PHYSICAL REVIEW B 66, 165301 (2002

Theory of spin-polarized bipolar transport in magnetic p-n junctions
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The interplay between spin and charge transport in electrically and magnetically inhomogeneous semicon-
ductor systems is investigated theoretically. In particular, the theory of spin-polarized bipolar transport in
magneticp-n junctions is formulated, generalizing the classic Shockley model. The theory assumes that in the
depletion layer the nonequilibrium chemical potentials of spin-up and spin-down carriers are constant and
carrier recombination and spin relaxation are inhibited. Under the general conditions of an applied bias and
externally injectedsource spin, the model formulates analytically carrier and spin transport in magntic
junctions at low bias. The evaluation of the carrier and spin densities at the depletion layer establishes the
necessary boundary conditions for solving the diffusive transport equations in the bulk regions separately, thus
greatly simplifying the problem. The carrier and spin density and current profiles in the bulk regions are
calculated and the-V characteristics of the junction are obtained. It is demonstrated that spin injection through
the depletion layer of a magnetizn junction is not possible unless nonequilibrium spin accumulates in the
bulk regions—either by external spin injection or by the application of a large bias. Implications of the theory
for majority spin injection across the depletion layer, minority spin pumping and spin amplification, giant
magnetoresistance, spin-voltaic effect, biasing electrode spin injection, and magnetic drift in the bulk regions
are discussed in details, and illustrated using the example of a GaAs based mpgndtiaction.
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[. INTRODUCTION been demonstrated only recerftignd realized as an injec-
tion from a magnetic semiconductoi’ a ferromagnetic
Active control of spin in semiconductdrss projected to metal!®*> and a ferromagnetic metal/tunnel barrier
lead to significant technological advances, most importantigontact:3*7
in digital information storage and processing, magnetic re- Once injected, nonequilibrium spin survives for a reason-
cording and sensing, and quantum compufifglsing semi-  ably long time when compared to typical relaxation times of
conductors for spintronic applications—where spin, in addi-momentum and energy of the injected carriers. Room-
tion to charge, is manipulated to influence electronictemperature spin-relaxation times in semiconductors are
properties—has several advantages. First, integration dfpically nanoseconds® (compared to subpicosecond time
spintronics with traditional semiconductor technology callsscales for momentum and energy relaxatioBimilar in
for employing semiconductorgather than metalsas media magnitude are only carri¢electron and holerecombination
for spin control. Second, semiconductors are versatile matdimes, which usually range from microseconds to nanosec-
rials, not only for their electrical properties, but also for theironds. If not in the ballistic regime, transport of spin in a
spin/magnetic characteristics. Doping control of electricalsemiconductor can be characterized as carrier recombination
and magnetic properties, optical spin orientation and detecnd spin relaxation limited drift and diffusion. Spin typically
tion, bipolar (electron and hole transport, and interface diffuses over micron distances from the point of injection,
properties (charge and spin accumulation and depletion sufficient for microelectronics applications. Application of
leading to device concepts fropin junction diodes to field- large electric fields can further drag the injected spin over
effect transistors, are among the great advantages of sensieveral microns at low temperatures, as in intrinsic G&As,
conductors over other candidates for spintronic materials. Band even up to 10@m in n-doped GaA£? (As far as the
allowing for the active control and manipulation of carrier spin diffusion length is concerned, metals have an advantage:
spin and charge by electric and magnetic fields as well as blgecause of the large Fermi velocity, spin diffusion lengths in
light, semiconductor spintronics creates the potential for annetals can be as large as centimejdraportant for device
integrated magneto-optoelectronics technology. applications are studies of spin transport in inhomogeneous
A generic semiconductor spintronics scheme involvessemiconductors. It has already been shown, for example, that
three steps: injection of nonequilibrium spin into a semicon-spin phase can be preserved in transport across heterostruc-
ductor; spin storage, manipulation, and transfer; and spin ddure interface$? that electron spin can be controlled by bias
tection. Spin injection was historically first accomplished op-in semimagnetic resonant tunneling diodésnd that spin
tically, by illuminating a semiconductor with circularly can tunnel through the transition region of tunnel diotfed.
polarized light—the so-called spin orientatibrElectrical ~ The final step of a generic spintronics scheme is spin detec-
spin injection(that is, spin injection from a magnetic elec- tion. Traditionally, spin in semiconductors has been detected
trode, often called simply spin injectiprinto semiconduc- optically by observing circular polarization of the recombi-
tors, while predicted theoretically already in the 1970ss  nation light* Efforts to electrically detect nonequilibrium
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spin in semiconductors rely on spin-charge coupling, realizedpin-polarizedp-n junction can generate spin-polarized cur-
either as spin-dependent Schottky barrier tran$p8tor as  rents as a spin solar céfi:when illuminated by circularly
magnetoresistanteand galvano-voltaf¢ effects. polarized light, a spin-polarized current flows ipan junc-
After the discovery of ferromagnetism in IlI-V semicon- tion.
ductor compound$* the great push for semiconductor — Magneticp-n junctions® offer even more functionality by
spintronics came with the fabrication @6a,MnAs which is  coupling equilibrium magnetism and nonequilibrium spin. A
ferromagnetic above 100 #:*2 Ferromagnetic semiconduc- magneticp-n junction is formed by doping @-n junction
tors can serve not only to inject and detect spin in all-with magnetic impurities, differently in the andn regions.
semiconductor spintronic devices, but can also form a basislagnetic impurities induce larggfactors of the mobile car-
for nonvolatile memory, opening prospects of integratedriers, thus the application of a magnetic field results in a
single-chip memory and logic applicatior(éeasibility of  significant spin splitting of the carrier bandfslf the doping
such prospects has been demonstrated by controlling senis so large as to induce a ferromagnetic order, the splitting
conductor magnetism opticaffy3® and electricall§®*". appears also without magnetic field. The important question,
There is a steady increase in the number of available ferroef whether spin can be injected by the majority carriers from
magnetic semiconductors, including a first group-IV com-the magnetic majority region into the nonmagnetic minority
pound GeMr®’ (In,Ga,MnAs,® reported room-temperature one, was answered negative. We have demonstrated that only
ferromagnets Mn-doped CdG&PGaN® and GaP! and if nonequilibrium spin is generated first in the majority re-
Co-doped TiQ.%? gion, it can subsequently be injected through the depletion
Closely following the experimental progress, major theo-layer. Spin can also be injected through the depletion layer at
retical efforts have been dedicated to understanding electricérge biases, since then, without any external spin source,
spin injection into semiconductds®® and investigating nonequilibrium spin is generated by the strong electric field
fundamental issues of spin-polarized transport inin the bulk regions® We have also shown that magnetore-
semiconductor&>~%1 Another direction for fundamental sistance of a magnetig-n junction increases exponentially
spintronics theory has been predicting and analyzing variouwith increasing magnetic fielthat is, spin band splittingat
spintronics device architectures for possible technologicalarge fields. Magnetip-n junctions exhibit even giant mag-
applications. The common goal of these studies is devisingetoresistance, when source spin is injected into the majority
spin valves and structurésypically including one or several region. We have also predicted a spin-voltaic effet (the
magnetic layerswith maximized magnetoresistance. To this phenomenon related to the Silsbee-Johnson spin-charge
end various spin field-effect transistors have beercoupling®®) where charge currerfor voltage in an open
proposed?~®*where the source and drain are ferromagneticcircuit) arises solely due to a nonequilibrium spin maintained
electrodes serving to inject and detect spin which is transin proximity to the magnetic region. Magnetien junctions
ported in a(typically) nonmagnetic channel. Spin and chargecan also serve as spin valves, since the direction of the zero-
transport in the channel are controlled by gate bias througbias current can be reversed by reversing either the polariza-
the Rashba effe@f:®® Other proposed spintronics device tion of the source spin or the direction of the applied mag-
schemes include heterostructure spin fifter§ and spin po-  netic field.

larization detector&® resonant tunneling diodé$,unipolar We have studied spin-polarized and magngtn junc-
magnetic  diode&® quantum-interference mesoscopic tions mainly numerically*~>®by solving a self-consistent set
scheme$!~#and various spin emf sourc&%84-88 of recombination-relaxation and drift-diffusion equations,

We have recently proposed two spintronics deviceand Poisson’s equation. We have obtained solutions for the
schemes that take advantagebdbolar (electron and hole carrier and spin densities and currents for small and large
naturé® of transport in inhomogeneously doped semiconducbiases, and different values of magnetic fields and the exter-
tors: a spin-polarizeg-n junctiorr>>**%and a magnetip-n  nally injected spin polarization. Numerical solution is indis-
junction 8 A spin-polarizedp-n junction is ap-n junction  pensable at large biasékrge injection, where analytical
with a source spin injected externally into one or both re-methods are not available. Large bias solutions describe car-
gions (p andn). The source spin can be injected either op-rier and spin transport alsoth drift and diffusion®® since
tically or electrically. We have demonstrated that nonequilib-drift currents due to electric fields are significant even out-
rium spin can be injectedransferredvery effectively across side of the depletion layer. The low injection regime is trac-
the depletion laye(space-charge regignfrom both regions: table analytically. In Ref. 56 we have introduced a heuristic
by the majority carriers into the respective minority region,analytical model which accounts well for the numerical find-
and, vice versa by the minority carriers into the respective ings, and explains all the important qualitative features of
majority region. Spin injectiorfthroughout the paper “spin magnetic p-n junctions. In fact, our numerical solutions
injection” will mean spin injection through the depletion show that, similarly to ordinarp-n junctions, the most in-
layer, while externally injected spin will be referred to asteresting and potentially important properties of magnetic
“source” spin) by the minority carriers leads to spin accu- p-n junctions are at small biasél®w injection level$; large
mulation in the majority region, with an effect of amplifying biases may still be useful for injecting spin across the deple-
the spin and significantly extending the spin diffusion/drift tion layer, or extracting spin from the bulk regiotfsas de-
length®* We have also shown that nonequilibrium spin canscribed in Sec. IV E.
be stored and manipulated in a spin-polarized junction In this paper we formulate a general model of magnetic
by external bias—a spin capacitance effédturthermore, a  p-n junctions (the model includes spin-polarizgztn non-
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magnetic junctions as a particular cgdellowing the classic S

formulation of Shockley of ordinary bipolar junctions at tc 17 v 1L
small biase$>% The model describes magnefizn junc- LR - 4 b A
tions at small biasedow injection), with arbitrary external f 1 f v v T
(source spin injection and band spin splittingmagnetic Vo iQ 9 ITYTYVS VS
field), within the limits of nondegenerate carrier statistics. QOO0 00

The paper has the dual role of describing the fundamental
properties of spin-polarized transport in inhomogeneous
magnetic semiconductors, while presenting a model calcula- p
tion, based on the recombination and relaxation limited bi- -dp 0
polar drift and diffusion, of novel microelectonics spintronic
devices. If semiconductor spintronics is to become a reality,
then detailed transport analyses of the type presented in this
paper are essential. The fully analytic nature of our theory

depletion

Homogeneous

makes our model calculation particularly useful. s
The paper is organized as follows. Section Il introduces
the model and formulates its assumptions and approxima-
tions. Section Il describes the spatial profiles of the carrier Np,Sp n;,S;  Ng.sg Nd,sn
and spin densities in the bulk regions, gives the boundary . _ o
conditions for the densities, and discusseslthecharacter- FIG. 1. Schematic representation of a magnetin junction.

The junction isp-doped from—w, to 0 andn doped from O tow,, .
H’he depletion layefspace-charge regigriorms at —d,<x<d,.

: - . : . .~ The upper figure depicts an inhomogeneously spin-split conduction
the depletion layer—by the majority carriers, spin pumplngband and the valence band without spin splitting. The conduction-

and spin amplification by the minority carriers, source SPIN, - nd spin splitting in the andp regions is Z,,, and 2,,,, respec-

injection by the biasing electrode, spin injection and eXtrac‘tively. The greater the is, the more is the lower bar(tiere called

tion at I_arge biases, a.nd magnetic drift e_ﬁects n _the_ carnef,q spin-up subbangopulated. The intrinsic effective built-in field

and spin transport. Finally, Wwe summarize our flnd_lngs Nacross the depletion layer M, . For electrons the built-in field

Sec. V, where we gl;o outlln_e strategies for applying oUlyecomes explicitly spin dependenty; =V + {on— {np and Vp,

theory to more reaI|_st|c materials structures and more Com=, s ¢ . The lower figure depicts regions with distinct

plex spintronic devices based on magnetically inhomogeransport characteristics: CDR are tfrinority) carrier diffusion

neous semiconductors. regions and SDR are the sginere only electrondiffusion regions.

