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Conditions for efficient spin injection from a ferromagnetic metal into a semiconductor
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We adapt the spin accumulation model of the perpendicular transport in metallic magnetic multilayers to the
issue of spin injection from a ferromagnetic mefa) into a semiconductofN). We show that the problem of
the conductivity mismatch between F and N can be solved by introducing a spin dependent interface resistance
(tunnel junction preferablyat theF/N interfaces. In the case of & N/F structure, a significant value of the
magnetoresistance can be obtained if the junction resistance RtthandN/F interfaces is chosen between
two threshold values depending on the resistivity, spin diffusion length and thickness of N. The problem is
treated for various geometriégertical or lateralF/N/F structures
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[. INTRODUCTION by developing a model in which, as in the standard pictures
of the perpendicular GMR, a spin dependent interface resis-
Achieving spin-polarized electron injection into a semi- tance is introduced between the ferromagnetic metal and the

conductor is one of the most important challenges in spirfémiconductor. We show that the spin polarization of the
electronics today. A decade ago, Datta and'Deare the first injected current can be significant when the interface resis-

to propose a device based on spin injection from a ferromagt-""r.‘ce exceeds a threshold value related to the resistivity and

netic metal into a semiconductor and analogous to theP!n diffusion length of the SC. For example, this can be

electro-optic modulator. In the same vein, various device%\c/)ne by introducing a tunnel barrier at théSC '”teffﬁce:.
e also show that &/SC/F structure can present a signifi-

"cant MR if the resistances of the tunnel junctions introduced

%Lt bothF/SC interfaces are in a relatively narrow range de-

hete'rostructure. What is requjred @s'a ang spin Iifetime in thepending on the resistivity, spin diffusion length and thickness
semiconductor and an efficient injection of spin-polarizedgs the SC.

electrons. Extensive data on the spin relaxation in semicon- aq 5 matter of fact. some of the results we describe in this
ductors or 2DEG have now been obtained. For example, timgyticle are not completely new. A calculation of the spin in-

resolved optical experiments by Awschalom and co-workersjection effects in a multilayered structure with interface re-
have shown that the spin lifetime in GaAs can be as long asjstances has already been presented by Valet anti drett
100 ns at low temperature and, even at room temperature, e only novelty here is the discussion of what can be ex-
still definitely longer than the spin lifetime in metals. pected from their expressions of the MR with the character-
Achieving an efficient spin injection is a more difficult re- istic parameters of semiconductors and tunnel junctions. A
quirement. Two approaches have been tried. Injection from &rge part of the paper will be devoted to quantitative predic-
magnetic semiconductor gives excellent results, as showtions with realistic parameters for various geometries. While
for example, by the recent experiments of Fiederktgl®  we were writing the paper, we became also aware of the
or Ohnoet al* However, as long as the Curie temperature ofrecent article of Rashban spin injection. We agree with the
ferromagnetic semiconductors does not exceed definiteljesults of this paper for the problem of the current spin po-
room temperature, this approach has a limited interest forrization at aF/SC interface but not for the MR of a
applications. The second approach is based on spin injectidiy SC/F structure. Our conditions for the existence of a sig-
from ferromagnetic metal such as Co and Fe which, even diificant MR are differentand more drasticthan those of
room temperature, exhibit a significantly spin polarized con-R@shba and we explain the origin of this discrepancy.

duction. However, even if one forgets the technical difficul- Il. EQUATIONS FOR SPIN-POLARIZED TRANSPORT

ties _due to the reactivity of the transition metals with mo;t AT INTERFACES AND PERTINENT PARAMETERS
semiconductors, there are fundamental problems which

strongly limit the spin-polarization of the injected electrons, As in the model of Schmidet al.® our calculation is

as this has been clearly shown by Schneitial® By solving  based on the equations introduced phenomenologically by

the spin transport equations atFdSC interface between a Johnson and SilsbBand van Soret al® to describe the spin

ferromagnetic metalF) and into a semiconductofSC),  transport between ferromagnetic and nonmagnetic conduc-

