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Abstract

Nonlocal spin transport in hanostructured devices with ferromagnetic injector (F1) and

detector (F2) electrodes connected to a normal conductor (N) is studied. We reveal how the
spin transport depends on interface resistance, electrode resistance, spin polarization and spin
diffusion length, and obtain the conditions for efficient spin injection, spin accumulation and
spin current in the device. It is demonstrated that the spin Hall effect is caused by spin—orbit
scattering in nonmagnetic conductors and gives rise to the conversion between spin and charge
currents in a nonlocal device. A method of evaluating spin—orbit coupling in nonmagnetic
metals is proposed.

Keywords: spin polarized transport, spin injection, spin accumulation, spin current,
spin detection, spin Hall effect, spin-orbit interaction, spin diffusion length

(Some figures in this article are in colour only in the electronic version.)

1. Introduction In this review article, we discuss the basic theoretical
aspects for spin injection, spin transport and spin detection
Spin-dependent transport phenomena in magnetic nanostiucmagnetic nanostructures containing normal conducting
tures are of great interest not only in the emergence of nemetals by focusing on the spin accumulation and spin current
phenomena but also in the potential applications to spin elég-a nonlocal spin device of F1/N/F2 structure, where F1
tronic devices and information technologieb4]. Recent is a spin injector and F2 a spin detector. We derive basic
experimental and theoretical studies have demonstrated tégih-dependent transport equations for the electrochemical
the spin-polarized carriers injected from a ferromagnet (fpptentials (ECPs) of up- and down-spin electrons, and apply
into a nonmagnetic material (N), such as a normal conductittgiem to a structure with arbitrary electrode resistance and
metal, semiconductor, and superconductor, give rise to ngonction resistance ranging from a metallic contact to a
equilibrium spin accumulation and spin current over the spiaonneling regime. By analyzing the spin transport in the struc-
diffusion length. Efficient spin injection, spin accumulationiure, we obtain the optimal conditions for spin accumulation
spin transfer and spin detection are key factors in utilizing thnd spin current. The injection of spin-polarized electrons
spin degree of freedom as a new functionality in spin eleand the detection of spin accumulation depend strongly on

tronic devices. the nature of the junction interface (metallic contact or tunnel
barrier). When a tunnel barrier is used for both junctions,
* Invited paper. the most efficient spin injection and detection are achieved.
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When a metallic contact is used for the N/F2 junction, a )

large spin current injection into F2 is realized owing to strong (@) Top view il

spin absorption (spin sink) by F2 with a short spin diffusion

length as in, for example, permalloy (Py). The latter effect is y -

important for a nonlocal spin manipulation by nonlocal spin ) ]

injection. We discuss the spin Hall effect (SHE), caused by o—<—{ N S, IWN

the spin—orbit scattering of conducting electrons in nonmag- L

netic metals, by which the spin (charge) current is converted

to charge (spin) current using a nonlocal spin device. | F1] | F2]

2. Spin injection and spin accumulation (b) Side view VI

Johnson and Silshe§,[6] first reported that nonequilibrium I Fl Fi idFN 1ta
spin injected from a ferromagnet diffuses into an Al d

film over the spin diffusion length of the order ofudn Charge current Spin current

(or even several hundregem for pure Al). This rather

long spin diffusion length led to the proposal of a (c)Electrochemical potential (ECP) in N
spin injection technique using a F1/N/F2 structure (F1
is an injector and F2 a detectory,[8], in which the
output voltage at F2 depends on the relative orientation
of the magnetizations of F1 and F2. Recently, Jedema
et al performed spin injection and detection experiments
with a nonlocal measurement in a lateral structure of
permalloy/copper/permalloy (Py/Cu/Py) and observed a
clear spin accumulation signal at room temperatdg |
Subsequently, they measured a large spin-accumulation signal
in a cobalt/aluminum/cobalt (Co/l/Al/l/Co) structure with
tunnel barriers(l = Al;,03) [10]. Nonlocal spin injection
and detection experiments have been conducted by many
groups [L1-25].

We consider a spin injection and detection device
that consists of a nonmagnetic metal N connected to the
ferromagnets of the injector F1 and detector F2, as shown in
figuresl(a) and (b). F1 and F2 are ferromagnetic electrodes
with width wg and thicknessdg, and are separated by
distancel.. N is a normal-metal electrode with widthy and ) ) o
thicknessdy. The magnetizations of F1 and F2 are aligned (¢) Nonlocal resistance and spin accumulation signal
either parallel or antiparallel. In this device, by sending
the bias current from F1 into the left side of N, spin-
polarized electrons are injected from F1 into N, and the spin
accumulation is detected by F2, at distaricdrom F1, by
measuring the voltag¥, between F2 and N. Because of the
absence of a voltage source on the right side of the device,
there is no charge current in the electrodes that lie on the
right side of F1. By contrast, the injected spins are diffused
equally in both directions, creating spin accumulation on the : 0
right side (figurel(c)). Accordingly, the spin and charge B
degrees of freedom are transported separately in the device.

