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Spin injection and detection in magnetic nanostructures

S. Takahashi and S. Maekawa
Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan

~Received 5 November 2002; published 28 February 2003!

We study theoretically the spin transport in a nonmagnetic metal connected to ferromagnetic injector and
detector electrodes. We derive a general expression for the spin accumulation signal which covers from the
metallic to the tunneling regime. This enables us to discuss recent controversy on spin injection and detection
experiments. Extending the result to a superconducting device, we find that the spin accumulation signal is
strongly enhanced by opening of the superconducting gap since a gapped superconductor is a low carrier
system for spin transport but not for charge. The enhancement is also expected in semiconductor devices.
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There has been considerable interest recently in s
transport in magnetic nanostructures.1 The spin polarized
electrons injected from ferromagnets~F! into nonmagnetic
materials~N! such as a normal metal, semiconductor, a
superconductor create nonequilibrium spin accumulation
N.2–12 The efficient spin injection, accumulation, and tran
port are central issues to be explored in manipulating
spin degree of freedom of the electron. Johnson and Sils3

have demonstrated that the injected spins penetrate inN
over the spin-diffusion length ofmm scale using the spin
injection and detection techniques inF1/N/F2 trilayer struc-
tures. Very recently, Jedemaet al. have made a permalloy
copper/permalloy~Py/Cu/Py! structure4 and observed spin
accumulation at room temperature. Subsequently, t
have shown that the efficiency of spin injection and accum
lation is greatly improved in a cobalt/aluminum/coba
(Co/I /Al/ I /Co) structure with tunnel barriers (I ).5

In this paper, we study the spin injection and detection
a device ofF1/N/F2 structure by taking into account th
geometry of nonlocal measurement.4,5 By proper modeling
of the system in the diffusive transport regime, we derive
analytical expression for the spin accumulation signal wh
covers from the metallic to the tunnel regime. A controv
sial issue on the analysis of spin accumulation has b
raised in the structures of metallic contacts.13 We discuss the
issue based on the present analytical expression. Exten
the result to the device containing a superconductor, we
that the spin signal is greatly enhanced by opening of su
conducting gap. Large spin signals are also expected in s
conductor devices.

We consider a spin injection and detection device cons
ing of a nonmagnetic metalN connected to ferromagnets o
injector F1 and detectorF2 as shown in Fig. 1.F1 andF2
are the same ferromagnetic films of widthwF and thickness
dF , and are separated by distanceL. N is a normal-metal film
of width wN and thicknessdN . The magnetizations ofF1
and F2 are aligned either parallel or antiparallel. Since t
spin-diffusion lengthlN of N @lCu;1 mm,4 lAl*1 mm
~Refs. 3, 5, and 6!# is much larger than the lengthlF of F
@lPy;5 nm ~Ref. 14!#, we consider the device having d
mensions oflF!(dN ,dF)!(wN ,wF)!lN . This situation,
which corresponds to the experimental geometry,4,5 facili-
tates a description for the spin and charge transport in
device.
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The electrical currentjs for spin channels is driven by
the electric fieldE and the gradient of the carrier densi
deviation dns from equilibrium: js5ssE2eDs¹dns ,
where ss and Ds are the electrical conductivity and th
diffusion constant. Making use ofdns5Nsdes and ss

5e2NsDs (Ns is the density of states in the spin subba
anddes is the shift in the chemical potential of carriers fro
its equilibrium value! gives js52(ss /e)¹ms , wherems

5es1ef is the electrochemical potential~ECP! and f the
electric potential. The continuity equations for charge a
spin in the steady state are¹•( j ↑1 j ↓)50 and ¹•( j ↑2 j ↓)
52edn↑ /t↑↓1edn↓ /t↓↑ , wheretss8 is the scattering time
of an electron from spin states to s8. Using these equation
and detailed balancingN↑ /t↑↓5N↓ /t↓↑ , one obtains3,15–19

¹2~s↑m↑1s↓m↓!50, ~1!

¹2~m↑2m↓!5l22~m↑2m↓!, ~2!

with the spin-diffusion length l5ADtsf, where tsf
21

5 1
2 (t↑↓

211t↓↑
21) and D215(N↑D↓

211N↓D↑
21)/(N↑1N↓).

The material parameters inN are spin independent: sN
↑

5sN
↓ 5 1

2 sN , D↑5D↓ , etc., and those inF spin dependent:
sF

↑ÞsF
↓ (sF5sF

↑1sF
↓), D↑ÞD↓ , etc.

