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Spin injection through an Fe/InAs interface
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The spin dependence of the interface resistance between ferromagnetic Fe and InAs is calculated from first
principles for specular and disorder@®l) interfaces. Because of the symmetry mismatch in the minority-spin
channel, the specular interface acts as an efficient spin filter with a transmitted current polarization between
98% and 89%. The resistance of a specular interface in the diffusive regime is comparable to the resistance of
a few microns of bulk InAs. Symmetry breaking arising from interface disorder reduces the spin asymmetry
substantially, and we conclude that efficient spin injection from Fe into InAs can only be realized using
high-quality epitaxial interfaces.
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Compared to magnetic multilayers, semiconductor heteroing theory'* the corresponding resistances can be calculated
structures can be made with low defect concentrations, rewithin the framework of the Landauer-Riker transport
sulting in large transport mean free paths at low temperaformalism?’~'° Because free-electron models do not de-
tures. The large Fermi wavelength of charge carriers irscribe realistically the electronic structure and magnetism of
doped semiconductors then leads to finite-size effects and teansition-metal elements and their interfaces with other ma-
host of phenomena related to the electron waves maintaininggrials, we have calculated the spin-dependent transmission
their phase coherence over long distanc€urrent interest for the Fe/InA$001) system including the full electronic
in spin injection into semiconductors is motivated by a desirdband structures and derive the corresponding interface resis-
to combine the control over transport phenomena possible itances. We argue that spin injection should be observable for
semiconductors using external gates with the additional spispecular interfaces. However, we also show that introducing
degree of freedom in ferromagnetic metals which has givenlisorder into the interface layer greatly reduces the spin
rise to such new phenomena as oscillatory exchange co@symmetry. We focus on the special case of Fe/lInAs because
pling, giant magnetoresistané@MR), and junction(or tun- it forms an Ohmic contact. Since there is no Schottky barrier
nel) magnetoresistanddMR or TMR).? between these two materials, it should be possible to realize

While spin injection from a magnetic semiconductor us-much larger currents than for systems such as Fe/GaAs
ing optical detection techniques was successfully demonwhere electrons must tunnel through this bartier.
strated some years ag8spin injection from a metallic fer- To calculate transmission and reflection matrices without
romagnet into a semiconductor was only realized venyjintroducing arbitrary fitting parameters, we use the local-
recently’ Schmidtet al® pointed out that a basic obstacle to density approximatior{LDA) of density functional theory.
spin injection in this case is the large difference in theirThe present implementation is based on the surface Green’s
conductivities; the spin-independent resistivity of a semiconfunction metho& formulated for tight-binding linear muffin
ductor such as InAs is much larger than either the majoritytin orbitals (TB-LMTO’s).?! Because a minimal basis set is
or minority-spin resistivity of a ferromagnetic metéfM)  used, we are able to model the disorder with lateral super-
such as Fe. The resistances added in series are dominateddslls. The calculations were carried out in two stages. First
the spin-independent semiconductor term. Schmidtl. did  the electronic structure, spin densities, and potentials of Fe/
not take into account the possibility of a spin-dependent ininAs were determined self-consistently using the layered
terface resistance which, if sufficiently large, could generatd B-LMTO surface Green’s function meth8.To take ac-

a spin-dependent potential drop at the interfate. count of the 5% lattice mismatch between the bulk crystal

Qualitative arguments have been given for the existencstructures ég.=2.866 A, aj,s=6.058 A), we assume Fe to
of such a spin dependent@nd a number of studies based be tetragonal with its in-plane lattice constant matched to
on free-electron models have appeat®t Transition-metal that of the cubic InAs substrate. The vertical lattice constant
atoms are characterized by fivefold orbitally degenerhte is contracted so that the Fe unit cell volume is the same as
states with a large Hund'’s rule exchange splitting leading tdor the bulk material. To achieve reasonable space filling for
large spin magnetic moments. In a solid these destates  InAs in the atomic sphere approximati®hempty spheres
form complex band structures and Fermi surfaces. The origiwere introduced in the interstitial positions in both In and As
of the spin dependence of the interface resistance in madayers. At the interface the atomic sphere radii were set to the
netic multilayers lies in the difference between how thebulk values (r.=1.41 A andr,=1.49 A) and the Fe-
majority- and minority-spin states match to the spin-InAs distance was chosen so as to realize the local space
degenerate electron states in a nonmagnetic riitd).*21°  filling. The correct band gap for InAgvhich is found to be
By expressing thémis)matching at the FM/NM interface in metallic in a straightforward LDA calculatigrwas obtained
terms of the reflection and transmission matrices of scattemrsing a “scissors-operator” correction term. To form an
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FIG. 1. Conductance ofa) In- and (b) As-terminated Fe/lnAs
interfaces(in units of e2/h) as a function of the distance of the
Fermi energy Eg) from the bottom of the conductance bari{

