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|. Introduction
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1. Spin Hall effect  Lorentz force
1) Ordinal Hall Effect v*B /' &
[Hall 1879]
D 9
PHan = R(}B X
2) Anomalous Hall Effect [Hai, 1880 & 1881]
_ 3) (extrinsic) Spin Hall Effect
PHant = R[}B T RSM [Dyakonov & Perel, JETP 1971;
A Hirsch, PRL 1999; Zhang, PRL 2000]
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4) Intrinsic spin Hall effect -
(1) In p-type zincblende semiconductors " D
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(2) In a 2-D electron gas in n-type semiconductor heterostructures
Universal Intrinsic Spin Hall Effect [PRL 92, 126603]

Jairo Sinova,'** Dimitrie Culcer,” Q. Niu,” N. A. Sinitsyn,' T. Jungwirth,*” and A. H. MacDonald*

Rashba Hamiltonian
)

_p AL
H=———0ag-(2Xp), (1)
2m h

contributes te the spin current. In this case we find that
the spin current in the  direction is [23]
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(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* =
Nyp. Pr+ — Pr— = 2mA/h and then the spin Hall (sH)
conductivity is

Universal spin Hall conductivityes,, = -22 ==, (7)
X
independent of both the Rashba coupling strength and of
the 2DES density. For nap << n,p, 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 o vanishes linearly with the 2DES density:

(8)

(TSH = o .
8 n,Hp




(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:
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FIG. 1. (a) Layer structure of the device and (b) schematic

view of resonant tunnel diode band structure under bias.

[Slobodskyy, et
al., PRL 2003]
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(a) non-magnetic metals, (b) ferromagnetic
metals and (c) half-metallic metals.

Spin filter Problems: magnets and/or

magnetic fields needed, and
difficult to integrate with
semiconductor technologies.

It would allow to generate spin current electrically in
semiconductor microstructures without applied magnetic
fields or magnetic materials, and make possible pure

electric driven spintronics which could be readily
integated with conventional electronics.



5) Experiments on spin Hall effect A B

ng(a.u.) Reflectivity (a.u.)
3 45

(a) in n-type 3D GaAs and InGaAs thin films - -
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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 [PRL 94 (2005) 047204]

J. \/‘\funderlich,l B. Kaestner,]’:Z J. Sinova,3 and T. Jungwirth“‘kS

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. — Attriputed to intrinsic SHE. = o o
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(c) Spin Hall effect in strained n-type wurtzite semiconductors

[Chang, Chen, Chen, Hong, Tsai, Chen, Guo, PRL 98, 136403 (2007)]
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2. Motivations
1) Spin Hall effect in metals

Direct electronic measurement of the spin Hall

irect) spin Hall effect
effect foc Al Nature 13 July 2006 Vol 442, . 04937  (0ITECY) SPIN
S. 0. Valenzuela't & M. Tinkham' @

(@)

Rgy =

P ogn I
ARsy = r_?exp(_LSH/ Ag)

I “¢

0.0+

Oy = 27~34 (Qcm)t
(T= 4.2 K)

Rgy (MQ)

0.2

0.0+

Rgy (MQ)

Ls,

Inverse spin Hall effect



Conversion of spin current into charge current at room temperature:

Inverse spin-Hall effect @)

[Saitoh, et al.,
APL 88 (2006) 182509]
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2) Applications of Spin Hall effect

S
S

nin-Torgue Switching with the Giant
nin Hall Effect of Tantalum

L. Liu et al., Science 336, 555 (2012)]
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3) Motivations

Advantages of spin Hall effect in metals:

(1) A contact with a ferromagnetic metal does not suffer from
conductance mismatch.

(2) Spin Hall conductance is large.

(3) The Fermi temperature is much higher than room
temperature and hence quantum coherence Is robust again
thermal agitations.

Thus, 1t Is Important to understand the detailed mechanism of
the SHE In metals because it would lead to the material design
of the large SHE even at room temperature with the application
to the spintronic devices.



