
voltage probes.

Supplementary Information). The large conductivity anisotropy
reflects the high degree of polymer alignment in the plane of the
film that is commonly found in conjugated polymer thin films. We
induced ferromagnetic spin-wave resonance (FMR) in the Y3Fe5O12
film and measured the d.c. electric-potential difference between
the Au electrodes on the PEDOT:PSS layer that was generated by
exciting FMR. For clarity we refer to this voltage already at this point
as VISHE. However, we emphasize that this nomenclature was by no
means adopted as a foregone conclusion. It is based on a careful and
detailed experimental analysis that tests this hypothesis and forms
the heart of the present paper. Under FMR conditions, the spin
pumping injects a pure spin current into the PEDOT:PSS layer. If
the spin current js can be converted into a charge current jc through
the ISHE in the PEDOT:PSS layer, this spin current should give
rise to a d.c. electric voltage between the two gold electrodes (see
Fig. 1a). For the measurements, the PEDOT:PSS/Y3Fe5O12 film was
placed at the centre of a TE011 microwave cavity with a resonance
frequency of f = 9.45 GHz, in which the microwave magnetic
field was applied along the y direction. An external static magnetic
field H was applied along the film plane as shown in Fig. 1a. All
measurements were performed at room temperature.

Figure 2a shows the microwave absorption and the d.c. elec-
tromotive force VISHE signals for the PEDOT:PSS/Y3Fe5O12 film,
respectively. In the voltage spectrum, a voltage signal appears at
the resonance field HFMR = 260mT, indicating that the electric
voltage is induced in the PEDOT:PSS layer concomitant with the
FMR. Themagnitude of the detected electric voltageVISHE increases

with the microwave excitation power P as shown in Fig. 2b. This
is consistent with the prediction of the spin pumping from the
Y3Fe5O12 film; the spin pumping intensity is proportional to the
number of excited magnons, or microwave excitation power20,21.
Although the shape of the ferromagnetic resonance for the Y3Fe5O12
film is complicated owing to the presence of several side FMR
resonances, as commonly found for this material17,22, it is clear that
the voltage signal exhibits a predominantly symmetric shape around
the resonance field, as expected for a voltage generated by the ISHE
in the conducting polymer17,20.

We measured the dependence of the electric voltage on the
out-of-plane angle θ between the substrate plane and the static
magnetic field H as defined in the inset of Fig. 2c. The field angle
θ dependence of the electric voltage V̄ISHE = VISHE/Pabs is shown
in Fig. 2c, where Pabs is the absorbed microwave intensity at FMR.
The V̄ISHE signal disappears at θ = 90◦ and the sign of the voltage is
reversed by further increasing θ , which is also consistent with the
symmetry of the ISHE (ref. 20). Here, the spin polarization σσσ of the
injected spin current at the interface is directed along the magneti-
zation precession axis. The angle φ of the magnetization precession
axis with respect to the filmplane is obtained from the θ dependence
of the resonance field HFMR (Fig. 2d) using the Landau–Lifshitz–
Gilbert equation as shown in Fig. 2e (ref. 20). Figure 2e shows that
the magnetization-precession axis is almost parallel to H, θ ≈ φ,
because of the small demagnetization field in the Y3Fe5O12 layer,
and thus the effect of spin precession around H in the PEDOT:PSS
layer on VISHE is negligible16. If the voltage signals were generated
by the ISHE, we would expect EISHE ‖ js ×σσσ, and with js ∝ Pabs this
would result in V̄ISHE ∝ |js ×σσσ|/Pabs ∝ cosφ ≈ cosθ (ref. 20). The
experimental data are again fully consistentwith this expectation.

We emphasize again that Y3Fe5O12 is an insulator. Nevertheless,
voltage signals appear in the PEDOT:PSS/Y3Fe5O12 film. This
clearly shows that the observed electric voltage is induced in the
PEDOT:PSS layer. We found that the organic magnetoresistance
in the PEDOT:PSS film is vanishingly small, less than 0.1%,
showing that the organic magnetoresistance is not responsible
for the observed voltage (Supplementary Information). Therefore,
the only potential, alternative origin of the VISHE signals, except
for the spin-pumping-induced ISHE, in the PEDOT:PSS/Y3Fe5O12
film is a thermoelectric effect, including H -dependent and
-independent effects, induced by the microwave absorption in the
PEDOT:PSS/Y3Fe5O12 film.However, we found that thermoelectric
effects are unlikely to be the cause of the detected voltage signal.
Most importantly, the detected voltage reverses its sign when
reversing H. This is consistent with the expected ISHE symmetry,
but excludes H -independent thermoelectric effects, such as the
Seebeck effect, from contributing to the signal. Furthermore, we
found that the voltage signal is insensitive to the external magnetic
field strength, HFMR, showing that H -dependent thermoelectric
effects, that is, the Nernst effect, are also irrelevant to the
observed voltage signal. To investigate the HFMR dependence of
the detected voltage, we measured the electric voltage for the
PEDOT:PSS/Y3Fe5O12 film using a coplanar waveguide, where
the microwave frequency f can be controlled. This enabled us
to vary the resonance field HFMR as shown in Fig. 3a. Here, the
relation between f and HFMR is given by the Kittel formula:
f = (γ /2π)

√
HFMR(HFMR +4πMs). Figure 3b shows the V signals

for the PEDOT:PSS/Y3Fe5O12 film measured with applying an
in-plane magnetic field H perpendicular to the direction across
the electrodes and a microwave with a frequency of f = 6.5GHz,
showing again that the observed electric voltage changes sign on
reversing the magnetic field direction fromH to −H in this system.
The voltage signal, which is asymmetric toH, disappearswhen theH
direction is parallel to the direction across the electrodes, consistent
with the symmetry of the ISHE induced by the spin pumping20,
because the ISHE, EISHE ‖ js ×σσσ, predicts that the electric voltage
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Figure 2 |Observation of spin–charge current conversion in PEDOT:PSS. a, Field (H) dependence of the FMR signal dI/dH and the electromotive force V
for the PEDOT:PSS/Y3Fe5O12 film at 20mWmicrowave excitation. I is the microwave absorption intensity. The external magnetic field was applied along
the film plane. The background voltage due to the microwave irradiation is subtracted from the V spectra. b, Microwave power P dependence of the
magnitude of the electric voltage VISHE. The filled circles are the experimental data. The solid line shows the linear fit to the data. c, Out-of-plane field-angle
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magnetization φ. d, θ dependence of the ferromagnetic resonance field HFMR measured for the PEDOT:PSS/Y3Fe5O12 film. The filled circles represent the
experimental data. The solid curve is the numerical solution of the Landau–Lifshitz–Gilbert equation. e, θ dependence of the magnetization angle φ for the
PEDOT:PSS/Y3Fe5O12 film obtained from the Landau–Lifshitz–Gilbert equation with the measured values of HFMR. The dashed line shows θ = φ.

is induced perpendicular to σσσ, or H. Figure 3c shows the voltage
spectra for the PEDOT:PSS/Y3Fe5O12 film measured at various
microwave frequencies f . As shown in Fig. 3c, the magnitude of
V̄ =V /Pabs is almost independent of HFMR, which is evidence that
the observed voltage signals cannot be attributed to the Nernst
effect; the Nernst effect predicts V̄ISHE =VISHE/Pabs ∝HFMR, because
the electric voltage due to the Nernst effect at FMR is proportional
to |∇T×HFMR|= |∇T |HFMR and themagnitude of the temperature
gradient |∇T | is proportional to the absorbed microwave intensity
Pabs at FMR. These results demonstrate that electromagnetic and
thermoelectric artefacts are irrelevant to the observed voltage.

Indeed, the observed microwave frequency dependence of the
electric voltage shown in Fig. 3c is consistent with the prediction of
the spin pumping and ISHE. The d.c. component of a spin current
generated by the spin pumping is proportional to the z component
of the magnetization damping14: js ∝ [M̂ × ∂tM̂]z ∝ f �, where
M̂=M/Ms andMs is the saturation value of the magnetizationM.
� is the solid angle of the magnetization precession trajectory20.
Here, � decreases with increasing f , because the cone angle of
magnetization precession decreases with increasing f , or HFMR,
showing that js ∝ f � is insensitive to f . Using the Landau–Lifshitz–
Gilbert equation, the f dependence of VISHE is expressed as23
V̄ISHE ∝

[
(4πMsγ )2 + (4πf )2

]−1/2, where γ = 1.78 × 1011 T−1 s−1

is the gyromagnetic ratio and 4πMs = 0.175 T is the saturation
magnetization of the Y3Fe5O12 film. As shown in Fig. 3d, the
experimentally measured f dependence of V̄ISHE is well reproduced
using this calculation.

We found that the magnitude of the electric voltage, VISHE,
increases with decreasing the thickness d of the PEDOT:PSS layer.
This is because thicker PEDOT:PSS films tend to short-circuit
signals generated near the interface. This result is consistent
with the prediction of the ISHE induced by the spin pumping
because the ISHE voltage is generated in an interfacial layer with
a thickness that is determined by the spin diffusion length of
the PEDOT:PSS layer. The d dependence of VISHE for d > λ is
approximated to be20 VISHE ∝ (1/d)tanh(d/λ)tanh(d/2λ), where
λ is the spin diffusion length in the PEDOT:PSS layer (see also
equation (1)). The experimentally observed increase of VISHE is
around 15–45% when d is decreased from 80 to 40 nm (for details,
see Methods). From this, we can estimate the spin diffusion length
in the PEDOT:PSS layer to be of the order of λ= 22–31 nm. If we
assume the diffusion coefficient in the PEDOT:PSS layer to be of
the order of D = 8× 10−7 cm2 s−1 (Supplementary Information),
the estimated spin relaxation time becomes τs = 5–11 µs, which is
consistent with previous reports on long spin relaxation times in
organic semiconductors. The error in our estimate of λ is relatively
large, because a more accurate determination of λ from a fit of
voltage measurements on PEDOT:PSS films with many different
thicknesses was found to be experimentally challenging because
samples of Y3Fe5O12 prepared in different deposition runs exhibited
slightly different FMR resonance fields and shapes (see Methods).
This is a well-known problem with Y3Fe5O12 that led to nominally
identical samples of the same PEDOT:PSS thickness exhibiting
variations in the magnitude of the voltage signal of the order of
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(a) (b) 

FFiigg..  44 (a) Spin transport device using single-layer 
graphene (SLG), where NiFe (Py) spin source and Pd 
spin current detector are equipped separately and an 
external magnetic field is applied to excite 
ferromagnetic resonance of the Py. (b) The upper panel 
shows the ferromagnetic resonance spectrum from the 
Py and the lower panel shows a concomitant 
electromotive force from the Pd. The external magnetic 
field is applied at q =0. The resonance field is 
consistent with the field where the peak of the 
electromotive force appears, which is an evidence of 
successful spin injection and transport in SLG by spin 
pumping (ref. 15)). 

FFiigg..  33 Graphene spin valve (left) and observed non-
local magnetoresistance at room temperature (right), 
where the non-local four-terminal measurement 
technique was introduced (ref. 11)). 

To investigate the dependence of the signal on the electrode sepa-
ration at 77K, we prepared and measured devices 2 and 3, in which
graphene strips 2mm wide were used. On each device a sequence of
ferromagnetic contacts with monotonically increasing spacings and
different widths were deposited. We will give details elsewhere (manu-
script in preparation). We summarize the spin signals as follows: for
spacing 350nm, the resistance was 31V; for 550 nm, 35V; for 1mm,
21V; for 1.5mm, 21V; for 2mm, 22V; for 3mm, 8V; and for 5mm, 5V.
This shows that the spin signals start to go down at spacings beyond
2mm, indicating a spin relaxation length of about 2mm.

Spin transport at room temperature is shown in Fig. 3a for device
4. The magnitude of the spin signal (,6V) is comparable to that
observed at 77K for a 3-mm-spacing device. Figure 3b shows the gate
voltage dependence of the non-local signal in parallel and antiparallel
configurations. In agreement with the principle of the non-local tech-
nique, it shows that the parallel configuration always yields a positive

value and the antiparallel a negative one. In Fig. 3c the gate voltageVg

dependence of the graphene resistance is plotted. The typical shape for
single graphene layers is observed, with a slightly shifted neutrality
point atVg5 19V, where the resistivity reaches a maximum of 3.2 kV
(ref. 1). A comparison between Fig. 3c and Fig. 3b shows that there is
only a small decrease of the spin signal at the Dirac point.

Next, we present room-temperature Hanle-type spin precession
experiments. For this purpose, we first applied amagnetic field in the
y direction to prepare the electrodes in a parallel or antiparallel mag-
netization direction. Then this field was removed and a magnetic
field B in the z direction was scanned. The data are shown in Fig. 4.
Electrons are injected with a spin polarization in the up direction by
contact 3. They precess around the B field with a Larmor frequency
vL5 gmBB/", with g the effective Landé factor (,2) and mB the Bohr
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Figure 1 | Spin transport in a four-terminal spin valve device. a, Scanning
electron micrograph of a four-terminal single-layer graphene spin valve.
Cobalt electrodes (Co) are evaporated across a single-layer graphene strip
preparedonaSiO2 surface.b, Thenon-local spinvalve geometry.A current I is
injected from electrode 3 through the Al2O3 barrier into graphene and is
extracted at contact 4. The voltage difference is measured between contacts 2
and 1. The non-local resistance is Rnon-local5 (V12V2)/I. c, Illustration of
spin injectionand spindiffusion for electrodeshavingparallelmagnetizations.
Injection of up spins by contact 3 results in an accumulation of spin-up
electrons underneath contact 3, with a corresponding deficit of spin-down
electrons. Owing to spin relaxation the spin density decays on a scale given by
the spin relaxation length. The dots show the electric voltage measured by
contacts 1 and 2 in the ideal case of 100% spin selectivity. A positive non-local
resistance is measured. (We note that a larger positive signal can be obtained
by reversing the magnetization direction of contact 1). d, Spin injection and
spin diffusion for antiparallel magnetizations. The voltage contacts probe
opposite spin directions, resulting in a negative non-local resistance.
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Figure 2 | Spin transport at 4.2 and 77K. a, Non-local spin valve signal for
device 1 at 4.2 K. The sweep directions of the magnetic field are indicated
(red or green arrows). The magnetic configurations of the electrodes are
illustrated for both sweep directions. Thewidths of the electrodes are 330 nm
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electrode spacings were 330 nm for the gaps between electrodes 1 and 2, 2
and 3, and 3 and 4. The graphene width was 1.4mm. Inset, electrode spacing
configuration. b, A two-terminal local spin valve signal (measured between
contacts 2 and 3) of about 60V ismeasured at 4.2 K. c, Spin signals at 4.2 and
77K. A ‘minor loop’ is observed because themagnetic field sweep is reversed
before contact 2 has reversed its magnetization direction.
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To investigate the dependence of the signal on the electrode sepa-
ration at 77K, we prepared and measured devices 2 and 3, in which
graphene strips 2mm wide were used. On each device a sequence of
ferromagnetic contacts with monotonically increasing spacings and
different widths were deposited. We will give details elsewhere (manu-
script in preparation). We summarize the spin signals as follows: for
spacing 350nm, the resistance was 31V; for 550 nm, 35V; for 1mm,
21V; for 1.5mm, 21V; for 2mm, 22V; for 3mm, 8V; and for 5mm, 5V.
This shows that the spin signals start to go down at spacings beyond
2mm, indicating a spin relaxation length of about 2mm.

Spin transport at room temperature is shown in Fig. 3a for device
4. The magnitude of the spin signal (,6V) is comparable to that
observed at 77K for a 3-mm-spacing device. Figure 3b shows the gate
voltage dependence of the non-local signal in parallel and antiparallel
configurations. In agreement with the principle of the non-local tech-
nique, it shows that the parallel configuration always yields a positive

value and the antiparallel a negative one. In Fig. 3c the gate voltageVg

dependence of the graphene resistance is plotted. The typical shape for
single graphene layers is observed, with a slightly shifted neutrality
point atVg5 19V, where the resistivity reaches a maximum of 3.2 kV
(ref. 1). A comparison between Fig. 3c and Fig. 3b shows that there is
only a small decrease of the spin signal at the Dirac point.

Next, we present room-temperature Hanle-type spin precession
experiments. For this purpose, we first applied amagnetic field in the
y direction to prepare the electrodes in a parallel or antiparallel mag-
netization direction. Then this field was removed and a magnetic
field B in the z direction was scanned. The data are shown in Fig. 4.
Electrons are injected with a spin polarization in the up direction by
contact 3. They precess around the B field with a Larmor frequency
vL5 gmBB/", with g the effective Landé factor (,2) and mB the Bohr

Co Co

1 µm

Co

I

V–     +

n-doped Si

SiO2

a

b

c

d

1

0

–1

Spin up

Spin down

Spin up

Spin down

Graphene

Al2O3

1

0

–1

Graphene

SiO2

SiO2
x

y

1 2 3 4

S
p

in
 d

en
si

ty
S

p
in

 d
en

si
ty

Figure 1 | Spin transport in a four-terminal spin valve device. a, Scanning
electron micrograph of a four-terminal single-layer graphene spin valve.
Cobalt electrodes (Co) are evaporated across a single-layer graphene strip
preparedonaSiO2 surface.b, Thenon-local spinvalve geometry.A current I is
injected from electrode 3 through the Al2O3 barrier into graphene and is
extracted at contact 4. The voltage difference is measured between contacts 2
and 1. The non-local resistance is Rnon-local5 (V12V2)/I. c, Illustration of
spin injectionand spindiffusion for electrodeshavingparallelmagnetizations.
Injection of up spins by contact 3 results in an accumulation of spin-up
electrons underneath contact 3, with a corresponding deficit of spin-down
electrons. Owing to spin relaxation the spin density decays on a scale given by
the spin relaxation length. The dots show the electric voltage measured by
contacts 1 and 2 in the ideal case of 100% spin selectivity. A positive non-local
resistance is measured. (We note that a larger positive signal can be obtained
by reversing the magnetization direction of contact 1). d, Spin injection and
spin diffusion for antiparallel magnetizations. The voltage contacts probe
opposite spin directions, resulting in a negative non-local resistance.
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potential approach for injecting spins into molecules. The 
other notable achievement based on the dynamical spin 
pumping technique in molecular spintronics is 
demonstration of spin conversion. As aforementioned, a 
characteristic nature of molecular materials in 
spintronics is its weak SOI. Hence, people had been 
believing that spin charge conversion is impossible in 
molecules because its SOI is too weak to realize the 
conversion. The achievement by Ando et al. overturned 
the conventional understanding (see Fig. 5) 18). The key 
for the successful spin conversion in molecules is 
sufficient spin accumulation by the spin pumping from 
YIG as the substrate of PEDOT:PSS, a solution-
processed spin convertor. Although the conversion 
efficiency was indeed small, the sufficient spin 
accumulation into the polymer allows detection of charge 
flow generated by the inverse spin Hall effect (ISHE). 
This work opened a new frontier of spin conversion 
physics, where heavy elements and topological materials 
played pivotal roles. The same concept was applied for 
substantiating spin conversion in SLG 19-21), where there 
was strong debate regarding the mechanisms. The 
sample structure was the same, SLG/YIG bilayer, in the 
studies. Mendez et al. claimed that the spin conversion 
was governed by the Rashba-Edelstein effect due to 
inversion symmetry breaking along the perpendicular to 
the SLG plane direction 20). Meanwhile, our group 
reported that the ISHE governs the conversion physics 
by demonstrating ambipolar and gate-modulated spin 
conversion (see Fig. 6) 21). The conclusive work was 
implemented by Raes et al. 14), where spin relaxation in 
SLG is isotropic resulting in no Rashba field is created in 
SLG instead of its inversion symmetry breaking along 
the perpendicular to the plane direction, which 
unequivocally negated the claim by Mendez et al.  

In summary, progress of molecular spintronics is still 

lagged of the other spintronics fields and its 
attractiveness has not been explored yet. Hence, much 
serious effort is awaited. 
  
33..  SSppiinnttrroonniicc  ffuunnccttiioonn  ooff  ttooppoollooggiiccaall  qquuaannttuumm  mmaatteerriiaallss  
  
  A topological quantum material (TQM) is a novel 
material phase in 21st century. Since the discovery of the 
new material phase 22-24), tremendous effort has been 
made to explore a wide variety of novel and abundant 
physics appearing in topological insulators (TIs), 

 

Fig. 4 (Left) Spin transport device using single-layer graphene (SLG), where NiFe (Py) spin 

source and Pd spin current detector are equipped separately and an external magnetic field is 

applied to excite ferromagnetic resonance of the Py. (Right) The upper panel shows the 

ferromagnetic resonance spectrum from the Py and the lower panel shows a concomitant 

electromotive force from the Pd. The external magnetic field is applied at q =0. The resonance 

field is consistent with the field where the peak of the electromotive force appears, which is an 

evidence of successful spin injection and transport in SLG by spin pumping.  

 

  

Fig. 5 (Left) Device structure of organic spin convertor. Organic polymer, PEDOT:PSS, is 

equipped on ferrimagnetic insulator, Y3Fe5O12 (YIG). (Right) The upper panel shows the 

ferromagnetic resonance spectrum from the YIG and the lower panel shows a concomitant 

electromotive force from the organic polymer. Again, the magnetic fields where the ferromagnetic 

resonance and the electromotive force peaks appear are consistent (ref. [18]).  

 

RAPID COMMUNICATIONS

ZHENYAO TANG et al. PHYSICAL REVIEW B 87, 140401(R) (2013)

-20 0 20

-1

0

1

 

 

 

Py

Py/SLGdI
(H

)/
dH

 (
a.

u.
)

H-H
FMR

 (mT)
1000 1500 2000 2500 3000

  SLG #1
  SLG #2

In
te

ns
ity

Raman shift (cm-1)

D D2G

SiO2 sub

SLG
Py Pd

gapAlH

SiO2 sub

SLG
Py Pd

gapAlH

SiO2 sub

SLG
Py Pd

gapAlH
(a)

(b) (c)

FIG. 1. (Color online) (a) A schematic image of the SLG spin pumping sample. The CVD-grown SLG is transferred to the SiO2/Si substrate,
and the Al/Py and the Pd electrodes are separately evaporated on the SLG. The angle of the external magnetic field is shown in the inset.
(b)Raman spectra of the SLG just after the synthesis. The black and red solid lines are data from samples 1 and 2, respectively. The typical
symmetric Raman peaks of the G and 2D bands from SLG can be seen. The D band can be hardly seen in sample 1, which shows that the
defect of sample 1 is less than that of sample 2. (c) FMR spectra of the Py on the SiO2 substrate (a black solid line) and the Py/SLG on the SiO2

substrate (a red solid line, sample 1). An increase of the linewidth can be seen, which is attributed to a shift of the Gilbert damping constant a,
namely, spin pumping into the SLG.

pumped spins induce spin accumulation in the SLG, which
allows generation of a pure spin current in the SLG (see the
Supplemental Material13). The propagating spins are absorbed
in the Pd wire, where a pure spin current (Js) is converted
to a charge current (Jc) due to the inverse spin Hall effect
(ISHE)14 and an electromotive force is generated at the Pd
wire. The ISHE is the reciprocal effect of the spin Hall effect,
and the Jc is described as Jc ∼ Js × σ (σ is the spin direction).
Note that the sign of Jc is changed by varying the direction
of spin (σ ), namely, the sign of the electromotive force at
the Pd wire becomes opposite, when the pure spin current is
successfully generated and propagated in the SLG and σ is
reversed by a static external magnetic field. Figure 1(c) shows
the FMR spectra of the Py with and without the SLG/Pd. The
linewidth of the spectrum from the sample with the SLG/Pd
is larger than that without the SLG/Pd, which is attributed to
the modulation of α due to successful spin pumping into the
SLG/Pd.

Figures 2(a)–2(c) show the FMR signals as a function of
θ , where the FMR of the Py occurs in every condition. The
electromotive force of the Pd wire is shown in Figs. 2(d)–2(f),
where the electromotive force is observed when θ is set to
be 0◦ and 180◦, whereas no signal was observed at θ = 90◦.
Since this finding is in accordance with the angular dependence
of the electromotive force due to the ISHE (Jc ∼ Js × σ ),
the observed electromotive force is ascribed to the ISHE
of the Pd, which is due to spin pumping into the SLG and the
achievement of spin transport of a dynamically generated pure
spin current at room temperature. Here, note that there is no
spurious effect with the observed symmetry and only the ISHE
possesses the symmetry. For example, the anomalous Hall
effect (AHE) signal can be included as a spurious signal, which
may impede detection of the ISHE signals, but the AHE does
not show such an external magnetic field dependence of the
electromotive force. The following investigations also support

the result that the ISHE signals were dominantly observed.
The theoretical fitting was performed in order to separate the
ISHE and the AHE signals in the observed electromotive force
by using the following equation,14 V = VISHE

�2

(H−HFMR)2+�2 +
VAHE

−2�(H−HFMR)
(H−HFMR)2+�2 + aH + b, where VISHE is the electromo-

tive force, VAHE is the voltage due to the AHE, H is an
external static magnetic field for the FMR, HFMR is the
magnetic field where the FMR occurs, and it is 107.7 mT
at 0◦ and 180◦, and 1084.5 mT at 90◦. �, a, and b are
fitting parameters. An example of the fitting is shown in
Fig. 3(a), and VISHE and VAHE are estimated to be 1.16 × 10−5

and 6.67 × 10−7 V, respectively. The contribution from the
AHE to the electromotive force was revealed to be very
weak. Figure 3(b) shows the microwave power dependence
of the electromotive force at the Pd for the Py/SLG/Pd
sample. The electromotive force at the Pd wire, VISHE, is
nearly proportional to the microwave power, which indicates
that the density of the generated spin current in the SLG
proportionally increases with the applied microwave power.15

Also, as shown in Fig. 3(c), the electromotive force increases
linearly with the microwave power, although the voltage due
to the AHE was small. In fact, the ratio of the signal intensities
by the ISHE and AHE at 200 mW was estimated to be
17, which indicates that the ISHE signal is dominant in the
observed electromotive force and that the observed signal was
mainly due to spin transport in the SLG. Furthermore, several
control experiments were carried out by using Py/SLG (no
Pd) and Py/SLG/Cu samples, where no signal was observed
from both samples (see the Supplemental Material13). The
result in the control experiments, in addition to the observed
symmetry of the ISHE in this study, corroborates the successful
transport of the pure spin current in the SLG and conversion
of the pure spin current to the charge current at room
temperature.

140401-2

RAPID COMMUNICATIONS

ZHENYAO TANG et al. PHYSICAL REVIEW B 87, 140401(R) (2013)

-40 -20 0 20 40

θ = 180° 

5µV

H-H
FMR

(mT)
-40 -20 0 20 40

θ =0 
5µV

V
 (

µ V
)

H-H
FMR

(mT)
-40 -20 0 20 40

θ = 90° 

H-H
FMR

(mT)

5µV

dI
(H

)/
dH

 (
a.

u.
)

-40 -20 0 20 40

θ = 180° 

5µV

H-H
FMR

(mT)
-40 -20 0 20 40

θ =0 
5µV

V
 (

µ V
)

H-H
FMR

(mT)
-40 -20 0 20 40

θ = 90° 

H-H
FMR

(mT)

5µV

dI
(H

)/
dH

 (
a.

u.
)

(a) (b) (c)

(d) (e) (f)

FIG. 4. (Color online) Results on spin pumping and spin transport in sample 2. (a)–(c) Ferromagnetic resonance of the Py under θ is set to
be (a) 0◦, (b) 90◦, and (c) 180◦ under the microwave power of 200 mW. (d)–(f) Electromotive forces from the Pd wire on the SLG when θ is set
to be (d) 0◦, (e) 90◦, and (f) 180◦ under the microwave power of 200 mW. Electromotive forces can be seen as expected, indicating successful
dynamical spin injection. However, the signal was weak and noisy. The red solid lines in (d) and (f) show the fitting lines obtained by using
Eq. (2).

g
↑↓
r γ 2h2h̄[4πMsγ+

√
(4πMs)2γ 2+4ω2]

8πα2[(4πMs)2γ 2+4ω2] , where h is the microwave
magnetic field, set to 0.16 mT at a microwave power of
200 mW. As discussed above, the broadening of W in the
Py/SLG compared with that in the Py film was attributed to
spin pumping into the SLG and g

↑↓
r in the Py/SLG layer was

calculated to be 1.6 × 1019 m−2, and thus js was calculated
to be 7.7 × 10−9 J m−2. Here, half of the generated js can
contribute to the electromotive force in the Pd electrode
in our device geometry, since a pure spin current diffuses
isotropically. The generated js decays by spin diffusion in
SLG, and js decays to js exp(− d

λ
) when spins diffuses to Pd

wire. Furthermore, the electromotive force taking the spin
relaxation in the Pd wire into account can be written as18

VISHE = wθSHEλPd tanh(dPd/2λPd)
dSLGσSLG+dPdσPd

( 2e
h̄

)js in the simplest model. Here,
w, λPd, dPd, and σ Pd are the length of the Pd wire facing
the Py (900 nm), the spin diffusion length (9 nm),19 the
thickness (5 nm), and the conductivity of the Pd, respectively,
and dSLG and σ SLG are the thickness (assumed to be ca.
0.3 nm) and conductivity of the SLG (measured to be ca.
3.10 × 106 S/m under the zero gate voltage application; see
the Supplemental Material13). The spin-Hall angle in a Py/Pd
junction, θSHE, has been reported to be 0.01,15 which allows
us to theoretically estimate the electromotive force in the Pd
wire as 2.37 × 10−5 V if no spin relaxation occurred in the
SLG. In contrast, the experimentally observed electromotive
force was 1.16 × 10−5 V, and this discrepancy is ascribed
to dissipation of spin coherence during spin transport in
the SLG (the decay of js), which can be described as an

exponential damping dependence on the spin transport. From
the above calculations, the spin coherence length in the SLG
is estimated to be 1.36 µm. For comparison, we carried out
the same experiments by using the other sample (sample 2,
where the gap length was measured to be 780 nm), whose
quality is not as good as that of sample 1 (the conductivity
was measured to be 6.40 × 105 S/m under the zero gate
voltage application). Figures 4(a)–4(f) show the result, and
here again the obvious ISHE signals and the inversion of the
ISHE signals can be seen as the external magnetic field was
reversed. However, the signals were comparatively weak and
the estimated spin coherence length was ca. 460 nm, which
is in agreement with the sample qualities and also with the
reported spin relaxation mechanism in SLG, i.e., the Elliot-
Yafet type. These observations also corroborate that our result
is attributed to dynamical spin injection and spin transport
in the SLGs. The spin coherence length in the CVD-grown
SLG, which was estimated by using the dynamical method,
is comparable to the previously reported value (1.1 µm)
estimated by using an electrical method.20 In contrast, the
spin coherence length of the SLG in this study is much
longer than that in p-Si (ca. 130 nm) in our previous study,21

which directly indicates the advantage of graphene for spin
transport.

In summary, we successfully demonstrated the dynamical
spin injection, resulting in generation of spin current in SLG
at room temperature, which enables generation of a pure spin
current that is free from electrical conductance mismatch. The
spin coherence length of CVD-grown SLG was 1.36 µm,
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Figure 1 | Spin–charge conversion in organic material. a, Schematic
illustrations of the PEDOT:PSS/Y3Fe5O12 film. The PEDOT:PSS film was
spin-coated onto a Y3Fe5O12 film. H andM(t) denote the external
magnetic field and dynamical magnetization, respectively. EISHE, js and σσσ
denote the electric field due to the spin–charge conversion, the flow
direction of the spin current and the spin-polarization vector of the spin
current, respectively. b, Current–voltage characteristics for the PEDOT:PSS
film, where the blue and red circles are the experimental data measured
along the x and y directions, respectively. L is the distance between the
voltage probes.

Supplementary Information). The large conductivity anisotropy
reflects the high degree of polymer alignment in the plane of the
film that is commonly found in conjugated polymer thin films. We
induced ferromagnetic spin-wave resonance (FMR) in the Y3Fe5O12
film and measured the d.c. electric-potential difference between
the Au electrodes on the PEDOT:PSS layer that was generated by
exciting FMR. For clarity we refer to this voltage already at this point
as VISHE. However, we emphasize that this nomenclature was by no
means adopted as a foregone conclusion. It is based on a careful and
detailed experimental analysis that tests this hypothesis and forms
the heart of the present paper. Under FMR conditions, the spin
pumping injects a pure spin current into the PEDOT:PSS layer. If
the spin current js can be converted into a charge current jc through
the ISHE in the PEDOT:PSS layer, this spin current should give
rise to a d.c. electric voltage between the two gold electrodes (see
Fig. 1a). For the measurements, the PEDOT:PSS/Y3Fe5O12 film was
placed at the centre of a TE011 microwave cavity with a resonance
frequency of f = 9.45 GHz, in which the microwave magnetic
field was applied along the y direction. An external static magnetic
field H was applied along the film plane as shown in Fig. 1a. All
measurements were performed at room temperature.

