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Spin injection into amorphous semiconductors
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Using a realistic model for the atomic and electronic structure of amorphous silicon, we explore spin
injection into amorphous semiconductors. We calculate the spin-dependent conductance of magnetoresistive
devices within the Landauer-fiker formalism including inelastic scattering. We find that reducing the den-
sity of injected carriers and increasing the spin polarization of the electrodes are favorable for spin injection,
whereas inelastic scattering is detrimental, and show that the upper limit for magnetoresistance is given by
Julliere’s formula.
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The field of spin electronics, wherein manipulating spinexperimental conditions and in which spin injection from a
p p g sp p . _ v pin Inj

degrees of freedom in magnetoresistive devices makes it po@rroma}gr]etlc metal into a semiconductor is suppressed by

sible to read and write nonvolatile information through mag-the resistivity mismatch between these materialss was -

netism, has aroused considerable intetd$te discovery and preddlc'ged recentlyl, kt)he latter p;]rot;lem may be/ solved zy in-

sucossstul exlfalon o gant magneoressaM n LT BLTEL o o U omeanedsenieni

metallic multilayers boosted this fieldor a recent review on '

. ) . . In this paper, using a realistic microscopic model for a
GMR see Ref.  Making use of semiconductors in spin semiconductor-based magnetoresistive device, we calculate

electronics has the advantage of incorporating the magngre magnetoresistand®R) as a function of the electronic
toresistive devices into existing semiconductor technologleqjensity of state$DOS) of the electrodes and inelastic scat-
The feasibility of using semiconductors is supported by theikering rate of carriers within the semiconductor. We predict
capability to carry highly spin-polarized currents over longthe highest MR for low density and low scattering rates of
distanced and by the successful demonstration of electricalinjected carriers and demonstrate that the upper limit for
spin injection from magnetic dilute semiconductdfsRe-  magnetoresistance is described by Julliere’s formula.
cent discoveries of room-temperature spin injection from We develop an accurate model for the atomic and elec-
metallic Fe into GaA% and a large magnetoresistance intronic structure of amorphous silicda-Si), which serves as
GaMnAs/AlAs tunnel junction’sfurther stimulated an inter- a representative semiconducting material for spin injection
est in this field. and ensures the diffusive regime of conduction that is rel-
A typical device for magnetoresistive applications con-evant to experiments. In order to obtain the atomic structure
sists of two ferromagnetic electrodes, which are used to inef a-Si we simulate deposition of silicon atoms from a vapor
ject and detect spin-polarized current in a semiconductophase using Metropolis Monte Carlo technique within a ran-
(e.g., Ref. 8. Injecting the spin-polarized current is due to a dom network modet? The structure is grown onto tHe01)
different electronic structurée.g., the density of states at the surface of crystalline Sic-Si) substrate in a square box with
Fermi energy for up- and down-spin electrons in the ferro- the side of @&/v2=23.04 A in the[110] direction (a
magnetic electrode. Detecting the spin-dependent current is5.43 A is the lattice parameter atSi in the diamond
achieved by changing the relative magnetization of the twatructure. Periodic boundary conditions are imposed in the
electrodes. x-y plane parallel to the substrate. After depositing 1036 at-
Ferromagnetic electrodes based on dilute magnetic seméms we decouple the grovaSi sample from the substrate,
conductors, such as GaMnAs, have been successfully usedtach to the both sides of the sample @01 monolayers
for spin injection*® An application of these materials in of c-Si, and anneal the structure, keeping the attach&dl
magnetoresistive devices is, however, limited due to low Cumonolayers crystalline during the annealing. The resulting
rie temperaturé.A search for new semiconductors that re- a-Si sample has thickness of 46 A and the unit cell of 1180
main ferromagnetic at room temperature is critical for theSi atoms including the two monolayers ©fSi that serve for
applications. As was predicted theoretically within th&-  the coupling to the electrodes. The structural characteristics
listic regime of conduction, epitaxially grown ferromagnet/ of the simulateda-Si sample, such as the average coordina-
semiconductor/ferromagnet tunnel junctions with metalliction number of 3.81-3.85, the shape of the radial distribution
ferromagnets can possess very high values ofunction, and the half-width of the bond angle distribution
magnetoresistanc8.Unfortunately, this is not the case in the function of about 20°, are in excellent agreement with the
diffusiveregime of conduction, which is more relevant to the experimental dat®
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Left a-Si sample Bight
electrode P electrode 0=T.s(ns— 1)+ Trsys+ E Tsg(ns— 7g). (2)
S/
z . .',' . .':: R Here ns=(us— ur)/eVis the reduced chemical potential at
s e%eegqe siteS T g, Trs, andTgg are the transmission coefficients,
e :>° o which can be found fron??

