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Introduction 



Periodic table and the spin-orbit interaction  



Introduction  

Spin-orbitronics 
    / “Spin” +  “Orbit” degrees of freedom 
 
    / SOI-induced effects  
　　　　Spin Hall, Rashba, Dresselhaus, Edelstein,… 
 
    / Inversion symmetry breaking (lattice, spatial,..) 

1.  Heavy element 
2.  Bilayer system 
3.  Compound materials 



Appropriate stages for spin-orbitronics 

1.  Heavy element (Large SOI) 
            Bi, Pt, Ta, W, … 
 
2.  Bilayer system (Spatial inv. symmetry) 
            Bi/Ag, Bi/Cu, SLG/YIG, … 
            Topological insulator (vacuum/TI) 
 
3.   Compound materials(Lattice inv. symmetry) 
            III-V, oxide heterostructure 



Bismuth (Bi) 
 

Bi/YIG 
H. Emoto, M.S. et al., JAP 2012. 

Ibid., PRB in press. 

Bi/Ag/YIG 
M. Matsushima, M.S. et al., in prep. 



Attractive of Bismuth 

Bismuth : Group-V, a single element material. 
/ Semi-metal (band overlap : 38 meV) 
/ Dirac-like linear band structure 
/ A small band-gap at L-point (10 meV) 
/ A wide variety of attractive physics, firstly found.  
     the Seebeck effect (1822) 
     the Nernst-Ettingshausen effect (1886) 
     the Schbnikov-de Haas oscillation (1930) 
     the de Haas-van Alphen effect (1930)….. 

One of the most intensively studied material  
in solid state physics !  
(from 19th century !!)	



Attractive of Bismuth for spintronics 

From a spintronic viewpoint, 
    / A large spin-orbit interaction (1.8 eV) !! 
    / Dirac-like linear band structure 
        ⇒　Bi garners much attention in spintronics !! 
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Y. Yanase and H. Harima, Kotai-Butsuri 46, 229 (2011). 
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Spin conversion in Bi 

The inverse spin Hall effect (ISHE): 
    a-Bi*: θSHE=0.02, λS=8 nm  (**Pt: θSHE=0.1, λS=7.3 nm) 
            *H. Emoto, M.S. et al., JAP 115 ,17C507 (2014). 
              D. Hou et al., APL 2012. θSHE=+0.02 & -0.07 !! 
          **H. L. Wang, et al., PRL 112, 197201 (2014).     
 
    poly-crystalline : λS ~ 20 nm (H. Emoto et al., PRB, in press.) 
    single crystal Bi : NO REPORT 
 
The inverse Rashba-Edelstein effect (IREE): 
     A spin conversion due to the Rashba field in a 2D system.	



Rashba splitting in a Bi-based system 

Giant Spin Splitting through Surface Alloying

Christian R. Ast,1,2,* Jürgen Henk,3 Arthur Ernst,3 Luca Moreschini,2 Mihaela C. Falub,2 Daniela Pacilé,2,†

Patrick Bruno,3 Klaus Kern,1,2 and Marco Grioni2
1Max-Planck-Institut für Festkörperforschung, D-70569 Stuttgart, Germany

2Ecole Polytechnique Fédérale de Lausanne (EPFL), Institut de Physique des Nanostructures, CH-1015 Lausanne, Switzerland
3Max-Planck-Institut für Mikrostrukturphysik, D-06120 Halle (Saale), Germany

(Received 26 October 2006; published 3 May 2007)

The long-range ordered surface alloy Bi=Ag!111" is found to exhibit a giant spin splitting of its surface
electronic structure due to spin-orbit coupling, as is determined by angle-resolved photoelectron
spectroscopy. First-principles electronic structure calculations fully confirm the experimental findings.
The effect is brought about by a strong in-plane gradient of the crystal potential in the surface layer, in
interplay with the structural asymmetry due to the surface-potential barrier. As a result, the spin
polarization of the surface states is considerably rotated out of the surface plane.

DOI: 10.1103/PhysRevLett.98.186807 PACS numbers: 73.20.At, 71.70.Ej, 79.60.#i

In nonmagnetic solids, electronic states of opposite spin
orientation are often implicitly taken to be degenerate
(Kramers’ degeneracy). However, spin degeneracy is a
consequence of both time-reversal and inversion symme-
try. If one of the latter is broken, the degeneracy can be
lifted by, e.g., the spin-orbit (SO) interaction. This is, for
example, the case in crystals that lack a center of inversion
in the bulk (Dresselhaus effect) [1,2]. But also a structural
inversion asymmetry, as it shows up at surfaces or inter-
faces, can lead to spin-split electronic states [Rashba-
Bychkov (RB) effect] [3]. In particular, clean surfaces of
noble metals show spin-split surface states, where the split-
ting increases with the strength of the atomic SO coupling
(cf. Ag and Au in Table I). The splitting can be further
enhanced by adsorption of adatoms [9–12]. Hence, using
morphology and chemistry to tune the spin splitting of two-
dimensional electronic states is a promising path to create a
new class of nanoscale structures suitable for spintronic
devices. Doping GaAs by only a few percent with Bi atoms
has been shown to strongly increase the spin-orbit splitting
energy !0 [13]. However, a value for the Rashba-Bychkov
type spin splitting has not been reported.

The Au(111) L-gap surface state is the paradigm of a
Rashba-Bychkov system with a spin splitting of a few tens
of meV, that was investigated in detail by means of spin-
and angle-resolved photoelectron spectroscopy (ARPES)
[14]. The nonrelativistic Hamilton operator of the spin-
orbit interaction,

 Ĥ SO / @2
2m2c2

! $ !rV % p̂"; (1)

can be expressed for a two-dimensional gas of free elec-
trons (in the xy plane) as

 Ĥ SO & !R! $ !kk % ez"; (2)

in which the Rashba parameter !R is essentially deter-
mined by the gradient of the potential V in z direction,
!R / @V=@z. @kk & @!kx; ky" is the in-plane momentum,

and ! is the vector of Pauli matrices. This model repro-
duces remarkably well the very characteristic dispersion of
the spin-split surface-state bands of Au(111). The spin
polarizations P of the split and completely polarized
(jPj & 100%) electronic states lie axially symmetric
within the surface plane (P?kk ?ez). Time-reversal sym-
metry requires P!kk" & #P!#kk" and E!kk" & E!#kk".

The two main contributions to the spin splitting are a
strong atomic SO interaction and a potential gradient along
the surface normal (z direction). By adsorption of noble
gases and oxygen, the spin splitting was successfully en-
hanced by increasing the surface-potential gradient [9,12].
However, changing the in-plane potential gradient has not
been reported so far. Surface alloying, in particular, pro-
vides interesting opportunities as the adatoms replace
atoms of the clean surface layer. This would alter the
hybridization of electronic states within that layer and
thereby create a new two-dimensional (2D) electronic
structure. Prerequisites for a sizable effect are (i) a long-
range ordered surface alloy to maintain 2D electronic
states and (ii) comparably light atoms surrounding heavy
atoms. From such a configuration we would expect a large
in-plane potential gradient and consequently a giant split-
ting accompanied by a large Pz component [see Eq. (1)].

In this Letter we report on a new class of materials that
exhibits a giant spin splitting in the surface electronic

TABLE I. Selected materials and parameters characterizing
the spin splitting: Rashba energy of split states ER, wave number
offset k0, and Rashba parameter !R.

Material
ER

(meV)
k0

( "A#1)
!R

(eV "A) Reference

InGaAs=InAlAs heterostructure <1 0.028 0.07 [4]
Ag(111) surface state <0:2 0.004 0.03 [5,6]
Au(111) surface state 2.1 0.012 0.33 [6,7]
Bi(111) surface state '14 '0:05 '0:56 [8]
Bi=Ag!111" surface alloy 200 0.13 3.05 This work
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structure. Using the concept of surface alloying, the
Ag(111) (Z ! 47) surface layer was doped with the heavy
element Bi (Z ! 83). The 2D band structure of the
Bi=Ag"111# surface alloy was investigated by ARPES [at
the EPFL in Lausanne, Switzerland, as well as at the Syn-
chrotron Radiation Center (SRC) in Wisconsin, U.S.A.]
and exhibits a spin splitting of unprecedented magnitude.
We have shown elsewhere [15] that the large spin-orbit
splitting opens up new opportunities for STM investigation
of SO split states. Here we focus on the electronic structure
of the surface alloy, and provide a theoretical explanation
for the effect by means of first-principles electronic struc-
ture calculations. The sizable spin splitting is explained by
the in-plane potential gradient.

The Ag(111) surface was cleaned in ultrahigh vacuum
using successive sputtering and annealing cycles. The dep-
osition of 1=3 of a monolayer of Bi atoms results in a long-
range ordered "

!!!
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p
$
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3

p
#R30% substitutional surface alloy

[see Fig. 1(a)]. The Bi atoms protrude slightly out of the
surface due to size mismatch [Fig. 1(b)] [15]. A similar
scenario is observed for the Sb=Ag"111# surface alloy [16].

The experimental electronic structure of Bi=Ag"111#
[Fig. 1(c)] consists of one pair of bands that shows
strong photoemission intensity (dark) at the maxima
(&0:135 eV), which becomes weaker (lighter) with in-
creasing binding energy [17]. The maxima are symmetri-
cally shifted from the !" point by 0:13 #A&1; the effective
mass m? is &0:35me. A second pair with much less
intensity crosses the Fermi level at positions indicated by
the four arrows in Fig. 1(c). The separation between these
bands is 0:12 #A&1.

The above findings—a symmetric offset of band ex-
trema [Bi=Ag"111#: maxima; Au(111): minima] in con-
junction with a crossing at !"—clearly indicate a spin-split

surface band structure due to spin-orbit interaction, as in
the RB model and for Au(111). However, the splitting is
considerably larger than those reported for other systems
[9–12,18]. Different splittings can be compared on a wave
number scale, where k0 describes the shift of the band ex-
tremum away from !" as well as on an energy scale, where
ER ! @2k20=2m? is called Rashba energy [see Fig. 1(c)]. If
there were no spin splitting the dispersion would reduce to
a spin-degenerate band with the maximum at the high
symmetry point. The Rashba parameter !R ! @2k0=m? is
the coupling constant in the spin-orbit Hamiltonian
[Eq. (2)]. A selection of systems is given in Table I, where
the Rashba parameter has been computed from the experi-
mentally accessible quantities k0 and m?.

In the following we argue that the RB model, as given by
Eq. (2), cannot explain our findings for a surface alloy. It
was shown that the Rashba parameter !R of the L-gap
surface state of a AgxAu1&x alloy depends linearly on the
concentration x, as in the virtual crystal approximation [6].
Hence, one is tempted to conclude that !R is essentially
determined by the number of heavy atoms (here Au, Z !
79) probed by the surface state. If one were to apply the
same idea to Bi=Ag"111#, with Bi being the heavy element
(Z ! 83), one would expect !R to be about an order of
magnitude smaller (0.3 to 0:4 eV #A) than what was found
experimentally (see Table I). The potential gradient along
the z direction is expected almost independent of the
specific surface, and a strong atomic SO interaction alone
cannot account for our findings. Hence, there must be an
additional mechanism responsible for the observed giant
splitting.

The electronic structure of the Bi=Ag"111# surface alloy
was calculated from first principles within the framework
of the local spin-density approximation to density-
functional theory (DFT). A relativistic multiple-scattering
approach (layer Korringa-Kohn-Rostoker method), in
which spin-orbit coupling is fully accounted for (Dirac
equation), was used to compute spin-, layer-, and atom-
resolved Bloch spectral densities, hence allowing one to
characterize the electronic structure in much detail. Its
suitability for investigating RB systems was already
proven for the L-gap surface state of Au(111) [19].
Calculations for the clean Ag(111) surface agree well
with experiment. In the theory, the SO interaction can be
scaled between the fully relativistic (Dirac equation) and
the scalar-relativistic case [20,21]. In the latter case (not
shown), the spin splitting vanishes. This clearly proves that
SO coupling is the base of the observed effect.

A first comparison of experiment and theory is done by
considering I"E; kx; ky# slices, where I is either the experi-
mental photoemission intensity or the theoretical Bloch
spectral density of the surface layer (cf. Ref. [15]). I is
shown in Fig. 2 as gray scale for fixed ky (along !"- !K) and
varying both energy E and kx (along !M- !"- !M). For ky ! 0
[Fig. 2(a)], both experiment (left-hand panels) and theory
(right-hand panels) exhibit the characteristic dispersion of

 

FIG. 1 (color online). (a) Schematic top view of the "
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#R30% Bi=Ag"111# surface alloy [Bi, light gray (orange); Ag,
dark gray (blue)]. (b) Side view of the schematic, illustrating the
outward relaxation of Bi in the surface layer. (c) Experimental
band structure obtained by ARPES. The abscissa is the wave
vector kx along the !M- !"- !M line in the vicinity of the center of the
surface alloy Brillouin zone ( !", i.e., kk ! 0). The ordinate gives
the energy below the Fermi level (0 eV).
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SPIN POLARIZATION OF CONDUCTION ELECTRONS INDUCED BY ELECTRIC CURRENT IN 
TWO-DIMENSIONAL ASYMMETRIC ELECTRON SYSTEMS 

V.M. Edelstein 

USSR Academy of Sciences, Institute of Solid State Physics, Chernogolovka 142432, USSR 

(Received 11 August 1989 by V.M. Agranovich) 

Two-dimensional (2D) electron systems in which the "up-down" sym- 
metry is absent is considered. The difference between two normals to 
the electron layer permits the 2D-electron Hamiltonian to include the 
additional spin-orbit term Hso = a/fi[pc]a, that in turn implies viol- 
ation of 2D-space parity. It is shown that magneto-electric effect may 
be observed under this condition: an electric current may induce spin 
magnetization. 

THE SYMMETRY of some two-dimensional elec- 
tron systems (quantum wells, inversion layers or 
geterojunctions) is known to be broken with respect to 
reflection in plane of structure. In other words, the 
two normals opposite-directed to such electron layers 
are not equivalent. Attention to this fact was for the 
first time called in paper [1]. Because of absence of 
"up-down" symmetry an additional spin-orbit term in 
the effective 2D-Hamiltonian is permitted [2] 

Hso = ~ [pc]a, (1) 

where p is the electron momentum operator, a are 
Pauli matrices, and e is a unit vector normal to the 
layer. This term means violation of 2D in-plane parity, 
and, hence, one may expect that dynamics and kinetics 
of such systems will possess some new uncommon 
properties. 