The advantage of the nonlocal measurement is that F2 probégsire 1. Nonlocal spin injection and detection device. (a) Top
only the spin degrees of freedom. view. (b) Side view. Current is sent from F1 to the left end of N.

. iy . The spin accumulation at= L is proved by measuring voltagé
The Qlectrlcal Curre.nt d.enS|ty(, for s'pln' channelo at F2. (c) Spatial variation of the ECP for up- and down-spin
(0 =1, |) in a conductor is driven by electric fiell= —V¢  electrons in N. (d) Densities of states for the up- and down-spin
and the gradient of carrier density: bands in N (center) and F2 (left and right). () Nonlocal resistance
V,/1 as a function of in-plane magnetic fieR| where P and AP
represent the parallel and antiparallel orientations of magnetizations
in F1 and F2.

(d) Detection of spin accumulation by F2

F2 F2
(Antiparallel) N (Parallel)

P

V, /1
o

Hav}

j¢ =0¢E—eDTVn¢, j¢ =O’¢E—€D¢Vﬂ¢, (1)
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where o, and D, are the electrical conductivity and theinterface R729: 17 = (ug, — uf)/(€R) and 1y = (ug, —

diffusion constant with spinr, respectively. Usingvn, = uf)/(eR}), where the distribution of the current is assumed
N, VeZ (N, is the density of states in the spin subband &hd to be uniform over the interface. The total charge and spin
is the Fermi energy) and the Einstein relatign= €°N, D,, currents across thith interface arel; = IiT + Iil and IS =

we have If— Iil. The above interfacial currents are applicable to

tunnel junctions as well as to transparent metallic contacts.
In a transparent metallic contacR{ — 0), the continuity

wherep, = ¢ +eg is the ECP ang is the electric potential. of ECPs at the interface acts as a strong constraint for spin
The continuity equations for charge and spin in the Steaa§/:cumulat|on on the N side, because the spin accumulation

jr=—(01/®Vir,j, = —(0,/©)Vi,, )

state are onFis very small ovying to the short spin diffu.f,ion. length. In
V. (j fH ¢) =0, (3a) 2 tunnel Jun'ctlon, Spin accumulat'lon on the N side is frge from
the constraint owing to a large discontinuous change in ECPs
sn sn at the junction.
V-(iy—iy) = —e?j +e?i, (3b) In a real device, the distribution of the current across the

interface depends on the relative magnitude of the interface
wheresn, = n, — N, is the deviation from equilibrium carrier resjstance to the electrode resistar&g}.[When the interface
density N, with spin o, and 7., is the scattering time of resjstance is much larger than the electrode resistance as in
an electron from spin state to o’. Making use of the tynnel junctions, the current distribution is uniform in the
continuity equations and detailed balade/z,, = N, /7,1, contact area34], which validates the assumption of uniform
which ensures no net spin scattering in equilibrium, we obtaifkerface current. However, when the interface resistance
the basic equations for ECP that describe the charge and $inomparable to or smaller than the electrode resistance
transport 6-31] as in metallic contact junctions, the interface current has
inhomogeneous distribution with a high current density
around a corner of the contact?, 35]. In this case, the
effective contact area through which most of the current
1 .

v2 (MT B M) = (M B M) ’ (4b) E)haesjsue:clfoizaller than the actual contact #&gea wywe of
where is the spin-diffusion length When currentl is sent from F1 to the left side of N
(I = 1) the solution of equationglg) and @b) takes the form

VZ (oppy +oypy) =0, (4a)

A =+/ D1y,

. . . . . . o — N+ a e_lx‘/)LN —a e_‘X_L‘/)‘N , 7
with spin relaxation timeg; and diffusion constand [29]: Hi=in*o (@ 2 ) 0

1 1/1 1 where the first term describes the charge transport ging is
[ <_ + _) , (5) —lel/(onAn]X (An = dvwn) for x < 0 andiy = O (ground

Tt 2\Tp Ty level of ECP) forx > 0, and the second term is the shift in
ECP of up-spin ¢ =+) and down-spin{ = —) electrons,
1 (N;yD+N; DY : .
L _ N M) (6) where thea; term represents the spin accumulation due to
D (N4 +Ny) ' spin injection from F1, while the, term is the spin depletion

The physical quantities of N are spin-independent, e.g. &€ t© spin leakage into F2. Note that the pure spin current
electrical conductivity iso] = o = on, while those of F flows In the region ofx > 0, i.e. the charge currengy(=

are spin-dependent, e.gl # o (o = off +of). The spin- N7 JNf)_ IS ai)sent and only the spin currenf & jy — ix)
diffusion lengths of transition-metal ferromagnets are fourﬂ]owS (figurel(c)). )

to beAr ~ 5 nm for permalloy (Py)ae ~ 12 nm for CoFe,and ' the F1 and F2 electrodes, the thicknesses are much

