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Influence of spin transfer and contact resistance on measurement of the spin Hall effect
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When a longitudinal spin-unpolarized charge current flows in a thin slab of nonmagnetic metal with strong
spin-orbit coupling of conduction electrons, a transverse spin Hall voltage can be generated between both
edges of the sample, and the spin Hall voltage can be detected by the measurement of an ordinary Hall voltage
produced in a transverse metal strip which connects both edges of the sample. In this paper, we discuss the
influences of spin transfer and contact resistances between the longitudinal sample and the transverse metal
strip on the measurement of the spin Hall voltage. We show that, due to the spin transfer between the
longitudinal sample and the transverse metal strip, the magnitude of the spin Hall voltage produced in the
longitudinal sample and the magnitude of the ordinary Hall voltage produced in the transverse metal strip and
the relation between them will all strongly depend on the contact resistances, thus in order to detect the spin
Hall voltage correctly through the measurement of the ordinary Hall voltage, the influences of spin transfer and
contact resistance need to be taken into account.
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I. INTRODUCTION different, and the difference in the Fermi levels at both edges
of the sample is defined as the Hall voltage, which can be
It was proposed by Hirsch that when a longitudinal spin-measured by a voltmeter. In the spin Hall effect, due to the
unpolarized charge current flows in a thin slab of nonmagoccurrence of transverse spin imbalance at both sides of the
netic metal with strong spin-orbit coupling of moving con- sample, the Fermi levels for each spin at both edges of the
duction electrons, a transverse spin imbalance may be caused

in the slab, i.e., at both sides of the slab nonequilibrium spin y
accumulation may occdrThis effect was named the spin
Hall effect in Ref. 1, and was discussed in some more detail x

in Ref. 2. The spin Hall effect is very different from the spin
accumulation effect found in magnetic multilayers when a AEAAAEEAARRBARARALN] L
charge current flows in a direction perpendicular to the plane
of the layers, which is caused by the discontinuity of material

properties at the interfaces of alternating layef&rom the- \O /@ j

oretical viewpoints, the spin Hall effect arises from the spin-
orbit-coupling inducedleft-right asymmetric scattering of

moving conduction electrons. The spin-orbit-coupling in- ()

duced left-right asymmetric scattering was knownsiew RIEIIINEEINNINNERELXE! 0
scattering in the literature, and was believed to be the origin

of the anomalous Hall coefficients experimentally found in IENEINAEEASENASNAAEEN I
ferromagnetic metal$® In the spin Hall effect, as illustrated 8 ®

in Fig. 1(@, when a longitudinal spin-unpolarized charge g j o

current densityj, flows in a thin slab of nonmagnetic metal, g—V,—1® j
due to the spin-orbit-coupling induced skew scattering, o & v
spin-up electrons will have a larger probability to be scat- o } ®

tered to the right and spin-down electrons will have a larger ) e ®

probability to be scattered to the left. This left-right asym- EIEIXENEEENNEXNENIEXN N

metric scattering will cause a transverse spin imbalance in
the slab, and results in a nonequilibrium spin accumulation aﬁo
both sides O.f the slab, .bUt no charge Imbal.ance will occur bt conduction electrons, due to the spin-orbit-coupling induced
the slab. Thls is very different from the ordinary Hall effgct. skew scattering, spin-up electrons will have a larger probability to
In the or_dlnary Hall effect, the Lorentz force.s felt bY MOVING pe scattered to the right and spin-down electrons a larger probability
conduction electrons in external magnetic fields will cause g pe scattered to the left, leading to a transverse spin imbalance in
transversecharge imbalance in a sample, and results in the sjab (b) If both edges of the slab are connected by a transverse
charge accumulation at both sides of a sample, but no spifetal strip, a longitudinal spin current will flow in the strip. If the
imbalance will occur. In the ordinary Hall effect, the Fermi skew scattering mechanism also operates in the strip, the longitudi-
levels for spin-up and spin-down electrons are the same, buyal spin current that flows in the strip will cause a transverse charge
due to the occurrence of transverse charge imbalance, thbalance in the strip, and hence an ordinary Hall voltage will be
Fermi levels for electrons at both edges of the sample arproduced between both edges of the strip.