Recently some aspects of the electromagnetic 
wave frequency doubling by reflecting off such layers 
have been discussed in [3]. In papers [4, 5] an attempt 
has been made to interpret some features of magnetic- 
resistivity oscillations by means of Hamiltonian (1), 
though the successive theory of magneto-transport 
phenomena is not constructed at present. 

In this paper it will be shown that direct current 
J passing through the sample can induce spin polar- 
ization of conduction electrons. This phenomenon is a 
kinetic analogy of the well-known magneto-electric 
effect (MEE) in antiferromagnetic insulators [6], 
i.e., the arising of magnetic moment in some magnetic 
crystal structures under the influence of an external 
electric field. The possibility of dissipative MEE has 
earlier been pointed out in [7] for conducting media 
with special non-symmetric impurities, and in [8] for 
metals with spin-density-wave. 

The Hamiltonian of 2D motion without taking 
into account the interparticle interaction and impurity 
potential has the form 

p2 
H = 2m + fa [pe],,. (2) 

For electron Green's function (solid lines in Figs. 1 
and 2) we have the expression 

(+) 
G~,(~, p) = (~ -- H)  -1 f2~, (p) 

- Ec+)(p) 
+ f~)(P)  (3) 

-- E(_)(p) ' 

where 

E~_+~(p) 
p2 ~t 

- 2 m  - t~ p ( 4 )  

are the energies of two branches of the energy spec- 
trum, corresponding to positive and negative eigen- 
values of the spirality operator 

~(p) = [pe]a/p (5) 

and 

~(+-)(p) = [1 _ ~(p)]/2 (6) 

are the operators of projection on these branches. One 
may verify that spin-independent particle interactions 
with particles and impurities does not mix the opposite 
spirality branches. 

The influence of low concentration impurities 
may be taken into account by the method of [9]. The 
scattering potential is assumed to be so short-ranged 
that it leads only to the s-wave scattering 

Uimp(r) = E u~(r - -  Ri)  (7) 
i 
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The IREE in Bi 

The IREE1,2) : Spin-conversion at the Bi/Ag(111) interface 3) 
 
1)  V. Edelstein, Solid State Comm. 73, 233 (1990).  
2) J.-C. Rojas-Sanchez et al., Nature Comm. 4, 2944 (2013). 
3) A large spin splitting (200 meV)  C. Ast et al., PRL 2007.  

/ The electrons at the interface obey to the 2D Hamiltonian? 
/ Spin current is 100% converted to charge current? 
/ How does self-induced electromotive forces  
        from NiFe (Py) contribute to the IREE signals? 

The self-induced ISHE from NiFe : 
   A. Tsukahara, M.S. et al., PRB 89, 235317 (2014). 
PHE from NiFe :  
   L.Chen, H. Ohno et al., APEX 7, 013002 (2014).  

Conversion rate : the IREE length 
               λIREE = 0.3 nm 



Significant follow-up study 

Experimental observation of spin-to-charge current conversion
at non-magnetic metal/Bi2O3 interfaces

Shutaro Karube1,2, Kouta Kondou2, and YoshiChika Otani1,2

1Institute for Solid State Physics, University of Tokyo, Kashiwa, Chiba 277-8581, Japan
2Center for Emergent Matter Science, RIKEN, Wako, Saitama 351-0198, Japan

Received December 16, 2015; accepted January 6, 2016; published online January 27, 2016

Here, we demonstrate interfacial spin-to-charge current conversion by means of spin pumping from a ferromagnetic permalloy (Py: Ni80Fe20) to a
Cu/Bi2O3 interface. A clear peak owing to the spin-to-charge current conversion was observed in the voltage spectrum of a Py/Cu/Bi2O3 trilayer
!lm, whereas no peak was observed in Py/Cu and Py/Bi2O3 bilayer !lms. We also found that the conversion coef!cient strongly depended on the
Cu thickness, re"ecting the thickness-dependent momentum relaxation time for the Cu layer. © 2016 The Japan Society of Applied Physics

C onversion between spin and charge currents is
one of the most important phenomena in spintronics,
and can be used to generate a spin current source

for domain wall displacement and magnetization switch-
ing.1,2) The most common mechanism for spin current
generation without using ferromagnets utilizes spin Hall
e!ects (SHEs), which occur in heavy metals such as Ta
and Pt owing to the large spin–orbit coupling (SOC).2,3)

Rashba SOC has been recently employed for this conver-
sion. Rojas Sánchez et al. demonstrated that spin-to-charge
current conversion occurred at Bi(111)=Ag interfaces pos-
sessing a large Rashba SOC.4) This phenomenon is known
as the inverse Rashba–Edelstein e!ect (IREE),5) and is also
considered as a novel mechanism for spin conversion.
Edelstein theoretically showed that non-equilibrium mag-
netization appears when charge current is "owing in a two
dimensional electrons gas.6) Therefore, when the spin current
polarized along +y-direction is injected vertically into the
Rashba interface, the cross section of the spin-split dispersion
curve shown in Fig. 1(a) is shifted along the +kx or !kx
axis depending on the spin polarization (up or down), owing
to spin-momentum locking. This means that the charge
current is generated by the injection of the spin current, i.e.,
the spin-to-charge current conversion.

Following the report of Rojas Sánchez et al., a few
experimental papers related to IREE at Ag=Bi and Ag=Sb
interfaces have been reported.7–9) If an electric #eld can be
applied e$ciently at the Rashba interface, the spin-to-charge
current conversion coe$cient might be controlled electri-
cally. However, it is challenging to apply an external electric
#eld to the metallic interface. Therefore, it may be a better
option to utilize a metal=insulator interface for applying
an electric #eld. Previously, we reported that enhanced
spin relaxation occurred at the Ag=Bi2O3 interface in a spin
transport measurement, and assumed that the relaxation
process was a!ected by the Rashba SOC at the interface as a
plausible scenario.10) This result motivated us to perform the
present study of the spin-to-charge current conversion using
a metal=insulator interface. In this letter, we demonstrate
that the spin-to-charge current conversion can be generated
at a metal=insulator, Cu=Bi2O3 interface by means of a spin
pumping method.

Firstly, we describe our sample fabrication. The Ni80Fe20
(Py)=Cu=Bi2O3 trilayer, Py=Cu bilayer and Py=Bi2O3 bilayer
were prepared by lift-o! on a Si substrate with a 300 nm SiO2
layer using suspended resist mask and e-beam evaporation
in a high vacuum of about 10!6 Pa. The mask consisting of a

primer (hexamethyl-disilazane) and AZ1500 resist layers was
patterned into a 5-µm-wide, 200-µm-long strip by maskless
photolithography. After the deposition, the lift-o! process
was performed by soaking the samples in acetone for a few
hours. We also fabricated a Ti (5 nm)=Au (200 nm) wave-
guide neighboring the sample wire for inducing a ferromag-
netic resonance (FMR) in Py during the spin pumping meas-
urements as shown in Fig. 1(b). A Al2O3 dielectric layer
was deposited to prevent shunting between the strip and
the waveguide. During the spin pumping measurement, the
voltage across the strip was measured by sweeping the
in-plane magnetic #eld applied perpendicular to the strip after
passing a 9GHz rf current in the waveguide.

Here, we show the experimental results of spin-to-charge
current conversion at the Cu=Bi2O3 interface. All of the
measurements were performed at room temperature (RT). We
prepared three di!erent multilayer strips, Py (5 nm)=Cu (10
nm)=Bi2O3 (100 nm), Py (5 nm)=Cu (10 nm), and Py (5 nm)=
Bi2O3 (100 nm) to elucidate the importance of a Cu=Bi2O3
interface. As shown in Fig. 1(c), by means of spin pumping,
we injected spin currents into either the Cu=Bi2O3 interface
or Cu. If the spin-to-charge current conversion occurs at the
Cu=Bi2O3 interface, the peaks should be observed in the
recti#ed voltage spectra as a function of the magnetic #eld. As
expected, a clear peak corresponding to the spin-to-charge
current conversion was observed in the voltage spectrum of a
Py=Cu=Bi2O3 trilayer strip, whereas no peaks in the case
of the Py=Cu and Py=Bi2O3 bilayer strips were observed, at
the resonant #eld with an rf current of 9GHz and 23mW, as
shown in Figs. 2(a), 2(b), and 2(c), respectively. This result
supports the importance of the Cu=Bi2O3 interface for the
conversion. Considering that Bi2O3 is an insulator and Cu
does not contribute to the conversion, the above experi-
mental facts suggest that this result comes from an interfacial
phenomenon. We also investigated a half width at half
maximum (HWHM) !H of an FMR spectrum of Py as a
function of frequency for the Py=Cu=Bi2O3, Py=Cu, and Py=
Bi2O3 #lms by using a vector network analyzer as shown in
Figs. 2(a), 2(b), and 2(c), respectively. The Py=Cu=Bi2O3 #lm
shows steeper linearity with the rf frequency f than the Py=Cu,
as shown in Fig. 2(d). This means that the SOC of the
Cu=Bi2O3 interface enhances damping of FMR in Py, i.e., the
spin current is injected into the interface. From the slope, we
can estimate a damping constant ! for Py using the follow-
ing equation,11) "0!H( f ) = "0!H(0) + (2#!=$e) f, where $e =
g"B=! and "0!H(0) are the gyromagnetic ratio of electrons
and the o!set of the HWHM, respectively. Here g, "B, and !
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are the Lande’s g-factor of 2.1,12) the Bohr magnetron, and
the reduced Planck constant, respectively. We then obtain
the damping constants ! = 0.0140, 0.0095, and 0.0173 for
Py=Cu=Bi2O3, Py=Cu, and Py=Bi2O3, respectively. The value
of ! for Py=Bi2O3 is larger than those of the other cases
because the damping constant of Py is enhanced possibly due
to the strong SOC of Bismuth atoms. The di!erence in the

damping constant gives the spin injection e"ciency known as
spin mixing conductance,13)

g"#eff !
4!MStF
g"B

"#F=N=O # #F=N$; "1$

where "0, MS, tF, !F=N=O, and !F=N are the vacuum perme-
ability, saturation magnetization, thickness of Py, and damp-

(a) (b) (c)

(d) (e)

Fig. 2. Comparison between the Py=Cu=Bi2O3 trilayer, Py=Cu bilayer, and Py=Bi2O3 bilayer. Magnetic #eld dependence of the microwave absorption I and
the recti#ed voltages V in the (a) Py=Cu=Bi2O3 trilayer, (b) Py=Cu bilayer, and (c) Py=Bi2O3 bilayer. Plot and solid lines (red and black) are the raw data and
#tting curve, respectively. (d) Half width at half maximum "0!H of the spectrum in each case. (e) Applied frequency of rf current as a function of the resonant
magnetic #eld, where the dashed lines mean curve #tting by the Kittel formula.

(a)

(b) (c)

Fig. 1. (a) Fermi contours with Rashba splitting, and non-equilibrium spin accumulation resulting from a shift of Fermi contours by spin injection.
(b) Experimental setup for the spin pumping measurement. (c) Schematic of spin-to-charge current conversion at the Cu=Bi2O3 interface. Spin currents
are generated by spin pumping from a Py layer in ferromagnetic resonance to a Cu layer and reach a Cu=Bi2O3 interface. Then, the spin-to-charge current
conversion occurs owing to the spin-momentum locking at the Rashba interface.
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/ BiO, instead of Bi : Spin current is blocked. 
/ Bi/Cu, instead of Bi/Ag 
/ The IREE length : 0.6 nm (double) 



Purpose of this study  

Further investigation of a spin conversion mechanism 
   in poly-Bi & Bi/Ag on YIG, the ferrimagnetic insulator. 
       (no unwanted EMFs from spin source materials) 
 
         / ISHE ? IREE ? 
         / Multi-carrier effect ? 



Experimental  

Bi YIG 

Spin current 

Microwave 

µe 

B 

S. Mizukami, Y. Ando, and T. Miyazaki, PRB 66, 104413 (2002). 
Y. Tserkovnyak and A. Brataas, PRL 88, 117601 (2002). 

Spin angular momentum 



How to distinguish them? 

IC 

IC 

ISHE 

IREE 

IC 

dBi 

IC 

dBi 

*K. Ando et al., JAP 108, 113925 (2010). 

⎟
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⎞

⎜
⎝
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S

Bi
2tanhC λ

dI

IC should be constant !! 
YIG/Bi interface 

dBi: Bi thickness 
λS: spin dif. length 

*	
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Sample preparation 
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YIG	

Bi 20 nm/YIG	

Bi 	
Substrate	Structure 

Poly-Bi, Bi/Ag & Ag/Bi on YIG 

Measurement 
1. ESR (made by JEOL) 
      Cavity : TE011 
      Frequency : 9.12 GHz 
      Temperature: RT 
2. Hall measurement 
       d=8~70 nm,  T=2~300 K 
3. Magnetoresistance 
       B= ±5 T 

X-ray diffraction 

•  Single crystal YIG 
•  Bi: thermal evaporation (Pbase=10-7 Pa) 
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)	

(0
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)	
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・Bi/Ag/NiFe 
     The inverse spin Hall effect (ISHE) from NiFe 
   prevents a quantitative discussion.

Observation of inverse Rashba-Edelstein effect
in Bi/Ag and Ag/Bi interfaces with ferromagnetic insulator 

M. Matsushima1, S. Dushenko1,2, R. Ohshima1,2, Y. Ando1, T. Shinjo1, and M. Shiraishi1

Kyoto Univ.1, Osaka Univ.2

 Principle 

 Result 

1P. Gambardella, et al. Phil. Trans. R. Soc. A 369, 3175 (2011). 
2C. R. Ast, et al. Phys. Rev. Lett. 98, 186807 (2007). 
3J. C. Rojas Sánchez, et al. Nat. Commun. 4, 2944 (2013). 
4E. Emoto, M. Shiraishi, et al. J. Appl. Phys. 108, 113925 (2010). 
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 Discussion ・Injected spin current: 

!!"#$%&!%( !'#)*+,-%+(!)#./00%
(1$!2,+ !3&&% 
・Charge current induced by ISHE in Bi: 

!'#)*%((!*#450%!!"#6%&!%+!&!
,#)*%-789:;,+ !)#6%<%.,/

!!!!!!!!!!!!!!!!!!!!!!!!(%!29,222222222222=
・Charge current induced by IREE in Ag/Bi: 

!'#./00%((!)#./00%!0&;2 !!
,#)*%1!)#6%%%!!"#$%&!%( !'#)*+,-%!