I1. Intrinsic spin Hall effect in metals
- : [Guo,et al., PRL 94,
1. Linear response Kubo formalism 556601 (2005,

Assume E-field along y-axis and spin or H-field along z-axis,
the optical Hall conductivity (off-diagonal element) is [e.g., Marder, 2000]

kn| J, [kn*){kn"|v, |kn
O-xy(a)):.e ZZ(fkn_fkn')< >< >

oV, T oo Exn — Ex T RO+

n

where V. is the cell volume, |kn> is the nth Bloch state with crystal
momentum K, Zw Is the photon energy. . .

Setting # to zero and using lim———=P—F 176 (w)
: . -0 WX In 90,
Imaginary (part) Hall conductivity

% 53 (o~ f) i{kn |, k) (k' |y, [ k)10, — 5, ~ )

¢ Kk nzn'

O-"xy (0)) =

Real (part) Hall conductivity is (Kramers-Kronig transformation)

. 2 (>, ooy (o)
O-XV(G)):;PL dw a)'z_y :
Exactly the same as calcufation of magneto-optical properties (e.g.,

Kerr effect) [e.g., Guo and Ebert, PRB 1995].




Ab nitio 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 linear muffin-tin orbital (LMTQO) method.
[Ebert, PRB 1988; Guo & Ebert, PRB 51, 12633 (1995)]

Dirac Hamiltonian H, =ca-p+mc?(B8—1)+v(r)l

" () ——ZZ(fkn ) Im[(kn| j, [kn')(kn'| v, |kn)]6 (&, — £ — h)

c k nzn'
current operator j =-eca, (AHE), (charge current operator)
h
=2 {BZ,,ca,} (SHE), (spin current operator)
— %{ﬂl_z , cax} (OHE). (orbital current operator)

a, 5, Z are 4x4 Dirac matrices.



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
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(2) Full-potential linearized augmented plane wave
(FLAPW) method as implemented in WIEN2K.
Spin-orbit coupling treated as a perturbation

H, =1 [—h—zvz +v(r)]+azB(r)
2m

4 2
— | h3 V41 ei‘; —V2v(r) (scalar relativistic corrections)
8m°c 8m-c
_ eiz _o+(VV(r) xp) (spin-orbit coupling)
4m-c

G"xy (0)) — 07)2.\? ZZ ( fkn B fkn') Im[<kn | jx | kn I><knllvy | kn>]5(‘9kn' ~ &k _ha))

¢ k n=zn’

current operator j, = -ev, (AHE),
i = h{o,V,}4 (SHE),
J, =h{L,v,}/4 (OHE).




2. Berry phase formalism

(1) Semiclassical dynamics of Bloch electrons
Old version [e.g., Aschroft, Mermin, 1976]
. 10eg,(k)
X, =—
h ok

hoon o hoor h
Berry phase correction [Xiao, Chang & Niu, RMP 82, 1959 (2010)]

New version [Marder, 2000]
).(C Z%@gn(k) —kxﬂn(k),
_e20(n) e g,
h or h
ou ou,
nk |><| k

ok ok

k

Q, (k) =- |m< > (Berry curvature)


http://images.google.com/imgres?imgurl=www.hpl.hp.com/news/lectures/images/berry1.jpg&imgrefurl=http://www.hpl.hp.com/news/lectures/Abstracts/MichaelBerry.htm&h=1000&w=700&prev=/images?q=michael+Berry&svnum=10&hl=en&lr=&ie=UTF-8&oe=UTF-8&sa=G

(2) Semiclassical transport theory

j=jd3k(—e>'<)g(r,k), g(r,k) = f(K)+5f(r,k)

. og, (k)
X = + — Exﬂ
ik ®
3 3 55 2 (K)
Jz——Exjd kr(k)sz——jd ks f (k,r)
(Anomalous Hall conductance) (ordinary conductance)

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

0y == [ AT (e, (K)D} )
2Im<kn|vx [kn*)(kn'|v, |kn)

