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Spintronics Beyond Magnetoresistance: Putting Spin in Lasers 
Igor  Žutić

Department of Physics, University at Buffalo, NY, USA 

Practical paths to room-temperature spin-controlled devices are typically limited to 
magnetoresistive effects, successfully employed for magnetically storing and sensing 
information. However, spin-polarized carriers injected optically or electrically in 
semiconductors can also enhance the performance of lasers, for communication and signal 
processing [1]. Through transfer of angular momentum and spin-orbit coupling, the injection 
of spin-polarized carriers leads to the emission of circularly polarized light. A 
highly-nonlinear response of lasers provides a very efficient spin-filtering/amplification: a 

very small  spin polarization of injected carriers 
leads to a fully polarized emitted light at 300K 
[2].  
While in the steady-state such spin-lasers already 
demonstrate a lower threshold current for the 
lasing operation [2,3] as compared to their 
conventional (spin-unpolarized) counterparts, the 
most exciting opportunities come from their 
dynamical operation.  We reveal that the spin 
modulation in lasers can lead to an improvement 
in the two key figures of merit: enhanced 
bandwidth [4] and reduced parasitic frequency 
modulation—chirp [5]. The principles of spin 

modulation may also enable high-performance spin interconnects exceeding by orders of 
magnitude the information transfer available in conventional metallic interconnects [6]. 
Surprisingly, we show that an optimal performance of spin-lasers can arise for short spin 
relaxation time [7]. Spin states in quantum dots may also enable elusive phonon lasers [8], 
emitting coherent phonons. 

Fig. 1: Spin-laser scheme [1]. The resonant cavity is formed by a pair of mirrors made of distributed 
Bragg reflectors (DBR) and the gain (active) region, typically consisting of quantum wells or dots. 
Electrical spin injection (J+, J-  are unequal) is realized using two magnetic contacts. Spin-polarized 
carriers can also be injected optically, using circularly polarized light. The recombination of 
electrons and holes in the gain region,  leads to the emission of coherent light of positive  and 
negative helicity, S+ and S-. 
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Constructing Topological Bands in Generic Materials 
 

Leonid Levitov 

Physics Department, Massachusetts Institute of Technology, 6C-345, 77 Massachusetts Ave, Cambridge 
MA02139, USA 

 
Accessing non-trivial electron topology depends on materials in which symmetry and 

interactions produce topological Bloch bands. However, since good transport properties are 
often lacking in such materials, it is desirable to develop methods to endow a generic (vanilla) 
material with topological properties. Here we outline a new way to create topological bands in 
stacks of manifestly nontopological atomically thin materials, and illustrate it with a model 
system comprised of graphene stacked atop hexagonal-boron-nitride (G/hBN). We show that 
Berry curvature, present in the G/hBN electron Bloch bands, is highly sensitive to the stacking 
configuration. Commensurate stackings feature topological bands with finite valley Chern 
numbers, whereas incommensurate stackings (Moire superlattices) yield nontopological bands. 
As a result, G/hBN electron topology can be controlled by crystal axes alignment granting a 
practical route to designer topological materials (Chernburgers). Topological bands manifest 
in transport effects such as long-range valley currents and non-local electrical response, 
providing a clear fingerprint for distinguishing topological from non-topological bands. 
 
 
 

 

W15-2

– 31 –



Quasiclassical circuit theory of spin transport in superconducting 
heterostructures 