0&;2 !!,#)*%1!)#6%%%/
!!!!!!!!!!!!!!!!!!!!!!!!!(#&129, 
 ・Total charge current: 

!'#,-+)*%( !'#)*%; !'#./00%(
;>129, 

   Sign reversal between !'&)*+,-% and !'&,-+)*% was exhibited unlike 
the experiment. 

・Inverse Rashba-Edelstein effect 
   - Lacking space-inversion symmetry 
   causes spin splitting (Rashba effect): 

22(222 !!?&&%!3&&%1&!4&@%%222A222 !5#6%7B:3C !8%<!
!
!

   - The Rashba effect causes the conversion  
   of charge current into spin current.1 

・Bi/Ag interface 
   - Bi/Ag interface has a  
    sizable Rashba 

    parameter !5#6%.2 

Free electron Inversion asymmetry

 Introduction 

Assumption 
   Bi/Ag 
    ・Neglecting the spin relaxation in Ag 
    ・EMF is generated only by IREE 
     in Bi/Ag. 
   Ag/Bi 

    ・Spin current !"#$% reaching the 
Ag/Bi      
     interface is completely converted 
     by IREE and does not flow back.

Purpose 

Calculating !'#,-+)*% from !
'#)*+,-%(>!!29, 

・Using the following formula; 

 {I(! ) – I(! +#$!")}/2 
 to eliminate spurious effects 

  I(! ) : the EMF signal, ! : the angle of the external magnetic field 
・Sample resistances are measured by a four terminal method. 
・Magnitude of electromotive force: 

    {I(!") – I(#$!")}/2 

        Bi/Ag/YIG: !'#)*+,-%(>!!29, 

        Ag/Bi/YIG: !'#,-+)*%(&!!29, 

    {I(9!") – I(&'!")}/2 
        very small 

 
 

The EMFs induced by ISHE or IREE were observed.

・Bi/Ag/YIG and Ag/Bi/YIG  
   - Exhibiting reversed sign of the Rashba parameter 
   - Allowing eliminating spurious signals from the NiFe

 Method 
・Sample structure 
   - Substrate: 
      Y3Fe5O12/Gd3Ga5O12　(YIG/GGG) 
   - YIG: Ferromagnetic insulator 
   - Fabricated by thermal deposition 
・Experimental system 
   - Injecting spin current with 
    spin pumping 
   - The spin current is observed as  
    electromotive force (EMF). 
 

   ESR (JEOL, TE011 cavity) 
   Power: 1 mW 
   Microwave frequency: 9.12 GHz 
   Temperature: room temperature

N S

2sample

microwave V
+

!!"#$%&!%!"#$%( !0&;2 !,1!)#6%%%!!"#$%&!%

!0&;2 !!,#)*%1!)#6%%%!!"#$%&!%
Bi 7 nm Ag 5 nm

 For the conversion 
of IREE in Ag/Bi

Sp
in

 c
ur

re
nt

tYIG

((&233: Sample width 

!)#./00%(!D>#2
E3: IREE length3 

!,#)*%('2E3: Bi 
thickness 

!*#450%(!D!&: 
Spin Hall angle4 

!)#6%($2E3: Spin 
diffusion length of Bi4

 Conclusion Reference
   The experimental data is not explained with 
  the IREE nor the ISHE in Bi by this model. 

   The EMF might 
 not be induced by 
 the IREE. 

Bi/Ag/YIG

Ag/Bi/YIG
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Hall measurement & magnetoresistance (MR) 

Rxx (B)! Rxx (0)
Rxx (B)

=
(N 2 !1)M 2 (1!M 2 )µH

2B2

(2M + N + NM 2 )2 + (N 2 !M 2 )(1!M 2 )µH
2B2

N = (n1 ! n2 ) / (n1 + n2 ) M = (µ1 !µ2 ) / (µ1 +µ2 )

µH =
µ1 +µ2
2

!! =
µ1 +µ2
2

!
2M + N + NM 2

N +M

Two carrier analysis of  
   Hall measurements 
See also, 
G. Eguchi et al.,  
Phys. Rev. B91, 235117 (2015).  

RH : Sheet Hall resistivity 
 
 
 
  RH > 0, α < 0 : electron   

MR : 

RH = R0 !! = R0
2M + N + NM 2

(N +M )2

R0 = [(n1 + n2 )q1]
!1

n : carrier (n1>n2) 
m : mobility 	



Central result in the Hall measurements of Bi 

/ For 20 nm Bi 
      N= 0.96, M= -1.12, µH=0.0127 m2/Vs 
      Electron is the majority carrier.  
       
      n1=1.76e18 /m2, n2=0.04e18 /m2 

      µ1=0.0099 m2/Vs, µ2=0.11 m2/Vs 
      Hole mobility is greater. 
 
/ For 70 nm Bi 
      N= 0.78, M= -1.72, µH=0.0230 m2/Vs 
      Electron is the majority carrier.  
       
      n1=1.43e18 /m2, n2=0.18e18 /m2 

      µ1=0.047 m2/Vs, µ2=0.18 m2/Vs 
      Hole mobility is greater. 
 



Electromotive forces from Bi 
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Thickness dependence of EMFs from Bi 
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Thickness dependence of EMFs from Bi 
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Thickness dependence of a generated electric current, IC=VISHE/R  

IREE	

No IREE in Bi/YIG !!	



Topological Insulator 
 

BiSbTeSe (3D, n-type) 
Yuichiro Ando, M.S. et al., Nano Lett. 2014. 

TlBiSe (3D, p-type) 
G. Eguchi, M.S. et al., PRB(R) 2014.  

Ibid., PRB 2015. 



Hall effect, Quantum Hall effect and more 

External magnetic field : Bz	

F = (!e)[v"B]

e	
e	

e	

Jx =! xyEy
/ Time reversal symmetry breaking ( J : odd, E: even) 
/ Parity symmetry breaking (in 2-D, Jx & Jy, opposite parity) 
/           , no energy dissipation	J ! E

Hall conductivity	

Hall effect	

External magnetic field breaks P & T symmetry in the Hall effect.	



Hall effect, Quantum Hall effect and more 

Quantum Hall effect	 2-D system with non-zero energy gap	

e	

External magnetic field : Bz	

! xy =
e2

2"
d 2k
2"iBZ
!
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Nch

i uk (t )
n
•

= Hk (t ) uk (t )
n

Time-dependent Schrödinger Eq. 
  for Bloch states	Chern #(topological #): integer 

  [# of geometrically singular points] 
　　⇒　Berry phase !  	

Quantum Hall conductivity (derived by Kubo formula)	

External magnetic field breaks time reversal symmetry. 	



“more”, quantum spin Hall effect : topological insulator 
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Quantum spin Hall effect	
Spin Hall conductivity & spin Chern # :	

Spin current :	
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Spin Chern # :  
 
If time reversal symmetry exists,  
                the spin Chern # is always integer and non-zero.   	
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“more”, quantum spin Hall effect : topological insulator 

+	
Topological Insulator !!	

Time reversal symmetry in quantum spin Hall system	

Non-zero Berry phase 
   always appears.  
    / translational symmetry 
    / wave number, k 
 
⇒　Interface & edge 
         induce its discontinuity. 
      (Topological edge current) 



Electrical injection/extraction of the spin polarized current due to  
charge flow in the surface state of the topological insulator	

Objective	

TI : a new class of material  
ü 2D metallic surface state 
ü Dirac electron system 
ü Spin-momentum locking	

I  < 0

Jc

I  > 0

JcJc Jc

I  < 0

Jc

I  > 0

JcJc Jc

Dissipationless pure spin 
currents exist under        
thermal equilibrium.	

Spin-momentum locking in topological insulator (TI)  



Detection of the Dirac edge state 

Quantum Spin Hall Insulator State
in HgTe Quantum Wells
Markus König,1 Steffen Wiedmann,1 Christoph Brüne,1 Andreas Roth,1 Hartmut Buhmann,1
Laurens W. Molenkamp,1* Xiao-Liang Qi,2 Shou-Cheng Zhang2

AUTHORS’ SUMMARY

The discovery more than 25
years ago of the quantum
Hall effect (1), in which the

“Hall,” or “transverse electrical” con-
ductance of a material is quantized,
came as a total surprise to the physics
community. This effect occurs in
layered metals at high magnetic
fields and results from the forma-
tion of conducting one-dimensional
channels that develop at the edges
of the sample. Each of these edge
channels, in which the current moves
only in one direction, exhibits a quan-
tized conductance that is character-
istic of one-dimensional transport. The
number of edge channels in the sam-
ple is directly related to the value of
the quantumHall conductance.More-
over, the charge carriers in these chan-
nels are very resistant to scattering.
Not only can the quantum Hall effect be observed in macroscopic samples
for this reason, but within the channels, charge carriers can be transported
without energy dissipation. Therefore, quantum Hall edge channels may be
useful for applications in integrated circuit technology, where power dis-
sipation is becomingmore andmore of a problem as devices become smaller.
Of course, there are some formidable obstacles to overcome—the quantum
Hall effect only occurs at low temperatures and high magnetic fields.

In the past few years, theoretical physicists have suggested that
edge channel transport of current might be possible in the absence of a
magnetic field. They predicted (2–4) that in insulators with suitable
electronic structure, edge states would develop where—and this is
different from the quantum Hall effect—the carriers with opposite
spins move in opposite directions on a given edge, as shown sche-
matically in the figure. This is the quantum spin Hall effect, and its
observation has been hotly pursued in the field.

Although there are many insulators in nature, most of them do not have
the right structural properties to allow the quantum spin Hall effect to be
observed. This is where HgTe comes in. Bulk HgTe is a II-VI semi-
conductor, but has a peculiar electronic structure: In most such materials,
the conduction band usually derives from s-states located on the group II
atoms, and the valence band from p-states at the VI atoms. In HgTe this
order is inverted, however (5). Using molecular beam epitaxy, we can
grow thin HgTe quantum wells, sandwiched between (Hg,Cd)Te barriers,
that offer a unique way to tune the electronic structure of the material: When
the quantum well is wide, the electronic structure in the well remains
inverted. However, for narrow wells, it is possible to obtain a “normal”
alignment of the quantumwell states. Recently, Bernevig et al. (6) predicted

theoretically that the electronic
structure of inverted HgTe quan-
tum wells exhibits the properties
that should enable an observation
of the quantum spin Hall insula-
tor state. Our experimental obser-
vations confirm this.

These experiments only be-
came possible after the devel-
opment of quantum wells of
sufficiently high carrier mobility,
combined with the lithographic
techniques needed to pattern the
sample. The patterning is espe-
cially difficult because of the very
high volatility of Hg. Moreover,
we have developed a special low–
deposition temperature Si-O-N
gate insulator (7), which allows
us to control the Fermi level (the
energy level up to which all

electronics states are filled) in the quantum well from the conduction band,
through the insulating gap, and into the valence band. Using both electron
beam and optical lithography, we have fabricated simple rectangular
structures in various sizes from quantum wells of varying width and
measured the conductance as a function of gate voltage.

We observe that samples made from narrow quantum wells with a
“normal” electronic structure basically show zero conductance when the
Fermi level is inside the gap. Quantum wells with an inverted electronic
structure, by contrast, show a conductance close to what is expected for the
edge channel transport in a quantum spin Hall insulator. This interpretation
is further corroborated by magnetoresistance data. For example, high–
magnetic field data on samples with an inverted electronic structure show a
very unusual insulator-metal-insulator transition as a function of field,
which we demonstrate is a direct consequence of the electronic structure.

The spin-polarized character of the edge channels still needs to be
unequivocably demonstrated. For applications of the effect in actual
microelectronic technology, this low-temperature effect (we observe it
below 10 K) will have to be demonstrated at room temperature, which may
be possible in wells with wider gaps.

Summary References
1. K. v. Klitzing, G. Dorda, M. Pepper, Phys. Rev. Lett. 45, 494 (1980).
2. S. Murakami, N. Nagaosa, S.-C. Zhang, Phys. Rev. Lett. 93, 156804 (2004).
3. C. L. Kane, E. J. Mele, Phys. Rev. Lett. 95, 146802 (2005).
4. B. A. Bernevig, S.-C. Zhang, Phys. Rev. Lett. 96, 106802 (2006).
5. A. Novik et al., Phys. Rev. B 72, 035321 (2005).
6. B. A. Bernevig, T. L. Hughes, S.-C. Zhang, Science 314, 1757 (2006).
7. J. Hinz et al., Semicond. Sci. Technol. 21, 501 (2006).
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Conductance 
channel with
down-spin 
charge carriers

Conductance 
channel with
up-spin charge 
carriers

Quantum
well

Schematic of the spin-polarized edge channels in a quantum spin Hall
insulator.

2 NOVEMBER 2007 VOL 318 SCIENCE www.sciencemag.org

C
RE

D
IT
:
C
:B

IC
K
EL

=S
C
IE
N
C
E

766

 o
n 

M
ar

ch
 1

2,
 2

01
5

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 

 o
n 

M
ar

ch
 1

2,
 2

01
5

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 

 o
n 

M
ar

ch
 1

2,
 2

01
5

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 

 o
n 

M
ar

ch
 1

2,
 2

01
5

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 

 o
n 

M
ar

ch
 1

2,
 2

01
5

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 

Quantum Spin Hall Insulator State
in HgTe Quantum Wells
Markus König,1 Steffen Wiedmann,1 Christoph Brüne,1 Andreas Roth,1 Hartmut Buhmann,1
Laurens W. Molenkamp,1* Xiao-Liang Qi,2 Shou-Cheng Zhang2

AUTHORS’ SUMMARY

The discovery more than 25
years ago of the quantum
Hall effect (1), in which the

“Hall,” or “transverse electrical” con-
ductance of a material is quantized,
came as a total surprise to the physics
community. This effect occurs in
layered metals at high magnetic
fields and results from the forma-
tion of conducting one-dimensional
channels that develop at the edges
of the sample. Each of these edge
channels, in which the current moves
only in one direction, exhibits a quan-
tized conductance that is character-
istic of one-dimensional transport. The
number of edge channels in the sam-
ple is directly related to the value of
the quantumHall conductance.More-
over, the charge carriers in these chan-
nels are very resistant to scattering.
Not only can the quantum Hall effect be observed in macroscopic samples
for this reason, but within the channels, charge carriers can be transported
without energy dissipation. Therefore, quantum Hall edge channels may be
useful for applications in integrated circuit technology, where power dis-
sipation is becomingmore andmore of a problem as devices become smaller.
Of course, there are some formidable obstacles to overcome—the quantum
Hall effect only occurs at low temperatures and high magnetic fields.