The characteristic sizes of the regions are given by the correspond-

ing diffusion lengths, as indicated. The unshaded areas are the ho-

mogeneous regions, where carrier and spin densities assume their
The basis for our model is a Semiconduc’pn junction equilibrium values. The knowfinput) densities of the model are

in which carrier bands are inhomogeneously spin split: ther@p: Sp at —wp, and Ny, s, at w,, while the densities at the

is a finite equilibrium spin polarization of the carriers, differ- depletion layern, ands, on the left side antiz=Ng, sz on the

ent in thep andn regions®® Large (comparable to the ther- Tght side, are calculated in the text.

mal energy spin splitting of carrier bands can arise as a

result of doping with magnetic impuritiesvhich may, but andn doped withNy donors from 0 tow,. The depletion

need not, contribute to the carrier densitiddagnetic impu-  layer forms at ¢-d,,d,). We are not concerned with the

rities can significantly increase the carrgefactors[usually  transition region itself—we simply assume that it is steep

up tog~200(Ref. 90], so that the application of a magnetic enough(in fact, that it changes over a region smaller than the

field B induces large spin Zeeman splitting/ 2gugB, of  Debye screening lengtho support space charge, and that all

the bands fg is the Bohr magnetgn Inhomogeneous spin the spin splitting changes occur only within the transition

splitting can be realized either by inhomogeneous magnetitegion, being constant in bothandn regions. The special

doping in a homogeneous magnetic field, or by a homogecase of magnetic drift where the splitting is inhomogeneous

neous magnetic doping in an inhomogeneous magnetic fieldlso in the bulk regions is treated in Sec. IV F.

or both. Our model applies equally well to ferromagngtin We denote the electron density as-n(x) and the hole

junctions, where bands are spin split even at zero magnetidensity asp=p(x). The corresponding equilibrium values

field. To keep the discussion transparent and to avoid comareng and po, and the deviations from the equilibrium val-

plex notation, we consider only the conduction band to beues aredn=n—nqy and dp=p—p,y. Electron spin densitg

spin split(that is, only electrons to be spin polarizekeep-  =s(x) (in equilibrium sy and deviationss=s—sg) is a dif-

ing holes unpolarized. This simplification does not affect ourference between the densities of spin-up and spin-down elec-

conclusions, as electron and hole transports are fully separons:s=n;—n, . As a measure of spin polarization we use

rated in our model(Spin polarization of holes is treated in the spin polarization of the carrier densifyot curren): «

Appendixes A and B.The layout of a magnetip-n junction  =s/n (in equilibrium ay and deviationda=a— agy). The

is shown in Fig. 1. The semiconductor psdoped withN,  equilibrium properties of magnetip-n junctions are dis-

acceptorgper unit volumg along thex axis from—w, to 0,  cussed in Appendix A, wheray, po, Sp, and the built-in

istics of magneticp-n junctions. In Sec. IV we apply our
theory to several cases of interest: spin injection—throug

Il. MODEL
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potential V,, are calculated. The transport parameters of the TABLE I. Summary of the notation used in the text and in Table
carriers are diffusivitieD,, and D, of electrons in then  II. All the spin parameteréspin density, spin lifetime, etcrelate to

andp regionS, electron |ifetime-np in thep region, and elec- electrons. The equilibrium densities are shown in brackets.
tron spin lifetimeT,, and T, in the p and n regions. The
unpolarized holes are characterized Dy, and 7, diffu-

sivity and lifetime in then region. Throughout the paper,
unless explicitly specified otherwise, a single subscript de-

notes the region or boundarp,(n, L, or R), while a double
subscript denotes first the carrier type or spnig, or s) and
then the region or the boundafjor example,r,, is the
lifetime of holes in then region. Terms “majority” (“mi-

nority” ) will refer to electrons in the (p) region, and simi-
larly for holes, andnot to the more(lesg populated spin

Ngy=donor density

N,=acceptor density

n=electron densityequilibrium ng)

p=hole density py)

s=spin density §,)

a=s/n, spin polarization )

Ss=s— agh, effective nonequilibrium spin density
J,=electron particle current

in=—9qJ,, electron charge current

states, as is usual in the physics of magnetotransport. Simi- Jp=hole particle current
larly, the term bipolar bears no relation to spin, describing ip=0J,, hole charge current
only the transport carried by both electrons and holes. Fi- 5 — gpin current

nally, terms “bulk” and, equivalently, “neutral” will denote
the regions outside the depletion layer, where, at low biases,
charge neutrality is maintained. The notation is summarized
in Table I.

n,=electron density ak=—w, (Ngp)
n_=electron density ak=—d, (No.=nNgp)
Sp=spin density ak=—w, (Sgp)

. . . S . . s, = spin density ak=w,, (Sgn)
The junction is driven off equilibrium by applying bias s, =spin density ak=—d, (So. = Soo)

and injecting source spin. We place contact electrodes at Se—spin density ak=d, (Sog=So.)
=—w, andx=w,. We keep the left electrode general, ca- * N ORTS0n _
pable of injecting electronsin,=on(—w,)#0, and spin, Wp=Wp—d,, effective width of thep region
8s,=6s(—wp)#0. This boundary condition covers mag- ~ Wn=W,—d,, effective width of then region
netic diodes(Ohmic contact,6n,=0), and magnetic solar Dn=electron diffusivity in then region
cells and junction transistorss,#0). The right electrode D,p=electron diffusivity in thep region
is assumed to be Ohmiép,= sp(w,) =0, but able to inject 7,p= lifetime of electrons in the region
spin, 8s,= 8s(w,,) #0. The majority carriers in both regions 7on= lifetime of holes in then region
are assumed constami= N, in the p side andn= Ny in the Lnp=VDnp7np, €lectron diffusion length in thp region
n side. The source spin injection, here considered to take L, = m, hole diffusion length in the region
place geometrically at the contacts, can be realized either by T, —intrinsic spin lifetime in thep region
the contact electrodes themselyéshe electrodes are mag- L1p=DypT1p, intrinsic spin decay length in the region
n_etic), by optical orientation close to the contact, or by elec- Urgy= 17+ 1Ty, spin decay rate in thp region
tnca] spin injection from a third electrodsay, .transverse to Lop= \/m’ spin diffusion length in the region
the junction current Different cases mean dlfferr(]an(; bound- | T,,=spin lifetime in then region
ary conditions for spin. For now we assume a third terminal T . .
injection so thatds, and &s, are free parameters of the LS”__ D Tap, Spin diffusion length in the region
. . . . V},= built-in potential

model; we will later, in Sec. IV D consider the case of the V= aoplied bi
contact(biasing electrode source spin injection, whefs, appiied bias
will depend on the charge current in the junction.

To reduce the initial drift and diffusion transport problem tive majority regions, and the carriers obey the nondegener-
to a simple diffusion problem in the neutral regions we neechte Boltzmann statisticdimiting doping densities to about
to know the boundary conditions for the bulk regions at the10'¥/cm® for typical semiconductors at room temperajure
depletion layer, that is, the carrier and spin densitigs Finally, we consider only moderate spin splittingsuch
=n(—dp), s;=s(—d,) at the left(L) andng=n(d,), sy  smaller than the built-in field perhaps no greater than
=sg(d,) at the right(R) boundary of the depletion layer. We 5kgT, since greater splittings can severely affect the band
will calculate these boundary densities in the subsequent sestructure, and reduce the effective band gap.
tions. We have also made simplifying assumptions as to the

We use several approximations to solve our model. Firstband structure of the magnetic semiconductor. First, we ne-
we consider only low biases, meaning that the applied forglect possible orbital degeneracy of the bands, and treat the
ward voltageV is smaller than the built-in fiel®/,, which is  spin states as spin doublets. We also neglect the effects of
typically about 1 eV. At small biases the densities of themagnetic doping on the band structuthat is, changes in
minority carriers are much smaller than the densities of then;, additional band offsets, band discontinuities, )etmd
corresponding majority carrierghe small injection limit,  that of the carrier density on the band spin splitting. The
the electric field is confined to the depletion layer, and thdatter can be important in ferromagnetic semiconductors.
bulk regions can be considered neutral. We next assume thefowever, since it is the minority carriers which determine
the temperature is large enough for the donors and acceptoifse transport acrogs-n junctions, it is unlikely that a varia-
to be fully ionized, so thah=Ny4 andp=N, in the respec- tion in the carrier density would appreciably affect our con-
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clusions. We also assume that momentum and energy relayseful, needs to be furnished with the boundary conditions
ation proceeds much faster than carrier recombination anfbr the carrier and spin densities at the depletion layer
spin relaxation(which is usually the cageso that nonequi- boundary @, , s_, ng, andsg). Shockley’s modéf evalu-
librium, spin-dependent chemical potentials describe well theites the carrier densities in unpolarizeh junctions from
junction under an applied bias and with a source spin. Fithe assumption that a thermal quasiequilibrium is maintained
nally, we do not consider orbital effects caused by the apin the depletion layer even at appli¢hw) biases. In gen-
plied magnetic field, although these can be included in ougra|, the coupled set of linear transport equations, recombi-
theory simply by allowing for a magnetic dependence ofnation and relaxation equations, and Poisson’s equatisn

diffusivities. discussed aboveneeds to be solved in the depletion layer
where large space charge strongly couples to currents. By

Ill. CARRIER AND SPIN TRANSPORT coupling the solution with the solution of diffusive transport
IN THE NEUTRAL REGIONS in the neutral regions at the corresponding boundary, the

boundary conditions can, in principle, be obtained. The enor-
mous task of calculating self-consistently for the densities
I . e X : and currents in the depletion layer was replaced by the
limited by carrier recombination and spin relaxation. TheSimple assumption, valid only at small biases, of quasiequi-

transport equations were introduced in Ref. 56, and havﬁbrium by Shockley. The assumption leads to a nonlinear

gieggogggogﬁmfr:;cigriz:e?efa\éé?gﬁ;tr?;gCﬁlsgjrlgnizsefsrelationship between the carrier densities and applied bias,
e 9 P resulting in a nonlinear relation between charge current and

asJ, andJs, the drift-diffusion equations are bias. We will show that it also leads to a nonlinear relation-

The transport of carriers and spin in magngdit junc-
tions can be realistically described as drift and diffusion,

J,=Dn(ng! +5¢'—n’) (1) ship between spin and bias, and to a coupling between spin
noTmeT ’ and charge in general.

Jo=D(s¢{ +n¢' —s") ) The single assumption of thermal quasiequilibrium inside
S n .

the depletion layer is insufficient to obtain both the carrier
Here ¢, is the total local electrostatic potential, comprising and spin densities in a spin-polarized magnetic junction. We
both the built-in potentiatp, and applied bia¥ (the electric  use, in addition, the continuity of the spin current in the
field is E=— ¢¢), and magnetic drift is proportional to the depletion layer to calculate the densities. A simple version of
spatial changes in the band spin splitting, (see Fig. 1L  this model was introduced in Ref. 56, where it was assumed
Throughout this paper we express the potentials and the etthat(1) at a forward bias and with a source spin injected into
ergies in the units okgT/q andkgT, respectively kg is the  the majority region §s,# 0) the spin current at the depletion
Boltzmann constant,T is temperature, andy is proton layer,Jsgr, vanishes, an?) at a reverse bias, and with spin
charge. In a steady state carrier recombination and spin reinjected into the minority regionds,# 0), all the spin en-
laxation processes can be expressed through the continuitgring the depletion region is swept by the large built-in field

equations for electrons and spin: to the majority side. Assumptiofl) explains spin injection
of nonequilibrium spin through the depletion layer, wHik
Jy=—r(np—ngpo), (3 explains spin pumping by the minority carriers. Both as-
_ sumptions will follow as special cases of the spin current
, os continuity in our model.
Js=—r(SP=SoPo) ~ T, (4) In analogy with unpolarizecb-n junctions® there are

_ several regions with distinct transport characteristics in spin-
wherer is the electron-hole recombination rate asgs  polarized magnetip-n junctions, as illustrated in Fig. 1i)
—apn, expressing the fact that intrinsic spin relaxation pro-the depletion layer with space charge and large carrier and
cesseg(spin-flip scattering, say, by phonons or impurities spin drift and diffusion;(ii) the carrier diffusion regions
conserve the local carrier densttyf Electron-hole recombi- (CDR) which are neutral and where the minority carriers’
nation also degrades spin, the fact reflected in the first terndrift can be neglected. CDR are characterized by carrier dif-
of Eq. (4). Equations(1)—(4), together with Poisson’s equa- fusion lengthsL,, for electrons on the side andL, for
tion ¢y = —p(q/ekgT), wherep=q(Ngq—N,+p—n) is the  holes on then side; (i) the spin-diffusion region§SDR),
local charge density and is the semiconductor’s dielectric which are neutral and where spiboth majority and minor-
constant, fully describe the steady-state carrier and spiity) drift can be neglected. SDR are characterized by spin-
transport in inhomogeneous magnetic semiconducfors.  diffusion lengthL ¢, on thep side and., on then side; (iv)
the rest of the papdexcept for Sec. IV |; the magnetic drift  the homogeneous regions in the rest of the junction, which
force will play no explicit role, since we assume that mag-are neutral, and where the carrier and spin densities assume
netic doping is uniform in the bulk regions. Inhomogeneity their equilibrium values. There is no diffusion, only the ma-
in the spin splitting, which is confined to the depletion re-jority carriers’ drift.
gion, will appear only through the boundary conditions. This section presents a unified picture of carrier and spin

