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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 injected~source! spin, the model formulates analytically carrier and spin transport in magneticp-n
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 theI -V characteristics of the junction are obtained. It is demonstrated that spin injection through
the depletion layer of a magneticp-n 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 magneticp-n junction.
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I. INTRODUCTION

Active control of spin in semiconductors1 is projected to
lead to significant technological advances, most importa
in digital information storage and processing, magnetic
cording and sensing, and quantum computing.2,3 Using semi-
conductors for spintronic applications—where spin, in ad
tion to charge, is manipulated to influence electro
properties—has several advantages. First, integration
spintronics with traditional semiconductor technology ca
for employing semiconductors~rather than metals! as media
for spin control. Second, semiconductors are versatile m
rials, not only for their electrical properties, but also for th
spin/magnetic characteristics. Doping control of electri
and magnetic properties, optical spin orientation and de
tion, bipolar ~electron and hole! transport, and interface
properties ~charge and spin accumulation and depletio!
leading to device concepts fromp-n junction diodes to field-
effect transistors, are among the great advantages of s
conductors over other candidates for spintronic materials.
allowing for the active control and manipulation of carri
spin and charge by electric and magnetic fields as well a
light, semiconductor spintronics creates the potential for
integrated magneto-optoelectronics technology.

A generic semiconductor spintronics scheme involv
three steps: injection of nonequilibrium spin into a semico
ductor; spin storage, manipulation, and transfer; and spin
tection. Spin injection was historically first accomplished o
tically, by illuminating a semiconductor with circularl
polarized light—the so-called spin orientation.4 Electrical
spin injection~that is, spin injection from a magnetic ele
trode, often called simply spin injection! into semiconduc-
tors, while predicted theoretically already in the 1970s,5 has
0163-1829/2002/66~16!/165301~24!/$20.00 66 1653
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been demonstrated only recently,6 and realized as an injec
tion from a magnetic semiconductor,7–9 a ferromagnetic
metal,10–12 and a ferromagnetic metal/tunnel barri
contact.13–17

Once injected, nonequilibrium spin survives for a reaso
ably long time when compared to typical relaxation times
momentum and energy of the injected carriers. Roo
temperature spin-relaxation times in semiconductors
typically nanoseconds4,18 ~compared to subpicosecond tim
scales for momentum and energy relaxation!. Similar in
magnitude are only carrier~electron and hole! recombination
times, which usually range from microseconds to nanos
onds. If not in the ballistic regime, transport of spin in
semiconductor can be characterized as carrier recombina
and spin relaxation limited drift and diffusion. Spin typical
diffuses over micron distances from the point of injectio
sufficient for microelectronics applications. Application
large electric fields can further drag the injected spin o
several microns at low temperatures, as in intrinsic GaA19

and even up to 100mm in n-doped GaAs.20 ~As far as the
spin diffusion length is concerned, metals have an advant
because of the large Fermi velocity, spin diffusion lengths
metals can be as large as centimeters.! Important for device
applications are studies of spin transport in inhomogene
semiconductors. It has already been shown, for example,
spin phase can be preserved in transport across heteros
ture interfaces,21 that electron spin can be controlled by bi
in semimagnetic resonant tunneling diodes,22 and that spin
can tunnel through the transition region of tunnel diodes.23,24

The final step of a generic spintronics scheme is spin de
tion. Traditionally, spin in semiconductors has been detec
optically by observing circular polarization of the recomb
nation light.4 Efforts to electrically detect nonequilibrium
©2002 The American Physical Society01-1
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spin in semiconductors rely on spin-charge coupling, reali
either as spin-dependent Schottky barrier transport25,26 or as
magnetoresistance27 and galvano-voltaic28 effects.

After the discovery of ferromagnetism in III-V semicon
ductor compounds,29,30 the great push for semiconducto
spintronics came with the fabrication of~Ga,Mn!As which is
ferromagnetic above 100 K.31,32 Ferromagnetic semiconduc
tors can serve not only to inject and detect spin in a
semiconductor spintronic devices, but can also form a b
for nonvolatile memory, opening prospects of integra
single-chip memory and logic applications~feasibility of
such prospects has been demonstrated by controlling s
conductor magnetism optically33–35 and electrically36,37!.
There is a steady increase in the number of available fe
magnetic semiconductors, including a first group-IV co
pound GeMn,37 ~In,Ga,Mn!As,38 reported room-temperatur
ferromagnets Mn-doped CdGeP,39 GaN,40 and GaP,41 and
Co-doped TiO2.42

Closely following the experimental progress, major the
retical efforts have been dedicated to understanding elect
spin injection into semiconductors43–50 and investigating
fundamental issues of spin-polarized transport
semiconductors.4,51–61 Another direction for fundamenta
spintronics theory has been predicting and analyzing var
spintronics device architectures for possible technolog
applications. The common goal of these studies is devis
spin valves and structures~typically including one or severa
magnetic layers! with maximized magnetoresistance. To th
end various spin field-effect transistors have be
proposed,62–64 where the source and drain are ferromagne
electrodes serving to inject and detect spin which is tra
ported in a~typically! nonmagnetic channel. Spin and char
transport in the channel are controlled by gate bias thro
the Rashba effect.65,66 Other proposed spintronics devic
schemes include heterostructure spin filters67–77and spin po-
larization detectors,78 resonant tunneling diodes,79 unipolar
magnetic diodes,80 quantum-interference mesoscop
schemes,81–83 and various spin emf sources.28,84–88

We have recently proposed two spintronics dev
schemes that take advantage ofbipolar ~electron and hole!
nature89 of transport in inhomogeneously doped semicond
tors: a spin-polarizedp-n junction51,54,55and a magneticp-n
junction.56,58A spin-polarizedp-n junction is ap-n junction
with a source spin injected externally into one or both
gions (p andn). The source spin can be injected either o
tically or electrically. We have demonstrated that nonequi
rium spin can be injected~transferred! very effectively across
the depletion layer~space-charge region!, from both regions:
by the majority carriers into the respective minority regio
and,vice versa, by the minority carriers into the respectiv
majority region. Spin injection~throughout the paper ‘‘spin
injection’’ will mean spin injection through the depletio
layer, while externally injected spin will be referred to
‘‘source’’ spin! by the minority carriers leads to spin acc
mulation in the majority region, with an effect of amplifyin
the spin and significantly extending the spin diffusion/dr
length.54 We have also shown that nonequilibrium spin c
be stored and manipulated in a spin-polarizedp-n junction
by external bias—a spin capacitance effect.54 Furthermore, a
16530
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spin-polarizedp-n junction can generate spin-polarized cu
rents as a spin solar cell:55 when illuminated by circularly
polarized light, a spin-polarized current flows in ap-n junc-
tion.

Magneticp-n junctions56 offer even more functionality by
coupling equilibrium magnetism and nonequilibrium spin.
magneticp-n junction is formed by doping ap-n junction
with magnetic impurities, differently in thep andn regions.
Magnetic impurities induce largeg factors of the mobile car-
riers, thus the application of a magnetic field results in
significant spin splitting of the carrier bands.90 If the doping
is so large as to induce a ferromagnetic order, the splitt
appears also without magnetic field. The important quest
of whether spin can be injected by the majority carriers fro
the magnetic majority region into the nonmagnetic minor
one, was answered negative. We have demonstrated that
if nonequilibrium spin is generated first in the majority r
gion, it can subsequently be injected through the deple
layer. Spin can also be injected through the depletion laye
large biases, since then, without any external spin sou
nonequilibrium spin is generated by the strong electric fi
in the bulk regions.56 We have also shown that magnetor
sistance of a magneticp-n junction increases exponentiall
with increasing magnetic field~that is, spin band splitting! at
large fields. Magneticp-n junctions exhibit even giant mag
netoresistance, when source spin is injected into the majo
region. We have also predicted a spin-voltaic effect56,58 ~the
phenomenon related to the Silsbee-Johnson spin-ch
coupling91,92! where charge current~or voltage in an open
circuit! arises solely due to a nonequilibrium spin maintain
in proximity to the magnetic region. Magneticp-n junctions
can also serve as spin valves, since the direction of the z
bias current can be reversed by reversing either the pola
tion of the source spin or the direction of the applied ma
netic field.

We have studied spin-polarized and magneticp-n junc-
tions mainly numerically,54–56by solving a self-consistent se
of recombination-relaxation and drift-diffusion equation
and Poisson’s equation. We have obtained solutions for
carrier and spin densities and currents for small and la
biases, and different values of magnetic fields and the ex
nally injected spin polarization. Numerical solution is indi
pensable at large biases~large injection!, where analytical
methods are not available. Large bias solutions describe
rier and spin transport asboth drift and diffusion,56 since
drift currents due to electric fields are significant even o
side of the depletion layer. The low injection regime is tra
table analytically. In Ref. 56 we have introduced a heuris
analytical model which accounts well for the numerical fin
ings, and explains all the important qualitative features
magnetic p-n junctions. In fact, our numerical solution
show that, similarly to ordinaryp-n junctions, the most in-
teresting and potentially important properties of magne
p-n junctions are at small biases~low injection levels!; large
biases may still be useful for injecting spin across the dep
tion layer, or extracting spin from the bulk regions,56 as de-
scribed in Sec. IV E.

In this paper we formulate a general model of magne
p-n junctions ~the model includes spin-polarizedp-n non-
1-2



at

s
nt
ou
ul
b
ic
lit
t

or

e
m
rie
a

r
g

ng
pi
ac
rie
in

ou
om
ge

er
r-
-

a

ic

et
g
e

e
om
b

u
p

n

e
ep
the
all
on
l
us

s
l-

lec-
se

tion
ion-

t

ond-
ho-

their

THEORY OF SPIN-POLARIZED BIPOLAR TRANSPORT . . . PHYSICAL REVIEW B 66, 165301 ~2002!
magnetic junctions as a particular case!, following the classic
formulation of Shockley of ordinary bipolar junctions
small biases.93,94 The model describes magneticp-n junc-
tions at small biases~low injection!, with arbitrary external
~source! spin injection and band spin splitting~magnetic
field!, within the limits of nondegenerate carrier statistic
The paper has the dual role of describing the fundame
properties of spin-polarized transport in inhomogene
magnetic semiconductors, while presenting a model calc
tion, based on the recombination and relaxation limited
polar drift and diffusion, of novel microelectonics spintron
devices. If semiconductor spintronics is to become a rea
then detailed transport analyses of the type presented in
paper are essential. The fully analytic nature of our the
makes our model calculation particularly useful.

The paper is organized as follows. Section II introduc
the model and formulates its assumptions and approxi
tions. Section III describes the spatial profiles of the car
and spin densities in the bulk regions, gives the bound
conditions for the densities, and discusses theI -V character-
istics of magneticp-n junctions. In Sec. IV we apply ou
theory to several cases of interest: spin injection—throu
the depletion layer—by the majority carriers, spin pumpi
and spin amplification by the minority carriers, source s
injection by the biasing electrode, spin injection and extr
tion at large biases, and magnetic drift effects in the car
and spin transport. Finally, we summarize our findings
Sec. V, where we also outline strategies for applying
theory to more realistic materials structures and more c
plex spintronic devices based on magnetically inhomo
neous semiconductors.

