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A “spin-guide” source for generation of electric currents with a high degree of spin polarization, which
allows long-distance transmission of the spin polarization, is proposed. In the spin-guide scheme, a nonmag-
netic conducting channel is interfaced or surrounded by a grounded magnetic shell that transmits electrons with
a particular spin direction preferentially, resulting in net polarization of the current flowing through the channel
parallel to the interface. It is argued that this method is more effective than spin-filter-like schemes where the
current flows perpendicular to the interface between a ferromagnetic metal to a non-magnetic conducting
material. Under certain conditions a spin-guide may generate an almost perfectly spin-polarized current, even
when the magnetic material used is not fully polarized. The spin guide is predicted to allow the transport of
spin polarization over long distances that may exceed significantly the spin-flip length in the channel. In
addition, it readily permits detection and control of the spin polarization of the current. The spin guide may be
employed for spin-flow manipulations in spintronic devices.

DOI: 10.1103/PhysRevB.68.125113 PACS nuniber72.25.Hg, 72.25.Mk, 73.40.Sx, 73.61.Ga

[. INTRODUCTION netic materials, the electrons will spend most of the time in
the ferromagnetic material, and this will increase the prob-
Recently there has been a growing interest in spintroni@bility to lose the excess spin orientation. Consequently, the
devices:~® where the spin degree of freedom is utilized for spin polarization of the current in the semiconductor is ex-
data manipulations, rather than just the electronic charge gsected to be extremely low.
in customary devices. This is due to the obvious advantages There are a number of additional essential limitations in-
of integrating a magnetic data storage device with an elecherent to the spin-filter scheme. First, the spin polarization of
tronic readout, as well as due to the promising prospects fothe injected current cannot exceed the spin polarization of
applications of spin-polarized currents in quantum computthe current in the magnetic materi@erving as an injector
ing. The main technical requirements for the development oSecond, the distance over which a significant degree of spin
spintronic devices, pertain tG) high-efficiency spin injec- polarization may be maintained in a nonmagnetic material
tion into a semiconductor an@) long-distance propagation cannot exceed the diffusion spin-flip length in it. In addition,
of the spin signal. Currently, some of the major issues conwe note that it is practically impossible to vary the spin
cerning the fabrication of spintronic devices center on thepolarization of the injected current, and additional methods
generation of stationary spin-polarized currents in nonmagare required in order to detect and/or measure the degree of
netic semiconductors. spin polarizationsuch as the use of a light-emitting didde
Some of the methods for the generation of stationary spiier the oblique Hanle effect technigide
polarization are based on spin injection through the interface Recently, the spin-injection efficiency has been
between a ferromagnetic metal to a nonmagnetic conductingarkedly increasetf:*’ indeed, by replacing the ferromag-
material; we will refer to this idea as the “spin-filter” netic metal by a dilute magnetic semiconduct®MS),
schemé:® In the diffusive transport regime, the spin-filter BeMnyZn, _,_,Se, a record degree of polarizatioup to
scheme has been shown initially to be associated with a ver§0%) has been achieved This remarkable result originates
small degree of spin polarizatiofof the order of a few from specific properties of the DMS. In particular, because of
percent'. There are two main reasons for this the very large split of the spin subbands in a magnetic field,
inefficiency®4 (i) the spin relaxation time is much smaller these compounds may have a sufficiently high degree of spin
in a ferromagnetic material than in a nonmagnetic one, angolarization. Consequently, if the Fermi level in the DMS
(i) the conductivity of the ferromagnetic metal injector is appears below the bottom of one of the spin subbands, the
much higher than the conductivity of the semiconductors thaspin polarization may reach 100%. However, the use of a
are usually used as nonmagnetic materials. In effect, the no®MS instead of a ferromagnetic metal, as well as a number
equilibrium electrons that are injected from the ferromagnebf other ways suggested recentfy-8-?'address only one of
undergo a Brownian motion. Consequently, prior to reachinghe above-mentioned limitations, i.e., they only attempt to
the detector(collecton these electrons return back into the enhance the spin polarization of the injected current.
ferromagnet repeatedifor they undergo a spin flip in the In this paper we propose a method for generation and
semiconductgr Because of the high frequency of spin-flip transport of high spin-polarized currents. We term the pro-
processes the probability to lose the spin is high in the magposed method apin-guidescheme. The spin guide is based
netic material. Furthermore, due to the aforementioned conen a new interface configuratiththat allows one to allevi-
ductivity mismatch between the ferromagnetic and nonmagate the aforementioned intrinsic limitations associated with
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1); the extensions to other geometriésg., a cylindrical
wire) are rather straightforward. We will consider the diffu-

v » % ive t t regime, where the diffusion step lend
e I are, raamactialy, the electron impurty mean e paths
N i

i 1z for the spin-up and spin-down electronare significantly

shorter than any characteristic length of the spin guide. In
this paper the effects of electron-electron collisions are
neglected—this isa fortiori valid at sufficiently low tem-
peratureqi.e., several degrees Kelyin
Let u, | denote the nonequilibrium parts of the electro-
FIG. 1. Cross-sectional view of the spin-guide schemés the  chemical potentials for the spin-up and spin-down electrons,
width of the nonmagnetic channéN), andd is the distance be- respectively. The electric current densitigs, are related to

tween the grounded contacts of the magnetic stMjl The cross  the electrochemical potentials via Ohm’s law
hatched regions indicate a dielectric material.

91,1
the spin-filter schemes. Under certain conditions a spin guide =" Ve @
may generate an almost perfé@00% spin-polarized cur- _ i .
rent even when a magnet with a relatively low degree of spif’here o, are the corresponding conductivities. The spin
polarization is used. Moreover, in the spin-guide scheme thiansport, within the_d|ffu3|ve regime approximation, Is de-
spin polarization may be transmitted over large distances thas(cnbed by the following equatiorisee Refs. 24, 25, and 13

exceed significantly the spin-flip length in nonmagnetic ma-

2
terials. Finally, spin guides allow easy detection and control div(oy Vi, )= Moe (g =10 1)s
of the spin polarization and, as discussed below, they may sf
form the basis for creating fast spin-polarization switches. _ . . 2
The paper is organized as follows. In Sec. Il we describe o "=1I1 "+11; 7,

the basic_idea underlying the spin-guide scheme and diSpla\)Gherel'[T , are the densities of states at the Fermi level of
the equations governing the process. Results of our study affq up and down spins, and; is the spin-flip scattering time.

givin ir; Sec. III.,dforI both atlfully pf(;ﬁl;:\rizeIﬁSBc;c. l(ljl '?)'Iasd The above equations hold under the assumption that the spin-
Wetl as for a nonideal magnetic regighec. ; a detare flip mean free pathts;fflzuﬁ,lrsf (wherevg, | are the Fermi

derivation of the solutions and explicit expressions are giver\‘/elocities of the spin-up and spin-down electioexceed
in the Appendix. In Sec. IV we introduce a spin-splitter pin-up P

. ope . . . Sf .
scheme and discuss the magnetoresistance effect and its Lﬁﬁmf'cf”mﬂ%;he d|g:13|on hStefélEngt?sfdl. ’ d"e'.'th?iilmk.’ i
lization for detection of the current spin polarization in g Otherwise, the probiem should be studied within the kinetc

spin-guide device. Further discussion of our results can b guation approach. A typical length scale on which the equi-
: : o : ibrium between the spin subsystems is established
found in Sec. V, and a summary is given in Sec. VI. . o E 2y 12 Tl
is the diffusive length\=(oq7s/e1ly)™e, where o
:UT_1+ oL,
Il. BASIC IDEA AND APPROACH Note that we can find the currents in the spin guide with-

. L - . out separation of the electrochemical potential into the
A spin guide is a system consisting of a nonmagnetic

) . : chemical(z) and electrical(¢) potential contributions, i.e.,
conducting channelwire or strip wrapped around by a - teo. These potentials can be easy obtained from
grounded magnetic shelee Fig. 1 Unlike the spin filter, *1.1~ 71,17 ¢ P y

electric current flows here parallel the interface, instead Oém%rfgr“{[tr:zg Iﬁé";Ti’Zle V(\)'P?r?e tgemscﬁggr']?gh zzdtwes cis??r?h
being normal to it. The main idea is that nonequilibrium pin g

electrons with a particular spin polarizatige.g., polariza- ;_?al'tyi' HThen_, Ofr(\)/vrg r:g\e/e condition of electric neutrality,
tion that coincides with the magnetization gxisave the (RN N

nonmagnetic channel preferentially to the magnetic material.