Figure 2a shows the microwave absorption and the d.c. elec-
tromotive force VISHE signals for the PEDOT:PSS/Y3Fe5O12 film,
respectively. In the voltage spectrum, a voltage signal appears at
the resonance field HFMR = 260mT, indicating that the electric
voltage is induced in the PEDOT:PSS layer concomitant with the
FMR. Themagnitude of the detected electric voltageVISHE increases

with the microwave excitation power P as shown in Fig. 2b. This
is consistent with the prediction of the spin pumping from the
Y3Fe5O12 film; the spin pumping intensity is proportional to the
number of excited magnons, or microwave excitation power20,21.
Although the shape of the ferromagnetic resonance for the Y3Fe5O12
film is complicated owing to the presence of several side FMR
resonances, as commonly found for this material17,22, it is clear that
the voltage signal exhibits a predominantly symmetric shape around
the resonance field, as expected for a voltage generated by the ISHE
in the conducting polymer17,20.

We measured the dependence of the electric voltage on the
out-of-plane angle θ between the substrate plane and the static
magnetic field H as defined in the inset of Fig. 2c. The field angle
θ dependence of the electric voltage V̄ISHE = VISHE/Pabs is shown
in Fig. 2c, where Pabs is the absorbed microwave intensity at FMR.
The V̄ISHE signal disappears at θ = 90◦ and the sign of the voltage is
reversed by further increasing θ , which is also consistent with the
symmetry of the ISHE (ref. 20). Here, the spin polarization σσσ of the
injected spin current at the interface is directed along the magneti-
zation precession axis. The angle φ of the magnetization precession
axis with respect to the filmplane is obtained from the θ dependence
of the resonance field HFMR (Fig. 2d) using the Landau–Lifshitz–
Gilbert equation as shown in Fig. 2e (ref. 20). Figure 2e shows that
the magnetization-precession axis is almost parallel to H, θ ≈ φ,
because of the small demagnetization field in the Y3Fe5O12 layer,
and thus the effect of spin precession around H in the PEDOT:PSS
layer on VISHE is negligible16. If the voltage signals were generated
by the ISHE, we would expect EISHE ‖ js ×σσσ, and with js ∝ Pabs this
would result in V̄ISHE ∝ |js ×σσσ|/Pabs ∝ cosφ ≈ cosθ (ref. 20). The
experimental data are again fully consistentwith this expectation.

We emphasize again that Y3Fe5O12 is an insulator. Nevertheless,
voltage signals appear in the PEDOT:PSS/Y3Fe5O12 film. This
clearly shows that the observed electric voltage is induced in the
PEDOT:PSS layer. We found that the organic magnetoresistance
in the PEDOT:PSS film is vanishingly small, less than 0.1%,
showing that the organic magnetoresistance is not responsible
for the observed voltage (Supplementary Information). Therefore,
the only potential, alternative origin of the VISHE signals, except
for the spin-pumping-induced ISHE, in the PEDOT:PSS/Y3Fe5O12
film is a thermoelectric effect, including H -dependent and
-independent effects, induced by the microwave absorption in the
PEDOT:PSS/Y3Fe5O12 film.However, we found that thermoelectric
effects are unlikely to be the cause of the detected voltage signal.
Most importantly, the detected voltage reverses its sign when
reversing H. This is consistent with the expected ISHE symmetry,
but excludes H -independent thermoelectric effects, such as the
Seebeck effect, from contributing to the signal. Furthermore, we
found that the voltage signal is insensitive to the external magnetic
field strength, HFMR, showing that H -dependent thermoelectric
effects, that is, the Nernst effect, are also irrelevant to the
observed voltage signal. To investigate the HFMR dependence of
the detected voltage, we measured the electric voltage for the
PEDOT:PSS/Y3Fe5O12 film using a coplanar waveguide, where
the microwave frequency f can be controlled. This enabled us
to vary the resonance field HFMR as shown in Fig. 3a. Here, the
relation between f and HFMR is given by the Kittel formula:
f = (γ /2π)

√
HFMR(HFMR +4πMs). Figure 3b shows the V signals

for the PEDOT:PSS/Y3Fe5O12 film measured with applying an
in-plane magnetic field H perpendicular to the direction across
the electrodes and a microwave with a frequency of f = 6.5GHz,
showing again that the observed electric voltage changes sign on
reversing the magnetic field direction fromH to −H in this system.
The voltage signal, which is asymmetric toH, disappearswhen theH
direction is parallel to the direction across the electrodes, consistent
with the symmetry of the ISHE induced by the spin pumping20,
because the ISHE, EISHE ‖ js ×σσσ, predicts that the electric voltage
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Figure 2 |Observation of spin–charge current conversion in PEDOT:PSS. a, Field (H) dependence of the FMR signal dI/dH and the electromotive force V
for the PEDOT:PSS/Y3Fe5O12 film at 20mWmicrowave excitation. I is the microwave absorption intensity. The external magnetic field was applied along
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magnetization φ. d, θ dependence of the ferromagnetic resonance field HFMR measured for the PEDOT:PSS/Y3Fe5O12 film. The filled circles represent the
experimental data. The solid curve is the numerical solution of the Landau–Lifshitz–Gilbert equation. e, θ dependence of the magnetization angle φ for the
PEDOT:PSS/Y3Fe5O12 film obtained from the Landau–Lifshitz–Gilbert equation with the measured values of HFMR. The dashed line shows θ = φ.

is induced perpendicular to σσσ, or H. Figure 3c shows the voltage
spectra for the PEDOT:PSS/Y3Fe5O12 film measured at various
microwave frequencies f . As shown in Fig. 3c, the magnitude of
V̄ =V /Pabs is almost independent of HFMR, which is evidence that
the observed voltage signals cannot be attributed to the Nernst
effect; the Nernst effect predicts V̄ISHE =VISHE/Pabs ∝HFMR, because
the electric voltage due to the Nernst effect at FMR is proportional
to |∇T×HFMR|= |∇T |HFMR and themagnitude of the temperature
gradient |∇T | is proportional to the absorbed microwave intensity
Pabs at FMR. These results demonstrate that electromagnetic and
thermoelectric artefacts are irrelevant to the observed voltage.

Indeed, the observed microwave frequency dependence of the
electric voltage shown in Fig. 3c is consistent with the prediction of
the spin pumping and ISHE. The d.c. component of a spin current
generated by the spin pumping is proportional to the z component
of the magnetization damping14: js ∝ [M̂ × ∂tM̂]z ∝ f �, where
M̂=M/Ms andMs is the saturation value of the magnetizationM.
� is the solid angle of the magnetization precession trajectory20.
Here, � decreases with increasing f , because the cone angle of
magnetization precession decreases with increasing f , or HFMR,
showing that js ∝ f � is insensitive to f . Using the Landau–Lifshitz–
Gilbert equation, the f dependence of VISHE is expressed as23
V̄ISHE ∝

[
(4πMsγ )2 +(4πf )2

]−1/2, where γ = 1.78 × 1011 T−1 s−1

is the gyromagnetic ratio and 4πMs = 0.175 T is the saturation
magnetization of the Y3Fe5O12 film. As shown in Fig. 3d, the
experimentally measured f dependence of V̄ISHE is well reproduced
using this calculation.

We found that the magnitude of the electric voltage, VISHE,
increases with decreasing the thickness d of the PEDOT:PSS layer.
This is because thicker PEDOT:PSS films tend to short-circuit
signals generated near the interface. This result is consistent
with the prediction of the ISHE induced by the spin pumping
because the ISHE voltage is generated in an interfacial layer with
a thickness that is determined by the spin diffusion length of
the PEDOT:PSS layer. The d dependence of VISHE for d > λ is
approximated to be20 VISHE ∝ (1/d)tanh(d/λ)tanh(d/2λ), where
λ is the spin diffusion length in the PEDOT:PSS layer (see also
equation (1)). The experimentally observed increase of VISHE is
around 15–45% when d is decreased from 80 to 40 nm (for details,
see Methods). From this, we can estimate the spin diffusion length
in the PEDOT:PSS layer to be of the order of λ= 22–31 nm. If we
assume the diffusion coefficient in the PEDOT:PSS layer to be of
the order of D = 8× 10−7 cm2 s−1 (Supplementary Information),
the estimated spin relaxation time becomes τs = 5–11 µs, which is
consistent with previous reports on long spin relaxation times in
organic semiconductors. The error in our estimate of λ is relatively
large, because a more accurate determination of λ from a fit of
voltage measurements on PEDOT:PSS films with many different
thicknesses was found to be experimentally challenging because
samples of Y3Fe5O12 prepared in different deposition runs exhibited
slightly different FMR resonance fields and shapes (see Methods).
This is a well-known problem with Y3Fe5O12 that led to nominally
identical samples of the same PEDOT:PSS thickness exhibiting
variations in the magnitude of the voltage signal of the order of
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FFiigg..  55 (a) Device structure of organic spin convertor. 
Organic polymer, PEDOT:PSS, is equipped on 
ferrimagnetic insulator, Y3Fe5O12 (YIG). (b) The upper 
panel shows the ferromagnetic resonance spectrum 
from the YIG and the lower panel shows a concomitant 
electromotive force from the organic polymer. Again, 
the magnetic fields where the ferromagnetic resonance 
and the electromotive force peaks appear are 
consistent (ref. 18)). 

FFiigg..  66 (a) Gate voltage dependence of the source-drain 
electric current in SLG. (b) Gate voltage dependence of 
electromotive forces in SLG under spin pumping when 
the carrier is hole (+0.5 V, the red solid line) and 
electron (+1.0 V, the blue solid line). (c) Gate voltage 
dependence of the electromotive forces in SLG when 
the direction of the external magnetic field is reversed. 
(d) Gate voltage dependence of generated electric 
current by the ISHE. The saturation of the current 
under higher gate voltages is compelling evidence that 
the ISHE, not the Rashba-Edelstein effect, governs the 
spin conversion (ref. 21)). 

metallic ferromagnet systems the bias voltage can influence
the spin pumping efficiency through the control of the
depletion region and Schottky barrier height, spin pumping
from the ferrimagnetic insulator with a large 2.7 eV bang gap
is free of this problem. Additionally, we measured a linear
I-V curve at room and low temperatures, ruling out the
presence of any energy barriers at the Au=Ti=SLG interface.
Thus, the spin current injection and FMR spectrum are
expected to be independent of gate voltage. The detected
FMR absorbance spectra [Figs. 3(a) and 3(b)] were identical
for 0.5 V (dashed red line) and 1.0 V (black line). The drain
current ID showed strong VG dependence, confirming the
carrier density modulation and switching of the carrier type
from holes to electrons [see Fig. 4(a)]. In contrast, both the
full width at half maximum, ΔHFWHM [Fig. 3(e)], and the
amplitude, ISym [Fig. 3(f)], obtained from the fitting of
the FMR spectrum were independent of VG and were in the
range μ0ΔH0°

FWHM ¼ 0.545 mT ðþ0.5
−0.6%Þ, μ0ΔH180°

FWHM ¼
0.540 mT ðþ1.1

−0.9%Þ, I0°Sym¼436arb:unitðþ0.5
−0.4%Þ, and I180°Sym ¼

398 arb: unitðþ1.5
−1.2%Þ (see Secs. E and G of Supplemental

Material for the fitting function and detailed discussion on
FMR spectra [24]). The small difference in the FMR at the
opposite directions of the external magnetic field was caused
by differences in the spin wave resonances due to slightly
different sample position at θH ¼ 0° and θH ¼ 180°.
Next, we discuss electrical response of the YIG/SLG

under gate voltage application. It was shown that spin

current generated through the spin Hall effect can be used to
switch magnetization in spin-torque devices [54]. However,
presently, the sign of the generated spin and charge current
can only be changed by reversal of the magnetic field or
source current. Figure 4(a) shows the dependence of the
drain current ID between Ti=Au terminals under the sweep
of the gate voltage VG for our YIG/SLG device. The
minimum of the ID curve represents the position of the
Dirac point in the VG sweep. Figures 4(b) and 4(c) show
the detected electromotive force under FMR conditions.
The generated spin current, i.e., transferred angular momen-
tum from YIG to SLG, is proportional to the area swept by
the YIG magnetization during the precession. Thus, spin
current has a maximum at the FMR fieldHFMR, at which the
microwave power absorption and precession angle are the
largest. As a result, the electromotive force generated
through the spin-charge conversion has a symmetrical shape
with respect to the HFMR. The measured voltage signals
were deconvolved into symmetrical VSym and VAsym con-
tributions using the Lorentzian functions [55]. The small
asymmetric contribution VAsym to the voltage signal may
have arisen from spurious effects, which include thermal
effects (see Sec. E of Supplemental Material for details
[24]). At VG ¼ 0.5 V [red line in Figs. 4(b) and 4(c)], the
Fermi level in SLG was tuned below the Dirac point, where
holes acted as a dominant carrier. When VG was tuned to
1.0 V [blue line in Figs. 4(b) and 4(c)], the Fermi level
crossed the Dirac point, and the carrier type was changed
from holes to electrons. The change in the carrier type was
accompanied by switching of the voltage signal sign for
both θH ¼ 0° and θH ¼ 180° directions of the external
magnetic field [Figs. 4(b) and 4(c), respectively]. Thus, a
gate voltage can be used to switch the sign of the charge
current generated through SOI.
In Fig. 5(a), the gate voltage dependence of VSym for two

external magnetic field H directions θH ¼ 0° (black filled
circles) and θH ¼ 180° (red filled circles) is shown. Using
the resistance determined from the ID-VG measurements
and the detected voltage VSym, we extracted the charge
current I generated in the YIG/SLG system. Contributions

FIG. 4. (a) ID − VG measurement at T ¼ 250 K. In the red
area, the carrier type is holes; in the blue area, the carrier type is
electrons. Generated voltage under the FMR and application of
the gate voltage VG ¼ 0.5 V (red lines) and VG ¼ 1.0 V (blue
lines) for the direction of the external magnetic field H θH ¼ 0°
(b) and θH ¼ 180° (c).

FIG. 5. VSym (a) and spin-charge conversion current (b) depend-
ence on the gate voltage VG for the direction of the external
magnetic field H θH ¼ 0° (black filled circles) and θH ¼ 180°
(red filled circles). Lines show the fitting that takes into account
the presence of the electron-hole puddles near the Dirac point
(solid lines) and the fitting using a simple one-carrier-type model
(dashed lines).
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of the gate voltage VG for our YIG/SLG device. The
minimum of the ID curve represents the position of the
Dirac point in the VG sweep. Figures 4(b) and 4(c) show
the detected electromotive force under FMR conditions.
The generated spin current, i.e., transferred angular momen-
tum from YIG to SLG, is proportional to the area swept by
the YIG magnetization during the precession. Thus, spin
current has a maximum at the FMR fieldHFMR, at which the
microwave power absorption and precession angle are the
largest. As a result, the electromotive force generated
through the spin-charge conversion has a symmetrical shape
with respect to the HFMR. The measured voltage signals
were deconvolved into symmetrical VSym and VAsym con-
tributions using the Lorentzian functions [55]. The small
asymmetric contribution VAsym to the voltage signal may
have arisen from spurious effects, which include thermal
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Fermi level in SLG was tuned below the Dirac point, where
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1.0 V [blue line in Figs. 4(b) and 4(c)], the Fermi level
crossed the Dirac point, and the carrier type was changed
from holes to electrons. The change in the carrier type was
accompanied by switching of the voltage signal sign for
both θH ¼ 0° and θH ¼ 180° directions of the external
magnetic field [Figs. 4(b) and 4(c), respectively]. Thus, a
gate voltage can be used to switch the sign of the charge
current generated through SOI.
In Fig. 5(a), the gate voltage dependence of VSym for two

external magnetic field H directions θH ¼ 0° (black filled
circles) and θH ¼ 180° (red filled circles) is shown. Using
the resistance determined from the ID-VG measurements
and the detected voltage VSym, we extracted the charge
current I generated in the YIG/SLG system. Contributions

FIG. 4. (a) ID − VG measurement at T ¼ 250 K. In the red
area, the carrier type is holes; in the blue area, the carrier type is
electrons. Generated voltage under the FMR and application of
the gate voltage VG ¼ 0.5 V (red lines) and VG ¼ 1.0 V (blue
lines) for the direction of the external magnetic field H θH ¼ 0°
(b) and θH ¼ 180° (c).

FIG. 5. VSym (a) and spin-charge conversion current (b) depend-
ence on the gate voltage VG for the direction of the external
magnetic field H θH ¼ 0° (black filled circles) and θH ¼ 180°
(red filled circles). Lines show the fitting that takes into account
the presence of the electron-hole puddles near the Dirac point
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topological superconductors (TSCs), Weyl semimetals 
and Weyl ferromagnets for creating novel electric and 
spintronics devices by utilizing their fast carrier 
mobilities due to the linear band structures. Contrary to 
topologically trivial materials, TQMs exhibit great 
potential to show exotic and intriguing physical 
properties. TIs possess spin-polarized Dirac fermion 
bands resulting in the quantum spin Hall effect and 
persistent spin current that are resilient to defects 25), 
and TSCs can be a material platform for realizing fault-
tolerant quantum computing utilizing Majorana 
fermions that can exist in TSC states 26). A Weyl 
semimetal is a considerably new family of TQMs 27), 
where nondegenerate linear conduction and valence 
bands touch each other at the Weyl point by breaking 
either spatial or time reversal symmetries, yielding 
gapless Weyl fermions. In addition, a Weyl semimetal is 
known to be an ideal material platform of the appearance 
of the Adler-Bell-Jackiw (ABJ) anomaly of Weyl fermions 
28), which is due to the breaking of chiral symmetry in 
massless Weyl fermions under quantum fluctuation. The 
ABJ anomaly was experimentally corroborated in TaAs, 
NbAs, TaP and WTe2 29-32) and is the fingerprint of the 
Weyl nature. A Weyl ferromagnet and anti-ferromagnet 
are also a novel family of TQMs, where Co2MnGa 33) and 
Mn3Sn 34) are representative materials, respectively, and 
a number of spin-related effects, such as giant anomalous 
Hall 35,36) and Nernst effects 35), giant spin-Hall and 
inverse spin-Hall effects 37) in Co2MnGa and the 
magnetic spin Hall effect ( a novel family of Hall effects) 
38) in Mn3Sn, has been discovered and detected. Because 
tremendous amounts of works have been implemented, it 
is difficult to cover and follow the whole research topics 
for TQMs, the author introduces his own and related 
works regarding spin polarization detection in this 
chapter.  
  As aforementioned, topologically-protected surface 
spin polarization in TIs is an intriguing research object 
in spintronics, and much effort was paid for detecting the 
spin polarization. Two possible pathways to the goal; a 
potentiometric method and a spin pumping method. The 
first study to claim the detection of the surface spin 
polarization was implemented by using Bi2Se3, a three-
dimensional TI 39), where the potentiometric method was 
utilized. However, strong debate arose about what the 
authors detected, because the Fermi level of Bi2Se3 is 
located in the conduction band and the topological state 
is buried into the topologically trivial bulk state. Thus, a 
question that the authors detected spin polarization 
attributed not to the topological state but to the Rashba 
state. The similar debate also arose to the claim of the 
room temperature detection of the topological surface 
state in Bi2Se3. To avoid such confusion, identification of 
the polarity of the spin signals, which comes from the 
spin alignments of the surface spin current of a TI and 
detector ferromagnet, is quite significant 40), and control 
experiments to support a claim is indispensable. Thus, 
comparison of results in a bulk non-insulative TI (such as 

Bi2Se3) and a bulk insulative TI (such as 
Bi1.5Sb0.5Te1.7Se0.3) is quite important. Indeed, the 
authors’ group introduced Bi1.5Sb0.5Te1.7Se0.3 as a possible 
candidate TI and reported successful detection of the 
surface spin polarization up to ca. 150 K (Fig. 7) 41). The 
spin signal is detectable only from Bi1.5Sb0.5Te1.7Se0.3 and 
no signal is observed in Bi2Se3 even at 4 K, which is 
compelling evidence that the detected spin signal is 

FFiigg..  77 (a) Magnetoresistance due to the topologically-
protected surface spin polarization in BiSbTeSe at 4.2 
K. (b) Magnetoresistance in BiSbTeSe when the 
direction of the charge flow was reversed. Polarity of 
the magnetoresistance was opposite to that in (a). (c) 
Missing magnetoresistance in BiSe at 4.2 K, which 
signifies the position of the Fermi level is crucial for 
successful detection of the surface spin polarization in 
topological insulator (ref. 41)). 

Moreover, the reversal of the rectangular hysteresis feature is
also observed when the current−voltage scheme is changed as
shown in Figure 2c and d. Such a behavior indicates that the
direction of the spin polarization reverses with the current
direction, which is a natural consequence of the spin-
momentum locking in the surface state. In this respect, it is
important to note that the sign of the spin-dependent signal is
consistent with the left-handed helicity of the topological
surface state of BSTS above the Dirac point.4 Furthermore, we
have also measured R2 vs H for the case when H is parallel to
the current. As shown in Figure S4 of the Supporting
Information, the rectangular hysteresis is not observed in this
geometry, which strongly supports our conclusion.
In passing, because the dip features marked by thick arrows

in Figure 2a and b are attributed to the anisotropic
magnetoresistance (AMR) of the Py electrode, one can be
confident that the rectangular hysteresis feature is not due to
the AMR effect of the Py electrode. This rectangular hysteresis
behavior was reproduced in several BSTS devices. Therefore, it
is reasonable to conclude that the charge-current-induced spin
polarization is detected at the TI/ferromagnet interface in
terms of a peculiar magnetoresistance feature.
Temperature and Current Dependences of the Spin

Signals. The temperature dependence of the magnitude of the
spin signal was also investigated in devices A and C. The R2 vs
H curve measured at 300 K in device A at I = +100 μA is shown
in Figure 3a. The rectangular hysteresis behavior has
disappeared, whereas the AMR signal is kept being observed.
In device C, neither the rectangular hysteresis nor the AMR
signal was observed at 300 K [the inset of Figure 3b]; in fact,
the temperature dependence of the magnitude of the spin
signals, ΔV2, in device C [main panel of Figure 3b] indicates
that ΔV2 decreases monotonically with increasing temperature
and vanishes at around 150 K. Although the bulk conduction
usually becomes dominant at 300 K even in a bulk-insulating

TI, in our devices the fraction of the surface conductance in the
total conductance is expected to be not reduced significantly
because the total resistance of our BSTS flakes changes by less
than a factor of 1.3 between 4.2 and 300 K. Also, it is useful to
note that, whereas the entering into the surface-dominated
transport regime occurs at 50−100 K in BSTS,15 ΔV2 keeps
increasing with decreasing temperature even below 50 K [see
Figure 3b]. Therefore, the disappearance of the spin signal in
BSTS should be due to a mechanism other than the dominance
of the bulk transport. In this regard, a possible origin is the
reduction in the spin polarization of Py,24−26 but it would be
useful to test other ferromagnets or to insert a tunneling barrier
for elucidating the key factor to prohibit the detection of the
spin polarization at room temperature in the present devices. In
passing, the difference in the observability of the AMR signal
between samples A and C is most likely due to a difference in
the shape of the Py electrode; remember, when a Py electrode
is sharp and smooth, the shape magnetic anisotropy becomes
stronger, which leads to a steep magnetization change. As a
result, the AMR signal whose origin is resistance reduction
when the magnetization direction is perpendicular to the
charge-current direction is diminished.
The dependence of ΔV2 on current I in the device B is

shown in Figure 3c. One can see that the relationship is
essentially linear. From the spin-charge coupled transport
equations given by Burkov and Hawthorn,9 magnetoresistance
in the FM/TI surface state/NM structure is expressed as

π ηΔ = ℏ
V

I
e k w
8

2 2
F (1)

where η is the spin polarization of the injected/extracted
current from the Py electrode, ℏ is the reduced Planck constant,
e is the elementary charge, kF is the Fermi wavenumber, and w
is the width of the TI channel. Because ΔV2 is proportional to I
in eq 1, our result in Figure 3c is consistent with the theoretical

Figure 2. Electrical detection of the spin polarization in the surface state of Bi1.5Sb0.5Te1.7Se1.3. (a, b) Magnetic-field (H) dependences of the interface
resistance R2, measured at 4.2 K in BSTS device A at bias currents of (a) +100 μA and (b) −100 μA; the thickness of the BSTS flake was 34 nm. (c,
d) R2 vs H curves for device B made with a 23 nm-thick BSTS flake, measured at 4.2 K for I = −100 μA. The charge current was applied from contact
2 to contact 1 in (c), and from contact 2 to contact 3 in (d).
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increasing with decreasing temperature even below 50 K [see
Figure 3b]. Therefore, the disappearance of the spin signal in
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of the bulk transport. In this regard, a possible origin is the
reduction in the spin polarization of Py,24−26 but it would be
useful to test other ferromagnets or to insert a tunneling barrier
for elucidating the key factor to prohibit the detection of the
spin polarization at room temperature in the present devices. In
passing, the difference in the observability of the AMR signal
between samples A and C is most likely due to a difference in
the shape of the Py electrode; remember, when a Py electrode
is sharp and smooth, the shape magnetic anisotropy becomes
stronger, which leads to a steep magnetization change. As a
result, the AMR signal whose origin is resistance reduction
when the magnetization direction is perpendicular to the
charge-current direction is diminished.
The dependence of ΔV2 on current I in the device B is
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current from the Py electrode, ℏ is the reduced Planck constant,
e is the elementary charge, kF is the Fermi wavenumber, and w
is the width of the TI channel. Because ΔV2 is proportional to I
in eq 1, our result in Figure 3c is consistent with the theoretical

Figure 2. Electrical detection of the spin polarization in the surface state of Bi1.5Sb0.5Te1.7Se1.3. (a, b) Magnetic-field (H) dependences of the interface
resistance R2, measured at 4.2 K in BSTS device A at bias currents of (a) +100 μA and (b) −100 μA; the thickness of the BSTS flake was 34 nm. (c,
d) R2 vs H curves for device B made with a 23 nm-thick BSTS flake, measured at 4.2 K for I = −100 μA. The charge current was applied from contact
2 to contact 1 in (c), and from contact 2 to contact 3 in (d).
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expectation. When we use the value kF ≈ 0.1 Å−1 for BSTS,27 η

is calculated to be 0.05−0.5%. Such a small η is reasonably

understood as a result of the conductance mismatch problem

between the metallic Py electrode and the relatively high-

resistance TI channel, which leads to a small magneto-

resistance.28 Note that a diffusive transport is assumed in the

model used here, and the current-induced spin density in the

TI surface state is given by I/(2evF).
9

As a control experiment, we also measured the magneto-
resistance of many BS-based devices. The R2 vs H curves of a
BS device measured at 4.2 and 300 K are shown in Figure 4a−d
for both current polarities. One can see that no rectangular
hysteresis feature was observed irrespective of the temperature,
although AMR signals were observed at both low and high
temperatures. Although the magnetoresistance measurements
were performed for more than ten BS devices, no rectangular
hysteresis signals were observed, which is due to the dominant

Figure 3. Temperature and current dependence of the spin signal. (a) R2 vs H curves of device A at I = +100 μA measured at 300 K. (b)
Temperature dependence of ΔV2 in device C (67 nm thick) at I = +50 μA. The upper and lower insets show R2 vs H curves measured at 4.2 and 300
K, respectively. (c) I dependence of the magnitude of the spin signal, ΔV2, of device B measured at 4.2 K.

Figure 4. Magnetoresistance in Bi2Se3-based device. R2 vs H curves of a 72 nm-thick BS device measured at 4.2 K for (a) I = +100 μA and (b) I =
−100 μA, and at 300 K for (c) I = +100 μA and (d) I = −100 μA, respectively.
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ascribed to the topologically-protected surface helical 
spin state. To note is that the similar comparison was 
carried out in the spin pumping approach 42).  
  Topological nature in TQMs allows the other intriguing 
physics in Weyl materials. TaAs is the first material as a 
Weyl material 43), and a Weyl material collects significant 
attention because of its band-crossing points that give 
rise to plenty of unique physical properties, such as the 
Fermi arc surface states, the chiral anomaly coming from 
the Nielsen-Ninomiya theorem 44) and monopole-like 
Berry curvature 45). In addition, a prominent class of 
Weyl semimetals is Weyl magnetic materials such as 
ferromagnetic Co2MnGa and antiferromagnetic Mn3Sn. 
These two materials are playing pivotal roles in 
condensed-matter physics because of the recent 
discoveries of the gigantic anomalous Hall effect (AHE) 
46,47), the magnetic spin Hall effect (a novel family of Hall 
effects) 48), and spin caloritronics phenomena such as the 
large anomalous Nernst effect 49,50). Additionally, 
magnetic Heusler alloys have emerged as promising 
materials in the field of spintronics due to their either 
half-metallic or semimetallic nature, which would lead to 
a high spin polarization 51,52), as has been reported in Co-
based full Heusler compounds 53,54). Co2MnGa is a 
representative Weyl ferromagnet as aforementioned, and 
sizable spin Hall effect (SHE) and ISHE can be expected 
due to its topological nature like in the case of AHE. 
Indeed, coexistence of the giant ISHE and the SHE was 
corroborated by using the electric non-local four-terminal 

method 55) and more importantly, it was observed that 
Onsager’s reciprocity does not hold for the system unlike 
for conventional metallic ferromagnets (see Fig. 8) 56). 
Furthermore, two orders of magnitude enhancement of 
magnetoresistance attributed to the anomalous Nernst 
effect in single Co2MnGa wire was also reported 57).  
  Not only Weyl ferromagnets and antiferromagnets, but 
a Weyl semimetal also enable significant spintronic 
effects. Among a number of Weyl semimetals, the Td-type 
WTe2 58) possesses abundant spintronic nature, where 
the Weyl points appear at the crossing of the oblique 
conduction and valence bands due to the broken 
inversion symmetry and nonsaturating giant positive 
magnetoresistance is a manifestation of the type-II Weyl 
character 59,60). As aforementioned, fictitious magnetic 
monopoles can appear at each Weyl point, which gives 
rise to in-plane spin polarization at the surface of the 
Weyl semimetal 61,62). In fact, the in-plane spin 
polarization along the b-axis (Sy, parallel to the WTe2 
plane) is ascribed to the Weyl node, which was 
electrically detected 63). Meanwhile, the Sy polarization 
disappears at very low temperature (< 15 K) due to lattice 
expansion, which has been hampering spin information 
propagation and extraction at higher temperature 
available for all-electric spin devices. Importantly, angle-
resolved photoemission spectroscopy (ARPES) revealed 
other possible spin polarizations along the c-axis (Sz, 
perpendicular to the plane) in addition to those along the 
b-axis in WTe2 64). A pioneering work utilizing the Sz 
polarization of WTe2 is detection of anomalous spin 
torque in ST-FMR (see Fig. 9) 65,66). The authors 
introduced a potentiometric approach to create and 
detect the Sz polarization, and experimentally proved 
that the Sz polarization is quite resilient to thermal 

FFiigg..  99 Anomalous spin-orbit torque (SOT) appearing in 
Td-type WTe2. (a) SOT in Pt/Py and (b) SOT in 
WTe2/Py, where the electric current flows along the a-
axis. (c) Schematic images of structural symmetry 
breaking in WTe2 (ref. 65)). 

 

Fig. 8 Measuring setups for the ISHE (a) and the SHE (b) in Co2MnGa, a Weyl ferromagnet. (c) 
Spin resistances due to the ISHE and the SHE, where Onsager reciprocity is broken (ref. [55]).  

  

Fig. 9 Anomalous spin-orbit torque (SOT) appearing in Td-type WTe2. (a) SOT in Pt/Py and (b) 
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FIG. 2. (a) Schematics of the ISHE setup for a ferromagnetic
detector. In this kind of sample both FM electrodes are made of
the same material, either Co2MnGa or Py. For the SHE setup, the
current source and voltmeter are exchanged, preserving the polarity.
(b) Schematics of the ISHE setup for a nonmagnetic detector. In
this case Py was used for FM electrodes, but one of them is not
used in this measurement. The SHE setup is obtained by exchanging
the current source with the voltmeter while preserving the polarity.
(c) Nonlocal resistance of the ISHE setup and of its reciprocal (di-
rect) SHE setup for Co2MnGa, measured as a function of in-plane
external magnetic field H at room temperature. The bottom panel
shows a typical AMR curve for Co2MnGa electrode F1. (d) Equiv-
alent nonlocal ISHE and SHE resistances measured for Pt and Py
at room temperature. The bottom panel shows the AMR curve for
electrode F1 made of Py in both cases.

the magnetization of F1, where it is worth noting that the
AMR of Co2MnGa was found to be negative, as previously
reported [46].

