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Spin injection and detection in magnetic nanostructures
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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 spin The electrical curreng, for spin channelr is driven by
transport in magnetic nanostructute¥he spin polarized the electric fieldE and the gradient of the carrier density
electrons injected from ferromagnefs) into nonmagnetic  deviation én, from equilibrium: j,=o,E—eD,Vén,,
materials(N) such as a normal metal, semiconductor, andwvhere o, and D, are the electrical conductivity and the
superconductor create nonequilibrium spin accumulation imliffusion constant. Making use ofn,=N,de, and o,
N.2~2 The efficient spin injection, accumulation, and trans-=e?N,D, (N, is the density of states in the spin subband
port are central issues to be explored in manipulating thend de,, is the shift in the chemical potential of carriers from
spin degree of freedom of the electron. Johnson and Silsbegs equilibrium value givesj,=—(o,/€)Vu,, where u,
have demonstrated that the injected spins penetrateNnto =¢_+e¢ is the electrochemical potentidECP and ¢ the
over the spin-diffusion length ofum scale using the spin electric potential. The continuity equations for charge and
injection and detection techniquesfil/N/F2 trilayer struc-  spin in the steady state afe:(j;+j;)=0 andV-(j;—j,)
tures. Very recently, Jeden®t al. have made a permalloy/ = —edén, /7 +edn /7, wherer,, is the scattering time
copper/permalloy(Py/Cu/Py structuré and observed spin of an electron from spin stateto ¢’. Using these equations
accumulation at room temperature. Subsequently, theynd detailed balancinly; /7, =N, /7;, one obtainy°>-1°
have shown that the efficiency of spin injection and accumu-

lation is greatly improved in a cobalt/aluminum/cobalt VZ(UTMI+‘T¢M1):O' )
(Coll/Al/1/Co) structure with tunnel barriers)(®
In this paper, we study the spin injection and detection in VZ(M_M):)\—Z(M_M)' 2

a device ofF1/N/F2 structure by taking into account the
geometry of nonlocal measureménitBy proper modeling with the spin-diffusion length A=+/D Ts, Where 7
of the system in the diffusive transport regime, we derive an= %(Tﬂl+ Tle) and D*1=(NTDI1+ NlDT_l)/(NTJ“ N)).
analytical expression for the spin accumulation signal whichrhe material parameters iN are spinindependent ol
c0\|/ers from theh metalllic to the tunnel regimle. A cohntrO\éer-:UiN: Lo, D,=D,, etc., and those iff spindependent
sial issue on the analysis of spin accumulation has been;_. | _ ]

raised in the structures of metallic contattsVe discuss the o (ge=optay), D #D), etc.
issue based on the present analytical expression. Extendi
the result to the device containing a superconductor, we ﬁn%Znts is uniform over the contact ardg=wqwy since the
that the spin signal is greatly enhanced by opening of SUPeL- i much longer thawg and wy,, and EFCS has a dis-
conducting gap. Large spin signals are also expected in semé-N F N

) ontinuous drop at the interface of junctioifi = 1,2) asso-
conductor devices.
We consider a spin injection and detection device consist-
ing of a nonmagnetic metdN connected to ferromagnets of ?I V
injector F1 and detectoF2 as shown in Fig. 1F1 andF2

1

We employ a simple model for the interfacial currents
the junctions. The distribution of the interfacial spin cur-

