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I. Introduction

1. Spin Hall effect [ orents foree
1) Ordinal Hall Effect 4¥*B

[Hall 1879] :
Puan = RoB Wl
2) Anomalous Hall Effect [mal, 1880 & 1881] Bdwin 1 Hall (1855-1938)

Puan = RoB + ReM 3) (extrinsic) Spin Hall Effect

[Dyakonov & Perel, JETP 1971]
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4) Intrinsic spin Hall effect - ®

(1) In p-type zincblende semiconductors ' -
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(2) In a 2-D electron gas in n-type semiconductor heterostructures
Universal Intrinsic Spin Hall Effect
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Rashba Hamiltonian
p> A

H —_— e ™™™ e o . = X " . l
T g (zXp) (1)

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

. f &p hn,;p, —eE,
Jsy = — =
annulus (

e 2 m 16mam Pr T PE-)

(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 nop > m?A%/wh* =
nop. Pre — pr— = 2mA/h and then the spin Hall (sH)
conductivity is

(b)

Js,y e

Universal spin Hall conductivity om=-2>=¢-. )
X
independent of both the Rashba coupling strength and of
the 2DES density. For nyp <<y, the upper Rashba band
is depopulated. In this limit pp_ and pp, are the interior
and exterior Fermi radii of the lowest Rashba split band.
and o vanishes linearly with the 2DES density:

Oy = — —. (8)




(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: AN / ~ \\
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5) Experiments on spin Hall effect in semiconductors

(a) in n-type 3D GaAs and InGaAs thin films [Kato ez al., Science 306, 1910
(2004)] n, (a.u.) Reflectivity (a.u.)
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(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. ‘n?'u’l.mu:lerlk:h,l B. K'a-es,mvf:r,l‘2 I S]nova,3 and T. Jung'.l.firth‘tj
"Hitachi Cambridge Laboratory, Cambridge CB3 OHE, United Kingdom
*National Physical Laboratory, Teddington T11 0LW, United Kingdom
EDt’pﬂﬂmt’m of Physics, Texas A&M University, College Station, Texas 77843-4242, USA
Hnstitute of Physics ASCR, Cukrovarnickd 10, 162 53 Praha 6, Czech Republic
3School of Physics and Astronomy, University of Nottingham, Nottingham NG7 2RD, United Kingdom
iReceived 16 November 2004; published 4 February 2005)

We report the experimental observation of the spin-Hall 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 system.

DOI: 10.11053/PhysRevLett. 94.047204 PACS numbers: 75.50.Pp, 71.70.E], 8575Mm

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

Attributed to intrinsic SHE.
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6) Spin Hall effect in metals
Nature 13 July 2006 Vol. 442, P. 04937

Direct electronic measurement of the spin Hall
effect

S. O. Valenzuela't & M. Tinkham'
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APPLIED PHYSICS LETTERS 88, 182500 (2006)

Conversion of spin current into charge current at room temperature:

Inverse spin-Hall effect

E. Saitoh,® M. Ueda, and H. Miyajima
Department of Physics, Keto University, Yokohama 223-8522, Japan
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Room Temperature Reversible Spin Hall Effect _ 00 A
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2. Motivations

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

(1) 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]

In conclusion, we have shown that the ISHE 1s accompanied by the intrinsic orbital-
angular-momentum Hall effect so that the total angular momenttum spin current 1s zero
in a SOC system.
. . 7 Epin € orbit € n
For Rashba Hamiltonian, Jjp: = . Er Jipe =— oy L.
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]



2) Motivations
(1) Try to resolve the above important problem(s).

