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[. Introduction
1. Spin Hall effect

1) Ordinal Hall Effect
[Hall 1879] Lorentz force g
PHall = R(}B qgvxB Edwin H. Hall
2) Anomalous Hall Effect [Hal, 1880 & 1881]
Puan = RoB + RgM 3) (extrinsic) Spin Hall Effect
[Dyakonov & Perel, JETP 1971;
17 magnetization Hirsch, PRL 1999; Zhang, PRL 2000]
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Relativity and spin-orbit interaction

In special relativity, a moving charged particle in an electric field ‘feels’ a ‘magnetic’ field
[e.g., Jackson’s textbook]
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4) Intrinsic spin Hall effect
(1) In p-type zincblende semiconductors

Dissipationless Quantum Spinf .- |

Current at Room Temperature

Shuichi Murakami,’ Naoto Nagaosa,’? Shou-Cheng Zhang*
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(2) In a 2-D electron gas in n-type semiconductor heterostructures
Universal Intrinsic Spin Hall Effect

Jairo Sinova,"? Dimitrie Culcer.” Q. Niu,2 N. A. Sinitsyn,! T. Jungwirth,> and A. H. MacDonald?
"epartment of Physics, Texas A&M University, College Station, Texas 77843-4242, USA
2Department of Physics, University of Texas at Austin, Austin, Texas 78712-1081, USA
Institute of Physics ASCR, Cukrovarnicka 10, 162 53 Praha 6, Czech Republic
(Received 27 July 2003; published 25 March 2004)

Rashba Hamiltonian

peoAL .
—t s (sx
H T RO (Z X p), (1)

contributes to the spin current. In this case we find that
the spin current in the ¥ direction is [23]

j =J’ aﬂﬁ Enz,ﬁ&= _EEX
o annulus {Z?Tﬁ}z 2 m lomAm

(Pr+ — Pr-)h

(6)

where pp, and pp_ are the Fermi momenta of the ma-
jority and minority spin Rashba bands. We find that when
both bands are occupied. i.c.. when nap > m?A%/wh* =
Mop. Pr+ — Pr— = 2mA/H and then the spin Hall (sH)
conductivity is

o 2 Q)

Universal spin Hall conductivity ow=-22-—.

independent of both the Rashba coupling strength and of
the 2DES density. For nap < nyp, the upper Rashba band
is depopulated. In this limit pp_ and ppy are the interior
and exterior Fermi radii of the lowest Rashba split band,
and oy vanishes linearly with the 2DES density:

(8)
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(3) Significances of these theoretical discoveries of intrinsic spin Hall effects
Basic elements of spintronics (spin electronics):

Generation, detection, & manipulation of spin current.

Usual spin current generations:

Ferromagnetic leads
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(a) Layer structure of the device and (b) schematic

view of resonant tunnel diode band structure under bias.
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(a) non-magnetic metals, (b) ferromagnetic
metals and (c¢) half-metallic metals.

Spin filter  [Slobodskyy, et al., PRL 2003]

Problems: magnets and/or magnetic fields needed,
and difficult to integrate with semiconductor
technologies.



Among other things,

it would enable us to generate spin current
electrically in semiconductor microstructures
without applied magnetic fields or magnetic
materials,

and hence make possible pure electric driven
spintronics 1n semiconductors which could be
readily integated with conventional electronics.
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5) Experiments on spin Hall effect
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Fig. 1. The spin Hall effect in unstrained GaAs. Data are taken at T = 30 K; a linear background has
been subtracted from each B__, scan. (A) Schematic of the unstrained GaAs sample and the
experimental geometry. (B) Typical measurement of KR as a function of B__, for x = =35 um (red
circles) and x = +35 um %blue circles) for £ = 10 mV pm~". Solid lines are fits as explained in text.
(C) KR as a function of x and B_,, for E = 10 mV pm~". (D and E) Spatial dependence of peak KR
A, and spin lifetime 1, across the channel, respectively, obtained from fits to data in (C). (F)
Reflectivity R as a function of x. R is normalized to the value on the GaAs channel. The two dips
indicate the position of the edges and the width of the dips gives an approximate spatial
resolution. (G) KR as a function of £ and B__ at x = -35 pm. (H and I} £ dependence of A, and 1,
respectively, obtained from fits to data in (G).