Wolfgang Belzig 

Department of Physics, University of Konstanz,78457 Konstanz, Germany 
 
The quasiclassical theory of superconductivity provides a very successful description of 
transport in mesoscopic structures. By integrating out some microscopic details a very pow-
erful and wide applicable theoretical approach for transport in superconductors is obtained.[1] 
In a discretized form the equations can be cast into the form of a quantum circuit theory, 
which provides an intuitively appealing description in terms of generalized Kirchhoff and 
Ohm laws.[2] Recently the combination with ferromagnetic elements has become a new para-
digm including spectacular effects like a triplet proximity effect or long-range spin transport 
as well as novel coupling mechanisms between charge, spin and heat currents. In this talk I 
review some of these developments, in particular the novel prediction of giant thermoelectric 
effects in superconducting heterostructures due to the combined effect of intrinsic exchange 
fields and spin-polarized tunneling.[3] I also highlight the importance of the long-standing 
open problem of spin-dependent boundary conditions for the quasiclassical Greens functions 
and discuss its solution.[4,5] 
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Figure 1: The left panel shows a sketch of typical experimental structuresetup to observe the predicted 
thermoelectric effect. The structure consists of a ferromagnetic insulating substrate (green), coupled 
to normal metal film (grey) covered by superconductor (yellow). Current is injected and extracted by 
two ferromagentic metallic contacts (blue) on top. Using the quantum circuit theorey version of the 
quasiclasscial Greens function theory the system is mapped on a set of dicrete elements, for which 
generalizations of the Ohms law can be derived and lead to a set of algebraic equations, which deter-
mine the charge, spin and energy transport.  
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Spintronics with Ferroelectrics   
Evgeny Y. Tsymbal 

Department of Physics and Astronomy, University of Nebraska, Lincoln, NE, USA 

Ferroelectric materials are characterized by a spontaneous electric polarization switchable by an 
applied electric field. If such a ferroelectric is interfaced with a metal it modifies the electronic 
properties of the metal near the interface through effects of charge screening and interface 
bonding. For thin metallic ferromagnets the effects of polarization from an adjacent ferroelectric 
may be sizable and involve not only electronic but also spin degrees of freedom. Thus, 
ferroelectric materials may be employed in spintronics to control the spin-dependent properties 
including the interface magnetization, the interface magnetic order, the interface magnetic 
anisotropy, and the spin-dependent transmission across the interface. Furthermore, ferroelectric 
films can now be made thin enough to allow measurable electron tunneling while maintaining a 
stable and switchable polarization. Modeling and experiments show that ferroelectric tunnel 
junctions allow the control of the spin-polarization of the tunneling current. This talk will 
overview our recent research efforts in this field and discuss underlying physical principles 
associated the effects of ferroelectricity on magnetism and spin transport.  

W16-1



Perpendicular magnetic anisotropy induced by 
Rashba spin-orbit interaction 

Jun’ichi Ieda 

Advanced Science Research Center, Japan Atomic Energy Agency, Tokai 319-1195, Japan 

Thin magnetic films with a perpendicular magnetic anisotropy (PMA) are important for 
applications. That an interfacial internal electric field might be used to engineer such a PMA 
is also of great interest. Experiment [1-3] has indeed shown that such a PMA can be modified 
by an externally applied electric field Eext. 

Here we develop an analytic theory for the existence and electrical control of the PMA 
based on the Rashba spin-orbit (RSO) interaction [4]. Our model comprises a band Stoner 
model of 2D electron gases with the RSO interaction: 

H = !
2

2m
kx
2 + ky

2( )! J0Sm̂ " # +$R ky# x ! kx# y( ) , 
where the second term is the exchange interaction between the order parameter m and con-
duction electron spin !, and the last term represents the RSO interaction. We obtain the spin 
splitting energy eigenvalue as a function of the polar angle ! of m and find that the exchange 
splitting is enhanced due to the RSO interaction, which becomes largest in the perpendicular 
configuration (!=0) since all the k-vectors contribute to the enhancement of the exchange 
splitting as shown in Fig. 1. Assuming (J0S)2 > (!Rkx)2 and retaining the !-dependent terms in 
the spin splitting bands up to the order of !R

2, we obtain the magnetic anisotropy energy: 