. . e =II - /I,
The return of these electrons into the channel is prohibited 7=l — ey

because the outside magnetic shell boundaries are grounded. —
o ep= (11w +11 /11,
Consequently, a permanent outflow of nonequilibrium elec- o= 1)
trons with a definite spin polarization is obtained, and an _
pin p =11, +1I1,,

excess of nonequilibrium electrons of the other spin polar-
ization appears in the chanrfélNote that the spin polariza- The above equations should be supplemented by the imposed
tion of the current in the channel is opposite to the spinboundary conditions. Let th& axis be directed along the
polarization of the current flowing in the surrounding mag-channel and lie in its middle, and take thaxis to be per-
netic shell, in contrast to the spin-filter geometry. pendicular to the interfacial planes, with the origin of the
For the sake of specificity and simplicity, let us consider acoordinate system located in the center of the entrance into
flat configuration where the interface is a planar plate. Wehe channe{see Fig. 1. The grounding of the outside bound-
will also assume that the properties of the system remaiaries is equivalent to the conditigm, ;=0 (on the bound-
constant in they direction (i.e., normal to the plane of Fig. arie9. Taking into account the condition of electric neutral-
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ity, we obtain n; j=¢=0. It would appear reasonable to 0.5

take the same potentials at the channel exit; here we note that @ Lyeseo/1,

an excess of the potential at the exit over the grounded o @ It/ 1,
boundaries is equivalent to an inefficient dissipation of en- < 0.3 L5 @) Iymainterm, kpf T,
ergy into the ground. = | 4 @ 1, (main term, kpf [

Let an unpolarized curremtbe driven through the channel L
entrance. As shown in the Appendix, the most important

characteristics of sufficiently long spin guides are insensitive 0.1}

to the type of boundary conditions that are imposed at the ~————

ends of the spin guidé@n particular, on the magnetic shell, 0 x/d """’i

e.g., grounding or absence of curreritet the spin-up and

spin-down current densitie@er unit length in they direc- FIG. 2. Dependence of the spin-up and spin-down currgnts

tion) at the channel entrance be expressed Js (in units ofly, wherel is the total current at the channel entrance
=—e1 oN Ipy l/5)(: I/(2w). We also assume that the on the coordinate along the spin guidenormalized by the channel
conductivity in the nonmagnetic channs, is spin indepen- width d): the curves labeled 1 and 2 are calculated from the exact
dent and that the conductivity in each region is constant. Solution given by Eq(A10) for I; |, respectively. Curve 3 is the
For the spin-guide model described above, the diffusiorfontribution to the current; from only the first term(the main

equation(2) can be solved through a separation of variablegcontribution of the sum in EG(A10) with ko=kpiy, and curve 4 is
for the functions u, and u_ defined asu,=(o:u; the contribution to the currerit, from only the second ternithe
+ - +

+ou)(or+0) and u_= ;. We will seek solu- main contribution of the sum in Eq(A10) with k;. In the calcu-

tions for the functiong. . expressed as products of two func- Et'l%gs WV/Vf :;ef&“"gfwi(gf’ )C;Mol /2‘;“‘:1'8’ w/d=05, L
tions, one depending on thevariable and the other depend- ' NTEEEE M o

ing on the z coordinate(and on the discrete indices). d . . . .
. ecreases exponentially with the coordinate, i.e.,
Owing to the symmetry of the system and the boundary con- P y K.l

" X . . : xexp(—kminX). The physical meaning df,;, is quite obvi-
=+
ditions atz= = d/2, we obtain the following special solutions ous: it is the distance in thedirection that an electron will

of Eqs.(2): traverse diffusively before it will reach the grounded contact.
we=e""F,(2), (3y  Itis worth noting that the degree of spin polarization of the
] . current in this casexg k,;iln) does not depend on thecoor-
where the functions... are given by dinate and on the type of the boundary conditif®se Ap-
pendix, Eq.(A13)].
. :{ ACOSkZ’ |2 <wi2 Let us consider next another type of solution that is valid
Bsink(d/2—z), [z|>w/2, for distances from the entrance where spin-flip processes
have not yet occurred. In the absence of spin flip E2jsfor
_ C cosknz, |z| <wi2 wy andu | become independent and a separation of variables
" | Dsinky(d2—2z), |z|>wi2 (4) can be accomplished separately for each potential. Thus, we
have
and )
My =€ o P (59
i = /—2_k2_)\'\7|YN, " [T AL
where\y, v is the diffusion length in the magnet{¢/) and
nonmagnetic(N) regions, respectively. Matching the func- f. =A; cogk; z) at |z|<wi2,
tions w;, and the currents (i.e., the derivatives
o, duy, 19z) atz==w/2, we obtain Egs(A7) for the co- f, =By, sink; (d/2—2)] at |z/>w/2.  (5b)

efficients A, B, C, andD. Equating the determinant of this From the matching conditions a=+w/2 the following

system of equations to zero, we get E49), whose solution . _transcendental equations are obtained for the damping fac-
allows us to determine the possible values of the damplngOrsk

factork. The complete solution that satisfies all the boundary hl-

conditions may be written as a superposition of the functions tank, w/2)tar k. (d—w)/2]= / 6
given in Eq.(3) [see the Appendix, EGA3)]. It is shown in "k, wizytartks, Je]=om fon. ©
the Appendix that for a long enough spin guides{Kp, To illustrate the behavior of the current in the channel we

whereL is the spin-guide length ank, is the smallest computed thex dependencies of the currerits, using the
allowed positive value of the damping facky the solution  exact solution[see Eq.(A3)] for a given constant current
reduces to a much simpler form at distangesk.,,1, from the density in the channel entrance, and for, =0 at the chan-
entrance to the channel. In this case, up to exponentiallpel exit. The results of these calculations are displayed in
small values, we may keep only two terms in the sum giverFig. 2 (curves labeled 1 and)2We present also the contri-
in Eq. (A3) with k= £k, [see Eq.(A12)]. If we consider bution of the special solution withk=k;,=0.0129
the region that is also far away from the exit{ x> kr;iln), X 10° cm™! (curve 3 to the current;, and the contribution

the main contribution to the solution is given by the term thatof the special solution withk=k;=0.0187x10° cm™!
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>Kmin [Wherek, is the next solution of Eq(A9)] to the We turn now to an analysis of the role of spin-flip pro-
current || (curve 4. For certain values of the diffusion cesses in the nonmagnetic channel. We will be interested
lengths,\y v, Which are large enough comparedwoand  mostly in the case of comparatively rare spin-flip scattering
(d—w)/2, we obtainky,,=k; andk; =k, wherek; andk processes\\k >1, when a high level of the current spin
are the smallest allowed positive values of the solutions opolarization can be achieved. The inequaldy;,d<1 fol-
Eq.(6). Itis evident from Fig. 2 that in the regior=d/2 the  lows from the previous inequalityif o /oy <1, then both
currentsl, | are well described by the approximate depen-are equivalent and we can replace all tangents in £E49)
dencies that follow from E5); see the next section and the by their arguments and also neglect the term
Appendix for details of the domain of applicability of the 2oy /oy, tanfy)tanty,) as compared to unity. Consequently,
type of solution given in Eq(5a). In the next section we use taking into account thatry;=0 andoy=oy =0y, we

the above solutionfEgs. (3)-(6)] in the analysis of several obtain from Eq.(A9)

limiting situations for different spin-guide parameters.