[Kato ef al., Science 306, 1910 (2004)]
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Fig. 2. (A and B) Two-dimensional images of
spin density n_ and reflectivity R, respectively,
for the unstrained GaAs sample measured at T =
30Kand E= 10 mV um.

Attributed to extrinsic SHE because of weak crystal direction dependence.



(b) in p-type 2D semiconductor quantum wells

Experimental Observation of the Spin-Hall Effect in a Two-Dimensional
Spin-Orbit Coupled Semiconductor System

1. ‘ﬂ‘ﬁmu:her]]ch,1 B. Kaestner,l‘?’ I S]m:wa,g' and T. Jungu.firthd"j
Hitachi Cambridge Laboraiory, Cambridze CB3 OHE, United Kingdom
*National Physical Laboratory, Teddington T11 0LW, United Kingdom
SDFP(I!‘I.FKEHI of Physics, Texas A&M University, College Station, Texay 77843-4242, USA
nsiitute af Physics ASCR, Cukrovarnickd 10 162 53 Praha 6, Czech Republic
3School of Physics and Astronemy, University of Nottingham, Nottingham NG7 2RD, United Kingdom
(Received 16 November 2004; published 4 February 2005)

We report the experimental observation of the spin-Hazll effect in a 2D hole system with spin-orbit
coupling. The 2D hole layer is a part of a p-n junction light-emitting diode with a specially designed
coplanar geometry which allows an angle-resolved polarization detection at opposite edges of the 2D hole
system. In equilibrium the angular momenta of the spin-orbit split heavy-hole states lie in the plane of the
2D layer. When an electric field is applied across the hole channel, a nonzero out-of-plane component of
the angular momentum is detected whose sign depends on the sign of the electric field and is opposite for
the two edges. Microscopic quantum transport calculations show only a weak effect of disorder,
suggesting that the clean limit spin-Hall conductance description (intrinsic spin-Hall effect) might apply
to our systemm.

DOL: 100103/ PhysRevLent.94.047204 PACS numbers: T3.50.Pp, TLTOE). 85.75Mm

[ Wunderlich, et al., PRL 94 (2005) 047204]

Attributed to intrinsic SHE.
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(¢) Spin Hall effect in strained n-type wurtzite semlconductorq

[Chang, Chen, Chen, Hong, Tsai, Chen, Guo, PRL 98, 136403 (2007)]
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2. Motivations

1) Questions on the intrinsic spin Hall effect in semiconductors?

[1n the summer of 2004]

(1) Non-existence of intrinsic spin Hall effect in bulk p-type
semiconductor? [X. Wang and X.-G. Zhang, cond-mat/0407699; MMM 2005]

In conclusion, we have shown that at least for a class of semiconductors described by the
Luttinger Hamiltonian, spin symmetry of the eigenstates rules out the possibility of a spontaneous
spin current in these materials.

(2) Will the intrinsic spin Hall effect exactly cancelled by the intrinsic

orbital-angular-momentum Hall effect? %SR ngé(‘)f(l)% ]and Z. Yang, cond-mat/0407704;

-~ - ——

angular-momentum Hall effect so that the total angular momenttum spin current 1s zero
in a SOC system.

. i ) e

. . 7 EPin ne arbit -
For Rashba Hamiltonian, J;,; = oy E, J,;. = TR F.
i i

This 1s confirmed for Rashba system by us. However, in Dresselhaus and Rashba systems,
spin Hall conductivity would not be cancelled by the orbital Hall conductivity.

[Chen, Huang, Guo, PRB73 (2006) 235309]



Motivations
(1) Try to resolve the above two important problems.

(2) To go beyond the
spherical 4-band
Luttinger Hamiltonian.