FIG. 1. (a) When a longitudinal spin-unpolarized charge current
ws in a thin slab of nonmagnetic metal with spin-orbit coupling
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sample are different, and, similar to the ordinary Hall volt- the relation between them by taking into account the influ-

age, the difference in the Fermi levels for each spin at botlences of spin transfer and contact resistances. In Sec. lll, the

edges of the sample can be defined as the spin Hall voltagéfluences of spin transfer and contact resistances will be

however, it cannot be measured directly by ordinary voltmediscussed in detail in two specialy interesting cases.

ters. In order to detect the spin Hall voltage by ordinary

voltmeters, it was proposed in Ref. 1 that one can connect || pERIVATION OF THE SPIN HALL VOLTAGE Vs

both edges of the sample by a transverse metal strip and let AND THE ORDINARY HALL VOLTAGE  V

the transverse metal strip contact the sample only at both IN THE PRESENCE OF SPIN TRANSFER

edges. Due to the existence of the differences in the Fermi AND CONTACT RESISTANCES

levels for each spin at both edges of the sample, a longitudi-

nal spin current will flow in the transverse metal strip. Pro-  The system is described schematically in Fig)1in the

viding that the same skew scattering mechanism also opefollowing we will denote the width of the longitudinal

ates in the transverse metal strip, the longitudinal spirfample ad., and will assume that the two boundaries of the

current in the strip will cause a transverstgargeimbalance  longitudinal sample are located wt= +L/2. The width of

in the strip; thus an ordinary charge Hall voltage will be the transverse metal strip will be denoted aand it will be

produced between both edges of the strip, which can be meassumed thatt is sufficiently small so that the voltage drop

sured by ordinary voltmeter§lt should be pointed out that along the contacts can be neglected. The skew scattering

the meaning of the terminology “Hall voltage” used here is mechanism is assumed to operate both in the longitudinal

a little different from the usual one. In the usual Hall effect, sample and in the transverse metal strip. After taking into

the Hall voltage is caused by the Lorentz forces felt by mov-account the skew scattering mechanism, the spin-dependent

ing conduction electrons in a perpendicular magnetic fieldcharge current densities in the longitudinal sample and in the

and the voltage occurs in the direction perpendicular to théransverse metal strip can be expressed as

applied charge current. The Hall voltage discussed here is

induced by the spin-orbit couplin_g of moving.con.duction j©(r)=CE’(r)+ CLE’(r) X o, (1)

electrons, and the voltage occurs in the same direction as the

applied charge currenf,, as shown in Fig. (b).] According

to the picture described above, in principle one can detect the

spin Hall voltageVsy between both edges of the longitudinal - — . o .

sample through the measurement of the ordinary Hall volt"WhereE” andE’® are the spin-dependent effective fields in

age V,, between both edges of the transverse metal stri t'he Iongltudlnal sarr,lple and in _the transvers_e_ _metal strip,

providing that the relation betweevis,; and Vy, is known. respgcuyely,C andC’ are the ordinary conductwme; of the

This relation was derived theoretically in Ref. 1. It is antici- londitudinal sample :’:md the transverse metal strip, respec-

pated that such an experiment and the findings resulting frori{vely; and Cy and Cy, are the spin-orbit-coupling induced

it could find some practical applications in the emerging fielg@nomalous Hall conductivities of the longitudinal sample and

of spintronicst® the transverse strip, respectively. _Thfe spin-orbit-coupling in-
In the present paper, we discuss the influences of spifuced anomalous Hall conductivities are usually much

transfer and contact resistances between the longituding@maller than the ordinary conductivities of a sample, i.e.,

sample and the transverse metal strip on the measurement ©i<C andC;<C’. Due to the occurrence of the transverse

the spin Hall effect. Such influences were not considered isPin imbalance in the longitudinal sample and the occurrence