Knin=VZ\y .- (8)
I RESULTS Using Egs.(3), (4), (A1), and(A13), we obtain to the same
A. A fully polarized magnetic region accuracy
A most effective implementation of the spin guide in- MT‘l:fT'le—XIZV/)\PN’

volves the use of a DMS with a very large Zeeman splitting
as the magnetic environment, so that the electrons in the _ _
magnetic material are fully spin polarized. Clearly, spin-flip fy=consk=A, fl:m
process in the magnetic region are precluded in this case. For
definiteness, let us assume that only spin-down electrons can
cross the magnetic shell, i.ery;=0.

We consider the case when the spin polarization of the
current in the channel is high enough, i.e., the width of the AW oy
nonmagnetic channeV is less than the spin-flip lengtky, . fi= SN2 o
This situation is quite real; in particular, we note that since N M
the spin-flip process is of relativistic origins it is character-
ized by a large spin-flip length in nonmagnetic semiconduc- l-a=——
tors, i.e., up to 10Qum.2%2?’ For sufficiently short distances 120y

from the entrance, so that no spin-flip processes have OGrhys, the exponential decrease of & [recall Eq.(7)] is
curred, the current; will be conserved inside the channel pqnded below by the value given in E§). Consequently.
(that is, it does not depend o). On the other hand, the e gpin polarization remains constant and sufficiently high
current of electrons with the opposite spin directibn, will for all distances away from the entrance. Both the spin-up
decrease exponentially with distance from the entrance intg,q4 spin-down currents, | decay exponentially with the
the channel, i.el j<exp(—k x). same damping factck. The total current will decay as the

According to Eq(6) we havek; =0 (sinceoy;=0), and  gpin-yp electrons succeed in leaving the nonmagnetic chan-
k, will depend on the ratiary /oy . Accordingly, foraw,  nel due to spin-flip processes.

= oy the damping factok, = #r/d. If the conductivity of the
magnetic shell is much higher than that of the nonmagnetic
channel, i.e., whewry, >0y, the damping factor takes the

oN Z2
w+2—(d-w)—4—
[0V W

t <W 9
at |z 5 9

d 2|22
—w-2|z- 5

>W
at |Z| E,

ON
W+(3d—2W)0_—
M

B. A nonideal magnetic region

valuek, =min{m/w,/(d—w)}. Consequently, the spin polar- In this section, we discuss the situation when the magnetic
ization of the current tends exponentially to unity with in- shell that interfaces with the conducting nonmagnetic chan-
creasingx, that is, nel is not fully polarized—in this case both spin-up and spin-

down currents flow through the shell and spin-flip processes
are possible. The coefficient of selective transparency of the

| . . . .
=1 L1 _gekix (7) magnetic shell is determined by the relation
[+l
. Iwm1
Here, we should notgsee also the Appendix, EA15) and y=—<1 (10

. . . g
the discussion therejrthat to calculate the preexponential M

coefficienta in Eq. (7) we have to state the boundary condi- This parameter determines the upper bound value of the spin
tions at the entrance and exit of the spin guide. Thus(Bqg. polarization a=(1—v)/(1+v) in the spin-filter scheme.
yields only the exponential approach to the ideal spin polarfor simplicity, we will neglect in the following spin-flip pro-
ization as we move away from the channel entrance. It izesses in the nonmagnetic channel.

obvious, however, that if we introduce an unpolarized cur- We consider first the case where we may neglect the spin-
rent into the spin guide, thea~1: I,(x)=1,/2 andl (x) flip processes in the magnetic shell near the entrance to the
~(lo/2)exp(-kx). For example, as shown in Fig. 2, at  spin guide. Then, according to E), the spin polarization
=d/2 we havel |(x) =0.8(1¢/2)exp(—kqX), ki=K| . of the current in the channel will tend exponentially to unity,
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a~1—ae (Ki=kpx, (12)

Moreover, from Eqs(10) and(6) we havek >k, . As shown

in the preceding section, fary,=oy we obtainkflsd,
and for o, <oy the spin-up current decays on a length
scale that is large compared dp that is[to obtain the fol-
lowing formula we replace all tangents in E@) by their
arguments, i.ek,;w/2 andk;(d—w)/2],

k=2 —M_ for k,d<1
=2 N oyw(d—w) T '

12

We consider now the role of spin-flip processes in the
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™ e
o -
-
b

x/L

0 1

magnetic shell. As discussed above, the exponential decreaser,g 3 The dependence of the degree of spin polarization of the

of the currentd; | (as a function of the distance away from
the channel entrangethat occurs with the corresponding
damping factors; , will be changed due to the spin-flip

current(a) on the coordinate along the spin guigenormalized by
the length of the spin guidke). The curve labeled 1 is calculated
form the exact solution given in E¢A11) with the same spin guide

processes in such a way that both the up- and down-spifarameters as in Fig. 2. Curve 2 is calculated using an approximate
components of the current will decrease with the same damgsolution to Eq.(A11); see text.

ing factork. Assuming that the diffusion of the electrons to

the grounded boundaries occurs with a faster rate than th&symptotic expressions; we keep only the first and second

spin-flip processes, i.e., that the conditiog>d—w is ful-
filled, we obtain(to a first approximationthat the damping
factork is the same ak; determined from Eq(6). In other
words, k=k;, wherek; is determined from Eq(12) if
oM<ON, andkﬁd‘1 if oy is greater than or of the order
of o . The reason is that the overall damping rate is gov

erned by the spin component that takes more time to reach
the grounded boundaries. To calculate the spin poIarizatioH
of the current far away from the distance from the entrancefgati o
of the spin guide we have to find the higher-order correction

to k. To this aim we expand EqA9) in a series with the
small paramete(d—w) (where we defined=k—«y, in
order to focus on the contribution of spin-flip procegsasd
keep terms up t¢éand including the second-order term. Sub-
stituting this expansion df into Eq. (A13) [note that if we
use instead the first approximati&k; in Eq. (A13), we
obtain, obviouslyw=1], yields

N y k(d—w)
" (1= ) (khy)? \ sirk(d—w)]

In conjunction with Eq(6) for k=k; , Eq.(13) determines a
high degree of the spin polarization, i.e.,

1_

a

1). (13

1—a~y(d—w)2\Z(1—y?)<1. (14

We note that this inequality may be violatedyif see Eq.

terms of the sunisee Eq(A3)], and the coefficients; and

c; [see Eq(A6)] are chosen in such a way that the current is
unpolarized at the entrance. Before reaching the saturation
value curve 2 corresponds to Hdl) with a~1; if spin-flip
processes are rare, then the dominant contributidn tbe-

ore saturatiop is from the exponential term witk,;,=kg

1, and the dominant contribution 19 is from the expo-
ential withk;=k, . The curve labeled 2 achieves the satu-
n value when the contribution of the term wih be-
comes dominant for bothl, and I,. Thus, Fig. 3
demonstrates the validity of our asymptotic approéaen
near the entrance to the spin guiéed supports the physical
picture when the spin-polarization level reaches exponen-
tially the constant value determined by the spin-flip
processes.