II. MODEL

The basis for our model is a semiconductorp-n junction
in which carrier bands are inhomogeneously spin split: th
is a finite equilibrium spin polarization of the carriers, diffe
ent in thep andn regions.95 Large ~comparable to the ther
mal energy! spin splitting of carrier bands can arise as
result of doping with magnetic impurities~which may, but
need not, contribute to the carrier densities!. Magnetic impu-
rities can significantly increase the carrierg factors@usually
up tog'200~Ref. 90!#, so that the application of a magnet
field B induces large spin Zeeman splitting, 2z5gmBB, of
the bands (mB is the Bohr magneton!. Inhomogeneous spin
splitting can be realized either by inhomogeneous magn
doping in a homogeneous magnetic field, or by a homo
neous magnetic doping in an inhomogeneous magnetic fi
or both. Our model applies equally well to ferromagneticp-n
junctions, where bands are spin split even at zero magn
field. To keep the discussion transparent and to avoid c
plex notation, we consider only the conduction band to
spin split~that is, only electrons to be spin polarized!, keep-
ing holes unpolarized. This simplification does not affect o
conclusions, as electron and hole transports are fully se
rated in our model.~Spin polarization of holes is treated i
Appendixes A and B.! The layout of a magneticp-n junction
is shown in Fig. 1. The semiconductor isp doped withNa
acceptors~per unit volume! along thex axis from2wp to 0,
16530
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and n doped withNd donors from 0 town . The depletion
layer forms at (2dp ,dn). We are not concerned with th
transition region itself—we simply assume that it is ste
enough~in fact, that it changes over a region smaller than
Debye screening length! to support space charge, and that
the spin splitting changes occur only within the transiti
region, being constant in bothp and n regions. The specia
case of magnetic drift where the splitting is inhomogeneo
also in the bulk regions is treated in Sec. IV F.

We denote the electron density asn5n(x) and the hole
density asp5p(x). The corresponding equilibrium value
aren0 and p0, and the deviations from the equilibrium va
ues aredn5n2n0 anddp5p2p0. Electron spin densitys
5s(x) ~in equilibrium s0 and deviationds5s2s0) is a dif-
ference between the densities of spin-up and spin-down e
trons:s5n↑2n↓ . As a measure of spin polarization we u
the spin polarization of the carrier density~not current!: a
5s/n ~in equilibrium a0 and deviationda5a2a0). The
equilibrium properties of magneticp-n junctions are dis-
cussed in Appendix A, wheren0 , p0 , s0, and the built-in

FIG. 1. Schematic representation of a magneticp-n junction.
The junction isp-doped from2wp to 0 andn doped from 0 town .
The depletion layer~space-charge region! forms at2dp,x,dn .
The upper figure depicts an inhomogeneously spin-split conduc
band and the valence band without spin splitting. The conduct
band spin splitting in then andp regions is 2znn and 2znp , respec-
tively. The greater thez is, the more is the lower band~here called
the spin-up subband! populated. The intrinsic effective built-in field
across the depletion layer isVb . For electrons the built-in field
becomes explicitly spin dependent:Vb↑5Vb1znn2znp and Vb↓
5Vb2znn1znp . The lower figure depicts regions with distinc
transport characteristics: CDR are the~minority! carrier diffusion
regions and SDR are the spin~here only electron! diffusion regions.
The characteristic sizes of the regions are given by the corresp
ing diffusion lengths, as indicated. The unshaded areas are the
mogeneous regions, where carrier and spin densities assume
equilibrium values. The known~input! densities of the model are
np , sp at 2wp , and Nd , sn at wn , while the densities at the
depletion layer,nL andsL on the left side andnR5Nd , sR on the
right side, are calculated in the text.
1-3
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potentialVb are calculated. The transport parameters of
carriers are diffusivitiesDnn and Dnp of electrons in then
andp regions, electron lifetimetnp in thep region, and elec-
tron spin lifetimeT1p and T1n in the p and n regions. The
unpolarized holes are characterized byDpn and tpn , diffu-
sivity and lifetime in then region. Throughout the pape
unless explicitly specified otherwise, a single subscript
notes the region or boundary (p, n, L, or R), while a double
subscript denotes first the carrier type or spin (p, n, or s) and
then the region or the boundary~for example,tpn is the
lifetime of holes in then region!. Terms ‘‘majority’’ ~‘‘mi-
nority’’ ! will refer to electrons in then (p) region, and simi-
larly for holes, andnot to the more~less! populated spin
states, as is usual in the physics of magnetotransport. S
larly, the term bipolar bears no relation to spin, describ
only the transport carried by both electrons and holes.
nally, terms ‘‘bulk’’ and, equivalently, ‘‘neutral’’ will denote
the regions outside the depletion layer, where, at low bia
charge neutrality is maintained. The notation is summari
in Table I.

The junction is driven off equilibrium by applying bia
and injecting source spin. We place contact electrodesx
52wp and x5wn . We keep the left electrode general, c
pable of injecting electrons,dnp[dn(2wp)Þ0, and spin,
dsp[ds(2wp)Þ0. This boundary condition covers mag
netic diodes~Ohmic contact,dnp50), and magnetic sola
cells and junction transistors (dnpÞ0). The right electrode
is assumed to be Ohmic,dpn[dp(wn)50, but able to inject
spin,dsn[ds(wn)Þ0. The majority carriers in both region
are assumed constant:p5Na in the p side andn5Nd in the
n side. The source spin injection, here considered to t
place geometrically at the contacts, can be realized eithe
the contact electrodes themselves~if the electrodes are mag
netic!, by optical orientation close to the contact, or by ele
trical spin injection from a third electrode~say, transverse to
the junction current!. Different cases mean different boun
ary conditions for spin. For now we assume a third termi
injection so thatdsp and dsn are free parameters of th
model; we will later, in Sec. IV D consider the case of t
contact~biasing! electrode source spin injection, wheredsn
will depend on the charge current in the junction.

To reduce the initial drift and diffusion transport proble
to a simple diffusion problem in the neutral regions we ne
to know the boundary conditions for the bulk regions at
depletion layer, that is, the carrier and spin densitiesnL
[n(2dp), sL[s(2dp) at the left ~L! and nR[n(dn), sR
[s(dn) at the right~R! boundary of the depletion layer. W
will calculate these boundary densities in the subsequent
tions.

We use several approximations to solve our model. F
we consider only low biases, meaning that the applied
ward voltageV is smaller than the built-in fieldVb , which is
typically about 1 eV. At small biases the densities of t
minority carriers are much smaller than the densities of
corresponding majority carriers~the small injection limit!,
the electric field is confined to the depletion layer, and
bulk regions can be considered neutral. We next assume
the temperature is large enough for the donors and acce
to be fully ionized, so thatn5Nd andp5Na in the respec-
16530
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tive majority regions, and the carriers obey the nondege
ate Boltzmann statistics~limiting doping densities to abou
1018/cm3 for typical semiconductors at room temperatur!.
Finally, we consider only moderate spin splittings~much
smaller than the built-in field!, perhaps no greater tha
5kBT, since greater splittings can severely affect the ba
structure, and reduce the effective band gap.

We have also made simplifying assumptions as to
band structure of the magnetic semiconductor. First, we
glect possible orbital degeneracy of the bands, and treat
spin states as spin doublets. We also neglect the effect
magnetic doping on the band structure~that is, changes in
ni , additional band offsets, band discontinuities, etc.! and
that of the carrier density on the band spin splitting. T
latter can be important in ferromagnetic semiconducto
However, since it is the minority carriers which determi
the transport acrossp-n junctions, it is unlikely that a varia-
tion in the carrier density would appreciably affect our co

TABLE I. Summary of the notation used in the text and in Tab
II. All the spin parameters~spin density, spin lifetime, etc.! relate to
electrons. The equilibrium densities are shown in brackets.

Nd5donor density
Na5acceptor density
n5electron density~equilibrium n0)
p5hole density (p0)
s5spin density (s0)
a5s/n, spin polarization (a0)

d s̃5s2a0n, effective nonequilibrium spin density
Jn5electron particle current
j n52qJn , electron charge current
Jp5hole particle current
j p5qJp , hole charge current
Js5spin current
np5electron density atx52wp (n0p)
nL5electron density atx52dp (n0L5n0p)
sp5spin density atx52wp (s0p)
sn5spin density atx5wn (s0n)
sL5spin density atx52dp (s0L5s0p)
sR5spin density atx5dn (s0R5s0n)

w̃p5wp2dp , effective width of thep region

w̃n5wn2dn , effective width of then region
Dnn5electron diffusivity in then region
Dnp5electron diffusivity in thep region
tnp5 lifetime of electrons in thep region
tpn5 lifetime of holes in then region
Lnp5ADnptnp, electron diffusion length in thep region
Lpn5ADpntpn, hole diffusion length in then region
T1p5 intrinsic spin lifetime in thep region
L1p5ADnpT1p, intrinsic spin decay length in thep region
1/tsp51/tnp11/T1p , spin decay rate in thep region
Lsp5ADnptsp, spin diffusion length in thep region
T1n5spin lifetime in then region
Lsn5ADnnT1n, spin diffusion length in then region
Vb5built-in potential
V5applied bias
1-4
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THEORY OF SPIN-POLARIZED BIPOLAR TRANSPORT . . . PHYSICAL REVIEW B 66, 165301 ~2002!
clusions. We also assume that momentum and energy re
ation proceeds much faster than carrier recombination
spin relaxation~which is usually the case!, so that nonequi-
librium, spin-dependent chemical potentials describe well
junction under an applied bias and with a source spin.
nally, we do not consider orbital effects caused by the
plied magnetic field, although these can be included in
theory simply by allowing for a magnetic dependence
diffusivities.

III. CARRIER AND SPIN TRANSPORT
IN THE NEUTRAL REGIONS

The transport of carriers and spin in magneticp-n junc-
tions can be realistically described as drift and diffusio
limited by carrier recombination and spin relaxation. T
transport equations were introduced in Ref. 56, and h
been solved numerically for a few important cases in Re
54–56. Denoting the carrier~here electron! and spin currents
asJn andJs , the drift-diffusion equations are

Jn5Dn~nf t81sz82n8!, ~1!

Js5Dn~sf t81nz82s8!. ~2!

Here f t is the total local electrostatic potential, comprisin
both the built-in potentialfb and applied biasV ~the electric
field is E52f t8), and magnetic drift is proportional to th
spatial changes in the band spin splitting,z8 ~see Fig. 1!.
Throughout this paper we express the potentials and the
ergies in the units ofkBT/q andkBT, respectively (kB is the
Boltzmann constant,T is temperature, andq is proton
charge!. In a steady state carrier recombination and spin
laxation processes can be expressed through the conti
equations for electrons and spin:

Jn852r ~np2n0p0!, ~3!

Js852r ~sp2s0p0!2
d s̃

T1
, ~4!

where r is the electron-hole recombination rate ands̃[s
2a0n, expressing the fact that intrinsic spin relaxation p
cesses~spin-flip scattering, say, by phonons or impuritie!
conserve the local carrier density.4,56 Electron-hole recombi-
nation also degrades spin, the fact reflected in the first t
of Eq. ~4!. Equations~1!–~4!, together with Poisson’s equa
tion f t952r(q/ekBT), wherer5q(Nd2Na1p2n) is the
local charge density ande is the semiconductor’s dielectri
constant, fully describe the steady-state carrier and s
transport in inhomogeneous magnetic semiconductors.56 In
the rest of the paper~except for Sec. IV F!, the magnetic drift
force will play no explicit role, since we assume that ma
netic doping is uniform in the bulk regions. Inhomogene
in the spin splitting, which is confined to the depletion r
gion, will appear only through the boundary conditions.

