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1 Spin Hall effect
I. Introduction

1) Ordinal Hall Effect
1. Spin Hall effect

[Hall 1879] Lorentz force
q v B

2) Anomalous Hall Effect [Hall, 1880 & 1881]

3) (extrinsic) Spin Hall Effect3) (extrinsic) Spin Hall Effect

Spin c rrent

[Dyakonov & Perel, JETP 1971; 
Hirsch, PRL 1999; Zhang, PRL 2000]

Spin orbit interaction

Spin current
spin current

Spin-orbit interaction 
Charge current ( ) ( )dV r

dr
s L

(M tt k tt i )(Mott or skew scattering)



Relativity and spin-orbit interaction
I i l l ti it i h d ti l i l t i fi ld ‘f l ’ ‘ ti ’ fi ldIn special relativity, a moving charged particle in an electric field ‘feels’ a ‘magnetic’ field 
[e.g., Jackson’s textbook]
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This ‘magnetic’ field would then interact with the spin of the particle (electron) 
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4) Intrinsic spin Hall effect
(1) In p-type zincblende semiconductors( ) p yp
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Anomalous velocity
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nh = 1019 cm-3,  μ= 50 cm /V·s, σ= eμnh = 80 Ω-1cm-1;
80 Ω 1 1σs= 80 Ω-1cm-1

nh = 1016 cm-3,  μ= 50 cm /V·s, σ= eμnh = 0.6 Ω-1cm-1;
σs= 7 Ω-1cm-1



(2) In a 2-D electron gas in n-type semiconductor heterostructures

Rashba HamiltonianRashba Hamiltonian

Universal spin Hall conductivity



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

Generation, detection, & manipulation of spin current.              
Usual spin current generations:

Ferromagnetic leads  

(a) non-magnetic metals (b) ferromagnetic(a) non-magnetic metals, (b) ferromagnetic 
metals and (c) half-metallic metals.

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

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



Among other things, 
it would enable us to generate spin current 
electrically in semiconductor microstructures y
without applied magnetic fields or magnetic 
materialsmaterials, 
and hence make possible pure electric driven 

i t i i i d t hi h ld bspintronics in semiconductors which could be 
readily integated with conventional electronics.



5) Experiments on spin Hall effect
(a) in n type 3D GaAs and InGaAs thin films(a) in n-type 3D GaAs and InGaAs thin films

[Kato et al., Science 306, 1910 (2004)]
Attributed to extrinsic SHE because of weak crystal direction dependence.



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

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

Attributed to intrinsic SHE.



(c) Spin Hall effect in strained n-type wurtzite semiconductors
[Chang, Chen, Chen, Hong, Tsai, Chen, Guo, PRL 98, 136403 (2007)]

n-type (5nm InxGa1-xN/3nm GaN) superlattice (x=0.15)



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

(1) Non-existence of intrinsic spin Hall effect in bulk p-type 

1) Questions on the intrinsic spin Hall effect in semiconductors?
[in the summer of 2004]

semiconductor? [X. Wang and X.-G. Zhang, cond-mat/0407699; JMMM 2005]

(2) Will h i i i i H ll ff l ll d b h i i i(2) Will the intrinsic spin Hall effect exactly cancelled by the intrinsic 
orbital-angular-momentum Hall effect? [S. Zhang and Z. Yang, cond-mat/0407704; 

PRL 2005]
I l i h h th t th ISHE i i d b th i t i i bit lIn conclusion, we have shown that the ISHE is accompanied by the intrinsic orbital-
angular-momentum Hall effect so that the total angular momenttum spin current is zero 
in a SOC system. 

For Rashba Hamiltonian,

This is confirmed for Rashba system by us. However, in Dresselhaus and Rashba systems, 
i H ll d i i ld b ll d b h bi l H ll d i i

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

spin Hall conductivity would not be cancelled by the orbital Hall conductivity. 



Motivations
(1) T t l th b t i t t bl(1) Try to resolve the above two important problems.