2

Q: (k) =-Y

n'#n (a)kn' o a)kn)



Intrinsic Hall conductivities [Yao, et al., PRL 92 (2004) 037204]
[Guo, Murakami, Chen, Nagaosa,

e YA
Ty =% J- d’k > f (e, (k)2 K) PRL100, 096401 (2008)]
Z 2Im<kn| iy [kn") (kn'| v, [ kn)
% 9=-2, (Oy = D)’

current operator

]y = -ev, (AHE),

Jx =h{o,v,}/4 (SHE),
FLAPW (WIEN2K) calculations] j, =h{L,v.}/4 (OHE).

Oy, (S/cm) | theory | EXp.
bcc Fe 7502 1030 [Yao, et al., PRL 92 (2004) 037204]

hep Co 477b 480 b[Wang, et al., PRB 76 (2007) 195109 ]
°[Fuh, Guo, PRB 84 (2011) 144427

fcc Ni -1066¢ |-1100
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3. Large intrinsic spin Hall e
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[Kimura et al PRL98, 156601 (2007)]
Pt: o, (0K) = 2200 (Qcm)?

o, (exp., 5 K) = 1700 (Qcm)?

[Morota et al, PRB83, 174405 (2011)]
[Hoffmann,
IEEE Trans. Magn. 49 (2013) 5172]

Pt has been widely used as a spin current
generator and detector in recent novel spin
current experiments, e.g.,

spin Seebeck effect,

[Uchida et al., Nature 455, 778 (2008)]

spin pumping,

[Kajiwara et al., Nature 464, 262 (2010)]

spin Hall switching

[Miron et al., Nature 476, 189 (2011)].



Effect of impurity scattering and two band model analysis
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3. Intrinsic spin Hall effect in pure Pd, Au and Mo metals
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[Morota, et al., JAP 105, 07C712 (2009)]
Mo: o, (10 K) =-70 (Qcm)?
oy (10K) =-0.002

[Guo, JAP 105, 07C701 (2009)]
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AU: o, = 415 (Qcm)L (T = 0 K)
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[Guo, JAP 105, 07C701 (2009)]
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[11. Gigantic spin Hall effect in gold and multi-orbital

Kondo effect

1. Giant spin Hall effect in perpendicularly
. Spin-polarized FeEPY/Au devices  [Seki. etal., Nat. Mater. 7 (2008)125]
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What is the origin of giant spin Hall effect in gold Hall bars?
( ) Surface and interface effect? [seki, etal., Nat. Mater. 7 (2008)125]
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(i1) Defect and impurity origin ?
Possible impurities: (a) vacancy of Au atom
(b) Pt impurity
(c) Fe impurity



L I [ I UL I | rrryprrirprrirgpol
—— perfect fcc Au
---- 3.1 % vac

LDA

—_~
=]
—

2. Multiorbital Kondo effect
In Fe impurity In gold.

2

AY
(NI N IR I A |

— 0 1
E =L | LI | L | LI 1=
:% 6 - (b) | ! | | ?'r I__ ptl[)os l H
Z E 3.1%Ptin Au it |---- 1st Aushell |3
%‘ 4 :— "t | —— 2nd Au shell —:
% B LDA 3
[Guo, Maekawa, Nagaosa, PRL 102, 036401 (2009)] 4 o . IR :
()
B | I [ I lllllllll I||| L | | L | 1 i
- B -—--—- Fe DOS " i
Results of FLAPW calculations s I eushen [ LPA

— 2nd Aushell | ;i (nonmagnetic)
I

3.1 % Fe in Au

(a) the change in DOS in the 5d bands.
(b) the DOS change is near -1.5 eV. | e

Nonmagnetic in (a) and (b) @ T ek har
(c) A peak in DOS at the Fermi level : Asy  (femomagnetic]

spin-up _ 4lgA

AT

and magnetic. - Fe DOS i o iﬂ[ g

2 Ist Au shell . it ' =

s Fet,-D0s P in-down i ! ]

Proposal: Multiorbital Kondo effect in 4f o Feepos

IIII']II"I'TI"“I“‘II"\

Fe impurity in gold.