分と、磁化と直交する成分に由来するものである。波数の１次に比例する項は、先に見た
J0S=0の場合と同様に運動エネルギー項にまとめられ、エネルギー固有値は　 

となる。ここで、磁化が膜面垂直方向となす角θに関する部分に注目する。第1項の中の
スピン依存項は運動量空間でx軸方向へのフェルミ球のシフトを表し、全系のエネルギー
変化には寄与しない。第2項のsin2θの部分は、従来のラシュバ分裂によるエネルギーの
利得に対応しθ=π/2の時最大となる。一方、第3項は元々の交換分裂がラシュバ効果に
よって「増強」されていると解釈でき、それによるエネルギーの付加的な利得はθ=0、
すなわち垂直磁化配置の時最大となる。
!
　図４に、垂直磁化配置（θ=0）と面内磁化配置（θ=π/2）のエネルギー模式図を示す。
θ=0の場合は、すべての波数の方向で、ラシュバ磁場が交換相互作用を増強する。この
とき、ラシュバ磁場は交換分裂に全部吸収されるため、フェルミ球のシフトは生じず、ラ
シュバエネルギーからの利得はなくなる。一方、θ=π/2では、kx成分が関与する部分が
交換相互作用と平行になり、波数の足し上げにおいて正負両方の寄与を与える結果、交換
相互作用の増強は部分的となる。その代わりに、J0S=0の非磁性体では等方的であった
フェルミ球のシフトが±kx方向にのみ生じ、ラシュバエネルギーの利得が復活する。すな
わち、全系のエネルギーを角度θの関数として見たとき、ラシュバ効果によって交換分裂
を増強する場合と、ラシュバ分裂を保持した場合とでエネルギー利得の競合が生じる。 
!
　この様子を見やすくするため、上に示した１電子エネルギーをフェルミ面まで足し上げ
全系のエネルギーを求める。角度θに依存する部分をまとめると、 

  

となる。ここで、Tは増強された交換分裂の波数依存部分をフェルミ面まで詰まった電子
波数の平均値で置き換えることで求められる定数である。このEMAは、磁気異方性エネル
ギーそのものであり、T> J0S/2の時に垂直磁気異方性が発現することが予言される。

EMA = ER 1! 2T
J0S

"
#$

%
&'
cos2(

where ER=m!R
2/(2")2 is the Rashba energy and T= "2(<kx

2>+"<kx
2>-)/(2m) denotes an incre-

ment of the exchange splitting averaged over the Fermi sea. Since !R is proportional to the 
electric field, an Eext

2 dependent PMA results if T > J0S/2, which is the case for a variety of 
combinations of ferromagnets and nonmagnets [5,6]. 

Figure 1: The spin splitting bands and contribution of the Rashba field BR to the exchange field enhancement. 
Left: The perpendicular configuration (!=0). Right: The in-plane configuration (!=#/2). 
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Antiferromagnetic Skyrmions 
Joseph Barker1 and Oleg A. Tretiakov1 

1Institute for Materials Research (IMR), Tohoku University, 
Aoba-ku, Sendai 980-8577, Japan 

Manipulating small spin textures, which can serve as bits of information, by electric current is 
one of the main challenges in the field of spintronics. Ferromagnetic skyrmions recently at-
tracted a lot of attention because they are small in size and are better than domain walls at 
avoiding pinning while moved by electric current. Meanwhile, ferromagnetic skyrmions still 
have disadvantages such as the presence of stray fields and transverse dynamics, making them 
harder to employ for spintronic applications. In this work, we propose a novel topological ob-
ject: the antiferromagnetic (AFM) skyrmion. This topological texture has no stray fields and 
we show that its dynamics are faster compared to its ferromagnetic analogue. We obtain the 
dependence of AFM skyrmion radius on the strength of Dzyaloshinskii-Moriya interaction 
coming from relativistic spin-orbit effects and temperature. We find that the thermal properties, 
e.g. such as the AFM skyrmion radius and diffusion constant, are rather different from those
for ferromagnetic skyrmions. More importantly, we show that due to unusual topology the
AFM skyrmions do not have a velocity component transverse to the current and thus may be
perfect candidates for spintronic applications.
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Transport properties calculated  by means of the Kubo formalism