We employ a simple model for the interfacial curren
of the junctions. The distribution of the interfacial spin cu
rents is uniform over the contact areaAJ5wFwN since the
lN is much longer thanwF and wN , and ECP has a dis
continuous drop at the interface of junctioni ( i 51,2) asso-

FIG. 1. Basic structure of a spin injection and detection devi
The bias currentI flows from F1 to the left side ofN. The spin
accumulation at distanceL is detected by measuring the spin
dependent voltageV2 betweenF2 andN.
©2003 The American Physical Society09-1
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ciated with the interface resistanceRi .3,16–19We neglect the
interfacial spin-flip scattering17,19 for simplicity. The inter-
facial currentI i

s across the interface (z50) is given byI i
s

5(Gi
s/e)(mF

suz5012mN
suz502), where Gi

s is the interface
conductance (Gi5Gi

↑1Gi
↓5Ri

21). In the transparent con
tact (Gi→`) the ECPs are continuous at the interfac
while in the tunneling junction the discontinuity in ECP
much larger than the spin splitting in ECP. The interfac
charge and spin currents areI i5I i

↑1I i
↓ and I i

s5I i
↑2I i

↓ .
When the bias currentI flows from F1 to the left side of

N (I 15I ) and no charge current through theF2/N junction
(I 250), the solutions for ECP’s that satisfy Eqs.~1! and~2!
are constructed as follows. In theN electrode whose thick
ness and contact dimensions are much smaller thanlN , mN

s

varies only in thex direction: mN
s(x)5m̄N1sdmN , where

m̄N5(eI/sN)x for x,0, m̄N50 for x.0, and dmN
5a1e2uxu/lN1a2e2ux2Lu/lN with the a1 term being the ECP
shift due to spin injection fromF1 atx50, and thea2 term
being the feedback shift due to the presence ofF2 at x
5L. The spin currentj s5 j ↑2 j ↓ flows in the x direction
according toj s52(sN /e)¹dmN . The continuity of the spin
current at junctioni yields I i

s52(sNAN /elN)ai , whereAN

5wNdN is the cross-sectional area of N. Note that only t
spin current flows in the region ofx.0 and no charge cur
rent there.

In theF1 andF2 electrodes whose thickness and cont
dimensions are much larger thanlF , the spin splitting of
mF

s decays quickly along thez direction, so the solution
has the form near the interface (0,z&lF): mF

s(z)5m̄F

1sbi(sF /sF
s)e2z/lF, where m̄F5(eI/sFAJ)z1eV1 in

F1 and m̄F5eV2 in F2, V1 and V2 being the voltage
drops (m̄F2m̄N)/e at the interfaces of junctions 1 and
respectively. The continuity of the spin currents at t
junctions leads to I 1

s5pFI 22(sFAJ/elF)b1 and I 2
s

522(sFAJ/elF)b2, wherepF5(sF
↑2sF

↓)/(sF
↑1sF

↓) is the
current polarization ofF1 andF2. The constantsai , bi , and
Vi are determined by the continuity condition for the sp
and charge currents at the interfaces.

The spin-dependent voltageV2 detected atF2, i.e., the
potential difference between the right side ofN electrode and
the F2 electrode, is given by

V2 /I 562RNe2L/lN)
i 51

2 S PJ

Ri

RN

12PJ
2

1

pF

RF

RN

12pF
2
D

3F)
i 51

2 S 11

2
Ri

RN

12PJ
2

1

2
RF

RN

12pF
2
D 2e22L/lNG21

,

~3!

where signs ‘‘1’’ and ‘‘ 2’’ correspond to the parallel~P! and
antiparallel ~AP! alignments of magnetizations,RN
5rNlN /AN andRF5rFlF /AJ represent the resistances ofN
andF with cross sectionsAN andAJ and lengthslN andlF ,
respectively, andPJ5uGi

↑2Gi
↓u/Gi is the interfacial current
05240
,

l

e

t

polarization, andrN5sN
21 andrF5sF

21 are the resistivities.
The spin accumulation signal is detected as the volt
changeVs5(V2

P2V2
AP)52uV2u or the resistance changeRs

5Vs /I when the magnetizations change from the P to
alignment.

The spin accumulation signalRs depends on whether eac
junction is a metallic contact or a tunnel junction. Sin
RF /RN ;0.01 for the typical values (rF /rN;10, lF /lN
;0.01, andAN /AJ;0.1),4 we have the following limiting
cases: when both junctions are transparent contact (R1 ,R2
!RF), we have4,17–19

Rs5
4pF

2

~12pF
2!2

RNS RF

RN
D 2 e2L/lN

12e22L/lN
. ~4!

When one of the junctions is a transparent contact and
other is a tunnel junction, i.e., (R1!RF!RN!R2) or (R2
!RF!RN!R1), we have

Rs5
2pFPJ

~12pF
2!

RNS RF

RN
De2L/lN. ~5!