»e ~50nm for Co from current-perpendicular-plane giarl@"@€r than the spin diffusion lengtfi{>> A¢), as in the
magnetoresistance (CPP-GMR) experimer@g],[ whereas C2S€ of Py or CoFe, so that the so!utlons close to the
those of nonmagnetic metals axg ~ 1um for Cu 9, 14, mterfapes may take the forms of vertical transport along
and Ay ~ 0.65m for Al [10]. The fact thatir of typical thez-direction:ug; = fir1 + o (by/of)e 2/ andug, = jir2 —
ferromagnets is much shorter thag of nonmagnetic metals, @ (02/0¢)e"%/*", wherejip, = —[el/(orAy)]z+eV; describes
such as Al or Cu, plays a crucial role in spin transport i€ charge current flow in Flir,=e\, has a constant
devices with those materials. potential with no charge current in F2, akglandV, are the
The interfacial current across the junctions is describe@ltage drops across junctions 1 and 2.

by using the treatment in CPP-GMR developed by Valet Making use of the matching conditions that the spin
and Fert P7]. In the presence of spin-dependent interfacgurrent is continuous at the interfaces of junctions 1
resistanceR’ at junctioni (i =1,2), the ECP changesand 2, the coefficients;, bj, and V; in ECPs are deter-
discontinuously at the interface when the current flows acrosgned. The detected voltage; and V4, in the parallel
the junction. The spin-dependent interfacial currght(1y) (P) and antiparallel (AP) alignments of magnetizations
from F1 (F2) to N is given by the ECP difference at th¢figure 1(d)) are used to calculate the spin accumulation

3
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signalARs = (Vf — V3**)/1, yielding [30] o T T T

(2Pir 1+ 2peri) (2Pr o+ 2pgre) €71/

ARs = ’
== R A+21+2rp) L+ 25+ 2rp) —e2L/M

(8)

with the normalized resistances

Z
g
1 R 1 Re SR

R -, L ~—— ]
(1-P?) Ry T A-pd R 107 F ~~_3

~—=—__ FUIN/E2
T~~~ _ or FI/N/I/F2

fi

where R (/R =1/ Rf +1/ Rﬁ) is the interface resistance
of junctioni, Ry and Rr are the resistances of the N and F
electrodes with the lengths af, andAr and are called spin

resistances: L/Ax

Ry = (onAN)/ An, Ry = (orAp)/ A, (10)

with the resistivity py and the cross-sectional area
Ay = wndy Of N, the resistivity o of F and the contact
areaA; = wywe of the junctionsP is the interfacial current 10 N
spin polarization angbr the spin polarization of F1 and F2: a
g

P =R —R'[/(RT+R), (11) N 8.0 -
S 0F N Py/Cu/P IO 7
F . y u. y ‘~\\ ]

Pe= |ot — ot|/(ok +of). (12) 1 G\‘n
. . . L [ ~~ 0 A
wherep? = 1/0¢ is the spin-dependent electrical resistivity - .

of F. In metallic contact junctions, the spin polarizatiofs ( o1 b v vy TRl
and pg), are in the range of around 50-70%, as determined 0 500 1000 1500
from GMR experiments 37] and point-contact Andreev- L (nm)

reflection experiments3p], whereas in tunnel junctions} is

in the range of around 30-55% with alumina 48k) tunnel Figure 2. (a) Spin accumulation signa R; as a function of

. N . . distancel. between F1 and F2. (b) Spin accumulation sigh& as
barrlers_ B7-39), and ~85% with MgO barrle_rs40, 41], as a function of distancé in a tunnel device and a metallic contact
determined from superconducting tunneling spectroscogyyice. The symbolgs, o) are the experimental data of

experiments. Co/l/Al/l/ICo [10], and (O, W) are those of Py/Cu/Pyip, 47], where
The spin accumulation signahRs strongly depends (e, W) and(o, [J) were measured at 4.2K and at room temperature,

on the relative magnitude between the junction resistancg8pectively.

(R1, Rp) and the electrode resistancd?y( and Ry). Since

Ry is much smaller thaiRy (Ry > Ry), as in a device with see thatARs increases by one order of magnitude by

Cu and Py, we have the following cases. When both junctiofPlacing a metallic contact with a tunnel barrier, since the

® Co/l/All/Co -

S

are tunnel junctionsRy, R, > Ry > Ry) [8, 10, resistance mismatch, which is represented Ry/Ry) < 1,
is removed by replacing a metallic contact with a tunnel
ARs/Ry = P2e /™, (13) junction. Note that the mismatch originates from a large

) ) o ) _ ~ difference in the spin diffusion lengths between N and F
wherePr is the tunnel spin polarization. When junction 1 is @, - « 5). When a nonmagnetic semiconductor is used for N,
tunnel junction and junction 2 is a transparent metallic contagje resistance mismatch arises from the resistivity mismatch

(Ri> Ry > Ry > Ry) [30], (on > pr) [42-44].
2pePr Ry A controversial discussion has been raised on whether
ARs/Ry = 1 F 2 (a) e b/, (14) the contacts in the metallic Py/Cu/Py structu®gdre really
—PF

transparent junctionsX / Rr « 1) or, rather, tunnel-like junc-
When both junctions are transparent metallic contaRisx>  tONS (R /Ry > 1) [49]. If one uses the experimental values

RN > Rlv RZ) [9, 28, 29’ 42], (R, AJ ~ 2-X 10_12 chnz, )".F ’\' 5 n.m |_32], PE ™~ 10_5 Qcm),
one obtainsR; /Rs ~ 0.4, indicating that Py/Cu/Py lies in
2p2 Ry ? 1 the transparent regime, so that equatid8) (nay be used to
ARS/Ry = (1——p§)2 (ﬂ) m (15) analyze the experimental data.