Hubert Ebert, Diemo Ködderitzsch, Sergiy Mankovskyy, Kristina Chadova, and Sebastian

Wimmer

Department Chemie, Ludwig-Maximilians-Universität München, Butenandtstr. 5-13

81377 München, Germany 

Many  physical  phenomena  exploited  in  spintronics  can  be  described  by  means  of  a

corresponding  linear  response  tensor.  Kubo's  response  formalism  provides  a  firm  and

powerful basis to determine the response of a property of a solid to a perturbation in a very

general way. A first-principles approach is presented that is based on the corresponding Kubo-

Bastin  equation  [1]  and  implemented  within  the  fully  relativistic  KKR  (Korringa-Kohn-

Rostoker) formalism [2]. This approach is able to treat intrinsic and extrinsic contributions on

equal footing. Both contributions from states below (Fermi sea) and at the Fermi level (Fermi

surface) are treated and can be analyzed in detail. The approach is applicable to pure systems

as well as metallic and semiconductor alloy systems with disorder accounted for by means of

the CPA (Coherent Potential Approximation). Special emphasis is be placed on the role of the

so-called  vertex  corrections  that  allow to  build  a  bridge  to  the  semi-classical  Boltzmann

transport formalism. Several examples (anomalous Hall and anomalous Nernst [3] as well as

spin  Hall  and  spin  Nernst  [4]  conductivities)  are  given  to  illustrate  this  analysis  in

combination  with  numerical  results  obtained  using  the  spin-polarized  KKR  electronic

structure method. As a new feature in this type of numerical studies the inclusion of finite

temperature effects as lattice vibrations and spin fluctuations will be discussed. The approach

[5] is based on the alloy analogy model with thermal vibrations and spin fluctuations modeled

by  random  atomic  displacements  and  tilting  of  magnetic  moments,  respectively.  Various

models to deal with spin fluctuations, determining their impact on the temperature dependent

behavior of the electrical conductivity and Gilbert damping parameter will be discussed. The

corresponding  results  demonstrate  in  particular  the  non-additivity  of  the  separate

contributions to the conductivity.
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Electronic transmission through the atomic domain boundary 
---- from graphene to transition metal dichalcogenides 

Mikito Koshino 

Tohoku University, Sendai, Japan 980-8578 

 We report the theoretical studies on the electronic transmission through domain boundary in 
the atomically thin two-dimensional systems, including graphene and transition metal dichal-
cogenides (TMDs). Two-dimensional material commonly contains an atomic-scale boundary 
at which one of the layers is truncated, and this kind of defect structure often gives rise to 
nontrivial effects on the electronic transport. In graphene monolayer-bilayer boundary, for 
example, it was shown that an electron is scattered to different directions depending on the 
valley degree of freedom (K and K’)[1].  
 The TMDs (MX2 with M=Mo, W and X=S, Se, Te,) attracts a significant attention as a novel 
family of two-dimensional material beyond graphene. A hallmark of the electronic structure of 
the TMD monolayer is the correlation of the spin and valley degrees of freedom. Specifically, 
the valence band maxima located at K and K’ valleys are spin split in the opposite direction 
between the two valleys. This implies that, if we can split valleys using some atomic domain 
boundary as in graphene, it works as a spin splitter. Here we calculate the electronic transmis-
sion across a boundary between monolayer and bilayer of TMD, and demonstrate that up-spin 
and down-spin electrons entering the boundary are actually refracted and collimated to oppo-
site directions.[2] The phenomenon is attributed to the strong spin-orbit interaction, the trigo-
nally-warped Fermi surface, and the different crystal symmetries between the monolayer and 
bilayer systems. The spin-dependent refraction suggests a potential application for a spin 
splitter, which spatially sepa!  rates up-spin and down-spin electrons simply by passing the 
electric current through the boundary. 