At low biases, the case most important for device appli-transport in magneti@-n junctions. We first describe the
cations, the problem of the carrier and spin transport in magprofiles of carrier and spin densities inside the bulk regions,
neticp-n junctions reduces to the problem of carrier and spinas dependent on the densities at the depletion layer, which
diffusion in the neutral region$:® This observation, to be are calculated next by modifying Shockley’s model to the
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spin-polarized case. The foynot independentimportant —5np)an/\7Vp, while for an<\7\,p' Fnp=~0n_. The electron
assumptions used afe) neutrality of the bulk regionsib)  cuyrrent profile,J,= —Dypdn’, is

small injection of the carriers across the depletion layer and

at the biasing contactsc) the existence of a thermal quasi- D,
equilibrium across the depletion layer even under applied Jn=- L,
bias and source spin, afd) continuity of spin current across

the depletion layer. Our analytical results, summarized irf\t the depletion layerx=—d,, the current is
Table II, show how the carrier density is influenced by both

p[‘snLSinI'( 77np)"H:anOSh: 77np)]- 9
p

bias (as in the unpolarized casand nonequilibrium spin, J :_%F (10)
and, vice versa how nonequilibrium spin is influenced by nt Lnp P

both bias and nonequilibrium carrier density. This interplay . o ) o )

is imprinted most significantly in the dependence of thé The spin density is also described by a diffusion equation.

characteristics of the magnetic diodes on nonequilibriunf oM Egs.(2) and (4), under the conditions of charge neu-
trality and magnetic uniformity, we obtain

spin.
s on
A. Carrier and spin profiles 88" = — —agy—, (11
L2, PL2

1. p region
In the p region the hole density is unifornp=N,. Elec- yvhereLlp= v D_nPTl_P and the effective spin diffusion length
trons are the minority carriers whose diffusion is governed” the p region is Lgp=yDpp7sp where 1fg,=1/7,,
by the equation + 1Ty, |s.the effgcuve ;plr)—rglaxayon rate,_reflectmg the
fact that, in addition to intrinsic spin-relaxation processes,
carrier recombination degrades spin. The second term in the
sn” = —. (5) right-hand sidéRHYS) of Eq. (11) acts as a local spin source,
Lhp and appears because a change in the electron de#sity,
- drives spin by intrinsic spin relaxation processesatgdn
where the electron diffusion length Is,p=VDnp7ap- We  [see Eq.(4)], thereby preserving the equilibrium spiEr51B polar-
remind that if two subscripts are used in a label, the firstzation, but not the spin itself. The boundary conditions for
denotes the carrier typeo(or n) or spin (), and the second  the spin density arés,= 8s(—w,) and, yet unknowngs,
the region or the boundaryp( n, L, or R); if only one = 55(—dj) . The solution of Eq(11) is
subscript is used, it denotes the region or the boundary.
Equation(5) is obtained by combining Egs¢l) and (3), ne- — §% i
glecting the electric drift forcémagnetic drift vanishes in the b= ds,cosl(sp) +~Fspsmf( Tsp) + @opON 12
bulk regiong, and defining 1#,,=rN,. The boundary con- where ns,=(x+d,)/Ls,, IS =S . —ag on_ is the effec-
ditions for the electron density a@, at x=—w, and on_ tive nonequilibrium spin at, and
(yet unknown at x=—d,. The boundary position of the _ _ _
depletion layer is not fixed, but changes with the applied ds  coshiwy /Lsp) — 85,
voltage and the equilibrium magnetizati¢hrough the spin- sp— sinh(w. /L..)
splitting dependence of,,, see Appendix Aas® L

(13

is a normalized spin flux withds,= os,— agpén,. For a

d.— [2€ Ng Vp—V () 'arge spin diffusion length, Lep>W,, Fep=(35.
P q Na Na+Nd. S

— 8Sp)Lsp/W,, while for Lsy<w,, Fsy~ &S, . The first two
terms in the RHS of Eq(12) describe the deviation of the

Itis useful to introducev,=w,—d, to describe the effective g density fromag,n, while the last term represents the
width of the p region. The solution of Eq(S) can then be  jeyjation appdn which is solely due to intrinsic spin relax-

written as ation (T,) processes. The spin curredt=—D,,ds’, has
. the profile
én= 6n  cosh 7,p) + Fppsinh( 7,,), (7)
where 77,,= (x+d)/Lp and Js=— an[5~5L3inf'( Nsp) T Fspcost{ nsp) I+ agpdy -
sp

(14)
®) The first two contributions describe the spin flow due to
spatial variations inss, while the last term represents the

“Flux” parametersF are central to our analysis, since they spin flow associated with the spin-polarized electron current.
determine the currents at the depletion layer. EffectivEly, Finally, at the depletion layek=—d,, the spin current is
measures the change in the nonequilibriirare carriersn)
density over the length scales of tttere carriel,,) diffu- ~ Dpp

. . ~ Js 1=~ L_Fsp+ agrdnt - (15
sion length: For a shorp region, L,,>w,, F,,~(dn_ sp

_ dn_coshiw, /L) —dny,
sin(w, /L) '

np
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The first term can be neglected if the spin polarization islibrium built-in potentialVy). We assume that all the applied
close to its equilibrium valugwhich is typically the case at bias drops within the high-resistance, carrier devoid, deple-
small biases and no source spifihe second term is impor- tion layer,

tant for spin extraction at large biasese Sec. IV E

¢(dn)—p(—dp)=V, (22

so thate is constant in the bulk regions. Further, Jebe the

In the n region only spin diffusion needs to be examined,deviation of the nonequilibrium chemical potential from its
as to a very good approximatiam= Ny (charge neutrality equilibrium value fu is often called quasi-Fermi level in
actually requires that=Ngy+ 8p, wheredp is the deviation semiconductor literatuf®:; w is generally spin dependent:
of the hole density from equilibrium; this gives a small con-we will denote it asu; for spin-up andu, for spin-down
tribution to spin densitydsg, as is discussed in Sec. IV E electrons. That is a good description of the carrier and spin
and Appendix @. Electron spin diffusion is described by the off-equilibrium energy distribution follows form the well-
equation[obtained from Eqs(2) and (4) neglecting electric  established fact that energy and momentum relaxation pro-
and magnetic drifts and recombination processes,pas ceeds much faster than carrier recombination and spin relax-
<N¢] ation. For a nondegenerate statistics, spin-up and spin-down
electron densities can be written as

2. nregion

S
08" =1 (18 N (X)=No(X)exXd G(x) + 1 (x)], (23
whereLg,= VD, T1,. We introducew,,=w,—d, as the ef- n () =no(x)exg ¢(x)+u (X)], (24)
fective width of the neutral region, with bias and equilibrium wheren;, andn, are the equilibrium values; we have made
spin polarization dependent depletion layer boundary explicit the fact that all the quantities describing the densities

vary in space. The electrom=n;+n , and spin,s=n;

2e N, V,—V _ .
d.= (<€ Na Vb . (17) n,, densities are
g Ng Na+Ng

n=exp(¢+u)[Ngcoshipu_)+sesinf(u_)], (29

The boundary conditions for the spin density afsg

= §s(w,,) and ds,= 8s(d,). The solution of Eq(16) is s=exp( ¢+ u,)[nesinh(p_)+spcoshu_)], (26
8s= 83rCOSH 7¢1) + F o SINh 7761 (19 whereu..=(u,* u )/2. Finally, the spin polarization
where ng,=(x—d,)/Lg, and tanh(u_ )+ aq

" T aotantu-) 2

9Sn— OSRCOSHWy /L <) ) (199  depends onx_ only (while n ands depend on bothe . and

sinh(w,,/Lgp) w_).

_ Substituting Egs(25) and (26) into the Eqgs.(1) and (2)
The normalized flux i s~ (s, — dsg)Lsn/W,, for a shortn  for the electron carrier and spin currents, we obtain,
region, Ly, >W,, while Fg;~— 8sg when L,<w,. The
spin currentJs=—D,,ds', is Jn=—Dn(nul +sul), (28)

Fsn=

Jg=—Dp(nu’ +su’). (29

D
Js=— [ SeSinN 750) + Frc0stins)]. (20 _ o
sn It may be tempting to associaje, with only charge, and
m_ with only spin (as done, for example, in Ref. p7It
would then follow from Eq.(28) that in a semiconductor
D with a uniform carrier density a charge current would flow
ﬂan, (21) (or a spin emf would appegif a nonequilibrium spin gradi-
Lsn ent (or, equivalently here, spin polarization gradiewould

The spin current at the depletion layer boundary is solely th&€ maintained” This is wrong, as can be seen directly from
diffusion current due to a spatially inhomogeneous nonequiEd- (1) which shows that spin can contribute to ijarge cur-
librium spin in the region. Electrons with just the equilibrium "Nt only through magnetic driftsee Sec. IVF {'. Al-
spin polarization will not contribute to spin flow within the thoughu_ indeed suffices to determine, it also influences
model approximationésee Sec. IV E for a discussion of how M- If nis to be uniform ands_ has a finite gradient, thea.,

the neglected terms affect the carrier and spin trangport ~ Must change to ensure thats unchanged, as follows from
Eq. (25). However, a spin emf due to spin polarization gra-

dient would appear in degenerate semiconductors or
metals’’ as mobilities and diffusivities for spin-up and spin-

Let ¢(x) be the electrostatic potential resulting from the down species would generally be different in this case, and
application of applied bia¥ (that is, not including the equi- spin diffusion directly affects charge curréfit.

Finally, at the depletion layek=d,, the spin current is

Jsr=—

B. Carrier and spin densities at the depletion layer
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1. Shockley’s condition of constant chemical potentials 2. Continuity of spin current in the depletion layer

We now apply the condition of constant chemical poten- In the previous sectiondag was treated as an unknown
tials in the depletion layer to connect the charge and spimput parameter to obtain the carrier and spin profiles, and
densities at the leftL) and right(R) depletion layer edges. specifically the carrier and spin densitiesxat —d,,. Calcu-

First notice that lation of dag is performed in this section. The knowledge of
dag Will complete the formalism necessary to calculate any
a(X) — ap(X) quantity of the magnetip-n junction under general condi-
tanh(p )= mzconst, (300 tions of applied bias and source spin, with the stated con-

straints of the model. In the spin-equilibrium castE&0)
from which follows that the spin polarizationslagndR are  the calculation made in the preceding section suffices to get
connected without an explicit dependence on bias. We wilRll the necessary boundary conditions. The reason is that the
now expressy, , n,, ands, in terms of the nonequilibrium carrier density in the majority side is uniformz=Ny. Spin,

spin polarization in then region, Sagr= 8sg/N4; we will however, does not behave similarly to the majority carriers
evaluateda explicitly from the input parameters in the fol- €ven in the majority region. Spin can be injected into the
lowing section. majority region, and diffuses, rather than drifts, there. This is

It follows from Eq. (30) that why the unknowrnsag needs to be specified by another con-

dition. Here we apply the condition of the continuity of spin
current in the depletion layer. Physical justification for this
5 ) (31  condition is the fact that in the depletion layer, devoid of
1—agrt dag(ag.— agr) carriers and spin, spin relaxation, proportional to the spin
density, is inhibited. One can write from E@),

ag (1— a%R) + dar(1—ag apRr)
=

If Sar=0, thena = aq . In other words, onlynonequilib-
rium spin can be injected from the majority region through Jsr=JsL— Js relax: (39
the dep'et_"’” layer. In_the case of a homogeneous_ Spin SpII¥/§/here Js relax 1S the spin-relaxation currersimilar to the
ting (ag =agr), da,=dag, that is, the nonequilibrium =TS, o . . .

b . OR/ : carrier recombination current used in treating unpolarized
spin polarization is constant across the depletion layer. AlsQ

H 4
note thate, depends on the applied bias only implicitly, Junctions),
through the possible bias dependenceSak . d, -
The carrier and spin densitieslatire determined by both Js rela= J’ dx| r(sp—sePg) + ——|. (35)
dag andV. Equations(25) and (26) yield ' ~dp Ty
We neglect) ey in the following treatment?
v QgL — R Equations(15), (21), (32), and (33), together with Eq.
N =N 7| 1+ dag —a2 ) (32 (34), form a full, self-consistent set of equations needed to

extract dsg (or, equivalently,dag), and thus complete the
structure of the model. In the process of extractiisg, we
apply the condition of low injection, and neglect the terms of

8CYR 1_ aoL XpR
(33 the order ofng expV) when compared tdl,. The result is

— \
S =sSp €| 1+
aoL  1-ady

_ e \%
In the absence of nonequilibrium spidd¢g=0), the above OSR= Y00Snt 7188y + y2@0L SNp— ¥3SoL (87— 1),

formulas reduce to the well-known Shockley relation for the (36)
minority carrier density at the depletion Ia)?ér, ng where the geometric/transport factors are

=ng.exp(V), and the analogous formula for spirg.

