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Electric-field dependent spin diffusion and spin injection into semiconductors
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We derive a drift-diffusion equation for spin polarization in semiconductors by consistently taking into
account electric-field effects and nondegenerate electron statistics. We identify a high electric-field diffusive
regime which has no analog in metals. In this regime there are two distinct spin-diffusion lengths. Furthermore,
spin injection from a ferromagnetic metal into a semiconductor is enhanced by several orders of magnitude.
This enhancement also occurs for high electric-field spin injection through a spin-selective interfacial barrier.
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Semiconductor devices based on the control and manipuer, Eq. (2), which consistently takes into account electric-
lation of electron spir(semiconductor spintronic$iave re- field effects and nondegenerate electron statistics. We
cently attracted considerable attentfopin transport and identify a high-field diffusive regime which has no analog in
injection properties of semiconductors and heterostructuresietals. This regime occurs for fields as small as 1 V/cm at
strongly constrain the design of new spintronic devices. Ilow temperatures. Two distinct spin-diffusion lengths now
theoretical studies of spin transport and injection incharacterize spin motion, i.e., upstrearm X and down-
semiconductofs* the spin polarization is usually assumed stream L4 spin diffusion lengths, which can differ in orders

to obey the same diffusion equation as in metals, of magnitude with realistic fieldsE=10 V/icm atT=3 K
5 ) and E=10° V/cm at T=300 K. These two length scales
VA=) = (g — p))IL7=0, (1) play distinctive but both favorable roles in spin injection

where u is the electrochemical potential of up-spin from a ferromagnetic metal to a semiconductor. We further
(down-splirl) electrons. In this diffusion equation the electric find that the effective semiconductor resistance determining

field does not play any role, and spin polarization decaysh® injection efficiency id., /o rather thanL®/a, which
away on a length scale &f from an injection point. This is May be comparable th/c given thatL, can be shorter
reasonable for degenerate systems because the electric fign L' by several orders of magnitude in the high-field
E is essentially screened. For semiconductor spintronic de€gime. Moreover, the decay length scale for the spin polar-
vices, however, the semiconductor often is lightly doped and?ation injected into the semiconductorlig, which would
nondegenerate, and experiments have shown the electf much longer thah® in this reg|m¢1. Our results suggest
field can change spin diffusion dramaticdiiyEquation(1) ~ @ Practical approach to increase spin injection into semicon-
corresponds to neglecting drift in the more general drift-ductorsby orders of magnitudeby increasing the electric

diffusion equation for the spin polarization, field, or equivalently, increasing the total injection current in
semiconductors. Our results are consistent with the signifi-
2 ek (ny—np) cant current dependence observed for spin injection from Fe
Va(n—n)+ kB_T'V(nT_nl)_ W‘O' 2 {0 GaAs'? We further note that strong fields also substan-

tially enhance spin injection in structures with an interfacial
wheren; —n, is the difference between up-spin and down-barrier.
spin electron densities and® is the intrinsic spin-diffusion The semiconductor we consider here is lightly or moder-
length. For degenerate systerkgT should be(approxi- ately n doped p-doped semiconductors can be analyzed
mately substituted byEg (the Fermi energyin Eq. (2), and  similarly), which is often encountered in spintronic devices.
Eq. (1) is thus justified for metals. We assume that there is no space charge and the material is