In the past few years, theoretical physicists have suggested that
edge channel transport of current might be possible in the absence of a
magnetic field. They predicted (2–4) that in insulators with suitable
electronic structure, edge states would develop where—and this is
different from the quantum Hall effect—the carriers with opposite
spins move in opposite directions on a given edge, as shown sche-
matically in the figure. This is the quantum spin Hall effect, and its
observation has been hotly pursued in the field.

Although there are many insulators in nature, most of them do not have
the right structural properties to allow the quantum spin Hall effect to be
observed. This is where HgTe comes in. Bulk HgTe is a II-VI semi-
conductor, but has a peculiar electronic structure: In most such materials,
the conduction band usually derives from s-states located on the group II
atoms, and the valence band from p-states at the VI atoms. In HgTe this
order is inverted, however (5). Using molecular beam epitaxy, we can
grow thin HgTe quantum wells, sandwiched between (Hg,Cd)Te barriers,
that offer a unique way to tune the electronic structure of the material: When
the quantum well is wide, the electronic structure in the well remains
inverted. However, for narrow wells, it is possible to obtain a “normal”
alignment of the quantumwell states. Recently, Bernevig et al. (6) predicted

theoretically that the electronic
structure of inverted HgTe quan-
tum wells exhibits the properties
that should enable an observation
of the quantum spin Hall insula-
tor state. Our experimental obser-
vations confirm this.

These experiments only be-
came possible after the devel-
opment of quantum wells of
sufficiently high carrier mobility,
combined with the lithographic
techniques needed to pattern the
sample. The patterning is espe-
cially difficult because of the very
high volatility of Hg. Moreover,
we have developed a special low–
deposition temperature Si-O-N
gate insulator (7), which allows
us to control the Fermi level (the
energy level up to which all

electronics states are filled) in the quantum well from the conduction band,
through the insulating gap, and into the valence band. Using both electron
beam and optical lithography, we have fabricated simple rectangular
structures in various sizes from quantum wells of varying width and
measured the conductance as a function of gate voltage.

We observe that samples made from narrow quantum wells with a
“normal” electronic structure basically show zero conductance when the
Fermi level is inside the gap. Quantum wells with an inverted electronic
structure, by contrast, show a conductance close to what is expected for the
edge channel transport in a quantum spin Hall insulator. This interpretation
is further corroborated by magnetoresistance data. For example, high–
magnetic field data on samples with an inverted electronic structure show a
very unusual insulator-metal-insulator transition as a function of field,
which we demonstrate is a direct consequence of the electronic structure.

The spin-polarized character of the edge channels still needs to be
unequivocably demonstrated. For applications of the effect in actual
microelectronic technology, this low-temperature effect (we observe it
below 10 K) will have to be demonstrated at room temperature, which may
be possible in wells with wider gaps.

Summary References
1. K. v. Klitzing, G. Dorda, M. Pepper, Phys. Rev. Lett. 45, 494 (1980).
2. S. Murakami, N. Nagaosa, S.-C. Zhang, Phys. Rev. Lett. 93, 156804 (2004).
3. C. L. Kane, E. J. Mele, Phys. Rev. Lett. 95, 146802 (2005).
4. B. A. Bernevig, S.-C. Zhang, Phys. Rev. Lett. 96, 106802 (2006).
5. A. Novik et al., Phys. Rev. B 72, 035321 (2005).
6. B. A. Bernevig, T. L. Hughes, S.-C. Zhang, Science 314, 1757 (2006).
7. J. Hinz et al., Semicond. Sci. Technol. 21, 501 (2006).
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Schematic of the spin-polarized edge channels in a quantum spin Hall
insulator.
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Although the four-band Dirac model (Eq. 1)
gives a simple qualitative understanding of
this novel phase transition, we also performed
more realistic and self-consistent eight-band
k·p model calculations (13) for a 6.5-nm quan-
tum well, with the fan chart of the Landau
levels displayed in Fig. 1B. The two anoma-
lous Landau levels cross at a critical magnetic
field Bc

!, which evidently depends on well
width. This implies that when a sample has its
Fermi energy in the gap at zero magnetic
field, this energy will always be crossed by
the two anomalous Landau levels, resulting in
a QH plateau in-between the two crossing
fields. Figure 3 summarizes the dependence
of Bc

! on well width d. The open red squares
are experimental data points that result from
fitting the eight-band k·p model to experi-
mental data as in Fig. 1, while the filled red
triangles result solely from the k·p calcula-
tion. For reference, the calculated gap ener-
gies are also plotted in this graph as open
blue circles. The band inversion is reflected
in the sign change of the gap. For relatively
wide wells (d > 8.5 nm), the (inverted) gap

starts to decrease in magnitude. This is be-
cause for these well widths, the band gap no
longer occurs between the E1 and HH1 lev-
els, but rather between HH1 and HH2—the
second confined hole-like level, as schemat-
ically shown in the inset of Fig. 3 [see also
(17)]. Also in this regime, a band crossing of
conductance- (HH1) and valence- (HH2) band–
derived Landau levels occurs with increasing
magnetic field (13, 17, 18). Figure 3 clearly
illustrates the quantum phase transition that
occurs as a function of d in the HgTe QWs:
Only for d > dc does Bc

! exist, and at the
same time the energy gap is negative (i.e.,
the band structure is inverted). The experimen-
tal data allow for a quite accurate determi-
nation of the critical thickness, yielding dc =
6.3 ± 0.1 nm.

Zero-field edge channels and the QSH
effect. The actual existence of edge channels
in insulating inverted QWs is only revealed
when studying smaller Hall bars [the typical
mobility of 105 cm2 V"1 s"1 in n-type material
implies an elastic mean free path of lmfp #
1 mm (19, 20)—and one may anticipate lower

mobilities in the nominally insulating regime].
The pertinent data are shown in Fig. 4, which
plots the zero B-field four-terminal resistance
R14,23 $ V23/I14 as a function of normalized gate
voltage (Vthr is defined as the voltage for which
the resistance is largest) for several devices that
are representative of the large number of
structures we investigated. R14,23 is measured
while the Fermi level in the device is scanned
through the gap. In the low-resistance regions at
positive Vg " Vthr, the sample is n-type; at
negative Vg " Vthr, the sample is p-type.

The black curve labeled I in Fig. 4 was
obtained from a medium-sized [(20.0 ! 13.3)
mm2] device with a 5.5-nm QW and shows the
behavior we observe for all devices with a
normal band structure: When the Fermi level
is in the gap, R14,23 increases strongly and is
at least several tens of megohm (this is the de-
tection limit of the lock-in equipment used in
the experiment). This clearly is the expected
behavior for a conventional insulator. How-
ever, for all devices containing an inverted QW,
the resistance in the insulating regime remains
finite. R14,23 plateaus at well below 100 kilohm
(i.e., G14,23 = 0.3 e2/h) for the blue curve
labeled II, which is again for a (20.0 ! 13.3)
mm2 device fabricated by optical lithography,
but that contains a 7.3-nm-wide QW. For much
shorter samples (L = 1.0 mm, green and red
curves III and IV) fabricated from the same
wafer, G14,23 actually reaches the predicted
value close to 2e2/h, demonstrating the exis-
tence of the QSH insulator state for inverted
HgTe QW structures.

Figure 4 includes data on two devices with
d = 7.3 nm, L = 1.0 mm. The green trace (III)
is from a device with W = 1.0 mm, and the red
trace (IV) corresponds to a device with W =
0.5 mm. Clearly, the residual resistance of the
devices does not depend on the width of the
structure, which indicates that the transport
occurs through edge channels (21). The traces
for the d = 7.3 nm, L = 1.0 mm devices do not
reach all the way into the p-region because the
electron-beam lithography needed to fabricate
the devices increases the intrinsic (Vg = 0 V)
carrier concentration. In addition, fluctuations
on the conductance plateaus in traces II, III,
and IV are reproducible and do not stem from,
e.g., electrical noise. Although all R14,23 traces
discussed so far were taken at the base
temperature (30 mK) of our dilution refriger-
ator, the conductance plateaus are not limited
to this very-low-temperature regime. In the
inset of Fig. 4, we reproduce the green 30-mK
trace III on a linear scale and compare it with
a trace (in black) taken at 1.8 K from another
(L ! W) = (1.0 ! 1.0) mm2 sample, which was
fabricated from the same wafer. In the fabrica-
tion of this sample, we used a lower-illumination
dose in the e-beam lithography, resulting in a
better (but still not quite complete) coverage of
the n-i-p transition. Clearly, in this further
sample, and at 1.8 K, the 2e2/h conductance

Fig. 3. Crossing field,
Bc! (red triangles), and
energy gap, Eg (blue
open dots), as a func-
tion of QW width d
resulting from an eight-
band k·p calculation.
For well widths larger
than 6.3 nm, the QW is
inverted and a mid-gap
crossing of Landau levels
deriving from the HH1
conductance and E1 va-
lence band occurs at fi-
nite magnetic fields. The
experimentally observed
crossing points are in-
dicated by open red
squares. The inset shows
the energetic ordering of the QW subband structure as a function of QW width d. [See also (17)].
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The first success of the electrical detection of the Dirac edge state. 
(2-dimensional topological insulators, HgTe) 

Science, 318, 766 (2007). 	



①	
②	
③	
④	

        Our strategy  
ü Bulk-insulating TI  
ü Extraction of spin current 
    by electric fields. 
    (Local magnetoresistance)	

A challenge to detect the Dirac edge state in 3D 
TIs 

Electrical detection of charge-current-induced
spin polarization due to spin-momentum
locking in Bi2Se3
C. H. Li1*, O. M. J. van ‘t Erve1, J. T. Robinson2, Y. Liu3, L. Li3 and B. T. Jonker1*

Topological insulators exhibit metallic surface states populated by massless Dirac fermions with spin-momentum locking,
where the carrier spin lies in-plane, locked at right angles to the carrier momentum. Here, we show that a charge current
produces a net spin polarization via spin-momentum locking in Bi2Se3 films, and this polarization is directly manifested as
a voltage on a ferromagnetic contact. This voltage is proportional to the projection of the spin polarization onto the
contact magnetization, is determined by the direction and magnitude of the charge current, scales inversely with Bi2Se3
film thickness, and its sign is that expected from spin-momentum locking rather than Rashba effects. Similar data are
obtained for two different ferromagnetic contacts, demonstrating that these behaviours are independent of the details of
the ferromagnetic contact. These results demonstrate direct electrical access to the topological insulators’ surface-state
spin system and enable utilization of its remarkable properties for future technological applications.

Topological insulators (TIs) form a new quantum phase of
matter distinct from the classic dichotomy of metals and semi-
conductors1–4. Whereas the bulk states form a bandgap, the

surface states form a Dirac cone similar to graphene (Fig. 1a) and
are topologically protected against disorder scattering. In marked
contrast with the spin-degenerate bands of graphene, TI surface
states are spin polarized. Topological insulators are expected to
produce new functionalities5 and enable insights into complex
phenomena in many scientific arenas including spintronics6–8,
quantum information technology9, highly correlated electron
systems10, magnetic monopoles11 and quantized magnetoelectric
coupling12. Examples of TI materials include Bi1–xSbx (ref. 4),
Bi2Se3, Bi2Te3 and Sb2Te3 (refs 13–15).

One of the most striking properties is spin-momentum locking;
the spin of the TI Dirac surface state lies in-plane, and is locked at
right angles to the carrier momentum. An unpolarized charge
current should thus create a net spin polarization, the amplitude
and orientation of which are controlled by the charge current.
This remarkable property has been anticipated by theory16–18, but
never accessed in a simple transport structure. A top view of a
cross-section of the surface-state bands taken above the Dirac
point is approximately circular (with slight hexagonal warping19),
with the spin tangential at all points, as shown by the solid line
in Fig. 1b. A net momentum along the kx direction (represented
by a displacement of this circular cross-section along kx , indicated
by the dashed circle) produced by an electric field results in an
electron current Ie along x. Owing to spin-momentum locking,
this simultaneously induces a spin current with a spin polarization
oriented along 2y. Thus, an unpolarized surface-state charge
current creates a net spin polarization, with amplitude and orien-
tation determined by the amplitude and direction of the charge
current (Fig. 1c). Spin-momentum locking has been probed
by spin-resolved photoemission14,20,21 and polarized optical
spectroscopic techniques22, but never accessed in a simple
transport geometry.
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Figure 1 | Schematic of TI surface bands and experimental concept.
a, Dirac cone of the TI surface states (blue), with the spin at right angles to
the momentum at each point. The bulk conduction and valence bands are
shown in grey. b, Top view of a slice in the kx2ky plane of the TI surface
states. An applied voltage produces a net momentum along kx and spin-
momentum locking gives rise to a net spin polarization oriented in-plane and
at right angles to the current. c, Concept drawing of the transport
experiment. The voltage measured at the ferromagnetic detector is
proportional to the projection of the current-induced TI spin polarization
onto the contact magnetization.
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TI SiO2/Si sub.	

  Sample  :  Single crystal Bi1.5Sb0.5Te1.7Se1.3 (BSTS)  formed by a  
                    Bridgeman method   
Substrate :  Thermally-oxidized SiO2 (500 nm) / Si  
 TI flakes  :   Mechanical exfoliation using a Scotch tape   
Measurement of TI-flake thickness: Laser microscope  
                                                          & Atomic force microscope.  
Ni80Fe20(Py) & Au/Cr electrode : Electron beam lithography  
                                                    & Electron beam evaporation.	
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100×10-6 [A=C/s]	 1.05×10-34 [J・s=CV・s]	

Spin polarization of injected current	

1.60×10-19 [C]	 0.05~0.1 Å-1 from ARPES 
(S. Kim et al., PRL. 112, 136802 (2014).)	

Width of TI channel　2000 [nm] =2×104 [Å]	

This study: 2V=4～40µV⇒η=0.05~0.5%	

Magnetoresistance	

Burkov et al., Phys. Rev. Lett. 105, 066802(2010).  	

V =
4! I!!
e2kFm

Spin-charge coupled transport (theory & exp.) 



Nano-carbon 
 

Single-layer graphene 
R. Ohshima, A. Sakai, M.S. et al., APL 2014. 

S. Dushenko, M.S. et al., PRL 2016. 

Single-walled carbon nanotubes 
E. Shigematsu, H. Nagano, M.S. et al., in prep. 