=5y expV), so that the equilibrium spin polarizatiom, vo= 1/coshiw, /L), (37
= ay is preserved. Equatior(82) and(33) demonstrate the

interplay between charge and spin in magnptit junctions: Dnp) [ Lsn tanf(an/Lsn)
nonequilibrium spirdag can significantly affect the minority Y1= ( D ) (L_ o~ (38)
carrier density(thus the junction -V characteristics, as will nn/ \ Lsp/ sinh(w, /Lgp)

be shown in Sec. lll Cand spin, while bias affects both the ~

carrier and spin densities. If the band spin splitting is homo- _ [ Dnp) [ Lsn) tanhwy /Lgp) 39
geneous g, = agr), Nonequilibrium spin does not influence o Din/ \ Lnp/ sinh(wy, /L) 39
the minority carrier densitjand affects the spin density in a prone

trivial way: s =ng_a exp(V)]. Equation(32) suggests that ya= )/ZCOSKVVp/an)- (40)

the charge respons&n, , to nonequilibrium spin can be
maximized by maximizing the difference in the equilibrium Equation (36) expressesisg in terms of the known input
spin polarizations|ag — agg|, and havingagg as close to parameters, and can be used as an input for determining the
+1 as possibléthe case ofrgg= * 1 is pathological, and is carrier and spin densities at the depletion layer, as well as the
excluded from our theory by the assumption of small injec-carrier and spin profiles in the bulk regions. The first contri-
tion, wherebyn, <N,,Ng). bution to §sg comes from the source spin at the right contact,
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58S, . The second and the third terms in the RHS of 8%) TABLE II. The carrier and spin densities and currents in the
come from the source spin and the carrier densities at the lefulk regions of a magnetip-n junction. Only electrons are spin
contact, and a result of Spin injection by the minority e|ec_polarized(spin polarization of holes is treated in Appendixes Aand
trons through the depletion layer. Finally, the last term,B)- For both thep and n regions, the diffusion equations and the
which is usually negligible, results from the spin flow of the equation_s for currents, as wel! as the explicit fo_rmulas descrik_)ing
minority electrons having the equilibrium spin polarization the spatlal profiles of thPT densmes_and _currents in the bulk regions
(that is, as if no spin or minority electron source were@'€ 9iven. The notation is summarized in Table I.

present This term, for large forward biases, leads to spin
extraction(see Sec. IV E In most practical cases the source

p region carrier density and current

spin is injected either in the majority or in the minority re- 5n”=5n/Lﬁp

gions, not both. Then the contributionsdeg can be consid- 8n= 6ncosh(gp) +FrpSinh(,,)

ered separately, with either the first, or the second and the Jy=—Dppon’

third terms in the RHS of Eq36) contributing. The last term 3= (Dpp/Lng) [N SiNh(700)+ FrCOShtmo)]
(that with y3) can be usually neglected in the low injection - (X+d) /Ly

limit. Implications of Eq.(36) for spin-polarized transportin ¢
magneticp-n junctions will be explored in Sec. IV. 5”
The content of this and the previous sections is summa2 't

p

[ 8ncoshy,/L,p)— dnyl/sinhfn, /L)
NoLe"[ 1+ dar(ag, — aor)/(1— ajr) ] =N
- (an/an)an

rized in Table II. It

p region spin density and current

C. |-V characteristics _
8"=5s/L + 5s/LT,

Charge current in a magnetjg-n junction is driven b -
g gnesen | y 8= 85 cosh(gsp) +Fssinh (150 + argpdn

both external bias and source spin. Neglecting carrier recom-

bination (here in the form of the recombination currpin fs:._Dnrﬁs'
the depletion layer, the charge electron current is the current  Js= —(Dnp/Lsp)[ 9 sinh(msp) +Fsgcosh(rs) 1+ agpdy
that appears at the depletion layer in the minority side,  7sp (X+dp)/Lsp
—dp: jo=—09J,. . Equation(10) gives 55, OS.— agLoNL
S s 8Sp— agpdny
In=lontlintlon, (41 Fp ~ ~ ~ L e
sp [ os . cosh{y,/Lsg)— ds,I/sinhw, /L)
where oS, soL"[1+ (Sar/ o) (1~ agLaor)/ (1 agr) ] —SoL
L J ~(Dpp/Lsp)Fept argJd
JOnzjgn(eV_ 1), (42) sL ( np SP) sp aoLIdnL
n region spin density and current
. . QoL — QR n_ 2
Jln:JgneV‘sa’R—za (43 08"=3slLg; )
1-agr 8s= 8sgcosh s, +Fgsinh(7g,)
Js=—Dp,0s’
fon— ] 1 ong (42 Js= = (Dyn/Lsp)[ 8sgsinh(msy) + Fscoshsy)]
2 gncosr(\7vp/an) NoL Msn (x—dn)/Lsn s
_ _ Fsn [ 85,— 8srcosh{v, /ey Vsinh{w, /Lgr)
By jgn we der_10te the electr_on generation currgnrrent of 55, Y008+ 715§p+ YactoL Ny~ y3SoL (6¥— 1)
thermally excited electrons in thgeregion close to the deple- -
tion layer?), & L/coshn/Ls) ~
71 (Drp/Dn) (Lsn/Lsp[tanh@, /Lg)/sinh@, /g ]
Dy, W, Y2 (Drp/D ) (Lsn/Lnp)[tanh, /Lg)/sinh, /L) ]
Jgn= Lop Mg cot Lopl” (45, y2c08h{vy/Lyp)
J R _(Dnn/Lsn)an

The generation current depends on the equilibrium magneti—s
zation throughng, (see Appendix A A magneticp-n junc-
tion works as a diode when both electrodes are Ohmically homogeneous junctionsa§, = aggr), Of in junctions
(6np,=0), in which casg,=jon+j1n. This current can be lacking nonequilibrium spin §ag=0). Once a nonequilib-
also written as rium spin is present, and the carrier bands are inhomoge-
neously spin split, the current is modified py,, the spin-
. .. ong voltaic current, the charge current caused by nonequilibrium
JOn+Jln_Jgnn_0L’ (46) spin. The spin-voltaic current does not vanish at zero bias,
) ) ) ) .. giving rise to the spin-voltaic and spin-valve effébtslis-
a notation which emphasizes the crucial role of the minority,,ssed in Sec. IV C. Including the hole currésee Appen-
carrier density at the depletion layer for charge transportgy B), the total charge current reads
Equation(42) describes the usual rectification current, which
(for an Ohmic contagtis the only carrier current in magneti-

j:jn+jp- (47)
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Here we consider holes to be unpolarized, so that rents are bias independent, and must equal the corresponding
o v recombination currents ¥ =0, so that no net current flows
Jp=lgp(e"—1), (49 in equilibrium. Thus
with jgi=Kngg e Vot dp, (52
. _qun ~ . _ —Vp+in—¢
jgp= 3 porCOth(W, /L) (49 Jg =Kngg e " encp, (53
pn

The total electron charge current, = —jgr+ir —lgr»

can be expressed through the equilibrium and nonequilib-
drium electron-spin polarizations, using formulas from Ap-
dpendix A. The result is

being the hole generation current. The hole current is af
fected by magnetic field only throughyg (see Appendix A

If also holes would be spin polarized, the hole current woul
depend on the nonequilibrium hole spin polarization, an

would exhibit all the spin phenomena we discuss for elec- e — o
trons. The corresponding formulas are presented in Appendix in=Kng| eVl 1+ 5QR%) — 1] ' (54)
B. — QoRr

For spin injection problems it is often useful to consider . . _
the spin polarization of the charge current, not only the denyvhICh is, up to a constant, (D) (the constank, which is

sity spin polarizationo. The current spin polarization is de- proportional to thg generation C“”er!" can be. obtained rigor-
' P o : . ously only by solving the corresponding diffusion equatjons

fined asa,=js/j, wherejs is the spin current associated The above reasoning explains the spin-voltaic effect in mag-
with charge flow. In our case of only electrons being spin 9 exp P 9

polarized, j.= —qJ.. Sincej is a conserved quantity, the netic p-n junctions as resulting from the disturbances of the

. Js 0 . . balance between the generation and recombination currents.
spin polarization profile is the same as the profile of the spin, nonequilibrium spin itselfsag, which is an input for

current, already given in the previous sections. As will also : S
be demonstrated in the discussion of particular cases of inEq' (43), must be obtained by considering the full set of

terest,«; can differ significantly froma. Unlike for «, for assumptions leading to E(36).

example, the magnitude af; can be greatefeven much

greatey than unity(if spin-up and spin-down electrons flow IV. DISCUSSION

in opposite directions The knowledge of the current spin  ag an application of our theory we discuss several impor-
polarization is gssential particularly in_studies of spin injec-tant manifestations of spin-polarized bipolar transport in
tion, where typically one assumes thatis conserved across magneticp-n junctions, and illustrate the examples numeri-
the injection interface(see Sec. IV as a result of the 41y with GaAs materials parameters. The specific cases we
continuity of spin cur_rent. o o consider are spin injectiotthrough the depletion laygby

~ We close this section by explaining qualitatively the phys-the majority carriers, spin pumping by the minority carriers,
ics behind the spin-voltaic currept, . Equation(41) can be  tne spin-voltaic effect, externésource spin injection by the
understood rather simply by considering the balance betweegjasing electrode, spin injection and extraction at large bi-
the recombination and generation currents crossing thgses and magnetic drift in the neutral regions.

depletion layef? In the following we putsn,=0, to sim- The reason for choosing GaAs for numerical examples is
plify the discussion. Let,,, and/,, denote the conduction- that GaAs is the best studied semiconductor for spin
band splitting in then and p regions, respectively, as illus- propertiest Spin can be injected into GaAs both optically
trated in Fig. 1. The recombination electron current is thegpg electrically, and high-quality magnetic hybrid semicon-
current of the majority electrons flowing fromto p. Itis  guctor structures based on GaAs can be potentially fabri-
essentially the current of electrons with enough energy t@ated, as underlined by the discovery of ferromagnetic
cross the potential barrier in the depletion layer. This barrie{ga, MnAs 3132 We note, however, that practicakn junc-

is different for spin-up Vi, =Vy+ {nn—Znp) @and spin-down  tions based on GaAs are often heterojunctirsince due to
(Vb =Vp—{nnt np) electrons. Within the Boltzmann sta- jts Jarge band gap GaAs has very smal| and so the mi-
tistics the recombination current of spin-up and spin-dowrhority currents in the neutral region&hiz) of a GaAsp-n

electrons, under applied bias is homojunction are comparable to, or smaller than, the recom-

j i1 =Kng e Vo~ inp*V, (50) bination current in the depletion Iayeﬁmi)_, v_vhich' is ne-
r 1 glected in our treatment. We expect a similar situation in
i lanRle*Vbﬂnn*gnp*V (51) spin-polarized GaAsp-n junctions. For integration with
r 1

semiconductor technology it would be much more desirable
whereK is a spin-independent constant. The recombinatiorio have Si-based spintronic devices. Although optical

current is proportional to the number of electrapsavail-  orientatioff of electron spins in Si is not effective because of
able for thermal activation over the barrier, and the thermathe band structuréunlike GaAs, Si is not a direct band-gap
activation Boltzmann factor exp(Vy+V). semiconductgt there seems to be no fundamental reason

The generation currents are the electron curréfag/ing  why spin could not be injected into Si electrically; thus far,
from p to n) due to the minority electrons thermally gener- however, electrical spin injection into Si has proved
ated in the diffusion region on theside (Fig. 1), and swept  elusive®® In addition to the economic reasons of easy tech-
by the large built-in field to then side. The generation cur- nological integration, Si could offer other advantages over
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GaAs, such agexpected longer spin-relaxation time&ue Sa
to the weak spin-orbit coupling and the absence of the s .=ng.ev R2 , (57)
D'yakonov-Perel’ mechanistrt® of spin relaxation in cen- 1—apr
trally symmetric S, and much larger intrinsic carrier density
n; (important for bipolar conduction

The numerical examples in the following sections are all
based on a symmetric GaAs magnetic diode with the fixed o= Sar (58)

_ _ L .

parametersN,=Ny=10% cm 3, n;=1.8x10° cm 3, D, 1- a?r— agrdag
=100 cnf/s, andr,=T;=1 ns(equal in both regionsw, . o o
—w,=3 um. The derived parameters atg,,~3.2 um, If the source spin has the same direction of polarization as
Lep=2.2 um, and L, ~3.2 #m. Other parametergbias, the equilibrium spin in the region, the glect_ron density, ,
equilibrium, and nonequilibrium spirwill be specified ac- and thus the current through the junction, is reduced. If they
cording to the physical situation. The materials parameterdre antiparalleln_ and the current are enhanced. Neither
are for room temperature, so the chemical potentials will b&Pin polarization,dag nor a , depends oV (except for a

and for the spin polarization

given in the units okgT~25 meV. dependence through,), being the same for forward and
reverse biases. In nonmagnetic junctiorng{=0), all the
A. Spin injection by the majority carriers nonedquilibrium spin polarization is transferred to the minor-