Figure 2(b) shows the experimental data ofRs as a
Note that ARs in the above limiting cases is independenfunction of distancel in Co/lI/Al/l/Co [10] and Py/Cu/Py
of R. [46, 47]. In the tunnel device of Co/l/Al/l/Co (& Al,O3),
Figure 2(a) shows the spin accumulation signalR; fitting equation {3) to the data of Jedemat al [10]

for Ry/Ry=0.01 [9], pr=0.7, and P,= P, =0.4. We yieldsiy =650nmat4.2Kxy =350nm at 293KPr =0.1

4
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and Ry =3Q.! The relationif = Dzs with Ay =650nm () vI
and D = 1/[2e?N(0)pn] ~ 40cnt st leads tors = 100 ps Fl B F2
at 4.2K, which is consistent with the value of the - —————— T - i N ‘

spin—orbit parameteb = h/(3zsAx ) ~ 0.01 obtained by
superconducting tunneling spectroscoB9,[ 40]. In the
metallic contact device of Py/Cu/Py, fitting equatidrb) to
the data of Garzordf] yields Ay = 920 nm,Ry = 5,2 and (b) I L
[Pe/(1— p3)]Re = 24 MR at 4.2 K, and fitting equatioriLf) 02 :

Charge current Spin current

to the data of Kimuraet al [47] yields Ay = 700 nm, Ry = - B ;
29,2 and [pr/(1— pA)]Re = 14 MR at 293 K. < | |
In the tunneling regime, the spin splitting of ECP at & C. |
positionx in N is given by :% 0.1 !
251 (X) = PreRyl e XI/An . i

For a device withPr ~ 0.1, Ry = 32 and | = 100xA [10], oL i .

the value o un(X) atx = 0 is about~15.V, which is much
smaller than the superconducting gap~ 200ueV of Al ©) 03 e e
films. In a device with a SC (Al), a large enhancement of the ’ '
spin accumulation sigh@ R in the superconducting state has 0.2
been predicted30] and observed experimentallg§, 49]. - 0.1
It is noteworthy that when F1 and F2 are both half-w\Z ““““
metallic ferromagnetspe = 1r¢ > 1), we have the largest =~ 0
signal 0.1 i i
ARs~ Rye /™, an | Tl Spin current |
without tunnel barriers, which is the advantage of using a half- ’ L

P B
metallic ferromagnet with 100% spin polarization. -0.5 0 //10-5 1
XIAN

~~-
~-
-
-
~—~d

3. Nonlocal spin-current injection and manipulation

We next investigate how the spin current flows througr(d)
the nonlocal structure, particularly the spin current across F3[—=—=
the N/F2 interface (figure(a)), because of an interest in l:' <> 2
magnetization switchingbl0-52] caused by pure spin-current n
injection in nonlocal devicebpB-55].

The magnitude and distribution of the spin accumulation
and sp|n.current ina nonlocal dgwce IS 3”0”9'3/ influenced @(gure 3. (a) Nonlocal spin current injection device of F1/I/N/F2,
the relative magnitudes of the interface resistan€$dnd where junction 1 is a tunnel junction and second 2 is a metallic
the electrode spin resistancd®:( Ry). Figure3(b) shows the contact. Spatial variations of (b) spin accumulatdi, and (c) spin
spatial variation of spin accumulatiémy in the N electrode currently in N for L /Ay = 0.5 andoo. The parameter values are the
in the F1/I/N/F2 structure. The dashed curve indicages in saaneA as ”(‘)055‘? ig_ ﬁgtUﬂ?J]h‘t? disctonftitr;]uous_ change tc’]fl spin Cut”ef”l\tl