(3) To understand the
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2) Spin Hall effect in metals

Nature 13 July 2006 Vol. 442, P. 04937

Direct electronic measurement of the spin Hall
effect

S. 0. Valenzuela't & M. Tinkham' @

fcc Al e Tru/

oy = 27~34 (Qcm)!
(T= 4.2 K) @ /




Hoom Temperature RHeversible Spin Hall Effect
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Motivations

Thus, 1t 1s important to understand the detailed mechanism of
the SHE 1n metals because it would lead to the material design
of the large SHE even at room temperature with the application
to the spintronics. To this end, ab 1nitio band theoretical
calculations for real metal systems 1s essential.
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II. Intrinsic spin Hall effect in solids

1. Berry phase formalism for intrinsic Hall effects

(1) Berry phase
[Berry, Proc. Roy. Soc. London A 392, 451 (1984)]
g . J\/
Parameter dependent system:
] | P ~_ _ ~—
gl’l Wl’l
Adiabatic theorem: |
—iJOdt all iy (1) y)

P()=w,(2(0)) e e

Al A
Geometric phase:
A 0 A
7, =], dAlw, °

ia l//n>




Well defined for a closed path

Stokes theorem

=[ldrdr, ©
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Berry Curvature
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Analogies

Berry curvature Magnetic field
Q1) B(7)
Berry connection Vector potential
Wi |W> A()

Geometric phase Aharonov-Bohm phase

0 ) . .
§di (v ia—ﬂ‘t//> = [[a*2 Qi) ggdi” A(r) = Lfdzr B(r)

Chern number Dirac monopole

fd’2 Q1) = integer fd’r B(7)=integerh/e
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(2) Semiclassical dynamics of Bloch electrons

Old version [e.g., Aschroft, Mermin, 1976]
_10s,(k)

‘" h ok

X

5

Berry phase correction [Chang & Niu, PRL (1995), PRB (1996)]

New version [Marder, 2000]
_10¢,(k)

X = ~kxQ (K),
h Ok
k=200 ¢y m,
h or h
Q (k)=-—Im Ol | x| Ol . (Berry curvature)
' ok ok



(3) Semiclassical transport theory

i=[dk(-ex)gr.k),  grk)=/K)+5/(r.k)

. 0¢ (k)
X = SExQ
ok ®
oe (k)
:——Ex dKf (K)Q—— | d’kS f(k,r
j Jd'k ()R- [d'ksf (kr) =~
(Anomalous Hall conductance) (ordinary conductance)

Anomalous Hall conductivity [Yao, et al., PRL 92(2004) 037204]

e’ K KNG [FLAPW (WIEN2K) calculations]
o, =—— g
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The Anomalous Hall Effect and o
Magnetic Monopoles in
Momentum Space

Zhong Fang,'?* Naoto Nagaosa,’34 Kei S. Takahashi,®
Atsushi Asamitsu,’® Roland Mathieu,’ Takeshi Ogasawara,?
Hiroyuki Yamada,® Masashi Kawasaki,?” Yoshinori Tokura,134
Kiyoyuki Terakura®

Efforts to find the magnetic monopole in real space have been made in cosmic
rays and in particle accelerators, but there has not yet been any firm evidence
for its existence because of its very heavy mass, ~107° giga—electron volts. We
show that the magnetic monopole can appear in the crystal momentum space
of solids in the accessible low-energy region (—~0.1 to 1 electron volts) in the
context of the anomalous Hall effect. We report experimental results together
with first-principles calculations on the ferromagnetic crystal SrRuO, that
provide evidence for the magnetic monopole in the crystal momentum space. B




(4) Ab initio relativistic band structure methods

Calculations must be based on a relativistic band theory because all
the intrinsic Hall effects are caused by spin-orbit coupling.

(1) Relativistic extension of linear muffin-tin orbital (LMTO) method.
[Ebert, PRB 1988; Guo & Ebert, PRB 51, 12633 (1995)]

Dirac Hamiltonian ~ H, = ca-p+mc” (B —1)+v(r)]
0, = JdKY (e, (N K)

2Im(kn| j, |kn')(kn' kn
N m (lor | j, | on') (k' | v, | on)

current operator j = -ecol (AHE), (charge current operator)

2

. h
1= 1 { - 0051-} (SHE), (spin current operator)
j= g{ AL, C(Z} (OHE). (orbital current operator)

a, B, X are 4x4 Dirac matrices.