L . . . ity region, a| = dag, Where the nonequilibrium spin has no
Under 'Fhe Iovy |nject|or! cond|t|ons nonequilibrium SPIN effect on charge and current, sin@@, =ny exp(). This
cannot build up in magnetip-n junctions, as was shown in  ca5e has been studied numerically for a realistic model of a
Se.cs.. B 1and !II.B 2. iny if a noneq'whbrlur’(squrce)' spin-polarized nonmagnetit-n junction*
spin is externally injected into either region of the junction, ™ rhe reason for the absence of spin injection through the
spin |nje_ct|on through the depletlon_lgyer is possible. Heredepletion layer from a magneticregion to the nonmagnetic
we consider the case with a magnetiside («wor#0) and a  ; region, without a source spin, is the balance between the
nonmagneti side (xo =0), and inject the source spin at cayrier densities and thermally activated processes of forward
the right contactbut not by the contact itselfso thatden  conduction. Let then region be positively magnetized, so
#0. The left contact remains Ohmic with equilibrium carri- that there are more spin-up than spin-down electrons. For a
ers and spin gnp= 6s,=0). The nonequilibrium spin at the nondegenerate statistics, the number of spirtagin-down
depletion layer in the region is obtained from Ed36) (see  glectrons depends on the spin splitting’{2) of the band as
also Table ) as explexp( ] In the forward transport, electrons need
to be thermally activated to cross the barrier of the built-in
Osy voltage lowered by the external bias. The barrier height is,
COSV(VVn/Lsn). (59) however, different for spin-up and spin-down electrons. In-
deed, spin-ugspin-down electrons have the barrier higher
This boundary condition for spin at the depletion layer can(lower) by ¢,,, leading to the modulation of the transport
be physically formulated by requiring that the spin current ofrate by expt-)[exp,)]. These exponential factors ex-
the majority carriers vanishes at the depletion 1ajdtis is  actly balance the modulation of the carrier densities. As a
quite natural to assume, since the spin current imtaigle s~ result, there is no difference between the transfer rates-
proportional toa,N4, while the spin current in thp side is  sity times the thermal activation probabilitior the spin-up
proportional to the much smaller, n, . SinceJsg=Js,, we  and spin-down carriers, the spin-up and spin-down currents
can neglect)sy relative toJg in the rest of then region. are equal, and there is no spin currentRatand, by the
Equation(55) then follows. With respect to E¢55) we note  continuity of spin current also dt) and thus no spin injec-
the crucial role of the size of the depletion layer in spintion into the minority region.
transport inp-n junctions(the following is a general discus-  Figure 2 shows the electron and spin densities, using our
sion, not limited to the case of the majority carriers spinmodel equationgTable Il), for the GaAs magnetic junction
injection). Indeed, slight changes in voltage induce change§xample, withapz=0.5 andde,=0.4, and a forward bias of
in d, andd, which are comparable to other length scales of+0.8 V. Spin injection into the minority region is very ef-
the problem, and in particular to the spin-diffusion lengths fective; «, is slightly greater thadag [due to the denomi-
thus severely affecting the amount of spin arriving at thenator in Eq.(31)]. A comparison between the current spin
depletion layer. This may be of practical importance, as alpolarization(the profile is the same as for the spin current
ready demonstrated in the spin capacitance effeand in  Js) and the density spin polarization is in Fig. 3. The current
detecting spin relaxation by electrical meafis. polarization is huge at the point of spin injection, since in
On the left side of the depletion layer the Shockley con-order to reproduce the spin polarizatiag by electrical spin
dition, according to Eq¥32) and(33), gives for the electron injection (which would depend essentially amn;, see Sec.

5SR: 5aRNd=

and spin densities IV D), a; would need to be that large. This is of course not
possible, since electrical spin injection from a ferromagnetic
( a0R5aR) electrode provides;<<1, sincea; in ferromagnets is close
n.=nge’| 1- | (56)  to the density polarization there. The current polarization de-
1—apr creases upon approaching the depletion layer, since there the
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FIG. 2. An example of the majority carrier spin injection
through the depletion laydshaded region Shown are the spatial
profiles of the electrorisolid line) and spin(dashed ling densities
in the magnetig-n junction described in the text, withhgz=0.5,
Sa,=0.4 (the p region is nonmagnetic and the left electrode re-
mains Ohmig, and forward bia3/=+0.8 V (=32 kgT). The left

vertical axis is for the densities, while the right axis is for the spin . L .
f{nulates. We have named this effect minority electron spin

polarization, which is represented by the dotted lines labeled wit
.

spin current decreases in order to be equal to the spin curre

at L, which is driven by the much smaller density of the

minority electrons. Figure 4 shows the chemical potentia
profiles for the case. The chemical potentials are chosen {0

be zero(similarly to ¢) atx=w, in the spin unpolarizethut
biased junction, so that ak=w, they are—V if the contact

is Ohmic, as is the present case. This is the cause of the rap|

decrease of tha's to u=—V atx=—w,. Spin injection in
this graph is visible from the finite value @f _ (which be-
comes zero only in the very proximity of the left contaict
the p region.

B. Spin pumping by the minority carriers

If large (source spin density is externally injected along

PHYSICAL REVIEW B66, 165301 (2002
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FIG. 4. Calculated chemical potential profiles in a magnetit
junction under the majority carrier spin injection regime. The same
parameters as in Fig. 2 apply. The chemical potentials are expressed
in the units ofkgT.

pumping>*°° since the spin accumulatiofwhich is also a

form of spin amplification, considering that the resulting spin
H}the majority region is much larger—in the absence of any
new optical, electrical, or magnetic spin source—than that in

Ithe minority region depends on the intensity of the spin

urrent of the minority carriers. The faster the carriers arrive
at the depletion layer, the more spin accumulates inrthe
side. In effect, this is an analog of the optical spin pumping
iirgj the majority regiorf, except that the role of circularly po-
arized light is played by the spin-polarized minority carriers.
At large biases, the pumped spin can be even greater than the
source spin, as observed numerically in Ref. 54.

As an illustration, consider a nonmagnetic spin-polarized
p-n junction (g = apr=0). Let the carrier and spin densi-
ties at the left electrode only be out of equilibriuring,
8s,#0. This happens, for example, when a junction is illu-
minated by circularly polarized lightike in a spin-polarized

with the carrier density into the minority region, the nonequi-S0lar celﬁ) or if the junction is part of a spin-polarized junc-
librium spin can reach the depletion layer and be swept byiOn transistor, in which case the left electrode simulates the
the built-in electric field to the majority side, where it accu- action of the emitter. Equatiof86) gives the “pumped” spin

--a

-2 -1

T | T | i ) | TT 1T | LI
0 1 2
X (um)

3

FIG. 3. Calculated current spin polarization for the majority

carriers spin injection. The same parameters as in Fig. 2 apply. Both

the current spin polarizatioa; and the density spin polarizatian

polarization in the majority side as

|

For a large majority regioan> Lsy, the injected spin is
(below only holds if wy<Lg,) dsg=~(Dnp/Dpp)
X(Lgn/Wp)8s,, while for a short majority regionw,
<Lgp, the injected spin is8Sg=~(Dpp/Dpn) (Wy /W) 35, .
The amount of the pumped spin polarization, relative to the
amount of the source polarization is

|

Dnp
Dnn

Lsn

Lsp

tanH W, /L)
sin(w,/Lgp)

5sp . (59

(SSR: (

D

el

Lsn

Lsp

5CYR

@p

tanh(w,/Ls,) on,
sinh(w,,/Ls,) Na

(60)

are shown for comparison. The current spin polarization is enor-_ . . L
mous in then region, decreasing upon reaching the depletion layerSPIN PUMpINg is most effective when tiperegion is short,

and staying smaller thaa in the p region.

wp<L when

sp»
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FIG. 5. An example of a minority carrier spin pumping through
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FIG. 6. Calculated current spin polarization in the minority spin

the depletion layer. The junction is nonmagnetic, but spin-polarizedPUmMping regime. Both currenty;, and density«, spin polariza-
and the carrier and spin source is placed at the left electrode, givingPn Profiles are shown. The current spin polarization starts at a

on,=1x10" cm™2 and §s,=1x0.9x 10" cm 3 (a,=0.9). A
reverse bhias of- 0.8 volts is appliedincreasing the width of the
depletion layer compared to Fig).2

|

If both L, andw, are significantly greater thaw,, the
pumped spir{and even the spin polarizatibnan be compa-
rable to the source spifsource spin polarization

A qualitative argument for the spin pumping is as follows.
In the minority (p) side, the spin current goes roughly as

Dinp| Min(Lgn,W,) S0y,

Ng

(61)

nn Wp

value larger than 1 at=—w,, remains constant across the deple-
tion layer where the spin current continuity is assumed, and decays
somewhat in thea region, where its magnitude is much larger than
that of density spin polarization.

chemical potentials in the majority region still yield large
spin density, since they appear in the exponent which multi-
plies the equilibrium carrier density, which is large in the
majority region(and small in the minority one, where the
chemical potentials have accordingly large magnitiides

C. The spin-voltaic effect

A spin-voltaic effect is a generation of charge emf or cur-

an5sp/va, where we chose the largest spin in the region'®nt by nonequilibrium spin. A first realization of the spin-

(being the source spifis,) and the smallest length scale fo

the spin decay(here\7vp). On then side the spin current,
along similar reasoning, would be-D,ésg/Ls,, Where
SR Is the largest spin in the region and we chasg to be
the smallest length scale. Equating the two currents gives E
(61). Put in words, spin carried by the minority carriers ar-
riving at the depletion layer is swept into the majority region
by the large built-in field. In the majority region the spin both

r

diffuses away and relaxes. In a steady state, the incomin

spin flux must equal the outcoming diffusion and relaxation

which are proportional to the spin density, so that the greater

is the spin influx, the greater the spin density.

A numerical example is shown in Fig. 5. The source car-

rier and spin densities arén,=10" cm 2 and 8s,=0.9
X 10" cm™2 (the spin polarizatiomr,=0.9). The junction is
under reverse bias of 0.8 V (note the increase in width of
the depletion layer compared to Fig). Zhe pumped spin
polarizationag is about 5%. In our numerical example all
the length scales involved are comparafsteughly 3 wm),
diffusivities uniform ©,,=D,) SO dsg~ Js,. In Fig. 6 we
plot the current spin polarization; to demonstrate that it
significantly differs from the density spin polarizatian In
this examplea; is larger than 1 at the left electrode due to
the chosen boundary conditions, and in theegion it is

voltaic effect was the Silsbee-Johnson spin-charge
coupling®*2in a ferromagnetic/nonmagnetic metal interface
with nonequilibrium spin injected into the nonmagnetic
metal. The emf across the interface arises due to the differ-
ence in the chemical potentials in the two metals, with dif-
Ferent effects on the different spin states. Analogous phenom-
ena can occur in many other hybrid systeissmiconductor/
metal or semiconductor/semicondugtdriere we describe a
specific realization of the spin-voltaic effé&®in magnetic

g-n junctions, where the role of the interface is played by the
depletion layer.

80

0.06
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0.02

0 -

< 0,02 .
= ] i~ o0d| 7
209 K Y S A —
10—_ 0 1 l 2 3
0_
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0
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much greater than the density spin polarization. The chemi-
cal potential profiles for the case are shown in Fig. 7. In the F|G. 7. Calculated chemical potential profiles in a nonmagnetic
majority regionu , nearly vanishes, whilg.,~—u , dem-  spin-polarizech-n junction under the minority carrier spin pumping
onstrating a positive net nonequilibrium spin polarization inregime. The parameters as in Fig. 5 apply. The input shows the
the n region. The small magnitudes of the nonequilibrium majority region values on a scale where differgrs are visible.
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Consider a magnetic/nonmagnefien junction, with the L R g S— 1
p region magnetic n,=0) and then region nonmagnetic |7 a
but spin polarized §a,,#0). No external bias is applied 102 ot o8
(V=0). It follows from Eq.(36) that - S | fo Ta— |
o g 8 1X10000 0.6
E 1007 ]
5an ?n/ 10—- r/, I
dag=——=——, (62 s 10 1L 04
coshiw,, /Lgy) & -
08 5 T — =
which is the same as E(B5) (simply expressing the fact that 1007 3 2 2 o0 ’ | 02
the polarization is bias independgnAs a result, there will P70 e S0 M S I
be nonequilibrium carrier and spin densities in the minority 3 2 4 o0 1 23
region[see Eqs(32) and(33)], X (um)
SN, =Ny g SR, (63 FIG. 8. The spin-voltaic effect in a spin-polarized magnetia
junction. Shown is a junction with a magneficregion («q_#0)
8S. =N, SaR. (64) and a nonmagnetio region (¢gr=0). No bias is applied. Both

electrodes are Ohmic, except that there is a spin sourge-at, .
The nonequilibrium minority carrier densi$yn, leads to the  |n the exampleag = +0.9 andda,=+0.9. The carrier and spin
minority diffusion and relaxation, and thus to the charge cur-densities in thep region are very close to the equilibrium values,
rent (or voltage in an open circyitThe spin-voltaic current with a small variation due to the onequilibrium spin. The inset
is [see Eq(43)] shows this variation on a 10 000 times increased scale. Both densi-
ties are higher than in equilibrium, leading to a forward charge
In=lgn@oLbaR. (65  current.

The current is of the order of the generation current, an

changes sign with reversing either the magnetic fialdich q|on current, resulting in a net reverse flgfrtom the left to

reversesag ) or the orientation of the source spif,. the right,j,<0). The spin-voltaic effect is the reagﬁon.for the

) o o > giant magnetoresistance of magneia junctions®® since
Neglecting the variation obar with bias (throughw,), the  \hen 4 biasv is applied, the spin-voltaic current grows as
open circuit voltage for the spin-voltaic effect is obtained byexp(\/) similarly to the normal rectification current.

requiring thag vanishes, The spin-voltaic effect is illustrated in Figs. 8—11. First
j consider parallel spin polarizationgg = da,,= +0.9. There
Vo= —In[ 1+ —2— g Sag| . (66)  is no biasV=0. The carrier and spin densities and the spin
JgnTlgp polarization are plotted in Fig. 8. The induced nonequilib-
The voltage, which is typically of the order &;T/q, is  rum spin and charge in thp region are greater than the
negative(reverse biasinp if the po|arizations are para”eL equ”ibrium values, Ieading to a forward current of electrons.
and positive(forward biasing if they are antiparallel. The The spin polarization is also higher than in equilibrium. The
spin-voltaic effect here is similar to the photovoltaic effect, chemical potential profiles are shown in Fig. 9. If the spin
where the photocarriers generated within the carrier diffusiofpolarization of the source spin is reversety = — dap=
length L, of the depletion layer are swept by the built-in +0.9, the.carrler a}nd spin dgnsmes qnd the spin polarization
field to the majority side, generating photocurrent_ A spin_decrease in the minority region, Ieadlng to a reverse electron
voltaic effect arises if nonequilibrium spin is generatedcurrent. The density profiles for this case are in Fig. 10, and
within the spin-diffusion lengti., of the depletion layer, the chemical potentials are plotted in Fig. 11.
disturbing the balance between the generation and recombi- L€t the magnetic field control the conduction-band spin
nation currents. splitting. Thenay(B)=— ay(—B). Keeping Sag as an in-
Indeed, in equilibrium both the generation and the recom-
bination currents in a magnet-n junction are equal and
there is no net charge flow. Lety be positive. Then the
barrier for the majority electrons to cross the depletion layer
(see Fig. 1is smaller for spin-up than for spin-down elec-
trons. If the spin in the majority region is driven off balance
(without applying an external bigshan the delicate balance
of the generation and recombination currents is disturbed,
resulting in a net charge current. Increasing the number of
spin-up majority electrons, for example, increases the recom-
bination current, since more electrons have now a smaller
barrier to crosgthe generation current does not depend on
Sag or biag. In our geometry, the net electron flow is for-
ward (from the right to the left,j,>0). If, however, we FIG. 9. Calculated chemical potential profiles in a spin-
increase the number of spin-down electrons, more electronsolarized magneti-n junction under the conditions specified in
have now a higher barrier to cross, reducing the recombinarig. 8.

