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Theory of spin transport induced by ferromagnetic proximity on a two-dimensional electron gas
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A theory of the proximity effects of the exchange splitting in a ferromagnetic metal on a two-dimensional
electron gag2DEG) in a semiconductor is presented. The resulting spin-dependent energy and lifetime in the
2DEG create a marked spin splitting in the driven in-plane current. The theory of the planar transport allows
for current leakage into the ferromagnetic layer through the interface, which leads to a competition between
drift and diffusion. The spin-dependent in-plane conductivity of the 2DEG may be exploited to provide the
possibility for spintronics devices based on planar devices in a field-effect transistor configuration. An illus-
trative example is provided through the transport theory of a proposed spin valve which consists of a field-
effect transistor configuration with two ferromagnetic gates. Results are provided for two experimentally
accessible systems: the silicon inversion layer and the naturally formed InAs accumulation layer.
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[. INTRODUCTION figuration with two adjacent ferromagnetic gates with revers-
ible magnetizations, where MOSFET stands for metal-oxide-
The emerging field of spintronics aims to implementsemiconductor field-effect transistor. We find that the
semiconductor devices which utilize both the carrier charggroposed device has a significant magnetoresistance effect
and spin degrees of freeddnResearch in the field has been for reasonable system parameters.
inspired by the early device proposal of Datta and Das, The coupling of the 2DEG to the ferromagnetic gate ex-
which consists of spin injection through a ferromagnetic-ponentially decreases with their separation by a potential bar-
semiconductor interface and spin manipulation using theier. Our study includes oxide barriers down to the smallest
Rashba spin-orbit effeétThere has been recent progress instate-of-the-art thickness and direct contact between the
achieving maximum spin injectién’ and in characterization 2DEG and the ferromagnet to ensure sizable spin effects. A
of the Rashba effeét:!! However, a spin device based on consequence of this requirement for ultrathin oxides is that
injection has a high tunnel resistance, analogous to aurrent leakage into the ferromagnetic gatdbecomes an
Schottky diode. We have suggested an alternate approach imtegral part of the in-plane electron transport. This naturally
spin creation and manipulation which makes use of the proxresults in the need to consider both the current driven by the
imity effects of a ferromagnet on a semicondudfoithe  in-plane electric field and the diffusion driven by the density
eventual device would avoid the high tunneling resistance bgradient, analogous to the bulk cd$é*Although such leak-
keeping the main driven current path entirely in the semiconage effects would decrease the efficiency of normal field-
ductor through normal ohmic nonmagnetic leads, resemblingffect transistors, we find that they actually enhance the spin
the field-effect transistor design. dependence of the electron transport from the source to the
In this paper we present a comprehensive theory of thérain.
consequences of the ferromagnetic proximity on the equilib- We argue that the relevance of proximity effects between
rium and transport properties of the electrons in the semicona semiconductor and a ferromagnet is supported by recent
ductor. First, we fully examine the coupling of a semicon-experiments. A series of optical Faraday rotation
ductor two-dimensional electron ga&2DEG) with a  experiment®®have shown that unpolarized nonequilibrium
ferromagnetic layer through a very thin potential barrier. Ex-electrons in a semiconductor can spontaneously acquire a net
plicit calculations are provided for two realizable systems,spin polarization in the presence of a ferromagnetic interface.
the silicon inversion layer and the naturally formed InAs We have interpretédl the observed effect as arising from the
surface layer, both with ferromagnetic gates. The coupling ispin-dependent reflection of electrons off the ferromagnetic
conveniently treated by a Green’s function method whichinterface. Assuming negligible spin scattering at the inter-
can account for realistic confinement for the semiconductoface, the spontaneous spin polarization produced in the semi-
2DEG as well as the effects of a short electron mean freeonductor is indicative of the strength of the coupling across
path in the ferromagnet. The complex self-energy of thethe semiconductor-ferromagnet junction. In addition, replac-
2DEG due to the interaction with the ferromagnet containgng the Schottky barrié?~’with a much thinner oxide will
both static and dynamic effecta Zeeman-like splitting and only increase the interaction.
spin-dependent scattering times, respectivaBoth proper- Proximity effects between dissimilar materials have been
ties alter the in-plane conductivity and can be exploitedused to describe how the ordered state of one medium in-
through the spin-dependent transport under the ferromagiuces a similar order in the other medium which is otherwise
netic gate. As an illustration of the possible consequences aformal. The induced order parameter decays away from the
the ferromagnetic proximity on the semiconductor, we showinterface. The common examples are the proximity effects
in detail the behavior of the density and current in a previ-between a superconductor and a normal metaa semicon-
ously proposetf planar spin valve in MOSFET-style con- ductor 2DEG and between a ferromagnet and a paramag-
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netic metal. The induced ferromagnetic order in a nonmag-
netic metal is weak and requires the metal to be
superparamagnetié,such as Pd or Pt. In this paper we con-
centrate on the proximity effect between a ferromagnet and a
semiconductor 2DEG. The 2DEG is examined rather than
the bulk semiconductor because it has two advantades:
the 2DEG is confined near the interface where it is more
susceptible to the influence of the exchange-split electrons in
the ferromagnet, an@) while the induced polarization in
the 2DEG may be too small for a magnetization measure-
ment, the influence on the spin-polarized transport is the ul-
timate goal. Moreover, there exists a large amount of knowl-
edge and technology dedicated to the manipulation of
semiconductor 2DEG's, further increasing the potential for
spintronics devices.

In Sec. Il we explain the model of the semiconductor
2DEG ferromagnet used in the calculations, followed by the ~FIG. 1. Band diagrams fde) the silicon inversion layer ang)
derivation of an effective tight-binding HamiltoniafSec. thg InAs s_urface layer, both sepa_rated from aferr_omagnet by a thin
Il A) which is used in a Green’s function formalis(Bec. oxide barrier. Th_e ferromagnet, Wlth exchangt_e splittngs on the_

Il B) to approximate the coupling between the semiconduc!eft @nd the semiconductor 2DEG is on the right.(&, the Fermi

tor 2DEG and the ferromagnet. In Sec. Il we calculate théevel in the ferromagnet is Iow_er tharl the Fermi level in the silicon
self-energy of the 2DEG coupled to the ferromagnet for tWolnversmn_Iayer. I_r(b), the Fermi level in the ferromagnet is equal to
experimentally realizable systems, the silicon inversion Iayelt’he Fermi level in the InAs surface layer.

(Sec. IlIA) and the naturally-formed InAs surface layer i the realistic three-dimensional band structure; the spin
(Sec. Il B). In Sec. IV we derive the equations and ShOW yehendence in the one-dimensional model due to the ex-
representative results for the 2DEG density and in-plane cufspange splitting of the parabolic bands only mimics the real
rent for the silicon inversion layeSec. IV A) and for the spin dependence in the ferromagnet.