From the above considerations we conclude that in the
spin-guide scheme the spin polarization of the current may
be propagated over arbitrarily long distances, in contrast to
the spin-filter scheme where the transport length scale is of
the order of the diffusion spin-flip length. There are addi-
tional essential differences between the two schemes. Unlike
the spin-filter scheme, the spin polarizatic® in the spin
guide does not depend on the conductivity ratig, /oy .
Moreover, as may be seen from E@kl) and(13) the degree
of spin polarization in the nonmagnetic channel can exceed
significantly the degree of spin polarization in the magnetic

(10)] is too close to unity, because in this case the conducmaterial.

tivities in the magnetic material of the spin-up and spin-

In the casex,>d—w, a significant high degree of spin

down electrons approach each other, and the magnetic matgolarization may be achieved when the conditipfd—w)
rial does not act as a “spin separator.” Finally, the potentials<),, is fulfilled. Let us neglect in Eq.(A9) the term

m~ can be found directly from Eqs(4), (A8), (Al4),
and(13).
In Fig. 3 the curve labeled 1 depicts tkelependence of

(2on /o) tanty)tanfy) compared to unityfas seen from
Eqg. (A13) this approximation is equivalent to the statement
that the spin-polarization is indeed sufficiently hjghs a

the spin-polarization level, calculated from the exact expresresult we obtain the following equation fér

sion [see EQ.(Al1)] with oy,/oy;=0.3, oy /ony=1.8,
w/d=0.5, L=10d, w/Any=0.166, and §—w)/2\,=0.25.

The curve labeled 2 is calculated in the approximation that

was used for obtaining Eq6l1) and(13) and the subsequent

O-MT

ktal’(tN)tar(t,’\,,)ZKMO_—N (156)
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At A y<<d—w this equation transforms into

Ky tan(ty) = ‘;—“LT (15h)

and if k(d—w)<1 we have from Eq(15b)

ZO'M
k= \/ ﬁ- (159 FIG. 4. The spin-splitter scheme. The nonmagngticchannels
NTEM 1 and 2 are of widthsv; andw,, respectively. The width of the
Combining Egs(153 and (A13) yields magnetic(M) interlayer isdy, , and the cross-hatched regions indi-

cate a dielectric material.
tar k(d—w)/2]

N (16 IV. SPECIFIC EFFECTS AND POSSIBLE EXPERIMENTAL
M

REALIZATIONS

It follows from Eq. (16) that the spin-polarization level is |5 this section we consider some possible experimental
indeed high enough: that is,~1 is of the order ofy(d  gchemes aiming at a realization of the proposed transport

—Ww)/A\y [except wherk~m/(d—w)]. If the magnetic shell  phenomena and at direct observation of the spin polarization
is too thick, i.e., whery(d—w)/\ > 1, the spin polarization of the current flowing in a spin guide.

of the current is low.

As mentioned earlier, to increase the spin polarization one
should decrease the width of the magnetic region. To this
end, the ballistic regime wheth—w<(ly; ,Iffl) is most fa- We begin with a discussion of a scheme alternative to that
vorable. A calculation that goes beyond the framework of theliscussed above, for obtaining the spin-guide effect on the
diffusion approach yields in the ballistic limit the following polarization of the electric current. This alternative scheme is

l-a=2y

A. Spin splitter

result: based on a spin-splitter effect that can be realized in a geom-
etry of two semiconductor channels separated by a magnetic
I,\,,L(d—w)I 1 an interlayer(see Fig. 4.
l—a=~vy n — —. (1 i ; ;
A (d—w)(l Ml)\M2+ | Mb Let a nonpolarized current enter into the nonmagnetic

(semiconductgrchannel 1. In the case of a fully polarized

Here the ratio of the lengths in the coefficient in front of the magnetic interlayer a fully polarized current will appear in
logarithm is the probability of a spin flip to occur when an the semiconductor channel 2 due to the spin-filter effect, i.e.,
electron crosses the magnetic shefl Eq. (16)]. The loga-  |a@2|=1 (in the schematic shown in Fig. 4 we have assumed
rithmic factor in this formula reflects an enhancement of thethat the magnetic interlayer transmits selectively spin-down
spin-flip probability for electrons grazing along a magnetic€lectrong. At the same time, a polarizatiam will appear in
layer. the first channel due to the spin-guide effect, and its magni-
Analyzing the most favorable combinations of the spin-tude will depend on the relative width of the channels. If the
guide parameters, we note the followin(@: a high conduc- thickness of the magnetic interlaydy, is taken to be less
tivity of the magnetic shell does not reduce the high degreéhan the widths of the nonmagnetic channels, and w,,
of the spin polarization of the current, afit) decreasing the ~and forL>w,,w, (whereL is the channel lengjhwe obtain
thickness of the magnetic shell increases the polarization.
These statements are valid at a distance from the entrance Wy
where the constarisaturatefl value of the spin polarization al:m'
is attained[i.e., where the potentials are described by Eq.
(A12)]. Note however, that, as can be seen from Egjsand  This formula follows from the simple fact that equal current
(12, this distance increases with increasing conductivity ofdensities for the particular spin component are established on
the magnetic shell and/or when its thickness is reduced. Ina length scale that exceeds the current penetration length into
deed, ifoy, >0y andw>d—w, we obtain from Eq(6) the second channefof the order ofw, when oy/w;

(19

for the smallest allowed valuds | <oy/dy).
The polarization of the currents in channels 1 and 2 is
oN w(d—w) opposite to each other, and the total current in the two chan-
kmwmw_zoM” "( 2w ) 18 nels is unpolarized. In Fig. 4 the current in channel 2 is

polarized in the spin-down direction, the current in channel 1
In other words, the differende —k; is very small. In Sec. V is preferentially polarized in the spin-up direction. It is of
below, we propose certain ways for increasing the relativenterest to note that if channel 2 is sufficiently wide such that
magnetic shell resistance that serve to reduce the spin-guide;<w,, the polarized currents will be equally divided be-
length over which the spin polarization of the current is cre-tween the channels, i.e., a fully polarized currépt|,/2
ated and that consequently reduce the loss of total current iwill appear in channel 1 with an equal current but with op-
the channel. posite polarization flowing in channel 2. In the derivation of
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Eqg. (19 we have assumed that the potential applied at thewitching-off of the magnetizing field. That is, in the absence
exit of channel 2 is the same as that applied at the exit obf a magnetic field electrons with both spin directions leave
channel 1(the latter is determined in our model by the valuethe channel through the DMS shell, resulting in a decrease,
of the current ;). Varying the potential at the exit of channel and eventual vanishing, of the current in the channel. The
2, one can control the current polarization in the channels. reverse occurs when the magnetizing field is switched on,

In case that the magnetic interlayer is not fully polarized,i.e., a current appears in the channel, since under this condi-
but the conductivity ratioy<1, the spin polarization deter- tion only electrons with one of the spin directiofesg., spin
mined by Eq.(19) is maintained for distancds<R, where  down) leave the channel, while electrons with the other spin
R=min{(chrN/aMT)1’2,)\N} and r=min{dy Ay Iu;}; note  direction remain in the channel and contribute to the current.
that the estimateR, reflects the dependence of the spin- Switching-off of the magnetic field leads to an increase of
depolarization on the spin-flip processes and on the tranghe damping factor of the current from the vakyg, [in the
verse transport out of channel 1 of both spin directiins case of an ideal magnetic material shell,~(\\w2)}; see
proportion to the conductivity ratjo Here we take into ac- Egs.(8)] up tokyy which depends on the ratio of the con-
count the possibility that the propagation of the electrons irductivities of the unmagnetized DMS shef,,, and that of
the magnetic interlayer is either diffusive or ballistic. If the the nonmagnetic channely. The damping factok, can
magnetic interlayer is wider than the nonmagnetic channelde determinedfollowing Eq. (A9)) by the equation
i.e., dy>w;,W,, then the Sharvin resistanéésf the exit
;:cc))rnstrictions of the system should be used in the expressions tan kyyw/2)ta kyy(d—w)/2) ] =oym/on.  (20)

al’z.