o

Top=—T(S.~3)G(Ez-3))G, 3)

) ) where indicese and 8 denoteL, R, S or S'. The net con-
FIG. 1. Geometry of the system. TheSi sample is attached to ductance L b

. : per spin is given by
the left and right electrodes connected to reservoirs that are charac-
terized by different chemical potentigls andug. The electrodes 2
affect the electronic structure of theSi sample through self- I'=— TLR+E (1= 759 Tisf- (4)
energies; and3 . Inelastic scattering is included by connecting h S

“scattering” electrodes to each atomic site and then by adjusting

their chemical potentialgs to ensure current conservation through-  Within this approach all the properties of the ferromag-
out the sample. netic electrodes are contained in the self-energ@igesand

3R, Which are assumed to be spin dependent. In general,

We model the electronic structure afSi using a tight- NeS€ self-energies are given Eﬁ??T\,/L’RG[',lRV[,R for the
binding approximation. The tight-binding Hamiltoniahis ~ UP (1) and down(]) spins, where5, ' is the Green function
constructed using the orthogonsp® basis set. The bond Of the left (right) electrode coupled to the sample Wy r.
integrals Beer» Bspos Bppos aNd Bypy, and the on-site For simplicity we consider |der_1t|cal electrodes,_for which
atomic energie€Es and E,, for the ¢-Si structure are taken shi=3Lt=3]"! and parametrize the self-energies, so that
from Ref. 16. The bond integrals for theSi structure are > '"'=—impZ,p"! are nonzero only for the orbitals i.e.,
scaled according to Ref. 17. This parametrization is designese assume tha®/ k= —imp'"' and V| g=Bss,). Herep!
to fit to various phases of Si and therefore accurately deandp' are the up-spin and down-spin DOS of the electrodes
scribesa-Si. at the point of contact with tha-Si sample. The latter pa-

For calculating the conductance we use the Landauerametrization is similar to that used in Ref. 22. This formu-
Buttiker approach®!® We place the growm-Si sample be- lation allows introducing a spin polarization of the elec-
tween two electrodes connected to reservoirs, as shown schigedes, P=(p'—p")/(p'+p'), in the spirit of Julliere’s
matically in Fig. 1. The reservoirs are characterized by themodel?
equilibrium Fermi distributions withu; and ug being the Figure 2a) shows the calculated conductan@er cross
chemical potentials of the left and right reservoirs, respecsection of the unit cell, 18) as a function of electron en-
tively. The electric current is driven in the sample by theergy. Here the energy interval corresponds to the band gap of
applied voltageV, such thatu, — ugr=eV. Inelastic scatter- bulk c-Si[a much broader energy range is shown in the inset
ing is taken into account assuming that each atomic site ah Fig. 2(a)]. We assume that the electrodes are ferromag-
the a-Si sample is connected to a “scattering” electrole netic metals that are simulated by a relatively high density of
that serves as a phase-breaking scatt@rérthereby intro-  states ofp=p'+p'!=0.4 eV Y/atom and by the spin polar-
ducing an incoherent component to the overall current flonization P=0.5. As is seen from the thin solid line in Fig.
(see Fig. 1 The current conservation throughout the sample2(a), the conductance displays numerous resonances caused
is ensured by setting the chemical potentjalsof the scat- by localized states in the band g&pThe thick line shows
tering electrodes in a way that no net current flows into thes¢he effect of inelastic scattering introduced via parametriza-
electrodes. tion of the self-energy of the scattering electrodes, so that

Attaching the electrodes affects the electronic structure ok =i 5. The parametes is set equal to 0.04 eV, which is a
the a-Si sample resulting in a broadening and a shift of therepresentative value for electron-phonon coupling-8i at
energy levels. This is taken into account by including self-room temperaturée.g., Ref. 25 As is evident from Fig. @)
energy terms in the Green function that inelastic scattering smears out the resonant peaks en-

hancing the conductance on an average. The calculated value
-1 of the conductance per unit area at the Fermi endfgy
G(E)=|E-H-3 -3g—> S¢| , (1) =0, is about 410 O tcm !, which is in reasonable
s agreement with the experimental data faiSi at room
temperaturé®
whereX, , 3, andX g are the self-energies associated with  Figure Zb) shows the magnitude of MR versus electron
the left, right, and scattering electrodes and the summation ignergy for different DOS values of the electrodes in the pres-
performed over all atoms of the sample. Imposing the reence of inelastic scattering=0.04 eV. The MR is defined
quirement of no net current in the scattering electrodes antly the normalized difference between the conductance for
using the Landauer-Btiker formalism within the linear- the parallel and antiparallel magnetization of the electrodes,
response approximation, we obtain a system of linear equae., ('p—T pp)/I'p. As can be seen from the inset in Fig.
tions for the chemical potentials: 2(b), for metallic electrodes witp=0.4 eV ! the magnitude
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] FIG. 3. Magnetoresistance as a function of the spin polarization
0 — * * . of the electrodes for various values @wind §=0.04 eV. The solid