P : e = 0.5 Inaicates that most 0 € Spin current rlows out O
the absence of F2. When F2 is in contact with N at the posﬂﬁoﬁg';] the N/F2 interface. (d) Spin switc?wing device utilizing
of L/An = 0.5, the spin accumulation is strongly suppress&fhniocal spin current injectiorsg]. The magnetization direction in
by F2 with shortR, leaving little spin accumulation on theg? is detected by F3.
right side of F2. This behavior has been observed in a nonlocal
device with three Py electrodesd 14]. We also note thatthe e spin currents across the N/F2 interface is calculated
slope of the curve between F1 and F2q& < L) becomes ¢ B0, 54]
steeper than that of the dashed curve, indicating that the spin
currentsl between F1 and F2 become larger than that in the
absence of F2, as seen in figi(e). The large discontinuous

drop of I§ at x =L is caused by strong absorption of the . ) L . .
spin current by F2, indicating that most of the spin curreNyhich leads to the spin-current injection from N into F2 being

flows out of N into F2 through the N/F2 interface. In the NN€ largestwhen the first junction is a tunnel junctiore 1),
region on the right side of FX(> L), the spin current is very the seécond junction is a metallic contact & 1), and F2

small. This implies that F2 with a very loRe, such as Py and 'S @ Strong spin absorbeRg; < Ry), such as Py or CoFe,
CoFe, and with a metallic contact with N acts as a strong spfif!ding the spin-current injected nonlocally into F2 as

Charge current Spin current

2(Piry+ pere) €74/
A+2+2p) (L + 25+ 2rp) — e 2L/’

13= (18)

absorber (an ideal spin sink). 1S~ Prlet/m, (19)

1 pn=6ucm, iy = 0.65um andAy = 250x 50 nn? for Al [10] ) ] ]

2 N =3uQem, iy = 0.92um, andAy = 125x 45 nn? for Cu [46]. When a small F2 island is placed on N with the contact area
3 pn =2.0pucman = 0.7 um, andAy = 100x 80 nn? for Cu [47]. of (100nm? at distancel ~ Ay, the injected spin current
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density into F2 becomes of the order bf ~10°Acm=2 4.1. Basic formulation

or more forl =1mA andPr = 0.3, suggesting that a IargeThe spin—orbit interaction in the presence of nonmagnetic

spin current injection is achieved, and hence, the spin-angyjat, rities in a metal is derived as follow&7]. The impurity
momentum is efficiently transferred from F1 to a small F3,qtential v (r) gives rise to an additional electric field

This result provides a method for manipulating the orientati@:_(l/e)vv(r)_ When an electron passes through the

of magnetization due to spin transfer torque in nonlocal spjja|q with velocity p/m = (h/i)V/m, the electron feels an

devices 3. effective magnetic fiellr = —(1/mo)p x E, which leads to
the spin—orbit coupliny/so = — g0 - Best = 11500 - [VV (1) x
V/i], where o is the Pauli spin operator ang, is the

4. SHE spin—orbit coupling parameter. The total impurity potential

U (r) is the sum of the ordinary impurity potential and the
The anomalous Hall effect (AHE) originates from thepin—orbit potentialt) (r) = V (r) + Vso(r).

relativistic interaction between the spin and orbital motion of In the presence of the impurity potentiél(r), the
electrons (spin—orbit interaction) in metals or semiconductokszattering of conduction electrons between stétes with
Conduction electrons are scattered by local potentials creatadmentumk and spino is described by the scattering
by impurities or defects in a crystal. The spin—orbit interactiomnplitudeulf,;f = (K'o’|U |ko) given by
at local potentials causes a spin-asymmetric scattering of
conduction electrons5f]. In ferromagnetic materials, Up-  UZy = Vimp [807 +insodare - (k x k)] Y €707 (20)
spin (majority) electrons are scattered preferentially in one i
direction and down-spin (minority) electrons in the opposite ) _ _ .
direction, resulting in a transverse current in the directioffhereo is the Pauli matrix an&/imp > ; € ' represents
perpendicular to both the applied electric field and tHE&€ Matrix elements of the weakfunction potentiaV (r) ~
Lo . The velocity vi of an electron in the presence of
Nonlocal spin injection in nanostructured devices pro- . . LK :
vides a new opoortunity for observing AHE inonmaanetic spin—orbit potential is calculated as follows. By taking the
duct Fr)]ph y” d th SHEg If spi : d d el matrix elementvy = (k*o|V|k*o) of the velocity operator

concluctors, which Is cafled the - T Spin-polarized eleg:_ dr /dt [78] between the scattering states,
trons flow in a nonmagnetic electrode (N), these electrons are
deflected by spin—orbit scattering to induce spin and charge Vimp 3 @ k=)

i irecti i ko) = ko) + > |K'o) o= ———— (21)
Hall currents in the transverse direction and accumulate spin — : J

) L - Sk — &k +id

and charge at the edges of BlfF62]. Using nonlocal spin in- k

jection and detection devices, the following two kinds of SHEere ko) is the one-electron state with momentukm
are observable. When a spin current without accompanyiggina, and kinetic energg = (hk)2/2m — e, we obtain
charge current (pure spin current) is created in N via non-

local spin injection, the up- and down-spin currents, which Vg =hk/m+wy (22)
flow in opposite directions, are deflected in the same direc-

tion to induce a charge current in the transverse direction afih the usual velocithk/m and anomalous velocity

the charge accumulates on the edges of N. Inversely, when

an unpolarized charge current flows in N as a result of an
apph_ed electric fugld, the up- and down—_spm currentg, Wh'%hereaﬁJ is the dimensionless coupling parameter of the side
flow in the same direction, are deflected in the opposite dir &m

tion to induce a spin current in the transverse direction, and s Miso  hilso s

the spin accumulates near the edges of N. As a consequence, Ay = hz0 = 2er 0 = kel (24)

the spin (charge) degrees of freedom are converted to charge

(spin) degrees of freedom because of spin—orbit scattering/iih the scattering timer? = 1/[(27/MNimpN(0) V7, ], the
nonmagnetic conductors. Recently, SHE has been obser{/BUrity concentrationnimp, the dimensionless spin-orbit
using nonlocal spin injection in metal-based nanostructur€8UP!ing parameteyso = k&nso, the Fermi momenturke, and

