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Introduction

Ordinary Hall effect

Pn = RoH

- Lorentz force is acting on electrons
moving in magnetic field
* spin effects are absent
| « applications (characterization of
semiconductors, Hall effect sensors)

1880 — discovery of the Hall effect (E.H.Hall)

1881 — discovery of anomalous Hall effect (E.H. Hall)
1954 — first theory of the anomalous Hall effect (R. Karplus, J.M. Luttinger)
1971 — theoretical prediction of the spin Hall effect (M.l. Dyakonov, V.I. Perel)
1999 — about possible mechanism of the spin Hall effect (J.E. Hirsch, ...)
2004 — observation of the spin Hall effect (Y.K. Kato et al., ...)
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Anomalous Hall effect

» External magnetic field is absent
 Homogeneous magnetization M
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* magnetic characterization
* spintronics (D. Chiba et al, 2003)
)
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Mechanism of anomalous Hall effect

B Extrinsic mechanisms (related to impurities + SO interaction):

 skew scattering (J. Smit)
* side-jump (L. Berger)

B Intrinsic mechanism (periodic crystal potential + SO interaction)

B Chirality mechanism (in noncollinear ferromagnets)

Spin-orbit interaction

Hso vac = Avac 0 - (K X VV)

In 2D high-symmetry system:
Hetr = € + V + Hine + Hexq

1
Hin = _5 b(k) - o

Hexy =20 - (Kx VV)
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Anomalous vs. spin Hall effect

majority

Anomalous Hall effect:

& magnetization M

& carriers are spin-polarized

& transverse current & spin current
or

& Hall voltage & spin accumulation

Spin Hall effect (pure):

no magnetization M

carriers are not spin-polarized
no transverse charge current
transverse spin current

no Hall voltage

spin accumulation
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Kubo formalism

Linear response to electric field:

o; (@) = gTrj g—;<\7ié(8—l— 0)9,G(s))

, \’F
Static limit, Stfeda formula: *\
| 1
ol = % f (0[GR(e) - GNe)] 6,6/ () - 6,GR(6 [GR(e) - G (2)])

A oG (&) oGk
le }O (SUG4(8) UGA(&:)U )+UGR(8)Uf (?.9(8 s r).Efg)' R(8)>

« off-diagonal conductivity contains contribution from all occupied states!
* limit @ — 0 implies w << h/tr (what is the clean limit?)
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Skew scattering and side-jump

Skew scattering

eI\ 5 5 VY3
km ViUp| 7T
' Y2

Vi3
— k% v 02 T —
FI Y1TYF1 1 -

(SS) _
Xy l 8fl

ag

» diverges in clean limit
* vanishes in Gauss disorder potential

Side-jump
. )2
O'E(;J): 67 )\%( Vlﬁkplvpl_ VTﬁkFTUFT)

» does not depend on impurities

)
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Intrinsic mechanism of AHE

& impurities are neglected
& Hamiltonian is a matrix with elements depending on k
& we use eigenfunctions of the Hamiltonian

Off-diagonal conductivity:

o0

O-xy(a))_ o j ngZ( kmm(g+a))( ) nGknn(g)

where v =0H/ok
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) oA, (kn) OA (k
=) ez B
with gauge potential:
kn>

« we obtained gauge potential in k-space
« AHE depends on “magnetic field” (Berry curvature):

B,(kn)=¢,,, a% A, (kn)
B

) 9,
A (kn)=—-1({ kn
-

a

 or on Berry phase along a contour on Fermi surface
* Fermi liquid description — with Berry curvature

Impurities are important!

)
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2D Rashba model

Rashba Hamiltonian + magnetization:

H=¢ +a(ky0'X—kX0'y)—Maz, &, =k2/2m

Hall conductivity
d’k
(27)

Vv —&—aa kx E

X y V. =—+a O 1
m y m X

J7;

Energy spectrum:

\
k
Ery =5 TAK), A(K)=VM? 4o’k (N

)
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e’ Tde .
O'Xy(a)):ETrj - -V, G (e +w)v, G, (¢) 1

where




Two contributions:

o 1
ny = ny +ny

Contribution of states below Fermi energy:

d’k f(EkT)_ f (Eki«)
) (EkT_Eki)3

o, =—4e’"Ma j

e*M 1 1

) %\ 2] i)

Vitalii Dugaev, Rzeszow University of Technology & IST, Lisbon Ifif wsmiTuTo supemion TEcHIcO I |
7



Different contributions to Hall conductivity
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Topology

Hamiltonian: >
H :gk+ﬂ,(k)6-ll(k) K
where the unit vector @mapping X
(k) = ak, ~ ak, M
k)T ak) o alk) %t
In terms of n(k):
n(k) §
2 2
__ f n ’
Ox 2 J‘(27T)2 ( kT)Eaﬁy " ok, 8ky
X
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n-field in 2D case