Graphene : small spin-orbit interaction : 1-10 µV  
                S. Konschuh et al., PRB 2010. 
                D. Huertas-Hernando et al., PRB 2006.  	

20 folds enhancement by defects, ripples etc…. 
                 D. Huertas-Hernando et al., PRB 2006.  
                 A. Castro Neto et al., PRL 2009. 	

Giant enhancement of SOI in SLG 
       J. Balakrishnan, B. Oeziylmaz et al., Nature Comm. 2014.  
   / CVD-grown on Cu ⇒ Cu adatoms 
   / θSHE ~ 0.2 (!) (3-orders of magnitude enhancement) 

SOI in graphene !? 



SOI enhancement in graphene ? 

Hydrogenation : 
SOI in hydrogenated SLG, enhanced. 
       J. Balakrishnan, B. Oeziylmaz et al., Nature Phys. 2013.  
           SOI = 2.5 meV (!) 
 
NO! Hydrogenated SLG allows good spin coherence. 
      M. Wojtaszek, B. van Wees et al., PRB(R), 2013.  

?	



Spin conversion in graphene 

Observation of spin-charge conversion in chemical-vapor-deposition-grown
single-layer graphene

Ryo Ohshima,1,a) Atsushi Sakai,1,a) Yuichiro Ando,1,2 Teruya Shinjo,2 Kenji Kawahara,3

Hiroki Ago,3 and Masashi Shiraishi1,2
1Graduate School of Engineering Science, Osaka University, Toyonaka 560-8531, Japan
2Department of Electronic Science and Engineering, Kyoto University, Kyoto 615-8531, Japan
3Institute for Material Chemistry and Engineering, Kyushu University, Fukuoka 816-8508, Japan

(Received 4 July 2014; accepted 7 August 2014; published online 24 October 2014)

Conversion of pure spin current to charge current in single-layer graphene (SLG) is investigated by
using spin pumping. Large-area SLG grown by chemical vapor deposition is used for the conver-
sion. Efficient spin accumulation in SLG by spin pumping enables observing an electromotive
force produced by the inverse spin Hall effect (ISHE) of SLG. The spin Hall angle of SLG is esti-
mated to be 6.1 ! 10"7. The observed ISHE in SLG is ascribed to its non-negligible spin-orbit
interaction in SLG.VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4893574]

Spintronics using molecular materials has been regarded
as an attractive field in spintronics.1 Among molecules, gra-
phene is regarded as having the greater potential in conse-
quence of electrical2–4 and dynamical5 transport of a pure spin
current being experimentally demonstrated at room tempera-
ture (RT). Because spin transport enables fabrication of spin
devices, modulation of the spin signals of propagating pure
spin current in graphene, i.e., an operation of spin transistor
using graphene, was also reported.6 To date, spin transport in
other molecules at RT has not been adequately confirmed
because the generation of a pure spin current at RT has not
been achieved. However, successful dynamical spin injection
in a conductive polymer, poly(3,4-ethylenedioxythiophene):p-
oly(4-styrenesulphonate) (PEDOT:PSS), should be noted.7

The authors confirmed the dynamical spin injection into
PEDOT:PSS by observing its charge current generated by the
spin-charge conversion, where the conversion is attributed to
the inverse spin Hall effect (ISHE). As PEDOT:PSS consists
of mainly light elements, such as carbon and hydrogen, the
spin-orbit interaction (SOI) is expected to be comparatively
small. However, the non-zero SOI and the sufficiently large
accumulation of spin at the interface between PEDOT:PSS
and yittrium-iron-garnet (Y3Fe5O12, YIG), a spin source, ena-
bles spin-charge conversion via the SOI. This has greatly
impacted molecular spintronics because it challenges the con-
ventional understanding of spin physics in molecules.
Concerning graphene, the SOI of defect-free and flat single-
layer graphene (SLG) is almost negligible (1–50leV (Refs. 8
and 9)). However, SLG on substrates loses its flatness and
possesses ripples, resulting in roughly a 20-folds enhancement
of the SOI.9 Additionally, impurities in graphene can also pro-
vide an order in magnitude enhancement of the SOI.10 The
introduction of ripples and defects into graphene is almost in-
evitable at the current stage, and thus, one can expect spin-
charge conversion in graphene to occur, if an efficient spin
accumulation develops. Here, in this study, we shed light on
the spin-charge conversion in graphene, which endows addi-
tional functionality in graphene-based spintronics because

spin conversion in addition to spin injection and spin transport
is now realized.

In our study, large-area SLG was grown by ambient
pressure chemical vapor deposition (CVD) and transferred
onto a single crystal YIG substrate (1.5 ! 3mm2). Details of
the CVD and transfer processes are described in Ref. 11 and
supplementary material.12 Dynamical spin pumping was
used to inject spin into the SLG; here, YIG is the source of
spins.13 The principle of dynamical spin injection is as fol-
lows: Magnetization dynamics in a ferromagnet are
described by the Landau-Lifshitz-Gilbert (LLG) equation

dM

dt
# cHef f !M $ a

M

Ms
! dM

dt
; (1)

where c, M, Heff, a, and Ms are the gyromagnetic ratio of the
ferromagnet, the time-dependent magnetization of the ferro-
magnet, an external magnetic field, the Gilbert damping con-
stant, and saturation magnetization of the ferromagnet,
respectively. The first and the second terms are the field term
that describes magnetization precession and the damping
term that describes damping torque, respectively.
Ferromagnetic resonance (FMR) occurs when microwaves
(f# 9.6GHz in this study) are applied to the ferromagnet.
The damping torque is suppressed in FMR, which induces
the pumping of spins into the SLG in consequence of spin
angular momentum conservation. The pumped spins accu-
mulate in the SLG. The YIG substrate is a ferromagnetic in-
sulator with a band-gap of 2.7 eV, which helps to mitigate
unnecessary electromotive forces from a conductive ferro-
magnet, such as NiFe,14 in spin pumping experiments. The
YIG substrate, grown by liquid phase epitaxy, is commer-
cially available (GRANOPT, Akita, Japan). Its surface
roughness estimated to be 2.7 nm by atomic force micros-
copy impedes efficient spin pumping from the YIG substrate.
Indeed, no electromotive force was observed from Pt on the
as-grown YIG during the dynamical spin pumping, although
Pt has a large SOI. To solve this problem, we polished the
YIG. A gliding process using a suspension of alumina par-
ticles (0.05 lm in diameter) reduced the roughness down to
1.2 nm.12 The results of polishing were experimentallya)R. Oshima and A. Sakai contributed equally to this work.

0003-6951/2014/105(16)/162410/4/$30.00 VC 2014 AIP Publishing LLC105, 162410-1

APPLIED PHYSICS LETTERS 105, 162410 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
130.54.110.73 On: Tue, 28 Oct 2014 02:11:54

θSHE ~ 6e-7 

Spin-Current to Charge-Current Conversion and Magnetoresistance in a Hybrid
Structure of Graphene and Yttrium Iron Garnet

J. B. S. Mendes,1,* O. Alves Santos,2 L. M. Meireles,3 R. G. Lacerda,3 L. H. Vilela-Leão,4 F. L. A. Machado,2
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The use of graphene in spintronic devices depends, among other things, on its ability to convert a spin
excitation into an electric charge signal, a phenomenon that requires a spin-orbit coupling (SOC). Here we
report the observation of two effects that show the existence of SOC in large-area CVD grown single-layer
graphene deposited on a single crystal film of the ferrimagnetic insulator yttrium iron garnet (YIG).
The first is a magnetoresistance of graphene induced by the magnetic proximity effect with YIG. The
second is the detection of a dc voltage along the graphene layer resulting from the conversion of the spin
current generated by spin pumping from microwave driven ferromagnetic resonance into a charge current,
which is attributed to the inverse Rashba-Edelstein effect.

DOI: 10.1103/PhysRevLett.115.226601 PACS numbers: 72.25.Mk, 75.70.Ak, 75.70.Cn, 76.50.+g

One key phenomenon for spintronics is the conversion of
signals carried by spin excitations in ferromagnets (FM)
into electric signals. In bilayers of FM with metallic layers
(ML) this conversion involves the spin-pumping effect
(SPE) [1,2] and the inverse spin Hall effect (ISHE) [3,4].
Precessing spins in the FM inject a spin current in the ML
by the SPE, which is then converted into a charge current
by the ISHE. This phenomenon was first observed by the
electric detection of microwave driven ferromagnetic res-
onance (FMR) in multilayers of permalloy (Py), FeCo, and
paramagnetic metals (PM) such as Pt, Pd, and Ta [5]. As the
ISHE requires the presence of spin-orbit coupling (SOC),
most SPE-ISHE studies have been conducted with PM
materials of heavy elements [6]. Initially concentrated in
bilayers with FM metals [3–8], the SPE-ISHE studies
gained renewed interest with the discovery of spin pumping
by the ferrimagnetic insulator yttrium iron garnet (YIG)
[9–19]. The recent discovery [20,21] of new mechanisms
for spin-current to charge-current conversion based on the
Rashba-Edelstein effect has enriched the field and opened
up new possibilities.
Owing to its exceptional electronic transport properties

[22,23], graphene has been considered to be very promising
for spintronic applications [24,25]. However, due to the low
atomic number of carbon, intrinsic graphene has a weak
SOC and thus very small spin Hall effect [26]. Several
mechanisms and structures have been proposed for the use
of graphene in spintronics, such as nanostructures with
adjacent graphene nanoribbons [27], nanostructures with
ferromagnetic gate electrodes [28,29], and decoration of

graphene with small doses of adatoms or nanoparticles
[30]. Recently, it has been shown that a Py electrode under
FMR pumps spin current into a single-layer graphene
(SLG) [31,32] and that SLG grown by chemical vapor
deposition (CVD) on Cu foil carries Cu adatoms when
transferred to a Si/SiO2 substrate and exhibits large SOC
and spin-Hall effect [33].
Because of its very low magnetic damping, YIG is an

ideal FM material to use in hybrid structures with graphene
for spintronic applications. YIG has been the reference
material for investigating a variety of magnonic phenomena
[34,35]. The combination of the cm long magnon propa-
gation length of YIG with the high carrier mobility of
graphene might lead to spintronic devices with new
functionalities. It has been shown theoretically that when
a SLG is in atomic contact with a ferromagnetic insulator
(FMI), there is a hybridization between the ! carbon
orbitals in graphene and the neighboring spin-polarized
d orbitals in the FMI [36]. This gives rise to a proximity
effect that results in long-range ferromagnetic ordering in
graphene, as observed in YIG/SLG [37]. The interface
exchange interaction is also required for the spin pumping
from a FMI into a conducting layer [9,38]. In this Letter we
report the observation of spin-current to charge-current
conversion and magnetoresistance in large area CVD
grown SLG on a YIG film. Both effects demonstrate that
the SLG in atomic contact with YIG exhibits an extrinsic
SOC that enhances the Rashba effect.
We have used a single-crystal YIG film with thickness

6.0 "m grown by liquid-phase epitaxy on a 0.5 mm thick
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The IREE governs the spin conversion !!??	



when the sample is rotated by 180° and fall to noise level
when ! ! 90°. Figure 4(b) shows that the voltage measured
in the YIG/SLG sample exhibits spin-pumping voltage with
features similar to other metals. However, there is an
asymmetry between the positive and negative peaks, which
is similar to that observed in YIG/Py [17]. This is another
indication of the ferromagnetic order in the graphene layer
due to the proximity effect of YIG. The inset in Fig. 4(b)
shows that the peak voltage in YIG/SLG increases linearly
with the microwave power showing that nonlinear effects
are not present in the power range of the experiments.
The dc spin-pumping spin-current density at the YIG/ML

interface generated by the magnetization precession is [8]

JS"0# !
!"pg!"eff

4#

!
h
!H

"
2

L"H !HR#; "1#

where !H and HR are, respectively, the linewidth and field
for resonance of the YIG/ML bilayer, L"H !HR# is the
Lorentzian line shape and p is the precession ellipticity. In
all studies reported to date for FMI/ML bilayers, the
mechanism for conversion of the spin current in Eq. (1)
into a charge current is the inverse spin Hall effect [4–18].
Recently, Rojas Sánchez [20] showed that in a multilayer
system, a spin current can be converted into a charge current
by the inverse Rashba-Edelstein effect (IREE) at the inter-
face between two nonmagnetic layers. In the case of the
YIG/Pt bilayer, the spin current flows into the Pt layer and
diffuses, with a spin diffusion length $N . Then it is converted
into a charge currentwith density ~JC ! %SH"e=!# ~JS ! ~& by
means of the ISHE,where %SH is the spinHall angle and ~& the
spin polarization defined by the applied field. Integration of
the current density leads to the dc voltage [6–8]

VSP"H# ! RN
" e%SH$Nwpxz g

!"
eff

8#

! tanh"tN=2$N#
!

h
!H

"
2

L"H !HR# cos!; "2#

where RN , tN , and w are, respectively, the resistance,
thickness and width of the Pt layer, and pxz is a factor that

expresses the ellipticity and the spatial variation of the rf
magnetization of the FMR mode. We use for Pt (4 nm) the
measured resistance RN ! 178 # and the parameters
%SH ! 0.08, $N ! 3.7 nm [8], and for YIG p1;1 ! 0.31
appropriate for the uniform (1,1) mode at 9.4 GHz [18],
and FMR linewidth!H!0.91Oe. Using h!4.8!10!2Oe,
corresponding to a microwave power of 150 mW in the
shorted waveguide, and the peak value VSP ! 10 'V in
Fig. 4(a), we find with Eq. (2) that g!"eff ! 1018 m!2, con-
sistent with values for YIG/Pt in the literature [6,16,45].
One might attempt to interpret the origin of the voltage

in YIG/SLG with the same spin-pumping ISHE
mechanism, as done in Ref. [47]. To apply Eq. (2) for
YIG/SLG we consider tN=2$N " 1, so that VSP !
"RNfe%SHwpxzg