At low biases, the case most important for device ap
cations, the problem of the carrier and spin transport in m
neticp-n junctions reduces to the problem of carrier and s
diffusion in the neutral regions.93,94 This observation, to be
16530
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useful, needs to be furnished with the boundary conditio
for the carrier and spin densities at the depletion la
boundary (nL , sL , nR , andsR). Shockley’s model93 evalu-
ates the carrier densities in unpolarizedp-n junctions from
the assumption that a thermal quasiequilibrium is maintai
in the depletion layer even at applied~low! biases. In gen-
eral, the coupled set of linear transport equations, recom
nation and relaxation equations, and Poisson’s equation~as
discussed above! needs to be solved in the depletion lay
where large space charge strongly couples to currents.
coupling the solution with the solution of diffusive transpo
in the neutral regions at the corresponding boundary,
boundary conditions can, in principle, be obtained. The en
mous task of calculating self-consistently for the densit
and currents in the depletion layer was replaced by
simple assumption, valid only at small biases, of quasieq
librium by Shockley. The assumption leads to a nonline
relationship between the carrier densities and applied b
resulting in a nonlinear relation between charge current
bias. We will show that it also leads to a nonlinear relatio
ship between spin and bias, and to a coupling between
and charge in general.

The single assumption of thermal quasiequilibrium ins
the depletion layer is insufficient to obtain both the carr
and spin densities in a spin-polarized magnetic junction.
use, in addition, the continuity of the spin current in t
depletion layer to calculate the densities. A simple version
this model was introduced in Ref. 56, where it was assum
that ~1! at a forward bias and with a source spin injected in
the majority region (dsnÞ0) the spin current at the depletio
layer,JsR, vanishes, and~2! at a reverse bias, and with spi
injected into the minority region (dspÞ0), all the spin en-
tering the depletion region is swept by the large built-in fie
to the majority side. Assumption~1! explains spin injection
of nonequilibrium spin through the depletion layer, while~2!
explains spin pumping by the minority carriers. Both a
sumptions will follow as special cases of the spin curre
continuity in our model.

In analogy with unpolarizedp-n junctions,96 there are
several regions with distinct transport characteristics in sp
polarized magneticp-n junctions, as illustrated in Fig. 1:~i!
the depletion layer with space charge and large carrier
spin drift and diffusion;~ii ! the carrier diffusion regions
~CDR! which are neutral and where the minority carrie
drift can be neglected. CDR are characterized by carrier
fusion lengthsLnp for electrons on thep side andLpn for
holes on then side; ~iii ! the spin-diffusion regions~SDR!,
which are neutral and where spin~both majority and minor-
ity! drift can be neglected. SDR are characterized by sp
diffusion lengthLsp on thep side andLsn on then side;~iv!
the homogeneous regions in the rest of the junction, wh
are neutral, and where the carrier and spin densities ass
their equilibrium values. There is no diffusion, only the m
jority carriers’ drift.

This section presents a unified picture of carrier and s
transport in magneticp-n junctions. We first describe the
profiles of carrier and spin densities inside the bulk regio
as dependent on the densities at the depletion layer, w
are calculated next by modifying Shockley’s model to t
1-5
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spin-polarized case. The four~not independent! important
assumptions used are~a! neutrality of the bulk regions,~b!
small injection of the carriers across the depletion layer
at the biasing contacts,~c! the existence of a thermal quas
equilibrium across the depletion layer even under app
bias and source spin, and~d! continuity of spin current acros
the depletion layer. Our analytical results, summarized
Table II, show how the carrier density is influenced by bo
bias ~as in the unpolarized case! and nonequilibrium spin,
and, vice versa, how nonequilibrium spin is influenced b
both bias and nonequilibrium carrier density. This interp
is imprinted most significantly in the dependence of theI -V
characteristics of the magnetic diodes on nonequilibri
spin.

A. Carrier and spin profiles

1. p region

In thep region the hole density is uniform,p5Na . Elec-
trons are the minority carriers whose diffusion is govern
by the equation

dn95
dn

Lnp
2

, ~5!

where the electron diffusion length isLnp5ADnptnp. We
remind that if two subscripts are used in a label, the fi
denotes the carrier type (p or n) or spin (s), and the second
the region or the boundary (p, n, L, or R); if only one
subscript is used, it denotes the region or the bound
Equation~5! is obtained by combining Eqs.~1! and ~3!, ne-
glecting the electric drift force~magnetic drift vanishes in the
bulk regions!, and defining 1/tnp[rNa . The boundary con-
ditions for the electron density arednp at x52wp anddnL
~yet unknown! at x52dp . The boundary position of the
depletion layer is not fixed, but changes with the appl
voltage and the equilibrium magnetization~through the spin-
splitting dependence ofVb , see Appendix A! as96

dp5A2e

q

Nd

Na

Vb2V

Na1Nd
. ~6!

It is useful to introducew̃p5wp2dp to describe the effective
width of the p region. The solution of Eq.~5! can then be
written as

dn5dnLcosh~hnp!1Fnpsinh~hnp!, ~7!

wherehnp[(x1dp)/Lnp and

Fnp5
dnLcosh~w̃p /Lnp!2dnp

sinh~w̃p /Lnp!
. ~8!

‘‘Flux’’ parametersF are central to our analysis, since the
determine the currents at the depletion layer. EffectivelyF
measures the change in the nonequilibrium~here carrierdn)
density over the length scales of the~here carrierLnp) diffu-
sion length: For a shortp region, Lnp@w̃p , Fnp'(dnL
16530
d

d

n

y

d

t

y.

d

2dnp)Lnp/w̃p , while for Lnp!w̃p , Fnp'dnL . The electron
current profile,Jn52Dnpdn8, is

Jn52
Dnp

Lnp
@dnLsinh~hnp!1Fnpcosh~hnp!#. ~9!

At the depletion layer,x52dp , the current is

JnL52
Dnp

Lnp
Fnp . ~10!

The spin density is also described by a diffusion equati
From Eqs.~2! and ~4!, under the conditions of charge neu
trality and magnetic uniformity, we obtain

ds95
ds

Lsp
2

2a0p

dn

L1p
2

, ~11!

whereL1p5ADnpT1p and the effective spin diffusion lengt
in the p region is Lsp5ADnptsp, where 1/tsp51/tnp
11/T1p is the effective spin-relaxation rate, reflecting th
fact that, in addition to intrinsic spin-relaxation process
carrier recombination degrades spin. The second term in
right-hand side~RHS! of Eq. ~11! acts as a local spin source
and appears because a change in the electron densitydn,
drives spin by intrinsic spin relaxation processes toa0pdn
@see Eq.~4!#, thereby preserving the equilibrium spin pola
ization, but not the spin itself. The boundary conditions
the spin density aredsp5ds(2wp) and, yet unknown,dsL
5ds(2dp) . The solution of Eq.~11! is

ds5d s̃Lcosh~hsp!1Fspsinh~hsp!1a0pdn, ~12!

where hsp[(x1dp)/Lsp , d s̃L5dsL2a0LdnL is the effec-
tive nonequilibrium spin atL, and

Fsp5
d s̃Lcosh~w̃p /Lsp!2d s̃p

sinh~w̃p /Lsp!
~13!

is a normalized spin flux withd s̃p5dsp2a0pdnp . For a
large spin diffusion length, Lsp@w̃p , Fsp'(d s̃L

2d s̃p)Lsp /w̃p , while for Lsp!w̃p , Fsp'd s̃L . The first two
terms in the RHS of Eq.~12! describe the deviation of the
spin density froma0pn, while the last term represents th
deviationa0pdn which is solely due to intrinsic spin relax
ation (T1) processes. The spin current,Js52Dnpds8, has
the profile

Js52
Dnp

Lsp
@d s̃Lsinh~hsp!1Fspcosh~hsp!#1a0pJn .

~14!

The first two contributions describe the spin flow due
spatial variations ind s̃, while the last term represents th
spin flow associated with the spin-polarized electron curre
Finally, at the depletion layer,x52dp , the spin current is

JsL52
Dnp

Lsp
Fsp1a0LJnL . ~15!
1-6
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The first term can be neglected if the spin polarization
close to its equilibrium value~which is typically the case a
small biases and no source spin!. The second term is impor
tant for spin extraction at large biases~see Sec. IV E!.

2. n region

In the n region only spin diffusion needs to be examine
as to a very good approximationn5Nd ~charge neutrality
actually requires thatn5Nd1dp, wheredp is the deviation
of the hole density from equilibrium; this gives a small co
tribution to spin densitydsR , as is discussed in Sec. IV
and Appendix C!. Electron spin diffusion is described by th
equation@obtained from Eqs.~2! and ~4! neglecting electric
and magnetic drifts and recombination processes, ap
!Nd]

ds95
ds

Lsn
, ~16!

whereLsn5ADnnT1n. We introducew̃n5wn2dn as the ef-
fective width of the neutral region, with bias and equilibriu
spin polarization dependent depletion layer boundary

dn5A2e

q

Na

Nd

Vb2V

Na1Nd
. ~17!

The boundary conditions for the spin density aredsR
5ds(wn) anddsn5ds(dn). The solution of Eq.~16! is

ds5dsRcosh~hsn!1Fsnsinh~hsn!, ~18!

wherehsn[(x2dn)/Lsn and

Fsn5
dsn2dsRcosh~w̃n /Lsn!

sinh~w̃n /Lsn!
. ~19!

The normalized flux isFsn'(dsn2dsR)Lsn /w̃n for a shortn
region, Lsn@w̃n , while Fsn'2dsR when Lsn!w̃n . The
spin current,Js52Dnnds8, is

Js52
Dnn

Lsn
@dsRsinh~hsn!1Fsncosh~hsn!#. ~20!

Finally, at the depletion layer,x5dn , the spin current is

JsR52
Dnn

Lsn
Fsn . ~21!

The spin current at the depletion layer boundary is solely
diffusion current due to a spatially inhomogeneous noneq
librium spin in the region. Electrons with just the equilibriu
spin polarization will not contribute to spin flow within th
model approximations~see Sec. IV E for a discussion of ho
the neglected terms affect the carrier and spin transport!.

B. Carrier and spin densities at the depletion layer

Let f(x) be the electrostatic potential resulting from t
application of applied biasV ~that is, not including the equi
16530
s

,

e
i-

librium built-in potentialVb). We assume that all the applie
bias drops within the high-resistance, carrier devoid, dep
tion layer,

f~dn!2f~2dp!5V, ~22!

so thatf is constant in the bulk regions. Further, letm be the
deviation of the nonequilibrium chemical potential from i
equilibrium value (m is often called quasi-Fermi level in
semiconductor literature94!; m is generally spin dependen
we will denote it asm↑ for spin-up andm↓ for spin-down
electrons. Thatm is a good description of the carrier and sp
off-equilibrium energy distribution follows form the well
established fact that energy and momentum relaxation
ceeds much faster than carrier recombination and spin re
ation. For a nondegenerate statistics, spin-up and spin-d
electron densities can be written as

n↑~x!5n↑0~x!exp@f~x!1m↑~x!#, ~23!

n↓~x!5n↓0~x!exp@f~x!1m↓~x!#, ~24!

wheren↑0 andn↓0 are the equilibrium values; we have mad
explicit the fact that all the quantities describing the densit
vary in space. The electron,n5n↑1n↓ , and spin,s5n↑
2n↓ , densities are

n5exp~f1m1!@n0cosh~m2!1s0sinh~m2!#, ~25!

s5exp~f1m1!@n0sinh~m2!1s0cosh~m2!#, ~26!

wherem6[(m↑6m↓)/2. Finally, the spin polarization

a5
tanh~m2!1a0

11a0tanh~m2!
~27!

depends onm2 only ~while n ands depend on bothm1 and
m2).