Schmidtet al. find that the spin-polarization of the current in tors, and extended in a Boltzmann equation formalism by

the semiconductor becomes very small when the resistivityalet and Ferf.We will consider interfaces parallel to tixg

of the SC is much higher than that of tRemetal® They also  plane and a current densifiyparallel to thez axis. We adopt

find that the magnetoresistan@dR) of a F/SC/F structure the notation of Valet and FefWVF). +(—) refers to the ab-

similar to that proposed by Datta and Bakould be gener- solute spin direction of the electrons anl) refers to the

ally negligible when F is a metal. majority (minority) spin direction in a ferromagnetic mate-
In this paper we extend the calculation of Schngtial®  rial. We callJ,. () [J_(2)] and x. (2)[ #_(2)] the current
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density and electrochemical potential of the spir{spin —)
electrons at positioz (the difference betweep, and u_
comes from spin accumulation effetts We write

piy=2[1—(+)BlpF )

for the resistivity of the spiri(|) channel in the metdt [the
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|N _ ’ kBTTSf
of 2nezp’,§'

The boundary conditions at an interface z, are the con-
tinuity of J, andJ_ and the discontinuity ofx, and u_
associated with the existence of an interface resistance

©)

resistivity of the bulk metal is (+ 8?)pg] and . B
My (—(Z2=20) = oy () (2=2) =T 4 ()4 (-)(2= 20),
(10)

where u, (z=25) and u_(z=25) [p(z=25) and u_(z
=2z, )] are the chemical potentials on the rigleft) side of

the interface and, in the notation of the CPP-GNRRefs.
6,11,12

)

for the resistivity of the nonmagnetic conductérimetal or
semiconductor In the limit where the spin relaxation is
much slower than the momentum relaxatich, ) and
(- in a given layer are determined by the following
equations*

PI(1)= 2PN

I’+(,)=2I’;[l—(+)‘y].

Equations(10),(11) hold for both aF/N interface between
two metals (}=10"1-10"1° Om?, Ref. 1) and a tunnel
junction between & metal and a nonmagnetic conductor
(with a value ofry which is much higher than for a metallic
interface and can also be voltage dependenis P in the
usual notation of spin dependent tunneliigWe will see
below that the important parameters in the spin injection
problem are the interface resistange and the products of
the resistivity by the spin diffusion length

(11)

1 e
lelpyy oz 7

Ji(h ©)

J,+J_=7, (4)

d3;—3.) 2eN(Ep)Ap

52 ©)

Tst

where 7¢; is the spin lifetimep, () is the resistivity in the
spin +(—) channel, N(Eg) is the total density of states at

the Fermi level, andAu=u,(z)—u_(z). Equation (5) re=pg Xlg, (12
holds for metals and in the degenerate Fermi gas regime of N
semiconductors. In a nondegenerate semiconductor, the rn=pnX e (13

equation expressing the balance between spin injection a

spin relaxation has a slightly different form nf(chr the ferromagnetic and nonmagnetic materials, respec-

tively. For metalsy andry have similar values. In the case
of Co and Cu, for example, taking data from CPP-GMR
experiments p&,=7.5x10"°% amM B=0.461 1S
=59 nm!2Mp% =6x10"° OmM1'=1 um,'® we find
wheren is the total number of carriers. By combining Egs. rc,=4.5x10 ** Om? and ro,=6x10"1 Qm?. In con-

(3) and(5) or (6), one finds that the variation of the electro- trast, when the ferromagnet is still a metal such as Co while
chemical potentials witlz is determined by the equation the nonmagnetic material is a semiconductor presenting a
much higher resistivity(and also a long spin diffusion
length), one expectsy>rg. This is the condition for having

a strong reduction of the current polarization in the semicon-
ductor, at least in the situation without interface resistance of

H 5
wherel; is the spin diffusion lengthl{; or IY) in the ma- Schmidtet al.

terial one considers. As expressed in Ref. 10, the spin diffu; I IS of interest to see hO.WN 'S expected to vary as a
; - function of the carrier density. In a simple free electron
sion length is given by

model for a metal or a degenerate Fermi gas semiconductor,
by combining Eq(8) with p=m/ne?r, we find for the prod-

a(J+—J_)_enA,u 1
9z KgT 7

(6)

PApsy _Amicy
072 12,

: @)

Tst

N /Msf:
° 6 4€°N(Eg)pi

uct pal by
Tsf _
for a nonmagnetic metal or a degenerate Fermi gas semicon- \V/ Zn 2B,
ductor. N(Eg) must be replaced by [2/N,(Ef)
+1/N_(Eg)] for a ferromagnetic metal when one supposes ) i )
different densities of states in the spif and spin — In the nondegenerate Fermi gas regime of a semiconduc-

» N .
channels® However, this is not an important matter here tor With I given by Egs(9), (14) becomes

and, for simplicity, we keep the assumption of the VF model,
-
rN= \/2kaT75fe2n‘1.