for majority (©) and minority (4) spins. growth direction is the same as in the cubic structure. There-
fore the bands along this direction are labeled by the same
Ohmic contact, the Fermi level was positioned at the bottomyreducible representations of the point symmetry group and
of the InAs conduction band by using the coherent potentiahave the same orbital character as their cubic counterparts.
approximation(CPA) to substitute some of the trivalent In \we first note that the only states available for transport in
with quadrivalent Sn which acts as an electron donor. ThenAs are concentrated around the center of the 2D BZ. The
atomic potentials were calculated self-consistently for the .resolved transmission coefficients are therefore nonzero
four monolayers of Fe and six layers of InAs closest to theomy close to the zone center. Af=0, the single occupied
interface’” The CPA was also used to determine self-|nAs conduction band state hAs symmetry. Comparing the
consistent potentials for disordered interfat®blsing these Fe majority- and minority-spin band structures, we immedi-
potentials as input, the transmission coefficietftgk;) (+  ately notice that only the majority bands have a state with
and v denote the incoming and transmitted Bloch wavesithis symmetry aior close to the Fermi level. Because the
respectively were calculated in a second step with a recentlypoint group of the Fe/InA901) interface does not contain a
developed scheme based on the TB-LMTO metHokb cal-  fourfold rotation axis, the\} Fe states can also couple to the
culate the conductance, a summation must be carried oW, states in InAs. However, thi), states consist of localized
over the two-dimensiona{2D) Brillouin zone (BZ). This in-planed,, orbitals, so this coupling is expected to be much
was done with ak mesh density equivalent to &40°  smaller than betweef; states. Though this symmetry argu-
mesh points in the 2D BZ of aX1 interface unit cell. ment is only strictly applicable a=0, the majority chan-

In Fig. 1 the spin-dependent conductances for In- anq,g| js expected to dominate the conductance. The qualitative
As-terminated sgecular k( conserving interfaces, G,  predictions are confirmed by the full calculation. FBE
:Eu,v,kuhw(k\lﬂ , are shown as a function of the position _g —0 1 ev, the transmission probability is plotted in
of the Fermi energyK) above the bottom of the conduction Fig. 3 as a function ok for an In-terminated interface. For
band Ec) which is controlled by the doping in an majority spins, it has a maximum value0.64 at thel” point.
experiment? For both terminations a large spin asymmetry For the minority spins it is a local minimum with a value
is predicted. FOEL—E-=0.02 eV(corresponding to a dop- gmost two orders of magnitude smaller.

ing concentration of about 10cm™?, thus justin the metal-  The above results are only applicable in the ballistic re-
lic regime the ratioG, /G is about 110 for In and 18 for AS  gime where the resistance is dominated by interface scatter-
termination and decreases slowly with increasifig-Ec.  ing. To address the more realistic diffusive regime, we need

These ratios correspond to current polarization values  to determine the interface resistance encountered when a
fined as G;—G)/(G;+G,)] of 98% and 89%, respec- specular interface is embedded in diffusive Fe and InAs. To

tively. do this, we use the expression derived by Sceeal:*’
The large spin dependence of the Fe/lnAs interface scat-

tering can be simply understood by analyzing the bulk band h 1 1/ 1 1

structures of both materialshown in Fig. 2 fork=0 (I RFe/mAs:; - 5(@* N ) '

point)]. Similar arguments have been used previously to ana- > |tW|2 ¢ s

lyze spin-polarized tunnelinty:*® The band structure of te-
tragonal Fe[Figs. 2a) and 2Zb)] differs slightly from the where the first term is the inverse of the LandauettiRer
usual cubic case. However, the axial symmetry for (0@l conductance andNge(nas) is the Sharvin conductancgn
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FIG. 4. Interface resistances f@) In and(b) As termination as
a function of the fraction of interfacial In or As atoms substituted by
Fe for majority (O) and minority (A\) spins. The inset ita) shows