If Eq. (1) were to hold for semiconductors, spin injection homogeneous. The current for up spin and down spin can be
from a ferromagnetic metal to a semiconductor without awritten asj;,=o+)E+eDVn;(,, which consists of the
spin-selective interfacial barrier would be virtually impos- drift current and the diffusion one. Hei® is the electron
sible due to the “conductivity mismatch,” or more precisely, diffusion constantg; |y the up-spin(down-spin conductiv-
a mismatch between effective resistances in the metaty, andn,) the up-spin(down-spin electron density. The
[L®"/g¢] and in the semiconductdl(®/o].>~* Here LY spin-dependent conductivity is proportional to the electron
andL(® are the spin-diffusion lengths for the ferromagneticdensity for individual spinsg()=Ny()eve. The rate at
metal and the semiconductor, aog and o5 are conductivi-  which spin-up (spin-down electrons scatter to spin-down
ties for the two materials. Even for spin injection from fer- (spin-up electrons is denoted by 4/, (1/7|;). In a steady
romagnetic semiconductors,)/o;<L/o¢ and the spin state, the equations of continuity for individual spins read
polarizationp;<99%, so the large spin injection percentages n n
achieved from ZnMnS¢Refs. 8 and Pand GaMnAs(Ref. V~jT=Vch-E+UTV-E+eDV2nT=(—T— _i) e, 3
10) are difficult to understand via Eq1). T T
Here we clarify the central role of the electric field on

spin transport in semiconductors. We obtain the drift- V.j,=Vo,-E+o,V-E+eDV2n :(ﬂ_ﬂ)e (4)
diffusion equation for the spin polarization in a semiconduc- ! ! ! ! T Ty
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‘ electric field is applied, the decay of the spin polarization

E= becomes spatially asymmetric. For spin diffusion opposite to
the field direction(downstream for electropsthe decay
length of the spin polarization is longer thaf®.! For spin
diffusion along the field directiorfupstream for electrons
the decay length is shorter thaf®.

/LT—" E=25 V/em We define two quantitieky, L,
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X (nm) described byn;—n ~exp(-x/Lg) for x>0, andn;—n,
FIG. 1. Distribution of electron-spin polarization as a function ~€Xpf/L,) for x<0. Thus Ly [Lq>L®] and L, [L,
of position for a spin imbalance injectedat 0. Solid and dashed <L{¥] are the downstream and upstream spin-diffusion
lines are foreE|/ksT=0 and 0.01 nm?, which correspond t& lengths, respectively. In the absence of the field, the down-
=0 and 25 V/cm, respectively, af=3 K. The intrinsic spin- stream and upstream lengths are equal to the intrinsic diffu-
diffusion length isL®®=2 um. The inset illustrates upstream sion lengthL(®). With increasing field the downstream diffu-
(dashed ling and downstrean{solid ling) diffusion lengths as a sion lengthLy increases, whereas the upstream diffusion
function of electric field. lengthL, decreases. A high-field regime for spin transport in
semiconductors can be defined By-E., whereeE,/kgT
whereV-E= —eAn/e andAn is a local variation of electron =1/ (9, |n this regimeL, andL 4 deviate fromL(® consid-
density. In nondegenerate semiconductors,'=7"  erably and the spin-diffusion behavior is qualitatively differ-
=7 /2. Generally speaking, a strong electric field ent from that in low fields. We emphasize that sind® is
(=10° Vicm) may modify 7, v, and the band structure of |arge in semiconductors, this regime is not beyond realistic
semiconductors. However, as we will show later, the electrigields where most spintronic devices operate. For a typical
field even in the “high-field” regime is still relatively weak  spin-diffusion length,L(®=2 um,® E.=125 V/cm at T
(<10 V/icm) and we assume that boify and 7 are inde- =300 K andE.=1.25 V/cm atT=3 K.
pendent of the field. The physics of the field effects on the spin diffusion be-
For a homogeneous semiconductor without space charggomes clearer at the strong-field limit, whefeE|/kgT
An should be roughly balanced by a change in hole density-1/.(9. In this limit, the electrons move with velocit¥| v,
Ap. In doped semiconductors, however, spin polarizatiorand so does the spin polarizatidry is simply the distance
can be created without changing electron or hole denstties, gver which the carriers move within the spin lifetime L4
and therefore, =|E|ver=|E|(elkgT)D7=[L1?|eE|/kgT. For the up-
An,+An, =0, (5) Stream diffusion lengthL, at this limit, LU:I_<BT_/|eI_E|,
which simply corresponds to a Boltzmann distribution of
Here An,y=n;)—Ne/2, andny is the total electron den- electrons in a retarding field.
sity in equilibrium. Care is required, however, to avoid set- A similar field-dependent diffusion phenomenon has been
ting V-E=0 directly in Egs.(3) and(4)."* Instead we mul-  observed and studied in charge transport of minority carriers
tiply Eq. (3) by o and Eq.(4) by oy, and substract one in doped semiconductot.In fact, if n,—n, is substituted
from the other, eliminating the terms containifigE. Only by Ap andL® is regarded as the intrinsic charge diffusion
then do we seAn; +An =0. By using the Einstein relation, length, Eq.(2) becomes the diffusion equation for the distur-
D=kgTv./e, wherekg is the Boltzmann constant aridis  bance of the minority carriers in-doped semiconductors. It