are the same ferromagnetic films of width and thickness

dg, and are separated by distariceN is a normal-metal film 7 W

of width wy and thicknessly . The magnetizations of 1 o 't_»x vy X

andF2 are aligned either parallel or antiparallel. Since the I - _

spin-diffusion lengthAy of N [Ag~1 um,* Ay=1 um 5

(Refs. 3, 5, and g is much larger than the lengthe of F F1 2

[Apy~5 nm (Ref. 14], we consider the device having di-

mensions of\p<(dy,dg) <(wy,Wg)<Ay. This situation, FIG. 1. Basic structure of a spin injection and detection device.
which corresponds to the experimental geomeétryacili-  The bias current flows from F1 to the left side ofN. The spin
tates a description for the spin and charge transport in theccumulation at distance is detected by measuring the spin-
device. dependent voltag¥, betweenF2 andN.
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ciated with the interface resistanBe.>%-1%We neglect the L B A
interfacial spin-flip scattering*® for simplicity. The inter- 10!
facial currentl across the interfacez€0) is given byl
=(G7le) (| =0+ — mNlz=0-), Where G/ is the interface 1o
conductance &;=G/+G}=R.1). In the transparent con- &
tact (G;—) the ECPs are continuous at the interfaces, o
while in the tunneling junction the discontinuity in ECP is
much larger than the spin splitting in ECP. The interfacial
charge and spin currents dre=1/+1} and1$=1/—1}. 107*E Re/Ry=0.01
When the bias currentflows fromF1 to the left side of A E T S B
N (I,=1) and no charge current through tR/N junction 0 ' L/A, ? 3
(I,=0), the solutions for ECP’s that satisfy E¢%) and(2) N
are constructed as follows. In th electrode whose thick- FIG. 2. Spin accumulation sign&; vs distanceL betweenF1
ness and contact dimensions are much smaller XRgnuy, ~ and F2. Solid line: F/I1/N/I/F. Long-dashed lineF/I/N/F and
varies only in thex direction: uf(x)=un+ oduy, where  F/N/I/F. Short-dashed linef=/N/F.
un=(elloy)x for x<0, uny=0 for x>0, and Suy
=a,e Mt a,e ¥~LIAN with the a; term being the ECP
shift due to spin injection fronk1 atx=0, and thea, term
being the feedback shift due to the presenceFaf at x
=L. The spin currents=j;—j, flows in the x direction
according tgs=— (on/€)VSuy . The continuity of the spin
current at junctiori yields I7=2(onAn/eNy)a;, WhereAy
=wydy is the cross-sectional area of N. Note that only th
o ;‘g:g_m flows in the region of>0 and no charge cur- 7 " andAy/A;~0.1) * we have the following limiting
In the F1 andF2 electrodes whose thickness and contac?>€S: when bé‘?}D_{‘g”C“O“S are transparent confagiR;
dimensions are much larger than, the spin splitting of <Rg), we hav

PF=0.73 ]
P]=O.4

R~~~ __F/UN/E, F/N/UF

S

polarization, angy= o' andpe= o * are the resistivities.
The spin accumulation signal is detected as the voltage
changeV,= (V56— V57)=2|V,| or the resistance chand®,
=V,/l when the magnetizations change from the P to AP
alignment.
The spin accumulation signBL depends on whether each
ejunction is a metallic contact or a tunnel junction. Since
RelRy ~0.01 for the typical valuesp/pn~10, Ng/\y

nf decays quickly along the direction, so the solution 4p§ Re\2 el
has the form near the interfﬁ:e €@=<\p): pi(2)=pur R,= 55 N(R_ oy (4)
+obi(oplol)e @, where mp=(elloA)z+eV; in (1-pp) N 1-e

F1 and ug=eV, in F2, V; and V, being the voltage When one of the junctions is a transparent contact and the
drops (ur—pun)/e at the interfaces of junctions 1 and 2, other is a tunnel junction, i.e.Rg<Re<Ry\<Rj) or (R,
respectively. The continuity of the spin currents at the<RF<RN<R1), we have

junctions leads to I3=pg —2(oAs/engb; and I3

= —2(oA,/eNp)b,, wherepe=(olL—ob)/(ol+a}) is the . 2peP, ( &) iy .

current polarization oF 1 andF2. The constants;, b;, and S_(l_pg) Nl Ry € ' ®

V; are determined by the continuity condition for the spin ) ] o .

and charge currents at the interfaces. When bo;[h junctions are tunneling junctiorR;(R,>7Ry),
The spin-dependent voltagé, detected aF2, i.e., the W€ haveé

potential difference between the right sideNbélectrode and R.= PﬁRNe‘ LIy, (6)

the F2 electrode, is given by
Note thatRg in the above limiting cases is independent of

R;. Equations(4)—(6) indicate that the resistance mismatch

2 P J% pF% factor (Re/Ry) is removed systematically when a transpar-
V, /1= +2Rye "] N N ent contact is replaced with a tunnel junctfdn?? Thus the
i=1 \ 1— P§ 1— p|2: maximum spin signal is achieved when all the junctions are
. tunnel junctions.
, 2& 2& Figure 2 show the spin accumulation sigrl in Egs.
i R Ry iy (4)—(6) for pe=0.731* P;=0.42 and Rg/Ry=10"2.* We
X L 1+ 1 P§ 1 pE e ' see thaR; increases by one order of magnitude by replacing

a transparent contact with a tunnel barrier. The vaRie
(3 =3 ,%* taken from the Py/Cu/Py structure, yieldg,

