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Abstract

Spin Hall effect in a nonlocal spin-injection device is theoretically studied. Using a nonlocal spin–injection technique, a pure spin

current is created in a nonmagnetic metal (N). The spin current flowing in N is deflected by spin–orbit scattering to induce the Hall

current in the transverse direction and accumulate charge at the edges of N, yielding the spin current induced Hall effect. We propose a

method for extracting the spin–orbit coupling parameter in nonmagnetic metals via the nonlocal spin-injection technique.

r 2006 Elsevier B.V. All rights reserved.
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There has been growing interest in spin transport in
magnetic nanostructures, because of potential applications
to spin electronic devices [1]. Recent experimental studies
have demonstrated that the spin polarized carriers injected
from a ferromagnet (F) into a nonmagnetic material (N)
such as a normal metal [2–5] and superconductor [6,7]
create a spin accumulation in N. In this paper, we consider
a nonlocal spin-injection Hall device, and discuss the spin
Hall effect (SHE) in the presence of spin current (or charge
current) flowing in N, taking into account side jump and
skew scattering.

The basic mechanism for SHE is the spin–orbit interac-
tion in N, which causes a spin-asymmetry in the scattering
of conduction electrons by impurities; up-spin electrons are
preferentially scattered in one direction and down-spin
electrons in the opposite direction. Spin-injection techni-
ques makes it possible to induce SHE in nonmagnetic

conductors. When spin-polarized electrons are injected
from F to N, these electrons moving in N are deflected by
the spin–orbit scattering to induce the Hall current in the
transverse direction and accumulate charge at the edges of
- see front matter r 2006 Elsevier B.V. All rights reserved.
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N, yielding the spin current induced spin Hall effect (SHE)
[8–10].
Using the Boltzmann transport equations which incor-

porates the spin-asymmetric scattering of conduction
electrons by nonmagnetic impurities in N within the Born
approximation, we can derive the ‘‘total’’ spin and charge
currents flowing in N [10,11]

Js ¼ js þ jHs ; Jq ¼ jq þ jHq . (1)

where js ¼ �ðsN=eÞrdmN and jq ¼ sNE are the longitudinal

spin and Ohmic currents, sN ¼ 2e2Nð0ÞD is the electrical
conductivity, dmN ¼

1
2
ðm"N � m#NÞ is the chemical potential

shift, msN is the chemical potential of electrons with spin s,
and D is the diffusion constant. The second terms in Eq. (1)
are the transverse spin and charge Hall currents caused by
spin–orbit scattering:

jHs ¼ aH½ẑ� jq� ¼ aHsNðẑ� EÞ, ð2Þ

jHq ¼ aH½ẑ� js� ¼ �
aHsN

e
ðẑ�rdmNÞ, ð3Þ

with aH ¼ aSJH þ aSSH , where aSJH ¼ _Z̄so=ð3mDÞ is the side
jump (SJ) contribution, and aSSH ¼ ð2p=3ÞZ̄soNð0ÞV imp is the
skew scattering (SS) contribution, Z̄so ¼ k2

FZso is the
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dimensionless spin–orbit coupling parameter, kF is the
Fermi momentum, and V imp is the impurity potential.

Eqs. (2) and (3) indicate that the spin current js induces the
transverse charge current (charge Hall current) jHq , whereas
the charge current jq induces the transverse spin current (spin
Hall current) jHs . Eq. (1) is expressed in the matrix forms

Jq;x

Js;y

" #
¼

sxx �sxy

sxy sxx

" #
Ex

�rydmN=e

" #
, (4)

Js;x

Jq;y

" #
¼

sxx �sxy

sxy sxx

" #
�rxdmN=e

Ey

" #
, (5)

where sxx ¼ sN is the longitudinal conductivity and sxy is
the Hall conductivity contributed from SJ and SS: sxy ¼

ðaSJH þ aSSH ÞsN ¼ sSJxy þ sSSxy with

sSJxy ¼
e2

_
Zsone; sSSxy ¼ aSJxy

2p
3

kF limpNð0ÞV imp, (6)

where ne is the carrier (electron) density and limp is the
mean free path. Note that sSJxy is independent of impurity
concentration nimp.