The above considerations lead us to suggest the creatiqR the case whenr y~oy, we havek,y~m/d. For the

of a fast switch of the spin polarized current, achieved byspin-guide parameters indicated in Fig. 2 the current changes
combinin_g the_spin-splitter scheme_ Wit_h electrostatic gatinggt the exit of the spin guide by more than 4 orders of mag-
In the spin-splitter scheme shown in Fig. 4 the current at th\itude upon on-off switching of the external magnetic field.
exit of the first channel is spin polarized preferentially in theThis remarkable effect is caused by the fact that the disap-
up direction[see Eq(19)] and the polarization in the second pearance of all of the nonequilibrium electrons at the
channel is in the opposite direction. Blocking the exit of thegrounded boundaries is faster then the rate of their arrival to
second channel by an electrostatic gate and at the same tifigz channel exit. This effect may result in a significant
allowing transport of electrons through the channel to the lefghange in the resistance of the device with magnetizing field,
results in currents of opposite spin polarizations flowing ineven larger then the giant magnetoresistance effect measured
opposite directions. If we reverse the roles of channels 1 angh the spin-filter schem¥.?°
2 in the above description the sense of the polarizations in | 3 ferromagnetic material is used to interface with the
the twox directions will be reversed. Consequently, switch- nonmagnetic Channéinstead of a DM$a giant magnetore-
ing can be achieved by alternating between these two possijstance effect may also be observed when the applied mag-
bilities. Note that this switching may be operated at a fashetic field switches the magnetization direction in the mag-
rate, since it involves electrostatic gating, and it does nohetic layerd above and below the nonmagnetic chanisele
require switching the magnetization of the magnetic mateig. 1)] such that they transform from being parallel to each
rial. On the other hand, in the Spln-fllter scheme fast SWitCh'Other to having opposite magnetization directions. If the up-
ing of the spin polarization of the current cannot be achievecber and lower magnetic layers have t@memagnetization
even under the best conditions, i.e., when using DMS strucgirection then there is a current at the channel exit, since
tures. This is because of the required applied high magnetigiectrons with one of the spin directions leave the channel
fields and the comparatively long relaxation times of thepreferentially through the magnetic material that interfaces
atomic magnetic moments. with it. However, if the magnetization direction of the upper
Finally we remark on another hybrid device that combinesand the lower layers are opposite to each other, then the
the spin guide with a spin-filter-like scheme. This device iscyrrent in the channel will essentially vanish, since both up
obtained if current is allowed to be emitted from the e(XIt and down electrons will leave the channel. Therefore, by
d|reCt|0r) Of the magnetic' She” il’l addition to the current Changing the app“ed magnetic f|e|d we may Change the re-
emitted by the nonmagnetic channel of a spin g Fig.  sjstance of the device; we note that the field may be applied
1). In this case currents of opposite polarizations will bejn different directions to the upper and lower layers.
emitted from the device. Note that the aforementioned magnetoresistance effects
are related to the spin polarization of the current in the non-
magnetic channel and they permit detection of the spin po-
larization of the current in it. An alternative way, based on
the spin-guide scheme, to detect the spin polarization may be
In this section we discuss certain physical effects thatealized by blocking a nonmagnetic channel far from the
could be utilized for the detection of the spin polarization ofentry and exit by an electrostatic gate, as shown schemati-
the current. A spin guide consisting of a DMS magnetic shellcally in Fig. 5. The most significant changes in the resistance
should exhibit a giant magnetoresistance effect. The effect isiay be observed in a spin guide with a fully polarized mag-
associated with the decrease of the conductance in the nonetic shell under blocking conditions of the nonmagnetic
magnetic channe{to an essentially vanishing valueipon  channel. If the channel is electrostatically blocked, then the

B. Giant magnetoresistance and methods of detection of the
current spin polarization
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when the electric resistance associated with the transverse
nonmagnetic channel resistan&g,ccw/ oy, exceeds greatly
the resistance due to the passage of electrons to the ground
through the magnetic shelRy, «<(d—w)/oy;, . As fol-
lows from Egs.(11) and (18), the length scale on which a
high constant spin polarization of the current is established
[of the order ofdRyy(1—y)Ry, (atd—w<w)], is of the
L order of (&, —k;) .
_ o At the same time, the total current decays on a distance
FIG. 5. Schematic description of the experiment with an elec-gc5le of the order of. Methods for reduction of the current
trostatic blocking of the nonmagnetic channel in a spin QUl&s  |555es may includéi) reduction of the channel width near
an _electrostatlc blocking gath andyv are the widths of the mag- the entrance aiming at reducing the channel resist&tige
netic (M). a'?d nonm"."gnet'.cN) mat‘?”als’ and the crossed-hatched there(a point-contact-like entrangg(ii) the use of a porous
regions indicate a dielectric material. . e . .
magnetic shell consisting of narrow magnetic wilesn-
. ) ) o ) necting the nonmagnetic channel to the groundtead of a
finite conduction of the spin guide is due to the spin-downcontinuous shell, thus increasing the resistance of the mag-
electrons that circumvent the blocked part of the channel byatic shellr,, (in inverse relationship to the cross-sectional
passing through the magnetized shell. As a result the nefyeq of the wires (iii ) the employment of different nonmag-
increase of the total resistance of the device is proportional tgetic materials in the construction of a spin guide—one ma-
(1-a) "2 wherea is the degree of spin polarization of the teria| with conductivity of the order of the conductivity of
current in the nonmagnetic unblocked channel; we recall thag,e magnetic shell near the entrance that operates as a “po-
(1-a)/2 is the fraction of current due to spin-down |arization device”(see discussion toward at the end of Sec.
electrons. 1), and afterwards a second material with a lower conduc-
tivity that operates as the “transportation channélddi-
tionally, one may use different magnetic materials—one with
a low conductivity near the entrance that works as a “polar-
The main operational principle of a spin guide is the re-ization device” and a second one with a higher conductivity
moval of one of the spin components of the current from thehat works as a “polarization-supported deviceFinally, if
channel due to the selective transparefwigh respect to the we insert a potential barrier between the nonmagnetic chan-
spin direction of a magnetic shell. The spin polarization of nel and the magnetic shell, it adds additional resistaRge,
the current increases with distance from the channel entrande Ry, , which serves to reduce the current loss at the stage of
until spin-flip processes become effective. Thus, in contrastormation of the high-level spin polarization. Increasing the
to the spin-filter scheme, the spin polarization in a spin-guideesistance for electron transport through the magnetic shell
can exceed significantly the spin polarization of the curreneind the barrier over the resistanBg results in conditions
in the magnetic material that surrounds the nonmagnetiwhere the current decay lengtRyi,~w {Ry/(Ry+Ry) ¥
channel. In general, a spin guide may generate an almostay exceed the total width of the devid¢see Eq(12) and
fully (100% spin-polarized current even if the magnetic ma-Fig. 1]. However, we note that decreasikgleads to degra-
terial that is used is not fully polarized. Even a small differ- dation of the spin polarization due to spin-flip scattering in
ence between the spin-up and spin-down conductivities ithe channel; according to E§9) 1— « is of the order of
the magnetic materialfy,; /oy ;<1 in our casgwould lead (kl)\N)*Z.
to a depletion of current states in the nonmagnetic channel, The polarizing ability of a spin guide is limited only by
with spin-down electrongin our exampl¢ being affected the spin-flip processes. Here we should note that the role of
over shorter distances from the channel entrance than thepin-flip processes both in the nonmagnetic channel and in
spin-up electrons. In this case, the spin polarization will bethe magnetic region of the spin guide differs in an essential
determined by the difference of the quantities in the expoway from the role of spin-flip processes in a spin filter. First,
nent of Eq.(11); consequently, the spin polarization of the let us consider spin-flip processes in the nonmagnetic semi-
current will tend to approach the limiting valee., 100%  conductor only. In contrast to the spin-filter scheme, while
further into the channel. the spin flip limits the spin polarization in the spin guide, it
At this stage, certain issues pertaining to the operation ofan not destroy it fully; the interfacing magnetic shell will
the proposed spin-guide scheme warrant comment. We beginaintain at all times a certain degree of nonequilibrium in
by noting that though the spin polarization is expected tahe distribution of spin-up and spin-down electrons. More-
remain high even when a nonideal magnetic material is usedyver, the spin polarization remains constant and high enough,
the total current in the channel will decrease with increasings follows from Eq.(9), over an arbitrarily large distance
channel lengtisee Eqs(1), (3), and(5a)]. The total trans- from the entrance.
verse resistance of the spin-guide devisee Fig. ], related Next we consider the role of spin flip in the magnetic
to the loss of electrons that dissipate to the ground througkhell of a spin guide. Generally speaking, the exit of elec-
the magnetic shell, consists of the transverse resistance of th@ns with a spin “parallel” to that in the magnetic region
nonmagnetic channel and the resistance of the magnetispin down in our cagefrom the nonmagnetic channel into
shell. The losses of the electric current are most significanthe magnetic surroundingas a result of their Brownian mo-