!"
eff tN=8#"h=!H#2. This expression does

not depend on the spin diffusion length, as expected for a
single atomic layer, but it requires that an effective thickness
tN is attributed SLG. With RN ! 3400 #, g!"eff ! 4 !
1017 m!2 obtained from the FMR linewidth increase in
YIG/SLG, %SH ! 0.2 reported in Ref. [33] for CVD gra-
phene grown on Cu foil, the SLG thickness that would give
the measured voltage in Fig. 4(b), VSP ! 5 'V, is
tN ! 2 ! 10!11 m. This is too small compared to any
effective thickness ascribed to a single-layer graphene
[48], which is certainly nonphysical. Thus, the spin-pump-
ing voltage observed in YIG/SLG cannot be attributed to the
SPE ISHE effect, which is not unexpected since in SLG the
spin-pumping spin-current cannot have a 3D component.
We follow Ref. [20] and interpret the spin-current to

charge-current conversion in SLG as arising from the
inverse Rashba-Edelstein effect, made possible by the
extrinsic SOC due mainly to the proximity effect with
YIG. The 3D spin current in Eq. (1) flows into the SLG and
is converted by the IREE into a charge current in the single
layer graphene with a 2D density jC ! "2e=!# $IREE JS,
where $IREE is a coefficient characterizing the IREE, with
dimension of length and proportional to the Rashba
coefficient, and hence to the magnitude of the SOC [49].
The measured voltage is related to this current density by
VIREE ! RNw jC. Using the same parameters as before, we
find for the IREE coefficient $IREE ! 10!3 nm. This value is
about 2 orders of magnitude smaller than the one obtained
in Ref. [20] for the Ag/Bi interface. This is not surprising,
since Bi is known to have a large SOC, whereas in SLG the
SOC arises from extrinsic sources and is certainly smaller.
In summary, we have observed two effects in large-area

CVD grown single-layer graphene deposited on a single
crystal film of yttrium iron garnet that show the existence of
SOC. The first is a magnetoresistance of graphene induced
by the magnetic proximity effect with YIG. The second is
the detection of a dc voltage along the graphene layer
resulting from the conversion of the spin current generated
by spin pumping from microwave driven FMR into charge
current. We interpret the spin-current to charge-current
conversion as arising from the inverse Rashba-Edelstein
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FIG. 4 (color online). Field scan spin-pumping dc voltage
measured with 9.4 GHz microwave driving with power 150 mW
in YIG"6 'm#=Pt"4 nm# and YIG"6 'm#=SLG, with the mag-
netic field applied in the film plane at the angles indicated in the
inset of (a). The inset in (b) shows the linear variation of the peak
voltage with microwave power in YIG/SLG.
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Why IREE ? 
when the sample is rotated by 180° and fall to noise level
when ! ! 90°. Figure 4(b) shows that the voltage measured
in the YIG/SLG sample exhibits spin-pumping voltage with
features similar to other metals. However, there is an
asymmetry between the positive and negative peaks, which
is similar to that observed in YIG/Py [17]. This is another
indication of the ferromagnetic order in the graphene layer
due to the proximity effect of YIG. The inset in Fig. 4(b)
shows that the peak voltage in YIG/SLG increases linearly
with the microwave power showing that nonlinear effects
are not present in the power range of the experiments.
The dc spin-pumping spin-current density at the YIG/ML

interface generated by the magnetization precession is [8]

JS"0# !
!"pg!"eff

4#

!
h
!H

"
2

L"H !HR#; "1#

where !H and HR are, respectively, the linewidth and field
for resonance of the YIG/ML bilayer, L"H !HR# is the
Lorentzian line shape and p is the precession ellipticity. In
all studies reported to date for FMI/ML bilayers, the
mechanism for conversion of the spin current in Eq. (1)
into a charge current is the inverse spin Hall effect [4–18].
Recently, Rojas Sánchez [20] showed that in a multilayer
system, a spin current can be converted into a charge current
by the inverse Rashba-Edelstein effect (IREE) at the inter-
face between two nonmagnetic layers. In the case of the
YIG/Pt bilayer, the spin current flows into the Pt layer and
diffuses, with a spin diffusion length $N . Then it is converted
into a charge currentwith density ~JC ! %SH"e=!# ~JS ! ~& by
means of the ISHE,where %SH is the spinHall angle and ~& the
spin polarization defined by the applied field. Integration of
the current density leads to the dc voltage [6–8]

VSP"H# ! RN
" e%SH$Nwpxz g

!"
eff

8#

! tanh"tN=2$N#
!

h
!H

"
2

L"H !HR# cos!; "2#

where RN , tN , and w are, respectively, the resistance,
thickness and width of the Pt layer, and pxz is a factor that

expresses the ellipticity and the spatial variation of the rf
magnetization of the FMR mode. We use for Pt (4 nm) the
measured resistance RN ! 178 # and the parameters
%SH ! 0.08, $N ! 3.7 nm [8], and for YIG p1;1 ! 0.31
appropriate for the uniform (1,1) mode at 9.4 GHz [18],
and FMR linewidth!H!0.91Oe. Using h!4.8!10!2Oe,
corresponding to a microwave power of 150 mW in the
shorted waveguide, and the peak value VSP ! 10 'V in
Fig. 4(a), we find with Eq. (2) that g!"eff ! 1018 m!2, con-
sistent with values for YIG/Pt in the literature [6,16,45].
One might attempt to interpret the origin of the voltage

in YIG/SLG with the same spin-pumping ISHE
mechanism, as done in Ref. [47]. To apply Eq. (2) for
YIG/SLG we consider tN=2$N " 1, so that VSP !
"RNfe%SHwpxzg

!"
eff tN=8#"h=!H#2. This expression does

not depend on the spin diffusion length, as expected for a
single atomic layer, but it requires that an effective thickness
tN is attributed SLG. With RN ! 3400 #, g!"eff ! 4 !
1017 m!2 obtained from the FMR linewidth increase in
YIG/SLG, %SH ! 0.2 reported in Ref. [33] for CVD gra-
phene grown on Cu foil, the SLG thickness that would give
the measured voltage in Fig. 4(b), VSP ! 5 'V, is
tN ! 2 ! 10!11 m. This is too small compared to any
effective thickness ascribed to a single-layer graphene
[48], which is certainly nonphysical. Thus, the spin-pump-
ing voltage observed in YIG/SLG cannot be attributed to the
SPE ISHE effect, which is not unexpected since in SLG the
spin-pumping spin-current cannot have a 3D component.
We follow Ref. [20] and interpret the spin-current to

charge-current conversion in SLG as arising from the
inverse Rashba-Edelstein effect, made possible by the
extrinsic SOC due mainly to the proximity effect with
YIG. The 3D spin current in Eq. (1) flows into the SLG and
is converted by the IREE into a charge current in the single
layer graphene with a 2D density jC ! "2e=!# $IREE JS,
where $IREE is a coefficient characterizing the IREE, with
dimension of length and proportional to the Rashba
coefficient, and hence to the magnitude of the SOC [49].
The measured voltage is related to this current density by
VIREE ! RNw jC. Using the same parameters as before, we
find for the IREE coefficient $IREE ! 10!3 nm. This value is
about 2 orders of magnitude smaller than the one obtained
in Ref. [20] for the Ag/Bi interface. This is not surprising,
since Bi is known to have a large SOC, whereas in SLG the
SOC arises from extrinsic sources and is certainly smaller.
In summary, we have observed two effects in large-area

CVD grown single-layer graphene deposited on a single
crystal film of yttrium iron garnet that show the existence of
SOC. The first is a magnetoresistance of graphene induced
by the magnetic proximity effect with YIG. The second is
the detection of a dc voltage along the graphene layer
resulting from the conversion of the spin current generated
by spin pumping from microwave driven FMR into charge
current. We interpret the spin-current to charge-current
conversion as arising from the inverse Rashba-Edelstein
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FIG. 4 (color online). Field scan spin-pumping dc voltage
measured with 9.4 GHz microwave driving with power 150 mW
in YIG"6 'm#=Pt"4 nm# and YIG"6 'm#=SLG, with the mag-
netic field applied in the film plane at the angles indicated in the
inset of (a). The inset in (b) shows the linear variation of the peak
voltage with microwave power in YIG/SLG.
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The precise investigation of SOI in graphene 

Gate-Tunable Spin-Charge Conversion and the Role of Spin-Orbit Interaction
in Graphene
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The small spin-orbit interaction of carbon atoms in graphene promises a long spin diffusion length and
the potential to create a spin field-effect transistor. However, for this reason, graphene was largely
overlooked as a possible spin-charge conversion material. We report electric gate tuning of the spin-charge
conversion voltage signal in single-layer graphene. Using spin pumping from an yttrium iron garnet
ferrimagnetic insulator and ionic liquid top gate, we determined that the inverse spin Hall effect is the
dominant spin-charge conversion mechanism in single-layer graphene. From the gate dependence of the
electromotive force we showed the dominance of the intrinsic over Rashba spin-orbit interaction, a long-
standing question in graphene research.

DOI: 10.1103/PhysRevLett.116.166102

Spintronics promises salvation from the scaling limita-
tions of electronics. However, to create spin-logic devices,
long spin transport and control of the spin current must be
achieved. In this light, single-layer graphene (SLG) [1]—a
two-dimensional sheet of carbon atoms bound together by
sp2 hybridized orbitals in a honeycomb lattice—has
received tremendous attention as a potential material for
spintronic devices. Graphene has a long spin relaxation
time and spin diffusion length [2,3], and, due to its two-
dimensional nature, its electronic properties can be easily
modulated by gate voltage [4]. Another important require-
ment to create spintronic devices is the ability to convert
spin current into charge current and vice versa. The spins of
the carriers are coupled to the angular momentum of the
lattice atoms through the spin-orbit interaction (SOI).
However, SOI is not restricted to the lattice atoms and
fundamentally originates from the coupling between the
electric field and the moving spin, and enables the con-
version of the pure spin current into the charge current
(inverse spin Hall effect [5,6], inverse Rashba-Edelstein
effect [7,8]) and reciprocally (spin Hall effect [9,10]
Rashba-Edelstein effect [11–13]). In this recently emerged
experimental spin-charge conversion branch of spintronics,
graphene was largely overlooked due to the very small
intrinsic SOI of carbon atoms, with only a few experimental
studies performed [14,15]. Despite many theoretical stud-
ies, today there is still no agreement in the literature on the
strength and type of the spin-charge conversion and under-
lying SOI mechanism in graphene (dependent on or
independent of electric field). Our aim in this study was
to experimentally distinguish between the SOI mechanisms
in SLG. By measuring the gate voltage dependence of the

spin-charge conversion in SLG on top of ferrimagnetic
insulator yttrium iron garnet (YIG), we determined the
dominant type of the spin-charge conversion mechanism, a
long-standing question in graphene research.
We used spin pumping [16,17] to generate a pure spin

current in SLG. In spin pumping, precession of the
magnetization in the ferromagnetic layer drives pure spin
current through the ferromagnetic interface. Spin current
transfers the spin-angular momentum from the ferromag-
netic layer to the adjacent layer, thus leading to enhanced
relaxation of the magnetization precession under ferromag-
netic resonance (FMR) conditions. Spin pumping was
shown to overcome the conductance mismatch problem
[18], and has recently been widely used for spin injection in
semiconductors [19], conjugated polymers [20], and SLG
[21]. As a ferrimagnetic insulator, YIG has great potential
as a spin source due to its low magnetic damping and band
gap of 2.7 eV at room temperature. The large band gap
prevents spurious voltage signals from the ferrimagnetic
layer, which are present in the case of common metallic
ferromagnets [22]. Spin injection into graphene using spin
pumping recently received attention both from theoretical
[23] and experimental [14,21] studies. In our study—using
spin injection from the YIG substrate via spin pumping—
we studied SOI in SLG and achieved spin-charge con-
version tuning using a gate voltage application.
A schematic layout of the experiment is shown in Fig. 1.

Precession of the magnetic moment in the YIG layer under
FMR conditions led to the flow of the angular momentum
into the adjacent SLG [Fig. 1(a)]. In the SLG, due to the
spin-charge conversion, the spin current was converted into
a charge current. The generated charge current was detected
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as a voltage at the Ti=Au contact pads on the opposite sides
of the sample [Fig. 1(c)]. The carrier density and carrier
type were controlled via an ionic liquid electric gate on top
of the SLG [Fig. 1(b)] (see Supplemental Material [24] for
the detailed experimental methods).
We now proceed to the experimental results. We used

high-quality SLG grown by chemical vapor deposition
using an atomically flat epitaxial Cu(111) thin film [48].
Figure 2 shows the typical Raman spectra of the SLG after
transfer on the SiO2 (red line) and YIG (blue line)
substrates. Orange and black lines shows Raman spectrum
of YIG before the single-layer graphene transfer and
difference Raman spectrum YIG/SLG–YIG, respectively.
The SiO2=SLG and YIG/SLG–YIG Raman spectra showed
sharp G and 2D bands with a high relative intensity
!I2D=IG" > 2. In addition, the D band at 1340 cm!1,
which originates in the structural defects and edges, was
negligible. These results confirmed the growth and suc-
cessful transfer of high-quality SLG [49]. A residual peak
from the YIG substrate at 2520 cm!1 is present in the
difference spectrum due to a change in the intensity of the
YIG bands between YIG and YIG/SLG samples.
Figures 3(a) and 3(b) show the FMR spectrum with the

external magnetic field applied in the plane of the sample
surface. The microwave field hrf excited resonances in the
FMR spectrum through coupling to the magnetostatic spin

waves in theYIG layer. The peak of the absorbance spectrum
at HFMR corresponds to the fundamental wave mode with
k # 0, which is equivalent to the uniform FMR mode in the
ferromagnetic layers. The slight asymmetry of the absorb-
ance spectrum in the in-plane external magnetic field
configuration was caused by magnetostatic surface waves
atH < HFMR and magnetostatic backward volume waves at
H > HFMR [50,51]. From the FMR spectrum, the saturation
magnetization of YIG was !0M # 0.169 T at room temper-
ature (using g factor g # 2.046 [52]), which agrees well with
thevalues reported forYIG films in the literature [51,52]. The
saturation magnetization at the temperature of spin pumping
measurements (T # 200 K) was !0M # 0.204 T, which
was in accordance with a temperature dependence of !0M
from Néel’s two-sublattice model [53]. Even though in

FIG. 2. The Raman spectra of the YIG substrate without single-
layer graphene (orange line), YIG/SLG (black line), difference
Raman spectrum YIG/SLG–YIG (black line), and reference
Si=SiO2=SLG (red line) samples. Both SLG were grown in
the same batch and were afterwards transferred to the designated
substrates.

FIG. 3. FMR spectra under gate voltage application VG #
0.5 V (red dashed line) and VG # 1.0 V (black line) for "H # 0°
(a) and "H # 180° (b). The FMR full width at half maximum
!HFWHM (!) and the FMR amplitude ISym (d) dependence on the
gate voltage VG. Lines and solid circles represent the fitting by
the constant and experimental data correspondingly.