(5) Application to intrinsic spin Hall effect in semiconductors

[Guo,Yao,Niu, PRL 94, 226601 (2005)]

Spin and orbital angular momentum

Hall effects in p-type zincblende
semicoductors
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2. Large intrinsic spin Hall effect in platinum

Direct electronic measurement of the spin Hall
effect

5. 0. Valenzuela't & M. Tinkham'

aos|

£ ol
Nature 13 July 2006 Vol. 442, #
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Hoom Temperature RHeversible Spin Hall Effect
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[1I. Giantic spin Hall effect in gold and multi-orbaital
Kondo effect

P W) N U W W -~ m m N O e

1. Giant spin Hall effect in perpendicularly
a spin-polarized FePt/Au devices [Seki, et al., Nat. Mater. 7 (2008)125]
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Intrinsic spin Hall effect in pure Au metal
[Guo, JAP 105, 07C701 (2009)]
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(1) Surface and interface effect?

ARgye (ME2)

What is the origin of giant spin Hall effect in gold Hall bars?
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[Seki, et al., Nat. Mater. 7 (2008)125]

Au(111)

1MLAg 2ML Ag

3MLAg SM'LAg 10hILAg

02 00 0z 02 no
k(&) [Cercellier, et al. PRB73 195413 (2006)]
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(1) Defect and impurity origin ?

Possible impurities: (a) vacancy of Au atom
(b) Pt impurity
(c) Fe impurity



—— perfect fcc Au

2. Multiorbital Kondo effect in 2 @ S
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3. Enhanced SHE by resonant skew scattering in

orbital-dependent Kondo effect.

Extrinsic spin Hall effect due
to skew scattering

S(O)n

Spin current
\
- -
-
-

FIG. 1: (color online) The skew scattering due to the spin-
orbit interaction of the scatterer and the spin unpolarized

electron beam with wavevector k with the angle # with the
spin polarization S(0)i with @ = (k x k") /|k x k'|.

2ik

[Guo, Maekawa, Nagaosa,
PRL 102, 036401 (2009)]

scattering amplitudes
f1(8) = fi(@)|1) +'iﬂi‘*:"fz{9)| 1y
f18) = fi(0)| ) —ie7 f2(0)] 1)

skewness function

_ 2Im[f{(0) f2(0)]
O =T DT LOR
spin Hall angle

[ dQI(0)S(0)sin6
=T dQI(6)(1 — cos )

fie) = Y ) |(1+1) (20 —1) 41 (720 —1)]
l

21k dcost

, sin ¢ ; 98— d
f2(0) = E (f-‘2 L ) Pi(cos ).
l



TABLE I

suborbitals of the Fe impurity in Au from LDA+U calcu-
11 'I:I.F'IT i:n.'l"l..r"] writ h QﬁT "T"l-.n ol

at3 r1+h
I.'IZI.-I.II.UII._\ "H' l.l.ll.l.'L_-”_lLl b 1 CLLIY "H' I.LIJ.I.

moments are: m. © = 3.39 pup and m'°" = 3.32 up without
SOL, as well as mi® = 3.19 pup, mi© = 1.54 up and m’°" =
3.27 pp with SOI. The muffin-tin sphere radius R,,: = 2.65a0

(ap 15 Bohr radius) is used for both Fe and Au atoms.

l .r‘"1.|‘-] T o et
L] {l.-l.\_- Ll I.'EI.-LI'ELI. 1111’.[-5 l.l.":'.ll.\_-

FE

Down-spin  occupation numbers of the 3d-

- 2
322 _ p

Ty Tz Yz —y
no SOI 0.459 0.459 0.459 0.053 0.053
SOI 0.559 0.453 0.453 0.050 0.128
(b) m=—2 m=—-—1 m=0 m=1 m = 2
no SOI 0.256 0.459 0.053 0.459 0.256
SOI 0.138 0.087 0.050 0.819 0.549
) = 30,(cos 20, —c0s20,)
S =