®)

h
—— (14

—
(372)8e?

N, (Eg)=N_(Eg)=N(Eg). In the nondegenerate regime of

a semiconductor, Eq8) becomes (15
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In metals, the predominant contribution to the spin relax- 0.5 T T T T
ation rate (1£s;) comes from the Yafet mechanisththat is B FIN
from the spin-orbit part of the scattering potentials producing 0.4 \ (1) Co/Cu with r,'=0
the momentum scattering @/ The ratiorg;/7 depends on N (2) F/SC with r,’=0
the level of the spin-orbit interaction and, as shown by ESR X .3} ) . N
experiments/ '8 can vary between about d@or pure Cu to = \\(3) F/SC with 1, =r,,v=0.5
around 18 for the characteristic spin-orbit interaction of 3 o 0.2l (2)\"
elements. Similar values afand not very different values of = o
V7s¢/ 7 account for the not very different values iof, and o

0.1}r,,1 "t

I co that we have quoted above. The values ofor ry) are BT
also approximately temperature independ@nt. . . ).

In semiconductors the mechanisms of spin relaxatiéh -0 2 0.0 0.2 0.4 0.6 0.8 1.0
are not limited to the Yafet mechanism of metals, so that the z ( um )

ratio 75¢/7 is more system dependent. However, even if the FIG. 1. Spin polarization of the current as a functiorzait the
ratio 75/ can be _somevx_/hat larger than in me;als, the much:,\ interface. Curve 1 is foF = Co (re=45x10°15 Om?, B
Iarg.er. valuesgfa,\‘. in semiconductors come mainly from the =0.46,15,=60 nm), N=Cu (ry=6x10"15 Qm?, IN=1 nm)
variation asn~“*in Eq. (14) for the degenerate regime and anq without interface resistance. Curve 2 is For- Co (same pa-
then asn™* in Eq. (15 for the nondegenerate regime. We rameters than for curve )1 N=semiconductor f(y=4
have estimatedy in the typical example ofi-type GaAs  x 1072 Qm? IN=2 um, see Sec. Jland without interface resis-
samples in which Kikkawa and Awschalfhave measured tance. Curve 3 is foF = Co, N=semiconductofsame parameters
the spin relaxation time. Since the interest of injection from aas for curve 2with a spin dependent resistangennel junction at
ferromagnetic metal comes from the possibility of spin injec-the interface (; =ry=4x10"° Qm2,y=0.5). The spin polariza-
tion at room temperatur@RT), we consider the experimental tion is y/2 at the interface for the particular casg=ry>rg of
data at RT. For the sample with a doping density curve 3. It reachey in the limit rjy >ry>rg (curve not showh
=10'® cm~3, the spin relaxation time at RT can be esti-
mated at about 1810 1° s (see Fig. 4 in Ref. 22 With 3 D ,
w=5400 cnt/Vs for the mobility at RT andn=0.07m,, JE(_)=§+(—)2—eXp( - —N), (19
on obtains from Eq.(9) IY;=1.83 um and ry=4.4 e Isi
x10"°% Qm2. The value ofry is larger than that of metals \yherer. = p* ¥, ry=p&I%. The coefficients, C, andD
2;icnhd6i1f?u(s:ignolreﬁgtr?)i/s%r?lgjglrizh(iryr?z;gglrutjr?aeﬁ :2 ;%r(';‘;?s;;h%an be obtained from the boundary conditions, that is Eq.
netic metal such as Cu, that is still in the micron range. Ourgeef?:;l&}la?géj#]é \?&?r?at(i:g:t\l/\?i;:)}:‘ of 0. ‘LJ)' anc(;lj\;me
My -y Jt an -

numerical applications for semiconductors in the next parag, severa| values of the parameters. We will focus on the
grapﬁs W|II2be ba,\?ed on values of and Is;, I'n=4  yariation of the spin polarization of the current SEJ,
X107 Om” and lg=2 wm, in the typical range found _j )/ as a function ofin Fig. 1 and on its value (SPht

above for the GaAs sample of Ref. 22. the interface, which is given by the simple expression
_ *
lll. CURRENT SPIN POLARIZATION AT AN INTERFACE (59|=<‘]* J) _ Pty (20)
BETWEEN A FERROMAGNETIC METAL AND A J ; Fetry+ I’E

NONMAGNETIC CONDUCTOR
We first consider the case without interface resistance. For