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

a

(3) To understand the

S il - 1L
@ | —
. . o A PoKE kM A | n, =;0.025
effects of epitaxial T e s S A\ M 10,03

2 E — N . I

. 5 i FINN 10.1

strains. g - ! 10.2
0.1 LH 2 : :
Metal <L ! W
- - 1 - a

15nm Zn, e;Be,05S€ (10%9) |30nm ZnSe (1.5e19) a) -0.2 : : \
10nm ZnSe (ih ! R i I
5nm Zny;Bey;Se (i) | -4 — : :
9nm Zng esMng osSe (i) 03 | - — I I
5nm Zn Be,.Se (i Metal : B i i
10nm ZnSe (i) 100nm ZnSe (1.5e1m i : :
10nM Zng o;BegesSe (10') ’ B I I
300nm Zn, ,Be .Se (8e18) — I |
1 I

GaAs Substrate I 1 1
-1 -0.5 0 0.5 1 ,
wavenumber k(nm™) W L r X W




Energy (eV)

(4) It 1s important to understand the detailed mechanism of the
SHE 1n metals because 1t would lead to the material design of

the large SH

E even at room temperature with the application to

the spintronics. To this end, ab initio band theoretical
calculations for real metal systems 1s essential.
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II. Intrinsic spin Hall effect 1n solids

1. Berry phase formalism for intrinsic Hall effects
[Based on slides from Niu’s talks]

(1) Berry phase
[Berry, Proc. Roy. Soc. London A 392, 451 (1984)]
E |~
Parameter dependent system: R
{e,(2) v, (1)}
r\_/\
Adiabatic theorem: o
—-i|dte,/h .
W)=y, (2(r)) ¢ 54" el A
Al A
Geometric phase:
t . 0 2
}/n= ﬂod/l<l/jn 167 T/jn> 0 :
)]'1




Well defined for a closed path

v, =id/1<1/fn

i,
A" )l'z |

Stokes theorem

y = ff dA,dA, Q
Berry Curvature
9 9 9 9
Q= . _ .
o | o )= o | o )



Analogies

Berry curvature Magnetic field
Q1) B(7)
Berry connection Vector potential
wli—~ |w> A7)

Geometric phase Aharonov-Bohm phase

fda <1/J‘ia%‘z/}> - [[*2 Qi) fdr AF) = [[d°r B(F)

Chern number Dirac monopole

ﬂ d’A Q(1) = integer ﬁ' d’r B(F)=integer h/e



(2) Semiclassical dynamics of Bloch electrons
Old version [e.g., Aschroft, Mermin, 1976]

L _Lag,®)
‘" h ok
k=—£E—£x xB=£a(p—(r)—Ex xB

Berry phase correction [Chang & Niu, PRL (1995), PRB (1996)]
New version [Marder, 2000]

C _19¢,(K) “kxQ, (K),
ho ok

X

ou x| ou
ok ok

Q (k) =- Im< > (Berry curvature)



(3) Semiclassical transport theory
I=[A KR, 8(K)= /00407 @k
= 9¢,(K) FSEXQ O

hak h (ordinary conductance)
0& (k)

_ _—Ex [dKf ()~ fd3k(5f (k,r)

(Anomalous Hall conductance)
[FLAPW (WIEN2k) calculations]

Anomalous Hall conductivity G,y (S/cm) | theory | EXp.
g 3 bcc Fe /7502 1030
O =-1)4 kY f(e,&)Q;K) hep Co  |477° | 480
21m<kn|vx |kn'><kn'|vy |kn> fcc Ni -1066¢ -1100
Q (k)=- > a[Yao, et al., PRL 92 (2004) 037204]
n'=n (a)kn' - a)kn)

b[Wang, et al., PRB 76 (2007) 195109 ]
°[Fuh, Guo, PRB 84 (2011) 144427 ]



(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.

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

Dirac Hamiltonian ~ H_ =co-p + me” (B -1)+v(r)]

€ r 3 z
0 = KD S(6,0020)
21m<kn|jx kn')(kn'| v, |kn)

Q° (k) = -
”( ) n'=n (a)kn_a)kn’)2

current operator j = -eca. (AHE), (charge current operator)

h
j= Z{ Pz, CO{Z.} (SHE), (spin current operator)

j= E {/)’LZ , ca} (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

S. O. Valenzuela' t & M. Tinkham'
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Nature 13 July 2006 Vol. 442, & X
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Room Temperature Reversible Spin Hall Effect 0 N ~
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Energy (eV)

Ab initio relativistic band
structure calculations
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Effect of impurity scattering and two band model analysis
(a) (b)

T TT T TT IIII|IIII|IIII
1 — 1= —
> 5
% 0 20
5 :
& i
I - - — 1} -
lllllllll IIII|IIII|IIII
0 100 200 (0] 5 10 15
z ¢ -1 " ’ X% / -1
("), (h/e)(Qem) k (1/A) (o' ’)W(hxc)(Qcm) k (1/A)

Intrinsic SHE 1s robust against short-ranged impurity scattering!



