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Fundamental obstacle for electrical spin injection from a ferromagnetic metal into a diffusive
semiconductor
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We have calculated the spin-polarization effects of a current in a two-dimensional electron gas which is
contacted by two ferromagnetic metals. In the purely diffusive regime, the current may indeed be spin-
polarized. However, for a typical device geometry the degree of spin-polarization of the current is limited to
less than 0.1% only. The change in device resistance for parallel and antiparallel magnetization of the contacts
is up to quadratically smaller, and will thus be difficult to detect.

Spin-polarized electron injection into semiconductors hagering events? Under this assumption, two electrochemical
been a field of growing interest during the last y¢afsThe  potentialsx; and |, which need not be equal, can be de-
injection and detection of a spin-polarized current in a semifined for both spin directions at any point in the devidé.
conducting material could combine magnetic storage of inthe current flow is one-dimensional in thedirection, the
formation with electronic readout in a single semiconductorelectrochemical potentials are connected to the current via
device, yielding many obvious advantages. However, up téhe conductivityo, the diffusion constard, and the spin-flip
now, experiments for spin injection from ferromagnetic met-time constantr by Ohm’s law and the diffusion equation,
als into semiconductors have only shown effects of less tha@$ follows:
1% 6 which sometimes are difficult to separate from stray-
field-induced Hall- or magnetoresistance-efféct® con-
trast, spin injection from magnetic ?gmiconductors has al-
ready been demonstrated successfullysing an optical 2
detection method. g P pizp Doz py)

Typically, the experiments on spin injection from a ferro- Tst ax?
magnetic contact are performed using a device with a simplg here D is a weighted average of the different diffusion
injector—detector geometry, where a ferromagnetic metakonstants for both spin directiofidiithout loss of general-
contact is used to inject spin-polarized carriers into a twoty we assume a perfect interface without spin scattering or
dimensional electron g48DEG).” A spin-polarization of the  interface resistance, in a way that the electrochemical poten-
current is expected from the different conductivities resultingsials w1, and the current densitigs, are continuous.
from the different densities of states for spin-up and spin- Starting from these equations, straightforward algebra
down electrons in the ferromagnet. For the full device, thisleads to a splitting of the electrochemical potentials at the
should result in a conductance which depends on the relativieoundary of the two materials, which is proportional to the
magnetization of the two contacts. total current density at the interface. The differenge; (

A simple linear-response model for transport across a-u ) between the electrochemical potentials decays expo-
ferromagnetic/normal metal interface, which nonetheless innentially inside the materials, approaching zero difference
corporates the detailed behavior of the electrochemical poat <.
tentials for both spin directions was first introduced by van _
Sonet al® Based on a more detailéBoltzmann approach, (uy(£20) =y (£22)). )
the model was developed further by Valet and Fert for all- A typical lengthscale for the decay ofu{— ) is the
metal multilayers and GMR Furthermore, it was applied spin-fiip length\ = /D 7 of the material. In a semiconduc-
by Jedemeet al. to superconductor-ferromagnet junctidis. tor, the spin-flip length\ .. can exceed its ferromagnetic
For the interface between a ferromagnetic and a normatounterpart\,, by several orders of magnitude. In the limit
metal, van Sort al. obtained a splitting of the electrochemi- of infinite A, this leads to a splitting of the electrochemical
cal potentials for spin-up and spin-down electrons in the repotentials at the interface which stays constant throughout
gion of the interface. The model was applied only to a singlehe semiconductor. If the semiconductor extendsetdEgs.
contact and its boundary resistaridé/e now apply a similar (1) in combination with Eq.(2) imply a linear and parallel
model to a system in which the material properties differslope of the electrochemical potentials for spin-up and spin-
considerably. down in the semiconductor, forbidding injection of a spin-

Our theory is based on the assumption that spin-scatteringolarized current if the conductivities for both spin channels
occurs on a much slower timescale than other electron scain the 2DEG are equal. At the same time, we see that the

my, €y
ax - O_T'l 1] (1a)