' \ S RIE i
5 e_) Fe Xy-DOS Spin'dOW]_’l W’ VAR
- ---- Fexz+tyz-DOS [ DA+SOI+U

DOS (states/eV/atom/spin)

2 Fe 37°4°-DOS 31%FeinAu |
[ Fe x-y*-DOS (ferromagnetic) |
1 I 1 1 1 111 1 1 1| 1 | 1
-10 -8 -6 -4 -2 0 2 4

Energy (eV)



Kondo effect in metals with magnetic impurities

(a classic many-body phenomenon in condensed matter physics)
Resistance/Resistance{T=0 Celsius) x 10000

(1) Resistivity abnormality in Au trom W.J. de Haas and G.d. van den Berg,
with dilute magnetic impurities Frysica vol 3 page 446, 16%0)

. . 300 -
discovered by de Haas et al. in Low temperature reslstivity of

1930°s. [Physica 1 (1934) 1115]

1 | }
<] 10 15 20

(2) Kondo proposed a (Kondo) model and
solved it in the 2nd-order perturbation theory

to explain the phenomenon in 1960’s.
| . | [Prog. Theo. Phys. 32 (1964) 37]
High T - weak coupling LowT"strorigc?up’mg H — Z gk CEGCKG 4+ J G(O) . Sf (J > O’ Sf — 1 / 2)

ko

AN . p(T)=aTl +C .0, —Cipop, InT,
S — " T =(p/58)°Ci> ~T, (Kondo temperature)

Spin Electron
Spin




3. Enhanced SHE by resonant skew scattering in

orbital-dependent Kondo effect.

Extrinsic spin Hall effect due

1 .
S(0)n

Spin current
\
-
- -

kx k'
kxk'l

i
k

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

)1 )]

spin polarization S(#)n with n = (k x F)ﬂg X F|

fe) = 3 L= gy (e
l

2ik
d

O\ — SINO ( oi5+  9i5-
f2(0) = Z 2k (‘ v ')dcm

l

[Guo, Maekawa, Nagaosa,
PRL 102, 036401 (2009)]
scattering amplitudes
f1(0) = f1(9)| 1)+ i f2(0)] |)
f10) = f1(0)] |y —ie " f2(0)] 1)
skewness function

S(0) = 2Im|[f{ (0) f2(0)]
| f1(@)]2 + [ f2(0)]%
spin Hall angle

~ [dQI(6)S(#)sinb

= TdQI(6)(1 — cosf)

Pi(cos ).



TABLE I: Down-spin occupation numbers of the Bd"[Guo Maekawa, Nagaosa
suborbitals of the Fe impurity in Au from LDA+U calcu-pr| 102 036401 (2009)]

lations without SOI and with SOI. The calculated magnetic

moments are: mfe = 3.39 ug and m_z':'t = 3.32 up without
SOI, as well as m:'® = 3.19 pg, m;© = 1.54 up and m™ =

=

3.27 pup with SOI. The muffin-tin sphere radius R,.; = 2.65an
(ap is Bohr radius) is used for both Fe and Au atoms.

Occupation numbers

(a) Ty Tz Yz 322 — 9?2 2% —y? arerelated to the
no SOl 0.459 0.459  0.459  0.053 0.053 Phase Slh'ftj chfogglh
1 _ _ generalized Friede

SOI 0.559 0453 0453  0.050 0128 =5 C
(b) m=—2 m=—-1 m=0 m=1 m = 2
no SOI  0.256 0.459  0.053 0459  0.256
SOI 0.138 0.087  0.050 0819  0.549
30,(C0s 206, —€0s26,)
= L 2 - 0. =6,~0.1

- 9sin?S) +4sin S, +31-cos2(5) —5;)]
6, =0.001~0.01 [rert, etal., IMMM 24 (1981) 231]
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Piers Coleman
Department of Physics and Astronomy, Rutgers Universit,,

Viewpoint Lending an iron hand to spintronics

In a paper appearing in Physical Review Letters, Guo et al., propose
an intriguing theory for this giant spin Hall effect.