9sin’ &, +4sin’ &, +3[1—cos2(5;
~ (0.001~0.01

—0,)]

[Fert, et al., IMMM 24 (1981) 231]

Y

[Guo, Maekawa, Nagaosa,
PRL 102, 036401 (2009)]

Occupation numbers
are related to the
phase shifts through
generalized Friedel
sum rule.

y. =20, =0.1



Prediction: Large SH
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DOS (states/eV/atom/spin)

4. Quantum fluctuation 1n a Kondo system and QMC simulation

1\

1) problems

PRL 102, 036401 (2009)
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Lending an iron hand to spintronics

Piers Coleman
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Subject Areas: Spintronics

A Viewpoint on:

Enhanced Spin Hall Effect by Resonant Skew Scatlering in the Orbital-Dependent Kondo Effect
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Phys. Reo. Lett. 102, 036401 (2009) — Published January 20, 2009

Despite its long history, the detailed Kondo physics
of iron remains a controversial subject, in part because
of the complex orbital structure of the impurity atom.
The magnetism of iron in gold is carried by iron's five
valence d electrons, each of which resides in one of five
different d orbitals. On an isolated Fe atom, these d or-
bitals are nearly degenerate, but in the cubic environ-
ment of the gold erystal, the d orhitals split up into hwn
compcnents—a doublet, labeled the e; orbitals, and a
triplet, labeled the fz; orbitals. During the past year,
both Guo et al. and a research collaboration of Theo
Costi, Achim Rosch, and coworkers [11] have indepen-
dently proposed that the Kondo effect in iron is “or-
bitally selective,” involving two widely different Kondo
temperatures—one for each set of crbitals. Both groups
suggest that some ot the iron d-spins delocalize because
of the Kondo effect at room temperzture, leaving behind

two or three remaining electrons that only delocalize
around 1 K.

FIG. 1: (a) In a charge current, spin “up” and “down” elec-
trons flow together In a spin current, up and down elec-
trons flow in opposite direciions. (b) A schematic of the spin
Hall effect. Spin-orbit coupling induces an orbital motion op-
posite in direction to the electron spin, deflecting up- and
down-spin electrons in opposite directions. The net effect is
a conversion of charge into spin cuments. (Illustration: Alan
Stonebraker/stonebrakerdesignworks. com)
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Experimental values of R and the derived orbital/

spin magnetic moment ratios for 34 impurities in noble metals.
The applied field was 7 T, and temperatures T are in K.

Alloy R T o/ et
AuCr (1.0 at. %) —1.01 18.7 —0.003(30)
AuMn —0.90 6.8 +0.023(20)
(1.0 at. %)

CuMn —(.94 6.8 +0.013(20)
(1.0 at. %)

AuFe (0.8 at. %) —(.86 1.2 +0.034(15)
AuCo (1.5 at. %) —(0.247 6.8 +0.336(52)




2) Quantum Monte Carlo simulation
[Gu, Gan, Bulut, Ziman, Guo, Nagaosa, Maeckawa, PRL105 (2009) 086401 ]

(1) Single-impurity multi-orbital Anderson Model

A realistic Anderson model is formulated with the host band structure and the
impurity-host hybridization determined by ab initio DFT-LDA calculations.

H=Ye,chco+ded d, + SV, .chd., +hc.)

a.k,o ¢E,o k&0

'
+UZ§:n§Tn§¢ +U' > n n,,—J ) n_n,,
o,0' o

For host band structure, a = 9 bands (6s, 6p, 5d orbitals of Au)

are included.
For impurity-host hybridization, Au,;Fe supercell (3X3X3 primitive

FCC cell) is considered. ¢ = 5 (3d orbitals of Fe).

For impurity Fe, one e, orbital (z) and one t,, orbital (xz) are considered
with the following parameters.