3. Intrinsic spin Hall effect in other pure 4d and 5d metals
[ il || I | I 4 H 1 | [ | L
— | | : -1 | b)_
|| — soc @30 O
Fo\ noSOC {ffecPdy 42
0 Pt | e e
S L - ’
9/ B i 1 —
=20 j N [ -2
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_8 : :I 'l | : : | | ] :l | | I i I T—— _8
W L T X w r -2000 0 2000

o, yZ (Qcm)™
[Morota, et al., JAP 105, 07C712 (2009)]
Mo: 6, (10 K) =-70 (Qcm)!
oy (10K) =-0.002

[Guo, JAP 105, 07C701 (2009)]
Pd: o, (0 K) = 1400 (Qcm)!
o,y (300K) =300 (Qcm)!
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Intrinsic spin Hall effect in pure Au and other metals
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a[Morota, et al., PRB 83 (2011) 174405]

Au: o =415 (Qcm) ! (T=0K)

=750 (Qcm)! (=300 K)

[Guo, JAP 105, 07C701 (2009)]

o,y (exp., RT) = 882 (Qcm)!
b[Mosendz, et al., PRB 82 (2010) 214403]

7 (0K)  on, (300K
[=(S/cm)] [=(S/cm)]

bee Nb
bee Mo
bee Ta
bce W
fce Pd
fce Pt
fcc Au
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-323 (-230%)  -407 (-23")

211 (-11%) -156
-1009 -1037

1400° (270%) 350 (256°)
2200 (1700%) 240 (312%)
415° 750 (882°)




[II. Giantic spin Hall effect in gold and multi-orbital

Kondo effect

1. Giant spin Hall effect in perpendicularly
spin-polarized FePt/ AU deVICGS [Seki, et al., Nat. Mater. 7 (2008)125]

Au k
FePt injector X

@\/ Au Hall cross
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pAu . i H (kOe) Oxy
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What 1s the origin of giant spin Hall effect in gold Hall bars?

(1) Surface and interface effect?
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[Seki, et al., Nat. Mater. 7
Auf2 008y Ag |

2 ML Ag
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02 ono 02 02 n2
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
(¢) Fe impurity
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2. Multiorbital Kondo effect in
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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(0)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(8)7 with @ = (k x k") /|k x K'|.

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

scattering amplitudes
f1(0) = f(O) 1) +ie f2(F)] |)
f(0) = @) 1) —ie ¥ f2(0)] 1)
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_ 2Im[f{(0) f2(0)]
VAT EFRTAGE
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TABLE 1I: Down-spin occupation numbers of the 3d-
suborbitals of the Fe impurity in Au from LDA+U calcu-[Ouo, Mackawa, Nagaosa,

lations without SOI and with SOI. The calculated magnetic PRL 102, 036401 (2009)]

moments are: m’ © = 3.30 up and m'°* = 3.32 up without
SOI, as well as mf'© = 3.19 up, mi© = 1.54 up and m!° =

=

3.27 pnp with SOI. The muffin-tin sphere radius R,.: = 2.65a0
(ao is Bohr radius) is used for both Fe and Au atoms.