. . . _ - 0
devices $3-67], which paves the way for future spin electh® mean-free path= vez;. _
Introducing the current operator for conduction electrons

tronic applications. In addition to thesextrinsic SHEs, in- ) :
trinsic SHEs have been intensively studied in semiconducto"lyéth spina,
which do not require impurities or defec&3-73).

In the following, we consider the effect of spin—orbit
scattering on the spin and charge transports in honmagnetic
metals (N) such as Cu, Al and Ag, and discuss SHE by takiig= —|e| is the electronic charge), the total charge current
into account theside jump(SJ) andskew scatteringSS) Jq=J;+J, and the total spin currens=J;, —J, are
mechanismsg6, 74-76], and derive formulae for the SHE expressed as
induced by spin—orbit scattering in nonmagnetic met( Jo=Jy+a’[2x 3. (26)

Wl =a (0,0 x hk/m), (23)

J,=e) " (hk/m+wy) &) a (25)
k
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vy s[5y where f2 is a nondirectional distribution function defined by
Js=Js+ oy [Z x Jq] ’ (27) the average ofy,, with respect to the solid angey of k:
where
, hk
quezﬁ(fkT+fk¢), (28) f&z/fkg de
k (4m)
) hk &) @ I rib g : :
J.= ez_ (fir — fiy) s (29) andg,, andg,, are directional distribution functions, i.e.
PR [ g)d = 0, and are associated with the first-order and the

second-order transitions, respectively.

and fy, = (a;(rgak(,) is the distribution function of an electron The first term in equatiors() is written as

with energyéx and spino. The second terms in equatior2s)

apd @7) are the c_h-arge and spin Hall currents ir.1duced by poo® ¢ so® e 7 g&) fo —f2
side jump. In addition to the side jump contribution, there [ Kk’ ko' — Flek ka] RO
is the skew scattering contribution which originates from the k¢’

. i . . 2 . (35)
amsg’;roplc sc.att(.anng due to. the spin—orbit interaction ahere 7 IS the transport relaxation time ang:i(6) is the
modifies the distribution function.

The distribution functionfy,, is calculated based on the
Boltzmann transport equation in the steady state,

spin—flip relaxation time,

, 1
Yw(@) =) PP = = (1+272/3),  (369)
tr

eE 0fis Ko
Vk'kaa+_'kaka:( ) , (30)
h 8t scatt
= 2
1
wherev, = hk/m, E is the external electric field, and the Yrs®) = > Pkﬁf,( - gs—oo (1+code), (36b)
collision term due to impurity scattering in the rhs is written as K Tr

with the angle® betweenk and the x-axis. Then, the

0k oo oo Boltzmann equation 30) with the collision term 85)
at =2 [Pkk’ fieo = R fkf’] is [59, 80]
scatt Ko’
o's D () 0 _ 0
= Z R 'k (fk’a’ - fkd) Vi - afk” + § . aka — _gﬁ _ fka fkfa (37)
ko’ 8r h 8k Ttr Tsf(e) ’
+3° P (o + 1 31 - - -
Z kk (ko * Tio) (31) where the first term in the rhs describes the momentum
k/ ’

relaxation due to impurity scattering and the second term

where the first term in the brackets is the scattering-f€ SPin relaxation due to spin-flip scattering. Singe< zsf,
term ('o’ — ko) and the second term is the scatterind—he momentum relaxation occurs first, followed by slow spin

out term ko — k's’), PZ? is the scattering probability relaxation. _ o
from statelko) to state|k's’) and is calculated bypo.” — The first-order solution due to momentum relaxation is
/k -_

. N obtained as
(27 /M) Nimpl(K'a"| T |ko') 128 (£ — &) using theT -matrix, and I