U=5eV,d=09eV,U=U-2J=3.2¢eV



Impurity-host hybridization for fcc Au,;Fe (DFT-LDA results)

Vgak = <§D§ ‘Ho‘qja (k)>

1 ik-r
= 2a, (k) ==2¢""{¢:|Ho|o,(r))  For FCC AuyFe
P ’ a, p =9 (6s, 6p, 5d orbitals of Au)

1 ik- r=26 (AU )
=—=2.¢""a, (k). |H,p,r) i 2
JN 4 @? < f‘ 0‘ P > ¢ =5 (3d orbitals of Fe)
4 Au26|:e € = 72 ——— QEnergy levels for Fe in
— v A Au,sFe (DFT results):
é.._..- x2-y2 fhg : Xi, yzz, >2<y 1-0.45 eV
- o, Xy €q 1 Z% X&Y<! -0.55 eV
S /
an
=
= m
<

X

Smaller mixing for e, Larger mixing for t,, 42



(2) Hirsh-Fye quantum monte carlo calculations

The magnetic behaviors of the Anderson impurity model at finite temperature
are calculated by the Hirsh-Fye quantum Monte Carlo (QMC) technique.

Universal Kondo susceptibility for the one orbital case

, VU 8y?
g4 = -U/2 (Symmetric case, constant DOS). J, = ( ) -
e \e, +U U
1 T T T T | T T T T d d
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™ | .. e
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e = W FIG. 2. (a) Local moment {a 2} and (b) T x (spin suscep-
1 L 1 | L L 1 |
0 tibility) for a single Anderson impurity; A=0.5 and
-2 -1 0 u=0.637, 1.27, 1.91, and 2.55. The closed and open circles
correspond to A7=0.25 and A7=0.5, respectively. The
|091OT dashed lines are the universal Kondo susceptibility for the
four values of Ty given in the text.
U =1, 2, 3, 4 eV
T, = 0.169, 0.0865, 0.0435, 0.0216 eV u = UimA

1eV ~10,000 K. 0.0216 eV ~ 200 K Hirsch and Fye, PRL 56, 2521(1986)



(3) Magnetic behaviors for Fe in Au (QMC results)

2-Orbitals case 3-Orbitals case
£ =1:2°, E=1:2,
1
E =2 —(xz—wyz):p:l=1,m=1;
E =2:xz. 2( )
1
£ = 3: ——2(:1:3—{—*5*;;2:) p_1:l=1,m= —1.

LLocal moment

JFz __
ﬁf& = Tt — Tl
Impurity magnetic susceptibility
B
Xe = [ dr (M (T) M{(0)),
Jo
Occupation number

Ng = Mgt + Nl
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(4) Spin-orbit interaction within 7,, oribtals for Fe in Au
[Gu, et al., PRL105 (2009) 086401]

Ising-type spin-orbit interaction for p-electrons: /=1, m =1,0,-1.

Ho=(/2) Y bW - (0)oer o (10 0 )

m.n oo’ 1 0
I* 00 0 |,o° }
H.m — ()‘/2) § : d;rnﬂ(l)fnm(g)iﬂ d*m-:?' B ( 0 -1 )
— \ 00 1/

Hyo = (A/2) (ny —my —noay +noqy),

D T T T T T T T
| o 2 e
0.1 ; é ' - <Fo® g S
$ IC 03 -
A-02 i 4 02+ -0.4
"o 0.3 AHE [Ref 2]
v 03l 5 ¥ | osL XMCD [Ref.7]
: |
A =75 meV —f— 1
0.4 1 + 40 meV e | 7
) S —— _
-2 -1 0 DFT[Ref 6] o -~

logyoT (eV)



(5) Estimation of spin Hall angle for Fe impurity in Au
B 30,(cos 20, —cos29,)
9sin® &, +4sin’ 5, +3[1—cos2(5, — ;)]

Vs =

Since we consider only two 7, orbitals with £, =*1, the SOI within the
1,q orbitals gives rise to the difference in the occupation numbers
between the parallel (np) and anti-parallel (n,p) states of the spin and
angular momenta. These occupation numbers are related to the phase
shifts op and 0,p, through generalized Friedel sum rule, respectively, as
npap) = OpapyT, and < {,0,>=0p — Opp, T <1, >+ <ng>=0p + Opp.

Putting < {,0, >= —0.44 for A =75 meV, and < n, > = <n3>= 0.65,
we obtain op = 1.35 and 0,p = 2.73.