Ref. 1, but in real experiments there will inevitably exist spin0f a transverse charge imbalance in the transverse metal

transfer and contact resistances between the longitudin&frip, the spin-dependent effective fields felt by conduction

sample and the transverse metal strip. In this paper we wiglectrons in the longitudinal sample and in the transverse

show that the spin transfer and contact resistances betwe&petal strip will be given by

the longitudinal sample and the transverse metal strip will

have significant influences on the measurement of the spin a(o)_jxa Oy -

Hall effect. We will show that, due to the spin transfer be- E &~ Tyeyv ©)

tween the longitudinal sample and the transverse metal strip,

both the magnitudes of the spin Hall voltagey produced ,

in the longitudinal sample and the ordinary Hall voltagg E7(0) = E* %* (4)

produced in the transverse metal strip and the relation be- |

tween them will all strongly depend on the contact resis-

tances; thus, in order to detect the spin Hall voltagg, Wherejy is the applied longitudinal charge current density in

through the measurement of the ordinary Hall voltage  the sampleV,, is the ordinary Hall voltage produced be-

correctly, the influences of spin transfer and contact resistveen both edges of the transverse metal strip, @pdand

tances need to be taken into account. ,u(l, are the position and spin dependent shifts of the Fermi
The paper is organized as follows: In Sec. Il, we will levels in the longitudinal sample and in the transverse metal

derive some general expressions for the spin Hall voltagatrip, respectively. Substituting EB) into Eq.(1), the trans-

Vsy produced in the longitudinal sample and the ordinaryverse components of the spin-dependent charge current den-

Hall voltageVy produced in the transverse metal strip andsities in the longitudinal sample can be expressed as

/() =C'E"(N)+CLE'“(r) X o, 2
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. du;  Cy. sample into the transverse metal strip, and the spin-down

Jy): _CW_ T (5)  charge current will be transferred from the transverse metal

strip into the longitudinal sample. Similarly, at the contact at

gu, Cy y=L/2, the spin-up charge current will be transferred from

j(yi)z—Ca—ﬂL?jx. (6) the transverse metal strip into the longitudinal sample and

y the spin-down charge current will be transferred from the

Similarly, substituting Eqg.(4) into Eq. (2), the spin- longitudinal sample into the transverse metal strip. Consid-
dependent charge current densities generated in the trangding these facts and by use of the generalized Ohm’s law,

verse metal strip can be expressed as the boundary conditions can be written down as follows:
é’,u,,
ir(o) — _ C’ o — 7 . , L L
Jy &y (0- Tll)l ( ) |J§/J/:)7L/2:2C ﬂl - — _IU’J, —
2 2
e v L L
Mo e 20 _ ' 21 AP . - —
Ix Cy ay Cc [ 8 +3; IU‘T( 2) IU‘L( 2”’ (13
. o WV
jih=c;—t-c' -1 ©) R Ly [ L
ay | y=— L= m T T T
In a steady state, thecomponent of the total charge current
density in the transverse metal strip should be zero, i.e., 3! “ (_E)_M(_E” (14)
j:(D+j =0, From this condition the ordinary Hall volt- 2 N2/

ageVy can be expressed as
' , ) [ L L\] [ L L\]
_ . T _ ! — | _ — ’ ’ | _ —
Vom0 4, ag e “T(2> “T(Z) e ‘”(2) “T<z) ’
2(C )~ Y y ) ’ ) "(15)
Since nochargeimbalance occurs in theg direction of the

system, then both in the longitudinal sample and in the trans- r L L r L L
verse metal trip thg components of the total charge current —|j y(i)uzzzc M(_) —,ul(—) +Eé MT(_) _M,L(_) .

densities should be zelfb 2 2/ 2 2/ ]
(16)
i+ iyP=o, (11)
There is a negative sign on the left-hand side of EaS)
' (1) i i i fm
.ym+ .y “o (12 a/r(19)(16) since we have defined that the valueSjgj‘f (or

- j_ ) will be negative if the current flows in the negatiye
The boundary conditions at the contacts between the longi-¥ = . T . . .
tudinal sample and the transverse metal strip can be writte irection. If no spin-flip interfacial scattering exist at the

down from the generalized Ohm’s law by taking into accountcontaCtS(i'e" the “spin-flip” contact conductivity>.=0),

the contact resistanceqgor equivalently, the contact then from _Eqs.(ll) anq (12) and (13-(16) one can show
conductivities.*'* The contact resistancegonductivities that the spin current will be conserved when it is transferred

are caused by the interfacial scattering of electrons at thgom the Iongitudin_a(lnsample into the transverse metal strip

contacts between the longitudinal sample and the transverd@' Vice versa i.e., jy J(y”=l_§”)—l§(“ aty==*L/2.