InAs surface laye(Sec. IV B. In Sec. V we calculate the " rpg o spin channels are considered to be completely
2DEG density and current for a spin-valve with two ferro- decoupled and are labeled By and —. Experimentally, it
magnetic gates for the silicdiSec. V A and the INAS(Sec. 5 hears that the spin lifetime in semiconductor heterostruc-
V'B) systems. We summarize our findings and draw conclug,res can persist for long times and over long distances, in-

sions in Sec. V. cluding through heterostructure interfadds2® We neglect
any mixing due to the spin-orbit effect or other spin-flip pro-
Il. MODEL OF THE ELECTRONIC STRUCTURE cesses. The neglect of the Ra_lshba spin-orbit interaiction
valid in Si and holds less well in the InAs surface layer, but
The two particular systems we will consider have bandsufficiently well without gate voltagg Coupling of the two
diagrams as shown in Fig. 1. The semiconductor 2DEG is ogpin channels decreases the magnitude of the spin effects
the right, which is induced by a gate bias for the siliconpresented here.
inversion layer[Fig. 1(a)] and is naturally formed for the In a recent articl¥ we reported the calculation of the
InAs surface layefFig. 1(b)]. The left side is the ferromag- coupling between a silicon inversion layer and a ferromag-
net, which is modeled as parabolic bands split by the exnetic gate in the effective-mass approximation using a trian-
change energyr.?° A very thin oxide separates the 2DEG gular potential in the semiconductor region. The simplicity
from the ferromagnet. This oxide is necessary in the silicorof the potential allowed us to use the wave function match-
system because a gate bias is necessary for the creationinfy conditions to derive an equation specifying the complex
the inversion layer. Because the surface layer in the InAgnergy of the eigenstate of the coupled system. Strong scat-
system forms naturally, no gate bias is necessary and hencering in the ferromagnet was incorporated by putting a phe-
intimate contactno oxide barrier is possible between the nomenological damping into the wave function in the ferro-
InAs surface layer and the ferromagnet. magnet region. The triangular potential approximation,
All calculations are done within the effective-mass ap-although valid in the silicon system for strong inversfdiis
proximation in a one-dimensional model of the interféitee  not appropriate for the weakly confined 2DEG at the InAs
in-plane wave vector is not conserved across thesurface. For this reason, the InAs potential is calculated self-
interfacé'?3. These, along with the exchange-split parabolicconsistently with the surface layer density distribution using
band approximation, cannot possibly account for all bandhe coupled Schrodinger and Poisson equations. A Green’s
effects in the ferromagnet. We wish to show in a transparenfunction method is developed to calculate the coupling be-
way how the spin dependence in the ferromagnet can influasveen the semiconductor 2DEG and the ferromagnet which
ence the 2DEG; more realistic calculations will be necessarworks for both the triangle potential in the silicon system and
for comparison with experiment, but the essential effects wehe self-consistent potential in the InAs system. In addition,
deduce here should remain valid. In particular, the onethe Green’s function approach is ideal because it allows us to
dimensional parabolic bands we use here must be replacédclude scattering in a more natural and rigorous manner
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nal. To ensure proper Fermionic anticommutation relations
between the operators in all parts of the system, we orthogo-
nalize the ferromagnetic eigenstates to the discrete 2DEG
eigenstates,

‘ two subsystems implies that they are not mutually orthogo-

¢Lﬂ(z)=xﬂf‘i<z>—; X @ (xIxim ). &)

v yim Vse
° This allows us to write a general state of the system as
FIG. 2. A cartoon of the splitting up of the potential. The origi-
nal band diagram is on the left, and this is split inttemromagnetic Ye(2)= E Xﬁc(z)an L+ 2 ¢>I<m+(2)0k ., (4)
potential V™ and asemiconductopotential V. B n Tk . .
wherea, . andcy . are the Fermion operators for the 2DEG

than in the wave-function approach. In brief, the coupled tate x5(z) and the orthogonalized ferromagnet state
semiconductor 2DEG-ferromagnet system is solved in thred m Xn . g ) g
(2), respectively. The only Fermion operators that do

steps:(1) Separate the semiconductor and ferromagnet rePk.= ,
gions and solve them separatel®) approximate the cou- Ot anticommute properly are
ling between the two subsystems by transforming the origi- + sq_ fm fm o s
hal effoctive.mass Hamiltonian o = “tight-bindigg’f.e., I o ol )= B 200D 00 2= B
tunneling Hamiltonian; (3) calculate the self-energy of 5
2DEG electrons due to the interaction with the ferromagnetAs an approximation we keep only terms that have a single
exponentially decaying term in an overlap integral. Since

A. Derivation of the effective Hamiltonian (Xﬁcl)({(mixxwib(ﬁ% contains the product of two overlap
The effective-mass Hamiltonian for the ferromagnet_integrals with an e_xponentially decaying term, we neglect it
oxide-semiconductor junctiofsee Fig. 1, leaving an approximate set of Fermionic operators.

Now we must calculate all the matrix elements involved
A in (. |K+V™+V39y.), keeping the approximation as
Ut + Elf'M)@(—Z) mentioned above. The matrix elements between different
semiconductor states are

H_—hzd 1 d
N 2 d_Zm*(2)d_Z+

+UL(2)0(z2,—2)0(2)+U(2)O(z—z,), 1
b( ) ( b ) ( ) Sc( ) ( b) ( ) <Xﬁ$|K+VT+VSC1X§C>:éﬁc5n,nr+V;n:’n’t“€ﬁc5n,n',
can be written asd=K+Vs+ V™ whereK is the kinetic (6)
energy and theemiconductoandferromagnefpotentials are where
defined, respectively, as
VSq(2)=Ug(2)0(z—2,)+00(z,—2), V::r:,n,t:f dz(x35)*Vimyse 7
VM(2)=U(2)0(z,—2)O(2) +00(z—z,) is neglected because the integral contains two exponentially
A decaying functions. The matrix elements between a semicon-
+| Upyt 50 N ) 0O(—2). ) ductor state and a ferromagnet state are

fm fm sd.,SC \ _ _sc¢/ 4fm S| fm  _y\,/fm
LK+ VE+V )= L +Vin e =Vih +,
The zero of energy is put at the right side of the barrier for<¢k'—| TV X ) = e i L Xn) + Vich, = k,n,(8)
convenience. Basically,Vg”(z) consists of the spin-

dependent ferromagnet potential,+ A o M/2) for z<0,
the oxide barrier potentidl(z) for 0<z<z,, and is zero
for z>z,. From now on we choose the spin-quantization
axis to be parallel to the magnetizatibhin the ferromagnet, vim L= f dz( ™, ) *Vimy s 9
so thatV™— V™ The semiconductor potentiat*{z) con- - ’
sists of the 2DEG confinement potential(z) for z>z,and is kept because there is only a single exponentially decaying
is zero everywhere else. wave function in the nonzero integration region. Finally, the
This separation of the potentiéllustrated in Fig. 2 is  matrix elements between ferromagnetic states are

convenient because it allows us to solve the two subsystems . . i .
with potentialsV™(z) andV5(z) separately, and then calcu- (A= [K+VIH+VH b0 L) =€ S+ Wik, =
late the coupling between them. The subsystems are solved, fm