Magnetic iron impurities have long been known to have a large effect
on the low-T resistivity of gold, via the Kondo effect. If Guo et al. are (b)
right in their interpretation, the observation of a giant spin Hall effect
resulting from the Kondo effect will add a curious new twist to this
story. The history of the Kondo effect stretches back over seventy-five
years. Despite its long history, the detailed Kondo physics of iron
remains a controversial subject.

This is a fascinating state of affairs—a wonderful example of the synergy that is possible between
electronics applications and condensed-matter physics. If Guo et al. are right, the spin Hall
conductivity of gold should scale with the iron concentration, moreover, one might expect iron atoms
to produce a large anomalous Hall effect. This could be a very exciting and unexpected turn in the
long-standing story of the Kondo effect of iron in gold.

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
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4. Quantum Monte Carlo simulation of multi-orbital Kondo effect
(1) problems X-ray magnetic circular dichroism measurements

VOLUME 93, NUMBER 7

week ending

PHYSICAL REVIEW LETTERS 13 AUGUST 2004

Direct Observation of Orbital Magnetism in Cubic Solids

W. D. Brewer,"* A. Scherz,' C. Sorg,' H. Wende.! K. Baberschke.' P Be:m:ol‘;,2 and S. Frota-Pessoda’
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2003; published 11 August 2004)
TABLE I 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 o/ pet
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. %) —(.86 7.2 +0.034(15)
AuCo (1.5 at. %) —0.247 6.8 +0.336(52)




week ending

PRL 102, 056802 (2009) PHYSICAL REVIEW LETTERS 6 FEBRUARY 2009

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

T. A. Costi,'* L. Bcrgqvist,] A. Weichselbaum,” J. von Delft.” T. Micklitz,*” A. Rosch.* P. I\flavm]:)oul0:-;,]’2
P.H. Dederichs,' F. Mallet,” L. Saminaclayar,iﬁ and C. Biuerle®
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(2) Single-impurity multi-orbital Anderson Model
[Gu, Gan, Bulut, Ziman, Guo, Nagaosa, Maekawa, PRL105 (2010) 086401]

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

H zgakcakacaka + Zg§ 50‘ o + Z(Vakfc;rkadéa + hC)

ak,o ak, o

+U anTn§¢ +U'’ ano'nZG' —J ano'nZO'
4 0,0 o

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

For impurity-host hybridization, Au,sFe supercell (3X3X3 primitive
FCC cell) is considered. ¢ =5 (3d orbitals of Fe).

For impurity Fe, one e orbital (z°) and up to two t, orbitals (xz, yz) are
considered with the following parameters.

U=5eV,J=09eV,U=U-2]=3.2eV



Impurity-host hybridization for FCC Au,zFe (DFT results)

Ves =@ Ho| ¥, (K)) For FCC AuFe :

1 ior a, p =9 (6s, 6p, 5d orbitals of Au)
“Ta. 0 Tl M)

1 | & =15 (3d orbitals of Fe)
= 28" (k)p: Ho o, (1))

4

UEnergy levels for Fe
In Au,gFe (DFT results):

Au,gFe

1 XZ,y¥2, Xy : -0.45 eV
€, 1 2%, X*-y?:-0.55 eV

(EolVz o) (eV)

- - 36
Smaller mixing for e Larger mixing for t,,



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

Universal Kondo susceptibility for the one orbital case

£.= -U/2 (Symmetric case, constant DOS). 2V U 8V ?
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FIG. 2. (a) Local moment (o 2) and (b) T X (spin suscep-
-2 -1 0
tibility) for a single Anderson impurity; A=0.5 and
IO T u=0.637,1.27, 1.91, and 2.55. The closed and open circles
J10 correspond to At=0.25 and A7=0.5, respectively. The
U=1 2 3 4 eV dashed lines are the universal Kondo susceptibility for the
- ) ' ) four values of T given in the text.
T, = 0.169, 0.0865, 0.0435, 0.0216 eV U = UMmA