metal strip. In the presence of both spin-conserving and spin- From Egs.(5)—(9), the spin-dependent charge current
flip interfacial scattering, two types of contact conductivitiesdensities(both in the longitudinal sample and in the trans-
need to be considered, i.e., the “spin-conserving” contactverse metal stripcan be obtained i#u,/Jdy anddu,,/dy are
conductivities and the “spin-flip” contact conductivitiésin ~ known. If the widthL of the sample is much smaller than the
the following we will denote the spin-conserving contact spin-diffusion lengthsgu,/dy anddw,/dy can be approxi-
conductivity beMeen the Iongitudina'l sample and the transmated asdu;/dy=—VsulL, du ldy=VsylL, il dy
verse mfatal strip a8 and the spin-flip contact conductivi- — _V,SH/L' and 3#1/@YZV’5H/L, in which Vg, is the spin
ties as ., which describe, respectively, the spin-conservingHall voltage between both edges of the longitudinal sample
and spin-flip transfers of electrons between the longitudinahnd Vg, is the spin Hall voltage between both ends of the
sample and the transverse metal stiifince it has been transverse metal strip. This is the case discussed in Ref. 1. To
assumed that the longitudinal sample and the transvers@ake our discussion more general, we will not confine our
metal strip are both nonmagnetic, one can assume3Xpat discussion to the case in which the widttof the sample is
and 3 are spin independentAccording to the picture de- much smaller than the spin-diffusion lengths. In general
scribed in Fig. 1b), at the contact ay=—L/2 the spin-up cases,u, and u, will satisfy the following spin-diffusion
charge current will be transferred from the longitudinal equation$*
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— — /D —y/D
N ) p(y)=—u (y)=Ae""+Be ", (19
VI —u 1= 02 (17)
S pi(y)=—p (y)=A'eP+BeYP, (20)
MR 1 !
Vi pi-pll=—— (18)
D2

hereD andD’ are the soin-diffusion lenath in the lonaita. V€"eA B A’, andB’ are constant coefficients. Substituting
whereD andD’ are the spin-diffusion length in the longitu- oo (19) and (20) into Egs. (5)(9). the spin-dependent

dinal sample and in the transverse metal strip, respectively ) = (o)
For simplicity, in the following we will assume thaD charge current densme]é and | can be expressed as

—D'. From Eqs(17) and(18) and with the help of Eqg11) fgpctlons of these constant coefﬂment; .then by use of con-
and (12), one can show thaf;(y), u,(y), x/(y), and dl'FIOﬂS (13)—(16), these constant coefficients can be deter-
12/ (y) can be expressed as mined, and the results can be expressed as

L
pHJxlD[pcchDp (pc+pc)tanl‘( ZD”
A=-B=— (@D

L ( L L ( L\’
"12 I ! "\ai 2 — |sinh —
pepl cosk(ZD +ID(petpe)(ptp )sin 2D)+4D pp tanl‘(ZD)sm ZD)

L
p pHixD(pe— f%ﬁan%ZD)

. @2

! L ' ! . I— ’ L .
pcpclzcos}‘(ﬁ) +1D(pc+pe)(p+p )sm}{ﬁ) +4D?%pp tam‘(ﬁ> sm}{ﬁ
wherep.=1/3 andp;E l/Eé are the spin-conserving and spin-flip contact resistivities, respectiell/C andp'E 1/C" are
the ordinary resistivities of the longitudinal sample and the transverse metal strip, respectively;=a@,/C? and p,’4
EC'H/C'Zare the anomalous Hall resistivities of the longitudinal sample and the transverse strip, resp€&chifiely.the

coefficientsA, B, A', andB’ are determined, the spin Hall voltayyg, between both edges of the longitudinal sample can be
obtained directly from Eq(19), and the result can be expressed as
L
sin D

2 L +4D%00't L) . L\’
pepcl “cosh) 5o pp tanh 55 |sinh 55
The ordinary Hall voltage/y between both edges of the transverse metal strip can be obtained frafhOE@nd the result
can be expressed as

L
ZPMJD{mﬁJ+Dp(pa+mﬂmn%2D>

VsH= (23

’ ’ . L
+ID(pctpc)ptp )smf<5

prpixl D (pe— pe)tani(L/2D)costiy/D)

+4D%pp tan L sin L
2D 2D

Viy= - (24)