. . . . . ~ €y + 5k K s (10)
yielding the semiconductor eigensta{gs(z)} with energy k= %k,
€’ and the ferromagnet eigenstateg". (z)} with energy  wheree™. is the energy of the state™. before the orthogo-

e[f‘i . The finite overlap between the wave functions for thenalization to the 2DEG states and

where (™| x:9=0 because of the orthogonality between
the semiconductor and ferromagnet states and
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M osg . fm w fm s - The real part of the 2DEG  self-energy,
Wickr, ==X =1V qu,i>+; [(enxir, = Xa) + Vi, ) A, -(E)=Rg2, .(E)], is the spin-dependent level shift of
the 2DEG subbands due to the coupling with the ferromag-

XX ) + (e xadxite) + Virk « net. This gives the 2DEG a static spin splitting, which
fm | s is [A,—A_| if only one 2DEG subband is occupied.
X<Xk’,t|X”C>] 1D The two spin channels will have different densities,
is neglected because all terms contain more than a singld+#N-. The imaginary part of the 2DEG self-energy,
exponentially decaying function. w27, . (E)=—Im[Z, .(E)], is related to the lifetime of
We are left with an effective Hamiltonian with a simple the 2DEG electrons to scatter in a spin-dependent way off
tight-binding form: the ferromagnet. This new spin-dependent scattering channel

will result in different conductivities for the two spin chan-
_ T _sc t_fm t y\/fm nels, and will be addressed in Sec. IV.
H= nE an,aen an,0'+ kz Ck,ofk,a'Ck,U+ n; (an,avn,k,ock,a
e o K, O

T fm
CoVion,ofn,o) - (12) Il. RESULTS FOR RELEVANT SYSTEMS

This Hamiltonian represents the coupling between the quan-
tum confined electrons in the semiconductor and the broafje
spin-dependent continuum in the ferromagnet. We solve th%eI
Hamiltonian below using a Green'’s function approach.

We have shown how to calculate the spin-dependent ef-
cts for the coupled 2DEG-ferromagnet system. In this sec-
on we apply this method to two experimentally realizable
systems: the silicon inversion layer and the naturally formed
InAs surface layer. Silicon MOSFET-type devices are ubig-
uitous in present technology, and any spintronics device in
We are interested in the properties of the 2DEG electronghis system would have a strong industrial base. The inver-
due to the coupling with the ferromagnet. The retardedsion layer is created by a gate bias, which increases the cou-

B. Green’s functions for the coupled system

Green’s functions relevant to our calculations are pling with the ferromagnet by pressing the electrons close to
the interface with théferromagnetit gate. The need for ul-
Gy, () =—i0(t)({a, . (1),a . (0)}), (13)  trathin oxide barriersto increase the couplingmplies that
2DEG electrons can irreversibly tunnel into the ferromagnet.
Gy + (D)= —i@(t)({ck,i(t),cﬁvt(O)}% (14)  We shall account for the effects of the current leakage. Since

the removal of the oxide barridprovided that it is not re-
Gin (D=0 {{c, +(1),al L (0)}), (15)  blaced by a Schottky barriebrings simplicity, we also ex-
o ’ " amine the naturally occurring InAs accumulation layer which
where ®(t) ensures us that>0. The unperturbed Green's forms an ohmic contact with the metal. The 2DEG forms at

functions when the couplingﬂ‘fkyi is zero are the interface without the need for a gate bias, so the leakage
of electrons is not a problem in this system. However, the
Gﬁ?)i(E)z(E—eﬁchiO*)*l, (16)  confinement of electrons in such a surface layer is quite
weak.
G(k?)i(E):(E_eLfﬁiHyfkfjﬁi)*l_ (17) We start with calculation of the ferromagnet subsystem

wave functions and energy eigenvalues; we will show below
Note that the ferromagnet is assumed to be a dirty conductohow to treat the semiconductor subsystem. The ferromagnet
so that an imaginary part has been added to the ferromagnstibsystem is made of the ferromagnet potentiakfof, the
energy to account for strong spin-dependent scattering in thisarrier potential for 8<z<z,, and is zero forz>z,. All
ferromagnet® e[{f‘iﬂefkrf‘i —i y{{?: . states are included in the calculation that decay exponentially
Calculating the Green’'s functions with the interactionfor z>z, ( all states with energy less than zgrdo fix the
from the Hamiltonian and Fourier transforming, we have thenormalization of the ferromagnet states and the ferromagnet

following equation for the full 2DEG Green’s function: density of states, the ferromagnet continuum is approximated
by a large but finite boxsee Fig. 3. Convergence is checked
Gh-(E)=[E—€&+i0" =3, .(E)] 1, (18 for both the size of the box and the number of points in the
box.
where the self-energy of the 2DEG electrons is The ferromagnet has the same parameters for all calcula-
tions below. The exchange-split parabolic bands have an ef-
Sa.(BE)=> vim  GOL(E)VM . . (19) fective mass equal to the free-electron mags The major-
’ koo T T ity wave vector isk™=1.1 A= and the minority wave

H fm _ —1 20 ; Fpr
The effect of the coupling on the 2DEG eigenstates is founii_ecm.r Is k='=0.42 ’f‘ ,~ corresponding to a majority
= L ermi energy ofU;,=4.6 eV and an exchange energy of
from the complex energle which satisfies A=3.9 eV. The ferromagnet is assumed to be dirty, so that
= ol ~ the scattering is significant. We account for this by putting by
E-en+i0" =%, .(E)=0. (200 hand an imaginary part into the ferromagnet energy eigen-
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FIG. 3. The ferromagnet subsystem, approximated as a large bu 4| 107
finite box. It consists of the exchange split ferromagnet potential,
the barrier potential, and is zero for-z,. The wave function must
vanish at the left bounday= —z, . 107 - - : : : 107

2 4 6 8 10 12
Oxide Thickness (Angstroms)

values after calculating the particle-in-a-box eigenstates

which is the same for all wave vectors"=1.1eV and ; :

Mm_0.8 eV 2 We are left with the wave functions and com- ning from upper left to lower rightand the spin-dependent scatter-
yl’ : L | f I in the f _.ing times 7, (full line running from lower left to upper rightand
plex energy eigenvalues for all states in the ferromagnet W'thr, (dashed line running from lower left to upper righs a function

the real part of their energy less than zero. Below we debf the thickness of the Sigbarrier for a silicon inversion layer. The

scribe separately how we calculate the semiconductor subyarameters used are explained in the text.
system for the two systems we consider in this paper.