(98]

i (k)
T Tt
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'
(98]
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PPCH S iy S— 1 The GMR effect is possible only in magnetically inhomoge-
o r neousp-n junctions with nonequilibrium spin. As a special
10125 1 —-n L 05 case consider thp region magnetic ¢or=0). Then
— 1
"DE IOS—I e T 2 Sanao,
g S Lo e (70)
:r o' et - 1+ Sagag.
L 05 This case is a semiconductor analog of the Silsbee-Johnson
10 5RO et i spin-charge coupling* where a spin emf arises from the
y e proximity of a nonequilibrium spin in a metal and a ferro-
LU " SRR AR AL AR N . magnetic electrode. A detailed numerical study of the GMR
X (Um) effect in magnetic diodes can be found in Ref. 56. Putting

) _ _ ) _ ~ reasonable parametesg =0.5=— Sagr, Eq.(70) gives B
FIG. 10. The spin-voltaic effect in a spin-polarized magnetic — /3 which is a 66% GMR. A more optimistic setg,
p-n junction. The same conditions as in Fig. 8 apply, but the direc-_ 0.9= — Sag, leads tos~8.5, or a 850% GMR, demon-

tion of the source spin is reversed, = —0.9. The figure shows  a4ing 5 great technological potential of magnetia di-
the negative spin density«s) in then region(and normal in the odes

sidg. The carrier and spin densities have values close to the equi-
librium ones, but are now somewhat smaller, due to the presence of

the antiparallel nonequilibrium spin. This density variation, which D. Spin injection by the biasing electrode
is seen in the inset on a 10 000 times greater scale, leads to a reverse Thys far,s, was a free input parameter of the model. If,
charge flow. however, the biasing electrodes themselves can inject spin

o (for example, if they are magnelijcthen the source spin
dependent(of B) parameter, the direction reversal of the gensity will not be a good starting boundary condition. We

magnetic field results in a change in charge current, consider an example of the source spin injection by the right
electrode into the nonmagnetic majority, region, keeping

i (B)=in(—B)=] on (B)—én.(—B) 67) only thep region magnetic. We assume the model in which
. n an NoL ' the spin current across the electradeégion interface is

preserved. In this scenario the boundary conditior=atv,

This is a realization of giant magnetoresistafGMR) in  reads(all the current at the contact is carried by electrons,
magnetic diodes. The relative change of the charge curremfince the hole density is in equilibrium there

upon reversing the direction of magnetic fi¢lehile keeping
dag unchangejlcan be measured by the giant magnetoresis- Jsn=a3nl (71

tance parameter, here denotedsas wherejg,=—qJs(W,) anda;,= a;(w,) is the spin injection

S _ _ efficiency (here the current spin polarization at the contact
n (B)—on (—B) . . ) oo i
— , (68) equal, in an ideal case, to the spin polarization in the elec
on (—B) trode material reduced by interface spin relaxation. Our strat-
egy is to convert this boundary condition to the condition on
the spin density. We calculaigs,, as a function ofx;,j and
then use the formulas derived earlier to obtain the charge
current in a self-consistent mannghis is needed because
B=25an oL~ *0R _ (69) the boundary spin depends on the current which, in turn, is
calculated using the boundary spiquation(20) gives

which at forward bias and exg)>1, in terms of the known
parameters, can be expressed as

2
1—agrt dar(ao— agr)

(98]

- ( ann> 55,CoSHW,,/Lg,) — 5SR. 72

Lsn sinh(w,,/Lgy)

23
1_ If we further assume that the left contact is Ohmic, by sub-
. stituting Eq.(55) for Ssg, the above equation can be solved
< 04 for the source spin density with the result
3. ]
_1_; a’Jnj Lsn \7Vn ')’ZSOL(eV_ 1)
E n=———¢coth — | ——————. (73
2 qDnn Lsn tanf?(wn/Lsn)
-3 The nonequilibrium spin polarization at the depletion layer
then is
FIG. 11. Calculated chemical potential profiles in a spin- Len 1
polarized magnetip-n junction. The same parameters as in Fig. 10 OSR= ajpnj — —ysSo(eV=1), (78
apply. dDnn sinh(w,, /L)
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where another geometric/transport parameter is introduced;The nonequilibrium spin in the region will have the sign
opposite to that of the equilibrium spin in tiperegion. The
Y3 spin is more extracted the larger the bias is. Normally, at
MZtanHZ(Vv—/L)' (75  small biases, the injected spin polarizatiodar=
nt=sn — v3SoLeXp\V)/N4 is small (in the postulated low injection
In a first approximation one can pjit=jo,+ ], for the cur- regimg, but it shows the trend of spin extraction exponen-
rent in Eq.(74). The injected spisg is then of the order of tially increasing withV towards the large bias regime. The
the minority electron density timeis,,/L,,,. This is gener- €ason for Eq(78) is the continuity of spin current across the
ally larger than the spin extraction factor coming from thedepletion layer. Without any spin source, spin curréqt
term with v,, but still small to lead to a significant modula- Will be given by the flow of electrons with the equilibrium
tion of nonequilibrium spin. The charge current is obtainedSPIN polarizationag_[see Eq(15)]. The same spin current

by solving Eq.(47) for j, with Sag from Eq.(74). The result ~Must appear in tha region atR. For positivesy, , the spin
is current inp is negative. In then region, for the spin current

to be also negative there must be a positive gradienisof
so e’ and, sinceds,=0, the spin aR must be negativessg<<O0.
N’ However, our theory thus far does not predict any spin
d (76) injection from the magnetia to the nonmagnetip region.
Indeed, in the absence of source spin, and wigh=0, Eq.
where (36) gives dsg=0. To explain the intrinsic spin injection
observed at large biasésut also at small biases, although on
igne’ Lsn 1 a smaller scaf®), we have to introduce electric fiel into
Na QD Sin(wwo /Loy (77 the picture. In fact, once the nonequilibrium spin becomes
ntesn small compared to the equilibrium one in the majority re-
E\i/on, even at small biases electric field cannot be neglected.

j=(ption)(1+ @ynoL) — V4oL gn(€'—1)

QoL = QoL

Unlike in the case of independent external spin source, th
spin injected by the biasing electrode is very small, becaus

of the small current flowing in the junctiofthe current is in spin transport in the bulk regions. First, we will include

carried by the minority carrieysso that only a small spin .the electric drift force into the spin current and, second, we

current can build up the source spin. As a result, the spin . - . .
g, will explicitly account for charge neutrality by postulating
injected from the contact has a very small effect on thethat n=Ny+8p (instead of what was used thus far
charge properties of the junction. Charge current, in particu- ~MNaTop '

lar, is only slightly modified from the spin-equilibrium value ;;\Is‘gé Tgﬁtsehglrg f\i‘gﬁ:i:iﬂ:ﬁ] ntg”gzlrlri/o?;?rlsg et?]:t tsr g'negls
of j=jp+]jon. The spin-voltaic effect is abselexcept for ' '

the small effect caused by spin extracliosince at zero bias namely, the spin injection, which will become important at
no nonequilibrium spin is injected. Nevertheless, even iflar?eY'd. theE field and the ch tralitv. th .
small, thel-V characteristics modification should be observ- difsz(,:i(;Jn Igguatieon flr80ma|2q s(2)ea(r:1 d?zlg)ebgcegnr]?alsy’ € spin-
able at reasonably large biases, and could be used to charac-

terize spin properties of the junction. Furthermore, the above

model of spin injection, based on E1), is rather simple , , Os op

and we cannot exclude the possibility of a different behavior OS"+ESS' = — O‘OHL_z'
(especially more pronounced spin dependent effewith sn sn
realistic interfaces. In fact, our method shows a way how t
characterize spin properties of rgalectrode interfaces by
measuring charge response of the junction.

e will quantify this condition below. There are two factors
which need to be considered when introducing charge effects

(79

Qe have neglected the nonlinear termsp, justifiably if
(T1/70) (6p/Ng)<1, which is quite generally the case at
low injection. The above equation needs to be supplemented

S _ ) with the diffusion equation for holes,
E. Spin injection and extraction at large biases

We have shown numerically in Ref. 56 that spin can be 5p
injected and extracted through the depletion layer at large op'=—. (80
biases, even with no source spin present. Significant spin Lon

injection from the magnetia region into the nonmagnetjz

region occurs at large biases and, similarly, significant spin Eq. (79) the term with the first derivative comes from the
extraction occurs from the nonmagneticregion into the electric drift, while the term proportional tép appears be-
magneticp region. These intrinsic spin injection phenomenacause of the neutrality conditian=Ny+ dp. The latter term
have their origin in the low bias physics. Indeed, there is acts as an intrinsic spin source, similarly to the terndofin
(normally negligible spin injection in the absence of source the spin-diffusion equatiorill) for the minority electrons.
spins even in our theory. We have already demonstrated spifhe neutrality condition also guarantees that the electric field

extraction in Eq.(36). If no source spin is present, then is uniform (E’'=0). Equation(79) has already been consid-
ered and solved in Ref. ee also Refs. 60, 61, and 200
OSR= — Y3SgLeXP(V). (78 without the intrinsic source term, which becomes important
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in bipolar transport at large biases. For completeness, we Finally, the neglected spin-relaxation currelit .. also
present the full solution to Eq79), as well as the spin cur- contributes to spin injection, more with increasing bias, since
rent profile, in Appendix C. then the spin density in the depletion layer increases and
The analysis in Appendix C shows that at least ligr,  with it spin relaxation. The difficulty in introducing rcjax is

<Lg,, the contribution from the charge neutralityd(  that it depends on both bias addg, complicating the self-

= 6p), that is, from the hole density effects in spin transport,consistent process of obtainindsg in terms or the input
can be neglected. In the opposite case, the contributioparameters and bias. One may expect, though, that spin-
would lower §sg, as can be seen easily by equatihg in relaxation processes in the depletion layer will decrease the
Eq. (C8) to zero. The electric field, however, increadsg, spin injection efficiencythat is, reduce’s; ) while allowing
ultimately leading to spin injection at large biases. Indeedfor larger s to balance the spin current in the minority
from Eq. (C8) one obtains for spin injection from the major- region. Our numerical calculations, which take into account
ity magnetic region to the minority honmagnetic region inthe effects oﬂgyre,ax, find that its contribution is indeed small

the absence of source spin, but at a finite bias, at low biases.
an F. Magnetic drift in the neutral regions
0sp~Sor(LsgE)tanh —. (82) . .
Lse Our model and its conclusions thus far were based on

To obtainE we can use the carrier current continuit acrossmagneticp—n junctions with homogeneous magnetic doping
: o y in the neutral regions. The doping, and thus the band spin
the depletion layerd, =J,g, WhereJ, is given by Eq.

~ , . ; splitting and the equilibrium spin polarization, changed spa-
(10) andJyr~Dpnn(—N4E— Spg), with 5p calculated in Ap- tially only in the transition region. As a result, the magnetic

pendix C. We get drift force ¢’ dropped from the calculations and the inhomo-
geneous magnetic doping affected the results only through
E~ PR coth(w,, /L )+% on, cothW, /L.0). the equilibrium spin densities. Here we take the next step and
dLpn PV Dion Nglnp prone ask how would the physics of magneten junctions be

(82)  affected if, additionally, the neutral regions were inhomoge-
neously doped with magnetic impuritiésr, to the same ef-
fect, were homogeneously doped but placed in an inhomo-
geneous magnetic fieldWe will show that magnetic drift
modifies both the spin injection through the depletion layer,
and thel-V characteristics of magnetie-n junctions. The
effects of ¢’ are qualitatively different in the majority and
the minority regions, so we will discuss the two regions
separately. Most of our discussion below applies equally to
Womogeneousin relation to nonmagnetic dopingemicon-
ductors with spin split majority and minority bands.
Consider the majorityp, region first. In the presence of an

?h”ﬁ n SP'_rt‘ transport '? thGE\hI’_e?]IOT(V\;I’I_ICf:jI'_SﬂIn contrta;t to inhomogeneous spin splitting of the conduction band, the
e majority carriers, for which electric drift cannot be ne- j\.ctron current in the region is

glected. Indeed, one needs to compare the typical magni-

The electric field is positive at forward biases, makifgg
and thuséds, of the same polarity asgz. This explains the
large bias spin injectiofand the increase of spin polarization
in the magnetia region observed in Ref. 56. The electric-
field spin injection will also happen at small biases, but,
because the field is very smalbrf, /Ny, pr/Nyg<<1), the
spin injection is negligible. However, thE field must be
considered in cases where spin injection due to source sp
leads todsg as small assn, .