5 9 2 5 Occupation numbers
(a) Y = y= 327 —r T — Y  arerelated to the
no SOI 0.459 0.459 0.459 0.053 0.053  phase shifts through
SOI 0.559 0.453 0.453 0.050 0.128  generalized Friedel

“j} m=—2 m = —1 m = () m =1 m = 2 sum rule.

no SOI 0.256 0.459 0.053 0.459 0.256
SOl 0.138 0.087 0.050 0.819 0.549

B 30,(c0s20, —co0s20,)
9sin® 85 +4sin’ &, +3[1-cos2(d; - J5)]

Vi = 0.001 ~0.01 [rert, et al., IMMM 24 (1981) 231]

ySE yS551z0.1
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Prediction: Large SHE (y, ~4%) would
also occur 1n 5d impurities 1n noble
metals due to resonant skew scattering.
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A Viewpoint on:

Enhanced Spin Hall Effect by Resonant Skew Scattering in the Orbital-Dependent Kondo Effect
Guang-Yu Guo, Sadamichi Maekawa and Naoto Nagaosa

Phys. Rev. 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 crystal, the d orbitals split up into two
components—a doublet, labeled the e; orbitals, and a
triplet, labeled the f>; orbitals. During the past year,

both Guo et al. and a research collaboration of Theo

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 directions. (b) A schematic of the spin

Costi, Achim Rosch, and coworkers [11] have lﬂdEPEI’I- Hall effect. Spin-orbit coupling induces an orbital motion op-
dently proposed that the Kondo effect in iron is “or- posite in direction to the electron spin, deflecting up- and
bitally selective,” involving two widely different Kondo down-spin electrons in opposite directions. The net effect is

a conversion of charge into spin currents. (Illustration: Alan

temperatures—one for each set of orbitals. Both groups Storbrakee/ T , ]
ONEDTaker/ SToNnebrakerdes1gnWworEs . COm,

suggest that some of the iron d-spins delocalize because
of the Kondo effect at room temperature, leaving behind
two or three remaining electrons that only delocalize

around 1 K.



4. Quantum Monte Carlo simulation

1) problems

XMCD measurements

PHYSICAL REVIEW LETTERS

VOLUME 93, NUMBER 7

week ending
13 AUGUST 2004

Direct Observation of Orbital Magnetism in Cubic Solids

W. D. Brewer,"* A. Scherz,' C. Sorg,' H. Wende.' K. Baberschke,' P. Bencok,” and S. Frota-Pessoa’
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S0 s s T 60 66D
Photon Energy (eV) Photon Energy (eV)
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XMCD, XAS (arb. units)
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't Berlin, Arnimallee 14, D-14195 Berlin-Dahlem, Germany
1ility, BP 220, F-38043 Grenoble Cedex, France
tlo, CP 66318, 05315-970 Sao Paulo, Sao Paulo, Brazil

2003: published 11 August 2004)

TABLE . Experimental values of R and the derived orbital/
spin magnetic moment ratios for 3d impurities in noble metals.
The applied field was 7 T, and temperatures 7 are in K.

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

CuMn —0.94 6.8 +0.013(20)
(1.0 at. %)

AuFe (0.8 at. %) —(0.86 7.2 +0.034(15)
AuCo (1.5 at. %) —0.247 6.8 +0.336(52)




PRL 102, 056802 (2009)

PHYSICAL REVIEW LETTERS

week ending
6 FEBRUARY 2009

Kondo Decoherence: Finding the Right Spin Model for Iron Impurities in Gold and Silver

T.A. Costi,"* L. Bcrgqvist.1 A. Weichselbaum,” J. von Delft,® T. Micklitz.*” A. Rosch,* P. Mavropoulos,l’2
P. H. Dederichs,' F. Mallet,” L. Saminadayar,s’6 and C. Biuerle’

suggests an effective 3-channel
Kondo model

Z T

Ap(T) /Ap(0)

AgFe AuFe
05 TCK) 2902 0.7+0.1
T(K) 4.33+0.2 1.0:0.1

Ap(0) (nQ.cm/'ppm)

1 AuFe3

------

MLDA+UE Ag.
|
|

LDOS (states/eV)

Hg=3.10 ug
uL=0.04 Hg

A =0.30 eV ,

Ty (K) 54402 1.3:0.1 ___ g s
0 : .
0.1 1.0 10.0
12— T (K)
Ym (AgFe) 073 ns” /ppm
a4 H_§-_ ?—-—i:'jfff) 1.24 ns Jppm
* AgFe F—-“‘— —
0.8f wAuFe3 —— S=3/2 .
§>§ 12 :
E Ly
= 0.8 i
0.4 — 8=
(b)
00