For the ISHE measurement setup, the ISHE resistance
�RISHE can be expressed as [37,45]

�RISHE = 〈Is〉
Ic

θSH
x

WD
, (1)

where 〈Is〉 is the spatial average of the absorbed spin current
along the z direction, WD is the width of the detector wire, and
x is the shunting factor that takes into account that part of the
generated charge current is being shunted by the copper wire.
By applying a one-dimensional spin diffusion model [47] for
transparent interfaces and considering tD � λD, where tD is
the thickness of the detector electrode and λD is its spin
diffusion length, �RISHE can be written as

�R2W
ISHE = θSH xWN

tF

(
1 − α2

F

)
2αF R2

F RN e−L/λN

(2RF + RN )2 − R2
N e−2L/λN

(2)

for a two-wire LSV using F2 as the detector and

�R3W
ISHE

=
θSH xWN

(
1 − α2

M

)

tM

× 2αF RF RMRN e−L/2λN

(2RF + RN )(2RM + RN ) − (2RM − RN )RN e−L/λN

(3)

for a three-wire LSV using M as detector, where WN is the
width of the N wire, λN is the spin diffusion length of Cu,
αF and αM are the spin polarizations of the ferromagnetic
electrodes and the middle wire M material, respectively, and
RN , RF , and RM are, respectively, the spin resistances of the N ,
F1 (considered to be the same as F2), and M wires, defined
in Ref. [43]. For Eq. (3) it was considered that the middle wire
M was located at the middle of the gap distance L between the
F1 and F2 electrodes.

In the case when a FM material is used as a detector
electrode, �RISHE can be written in terms of the conventional
nonlocal-four-terminal (NL4T) resistance �RNL4T, which can
be measured by connecting the V −

NL4T terminal instead of
V −

SHE in Fig. 1(b) and sweeping the external magnetic field
in a direction parallel to the ferromagnetic electrodes length.
A typical NL4T signal is shown in the inset of Fig. 3(a),
where two different voltage levels are measured depending
on whether the relative configuration of the magnetization of
the ferromagnetic electrodes is parallel or antiparallel. The
difference between these two voltages, normalized by the
injection current, define �RNL4T, which is a direct measure
of the amount of spin current being absorbed by the detection
wire. Then, Eqs. (2) and (3) are simplified to

�RISHE = θSH xWN

tD

(
1 − α2

D

)

2αD
�RNL4T, (4)

where the only unknown spin transport parameter is the spin
polarization of the detector electrode αD. In order to deter-
mine αD, �RNL4T was measured in two-wire LSVs for several
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Figure 2 | Angular dependence of ST-FMR signals. a, Symmetric and antisymmetric ST-FMR resonance components for a Pt(6 nm)/Py (6 nm) control
sample as a function of in-plane magnetic-field angle. The microwave frequency is 9GHz and the applied microwave power is 0 dBm. The parameter φ0
accounts for any misalignment between the sample and the magnet. b, Symmetric and antisymmetric ST-FMR resonance components for a
WTe2(5.5 nm)/Py (6 nm) device (device 1) as a function of in-plane magnetic-field angle, with current applied parallel to the a-axis. The microwave
frequency is 9GHz and the applied microwave power is 5 dBm. The error bars in a and b represent the estimated standard deviations from the
least-squares fitting procedure used to determine VA and VS. c, Illustration that a magnetization-independent, linear-in-current out-of-plane S–O torque is
allowed by symmetry for current applied along the a-axis of a WTe2/Py bilayer.

sample plane. In a simple heavy-metal/ferromagnet bilayer with no
broken lateral symmetries, the current-induced torque amplitudes
(due to the spin Hall effect, the Rashba–Edelstein effect, or the
Oersted field) have a cosφ dependence6,14. The AMR in Permalloy
has an angular dependence that scales as cos2 φ, which enters
Vmix as dR/dφ ∝ sin(2φ). The product of these two contributions
then yields the same angular dependence for the symmetric and
antisymmetric ST-FMR components: VS = S cos φ sin 2φ and
VA = A cos(φ) sin(2φ). Our Pt/Py control samples are well
described by this behaviour (Fig. 2a; the parameter φ0 accounts for
any misalignment between the sample and the electromagnet, and
is typically <5◦).

For our WTe2/Permalloy samples with current along the a-axis,
the symmetric component of the ST-FMR signal also has this form
(Fig. 2b top panel). The non-zero symmetric component indicates
that S–O torques are present in the WTe2/Permalloy bilayer, since
the symmetric component corresponds to an in-plane torque and
cannot be generated by an Oersted field. However, the more
striking result is that the angular dependence of the antisymmetric

component is very different from cos(φ) sin(2φ) (Fig. 2b bottom
panel). The variations in the absolute values of signal amplitudes
reflect the broken symmetries of the WTe2 surface: the absence of
mirror symmetry in the ac plane (corresponding to φ →180◦ −φ,
since m̂ is a pseudovector) and the absence of two-fold rotational
symmetry about the c-axis (φ→180◦ +φ). This result indicates the
existence of a source of out-of-plane torque not previously observed
in any S–O torque experiment.

The unusual angular dependence we measure for the anti-
symmetric ST-FMR signal with current applied along the a-axis
can be fitted well by the simple addition of a term proportional to
sin(2φ):

VA(φ)=Acos(φ) sin(2φ)+B sin(2φ) (3)

where A and B are constants independent of the field angle (see
the solid line in Fig. 2b bottom panel). To quantitatively translate
the measured angular dependence of VS and VA to torques, we
can use equations (1) and (2) to remove the contribution from the
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FIG. 2. (a) Schematics of the ISHE setup for a ferromagnetic
detector. In this kind of sample both FM electrodes are made of
the same material, either Co2MnGa or Py. For the SHE setup, the
current source and voltmeter are exchanged, preserving the polarity.
(b) Schematics of the ISHE setup for a nonmagnetic detector. In
this case Py was used for FM electrodes, but one of them is not
used in this measurement. The SHE setup is obtained by exchanging
the current source with the voltmeter while preserving the polarity.
(c) Nonlocal resistance of the ISHE setup and of its reciprocal (di-
rect) SHE setup for Co2MnGa, measured as a function of in-plane
external magnetic field H at room temperature. The bottom panel
shows a typical AMR curve for Co2MnGa electrode F1. (d) Equiv-
alent nonlocal ISHE and SHE resistances measured for Pt and Py
at room temperature. The bottom panel shows the AMR curve for
electrode F1 made of Py in both cases.

the magnetization of F1, where it is worth noting that the
AMR of Co2MnGa was found to be negative, as previously
reported [46].

For the ISHE measurement setup, the ISHE resistance
�RISHE can be expressed as [37,45]

�RISHE = 〈Is〉
Ic

θSH
x

WD
, (1)

where 〈Is〉 is the spatial average of the absorbed spin current
along the z direction, WD is the width of the detector wire, and
x is the shunting factor that takes into account that part of the
generated charge current is being shunted by the copper wire.
By applying a one-dimensional spin diffusion model [47] for
transparent interfaces and considering tD � λD, where tD is
the thickness of the detector electrode and λD is its spin
diffusion length, �RISHE can be written as
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(3)

for a three-wire LSV using M as detector, where WN is the
width of the N wire, λN is the spin diffusion length of Cu,
αF and αM are the spin polarizations of the ferromagnetic
electrodes and the middle wire M material, respectively, and
RN , RF , and RM are, respectively, the spin resistances of the N ,
F1 (considered to be the same as F2), and M wires, defined
in Ref. [43]. For Eq. (3) it was considered that the middle wire
M was located at the middle of the gap distance L between the
F1 and F2 electrodes.

In the case when a FM material is used as a detector
electrode, �RISHE can be written in terms of the conventional
nonlocal-four-terminal (NL4T) resistance �RNL4T, which can
be measured by connecting the V −

NL4T terminal instead of
V −

SHE in Fig. 1(b) and sweeping the external magnetic field
in a direction parallel to the ferromagnetic electrodes length.
A typical NL4T signal is shown in the inset of Fig. 3(a),
where two different voltage levels are measured depending
on whether the relative configuration of the magnetization of
the ferromagnetic electrodes is parallel or antiparallel. The
difference between these two voltages, normalized by the
injection current, define �RNL4T, which is a direct measure
of the amount of spin current being absorbed by the detection
wire. Then, Eqs. (2) and (3) are simplified to

�RISHE = θSH xWN

tD

(
1 − α2

D

)

2αD
�RNL4T, (4)

where the only unknown spin transport parameter is the spin
polarization of the detector electrode αD. In order to deter-
mine αD, �RNL4T was measured in two-wire LSVs for several
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least-squares fitting procedure used to determine VA and VS. c, Illustration that a magnetization-independent, linear-in-current out-of-plane S–O torque is
allowed by symmetry for current applied along the a-axis of a WTe2/Py bilayer.

sample plane. In a simple heavy-metal/ferromagnet bilayer with no
broken lateral symmetries, the current-induced torque amplitudes
(due to the spin Hall effect, the Rashba–Edelstein effect, or the
Oersted field) have a cosφ dependence6,14. The AMR in Permalloy
has an angular dependence that scales as cos2 φ, which enters
Vmix as dR/dφ ∝ sin(2φ). The product of these two contributions
then yields the same angular dependence for the symmetric and
antisymmetric ST-FMR components: VS = S cos φ sin 2φ and
VA = A cos(φ) sin(2φ). Our Pt/Py control samples are well
described by this behaviour (Fig. 2a; the parameter φ0 accounts for
any misalignment between the sample and the electromagnet, and
is typically <5◦).

For our WTe2/Permalloy samples with current along the a-axis,
the symmetric component of the ST-FMR signal also has this form
(Fig. 2b top panel). The non-zero symmetric component indicates
that S–O torques are present in the WTe2/Permalloy bilayer, since
the symmetric component corresponds to an in-plane torque and
cannot be generated by an Oersted field. However, the more
striking result is that the angular dependence of the antisymmetric

component is very different from cos(φ) sin(2φ) (Fig. 2b bottom
panel). The variations in the absolute values of signal amplitudes
reflect the broken symmetries of the WTe2 surface: the absence of
mirror symmetry in the ac plane (corresponding to φ →180◦ −φ,
since m̂ is a pseudovector) and the absence of two-fold rotational
symmetry about the c-axis (φ→180◦ +φ). This result indicates the
existence of a source of out-of-plane torque not previously observed
in any S–O torque experiment.

The unusual angular dependence we measure for the anti-
symmetric ST-FMR signal with current applied along the a-axis
can be fitted well by the simple addition of a term proportional to
sin(2φ):

VA(φ)=Acos(φ) sin(2φ)+B sin(2φ) (3)

where A and B are constants independent of the field angle (see
the solid line in Fig. 2b bottom panel). To quantitatively translate
the measured angular dependence of VS and VA to torques, we
can use equations (1) and (2) to remove the contribution from the
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fluctuation and spin signals are detectable up to RT 67), 
which enables creation of all-electric spin devices using a 
Weyl semimetal (Fig. 10).  

  In summary, horizon of topological spintronics is 
expanding rapidly, and a number of experimental 
approaches allows investigating significant and 
attractive topological nature in TQMs in spintronic 
viewpoints. 

 
44..  SSppiinnttrroonniicc  ffuunnccttiioonn  ooff  iinnoorrggaanniicc  sseemmiiccoonndduuccttoorrss  

 
  For several decades, inorganic semiconductors play one 
of central roles in material choice in spintronics. There 
are two pivotal trends in inorganic semiconductor 
spintronics: (1) diluted magnetic semiconductors, and (2) 
spin transport in semiconductors. Regarding the first 
topic, epoch-making achievements, such as electric-field 
control of ferromagnetism in InMnAs 68) and realization 
of RT ferromagnetism in InFeAs 69) since the first 
realization of diluted magnetic semiconductor 70). 
Meanwhile, unfortunately, the author has not been 
focusing his work on the material, and in this chapter, 
the author sheds light only on spin transport in inorganic 
semiconductor, especially group-IV inorganic 
semiconductors.  

Spin injection, transport, detection and manipulation 
in inorganic semiconductor are key scientific issues for 
applications towards spin-based transistors. In principle, 
two different types of spin transistors using inorganic 
semiconductors are: (1) Das-Datta type 71) and (2) 
Sugahara-Tanaka type 72). In addition, the Sugahara-
Tanaka type spin transistor allows a new spin logic 
system, the Dery-Sham type spin logic 73). To note is that 
compound inorganic semiconductors such as III-V 

semiconductors are available to the Das-Datta type and 
group IV inorganic semiconductors including graphene 
are suitable for the Sugahara-Tanaka type, since 
operation principles of both transistors are different. 
Group-IV semiconductors (diamond, Si and Ge) possess 
lattice inversion symmetry and carbon and Si are light 
elements, which is the underlying physics of possible long 
spin coherence in the materials, such as graphene and Si, 
and is the reason why these materials garner much 

SOT in WTe2/Py, where the electric current flows along the a-axis. (c) Schematic images of 

structural symmetry breaking in WTe2 (ref. [65]).   

 

Fig. 10 (a) Optical microscopic view of an all-electric spin device using Td-type WTe2, a Weyl 

semimetal. (b) Measuring setup for the Sz spin polarization detection created in the WTe2. (c) 

Temperature dependence of magnetoresistance of the WTe2 spin device. The Sz spin polarization 

is attributed to structural symmetry breaking along the b-axis in WTe2 and is resilient to thermal 

fluctuation (ref. [67]).  

 

 

Fig. 11 (a) Schematic image of Si-based hot-electron transistor. (b) Magnetoresistance effect due 

to spin injection and spin transport via 10 mm non-doped Si. (c) Magnetization curves of the CoFe 

electrode (ref. [74]).  
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magnetoresistance (MR) of the WTe2 itself, a spurious signal 
due to the fringe field in the PMA electrode,[27] and the interfa-
cial effects as clarified in FM/semiconductor.[28–31] Thus, careful 
control experiments were carried out to negate contribution 
from the artifacts. Figure 2f shows a result of a similar meas-
urement using only three nonmagnetic Pt electrodes, where 
no hysteresis like those observed from the device equipping 
a PMA electrode was observed. This result apparently elimi-
nates the scenario that the MR of the WTe2 gives rise to the 
spin signals. Further supporting evidence is the successful sup-
pression of the parabolic offset voltages ascribed to the MR of 
the WTe2 in the spin device possessing short gap length, where 
spin voltage hysteresis is sufficiently large (see Figure S5, Sup-
porting Information). Figure 2g shows the results of the other 
control experiments, where a similar spin device possessing a 
Pt channel was used. The purpose of the introduction of the 
Pt channel is to decouple possible contribution of spin trans-
port/accumulation that can take place in a Cu or Ag channel 
from the possible AHE-induced of the PMA electrode, i.e., 
the Pt channel device allows focusing only on the artifacts 
due to the AHE. The injection current was the same (1 mA) 
for both devices to realize the same current density for the 
cross-sectional area of the PMA electrode. Whilst weak voltage 
hysteresis can be seen in the Pt channel device, where the 
magnitude of the voltage hysteresis is about 2 µV, the voltage 
(2 µV) is one order of magnitude smaller than the spin voltage 
(≈20 µV) observed in the WTe2 spin device. Furthermore, it 
is corroborated that spin voltage hysteresis is successfully 
observed from the WTe2 spin device even when the electric 

current is not injected into the PMA electrode in the “crossed” 
geometry and the AHE signal is negligibly small in the b-axis 
oriented WTe2 spin device. These results unequivocally negate 
the possible contribution of the AHE of the PMA electrodes to 
the hysteresis (see Sections S8 and S9, Supporting Information  
for estimation of a magnitude of the AHE voltage using the 
Pt channel device). In addition, we also note that the results 
shown in Figure 2d also bear out that the AMR does not gen-
erate resistance hysteresis, because the spin voltages at the pos-
itive and negative higher magnetic fields are not identical in the 
WTe2 device. The remaining artifact is attributed to the fringe 
field from the FM electrode, which was systematically analyzed 
using Bi2Se3 equipping a Co electrode with in-plain magneti-
zation.[27] That study shed light on significance of the fringe-
field-induced Hall voltages in spin voltage hysteresis, where the 
polarities of the fringe fields were opposite each other at both 
sides of the Co electrode, resulting in hysteric behavior of spin 
voltages in sweeping of an external magnetic field. Meanwhile, 
the PMA electrode is used in our study, which allows the same 
polarities of the fringe fields at both sides of the PMA electrode. 
Furthermore, the result shown in Figure 2g also unequivocally 
eliminates the possible fringe-field-induced Hall voltages in 
the hysteresis, since no hysteresis was observed in the PMA/Pt  
channel device. We also emphasize that the interface effects 
that can appear in FM/semiconductor spin devices under the 
same measuring setup[28–31] are also eliminated by the con-
trol experiments because the interface effects do not enable 
explaining the polarity change of the hysteresis by the reversal 
of the charge momentum, which is discussed in detail below 

Figure 1. a) Optical microscopic image of an all-electric spin device made of WTe2. The inner two electrodes consist of ferromagnets with PMA, and 
the outer two electrodes consist of nonmagnetic Pt. The PMA is realized by a [Pt/Co] multilayer, where the thicknesses of Pt and Co are 4.1 and 1.0 nm, 
respectively, and the stacking number is 10. An external magnetic field is applied perpendicular to the WTe2 plane. b) Schematic image of Td-type WTe2. 
c) Raman spectrum from the WTe2. The identified Raman modes are denoted in the figure. d) Magnetoresistance effect of the WTe2. Large positive 
magnetoresistance under the application of an external magnetic field along the c-axis is a manifestation of a type-II Weyl semimetallic nature. e) Tem-
perature dependence of the two-terminal resistance of WTe2. A monotonic decrease in the resistance supports the type-II Weyl semimetallic nature of 
WTe2. The results shown in (c–e) were obtained from the spin device shown in (a).
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(see also Figure 3a). Hence, the results shown in Figure 2d are 
compelling evidence for successful electrical Sz spin informa-
tion extraction and operation of an all-electric spin device made 
of WTe2 up to 300 K, and the detected Sz spin detection is quite 
robust and resilient to thermal fluctuation compared to Sy spin 
polarization ascribed to the Weyl node.[17]

In the following paragraphs, we discuss physics behind of the 
all-electric spin device operation. To bear out that the observed 
hysteresis stems from the successful Sz spin information extrac-
tion from WTe2, an additional measurement was conducted 
by inverting the charge current direction. The direction of the 
Sz spin is determined by the polarity of the vector product of 
momentum k and the symmetry breaking axis n (|| the b-axis). 
Thus, when the direction of k is inverted, the polarity of the spin 
voltages is reversed, yielding a reversal of the polarity of the spin 

voltage hysteresis. Furthermore, the polarization is proportional 
to the momentum k, resulting in a linear dependence on the 
magnitudes of injected electric current (i.e., an applied electric 
field) within a low excitation regime. Figure 3a shows the com-
parison of the dependences of the hysteresis polarity of the spin 
information extraction signals on the electric current directions. 
The polarity of the hysteresis is nicely reversed when the cur-
rent direction is switched from positive to negative, which is the 
manifestation of spin polarization switching, as in TIs,[18,20,21] 
but due to the absence of local inversion symmetry in WTe2. 
Figure 3b shows the electric current dependence of spin voltage 
amplitudes, where the amplitude of the spin voltages is defined 
as the difference of the voltages at 0 mT in the downward and 
the upward sweep of the external magnetic field (the spin voltage 
under the upward sweeping is set as the standard voltage. See 

Figure 2. a) Temperature evolution of the hysteresis due to the anomalous Hall effect (AHE) of the PMA electrode. The coercive force and saturation 
magnetization can be seen up to 300 K. b) Schematic image of the measuring setup of spin extraction from a WTe2 spin device. Spin accumulation 
beneath the PMA is electrically created and potentiometrically detected. c) Spin voltage hysteresis at 5 K. Alignments of spins created in the WTe2 and 
those in the PMA electrode are shown correspondingly. d) Temperature evolution of spin voltage hysteresis observed from the WTe2 spin device. Red 
(blue) closed squares are experimental data in the upward (downward) sweeping. While superposition of the AMR can be seen at each temperature, 
salient hysteresis attributed to successful spin detection by the PMA can be observed. The range of the hysteresis is consistent with the range of the 
AHE of the PMA. Black solid bars show the scale of 20 µV. e) Magnified view of the spin voltage hysteresis observed at 300 K. f) A result of a control 
experiment using only Pt electrodes. The amplitude of the injected electric current was set to be 50 µA, and the measuring temperature was 5 K. 
Neither hysteresis nor AMR can be seen, which is compelling evidence that the hysteresis of the spin voltages is ascribed to the successful creation and 
detection of the Sz spin polarization via spin accumulation. The inset shows the measuring setup. g) Comparison of results for spin extraction measure-
ments using the WTe2 and Pt channels, respectively. The injection current was set to be 1 mA for both devices and the measuring temperature was 5 K.
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(see also Figure 3a). Hence, the results shown in Figure 2d are 
compelling evidence for successful electrical Sz spin informa-
tion extraction and operation of an all-electric spin device made 
of WTe2 up to 300 K, and the detected Sz spin detection is quite 
robust and resilient to thermal fluctuation compared to Sy spin 
polarization ascribed to the Weyl node.[17]

In the following paragraphs, we discuss physics behind of the 
all-electric spin device operation. To bear out that the observed 
hysteresis stems from the successful Sz spin information extrac-
tion from WTe2, an additional measurement was conducted 
by inverting the charge current direction. The direction of the 
Sz spin is determined by the polarity of the vector product of 
momentum k and the symmetry breaking axis n (|| the b-axis). 
Thus, when the direction of k is inverted, the polarity of the spin 
voltages is reversed, yielding a reversal of the polarity of the spin 

voltage hysteresis. Furthermore, the polarization is proportional 
to the momentum k, resulting in a linear dependence on the 
magnitudes of injected electric current (i.e., an applied electric 
field) within a low excitation regime. Figure 3a shows the com-
parison of the dependences of the hysteresis polarity of the spin 
information extraction signals on the electric current directions. 
The polarity of the hysteresis is nicely reversed when the cur-
rent direction is switched from positive to negative, which is the 
manifestation of spin polarization switching, as in TIs,[18,20,21] 
but due to the absence of local inversion symmetry in WTe2. 
Figure 3b shows the electric current dependence of spin voltage 
amplitudes, where the amplitude of the spin voltages is defined 
as the difference of the voltages at 0 mT in the downward and 
the upward sweep of the external magnetic field (the spin voltage 
under the upward sweeping is set as the standard voltage. See 

Figure 2. a) Temperature evolution of the hysteresis due to the anomalous Hall effect (AHE) of the PMA electrode. The coercive force and saturation 
magnetization can be seen up to 300 K. b) Schematic image of the measuring setup of spin extraction from a WTe2 spin device. Spin accumulation 
beneath the PMA is electrically created and potentiometrically detected. c) Spin voltage hysteresis at 5 K. Alignments of spins created in the WTe2 and 
those in the PMA electrode are shown correspondingly. d) Temperature evolution of spin voltage hysteresis observed from the WTe2 spin device. Red 
(blue) closed squares are experimental data in the upward (downward) sweeping. While superposition of the AMR can be seen at each temperature, 
salient hysteresis attributed to successful spin detection by the PMA can be observed. The range of the hysteresis is consistent with the range of the 
AHE of the PMA. Black solid bars show the scale of 20 µV. e) Magnified view of the spin voltage hysteresis observed at 300 K. f) A result of a control 
experiment using only Pt electrodes. The amplitude of the injected electric current was set to be 50 µA, and the measuring temperature was 5 K. 
Neither hysteresis nor AMR can be seen, which is compelling evidence that the hysteresis of the spin voltages is ascribed to the successful creation and 
detection of the Sz spin polarization via spin accumulation. The inset shows the measuring setup. g) Comparison of results for spin extraction measure-
ments using the WTe2 and Pt channels, respectively. The injection current was set to be 1 mA for both devices and the measuring temperature was 5 K.
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LETTERS

Electronic measurement and control of spin transport
in silicon
Ian Appelbaum1, Biqin Huang1 & Douwe J. Monsma2

The spin lifetime and diffusion length of electrons are transport
parameters that define the scale of coherence in spintronic devices
and circuits. As these parameters are many orders of magnitude
larger in semiconductors than in metals1,2, semiconductors could
be themost suitable for spintronics. So far, spin transport has only
been measured in direct-bandgap semiconductors3–9 or in com-
bination with magnetic semiconductors, excluding a wide range
of non-magnetic semiconductors with indirect bandgaps. Most
notable in this group is silicon, Si, which (in addition to its
market entrenchment in electronics) has long been predicted a
superior semiconductor for spintronics with enhanced lifetime
and transport length due to low spin–orbit scattering and lattice
inversion symmetry10–12. Despite this promise, a demonstration
of coherent spin transport in Si has remained elusive, because
most experiments focused on magnetoresistive devices; these
methods fail because of a fundamental impedance mismatch
between ferromagnetic metal and semiconductor13, and measure-
ments are obscured by other magnetoelectronic effects14. Here we
demonstrate conduction-band spin transport across 10mm
undoped Si in a device that operates by spin-dependent ballistic
hot-electron filtering through ferromagnetic thin films for both
spin injection and spin detection. As it is not based on magneto-
resistance, the hot-electron spin injection and spin detection
avoids impedancemismatch issues and prevents interference from
parasitic effects. The clean collector current shows independent
magnetic and electrical control of spin precession, and thus con-
firms spin coherent drift in the conduction band of silicon.

Figure 1a illustrates the operating principle and schematic band
diagram of our device. Spin injection and detection is based on the
attenuation of minority-spin hot electrons in ferromagnetic thin
films, as in spin-valve transistors15,16. In our device, the spin-valve
transistors used for injection and detection each only have a single
ferromagnetic base layer, and we define these as ‘hot-electron spin
transistors’. In step 1, a solid-state tunnel junction injects unpolar-
ized hot electrons from the Al emitter into the ferromagnetic
Co84Fe16 base, forming emitter current Ie. Spin-dependent hot-
electron scattering attenuates minority spin electrons (step 2), so that
the electrons transported over the Schottky barrier and into the
undoped single-crystal float-zone (FZ)-Si conduction band (forming
injected current Ic1, the ‘first collector current’) are polarized, with
their spin parallel to the magnetization of the Co84Fe16 (step 3)17.
After vertical transport through the 10-mm-thick undoped Si (step 4),
the spin polarization of the conduction-band electrons is detected by
a second hot-electron spin transistor. The Ni80Fe20 base again uses
ballistic hot-electron spin filtering, so the ‘second collector current’
(Ic2, step 5) formed from ballistic transport through the Ni80Fe20 and
into the n-Si substrate conduction band is dependent on the relative
magnetizations of both ferromagnetic layers. When they are parallel,
Ic2 is higher than when they are antiparallel, but only if electron spin

polarization is maintained through the undoped Si layer. Therefore,
this device is the electron analogue of the photon polarization-
analyser experiment in optics.

There are various intrinsic device aspects that allow a clean spin
transport signal in Ic2, and that make it immune to fringe field-
inducedmagnetoresistance andHall effects. (1) The exponential spin
selectivemean free path dependence in the ferromagnetic films create
very large spin polarizations. In principle, this can approach 100%,
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Figure 1 | Illustration of the Si spin transport device. a, Schematic band
diagram. At constant emitter voltage (Ve), we measure the ‘first collector
current’ (Ic1) at the NiFe contact and ‘second collector current’ (Ic2) at an In
contact to the n-Si substrate, under optional voltage bias (Vc1) across the
single-crystal undoped float-zone Si (FZ-Si) drift region. See text for
explanation of sequential transport steps (1)–(5). b, A top-downmicrograph
of a representative wire-bonded Si spin-transport device, showing the device
structure, contacts to the spin-injection tunnel junction (TJ) base and
emitter, and spin-detector buried NiFe layer.
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allowing effective injection and detection at cryogenic and room
temperatures16. (2) Because the spin filtering is caused by bulk scat-
tering in the ferromagnetic films, they are easy to reproduce, as there
is no interface sensitivity to the spin filtering (as there is, for example,
in magnetic tunnel junctions18). (3) This device, like a spin-valve
transistor, is a high-impedance current source15,16. As Ic2 is driven
by Ic1, and Ic1 by Ie, Ic2 is virtually independent of Vc1, the applied
voltage across the Si drift region. This also means that any generated
Hall voltage in the FZ-Si has no effect on Ic2. The underlying back-
ground to the insensitivity to resistance and voltage of the FZ-Si is
that the potential is screened by the two Schottky barriers on either
side, and that the electrons travelling in the FZ-Si conduction band
are generated not by an ohmic source, but by hot-electron injection.
(4) These devices operate over a wide temperature range, without
appreciable change in Ic2, despite the fact that the resistivity of
undoped Si varies by many orders of magnitude. The insensitivity
of Ic2 to FZ-Si resistance implies that Ic2 is also insensitive to magne-
toresistance in the FZ-Si. In fact, at the temperature we use for mea-
surements here (85K), the FZ-Si is completely frozen out and its
resistivity is .1014V cm. This means that there are no thermally or
impurity generated electrons, and the only free electrons present are
the injected spin polarized electrons.

There are several design aspects that provide our device with a
clean spin-transfer current Ic2. (1) An undoped FZ-Si device layer
is chosen because its extremely low impurity density results in wide
Schottky depletion regions and a linear conduction band. This
prevents potential wells and long spin dwell times. (2) The device
is measured at 85 K to eliminate Schottky leakage currents. (3)
Copper (Cu) is used below the Ni80Fe20 to provide a low barrier

and enable electrons injected by the higher Si/Ni80Fe20 Schottky bar-
rier to overcome the Cu/n-Si Schottky barrier. (4) Shape anisotropy
of the ferromagnetic films allows us to apply a perpendicular mag-
netic field for spin precession measurements, without orienting the
magnetizations out of plane.

Our fabrication procedures, described in the Methods section, are
similar to those of the spin-valve transistor16, and result in an array of
devices like the one wire-bonded and shown in the micrograph dis-
played in Fig. 1b.

Figure 2a shows the injector tunnel junction current–voltage char-
acteristics, illustrating the expected nonlinear Ie–Ve relationship.
Figure 2b shows the simultaneous measurement of injected current
Ic1–Ve, demonstrating a threshold in Ic1 at Ve520.8 V. This repre-
sents the 0.8 eV potential energy needed for the electrons to exceed
the Co84Fe16/FZ-Si Schottky barrier height, and is typical for such
metal base transistor-type structures. After vertical transport through
10 mm FZ-Si, some of these electrons travel ballistically through the
Ni80Fe20/Cu film and into the n-Si collector, resulting in a current
(Ic2) detected at the In contact to the substrate. This signal rises above
our detection limit at an emitter voltage of approximately 21.2 V
(Fig. 2c).

In Fig. 3a, in-plane magnetic hysteresis data of Ic2 at Ve521.8 V
and 85K are shown. Measurements begin with fully saturated and
aligned magnetizations by ramping to our magnetic field maximum.
When the magnetic field is swept through zero and changes sign, first
the Ni80Fe20 switches to align with the field and the magnetizations
are antiparallel, resulting in a reduction in Ic2 of approximately 2%.
As the magnetic field passes through the Co84Fe16 switching field, the
magnetizations again align and the higher collector current is
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(a) (b) 

(c) 

(a) (b) (c) 

SOT in WTe2/Py, where the electric current flows along the a-axis. (c) Schematic images of 

structural symmetry breaking in WTe2 (ref. [65]).   

 

Fig. 10 (a) Optical microscopic view of an all-electric spin device using Td-type WTe2, a Weyl 

semimetal. (b) Measuring setup for the Sz spin polarization detection created in the WTe2. (c) 

Temperature dependence of magnetoresistance of the WTe2 spin device. The Sz spin polarization 

is attributed to structural symmetry breaking along the b-axis in WTe2 and is resilient to thermal 

fluctuation (ref. [67]).  