16 (1)
R

andRg,’ @ are, respectively, the first-order symmetric g ~ 1y <Vk .V + eE Vk) £0. (38)
and the second-order asymmetric contributions: 7 h 7
e 2w 2 , 2 The distribution functionfk% is a local equilibrium one with
Pk = Fn‘mpvimp X | 8o+ |1150(K’ X K) - 0500 Fermi energysZ (r) = e + o 8er(r) shifted byosep(r) from
X 8(Ek — £, (32) the global equilibrium, and may be expanded as
of
fop & fo(&) —o %5 Er(), (39)
we@  (2m)2 3 , . o .
Pl = TnimpvimpN(O) X [nso(k X k)~0m] where fo(&¢) is the Fermi distribution function. Therefore,
equation 88) becomes
X 8008 (6 — ), (33) equatontd
. o . @ . _ 9fol&) -
In solving the Boltzmann transport equation, it is convenient O & T T Vi - Vi (r), (40)
to separatefy, into three partsq9] as K
oM. @ with the electrochemical potential (ECRR (r) = e +e¢p +
fko = fie T 9o TG5> (34)  o8er and the electric potentigl (E = —V¢).
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The spin—flip scattering by the spin—orbit interaction jH
causes a slow relaxation for spin accumulatdgﬁ — Mﬁ) = Charge Cummq\y
28 un- By substituting equations34), (39) and @0) into the =
Boltzmann equation37) and summing ovek, one obtains . SO S R S
the spin diffusion equation i \'__, L \I.--'---- \'\__,____
) 1 Spin current v v v *
VSun = —8 41
N )Lﬁ HMN (41) \\
with Ay = +/Dzer, D = (1/3)1,”1)'%’ and fsf = s_fl(e))av: (a) Spin-current-induced SHE
47730/(9Tt(r))
The second-order term in the Boltzmann equation is .
Js
Z [PU @D (gg . giiz()f ) Po 5 (2) (9&) +9|i13 ):I -0 spin current \y
o Y
(42) . . A 0T
Making use of equationsp), (33) and ¢0), the solution Jy ----;--\ ----;--\ ----;--\ g
of the second-ordergkew scatteringterm becomes Charge current ‘
\
dfo(&) , \
o0 = —o50 L8 (o v Vigm.  (43) |
&k (b) Charge-current-induced SHE

whereaSSis the dimensionless parameter of skew scatteringigure 4. (a) Spin-current-induced SHE in which the spin curient
flowing along thex-direction with the polarization parallel to the
= (277/3)7150N (0) Vimp. (44) z-axis induces the charge currgftin the y-direction.
(b) Charge-current-induced SHE in which the charge cujent
along thex-direction induces the spin currgjfftin the y-direction

4.2. Spin and charge currents induced by SHE with the polarization parallel to the-axis.
Using the solutions of the Boltzmann equation given in the
preceding sections, the distribution function becomes The spin Hall conductivityoH =0'+055 has the
side-jump contribution3’ = o5%y and the skew -scattering
fro & fol&k) — O(ék)g N () + Ty ;fk) contributiono$° = a5%, which are given by
k
x [vi — 0‘38‘700 X V] - VRR(D), (45) oy’ = %nsone 32 T]szflso’ (50)

from which the spin and charge currents in equati2®) éare
calculated asly =js+agJ2 xjq] and I, =jq+a3{2 x j4, ss

wherez is the polarization vector and the second terms are, oH = _kFIN (0)Vimp UH ’ (51)
respectively, the Hall spin and charge currents induced by th

charge and spin currents: with ne ~ N(O)er being the carrier (electron) density. We

note that the side-jump conductivity;]’ is independent

L ONg 46 of the impurity concentration. The spin Hall conductivity
]5__F Ko (46) is dominated by skew-scattering fakgl)|N(0)Vimp| > 1
and by side jump for(kel)|N(0)Vimp| < 1. The spin Hall

.7 - 5 . . :

jq = onE. (47) resistivity py ~ on/of has linear and quadratic terms in

pn representing the contributions from side-jump and skew
where oy = 262N(0)D is the electrical conductivity and scatterings, respectively:
SunN = %(ML - Mﬁ) is the chemical potential shift. Therefore,

the total spin and charge currents in equaticdt® and @7) P = assPN +Dsiof, (52)
are written as 1 5. i where Ass= (277/3)7_750'\' (O)Vimp and bSJ = (2/377)7_750
Jg=lq*tan[2x]s], (48) €/ hke.
Js=jstan[Zx]q], (49) 4.3. Spin—orbit coupling parameter

where  ap=a3+ a5 = fs[1/(Kel) +(2n/3)N(0)V.mp] It is worthwhile to note that, if one multiplies the resistivity
Equations 48) and @9 indicate that the spin currefjt py and spin diffusion lengthy, one obtainsg4, 61, 81]:
induces the transverse charge curn’nghi: anl[z x js], while

the charge current, induces the transverse spin current NE RK\/Tf 3\/§7T RK

AN= —— —. 53
jt = o[z x j 4], as shown in figurd. PNAN 2 K 4 K iso 3)
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Table 1. Spin—orbit coupling paramet@g, for Cu, Al, Ag, Au and
Pt. Here, we use the following Fermi momenta:

ke =1.75x 100 cm (Al), 1.36 x 10°cm* (Cu), 120 x 10 cm
(Ag) and 121 x 1 cm ! (Au) [82]. (We assume ¥ 10° cm™!

for Pt.)