-6 -4
E-E_ (eV)

6 -4 2 0 2
E-E_ (eV)

-2 0 2




2) Quantum Monte Carlo simulation
[Gu, Gan, Bulut, Ziman, Guo, Nagaosa, Maeckawa, PRL105 (2010) 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,ch,c a,m+2.s§d§0d§0+ WV sz + hoc)

a.k,o a.k.t,o

'
+UE”§¢”§¢ +U Enmnza Jznlanza
z

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,J=09eV,U=U-2J=3.2¢eV



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

Ve = <§0§ ‘Ho‘lpa (k)>

1 ik-r
= D (k)ﬁzek <¢§ ‘HO‘% (’”)> For FCC Au,Fe :
P ' a, p =9 (6s, 6p, 5d orbitals of Au)

_ L e r = 26 (AU,yg)
N ;e 4 e Hal, (7)) £=5 (3d orbitals of Fe)
4 .
Au26Fe QEnergy levels for Fe in

Au,sFe (DFT results):

tzg . XZ,yz, Xy : -0.45 eV
e, - 2%, x*-y?:-0.55 eV

(Lol Ve o) (eV)

Smaller mixing for e, Larger mixing for t,, 40



(2) Magnetic behaviors for Fe in Au from QMC simulations

The magnetic behaviors of the Anderson impurity model at finite temperature

are calculated by the Hirsh-Fye quantum Monte Carlo (QMC) technique.
[Hirsch and Fye, PRL 56, 2521(1986)]

Universal Kondo susceptibility for the one orbital case

£.=-U/2 (Symmetric case. constant DOS). J VU 8y?
R ————— v = =-
(a) One orbital, € = -U/2 £, (ed + U) U
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FIG. 2. (a) Local moment (o2) and (b) T X (spin suscep-
-2 -1 0
tibility) for a single Anderson impurity; A=0.5 and
|0 T u=0.637, 1.27, 1.91, and 2.55. The closed and open circles
g10 correspond to Ar=0.25 and A7=0.5, respectively. The
_ dashed lines are the universal Kondo susceptibility for the
U - 1 ’ 21 3; 4 eV four values of T given in the text.
T« =0.169, 0.0865, 0.0435, 0.0216 eV u = U/TA
1eV ~ 10,000 K. 0.0216 eV ~ 200 K

[Hirsch and Fye, PRL 56, 2521(1986)]



QMC simulationg for Fe in Au
[Gu, Gan, Bulut, Ziman, Guo, Nagaosa, Maeckawa, PRL105 (2010) 086401 ]
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(3) S(Pin—orbit interaction within
[Gu, Gan, Bulut, Ziman, Guo, Nagaosa,

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

s
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Hyo = (A/2) (it =y =1yt +711) 5 12350 K. = 75 meV

H

0 I W T . T
0.1k : * ’
¢
A -0.2 - i
L :
V-0.3 | s ¥
i
A =75 meV ==
041 + 40 meV o= ]
_05 | ] ] ] |

A

1 1 1 1 1
OO00O0

-2 -1
logqoT (V)

N
Q
N

ORrWNO

DFT [Ref.6]

(10 0 )

00 0

\00—1/

.
.
----
e

oribtals for Fe in Au
ekawa, PRL105 (2010) 086401]

AHE [Ref 2]
XMCD [Ref.7]



(4) Estimation of spin Hall angle for Fe impurity in Au
~ 30,(c0s20, —c0s20,)
9sin® 8; +4sin’ &, +3[1-cos2(5; —J;)]

Vs E

Since we consider only two #,, orbitals with £, =<1, the SOI within the
1,, orbitals gives rise to the difference in the occupation numbers
between the parallel (n,) and anti-parallel (n ;) states of the spin and
angular momenta. These occupation numbers are related to the phase
shifts 0, and 0 ,, through generalized Friedel sum rule, respectively, as
Npyp) = SP(AP)/TI:, and 1<{0,>=0p=0,p, T<N,>=T<n;>=0p+ 0 p.