: (1b)
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a for the spin-up and spin-down channels in the ferromagnets

can now be written asr;z=0,41+819/2 and oy

=013(1— B13/2. We assume that the physical properties of

both ferromagnets are equal, but allow their magnetization to

be either parallel §,=8; andRy; | =Rj3; |) or antiparallel

~ (B1=— B3z andRy; | =R ;). In the linear-response regime,

I \ b the difference in conductivity for the spin-up and the spin-
[TH— Cit down channel in the ferromagnets can easily be deduced

|
|I
R1T |_| RscT |_| RST

\Cui Pivs parallel from the Einstein relation withD;;#D; (Ref. 11 and
I T pi1(Er) # pi1(Eg), wherep(Eg) is the density of states at
- FM the Fermi energy, anB the diffusion constant.
— To separate the spin-polarization effects from the normal
L current flow, we now write the electrochemical potentials in
I \ the ferromagnets for both spin directions ;asw=,u°
N \ +,u’{’l, (i=1,3), «° being the electrochemical potential
a Cil

c without spin effects. For each parof the device, Eqs(l)
anti apply separately.
i llel As solutions for the diffusion equation, we make the An-
- paralie satz
x=0 ) MiT,LI#?“LP«ﬁ,l:M?JFCm,l expt (X—Xi)/\m) (4

fori=1,3 withx,;=0, X3=X,, and the+ (—) sign referring
FIG. 1. (a) Simplified resistor model for a device consisting of a to index 1 (3), respectively.

semiconductofSC) with two ferromagnetic contact&M) 1 and 3. From the boundary conditior)sn(— )= ,U«u( — ) and

The two independent spin channels are represented by the resistors _ 0 i i ;
Ry, Rscp,y» andRg;, . (b) and (c) show the electrochemical Hz1() = pug (), we have that the slope gi” is identical

potentials in the three different regions for parallel and antipar- for both spin directions, and also equal in region 1 and 3 if

allel (c) magnetization of the ferromagnets. The solid lines show thethe conductivityo is identical in both regions, as assumed

potentials for spin-up and spin-down electrons, the dotted line forabove. In_ addition, these boundary conditions Imply t_hat the

1o (undisturbed caseFor parallel magnetizatiofb), the slopes of ~€XxPonential part of. must behave as expi/Amy) in region

the electrochemical potentials in the semiconductor are different fot: @Nd asc €xp(— (X—Xo)/\fm) in region 3.

both spin orientations. They cross in the middle between the con- [N the semiconductor we sey;=, based on the assump-

tacts. Because the conductivity of both spin channels is equal, thi8on that the spin-flip lengtix s is several orders of magni-

results in a(small spin-polarization of the current in the semicon- tude longer than in the ferromagnet and much larger than the

ductor. In the antiparallel cage), the slopes of the electrochemical spacing between the two contacts. This is correct for several

potentials in the semiconductor are equal for both spin orientationgnaterial systems, as semiconductor spin-flip lengths up to

resulting in unpolarized current flowlNote that the slope of. in 100 um have already been demonstratddh this limit, we

the metals is exaggerated. thus can write the electrochemical potentials for spin-up and
spin-down in the semiconductor as

ferromagnetic contact influences the electron system of the

semiconductor over a lengthscale of the order of the spin-flip Hap, (X)= 1y (0)+ X,y =const.  (5)

length in the semiconductor. A second ferromagnetic contact ] o _ _

applied at a distance smaller than the spin-flip length may While the conductivities of both spin-channels in the fer-

thus lead to a considerably different behavior depending ofomagnet are different, they have to be equal in the two-
its spin-polarization. dimensional electron gas. This is because in the 2DEG, the