Equation(82) yields the criterion for neglecting electric

gubigisnof spin drift &sgE) and spin diffusion §s/Lg,), to Jp=Dpn(—NE+sL,—n"). (84)
The current must vanish in equilibrium wheme=Ny4 ands

E(Sgrt OSR) < ISr/Lgp. (83 ~aoNy. This is only possible if a local electric field
For a nonmagnetin region (spr=0) this is always the case, Eo~aolh, (85)

sinceELs,<1 because of low injectiofand reasonably as-

suming that the spin-diffusion length is not much greaterdevelops. The resulting electric drift needs to counter the
than the carrier diffusion lengthsFor the magnetic region, magnetic drift. The existence &, is also warranted by the
the above condition is satisfied #sg>(EL)Sor, Which  vanishing spin Js) and hole §;) currents. In the latter the
roughly means that the nonequilibrium spin in theegion  electric field needs to balance the equilibrium hole diffusion
(appearing through the spin source, for examleould be  ~pg [Ppo is now spatially dependent through,,, see Eq.
greater than the nonequlibrium carrier density times the ratidA3)]. The field E,, similarly to the built-in field in the

of the spin-diffusion length and the carrier diffusion length. depletion layer, is an equilibrium field, not an emf, as it does
This is well satisfied in the low injection regime, where the not lead to a net current.

nonequlibrium carrier densities are small enotgven ifLg, The origin of the equilibrium electric field in otherwise
would be one to three orders of magnitude greater than thalmost homogeneous charge situatiohe majority carrier
carrier diffusion lengths However, the conditio83) places  density is almost constantan be qualitatively explained as
the lower limit on the source spin to lead to pure spin diffu-follows. Take ann-type semiconductor doped inhomoge-
sion in then region. neously with magnetic impurities in zero magnetic field. In
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equilibrium, the chemical potential is constant. Switch on a Jo~—DnnNg(agdE+ agdall+ da'), (89
magnetic field. At first, the chemical potential will vary with
x through{,,, according to Eq(A7). The sample will come Where 5E describes only the electric field induced by the
to equilibrium by rearranging its charge as the electrons wilePplied bias. Nonequilibrium charge neutralitin= 6p, is
move in the direction of decreasing,,, resulting in a con- assumed. In a homogeneautype semiconductor with finite
stant chemical potential, but also in a space chésge be- {nn, Maintaining a nonequilibrium spin polarization would
low) and a space electric potential opposing further electrofead to a spin emf according to E@7). For a constanb,
motion. Then for example, the spin emf is §aA{,,, whereAZ,, is the
drop of {,, across the sample. Spin injection is modified by
¢o=—Incosh{yp). (86)  the presence ot} in Eq. (88). Considering here only a

The equilibrium electric field i€,= — ¢}, reproducing Eq. SPecial case of a consta, and large spin polarization,
(85) obtained from transport considerations. Electric potenJaO|”1’ the spin current at=d, is modified from Eq(21)
tial ¢y bends both the conduction and the valence band. A

for_ the conduction ban_dqbo tends tq strgighten _the lower D. (1

spin band(say, the spin-up band it,, is posm\_/e .and JsR:_ﬂ = 8sraordmnlsnct Fals (89)
steepen the upper spin band. At large magnetic fields the Lsng |2

band bending of the lower spin band entirely eliminates thg here the new length scale for spin drift diffusion i4 4

spatial variations of the band due §q,, while these varia- _ " 2044 12 (th in-polarization d is th _
tions are doubled in the upper spin band. The valence ban(%irr\ggngy WO Iesrqg(th escsslgspo arlgiri\/é(:]nbyei:fy IS: 1(/9Ln gov
too is affected. Originally constant, the band acquires spatial snee sn= s

variation — q¢g to balance the equilibrium hole diffusion. +£nif2), and spin flux
In turn, the inhomogeneous, induces space chargg,
according to Poisson’s equatiopy=E{(ekgT/q). In prin- F,=day, hd
ciple, bothE, and py need to be obtained self-consistently sinh(w,, /Lgp)
by solving for the equilibrium semiconductor densities tak- . . .
ing into account Poisson’s equatidthis was done numeri- To obtain &5z, one can~st|II use Eq(36), but VX'th Len
cally in Ref. 56 for the transition region, where thg-like ~ changed toLs, and cothfv,/Ls;) changed to cot/Lsy)
field is present due to the inhomogeneous magnetic diping — @r(unks)/2. A similar procedure is followed for the spin
However, the induced local charge density is small enough téjection at large biases. Note that in the presence of mag-
be neglected for most practical purposeslike the induced nNetic impuritiesLs, will be greatly reduced, so thdtg,,
charge density in the depletion regjoindeed, the induced ~2/¢y,.
changes in the carrier density come tpy/q Although the inhomogeneous magnetic doping affects di-
~Ng(Zh\p)?/cost(s,), where \p= \/fekBT/quz is the rectly only the majority electrons, it modifies, througty,
Debye screening length in the majority region. For GaAstransport of the minority holes as well, and thus th¥
with e=13¢, and at room temperature, the densitypig/q characteristics of the junction. The hole current becomes
<2Xx10°(¢) fem 1])2cm 3. If the magnetic splitting ) )
changes bkgT over a micron(so that{ ,~10%cm), we get Jp~Dpn(@orénndP=op"), ©D
po~2x%10"% cm 3. This shows that for carrier densities where the first term describes drift of the nonequilibrium
greater than, say, $ocm™* the induced densities in the car- hole density byE,. Together with the continuity equation for
rier concentrations can be neglected, and @§) is a reli-  hole current describing electron-hole recombination, the
able estimate of,. In general, the space charge can beabove equation, again in the limit of a constpmg| ~ 1 leads
neglected if the band splitting varies BYT over the length  to the hole current at=d,,,
scales greater thanp. This is in complete analogy with
space-charge considerations due to the wusual -carrier SpR | @ornnlpn¢ Wi,
doping®* Once{;, \p=1, which is normally the case when Jpr~Dpn 5 +coth — . (92
a magnetic and a nonmagnetic semiconductor form a contact pné
for spin injection, the space charge and its diffusion where we introduced an effective magnetic drift length
(~pg/a) cannot be neglected. Indeed, fy, changing over  1/L,n,= \/f§,§n2/4+ 1/L,2)n (the two length scales for the hole
a 0.1um, the induced charge densityds<10™ cm™3. Se-  density decay aré,,. given by 1L ;.. =1/, =/} /2).
lective doping of semiconductors with magnetic impuritiesSincej,=qJyr, magnetic drift directly affects the-V char-
on spatial scales both smaller and larger thgrcan prove a  acteristics of the junction by modifying the hole minority
useful tool for band-structure and space-charge engineeringurrent. It is in the combination with external bigspg
in designing new spintronic devices. ~exp(V)] that the magnetic drift generates current. This ef-
Expanding about the equilibrium values for the densitiesfect could be used in electronic detection of magnetic-field
and the electric field, the electron and spin currents innthe gradients.

explagl! W, /2) ~
eXpaotnn/) Sagcoth Wy, /Lgy,). (90)

png

region become Now we turn to the minorityp, region. Since the minority
) ) electron density can easily accommodate to spatial changes
Jn=~—Dnn(NgSE—Ngdafn,+p’), 87 in ¢,p, no equilibrium electric field is needed to balance the
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magnetic drift force. The carrier and spin currents vanish afact, both the nonequilibrium spin and carrier densities will
E=0 for the equilibrium electron and spin densities, unlikebe normally present when the junction is illuminated by light
in the n region considered above. From Ed$)—(4), the  atx=—w,. The slope of,, then either reduces or enhances
drift-diffusion equations for the minority electrons and spinthe solar cell current, depending on the sigry

in the p region are obtained as The spin current at is Jg; = —(Dpnp/Lnps) Fspe» Where
on ~ , ~
L = R (93) _ 95L.COSHWy/L yps) — SpCOSH £, Wp/2)
an spd . ~
Sinh(Wy/Lnpe)
5s s—s 1 sinh(£} W,/2)
S"+ES =N = L=t . (94) — 8N = (£ o) — ONy———2 P2 (96
o Lo L27 R T Sinh Wy /L )

Transport of minority carriers is thus coupled with the trans-
port of spin. As a result, the electron curréand thus the
I-V characteristicswill depend explicitly on nonequilibrium
spin and, similarly, spin current will depend explicitly on
nonequilibrium charge. Below we solve Eq93) and (94)
for the specific model of a lined,, (that is,gr’m= const) and
in two limits of slow and fast spin relaxation. We will also
neglect the electric field which is by abouin /Ny<1

When neglecting 1/;, in Eq. (94) the equations for elec-
trons and spin become symmetric, so the spin current is ob-
tained from the electron current by changimgto s, andng

to s_, and vice versa. Also, in our limit of large,,, the
effective spin-diffusion length it =Lp,. In this limit the
above equation reproducdg, from Eg. (15). If spin relax-
ation is slow, the spin current in a homogeneously spin split

smaller than the inverse of the typical decay length of the® region does not explicitly depend on the electron density. A
densities. Magnetic_drift brings a new length scalg,,, fini teg n,» however, couples the electron and the spin densi-

’ 2 2 ties and the spin current acquires an explicit dependence on
given by 1Lnp= \/_g fat1Ly,). The density profiles on, and én,_. Spin injection is modified by magnetic drift
too. If then region remains magnetically homogeneous, the
injected spindsg can be obtained by equatidg, calculated
above andlgg from Eq. (21). The result can be written as

then decay with two Iength scalels,,,pi , Which are the in-
verse of W, = gr’mlz, depending on whether the diffusion
is parallel(minus sign or antiparallelplus sign to magnetic
drift.

We now consider the limit of vanishing l1/,, which
corresponds to slow spin relaxati¢spin diffusion length is Doplsn) . ~
the largest length scale in the problerwe will not present ISr= Y09Sn— ( Dnj_n g)s'n“WH/Lsn)ngz' 97
the full density profiles here, only the final results for the P
electron and spin currents at the depletion layer bountary
since they, respectively, determine the charge current in the
junction and the spin injection through the depletion Iayer
The boundary conditions and the notation are the same as
Sec.(lll A1). The electron current at, in analogy with Eq.
(10), is Jy.=—(Dnp/Lnps) Fnpe» Where the modified flux

where F2,, is Fsp, given by Eq.(96) with on_ and &5
alculated from Eqs(32) and (33) using dag=0, that is,
5n,_—n0,_[exp(\/) 1] and 8s; = sq [ exp(V)—1]. Spin injec-
fion is modified in several ways. First, there are obvious
modifications due to changes in the decay lengths, frgm
to L, . Second, in our limit of 1/,,=0 there is no explicit
contribution ofdn, to dsg [see Eq(36) with y;=y,]. Such
an explicit dependence appears now because of the magnetic
sink(va/ang) drift. Since the factor withsn,, in Eq. (97) changes sign with
. L~ g,’w, spin injection can be reduced or enhanced. Finally, the

S (L L)~ 85 sinh( £}, W,,/2) (95) large bias spin extraction will be affected, since it now de-

L5 enptnpg psini‘(\7v Lo, ' pends not only o8y, but also omg, . The latter factor again
npe enhances or reduces the large bias spin injection depending

If the magnetic drift vanishes;,,, becomes=,,. Since itis  on the slope of, (more precisely, on the sign @f,,So.)-
JnL which gives the electron contribution to the total charge In the opposite limit of fast spin relaxatidwhich is per-
current through the junction, the charge current now explichaps more realistic in magnetically doped samples under
ity depends on the nonequilibrium spin sourég, and the  consideratiop one can assume for the spin to follow the
nonequilibrium spin at the depletion layer boundady, . local carrier density changess=agn. Only the drift-
These contributions will be important i,, will change on  diffusion equation for electrons, E(3), needs to be solved
distances smaller than or comparableLtg,. SinceJ, is in this case. To simplify the discussion, we further assume
sensitive to the sign of,, (through the spin contribution  that the homogeneous part of the magnetic spin splitting is
the charge current in a magnetfien junction could detect large, andag~ =1, with a)~0. The carrier and spin cur-
spatial changes in magnetic fields. If the junction serves as gents have the same magnitude, only the sign can differ if
solar cell or the base of a junction transisttrthe nonequi- a,=—1. It thus suffices to look at the carrier current. In
librium spin ds; alone will lead to charge current, in analogy analogy with the previous case, the spin current is deter-
with the termén,_ leading to the usual solar cell current. In mined byF, ., which now reads

8N COSHW, /L o) — SNpCOSH L/ W,/ 2)

npl—
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E o =8mTcothWe/L.)—(an’ L..)/2 minority carriers. The accumulated spin can be greater than
e LLCOHWy L npg) = (@olnplnpe) /2] the spin arriving from the minority sidénd at large biases
exp(aog’va/z) also greater than the source spin itgelfhich in effect is
—oNpg———=—— (98) spin amplification. Electronic spin pumping may substitute