0o E(e%; 0E line shows the result for Julliere’s model that is indistinguishable
from the result forp=10"% eV~! and §=0. The inset shows MR

FIG. 2. Conductancé) and magnetoresistanc) versus elec-  Versusp for P=0.5 andé=0.04 eV.

tron energy forP=0.5. I' is plotted for §=0 (thin line) and & for |ow DOS values the electrodes virtually do not disturb

=0.04 eV (thick ling) for p=0.4 eV"". The inset in(@) shows the  tha energy spectrum of the semiconductor, which therefore
DOS for ¢-Si anda-Si. MR is plotted for various values gfand  acts as a linear transmitter with respect to the density of
=0.04 eV. The Fermi energy lies at zero. injected and detected carriers. In this regime the spin con-

of MR is less than 0.5%. The predicted low values of MR aredlJ(:t""nce_iS proportional to the produqt Of. the DOS fqr the
gft and right electrodes and the MR is given by Julliere’s

in agreement with experimental observations and are typic - > . .
9 b yP ormula (the solid line in Fig. 3 which takes the form

for metallic electrodege.qg., Ref. 26 In order to improve the 2/(1+ P?) for identical electrode® As our calculations

magnetoresistive response of the device with metallic eleczP/(1 . : . ; .
trodes a very high spin polarization of the electrodes is nec?’howv in the absence of inelastic scattering the linear regime

essary. This can be seen from Fig. 3, which shows the cal$ achieved f0r951_075,evfl' th7us indicating the range of
culated MR as a function of the spin polarizatién For ~ applicability of Julliere’s modet’ For higher DOS values
metallic electrodegp=0.1 eV * andp=0.4 eVt in Fig. 3 the energy spectrum of the sgm|conqqcto_r is substantle_llly
the MR becomes sizable only at a very high spin p0|ariza§1ffected by the electrodes making the injection and detection
of spins highly nonlinear. This is due to the broadening of the

tion, which is consistent with the prediction of Ref. 11. g . -
The significant reduction of the DOS of the electrodesSemiconductor energy levels given By and g, which
results in a dramatic enhancement of magnetoresistance. AQ2dS to the resonant mechanism of conduction. As was dem-

is evident from Fig. &), the MR increases gradually with onstrated in Ref. 24, the resonant conduction results in a

decreasingp for all the energies. ForP=0.5 and p  decrease of magnetoresistance. _ _
—10* eV 1t lies in the range of 20—25%. Further reduc- Similar to the DOS of the electrodes, an increase of in-

tion of the density of states does not change much the MRelastic scattering reduces MR. As is seen from Fig. 3,for
The same tendency is evident from Fig. 3: with decreaping =0.04 eV the MR is appreciably lower than fér0 (com-

the MR increases for all the spin polarizations and eventuallypare the solid and dashed lines in Fig. 3 for 107° eV~ ).
it saturates at values given by the curve fe£10°° ev-1.  The mechanism, which is responsible for this decrease of

The latter fact is illustrated in the inset of Fig. 3, which MR, originates from inelastic coupling between the localized
shows MR versug for P=0.5. As is seen, the highest values states in the semiconductor. This coupling promotes conduc-
of MR can be achieved by reducing the DOS of the election along quasi-one-dimensional chains of localized st&tes,
trodes down tgp=10"° eV~ or lower. We conclude, there- similar to that for multiresonance tunnelifWe can con-
fore, that the possibility of using magnetic semiconductorclude therefore that inelastic scattering is detrimental to MR,
electrodes or tunneling contacts for the enhancement of spidespite the fact that no spin-flip scattering is included in our

injectiont>!2 is the consequence of the low density of in- model.
jected carriers. In conclusion, using a realistic microscopic model for

The effect of the DOS of the electrodes on MR can beamorphous silicon we have explored favorable conditions for
understood in terms of renormalization of the semiconductospin injection into disordered semiconductors within the
energy levels due to the coupling to the electrodes. Indeed,andauer-Bttiker formalism. We found that magnetoresis-
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