The ratio of the SJ and SS Hall contributions is

sSJxy

sSSxy

¼
3

2p
1

kFlimp

1

Nð0ÞV imp
. (7)

When kF limpb1 and Nð0ÞV imp�1, SS gives the dominant
contribution to SHE. On the other hand, when the
impurity potentials are distributed with positive and
negative sign and their average is nearly zero but the
average 1 of the absolute values is of the order of unity, i.e.,
Nð0ÞhV impi51 and Nð0ÞhjV impji�1, then the SJ conductiv-
ity is larger than the SS conductivity in SHE.

In the following, we consider a spin-injection Hall device
shown in Fig. 1, and concentrate on the spin current
induced SHE. The magnetization of F electrode points to
the z direction. When the current I is sent from F to the left
side of N, the spin-polarized electrons are injected to create
a pure spin current js in N on the right side, where the total
+   +     +      +            +                 +

VH

F

I

I

m//z

js

jH
N

VH

Fig. 1. Spin injection Hall device (top view). The magnetic moment of F is

aligned perpendicular to the plane. The spin current induced Hall voltage

VH ¼ VþH � V�H is induced in the transverse direction by injection of pure

spin current js.
charge current is expressed as

jq ¼ �ðaHsN=eÞðẑ� rdmNÞ þ sNE, (8)

where the first term is the Hall current induced by js, and
the second term is the Ohmic current induced by surface
charge. In the open circuit condition in the transverse
direction, where Jy

q vanishes, the nonlocal Hall resistance
RH ¼ VH=I becomes

RH ¼
1
2
aHPTðrN=dNÞ e

�L=lN, (9)

in the case of tunnel junction, where PT is the tunneling
spin polarization, rN is the resistivity, lN is the spin-
diffusion length, and dN is the thickness of N. In the case of
metallic-contact junction

RH ¼
1

2
aH

pF

1� p2
F

ðrN=dNÞ
RF

RN
sinh�1ðL=lNÞ, (10)

where pF is the spin polarization of F, RN and RF are the
spin resistances of the N and F electrodes: RN ¼

ðrNlNÞ=AN and RF ¼ ðrFlFÞ=AJ with AN the cross-
sectional area of N and AJ the contact area between N
and F. Usually, RN is one or two orders of magnitude
larger than RF [12]. Recently, the spin current induced SHE
have been measured using spin-injection techniques [13,14].
It is worthwhile to make the product rNlN, which is

related to the spin–orbit coupling parameter Z̄so as

rNlN ¼

ffiffiffi
3
p

p
2

RK

k2
F

ffiffiffiffiffiffiffiffi
tsf
timp

r
¼

3
ffiffiffi
3
p

p
4

RK

k2
F

1

Z̄so
, (11)

where RK ¼ h=e2�25:8 kO and tsf is the spin-flip scattering
time. Formula (11) provides a method for extracting the
physical parameters of spin–orbit scattering in nonmag-
netic metals. Using experimental data of rN and lN in Eq.
(11), we obtain the value of the spin–orbit coupling
parameter Z̄so ¼ 0:0120:04 in Cu, Al, and Ag as listed in
Table 1. Therefore, Eqs. (9) and (10) yields RH of the order
of 0:121mO, indicating that the spin current induced SHE
is observable by using nonlocal spin-injection Hall devices.
The prediction is confirmed by recent experiments [15,16].

This work was supported by the Next Generation
Supercomputer Project, Nanoscience Program, MEXT.
Table 1

Spin–orbit coupling parameter Z̄so of Cu, Al, and Ag

lN (nm) rN ðmO cmÞ timp=tsf Z̄so

Cua 1000 1.43 0:70� 10�3 0.040

Cub 1500 1.00 0:64� 10�3 0.037

Cuc 546 3.44 0:41� 10�3 0.030

Ald 650 5.90 0:36� 10�4 0.009

Age 195 3.50 0:50� 10�2 0.110

aRef. [2].
bRef. [3].
cRef. [4].
dRef. [2].
eRef. [5].
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