 

 

Fig. 11 (a) Schematic image of Si-based hot-electron transistor. (b) Magnetoresistance effect due 

to spin injection and spin transport via 10 mm non-doped Si. (c) Magnetization curves of the CoFe 

electrode (ref. [74]).  
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magnetoresistance (MR) of the WTe2 itself, a spurious signal 
due to the fringe field in the PMA electrode,[27] and the interfa-
cial effects as clarified in FM/semiconductor.[28–31] Thus, careful 
control experiments were carried out to negate contribution 
from the artifacts. Figure 2f shows a result of a similar meas-
urement using only three nonmagnetic Pt electrodes, where 
no hysteresis like those observed from the device equipping 
a PMA electrode was observed. This result apparently elimi-
nates the scenario that the MR of the WTe2 gives rise to the 
spin signals. Further supporting evidence is the successful sup-
pression of the parabolic offset voltages ascribed to the MR of 
the WTe2 in the spin device possessing short gap length, where 
spin voltage hysteresis is sufficiently large (see Figure S5, Sup-
porting Information). Figure 2g shows the results of the other 
control experiments, where a similar spin device possessing a 
Pt channel was used. The purpose of the introduction of the 
Pt channel is to decouple possible contribution of spin trans-
port/accumulation that can take place in a Cu or Ag channel 
from the possible AHE-induced of the PMA electrode, i.e., 
the Pt channel device allows focusing only on the artifacts 
due to the AHE. The injection current was the same (1 mA) 
for both devices to realize the same current density for the 
cross-sectional area of the PMA electrode. Whilst weak voltage 
hysteresis can be seen in the Pt channel device, where the 
magnitude of the voltage hysteresis is about 2 µV, the voltage 
(2 µV) is one order of magnitude smaller than the spin voltage 
(≈20 µV) observed in the WTe2 spin device. Furthermore, it 
is corroborated that spin voltage hysteresis is successfully 
observed from the WTe2 spin device even when the electric 

current is not injected into the PMA electrode in the “crossed” 
geometry and the AHE signal is negligibly small in the b-axis 
oriented WTe2 spin device. These results unequivocally negate 
the possible contribution of the AHE of the PMA electrodes to 
the hysteresis (see Sections S8 and S9, Supporting Information  
for estimation of a magnitude of the AHE voltage using the 
Pt channel device). In addition, we also note that the results 
shown in Figure 2d also bear out that the AMR does not gen-
erate resistance hysteresis, because the spin voltages at the pos-
itive and negative higher magnetic fields are not identical in the 
WTe2 device. The remaining artifact is attributed to the fringe 
field from the FM electrode, which was systematically analyzed 
using Bi2Se3 equipping a Co electrode with in-plain magneti-
zation.[27] That study shed light on significance of the fringe-
field-induced Hall voltages in spin voltage hysteresis, where the 
polarities of the fringe fields were opposite each other at both 
sides of the Co electrode, resulting in hysteric behavior of spin 
voltages in sweeping of an external magnetic field. Meanwhile, 
the PMA electrode is used in our study, which allows the same 
polarities of the fringe fields at both sides of the PMA electrode. 
Furthermore, the result shown in Figure 2g also unequivocally 
eliminates the possible fringe-field-induced Hall voltages in 
the hysteresis, since no hysteresis was observed in the PMA/Pt  
channel device. We also emphasize that the interface effects 
that can appear in FM/semiconductor spin devices under the 
same measuring setup[28–31] are also eliminated by the con-
trol experiments because the interface effects do not enable 
explaining the polarity change of the hysteresis by the reversal 
of the charge momentum, which is discussed in detail below 

Figure 1. a) Optical microscopic image of an all-electric spin device made of WTe2. The inner two electrodes consist of ferromagnets with PMA, and 
the outer two electrodes consist of nonmagnetic Pt. The PMA is realized by a [Pt/Co] multilayer, where the thicknesses of Pt and Co are 4.1 and 1.0 nm, 
respectively, and the stacking number is 10. An external magnetic field is applied perpendicular to the WTe2 plane. b) Schematic image of Td-type WTe2. 
c) Raman spectrum from the WTe2. The identified Raman modes are denoted in the figure. d) Magnetoresistance effect of the WTe2. Large positive 
magnetoresistance under the application of an external magnetic field along the c-axis is a manifestation of a type-II Weyl semimetallic nature. e) Tem-
perature dependence of the two-terminal resistance of WTe2. A monotonic decrease in the resistance supports the type-II Weyl semimetallic nature of 
WTe2. The results shown in (c–e) were obtained from the spin device shown in (a).
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(see also Figure 3a). Hence, the results shown in Figure 2d are 
compelling evidence for successful electrical Sz spin informa-
tion extraction and operation of an all-electric spin device made 
of WTe2 up to 300 K, and the detected Sz spin detection is quite 
robust and resilient to thermal fluctuation compared to Sy spin 
polarization ascribed to the Weyl node.[17]

In the following paragraphs, we discuss physics behind of the 
all-electric spin device operation. To bear out that the observed 
hysteresis stems from the successful Sz spin information extrac-
tion from WTe2, an additional measurement was conducted 
by inverting the charge current direction. The direction of the 
Sz spin is determined by the polarity of the vector product of 
momentum k and the symmetry breaking axis n (|| the b-axis). 
Thus, when the direction of k is inverted, the polarity of the spin 
voltages is reversed, yielding a reversal of the polarity of the spin 

voltage hysteresis. Furthermore, the polarization is proportional 
to the momentum k, resulting in a linear dependence on the 
magnitudes of injected electric current (i.e., an applied electric 
field) within a low excitation regime. Figure 3a shows the com-
parison of the dependences of the hysteresis polarity of the spin 
information extraction signals on the electric current directions. 
The polarity of the hysteresis is nicely reversed when the cur-
rent direction is switched from positive to negative, which is the 
manifestation of spin polarization switching, as in TIs,[18,20,21] 
but due to the absence of local inversion symmetry in WTe2. 
Figure 3b shows the electric current dependence of spin voltage 
amplitudes, where the amplitude of the spin voltages is defined 
as the difference of the voltages at 0 mT in the downward and 
the upward sweep of the external magnetic field (the spin voltage 
under the upward sweeping is set as the standard voltage. See 

Figure 2. a) Temperature evolution of the hysteresis due to the anomalous Hall effect (AHE) of the PMA electrode. The coercive force and saturation 
magnetization can be seen up to 300 K. b) Schematic image of the measuring setup of spin extraction from a WTe2 spin device. Spin accumulation 
beneath the PMA is electrically created and potentiometrically detected. c) Spin voltage hysteresis at 5 K. Alignments of spins created in the WTe2 and 
those in the PMA electrode are shown correspondingly. d) Temperature evolution of spin voltage hysteresis observed from the WTe2 spin device. Red 
(blue) closed squares are experimental data in the upward (downward) sweeping. While superposition of the AMR can be seen at each temperature, 
salient hysteresis attributed to successful spin detection by the PMA can be observed. The range of the hysteresis is consistent with the range of the 
AHE of the PMA. Black solid bars show the scale of 20 µV. e) Magnified view of the spin voltage hysteresis observed at 300 K. f) A result of a control 
experiment using only Pt electrodes. The amplitude of the injected electric current was set to be 50 µA, and the measuring temperature was 5 K. 
Neither hysteresis nor AMR can be seen, which is compelling evidence that the hysteresis of the spin voltages is ascribed to the successful creation and 
detection of the Sz spin polarization via spin accumulation. The inset shows the measuring setup. g) Comparison of results for spin extraction measure-
ments using the WTe2 and Pt channels, respectively. The injection current was set to be 1 mA for both devices and the measuring temperature was 5 K.
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(see also Figure 3a). Hence, the results shown in Figure 2d are 
compelling evidence for successful electrical Sz spin informa-
tion extraction and operation of an all-electric spin device made 
of WTe2 up to 300 K, and the detected Sz spin detection is quite 
robust and resilient to thermal fluctuation compared to Sy spin 
polarization ascribed to the Weyl node.[17]

In the following paragraphs, we discuss physics behind of the 
all-electric spin device operation. To bear out that the observed 
hysteresis stems from the successful Sz spin information extrac-
tion from WTe2, an additional measurement was conducted 
by inverting the charge current direction. The direction of the 
Sz spin is determined by the polarity of the vector product of 
momentum k and the symmetry breaking axis n (|| the b-axis). 
Thus, when the direction of k is inverted, the polarity of the spin 
voltages is reversed, yielding a reversal of the polarity of the spin 

voltage hysteresis. Furthermore, the polarization is proportional 
to the momentum k, resulting in a linear dependence on the 
magnitudes of injected electric current (i.e., an applied electric 
field) within a low excitation regime. Figure 3a shows the com-
parison of the dependences of the hysteresis polarity of the spin 
information extraction signals on the electric current directions. 
The polarity of the hysteresis is nicely reversed when the cur-
rent direction is switched from positive to negative, which is the 
manifestation of spin polarization switching, as in TIs,[18,20,21] 
but due to the absence of local inversion symmetry in WTe2. 
Figure 3b shows the electric current dependence of spin voltage 
amplitudes, where the amplitude of the spin voltages is defined 
as the difference of the voltages at 0 mT in the downward and 
the upward sweep of the external magnetic field (the spin voltage 
under the upward sweeping is set as the standard voltage. See 

Figure 2. a) Temperature evolution of the hysteresis due to the anomalous Hall effect (AHE) of the PMA electrode. The coercive force and saturation 
magnetization can be seen up to 300 K. b) Schematic image of the measuring setup of spin extraction from a WTe2 spin device. Spin accumulation 
beneath the PMA is electrically created and potentiometrically detected. c) Spin voltage hysteresis at 5 K. Alignments of spins created in the WTe2 and 
those in the PMA electrode are shown correspondingly. d) Temperature evolution of spin voltage hysteresis observed from the WTe2 spin device. Red 
(blue) closed squares are experimental data in the upward (downward) sweeping. While superposition of the AMR can be seen at each temperature, 
salient hysteresis attributed to successful spin detection by the PMA can be observed. The range of the hysteresis is consistent with the range of the 
AHE of the PMA. Black solid bars show the scale of 20 µV. e) Magnified view of the spin voltage hysteresis observed at 300 K. f) A result of a control 
experiment using only Pt electrodes. The amplitude of the injected electric current was set to be 50 µA, and the measuring temperature was 5 K. 
Neither hysteresis nor AMR can be seen, which is compelling evidence that the hysteresis of the spin voltages is ascribed to the successful creation and 
detection of the Sz spin polarization via spin accumulation. The inset shows the measuring setup. g) Comparison of results for spin extraction measure-
ments using the WTe2 and Pt channels, respectively. The injection current was set to be 1 mA for both devices and the measuring temperature was 5 K.
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LETTERS

Electronic measurement and control of spin transport
in silicon
Ian Appelbaum1, Biqin Huang1 & Douwe J. Monsma2

The spin lifetime and diffusion length of electrons are transport
parameters that define the scale of coherence in spintronic devices
and circuits. As these parameters are many orders of magnitude
larger in semiconductors than in metals1,2, semiconductors could
be themost suitable for spintronics. So far, spin transport has only
been measured in direct-bandgap semiconductors3–9 or in com-
bination with magnetic semiconductors, excluding a wide range
of non-magnetic semiconductors with indirect bandgaps. Most
notable in this group is silicon, Si, which (in addition to its
market entrenchment in electronics) has long been predicted a
superior semiconductor for spintronics with enhanced lifetime
and transport length due to low spin–orbit scattering and lattice
inversion symmetry10–12. Despite this promise, a demonstration
of coherent spin transport in Si has remained elusive, because
most experiments focused on magnetoresistive devices; these
methods fail because of a fundamental impedance mismatch
between ferromagnetic metal and semiconductor13, and measure-
ments are obscured by other magnetoelectronic effects14. Here we
demonstrate conduction-band spin transport across 10mm
undoped Si in a device that operates by spin-dependent ballistic
hot-electron filtering through ferromagnetic thin films for both
spin injection and spin detection. As it is not based on magneto-
resistance, the hot-electron spin injection and spin detection
avoids impedancemismatch issues and prevents interference from
parasitic effects. The clean collector current shows independent
magnetic and electrical control of spin precession, and thus con-
firms spin coherent drift in the conduction band of silicon.

Figure 1a illustrates the operating principle and schematic band
diagram of our device. Spin injection and detection is based on the
attenuation of minority-spin hot electrons in ferromagnetic thin
films, as in spin-valve transistors15,16. In our device, the spin-valve
transistors used for injection and detection each only have a single
ferromagnetic base layer, and we define these as ‘hot-electron spin
transistors’. In step 1, a solid-state tunnel junction injects unpolar-
ized hot electrons from the Al emitter into the ferromagnetic
Co84Fe16 base, forming emitter current Ie. Spin-dependent hot-
electron scattering attenuates minority spin electrons (step 2), so that
the electrons transported over the Schottky barrier and into the
undoped single-crystal float-zone (FZ)-Si conduction band (forming
injected current Ic1, the ‘first collector current’) are polarized, with
their spin parallel to the magnetization of the Co84Fe16 (step 3)17.
After vertical transport through the 10-mm-thick undoped Si (step 4),
the spin polarization of the conduction-band electrons is detected by
a second hot-electron spin transistor. The Ni80Fe20 base again uses
ballistic hot-electron spin filtering, so the ‘second collector current’
(Ic2, step 5) formed from ballistic transport through the Ni80Fe20 and
into the n-Si substrate conduction band is dependent on the relative
magnetizations of both ferromagnetic layers. When they are parallel,
Ic2 is higher than when they are antiparallel, but only if electron spin

polarization is maintained through the undoped Si layer. Therefore,
this device is the electron analogue of the photon polarization-
analyser experiment in optics.

There are various intrinsic device aspects that allow a clean spin
transport signal in Ic2, and that make it immune to fringe field-
inducedmagnetoresistance andHall effects. (1) The exponential spin
selectivemean free path dependence in the ferromagnetic films create
very large spin polarizations. In principle, this can approach 100%,
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Figure 1 | Illustration of the Si spin transport device. a, Schematic band
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allowing effective injection and detection at cryogenic and room
temperatures16. (2) Because the spin filtering is caused by bulk scat-
tering in the ferromagnetic films, they are easy to reproduce, as there
is no interface sensitivity to the spin filtering (as there is, for example,
in magnetic tunnel junctions18). (3) This device, like a spin-valve
transistor, is a high-impedance current source15,16. As Ic2 is driven
by Ic1, and Ic1 by Ie, Ic2 is virtually independent of Vc1, the applied
voltage across the Si drift region. This also means that any generated
Hall voltage in the FZ-Si has no effect on Ic2. The underlying back-
ground to the insensitivity to resistance and voltage of the FZ-Si is
that the potential is screened by the two Schottky barriers on either
side, and that the electrons travelling in the FZ-Si conduction band
are generated not by an ohmic source, but by hot-electron injection.
(4) These devices operate over a wide temperature range, without
appreciable change in Ic2, despite the fact that the resistivity of
undoped Si varies by many orders of magnitude. The insensitivity
of Ic2 to FZ-Si resistance implies that Ic2 is also insensitive to magne-
toresistance in the FZ-Si. In fact, at the temperature we use for mea-
surements here (85K), the FZ-Si is completely frozen out and its
resistivity is .1014V cm. This means that there are no thermally or
impurity generated electrons, and the only free electrons present are
the injected spin polarized electrons.

There are several design aspects that provide our device with a
clean spin-transfer current Ic2. (1) An undoped FZ-Si device layer
is chosen because its extremely low impurity density results in wide
Schottky depletion regions and a linear conduction band. This
prevents potential wells and long spin dwell times. (2) The device
is measured at 85 K to eliminate Schottky leakage currents. (3)
Copper (Cu) is used below the Ni80Fe20 to provide a low barrier

and enable electrons injected by the higher Si/Ni80Fe20 Schottky bar-
rier to overcome the Cu/n-Si Schottky barrier. (4) Shape anisotropy
of the ferromagnetic films allows us to apply a perpendicular mag-
netic field for spin precession measurements, without orienting the
magnetizations out of plane.

Our fabrication procedures, described in the Methods section, are
similar to those of the spin-valve transistor16, and result in an array of
devices like the one wire-bonded and shown in the micrograph dis-
played in Fig. 1b.

Figure 2a shows the injector tunnel junction current–voltage char-
acteristics, illustrating the expected nonlinear Ie–Ve relationship.
Figure 2b shows the simultaneous measurement of injected current
Ic1–Ve, demonstrating a threshold in Ic1 at Ve520.8 V. This repre-
sents the 0.8 eV potential energy needed for the electrons to exceed
the Co84Fe16/FZ-Si Schottky barrier height, and is typical for such
metal base transistor-type structures. After vertical transport through
10 mm FZ-Si, some of these electrons travel ballistically through the
Ni80Fe20/Cu film and into the n-Si collector, resulting in a current
(Ic2) detected at the In contact to the substrate. This signal rises above
our detection limit at an emitter voltage of approximately 21.2 V
(Fig. 2c).

In Fig. 3a, in-plane magnetic hysteresis data of Ic2 at Ve521.8 V
and 85K are shown. Measurements begin with fully saturated and
aligned magnetizations by ramping to our magnetic field maximum.
When the magnetic field is swept through zero and changes sign, first
the Ni80Fe20 switches to align with the field and the magnetizations
are antiparallel, resulting in a reduction in Ic2 of approximately 2%.
As the magnetic field passes through the Co84Fe16 switching field, the
magnetizations again align and the higher collector current is
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FFiigg..  1100 (a) Optical microscopic view of an all-electric 
spin device using Td-type WTe2, a Weyl semimetal. (b) 
Measuring setup for the Sz spin polarization detection 
created in the WTe2. (c) Temperature dependence of 
magnetoresistance of the WTe2 spin device. The Sz spin 
polarization is attributed to structural symmetry 
breaking along the b-axis in WTe2 and is resilient to 
thermal fluctuation (ref. 67)). 

FFiigg..  1111 (a) Schematic image of Si-based hot-electron 
transistor. (b) Magnetoresistance effect due to spin 
injection and spin transport via 10 mm non-doped Si. 
(c) Magnetization curves of the CoFe electrode (ref. 
74)). 
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Electronic measurement and control of spin transport
in silicon
Ian Appelbaum1, Biqin Huang1 & Douwe J. Monsma2

The spin lifetime and diffusion length of electrons are transport
parameters that define the scale of coherence in spintronic devices
and circuits. As these parameters are many orders of magnitude
larger in semiconductors than in metals1,2, semiconductors could
be themost suitable for spintronics. So far, spin transport has only
been measured in direct-bandgap semiconductors3–9 or in com-
bination with magnetic semiconductors, excluding a wide range
of non-magnetic semiconductors with indirect bandgaps. Most
notable in this group is silicon, Si, which (in addition to its
market entrenchment in electronics) has long been predicted a
superior semiconductor for spintronics with enhanced lifetime
and transport length due to low spin–orbit scattering and lattice
inversion symmetry10–12. Despite this promise, a demonstration
of coherent spin transport in Si has remained elusive, because
most experiments focused on magnetoresistive devices; these
methods fail because of a fundamental impedance mismatch
between ferromagnetic metal and semiconductor13, and measure-
ments are obscured by other magnetoelectronic effects14. Here we
demonstrate conduction-band spin transport across 10mm
undoped Si in a device that operates by spin-dependent ballistic
hot-electron filtering through ferromagnetic thin films for both
spin injection and spin detection. As it is not based on magneto-
resistance, the hot-electron spin injection and spin detection
avoids impedancemismatch issues and prevents interference from
parasitic effects. The clean collector current shows independent
magnetic and electrical control of spin precession, and thus con-
firms spin coherent drift in the conduction band of silicon.

Figure 1a illustrates the operating principle and schematic band
diagram of our device. Spin injection and detection is based on the
attenuation of minority-spin hot electrons in ferromagnetic thin
films, as in spin-valve transistors15,16. In our device, the spin-valve
transistors used for injection and detection each only have a single
ferromagnetic base layer, and we define these as ‘hot-electron spin
transistors’. In step 1, a solid-state tunnel junction injects unpolar-
ized hot electrons from the Al emitter into the ferromagnetic
Co84Fe16 base, forming emitter current Ie. Spin-dependent hot-
electron scattering attenuates minority spin electrons (step 2), so that
the electrons transported over the Schottky barrier and into the
undoped single-crystal float-zone (FZ)-Si conduction band (forming
injected current Ic1, the ‘first collector current’) are polarized, with
their spin parallel to the magnetization of the Co84Fe16 (step 3)17.
After vertical transport through the 10-mm-thick undoped Si (step 4),
the spin polarization of the conduction-band electrons is detected by
a second hot-electron spin transistor. The Ni80Fe20 base again uses
ballistic hot-electron spin filtering, so the ‘second collector current’
(Ic2, step 5) formed from ballistic transport through the Ni80Fe20 and
into the n-Si substrate conduction band is dependent on the relative
magnetizations of both ferromagnetic layers. When they are parallel,
Ic2 is higher than when they are antiparallel, but only if electron spin

polarization is maintained through the undoped Si layer. Therefore,
this device is the electron analogue of the photon polarization-
analyser experiment in optics.

There are various intrinsic device aspects that allow a clean spin
transport signal in Ic2, and that make it immune to fringe field-
inducedmagnetoresistance andHall effects. (1) The exponential spin
selectivemean free path dependence in the ferromagnetic films create
very large spin polarizations. In principle, this can approach 100%,
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Figure 1 | Illustration of the Si spin transport device. a, Schematic band
diagram. At constant emitter voltage (Ve), we measure the ‘first collector
current’ (Ic1) at the NiFe contact and ‘second collector current’ (Ic2) at an In
contact to the n-Si substrate, under optional voltage bias (Vc1) across the
single-crystal undoped float-zone Si (FZ-Si) drift region. See text for
explanation of sequential transport steps (1)–(5). b, A top-downmicrograph
of a representative wire-bonded Si spin-transport device, showing the device
structure, contacts to the spin-injection tunnel junction (TJ) base and
emitter, and spin-detector buried NiFe layer.
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allowing effective injection and detection at cryogenic and room
temperatures16. (2) Because the spin filtering is caused by bulk scat-
tering in the ferromagnetic films, they are easy to reproduce, as there
is no interface sensitivity to the spin filtering (as there is, for example,
in magnetic tunnel junctions18). (3) This device, like a spin-valve
transistor, is a high-impedance current source15,16. As Ic2 is driven
by Ic1, and Ic1 by Ie, Ic2 is virtually independent of Vc1, the applied
voltage across the Si drift region. This also means that any generated
Hall voltage in the FZ-Si has no effect on Ic2. The underlying back-
ground to the insensitivity to resistance and voltage of the FZ-Si is
that the potential is screened by the two Schottky barriers on either
side, and that the electrons travelling in the FZ-Si conduction band
are generated not by an ohmic source, but by hot-electron injection.
(4) These devices operate over a wide temperature range, without
appreciable change in Ic2, despite the fact that the resistivity of
undoped Si varies by many orders of magnitude. The insensitivity
of Ic2 to FZ-Si resistance implies that Ic2 is also insensitive to magne-
toresistance in the FZ-Si. In fact, at the temperature we use for mea-
surements here (85K), the FZ-Si is completely frozen out and its
resistivity is .1014V cm. This means that there are no thermally or
impurity generated electrons, and the only free electrons present are
the injected spin polarized electrons.

There are several design aspects that provide our device with a
clean spin-transfer current Ic2. (1) An undoped FZ-Si device layer
is chosen because its extremely low impurity density results in wide
Schottky depletion regions and a linear conduction band. This
prevents potential wells and long spin dwell times. (2) The device
is measured at 85 K to eliminate Schottky leakage currents. (3)
Copper (Cu) is used below the Ni80Fe20 to provide a low barrier

and enable electrons injected by the higher Si/Ni80Fe20 Schottky bar-
rier to overcome the Cu/n-Si Schottky barrier. (4) Shape anisotropy
of the ferromagnetic films allows us to apply a perpendicular mag-
netic field for spin precession measurements, without orienting the
magnetizations out of plane.

Our fabrication procedures, described in the Methods section, are
similar to those of the spin-valve transistor16, and result in an array of
devices like the one wire-bonded and shown in the micrograph dis-
played in Fig. 1b.

Figure 2a shows the injector tunnel junction current–voltage char-
acteristics, illustrating the expected nonlinear Ie–Ve relationship.
Figure 2b shows the simultaneous measurement of injected current
Ic1–Ve, demonstrating a threshold in Ic1 at Ve520.8 V. This repre-
sents the 0.8 eV potential energy needed for the electrons to exceed
the Co84Fe16/FZ-Si Schottky barrier height, and is typical for such
metal base transistor-type structures. After vertical transport through
10 mm FZ-Si, some of these electrons travel ballistically through the
Ni80Fe20/Cu film and into the n-Si collector, resulting in a current
(Ic2) detected at the In contact to the substrate. This signal rises above
our detection limit at an emitter voltage of approximately 21.2 V
(Fig. 2c).

In Fig. 3a, in-plane magnetic hysteresis data of Ic2 at Ve521.8 V
and 85K are shown. Measurements begin with fully saturated and
aligned magnetizations by ramping to our magnetic field maximum.
When the magnetic field is swept through zero and changes sign, first
the Ni80Fe20 switches to align with the field and the magnetizations
are antiparallel, resulting in a reduction in Ic2 of approximately 2%.
As the magnetic field passes through the Co84Fe16 switching field, the
magnetizations again align and the higher collector current is
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Figure 2 | Simultaneously measured current dependence on tunnel-
junction emitter voltage at 85K. a, Emitter current, Ie. b, First collector

current, Ic1, at the Ni80Fe20 contact forVc15 0V. c, Second collector current,
Ic2, at an In contact to the n-Si substrate.
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Figure 3 | In-plane magnetic field dependence at 85K. a, Second collector
current, Ic2, at constant emitter bias Ve521.8 V and Vc15 0V, showing a
clear ,2% spin-valve effect. b, SQUID magnetometer measurements,

showing switching fields consistent with the behaviour seen in a. Arrows
indicate magnetic field sweep direction.
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allowing effective injection and detection at cryogenic and room
temperatures16. (2) Because the spin filtering is caused by bulk scat-
tering in the ferromagnetic films, they are easy to reproduce, as there
is no interface sensitivity to the spin filtering (as there is, for example,
in magnetic tunnel junctions18). (3) This device, like a spin-valve
transistor, is a high-impedance current source15,16. As Ic2 is driven
by Ic1, and Ic1 by Ie, Ic2 is virtually independent of Vc1, the applied
voltage across the Si drift region. This also means that any generated
Hall voltage in the FZ-Si has no effect on Ic2. The underlying back-
ground to the insensitivity to resistance and voltage of the FZ-Si is
that the potential is screened by the two Schottky barriers on either
side, and that the electrons travelling in the FZ-Si conduction band
are generated not by an ohmic source, but by hot-electron injection.
(4) These devices operate over a wide temperature range, without
appreciable change in Ic2, despite the fact that the resistivity of
undoped Si varies by many orders of magnitude. The insensitivity
of Ic2 to FZ-Si resistance implies that Ic2 is also insensitive to magne-
toresistance in the FZ-Si. In fact, at the temperature we use for mea-
surements here (85K), the FZ-Si is completely frozen out and its
resistivity is .1014V cm. This means that there are no thermally or
impurity generated electrons, and the only free electrons present are
the injected spin polarized electrons.

There are several design aspects that provide our device with a
clean spin-transfer current Ic2. (1) An undoped FZ-Si device layer
is chosen because its extremely low impurity density results in wide
Schottky depletion regions and a linear conduction band. This
prevents potential wells and long spin dwell times. (2) The device
is measured at 85 K to eliminate Schottky leakage currents. (3)
Copper (Cu) is used below the Ni80Fe20 to provide a low barrier

and enable electrons injected by the higher Si/Ni80Fe20 Schottky bar-
rier to overcome the Cu/n-Si Schottky barrier. (4) Shape anisotropy
of the ferromagnetic films allows us to apply a perpendicular mag-
netic field for spin precession measurements, without orienting the
magnetizations out of plane.

Our fabrication procedures, described in the Methods section, are
similar to those of the spin-valve transistor16, and result in an array of
devices like the one wire-bonded and shown in the micrograph dis-
played in Fig. 1b.

Figure 2a shows the injector tunnel junction current–voltage char-
acteristics, illustrating the expected nonlinear Ie–Ve relationship.
Figure 2b shows the simultaneous measurement of injected current
Ic1–Ve, demonstrating a threshold in Ic1 at Ve520.8 V. This repre-
sents the 0.8 eV potential energy needed for the electrons to exceed
the Co84Fe16/FZ-Si Schottky barrier height, and is typical for such
metal base transistor-type structures. After vertical transport through
10 mm FZ-Si, some of these electrons travel ballistically through the
Ni80Fe20/Cu film and into the n-Si collector, resulting in a current
(Ic2) detected at the In contact to the substrate. This signal rises above
our detection limit at an emitter voltage of approximately 21.2 V
(Fig. 2c).

In Fig. 3a, in-plane magnetic hysteresis data of Ic2 at Ve521.8 V
and 85K are shown. Measurements begin with fully saturated and
aligned magnetizations by ramping to our magnetic field maximum.
When the magnetic field is swept through zero and changes sign, first
the Ni80Fe20 switches to align with the field and the magnetizations
are antiparallel, resulting in a reduction in Ic2 of approximately 2%.
As the magnetic field passes through the Co84Fe16 switching field, the
magnetizations again align and the higher collector current is
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Figure 2 | Simultaneously measured current dependence on tunnel-
junction emitter voltage at 85K. a, Emitter current, Ie. b, First collector

current, Ic1, at the Ni80Fe20 contact forVc15 0V. c, Second collector current,
Ic2, at an In contact to the n-Si substrate.
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Figure 3 | In-plane magnetic field dependence at 85K. a, Second collector
current, Ic2, at constant emitter bias Ve521.8 V and Vc15 0V, showing a
clear ,2% spin-valve effect. b, SQUID magnetometer measurements,

showing switching fields consistent with the behaviour seen in a. Arrows
indicate magnetic field sweep direction.
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allowing effective injection and detection at cryogenic and room
temperatures16. (2) Because the spin filtering is caused by bulk scat-
tering in the ferromagnetic films, they are easy to reproduce, as there
is no interface sensitivity to the spin filtering (as there is, for example,
in magnetic tunnel junctions18). (3) This device, like a spin-valve
transistor, is a high-impedance current source15,16. As Ic2 is driven
by Ic1, and Ic1 by Ie, Ic2 is virtually independent of Vc1, the applied
voltage across the Si drift region. This also means that any generated
Hall voltage in the FZ-Si has no effect on Ic2. The underlying back-
ground to the insensitivity to resistance and voltage of the FZ-Si is
that the potential is screened by the two Schottky barriers on either
side, and that the electrons travelling in the FZ-Si conduction band
are generated not by an ohmic source, but by hot-electron injection.
(4) These devices operate over a wide temperature range, without
appreciable change in Ic2, despite the fact that the resistivity of
undoped Si varies by many orders of magnitude. The insensitivity
of Ic2 to FZ-Si resistance implies that Ic2 is also insensitive to magne-
toresistance in the FZ-Si. In fact, at the temperature we use for mea-
surements here (85K), the FZ-Si is completely frozen out and its
resistivity is .1014V cm. This means that there are no thermally or
impurity generated electrons, and the only free electrons present are
the injected spin polarized electrons.

There are several design aspects that provide our device with a
clean spin-transfer current Ic2. (1) An undoped FZ-Si device layer
is chosen because its extremely low impurity density results in wide
Schottky depletion regions and a linear conduction band. This
prevents potential wells and long spin dwell times. (2) The device
is measured at 85 K to eliminate Schottky leakage currents. (3)
Copper (Cu) is used below the Ni80Fe20 to provide a low barrier

and enable electrons injected by the higher Si/Ni80Fe20 Schottky bar-
rier to overcome the Cu/n-Si Schottky barrier. (4) Shape anisotropy
of the ferromagnetic films allows us to apply a perpendicular mag-
netic field for spin precession measurements, without orienting the
magnetizations out of plane.

Our fabrication procedures, described in the Methods section, are
similar to those of the spin-valve transistor16, and result in an array of
devices like the one wire-bonded and shown in the micrograph dis-
played in Fig. 1b.

Figure 2a shows the injector tunnel junction current–voltage char-
acteristics, illustrating the expected nonlinear Ie–Ve relationship.
Figure 2b shows the simultaneous measurement of injected current
Ic1–Ve, demonstrating a threshold in Ic1 at Ve520.8 V. This repre-
sents the 0.8 eV potential energy needed for the electrons to exceed
the Co84Fe16/FZ-Si Schottky barrier height, and is typical for such
metal base transistor-type structures. After vertical transport through
10 mm FZ-Si, some of these electrons travel ballistically through the
Ni80Fe20/Cu film and into the n-Si collector, resulting in a current
(Ic2) detected at the In contact to the substrate. This signal rises above
our detection limit at an emitter voltage of approximately 21.2 V
(Fig. 2c).

In Fig. 3a, in-plane magnetic hysteresis data of Ic2 at Ve521.8 V
and 85K are shown. Measurements begin with fully saturated and
aligned magnetizations by ramping to our magnetic field maximum.
When the magnetic field is swept through zero and changes sign, first
the Ni80Fe20 switches to align with the field and the magnetizations
are antiparallel, resulting in a reduction in Ic2 of approximately 2%.
As the magnetic field passes through the Co84Fe16 switching field, the
magnetizations again align and the higher collector current is
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allowing effective injection and detection at cryogenic and room
temperatures16. (2) Because the spin filtering is caused by bulk scat-
tering in the ferromagnetic films, they are easy to reproduce, as there
is no interface sensitivity to the spin filtering (as there is, for example,
in magnetic tunnel junctions18). (3) This device, like a spin-valve
transistor, is a high-impedance current source15,16. As Ic2 is driven
by Ic1, and Ic1 by Ie, Ic2 is virtually independent of Vc1, the applied
voltage across the Si drift region. This also means that any generated
Hall voltage in the FZ-Si has no effect on Ic2. The underlying back-
ground to the insensitivity to resistance and voltage of the FZ-Si is
that the potential is screened by the two Schottky barriers on either
side, and that the electrons travelling in the FZ-Si conduction band
are generated not by an ohmic source, but by hot-electron injection.
(4) These devices operate over a wide temperature range, without
appreciable change in Ic2, despite the fact that the resistivity of
undoped Si varies by many orders of magnitude. The insensitivity
of Ic2 to FZ-Si resistance implies that Ic2 is also insensitive to magne-
toresistance in the FZ-Si. In fact, at the temperature we use for mea-
surements here (85K), the FZ-Si is completely frozen out and its
resistivity is .1014V cm. This means that there are no thermally or
impurity generated electrons, and the only free electrons present are
the injected spin polarized electrons.