When both junctions are tunneling junctions (R1 ,R2@RN),
we have3,5

Rs5PJ
2RNe2L/lN. ~6!

Note thatRs in the above limiting cases is independent
Ri . Equations~4!–~6! indicate that the resistance mismat
factor (RF /RN) is removed systematically when a transpa
ent contact is replaced with a tunnel junction.19–22 Thus the
maximum spin signal is achieved when all the junctions
tunnel junctions.

Figure 2 show the spin accumulation signalRs in Eqs.
~4!–~6! for pF50.73,14 PJ50.4,23 andRF /RN51022.4 We
see thatRs increases by one order of magnitude by replac
a transparent contact with a tunnel barrier. The valueRN
53 V,24 taken from the Py/Cu/Py structure, yieldsRs
51 mV at L5lN . If one takes into account the cros
shaped Cu,4 one expects one-third of the above value, whi
is in reasonable agreement with the experimental va
0.1 mV.4 In the Co/I /Al/ I /Co structure, RN53 V is
estimated25 andRs5100 mV is obtained atL5lN , which is
ten times larger than the experimental value 10 mV.5 This

FIG. 2. Spin accumulation signalRs vs distanceL betweenF1
and F2. Solid line: F/I /N/I /F. Long-dashed line:F/I /N/F and
F/N/I /F. Short-dashed line:F/N/F.
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discrepancy may be attributed to the reduction inPJ due to
the spin-flip scattering at the barriers.17,19

A question arises on whether the contacts of me
lic F1/N/F2 structures is transparent (Ri!RF)

4 or
tunneling-like (Ri@RN).13,26 The experimental values o
Py/Cu @RiAJ;5310212 V cm2,14 rF;1025 V cm,4 andlF
;5 nm ~Ref. 14!# yieldsRi;RF , which is strictly speaking
neither transparent or tunneling-like. However, the values
Rs for Ri5RF calculated from Eq.~3! are about two times
larger than those for the transparent case in Fig. 2, indica
that the Py/Cu/Py structure lies on the verge of transpa
regime. However, depending on sample fabrication p
cesses, there will be cases that belong to the intermed
regime (RF!Ri!RN), for which one should use

Rs5
4PJ

2

~12PJ
2!2

RNS R1R2

RN
2 D e2L/lN

12e22L/lN
. ~7!

If Ri;RN , thenRs is close to the values of tunneling cas
so that the contacts ofRi*RN belong to the tunneling re
gime.

The spin injection into a superconductor~S! is of great
interest from basic and practical points of views. We sh
that S becomes a low-carrier system for spin transport
opening of the superconducting gapD and the resistivity of
the spin current increases below the superconducting cri
temperatureTc . In the tunneling device ofF1/I /S/I /F2, the
spin signal would increase due to the increase ofRN below
Tc @see Eq.~6!#. Therefore we investigate in detail how th
spin signal is enhanced by opening ofD. In the following, we
consider the situation where the spin splitting of ECP,
maximum of which isdmN(0); 1

2 ePJRNI , is smaller than
D, i.e., I ,2D/(ePJRN), for which the suppression ofD due
to spin accumulation can be neglected.27 We also neglect
charge imbalance created by injection of quasiparticle~QP!
charge intoS, which originates from the conversion of in
jected QP’s into condensate, and produces the excess vo
due to charge accumulation atF2.28 However, the effect is
spin independent and does not contribute toRs .

In the superconducting state, the equation for the s
splitting (m↑2m↓) is the same as Eq.~2! with lN in the
normal state,29 which is intuitively understood as follows
Since the dispersion curve of the QP excitation energy
given by Ek5Aek

21D2 with one-electron energyek , the
QP’s velocityṽk5(1/\)(]Ek /]k)5(ueku/Ek)vk is slower by
the factor ueku/Ek compared with the normal-state veloci
vk('vF). By contrast, the impurity scattering timet̃ss8
5(Ek /ueku)tss8

30 is longer by the inverse of the facto
Then, the spin-diffusion lengthlS5(D̃ t̃s f)

1/2 in S with D̃
5 1

3 ṽk
2t̃ imp andt̃ imp

215(s8t̃ss8
21 results inlS5ADts f5lN ow-

ing to the cancellation of the factorueku/Ek . Consequently,
the spin splitting inS has the same form of solution as inN.

Utilizing the so-called semiconducting picture for electr
tunneling betweenF and S, the charge and spin curren
across junction 1 are calculated asI 5G̃TV and I 1

s5PJG̃TV
at low biasV (5V1,D),31 and those across junction 2 a
I 25G̃T@V22P2dmN(L)/e#50 and I 2

s5P2G̃TV2. Here, P2
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takesPJ (2PJ) for the P~AP! alignment,G̃T5xs(T)GT is
the tunnel conductance in the superconducting state,
xs(T) is the Yosida function32 which represents the reductio
of the tunnel conductance by opening ofD below Tc .