We consider two semi-infinite ferromagnetf) and non- r¥=0, Eq.(20) becomes

magnetic(N) materials separated by the plane0. The so-

lution of Egs.(3)—(7) in F andN can be written as B
(SHFW- (21
Z - .
Foo_ . 2 When bothF andN are metalsry andrg have similar val-
=epg(1—B9)Jz—(+)B[1-(+)Blexp —| +C, N F
Wiy =epe(1=A)Jz= (+)B[1-(+)A] XI{@ ues, for example,re,=6x10 % Om? and re,=4.5

(16) x10 ™ Qm?, as estimated in Sec. Il for a typical Co/Cu
multilayer. In this case, the SP of the current penetrating the
semiconductor is only moderately reduced from its vghue

£ J B z inside the ferromagnet, see curve 1 in Fig. 1, with, from Eq.

J+(_)=[1+(—)B]§—(+)ﬂex (A7 (22), (SP)=/2.33 at the Co/Cu interface.

In contrast, when, for a semiconductoy, is much larger
thanrg, we obtain the curve 2 of Fig. 1 with a negligible

) polarization in the semiconductor. At the interface, from Eq.

F
Isf

(18 (21), the polarization is reduced to abogtr/ry. In the

z
| typical example discussed in the preceding section wigh,

sf
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=4x10"° Qm?, the spin asymmetry is reduced by 6 orders 5%x107° : —T—
of magnitude. This strong reduction of the spin polarization [ °

N
M
A
=]
&

of the injected current is that already discussed by Schmidt - 2x107°
et al>? g 3x107 1x107

On the other hand, what Eq20) says is that, even for S o0k ; Le10™ ]
r\>re, the spin polarization remains large when there isa ~ _ _t me i
large enough spin dependent interface resistaijcemore 'S 1x10 ¢ \ 0.1 °-°Z°-(lpfn-2) 0.3 ]
precisely forr} >ry. Curve 3 in Fig. 1 shows the variation Ny 0 ]
of the SP for the threshold value of the resistangesry = 10 L

>re. In this case the SP at the interfaceyi? (0.25 with the
coefficienty of curve 3. In the limitr§>ry>rg, from Eq.

(20), the spin polarization at the interface is simply the spin -0.1 0.0 0.1 0.2 0.3 0.4
asymmetry coefficient of the interface resistance I IZ ( ‘Im") : :
-~ 1E-9 ,- (b) 3
(SP,=7. (22 "E 1B-10 | i
_ _ _ N Sip-n1fp F [ SC 1
The very hlgh_ reS|s_tan_c_e reqm_red by the Condltrc_’gn_ ~ 1E-12i~ -y 1
>ry, together with a significant spin asymmetry coefficient = > ] . 3
v, can be obtained with a tunnel junction, that is by intro- O E-L3p ] F/SC with x, =0 }
ducing an ultrathin insulating layer between the ferromag- N 1E-14} F/8C with r, =r,,7=0.%
netic metal and the semiconductor. The resistances that can & 1E-15 r 1
be obtained with alumingALO) layers are generally in the = 1E-16 | < pr, 4
range 10°—10"% Om? (10°—10¢ Qum?) and, for tun- TR ) <A B SR
neling from Co alloys for example, the coefficiept (P in -0.2 0.0 0.2 0.4 0.6 0.8 1.0
the usual notation of spin dependent tunneliegn reach Z ( pm )

24 . . . . _
0.57" Schottky barriers could also give large interface resis FIG. 2. (a) Variation of the electrochemical potentiis. and

tances but the existence of spin dependent tunneling through . . . . :
Schottky barrier has never been clearly demonstrated _ as a function oz at a Co/Cu interface without interface resis-
a Schotlky barrier has never been cliearly demonstrated, 9., . (e=4.5x10"1° Om?, B=0.46, I5,=60 nm for Co,ry

that an oxide barrier of the type use for tunn_ellng magnetore-zGXlO_ls Qm?, 1N=1 um for Cu, r£ =0). The dashed lines
sistance seems a much more reliable solution. In agreeme

) 4 . : . . mpresent the asymptotes. The inset shows the variation of the spin
with Rashbd, we thus find that, with appropriate spin depen—_mcumukﬂion parametef u=y . —u_, as a function of z.(b)

dent interface resistances such as those introduced by oxidgriation of the spin accumulation parameter as a functionaifa

layers, there is no physical obstacle for the injection of acy/sc interfacdsame values of , 15, and than in(a) for Co,

significantly spin-polarized current from a ferromagnetic, —4x10°9 1N=2 um for SC| without interface resistandelot-