Substituting Eqs.~25! and ~26! into the Eqs.~1! and ~2!
for the electron carrier and spin currents, we obtain,

Jn52Dn~nm18 1sm28 !, ~28!

Js52Dn~nm28 1sm18 !. ~29!

It may be tempting to associatem1 with only charge, and
m2 with only spin ~as done, for example, in Ref. 97!. It
would then follow from Eq.~28! that in a semiconducto
with a uniform carrier density a charge current would flo
~or a spin emf would appear! if a nonequilibrium spin gradi-
ent ~or, equivalently here, spin polarization gradient! would
be maintained.97 This is wrong, as can be seen directly fro
Eq. ~1! which shows that spin can contribute to charge c
rent only through magnetic drift~see Sec. IV F!, z8. Al-
thoughm2 indeed suffices to determinea, it also influences
n. If n is to be uniform andm2 has a finite gradient, thenm1

must change to ensure thatn is unchanged, as follows from
Eq. ~25!. However, a spin emf due to spin polarization gr
dient would appear in degenerate semiconductors
metals,97 as mobilities and diffusivities for spin-up and spin
down species would generally be different in this case, a
spin diffusion directly affects charge current.56
1-7
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1. Shockley’s condition of constant chemical potentials

We now apply the condition of constant chemical pote
tials in the depletion layer to connect the charge and s
densities at the left~L! and right~R! depletion layer edges
First notice that

tanh~m2!5
a~x!2a0~x!

12a~x!a0~x!
[const, ~30!

from which follows that the spin polarizations atL andR are
connected without an explicit dependence on bias. We
now expressaL , nL , andsL in terms of the nonequilibrium
spin polarization in then region, daR5dsR /Nd ; we will
evaluatedaR explicitly from the input parameters in the fo
lowing section.

It follows from Eq. ~30! that

aL5
a0L~12a0R

2 !1daR~12a0La0R!

12a0R
2 1daR~a0L2a0R!

. ~31!

If daR50, thenaL5a0L . In other words, onlynonequilib-
rium spin can be injected from the majority region throu
the depletion layer. In the case of a homogeneous spin s
ting (a0L5a0R), daL5daR , that is, the nonequilibrium
spin polarization is constant across the depletion layer. A
note thataL depends on the applied bias only implicitl
through the possible bias dependence ofdaR .

The carrier and spin densities atL are determined by both
daR andV. Equations~25! and ~26! yield

nL5n0LeVS 11daR

a0L2a0R

12a0R
2 D , ~32!

sL5s0LeVS 11
daR

a0L

12a0La0R

12a0R
2 D . ~33!

In the absence of nonequilibrium spin (daR50), the above
formulas reduce to the well-known Shockley relation for t
minority carrier density at the depletion layer,93 nL
5n0Lexp(V), and the analogous formula for spin,sL
5s0Lexp(V), so that the equilibrium spin polarizationaL
5a0L is preserved. Equations~32! and~33! demonstrate the
interplay between charge and spin in magneticp-n junctions:
nonequilibrium spindaR can significantly affect the minority
carrier density~thus the junctionI -V characteristics, as wil
be shown in Sec. III C! and spin, while bias affects both th
carrier and spin densities. If the band spin splitting is hom
geneous (a0L5a0R), nonequilibrium spin does not influenc
the minority carrier density@and affects the spin density in
trivial way: sL5n0LaLexp(V)]. Equation~32! suggests tha
the charge response,dnL , to nonequilibrium spin can be
maximized by maximizing the difference in the equilibriu
spin polarizations,ua0L2a0Ru, and havinga0R as close to
61 as possible~the case ofa0R561 is pathological, and is
excluded from our theory by the assumption of small inje
tion, wherebynL!Na ,Nd).
16530
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2. Continuity of spin current in the depletion layer

In the previous sectionsdaR was treated as an unknow
input parameter to obtain the carrier and spin profiles, a
specifically the carrier and spin densities atx52dp . Calcu-
lation of daR is performed in this section. The knowledge
daR will complete the formalism necessary to calculate a
quantity of the magneticp-n junction under general condi
tions of applied bias and source spin, with the stated c
straints of the model. In the spin-equilibrium case (da50)
the calculation made in the preceding section suffices to
all the necessary boundary conditions. The reason is tha
carrier density in the majority side is uniform,n5Nd . Spin,
however, does not behave similarly to the majority carri
even in the majority region. Spin can be injected into t
majority region, and diffuses, rather than drifts, there. This
why the unknowndaR needs to be specified by another co
dition. Here we apply the condition of the continuity of sp
current in the depletion layer. Physical justification for th
condition is the fact that in the depletion layer, devoid
carriers and spin, spin relaxation, proportional to the s
density, is inhibited. One can write from Eq.~4!,

JsR5JsL2Js,relax, ~34!

where Js,relax is the spin-relaxation current~similar to the
carrier recombination current used in treating unpolariz
junctions94!,

Js,relax5E
2dp

dn
dxF r ~sp2s0p0!1

s2 s̃

T1
G . ~35!

We neglectJs,relax in the following treatment.98

Equations~15!, ~21!, ~32!, and ~33!, together with Eq.
~34!, form a full, self-consistent set of equations needed
extractdsR ~or, equivalently,daR), and thus complete the
structure of the model. In the process of extractingdsR , we
apply the condition of low injection, and neglect the terms
the order ofn0Lexp(V) when compared toNd . The result is

dsR5g0dsn1g1d s̃p1g2a0Ldnp2g3s0L~eV21!,
~36!

where the geometric/transport factors are

g051/cosh~w̃n /Lsn!, ~37!

g15S Dnp

Dnn
D S Lsn

Lsp
D tanh~w̃n /Lsn!

sinh~w̃p /Lsp!
, ~38!

g25S Dnp

Dnn
D S Lsn

Lnp
D tanh~w̃n /Lsn!

sinh~w̃p /Lnp!
, ~39!

g35g2cosh~w̃p /Lnp!. ~40!

Equation ~36! expressesdsR in terms of the known input
parameters, and can be used as an input for determining
carrier and spin densities at the depletion layer, as well as
carrier and spin profiles in the bulk regions. The first con
bution todsR comes from the source spin at the right conta
1-8
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dsn . The second and the third terms in the RHS of Eq.~36!
come from the source spin and the carrier densities at the
contact, and a result of spin injection by the minority ele
trons through the depletion layer. Finally, the last ter
which is usually negligible, results from the spin flow of th
minority electrons having the equilibrium spin polarizatio
~that is, as if no spin or minority electron source we
present!. This term, for large forward biases, leads to sp
extraction~see Sec. IV E!. In most practical cases the sour
spin is injected either in the majority or in the minority r
gions, not both. Then the contributions todsR can be consid-
ered separately, with either the first, or the second and
third terms in the RHS of Eq.~36! contributing. The last term
~that with g3) can be usually neglected in the low injectio
limit. Implications of Eq.~36! for spin-polarized transport in
magneticp-n junctions will be explored in Sec. IV.

The content of this and the previous sections is sum
rized in Table II.

C. I -V characteristics

Charge current in a magneticp-n junction is driven by
both external bias and source spin. Neglecting carrier rec
bination ~here in the form of the recombination current! in
the depletion layer, the charge electron current is the cur
that appears at the depletion layer in the minority side,x5
2dp : j n52qJnL . Equation~10! gives

j n5 j 0n1 j 1n1 j 2n , ~41!

where

j 0n5 j gn~eV21!, ~42!

j 1n5 j gne
VdaR

a0L2a0R

12a0R
2

, ~43!

j 2n52 j gn

1

cosh~w̃p /Lnp!

dnp

n0L
. ~44!

By j gn we denote the electron generation current~current of
thermally excited electrons in thep region close to the deple
tion layer94!,

j gn5
qDnp

Lnp
n0LcothS w̃p

Lnp
D . ~45!

The generation current depends on the equilibrium magn
zation throughn0L ~see Appendix A!. A magneticp-n junc-
tion works as a diode when both electrodes are Oh
(dnp50), in which casej n5 j 0n1 j 1n . This current can be
also written as

j 0n1 j 1n5 j gn

dnL

n0L
, ~46!

a notation which emphasizes the crucial role of the mino
carrier density at the depletion layer for charge transp
Equation~42! describes the usual rectification current, whi
~for an Ohmic contact! is the only carrier current in magnet
16530
ft
-
,

e

a-

-

nt

ti-

ic

y
t.

cally homogeneous junctions (a0L5a0R), or in junctions
lacking nonequilibrium spin (daR50). Once a nonequilib-
rium spin is present, and the carrier bands are inhomo
neously spin split, the current is modified byj 1n , the spin-
voltaic current, the charge current caused by nonequilibri
spin. The spin-voltaic current does not vanish at zero b
giving rise to the spin-voltaic and spin-valve effects56 dis-
cussed in Sec. IV C. Including the hole current~see Appen-
dix B!, the total charge current reads

j 5 j n1 j p . ~47!

TABLE II. The carrier and spin densities and currents in t
bulk regions of a magneticp-n junction. Only electrons are spin
polarized~spin polarization of holes is treated in Appendixes A a
B!. For both thep and n regions, the diffusion equations and th
equations for currents, as well as the explicit formulas describ
the spatial profiles of the densities and currents in the bulk reg
are given. The notation is summarized in Table I.

p region carrier density and current

dn95dn/Lnp
2

dn5dnLcosh(hnp)1Fnpsinh(hnp)
Jn52Dnpdn8

Jn52(Dnp /Lnp)@dnLsinh(hnp)1Fnpcosh(hnp)#
hnp (x1dp)/Lnp

Fnp @dnLcosh(w̃p /Lnp)2dnp#/sinh(w̃p /Lnp)
dnL n0LeV@11daR(a0L2a0R)/(12a0R

2 )#2n0L

JnL 2(Dnp /Lnp)Fnp

p region spin density and current

ds95ds/Lnp
2 1d s̃/L1p

2

ds5d s̃Lcosh(hsp)1Fspsinh(hsp)1a0pdn
Js52Dnpds8

Js52(Dnp /Lsp)@d s̃Lsinh(hsp)1Fspcosh(hsp)#1a0pJn

hsp (x1dp)/Lsp

d s̃L
dsL2a0LdnL

d s̃p
dsp2a0pdnp

Fsp @d s̃Lcosh(w̃p /Lsp)2ds̃p#/sinh(w̃p /Lsp)
dsL s0LeV@11(daR /a0L)(12a0La0R)/(12a0R

2 )#2s0L

JsL 2(Dnp /Lsp)Fsp1a0LJnL

n region spin density and current

ds95ds/Lsn
2

ds5dsRcosh(hsn)1Fsnsinh(hsn)
Js52Dnnds8

Js52(Dnn /Lsn)@dsRsinh(hsn)1Fsncosh(hsn)#
hsn (x2dn)/Lsn

Fsn @dsn2dsRcosh(w̃n /Lsn)#/sinh(w̃n /Lsn)
dsR g0dsn1g1d s̃p1g2a0Ldnp2g3s0L(eV21)
g0 1/cosh(w̃n /Lsn)
g1 (Dnp /Dnn)(Lsn /Lsp)@ tanh(w̃n /Lsn)/sinh(w̃p /Lsp)#
g2 (Dnp /Dnn)(Lsn /Lnp)@ tanh(w̃n /Lsn)/sinh(w̃p /Lnp)#
g3 g2cosh(w̃p /Lnp)
JsR 2(Dnn /Lsn)Fsn
1-9
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Here we consider holes to be unpolarized, so that

j p5 j gp~eV21!, ~48!

with

j gp5
qDpn

Lpn
p0Rcoth~w̃n /Lpn! ~49!

being the hole generation current. The hole current is
fected by magnetic field only throughp0R ~see Appendix A!.
If also holes would be spin polarized, the hole current wo
depend on the nonequilibrium hole spin polarization, a
would exhibit all the spin phenomena we discuss for el
trons. The corresponding formulas are presented in Appe
B.