(2) T b d th(2) To go beyond the 
spherical 4-band 
L tti H ilt iLuttinger  Hamiltonian.

(3) To nderstand the(3) To understand the 
effects of epitaxial 
strainsstrains.



2) Spin Hall effect in metals
Nature 13 July 2006 Vol. 442, P. 04937

fcc Al
σsH = 27~34 (Ωcm)-1

(T= 4.2 K)



[PRL98, 156601; 98 (2007), 139901 (E) (2007)]

σsH = 240 (Ωcm)-1

(T= 290 K)

Assumed to be extrinsic!



Motivations
Thus, it is important to understand the detailed mechanism of 
th SHE i t l b it ld l d t th t i l d ithe SHE in metals because it would lead to the material design 
of the large SHE even at room temperature with the application 
t th i t i T thi d b i iti b d th ti lto the spintronics. To this end, ab initio band theoretical 
calculations for real metal systems is essential.



II. Intrinsic spin Hall effect in solids

(1) B h
1. Berry phase formalism for intrinsic Hall effects
(1) Berry phase

[Berry, Proc. Roy. Soc. London A 392, 451 (1984)]
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Analogies

Berry curvature Magnetic field
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Berry curvature

Berry connection Vector potential
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(2) S i l i l d i f Bl h l t(2) Semiclassical dynamics of Bloch electrons

Old version [e.g., Aschroft, Mermin, 1976]Old version [e.g., Aschroft, Mermin, 1976]
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New version [Marder, 2000]
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(3) Semiclassical transport theory
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Anomalous Hall conductivity [Yao, et al., PRL 92(2004) 037204]
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(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. 
(i) Relativistic extension of linear muffin-tin orbital (LMTO) method.
[Ebert, PRB 1988; Guo & Ebert, PRB 51, 12633 (1995)]
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[Guo Yao Niu PRL 94 226601 (2005)]
(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 zincblendeHall effects in p type zincblende    
semicoductors

Strain effectStrain effect



2. Large intrinsic spin Hall effect in platinum

Nature 13 July 2006 Vol. 442, P. 04937

fcc Al
σsH = 27~34 (Ωcm)-1

(T= 4.2 K)



[PRL98, 156601; 98 (2007), 139901 (E) (2007)]

σsH = 240 (Ωcm)-1

(T= 290 K)

Assumed to be extrinsic!



Ab initio relativistic band 
structure calculationsstructure calculations

Pt: σsH = 2200 (Ωcm)-1

(T 0 K)(T = 0 K)

Al: σsH = 17 (Ωcm)-1

(T 0 K)(T = 0 K)

[Guo, Murakami, Chen, Nagaosa, 
PRL100 096401 (2008)]PRL100, 096401 (2008)]
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1Al: σsH (4.2 K) = 17 (Ωcm)-1

σsH (300 K) = 6 (Ωcm)-1

σsH (exp., 4.2K) = 27, 34 (Ωcm)-1 



fcc Pd

Mo

Pd: σsH ( 0 K) = 1400 (Ωcm)-1
[Guo, JAP 105, 07C701 (2009)]

[Morota et al JAP 105 07C712 (2009)]
σsH (300K) = 300 (Ωcm)-1 [Morota, et al., JAP 105, 07C712 (2009)]

Mo: σsH ( 10 K) = -70 (Ωcm)-1

αsH (10K) = -0.002



III. Giantic spin Hall effect in gold and multi-orbital   
Kondo effect

[Seki, et al., Nat. Mater. 7 (2008)125]
1.