1 eV ~ 10,000 K. 0.0216 eV ~ 200 K

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



2-orbitals case, e, and t,,
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3-orbitals case, e, and t,,
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(4) SCPin-orbit Interaction within t,. oribtals for Fe in Au
[Gu, Gan, Bulut, Ziman, Guo, Nagaosa, I\%%ekawa, PRL105 (2010) 086401]

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

Hy, = (A/2) Z djm(l)mm' (0)gor o /1 0 0 \

m.n' oo’ L 0
[? 00 0 , 07 = ;
H.‘]‘ﬂ' — ()"/2) E : d;rnn(l)fnm(g)cin d*mﬂ' ( 0 -1 )
— \[] 0 —1/

Hyo = (A/2) (nit =iy —n-ir +7-1) . 12350 K. = 75 meV

D T T T T | T @ T . T <|ZGZ>
z z N
orr L 1580 g
- 0.1 - ox
02 :
A -02 - f 4 03+ AHE [Ref.2]
:b . :8;‘5‘ : XMCD [Ref.7]
V03| o f i |
1
A=T75meVe—i@—- | | < : 1
0.4 + 40 meV »=e-= 7
| | | | | | | | | . (
'0'5_2 1 0 DFT [Ref6] 7 =

10g:,T (eV)



(5) Estimation of spin Hall angle for Fe impurity in Au
o 30,(cos 20, —€0s 26, )
> 9sin® S, +4sin® 5, +3[1-cos2(5; -5, )]

Since we consider only two t,, orbitals with £, = *1, the SOI within the
t,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 6, and d,p, through generalized Friedel sum rule, respectively, as
Np(ap) = Op(apy/T, and < {,0,> = 0p — Opp, T <Ny >=T <N3>=0p + Opp.

Putting < £,0, >=—0.44 for A =75 meV, and < n, > = <n;>= 0.65,
we obtain 6, = 1.35 and J,p = 2.73.

Taking into account the estimate sin 6, ~= 0.1, 6, ~= 0.06 is thus obtained.

[Seki, et al., Nat. Mater. 7 (2008)125]
6, ~=0.11 (exp.)
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Influence of Fe Impurity on Spin Hall Effect in Au
[samu Sugail, Seiji Mitani?, and Koki Takanashi?

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. A uF

A e

PARAMETERS OF Paure. 5~ . Aaure. PP AND avy OBTAINED FOR THE

Skew scattering PRESENT FePt/Au DEVICES
0, ~0.07 , .
independent of Paure AauFe RAYe
: P Qi
Fe concentration. [u€2cm] [nm] [€2]
0.07
Non-doped Au 3.6 35+4 1.1 0.038 . 0.02
Augg ssFeg o 4.3 33+3 1.3 0.034 +0{'}00?1
0.07
AllgglﬂjFE:lgj 70 27 =+ 3 1.7 0027 + 003




V. Conclusions and On-going Work
Conclusions

1. Ab initio calculations reveal that intrinsic SHC in Pt is large ~2000 (Qcm),
due to the resonant contribution from the spin-orbit splitting of the d bands at
high-symmetry L and X points near the Fermi level. The calculated intrinsic
SHC in Mo, Pd, Pt and Au agree well with recent experimental results.

2. LDA+U electronic structure indicates that Fe in Au may undergo an

orbital-dependent Kondo effect, where the t,, orbitals are in the mixed-
valence region while e, orbitals are in the Kondo limit. This proposal is
corroborated by recent QMC calculations.

3. The enhanced spin-orbit interaction by the electron correlation in the
t,4 Orbitals leads to the large spin Hall effect which explains the gigantic
spin Hall angle 65 = ~0.1 observed recently in Au with Fe impurities.