For spin injection problems it is often useful to consid
the spin polarization of the charge current, not only the d
sity spin polarizationa. The current spin polarization is de
fined asaJ5 j s / j , where j s is the spin current associate
with charge flow. In our case of only electrons being sp
polarized, j s52qJs . Since j is a conserved quantity, th
spin polarization profile is the same as the profile of the s
current, already given in the previous sections. As will a
be demonstrated in the discussion of particular cases o
terest,aJ can differ significantly froma. Unlike for a, for
example, the magnitude ofaJ can be greater~even much
greater! than unity~if spin-up and spin-down electrons flow
in opposite directions!. The knowledge of the current spi
polarization is essential particularly in studies of spin inje
tion, where typically one assumes thataJ is conserved acros
the injection interface~see Sec. IV D!, as a result of the
continuity of spin current.

We close this section by explaining qualitatively the phy
ics behind the spin-voltaic currentj 1n . Equation~41! can be
understood rather simply by considering the balance betw
the recombination and generation currents crossing
depletion layer.96 In the following we putdnp50, to sim-
plify the discussion. Letznn andznp denote the conduction
band splitting in then and p regions, respectively, as illus
trated in Fig. 1. The recombination electron current is
current of the majority electrons flowing fromn to p. It is
essentially the current of electrons with enough energy
cross the potential barrier in the depletion layer. This bar
is different for spin-up (Vb↑5Vb1znn2znp) and spin-down
(Vb↓5Vb2znn1znp) electrons. Within the Boltzmann sta
tistics the recombination current of spin-up and spin-do
electrons, under applied biasV, is

j r↑5KnR↑e2Vb2znn1znp1V, ~50!

j r↓5KnR↓e2Vb1znn2znp1V, ~51!

whereK is a spin-independent constant. The recombinat
current is proportional to the number of electronsnR avail-
able for thermal activation over the barrier, and the therm
activation Boltzmann factor exp(2Vb1V).

The generation currents are the electron currents~flowing
from p to n) due to the minority electrons thermally gene
ated in the diffusion region on thep side~Fig. 1!, and swept
by the large built-in field to then side. The generation cur
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rents are bias independent, and must equal the correspon
recombination currents ifV50, so that no net current flow
in equilibrium. Thus

j g↑5Kn0R↑e2Vb2zn1zp, ~52!

j g↓5Kn0R↓e2Vb1zn2zp. ~53!

The total electron charge current,j n5 j r↑2 j g↑1 j r↓2 j g↑ ,
can be expressed through the equilibrium and nonequ
rium electron-spin polarizations, using formulas from A
pendix A. The result is

j n5Kn0LFeVS 11daR

a0L2a0R

12a0R
2 D 21G , ~54!

which is, up to a constant, Eq.~41! ~the constantK, which is
proportional to the generation current, can be obtained rig
ously only by solving the corresponding diffusion equation!.
The above reasoning explains the spin-voltaic effect in m
netic p-n junctions as resulting from the disturbances of t
balance between the generation and recombination curre
The nonequilibrium spin itself,daR , which is an input for
Eq. ~43!, must be obtained by considering the full set
assumptions leading to Eq.~36!.

IV. DISCUSSION

As an application of our theory we discuss several imp
tant manifestations of spin-polarized bipolar transport
magneticp-n junctions, and illustrate the examples nume
cally with GaAs materials parameters. The specific cases
consider are spin injection~through the depletion layer! by
the majority carriers, spin pumping by the minority carrie
the spin-voltaic effect, external~source! spin injection by the
biasing electrode, spin injection and extraction at large
ases, and magnetic drift in the neutral regions.

The reason for choosing GaAs for numerical example
that GaAs is the best studied semiconductor for s
properties.4 Spin can be injected into GaAs both optical
and electrically, and high-quality magnetic hybrid semico
ductor structures based on GaAs can be potentially fa
cated, as underlined by the discovery of ferromagne
~Ga,Mn!As.31,32 We note, however, that practicalp-n junc-
tions based on GaAs are often heterojunctions,94 since due to
its large band gap GaAs has very smallni , and so the mi-
nority currents in the neutral regions (;ni

2) of a GaAsp-n
homojunction are comparable to, or smaller than, the rec
bination current in the depletion layer (;ni), which is ne-
glected in our treatment. We expect a similar situation
spin-polarized GaAsp-n junctions. For integration with
semiconductor technology it would be much more desira
to have Si-based spintronic devices. Although opti
orientation4 of electron spins in Si is not effective because
the band structure~unlike GaAs, Si is not a direct band-ga
semiconductor!, there seems to be no fundamental reas
why spin could not be injected into Si electrically; thus fa
however, electrical spin injection into Si has prove
elusive.99 In addition to the economic reasons of easy te
nological integration, Si could offer other advantages o
1-10
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GaAs, such as~expected! longer spin-relaxation times~due
to the weak spin-orbit coupling and the absence of
D’yakonov-Perel’ mechanism4,18 of spin relaxation in cen-
trally symmetric Si!, and much larger intrinsic carrier densi
ni ~important for bipolar conduction!.

The numerical examples in the following sections are
based on a symmetric GaAs magnetic diode with the fi
parametersNa5Nd51016 cm23, ni51.83106 cm23, Dn
5100 cm2/s, andtn5T151 ns ~equal in both regions!, wp
5wn53 mm. The derived parameters areLnp'3.2 mm,
Lsp'2.2 mm, and Lsn'3.2 mm. Other parameters~bias,
equilibrium, and nonequilibrium spin! will be specified ac-
cording to the physical situation. The materials parame
are for room temperature, so the chemical potentials will
given in the units ofkBT'25 meV.

A. Spin injection by the majority carriers

Under the low injection conditions nonequilibrium sp
cannot build up in magneticp-n junctions, as was shown in
Secs. III B 1 and III B 2. Only if a nonequilibrium~source!
spin is externally injected into either region of the junctio
spin injection through the depletion layer is possible. H
we consider the case with a magneticn side (a0RÞ0) and a
nonmagneticp side (a0L50), and inject the source spin a
the right contact~but not by the contact itself!, so thatdan
Þ0. The left contact remains Ohmic with equilibrium car
ers and spin (dnp5dsp50). The nonequilibrium spin at the
depletion layer in then region is obtained from Eq.~36! ~see
also Table II! as

dsR5daRNd5
dsn

cosh~w̃n /Lsn!
. ~55!

This boundary condition for spin at the depletion layer c
be physically formulated by requiring that the spin current
the majority carriers vanishes at the depletion layer.56 This is
quite natural to assume, since the spin current in then side is
proportional toanNd , while the spin current in thep side is
proportional to the much smalleraLnL . SinceJsR5JsL , we
can neglectJsR relative to Js in the rest of then region.
Equation~55! then follows. With respect to Eq.~55! we note
the crucial role of the size of the depletion layer in sp
transport inp-n junctions~the following is a general discus
sion, not limited to the case of the majority carriers sp
injection!. Indeed, slight changes in voltage induce chan
in dp anddn which are comparable to other length scales
the problem, and in particular to the spin-diffusion lengt
thus severely affecting the amount of spin arriving at
depletion layer. This may be of practical importance, as
ready demonstrated in the spin capacitance effect,54 and in
detecting spin relaxation by electrical means.58

On the left side of the depletion layer the Shockley co
dition, according to Eqs.~32! and~33!, gives for the electron
and spin densities

nL5n0LeVS 12
a0RdaR

12a0R
2 D , ~56!
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sL5n0LeV
daR

12a0R
2

, ~57!

and for the spin polarization

aL5
daR

12a0R
2 2a0RdaR

. ~58!

If the source spin has the same direction of polarization
the equilibrium spin in then region, the electron densitynL ,
and thus the current through the junction, is reduced. If th
are antiparallel,nL and the current are enhanced. Neith
spin polarization,daR nor aL , depends onV ~except for a
dependence throughw̃n), being the same for forward an
reverse biases. In nonmagnetic junctions (a0R50), all the
nonequilibrium spin polarization is transferred to the mino
ity region,aL5daR , where the nonequilibrium spin has n
effect on charge and current, sincednL5n0Lexp(V). This
case has been studied numerically for a realistic model
spin-polarized nonmagneticp-n junction.54

The reason for the absence of spin injection through
depletion layer from a magneticn region to the nonmagnetic
p region, without a source spin, is the balance between
carrier densities and thermally activated processes of forw
conduction. Let then region be positively magnetized, s
that there are more spin-up than spin-down electrons. F
nondegenerate statistics, the number of spin-up~spin-down!
electrons depends on the spin splitting (2znn) of the band as
exp(znn)@exp(2znn)#. In the forward transport, electrons nee
to be thermally activated to cross the barrier of the built
voltage lowered by the external bias. The barrier height
however, different for spin-up and spin-down electrons.
deed, spin-up~spin-down! electrons have the barrier highe
~lower! by znn , leading to the modulation of the transpo
rate by exp(2znn)@exp(znn)#. These exponential factors ex
actly balance the modulation of the carrier densities. A
result, there is no difference between the transfer rates~den-
sity times the thermal activation probability! for the spin-up
and spin-down carriers, the spin-up and spin-down curre
are equal, and there is no spin current atR ~and, by the
continuity of spin current also atL) and thus no spin injec-
tion into the minority region.

Figure 2 shows the electron and spin densities, using
model equations~Table II!, for the GaAs magnetic junction
example, witha0R50.5 anddan50.4, and a forward bias o
10.8 V. Spin injection into the minority region is very e
fective; aL is slightly greater thandaR @due to the denomi-
nator in Eq.~31!#. A comparison between the current sp
polarization~the profile is the same as for the spin curre
Js) and the density spin polarization is in Fig. 3. The curre
polarization is huge at the point of spin injection, since
order to reproduce the spin polarizationan by electrical spin
injection ~which would depend essentially onaJ , see Sec.
IV D !, aJ would need to be that large. This is of course n
possible, since electrical spin injection from a ferromagne
electrode providesaJ,1, sinceaJ in ferromagnets is close
to the density polarization there. The current polarization
creases upon approaching the depletion layer, since ther
1-11
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spin current decreases in order to be equal to the spin cu
at L, which is driven by the much smaller density of th
minority electrons. Figure 4 shows the chemical poten
profiles for the case. The chemical potentials are chose
be zero~similarly to f) at x5wn in the spin unpolarized~but
biased! junction, so that atx5wp they are2V if the contact
is Ohmic, as is the present case. This is the cause of the r
decrease of them ’s to m52V at x52wp . Spin injection in
this graph is visible from the finite value ofm2 ~which be-
comes zero only in the very proximity of the left contact! in
the p region.

B. Spin pumping by the minority carriers

If large ~source! spin density is externally injected alon
with the carrier density into the minority region, the noneq
librium spin can reach the depletion layer and be swept
the built-in electric field to the majority side, where it acc

FIG. 2. An example of the majority carrier spin injectio
through the depletion layer~shaded region!. Shown are the spatia
profiles of the electron~solid line! and spin~dashed line! densities
in the magneticp-n junction described in the text, witha0R50.5,
dan50.4 ~the p region is nonmagnetic and the left electrode
mains Ohmic!, and forward biasV510.8 V ('32 kBT). The left
vertical axis is for the densities, while the right axis is for the sp
polarization, which is represented by the dotted lines labeled w
a.