There are several design aspects that provide our device with a
clean spin-transfer current Ic2. (1) An undoped FZ-Si device layer
is chosen because its extremely low impurity density results in wide
Schottky depletion regions and a linear conduction band. This
prevents potential wells and long spin dwell times. (2) The device
is measured at 85 K to eliminate Schottky leakage currents. (3)
Copper (Cu) is used below the Ni80Fe20 to provide a low barrier

and enable electrons injected by the higher Si/Ni80Fe20 Schottky bar-
rier to overcome the Cu/n-Si Schottky barrier. (4) Shape anisotropy
of the ferromagnetic films allows us to apply a perpendicular mag-
netic field for spin precession measurements, without orienting the
magnetizations out of plane.

Our fabrication procedures, described in the Methods section, are
similar to those of the spin-valve transistor16, and result in an array of
devices like the one wire-bonded and shown in the micrograph dis-
played in Fig. 1b.

Figure 2a shows the injector tunnel junction current–voltage char-
acteristics, illustrating the expected nonlinear Ie–Ve relationship.
Figure 2b shows the simultaneous measurement of injected current
Ic1–Ve, demonstrating a threshold in Ic1 at Ve520.8 V. This repre-
sents the 0.8 eV potential energy needed for the electrons to exceed
the Co84Fe16/FZ-Si Schottky barrier height, and is typical for such
metal base transistor-type structures. After vertical transport through
10 mm FZ-Si, some of these electrons travel ballistically through the
Ni80Fe20/Cu film and into the n-Si collector, resulting in a current
(Ic2) detected at the In contact to the substrate. This signal rises above
our detection limit at an emitter voltage of approximately 21.2 V
(Fig. 2c).

In Fig. 3a, in-plane magnetic hysteresis data of Ic2 at Ve521.8 V
and 85K are shown. Measurements begin with fully saturated and
aligned magnetizations by ramping to our magnetic field maximum.
When the magnetic field is swept through zero and changes sign, first
the Ni80Fe20 switches to align with the field and the magnetizations
are antiparallel, resulting in a reduction in Ic2 of approximately 2%.
As the magnetic field passes through the Co84Fe16 switching field, the
magnetizations again align and the higher collector current is
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attention. In fact, graphene exhibits long-range spin 
transport over 10 mm, whereas spin lifetime in graphene 
is merely about tens picoseconds mainly due to its large 
Fermi velocity originating from the Dirac nature of 
graphene. Si exhibits long spin lifetime over several 
nanoseconds and relatively long spin diffusion length of 
over 1 mm, i.e., long spin lifetime and diffusion length 
successfully coexist.  
 The chronicle of Si spintronics substantially started 

from hot-electron spin injection into non-doped Si (Fig. 
11) 74), although some challenging but unsuccessful
works using some different approaches had been 
reported before. The authors of ref. 74 introduced a hot-
electron transistor structure, where the wafer bonding 
technique was used, and realized spin injection up to 260 
K 75), long-range spin transport of 2 mm 76), and multiple 
spin precession of 13p due to the Hanle effect 77). The 
notable is that this approach elaborately circumvents the 
reliability problem of the electric two-terminal method as 
partly described in Chap. 2. These achievements 
manifested great spintronic potential of Si and greatly 
stimulated researchers in semiconductor spintronics. 
Meanwhile, since the hot-electron transistor structure 
was used, the output spin signal was considerably small 
to be an order of picoampere and modulation of spin 
signal by gating was difficult, which can strongly hinder 
practical application of Si-based spin devices. Thus, 
reliable and reproducibly spin injection and transport 
in Si by the other approach available for spin 
transistors. The authors introduced the electric non-
local four-terminal method to achieve successful spin 
injection and creation of pure spin current in Si 78), and 
room temperature spin injection/transport/detection in 
n-type degenerate Si with Hanle-type spin precession
was achieved (see Fig. 12) 79). Furthermore, spin 
injection/transport/detection in non-degenerate n-type 
Si and subsequent spin signal modulation by gating 
were achieved at room temperature 80,81), where the 
on/off ratio was enhanced >104 (Fig. 13) 81). In the course 
of these significant studies, a number of detailed 
spintronic physics in Si were clarified: spin drift in Si 

82,83), bias voltage dependence of spin signals 84), 
clarification of the origin the “inverted Hanle” effect 85), 
enhancement of spin signals by utilizing spin drift and 
clarification of its underlying physics 86-88), achievement 
of thermal spin injection in Si 89), investigation of gating 
effects on spin signals 90), and thermal annealing effects 
on spin signals 91,92). Notable achievements in Si 
spintronics from application-oriented viewpoints are 

Fig. 12 (a) Schematic image of a four-terminal degenerate n-type Si spin valve. (b) Non-local
magnetoresistance in the Si spin valve at 8 K (the upper panel) and 300 K (the lower panel). The 
inset of the lower panel shows gap-length dependence of spin resistances (ref. [79]). 

Fig. 13 (a) Magnetoresistance in spin-dependent electric current of non-degenerate n-type spin 
MOSFET at room temperature. (b) Gate voltage dependence of the source-drain current (the black 
solid line) and spin signals (the red closed circles) (ref. [81]).

Fig. 14 (a) Spin logic circuit made of Si spin MOSFET. (b) An example XOR logic operation of
the Si spin logic. For detail, see ref. [94]. 
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We report on the first demonstration of generating a spin current and spin transport in a highly doped Si channel at room temperature (RT) using a

four-terminal lateral device with a spin injector and a detector consisting of an Fe/MgO tunnel barrier. Spin current was generated using a nonlocal

technique, and spin injection signals and Hanle-type spin precession were successfully detected at 300K, thus proving spin injection with the

elimination of spurious signals. The spin diffusion length and its lifetime at RT were estimated to be 0.6 �m and 1.3 ns by the Hanle-type spin

precession, respectively. # 2011 The Japan Society of Applied Physics

T
he International Technology Roadmap for Semicon-
ductors lists Si-based spintronics as an emerging
research area.1) The first important issue concerning

semiconductor spintronics is the injection of spins from
a ferromagnetic conductor into a semiconductor channel,
which is noted as a conductivity mismatch problem.2) The
introduction of a sufficiently large spin-dependent interface
resistance, such as a tunnel junction and a Schottky barrier,
has been theoretically proposed as a possible solution to this
problem.3–6) The second issue is the detection of the injected
and accumulated spin. Recently, a four-terminal nonlocal
detection technique in a lateral spin valve geometry (NL-MR
method) has been demonstrated as an electrical detection
method for a spin current.7) The Hanle-type spin precession
measurement in nonlocal detection geometry (4T-Hanle
method) was also applied as a powerful tool for proving spin
injection and transport.7,8) Spin current in a Si channel was
successfully demonstrated by the 4T-Hanle method, but spin
current generation was limited to low temperatures below
150K.9–11) On the other hand, a three-terminal Hanle-type
spin precession measurement (3T-Hanle method), in which
a single magnetic contact is used for both the injection
and detection of the spin, was applied to detect the spin
accumulation under the injection contact.12,13) The large
spin accumulation at room temperature (RT) using this
3T-Hanle method was an exceptional discovery made by
Dash et al.14)

Currently, achieving spin transport at RT in a Si channel is
one of the key challenges for Si-spintronics devices. Here,
we report on the first demonstration of generating a spin
current and spin transport in highly doped Si at RT. Spin
transport parameters in the Si channel were investigated
using the NL-MR method and the 4T-Hanle method.

The four-terminal lateral spin valve devices used in the
study were prepared on a silicon-on-insulator (SOI) substrate
with a (100) plane consisting of P-doped Si (100 nm)/silicon
oxide (200 nm)/undoped Si wafer. The electron concentra-
tion in the P-doped Si layer was determined to be 5� 1019

cm�3 by Hall effect measurement. This concentration was
the same value as that in our previous studies,11,15,16) and was
also similar to that in the study by Dash et al., where the spin
accumulation was firstly achieved in the Si channel (n-type
of 1:8� 1019 cm�3).14) An Fe (13 nm)/MgO (0.8 nm) layer
was grown on the SOI substrate by molecular beam epitaxy
after the native oxide layer on the surface of the SOI

substrate was removed using dilute hydrofluoric acid (HF)
solution. In this study, we observed 2� 1 and 1� 2

reflection high-energy electron diffraction patterns of the
Si surface before the growth of the MgO layer. This was
not done in our previous studies.11,15,16) The values of con-
ductivity in the Si channel were 1:03� 105 and 9:52� 104

��1 m�1 measured at 8 and 300K, respectively. The values
of the resistance area product of the tunnel contact were 7.1
and 4.6K� �m2 measured at 8 and 300K, respectively.

Figure 1 shows a schematic cross-sectional view of the
lateral device fabricated by electron beam lithography for
patterning. The Si channel was fabricated by a mesa-etching
technique and two ferromagnetic (FM) electrodes—contact
2 of 0:5� 21 �m2 and contact 3 of 2� 21 �m2—were
formed by ion milling. Then, a 30-nm-thick SiO2 layer was
deposited on the device surfaces, except on the upper faces
of the two FM electrodes. Contacts 1 and 4 were holes
formed in the SiO2, which were then filled with Al. Finally,
the pad electrodes of Au (150 nm)/Cr (50 nm) were fabri-
cated on contacts 1–4 by the lift-off method.

Two measurement methods could be applied to the same
measurement sample. One was the NL-MR method in the
4T-geometry, implemented using a standard ac lock-in
technique ( f ¼ 333Hz) involving the application of an in-
plane magnetic field along the y-direction. The ac current
was determined using a dc voltage that was required for
measuring dc currents for the contact between 1 and 2.
The other method was the 4T-Hanle method in the same
geometry as that in the NL-MR method involving the
application of a magnetic field along the z-direction. In
both of these measurement methods, a current of 1mA was
injected between contacts 1 and 2, and the output voltage
was detected between contacts 3 and 4.

x

yz

~ 20 nm
~ 80 nm

~ 200 nm

Si subst.

SiO2

n-Si
~ 60µµm d

Fe

MgO

Al

1 2 3 4

VNL Al

MgO

Fig. 1. Schematic cross-sectional view of a Si-based four-terminal lateral

device. Magnetic fields were applied along the long axis of the magnetic

contacts (y-direction) for a nonlocal magnetoresistance measurement and

along the z-direction for a four-terminal Hanle-type spin precession

measurement.
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Figure 2 shows the results obtained by the NL-MR
method. By subtracting the constant background voltages
(195 and 460 �V at 8 and 300K, respectively) produced by
an electric coupling between the electric pads from the
raw data, the spin accumulation voltages �V were obtained
and converted into �R by using an injection current Iinject
of 1mA. Steep changes in �R with clear plateaus were
successfully obtained at a temperature of not only 8K but
also 300K. With the increase in temperature, the field for
the transition in �R shifted slightly to the lower field.
Anisotropic magnetoresistance (AMR) hysteresis, as pre-
viously reported,15) was observed in dummy samples. Thus,
the changes in �R can be explained by the magnetization
reversal of each FM electrode. Therefore, we can conclude
that the changes in �R resulted from the amount of spin
accumulations detected as the spin valve effect. This is
evidence of the spin current through the Si channel at 300K.

The spin diffusion length can be accurately estimated
from the gap length dependence of �R, because the clear
plateaus on the �R curves result from successful anti-
parallel magnetization alignment. The inset of Fig. 2 shows
that the �R curve decays exponentially with increasing gap
length between contacts 2 and 3. Using the tunnel barrier,
�R decreases as a function of the gap length;7,17) then, the
data is fitted using the following equation:

�R ¼ �VNL

Iinject
¼ P2�N

�S
exp � d

�N

� �
; ð1Þ

where P is the spin polarization, �N is the spin diffusion
length, � is the conductivity of the Si, S is the cross section
of the Si strip, and d is the gap between the contacts 2 and 3.

�N was estimated to be 2:0� 0:3 and 1:0� 0:3 �m at 8 and
300K, respectively.

Figure 3 shows the 4T-Hanle signals as a function of the
measurement temperature. Each point of the curve is shown
by the average of the signals obtained by several measure-
ments. As the temperature increases, the signal becomes
smaller and the full width at half maximum intensity widens
gradually. However, a reverse of the 4T-Hanle signals is
clearly observed by applying the reverse field, even at 300K.
This is strong evidence for the spin current through the Si
channel up to 300K.

The spin diffusion length and other transport parameters
were estimated by fitting with the analytical solution of the
following function:7,8)

�V ðB?Þ
Iinject

¼ � P2

e2NðEFÞA

Z 1

0

’ðtÞ cosð!tÞ exp �t

�sp

� �
dt;

’ðtÞ ¼ 1ffiffiffiffiffiffiffiffiffiffiffi
4�Dt

p exp � ðx1 � x2Þ2

4Dt

� �
; ð2Þ

where ! ¼ g�BB is the Larmor frequency, g is the g-factor
of electron (using g ¼ 2), �sp is the spin lifetime, x1 and x2
are integrated over the widths of the injector and detector,
and D is the spin diffusion constant. We use the relationship
of �N ¼ ðD�spÞ1=2, thus P, �N , and �sp are fitting parameters.
The fitting lines are in good agreement with the data, as
shown by the example in Fig. 3(b). The spin diffusion
lengths at 8 and 300K were estimated to be 2:00� 0:03 and
0:6� 0:2 �m, respectively. These values are consistent with
those obtained by the NL-MR method within an error range,
as mentioned above. This indicates that our measurements
are highly reliable in the temperature range of 8 to 300K.
Therefore, it is obvious that the spin transport of the band-
transferred electrons in the Si channel is demonstrated even
at 300K.

Figure 4 shows the temperature dependence of the
obtained transport parameters, together with the 4T-Hanle
signals �V . With the increase in temperature, �V decreases
exponentially while the other transport parameters decrease
linearly. As indicated in eq. (2), �V is proportional to the
square of the spin polarization, P2. Thus, a reduction in the
value of P is believed to lead to the temperature dependence
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to a depth of more than 25 nm by ion milling. The device
resistivity was 4300Ω µm, which is much higher than that
of an earlier spin MOSFET (160Ω µm13)), indicating that
the etching process effectively removed the highly doped
region from the surface of the Si channel. The contacts had
dimensions of 0.5 × 21 and 2 × 21 µm2, respectively. The
Si channel surface and sidewalls at the ferromagnetic con-
tacts were buried by SiO2. The nonmagnetic electrodes,
with dimensions of 21 × 21 µm2, were made from Al and
produced by ion milling. The gap between the FM elec-
trodes was set to be 4.26 µm. The gate voltage was applied
from the back side of the device. The conventional FET
and spin MOSFET characteristics were investigated by
using a probing station (Janis Research ST-500), a source
meter (Keithley Instruments 2400 and 2401), and a digital
multimeter (Keithley Instruments 2010). All measurements
were performed at RT.

Figure 2 shows the principle of detecting spin signals in
the 3T-MR and 2T methods used in this study. As reported
in the literature,5) the 3T-MR method is another reliable
method for realizing spin transport (not only spin accumu-
lation), and resistance hysteresis due to spin transport can be
observed, which is the central difference from the conven-
tional local three-terminal method. The ferromagnetic elec-
trode was set downstream of the spin flow, acting as a spin
detector. Because the spin flow in the Si is affected by the
spin drift effect caused by an electric field in the Si,14,15)

the downstream side experiences efficient spin accumulation.
Because the spin direction in two ferromagnetic electrodes
is controlled by an external magnetic field parallel to the Si
channel, the alignment of the spin direction of the detector
electrode and the accumulated spin beneath the detector
electrode (= the propagating spin in the Si) are controlled to
be parallel or antiparallel, yielding the resistance hysteresis.
A more quantitative and detailed discussion will be reported
elsewhere.16) On the contrary, spin accumulation at both

the spin injector and detector electrodes can be measured by
using the local 2T method. Notably, anisotropic magneto-
resistance and other spurious signals can superimpose on
the signals detected using the local method, so experi-
ments should be conducted with utmost care. We used both
methods to corroborate spin transport in the spin MOSFET
at RT.

Figure 3(a) shows the magnetoresistance, including the
minor loop, observed with the 3T-MR method. At an electric
current of 1mA, the magnitude of the magnetoresistance
was measured to be 0.38Ω. The magnetic fields, where
the hysteresis and the minor loop appeared, are consistent
between the measurements, showing that the magnetoresist-
ance is ascribed to a successful spin transport in the Si spin
MOSFET at RT. The distance of the ferromagnetic electrodes
was 4.26 µm and a spin transport of 4.26 µm was realized.
Such a long spin transport was achieved by spin drift in
addition to spin diffusion as discussed previously.13) When

Fig. 2. Schematics of the measurement methods used in this study. The
left and right images show the measurement circuit and the corresponding
position dependence of an electrochemical potential in the local 3T-MR and
local 2T methods. “Spin accumulation” in the lower panels shows the spin
accumulation voltages detected by each measurement method.
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we changed the measuring method to the local 2T method
with the gate voltage application, a similar magnetoresistance
was observed under an applied gate voltage of +50V, as
shown in Fig. 3(b) (note that the electric current instead
of the device resistance is shown). As described in the
literature,2) on- and off-states are generated by a gate voltage
(electric on=off states) as in a conventional MOSFET, and
in addition, the other on- and off-states are generated by
the magnetization configuration (spin on=off states). We
define the spin signal of the Si spin MOSFET as the dif-
ference in Isd in the parallel and antiparallel magnetization
configurations, that is, in the spin on=off states, as shown in
Fig. 3(c). Under a gate voltage of +50V, the magnitude of
the spin signal measured was 0.68 µA.

Sweeping the gate voltage from −125 to +125V at a
source–drain voltage of 4V modulated the Isd of the spin
MOSFET (see Fig. 4). Because the Si is of the n-type, a
positive gate voltage increases Isd, and a negative gate voltage
suppresses Isd. Thus, this device exhibited a conventional
MOSFET operation. The switching voltage of the device is
comparatively large; in other words, the transconductance of
the device is not good enough. The minimum of Isd appeared
at a gate voltage of −35V. These performance character-
istics were found to be insufficient for commercialized Si
MOSFETs, and we believe that they are due to the use of a
nonoptimized device structure, especially the back-gate struc-
ture, and the nonuniform doping profile perpendicular to the
Si spin channel plane. Although the FET characteristics of
the Si spin MOSFET were not as ideal as those of com-
mercial devices, the electric on=off states were sufficiently
separated, which meets the purpose of our experiments. Note
that the spin signals were also effectively modulated by the
gate voltage (Fig. 4). The magnitude of the spin signals

changed from ca. 1 µA under positive gate voltages to ca.
0.5 nA under negative gate voltages. The decrease in the
magnitude of the signals is attributed to the following reason:
at a gate voltage smaller than ca. 50V, Isd began to be
suppressed. Here, the suppression equally takes place under
the parallel and antiparallel magnetization alignments. When
Isd is suppressed, the difference in Isd between the spin on=off
states decreases, resulting in the suppression of the spin
signals. Because 0.5 nA is close to the detection limit in
this measurement, we believe that the spin signals were
modulated by over three orders of magnitude. Furthermore,
Isd and the magnitude of the spin signals were very consistent
as functions of the gate voltage, and the on=off ratios for
Isd and the spin signals were both greater than 103. Because
the on=off ratio was much less than 101 in a previous study,13)

optimizing the device fabrication process effectively im-
proved the spin MOSFET performance. This result directly
shows that the Si spin MOSFET operated successfully at RT.

In summary, we demonstrated the RT operation of a Si
spin MOSFET with a high on=off ratio of Isd and the spin
signals. The operation was enabled by spin transport in
nondegenerate Si at RT and an effective application of the
gate voltage. This success can pave the way for the practical
use of Si spin MOSFETs.
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FIG. 1. (a) The semiconductor-based MLG device proposed
by Dery et al. [11]. (b) Silicon-based multiterminal lateral spin
valves for XOR operation. (c)–(e) NLMR measured at 300 K. The
spin injector and detector are (c) FM-A and FM-B, (d) FM-B and
FM-M, and (e) FM-A and FM-M, respectively. (f) Dependence
of the magnitude of NLMR signals on the center-to-center dis-
tance between the spin injector and the spin detector, d. The dots
are experimental data, and the red line is a fitting result obtained
with Eq. (1). (g) Hanle-effect signals under parallel (red) and
antiparallel (blue) configurations, where the linear background is
subtracted. The spin injector and the spin detector are FM-B and
FM-M, respectively. (h) Difference in the Hanle signal between
the antiparallel and parallel configurations. The dots and the solid
line are the experimental data and the fitting curve obtained with
Eq. (2).

is estimated to be 1.54 ± 0.30 µm by use of the following
fitting function:

�Vs = V0 exp
(−d

λs

)
. (1)

Successful fitting also indicates negligible spin absorp-
tion by FM-B. Hanle-effect measurements are also per-
formed between FM-B and FM-M, in which a magnetic
field is applied along the ±z direction. Clear peak and dip
features are observed under the parallel and antiparallel
configurations, respectively, as shown in Fig. 1(g), indi-
cating successful spin manipulation by the magnetic field.
In the analysis, we calculate the difference in the nonlocal
voltage between the antiparallel and parallel configurations
as shown in Fig. 1(h) and use the following fitting function
[37–40]:

VNLAP(Bz) − VNLP(Bz)

I
= P2λs

σSiA
(1 + ω2τs

2)−
1
4 exp



− d
λs

√√
1 + ω2τs

2 + 1
2





×



cos



arctan ωτs

2
+ d

λs

√√
1 + ω2τs

2 − 1
2







 ,

(2)

where VNLAP (VNLP) is the nonlocal voltage under the
antiparallel (parallel) configuration, τs is the spin lifetime
in the Si channel, Bz is the magnetic flux density along the z
direction, P is the spin polarization, A is the cross-sectional
area of the channel, ω = gµBB/� is the Larmor frequency,
g is the g factor for the electrons (g = 2 in this study), µB
is the Bohr magneton, and � is the Dirac constant. From
the analysis, λs and τs are estimated to be 1.41 ± 0.16 µm
and 2.04 ± 0.16 ns, respectively, which is consistent with
the results in Fig. 1(f) and those of a previous study [31].

III. XOR OPERATION

In the XOR operation, a direct charge current is applied
from FM-A to FM-B, and the spin-accumulation volt-
age is measured by FM-M with reference to NM2. The
magnetization direction of FM-M is fixed along the +y
direction. In this situation, the spin-accumulation volt-
age, VXOR, detected by FM-M is expressed as VXOR =
(σ↑µ↑ + σ↓µ↓)/[e(σ↑ + σ↓)], where σ↑ (σ↓ ) is the con-
ductivity of up (down) spins in FM-M, e is the elementary
charge and µ↑ (µ↓) is the electrochemical potential of up
(down) spins at the Si/FM-M interface. When the electro-
chemical potential in Si beneath FM-M—that is, (µ↑ +
µ↓)—is set to be 0 meV, µ↑ and µ↓ have the same ampli-
tude but opposite sign; namely, µ↑ = −µ↓. In this case,
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FIG. 3. VXOR-By curves at various charge currents for (a)
device A, (b) device B, and (c) device C measured at room tem-
perature. The distance between FM-A and FM-B is (a) 3.0 µm,
(b) 3.0 µm, and (c) 21 µm. The magnetization of FM-M is fixed
along the +y direction. The external magnetic flux density, By ,
is swept between −30 and 30 mT, which is sufficiently small for
magnetization switching of FM-M.

and antiparallel configurations. However, this feature is not
applicable for the NAND or OR operation in the MLG. If
we use the NLMR signals as a component of the MLG,
the device consists of three center ferromagnetic electrodes
(FM-B, FM-M, and FM-B′) and two outmost nonmagnetic
electrodes (NM-A and NM-A′). In that case, the output
voltage detected by FM-M exhibits the 0 state when the
magnetization directions of FM-B and FM-B′ are (1, 0)
or (0, 1) and the 1 state when they are (1, 1) or (0, 0).
This gate is not a NAND gate or an OR gate but is an XOR
gate. In other words, even though we increase the num-
ber of electrodes from three to five, the logic operation is
still an XOR gate. Furthermore, a reconstruction of the logic
gate is impossible by use of three ferromagnetic electrodes
because two electrodes are used as the input terminals and
the other electrode is used as the output terminal.

The magnetic field dependence of the spin-accumulation
voltage, VXOR, measured between FM-M and NM2 at
300 K is shown in Figs. 3(a)–3(c). A charge current is
applied from FM-B to FM-A. The magnetization of FM-
M is fixed along the +y direction. The applied By is in
the range from −30 to 30 mT, which is sufficiently small
for magnetization switching of FM-M (36 mT), as con-
firmed in Figs. 1(c)–1(e). For device A, V↑↑ is less than
V↓↓ at I = 0.1 mA, corresponding to Fig. 2(d), indicat-
ing an insufficient spin-drift effect. At I = 0.3 mA ≈ I 0,
V↑↑ = V↓↓ is realized, resulting in the VXOR-By curve with
a three-voltage-level system, a successful demonstration
of the XOR operation. At a charge current higher than
I 0, the VXOR-By curve shows four different values with
V↓↓ < V↑↑, corresponding to Fig. 2(f). Although similar
signals are obtained at I = 0.3 and 1.2 mA for device B,
the signal-to-noise ratio becomes lower below 0.2 mA, and
no signals are detected at 0.1 mA because of the small
charge current. Despite having the same device geome-
try, devices A and B exhibit several differences. First, the
signal amplitude (the difference between V↓↑ and V↑↓) of
device A is larger than that of device B for all I condi-
tions, and a clear signal is detected at I = 0.1 mA only
for device A. Second, V↓↓ is slightly larger than V↑↑ for
device B at I = 0.3 mA, indicating that the I 0 condition
is slightly shifted. Such a difference might be due to the
slight difference in the spin polarization of the ferromag-
netic electrodes and/or σSi of the Si channel. When the spin
polarization of FM-M is decreased, the signal amplitude
also decreases for all I regions and finally drops to below
the detection limit. In contrast, when the spin polarization
of FM-A or FM-B or σSi is modulated, the I 0 condition is
changed. When the spin polarization of FM-B is changed
from 8% to 10% in the situation for Fig. 2, the I 0 condition
is estimated to change from 0.20 to 0.23 mA. Therefore,
precise control of the spin polarization of the ferromag-
netic electrodes and σSi of the channel is strongly desired
for reliable operation of multiple MLGs. To meet such
demanding requirements, a way to adjust the I 0 condition
even for devices with scattered spin polarizations and/or
σSi is discussed in Sec. V.

We also demonstrate XOR operation with large dAB
[Fig. 3(c)]. A clear XOR-operated signal is obtained at
I = 0.6 mA ≈ I 0. Since dAB is 21 µm for device C, a
large I 0 (0.6 mA) is obtained due to a further spin-drift
effect that shifts the xcon point to x = 21 µm. The long-
distance XOR operation enables the addition of several
ferromagnetic electrodes between FM-A and FM-B to
realize a high degree of design freedom. Because of the
negligible spin absorption by the ferromagnetic electrode,
we can freely add additional spin injectors. Spin-logic
gates other than the MLG, such as a majority circuit,
can be realized using multiple ferromagnetic electrodes.
The charge-current dependences of V↑↑, V↓↓, V↓↑, and
V↑↓ are summarized in Fig. 4 for devices B and C,
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Fig. 12 (a) Schematic image of a four-terminal degenerate n-type Si spin valve. (b) Non-local
magnetoresistance in the Si spin valve at 8 K (the upper panel) and 300 K (the lower panel). The 
inset of the lower panel shows gap-length dependence of spin resistances (ref. [79]). 
 

 
Fig. 13 (a) Magnetoresistance in spin-dependent electric current of non-degenerate n-type spin 
MOSFET at room temperature. (b) Gate voltage dependence of the source-drain current (the black 
solid line) and spin signals (the red closed circles) (ref. [81]).

Fig. 14 (a) Spin logic circuit made of Si spin MOSFET. (b) An example XOR logic operation of
the Si spin logic. For detail, see ref. [94]. 
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We report on the first demonstration of generating a spin current and spin transport in a highly doped Si channel at room temperature (RT) using a

four-terminal lateral device with a spin injector and a detector consisting of an Fe/MgO tunnel barrier. Spin current was generated using a nonlocal

technique, and spin injection signals and Hanle-type spin precession were successfully detected at 300K, thus proving spin injection with the

elimination of spurious signals. The spin diffusion length and its lifetime at RT were estimated to be 0.6 �m and 1.3 ns by the Hanle-type spin

precession, respectively. # 2011 The Japan Society of Applied Physics

T
he International Technology Roadmap for Semicon-
ductors lists Si-based spintronics as an emerging
research area.1) The first important issue concerning

semiconductor spintronics is the injection of spins from
a ferromagnetic conductor into a semiconductor channel,
which is noted as a conductivity mismatch problem.2) The
introduction of a sufficiently large spin-dependent interface
resistance, such as a tunnel junction and a Schottky barrier,
has been theoretically proposed as a possible solution to this
problem.3–6) The second issue is the detection of the injected
and accumulated spin. Recently, a four-terminal nonlocal
detection technique in a lateral spin valve geometry (NL-MR
method) has been demonstrated as an electrical detection
method for a spin current.7) The Hanle-type spin precession
measurement in nonlocal detection geometry (4T-Hanle
method) was also applied as a powerful tool for proving spin
injection and transport.7,8) Spin current in a Si channel was
successfully demonstrated by the 4T-Hanle method, but spin
current generation was limited to low temperatures below
150K.9–11) On the other hand, a three-terminal Hanle-type
spin precession measurement (3T-Hanle method), in which
a single magnetic contact is used for both the injection
and detection of the spin, was applied to detect the spin
accumulation under the injection contact.12,13) The large
spin accumulation at room temperature (RT) using this
3T-Hanle method was an exceptional discovery made by
Dash et al.14)

Currently, achieving spin transport at RT in a Si channel is
one of the key challenges for Si-spintronics devices. Here,
we report on the first demonstration of generating a spin
current and spin transport in highly doped Si at RT. Spin
transport parameters in the Si channel were investigated
using the NL-MR method and the 4T-Hanle method.

The four-terminal lateral spin valve devices used in the
study were prepared on a silicon-on-insulator (SOI) substrate
with a (100) plane consisting of P-doped Si (100 nm)/silicon
oxide (200 nm)/undoped Si wafer. The electron concentra-
tion in the P-doped Si layer was determined to be 5� 1019

cm�3 by Hall effect measurement. This concentration was
the same value as that in our previous studies,11,15,16) and was
also similar to that in the study by Dash et al., where the spin
accumulation was firstly achieved in the Si channel (n-type
of 1:8� 1019 cm�3).14) An Fe (13 nm)/MgO (0.8 nm) layer
was grown on the SOI substrate by molecular beam epitaxy
after the native oxide layer on the surface of the SOI

substrate was removed using dilute hydrofluoric acid (HF)
solution. In this study, we observed 2� 1 and 1� 2

reflection high-energy electron diffraction patterns of the
Si surface before the growth of the MgO layer. This was
not done in our previous studies.11,15,16) The values of con-
ductivity in the Si channel were 1:03� 105 and 9:52� 104

��1 m�1 measured at 8 and 300K, respectively. The values
of the resistance area product of the tunnel contact were 7.1
and 4.6K� �m2 measured at 8 and 300K, respectively.

Figure 1 shows a schematic cross-sectional view of the
lateral device fabricated by electron beam lithography for
patterning. The Si channel was fabricated by a mesa-etching
technique and two ferromagnetic (FM) electrodes—contact
2 of 0:5� 21 �m2 and contact 3 of 2� 21 �m2—were
formed by ion milling. Then, a 30-nm-thick SiO2 layer was
deposited on the device surfaces, except on the upper faces
of the two FM electrodes. Contacts 1 and 4 were holes
formed in the SiO2, which were then filled with Al. Finally,
the pad electrodes of Au (150 nm)/Cr (50 nm) were fabri-
cated on contacts 1–4 by the lift-off method.

Two measurement methods could be applied to the same
measurement sample. One was the NL-MR method in the
4T-geometry, implemented using a standard ac lock-in
technique ( f ¼ 333Hz) involving the application of an in-
plane magnetic field along the y-direction. The ac current
was determined using a dc voltage that was required for
measuring dc currents for the contact between 1 and 2.
The other method was the 4T-Hanle method in the same
geometry as that in the NL-MR method involving the
application of a magnetic field along the z-direction. In
both of these measurement methods, a current of 1mA was
injected between contacts 1 and 2, and the output voltage
was detected between contacts 3 and 4.

x

yz

~ 20 nm
~ 80 nm
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Si subst.

SiO2
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~ 60µµm d

Fe

MgO

Al

1 2 3 4

VNL Al
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Fig. 1. Schematic cross-sectional view of a Si-based four-terminal lateral

device. Magnetic fields were applied along the long axis of the magnetic

contacts (y-direction) for a nonlocal magnetoresistance measurement and

along the z-direction for a four-terminal Hanle-type spin precession

measurement.
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Figure 2 shows the results obtained by the NL-MR
method. By subtracting the constant background voltages
(195 and 460 �V at 8 and 300K, respectively) produced by
an electric coupling between the electric pads from the
raw data, the spin accumulation voltages �V were obtained
and converted into �R by using an injection current Iinject
of 1mA. Steep changes in �R with clear plateaus were
successfully obtained at a temperature of not only 8K but
also 300K. With the increase in temperature, the field for
the transition in �R shifted slightly to the lower field.
Anisotropic magnetoresistance (AMR) hysteresis, as pre-
viously reported,15) was observed in dummy samples. Thus,
the changes in �R can be explained by the magnetization
reversal of each FM electrode. Therefore, we can conclude
that the changes in �R resulted from the amount of spin
accumulations detected as the spin valve effect. This is
evidence of the spin current through the Si channel at 300K.