FIG. 4. A plot of the spin splittindA , —A _| (dotted line run-

used in a device. For 6 A barrier width, the two spin chan-
A. Silicon inversion layer nels have scattering times @3 ps and 6 ps; the spin-

L . . . dependent coupling to the ferromagnet has opened a new
The 2DEG in this system is _strongly inverted at_the Inter'spin—dependent scattering channel for the 2DEG electrons.
face and the triangular approximation to the semiconducto

otential is adequat€. The dielectric constant in silicon is To utiize this effect in a device, the new scattering times
P q j L : must be comparable to the intrinsic scattering time for the
taken aseg;=11.7, the longitudinal effective mass respon-

. , LS silicon inversion layer(including phonons, impurities, de-
sible for the confinement isig; = 0.91my, and the transverse _fects, etc., but not including the effects of the nearby ferro-

efiective mass relevant to the_ in-plane motion of the 2DEG ISmagnetic layer which at low temperatures is near 1 ps, cor-
mg; = 0.19m,. The oxide barrier between the silicon and theresponding to a mobility o= 9000 cn?/V s.2” As is evident

ferromagnet is assumed to be $iith barrier heightfrom iy the plot, the scattering times for the two spin channels
the ferromagnet Fermi leveUsjo,=3.2 eV, effective mass approach this intrinsic value for very thin oxide thicknesses,
m§i02=0.3m0, and dielectric constanetSioZ=3.9.29 We as-  while their relative ratio remains the same. Because the two

sume that the electric field in the barrier, which is set by thdimes are near the intrinsic time, but are still quite different

bias between the silicon substrate and the ferromagnetic gatdnore than a factor of)2we would expect that any physical

is near its breakdown value & =12 MV/cm. The elec- quantity that depends on the scattering time would see this
2

tric field in the silicon responsible for the 2DEG confinementzggéﬁf;r:'s Tci’]rltsuzvglte[‘bfheadil:[issed later when we discuss
is then EsF(ESioz/GSi)ESioz- The density in the 2DEG is P gate.

assumed to be ¥6cm 2, corresponding to a Fermi energy
of ~6.3 meV.

The numerical results for the spin splittidh , — A _| The 2DEG at the InAs surface is naturally formed. As
(dotted line running from upper left to lower rightind the  opposed to the strongly inverted silicon inversion layer dis-
scattering times for the two spin channels (full line run-  cussed above, the confining potential in the InAs system is
ning from lower left to upper rightand =_ (dashed line quite weak and a realistic calculation of the coupling requires
running from lower left to upper rightare shown in Fig. 4 that the potential be calculated self-consistently with the den-
for Esio,= 10 MV/cm. The horizontal axis is the thickness ity distribution in the 2DEG. We use the coupled Sehro

of the oxide barrier; sizable coupling between the 2DEG andlingeér and Poisson equations in the semiconductor region

the ferromagnet occurs only for ultrathin oxides at the limitZ= %o

of current device fabrication techniques. The spin splitting is

very small even for the thinnest oxide considered; at 6 A —h? 9

barrier width, the spin-splitting of~0.1 meV versus the 2 9z

2DEG Fermi energy of~6.3 meV yields a static spin polar-

ization of the 2DEG~1%. PV _ Ame?
On the other hand, the scattering time for the two spin -

channels is a promising effect of the coupling that could be Fria €sc

B. InAs surface layer

Lo
m* 0z

V) XD =xn(2), (2D

N@ IXS(2)?, (22)
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Fig. 5. As is evident in Fig. ®), the confining potential for

3 s 1 the 2DEG is quite shallow and weak; the depth of the poten-

g ial | tial is only a few hundred meV and the potential does not

3 flatten out until about 300 A from the interface. Two sub-
90 0 100 200 300 400 500 600 700 800 900 bands are occupied up to the Fermi level. The wave func-

< ; : : ; ; . : : : tions of the two subbands are shown in Figb)5 and the

8 | | density distribution in the 2DEG is shown in Fig(ch

g _[\,Q«\____ The numerical results for the coupling of the first subband

g L wr’ ] of the InAs surface layer with a ferromagnetic gate are
000 10 o a0 a0 5o ees o0 seo oo shown in Fig. 6, as a function of the AD; barrier thickness.

& o0t : , . : : , , , . The coupling for the second subband is an order of magni-

NE tude weaker, and because onh20% of the carriers are in

© this subband, we neglect its presence from now on. The spin

> splitting is negligible except for intimate contact, in which

§ 0—100 (I) 1(I)0 2(I)0 300 400 5(I)0 6(I)0 7(I)O 8(I)O 900 case the VaIU§ Oﬂfﬁ 10 meV .mea.ns a pOI.arizati.On Of the gaS

Distance (Angstroms) of ~15%. This value is quite high and is achievable in this

system because the barrier is unnecessary for the creation of
FIG. 5. (a) The calculated potentigeV) for the InAs surface the 2DEG.
layer with the parameters given in the text. The zero of energy is at The scattering times for the two spin channels approach
the top right side of the barriefb) The wave functions for the two  the sub-picosecond range for the thinnest barriers and inti-
subbandsgarbitrary units. (c) The density distribution in the 2DEG mate contact. The intrinsic Scattering time of the surface
(arbitrary unit3. InAs 2DEG is in the hundreds of femtosecond range at low
where the total density in the 2DEG is kept fixed andfn;%%ré‘t;%els\} 5.31C$Lrgscpoznpﬁii|23 hastobeer? calgj?zgtlgijdov?r:

— * 2 i i
No=(2Mipad 7/°) Zn(ep— €n). The band bending in the 4 an oxide thickness of 1 A; the tight-binding model breaks
barrier is negligible. Unlike the silicon inversion layer, more yown for intimate contact.

than one subband in the InAs surface layer are occupied by

electrons. Solving these equations simultaneously results

in the 2DEG wave functiong;(z), energiese;’, and the IV. SPIN-DEPENDENT TRANSPORT UNDER THE
semiconductor potentiaV3(z). The InAs parameters used FERROMAGNET

in the calculation are an effective massmof,,,=0.023n,
dielectric constant €,,s=14.6, and 2DEG density >
No=10? cm 2. The barrier is taken as AD; with a
barrier height from the ferromagnet Fermi level

We have calculated the spin-dependent self-energy for
DEG states coupled to a ferromagnetic gate, which in gen-
f eral results in(1) a spin-dependent scattering time associated
. . . with the interaction of the 2DEG electrons with the ferro-
UA'20§:1'2 eV, effective mass Ma1,0,=0.75Mo, and di- magnetr. and(2) a spin splitting (A, —A_]| in the single
electric constanty,o,=3.9. subband limit resulting in unequal electron densities in the

The wave functions and energies associated with the catwo spin channel®\_. . In this section we examine the influ-
culation of the 2DEG with a 10 A barrier are shown in ence of these two results of the coupling on the in-plane

FIG. 6. A plot of the spin splitting
|A,—A_| (dotted line running from upper left to
lower right and the spin-dependent scattering
times . (full line running from lower left to up-
per righ) and 7_ (dashed line running from
lower left to upper right as a function of the
thickness of the AIO; barrier for the lowest sub-
band in the InAs surface layer. The parameters
used are explained in the text.