[1] T. Nakanishi, M. Koshino, and T. Ando, Phys. Rev. B 82, 125428 (2010).
[2] T. Habe and M. Koshino, arXiv:1411.3088, to be published Phys. Rev. B Rapid Commu-
nications.

Figure 1: (a) Atomic structure of TMD monolayer and bilayer junction. 
(b) Electron refraction at the atomic step between monolayer and bilayer of
MoTe2 for an incident electron from the bilayer side.
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The effect of spin waves in the spin Seebeck Effect 
Joseph Barker1 and Gerrit E. W. Bauer1,2

1 Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan 
2 Kavli Institute of NanoScience, Delft University of Technology, 2628 CJ Delft, The Netherlands 

The spin Seebeck effect (SSE) occurs in magnetic 
insulators where a gradient in temperature causes a spin 
current to flow through the material [1, 2]. The 
prototypical material in which this effect has been 
studied is yttrium iron garnet (YIG) and recent 
measurements in gadolinium iron garnet (GdIG) show 
unusual behavior with the SSE changing sign. These 
materials are ferrimagnetic and analytic theories 
concerning SSE have often simplified the 
representation to a simple ferromagnet, where the 
magnetization is assumed to be that which is 
macroscopically measured. However the spin wave 
spectrum is radically different to that of a simple 
ferromagnet, containing many spin wave modes [3]. 
Early experiments found a strong temperature 
dependence of some of the spin wave modes and it was 
observed that high frequency modes could shift to 
much lower frequencies [4]. We have implemented 
detailed microscopic models of YIG and GdIG, 
incorporating temperature through atomistic spin 
dynamics. This many-body numerical approach is 
beyond analytic theories and also a significant improvement over micromagnetic approaches 
for such problems. We calculate spin wave spectra as a function of temperature. Our results 
indicate that the temperature dependent frequency shifting of spin wave modes is important in 
understanding the experimental observations such as the sign changes in GdIG. 
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Umezawa, H. Kawai, G. E. W. Bauer, S. Maekawa, and E. Saitoh, Nature Mater. 9, 894
(2010).
[2] J. Xiao, G. E. W. Bauer, K.-C. Uchida, E. Saitoh, and S. Maekawa, Phys. Rev. B 81,
214418 (2010).
[3] V. Cherepanov, I. Kolokolov, and V. L'vov, Phys. Rep. 229, 81 (1993).
[4] J. S. Plant, J. Phys. C: Solid State Phys. 10, 4805 (1977)

Figure 1: Low frequency part of the

spin wave spectrum in GdIG. 
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Quantum Hall Effects for Spintronics 
Allan MacDonald1

1Physics Department, University of Texas at Austin, Austin TX USA 78712 

The quantum Hall effect and the quantum spin Hall effect are closely related anomalous 
transport effects that are associated with topological two-dimensional states and characterized 
in the ideal case by dissipation free transport.  I will review several experimentally demon-
strated instances of the both the quantum Hall effect and the quantum spin Hall effect, em-
phasizing important differences between the two effects, and using ideas from Ref.[1] to dis-
cuss the conditions necessary to achieve low dissipation.  I will then discuss some strategies 
that could potentially be used to achieve a reasonably accurate room temperature quantum 
Hall effects and speculate on how such an achievement could be useful for electronic tech-
nology.  
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Spin and orbital magnetic response on the surface of a topological 
insulator 

Yaroslav Tserkovnyak,1 D. A. Pesin,2 and Daniel Loss3

1Department of Physics and Astronomy, University of California, Los Angeles, California 90095, USA 
2Department of Physics and Astronomy, University of Utah, Salt Lake City, Utah 84112, USA 

3Department of Physics, University of Basel, Klingelbergstrasse 82, CH-4056 Basel, Switzerland 