. . v st
metal into a semiconductor. o _ ted ling and with interface resistance(=ry, y=0.5, solid ling.
The physical mechanism explaining the influence of thenote the logarithmic vertical scale ).

interface resistance on the spin polarization of the injected
current can be described as follows. In the absence of inter- an interface resistance, by introducing a spin dependent

face resistance, the Fermi energy splitting due to spin accliscontinuity of Au at the interface and generating a much
mulation, Au=u —pu_, has the same valuku, on both  higherA in N than inF [see solid line in Fig. @)], leads
sides of the interface and, when one goes away from thg, 3 more balanced number of spin flips fand N, and
interface, decreases exponentially with decay lentfh{F  restores the spin polarization at the interface and in the semi-
sidg or I5; (N side. This is illustrated by Fig. @) in the  conductor. In the example of Fig.(® with ri=ry=4
simple case of a Co/Cu interface and by the dashed curve 0t 107° Om? andrp=5x10"*° QOm?, one sees that the in-
Fig. 2b) for a Co/SC interface. The respective variations ofterface resistance induces a difference of about 6 orders of
the current spin polarization ifr and N are obtained by magnitude between the valuesdf. on the SC and F sides
integrating Eq.(5) with Au=Apu, exp@If) between—  of the interface, which explains that the spin polarization in
and 0, and Eq(5) [or Eq. (6)] with Au=Apu, exp—2ZIY)  Nis restoredcurve 3 in Fig. 1.

between 0 and+o, which actually means that these varia-
tions are proportional to the respective total numbers of spin
flips in F and N. It turns out from the calculation of the
integrals that, with the sam&u,, these total numbers of
spin flips inF and N are, respectively, proportional tor/ We consider &N layer betweerz= —ty/2 andz= +t\/2

and 1fy. With re<<ry when N is a semiconductor, this separating two semi-infinite layers of the same ferromagnetic
means that there are much more spin-flips and a strongenetal. As above, we could write down solutions of E(@-—
depolarization of the current iR than inN. In other words, (7) similar to Egs.(16)—(19) and determine the unknown
the current is already completely depolarized when it crossesoefficients of these solutions from the boundary conditions
the interface. at the interfaces to finally derive the resistance difference

IV. MAGNETORESISTANCE OF A F/N/F STRUCTURE,
WITH AND WITHOUT INTERFACE RESISTANCE

184420-4
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between the parallel and antiparallel configurations of the
magnetic moments on the right and left sides. However this
calculation has already been performed in the Valet-Fer

PHYSICAL REVIEW 84 184420

model of the CPP-GMFQ.From Eq.(40) of Ref. 6, the resis-
tance changdR equals 2¢&7 —r&), wherer &, andrf; are,
respectively, given by Eqs{41) and (42). For the case of
semi-infinite F layers we consider heréz =« and, in this
limit, a straightforward calculation leads to
[t
Sin ~
Isf

(23

2(Bre+yry)?

(ry JrrF)cos)'(lt )

AR=

*\ 2
N "o

+
> 1

I'n

where AR is the resistance change between the antiparallel

and parallel configurations of the magnetizationg-inand
F, for an unit area of the structure. The mterestmg situation
for spin conservation ilN and large MR |51N<ISF and we
consider only this situation. FGN<ISF, Eq. (23) becomes

2(Bre+yri)?
AR= Bre+yrp

(24
tN

b

(rb+rF)+ 1+

As in the calculation of Schmidkt al.,> we will compare

AR/R"Y

.00 L L
1E-15 1E-14 1E-13 1E-12 1E-11 1E-10 1E-9 1E-8

* 2
r, (Q.m)

1E-7 1E-6

FIG. 3. Magnetoresistance versus interface resistaﬁcef a
F,/N/F, structure wherd;=F,=Co (rp=4.5x10"1° Qm?, ,8
"0.46, I5,=60 nm), N=semiconductor (y=4Xx10"° Qm?,

IN=2 um, see Sec. )| with ty=20 nm(Y/100), 200 nm(gfllo),

2 ,um(lgf), for the thickness oN and y=0.5 for the spin asym-
metry coefficient of the interface resistance. The geometry of the
structure is shown in the left top of the figure.