—— .
Sinh(Wp /L np;) direct spin injection into the majority region in situations
The spin current and the spin injecti¢that is, dsg) are then  where spin injection of the minority carriers proves easier
given as in the previous limit of slow spin relaxation, but than that of the majority ones. A realization of the spin-
with Fgn.= agFnpe . As in the case of slow spin relaxation, voltaic effect is found at the interfacéhere the depletion
here too the-V curve becomes explicitly dependent on mag-layen between the minority magnetic regigp) and the non-
netic drift. The strength of the magnetic drift is determinedmagnetic but spin-polarized majority region. The spin-
by the parametegganpg, while the sign(whether it will  voltaic effect is demonstrated by the generation of charge
enhance or reduce the charge curreigpends on the sign of current by nonequilibrium spiat no applied bigs This is
aglp,- The solar cell current coming fromdn, depends ex- also a spin-valve effect, since the direction of the charge

ponentially onZ;,,. The same applies to spin injection. current can be reversed by reversing an applied magnetic
field. The spin induced nonequlibrium charge density is also
V. SUMMARY AND CONCLUSIONS the basis for the spin capacitance of the spin-polarized

junctions®® as well as for the spin and magnetic-field depen-

We have studied spin-polarized bipolar transport in magdent charge capacitance of magnatia junctions'®* Next
netic p-n junctions under the general conditions of appliedwe have studiedsource spin injection by the biasing elec-
bias and externally injectetsource spin. We have intro- trode and shown that this is not a very effective means of
duced a model, by generalizing the successful Shocklegpin injection, at least for the simple model considered. Fi-
model of nonmagnetip-n junctions, to include spin-split nally, we demonstrated that if the neutral regions have non-
bands and nonequilibrium spin. The model is valid only atequilibrium band spin splitting, the resulting magnetic drift
low injection (small biasel although it shows the trends of can significantly affect both thé-V characteristics of the
what to expect at large biases as well. Our theory gives thfunction and the junction spin injection capabilities.
carrier density and spin-density profiles in the bulk regions Our theory is general enough to be applicable to various
(away from the depletion laygrand explicitly formulates semiconductor spintronic devices operating under the condi-
the boundary conditions for the densities at the depletionions of small injection and nondegenerate carrier statistics.
layer. In analogy with the original Shockley model we em-While we have already demonstrated the extensive generality
ploy the condition of(quas) thermal equilibrium across the of the theory by applying it to a large number of specific
depletion layer even when a bias is applaut a nonequi- model device simulations, we envisage many more potential
librium spin is injected. However, the spin-polarized casespintronic junction devices where our models will be useful.
requires an additional condition to obtain all the relevantSuch devices can be, for example, bipolar spin junction
input parameters. This condition we formulate in terms of thetransistor™ or spin thyristors, with great technological po-
continuity of spin current across the depletion layer. The obtentials, and where charge currefémd their amplification
tained boundary conditions allow us to generalize the stanean be controlled not only by bias, but also by nonequilib-
dard diode formulas to the case of spin-polarized magnetigium spin and magnetic field. However, to apply the theory
diodes, resulting in a new formulation of theV character- to realistic device structures, many physical aspects of the
istics. Although to explain the physics of bipolar spin- model will need to be modified. In many cases the spin states
polarized transport we use spin-polarized electrons only, wef the carriers are not simple spin doublets, but rather mul-
also give all the formulas needed to calculate [thé curves tiplets, as a result of the spin-orbit coupling. In addition, the
for spin-polarized holes as we{ln Appendixes A and B, electron-hole recombination is, in general, spin selective, so
where we also show how the equilibrium propertiesper if both electrons and holes are spin polarized, more realistic
junctions are modified in the presence of spin-split bands models for the recombination need to be introduced. Further-

We have applied our theory to several cases which wenore, carrier recombination and spin relaxation depend on
believe are important for spintronics. We demonstrate thathe carrier density, an effect which may be found important if
only nonequilibrium spin can be injected across the depletiofierromagnetic semiconductors are employed. Other possible
layer. Effective spin injection from a magnetic into a non- additions to the model may include a realistic treatment of
magnetic region, without a source spin, is not possible aspin relaxation(and carrier recombinatigorin the depletion
small biases. We show how this claim is relaxed at largdayer and finite spin relaxation at the contact electrodes.
biases, which build up a nonequilibrium spin in the magneticStructural modifications may include inhomogeneous mag-
majority region, and then inject this spin into the nonmag-netic doping(or inhomogeneous magnetic fieldgso in the
netic minority region. Similarly, we demonstrate that spinbulk regions, and schemes based on two- or three-
can be extracted at large forward biases from the nonmagilimensional spin bipolar transport. Since, at the moment,
netic majority region to the magnetic minority one. We alsothere is a lack of experimental understanding of bipolar spin
study spin injection by the minority carriers to the majority transport, theoretical modelingpoth analytical as presented
region. Physically, this process can be described as spinere or numerical, which is of greater applicability, as re-
pumping, since the resulting accumulation/amplification ofported in Refs. 54—56s particularly important. We believe
spin in the majority region depends on the spin current of thehat although quantitative aspects of spin-polarized bipolar
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transport may be seriously modified, our theory captures thaffect the built-in field. The reason is that the chemical po-
essential physics and the predicted phenomena are robusntials in the bulk regiongconsidered separatglylepend

enough to be present in more realistic situations. only on{,, and ¢,
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APPENDIX A: EQUILIBRIUM PROPERTIES Here u; is the chemical potential for the intrinsicndoped
OF MAGNETIC p-n JUNCTIONS and unpolarized case. In making a junction, the built-in field
arises upon equilibrating the two chemical potentialg:
To study equilibrium properties of magnepen junctions = uq,— uo,. The band splitting does not affect the nonde-

we consider both electrons and holes spin polarized. Denotgeneracy of the carrier statistics, since the distance between
the electron and hole spin densitiessggnds,, and reserve the chemical potential and the lower conductiapper va-

the second subscrifif needed to denote the region. Symbol lence spin band does not change withat large/.

0 denotes the equilibrium values. As in the main text, the

energies(potentialg are given in the units okgT (kgT/q). APPENDIX B: SPIN-POLARIZED HOLES

Further, denote asZ and , the spin band splittings of the ) o

conduction and valence bands. We adopt the convention that Spin polarization of holes can be treated separately from
Zn (£,) is positive when the spin-up electrotioles have a that of elgctrons, since, in our modgl, elgctrpn and _hoIe trans-
lower energy than those in the spin-down states. Both eled?0rt are independertonly minority diffusion is considered
trons and holes are assumed in thermal equilibrium, obeyingnd the electron-hole recombination is spin independent

nondegenerate Boltzmann statistics. our simplified picture electrons of one spin can recombine
The equilibrium carrier densities obey the law of massWith holes of either spin Inclusion of spin polarization of
action, now reading holes into our theory then amounts to simple notation ex-
changep with n andL with R. For completeness, we present
nopo=ni2COSf(§n)COSH§p). (A1)  all the important formulas that are needed to obtain the

charge current contribution by spin-polarized holes. Since
As a result, the minority carrier densitiéslectrons in thgg  this is a separate section from the main text, we adopt the
region and holes in tha region are same notation for the hole spin as we had before for elec-
trons, without using more elaborate set of indices. The hole

2 spin density(only in this sectioh is s and the hole spin

n0p=N—ICOSf(§np)COSK§pp), (A2)  polarization ise. All the other symbols retain their original
a meaning.
”12 In analogy with Eq.(41), the hole charge current is
pOn:N_dCOSngpn)Cosr(gnn)- (A3) jp:j0p+jlp+j2pv (Bl)

Similarly, the corresponding equilibrium spin densities are Where

ni2 jOp:jgp(eV_l)a (B2)
SO,np:N_Sinr(é’np)Cosﬁgpp)v (A4)
a o @R oL
]1p:]gpeV5aL—2- (B3)
n? ~ oL
So,pn:N_S”]r(gpn)Cosr(gnn)y (AS5)
d o 1 5pn 54
so that the equilibrium spin polarizations of electrons and J2p= _Jgpcoshg\, IL,.) Por’ (B4
o n’/btpn
holes areng,=tanh(,) andaq,=tanh(,). The built-in volt- ) .
age, which is the electrostatic potential drop across the depld-he hole generation current is
tion layer depends on the band splittinglsus on the equi- 4D
librium spin polarization jgp= i pnPORCOWVVn/Lpn)- (B5)
pn
NaNg The (now majority hole spin, in analogy with Eq36), can
Vp=In| — )—In[coshg’pp)coshgnn)]. (A6) o e(xpresseé asw P ay 436)
i
The built-in voltage is slightly reduced by the spin splitting. dS. = yo0sp+ 715§n+ yzagnﬁpn— y3Sor(€V— 1),
Note that only the band splittings of the majority carriers (B6)
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where the geometric/transport factors are of k=0 is excluded from the solutign and 1A=
~ — (Lgnk)?(1—\2). The normalized flux is
Yo=1/costiw, /L), (B7)
5 o — 8sgcoshiw, /Lsg) + ds,exp Ew,/2) ca
71:(%)(5’ fanfiwp/Lsp) 89 sE Sinh(W,, /Log) !
Dpp Lsn sinf’(wn/Lsn) . . . . -
introducing a length scalegg for electric spin drift: 14
D Lo\ tanh(W. /L) =J(E?/4+1/L2,, which is also used to defingse=(x
72:( p”) (ﬂ — P s (B9) —d,)/Lse. This length scale was introduced already in Ref.
Dpp/ | Lpn/ sinh(w, /L ) 5. The new effective spin density is
= y,c08HW, /L ). B10 . Ao, SprA
V3= 72 A pn) ( ) 55, = 85— — O’rl Pr E. (C5)
Finally, the (now minority) hole density and spin in the sinh(w, /L pn)

side of the depletion layer are Finally, the hole density profileSp is obtained by solving

e o independently for hole diffusion, E¢80). For completeness
Pr=pore’| 1+ da, OR 20L)' (B11) we show the result
-
o op= oprcoshn,,+ F,sinh 7y, (Co)
Sa; 1— apgra —=(y—
se=sore”| 1+ oa 0R2 oL (B12) where 7,,=(x—d,)/L,, and

Fon=— dpgrcoth(w,/Lp,). (C7)
Physical consequences of the spin polarization of holes in ) ,
bipolar transport are in complete analogy with the physics! "€ hole current is thed,= —D,5p’". -
discussed in the main text where only spin-polarized elec- 1he importance of electric drift for the majority electron
trons are considered. In particular, the hole charge cujgent SPIN transport is in aiding the spin injection through the
from Eq. (B1) needs to be substituted to the total charged€Pletion layer, from the majority magnetic to the minority
current formula, Eq(47). In many cases, however, one can nonmagnetic region. To see how spin can be_lnjected through
realistically treat only one carrier type as spin polarized. If,tn€ depletion layer we need to know the spin current at the
for example, holes have a very short spin lifetifoe small ~ depletion layer boundary. The spin current profileJis=
diffusivity), their spin polarizationeven their contribution — DPnn(SE+S'), wheresis given by Eq.(C1). The spin cur-
per s¢ does not need to be considered. The exceptional cas&8nt atx=dy is
are the large bias spin-polarized transport and magnetic drift

in the bulk regions, treated in Secs. IV E and IV F, respec- Jsr=—Dpnl Son+ EgSR) E
tively, in which electron and hole transport can be strongly 2
coupled. ~ ~
P N D,n 0sgcoshw,, /Lsg) — 8s,expEw,/2)
APPENDIX C: Lse sinhw,,/Lg)
MAJORITY ELECTRON DRIFT AND DIFFUSION -
D W,
The spin profile in then region is affected by the electric + L—ma0n5pRA Cot?'( L—n)
field and charge neutrality, as described by &§). Assum- pn pn
ing the same boundary conditions for spin as in Sec. Il A 2, D, Wi,
that is, 8s(d,) = dsg and 8s(w,)=8s,, and the boundary - L—EaOnﬁpRA cot L_E , (C8
S S

conditions for holessp(d,) = épr and sp(w,) =0 (Ohmic
contac}, the solution to Eq(79) can be written in the form  where we neglected terms of ord&gD,,0pg/Lp,. For

analogous to Eq(18), most practical cases in magnefien junctions the electric
o2 . . field at low injection can be neglected, so that,,,ELg,
8s=e" BT MZ( sspcoshyget Foesinhnse) + agndp. <1. Then Lgg~Lgy, x=~1lLp,, and A~—(Lyn/Len)?.

(CD)  SinceE is of order 5pgr/Ly,, the contribution to the spin

We now describe the new notation. The effective deviationgurrent(and thus to spin injectigrfrom the hole density is
from the equilibrium of spin and hole densities are negligible, since in the considered limR<1. If Js, is
greater than, say, 16X Ny, then also the contribution from
85r= 85r— AargnSprl L+ \gcothW, /L,)], (C2)  the electric drift can be neglectddot limited to the above
limit), verifying our theory in the main text. If, however, the
L source spin is small, and there is appreciable forward bias,
Op=ALOPFNe(Lon/Dpn)Jpl. €3 the electric drift has to be taken into account for describing
where N\g= E/KZLpn measures the strength of the electric spin injection across the depletion layer. This is done in Sec.
field for drifting spin, k= (1.5, 1/LZ, (the singular case IV E.
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