Scattering time (ps)
Spin splitting (meV)

1 2 3 4 5 6 7 8 9 10 M 12
Oxide Thickness (Angstroms)
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transport of the 2DEG, and find théi) the in-plane conduc- ferromagnet introduces spin dependence to the 2DEG den-
tivity becomes spin dependent af@® 2DEG electrons can sity Ny and lifetime 7y, and, hence, to the conductivity,
irreversibly leak into the ferromagnetic gate in a spin-
dependent mannéif the ferromagnet is biased with respect N.e%r.
to the semiconductor 0= m (27)

We derive the transport equations in the 2DEG, account-
ing for current leakage into the gate and, therefore, the derwhereN. (x)=J° .dzn.(x,z). The spin-dependent lifetime

sity_ variation along the semiconduptor channel. In thg fol—’;.+ includes both the intrinsic 2DEG lifetime, and the spin-
lowing we assume that the current in the 2DEG flows in thejependent scattering time associated with the ferromagnet
x direction. The boundary condition on the channel density;, |

will be that at the source and drain contacts the 2DEG takes |

its equilibrium density related to the confinement and the ~

Fermi energy of the 2DEG. The growth axis is in theli- -

rection, with the ferromagnet interfacezt 0. The electron . . . .

. ) AT The spin dependence in the conductivity will affect the trans-
confinement in thez direction is assumed to be cionstant port of the 2DEG only if the spin-dependent densitiesare
along the channel. The system is homogeneous iryte  very different or the spin-dependent scattering timesare
rection, so there is ng dependence in any of the equations. very different and are comparable to the intrinsic 2DEG life-
The two spin channels are considered to be completely d&me 7.
coupled throughout the devicgvalid for channel lengths Using this conductivity, the in-plane charge current is
smaller than the spin relaxation length

The continuity equation for 2DEG electrons is

I

(28)
To T+

17
_e‘Jx,t(X):Ui(X)EX—i_eDi(X)&Nt(X)- (29
4 -
S N=(zH+V-j.(x,2,1)=0, (23)  The diffusion constanb . (x) can be related to the conduc-
tivity using the Einstein relation, and at finite temperature in
where n.(x,z,t) is the spin-dependent particle density two dimensions is

(cm™3) andit(x,z,t) is the spin-dependent particle current

21 ) €L ()7
(cm™“s 7). In the steady-state, D.(x)= —— 7(1_e75';(x)/kBT)fl, (30)
m
J . J .
(XD == j 1 (%,2). (24 where€’, (x)=h22m*[47N. (X)] is the chemical potential

at T=0. The in-plane fieldg, results from a source-drain
Integrating out the dependence through the semiconductorbias and is approximately constant throughout the 2DEES
up to the interface at=0 we obtain do not consider the feedback of the 2DEG density variation
on the in-plane field, i.e., by coupling them through the Pois-

d _ _ son equatiop The in-plane charge current, E&9), and the
T3 = 7172 (X2=0)+ ]z 2 (X,2= — ) current leakage, E(25), are to be solved jointly to specify
completely the spin-dependent density profile (x) along
=—]Jz,+(X,2=0), (25  the channel. We do this separately for the two systems under

0 _ _ _ consideration.
where J, . (x)=/".dzj, ~(X,z) is the integrated 2DEG
current flowing in thex direction. The termjzyt(x_,z=0) _ A. Silicon inversion layer
represents the leakage of 2DEG electrons irreversibly . . _ _
into the ferromagnetic gate and will be discussed separately A 92t bias is necessary to create the inversion layer in
for the silicon and InAs systems below. The term Silicon MOSFET-style device. We assume that the normal-
i, .(x,z=—) represents the electrons that are injecteometal gate is replaced with a ferromagnet, so that the ferro-

from the semiconductor substrate into the 2DEG. This pro/hagnet is biased with respect to the silicon substrate. The
cess is unfavorable because electrons are injected into tije"Mi level in the ferromagnet is lower than the Fermi level

2DEG much more efficiently from the source and drain” the semicond_uctor. H_ence 2_DEG electrons can tL_mneI into
contacts? so thatj,. (x,z= — ) =0. the ferromagnetic gate, inelastically fall to the F.erml level in
The Drude condﬂctivity is ordinarily the ferromagnet, and have no way to get back into the semi-
conductor. This causes a leakage of the 2DEG density, so
N-e2r that the current is not constant along the channel,
To=——, (26)
m

J . = NL(x)
5Jx,i——lz,i(X,Z—0)—T- (32)

whereN, is the 2DEG density (ci?), —e is the electron -
charge, g is the intrinsic lifetime, andn* is the effective  Combining Eq.(31) with Eq. (29), we have the differential
mass of the electrons. The coupling of the 2DEG with theequation specifying the spin-dependent channel density:
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API\R eE7. oN.  N.(x) o (o g1 . . .
- N + — =0. ~‘~~ _—'—
x| D) — X N N AN N -
Sit - -7 S N :
The spin-dependent scattering timesdepend on the thick-
ness of the oxide barrier under consideration. We have as® 4.9¢ N ]

sumed that, except for at the source and drain, the system i
homogeneous in and that the lifetimes and scattering times 485 , , 1
are independent of the density variation throughout the chan 0 200 400 600 800 1000
nel.

Because the diffusion constant is dependent upon the der g ' ' ' ' ]
sity in a complicated way, Eq32) must be solved numeri- J,
cally. In the limit where the diffusion constant does not de-
pend onx, the solution under a single gate is

-~

Current
o
:
[
\

N.(x)=A.e "1 B, e (33)

=50 L L .

where thedownstreamand upstreamlengths®** are 0 200 400 600 800 1000
x—direction (Angstroms)

FIG. 7. The spin-dependent 2DEG density (& and spin-

, (39 dependent 2DEG current (¢rhs™1) under a single ferromagnetic
gate for the silicon inversion layer faero source-drain biagin-

plane field ofE,=0 V/cm). There is a diffusion current flowing

— eEX7-;7'-i 4Di(m§i t)2 from both the source and the drain into the gate. The other param-
ISP ———— 1+———=5;-1], (B9  eters used are explained in the text.
2mg; ¢ (eB)“ra7s
andA. andB. are fixed by the boundary conditions. Note iply leak into the gate. A diffusion current flows from the
that in all calculations in this paper, the in-plane electric fieldsource and from the drain into the 2DEG to replace the leak-
E, was taken as negative, so thtand!%®"" are defined to ing electrons. The channel density is symmetric about the
always be positive numbers. The real solution, which is calcenter of the device, and the current flows in opposite direc-
culated numerically wittD .. (x) varying along the channel, tions on the two sides of the gate. The spin dependence due
is more complicated, but the above approximation captureto the different scattering times for the two spin channels is
the qualitative aspects of the channel density. The densitgvident; the+ channel, which leaks at a faster rate, falls to a
starts at its equilibrium value near the source and the drairfipwer density in the center of the gate, and has higher cur-
which act as reservoir’s for electrons. The electrons leak int@ents near the source and drain due to the larger gradient in
the gate, causing the density to decrease as they move furthitile density as compared to the channel.
from the source or drain. In the absence of a source-drain As the field is turned up, the drift term in Eq29)
bias, the decay of the density would be symmetric about théights against the backflow at the drain contact. At
center of the gate; a finite source-drain bias breaks the sym-
metry, and hence gives the two decay lendtffsand 19", x 10"
The spin-dependent channel dendity (x) determines the -
spin-dependent channel current via E2p). ""~----_______— ________
The 2DEG density and current for the silicon inversion