V. DISCUSSION
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tion) is a process that contributes to the ability to achievenetic channel with\ y=1.5 um (a case that is far from being
spin polarization of the current. It is obvious that spin-flip optimal), w=0.3 um andd=0.4 um, we obtain according
scattering of these electrons will not reduce the spin polarto Eq.(9) a full spin polarization of the current in the channel
ization in the nonmagnetic channelote that if such a spin- (a=100%, within a 1% accuragyfor an arbitrary distance
flipped electron returns into the nonmagnetic channel, it acfrom the entrance; the current amplitude will decay with,
tually increases the spin polarization in the channel since it imccording to Eq(8). Even when employing not fully polar-

in the spin-up direction However, the spin polarization will ized DMS compounds as the magnetic region, a high spin
be reduced due to the exit of spin-up electrons from thepolarization may be achieved. For example, taking
channel. They could change the spin polarization due to spiréng oB€ o25€ as a nonmagnetic semiconductor channel ma-
flip scattering in the magnetic region, and subsequently theterial, interfaced with a 45% polarized ggBey ogMng geSe
could return back to the nonmagnetic channel. The spin-fliis a DMS shell with a spin-flip length~20 nm yields ac-
probability could be decreased by reducing the width of thecording to Egs(13) and (16) a 95% spin polarization for a
magnetic region; this method of bringing about a decrease iwidth of the magnetic shelld—w=10nm; for d—w

the spin-flip probability cannot be used for the spin-filter ~50 nm we obtain a spin polarizatiap~17%.

scheme. In fact, in the spin-filter scheme, if the width of the Finally, a very high degree of spin polarization of the
magnetic region is less thavy,, the sources of nonequilib- current may be achieved even if a ferromagnetic metal shell
rium spin concentration at the entrance and the exit of thée.g., Ni, Fe, or Pyis used in the spin guide. Here one
current in the magnetic region will mutually cancel eachshould employ thin ferromagnetic films with a thickness that
other and the polarizing ability of the magnetic filter will is less than the diffusion spin-flip lengi, ; this is feasible
decrease  significantly, as is indeed observedcteven when\,, is about several tens of nanometers. Thus,
experimentally'®’ Furthermore, the high conductivity of the when the ballistic regime is reached in the magnetic region,
magnetic material in the spin-guide scheme does not increageg., A yy=~20 nm3%3! with y~0.6, d—w~8nm, and\y

the spin-flip probability because it speeds up the transport of 1.5 um, one obtains from Eq17) a~100%, within the
electrons to the grounded contact. Unlike the spin-filteraccuracy of the model. For a rather thick film, such that the
scheme, the spin polarization in the spin guidgdoes not  diffusion regime is reached, witi=60 nm, w=0.7d, \,
depend on the ratioy; /oy, . We recall that the large ratio =20 nm, we obtain from Eq13) a~97%.

omi /oy, characteristic of the spin-filter “ferromagnetic From the above we conclude that the spin-guide scheme
metal—semiconductor” interface;? is one of the main rea- will work most effectively if both the widths of the nonmag-
sons for the low degree of spin polarization in this schéfne. netic channel and the magnetic shell are taken to be much
If the spin guide is used with tunnel barriers between thesmaller than the corresponding spin-flip length. In view of
nonmagnetic channel and the magnetic shell and with arealistic spin-flip length scales, we suggest that nanoscale
additional applied voltage to the tunnel barrier, then the barstructures would be most appropriate for fabrication of spin-
riers act as additional filters. Those electrons that crossed thguide devices, for example, through the use of nanowires and
barriers and underwent an inelastic scattering in the magnetlayers of nanowidth dimensions.

shell are not capable of returning back into the nonmagnetic
channel. Consequently, the spin-flip processes in the mag-
netic region will affect the spin polarization of the current in
the channel to a lesser extent. In this paper a spin guide has been proposed as a source

Thus, there is a physical difference in the role of spin-flipand a long-distance transmission medium of electric currents
processes between the two schemes. Spin-flip scattering with a high degree of spin polarization. As discussed above,
the magnetic shell of the spin guide leads mainly to a reducthe proposed spin-guide scheme may enhance significantly
tion of the total current, while the spin polarization may the capabilities for generation and manipulation of spin-
change only by a small amount. The reverse situation occunsolarized currents. The main features of the spin-guide
in the spin-filter scheme, i.e., the spin-flip processes maintaischeme that make it a most promising tool for creation and
a constant total current but cause a significant reduction itransport of spin-polarized currents in nonmagnetic semicon-
the spin polarization, as discussed in Sec. I. ductors, may be summarized as follows.

As evident from the above, the spin polarization of the (i) In a spin guide, a permanent withdrawal of electrons of
current in a spin guide depends in an important way both omne spin direction leads to a nonequilibrium distribution with
the device length and on the widths of the channel and tha relatively increased fraction of electrons with the other spin
magnetic shell. Hence, by varying these parameters it shouldirection. This allows us to achieve a high degree of spin
be possible to readily change and control the degree of spipolarization of the current that may exceed considerably the
polarization of the current at the channel exit. In the follow-degree of polarization in the magnetic shell.
ing we provide some quantitative estimates concerning the (ii) The propagation length of the spin-polarized current
degree of spin polarization that may be achieved in the spinin the nonmagnetic channel of a spin guide may exceed sig-
guide scheme. nificantly the spin-flip length in the material.