temperature, we obtain the differential EQ) for n,—n , is known that the electric field leads two distinct charge
the measure of the spin polarization in semiconductors, withliffusion lengths in this case as well asmodification of
LO®=Dr. minority-carrier injection

Equation (2), together with the local charge neutrality =~ As an application of our field-dependent spin transport
constraint Eq.(5), dramatically alter the spin transport be- theory, we study how the electric field affects spin injection
havior in semiconductors from that expected from @¢.. To  from a ferromagnetic metal to a semiconductor. We consider
understand the physical consequence of the electric field om simple one-dimensional spin injection structure which, as
the spin transport, we suppose that a continuous spin imbashown in the inset of Fig. 2, comprises a semi-infinite metal
ance is injected at=0, and the electric field is along the (x<<0) and a semi-infinite nondegenerate semiconductor (
—x direction. The spin polarization will gradually decay in >0). The depletion region between the metal and the semi-
size as the distance from the point of injection increases. ltonductor is assumed to be negligibly thin, for a wide deple-
Fig. 1, we plot the spin polarization as a function of positiontion region is undesirable for spin transport and coherence
for different fields. In the absence of the field, as shown bydue to the strong deviation from the local charge neutrality
the solid line, the spin polarization decays symmetricallycondition (the presence of holes dramatically shortens the
along —x and +x with a single length scalé,(¥. When an  electron-spin coherence timeElectrons are injected from
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10° . I . I . I . The three unknown coefficien& (i =0,1,2) in Eqs(7)—

(9) will be determined by the boundary conditions at the
interface. For a clean and transparent interface, i.e., no spin-
flip scattering at the interface and no interface resistance,

2 both the electrochemical potential and the current for indi-
-% vidual spins are continuous, giving rise to three independent
2 |, %y o equations{i) W(Q‘)%M(T),.(ii)51(0‘)=m(0+), and
£l PO (iii) j4(07)—j (07)=j;(07)—j,(07). The current can be
1Y - loz10" Ee— | calculated using ;)= o (,)[d((,)/€)/dx].
/ M s The spin injection in the semiconductor is usually defined
! via the spin polarization of the curren&(x)=[](x)
0 —=x —Jj1(X)1/3, which is proportional to the spin polarization of
10— 9607 o5 . : 11
0 0.05 0.1 0.15 0.2 the electron densitp,;—n ,
leE/k,T (nm™")
ny(X)—n;(x) kgT
FIG. 2. Spin injection efficiency, as a function of electric field a(X)= = 1- cELy)" (10)
0

for structure with transparent interface. Dot-dashed, solid, short-
dashed, and long-dashed lines correspondttrs=10, 1¢, 1*,  Thus the solution ofn,—n, in Eq. (8) indicates a(x)
and 10, respectively. Other parameters apg=0.5 and L) = age L4, where ay is the spin injection efficiency. We
=60 nm (appropriate for Cp and L®=2 um (appropriate for obtain an equation fora, noting 1-kgT/eELy=
GaAs. The inset shows the schematic injection structure. A_ TleEL,