PeP ZCOS"( 2D

’ ’ . I—
+Dl(pctpc)ptp )smf<5

From Egs.(23) and (24), one can see that the spin Hall Using this relation, the magnitude of the spin Hall voltage
voltage Vs between both edges of the longitudinal and theVgy can be deduced from the magnitude of the ordinary Hall
ordinary Hall voltageV,, between both edges of the trans- voltageV,, which can be measured by ordinary voltmeters.
verse metal strip satisfy the following relation:

IIl. RESULTS AND DISCUSSIONS

L L
2| pepel +Dp (pet pc)tanl'(ZD) cosr{ ZD) From Egs.(23)—(25), one can see that after taking into
Vo= " account the influences of spin transfer and contact resistances
pul (pe—pc)coshy/D) between the longitudinal sample and the transverse metal

(25 strip, both the magnitudes &fsy and Vy and the relation
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between them will all strongly depend on the contact resisscattering exists at the contacts between the longitudinal
tances, so in general spin transfer and contact resistanceample and the transverse metal strip. In such an ideal case,
may hgve some &gmﬂcant_mf_lpences on th.e measurement Equ. (26) and (27) will becomeVH=pHp/HjXI/(p+p') and

the spin Hall effect. Two limiting cases will be especially Vere o o Lot o' hich I ianificantly diff
interesting. The first case is that the widtiof the sample is s~ P PrlxL/(p+p ), which are also significantly differ-
much smaller than the spin-diffusion length<D). This is ent from Eqs.(28) and(29). This difference arises from the
the case considered in Ref. 1. The second case is that tfigct that the influences of the boundary conditions were ne-
width L of the sample is much larger than the spin-diﬁusiong!eaed completely in Ref. 1. The second and more important
length (L>D), which is not considered in Ref. 1. In the first difference between Eqs26) and (27) and (28) and (29) is

case [ <D), the ordinary Hall voltage between both edgesthat' after taking into account the influences of spin transfer
of the transverse metal strip and the spin Hall voltage be@nd contact resistances, both the magnitudeéspfandV,

tween both edges of the longitudinal sample and the relatiog"d the relation between them will all strongly depend on the
between them will be given by contact resistances. To obtain an estimate of the magnitudes

of Vgy andVy and their dependences on the contact resis-

roo tances, let us consider some actual experimental parameters.
prpupcix*L(1=7) P b

V= g — . (26 For simplicity, we assume that the longitudinal sample and
2p21%+plL(1+y)(p+p ) +2ypp L? the transverse metal strip are made of the same material, for
example, Al. At low temperature the spin diffusion length in
ijX||_[2p§| +P,PCL(1+ 71 Al is of the order of 450um, and the resistivity is of the
SH= order of 2.7 103 xQ cm. As in Ref. 1, we assume that the

212 ! "1 2
2pcl“FplL(1+y)(pFp )+2ypp L spin-orbit-coupling induced anomalous Hall resistivity can

2 / be given bypy=2mRgnug, in which Rg is the anomalous
= 2pcl tp pel(1+y) H (27) Hall coefficient andn is the density of electrons angy is
pupd (1—7) ’ the Bohr magneton. The anomalous Hall coefficiatis
, simply assumed to be the same as the ordinary Hall coeffi-
where y(=pc/pi=3/%.) is the ratio of the spin- cient of Al, Ry=3.45x 10"t m®/C. The widthL of the lon-
conserving contact resistivity to the spin-flip contact resistiv-gjtudinal sample will be taken to be 1Q6m (much smaller
ity (or equivalently, the ratio of the spin-flip contact conduc- than the spin-diffusion length in Althe widthl of the trans-
tivity to the spin-conserving contact conductivityrhis ratio  verse metal strip will be taken to be fm, and the longi-
characterizes the relative strength of spin-flip interfacial scattudinal charge current density, will be taken to be 6
tering at the contacts. By neglecting the influences of spinx 10 A/m2. For clarity, we first assume that no spin-flip
transfer and contact resistances, the following results were hfiterfacial scattering exists at the contacts between the lon-
obtained in Ref. 1: gitudinal sample and the transverse metal girp, the spin-

flip contact conductivityE; is zerg. In Figs. Za) and 2b)
(28) we have plotted the changes of the magnitude¥ £f and
Vy with the variation of the spin-conserving contact resistiv-
ity p. (in units of the resistivity of Al using the experimental
'L parameters listed above. From Fig$a)2and Zb), one can
Vsu=puixL=—-Vy. (290  see thatin the ideal case pf=0, the ordinary Hall voltage
Pl Vy between both edges of the transverse metal strip will be
e@aximum but the spin Hall voltagésy between both edges
of the longitudinal sample will be minimunyy will de-
creasewith the increase op., andVgy will increasewith
@e increase op.. If p. is very large, the spin Hall voltage
su between both edges of the longitudinal sample will

_ puPH

!