Among the most promising candidates for the magnetic (iii) Spin-flip processes in the magnetic shell restrict the
shell material in a spin guide are 1I-VI-DMS compounds peak value of the spin polarization of the current in a spin
(such as a BgMn,Zn, _,_,Se) or half-metals where one of guide to a much lesser degree than in the spin-filter scheme.
the spin subbands can be fully pinned. Assuming a nonmag- (iv) Through the use of the spin-splitter schefoe by

VI. SUMMARY
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combining the spin-guide and spin-filter schentsse Sec. Here the origin of the coordinate system is located in the

IV A)] with electrostatic gates at the exits, it may be possiblecenter of the entrance into the chanste Fig. 1 and the

to control the spin polarization of the current and to achieveorthonormal basis functiong, are given as

fast switching action, without magnetization reversal of the "

magnetic shell. _ 2
(v) A very large magnetoresistance effect is predicted to Gsnl2)= \/U—stn(z)( Es: fo [\/;stn(z)] dz)

occur(see Sec. IV B which should allow direct detection of (AB)

the spin polarization of the current flowing through the N ] )
device. The boundary conditions may be imposed in an alterna-

tive manner. Let the spin-up and spin-down current densities
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APPENDIX: EXACT SOLUTION OF EQ. (2) " e
AND APPROXIMATIONS Thus, according to EA3) we have to find the set of solu-
_ _ o tions of fg for Eq. (A2) (s=1 or |); these solutions are
Let us introduce the functiond; (u; =f; €7™),  related to the functions. [see Eq.4)] through Eq.(Al).

which are related to the functiorfs. [see Eq(3)] as Matching the functiong; | and the currenté.e., the deriva-
o tives oy | du /9z) atz=*=w/2, we can find the relations
fo=f,.+s 0-_51: 0=, 0. (A1)  between the coefficients, B, C, andD, that is,
t S
S Som -
Here and below we will use the indices- =1 to designate A costy+ EC costy=Bsinty+ > M. s D sinty,
Tmt

spin-up(7) and spin-dowr(|) components. According to Eq.
(2) the functionsfs have to satisfy the following equations:

d d
d_Z Usd_zs

It is easily seen that if we rewrite the equations for the func-

S

2CKN sint,’“)

1 e2 UN(AkSintN+
=% (f—f_9—Kof.. (A2
Tsf

S OMm,-s
2 OMt

=0MS(BkcostM+ D«ky cost,’v,), (A7)

tions f4(o5)2 using the matching conditions for the func-

tions fg and (d/d2) o, fs at |z|=w/2, we obtain an equation W w d—w

for the eigenfunctions of a self-adjoint operator with the ei- tNIk? tN= KN tM:k(T)v
genvaluesk?. Consequently a full set of the solutions

fsn(0s) Y2 of Eq. (A2) corresponding to the possible values d—w

of the parameterkﬁ is a complete basis set for functions in ty= Km< 2 ) OMt=OM1 T oMy -

the given intervalz|<d/2, s= +1. Consequently, the gen-

eral solution of Eq(2) is given by Here, the indice$1 andN denote the magnetic and nonmag-

netic regions, respectively, anej y are defined in Eq(4).
This set of equations can be simplified, and after some ma-

_ —kpx kX
“5_; (@ge” "+ Dne™)gsn(2), (A3) nipulations we obtain the following simple equations:
where the constants, andb, are determined by the bound- Ccosty=D sinty,, 2Aoysinty=BoysCoSty, .
ary conditions at the ends of the spin guide. Using the or- (A8)

thogonality of theg, functions with differentn yields Elimination of B and D with the use Eqs(A8) yields two

eknle, —d, d,—e kntc, equations forA and C. Equating the determinate of these
S R bnzm, equations to zero we obtain the equation that determines the

possible values of the damping parameter

di2
_ _ 20 K oMo
Cn_zs fo ns(x=02)gsn(2)dz, (A4) (1——NtantNtantM (UN—Ntant,gtantgA—Z—MT M
oMt Km oMt
dr omi—om |2 k
do=>, J ps(x=L,2)gsn(2)dz. =—oy M) — tanty tant}, . (A9)
s Jo oMt Km
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For a given constant current density in the channel entrance To calculate a concrete value of the current spin polariza-
(J1,,=Jo for z<w/2 andJ; | =0 for z>w/2) and foru, tion one should finky,, from Eqg. (A9), with the needed
=0 at the channel exit, we obtain the following expressionsaccuracy. In Sec. Il we found asymptotically exact expres-
for the spin-up and the spin-down currents in the channel: sions for the degree of spin polarization of the current and
for the damping parameter that are valid for different values
=233 coslikn(L—x)] ﬂ(“ >2+§<f Vo(F) of the physical parameters of our system.
s 04 coshk,L) K, A R SR A A Here we comment on the validity of the approximate ex-
(A10)  Ppressions given in Eq$A12) and(A13). For distances along
the channel axis that are larger thkiyl, we use only one
where term of the sum(A3); this approximation demands that the
a2 wi2 difference betweelk,, and the next value ok, is not too
Kn=2, f [Vofsn(2)]%dz, (---}sz e dz small compared withk,, since otherwise we should main-

s JO 0 tain two terms of the sum. As shown at the end of Sec. 11l B
the latter is needed for a sufficiently high conductivity of the
magnetic shell.

We did not attempt here a calculation of the preexponen-
tial factorc,,,, [see Eq(A12)] for all possible configurations.
This factor depends on the boundary conditions at the spin-
guide entrance, which are determined by the details of the
current injection process into the spin guide; this in turn
requires information about the geometric characteristics of
the current leads far from the spin guide. It appears to us that
such a detailed picture is unwarranted for qualitatigad
o ) even semiquantitatiyeconsideration. The coefficient,,

_ For the general case it is not possible to present t.he. SOlysan be estimated dsee Eqs(A4) and (A12)] c,~Ud

tion of Eq.(A3_) analytlcal_ly._ However, one may obta_ln M~ ~ (1) kmin/d, WhereU is the potential difference along
portant analytical results if it is supposed that the spin guidgy, s gpin guide andlis the current driven into the spin guide.

is sufficiently long, i.e., when its length is large enough In addition to finding the solution of E§A12), which is
compared tdy,, (Wherekp, is the smallest allowed value of ¢5meq far from the entrance, we are interested in the way
Kn), i.€., Lkpin>1. Owing to this inequality and the vanish- {hat the degree of spin polarization increases at distances that

Herek,, is determined by EqA9). From the above we can
calculate the degree of the spin polarizatiem of the current
in the channel:

coshk,(L—Xx)] oy
" GosHkiL) K_n<f+>c<f—>c
coshik,(L—X)] o

N 2
" coshk,L) Kn<f+>C

I+,

(A11)

ing boundary condition at the channel exdt,&0), the elec-
trochemical potentials far from the entrance are givefsas
Egs.(A3) and (A4)]

-1
min-

(A12)

M= Cmin(eikminx_ gfminx= L))gs min(2)  for x>k

are shorter tham;]ﬁ1 in the case when spin-flip scattering
events are rare. In order to obtain information about the latter
issue we need to find additional solutions of E@¢s7) and
(A9) that are related to the next valuelgf(i.e., the one after
Kmin)- If we neglect the first term in the right-hand side of Eqg.
(A2) (in the approximation of absence of spin-flip pro-

The second term in parentheses is operative only at distancegsses Egs. (A7) reduces to a couple of two independent
of the order ofk_1 from the exit, and even there it does not equations for the spin-up and spin-down components. Hence,

min

change the order of magnitude of the current. Note that ive can write two types of solutions of these equations as
this case the degree of spin polarization of the current in th@iven in Egs.(5a) and(5b) (inside of the nonmagnetic chan-

channel,q, is determined by the functiongs i, [see Eq.
(A12)]—this underlies the independen(te a good approxi-

mation of « with respect to thex coordinate and the bound-

ary conditions at the entrance. Using E@Y. and (A3) it is
easy to obtain the following expression fer which is valid
when Eq.(A12) is valid,

tant| k oy— 20y tantytanty,

“= tantN KN (A13)