layer coupled to a ferromagnetic gate are shown in Fig. 7 anc
Fig. 8 for the low-field regimeE,=0 V/cm and the high- 4.9r ]
field regimeE,=—5000 V/cm, respectively. The source is
atx, =0, the drain is akg=1000 A, and both spin channels 0 200 400 600 800 1000
take their equilibrium density at the source and drain,
N- (x)=N.(xg)=0.5x10'2 cm 2. The oxide is assumed ol —=T=se=--=T------- ool ]
to be 6 A thick, so that the spin-dependent scattering times o
arer, = 3 ps andr_=6 ps. The intrinsic scattering time is
taken as 1 ps, and the temperature is 10 K. The spin-
dependent density and current were calculated by solving th¢ © 9L i |
linear system of equations that results from the finite differ- 1_8\ _
encing of the differential equation specifying the density 0 200 200 00 300 000
[Eq. (32)]. The solution was iterated until both the density x-direction (Angstroms)
N.(x) and the diffusion constari.(x) converged. This FIG. 8. The spin-dependent 2DEG density (¢hand spin-
method was used to calculate the current and density for th@ependent 2DEG current (¢rhs™1) under a single ferromagnetic
remainder of the paper. gate for the silicon inversion layer for an extremely high in-plane

The effects of the leakage of channel carriers are immefield of E,= —5000 V/cm. The other parameters used are explained
diately evident in Fig. 7. Carriers under the gate can irreversin the text.

I down__
*

= 4D . (m% )2

(eE)2r.72

*
2Mg; ¢

(3]

-
-
-
-

Density

2 = 4

urrent
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~—200 V/cm, the drift current overcomes the diffusive
backflow and the current through the drain becomes positive.
Curiously, the field at which the drift current cancels the
diffusion current is spin dependent, so that it is possible to
create the following situationgl) the drift current cancels
the diffusion current for one of the spin channels, but not the
other, so that the net current that flows through the drain is
100% spin polarized, an@) the current for one spin channel
is positive while the current in the other spin channel is ex-
actly opposite, so that no net current flows out of the drain,
but apure spin current flows out the drain. Further study of
the pure spin current in the single ferromagnetic gate silicon
system will be given in a future publication.

In Fig. 8, a very high in-plane field is strong enough to
overcome the backflow from the drain; the asymmetry in-
duced by the strong source-drain bias is evident in the plot of
the spin-dependent density. The transport is dominated by
the drift term in Eq.(29) due to the high in-plane field; the

diffusion current is only a small correction. More current is ...~ and(b) the InAs systems. The device consists of normal

carried in the— spin channel than~th& spin channel be- nonmagnetic source and drain contacts and two ferromagnetic
cause the lifetime for the- spins, 7_, is longer than the gates. A source drain bidk, creates the in-plane fiel, . In (a), a
lifetime for the + Spins,~7-+ . gate voltageV, is necessary to induce the inversion in the silicon
system. The space between the ferromagnets is filled with a non-
magnetic metal. Inb), no gate voltage is necessary in the InAs
system. An ultrathin oxide separates the ferromagnetic gates from
The 2DEG at the surface of InAs is natural and hence n@he 2DEG in both systems, although the oxide can be omittéoin
gate bias on the ferromagnet is necessary. This keeps the
Fermi levels in the semiconductor and in the ferromagnep diffusion current flowed towards the center of the gate from
equal; no electrons will leak into the gate. The in-plane curyoth the source and the drain at zero source-drain bias. This

Natural 2DEG

FIG. 9. Schematic diagrams of the spin-valve proposéjinhe

B. InAs surface layer

rent in each spin channel must be conserved, simple behavior of the InAs surface layer with a single fer-
g romagnetic gate is radically altered when two gates replace
5\)“:0. (36)  the single gate, as explained below.
i ifying the channel density is, from Egs.
(Tzh9(§ :r?éjggn specifying the channel density is, from Eqs V. SPIN VALVE WITH TWO ADJACENT
' FERROMAGNETIC GATES
K2 D.(x) IN.\ eEr. oN. —0 (37) Because of the general spin dependence in the 2DEG den-
ax | o= Ty miae 9X e sity and current as shown above, we now discuss a simple

spin-valve-type device to test the spin effects predicted by
The spin-dependent density in the limitDf. (x) = constant  the theory. The spin effects could not be seen in transport
is experiments with a single gate and nonmagnetic source and
N.(X)=A. +B.e¥-, (39) drain contacts. This is because the two spin channels are
) - - measured in parallel; switching the gate magnetization would
with A. andB.. specified by the boundary conditions and exchange the roles of the two spin channels but would have
the decay lengthd.=m/ ,D./(—eE;r.). The decay no effect on the total current measured. The single-gate spin
lengths are similar to the expressions found in Refs. 13 andffects could in principle be measured through other spin-
14 for infinite spin lifetime. Because of the spatial depen-dependent means, but we concentrate here on transport ef-
dence of the diffusion constant, the real solution is morefects that would be more useful in device considerations.
complicated, but the qualitative results still hold. To see the spin effects in transport experiments, we pro-
The in-plane field drives a spin accumulation at one of theposed a simple spin-valve destgrshown in Fig. 9. The
boundaries. A boundary condition which specifies that thesingle gate in a normal MOSFET-style device is replaced by
density is the same at the source and drain would prevent thisvo ferromagnetic gates that are very near to each other. If a
from happening, resulting in a constant density throughoutjate bias is applietsuch as in the silicon systenthe space
the channel. The diffusion term in ER9) vanishes, so that between the two ferromagnets can be filled with a nonmag-
the current is only given by the drift term. The current car-netic metal such as aluminum in order to ensure that the
ried by each spin channel must be constant due to the al2DEG confinement is uniform between the source and the
sence of any 2DEG leakage. For zero source-drain bias, thdrain. The nonmagnetic metal between the two ferromagnets
current is thus zero in both spin channels. This is in markeds not necessary in systems with no gate Hgsch as the
contrast with the results for the silicon case, Fig. 7, in whichinAs systen.. There is some anisotropy in the design of the
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two ferromagnetgeither through geometry or matepiao
that the two ferromagnets have different coercive fields, ~
which allows the switching of the magnetization of the sec- (X)=1 To» Xa<X<Xg (40

ond ferromagnet while leaving the magnetization of the first T., Xg<X<Xg.

unchanged. Because the two spin channels are effectively -

decoupled throughout the devi¢due to the long spin-flip 7= is specified by Eq(28). The density and current in both
time), the addition of the second ferromagnet has a profoundhe silicon and InAs systems can now be calculated for par-
influence on the total current that flows in the 2DEG. This isallel magnetization.

because both the density and the current in each spin channel For antiparallel gate magnetizations, the second gate mag-
must be continuous throughout the device. This matchindietization is flipped with respect to that of the first gate, so
depends on the relative orientation of the magnetizationghe spin-dependent scattering times for antiparallel gate con-
The net effect is that the total current measured through théguration are
device will depend on the relative orientation of the magne-

tization of the two ferromagnets, which is a magnetoresis-

tance effect. The first ferromagnet will be referred to as the TAX)=1 ©  Xa<X<Xp (41)
first “gate,” and the second ferromagnet will be referred to T, Xg<X<Xg,

as the second gate.