AR
RP

132
1-p%

which is also the maximum value obtained by Schmidt &t al

(28)

AR with the resistance in the parallel configuration for ajn the metallic cas¢see Eq(10) in Ref. 5.

device with both ferromagnetic contadts andF, having a
thlcknesslsf, that is with the resistanc®” between =z

- N/2—ISF and z=+t,/2+1%, for a periodic structure with
te=2I%; [as a function otF , AR reaches its saturation value
of Egs.(23)—(24) for t,:—ISf, which justifies comparindhR
with the above resistangerrom Eq.(40) of Valet and Ferf
we get

t
RP=2(1- e+ iy +2(1= 93
SF

(B—y)2rert +ry(B2re+ yzrb)tan}-( tIN )

Iy
215

+2

(retri)+ry tam‘(

(25

Still without interface resistance but when N is a semicon-
ductor, we are in the limit>rg and moreover taking into
account the very high value ofy/rg estimated above, we
can also reasonably assurn@/rF>4ISf/tN>1. From Egs.
(23—(25), AR, R(P), andAR/RP) can be written as

rF2:|Nf
AR=8p82— =, (29)
rn In
(P)— % t
R =prtn=InTy s (30)
sf
AR r,:l a1
FORA TV (Y

Equation(31) expresses the strong reduction/R/R(" al-
ready emphasized by Schmielt al®
We now consider the case of B/SC/F structure (y

We first consider the case without interface resistancérs) With an interface resistance. It results from E24)

(ry =0) and with two metals, that is with similar values for
ry and re. With ty<I%g, and thereforer y(ty/1N)<ry
=rg, EQs.(24),(25 become
AR=2p%r¢, (26)
RPI=2(1-p%rg, (27)

and consequently

that a significant MR is restored when the vaIuergf is
larger than aboulN(tN/I ) and smaller thamN(I dtn) . In
Fig. 3 we have plotted the MR calculated as a functionfof
for y=0.5(characteristic for tunneling from Gatypical val-
ues ofrg, 15, ry, IY in metals and semiconductotsee
Sec. ) and for three values ofy/IY;, respectively, 102,
1071, and 1. We can see that, fog/IN=10"%, a large MR
is obtained in a relatively small randa little more than a
decad¢ centered at about 1.6y. For tN/IQ‘f=10*2, the

184420-5
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a tunnel
- wW w Junction
F !
N
W tN Ll
b
w w
................. > D
F F A
fw
N '
-« tN Ll
<
w w
......  — F F YT
— N — A

FIG. 4. Various geometries for a laterBf N/F structure.(a)
Lateral geometry with the same widtidéfor the F andN channels,
(b) Lateral geometry with different widthé/ andw for the F andN
channels, respectivelyc) As in (b) but with possible extension of
the spin accumulation on the right and left sidedNof

PHYSICAL REVIEW B 64 184420

When the tunnel resistancg exceeds N(I’S\'f/tN), we see
from Eq. (24) that AR saturates at the valueyArN(IQf/tN)
while, from Eq.(25), R® is still increasing as} , so that
AR/R® tends to zero,

AR 2r\lg
RP ™ (1—9))rity

(39

for ri>ry(1N/ty). This result is at odds with that of
Rashb&who finds, from Eq(25) in Ref. 7, thatAR contin-
ues to increase proportionally to the tunnel resistance with-
out saturation and thatR/R(™ does not tend to zero in the
limit of very large values of | .

We conclude that achieving a large MR requires corre-
lated values of the tunnel resistangeand thicknessy, and
that, to obtain a large MR, one may be led to chodsén a

relatively narrow range betweeny(ty/I5) andry(I13d/ty).
The physical mechanisms explaining the condition
ru(ta /1N <r¥ <ry(I8/ty) and the origin of the discrepancy
with the result of Rashba can be described in the following
way. We will consider successively the three regimes jth

r¥ much smaller thamy(ty /1Y), (i) rf betweerr \(ty/15)
andry(18/ty), (i) rf much larger tham(13/ty).