FIG. 1. (a) Layout of the spin-charge conversion experiment
in the YIG/SLG sample. Under FMR pure spin current was
transferred through the YIG/SLG interface. The pure spin current
in the SLG was converted into an in-plane charge current. The
generated voltage was detected from the Ti=Au contact pads.
(b) Schematic structure of the ionic liquid gate electric double
layer formed near the YIG/SLG interface. (c) Schematic view of
an electric gate using ionic liquid placed on top of the SLG.
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as a voltage at the Ti=Au contact pads on the opposite sides
of the sample [Fig. 1(c)]. The carrier density and carrier
type were controlled via an ionic liquid electric gate on top
of the SLG [Fig. 1(b)] (see Supplemental Material [24] for
the detailed experimental methods).
We now proceed to the experimental results. We used

high-quality SLG grown by chemical vapor deposition
using an atomically flat epitaxial Cu(111) thin film [48].
Figure 2 shows the typical Raman spectra of the SLG after
transfer on the SiO2 (red line) and YIG (blue line)
substrates. Orange and black lines shows Raman spectrum
of YIG before the single-layer graphene transfer and
difference Raman spectrum YIG/SLG–YIG, respectively.
The SiO2=SLG and YIG/SLG–YIG Raman spectra showed
sharp G and 2D bands with a high relative intensity
!I2D=IG" > 2. In addition, the D band at 1340 cm!1,
which originates in the structural defects and edges, was
negligible. These results confirmed the growth and suc-
cessful transfer of high-quality SLG [49]. A residual peak
from the YIG substrate at 2520 cm!1 is present in the
difference spectrum due to a change in the intensity of the
YIG bands between YIG and YIG/SLG samples.
Figures 3(a) and 3(b) show the FMR spectrum with the

external magnetic field applied in the plane of the sample
surface. The microwave field hrf excited resonances in the
FMR spectrum through coupling to the magnetostatic spin
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at HFMR corresponds to the fundamental wave mode with
k # 0, which is equivalent to the uniform FMR mode in the
ferromagnetic layers. The slight asymmetry of the absorb-
ance spectrum in the in-plane external magnetic field
configuration was caused by magnetostatic surface waves
atH < HFMR and magnetostatic backward volume waves at
H > HFMR [50,51]. From the FMR spectrum, the saturation
magnetization of YIG was !0M # 0.169 T at room temper-
ature (using g factor g # 2.046 [52]), which agrees well with
thevalues reported forYIG films in the literature [51,52]. The
saturation magnetization at the temperature of spin pumping
measurements (T # 200 K) was !0M # 0.204 T, which
was in accordance with a temperature dependence of !0M
from Néel’s two-sublattice model [53]. Even though in

FIG. 2. The Raman spectra of the YIG substrate without single-
layer graphene (orange line), YIG/SLG (black line), difference
Raman spectrum YIG/SLG–YIG (black line), and reference
Si=SiO2=SLG (red line) samples. Both SLG were grown in
the same batch and were afterwards transferred to the designated
substrates.

FIG. 3. FMR spectra under gate voltage application VG #
0.5 V (red dashed line) and VG # 1.0 V (black line) for "H # 0°
(a) and "H # 180° (b). The FMR full width at half maximum
!HFWHM (!) and the FMR amplitude ISym (d) dependence on the
gate voltage VG. Lines and solid circles represent the fitting by
the constant and experimental data correspondingly.

FIG. 1. (a) Layout of the spin-charge conversion experiment
in the YIG/SLG sample. Under FMR pure spin current was
transferred through the YIG/SLG interface. The pure spin current
in the SLG was converted into an in-plane charge current. The
generated voltage was detected from the Ti=Au contact pads.
(b) Schematic structure of the ionic liquid gate electric double
layer formed near the YIG/SLG interface. (c) Schematic view of
an electric gate using ionic liquid placed on top of the SLG.
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as a voltage at the Ti=Au contact pads on the opposite sides
of the sample [Fig. 1(c)]. The carrier density and carrier
type were controlled via an ionic liquid electric gate on top
of the SLG [Fig. 1(b)] (see Supplemental Material [24] for
the detailed experimental methods).
We now proceed to the experimental results. We used

high-quality SLG grown by chemical vapor deposition
using an atomically flat epitaxial Cu(111) thin film [48].
Figure 2 shows the typical Raman spectra of the SLG after
transfer on the SiO2 (red line) and YIG (blue line)
substrates. Orange and black lines shows Raman spectrum
of YIG before the single-layer graphene transfer and
difference Raman spectrum YIG/SLG–YIG, respectively.
The SiO2=SLG and YIG/SLG–YIG Raman spectra showed
sharp G and 2D bands with a high relative intensity
!I2D=IG" > 2. In addition, the D band at 1340 cm!1,
which originates in the structural defects and edges, was
negligible. These results confirmed the growth and suc-
cessful transfer of high-quality SLG [49]. A residual peak
from the YIG substrate at 2520 cm!1 is present in the
difference spectrum due to a change in the intensity of the
YIG bands between YIG and YIG/SLG samples.
Figures 3(a) and 3(b) show the FMR spectrum with the

external magnetic field applied in the plane of the sample
surface. The microwave field hrf excited resonances in the
FMR spectrum through coupling to the magnetostatic spin

waves in theYIG layer. The peak of the absorbance spectrum
at HFMR corresponds to the fundamental wave mode with
k # 0, which is equivalent to the uniform FMR mode in the
ferromagnetic layers. The slight asymmetry of the absorb-
ance spectrum in the in-plane external magnetic field
configuration was caused by magnetostatic surface waves
atH < HFMR and magnetostatic backward volume waves at
H > HFMR [50,51]. From the FMR spectrum, the saturation
magnetization of YIG was !0M # 0.169 T at room temper-
ature (using g factor g # 2.046 [52]), which agrees well with
thevalues reported forYIG films in the literature [51,52]. The
saturation magnetization at the temperature of spin pumping
measurements (T # 200 K) was !0M # 0.204 T, which
was in accordance with a temperature dependence of !0M
from Néel’s two-sublattice model [53]. Even though in

FIG. 2. The Raman spectra of the YIG substrate without single-
layer graphene (orange line), YIG/SLG (black line), difference
Raman spectrum YIG/SLG–YIG (black line), and reference
Si=SiO2=SLG (red line) samples. Both SLG were grown in
the same batch and were afterwards transferred to the designated
substrates.

FIG. 3. FMR spectra under gate voltage application VG #
0.5 V (red dashed line) and VG # 1.0 V (black line) for "H # 0°
(a) and "H # 180° (b). The FMR full width at half maximum
!HFWHM (!) and the FMR amplitude ISym (d) dependence on the
gate voltage VG. Lines and solid circles represent the fitting by
the constant and experimental data correspondingly.

FIG. 1. (a) Layout of the spin-charge conversion experiment
in the YIG/SLG sample. Under FMR pure spin current was
transferred through the YIG/SLG interface. The pure spin current
in the SLG was converted into an in-plane charge current. The
generated voltage was detected from the Ti=Au contact pads.
(b) Schematic structure of the ionic liquid gate electric double
layer formed near the YIG/SLG interface. (c) Schematic view of
an electric gate using ionic liquid placed on top of the SLG.
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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, !HFWHM [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 !0"H0°

FWHM ! 0.545 mT "#0.5
!0.6%$, !0"H180°

FWHM !
0.540 mT "#1.1

!0.9%$, I0°Sym!436arb:unit"#0.5
!0.4%$, and I180°Sym !

398 arb: unit"#1.5
!1.2%$ (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 #H ! 0° and #H ! 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 ! 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 #H ! 0° and #H ! 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 #H ! 0° (black filled
circles) and #H ! 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 ! 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 ! 0.5 V (red lines) and VG ! 1.0 V (blue
lines) for the direction of the external magnetic field H #H ! 0°
(b) and #H ! 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 #H ! 0° (black filled circles) and #H ! 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).

PRL 116, 166102 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

22 APRIL 2016

166102-3

Gate  dependence of FMR	

Ambipolar FET	

Ambipolar spin 
conversion	

θSHE ~ 1e-7 (the SOI ~1.7 meV)	



Gate-tunable EMFs	

Dashed line : one-carrier model 
Solid line : e-h puddle	

Electron-hole puddle governs  
the conversion at around the Dirac point.	

I is not linearly dependent on Vg. 
 
  ⇒　No IREE effect even in SLG. 	
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Investigation of the unidirectional spin heat conveyer e!ect in a 200nm thin Yttrium

Iron Garnet film
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We have investigated the unidirectional spin wave heat conveyer e!ect in sub-micron thick yttrium
iron garnet (YIG) films using lock-in thermography (LIT). Although the e!ect is small in thin layers
this technique allows us to observe asymmetric heat transport by magnons which leads to asymmetric
temperature profiles di!ering by several mK on both sides of the exciting antenna, respectively.
Comparison of Damon-Eshbach and backward volume modes shows that the unidirectional heat
flow is indeed due to non-reciprocal spin-waves. Because of the finite linewidth, small asymmetries
can still be observed when only the uniform mode of ferromagnetic resonance is excited. The
latter is of extreme importance for example when measuring the inverse spin-Hall e!ect because the
temperature di!erences can result in thermovoltages at the contacts. Because of the non-reciprocity
these thermovoltages reverse their sign with a reversal of the magnetic field which is typically deemed
the signature of the inverse spin-Hall voltage.

Introduction

In 2013 An et al. have shown that by the excitation of nonreciprocal spin waves, so-called Damon-Eshbach modes
(DEM), in a 400 µm thick Yttrium Iron Garnet (YIG) crystal heat can be transported in the absence of a temperature
gradient [1]. The direction of the heat flow can be reversed by reversing the applied magnetic field. In their exper-
iments they observed two di!erent e!ects, both based on the non-reciprocity of the DEM, however, with di!erent
consequences. On one hand the asymmetric excitation and propagation of the spin-waves leads to an asymmetric
temperature profile which is dominated by the energy loss of the spin waves. These losses are highest at the point of
excitation and decrease with increasing distance from this point because the amplitude of the spin-waves decreases.
Nonetheless, the energy transport still occurs from the point of higher temperature towards lower temperatures, how-
ever, with a certain asymmetry with respect to the source because of the asymmetric propagation of the spin-waves.
In an infinite sample no further e!ects would be observed. If on the other hand the sample is small enough for the
spin-waves to actually reach the edge of the sample an additional e!ect occurs. In this case the spin waves, due to
the non-reciprocity cannot be reflected and thus deposit all remaining energy as heat at the boundary. This results
in an increase in temperature realizing actually heat transfer by magnons into a warmer region and thus along the
temperature gradient as stated by An et al. (normally heat transport is against the temperature gradient). In 2015
more detailed theoretical descriptions have been published based on a phenomenological theory [2] and on micromag-
netic simulations [3]. The measurements reported so far were performed with an infrared camera on YIG films with
thicknesses ranging from a few micrometers to hundreds of micrometers.
Current research in magnonics concentrates more and more on thin ferromagnetic films and often uses the measure-
ment of the inverse spin-Hall-e!ect which relies on the measurement of very small voltages. It is thus quite important
to know whether a similar scenario can also occur in ultra thin films ultimately leading to temperature gradients
which can lead to thermovoltages whose sign might then also depend on the magnetic field.
The DEMs used in the experiment are nonreciprocal surface spin waves [4]. They propagate in opposite directions

(!k and !!k) at the top and bottom surface of the layer, respectively [1, 2]. The precessional amplitude of the DEM is
maximum at the surface and decays exponentially inside the film [5]. In order to cause unidirectional heat flow the
population of !k and !!k must be di!erent. In a thick sample this condition is realized by exciting the spin waves using
a microwave antenna [1] which is in contact with one side of the layer. In this case the spin waves at the surface close
to the antenna are excited more strongly then at the other side resulting in a net spin wave current in one direction.
For thin films with a thickness of a few hundred nm the situation is quite di!erent. The distribution of the

precessional amplitude across the film thickness is almost uniform [5] as well as the excitation by the antenna at the

top and bottom surface described above. Nevertheless, the population and propagation of the !k and !!k vectors can
still be di!erent. The bottom surface of a thin YIG film which is typically grown on gadolinium gallium garnet (GGG)

New heating effect of YIG under the FMR 

Thick (> 200 nm) YIG + conductive material	

If +k and –k, different, the heat conveyer effect is ! 
　　　⇒　Temperature difference at the both edges 
                  can induce an electromotive force 
                        due to the Seebeck effect of the conductor.	

+k	

−k	

In our case, ΔT~2-3 mK & S=20~30 µV/K. ⇒ V < 100 nV (max.) 
　　The measured EMFs in SLG & SWNTs comes from the ISHE !!	
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Indication of intrinsic spin Hall effect in 4d and 5d transition metals
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We have investigated spin Hall effects in 4d and 5d transition metals, Nb, Ta, Mo, Pd, and Pt, by incorporating
the spin absorption method in the lateral spin valve structure, where large spin current preferably relaxes into the
transition metals, exhibiting strong spin-orbit interactions. Thereby nonlocal spin valve measurements enable us
to evaluate their spin Hall conductivities. The sign of the spin Hall conductivity changes systematically depending
on the number of d electrons. This tendency is in good agreement with the recent theoretical calculation based
on the intrinsic spin Hall effect.

DOI: 10.1103/PhysRevB.83.174405 PACS number(s): 72.25.Ba, 72.25.Mk, 75.70.Cn, 75.75.!c

I. INTRODUCTION

Spin current, a flow of the spin angular momentum, is an
important physical quantity to operate spintronic devices.1 The
spin Hall effect (SHE) is widely recognized as a phenomenon
that converts charge current to the spin current requiring
neither external magnetic fields nor ferromagnets.2–4 The
search for materials exhibiting large SHEs is therefore a
prime task for further advancement of spintronic devices.
Since the SHE originates from spin-dependent scattering
events, materials with large spin-orbit interactions can be
good candidates for efficient generation of the spin current.
It is, however, difficult to study the SHEs in such materials
since the spin-diffusion length is extremely short (of the order
of several nanometers). We have established the sensitive
electrical detection technique of the SHE using the spin current
absorption effect.5,6 The greatest advantage of this technique
is that one can measure the SHE as well as the spin-diffusion
length of materials with large spin-orbit interactions on the
same device. This enables us to obtain the SH conductivity
as well as the SH angle, which is defined as the ratio of SH
conductivity and charge conductivity.