Coln-GaAs structure corresponds to;/os=10% The o¢/os B '
Se]I:noiZC(():l’l:(;\l/JeCtl(?rsrﬁore appropriate for injection from ferromagnetic 2L (ay—p;) | keT . —KeT/eEL,+ag

(1-pdo;  €Eos —KgT/eEL,—ag’ (D
the metal to the semiconductor, and therefore the electric ; f ; f ) )
field is antiparallel to thex axis. In the ferromagnetic metal Whereor=o;+a, andp;=(o;—o))/oy is the spin polar-
the electrochemical potentials for individual spins satisfy thezation in the metal. We solve Eq11) and plot the spin

equation®’ injection efficiencyaq as a function of the electric field in
Fig. 2. We see that the electric field can enhance the spin
d? [ uy (Dir )"t =Dl ) Yy injection efficiency considerably. Whehin;,/ny<1, i.e.,
. TS -1 f -1 ) for a small spin polarization in the semiconducte(x) can
XA a4y (Dim) (Bimi) i be expresseg inpa compact form, )
where D%m is the up-spin(down-spin electron diffusion 1
constant. In metals the conductivity and the diffusion con- L™ Ly plt® L
. £ 5 aX)=|———+—| ———e ¥ (12
stant are related viaoy()/D;,=€°N;()(Eg), where (1-p?Hos 0s] (1—p?o;

N;()(Eg) is the up-spindown-spin density of states at the
Fermi energy. It is readily seen that the above equations lead This remarkable expression shows that the electric-field
to Eq. (1) if LO=[(D{r;)"*+(D|7,;) 1] Y2 The gen- effects on spin injection can be described in terms of the two

eral solution can be written as field-induced diffusion lengths. Both diffusion lengths affect
f spin injection favorably but in a different manner. The up-

i(MT __ X 1 4 CLext® Yo 7 stream length., controls the relevant resistance in the semi-
edlu, 0—%4—0{ 1 ! —1/0{ ’ conductor, which determines the spin injection efficiency.

] o With increasing field this effective resistande,/os, be-
where J is the total electron current, which is a constantcomes smaller, and accordingly the spin injection efficiency
throughout the structure in a steady state. In the semicondugs enhanced. AE— o a, goes top; . The transport distance
tor, according to Eqs2) and(5), of the injected spin polarization in the semiconductor, how-

An;=—An =Cyexp(—x/Ly), (8) ever, is controlled by the downstream length. As the field
increases, this distance becomes longer.

anszosE. In order to match boundary_conditions gt_the We now contrast Eq(12) with that obtained by previous
interface between the metal and the semiconductor, it is dgsg|culation?4 based on Eq(1). The spin injection

sirable to know the electrochemical potentials for up-spin

and down-spin electrons in the semiconductor, which are re- L L] ! p;L(" ©
lated to the electron density for individual spins via a(X)=| ———+t— —ze_"’L (13
A (1-pt)os  9s| (1=pflog
n
iy =KsTIn| 1+ n—m) +eEx—C,. (9 s given by the zero-field result of E(L2). AsL(V<L® and
0

o¢>0,, the effective resistance in the metal"/oy, is
This relation can be readily derived based on the definitiormuch less than its counterpart in the semiconduttSt/ o .
of the electrochemical potential in nondegenerate semicorfhus Eq.(13) suggests that this resistance mismatch makes it
ductorsn, (< exp[ u;()+eylkgT}, whereE= —dy/dx. virtually impossible to realize an appreciable spin injection