An (NM) oy (12Cm) Tst/ Tr so Reference
Al 650 5.90 28 x 10*  0.009 Lo
Al 455 9.53 36x10* 0.008 B3
Al 705 5.88 33x 10" 0.008 B3
Cu 1000 1.43 ¥x10° 0.040 Bl
Cu 1500 1.00 Bx10® 0.037 B7
Cu 546 3.44 24 x10° 0.030 [Lg
Ag 162 4.00 18x 10 0.113 LY
Ag 195 3.50 20x 1% 0.107 LY
Au 168 4.00 20x10% 0.107 ROl
Pt 14 12.8 6.5 059 83

+ + + + + +
- @ quHo---/.
i) @
N YoMl Mo
P _
© L
ml/z

Figure 5. Nonlocal spin Hall device. The magnetization of F is
pointed perpendicular to the plane. The nonlocal Hall voltdgés
generated in the transverse direction by injecting pure spin current.

wherePe is the effective spin polarization and has the tunnel

where Rq =h/e? ~258kQ is the quantum resistance.Spin polarizationPr for a tunnel junction an®est = [pr/(1 —
Equation 63) implies thatoyiy is expressed in terms of the PA)](Re/Ry) for a metallic contact junction. Therefore, the
spin—orbit coupling paramet@&,, and provides a new methodnonlocal Hall resistancBy = i1/ becomes$4, 61, 81, 84]

of evaluating the spin—orbit coupling in nonmagnetic metals.

Using the experimental data pf; andiy for Al, Cu, Ag and

Au in equation $3), we obtain the values of the spin—orbit

coupling parametefis, in those metals, as listed in table

We note that the values @f,, estimated by the spin injection With the spin-Hall angle

method are 18-1C° times the value ofjs, = h?kZ/4m?c? =
(ve/2¢)? in the free-electron model.

4.4, Nonlocal SHE

ARy = L Pegory e/ (58)
dn
ay = 1so [1/kF| + (27 /3)N (O)Vimp] . (59)

For typical values of device parameterBef ~ 0.3, dy ~
10 nm andpy ~ 52 cm), anday ~ 0.01-0.0001 forise =
0.1-0.01 (tablel), kel ~ 100 andVimpN(0) ~ 0.1-0.01, the

Let us consider the nonlocal spin Hall device shown i@xpected value ofARy at L =An/2 is of the order of

figure5[54, 61, 81, 84. The magnetization of the ferromagnefy o5_5 g, indicating that SHE is measurable using nonlocal
(F) points in thez-direction perpendicular to the plane. Spiny,| devices.

injection is induced by sending the currdnfrom F to the

Recently, the SHE was observed by the nonlocal spin

left end of N, while the Hall voltageMy) is measured by the injection technique in CoFe/ABB, 85] under high magnetic

Hall bars at distance, where charge currefy is absent and
only spin curreni, flows in thex-direction. Therefore, from
equations48) and @9), Js=j, and

JqZOlH [2st]+0'NE, (54)

fields perpendicular to the device plane, in Py/Cufi2t p5]
using strong spin absorption by Pt, in FePt/A#][using a
perpendicularly magnetized FePt, and in a Py/Pt bilayer by a
ferromagnetic resonance (FMR) techniq@é][

where the first term is the Hall current induced by the sp#h5. SHE in superconductors

current, and the second term is the ohmic current that builgﬁE in a superconductor is an interesting problem for the
up in the tran_sve_rse d|r§9t|oq as opposed to the.HaII' CurreerIowing reasons. The spin current carried by quasiparticles
In an open circuit condition in the transverse direction, th@gPs) in a superconductor (SC) is deflected by spin—orbit
y-component oflq in equatiion 4) vanishes, which yields ., ity scattering and accumulate QP charge (charge
the relgtlon petween the Hall electric fiell, and the spin imbalance) in the transverse direction. The QP charge
currents = (Js, 0, 0), accumulation is compensated by the Cooper pair charge
owing to the overall charge neutrality, thereby creating the
electric potential necessary to maintain the ECP of pairs
constant in space (otherwise the pairs are accelerated). This
spin and charge coupling leads to SHE in S&3.[
Vi = aHWNON s» (56) In a nqnlopal spin Hall device, in which N i_s replaced
by SC as in figureb, the nonlocal Hall voltage is greatly
wherewy is the width of N. The spin current atx = L is enhanced below the superconducting critical temperature
given by Te. In the superconducting state, QPs injected above the
superconducting energy gap carry the spin current in SC,
js~ 3 Pert(l1 / An)e /M, (57)  which induces SHE. When the Hall voltalyg is detected by

Ey = —anpns (55)

which is integrated with respect toto yield the Hall voltage
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use ferromagnetic materials. The nonlocal spin injection also
makes it possible to realize a nonlocal spin manipulation,
in which a small ferromagnet is attached to the N and its
magnetization direction is switched by the spin transfer torque
due to nonlocal spin-current absorption. The advantages of
nonlocal lateral structures are flexibility of the layout and
the relative ease of fabricating multiterminal devices with
different functionalities. The development of nonlocal spin
devices is a new challenge in the research field of spin

10
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