=1 mQ at L=\y. If one takes into account the cross-
where signs “-" and “ —" correspond to the paralléP) and  shaped Cd,one expects one-third of the above value, which
antiparallel (AP) alignments of magnetizations,Ry is in reasonable agreement with the experimental value
= pnAn/Ay andRe= pehp/Aj represent the resistancesdf 0.1 m.* In the Col/Al/l1/Co structure, Ry=3 Q is
andF with cross sectionéy andA; and lengths\y and\ g, estimate@® andRy=100 m() is obtained at. =\, which is
respectively, and3J=|GiT—Gii|/Gi is the interfacial current ten times larger than the experimental value 1Q.mThis
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discrepancy may be attributed to the reductiorPindue to 6 L B L
the spin-flip scattering at the barriér'st®
A question arises on whether the contacts of metal- 51 1
lic F1/N/F2 structures is transparentR(&Rg)* or = Vo1
tunneling-like R®>7Ry).*>% The experimental values of &4r VslV y
Py/Cu[RA;~5X10 ¥ Q cn?,** pe~10"° Q cm* and\ ¢ “
~5 nm(Ref. 14] yields R;~ R, which is strictly speaking ‘a3 1
neither transparent or tunneling-like. However, the values of
R, for R;="TR calculated from Eq(3) are about two times 2F 1
larger than those for the transparent case in Fig. 2, indicating
that the Py/Cu/Py structure lies on the verge of transparent 10 EE— 0'5 E— 1
regime. However, depending on sample fabrication pro- T/T
cesses, there will be cases that belong to the intermediate ¢
regime (Re<Ri<Ry), for which one should use FIG. 3. Temperature dependence of the spin sigRaisV,/I
andV¢/V in a F/I/S/I/F structure. The values of the spin signal
4p§ R:R, e L\ are normalized to those at the superconducting critical tempera-
S:(l—P§)2 N R;%; PR (7)  tureT,.

takesP; (— P,) for the P(AP) alignment,G1= x(T)Gy is
'the tunnel conductance in the superconducting state, and
xs(T) is the Yosida functiotf which represents the reduction

o . of the tunnel conductance by openingdfbelow T, .
The spin injection into a superconduct®) is of great y op g v

int ‘1 basi d tical points of vi We sh The spin accumulation 15 is determined by balancing
INterest from basic and practical points of VIews. We Showg, spin injection rate with the spin-relaxation rate:

that S becomes a Iow-carrier system for spin transport by+ e(dS;/adt) =0, wheresS; is the total spins accumulated
opening of the superconducting gapand the resistivity of in Sby spin injection through junction At low temperatures

the spin current increases bfelow th? superconducting critic%e spin relaxation is dominated by the spin-flip scattering
temperaturd’; . In the tunneling device oF 1/S/1/F2, the via the spin-orbit interactiori, at nonmagnetic impurities

spin signal would increase due to the increas&kqfbelow in boundari h . el
T. [see Eq(6)]. Therefore we investigate in detail how the or grain boundaries. The scattering matrix e ementg{gj
¢ S over quasiparticle statéko) with momentumk and spinc

spin signal is enhanced by openingofin the following, we T .

consider the situation where the spin splitting of ECP, thehas, the form: (ko |Hs°|k0.>oc'(u"'u"_.vk'vk)[z‘z”’”'(Ig
maximum of which iséuy(0)~ 2eP;Ryl, is smaller than le )], where o IS the Pauli spin matrix andék_l_vk

A, i.e.,|<2A/(ePsRy), for which the suppression df due ~ — 2(1 T €k/Ey). Using the golden rule formuld, we can

to spin accumulation can be neglect&diVe also neglect calculate Si/dt)s and obtain I7=[2fo(A)/(eRy)Ja;,
charge imbalance created by injection of quasipartige)  Where Zo(A) represents the QP populations afg(A)
charge intoS, which originates from the conversion of in- =1/[exp(A/kBT)+1]_. . )

jected QP’s into condensate, and produces the excess voltage Fom the matching condition of the spin currents across
due to charge accumulation B2.2% However, the effect is € barriers, we obtain the spin sigrfl in the supercon-

If Ri~Ry, thenRs is close to the values of tunneling case
so that the contacts d®; =Ry belong to the tunneling re-
gime.