Vi

ol

It can be seen that there are some significant differenc
between the corresponding results described in &f$.and
(27) and (28) and (29). First, from Egs.(26) and (27), one
can see that after taking into account the influences of spi
transfer and contact resistances, the dependendés,adind . . :

P reach its maximum value, but the ordinary Hall voltage

Vi on the ordinary resistivity andp and the width. and o yeen hoth edges of the transverse metal strip will become

| of the longitudinal sample and the transverse metal strip argetuall
. . ; y zero. Such features can also be seen from 265.
very different from those described in Eq28) and (29). and (27), from which one can show thats,— pyj,L and

According to Eq(28), the ordinary Hall voltag®/y, between v, 4, the |imit of p,— . The above results show that

both edges of the transvgr;g metal strip Sh.OUId be Indeloerslfpin transfer and contact resistances may have some signifi-
dent_ of_the ordinary resistivity and_the widthL of the cant influences on the measurement of the spin Hall effect.
longitudinal sample, however, according to E26), Vi Will it the above results show that in general cases one cannot
strongly depend op andL. Similarly, according to Ed29),  getect directly the magnitude of the spin Hall voltadg,,

Vs should be independent of the ordinary resistiyityand  from the measured ordinary Hall voltagg, if the contact

the widthl of the transverse metal strip, but, according to Eq.resistances are not known. In order to detect the magnitude
(27), Vgu will strongly depend onp’ and|l. It should be of the spin Hall voltageVs, from the measured ordinary
pointed out that Eqg26) and(27) are not equivalent to Eqs. Hall voltageVy correctly, one must first measure the contact
(28) and (29) even in the ideal case that no any interfacialresistancegor conductivities. In principle, the contact resis-
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24 T T T T

22

s (b) 4
3.6 _

p./p

FIG. 3. lllustration of the changes @& the spin Hall voltage
FIG. 2. lllustration of the changes ¢& the spin Hall voltage v/, and (b) the ordinary Hall voltage/y; with the variation of the
Vsn and(b) the ordinary Hall voltage/y with the variation of the 4, y (i.e., the ratio of the “spin-flip” contact conductivit} . to
contact resistivityp, (in unlts_ ofp,_ the resistivity of A). The pa- 4 o “spin-conserving” contact conductivitg). 3.=0.2C (C
rameters used have been given in the text. =1/p is the ordinary conductivity of Alfor the solid line and,
=0.1C for the dashed line. Other parameters are the same as used
tances can be determined from the dependence of the ordir Fig. 2.
nary Hall voltageVy on the applied longitudinal charge cur-
rent densityj, with the help of Eq.(24). After the contact
resistances are determined, then one can determine the m
nitude of the spin Hall voltag¥ sy from the measured ordi- | i . .
nary Hall voltageV,, by the use of Eq(25). Second, the mterfacw_ll scatterln_g on '_[he spin Hall volt_agQH are not
above results show that if the contact resistances are vegpPstantial, but spin-flip interfacial scattering may decrease
large, the ordinary Hall voltag¥/y, may be very small and significantly the ordmary Hall voltag¥/, . Fr.om F|g.'3b)'
not large enough to actually be measurable. For instance, f@he can see thafy, will become very small if the spin-flip
the example illustrated in Figs(& and 2b), the ordinary  contact conductivit)E; is comparable to the spin-conserving
Hall voltageVy is 14.5 V in the ideal case gf.=0. This  contact conductivity® .. This can be seen directly from Eq.
voltage is large enough to actually be measurablex Ifs  (26), from which one can see th¥{;—0 in the limiting case
nonzero but not very largé/y will still be large enough to  of y—1. In such cased/y will be very small and may not
be measurable. But jf. is as large as 0.L€ cm, Vy will be large enough to actually be measurable.
become smaller than 0.1 nV. Such a small voltage is not The second interesting case is that the witlttof the
easily measurable. In such cases, it may be very difficult tesample is much larger than the spin-diffusion len@te., L
detect the spin Hall voltag€s, through the measurement of >D). Below we will show that the spin Hall effect may be
the ordinary Hall voltageV,;. Finally, let us consider the more easily detected in such cases. From E23.and(24),
influences of spin-flip interfacial scattering. In Figgéa3and  one can show that i >D, the ordinary Hall voltage be-
3(b) we have plotted the changes of the spin Hall voltagetween both edges of the transverse metal strip and the spin
Vsy and the ordinary Hall voltag¥ with the variation of Hall voltage between both edges of the longitudinal sample
the ratioy (i.e., the ratio of the spin-flip contact conductivity will become