(i) For r;<rN(tN/ISNf), the discontinuities in the electro-
chemical potentialsy . andw _) introduced by the interface
resistances are too small to generate a high enough splitting
Ay (in comparison withA wg) and polarize the current in
N. This issue has already been discussed at the end of Sec. Il

range ofrij with a large MR spreads over more than 2 de-o; the structure with a single interface. The threshold

cades aroundy. FortN/ISNle, the peak of MR aroundy

er(tN/I’S\'f) is what is required to induce a spin polarization

has almost completely vanished. The highest MR obtained ig¢ (e order ofy in the P configuration and loweR(®) below

the limit ry(ty /15 <ri <ry(18-/ty) is given by the follow-
ing expressions:

AR=2y%r}, (32
AR e

—= (33
RP 142

R(AP) (the required value aoff is smaller than in the case of
Sec. lll with a single interface because, in tReonfigura-
tion, both F; and F,, separated by onlyy, contribute to
polarize the current

(i) The regimer y(ty /1Y) <rf<ry(1Y/ty) is illustrated
in Fig. 5. The predominant contribution to the variation of
the electrochemical potential comes from the potential drops
at the interfaces. In the AP configuration, this gives rise to a
splitting 2yryeJ betweenu ., and u_ which is negligibly

and is practically reached at the maximum of the curve forelaxed by the spin flips il since the number of these spin

ty/1N=10"2in Fig. 3.

flips, proportional toA uyty/e2ryINecritydleryly (as it

throughF andN layers(sketch in Fig. 3, ty can be as thin as
a few nm, so that, with},/ty=10°—10°, there is a fairly
broad range betweam(tN/IQf) andrN(Ist/tN) in which the
MR approaches its highest value of E§3). In contrast, for
“lateral devices” of the type represented in Figat when

depthty of N), is much too small in comparison witlie. In
the AP configuratiodd , =J_=J/2, RAP)=r¥  while, in the
P configuration, J;(_y=[1+(—)y]J, RP=r}(1-+?).
The upper limit ofry for this regime is clear : as; in-
creases, the characteristic splittinge of this regime in the

one takes into account the limitations imposed by the curren®P state increases asy@; eJ, the number of spin flips il

technologies forty, one sees that, witlh's\‘f in the micron
range at RTty cannot be smaller thai’;\‘f by more than an

increases as; tyJ/erylY; and, when it becomes larger than
aboutJ/e, Auy cannot be maintained at the levelyiZ J

order of magnitude. This corresponds to the conditions ofind relaxes to zero.

Fig. 3 with ty=15/10, which lead to significant MR in a

range ofr} limited to about a decade aroumg and to a

(i) In the regimerf>ry(I8/ty) (or, equivalently,ty
>I2‘er/r§), the spin accumulatiod u of the AP configu-

value of the MR at the maximum somewhat smaller than irration is completely relaxed by the spin flips in the volume

the limit of Eq. (33).

ty of N, as shown in Fig. 6 anRAP=RP=r}(1—?).
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FIG. 6. Variation of the electrochemical potentials. (solid
line) and »_ (dashed ling throughout aF/N/F structure having
tunnel resistancery at the F/N interfaces in the range}
>rN(I's“f/tN). The profile of the electrochemical potential is the
same in the ARtop) andP (bottom) configurations and the MR is
0. The sketches on the right indicate the equivalent resistor
éc(gemes, the current distributions and the resistafé8® and

FIG. 5. Variation of the electrochemical potentials, (solid
line) and . (dashed ling throughout aF/N/F structure having
tunnel resistance} at the F/N interfaces in the resistance range
required to obtain a significant MR, that isN(tN/Ist)<r;§
<ry(IY/ty). The top and bottom graphs are for the AP &don-
figurations, respectively. The sketches on the right indicate th
equivalent resistor schemes, the current distributions and the resis-

tancesRP andR®™). The MR equalsy?/(1— v?). - _ ) N )
Awschalom:“ In this typical case and fdg=1¢/10, we find

that the MR is restored for junction resistances around
nlO‘8 Qm?. In the usual language of the research on tunnel
junctions, this corresponds to 100kfor 1 xm?, which is a
standard value for junctions with alumina barrier. The expo-
' ; nential dependence of the resistance with the barrier thick-
>Tn(lsi/ty), the rise ofAuy saturates and the MR drops poqq makes thatt can be swept in a very broad range and
down to zero. This regime without MR will be easily under- adapted to various types of semiconductors.

stood by the readers who are familiar with the magnetic tun- However the calculation above have been developed for a
nel junctions. It corresponds to the situation of a double MaYzertain type of geometryF/N/F trilayer with CPP current
netic junctionF/I/N/1/F wherel is the insulating barrier. or “lateral” structure of the type shown in Fig(#&] and we
When N is a metal andry is small, the conditionr i see in the next section that the conditions for significant

>ry(I5y/ty) is generally fulfilled and, as one knows, there is MR can be somewhat different with different types of geom-
no MR. etry_