In the following, we will apply the theory to a one- density of states at the Fermi level is constant, and in the
dimensional system in which a ferromagfiedexi=1) ex- diffusive regime the conductivity is proportional to the den-
tending fromx=— to x=0 is in contact with a semicon- sity of states at the Fermi energy. Each spin channel will thus
ductor(indexi =2, 0<x<x,), which again is in contact to a exhibit half the total conductivity of the semiconductor
second ferromagnetindex i =3, xo<sx<w=). This system (027, =05d2). , i
corresponds to a network of resistoRy; |, Rsc, and If we combine Egs(1) and(4) and solve in region 1 at the
Rs(.|, representing the two independent spin channels in thBoundaryx=0 and in region 3 ax=Xx, we are in a position
three different regions as sketched in Figg)1 to sketch the band bending in the overall device. From sym-

The (x dependentspin-polarization of the current density Metry considerations and the fact that and j;; remain
at positionx is defined as constant through the semiconductap spin-flip we have

11100 = i, (%) 11(0) = g (0) == (13, (Xo) — p31(Xp)), (6)

ai(X)= m 4 where the+(—) sign refers to parallelantiparalle] magne-

tization, respectively. This yieldsc;;=—c3; and ¢y

where we set the bulk spin-polarization in the ferromagnets= —c3 in the expression fop,| in Eq. (4) for the parallel
far from the interfacex; J(=)=p; 3. The conductivites case, which is shown schematically in Figbll The anti-



RAPID COMMUNICATIONS

R4792 SCHMIDT, FERRAND, MOLENKAMP, FILIP, AND van WEES PRB 62
10° 310° 0.2p
3 a
011
00
<)
-0.1
02 02 06 1007
g ° . .
30.1
0.1 1x10°
P -5
1%x10° 1x10
L 7 >
. 1x107 5
S1x10° | By
1x10°
1x107 ¢ 1 x10™
3 -13
02 o4 06 o8 1 X0
B
10 100 1000 FIG. 3. Dependence af, andAR/R on B. In (a) a, is plotted
Xo/nm over B for different ratiosoy,/os.. For a ratio of 100a, is well

below 0.1% for3<99%. In(b), againa, is plotted versug with
om ! osc= 100, with the corresponding values fAR/R on a loga-
rithmic scale. ForB between 0 and 90%AR/R is smaller than
10"7 and thus difficult to detect in the experiment.

FIG. 2. Dependence af, on A4, (8) andx, (b), respectively for
oim=100 0. and three different values ¢@. In Fig. (a), Xxo is 1
pwm. Note thatw, is only in the range of % foB~100% Or\¢, in
the um-range. In Fig(b) we have\;,=10 nm and again, we see
that for a contact spacing of more than 10 i will be below 1%
if a standard ferromagnetic metg8« 80%) is used. where a, is evaluated ak=0 and constant throughout the

semiconductor, because above we have rggt> in the
symmetric splitting of the electrochemical potentials at thesemiconductor.
interfaces leads to a different slope and a crossing of the For a typical ferromagnet,«, is dominated by
electrochemical potentials at=xXq/2. We thus obtain a dif- (A, /o) (Xo/ 0sd WhereXg/osc and\ ¢y, / o4y, are the resis-
ferent voltage drop for the two spin directions over the semitance of the semiconductor and the relevant part of the resis-
conductor, which leads to a spin-polarization of the currenttance of the ferromagnet, respectively. The maximum obtain-
In the antiparallel case where the minority spins on the lefable value fora, is 8.
couple to the majority spins on the right the solutiorcis However, this maximum can only be obtained in certain
=—Cg andcy = —Cgy With j;=] . A schematic drawing limiting cases, i.e.Xxo—0, os./o¢m—>, OF Ny— 2, Which
is shown in Fig. {c). The splitting is symmetric and the are far away from a real-life situation. If, e.g., we insert some

current is unpolarized. typical values for a spin injection devicg8€E 60%, Xo=1
The physics of this result may readily be understood fromum, \q=10 nm, and o¢,=10'0), we obtain a
the resistor moddlFig. 1(a)]. For parallel(antiparallel mag-  ~0.002%. The dependence @§ on the various parameters

netization we haveR;;+R3;#Ry+R3; (Ry;+R3 =Ry is shown graphically in Figs.(2) and Zb) wherea; is plot-
+R3)), respectively. Since the voltage across the completéed overx, and \¢,,, respectively, for three different values
device is identical for both spin channels, this results eitheof . Apparently, even fo3>80%, \,, must be larger than
in a different(paralle) or an identical(antiparalle] voltage 100 nm orx, well below 10 nm in order to obtain significant
drop overRsc; andRsg; - (i.e.,>1%) current polarization. The dependenceagfon