Kondo effect

Au

5 1 -110 cmSHE  

spin Hall angle  0.1 at RTxy
H

xx





 

SHE



Intrinsic spin Hall effect in pure Au metal
[Guo, JAP 105, 07C701 (2009)][ ( )]

P 2200 (Ω ) 1 Pt: σ H = 240 (Ωcm)-1

Au: σ H = 750 (Ωcm)-1

Pt: σsH = 2200 (Ωcm)-1

(T = 0 K)

Pt: σsH  240 (Ωcm)
(T = 300 K)

Au: σ = 415 (Ωcm)-1
Au: σsH = 366 (Ωcm)-1

Au: σsH  750 (Ωcm)
(T = 300 K)

Au: σsH = 415 (Ωcm) 1

(T = 0 K) [Yao & Fang, PRL95, 156601 (2005)]
(T = 0 K)



What is the origin of giant spin Hall effect in gold Hall bars?
(i) S f d i f ff ?(i) Surface and interface effect? [Seki, et al., Nat. Mater. 7 (2008)125]

[C lli t l PRB73 195413 (2006)][Cercellier, et al., PRB73, 195413 (2006)]

(ii) Defect and impurity origin ?

P ibl i iti ( ) f A tPossible impurities: (a) vacancy of Au atom 
(b) Pt impurity 
(c) Fe impurity



2. Multiorbital Kondo effect in 
F i it i ldFe impurity in gold.

Results of ab initio calculations
(a) the change in DOS in the 5d bands.
(b) the DOS change is near -1.5 eV.

N ti i ( ) d (b)Nonmagnetic in (a) and (b)
(c) A peak in DOS at the Fermi level

and magnetic.and magnetic.

Proposal: Multiorbital Kondo effect in 
Fe impurity in goldFe impurity in gold.

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



[Guo, Maekawa, Nagaosa, 
3. Enhanced SHE by resonant skew scattering in 

orbital-dependent Kondo effect.
Extrinsic spin Hall effect due 
to skew scattering 

PRL 102, 036401 (2009)]

scattering amplitudes

p

g p

skewness function

spin Hall angle



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

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


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0.001 ~ 0.01H  [Fert, et al., JMMM 24 (1981) 231]



Prediction: Large SHE would also 
occur in 5d impurities in Au or Agoccur in 5d impurities in Au or Ag



1) bl

4. Quantum fluctuation in a Kondo system and QMC simulation

1) problems

0 1 ev 2 ev

eg

t2g
t2g

0.1 ev 2 ev
Mixed valence
Tk > R.T.

eg

U = 0

eg

U = 5 eV

Kondo 
Tk ~ 0.4 K

37





suggests an effective 3-channel 
Kondo model



XMCD measurements



2) Quantum Monte Carlo simulation
l i k ( )

(1) Single-impurity multi-orbital Anderson Model
[Gu, Gan, Bulut, Ziman, Guo, Nagaosa, Maekawa, PRL105 (2009) 086401]

A realistic Anderson model is formulated with the host band structure and the 
impurity-host hybridization determined by ab initio DFT-LDA calculations.    
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For host  band structure, α =  9 bands (6s, 6p, 5d orbitals of Au) 
are included.
For impurity-host hybridization, Au26Fe supercell (3X3X3 primitive p y y , 26 p ( p
FCC cell) is considered. ξ = 5  (3d orbitals of Fe).

For impurity Fe, one eg orbital (z2) and one t2g orbital (xz) are considered 

U = 5 eV, J = 0.9 eV, U’= U – 2J = 3.2 eV
with the following parameters. 



Impurity-host hybridization for fcc Au26Fe (DFT-LDA results)  

  k

For FCC Au26Fe :
9 (6 6 5d bit l f A )
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Energy levels for Fe in 
Au26Fe (DFT results):

t2g : xz, yz, xy : -0.45 eV
eg  : z2, x2-y2 : -0.55 eV

Smaller mixing for eg Larger mixing for t2g 42



The magnetic behaviors of the Anderson impurity model at finite temperature 
(2) Hirsh-Fye quantum monte carlo calculations

g p y p
are calculated by the Hirsh-Fye quantum Monte Carlo (QMC) technique.