We thus conclude that B/N/F structure can present a
significant MR if spin dependent tunnel junctions are intro-
duced at thé=/N interfaces and if the junction resistancgs
are chosen in a range which can be relatively narrow, espe- We have seen in the preceding sections that the crossover
cially in the case of a “lateral” device of the Datta and Das between different regimes is controlled by balance condi-
typel The curves of Fig. 3 have been calculated with nu-tions between the spin relaxation in some volumé& @indN
merical data on Co andtype GaAs for which the spin life- or between spin relaxation in some volume Mfand spin
time at RT has been determined by kikkawa andinjection through a tunnel junction. This makes that different

Rashbé does not take into account that, at constant spi
lifetime in N and constant current, on increasinfy, the
number of spin flips in N follows the rise df u\. Conse-
quently, his calculation does not find that, far}

V. STRUCTURES WITH DIFFERENT GEOMETRY
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types of geometry lead to different conditions. resistancegin practice tunnel junctions At a F/SC inter-
We first consider a structure of the type of Figb¥simi-  face, in contrast with the strong reduction of the spin polar-
lar to that of Fig. 4a) but with a width of theN channelw ization in the semiconductor predicted in the calculation
smaller than that of th€& channels and junction#/. Com-  without interface resistancewe find that the spin polariza-
pared to the geometry witw=W and for the samé u, the  tion can be restored to a significant level when the interface
relaxation inN is divided by the factoW/w and no longer resistanca} exceeds a threshold value related to the resis-
proportional to Auyty/eryld; but to Auytyw/eryl§W.  tivity and spin diffusion length of the semiconductor, that is
Consequently the condition for having a significant currentfor r# >r = p¥1%. For aF/SC/F structure, whereas the MR
spin polarization in thé> configuration and a large MR is no (resistance difference between tReand AP configurations
longer r>ry(ty/15) but ri>ry(tyW/I§w). The same s negligible without interface resistante significant MR

type of scaling can be used for the upper threshold value ofan be restored if the resistanags of the tunnel junctions
the junction resistance, so that the condition for having e in the range

large MR becomer \(ty\W/IYw)<rf <r(1NW/wty). In

other words, the resistance range with MR is upscaled by the tn o, ISNf

factor W/w. rNIW<rb <Inj (35
In the structure of Fig. @), the N layer spreads from sf N

— to +o towards 'Fhe left and t.he right in the hol\ﬁizontal This condition is at odds with the conditiar{ >ry pro-
plane, so that the spin accumulatidp. spreads ovels; on  nseqd by Rashba. Our upper limit comes from the increase of
both sides oty . Consequently, in comparison with the pre- the spin relaxation rate in the semiconductoompared to
ceding case, the relaxation in N is enhanced by the factope spin injection rateas the junction resistance and there-
Is/ty and the condition for large MR becomes fore the chemical potential splitting increase. The condition
F(tn/15) 2(W/w) <rf <ry(W/w). Similar expressions can above is for a CPP-like device and we have also calculated
be obtained in various situations, N spreading not only to theyow this condition is shifted in various lateral structures of
left and the right of Fig. 4 but also in the horizontal direc- the Datta and Das type. We have illustrated the results of our
tions perpendicular to the figure plane, two-dimensionaimodel by numerical calculations with parameters estimated
electron gas, etc. It turns out that, depending on the geometgr cobalt and an-type GaAs semiconductor for which
of the structure, the resistance range required to obtain Kikkawa et al. have measured the spin relaxation tiftiee
large MR, is shifted upward or downward. Fortunately, theinterest of magnetic metals with respect to magnetic semi-
exponential dependence of the tunnel resistance on the bafonductors being for spin injection at room temperature, our
rier thickness makes that the resistances of tunnel junctionsumerical calculations are based on RT datad we find
can be chosen in an extremely broad range and adapted fiat the conditions for efficient spin injection can be obtained

various geometry types. with realistic values of the resistance and spin asymmetry
coefficient of the tunnel junctions. We hope that our results
VI. CONCLUSIONS can be an useful guide for the design of spin electronic de-

. ... ... vices combining ferromagnetic metals with semiconductors.
We have presented a calculation of the spin injection in a

semiconductor from a ferromagnetic metal a/8C inter-
face and for &/SC/F structure. Our calculation extends that
of Schmidtet al® by introducing spin dependent interface  We thank George Lampel for very fruitful discussions.
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