On-going Work

1. Drawbacks of QMC:
a. Applicable only in high temperatures;
b. No information about dynamical properties (Green function

and spectral functions, and thus transport coefficients cannot
be evaluated.

2. Multi-orbital Kondo effect with SOC by NRG calculations:
a. A grand plan cannot be implemented at moment.

b. Thus, we are performing NRG calculations for 1- and 2-
channel pseudo-gap Anderson model to study Kondo effect in
graphene and graphene-like system to gain experience and
expertise.



1-channel Kondo effect in graphene from NRG calculations
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2 channel Kondg effect in pseudogap Anderson model from NRG calculations
P, (®) < ‘a)—,uF (0<r<1) [Wu, Wang, Guo, Anders, Chung, JPCM (submitted 2016/01)]

| \|||||| ‘ H‘ T H\l T T \\\Illl
08 |— r=0.09 ] == r=0.07
— 1r=0.11 [=E1r=10.09
— =012 < r=0.11
r|=—— r=013 0.15[} Loty 1 =(,13 —
— r=0.15 . r=0.15
N r=0.19 10 ) r=0.17
0.6 =023 OPPPTI— r=019
X +—r=021
- ~ o1 ) r=0.23 |
8 S y
(o} ]
04— . _
107 - N = = 3
0.05 - S ) —
R o o =V W L
~ . TG i
(r,=0.12) e
u M &
- ] Y ._,_.____5_;__4__‘ i i
4 ! o= |
\‘\J E E | | \ \ | |
o | — 1 RN 1 1L | 1 1111l 1 L1111l | AT Il 111
0"1/| I h"’”""l"--.-l | Dol v v bev o I 4 107 10‘6 10'5 104 10'3 10'7- 10'1
- o 3 A4x10™ 2x10® 0 2a0® axao® D

Impurit?/"];pectral function p(u(bD,T:O) Conductance G(0,T) vs. temperature (T)

‘ | ‘ ‘ T \ll TTTT ‘ T \Hlml T |||||||‘ TT ‘ T \|||H|| T ||\||||‘
-1
< r=0.00 . -7 r L B B B o
G—r=0.03 In - 0as - 7
E=r=0.05 I Sca g Pig L« T F y
G 1r=0.07 P v 02
AN S — L - -
A r=0.00 -7 . ; o5 ]
n” - reol PP e P N I M B n
a -- fitteT P o 0 002 004 0.06 0.08
— = =
= e ] 2—-
= ” g
2 =
=) £ T
= = ‘L e ofittolr-r]t = o
z & G- fittofr-rl" 3 @ r=0.03
& 1 £ & 1=005
0t o _ ) 1=0.07
- E—Fr=009
L - r=0.11 _
4x10 108 le” | [ R 017
2 2 2 =T fitto T
2x10 3x10 6x10
[r-1_|
_ C
] 1 ||\|||\‘ Il \Hlml 1 ||\||||‘ 1 \HHH‘ 1 |||||\|| 1 ||\||||‘ Il \Hlml 1 |||||||‘ 1 \IIHH‘ 1 \|||H|| 1 ||\||||‘ Lol
2 ; : B " > 3 :
10 10" 107 10t 1wt 1w’ 1wt 1w 1w 1wt 10 10 10 1
0 T/T*
71,
2CK

Conductance (G(0,0)-G(0,T))/B vs T/T?,. Universal scaling in G(0,T/T*) vs T/T*.



Acknowledgements:

Collaboration:

Qian Niu (UT Austin)

Naoto Nagaosa (Tokyo U.)

Bo Gu, Sadamichi Maekawa (JAEA, Tokal)
Tsung-Wei Chen (Nat’l Taiwan U.)

Shuichi Murakami (Tokyo Inst. Techno.)
Frithjof Anders (UT Dortmund)

Po-Wei Lo, Xiao-Qun Wang (Nat’l Taiwan U.)

Financial Support:

Ministry of Science and Technology
National Center for Theoretical Sciences