The spin diffusion length can be accurately estimated
from the gap length dependence of �R, because the clear
plateaus on the �R curves result from successful anti-
parallel magnetization alignment. The inset of Fig. 2 shows
that the �R curve decays exponentially with increasing gap
length between contacts 2 and 3. Using the tunnel barrier,
�R decreases as a function of the gap length;7,17) then, the
data is fitted using the following equation:

�R ¼ �VNL

Iinject
¼ P2�N

�S
exp � d

�N

� �
; ð1Þ

where P is the spin polarization, �N is the spin diffusion
length, � is the conductivity of the Si, S is the cross section
of the Si strip, and d is the gap between the contacts 2 and 3.

�N was estimated to be 2:0� 0:3 and 1:0� 0:3 �m at 8 and
300K, respectively.

Figure 3 shows the 4T-Hanle signals as a function of the
measurement temperature. Each point of the curve is shown
by the average of the signals obtained by several measure-
ments. As the temperature increases, the signal becomes
smaller and the full width at half maximum intensity widens
gradually. However, a reverse of the 4T-Hanle signals is
clearly observed by applying the reverse field, even at 300K.
This is strong evidence for the spin current through the Si
channel up to 300K.

The spin diffusion length and other transport parameters
were estimated by fitting with the analytical solution of the
following function:7,8)

�V ðB?Þ
Iinject

¼ � P2

e2NðEFÞA

Z 1

0

’ðtÞ cosð!tÞ exp �t

�sp

� �
dt;

’ðtÞ ¼ 1ffiffiffiffiffiffiffiffiffiffiffi
4�Dt

p exp � ðx1 � x2Þ2

4Dt

� �
; ð2Þ

where ! ¼ g�BB is the Larmor frequency, g is the g-factor
of electron (using g ¼ 2), �sp is the spin lifetime, x1 and x2
are integrated over the widths of the injector and detector,
and D is the spin diffusion constant. We use the relationship
of �N ¼ ðD�spÞ1=2, thus P, �N , and �sp are fitting parameters.
The fitting lines are in good agreement with the data, as
shown by the example in Fig. 3(b). The spin diffusion
lengths at 8 and 300K were estimated to be 2:00� 0:03 and
0:6� 0:2 �m, respectively. These values are consistent with
those obtained by the NL-MR method within an error range,
as mentioned above. This indicates that our measurements
are highly reliable in the temperature range of 8 to 300K.
Therefore, it is obvious that the spin transport of the band-
transferred electrons in the Si channel is demonstrated even
at 300K.

Figure 4 shows the temperature dependence of the
obtained transport parameters, together with the 4T-Hanle
signals �V . With the increase in temperature, �V decreases
exponentially while the other transport parameters decrease
linearly. As indicated in eq. (2), �V is proportional to the
square of the spin polarization, P2. Thus, a reduction in the
value of P is believed to lead to the temperature dependence
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to a depth of more than 25 nm by ion milling. The device
resistivity was 4300Ω µm, which is much higher than that
of an earlier spin MOSFET (160Ω µm13)), indicating that
the etching process effectively removed the highly doped
region from the surface of the Si channel. The contacts had
dimensions of 0.5 × 21 and 2 × 21 µm2, respectively. The
Si channel surface and sidewalls at the ferromagnetic con-
tacts were buried by SiO2. The nonmagnetic electrodes,
with dimensions of 21 × 21 µm2, were made from Al and
produced by ion milling. The gap between the FM elec-
trodes was set to be 4.26 µm. The gate voltage was applied
from the back side of the device. The conventional FET
and spin MOSFET characteristics were investigated by
using a probing station (Janis Research ST-500), a source
meter (Keithley Instruments 2400 and 2401), and a digital
multimeter (Keithley Instruments 2010). All measurements
were performed at RT.

Figure 2 shows the principle of detecting spin signals in
the 3T-MR and 2T methods used in this study. As reported
in the literature,5) the 3T-MR method is another reliable
method for realizing spin transport (not only spin accumu-
lation), and resistance hysteresis due to spin transport can be
observed, which is the central difference from the conven-
tional local three-terminal method. The ferromagnetic elec-
trode was set downstream of the spin flow, acting as a spin
detector. Because the spin flow in the Si is affected by the
spin drift effect caused by an electric field in the Si,14,15)

the downstream side experiences efficient spin accumulation.
Because the spin direction in two ferromagnetic electrodes
is controlled by an external magnetic field parallel to the Si
channel, the alignment of the spin direction of the detector
electrode and the accumulated spin beneath the detector
electrode (= the propagating spin in the Si) are controlled to
be parallel or antiparallel, yielding the resistance hysteresis.
A more quantitative and detailed discussion will be reported
elsewhere.16) On the contrary, spin accumulation at both

the spin injector and detector electrodes can be measured by
using the local 2T method. Notably, anisotropic magneto-
resistance and other spurious signals can superimpose on
the signals detected using the local method, so experi-
ments should be conducted with utmost care. We used both
methods to corroborate spin transport in the spin MOSFET
at RT.

Figure 3(a) shows the magnetoresistance, including the
minor loop, observed with the 3T-MR method. At an electric
current of 1mA, the magnitude of the magnetoresistance
was measured to be 0.38Ω. The magnetic fields, where
the hysteresis and the minor loop appeared, are consistent
between the measurements, showing that the magnetoresist-
ance is ascribed to a successful spin transport in the Si spin
MOSFET at RT. The distance of the ferromagnetic electrodes
was 4.26 µm and a spin transport of 4.26 µm was realized.
Such a long spin transport was achieved by spin drift in
addition to spin diffusion as discussed previously.13) When

Fig. 2. Schematics of the measurement methods used in this study. The
left and right images show the measurement circuit and the corresponding
position dependence of an electrochemical potential in the local 3T-MR and
local 2T methods. “Spin accumulation” in the lower panels shows the spin
accumulation voltages detected by each measurement method.
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we changed the measuring method to the local 2T method
with the gate voltage application, a similar magnetoresistance
was observed under an applied gate voltage of +50V, as
shown in Fig. 3(b) (note that the electric current instead
of the device resistance is shown). As described in the
literature,2) on- and off-states are generated by a gate voltage
(electric on=off states) as in a conventional MOSFET, and
in addition, the other on- and off-states are generated by
the magnetization configuration (spin on=off states). We
define the spin signal of the Si spin MOSFET as the dif-
ference in Isd in the parallel and antiparallel magnetization
configurations, that is, in the spin on=off states, as shown in
Fig. 3(c). Under a gate voltage of +50V, the magnitude of
the spin signal measured was 0.68 µA.

Sweeping the gate voltage from −125 to +125V at a
source–drain voltage of 4V modulated the Isd of the spin
MOSFET (see Fig. 4). Because the Si is of the n-type, a
positive gate voltage increases Isd, and a negative gate voltage
suppresses Isd. Thus, this device exhibited a conventional
MOSFET operation. The switching voltage of the device is
comparatively large; in other words, the transconductance of
the device is not good enough. The minimum of Isd appeared
at a gate voltage of −35V. These performance character-
istics were found to be insufficient for commercialized Si
MOSFETs, and we believe that they are due to the use of a
nonoptimized device structure, especially the back-gate struc-
ture, and the nonuniform doping profile perpendicular to the
Si spin channel plane. Although the FET characteristics of
the Si spin MOSFET were not as ideal as those of com-
mercial devices, the electric on=off states were sufficiently
separated, which meets the purpose of our experiments. Note
that the spin signals were also effectively modulated by the
gate voltage (Fig. 4). The magnitude of the spin signals

changed from ca. 1 µA under positive gate voltages to ca.
0.5 nA under negative gate voltages. The decrease in the
magnitude of the signals is attributed to the following reason:
at a gate voltage smaller than ca. 50V, Isd began to be
suppressed. Here, the suppression equally takes place under
the parallel and antiparallel magnetization alignments. When
Isd is suppressed, the difference in Isd between the spin on=off
states decreases, resulting in the suppression of the spin
signals. Because 0.5 nA is close to the detection limit in
this measurement, we believe that the spin signals were
modulated by over three orders of magnitude. Furthermore,
Isd and the magnitude of the spin signals were very consistent
as functions of the gate voltage, and the on=off ratios for
Isd and the spin signals were both greater than 103. Because
the on=off ratio was much less than 101 in a previous study,13)

optimizing the device fabrication process effectively im-
proved the spin MOSFET performance. This result directly
shows that the Si spin MOSFET operated successfully at RT.

In summary, we demonstrated the RT operation of a Si
spin MOSFET with a high on=off ratio of Isd and the spin
signals. The operation was enabled by spin transport in
nondegenerate Si at RT and an effective application of the
gate voltage. This success can pave the way for the practical
use of Si spin MOSFETs.
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FIG. 1. (a) The semiconductor-based MLG device proposed
by Dery et al. [11]. (b) Silicon-based multiterminal lateral spin
valves for XOR operation. (c)–(e) NLMR measured at 300 K. The
spin injector and detector are (c) FM-A and FM-B, (d) FM-B and
FM-M, and (e) FM-A and FM-M, respectively. (f) Dependence
of the magnitude of NLMR signals on the center-to-center dis-
tance between the spin injector and the spin detector, d. The dots
are experimental data, and the red line is a fitting result obtained
with Eq. (1). (g) Hanle-effect signals under parallel (red) and
antiparallel (blue) configurations, where the linear background is
subtracted. The spin injector and the spin detector are FM-B and
FM-M, respectively. (h) Difference in the Hanle signal between
the antiparallel and parallel configurations. The dots and the solid
line are the experimental data and the fitting curve obtained with
Eq. (2).

is estimated to be 1.54 ± 0.30 µm by use of the following
fitting function:

�Vs = V0 exp
(−d

λs

)
. (1)

Successful fitting also indicates negligible spin absorp-
tion by FM-B. Hanle-effect measurements are also per-
formed between FM-B and FM-M, in which a magnetic
field is applied along the ±z direction. Clear peak and dip
features are observed under the parallel and antiparallel
configurations, respectively, as shown in Fig. 1(g), indi-
cating successful spin manipulation by the magnetic field.
In the analysis, we calculate the difference in the nonlocal
voltage between the antiparallel and parallel configurations
as shown in Fig. 1(h) and use the following fitting function
[37–40]:

VNLAP(Bz) − VNLP(Bz)

I
= P2λs

σSiA
(1 + ω2τs

2)−
1
4 exp



− d
λs

√√
1 + ω2τs

2 + 1
2





×



cos



arctan ωτs

2
+ d

λs

√√
1 + ω2τs

2 − 1
2







 ,

(2)

where VNLAP (VNLP) is the nonlocal voltage under the
antiparallel (parallel) configuration, τs is the spin lifetime
in the Si channel, Bz is the magnetic flux density along the z
direction, P is the spin polarization, A is the cross-sectional
area of the channel, ω = gµBB/� is the Larmor frequency,
g is the g factor for the electrons (g = 2 in this study), µB
is the Bohr magneton, and � is the Dirac constant. From
the analysis, λs and τs are estimated to be 1.41 ± 0.16 µm
and 2.04 ± 0.16 ns, respectively, which is consistent with
the results in Fig. 1(f) and those of a previous study [31].

III. XOR OPERATION

In the XOR operation, a direct charge current is applied
from FM-A to FM-B, and the spin-accumulation volt-
age is measured by FM-M with reference to NM2. The
magnetization direction of FM-M is fixed along the +y
direction. In this situation, the spin-accumulation volt-
age, VXOR, detected by FM-M is expressed as VXOR =
(σ↑µ↑ + σ↓µ↓)/[e(σ↑ + σ↓)], where σ↑ (σ↓ ) is the con-
ductivity of up (down) spins in FM-M, e is the elementary
charge and µ↑ (µ↓) is the electrochemical potential of up
(down) spins at the Si/FM-M interface. When the electro-
chemical potential in Si beneath FM-M—that is, (µ↑ +
µ↓)—is set to be 0 meV, µ↑ and µ↓ have the same ampli-
tude but opposite sign; namely, µ↑ = −µ↓. In this case,
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FIG. 3. VXOR-By curves at various charge currents for (a)
device A, (b) device B, and (c) device C measured at room tem-
perature. The distance between FM-A and FM-B is (a) 3.0 µm,
(b) 3.0 µm, and (c) 21 µm. The magnetization of FM-M is fixed
along the +y direction. The external magnetic flux density, By ,
is swept between −30 and 30 mT, which is sufficiently small for
magnetization switching of FM-M.

and antiparallel configurations. However, this feature is not
applicable for the NAND or OR operation in the MLG. If
we use the NLMR signals as a component of the MLG,
the device consists of three center ferromagnetic electrodes
(FM-B, FM-M, and FM-B′) and two outmost nonmagnetic
electrodes (NM-A and NM-A′). In that case, the output
voltage detected by FM-M exhibits the 0 state when the
magnetization directions of FM-B and FM-B′ are (1, 0)
or (0, 1) and the 1 state when they are (1, 1) or (0, 0).
This gate is not a NAND gate or an OR gate but is an XOR
gate. In other words, even though we increase the num-
ber of electrodes from three to five, the logic operation is
still an XOR gate. Furthermore, a reconstruction of the logic
gate is impossible by use of three ferromagnetic electrodes
because two electrodes are used as the input terminals and
the other electrode is used as the output terminal.

The magnetic field dependence of the spin-accumulation
voltage, VXOR, measured between FM-M and NM2 at
300 K is shown in Figs. 3(a)–3(c). A charge current is
applied from FM-B to FM-A. The magnetization of FM-
M is fixed along the +y direction. The applied By is in
the range from −30 to 30 mT, which is sufficiently small
for magnetization switching of FM-M (36 mT), as con-
firmed in Figs. 1(c)–1(e). For device A, V↑↑ is less than
V↓↓ at I = 0.1 mA, corresponding to Fig. 2(d), indicat-
ing an insufficient spin-drift effect. At I = 0.3 mA ≈ I 0,
V↑↑ = V↓↓ is realized, resulting in the VXOR-By curve with
a three-voltage-level system, a successful demonstration
of the XOR operation. At a charge current higher than
I 0, the VXOR-By curve shows four different values with
V↓↓ < V↑↑, corresponding to Fig. 2(f). Although similar
signals are obtained at I = 0.3 and 1.2 mA for device B,
the signal-to-noise ratio becomes lower below 0.2 mA, and
no signals are detected at 0.1 mA because of the small
charge current. Despite having the same device geome-
try, devices A and B exhibit several differences. First, the
signal amplitude (the difference between V↓↑ and V↑↓) of
device A is larger than that of device B for all I condi-
tions, and a clear signal is detected at I = 0.1 mA only
for device A. Second, V↓↓ is slightly larger than V↑↑ for
device B at I = 0.3 mA, indicating that the I 0 condition
is slightly shifted. Such a difference might be due to the
slight difference in the spin polarization of the ferromag-
netic electrodes and/or σSi of the Si channel. When the spin
polarization of FM-M is decreased, the signal amplitude
also decreases for all I regions and finally drops to below
the detection limit. In contrast, when the spin polarization
of FM-A or FM-B or σSi is modulated, the I 0 condition is
changed. When the spin polarization of FM-B is changed
from 8% to 10% in the situation for Fig. 2, the I 0 condition
is estimated to change from 0.20 to 0.23 mA. Therefore,
precise control of the spin polarization of the ferromag-
netic electrodes and σSi of the channel is strongly desired
for reliable operation of multiple MLGs. To meet such
demanding requirements, a way to adjust the I 0 condition
even for devices with scattered spin polarizations and/or
σSi is discussed in Sec. V.

We also demonstrate XOR operation with large dAB
[Fig. 3(c)]. A clear XOR-operated signal is obtained at
I = 0.6 mA ≈ I 0. Since dAB is 21 µm for device C, a
large I 0 (0.6 mA) is obtained due to a further spin-drift
effect that shifts the xcon point to x = 21 µm. The long-
distance XOR operation enables the addition of several
ferromagnetic electrodes between FM-A and FM-B to
realize a high degree of design freedom. Because of the
negligible spin absorption by the ferromagnetic electrode,
we can freely add additional spin injectors. Spin-logic
gates other than the MLG, such as a majority circuit,
can be realized using multiple ferromagnetic electrodes.
The charge-current dependences of V↑↑, V↓↓, V↓↑, and
V↑↓ are summarized in Fig. 4 for devices B and C,
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Fig. 12 (a) Schematic image of a four-terminal degenerate n-type Si spin valve. (b) Non-local
magnetoresistance in the Si spin valve at 8 K (the upper panel) and 300 K (the lower panel). The 
inset of the lower panel shows gap-length dependence of spin resistances (ref. [79]). 

Fig. 13 (a) Magnetoresistance in spin-dependent electric current of non-degenerate n-type spin 
MOSFET at room temperature. (b) Gate voltage dependence of the source-drain current (the black 
solid line) and spin signals (the red closed circles) (ref. [81]).
 

 

Fig. 14 (a) Spin logic circuit made of Si spin MOSFET. (b) An example XOR logic operation of
the Si spin logic. For detail, see ref. [94]. 
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We report on the first demonstration of generating a spin current and spin transport in a highly doped Si channel at room temperature (RT) using a

four-terminal lateral device with a spin injector and a detector consisting of an Fe/MgO tunnel barrier. Spin current was generated using a nonlocal

technique, and spin injection signals and Hanle-type spin precession were successfully detected at 300K, thus proving spin injection with the

elimination of spurious signals. The spin diffusion length and its lifetime at RT were estimated to be 0.6 �m and 1.3 ns by the Hanle-type spin

precession, respectively. # 2011 The Japan Society of Applied Physics

T
he International Technology Roadmap for Semicon-
ductors lists Si-based spintronics as an emerging
research area.1) The first important issue concerning

semiconductor spintronics is the injection of spins from
a ferromagnetic conductor into a semiconductor channel,
which is noted as a conductivity mismatch problem.2) The
introduction of a sufficiently large spin-dependent interface
resistance, such as a tunnel junction and a Schottky barrier,
has been theoretically proposed as a possible solution to this
problem.3–6) The second issue is the detection of the injected
and accumulated spin. Recently, a four-terminal nonlocal
detection technique in a lateral spin valve geometry (NL-MR
method) has been demonstrated as an electrical detection
method for a spin current.7) The Hanle-type spin precession
measurement in nonlocal detection geometry (4T-Hanle
method) was also applied as a powerful tool for proving spin
injection and transport.7,8) Spin current in a Si channel was
successfully demonstrated by the 4T-Hanle method, but spin
current generation was limited to low temperatures below
150K.9–11) On the other hand, a three-terminal Hanle-type
spin precession measurement (3T-Hanle method), in which
a single magnetic contact is used for both the injection
and detection of the spin, was applied to detect the spin
accumulation under the injection contact.12,13) The large
spin accumulation at room temperature (RT) using this
3T-Hanle method was an exceptional discovery made by
Dash et al.14)

Currently, achieving spin transport at RT in a Si channel is
one of the key challenges for Si-spintronics devices. Here,
we report on the first demonstration of generating a spin
current and spin transport in highly doped Si at RT. Spin
transport parameters in the Si channel were investigated
using the NL-MR method and the 4T-Hanle method.

The four-terminal lateral spin valve devices used in the
study were prepared on a silicon-on-insulator (SOI) substrate
with a (100) plane consisting of P-doped Si (100 nm)/silicon
oxide (200 nm)/undoped Si wafer. The electron concentra-
tion in the P-doped Si layer was determined to be 5� 1019

cm�3 by Hall effect measurement. This concentration was
the same value as that in our previous studies,11,15,16) and was
also similar to that in the study by Dash et al., where the spin
accumulation was firstly achieved in the Si channel (n-type
of 1:8� 1019 cm�3).14) An Fe (13 nm)/MgO (0.8 nm) layer
was grown on the SOI substrate by molecular beam epitaxy
after the native oxide layer on the surface of the SOI

substrate was removed using dilute hydrofluoric acid (HF)
solution. In this study, we observed 2� 1 and 1� 2

reflection high-energy electron diffraction patterns of the
Si surface before the growth of the MgO layer. This was
not done in our previous studies.11,15,16) The values of con-
ductivity in the Si channel were 1:03� 105 and 9:52� 104

��1 m�1 measured at 8 and 300K, respectively. The values
of the resistance area product of the tunnel contact were 7.1
and 4.6K� �m2 measured at 8 and 300K, respectively.

Figure 1 shows a schematic cross-sectional view of the
lateral device fabricated by electron beam lithography for
patterning. The Si channel was fabricated by a mesa-etching
technique and two ferromagnetic (FM) electrodes—contact
2 of 0:5� 21 �m2 and contact 3 of 2� 21 �m2—were
formed by ion milling. Then, a 30-nm-thick SiO2 layer was
deposited on the device surfaces, except on the upper faces
of the two FM electrodes. Contacts 1 and 4 were holes
formed in the SiO2, which were then filled with Al. Finally,
the pad electrodes of Au (150 nm)/Cr (50 nm) were fabri-
cated on contacts 1–4 by the lift-off method.

Two measurement methods could be applied to the same
measurement sample. One was the NL-MR method in the
4T-geometry, implemented using a standard ac lock-in
technique ( f ¼ 333Hz) involving the application of an in-
plane magnetic field along the y-direction. The ac current
was determined using a dc voltage that was required for
measuring dc currents for the contact between 1 and 2.
The other method was the 4T-Hanle method in the same
geometry as that in the NL-MR method involving the
application of a magnetic field along the z-direction. In
both of these measurement methods, a current of 1mA was
injected between contacts 1 and 2, and the output voltage
was detected between contacts 3 and 4.
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~ 80 nm

~ 200 nm

Si subst.

SiO2

n-Si
~ 60µµm d

Fe

MgO

Al

1 2 3 4

VNL Al
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Fig. 1. Schematic cross-sectional view of a Si-based four-terminal lateral

device. Magnetic fields were applied along the long axis of the magnetic

contacts (y-direction) for a nonlocal magnetoresistance measurement and

along the z-direction for a four-terminal Hanle-type spin precession

measurement.
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Figure 2 shows the results obtained by the NL-MR
method. By subtracting the constant background voltages
(195 and 460 �V at 8 and 300K, respectively) produced by
an electric coupling between the electric pads from the
raw data, the spin accumulation voltages �V were obtained
and converted into �R by using an injection current Iinject
of 1mA. Steep changes in �R with clear plateaus were
successfully obtained at a temperature of not only 8K but
also 300K. With the increase in temperature, the field for
the transition in �R shifted slightly to the lower field.
Anisotropic magnetoresistance (AMR) hysteresis, as pre-
viously reported,15) was observed in dummy samples. Thus,
the changes in �R can be explained by the magnetization
reversal of each FM electrode. Therefore, we can conclude
that the changes in �R resulted from the amount of spin
accumulations detected as the spin valve effect. This is
evidence of the spin current through the Si channel at 300K.

The spin diffusion length can be accurately estimated
from the gap length dependence of �R, because the clear
plateaus on the �R curves result from successful anti-
parallel magnetization alignment. The inset of Fig. 2 shows
that the �R curve decays exponentially with increasing gap
length between contacts 2 and 3. Using the tunnel barrier,
�R decreases as a function of the gap length;7,17) then, the
data is fitted using the following equation:

�R ¼ �VNL

Iinject
¼ P2�N

�S
exp � d

�N

� �
; ð1Þ

where P is the spin polarization, �N is the spin diffusion
length, � is the conductivity of the Si, S is the cross section
of the Si strip, and d is the gap between the contacts 2 and 3.

�N was estimated to be 2:0� 0:3 and 1:0� 0:3 �m at 8 and
300K, respectively.

Figure 3 shows the 4T-Hanle signals as a function of the
measurement temperature. Each point of the curve is shown
by the average of the signals obtained by several measure-
ments. As the temperature increases, the signal becomes
smaller and the full width at half maximum intensity widens
gradually. However, a reverse of the 4T-Hanle signals is
clearly observed by applying the reverse field, even at 300K.
This is strong evidence for the spin current through the Si
channel up to 300K.

The spin diffusion length and other transport parameters
were estimated by fitting with the analytical solution of the
following function:7,8)

�V ðB?Þ
Iinject

¼ � P2

e2NðEFÞA

Z 1

0

’ðtÞ cosð!tÞ exp �t

�sp

� �
dt;

’ðtÞ ¼ 1ffiffiffiffiffiffiffiffiffiffiffi
4�Dt

p exp � ðx1 � x2Þ2

4Dt

� �
; ð2Þ

where ! ¼ g�BB is the Larmor frequency, g is the g-factor
of electron (using g ¼ 2), �sp is the spin lifetime, x1 and x2
are integrated over the widths of the injector and detector,
and D is the spin diffusion constant. We use the relationship
of �N ¼ ðD�spÞ1=2, thus P, �N , and �sp are fitting parameters.
The fitting lines are in good agreement with the data, as
shown by the example in Fig. 3(b). The spin diffusion
lengths at 8 and 300K were estimated to be 2:00� 0:03 and
0:6� 0:2 �m, respectively. These values are consistent with
those obtained by the NL-MR method within an error range,
as mentioned above. This indicates that our measurements
are highly reliable in the temperature range of 8 to 300K.
Therefore, it is obvious that the spin transport of the band-
transferred electrons in the Si channel is demonstrated even
at 300K.

Figure 4 shows the temperature dependence of the
obtained transport parameters, together with the 4T-Hanle
signals �V . With the increase in temperature, �V decreases
exponentially while the other transport parameters decrease
linearly. As indicated in eq. (2), �V is proportional to the
square of the spin polarization, P2. Thus, a reduction in the
value of P is believed to lead to the temperature dependence
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to a depth of more than 25 nm by ion milling. The device
resistivity was 4300Ω µm, which is much higher than that
of an earlier spin MOSFET (160Ω µm13)), indicating that
the etching process effectively removed the highly doped
region from the surface of the Si channel. The contacts had
dimensions of 0.5 × 21 and 2 × 21 µm2, respectively. The
Si channel surface and sidewalls at the ferromagnetic con-
tacts were buried by SiO2. The nonmagnetic electrodes,
with dimensions of 21 × 21 µm2, were made from Al and
produced by ion milling. The gap between the FM elec-
trodes was set to be 4.26 µm. The gate voltage was applied
from the back side of the device. The conventional FET
and spin MOSFET characteristics were investigated by
using a probing station (Janis Research ST-500), a source
meter (Keithley Instruments 2400 and 2401), and a digital
multimeter (Keithley Instruments 2010). All measurements
were performed at RT.

Figure 2 shows the principle of detecting spin signals in
the 3T-MR and 2T methods used in this study. As reported
in the literature,5) the 3T-MR method is another reliable
method for realizing spin transport (not only spin accumu-
lation), and resistance hysteresis due to spin transport can be
observed, which is the central difference from the conven-
tional local three-terminal method. The ferromagnetic elec-
trode was set downstream of the spin flow, acting as a spin
detector. Because the spin flow in the Si is affected by the
spin drift effect caused by an electric field in the Si,14,15)

the downstream side experiences efficient spin accumulation.
Because the spin direction in two ferromagnetic electrodes
is controlled by an external magnetic field parallel to the Si
channel, the alignment of the spin direction of the detector
electrode and the accumulated spin beneath the detector
electrode (= the propagating spin in the Si) are controlled to
be parallel or antiparallel, yielding the resistance hysteresis.
A more quantitative and detailed discussion will be reported
elsewhere.16) On the contrary, spin accumulation at both

the spin injector and detector electrodes can be measured by
using the local 2T method. Notably, anisotropic magneto-
resistance and other spurious signals can superimpose on
the signals detected using the local method, so experi-
ments should be conducted with utmost care. We used both
methods to corroborate spin transport in the spin MOSFET
at RT.

Figure 3(a) shows the magnetoresistance, including the
minor loop, observed with the 3T-MR method. At an electric
current of 1mA, the magnitude of the magnetoresistance
was measured to be 0.38Ω. The magnetic fields, where
the hysteresis and the minor loop appeared, are consistent
between the measurements, showing that the magnetoresist-
ance is ascribed to a successful spin transport in the Si spin
MOSFET at RT. The distance of the ferromagnetic electrodes
was 4.26 µm and a spin transport of 4.26 µm was realized.
Such a long spin transport was achieved by spin drift in
addition to spin diffusion as discussed previously.13) When

Fig. 2. Schematics of the measurement methods used in this study. The
left and right images show the measurement circuit and the corresponding
position dependence of an electrochemical potential in the local 3T-MR and
local 2T methods. “Spin accumulation” in the lower panels shows the spin
accumulation voltages detected by each measurement method.
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we changed the measuring method to the local 2T method
with the gate voltage application, a similar magnetoresistance
was observed under an applied gate voltage of +50V, as
shown in Fig. 3(b) (note that the electric current instead
of the device resistance is shown). As described in the
literature,2) on- and off-states are generated by a gate voltage
(electric on=off states) as in a conventional MOSFET, and
in addition, the other on- and off-states are generated by
the magnetization configuration (spin on=off states). We
define the spin signal of the Si spin MOSFET as the dif-
ference in Isd in the parallel and antiparallel magnetization
configurations, that is, in the spin on=off states, as shown in
Fig. 3(c). Under a gate voltage of +50V, the magnitude of
the spin signal measured was 0.68 µA.

Sweeping the gate voltage from −125 to +125V at a
source–drain voltage of 4V modulated the Isd of the spin
MOSFET (see Fig. 4). Because the Si is of the n-type, a
positive gate voltage increases Isd, and a negative gate voltage
suppresses Isd. Thus, this device exhibited a conventional
MOSFET operation. The switching voltage of the device is
comparatively large; in other words, the transconductance of
the device is not good enough. The minimum of Isd appeared
at a gate voltage of −35V. These performance character-
istics were found to be insufficient for commercialized Si
MOSFETs, and we believe that they are due to the use of a
nonoptimized device structure, especially the back-gate struc-
ture, and the nonuniform doping profile perpendicular to the
Si spin channel plane. Although the FET characteristics of
the Si spin MOSFET were not as ideal as those of com-
mercial devices, the electric on=off states were sufficiently
separated, which meets the purpose of our experiments. Note
that the spin signals were also effectively modulated by the
gate voltage (Fig. 4). The magnitude of the spin signals

changed from ca. 1 µA under positive gate voltages to ca.
0.5 nA under negative gate voltages. The decrease in the
magnitude of the signals is attributed to the following reason:
at a gate voltage smaller than ca. 50V, Isd began to be
suppressed. Here, the suppression equally takes place under
the parallel and antiparallel magnetization alignments. When
Isd is suppressed, the difference in Isd between the spin on=off
states decreases, resulting in the suppression of the spin
signals. Because 0.5 nA is close to the detection limit in
this measurement, we believe that the spin signals were
modulated by over three orders of magnitude. Furthermore,
Isd and the magnitude of the spin signals were very consistent
as functions of the gate voltage, and the on=off ratios for
Isd and the spin signals were both greater than 103. Because
the on=off ratio was much less than 101 in a previous study,13)

optimizing the device fabrication process effectively im-
proved the spin MOSFET performance. This result directly
shows that the Si spin MOSFET operated successfully at RT.

In summary, we demonstrated the RT operation of a Si
spin MOSFET with a high on=off ratio of Isd and the spin
signals. The operation was enabled by spin transport in
nondegenerate Si at RT and an effective application of the
gate voltage. This success can pave the way for the practical
use of Si spin MOSFETs.
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FIG. 1. (a) The semiconductor-based MLG device proposed
by Dery et al. [11]. (b) Silicon-based multiterminal lateral spin
valves for XOR operation. (c)–(e) NLMR measured at 300 K. The
spin injector and detector are (c) FM-A and FM-B, (d) FM-B and
FM-M, and (e) FM-A and FM-M, respectively. (f) Dependence
of the magnitude of NLMR signals on the center-to-center dis-
tance between the spin injector and the spin detector, d. The dots
are experimental data, and the red line is a fitting result obtained
with Eq. (1). (g) Hanle-effect signals under parallel (red) and
antiparallel (blue) configurations, where the linear background is
subtracted. The spin injector and the spin detector are FM-B and
FM-M, respectively. (h) Difference in the Hanle signal between
the antiparallel and parallel configurations. The dots and the solid
line are the experimental data and the fitting curve obtained with
Eq. (2).

is estimated to be 1.54 ± 0.30 µm by use of the following
fitting function:

�Vs = V0 exp
(−d

λs

)
. (1)

Successful fitting also indicates negligible spin absorp-
tion by FM-B. Hanle-effect measurements are also per-
formed between FM-B and FM-M, in which a magnetic
field is applied along the ±z direction. Clear peak and dip
features are observed under the parallel and antiparallel
configurations, respectively, as shown in Fig. 1(g), indi-
cating successful spin manipulation by the magnetic field.
In the analysis, we calculate the difference in the nonlocal
voltage between the antiparallel and parallel configurations
as shown in Fig. 1(h) and use the following fitting function
[37–40]:

VNLAP(Bz) − VNLP(Bz)

I
= P2λs

σSiA
(1 + ω2τs

2)−
1
4 exp



− d
λs

√√
1 + ω2τs

2 + 1
2





×



cos



arctan ωτs

2
+ d

λs

√√
1 + ω2τs

2 − 1
2







 ,

(2)

where VNLAP (VNLP) is the nonlocal voltage under the
antiparallel (parallel) configuration, τs is the spin lifetime
in the Si channel, Bz is the magnetic flux density along the z
direction, P is the spin polarization, A is the cross-sectional
area of the channel, ω = gµBB/� is the Larmor frequency,
g is the g factor for the electrons (g = 2 in this study), µB
is the Bohr magneton, and � is the Dirac constant. From
the analysis, λs and τs are estimated to be 1.41 ± 0.16 µm
and 2.04 ± 0.16 ns, respectively, which is consistent with
the results in Fig. 1(f) and those of a previous study [31].