FIG. 3. Calculated current spin polarization for the major
carriers spin injection. The same parameters as in Fig. 2 apply. B
the current spin polarizationaJ and the density spin polarizationa
are shown for comparison. The current spin polarization is en
mous in then region, decreasing upon reaching the depletion la
and staying smaller thana in the p region.
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mulates. We have named this effect minority electron s
pumping,54,55 since the spin accumulation~which is also a
form of spin amplification, considering that the resulting sp
in the majority region is much larger—in the absence of a
new optical, electrical, or magnetic spin source—than tha
the minority region! depends on the intensity of the sp
current of the minority carriers. The faster the carriers arr
at the depletion layer, the more spin accumulates in thn
side. In effect, this is an analog of the optical spin pump
in the majority region,4 except that the role of circularly po
larized light is played by the spin-polarized minority carrie
At large biases, the pumped spin can be even greater tha
source spin, as observed numerically in Ref. 54.

As an illustration, consider a nonmagnetic spin-polariz
p-n junction (a0L5a0R50). Let the carrier and spin dens
ties at the left electrode only be out of equilibrium:dnp ,
dspÞ0. This happens, for example, when a junction is ill
minated by circularly polarized light~like in a spin-polarized
solar cell55! or if the junction is part of a spin-polarized junc
tion transistor, in which case the left electrode simulates
action of the emitter. Equation~36! gives the ‘‘pumped’’ spin
polarization in the majority side as

dsR5S Dnp

Dnn
D S Lsn

Lsp
D tanh~w̃n /Lsn!

sinh~w̃p /Lsp!
dsp . ~59!

For a large majority region,w̃n@Lsn , the injected spin is
~below only holds if wp!Lsp) dsR'(Dnp /Dnn)
3(Lsn /w̃p)dsp , while for a short majority region,w̃n

!Lsn , the injected spin isdsR'(Dnp /Dnn)(w̃n /w̃p)dsp .
The amount of the pumped spin polarization, relative to
amount of the source polarization is

daR

ap
'S Dnp

Dnn
D S Lsn

Lsp
D tanh~w̃n/Lsn!

sinh~w̃p /Lsp!

dnp

Nd
. ~60!

Spin pumping is most effective when thep region is short,
w̃p!Lsp , when

-

h

th

r-
r,

FIG. 4. Calculated chemical potential profiles in a magneticp-n
junction under the majority carrier spin injection regime. The sa
parameters as in Fig. 2 apply. The chemical potentials are expre
in the units ofkBT.
1-12
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daR

ap
'S Dnp

Dnn
Dmin~Lsn ,w̃n!

w̃p

dnp

Nd
. ~61!

If both Lsn and w̃n are significantly greater thanw̃p , the
pumped spin~and even the spin polarization! can be compa-
rable to the source spin~source spin polarization!.

A qualitative argument for the spin pumping is as follow
In the minority ~p! side, the spin current goes roughly
Dnpdsp /w̃p , where we chose the largest spin in the reg
~being the source spindsp) and the smallest length scale fo
the spin decay~here w̃p). On then side the spin current
along similar reasoning, would be'DnndsR /Lsn , where
dsR is the largest spin in the region and we choseLsn to be
the smallest length scale. Equating the two currents gives
~61!. Put in words, spin carried by the minority carriers a
riving at the depletion layer is swept into the majority regi
by the large built-in field. In the majority region the spin bo
diffuses away and relaxes. In a steady state, the incom
spin flux must equal the outcoming diffusion and relaxatio
which are proportional to the spin density, so that the gre
is the spin influx, the greater the spin density.

A numerical example is shown in Fig. 5. The source c
rier and spin densities arednp51015 cm23 and dsp50.9
31015 cm23 ~the spin polarizationap50.9). The junction is
under reverse bias of20.8 V ~note the increase in width o
the depletion layer compared to Fig. 2!. The pumped spin
polarizationaR is about 5%. In our numerical example a
the length scales involved are comparable~roughly 3 mm),
diffusivities uniform (Dnp5Dnn) sodsR'dsp . In Fig. 6 we
plot the current spin polarizationaJ to demonstrate that i
significantly differs from the density spin polarizationa. In
this exampleaJ is larger than 1 at the left electrode due
the chosen boundary conditions, and in then region it is
much greater than the density spin polarization. The che
cal potential profiles for the case are shown in Fig. 7. In
majority regionm1 nearly vanishes, whilem↑'2m↓ , dem-
onstrating a positive net nonequilibrium spin polarization
the n region. The small magnitudes of the nonequilibriu

FIG. 5. An example of a minority carrier spin pumping throu
the depletion layer. The junction is nonmagnetic, but spin-polariz
and the carrier and spin source is placed at the left electrode, g
dnp5131015 cm23 and dsp5130.931015 cm23 (dap50.9). A
reverse bias of20.8 volts is applied~increasing the width of the
depletion layer compared to Fig. 2!.
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chemical potentials in the majority region still yield larg
spin density, since they appear in the exponent which mu
plies the equilibrium carrier density, which is large in th
majority region~and small in the minority one, where th
chemical potentials have accordingly large magnitudes!.

C. The spin-voltaic effect

A spin-voltaic effect is a generation of charge emf or cu
rent by nonequilibrium spin. A first realization of the spin
voltaic effect was the Silsbee-Johnson spin-cha
coupling91,92 in a ferromagnetic/nonmagnetic metal interfa
with nonequilibrium spin injected into the nonmagne
metal. The emf across the interface arises due to the di
ence in the chemical potentials in the two metals, with d
ferent effects on the different spin states. Analogous phen
ena can occur in many other hybrid systems~semiconductor/
metal or semiconductor/semiconductor!. Here we describe a
specific realization of the spin-voltaic effect56,58 in magnetic
p-n junctions, where the role of the interface is played by t
depletion layer.

d,
ng

FIG. 6. Calculated current spin polarization in the minority sp
pumping regime. Both current,aJ , and density,a, spin polariza-
tion profiles are shown. The current spin polarization starts a
value larger than 1 atx52wp , remains constant across the dep
tion layer where the spin current continuity is assumed, and dec
somewhat in then region, where its magnitude is much larger th
that of density spin polarization.

FIG. 7. Calculated chemical potential profiles in a nonmagne
spin-polarizedp-n junction under the minority carrier spin pumpin
regime. The parameters as in Fig. 5 apply. The input shows
majority region values on a scale where differentm ’s are visible.
1-13
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Consider a magnetic/nonmagneticp-n junction, with the
p region magnetic (dnp50) and then region nonmagnetic
but spin polarized (danÞ0). No external bias is applied
(V50). It follows from Eq.~36! that

daR5
dan

cosh~w̃n /Lsn!
, ~62!

which is the same as Eq.~55! ~simply expressing the fact tha
the polarization is bias independent!. As a result, there will
be nonequilibrium carrier and spin densities in the minor
region @see Eqs.~32! and ~33!#,

dnL5n0La0LdaR , ~63!

dsL5n0LdaR . ~64!

The nonequilibrium minority carrier densitydnL leads to the
minority diffusion and relaxation, and thus to the charge c
rent ~or voltage in an open circuit!. The spin-voltaic current
is @see Eq.~43!#

j n5 j gna0LdaR . ~65!

The current is of the order of the generation current, a
changes sign with reversing either the magnetic field~which
reversesa0L) or the orientation of the source spindan .
Neglecting the variation ofdaR with bias~throughw̃n), the
open circuit voltage for the spin-voltaic effect is obtained
requiring thatj vanishes,

Voc52 lnS 11
j gn

j gn1 j gp
a0LdaRD . ~66!

The voltage, which is typically of the order ofkBT/q, is
negative~reverse biasing! if the polarizations are parallel
and positive~forward biasing! if they are antiparallel. The
spin-voltaic effect here is similar to the photovoltaic effe
where the photocarriers generated within the carrier diffus
length Lnp of the depletion layer are swept by the built-
field to the majority side, generating photocurrent. A sp
voltaic effect arises if nonequilibrium spin is generat
within the spin-diffusion lengthLsn of the depletion layer,
disturbing the balance between the generation and reco
nation currents.

Indeed, in equilibrium both the generation and the reco
bination currents in a magneticp-n junction are equal and
there is no net charge flow. Leta0L be positive. Then the
barrier for the majority electrons to cross the depletion la
~see Fig. 1! is smaller for spin-up than for spin-down ele
trons. If the spin in the majority region is driven off balan
~without applying an external bias!, than the delicate balanc
of the generation and recombination currents is disturb
resulting in a net charge current. Increasing the numbe
spin-up majority electrons, for example, increases the rec
bination current, since more electrons have now a sma
barrier to cross~the generation current does not depend
daR or bias!. In our geometry, the net electron flow is fo
ward ~from the right to the left,j n.0). If, however, we
increase the number of spin-down electrons, more elect
have now a higher barrier to cross, reducing the recomb
16530
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tion current, resulting in a net reverse flow~from the left to
the right, j n,0). The spin-voltaic effect is the reason for th
giant magnetoresistance of magneticp-n junctions,56 since
when a biasV is applied, the spin-voltaic current grows a
exp(V), similarly to the normal rectification current.

The spin-voltaic effect is illustrated in Figs. 8–11. Fir
consider parallel spin polarizations,a0L5dan510.9. There
is no bias,V50. The carrier and spin densities and the sp
polarization are plotted in Fig. 8. The induced nonequil
rium spin and charge in thep region are greater than th
equilibrium values, leading to a forward current of electro
The spin polarization is also higher than in equilibrium. T
chemical potential profiles are shown in Fig. 9. If the sp
polarization of the source spin is reversed,a0L52dan5
10.9, the carrier and spin densities and the spin polariza
decrease in the minority region, leading to a reverse elec
current. The density profiles for this case are in Fig. 10, a
the chemical potentials are plotted in Fig. 11.

Let the magnetic fieldB control the conduction-band spi
splitting. Thena0(B)52a0(2B). KeepingdaR as an in-

FIG. 8. The spin-voltaic effect in a spin-polarized magneticp-n
junction. Shown is a junction with a magneticp region (a0LÞ0)
and a nonmagneticn region (a0R50). No bias is applied. Both
electrodes are Ohmic, except that there is a spin source atx5wn .
In the examplea0L510.9 anddan510.9. The carrier and spin
densities in thep region are very close to the equilibrium value
with a small variation due to the onequilibrium spin. The ins
shows this variation on a 10 000 times increased scale. Both de
ties are higher than in equilibrium, leading to a forward cha
current.

FIG. 9. Calculated chemical potential profiles in a sp
polarized magneticp-n junction under the conditions specified i
Fig. 8.
1-14
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dependent~of B) parameter, the direction reversal of th
magnetic field results in a change in charge current,

j n~B!2 j n~2B!5 j gn

dnL~B!2dnL~2B!

n0L
. ~67!

This is a realization of giant magnetoresistance~GMR! in
magnetic diodes. The relative change of the charge cur
upon reversing the direction of magnetic field~while keeping
daR unchanged! can be measured by the giant magnetore
tance parameter, here denoted asb,

b5
dnL~B!2dnL~2B!

dnL~2B!
, ~68!

which at forward bias and exp(V)@1, in terms of the known
parameters, can be expressed as

b52daR

a0L2a0R

12a0R
2 1daR~a0L2a0R!

. ~69!