Although we propose such a device as a way to test th
predictions of the theory, the device as is could do perform
the role of a memory element. The magnetization of the first -
gate remains fixed, while the orientation of the second gate’s TAX)=1 To, Xa<X<Xg (42)
magnetization depends on whether the information you are T, Xg<X<Xg.
trying to read out is a “0” or a “1.” The measurement of the
second gate’s magnetization is read out by measuring th&he obvious difference from the parallel case is the exchange
current at the drain contact. The bit could be written using &f the roles of spins+ and — under the second gate
local magnetic fieldcreated by nearby wires, as in current (r, — 7. and 7. — 7).

MRAM technology that is strong enough to switch the sec-  For both parallel and antiparallel gate magnetizations the
ond gate without switching the first gate. The two main ben-ensity for both spin channels must take on its equilibrium

efits of such a design are thd) the nonvolatile information  value at the source and drain, which we assume for both the
storage has been incorporated onto the semiconductor, whesflicon and InAs systems is 05102 cm™2 for each spin

the information processing occurs, a(®iwe take advantage channel, so that the boundary conditions are
of the necessity for ultrathin oxide barriers due to the aggres-

Te, X<X<Xa

T, XL <X<Xp

gnd the spin-dependent lifetimes are

T X <X<Xp

sive scaling of MOSFET technology to the nanometer scale NE.(x,)
(whereas currently the ability of 2DEG carriers to interact NP (xg)
with the gate through an ultrathin oxide barrier is seen as a a =0.5x 102 cm 2. (43)
major obstacle to be avoidedOnce demonstrated, other de- NZA(x,)
vice designs can be explored which do not rely on analogy to N2 x)

existing structures to fully benefit from the new spin effects. o o
Below we discuss the spin valve for the silicon and InAs Ihese boundary conditions are sufficient to fully calculate

systems separately. To model the 2DEG density and currefi#€ SPin-dependent density and current throughout the spin
throughout the spin-valve, we assume the following. Thevalve for parallel and antiparallel gate magnetizations. These
source is ak, =0 and the drain is atx= 2200 A. Both gates &€ usec_i next to calculate the dens!ty and current in the two-
are 1000 A wide and the gap between the two gates jgate spin-valve proposal for the silicon and InAs systems
200 A, so that the left side of the gap isxat=1000 A and  Separately.
the right side of the gap is a=1200 A.

The spin-dependent density with parallel gate magnetiza- A. Silicon inversion layer

tion is N%(x), where= refers to the electron’s spin under A schematic diagram of the silicon spin valve is shown in
with respect to the first gate arrefers to parallel. The Fig. 9a). The addition of the second gate causes the scatter-
density and current must be continuous throughout the déng times and lifetimes to become dependent uporFor

vice. The spin-dependent scattering times are no longer comparallel gate magnetizations, the differential equation that
stant along the channel due to the addition of the seconghust be solved is
gate, so that for parallel gate magnetizations,

p p
i(oa aN*) P = i(?E’PNE’J—'\]—i:o. (44)
Te, X <X<Xa ax\ T ax mg, xR
TmO)=) P XasX<Xg (39) where the spin-dependent scattering time and lifetime along
To, Xg<X<Xg, the channel are specified by E®9) and Eq.(40), respec-
tively. These equations must be solved numerically as previ-
and the spin-dependent lifetimes are ously described, with the boundary conditions, Eg).
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FIG. 10. The density (cit?) and current (cm' s ) for a sili- FIG. 11. The density (cit?) and current (cm's™ 1) for a sili-
con inversion layer with parallel gate magnetizations. The parameon inversion layer with antiparallel gate magnetizations. The two
eters are explained in the text. spin channels are labeled with respect to the first gate.

The density and current in the silicon inversion layer withlel magnetization, respectively. The current is assumed to be
parallel gate magnetization are shown in Fig. 10. The inmeasured at the draix€ xg). All parameters are the same
plane field that drives the current B,=—500 V/cm and as previously discussed. The magnetoresistance is quite
the temperature is 10 K. The intrinsic scattering time issmall for large in-plane driving fields, where the drift current
o=1 ps and the spin-dependent scattering times aréominates the transport. The difference between the parallel
7.=3 ps andr_=6 ps, consistent with a 6 A barrier. The and antiparallel currentsJ(xg) —J;A(xg), is small com-
behavior is very different compared to the single gate casegared toJ¥(xg) [or JZA(xg)] because of the strong drift. As
Fig. 8. The conductivity changes from under the first gate tdhe in-plane field is decreased, the diffusion current becomes
the gap region(likewise from the gap region to under the more important, which opposes the drift current at the drain.
second gate BecauseE, is constant, this requires that the The different density profiles in the parallel and antiparallel
density adjusts itself to make both the density and currentases imply that the diffusion current a the drain contact is
continuous. Spin accumulation can result if the in-plane driv-different in the two cases; the spin effects are more pro-
ing field is sufficiently strong. Note that the current in the nounced and the magnetoresistance grows. At some critical
gap region of the device is constant because there is no elefield (=—200 V/cm) the drain current for parallel magneti-
tron leakage in this region.

For antiparallel gate magnetizations, the differential equa- 10
tion that must be solved is the same as for the parallel cas:
[Eqg. (44)], except change—ap in all superscripts. The
scattering time is specified by E¢41) and the lifetime is 10° ¢
specified by Eq(42). Compared to the device with parallel &
magnetization, we see marked differences in both the densit'g,
and current in the antiparallel caésee Fig. 11 Again, this
is because when crossing through the different regions of the2
device, the density and current must be continuous. Com-.%_J
pared to the parallel case, the spin channel now sees the
conductivity and leakage of the spin channel under the
second gate, so the matching is completely different. The
total current is different in the two cases, causing a magne-
toresistance effect.

To clearly see the magnetoresistance effect caused by th 102
switching of the second gate’s magnetization, in Fig. 12 we 10’
plot the following magnetoresistance percentage:

3

anc

7]
)
1]

=

107
|Ex| (V/em)

FIG. 12. The full line is the magnetoresistar{ésy. (45)] as a
, (45) function of the in-plane driving fiel&, , using the same parameters
as in Figs. 10 and 11. The dashed line is the magnetoresistance
using scattering times appropriate for a thicker barrier. The dotted
whereJ}(xg) andJ3(xg) are the sum of the current in the |ine is the magnetoresistance for a shorter intrinsic scattering time.
two spin channels with parallel magnetization and antiparalThe high-field limit of this plot was discussed in Ref. 12.