III. XOR OPERATION

In the XOR operation, a direct charge current is applied
from FM-A to FM-B, and the spin-accumulation volt-
age is measured by FM-M with reference to NM2. The
magnetization direction of FM-M is fixed along the +y
direction. In this situation, the spin-accumulation volt-
age, VXOR, detected by FM-M is expressed as VXOR =
(σ↑µ↑ + σ↓µ↓)/[e(σ↑ + σ↓)], where σ↑ (σ↓ ) is the con-
ductivity of up (down) spins in FM-M, e is the elementary
charge and µ↑ (µ↓) is the electrochemical potential of up
(down) spins at the Si/FM-M interface. When the electro-
chemical potential in Si beneath FM-M—that is, (µ↑ +
µ↓)—is set to be 0 meV, µ↑ and µ↓ have the same ampli-
tude but opposite sign; namely, µ↑ = −µ↓. In this case,
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FIG. 3. VXOR-By curves at various charge currents for (a)
device A, (b) device B, and (c) device C measured at room tem-
perature. The distance between FM-A and FM-B is (a) 3.0 µm,
(b) 3.0 µm, and (c) 21 µm. The magnetization of FM-M is fixed
along the +y direction. The external magnetic flux density, By ,
is swept between −30 and 30 mT, which is sufficiently small for
magnetization switching of FM-M.

and antiparallel configurations. However, this feature is not
applicable for the NAND or OR operation in the MLG. If
we use the NLMR signals as a component of the MLG,
the device consists of three center ferromagnetic electrodes
(FM-B, FM-M, and FM-B′) and two outmost nonmagnetic
electrodes (NM-A and NM-A′). In that case, the output
voltage detected by FM-M exhibits the 0 state when the
magnetization directions of FM-B and FM-B′ are (1, 0)
or (0, 1) and the 1 state when they are (1, 1) or (0, 0).
This gate is not a NAND gate or an OR gate but is an XOR
gate. In other words, even though we increase the num-
ber of electrodes from three to five, the logic operation is
still an XOR gate. Furthermore, a reconstruction of the logic
gate is impossible by use of three ferromagnetic electrodes
because two electrodes are used as the input terminals and
the other electrode is used as the output terminal.

The magnetic field dependence of the spin-accumulation
voltage, VXOR, measured between FM-M and NM2 at
300 K is shown in Figs. 3(a)–3(c). A charge current is
applied from FM-B to FM-A. The magnetization of FM-
M is fixed along the +y direction. The applied By is in
the range from −30 to 30 mT, which is sufficiently small
for magnetization switching of FM-M (36 mT), as con-
firmed in Figs. 1(c)–1(e). For device A, V↑↑ is less than
V↓↓ at I = 0.1 mA, corresponding to Fig. 2(d), indicat-
ing an insufficient spin-drift effect. At I = 0.3 mA ≈ I 0,
V↑↑ = V↓↓ is realized, resulting in the VXOR-By curve with
a three-voltage-level system, a successful demonstration
of the XOR operation. At a charge current higher than
I 0, the VXOR-By curve shows four different values with
V↓↓ < V↑↑, corresponding to Fig. 2(f). Although similar
signals are obtained at I = 0.3 and 1.2 mA for device B,
the signal-to-noise ratio becomes lower below 0.2 mA, and
no signals are detected at 0.1 mA because of the small
charge current. Despite having the same device geome-
try, devices A and B exhibit several differences. First, the
signal amplitude (the difference between V↓↑ and V↑↓) of
device A is larger than that of device B for all I condi-
tions, and a clear signal is detected at I = 0.1 mA only
for device A. Second, V↓↓ is slightly larger than V↑↑ for
device B at I = 0.3 mA, indicating that the I 0 condition
is slightly shifted. Such a difference might be due to the
slight difference in the spin polarization of the ferromag-
netic electrodes and/or σSi of the Si channel. When the spin
polarization of FM-M is decreased, the signal amplitude
also decreases for all I regions and finally drops to below
the detection limit. In contrast, when the spin polarization
of FM-A or FM-B or σSi is modulated, the I 0 condition is
changed. When the spin polarization of FM-B is changed
from 8% to 10% in the situation for Fig. 2, the I 0 condition
is estimated to change from 0.20 to 0.23 mA. Therefore,
precise control of the spin polarization of the ferromag-
netic electrodes and σSi of the channel is strongly desired
for reliable operation of multiple MLGs. To meet such
demanding requirements, a way to adjust the I 0 condition
even for devices with scattered spin polarizations and/or
σSi is discussed in Sec. V.

We also demonstrate XOR operation with large dAB
[Fig. 3(c)]. A clear XOR-operated signal is obtained at
I = 0.6 mA ≈ I 0. Since dAB is 21 µm for device C, a
large I 0 (0.6 mA) is obtained due to a further spin-drift
effect that shifts the xcon point to x = 21 µm. The long-
distance XOR operation enables the addition of several
ferromagnetic electrodes between FM-A and FM-B to
realize a high degree of design freedom. Because of the
negligible spin absorption by the ferromagnetic electrode,
we can freely add additional spin injectors. Spin-logic
gates other than the MLG, such as a majority circuit,
can be realized using multiple ferromagnetic electrodes.
The charge-current dependences of V↑↑, V↓↓, V↓↑, and
V↑↓ are summarized in Fig. 4 for devices B and C,
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demonstrated not only generation but also manipulation of SOI
in the Si MOS by gating. As mentioned above, the Rashba field
generates an emergent effective magnetic field. In our setup, the
gate electric field is applied perpendicular to the Si plane (along
the z direction, as shown in Fig. 1a) and, thus, the effective mag-
netic field is generated in-plane along the (−y) direction because
the motion of the propagating spins is along the x direction
(Fig. 4a). The in-plane emergent effective magnetic field further
helps spin relaxation of the propagating spins, which enhances
the spin lifetime anisotropy. ζ is close to 1, not at Vg = 0 V but at
Vg = 10 V; that is, the spin lifetime is isotropic at Vg = 10 V. This
suggests that a built-in and non-negligible electric field, whose
direction is opposite to that of the positive external gate electric
field, is generated in the Si spin channel. Thus, the SOI in the Si
MOS is ascribable to the thin (100 nm) channel and/or the Si–SiO2
interface (see also Supplemental Information for a brief discussion
on where the Rashba field exists).

Physics behind of the spin lifetime anisotropy
How spins precess under magnetic fields is described by 
equation (2) in the simplest model31:

= = | | =
¯

where ω is the angular frequency of spin precession, Δθ is the 
spin precession angle, t is the dwell time of the spins propagating 
between two electrodes, γ is the gyromagnetic ratio, B is the mag-
netic field that spins sense, kx (= ( ) ) is the wavenumber of the 
propagating spins diffusing along the x direction and α is the Rashba 
parameter (Fig. 4a). Thus, the Rashba field strength that determines 
the strength of the emergent effective magnetic field is quantita-
tively described by α. The upper and lower figures in Fig. 4b show
enlarged views of the spin precession signals at β= 90° for Vg = 10 V 
(ζ= 0.99, isotropic spin lifetime) and 100 V (ζ= 0.75, anisotropic 
spin lifetime), respectively, and the dashed lines show the external 
magnetic field, where the averaged spin precession angle is π and
−π. We postulate that the Rashba SOI at Vg = 10 V is negligible and 
no emergent effective field is generated in the Si MOS, because the 
external magnetic field for π-rotation is the smallest when Vg = 10 V 
(see also the following discussion). Here, a Bex of 6.6 mT is necessary 

for π-rotation at Vg = 10 V. Nevertheless, a greater Bex of 10.6 mT is 
needed for π rotation at Vg = 100 V. The enhancement of the exter-
nal magnetic field, Bex, needed for π rotation of the spins, helps in 
understanding the underlying physics. Since we exerted a non-local 
four-terminal scheme for spin transport, only spin diffusion occurs. 
Here, D is independent of Vg (Supplemental Information), which 
shows that mobility μ is unchanged by the gating because we exerted 
non-degenerate inorganic semiconductor and thus Einstein’s rela-
tion, eD=μkBT, holds in our system (kB is the Boltzmann constant 
and T is temperature). Furthermore, since mobility μ is described as 
μ= eτe/m* (τe is momentum relaxation time and m* is the effective 
mass), unchanged mobility indicates unchanged momentum relax-
ation time. Thus, our experimental finding of the unchanged D by
the gating is compelling evidence for the unchanged Fermi veloc-
ity vF for the gating, resulting in the fact that the dwell time t for π
rotation of the spins in the Si MOS does not vary with the gate volt-
ages, since D is described as (1/3)vF

2τe. At Vg = 10 V, the B that spins 
sense can be regarded as merely Bex because no Beff arises, and the 
spin precession angle is determined to be = | | . Meanwhile, 
at Vg = 100 V, the B that spins sense is the coupled magnetic field 
of Bex and Beff, that is, 

√

+ . Furthermore, the spin preces-
sion angle in the anisotropy measurement setup is determined by 
the difference between 

√

+  and Beff because the averaged 

spin precession angle in the measurement setup is determined by 
the difference in the magnetic fields with and without the exter-
nal magnetic field, Bex. Consequently, the averaged spin precession 
angle at Vg = 100 V is described as =

∣

∣

∣

(√

+ −

)
∣

∣

∣

. 

Given that the dwell times for π rotation are unchanged at Vg = 10 
and 100 V and the Bex values for π rotation at Vg = 10 and 100 V 
are 6.6 and 10.6 mT, respectively, the Beff at Vg = 100 V (the electric 
field of 0.5 V nm−1) is estimated to be 5.3 mT, resulting in a Rashba 
parameter, α, of 9.8 × 10−16 eV m. α is continuously tuned as a func-
tion of Vg as shown in Fig. 4(d), which reflects the compelling 
result of a tuneable Rashba SOI in the Si MOS. The spin splitting, 
Δ0 (=gμBBeff, where g is the g factor, μB is the Bohr magneton and 
Beff is the emergent effective magnetic field) at Vg = 100 V for the Si 
MOS is calculated to be 0.6 μeV, which is much smaller than that in 
III–V heterostructures1 but is comparable to that in strained GaAs2. 
Although the SOI in GaAs is inherently much greater, the g factor 
of Si (1.9979 in experiment and 1.99875 in theory at room tempera-
ture32) is approximately five-fold greater than that in GaAs (0.441, 
ref. 2), which is the reason why comparable spin splitting is realized 
in the Si MOS despite the small α. Notably, 20-fold enhancement 
of α can be realized by replacing a thin gate insulator with a greater 
dielectric constant material, such as 50 nm HfO2 (ref. 25), and most 
likely, much greater enhancement may be achieved by using ionic 
gating, where a strong electric field is applicable26. The enhance-
ment would allow larger spin splitting in the Si MOS, as in III–V 
heterostructures1, enabling other spin manipulation functions in Si.

Outlook
The finding in this study of successful creation of a synthetic
Rashba system using a ubiquitous light element counters the
conventional understanding in SOI physics that the SOI in Si is
negligibly small and a synthetic SOI as realized in van der Waals
heterostructures cannot be created in Si. Thus, this report pio-
neers an approach to creating a material system with a sizeable
SOI. Since the created SOI in Si MOS is gate tuneable and the
spin splitting Δ0 is comparable to that in GaAs strained under
an application of gate voltages via 200-nm-thick SiO2, further
enhancement of α by introducing insulating gate materials with
larger dielectric constants could pave the way to more efficient
spin manipulation systems using Si.
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Fig. 3 | Gate voltage dependence of the spin lifetime anisotropy. The 
spin lifetime anisotropy ratio ζ is dependent on Vg, and it is the largest 
and almost unity at Vg�=�10�V, indicating an isotropic spin lifetime. Above 
Vg�=�10�V, ζ monotonically decreases with increasing Vg, which is a 
manifestation of the generation and enhancement of a synthetic Rashba 
SOI field, resulting in an emergent effective magnetic field. The error bars 
are estimated as the standard deviation in the fitting.
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FFiigg..  1155 Spin lifetime anisotropy in in-plane and 
perpendicular-to-the-plane spins in Si spin MOSFET 
as a function of gate voltages. The anisotropy exists 
without a gate voltage due to the built-in Rashba field 
in the Si channel, and the anisotropy is once 
suppressed by the gate voltage application (ref. 96)). 
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demonstration of over 1% magnetoresistance ratio 93) and 
spin logic operation (Fig. 14) 94). Furthermore, significant 
achievements in basic physics viewpoints are spin-
pumping-induced spin transport in p-type Si 95) and 
electric field modulation of spin precession (spin 
manipulation without an external magnetic field) due to 
synthetic Rashba field in Si/SiO2 96). Especially, spin 
manipulation by the gate electric field in Si spin FET 
shown in Fig. 15 counters conventional understandings 
that the SOI in Si is negligibly small and the Rashba field 
does not play a dominant role in Si. The achievement can 
be regarded as one of subsequent studies that gate 
control of SOI, resulting in the ISHE, in ultrathin 
metallic films 97-99). It is also noted that spin transport in 
the other group-IV semiconductor, Ge, was also achieved 
at room temperature by spin pumping 100), which enables 
subsequent studies using Ge towards spin transistor 
creation 101,102).  

In summary, inorganic semiconductors are playing one 
of pivotal roles in spintronics, and its research field 
expands to both application-oriented and fundamental 
directions. Especially, group-IV semiconductors such as 
Si and Ge (and in addition, graphene and diamond) play 
an important role in the field.  
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IImmpprroovveemmeenntt  ooff  GGHHzz  RRaannggee  EElleeccttrroommaaggnneettiicc  PPrrooppeerrttiieess  ooff    
FFeerrrriittee  TThhiinn  FFiillmm  MMaaggnneettiicc  CCoorree  IInntteeggrraatteedd  RRFF  IInndduuccttoorr  
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    Ferrite thin film magnetic core integrated radio frequency inductors (RFIs) were investigated in order to realize 
RFIs with a smaller size, higher driving frequency, and higher quality factor (Q). The ferrite thin films were fabricated 
by low-temperature spin-spray deposition assuming adaptation to the photolithography process for inductor 
fabrication with two different compositions: Ni0.16Zn0.20Fe2.64O4+δ (NZFO) and Co0.11Fe2.89O4+δ (CFO). The RFI with 
CFO had a 34% higher inductance and 43% Q improvement compared with the air core RFI at a frequency of 1 GHz. 
It was confirmed that the complex permeability of the films was correlated with the frequency characteristics of the 
RFIs with the ferrite thin films. The results suggest that integrating ferrite thin film in RFIs is effective for future 
mobile device applications. 
 
KKeeyy  wwoorrddss:: Ferrite thin film, Radio frequency inductor, Spin-spray method, Complex permeability, Photolithography   

 
11..  IInnttrroodduuccttiioonn  

    
  In recent years, the fifth-generation wireless 
communication technology (5G) has been used. The 
electric components used in radio frequency (RF) front-
end circuits such as antennas, amplifiers, filters, and 
inductors must be miniaturized and the driving 
frequency and quality factor (Q) increased. The air core 
(non-magnetic material) type of structure is selected for 
mass-produced RF inductors (RFIs) to satisfy the 
requirements of cost, inductance tolerance, and high Q. 
However, to satisfy 5G demands, further improvements 
to the structure and process of RFIs are required. 
Therefore, photolithography and Cu plating have been 
examined for fabricating future RFIs to improve the wire 
resistance and shape, which can increase Q. 
  Inserting a magnetic core can solve the above problems 
and has been studied with various magnetic materials 1)-

5). The magnetic core must have a high natural resonance 
frequency (fr) and electric resistance in order to maintain 
constant permeability while preventing increasing core 
loss until the driving frequency of RFIs (ex. 0.45 to 6 GHz 
for 5G sub-6 bands). Ferrite film is a possible candidate 
for the magnetic core as it has both shape magnetic 
anisotropy and a higher electric resistance. Low 
temperature processes (<100 °C) are also desirable for 
fabricating the magnetic core assuming adaptation to the 
photolithography process. Spin-spray deposition, which 
was proposed by M. Abe et al 6)-8), is a ferrite thin-film 
fabrication process that uses a low temperature, requires 
no vacuum, and has a high deposition rate for various 
substrates such as glass, silicon, and organic material. 

However, there have been few reports on ferrite thin film 
integrated RFIs that compare both RFI and film 
properties in the GHz bands 3)-5), 8), 9). 
  In this work, Ni0.16Zn0.20Fe2.64O4+δ (NZFO) and 
Co0.11Fe2.89O4+δ (CFO) ferrite thin films are fabricated by 
spin-spray deposition and ferrite thin films integrated 
RFIs are fabricated, and the electromagnetic properties 
of both the films and the RFIs are examined. 

 
22..  EExxppeerriimmeennttaall   

  
22..11  FFeerrrriittee  tthhiinn  ffiillmm  ddeeppoossiittiioonn  

  Ferrite thin films with compositions of NZFO and CFO 
were fabricated by spin-spray deposition as shown in Fig. 
1. A reaction solution and oxidizing solution were 
sprayed simultaneously on rotating substrates heated at 
selected temperatures between 70 °C and 90 °C. The 
substrate was selected from a quartz or photoresist 
coated Si wafer, which is described later. For the 

  
  
  
  
  
  
  
  
  
  
  
  
  
  

  
FFiigg..  11  Schematic images of spin spray deposition.  
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deposition of NZFO, the reaction solution contained 20 
mM FeCl2･4H2O, 5 mM NiCl2･6H2O, and 0.1 mM ZnCl2 
in deionized water, and the oxidizing solution contained 
5 mM KNO2 and 65 mM CH2COONH4 in deionized water. 
For the deposition of CFO, the reaction solution 
contained 20 mM FeCl2･4H2O and 1 mM CoCl2･6H2O in 
deionized water, and the oxidizing solution contained 5-
mM KNO2 and 65 mM CH2COONa･3H2O in deionized 
water. All reagents were purchased from Wako Pure 
Chemical Industries. 
22..22  MMeeaassuurreemmeenntt  
  The film structure and composition were examined by 

X-ray diffraction (XRD) with Cu Kα and a scanning 
electron microscope (SEM) after an ion milling polish and 
inductively coupled plasma mass spectrometry. 
Magnetization curves were taken on 5 mm × 5 mm 
samples using a vibrating sample magnetometer (VSM). 
Complex permeability and fr were measured using a 
short-circuited microstrip line (KEYCOM, PER01) 10) 
with which accuracy of the complex permeability is 
within 5%, and a flexible microstrip line-type probe 11). 
22..33  IInndduuccttoorr  ffaabbrriiccaattiioonn  

  Solenoid RFIs were fabricated on a Si wafer using a 
photolithography process and consisted of four parts of 
Cu components, which were lower wiring, connection via, 
upper wiring, and upper electrode, as shown in Fig. 2. A 
2μm thick ferrite thin film was inserted between the 
lower and upper wiring for the magnetic core integrated 
inductors. Each Cu component was fabricated as follows: 
sputtered Cu seed layer deposition, lapping and 
patterning of the negative dry film resist (RY-5115 from 
Showa Denko Materials), Cu electroplating, seed layer 
and dry film resist removal, and filling of gaps with a 
permanent photoresist (SU-8 3005 of Nippon Kayaku). 
The ferrite thin films were patterned into a 400 μm wide 
× 1000 μm long rectangular bar using photolithography 
and etched in a 36 wt% HCl solution. 
   

33..  RReessuulltt  aanndd  ddiissccuussssiioonn  
    

33..11  FFiillmm  pprrooppeerrttiieess  
Figure 3 shows cross-sectional SEM images of the 

ferrite thin films. Dense and >2 μm thick films were 

achieved. Figure 4 shows out-of-plane XRD spectra. All 
diffraction peaks corresponded to a spinel structure, and 
thus, the films were crystalized with low-temperature 
spin-spray deposition. A structure perpendicular to the 
substrate surface was confirmed in SEM images, and a 
crystalline orientation to the (111) plane was also 
confirmed, which have been reported for other ferrite 
films fabricated by spin-spray deposition 6). 

The values of the saturation magnetization (MS) and 
coercivity examined by VSM were 415 emu/cc and 27 Oe 
for NZFO and 403 emu/cc and 107 Oe for CFO as shown 
in Fig. 5. It is reported that ferrite thin films fabricated 
by spin-spray deposition have a higher MS compared with 
general bulk ferrites (ex. 300~350 emu/cc for 
Ni0.5Zn0.5Fe2O4 9), 12)) as they contain a large amount of 
Fe2+ 6). Figure 6 shows the frequency dependences of the 
complex permeability measured by a short-circuited 
microstrip line. The values of the real part of complex 
permeability (μr’) for the NZFO and CFO were 30 up to 
0.5 GHz and 8 up to 2 GHz, respectively, and then both 
decreased as the frequency increased. The imaginary 
part of complex permeability (μr”) for NZFO indicated a 
broad peak over the entire range of the frequency and 

  
  
  
  
  
  
  
  
  
  

   
FFiigg..  22  Schematic images of ferrite thin film integrated 
RFI with (a) perspective and (b) cross-sectional view.  

  
  
  
  
  
  

   
FFiigg..33  Cross-sectional SEM images of (a) NZFO and 

(b) CFO. 
 
 
 
 
 
 
 
 

 
FFiigg..  44  Out of plane XRD spectra of (a) NZFO and (b) 

CFO. 
 
 
 
 
 
 
 
 
 
 

 
FFiigg..  55  In plane M-H curves of NZFO (red solid line) 

and CFO (blue dashed line). 
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contained two peaks, which may suggest the presence of 
at least two magnetic anisotropy fields and/or domain 
wall resonance 8), 13). The peak of μr” for CFO was also 
broad and observed at around 2 GHz. It is reported that 
ferrites containing cobalt have a large damping constant 
(α>0.1) due to a large magnetic anisotropy disarmament 
magnetoelastic effect 14), 15). Low signal to noise ratio 
around lower frequency (< 0.5 GHz) was caused by 
sensitivity of vector network analyzer. Peaks of μr’ and μr” 
around 10 GHz arose from measurement equipment.  

Figure 7 shows the relationship between the fr and 
static μr’ of the bulk and film ferrites. The values for the 
bulk ferrites were evaluated by complex permeability 
measurement of sintered toroidal cores fabricated by 
using a conventional solid phase method 16) with various 
ferrite compositions. The static μr’ of the film ferrites are 
excerpted from μr’ at 100 MHz in Fig. 6. The values of fr 
for the film ferrites were estimated using the following 
equation based on FMR measurement with various in-
plane external magnetic fields using a flexible microstrip 
line-type probe 17), 18). 

 
𝑓𝑓FMR = 𝛾𝛾 2𝜋𝜋⁄ √(𝑀𝑀s 𝜇𝜇0⁄ + 𝐻𝐻k + 𝐻𝐻ex)(𝐻𝐻k + 𝐻𝐻ex), (1)  
 
 where 𝑓𝑓𝐹𝐹𝐹𝐹𝐹𝐹 is the ferromagnetic resonance frequency, 
𝛾𝛾  is the gyromagnetic ratio, 𝑀𝑀s  is the saturation 
magnetization, 𝜇𝜇0 is the permeability of free space, 𝐻𝐻k 

is the magnetic anisotropy field, and 𝐻𝐻ex is the external 
magnetic field. The relationship between the fr and static 
μr’ of the bulk ferrite (solid line in Fig. 7) corresponds to 
Snoek’s limitation rule. The result shows that the 
relationship of the film ferrite (dotted line) exceeded 
Snoek's limit for bulk ferrite, with the effect of shape 
magnetic anisotropy 18). This result will need to be 
further discussed including the modeling of magnetic 
anisotropy. 
 
33..22  IInndduuccttoorr  pprrooppeerrttiieess  
Figure 8 shows top views taken by an optical 

microscope and cross-sectional views taken by SEM of 
the air-core and magnetic-core solenoid RFIs. The ferrite 
thin films were successfully deposited and patterned 
between the lower and upper wiring with the low 
temperature process.  

The frequency dependence of inductance (L) and Q are 
shown in Fig. 9. For the air core RFI, the value of L was 
almost constant up to approximately 3 GHz, and a peak 
in the self-resonance frequency (SRF) was observed at 10 
GHz. By integrating NZFO and CFO, the values of L 
increased compared with that of the air core RFIs up to 4 
and 8 GHz, respectively, and the values of Q increased up 
to 1 GHz for NZFO and 2 GHz for CFO. Table I 
summarizes the L and Q values of the fabricated RFIs, 
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FFiigg..88  (a) Top and (b) cross-sectional views of air core 

and magnetic core solenoid RFIs.  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

FFiigg..  99  Frequency dependence of (a) inductance and (b) 
quality factor of RFIs.  

  
  
  
  
  
  
  
  
  

  
FFiigg..  66  Frequency dependences of real (solid lines) and 
imaginary part (dotted lines) of complex permeability 

of NZFO (red) and CFO (blue). 
  
  
  
  
  
  
  
  
  
  
  

  
FFiigg..  77  Relationship between natural resonance 

frequency and real part of static permeability of bulk 
(black) and film ferrites (blue). 
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and the rate of increase of L and Q from inserting the 
ferrite thin films [𝛥𝛥𝑉𝑉NZFO or CFO = (𝑉𝑉NZFO or CFO − 𝑉𝑉air) 𝑉𝑉air⁄ , 
where 𝑉𝑉NZFO or CFO  is the L or Q of RFI with NZFO or 
CFO and 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 is the L or Q of air core RFI]. The RFI with 
CFO had a 34% higher inductance and 43% Q 
improvement compared with the air core RFI at a 
frequency of 1 GHz. It was confirmed that both GHz-band 
L and Q are enhanced by integrating ferrite thin films, 
especially using CFO.  

Figure 10 shows a comparison of μr’ and 𝑅𝑅CFO of L. The 
frequency dependences of both decreased as the 
frequency increased with almost the same slope above 2 
GHz. This result indicates that integrating ferrite thin 
film in RFI is effective for improving RFI properties with 
GHz bands. In addition, the slope of the dependence of 
the rate of increase of L was shifted toward higher 
frequencies compared with the slope of μr’. This may be 
due to the effect of SRF, stress, or deficiencies induced 
during the RFI process and/or shape difference of CFO 
samples. The CFO sample for permeability measurement 
was 5 mm × 5 mm, and that for RFI was 1 mm × 0.4 mm, 
of which the long side was perpendicular to the solenoid 
coil length (see Fig. 2). Therefore, there was uniaxial 
magnetic anisotropy perpendicular to a high frequency 
magnetic field 1).   

 
44..  CCoonncclluussiioonn  

    
This paper discussed the electromagnetic properties of 

ferrite thin film fabricated radio frequency inductors 
(RFI). Spin-spray deposition and shape patterning of 
Ni0.16Zn0.20Fe2.63O4+δ and Co0.11Fe2.89O4+δ (CFO) were 
conducted at low temperature (<100°C) assuming 
adaptation to the photolithography process. The RFI 

with CFO achieved a 34% higher inductance (L) and 43% 
quality factor (Q) improvement at a frequency of 1 GHz 
and superior values for both L and Q up to 2 GHz 
compared with the air core RFI. Moreover, the frequency 
dependences of both the real part of complex 
permeability and L improvement from integrating the 
ferrite thin film showed a similar trend, which can mean 
that integrating ferrite thin film is an effective method 
for future RFI. 
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FFiigg..  1100  Comparison of frequency dependence of real 

part of complex permeability (black, left axis) and rate 
of increase of inductance from inserting CFO (blue, 

right axis). 
 

TTaabbllee  II Summary of inductance and quality factor of 
air core and ferrite thin film integrated RFI. 

 Inductance, L (nH) Quality factor, Q 
 1 GHz 5 GHz 1 GHz 5 GHz Qmax 

Air core 1.37 1.52 1.3 6.5 7.0 
RFI with CFO 1.84 1.82 1.9 2.1 2.7 

𝛥𝛥𝛥𝛥CFO 34% 20% 43% -67% -62% 
RFI with NZFO 2.82 1.20 1.3 0.8 1.5 

𝛥𝛥𝛥𝛥NZFO 106% -21% -3% -88% -79% 
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RReelluuccttaannccee  NNeettwwoorrkk  MMooddeell  ooff  IIPPMM  MMoottoorr  RReepprreesseennttiinngg  DDyynnaammiicc  HHyysstteerreessiiss  
CChhaarraacctteerriissttiiccss  ffoorr  HHiigghh--AAccccuurraaccyy  IIrroonn  LLoossss  CCaallccuullaattiioonn  CCoonnssiiddeerriinngg  

CCaarrrriieerr  HHaarrmmoonniiccss  
 

Y. Hane and K. Nakamura 
Graduate School of Engineering, Tohoku Univ., 6-6-11 Aoba Aramaki, Aoba-ku, Sendai 980-8579, Japan 

 
    It is essential to establish a simple and practical method for quantitatively estimating the iron loss considering 
the dynamic hysteresis behavior to further improve the efficiency of electric machines. In a previous study, a novel 
simple magnetic circuit model representing the dynamic hysteresis characteristics was presented by incorporating a 
play model, one of the phenomenological dc hysteresis models, and a Cauer circuit, which can consider the skin effect. 
It was demonstrated that this magnetic circuit model could accurately calculate the hysteresis loops and iron loss 
even under PMW excitation for magnetic reactors made of several types of core materials in a short time. However, 
this method can only be used for an object with a simple shape, such as a ring core. Hence, this paper describes that 
the previously proposed magnetic circuit model is extended to a reluctance network analysis (RNA) to expand the 
application range. Furthermore, the proposed method was experimentally validated using an interior permanent 
magnet (IPM) synchronous motor driven by a PWM converter as the examination target.  
 
KKeeyy  wwoorrddss:: interior permanent magnet (IPM) motor, reluctance network analysis (RNA), play model, Cauer circuit, 
dynamic hysteresis characteristics 

 
 

11..  IInnttrroodduuccttiioonn  
    

In recent years, the efficiency improvement of electric 
machines, especially an electric motor, has been strongly 
desired from the viewpoint of global environmental 
protection and energy conservation. Among a variety of 
electric motors, utilization of an interior permanent 
magnet (IPM) synchronous motor has been dramatically 
increasing because of its high torque density and 
efficiency characteristics. To further enhance the 
performance of an IPM motor, it is necessary to 
optimally design not only a motor structure but also a 
whole motor drive system. However, in many cases of 
machine design using a finite element method (FEM), it 
takes a lot of calculation time and computer memory so 
that the coupled analysis with an external driving 
circuit and a motion equation is not necessarily easy. 

To overcome this issue, a reluctance network analysis 
(RNA) has been proposed so far 1), simulating flux 
distribution inside an analytical object by expressing it 
as one reluctance network. In the RNA, all the 
reluctances are determined by the magnetic properties 
of materials and dimensions of divided elements. The 
RNA can be one of the practical solutions because of 
several advantages, such as a straightforward analytical 
model, short calculation time, relatively high calculation 
accuracy, and easy coupling with an external driving 
circuit and a motion equation. In previous studies, the 
RNA has been utilized for characteristic calculations of 
various electric machines, including an SPM motor 2)-4). 
Moreover, although there are very few studies on the 

derivation of the RNA model for an IPM motor 5) because 
of its complicated flux distribution, Ref. 6) indicated the 
modeling technique of the RNA model for an IPM motor 
with a relatively small number of divided elements.  
However, Ref. 6) indicated that the conventional RNA 
model cannot calculate the iron loss with sufficiently 
high accuracy because carrier harmonics generated by 
PWM voltage excitation cannot be considered. Since an 
IPM motor is generally driven by a PWM converter, it is 
essential to accurately calculate the iron loss even under 
a complicated exciting waveform.  

In previous studies, a novel RNA model incorporating 
a play model 7), which is one of the phenomenological dc 
hysteresis models, was presented 8)–10). The play model 
can express an arbitrary hysteresis loop with not only 
high accuracy but also high speed. Although the play 
model generally requires a lot of measured dc hysteresis 
loops with various flux density amplitudes, the dc 
hysteresis loops calculated by a simplified 
Landau-Lifshitz-Gilbert (LLG) equation 11), which is one 
of the physical hysteresis models, can be substituted for 
the measured ones 12). The calculation accuracy of the 
previously proposed RNA model has been 
experimentally proved by analyzing various devices, 
including an SPM motor 8)-10). However, all the above 
studies are limited to characteristic calculations under 
simple excitation conditions such as sinusoidal and 
square waveforms. In this model, the calculation 
accuracy of iron loss is insufficient under PWM 
excitation because the influence of the skin effect caused 
by carrier harmonics is neglected.  