Taking into account the estimate sin 0, ~= 0.1, y, ~= 0.06 1s thus obtained.

[Seki, et al., Nat. Mater. 7 (2008)125]
vs ~=0.11 (exp.)



IEEE TRANSACTIONS ON MAGNETICS, VOL. 46, NO. 7, JULY 2010

Influence of Fe Impurity on Spin Hall Effect in Au

Isamu Sugail, Seiji Mitani?, and Koki Takanashil

Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan

ZNational Institute for Materials Science, Tsukuba 305-0047, Japan
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n
n
=]

We investigated the influence of Fe impurity on spin Hall effect in Au using multi-terminal devices consisting of an FePt perpendicular
spin polarizer and a Au Hall cross with different Fe impurity concentrations. As the Fe impurity concentration was increased in the range
of 0-0.95 at. %, the resistivity of Au doped with Fe increased and the spin diffusion length decreased from 35 nm to 27 nm. On the other
hand, the spin Hall angle for Au doped with Fe, evaluated from the spin injector-Hall cross distance dependence of spin Hall signals, was
approximately 0.07, independent of the Fe concentration. The experimental results provide important information for understanding

the mechanism of the large spin Hall effect.

Aul
PARAMETERS OF Paure, B5— . Aaure. P AND vy OBTAINED FOR THE

Skew scattering

PRESENT FePt/Au DEVICES

vs ~0.07, _
independent of PAuFe Aaure RAMC
. P &4
Fe concentration. [U€2-cm] [nm] Q]
0.07
NDH-deEd Au 36 35 + 4 l] 0033 + 002
AUBQ,SSFGUAZ 4.3 33+3 1.3 0.034 +0000?]
0.07
Augg osFeqos 7.0 27+3 1.7 0.027 + (.03




IV. Summary and Outlook

Summary
1. Spin Hall effect, a manifestation of special relativity, 1s rich of
fundamental physics, and also related to such classic phenomena as
Kondo effect.
2. Spin Hall effect may be used to generate, detect and even manipulate
spin currents, and hence has important applications in such hot fields as
spintronics.
3. Ab initio band theoretical calculations not only play an important role
in revealing the mechanism of spin Hall effect, but also help in searching
for new spintronic materials.

Outlook

1. Several fundamental problems remain to be addressed. For
example, a general theory in terms of conserved spin current is still
lacking. The question of spin Hall insulators and associated truely
dissipationless spin current remain unanswered.



Spin Hall insulators (Fiction or fact?)
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2. However, most activities in the field are currently focused on
quantum spin Hall effect in topological insulators.

Zoo of the Hall Effects:
Ordinary Hall effect (Hall 1879);

Anomalous Hall effect (Hall 1880 & 1881);
A Extrinsic spin Hall effect (Dyakonov & Perel 1971);
Integer quantum Hall effect (von Klitzing et al. 1980);
Fractional quantum Hall effect (Tsu1 et al. 1982);
A Intrinsic spin Hall effect (Murakami et al. 2003; Sinova et al. 2004).

» Quantum spin Hall effect (Kane & Mele 2005, Bernevig & Zhang 2006)



Topological insulators & quantum spin Hall effect
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(1) Zigzag graphene strips as
2D topological insulators
[Kane & Mele, PRL 2005]
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(1) Natural semiconductors as

3D topological insulators
[Bernevig Hughes, Zhang, Sci. 2006]
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Figure 3. The quantum
spin Hall effect features
quanfized edge currents.
To be sure of seeing
them, the Wiirzbur
group gated their c?evice
to sweep the Fermi level
from the valence band,
through the bandgap,

] and into the conduction
E6 band. The black trace

comes from a sample
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whose thickness (d <
6.3 nm) ensures that it
behaves like a normal
insulator. When the

Fermi level lies in the bandgap, resistance is high. The red, green, and blue
traces come from samples whose thickness (d > 6.3 nm) ensures that they can
carry edge states. Quantization of the conductance G is observed when the
sample is shorter than the electrons’ mean free path. That's the case for the red
and green traces but not for the blue trace. (Adapted from ref. 5 )
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