Coupling of the spin and orbital degrees of freedom on the surface of a strong three-dimen-
sional insulator, on the one hand, and textured magnetic configuration in an adjacent ferro-
magnetic film, on the other, is studied using a combination of transport and thermodynamic 
considerations. Expressing exchange coupling between the localized magnetic moments and 
Dirac electrons in terms of the electrons’ out-of-plane orbital and spin magnetizations, we re-
late the thermodynamic properties of a general ferromagnetic spin texture to the physics in the 
zeroth Landau level. Persistent currents carried by Dirac electrons endow the magnetic texture 
with a Dzyaloshinski-Moriya interaction, which exhibits a universal scaling form as a func-
tion of electron temperature, chemical potential, and the time-reversal symmetry breaking 
gap. In addition, the orbital motion of electrons establishes a direct magnetoelectric coupling 
between the unscreened electric field and local magnetic order, which furnishes complex 
long-ranged interactions within the magnetic film.  

References 
[1] Y. Tserkovnyak and D. Loss, Phys. Rev. Lett. 108, 187201 (2012).
[2] D. A. Pesin and A. H. MacDonald, Phys. Rev. Lett. 111, 016801 (2013).
[3] Y. Tserkovnyak, D. A. Pesin, and D. Loss, Phys. Rev. B 91, 041121(R) (2015).

Figure 1: Schematic  of  the low-energy description, 
which  captures  contributions  to  the  spin,  Ms,  and 
orbital,  Mo, components  of  the magnetization that 
stem from the Dirac electrons. 
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FIG. 1. (Color online) Schematic of the low-energy description,
which captures contributions to the spin, Ms , and orbital, Mo,
components of the magnetization that stem from the Dirac electrons.

inconsequential here, but would play a role if we restored the
spatiotemporal structure of n(r,t)].

The total equilibrium out-of-plane magnetization can be
calculated thermodynamically, as follows:

M = −∂B"(µ,T ,B), (4)

where " is the (grand-canonical) thermodynamic potential of
electrons at chemical potential µ and ambient temperature T ,
per unit area. To this end, we recall the Landau-level spectrum
of the gapped Dirac electrons subjected to a magnetic field [8]:

ϵ0 = −sgn(B)$, ϵn = sgn(n)
√

2(!v/l)2|n| + $2 , (5)

where l ≡
√

!c/e|B| is the magnetic length. n ∈ Z is the
Landau-level index (n > 0 corresponding to the particle- and
n < 0 holelike states). The degeneracy (per unit area) of each
Landau level is given by N = 1/2π l2. (See Fig. 1 for a
schematic of the relevant electronic structure.) This gives for
the thermodynamic potential:

"(B) = −kBTN
∑

n

fn = −kBT |B|
∑

n

fn(B)/φ, (6)

where fn ≡ ln[1 + eβ(µ−ϵn)], β ≡ (kBT )−1, and φ ≡ 2π!c/e
is a magnetic flux quantum. When B = 0,

M = lim
B→0

"(−B) − "(B)
2B

= kBT

2φ
ln

1 + eβ(µ+$0)

1 + eβ(µ−$0)

− sgn($0)
g

8mφ

$2
0

v2

∫ yg

−yg

dy/ε

1 + eβ(|$0|ε−µ)
,

(7)

where ε ≡ sgn(y)
√

1 + |y|, $0 ≡ J⊥nz, and yg ∼ (ϵg/$0)2

is the cutoff for this low-energy theory due to the bulk gap
ϵg ∼ !v/a (a being the cutoff length scale) of the TI. M →
Mo + Ms consists of two contributions: orbital (Landau-like)
magnetization Mo, which is governed by the zeroth Landau
level, and spin (Pauli-like) magnetization Ms ∝ g, which is
determined by all the other (particle- and holelike) Landau
levels. The latter corresponds to the spin response induced by
the Zeeman term in the Hamiltonian (1), which could also
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FIG. 2. Orbital magnetization, Eq. (9), is shown by black curves:
Solid, dashed, and dotted corresponding to temperatures kBT /$0 =
0.01, 1, and 10, respectively, setting ζ = 0. The grey curves (with
the dotted one essentially overlapping with the black curve) show
derivatives χ$, Eq. (17). The shaded areas are the derivatives χµ,
Eq. (18). Note that χµ vanishes in the extreme limits of both T → 0
and T → ∞ for |µ/$0| > 1 [3].