/_ to the spin-conserving contact conductivify,). From
gs. 3a) and 3b) one can see that the influences of spin-flip
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2pupiipcixl?D(1—y)e “?Pcostiy/D) 30 160 | ' ' ' ' -
pZl2+Dlpe(1+y)(p+p')+4yD%pp" 140
) 2 , 120
2pujxIDpcl +Dp’pc(1+7)] !
SH= 35 ; L (31 100
pcl“+Dlp(1+y)(p+p')+4yDpp Ve, (V) |
80
From Eq.(31), one can see that in the case.¢f D, the spin s
Hall voltage between both edges of the longitudinal sample 60
will be independent of the widtiL of the longitudinal w0l
sample, indicating that the spin Hall effect can be measured !
in macroscopic samples. This is the first merit of measuring 20
the spin Hall effect in samples with>D. Of course, in this N
case the ordinary Hall voltagé,, between both edges of the 0 2 4 6 8 10

transverse metal strip will depend on the widthof the
sample. However, if one measuiég at places near the ends I ' ' ' ' '
of the transverse metal strifp.e., aty==*L1/2), the result
will be

PuPHPeid *D(1—y)
p2l?+Dlpg(1+y)(p+p')+4yD%pp’

This result is also independent of the widtlof the sample.
Another merit to measuring the spin Hall effect in samples
with L>D is that the magnitudes of the ordinary Hall volt-
ageVy and the spin Hall voltag¥ s generated in samples
with L>D may be much larger than the corresponding val- [
ues generated in samples witke D, and hence can be more 1F -

Vy= (32

easily detected experimentally. To illustrate this, in Figs) 4 0 > " s 2 0

and 4b) we have plotted the changes 8§, andV,, (aty L/D

==+ /2) systematically with the variation of the widthof ) )

the longitudinal sample. From Figs(a} and 4b), one can FIG. 4. lllustration of the changes ¢& the spin Hall voltage

Vgy and(b) the ordinary Hall voltagd/ with the variation of the
width L of the longitudinal samplep.=5p (p is the ordinary re-
sistivity of Al) for the solid line andp.=10p for the dotted line.
Other parameters are the same as used in Fig. 2.

see thaVsy andVy both increase significantly as the width
L increases, and whdnis several times larger than the spin-
diffusion lengthD, Vg andVy, will turn out to be constants

(independent of the width) and will be several times larger

than the corresponding values obtained in the casé of \gjtage produced in the transverse metal strip, and the rela-
<D. These results suggest that the spin Hall effect may bgon petween them, will strongly depend on the contact re-
more easily detected in the caselof D than in the case of gjstance. The results show that in order to detect the spin Hall
L<D. Finally, one can show that in the caselofD, the  ygjtage correctly through the measurement of the ordinary
influences of contact resistances are similar, as is the case pf)| voltage, a clear understanding of the influences of spin
L<D, illustrated in Figs. 2 and 3. This can be see easily bytransfer and contact resistance will be very important. It was
making a detailed comparison between E@) and (31) 310 shown that it may be more appropriate to measure the

and(26) and (27). _ . o spin Hall effect in samples with>D rather than in samples
In conclusion, we have discussed in detail the influencegyitn |L<D.

of spin transfer and contact resistances on the measurement
of the spin Hall effect. We have shown that, due to the spin
transfer between the longitudinal sample and the transverse
metal strip, both the magnitudes of the spin Hall voltage This work was supported by a grant from the Research
produced in the longitudinal sample and the ordinary HallGrant Council of Hong Kong, China.
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