FIG. 10. The spin-voltaic effect in a spin-polarized magne
p-n junction. The same conditions as in Fig. 8 apply, but the dir
tion of the source spin is reversed,dan520.9. The figure shows
the negative spin density (2s) in then region~and normal in thep
side!. The carrier and spin densities have values close to the e
librium ones, but are now somewhat smaller, due to the presenc
the antiparallel nonequilibrium spin. This density variation, whi
is seen in the inset on a 10 000 times greater scale, leads to a re
charge flow.

FIG. 11. Calculated chemical potential profiles in a sp
polarized magneticp-n junction. The same parameters as in Fig.
apply.
16530
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The GMR effect is possible only in magnetically inhomog
neousp-n junctions with nonequilibrium spin. As a specia
case consider thep region magnetic (a0R50). Then

b5
2daRa0L

11daRa0L
. ~70!

This case is a semiconductor analog of the Silsbee-John
spin-charge coupling,91 where a spin emf arises from th
proximity of a nonequilibrium spin in a metal and a ferr
magnetic electrode. A detailed numerical study of the GM
effect in magnetic diodes can be found in Ref. 56. Putt
reasonable parametersa0L50.552daR , Eq. ~70! gives b
52/3, which is a 66% GMR. A more optimistic set,a0L
50.952daR , leads tob'8.5, or a 850% GMR, demon
strating a great technological potential of magneticp-n di-
odes.

D. Spin injection by the biasing electrode

Thus far,sn was a free input parameter of the model.
however, the biasing electrodes themselves can inject
~for example, if they are magnetic!, then the source spin
density will not be a good starting boundary condition. W
consider an example of the source spin injection by the ri
electrode into the nonmagnetic majority,n, region, keeping
only thep region magnetic. We assume the model in whi
the spin current across the electrode/n-region interface is
preserved. In this scenario the boundary condition atx5wn
reads~all the current at the contact is carried by electro
since the hole density is in equilibrium there!

j sn5aJnj , ~71!

wherej sn52qJs(wn) andaJn[aJ(wn) is the spin injection
efficiency ~here the current spin polarization at the conta!
equal, in an ideal case, to the spin polarization in the e
trode material reduced by interface spin relaxation. Our st
egy is to convert this boundary condition to the condition
the spin density. We calculatedsn as a function ofaJnj and
then use the formulas derived earlier to obtain the cha
current in a self-consistent manner~this is needed becaus
the boundary spin depends on the current which, in turn
calculated using the boundary spin!. Equation~20! gives

j sn5S qDnn

Lsn
D dsncosh~w̃n /Lsn!2dsR

sinh~w̃n /Lsn!
. ~72!

If we further assume that the left contact is Ohmic, by su
stituting Eq.~55! for dsR , the above equation can be solve
for the source spin density with the result

dsn5
aJnjL sn

qDnn
cothS w̃n

Lsn
D 2

g2s0L~eV21!

tanh2~w̃n /Lsn!
. ~73!

The nonequilibrium spin polarization at the depletion lay
then is

dsR5aJnj
Lsn

qDnn

1

sinh~w̃n /Lsn!
2g4s0L~eV21!, ~74!
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where another geometric/transport parameter is introduc

g45
g3

tanh2~w̃n /Lsn!
. ~75!

In a first approximation one can putj ' j 0n1 j p for the cur-
rent in Eq.~74!. The injected spindsR is then of the order of
the minority electron density timesLsn /Lnp . This is gener-
ally larger than the spin extraction factor coming from t
term with g4, but still small to lead to a significant modula
tion of nonequilibrium spin. The charge current is obtain
by solving Eq.~47! for j, with daR from Eq.~74!. The result
is

j '~ j p1 j 0n!~11aJnâ0L!2g4a0L j gn~eV21!
s0LeV

Nd
,

~76!

where

â0L5a0L

j gne
V

Nd

Lsn

qDnn

1

sinh~w̃n /Lsn!
. ~77!

Unlike in the case of independent external spin source,
spin injected by the biasing electrode is very small, beca
of the small current flowing in the junction~the current is
carried by the minority carriers!, so that only a small spin
current can build up the source spin. As a result, the s
injected from the contact has a very small effect on
charge properties of the junction. Charge current, in part
lar, is only slightly modified from the spin-equilibrium valu
of j 5 j p1 j 0n . The spin-voltaic effect is absent~except for
the small effect caused by spin extraction!, since at zero bias
no nonequilibrium spin is injected. Nevertheless, even
small, theI -V characteristics modification should be obse
able at reasonably large biases, and could be used to ch
terize spin properties of the junction. Furthermore, the ab
model of spin injection, based on Eq.~71!, is rather simple
and we cannot exclude the possibility of a different behav
~especially more pronounced spin dependent effects! with
realistic interfaces. In fact, our method shows a way how
characterize spin properties of real~electrode! interfaces by
measuring charge response of the junction.

E. Spin injection and extraction at large biases

We have shown numerically in Ref. 56 that spin can
injected and extracted through the depletion layer at la
biases, even with no source spin present. Significant
injection from the magneticn region into the nonmagneticp
region occurs at large biases and, similarly, significant s
extraction occurs from the nonmagneticn region into the
magneticp region. These intrinsic spin injection phenome
have their origin in the low bias physics. Indeed, there i
~normally negligible! spin injection in the absence of sourc
spins even in our theory. We have already demonstrated
extraction in Eq.~36!. If no source spin is present, then

dsR52g3s0Lexp~V!. ~78!
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The nonequilibrium spin in then region will have the sign
opposite to that of the equilibrium spin in thep region. The
spin is more extracted the larger the bias is. Normally,
small biases, the injected spin polarizationdaR5
2g3s0Lexp(V)/Nd is small ~in the postulated low injection
regime!, but it shows the trend of spin extraction expone
tially increasing withV towards the large bias regime. Th
reason for Eq.~78! is the continuity of spin current across th
depletion layer. Without any spin source, spin currentJsL
will be given by the flow of electrons with the equilibrium
spin polarizationa0L @see Eq.~15!#. The same spin curren
must appear in then region atR. For positives0L , the spin
current inp is negative. In then region, for the spin curren
to be also negative there must be a positive gradient ofds
and, sincedsn50, the spin atR must be negative:dsR,0.

However, our theory thus far does not predict any s
injection from the magneticn to the nonmagneticp region.
Indeed, in the absence of source spin, and witha0L50, Eq.
~36! gives dsR50. To explain the intrinsic spin injection
observed at large biases~but also at small biases, although o
a smaller scale56!, we have to introduce electric fieldE into
the picture. In fact, once the nonequilibrium spin becom
small compared to the equilibrium one in the majority r
gion, even at small biases electric field cannot be neglec
We will quantify this condition below. There are two facto
which need to be considered when introducing charge eff
in spin transport in the bulk regions. First, we will includ
the electric drift force into the spin current and, second,
will explicitly account for charge neutrality by postulatin
that n5Nd1dp ~instead of what was used thus far,n
5Nd). These two factors can be normally neglected at sm
biases, but here we use them to demonstrate the tre
namely, the spin injection, which will become important
largeV.

Including theE field and the charge neutrality, the spin
diffusion equation from Eqs.~2! and ~4! becomes

ds91Eds85
ds

Lsn
2

2a0n

dp

Lsn
2

. ~79!

We have neglected the nonlinear terms;sp, justifiably if
(T1 /tpn)(dp/Nd)!1, which is quite generally the case
low injection. The above equation needs to be supplemen
with the diffusion equation for holes,

dp95
dp

Lpn
2

. ~80!

In Eq. ~79! the term with the first derivative comes from th
electric drift, while the term proportional todp appears be-
cause of the neutrality conditionn5Nd1dp. The latter term
acts as an intrinsic spin source, similarly to the term ofdn in
the spin-diffusion equation~11! for the minority electrons.
The neutrality condition also guarantees that the electric fi
is uniform (E850). Equation~79! has already been consid
ered and solved in Ref. 5~see also Refs. 60, 61, and 10!
without the intrinsic source term, which becomes importa
1-16
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in bipolar transport at large biases. For completeness,
present the full solution to Eq.~79!, as well as the spin cur
rent profile, in Appendix C.

The analysis in Appendix C shows that at least forLpn
!Lsn , the contribution from the charge neutrality (dn
5dp), that is, from the hole density effects in spin transpo
can be neglected. In the opposite case, the contribu
would lowerdsR , as can be seen easily by equatingJsR in
Eq. ~C8! to zero. The electric field, however, increasesdsR ,
ultimately leading to spin injection at large biases. Inde
from Eq. ~C8! one obtains for spin injection from the majo
ity magnetic region to the minority nonmagnetic region
the absence of source spin, but at a finite bias,

dsR's0R~LsEE!tanhS w̃n

LsE
D . ~81!

To obtainE we can use the carrier current continuity acro
the depletion layer:JnL5JnR , where JnL is given by Eq.
~10! andJnR'Dnn(2NdE2dpR8 ), with dp calculated in Ap-
pendix C. We get

E'
dpR

NdLpn
coth~w̃n /Lpn!1

Dnp

Dnn

dnL

NdLnp
coth~w̃p /Lnp!.

~82!

The electric field is positive at forward biases, makingdsR
and thusdsL of the same polarity ass0R . This explains the
large bias spin injection~and the increase of spin polarizatio
in the magneticn region! observed in Ref. 56. The electric
field spin injection will also happen at small biases, b
because the field is very small (dnL /Nd ,dpR /Nd!1), the
spin injection is negligible. However, theE field must be
considered in cases where spin injection due to source
leads todsR as small asdnL .

Equation~82! yields the criterion for neglecting electri
drift in spin transport in then region~which is in contrast to
the majority carriers, for which electric drift cannot be n
glected!. Indeed, one needs to compare the typical mag
tudes of spin drift ('sRE) and spin diffusion (ds/Lsn), to
obtain

E~s0R1dsR!!dsR /Lsn . ~83!

For a nonmagneticn region (s0R50) this is always the case
sinceELsn!1 because of low injection~and reasonably as
suming that the spin-diffusion length is not much grea
than the carrier diffusion lengths!. For the magnetic region
the above condition is satisfied ifdsR@(ELsn)s0R , which
roughly means that the nonequilibrium spin in then region
~appearing through the spin source, for example! should be
greater than the nonequlibrium carrier density times the r
of the spin-diffusion length and the carrier diffusion leng
This is well satisfied in the low injection regime, where t
nonequlibrium carrier densities are small enough~even ifLsn
would be one to three orders of magnitude greater than
carrier diffusion lengths!. However, the condition~83! places
the lower limit on the source spin to lead to pure spin dif
sion in then region.
16530
e

,
n

,

s

,

in

i-

r

io
.

e

-

Finally, the neglected spin-relaxation currentJs,relax also
contributes to spin injection, more with increasing bias, sin
then the spin density in the depletion layer increases
with it spin relaxation. The difficulty in introducingJs,relax is
that it depends on both bias anddsR , complicating the self-
consistent process of obtainingdsR in terms or the input
parameters and bias. One may expect, though, that s
relaxation processes in the depletion layer will decrease
spin injection efficiency~that is, reducedsL) while allowing
for larger dsR to balance the spin current in the minori
region. Our numerical calculations, which take into acco
the effects ofJs,relax, find that its contribution is indeed sma
at low biases.98

F. Magnetic drift in the neutral regions

Our model and its conclusions thus far were based
magneticp-n junctions with homogeneous magnetic dopi
in the neutral regions. The doping, and thus the band s
splitting and the equilibrium spin polarization, changed sp
tially only in the transition region. As a result, the magne
drift force z8 dropped from the calculations and the inhom
geneous magnetic doping affected the results only thro
the equilibrium spin densities. Here we take the next step
ask how would the physics of magneticp-n junctions be
affected if, additionally, the neutral regions were inhomog
neously doped with magnetic impurities~or, to the same ef-
fect, were homogeneously doped but placed in an inhom
geneous magnetic field!. We will show that magnetic drift
modifies both the spin injection through the depletion lay
and theI -V characteristics of magneticp-n junctions. The
effects ofz8 are qualitatively different in the majority an
the minority regions, so we will discuss the two regio
separately. Most of our discussion below applies equally
homogeneous~in relation to nonmagnetic doping! semicon-
ductors with spin split majority and minority bands.