The spin accumulation inS is determined by balancing
the spin injection rate with the spin-relaxation rate:I i

s

1e(]Si /]t)sf50, whereSi is the total spins accumulate
in Sby spin injection through junctioni. At low temperatures
the spin relaxation is dominated by the spin-flip scatter
via the spin-orbit interactionHso at nonmagnetic impurities
or grain boundaries. The scattering matrix elements ofHso
over quasiparticle statesuks& with momentumk and spins
has the form: ^k8s8uHsouks&} i (uk8uk2vk8vk)@ss8s•(k
3k8)#, where s is the Pauli spin matrix anduk

2512vk
2

5 1
2 (11ek /Ek). Using the golden rule formula,31 we can

calculate (]Si /]t)sf and obtain I i
s5@2 f 0(D)/(eRN)#ai ,

where 2f 0(D) represents the QP populations andf 0(D)
51/@exp(D/kBT)11#.

From the matching condition of the spin currents acro
the barriers, we obtain the spin signalRs in the supercon-
ducting state

Rs5Vs /I 5
1

2 f 0~D!
PJ

2RNe2L/lN. ~8!

If the I 2V characteristics,I 5xs(T)V/RT , are used,

Vs /V5
xs~T!

2 f 0~D!
PJ

2RN

RT
e2L/lN. ~9!

The above results are obtained from those of the nor
state by the scalingrN→rN /@2 f 0(D)# andRT→RT /xs(T).
Equation ~8! is interpreted as follows: The spin-curre
density in S is given by j s52(sN /e) 2 f 0(D)¹dmN ,33

where the effective conductivity 2f 0(D)sN decreases due to
the decrease of QP populations by opening the gapD below
Tc . The boundary condition that the injected spin curre
PJI is equal to 2j s(0

1)AN yields dmN'$ePJIRN /
@2 f 0(D)#%e2uxu/lN. The decrease of the effective conducti
ity is compensated by the increase ofdmN to maintain the
same spin injection in the constantI, and thereforeRs in-

FIG. 3. Temperature dependence of the spin signalsRs5Vs /I
and Vs /V in a F/I /S/I /F structure. The values of the spin sign
are normalized to those at the superconducting critical temp
ture Tc .
9-3
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creases as12 f 0
21(D) below Tc . Note that theT-dependent

factor in Eq. ~9! is the same as that in the spin-relaxati
time ts5@xs(T)/2f 0(D)#tsf ,

34 which is derived from
(]S/]t)sf52S/ts .

Figure 3 shows the temperature dependence ofRs5Vs /I
and Vs /V. The values are normalized to those atTc . The
strong increase ofVs /I reflects theT dependence of the re
sistivity of the spin current belowTc . The signalVs /V in-
creases with the sameT dependence asts(T), indicating that
the spin-relaxation time inS is directly obtained by measur
ing Vs vs T at constantV. To test these predictions, it i
highly desirable to measureVs of Co/I /Al/ I /Co structures5

by loweringT below Tc .
A large enhancement of spin signals is also expec

in degenerate semiconductors, because the resistivit
much larger compared with normal metals and the sp
diffusion length is relatively long. In degenerate semicond
tors, the spin current is given byj s52mmnc¹x(m↑2m↓),
where mm is the mobility andnc the carrier concentra
tion. For Si-doped GaAs withnc51018 cm23 and mm52
3103 cm2/V s at room temperature,35 rN51/(emmnc)
50.1 V cm. For ~Mn,Ga!As, rF50.01;0.1 V cm.36 It
d

-

B

u

et

t,

05240
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follows from Eq. ~5! that Rs}rF for a ~Ga,Mn!As/I /N/
(Ga,Mn)As device, and from Eq.~6! that Rs}rN for a
F1/I /GaAs(n2type)/I /F2 device. Therefore we expect tha
Rs is larger by several orders of magnitude than that of me
case. This result is promising for applications for spintron
devices.

In summary, we have studied the spin injection and det
tion in theF1/N/F2 structure, and derived an expression f
the spin accumulation signal which covers from the meta
to the tunneling regime. This enables us to resolve the re
controversy of spin injection and detection experiments. E
tending the result to a superconducting device, we h
found that the signal is strongly enhanced belowTc , because
superconductors become a low carrier system for spin tra
port by opening of the gap and a larger spin splitting
required for carrying the same spin current. Our finding c
be tested in superconducting devices such as Co/I /Al/ I /Co
by lowering temperature belowTc . A large spin accumula-
tion signal is also expected in semiconductor devices.
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