be calculated directly, in the absence of Landau levels. When
ϵg ≫ ϵ̃, where ϵ̃ = max(kBT ,|$0|,|µ|),

Ms ∼ $0
g

4mφ

ϵg

v2
. (8)

The orbital contribution (in the absence of B) is [8]

Mo = kBT

2φ
ln

1 + eβ(µ+$0)

1 + eβ(µ−$0)
+ (ζ − 1)

$0

2φ

T →0→ $0

2φ

⎛

⎝ζ +

⎧
⎨

⎩

1, µ > |$0|
µ/|$0|, |µ| < |$0|

−1, µ < −|$0|

⎞

⎠ , (9)

where we have phenomenologically added a term ∝ (ζ − 1)
that could stem from energy levels ϵ ! −ϵg , which are beyond
our effective theory. (Since, when ϵ̃ ≪ ϵg , this contribution
should not depend on µ and can only be weakly depen-
dent on $0, we expanded it to linear order in $0.) The
total magnetization M(B → 0) ∝ $0, so that, in particular,
M(−$0) = −M($0), as should be according to the time-
reversal symmetry. Under an additional assumption of the
orbital particle-hole symmetry, "(µ,B) = "(−µ, − B), we
would have Mo(µ) = −Mo(−µ), which would imply that
ζ = 0. In Fig. 2, we plot the orbital magnetization (9), as a
function of chemical potential, at different temperatures.

At first sight, the contribution ∝ µ in Eq. (9) may appear
surprising. Indeed, why would a magnetization be modulated
by the chemical potential placed inside the gap? This is
reconciled by the half-quantized quantum Hall effect and the
associated gapless chiral modes at the sample boundary in
the xy plane (which, together with the states associated with
the opposite TI surface form fully quantized edge states),
as follows. When |µ/$0| < 1, ∂µM0 = sgn($0)/2φ, which
means that ∂ϕI = gQ/2, where Mo → I/c, the charge current
at the sample boundary, and gQ ≡ e2/2π! is the quantum of
conductance. (Together with the opposite surface of the 3D
TI in the z direction, this would engender a fully quantized
integer quantum Hall effect.)
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A topological insulator (TI) is a new state of quantum matter that possesses a metallic 
surface state, while the interior is insulating. Notable is that this characteristic of TIs is the 
very structure commonly used in spintronics, that is, a conductor film artificially made on an 
insulator substrate. Moreover, conduction electrons on the surface state are helical Dirac fer-
mions which have a novel property called the spin-momentum locking. On the surface states 
of TIs, the direction of the electron's motion uniquely determines its spin direction and vice 
versa. Hence, if a spin imbalance is induced by spin pumping, a charge current is expected to 
be produced along the Hall direction. 

In the present paper, we have experimentally and theoretically demonstrated the 
spin-electricity conversion in bulk-insulating topological insulators Bi1.5Sb0.5Te1.7Se1.3 and 
Sn-doped Bi2Te2Se coupled with permalloy. On ferromagnetic resonance of permalloy, the 
injected spins are converted into electric voltage on the surface state of TIs despite the bulk 
nature of the sample. This phenomenon is caused by the spin-momentum locking on the top-
ological surface state. The mechanism of the observed spin-electricity conversion is funda-
mentally different from the inverse spin Hall effect and even predicts perfect conversion be-
tween spin and electricity. The present results reveal a great advantage of topological insula-
tors as inborn spintronics devices.  

   This work was done in collaboration with Prof. K. Nomura, Prof. Kouji Segawa, Prof. 
Yoichi Ando, Prof. E. Saitoh, Dr. K. Eto, Dr. M. Novak, and Dr. Y. Kajiwara. 
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