Spin-dependent Hall effects have been theoretically dis-
cussed in terms of two distinct physical mechanisms. One
is the extrinsic mechanism induced by impurity scattering7,8

that was intensively investigated a few decades ago as an
origin of the anomalous Hall effect (AHE).9 The other is the
intrinsic mechanism based on the band-structure effect as a
manifestation of the Berry phase.10,11 It was believed that the
intrinsic mechanism is limited only in very clean systems such
as semiconductors with high electron mobility.12,13 Recently,
intrinsic AHEs where spin-orbit interaction together with the
interband mixing results in an intrinsic anomalous velocity
in the transverse direction have been observed in many
systems, even at room temperature.14–18 In the case of SHEs
in nonmagnetic materials, on the other hand, there is no Hall
voltage since the number of spin-up and spin-down electrons
are exactly same. However, when the pure spin current defined
as the difference between the spin-up and spin-down currents
is injected into such materials, both spin-up and spin-down
electrons are scattered to the same side, which can be detected
as a Hall voltage. Interestingly, recent theoretical studies show
that the magnitude and sign of SH conductivities due to the

intrinsic SHE in 4d and 5d transition metals (TMs) change
systematically in response to the number of d electrons.19–22

Therefore, systematic experiments of the SHEs in such TMs
should help to find the dominant mechanism of the observed
SHE.

As described above, the most difficult point for transport
measurements of the SHEs in 4d and 5d TMs is their short
spin-diffusion lengths. The spin absorption technique which
is detailed in Refs. 5 and 6 enables us to perform quantitative
and systematic studies of the SHEs, even in materials with
short spin-diffusion lengths. In this paper, we report on
measurements of the SHEs in various 4d and 5d TMs using the
spin absorption technique. The experimentally observed SH
conductivities of those TMs are semiquantitatively consistent
with recent calculations based on the intrinsic SHE. This fact
strongly supports that the intrinsic mechanism of the SHEs in
4d and 5d TMs is more dominant than the extrinsic ones.

II. EXPERIMENTAL DETAILS

Our device has been fabricated on a thermally oxi-
dized silicon substrate using electron-beam lithography on
a polymethyl-methacrylate (PMMA) resist and subsequent
lift-off process. The device is based on the lateral spin valve
structure6 where a TM middle wire is inserted in between two
Permalloy (Py) wires, as shown in Fig. 1(a). The Py wires
are 30 nm thick (tPy) and 100 nm wide (wPy) and have been
deposited by means of electron-beam evaporation. Here one Py
wire (Py1) has large pads at the edges to induce the difference
in the switching field. In this work, five different TMs (Nb,
Ta, Mo, Pd, and Pt) have been used as a middle wire. Nb, Ta,
and Mo wires were deposited by magnetron sputtering while
Pd and Pt wires were grown by electron-beam evaporation.
The Cu strip whose thickness (tCu) is 100 nm and whose width
(wCu) is 150 nm was fabricated by a Joule heating evaporator.
Prior to Cu evaporation, a careful Ar-ion beam etching was
carried out for 30 s to clean the surfaces of the Py and TM
wires and to obtain highly transparent Ohmic contacts.

When the spin-polarized current is injected from Py1 into
the upper side of the Cu strip, there is no net charge current but
only a pure spin current is induced on the bottom side of the Cu
strip [see Fig. 1(b)]. The induced spin current is divided into
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FIG. 3. (Color online) (a) Schematic of the probe configuration
for ISHE measurement. (b) ISHE signals measured at 10 K for various
TM wires. The device dimensions are shown in Table I.

the width of the TM wire, respectively. The hyperbolic tangent
term comes from the boundary condition where IS = 0 at the
substrate, as detailed in Ref. 27. L is the distance between the
two Py wires. Since !Cu is already known from our previous
experiments,28 !TM can be calculated by using Eq. (1). The
spin-diffusion lengths !TM as well as other characteristic
parameters for various TM wires are summarized in Table I. In
the present study !TM is quite short for all the TMs, supporting
the strong spin-orbit interactions in the TM wires.

Next we measure ISHEs for the TM wires. Note that the
direction of the applied magnetic field in this case is parallel
to the Cu strip corresponding to the hard axis of the Py wire
as shown in Fig. 3(a). In Fig. 3(b) we show the ISHE signals
RISHE measured at 10 K for various TM wires. For all the
TM wires, RISHE linearly changes with the magnetic field
below 2000 Oe and saturates above 2000 Oe because the
magnetization of the Py wire fully aligns with the direction of

the magnetic field. "RISHE defined in this paper is two times
smaller than that previously reported by some of the present
authors.5,6 However, we have adapted the current notation in
order to have consistency with AHE measurements, other SHE
measurements, and theoretical expressions.20–22 Interestingly,
the sign of the slope below 2000 Oe depends on the TMs; the
slope is negative for Nb, Ta, and Mo, while it is positive for Pd
and Pt. This clearly shows that the sign of the SH conductivity
changes depending on the kinds of TMs. A similar material
dependence of the sign of SH conductivity has been reported
in Refs. 29 and 30, where the spin pumping method has been
used to measure ISHEs.

According to the theory on the intrinsic SHE in d-electron
systems,22 the SH conductivity in TMs is approximately given
by the following equation; #SHE ! (e/4a)"l · s#/h̄2, where a
and "l · s# are the lattice constant and the expectation value
of the LS coupling, respectively. From the Hund’s third rule,
"l · s# is negative (positive) when the number of electrons
is more (less) than half-filling. The experimentally observed
sign change of the SH conductivities in the TM wires is well
reproduced by the intrinsic SHE in the d-electron system.

We now discuss the magnitude of the SH conductivities of
the TM wires. As mentioned above, the pure spin current is
absorbed perpendicularly into the TM wires. This means that
the spin current has a distribution along the thickness direction,
i.e., IS(z) because IS should varnish at the substrate. The SH
conductivity can be calculated by

#SHE = # 2
TM

wTM

x

!
IC

ĪS

"
"RSHE, (2)

where ĪS is the effective spin current that contributes to ISHE.
The factor x is a correction factor taking into account the
fact that the horizontal current driven by the ISHE voltage to
balance the spin-orbit deflections is partially shunted by the
Cu wire above the TM/Cu interface.27,31 The correction factor
x for each TM is derived from additional measurements of the
resistance of the TM wire with and without the interface with
Cu. It is found to be 0.36 ± 0.08, which is not so sensitive to the
resistivity within our resistivity range (see the supplemental
material in Ref. 27). We can obtain "RSHE from the ISHE
measurements, i.e., "RSHE = "RISHE.5

In our case, !TM is always smaller than tTM. The spin
currents injected into the TM wire should be diluted in the
TM wire, which leads to a smaller "RISHE. To correct this
effect, we take into account all the spin currents injected into
the TM wire and then divide them by tTM:27

ĪS

IC
$

# tTM

0 IS(z)dz

tTMIC

= !TM

tTM

(1 % e%tTM/!TM )2

1 % e%2tTM/!TM

IS(z = 0)
IC

! !TM

tTM

(1 % e%tTM/!TM )2

1 % e%2tTM/!TM

&
2pPyRPy sinh (L/2!Cu)

[RCu {cosh (L/!Cu) % 1} + 2RPy(eL/!Cu % 1)] + 2RTM sinh (L/!Cu)
, (3)
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FIG. 4. (Color online) Experimentally measured (closed sym-
bols) and theoretically calculated (open symbols) spin Hall conduc-
tivities as a function of the number of d electrons for 4d (circle) and
5d (square) TMs.

where RPy and pPy are the spin resistance and the spin
polarization of Py, respectively. RPy is defined as !Py"Py

(1!p2
Py)wPywCu

where !Py and "Py are the electric resistivity and the spin-
diffusion length of Py, respectively.32

To compare the experimentally obtained SH conductivity
with the theoretically calculated value in Ref. 21, we plot
both of them in Fig. 4. In most cases, the experimental
results are quantitatively consistent with the calculated ones
within a factor of 2. This fact strongly suggests that the
SHEs in 4d and 5d TMs are mainly caused by the intrinsic
mechanism, as pointed out in Ref. 21. Of course, we cannot
exclude the possibility of some contributions from the extrinsic
mechanisms such as the skew scattering and the side jump.
However, we use a pure (at least more than 99.9%) source for
each TM and deposit it under a pressure of 10!9 Torr. This
assures that no other TMs which have d-orbital degrees of
freedom and cause large extrinsic SHEs are included, and the
resistivity of the TM wire is simply caused by grain boundary,
lattice mismatch, other defects, and so on. We believe that the
contribution from the intrinsic mechanism is more dominant
in 4d and 5d TMs than that from the extrinsic one.

In the previous works on the SHE in Pt reported by some
of the present authors,5,6 the mechanism of the SHE was the

extrinsic one (side-jump scattering) and the SH angle (#H)
of Pt was 0.37%. In the present study, however, we claim
that the dominant mechanism of the SHE in Pt is intrinsic
one and the SH angle for Pt is 2.1%, which is approximately
six times larger. There are several reasons for our present
conclusions; in the previous work,6 they concluded that the
side-jump mechanism was dominant because the SH resistivity
is proportional to !2

Pt. However, this resistivity dependence is
also predicted in the intrinsic mechanism.20–22 For the SH
angle of Pt, the boundary condition for ĪS/IC had not been
taken into account appropriately in the previous study [see
Eq. (2) in Ref. 6]. In the present study, on the other hand, we
impose IS = 0 at the bottom of the TM wires. In addition,
we consider the shunting effect of the Cu strip as detailed
in Ref. 27. The resistivity of the TM wires is much larger
than that of the Cu strip (!Cu = 1.5 µ$ cm). This causes a
smaller current flowing through the TM wires and as a result
causes the underestimation of the SH angle as discussed in
Refs. 27 and 31. The SH angle (2.1%) of Pt in the present
paper is consistent with that (1.3%) in Ref. 30 and is a few
times smaller than that (5.6%) in Ref. 31.

IV. CONCLUSION

In conclusion, we have measured the SH conductivities for
various TMs in a lateral spin valve structure. When d electrons
are smaller (larger) than the half-filled value, we have observed
negative (positive) SH conductivities. Compared to the recent
theoretical calculations based on the intrinsic SHEs in 4d and
5d TMs, the experimentally obtained SH conductivities are
semiquantitatively consistent with the theoretical ones. This
fact strongly indicates that the intrinsic mechanism based on
the degeneracy of d orbits in the LS coupling is dominant for
the SHEs in 4d and 5d TMs.
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In transition metals and their compounds, the orbital degrees of freedom gives rise to an orbital current,

in addition to the ordinary spin and charge currents. We reveal that considerably large spin and anomalous

Hall effects observed in transition metals originate from an orbital Hall effect (OHE). To elucidate the

origin of these novel Hall effects, a simple periodic s-d hybridization model is proposed as a generic

model. The giant positive OHE originates from the orbital Aharonov-Bohm phase factor, and induces spin

Hall conductivity that is proportional to the spin-orbit polarization at the Fermi level, which is positive

(negative) in metals with more than (less than) half filling.

DOI: 10.1103/PhysRevLett.102.016601 PACS numbers: 72.25.Ba, 72.10.Bg, 72.80.Ga

The Hall effect, first discovered at the end of 19th
century, has revealed the profound nature of electron trans-
port in metals and semiconductors via the anomalous Hall
effect (AHE) and (fractional) quantum Hall effects. It has
recently been recognized that conventional semiconduc-
tors and metals exhibit a spin Hall effect (SHE), which is
the phenomenon where an electric field induces a spin
current (a flow of spin angular momentum sz) in a trans-
verse direction [1–5]. Recently, a theory of the intrinsic
Hall effect proposed by Karplus and Luttinger [6], which
occurs in multiband systems and is independent of impu-
rity scattering, has been intensively developed [7,8]. In
particular, a quantum SHE has also been predicted and
experimentally confirmed [9,10].

The spin Hall conductivity (SHC) observed in transition
metals has given rise to further issues regarding the origin
of the SHE, since the SHC observed in Pt exceeds
200 @e!1 "!!1 cm!1, which is approximately 104 times
larger than that of n-type semiconductors [5], and the
SHCs in Nb and Mo are negative [11]. The large SHE
and the sign change of the SHC in transition metals has
attracted much interest, and many theoretical studies of the
SHE have so far been conducted based on realistic multi-
band models for Ru-oxide [8] and various 4d and 5dmetals
[12], including Au, W [13], and Pt [14,15]. The calculated
results for the SHC semiquantitatively agree with the ob-
served results. The mechanism for the SHE has been ex-
plained in such a way that spin-orbit interactions (SOI) and
the phase of hopping integrals of electrons give rise to the
Aharonov-Bohm (AB) effect, and therefore the conduction
electrons are subject to an effective spin-dependent mag-
netic field.

Since the transition metals have orbital degrees of free-
dom in addition to the spin and charge degrees of freedom,
flow of the atomic orbital angular momentum (lz), that is,
an orbital current, may be realized in a nonequilibrium
state. In fact, several authors have predicted the emergence

of a large orbital Hall effect (OHE) [8,12,16], which is a
phenomenon where an electric field induces a flow of p-
and d-orbital angular momentum in a transverse direction.
In particular, the predicted orbital Hall conductivity (OHC)
in transition metals and oxides [8,12] is considerably larger
than the SHC. Figure 1 shows the OHC and SHC calcu-
lated for transition metals using the Naval Research
Laboratory tight-binding (NRL-TB) model [17]. In each
metal, the magnitude of the OHC exceeds the SHC, even in
topological insulators (e.g., #e=2! in graphene [9] and
HgTe [10]). Interestingly, while the SHC consistently
changes its sign with the electron number n, as with several
recent experiments [5,11], the obtained OHC is almost
independent of the SOI and is always positive. These
prominent and universal features of orbital dynamics in

! = 0.02"

FIG. 1 (color online). SHC and OHC obtained in Ref. [12].
The body-centered cubic structure for n $ 5, 6, the hexagonal
closed packed structure for n $ 7, 8, and the face-centered cubic
structure for n $ 9# 11. nd % n! 1 in each metal. The SHC in
Pt is approximately 1 in the unit of e=2!a % 103 !!1 cm!1,
where a $ 0:39 nm is the lattice constant in Pt. R & hlzsziFS is
the spin-orbit polarization for 5d metals.
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The first material with negative θSHE except for 4d, 5d metals !! 



Summary 

/ Spin-orbitronics using  
                heavy (Bi) 
                light (C) 
                      elements was discussed.  
 
/ The interplay of the ISHE and the IREE  
                is quite attractive. 