For parallel magnetizationd; = ;=) the finite spin- g is shown in Fig. 8) for three different ratiosry, /0.
polarization of the current density in the semiconductor careven for a ratio of 10a, is smaller than 1% fo3<98%,
be calculated explicitly by using the continuity of | atthe  where the other parameters correspond to a realistic device.
interfaces under the boundary condition of charge conserva- By calculating the electrochemical potential throughout

tion for (ji; +j;;) and may be expressed as: the device we may also obtaR),, andRy,; which we define
as the total resistance in the parallel or antiparallel configu-
Nim Osc 2 ration, respectively. The resistance is calculated for a device
ay=pB— — , (7)  with ferromagnetic contacts of the thicknesg,, because
T Xo <2m+1 — B2 only this is the lengthscale on which spin dependent resis-
X00m tance changes will occur. In a typical experimental setup, the



RAPID COMMUNICATIONS

PRB 62 OBSTACLE FOR ELECTRICAL SPIN INJECTION FROM . . . R4793

difference in resistancAR= (R,ni— Rpa) between the anti- tion is dramatiqally exacerbatgad when fe.rromagnetic mgtals

parallel and the parallel configuration will be measured. Toare used; in this case the spin-polarization in the semicon-

estimate the magnitude of the magnetoresistance effect, vIctor is negligible. - o

calculateA R/R,,,, and we readily find Evidently, _for efflc_lent_ spin injection one needs a contact
where the spin-polarization is almost 100%. One example of
such a contact has already been demonstrated: the giant

2 2 2 P ; : :
AR B MNmos 4 (9 Zeeman-spliting in a semimagnetic semiconductor can be
Roar 1—8% 02, X3 | Am0sc . utilized to force all current-carrying electrons to align their
ZXOUfm +1l) =8 spin to the lower Zeeman levélOther promising routes are

ferromagnetic semiconduct8ror the so called Heusler
compound¥* or other half-metallic ferromagnets® Ex-
periments in the ballistic transport regitiéwhereo . has to
be replaced by the Sharvin contact resistamay circum-
vent part of the problem outlined above. However, a splitting
of the electrochemical potentials in the ferromagnets, neces-
sary to obtain spin injection, will again only be possible if
AR B? the resistance of the ferromagnet is of comparable magnitude
gar: m 9 o the contact re_sistance. Similar arguments apply when_a
Schottky barrier is used as a contact. In that case, the resis-

Figure 3b) shows the dependence @f and AR/Ry,, on 8, tance of the semiconductor will be increased by the resis-

for a realistic set of parameters. Obviously, the change iffance of the space charge region. However, spin-dependent

resistance will be difficult to detect in a standard experimen—effe‘.:tS do not occur, as the I/V -character_|st|c of the Schottky
tal setup. barrier does not depend on the density of states in the

. e metal!®
We have thus shown, that, in the diffusive transport re-

gime, for typical ferromagnets only a current with small  This work was supported by the European Commission
spin-polarization can be injected into a semiconductor 2DEGESPRIT-MELARI consortium “SPIDERY, the German
with long spin-flip length even if the conductivities of semi- BMBF under Grant No. 13N7313 and the Dutch Foundation
conductor and ferromagnet are eqlfalg. 3@)]. This situa- for Fundamental Research FOM.

Now, for metallic ferromagnets\R/R,is dominated by
(Mm/om) 2 (Xol 0s)? and is~a3. In the limit of x,—0,
Ol 0g— 2, OF \ip— 0, We again obtain a maximum which
is now given by
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