Putting < { 0, >= —0.44 for A =75 meV, and <n, > = <n;>= 0.65,
we obtain 0, = 1.35 and 0 ., = 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]
v ~=0.11 (exp.)



IEEE TRANSACTIONS ON MAGNETICS, VOL. 46, NO. 7, JULY 2010 2559

Influence of Fe Impurity on Spin Hall Effect in Au
Isamu Sugail, Seiji Mitani?, and Koki Takanashil

nstitute for Materials Research, Tohoku University, Sendai 980-8577, Japan
2National Institute for Materials Science, Tsukuba 305-0047, Japan

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.
Aule

PARAMETERS OF Paure. 85~ . Aaure. 7 AND ap OBTAINED FOR THE

Skew scattering PRESENT FePt/Au DEVICES

Y ~0.07, :
independent of PAvFe Asure R P (o7
Fe concentration. [ug2-cm] [nm] [£2]
0.07
Non-doped Au 3.6 354 1.1 0.038 4+ 0.02
Augg ssFeg 4 4.3 33+3 1.3 0.034 +O(.)0(‘)7 |
0.07
Augg osFe€q 05 7.0 27 =3 1.7 0.027 + 0.03




5. Open questions

Possible gigantic spin Hall effect in Au due to light impurities of C and N
PRL 104, 186403 (2010) PHYSICAL REVIEW LETTERS

Extrinsic Spin Hall Effect from First Principles

Martin Gradhand,"** Dmitry V. Fedorov,” Peter Zahn,” and Ingrid Mcrtigz’1

We present an ab initio description of the spin Hall effect in metals. Our approach is based on density
functional theory in the framework of a fully relativistic Korringa-Kohn-Rostoker method and the solution
of a linearized Boltzmann equation including the scattering-in term (vertex corrections). The skew
scattering mechanism at substitutional impurities is considered. Spin-orbit coupling in the host as well
as at the impurity atom and the influence of spin-flip processes are fully taken into account. A sign change

————of the spin Hall effect in Cu and Au hosts is obtained as a function of the impurity atom, and even light

10 ® celements like Li can cause a strong effect. Itis shown that the gigantic spin Hall effect in Au can be caused
0.8 by skew scattering at C and_N impurities which are typical contaminations in a vacuum chamber.

0.06 - . -

o004 | Thus, further careful experiments are
S . | needed to clarify the origin of the

0.00 : . . . .

oo . | gigantic SHE in Au/FePt by Seki et al.
-0.04

Li(|3) ' C(IG) ' N(I7) IMg(I12)IZn(I30)IAg(|47)I Pt(|78)
Impurities in Au



IV. Summary

1. Spin Hall effect, a manifestation of special relativity, 1s rich of
fundamental physics, and also related to such classic phenomena in
condensed matter physics as Kondo effect.

2. Spin Hall effect may be used to generate, detect and 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 1n searching
for new spintronic materials.
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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] r Ly
I v I' Ex
B'=—y xE; (—22£
C

)

mc
This ‘magnetic’ field would then interact with the spin of the particle (electron)

1 T
r ~Der E 1
r h_(g )eSr,( o4

, r r
Hy,=-uB s (VV(r)x p)

)
200 amPce?

2mc mc

For a spherical symmetric atomic potential (e.g., near the nucleus),

r
1 r dVr r 1 dV r T Ze* r T
H., =- S - —X p)=-— s L)=-— s - L
50 2m*c’ (dr v p) 2mietr dr ( ) 2mietr’ ( )




Outlook

Most activities in the field are currently focused on
quantum spin Hall effect and 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)

Quantized anomalous Hall effect (Xue et al. 2013)



Topological insulators & quantum spin Hall eftect

Insulating
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(1) Zigzag graphene strips as
2D topological insulators
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Figure 3. The quantum
spin Hall effect features
quantized edge currents.
To be sure of seeing
them, the Wiirzbur
group gated their (j;evice
fo sweep the Fermi level
from the valence band,
through the bandgap,
and into the conduction

=27 band. The black trace
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10 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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(111) Quantized anomalous Hall effect CXPIrEess

in magnetic topological insulators . LAue etal Sc12013/3/31]
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