‘JQ(XR) - Jip(XR)

JR(XR)

MRZlO%
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FIG. 13. The densityin units of cm %) for an InAs surface FIG. 14. The density (ci?) for an InAs surface layer with
layer with parallel gate magnetizations. The parameters are exntiparallel gate magnetization. The two spin channels are labeled
plained in the text. with respect to the first gate. The parameters are explained in the

text.

zations equals zero; the drift current flowing in thex di-

rection is eXaCtIy canceled by the diffusion current ﬂOWlng in not constant throughout the device, because it must adjust
the —x direction. Due to the way in which Eq45) is de- itself at the interfaces between the three regions to keep the
fined, this causes a divergence of the magnetoresistance. Aarrent constant. Both spin channels must decrease their den-
the in-plane field is reduced further, the total current in thesity in the gap region to keep the current constant, but the
parallel configuration becomes negative as the diffusivalensity profile for the two spin channels is very different
backflow overtakes the drift current at the drain. At low because the lifetimes are different in the gate regions. This
source-drain bias the drain current in both the parallel anghrocess leads to a static spin polarization at the interfaces
antiparallel configurations is negative as the backflow combetween different regions of the device, or spin accumula-
pletely dominates the current; a small magnetoresistance tfon. This accumulation must decay back to the equilibrium
still present. The spin valve would ideally be operated justvalue at the drain. The current in each spin channel is con-
above the critical field, where the drain current is still posi-stant throughout the device (14710 cm™* s™* for the +
tive but the effects of the diffusion current are important. channel, 1.74 10 cm * s ! for the — channel due to the
In addition, the dashed line in Fig. 12 is the same calcu“floating” gates.
lation using the scattering times for a thicker oxide barrier. For the thinnest of oxides and intimate contact, Fig. 6
The effect is still present but moves to a lower in-plane field.implies that the spin splitting becomes important. This would
This is because there is less leakage, and hence the diffusimeake the equilibrium values for the two spin channels at the
backflow at the drain is lower than for a thinner barrier. Thesource and drain spin dependent. This asymmetry further en-
dotted line in Fig. 12 is the calculation using a shorter intrin-hances the spin effects due just to the scattering time; the
sic scattering time, which has the effect of moving the magqualitative picture remains the same.
neoresistance peak to a higher in-plane field. Shortening the For antiparallel gate magnetizations, the differential equa-
intrinsic scattering time decreases the conductivity, andion is the same as for the parallel cd&f. (46)], except
hence a higher field is necessary to balance the drift andhangep—ap in all superscripts. The scattering times and
diffusion currents. lifetimes are given by Eqsi4l) and (42). As has already
been discussed, the density and current are quite different
B. InAs surface layer from the parallel case due to different matching conditions
for each of the spin channels. The density is plotted in
Fig. 14. Because of the exchanging of the roles of the two
spin channels under the second gate, the density for-the
channel increases to well over its equilibrium value in the
gap region, and the- channel decreases to well below its
(46) equilibrium value. Again, this is another example of spin
accumulation at the interfaces between different regions of
the device. The current in each spin channel is constant
where the scattering times and lifetimes are specified byhroughout the device~¢1.6x 10 cm *s ! for both spin
Eq. (39 and Eq.(40) and the boundary conditions are speci- channels
fied by Eq.(43). The magnetoresistance, E45), is relatively constant at
The density in the InAs surface layer with parallel gate~1% for all reasonable in-plane fields. This is because the
magnetization are shown in Fig. 13. The in-plane field thatdiffusion term is always much smaller than the drift te(time
drives the current and the boundary conditions on the sourcspin accumulation that occurs is always very small, much
and drain densities are the same as in the silicon case dismaller than the leakage-induced changes in the density in
cussed previously. The intrinsic scattering time is taken aghe silicon system so that the magnetoresistance is basically
0.1 ps, and the spin-dependent scattering times are taken pst specified by the difference in the spin-dependent life-
7,.=0.3 ps andr_=1 ps, consistent with a barrier of less times. There is never any backflow, as in the silicon case, so
than 5 A. In contrast to the single gate case, the density ithe divergent structure in the silicon magnetoresistdsee

A schematic diagram of the InAs system is shown in
Fig. 9b). For parallel magnetizations, the differential equa-
tion that must be solved is

J ~
" ox (T2N2)=0,

*

Mipas

i( EaNg)+ ek,
X X
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Fig. 12 is not seen in the InAs case. Because the coupling Knowledge of the spin-dependent electronic properties of
between the InAs surface electron layer and the ferromaghe two-dimensional electron gas led to a treatment of the
netic gate is so strong, the spin-flip time does not have @n-plane transport of spin-dependent current. The leakage
significant effect upon the value of the magnetoresistanceurrent into the gate creates a density gradient along the
ratio; a spin-flip time of 1 ps only decreases the magnetoresemiconducting layer. The resultant drift and diffusion terms

sistance ratio by a factor of 2. For thicker gate oxidesof the source to drain current in the semiconductor were

(greater thar=10 A), the spin-flip time will have a much treated above in a self-consistent manner with the leakage
greater impact and can reduce the magnetoresistance ratio bpd the density variation. While the leakage current is usu-

a factor 100 or more. ally considered a limitation for electronic field-effect transis-
tors with very thin oxide layers, the leakage current plays a
VI. CONCLUSIONS positive role in the spin dependence of the transport. We

) _ applied our transport theory to our recently proposed spin

We presented above a comprehensive theoretical treajmjve with two neighboring ferromagnetic gates. The de-
ment of the spin-dependent electronic and transport propegajjed results of the spin-dependent steady-state densities and
ties of a two-dimensional electron gas, under the strong ingyrrents for different configurations of the magnetization in
fluence of the proximity of a ferromagnetic layer. By the gates yielded an explicit understanding of dependence of
constructing an appropriate Green's function, we determineghe magnetoresistance as a function of the source-drain bias.
the complex self-energy of the quantum confined electrons “Notably, for a critical bias, a pure spin currefe., with a
with the spin-polarized Fermi sea in the ferromagnet. Usingrhjs effect is caused by the gate leakagg., for the silicon
a tight-binding-like Hamiltonian that couples the two re- jhyersion layer and is due to the compensation of net drift
gions, we calculated the spin-dependent properties of tw@pnq diffusion currents.
paradigmatic systemsi) the gate-induced inversion layerin  \ve hope that the interesting new physics in the transport
a ferromagnetic metal-oxide-silicon junction; aiii) the  governed by the proximity effect will stimulate further ex-
(spontaneoysaccumulation layer of InAs separated from a pjorations by experiments and by more realistic simulations,
ferromagnet by a thin oxide barrier. The ferromagnetic ProXppening up the possibility of creating field-effect spintronics

imity induces a spin splitting of the quantum confined sub-gevices as an alternative to spin injection devices.
bands in the semiconductor and a spin-dependent broaden-

ing, which make the in-plane transport spin dependent. We
studied extensively the dependence of the ferromagnetic
proximity as a function of the thickness of the thin oxide This work was supported by DARPA/ONR under Grant
layer separating the semiconductor from the metal. Our reNo. N0014-99-1-1096, NSF under Grant No. DMR-
sults show that the spin-dependent lifetime broadening is th8099572, the Swiss National Foundati@ar partial support
main effect, whereas the spin splitting becomes sizeable onlgf C.C), and University of California Campus-Laboratories
for nearly intimate contact between the semiconductor an€ooperation projectfor J.P.M). We thank Edward T. Yu for
the ferromagnet. helpful discussions.
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