One of the most attractive eddy current loss models 
in recent years is a Cauer circuit 13), 14), which expresses 
the frequency characteristic of complex permeability by 
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a ladder-type electric equivalent circuit composed of 
multiple resistance and inductance elements. Using the 
Cauer circuit, the one-dimensional electromagnetic field 
analysis can be performed with minimal calculation time 
and cost. Moreover, Ref. 15) indicated that the play 
model can be combined with the Cauer circuit by 
excluding the first inductance element. Furthermore, in 
Ref. 16), a novel simple magnetic circuit model 
representing the dynamic hysteresis characteristics was 
presented, incorporating the play model and the Cauer 
circuit (converted to a magnetic circuit). Using the 
previously proposed magnetic circuit model, it is possible 
to accurately calculate hysteresis loops and iron loss 
even under PWM excitation for ring cores made of 
several core materials in a short calculation time 16). 
However, it is difficult to apply this model to analyze a 
device with a complicated flux distribution, including an 
IPM motor. 

Therefore, this paper describes that the simple 
magnetic circuit model proposed in Ref. 16) is extended 
to the RNA model. The proposed RNA model is 
experimentally validated by using an IPM motor driven 
by a PWM converter as the examination target. It was 
proven that the iron loss could be accurately estimated 
by taking carrier harmonics under PWM excitation into 
account with a reasonable calculation time. 

 
22..  PPrreevviioouussllyy  PPrrooppoosseedd  SSiimmppllee  MMaaggnneettiicc  CCiirrccuuiitt  MMooddeell  

RReepprreesseennttiinngg  DDyynnaammiicc  HHyysstteerreessiiss  CChhaarraacctteerriissttiiccss  
  

This chapter describes a principle of the previously 
proposed simple magnetic circuit model representing the 
dynamic hysteresis characteristics 16), as shown in Fig. 1, 
which is the basis of the proposed RNA model described 
later. In the following, it is explained how to represent 
each component in this model. 

Firstly, the dc hysteresis characteristics are 
expressed by the play model 7), which can represent an 
arbitrarily shaped hysteresis loop by combining the 
multiple play hysterons with different widths and the 
shape function. Here, the magnetic flux density B is the 
input and the dc hysteresis component of magnetic field 
Hdc is the output, respectively. The behavior of the play 
model can be described by the following equations: 

( )( )0( , ) max min ( , ), ,j j j j j jp B p B B B   = + −  (1) 

( )dc
1

( )
N

j j
j

H f p B
=

=  (2) 

where an integer from 1 to N is j, the play hysterons at 
current time step and 1 time step ago are pj and pj0, a 
width of the play hysteron is  j, the shape function is fj, 
respectively. The values of play hysterons are 
overwritten at each time step. Although the derivation of 
the shape function generally requires many measured dc 
hysteresis loops with various flux density amplitudes, 
they can be substituted by the calculated ones acquired 
from the simplified LLG equation 11) so that only a few 
dc hysteresis loops have to be measured 12). Fig. 2 shows 
the comparison of the measured dc hysteresis loops and 
calculated ones obtained from the simplified LLG 
equation of non-oriented electrical steel (NOES), whose 
thickness is 0.35 mm. In the experiment, ac hysteresis 
loops at a very low frequency of f = 5 Hz were regarded 
as dc ones. As shown in Fig. 2, the measured and 
calculated values agree with each flux density amplitude. 
In addition, as shown in Fig. 3, many dc hysteresis loops 
used for deriving the play model can be acquired by 
using the simplified LLG equation without experiment.  

Secondly, the classical eddy current loss is 
represented by a ladder-shaped part composed of 
repeatedly connected magnetic circuit elements, which 
is equivalent to the part of the first resistance element 
and after in the original Cauer circuit 13), 14), as shown in 
Fig. 4. This part represents the frequency characteristic 
of complex permeability due to the skin effect in the 
physical meaning. The parameters Rm and Lm are defined 
as follows:  

m
1

1

lR
L S

l
S

= 

= 

 
(3) 

m

2

4

lL R
S

d l
S



= 

= 

 
(4) 

 

 
FFiigg..  11  Previously proposed simple magnetic circuit model representing the dynamic hysteresis characteristics. 
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FFiigg..  22  Comparison of the measured and calculated dc 
hysteresis loops of NOES. 
 

 
FFiigg..  33  Calculated dc hysteresis loops of NOES with flux 
density amplitudes from Bm = 0.04 T to 1.6 T at intervals 
of 0.04 T. 
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1( 7 )R R= 2 ( 11 )R R=

 
FFiigg..  44  Original Cauer circuit. 

 
where the coefficients of the original Cauer circuit are L 
and R, the magnetic path length is l, the average 
cross-sectional area is S, the permeability is μ, the 
conductivity is σ, and the thickness of a steel sheet is d, 
respectively. 

Thirdly, the anomalous eddy current loss is 
represented by a dependent-source element, which 
outputs the magnetomotive force (MMF) proportional to 
the input |d /dt|0.5. Its coefficient γ2 can be determined by 
approximating the measured core loss curves of the 
material by the least squares method, as shown in Fig. 5, 
using the following equation 17): 

2 2 2 1.5
0.5i m 2 m

i i

. 8.763
6

W d B Bconst f f
f q q

  
= + +  (5) 

where the iron loss is Wi, the frequency is f, the 
maximum flux density is Bm, and the mass density of 
core material is qi, respectively.  

 
33..  CCoonnvveennttiioonnaall  aanndd  PPrrooppoosseedd  RRNNAA  MMooddeellss  ooff  IIPPMM  

MMoottoorr  RReepprreesseennttiinngg  DDyynnaammiicc  HHyysstteerreessiiss  CChhaarraacctteerriissttiiccss 
 

Fig. 6(a) and (b) show specifications and a rotor 
structure of an IPM motor with polar anisotropic bonded 
 

 
FFiigg..  55  Measured core loss curves and their 
approximate curves of NOES.  

 
(a) external view 

 
(b) specifications 

 
 

 
(c) rotor structure 

FFiigg..  66  IPM motor used in the consideration. 
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Nd-Fe-B magnets used in the consideration. The relative 
recoil permeability and coercive force of magnets are 
1.275 and 461 kA/m, respectively. Also, as shown in Fig. 
6(b), rotor magnets are magnetized in not the general 
radial or parallel directions but the arcuate one.  

In the following, it is described how to construct the 
conventional and proposed RNA models. Firstly, an 
analytical object is divided into a multiple number of 
elements. Then, each divided element is replaced with a 
unit magnetic circuit composed of three or four 
reluctances, as shown in Fig. 7. The stator core is 
divided into six regions in the circumferential direction 
(excluding stator pole tips), which is the same number as 
slots. On the contrary, stator pole tips, air gaps, and a 
rotor are divided into 360 elements in increments of 1 
degree in the circumferential direction since their flux 
distribution is more complicated than that of stator poles 
and yoke. Here, the analytical model is halved in the r- 
and z-axis directions, respectively, considering flux 
distribution symmetry. 

Figs. 8 and 9 show the conventional and proposed 
RNA models of one stator pole of an IPM motor 
(simplified schematic). The difference between these two 
models is the method for giving the reluctances in a 
stator core. In the conventional RNA model, each 
reluctance in a stator core is determined by 
approximating the initial magnetization curve of the 
core material as shown in Fig. 10, using the following 
equations 6): 

1 m
mH B B = +  (6) 

11 m
m

m
m

l lf
S S
   − = + 
 

 
 

(7) 

11 m
mc

m
m

l lR
S S
   −= +  

 
(8) 

where the coefficients are 1 and m, the order is m, the 
MMF is fm = Hl, the magnetic flux is  = BS, and the 
nonlinear reluctance is Rmc, respectively. In addition, to 

calculate the iron loss, the magnetic inductance element 
given by the following equation should be connected in 
series with each reluctance given by Eq. (9): 

1
mc

lL
S


=  
 

(9) 

where the coefficient is 1, which can be determined by 
approximating the following equation using the least 
 

 
FFiigg..  77  Unit magnetic circuit. 

 

 
FFiigg..  88  Simplified schematic diagram of the 
conventional RNA model of one stator pole of an IPM 
motor. 

 

 
FFiigg..  99  Simplified schematic diagram of the proposed RNA model of one stator pole of an IPM motor representing the 
dynamic hysteresis characteristics. 

Rq

Rr
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square method: 
2

2 21
i m

i

2W f B
q
 

=  
 

(10) 

In this way, the iron loss can be simply calculated with 
the accuracy equivalent to the Steinmetz’s empirical 
equation 18) without the post-processing in the RNA 6). 
However, its calculation accuracy is not sufficiently high 
under PWM excitation. On the other hand, in the 
proposed RNA model, each reluctance denotes the dc 
hysteresis characteristics by the play model, the 
classical eddy current loss by a ladder-shaped part 
composed of inductance and resistance elements, which 
is equivalent to the Cauer circuit, and the anomalous 
eddy current loss by a dependent-source, respectively, in 
each divided element. Here, when a ladder-shaped part 
is truncated at 1st stage, the proposed method is 
equivalent to the previous one presented in Refs. 8)–10). 
Besides, the MMF generated from the armature winding 
current is concentrated at the center of each stator pole, 
where the armature winding is applied 6). In contrast, 
the reluctances in a rotor core are regarded as zero, that 
is, these magnetic paths are short-circuit in this model 
because these reluctances are extremely smaller than 
those in magnets 6) so that the calculation accuracy of 
the reluctance torque is not affected in this way. 

Next, the reluctances in air gaps and air region 
surrounding a stator core, where the leakage flux flows 
from each stator pole, can be expressed by the following 
equation 6): 

a
0

lR
S

=  (11) 

where the vacuum permeability is  0. 
Moreover, the reluctance Rp and the MMF Fc in a 

rotor magnet are connected in series in each element of a 
magnet and given by the following equation 6): 

p
p

0 r

| ( ) |
( )

l
R

S
q

q
 

=  (12) 

c c p( ) ( )F H lq q=  (13) 
where the relative recoil permeability is  r and the 
coercive force is Hc, respectively. In addition, the 
effective magnet length in the arc-shaped magnetized 
direction is lp(q ), which changes corresponding to a rotor 
position angle q , as shown in Fig. 11(a) and (b). Here, 
lp(q ) can be approximately given by the following Fourier 
series 6):  

p
1

( ) cos2(2 1)
N

j
j

l a jq q
=

= −  (14) 

where arbitrary coefficients are aj and N = 15, 
respectively. In this manner, even the generally 
complicated flux distribution of an IPM motor can be 
expressed by a simple model with a minimum number of 
elements compared with a finely divided FEM model. 

Further, when an analytical object has an overhang 
structure, a 3-D analytical model is generally adopted to 
simulate the flux distribution strictly. However, here, to 
avoid an increase in the calculation time as the RNA 

model scales up, this structure is expressed by 
connecting each circumferential element in protruding 
rotor magnets and the lamination plane on stator pole 
tips facing each other, and the reluctances which 
leakage flux flows from all the other elements in the 
circumferential direction, as shown in Fig. 12 6).  

 
44..  SSiimmuullaattiioonn  RReessuullttss  bbyy  UUssiinngg  CCoonnvveennttiioonnaall  aanndd  

PPrrooppoosseedd  RRNNAA  MMooddeellss 
 

In this chapter, the above-derived RNA model is used 
for the characteristic calculation of an IPM motor to 
validate the proposed method. The RNA is performed 
using Ansys Twin Builder 2021 R1, one of the 
general-purpose circuit simulators. The validity of the 
calculation results is proved by comparing them with the 
experimental ones, which are acquired by measuring 
input current and power under variously loaded 
conditions (the load torque of from 0 mN·m to 200 mN·m 
 

 
FFiigg..  1100  B-H curve of core material and its approximated 
curve. 
 

 
(a) where lp(q ) points 

 

 
(b) relationship between the rotor position angle q  and 
the effective length lp(q ) 
FFiigg..  1111  Effective length lp(q ) of the permanent magnet 
corresponding to the rotor position angle q . 
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FFiigg..  1122  Magnetic circuit in an overhang part. 

 
at intervals of 20 mN·m) while driven by a PWM 
converter at the constant rotational speed of 12600 rpm, 
using the experimental system shown in Fig. 13. In the 
analysis, the measured exciting current waveforms, 
whose carrier frequency is 20 kHz and current phase 
angle is 18 deg., are input. Fig. 14(a) and (b) show 
examples of the measured exciting current waveforms.  
 
44..11  SSiimmuullaattiioonn  rreessuullttss  bbyy  uussiinngg  ccoonnvveennttiioonnaall  RRNNAA  mmooddeell 

In this section, the conventional RNA model 
described in the chapter 3 is analyzed before the 
proposed one, to point out its challeges. For reference, 
the RNA model is analyzed is performed by inputting 
the ideal sinusoidal ones with the rms values of 0 A to 7 
A at intervals of 1 A, in addition to the measured ones 
mentioned above. The parameters of magnetic circuit 
elements are  1 = 51, m = 2.5, m = 15, and  1 = 0.0438, 
respectively. Moreover, the FEM model of an IPM motor 
is also analyzed under sinusoidal excitation as well, 
using JMAG-Designer Ver. 20.0, one of the 
general-purpose electromagnetic field analysis software.  

Fig. 15 shows the comparison of the measured and 
calculated winding rms current density versus torque 
characteristics. In the analysis, the torque is calculated 
by using the following equation, with a very thin torque 
calculation layer of 10 m provided on the rotor surface 
as shown in Fig. 16 6), 19): 

m s s
1

2 n

j rj
j

n f
q

q
q 

 =

=   (15) 

where the number of divided elements in the 
circumferential direction is nq , the MMF of each element 
on the rotor surface generated in the circumferential 
direction is fsq j, and the flux of each element on the rotor 
surface flowing in the radial direction is fsrj, respectively. 
In addition, the calculated values are corrected by 
subtracting the loss torque value due to the measured 
mechanical loss, which cannot be considered in the 
analysis. Here, the values of the measured mechanical 
loss and its loss torque are 5.8 W and 4.4 mN·m, 
respectively, at 12600 rpm. From the figure, it is clear 
that the calculated values of the RNA when excited by 
the measured current waveforms are in good agreement 
with the measured ones, while the calculated values for 
the RNA and the FEM under sinusoidal excitation have 
a little errors with respect to the measured ones due to  

 
FFiigg..  1133  Experimental setup. 

 

  
(a) load torque is 20 mN·m 

 

 
(b) load torque is 200 mN·m 

FFiigg..  1144  Measured exciting current waveforms input in 
the analysis. 
 

 
FFiigg..  1155  Comparison of the measured and calculated 
winding rms current density versus torque 
characteristics (conventional RNA model). 
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FFiigg..  1166  Enlarged view of the rotor surface of the RNA model. 

 
the low-order harmonic components included in the 
measured current waveforms as shown in Fig. 14. 

Fig. 17 shows the comparison of the measured and 
calculated iron loss characteristics. In the FEM, the iron 
loss is obtained using the Steinmetz’s empirical equation 
for post-processing 18). In the experiment and analysis, 
the iron loss is acquired by subtracting the machine 
output, copper loss, and mechanical loss (only for the 
measurement) from the electrical input. Since almost no 
eddy current is generated in the bonded magnet, the 
magnet eddy current loss is regarded as zero. From the 
figure, it is understood that the calculated values for the 
RNA and the FEM under sinusoidal excitation are 
underestimated compared with the measured ones since 
the carrier harmonics are not taken into consideration. 
On the contrary, the calculated values of the RNA when 
excited by the measured current waveforms are 
overestimated compared with the measured ones since 
the dependence of the minor loop loss on the dc flux 
component and the skin effect are not considered.  

Fig. 18 shows the comparison of the measured and 
calculated efficiency characteristics. The calculation 
values are obtained, including the measured mechanical 
loss. As shown in the figure, due to the errors in the 
torque and iron loss characteristics mentioned above, 
the calculated values for the RNA and the FEM under 
sinusoidal excitation are a little overrated while the 
calculated values of the RNA when excited by the 
measured current waveforms are underrated, compared 
with the measured ones.  
 

 
FFiigg..  1177  Comparison of the measured and calculated 
iron loss characteristics (conventional RNA model). 

 
FFiigg..  1188  Comparison of the measured and calculated 
efficiency characteristics (conventional RNA model). 
 
44..22  SSiimmuullaattiioonn  rreessuullttss  bbyy  uussiinngg  pprrooppoosseedd  RRNNAA  mmooddeell 

In this section, the validity of the proposed RNA 
model is experimentally verified. The analysis is 
performed by exciting the measured current waveforms 
shown in Fig. 14. Moreover, a ladder-shaped part is 
truncated in the analysis at the first, second, or third 
stages, that is, Lm0, Lm1, or Lm2, respectively. The 
parameters of magnetic circuit elements are σ = 2.2×106, 
d = 3.5×10-4, and γ2 = 0.467, respectively. Besides, the 
parameter μ is approximately given by the 
instantaneous value of the differential permeability on 
the centerline of a dc hysteresis loop 16). 

Fig. 19(a) – (c) show the comparison of the measured 
and calculated winding rms current density versus 
torque characteristics. In the analysis, the torque is 
calculated by using Eq. (15). From the figures, it is clear 
that the measured and calculated results are in good 
agreement regardless of the number of ladder stages. 

Fig. 20(a) – (c) show the comparison of the measured 
and calculated iron loss characteristics. As shown in the 
figures, the calculated values are closer to the measured 
ones as the number of ladder stages increases. It is clear 
that both results are almost in good agreement when a 
ladder circuit has three stages. However, there is still a 
possibility that the proposed model will improve the 
calculation accuracy because slight errors can be seen at 
low load conditions when carrier harmonics are larger. 
Possible causes of these errors seem to be methods for 
giving the parameter μ 16) and expressing the anomalous 
eddy current loss, and neglect of the rotational magnetic 
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field 20) and the edge effect 21). 
Fig. 21(a) – (c) show the comparison of the measured 

and calculated efficiency characteristics. These figures 
reveal that the measured and calculated values are in 
good agreement when a ladder circuit has 2 stages or 
more.  

Furthermore, Fig. 22 shows an example of the 
calculated hysteresis loop in a stator core obtained from 
the proposed RNA model. This figure indicates that the 
proposed method can draw such a local complicatedly 
distorted hysteresis loop due to PWM excitation, even 
though the dynamic hysteresis behavior inside of a core 
is generally difficult to acquire by the experiment and 

analysis. Its calculation accuracy should be verified by 
the experiment (such as the H-coil method) in the future. 

Finally, Table 1 shows the calculation time of the 
proposed method per one cycle of electric angle for each 
case. Here, the PC used for the analysis has a 12-core 
CPU and 48 GB of memory, respectively, and the 
analysis is performed non-parallel. From the table, it 
can be seen that the proposed model can perform the 
iron loss analysis under PWM excitation considering 
carrier harmonics in a reasonable time. In addition, in 
Ref. 6), it is indicated that the FEM takes about 217 
times longer calculation time than the RNA when 
analyzing the same analytical object. Therefore, if this 

 

   
(a) truncated at the 1st stage            (b) truncated at the 2nd stage            (c) truncated at the 3rd stage 

FFiigg..  1199  Comparison of the measured and calculated winding rms current density versus torque characteristics 
(proposed RNA model). 

 

   
(a) truncated at the 1st stage            (b) truncated at the 2nd stage            (c) truncated at the 3rd stage 
FFiigg..  2200  Comparison of the measured and calculated iron loss characteristics (proposed RNA model). 

 

   
(a) truncated at the 1st stage            (b) truncated at the 2nd stage            (c) truncated at the 3rd stage 

FFiigg..  2211  Comparison of the measured and calculated efficiency characteristics (proposed RNA model).
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FFiigg..  2222  Calculated hysteresis loop in the element of a stator core of the proposed RNA model. 

 
TTaabbllee  11  Calcalation time per one cycle of the RNA. 

  
motor is analyzed by the FEM in consideration of the 
dynamic hysteresis characteristics, the estimated 
calculation time per cycle is 891 hours in the shortest 
case and 2217 hours in the longest case, which suggests 
that there is a huge practical problem. 

 
55..  CCoonncclluussiioonn 

 
This paper described that a novel RNA model is 

derived by incorporating the play model and Cauer 
circuit to represent the dynamic hysteresis 
characteristics. The novelties in this paper are as 
follows: 
(1) Based on the RNA, a device with a complicated flux 
distribution, such as an IPM motor, can be analyzed by 
taking the dynamic hysteresis characteristics including 
the skin effect into consideration, which has not been 
achieved in Refs. 8)–10) and 16). 
(2) The calculation accuracy of the proposed RNA model 
representing the dynamic hysteresis characteristics is 
examined by comparing the calculated results with the 
measured ones when an IPM motor is driven by a PWM 
converter, which has not been achieved in Ref. 22). As a 
result of the examination, it became clear that the 
proposed RNA model can calculate the iron loss 
characteristic with higher accuracy by considering the 
influence of carrier harmonics, as the number of ladder 
stages is larger. Also, the proposed model can accurately 
calculate the torque and efficiency characteristics 
regardless of the number of ladder stages. 

(3) The proposed RNA model can draw a local 
complicatedly distorted hysteresis loops inside a core, 
which is difficult to measure and calculate in general. 
(4) The calculation time and cost of the proposed RNA 
model are practical, which has not been achieved in Ref. 
22), while it is estimated that a considerable amount of 
calculation time is required in the FEM. 

In the future, we plan to further increase the 
calculation accuracy of the current RNA model by 
identifying the causes of errors at low load conditions 
and experimentally validate the local hysteresis loops 
inside of an iron core. 
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Magnetic Moment Method (MMM) is well known for its ”lightweight” and simplicity of implementation; however, 

meshing must be carefully treated to obtain accurate results. In this paper, the MMM with the idea of the Magnetic 
Surface Charge method is proposed that is free from the meshing problem. Accelerator magnets; a C-shaped dipole 
and a quadrupole magnet, are analyzed, and it is shown that the proposed method outperforms currently available 
finite-element packages with respect to the CPU time and accuracy of the magnetic field. 
 
KKeeyywwoorrddss::  electromagnetic field analysis, accelerator magnets, magnetic moment method, magnetic surface charge 
method, meshing 

 

11..  IInnttrroodduuccttiioonn  

Most of the accelerator magnets are designed by 
means of electromagnetic simulations employing three- 
dimensional finite element method. OPERA-3D 
(TOSCA) is one of the major software for modeling 
accelerator magnets 1), 2). The name TOSCA comes from 
two scalar potentials, namely, reduced potentials and 
total potentials. The method has the following 
advantages. (i) Because it is based on the 
two-scalar-potential formulation, the number of degrees 
of freedom is small, and the magnetostatic analysis is 
fast. (ii) Coils are modeled as Biot-Savart sources and do 
not have to be meshed; therefore, the mesh quality of 
the magnetic core can easily be controlled. 

Another famous software to model accelerator 
magnets is RADIA 3)–5), which is freely distributed as 
Mathematica's add-on by ESRF: the European 
Synchrotron. The method has the following advantages. 
(i) Because it is based on the Magnetic Moment Method 
(hereafter MMM 6),7)), no air-mesh is required, and no 
special technique is required to emulate open 
boundaries. (ii) Because only the magnetic core is 
meshed, it is fast and ”lightweight,” namely the size of 
the data is small. One problem of the MMM, which is 
also stated on Radia’s website 3), is the meshing problem. 
Figures 1 show a C-shaped electromagnet subdivided 
into (a) parallelepiped mesh and (b) mesh parallel to 
flux lines. If the iron core is subdivided into 
parallelepiped mesh, as shown in Fig. 1 (a), it is known 
that an inaccurate magnetic field is obtained. To avoid 
it, the iron core must be meshed parallel to flux lines, as 
shown in Fig. 1 (b), however, flux-line distributions 
must be known before solving the problem.  

In this paper, the MMM with the idea of the Magnetic 
Surface Charge method (hereafter MMM with MSC) is  

magnetic core

coilcoil
 

(a) parallelepiped mesh    (b) parallel to flux lines 
FFiigg..  11  Two different types of mesh for MMM. 

proposed that is free from the above-mentioned meshing 
problem. Unknown variables in the MMM with MSC 
are surface magnetic charges on each face of the 
elements, whereas unknown variables in the MMM are 
magnetic moment vectors in each element. The negative 
magnetic point charges are placed at the center of the 
gravity of the element to guarantee Gauss’s law in each 
element whose magnitudes are equal to the surface 
integral of each surface charge. By doing so, the bent of 
the magnetic flux in each element can be reproduced 
more naturally than the conventional MMM, even with 
coarse mesh. Accelerator magnets, such as a C-shaped 
dipole and a quadrupole magnet, are analyzed, and it is 
shown that the proposed method outperforms currently 
available finite-element packages with respect to the 
CPU time and accuracy of the magnetic field. 

22..  FFoorrmmuullaattiioonn  

22--11..  CCoonnvveennttiioonnaall  MMaaggnneettiicc  MMoommeenntt  MMeetthhoodd  
A magnetic moment M in the element produces 

magnetic field H at observation point r by taking 
integrals as (1) where r', is the displacement s' is the 
surface, V ', is the volume of the element, and ns' is the 
normal vector of each surface5). 

(1)

 
Corresponding author: H. Yano 
(e-mail: yano@elf.co.jp). 
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FFiigg..  22  Schematic of MMM’s concept.  

Figure 2 shows a schematic the concept of the MMM. 
Unknown variables in the MMM are magnetic moments 
M and thus the number of degrees of freedom is three 
per element. If M is assumed to be uniform inside the 
element, the first integral term in (1) vanishes; 
therefore, the matrix representation of the conventional 
MMM is derived from (2). The magnetic field produced 
by M is computed with the equivalent surface magnetic 
charges s nM . When the point matching method is 
employed, (2) is evaluated at the center of gravity of the 
element to construct a matrix equation. 

 (2) 

22--22..  MMaaggnneettiicc  MMoommeenntt  MMeetthhoodd  wwiitthh  tthhee  IIddeeaa  ooff  SSuurrffaaccee  
MMaaggnneettiicc  CChhaarrggee  MMeetthhoodd  

Figures 3 show schematic of the concept of the MMM 
with MSC. Hexahedral elements are subdivided into six 
pyramids and unknown variables are surface magnetic 
charge densities σn on each pyramid’s bottom surface. 
Negative magnetic point charges mn whose magnitudes 
are equal to the surface integral of the σn are placed at 
the vertex of each pyramid so that the total charges in 
each element are zeros in total. The number of degrees 
of freedom is six per element which is double the MMM. 
The magnetic fields H are evaluated at mid-points 
between the center of the surface and the center of 
gravity. The first integral term in (1) corresponds to the 
negative magnetic point charges and the second term to 
surface magnetic charges. The permeability is assumed 
to be constant, whereas the magnetic flux is not uniform 
and can bend in the element.  

Figure 4 shows a simple two-dimensional 
magnetostatic problem. Two permanent magnets with 
the remanence of 0.2 T are attached to two adjacent 
edges of the iron core whose relative permeability is 
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FFiigg..  33  Schematic of MMM with MSC’s concept. 
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(a) MMM        (b) MMM with MSC 
FFiigg..  44  Simple two-dimensional static problem 

indicating the existence of the theoretical limit 
that can be achieved by the MMM. 

1000. The iron core is subdivided into four squares. The 
obtained equivalent surface magnetic charge densities σ 
[Wb/m2] are shown in Fig. 4. If the permeability is 
uniform in the iron core, the equivalent magnetic charge 
densities on the inner surfaces of two adjacent elements 
must theoretically be zero in total. For example, in the 
MMM, at the bottom edge of the upper left square, σ = 
-6.29 Wb/m2, and at the top edge of the lower left square, 
σ = 1.08 Wb/m2, thus, they do not cancel each other. In 
the MMM with MSC, at the bottom edge of the upper 
left square σ = -3.34 Wb/m2, and at the top edge of the 
lower left square, σ = 3.33 Wb/m2, they are almost zero 
in total. This indicates that there is a theoretical limit 
to the accuracy that can be achieved with the MMM 
whereas the MMM with MSC is free from it. 

33..  NNuummeerriiccaall  rreessuullttss  

33--11..  TT--SShhaappeedd  mmaaggnneett  
Figures 5 show the T-shaped magnet; a typical 

example of which the MMM becomes inaccurate. A 
cuboid magnet is attached to a T-shaped magnetic core. 
The relative permeability of the magnetic core is 1000. 
and composed of four cubes with an edge length of 1 mm. 
The size of the permanent magnet is 1 mm × 1 mm × 2 
mm and the and its remanence is 0.2 T The surface 
magnetic field distributions obtained by the MMM and 
the MMM with MSC are shown in Fig. 5. Upper figures 
are when the subdivision number N = 1 and lower 
figures are with N = 3. The result obtained by FEM with 
the 5 million mesh is used as the reference solution. 
Figure 6 shows the convergence of the surface magnetic 
field at the observation point P in increasing N. Even 
with N = 3, accurate results within sub-percent error 
can be obtained by MMM with MSC whereas the 
convergence of the MMM is slow and not simply 
monotonic. 

33--22..  CC--SShhaappeedd  mmaaggnneett  
A C-shaped magnet is a typical accelerator magnet, 

and an example model of RADIA is provided by ESRF3). 
Figures 7 show the three types of mesh of the  
C-shaped magnet: (a) parallelepiped coarse mesh, (b) 
parallelepiped fine mesh, and (c) mesh along flux lines.  
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FFiigg..  55  T-shaped magnet example. 

 
FFiigg..  66  Surface magnetic field at the point P. 

The B-H curve of the magnetic core is shown in Figure 
8. 

The size of the magnetic core is 182.5 mm × 210 mm. 
The iron core gap is 10 mm and the magnetic field at 
the gap center is evaluated with various coil currents 
from 1000 to 10000 AT. The result obtained by 
OPERA-3D is used as the reference solution. 8-layer 
IABC 8), 9) was required to obtain a self-consistent open 
boundary solution in OPERA-3D. Figures 9 show the 
magnetic field at the center of the gap and those errors 
with three types of mesh. Even with mesh type (a), the 
error of the magnetic field obtained by the MMM with 
MSC is about 4% at maximum. Both with mesh type (b) 
and (c), the error of the magnetic field obtained by the 
MMM with MSC is within sub percent, which indicates 
that the MMM with MSC is free from the meshing 

problem discussed in the introduction. The computing 
time for analyzing the C-shaped magnet with Intel Core 
i7-9700K CPU at 3.60 GHz is shown in Table 1. 
Although the computing time for the MMM is shorter 
than the MMM with MSC when the number of elements 
is the same, the results obtained by the MMM with 
MSC is more accurate especially when the mesh is 
coarse. 

182.5 mm

10
 m

m

15 mm

21
0 

m
m

magnetic core

coil

(c) mesh along flux lines(b) parallelepiped fine mesh

(a) parallelepiped coarse mesh

 
FFiigg..  77  Various mesh types of the C-shaped magnet. 

 
FFiigg..  88  B-H curve of the iron core. 

 
FFiigg..  99  Magnetic field and its errors at the gap center.
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TTaabbllee  11 CPU time for analysis of C-shaped magnet. 

33--33..  QQuuaaddrruuppoollee  mmaaggnneett
A quadrupole magnet is also a typical accelerator

magnet, and an example model of RADIA is provided by 
ESRF3). Figures 10 show the mesh of the quadrupole 
magnet. The size of the magnetic core is 176 mm × 176 
mm. The B-H curve of the magnetic core is again shown
in Fig. 8. Since the magnetic field at the center gap is
zero in a quadrupole magnet, magnetic field at the Bohr
radius is evaluated with various coil current densities
from 0.5 to 5.0 mega ampere per square meter. The
error of the magnetic field obtained by the MMM with
MSC is within sub percent as shown in Figures 11. The
computing time for analyzing the quadrupole magnet
with Intel Core i7-9700K CPU at 3.60 GHz is shown in
Table 2.

TTaabbllee  22 CPU time for analysis of quadrupole magnet. 

30 mm

(a) parallelepiped mesh (b) mesh along flux lines

magnetic core
coil

FFiigg..  1100  Two different types of the mesh of the 
quadrupole magnet. 

FFiigg..  1111  Magnetic field and its errors at Bohr radius. 

44.. CCoonncclluussiioonn

The Magnetic Moment Method with the idea of the 
Magnetic Surface Charge method is proposed that is 
free from the meshing problem. Unknown variables are 
surface magnetic charges on each face of the elements 
and the negative magnetic point charges are placed at 
the center of the gravity of the element. Accelerator 
magnets are analyzed, and it is shown that the proposed 
method outperforms currently available finite-element 
packages with respect to the CPU time and accuracy of 
the magnetic field. The proposed method is 
implemented in the commercial software ELF/MAGIC 10).  
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