VUV 22 82
Universal Kondo susceptibility for the one orbital case

εd = -U/2 (Symmetric case, constant DOS). 
  U

V
U

UVJ
dd

sd

22 82







Hirsch and Fye, PRL 56, 2521(1986)

u = U/πΔ
U  =  1,        2,          3,         4 eV
TK = 0.169, 0.0865, 0.0435, 0.0216 eV
1 eV ~ 10,000 K. 0.0216 eV ~ 200 K



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

2 O bit l 3 Orbitals case2-Orbitals case 3-Orbitals case

lLocal moment

Impurity magnetic susceptibility

Occupation numberOccupation number



2-orbitals case, eg and t2g 3-orbitals case, eg and t2g



I i i bi i i f l l 1 1 0 1

(4) Spin-orbit interaction within t2g oribtals for Fe in Au 
[Gu, et al., PRL105 (2009) 086401]

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

T = 350 K λ = 75 meVT  350 K, λ  75 meV



(5) Estimation of spin Hall angle for Fe impurity in Au 
3 ( 2 2 )  

1 2 2
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3 (cos 2 cos 2 )
9sin 4sin 3[1 cos 2( )]s
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Since we consider only two t2g orbitals with  ℓz = ±1, the SOI within the 
t2g orbitals gives rise to the difference in the occupation numbers g
between the parallel (nP) and anti-parallel (nAP) states of the spin and 
angular momenta. These occupation numbers are related to the phase 
hift δ d δ th h li d F i d l l ti lshifts δP and δAP, through generalized Friedel sum rule, respectively, as 

nP(AP) = δP(AP)/π, and  π < ℓzσz > = δP − δAP, π < n2 > +π < n3 >= δP + δAP. 

Putting < ℓzσz >= −0.44 for λ = 75 meV, and < n2 > = <n3>= 0.65, 
we obtain δP = 1.35 and δAP = 2.73.
Taking into account the estimate sin δ1 = 0.1, γs = 0.06 is thus obtained. 

[Seki et al Nat Mater 7 (2008)125][Seki, et al., Nat. Mater. 7 (2008)125]

γs = 0.11 (exp.) 



Skew scattering
γs 0.07 ,
independent ofindependent of 
Fe concentration.



IV. Summary and Outlook
Summary

1. Spin Hall effect, a manifestation of special relativity, is rich of 
fundamental physics and also related to such classic phenomena as

Summary

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 p y g , p
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 
f i t i t i l

1 S l f d l bl i b dd d F
Outlook

for new spintronic materials. 

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 truelylacking. The question of spin Hall insulators and associated truely 
dissipationless spin current remain unanswered. 



[Murakami Nagaosa Zhang 2004 PRL93 156804]

Spin Hall insulators (Fiction or fact?)

[Murakami, Nagaosa, Zhang, 2004 PRL93, 156804]

cubic NaCl structure

Spin-orbitHgTe Spin orbit 
gap

↘↘

Undoped PbS
1 1( / )( )s  -1 157.5 ( /e)( cm )s

xy  
[Guo, 2005, unpublished]



2. However, most activities in the field are currently focused on 
i ll ff i l i l i lquantum spin Hall effect in topological insulators.

Zoo of the Hall Effects: 

Ordinary Hall effect (Hall 1879);y ( );

Anomalous Hall effect (Hall 1880 & 1881);

Extrinsic  spin Hall effect (Dyakonov & Perel 1971);

I H ll ff ( Kli i l 1980)Integer quantum Hall effect (von Klitzing et al. 1980);

Fractional quantum Hall effect (Tsui et al. 1982);q ( );

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
Ordinary insulators
Band gap, localization gap etc

Quantum Hall insulators
Gap due to Landau level formation 
induced by applied magnetic fieldy pp g

Topological invariant: Chern 
number

Topological insulators
Nonzero topological invariant Z2:
Edge states: time reversal symmetry

[Day, PhysToday2008Jan 19]



(i) Zigzag graphene strips as 
2D topological insulators

(ii)  Natural semiconductors as
3D topological insulators 2D topological insulators 

[Kane & Mele, PRL 2005]
[Bernevig  Hughes, Zhang, Sci. 2006]

Bi2Te3

[Chen, Xiao, Guo 2010] 
Chen et al. Science 2009]

no SOI SOI

SOI is too small (<0.01 meV) 
to make QSHE observable! [Koenig et al. 

Sci 2007]
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