023 023 the same data with a blown-up ordinate scale. For both terminations

the symmetry-induced spin asymmetry is strongly reduced by dis-
FIG. 3. The transmission probabilities as a functiorkpfor the order.
In-terminated interfacethe As-terminated case is qualitatively
similar). The upper plot is for majority and the lower for minority

spins.Eq— Ec is equal to 0.1, and only the central 5% of the 2DBZ interfaces. To address this question we performed calcula-

area is showrithe values on the horizontal axes are given in thelions with 2x2 lateral supercells containing 8 (As) atoms
units of V2m/a,,ae). Note that different vertical scales are used for ahd 16 Fe atoms and introduced symmetry breaking by ran-
majority and minority spins. domly replacing some of the interfacial (ks) atoms with
iron. Figure 4 shows the majority- and minority-spin inter-
units of e2/h) of Fe (InAs). Obviously, the Sharvin resis- face resistances as a function of the fraction ofAs) atoms
tance correction is dominated by the contribution from theWh'Ch were repla.\ced.'The §pread of values optalned for dif-
semiconductor. ferent configurations is indicated, where applicable, by ver-

For Er—Ec=0.02 eV we obtain values ORMI—5 5 tical error bars. For both terminations we see a relatively

% 10* and R™=7 1x 106 fO. m2 for In termination and 2.1 weak variation in the majority channel. However, the large

X 10%, respectively, 5.2 10° fQ m? for As termination. Al valges of mlnprlty—spm interface resistances are suppressed
bg interface disorder and soon assume values comparable to

these resistances are much larger than the resistances see . . . .
9 nthé/majorlty—spln values. This result suggests that the realiza-

electrons originating in the ferromagnetic layer within a_. P : .
e 2 ; . . tion of the strong spin-filtering effect predicted in our calcu-
spin-flip diffusion length of the interfaavhich underlines lati for In-terminated lar interf d ind
the importance of interface propertiéand not the bulk po- ations for In- erminate SZEGC“ ar interfaceand indepen-
larization for injecting spins. Spin injection can occur in dently by Wunnickeetal™ for Fe/GaAs and Fe/Zn$e
diffusive systems when the interface resistance is spin depef€duires very considerable care in preparing the interfaces.
dent and comparable to the resistance of the semiconducto'c€ our findings are based on symmetry arguments, they
layer” 8 Within the free-electron modéwith mz=0.04) and ~ Should be equally applicable to epitaxial Fe/GaRef. 5 or
assuming Thomas-Fermi screening of the impurityF€/AlGaAs (Ref. 23 if the Schottky barrier is sufficiently
potentiaf® we estimate the low-temperature resistivity of thin that carrier injection does not occur by thermionic emis-
InAs  with doping of 16°cm™3 to be ppas=0.3 sion over the barrier. When tunnel barriers composed of
X104 O m. The thickness of InAs has a resistance com- amorphous oxides are used for spin injectibthe symme-
parable to the interface resistancBeenas When L try arguments are most likely no longer valid. Such systems
~Reennas! Pinas Which yields values ranging from 0Zm  need to be studied in more detail.
(majority spin, As terminationto 240 uwm (minority spin, In The finding that disorder stronghgducesthe high resis-
termination. tance of the minority-spin electrons by opening new trans-
The large spin dependence of specular interface scatteringoprt channels which are symmetry forbidden for specular
discussed so far results directly from the symmetry of thdanterfaces is quite similar to what was found for the Fe/Cr
Bloch states on either side of the interface. It is important tasystem by Xiaet al1°
know whether the corresponding spin asymmetry will sur- In conclusion, we have studied the transport properties of
vive the interface disorder which is invariably present at reaFe/InAg001) interfaces, taking into account the full elec-
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