spin independent and does not contributdrto ducting state

In the superconducting state, the equation for the spin
splitting (u;—pu ) is the same as Ed2) with Ay in the Re=V/l = =——P3Rpe "M, (8)
normal staté® which is intuitively understood as follows. 2fo(4)

Since the dispersion curve of the QP excitation energy is the | —V characteristics, = ys(T)V/Ry, are used,
given by Ek=\/ezk+A2 with one-electron energy,, the
QP’s velocityt = (1/4) (9Ey / 9k) = (| x|/ E\) v is slower by xs(T)
the factor|e,|/E, compared with the normal-state velocity VsIV= 2fo(A)
v(=~vg). By contrast, the impurity scattering tinie,, .
= (Ex/|€) 74e: 20 is longer by the inverse of the factor. 1he above results are obtained from those of the normal
Then, the spin-diffusion lengthe=(D7.)"2 in Swith D  StAt€ by the scalingy— pn/[2fo(4)] andRr—Rr/x(T).
1D 1 ~1 SAT st Equation (8) is interpreted as follows: The spin-current
= 50iTimp AN Tinp=2,/ 7, 1ESUMS IMs= VD 75r=AN W= yongivy in S is given by jo=—(on/€) 2fo(A)V Sy, ®
ing to the cancellation of the fact¢g,|/E,. Consequently, here the effective conductivityf3(A) oy, decreases due to
the spin splitting inS has the same form of solution ashfh 1,0 jecrease of QP populations by opening the &ydxelow
Utilizing the so-called semiconducting picture for electron+ 114 boundary condition that the injected spin current
tunneling betweerF and S the charge and spin currents le is equal to 3407)Ay vields Sun~{ePjRy/
across junction 1 are calculated las GV and15=P,G1V  [2f,(A)]}e” XAn, The decrease of the effective conductiv-
at low biasV (=V;<A),* and those across junction 2 are jty is compensated by the increase &, to maintain the
l,=G[V,—P,8uyn(L)/e]=0 andI3=P,G;V,. Here,P,  same spin injection in the constahtand thereforeRy in-

Rn
Ry C

P3 L, 9
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creases agf,(A) below T.. Note that theT-dependent follows from Eq. (5) that Rexpe for a (Ga,MnAs/I/N/

factor in Eq.(9) is the same as that in the spin-relaxation(Ga,Mn)As device, and from Eq6) that Rgxpy for a
time 7o=[xs(T)/2fo(A)]7s,3* which is derived from F1/1/GaAsnh—type)/l/F2 device. Therefore we expect that

(08I ot) 5= — Sl 75. Rs is larger by several orders of magnitude than that of metal
Figure 3 shows the temperature dependencR.efV/| case. This result is promising for applications for spintronic

and V¢/V. The values are normalized to thoseTat. The  devices.

strong increase o¥,/| reflects theT dependence of the re- In summary, we have studied the spin injection and detec-

sistivity of the spin current below.. The signalVs/V in-  tion in theF1/N/F2 structure, and derived an expression for
creases with the sanfedependence ag(T), indicating that  the spin accumulation signal which covers from the metallic
the spin-relaxation time i8is directly obtained by measur- to the tunneling regime. This enables us to resolve the recent
ing Vs vs T at constantV. To test these predictions, it is controversy of spin injection and detection experiments. Ex-
highly desirable to measuig; of Co/l/Al/1/Co structure3  tending the result to a superconducting device, we have
by lowering T below T o _ found that the signal is strongly enhanced belhwy because
A large enhancement of spin signals is also expectednerconductors become a low carrier system for spin trans-
in degenerate semlcondqctors, because the reS|st|V|ty_ ISort by opening of the gap and a larger spin splitting is
much larger compared with normal metals and the Spiniequired for carrying the same spin current. Our finding can
diffusion Iength is relatlyely_ long. In degenerate semiconducya tested in superconducting devices such as/@d//Co

tors, the spin current is given bye=—umncVi(#1=#(), by lowering temperature beloW, . A large spin accumula-
where up is the mobility andn. the carrier concentra- jon signal is also expected in semiconductor devices.

tion. For Si-doped GaAs witm.=10® cm 2 and u,=2

x10° cn?/V's at room temperatur®, py=1/(emmnc) This work was supported by a Grant-in-Aid for Scientific
=0.1Qcm. For (Mn,GaAs, pr=0.01~0.10cm® It Research from MEXT and CREST.
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