O-Ml_O-MT

The relation between the coefficiertsand A follows from
Eq. (A7) and it has the form

sinty
C=2a—2""Na

sint), K (A1)

wherea is determined by EqA13). This equation together
with Egs.(A8) and(A9) allows us to find the potentials and

the spin polarization of the current.

nel, and in the magnetic shgland the corresponding damp-
ing parametersk; |) are given as solutions of E(G). Con-
sequently, the spin-down current, which penetrates
preferentially(in comparison to the spin-up compongimto

the magnetic material, decays over a distahgﬁn. If one
allows spin-flip scatteringk;mi, can be replaced b¥m,
=ky, which is the smallest allowed value of the paraméter
in Eq. (A9), andk | n, can be replaced by, . Equation(5) is
valid for distances’s(l‘rﬁin<x<k{nfin from the entrance, and we
can rewrite it through the normalized functiogs (z) and
the corresponding coefficients | [see Eq(A3)]

The constants; | in this equation are determined by the
boundary conditions. Spin-flip processes are assumed to be
rare and we obtaim,=a, anda,=a, [see Eqs(A3) and
(A4)]. In the approximate expressions for the degree of spin

125113-11



R. N. GURZH]l et al. PHYSICAL REVIEW B 68, 125113(2003

polarization of the currertEgs.(7) and(11) in the texi the  [Eq. (A10)], together with Fig. 3, illustrates the domain of
spin polarization is determined up to the corresponding preapplicability of Egs.(5a), (5b), and(A12). As may be con-
exponential factorsgxa, /a,); as discussed following Eq. cluded from inspection of Fig. 2, the current calculated with
(7) these preexponential factors are close to unity in the casihe damping parameteks | coincides with the exact solu-
when the magnitudes of the spin-up and spin-down current§ons already ak>d/2. Equation(A12) is valid (and, corre-
are close to each other at the entrance of the spin-guide. spondingly, the current spin polarization is saturated

Figure 2, which shows the results of numerical calcula-demonstrated in Fig. 3 for distanceshat are much larger
tions of the spin-up and spin-down currents in the channethand/2.

1semiconductor Spintronics and Quantum Computatiafited by Molenkamp, Phys. Rev. Let87, 227203(200)).

D. D. Awschalom, D. Loss, and N. SamartSpringer, Berlin,  ®T. Hanbicki, B. T. Jonker, G. Itskos, G. Kioseoglou, and A. Pe-

2002. trou, Appl. Phys. Lett80, 1240(2002.

23, A. Wolf, D. D. Awschalom, R. A. Buhrman, J. M. Daughton, S. 19Under most favorable conditions a spin polarization of the order
von Molna, M. L. Roukes, A. Y. Chtchelkanova, D. M. Treger, of 30% was observed for injection through a “ferromagnetic
Science294, 1488(2001). metal/tunnel barrier/semiconductor” structuiRef. 18.

3G. A. Prinz, Scienc@82, 1660(1998. 20A. Hirohata, Yong-Bing Xu, C. M. Guertler, J. Anthony, C. Bland,

4. zutic, J. Supercondl5, 5 (2002. 5 and S. N. Holmes, MRS Symposia Proceedings No. @Adte-

5S. Das Sarma, J. Fabian, X. D. Hu, and Uti#, IEEE Trans. rials Research Society, Pittsburgh, 2p085.4.1.

Magn. 36, 2821 (2000; Superlattices Microstruct27, 289 213, A. C. Bland, A. Hirohata, C. M. Guertler, Y. B. Xu, and M.

(2000; I. Zutic, J. Fabian, and S. Das Sarma, Phys. Re@4B Tselepi, J. Appl. Phys39, 6740(2001).

121201(2001). 22R. N. Gurzhi, A. N. Kalinenko, A. I. Kopeliovich, and A. V.
SE. I. Rashba, J. Superconth, 13 (2002. Yanovsky, Fiz. Nizk. Temp27, 1332(2000) [Low Temp. Phys.
"A. G. Aronov, Pis'ma Zh. Eksp. Teor. Fi24, 37 (1976 [JETP 27, 985 (2001)].

Lett. 24, 32 (1976)]. 2The original idea underlying the spin-guide device has been in-
8E. I. Rashba, Eur. Phys. J. 8, 513(2002. troduced in Ref. 22. We note here that another method for gen-
9P. R. Hammar, B. R. Bennett, M. J. Yang, and M. Johnson, Phys. eration of a nonequilibrium distribution with respect to the spin

Rev. Lett.83, 203(1999. was given by C. Ciuti, J. P. McGuire, and L. J. Sham, Phys. Rev.

1OM. Hu, J. Nitta, A. Jensen, J. B. Hansen, H. Takayanagi, T. Mat- Lett. 89, 156601(2002.
suyama, D. Crundler, G. Meier, D. Heitmann, and U. Merkt, 24p_C.van Son, H. van Kempen, and P. Wyder, Phys. Rev. h&tt.

Physica E(Amsterdam 12, 395 (2002. 2271(1987).
C. M. Hu, J. Nitta, A. Jensen, J. B. Hansen, and H. Takayanagi’®T. Valet and A. Fert, Phys. Rev. 83, 7099(1993.
Phys. Rev. B63, 125333(2001). 26D, Hagele, M. Oestreich, W. W. Rue, N. Nestle, and K. Eberl,

12y, F. Motsnyi, J. De Boeck, J. Das, W. Van Roy, G. Borghs, E. ~ Appl. Phys. Lett.73, 1580(1998.

Goovaerts, and V. |. Safarov, Appl. Phys. L&, 265 (2002. 273. M. Kikkawa and D. D. Awschalom, Natufeondon 397, 139
183G, Schmidt, D. Ferrand, L. W. Molenkamp, A. T. Filip, and B. J. (1999.

van Wees, Phys. Rev. 82, R4790(2000. 28Yu. V. Sharvin, Zh. Eksp. Teor. Fiz8, 984 (1965 [Sov. Phys.
1T Filip, B. P. Hoving, F. J. Jedema, B. J. van Wees, B. Dutta, and JETP21, 655 (1965].

S. Borghs, Phys. Rev. B2, 9996(2000. 29M. N. Baibich, J. M. Broto, A. Fert, F. Nguyen Van Dau, F.
15T Jonker, U.S. Patent No. 5,874, 7di%ed 23 June 1993, awarded Petroff, P. Eitenne, G. Creuzet, A. Friederich, and J. Chazelas,

23 February 1999 to U.S. Nauy Phys. Rev. Lett61, 2472(1988; G. Binasch, P. Gmberg, F.
R, Fiederling, M. Keim, G. Reusher, W. Ossau, G. Schmidt, A.  Saurenbach, and W. Zinn, Phys. Rev38 4828(1989.

Waag, and L. W. Molenkamp, Natufeondon 402, 787(1999; 303, Dubois, L. Piraux, J. M. George, K. Ounadijela, J. L. Duvail,

J. C. Egues, Phys. Rev. 8), 4578(1998. and A. Fert, Phys. Rev. BO, 477 (1999.
17G. Schmidt, G. Richter, P. Grabs, C. Gould, D. Ferrand, and L. W31J.-Ph. Ansermet, Phys. Rev. B, 12230(1998.

125113-12