201202-3



RAPID COMMUNICATIONS

Z.G. YU AND M.E. FLATTE PHYSICAL REVIEW B 66, 201202ZR) (2002

from a ferromagnetic metal to a semiconductor. Howevergiency increases from 2% at zero field to 10% wij|

our more general description of the spin transport in semi=840 V/cm atT=300 K, or|E|=8.4 V/cm atT=3 K. The
conductors indicates that the effective semiconductor resisgwo mechanisms have distinct electric-field and temperature
tance to be compared with"/o should bel /o rather  dependencies: field-enhanced spin injection increases with
thanL®)/o. Sincel, can be smaller thah® by orders of the electric field(curren) and decreases with the tempera-
magnitude in the high-field regime, this “conductivity mis- ture; whereas interface-enhanced spin injection depends on
match” obstacle may be overcome with the help of strongneither the electric field nor the temperature. This difference
electric fields, or equivalently, large injection curretfigor ~ may help clarify the origin of spin injection enhancement in
example, if we choose the following parameters of a spirflifferent structures. Recently Fert and Jedfteave identified
injection device,p;=0.5 andL("=60 nm[as in Co(Ref.  the relative va]ueg olt(s)/qS to barrier resistance as govern-
17)], LO=2 um [as in GaAs(Ref. §], for Co/GaAs struc- Ng Spin |njec_t|on1. Equation(14) shows instead it i&,/os
tures, or=10%0, the spin injection efficiency increases that .plays this role. As a re_sult, a less resistive barrlgr is
from 2x 10-© at zero field to 2% ae E|/ksT=5 nm L. For required to generate a _partlcu_lar amount of.spln—polanzed
a ferromagnetic semiconductor witlp;~0.5 and o current, and the_ power d|SS|pat|on of'the circuit can be muph
~ 1000, the spin injection efficiency increases from 0.029, |€ss. The combination of spin-selective barrier and electric-

' _ — : field enhancement may help to understand the large spin in-
at zero field to 2% ateE|/ksT=0.05 nm %, which corre- .~ .
e ond (O[E |~ 125 V/E;m,| oE|J|=1250 Ao for a semi. Jection percentages from ZnMnSe to ZriSefrom GaMnAs

2AsLO 2 A%2.19.20 _
conductor conductivityrs=10 (. cm)™ !, atT=3 K. to G S and from_Fg to G é%. as weI_I as the dra
matic increase in spin injection with current in Ref. 12.

For structures with a spin-selective interfacial barrier be- In summary. we have derived the drift-diffusion equation
tween the ferromagnetic metal and the semiconductor, whicp . Yy, we . n eq
or spin polarization in a semiconductor by consistently tak-

have be.en ?,ngges.ted to increase spin injection in the Iov‘fﬁg into account electric-field effects and nondegenerate
field regime;” we find

electron statistics. This equation provides a framework to
-1 understand spin transport in semiconductors. We have iden-
tified a high-field diffusive regime which has no analog in
metals. In this regime, there are two distinct spin-diffusion
lengths, i.e., the upstream and downstream spin-diffusion
e ¥la (14) lengths. The high-field description of the spin transport in
semiconductors predicts that the electric field can effectively
. , : _enhance spin injection from a ferromagnetic metal into a
where G, () is the interfacial conductance for up-spin qemiconductor and substantially increase the transport dis-
(down-spin electrons. This expression shows that the eleCtynce of the spin polarization in semiconductors. Our results
tric field and the spin-selective interfacial resistance both e”éuggest that the “conductivity mismatch” obstacle in spin

hance spin injection, but in independent ways. The spin inyyiection may be overcome with the help of high-field injec-
jection enhancement from a spin-selective barrier would-on in the diffusive regime.

therefore become even more pronounced in the high-fiel
regime. For a barrier resistance dominating over the ferro- We would like to thank N. Samarth for pointing out the
magnet’s effective resistance, ad=2G,, the maximum relevance of resistance mismatch for spin injection from fer-
spin injection achievable is 33%. For a Co/GaAs structureomagnetic semiconductors. This work was supported by
with G;=2G,=6x10° (2 cn?) "%, the spin injection effi-  DARPA/ARO Grant No. DAAD19-01-0490.
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