)
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Spin current

Current in magnetic wire: .3
— o—

[
— o—
Spin current can be defined as
|

jJ:-EE”Z(UiUk“‘UkUi) ‘—;
« it allows equilibrium spin current 4—’
e spin current is not conserved

Is the spin current related to real motion?

b— —¢ 0 $

Spin current is ill defined?
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Definition of spin current
Lagrangian:

L:Jd?’r w*(r,t)(i%— H)n//(r,t)

A
2
L = /dgr?f){ r,t) (3 ci'i -+ va V(r)) (r, 1), Il(l’,t)
Local transformations (rotations) in the spin space:
>
P(r,t) — exp|—ign(r.t) - o] (r, 1), / 4

Transformed Lagrangian:

0 | | 1 /0 . N |
L= [{f vt (. ) { (I - x'flfj(r.f)n’) + 5 (Ur — AL (r. 1) rT") -V (r)] (. t).
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Gauge fields:

e On'(r.t) o On'(r.t)
Ajlrt) =g o7 Al(r.t) =g —Ura :
Spin density and spin current density:
oL " oL

Sir.t) = — * J (r.
(r.?) SAN(r.t) al
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Equilibrium spin current

Toy model: two spins in local fields

Hamiltonian with local fields:
H=-JS,-S.-B,-S,-B,-S,.
Equation of motion for spin S;:
$1,=(i/R)[H.S, ]|

$,=(J/)S, xS, +(1/1)S, X B,

Spin current

J

h (=—S XS ==7, .
Jo—1 P 2 Ji—2.
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Hubbard model (on-site e-e interactions)

Hubbard Hamiltonian for two sites:
H=—1c] cra+rCla) + 2 (Unln! =B,-S)).
i=1.2
Equation of motion:
S,=(i/h)[H.S]

R 2 S . L
S;=—(c cra—ch crp)og+—S; X B
1 Qﬁ..((""'(“‘e 2aC18) Fap Ped |

*

Spin current: —
' Joos

it i ,
Jo—1 = 5 (Crac28 = C2aC18) Tap =~ J1-2

Equilibrium spin current is related with hopping between different sites

Vitalii Dugaev, Rzeszéw University of Technology & IST, Lisbon RSTITUTO SUREMOA TECNICO



Basis functions:  11-00. 101 L [T 0 [T 1l 1 11 1]

-
o

Strong e-e interaction: /U <« 1

Effective Hamiltonian:
H=-J(S,-S,-1/4)-B,-S,-B,-S, _J=471U

Spin current:

i —is X S
JE—'rl—ﬁl 2.

L

X
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Spin Hall effect from anomalous Hall effect

Anomalous Hall voltage produced
by spin up electrons

Vi = 4R L, ”T#B‘

Spin Hall voltage

' Top view
Veu = 27 RsLjnup ‘ /®\
co#act ‘
Spin current for each spin [ \
transverse
insulator strip insulator L
o VSH/) Ll «—{ »
Voltage due to spin current i Y
(nup)” .
Voo = 87 R 2] Jx (Hirsch, 1999)
P
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Universal spin-Hall conductivity

Model assumptions:

« 2D Rashba model
* NO impurities

Intrinsic contribution to spin Hall effect:

oM =% (U Sinova etal, 2004) _
872' % os 1 15 2 25 3

1 -2
LT [10°" cm™“]

When impurities are taken into account, and N;,, >0
SH 0 vertex correction:

This cancellatlon is special for Rashba model (?)
&k *
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Quantized AHE and SHE

2D Dirac model (graphene)

H= V(kxax + kyay)+A0'Z

Energy spectrum

EZiEk, Ek :\/A2+V2k2
Intrinsic Hall conductivity

2

ny:—e—A, E-r>A
A E.

2

o :—e—, E- in the gap
A

sH 2

o, =—O
X X
Yy TN
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Conclusions

& There are extrinsic (impurity) and intrinsic (topology)
mechanisms of AHE and SHE both due to the SO interaction
& The intrinsic mechanism is related to the topology of the
energy bands
& Intrinsic mechanism is also strongly affected by impurities
& Effect of impurities is stronger in the clean limit leading
to possible compensation of the intrinsic mechanism of
AHE and SHE
& Equilibrium spin currents can be additionally generated
in inhomogeneous magnetic systems

”)1
Vitalii Dugaev, Rzeszow University of Technology & IST, Lisbon @ INSTITUTO SUPERIOR TECNICO n J|
LFinEradnsE | oies of A | ,'*:"'



In the 2D case:
eZ
Gixl/ :?sz: f (Ekn)gij Fij

where “gauge field tensor”:

OA;  OA
Fi=—"-
ok, ok
Eigenvector:
1
M + A(k) _ :
\kT}:\/ 270K icr (K, +ik, )
M + (k)
AK) = ok, ’k,
(k) = 220 [M +A(K)] 22(K)[M +A(K)]
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