Consider the majority,n, region first. In the presence of a
inhomogeneous spin splitting of the conduction band,
electron current in the region is

Jn5Dnn~2nE1sznn8 2n8!. ~84!

The current must vanish in equilibrium wheren'Nd ands
'a0Nd . This is only possible if a local electric field

E0'a0znn8 ~85!

develops. The resulting electric drift needs to counter
magnetic drift. The existence ofE0 is also warranted by the
vanishing spin (Js) and hole (Jp) currents. In the latter the
electric field needs to balance the equilibrium hole diffusi
;p08 @p0 is now spatially dependent throughznn , see Eq.
~A3!#. The field E0, similarly to the built-in field in the
depletion layer, is an equilibrium field, not an emf, as it do
not lead to a net current.

The origin of the equilibrium electric field in otherwis
almost homogeneous charge situation~the majority carrier
density is almost constant! can be qualitatively explained a
follows. Take ann-type semiconductor doped inhomog
neously with magnetic impurities in zero magnetic field.
1-17
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equilibrium, the chemical potential is constant. Switch on
magnetic field. At first, the chemical potential will vary wit
x throughznn according to Eq.~A7!. The sample will come
to equilibrium by rearranging its charge as the electrons
move in the direction of decreasingm0n , resulting in a con-
stant chemical potential, but also in a space charge~see be-
low! and a space electric potential opposing further elect
motion. Then

f052 ln cosh~znn!. ~86!

The equilibrium electric field isE052f08 , reproducing Eq.
~85! obtained from transport considerations. Electric pot
tial f0 bends both the conduction and the valence band
for the conduction band,f0 tends to straighten the lowe
spin band~say, the spin-up band ifznn is positive! and
steepen the upper spin band. At large magnetic fields
band bending of the lower spin band entirely eliminates
spatial variations of the band due toznn , while these varia-
tions are doubled in the upper spin band. The valence b
too is affected. Originally constant, the band acquires spa
variation2qf0 to balance the equilibrium hole diffusion.

In turn, the inhomogeneousE0 induces space charger0,
according to Poisson’s equation:r05E08(ekBT/q). In prin-
ciple, bothE0 and r0 need to be obtained self-consisten
by solving for the equilibrium semiconductor densities ta
ing into account Poisson’s equation~this was done numeri
cally in Ref. 56 for the transition region, where theE0-like
field is present due to the inhomogeneous magnetic dopi!.
However, the induced local charge density is small enoug
be neglected for most practical purposes~unlike the induced
charge density in the depletion region!. Indeed, the induced
changes in the carrier density come tor0 /q
'Nd(znn8 lD)2/cosh2(znn), where lD5A(ekBT/Ndq2 is the
Debye screening length in the majority region. For Ga
with e513e0 and at room temperature, the density isr0 /q
<23105(znn8 @cm21#)2 cm23. If the magnetic splitting
changes bykBT over a micron~so thatznn8 '104/cm), we get
r0'231013 cm23. This shows that for carrier densitie
greater than, say, 1015 cm23 the induced densities in the ca
rier concentrations can be neglected, and Eq.~85! is a reli-
able estimate ofE0. In general, the space charge can
neglected if the band splitting varies bykBT over the length
scales greater thanlD . This is in complete analogy with
space-charge considerations due to the usual ca
doping.94 Onceznn8 lD*1, which is normally the case whe
a magnetic and a nonmagnetic semiconductor form a con
for spin injection, the space charge and its diffusio
(;r08/q) cannot be neglected. Indeed, forznn changing over
a 0.1mm, the induced charge density isq31015 cm23. Se-
lective doping of semiconductors with magnetic impuriti
on spatial scales both smaller and larger thanlD can prove a
useful tool for band-structure and space-charge enginee
in designing new spintronic devices.

Expanding about the equilibrium values for the densit
and the electric field, the electron and spin currents in thn
region become

Jn'2Dnn~NddE2Nddaznn8 1dp8!, ~87!
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Js'2DnnNd~a0dE1a0daznn8 1da8!, ~88!

where dE describes only the electric field induced by th
applied bias. Nonequilibrium charge neutrality,dn5dp, is
assumed. In a homogeneousn-type semiconductor with finite
znn8 , maintaining a nonequilibrium spin polarization wou
lead to a spin emf according to Eq.~87!. For a constantda,
for example, the spin emf is2daDznn , whereDznn is the
drop of znn across the sample. Spin injection is modified
the presence ofznn8 in Eq. ~88!. Considering here only a
special case of a constantznn8 and large spin polarization
ua0u'1, the spin current atx5dn is modified from Eq.~21!
to

JsR52
Dnn

Lsnz
S 1

2
dsRa0Rznn8 Lsnz1FaD , ~89!

where the new length scale for spin drift diffusion is 1/Lsnz

5A(znn8 2/411/Lsn
2 ~the spin-polarization decay is then go

erned by two length scales,Lsn6 , given by 1/Lsn651/Lsnz

6znn8 /2), and spin flux

Fa5dan

exp~a0znn8 w̃n/2!

sinh~w̃n /Lsnz!
2daRcoth~w̃n /Lsnz!. ~90!

To obtain dsR , one can still use Eq.~36!, but with Lsn

changed toLsnz and coth(w̃n /Lsn) changed to coth(w̃n /Lsnz)
2a0R(znn8 Lsnz)/2. A similar procedure is followed for the spi
injection at large biases. Note that in the presence of m
netic impuritiesLsn will be greatly reduced, so thatLsnz

'2/znn8 .
Although the inhomogeneous magnetic doping affects

rectly only the majority electrons, it modifies, throughE0,
transport of the minority holes as well, and thus theI -V
characteristics of the junction. The hole current becomes

Jp'Dpn~a0Rznn8 dp2dp8!, ~91!

where the first term describes drift of the nonequilibriu
hole density byE0. Together with the continuity equation fo
hole current describing electron-hole recombination,
above equation, again in the limit of a constantua0u'1 leads
to the hole current atx5dn ,

JpR'Dpn

dpR

Lpnz
Fa0Rznn8 Lpnz

2
1cothS w̃n

Lpnz
D G , ~92!

where we introduced an effective magnetic drift leng
1/Lpnz5A(znn8 2/411/Lpn

2 ~the two length scales for the hol
density decay areLpn6 given by 1/Lpn651/Lpnz6znn8 /2).
Since j p5qJpR , magnetic drift directly affects theI -V char-
acteristics of the junction by modifying the hole minori
current. It is in the combination with external bias@dpR
;exp(V)# that the magnetic drift generates current. This
fect could be used in electronic detection of magnetic-fi
gradients.

Now we turn to the minority,p, region. Since the minority
electron density can easily accommodate to spatial chan
in znp , no equilibrium electric field is needed to balance t
1-18
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magnetic drift force. The carrier and spin currents vanish
E50 for the equilibrium electron and spin densities, unli
in the n region considered above. From Eqs.~1!–~4!, the
drift-diffusion equations for the minority electrons and sp
in the p region are obtained as

n91En82znp8 s82znp9 s5
dn

Lnp
2

, ~93!

s91Es82znp8 n82znp9 n5
ds

Lnp
2

1
s2 s̃

L1p
2

. ~94!

Transport of minority carriers is thus coupled with the tran
port of spin. As a result, the electron current~and thus the
I -V characteristics! will depend explicitly on nonequilibrium
spin and, similarly, spin current will depend explicitly o
nonequilibrium charge. Below we solve Eqs.~93! and ~94!
for the specific model of a linearznp ~that is,znp8 5const) and
in two limits of slow and fast spin relaxation. We will als
neglect the electric field which is by aboutdnL /Nd!1
smaller than the inverse of the typical decay length of
densities. Magnetic drift brings a new length scale,Lnpz ,
given by 1/Lnpz5A(znp8 2/411/Lnp

2 !. The density profiles
then decay with two length scales,Lnp6 , which are the in-
verse of 1/Lnpz6znp8 /2, depending on whether the diffusio
is parallel~minus sign! or antiparallel~plus sign! to magnetic
drift.

We now consider the limit of vanishing 1/L1p , which
corresponds to slow spin relaxation~spin diffusion length is
the largest length scale in the problem!. We will not present
the full density profiles here, only the final results for t
electron and spin currents at the depletion layer boundarL,
since they, respectively, determine the charge current in
junction and the spin injection through the depletion lay
The boundary conditions and the notation are the same a
Sec.~III A 1 !. The electron current atL, in analogy with Eq.
~10!, is JnL52(Dnp /Lnpz)Fnpz , where the modified flux

Fnpz5
dnLcosh~w̃p /Lnpz!2dnpcosh~znp8 w̃p/2!

sinh~w̃p /Lnpz!

2dsL

1

2
~znp8 Lnpz!2dsp

sinh~znp8 w̃p/2!

sinh~w̃p /Lnpz!
. ~95!

If the magnetic drift vanishes,Fnpz becomesFnp . Since it is
JnL which gives the electron contribution to the total char
current through the junction, the charge current now exp
itly depends on the nonequilibrium spin sourcedsp and the
nonequilibrium spin at the depletion layer boundary,dsL .
These contributions will be important ifznp will change on
distances smaller than or comparable toLnp . SinceJnL is
sensitive to the sign ofznp8 ~through the spin contribution!,
the charge current in a magneticp-n junction could detect
spatial changes in magnetic fields. If the junction serves
solar cell or the base of a junction transistor,101 the nonequi-
librium spindsL alone will lead to charge current, in analog
with the termdnL leading to the usual solar cell current.
16530
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fact, both the nonequilibrium spin and carrier densities w
be normally present when the junction is illuminated by lig
atx52wp . The slope ofznp then either reduces or enhanc
the solar cell current, depending on the sign ofznp8 .

The spin current atL is JsL52(Dnp /Lnpz)Fspz , where

Fspz5
dsLcosh~w̃p/Lnpz!2dspcosh~znp8 w̃p/2!

sinh~w̃p /Lnpz!

2dnL

1

2
~znp8 Lnpz!2dnp

sinh~znp8 w̃p/2!

sinh~w̃p /Lnpz!
. ~96!

When neglecting 1/L1p in Eq. ~94! the equations for elec
trons and spin become symmetric, so the spin current is
tained from the electron current by changingnp to sp andnL
to sL , and vice versa. Also, in our limit of largeL1p , the
effective spin-diffusion length isLsn5Lpn . In this limit the
above equation reproducesJsL from Eq. ~15!. If spin relax-
ation is slow, the spin current in a homogeneously spin s
p region does not explicitly depend on the electron density
finite zpn8 , however, couples the electron and the spin den
ties and the spin current acquires an explicit dependenc
dnp and dnL . Spin injection is modified by magnetic drif
too. If the n region remains magnetically homogeneous,
injected spindsR can be obtained by equatingJsL calculated
above andJsR from Eq. ~21!. The result can be written as

dsR5g0dsn2S DnpLsn

DnnLnpz
D sinh~w̃n /Lsn!Fspz

0 , ~97!

where Fspz
0 is Fspz given by Eq. ~96! with dnL and dsL

calculated from Eqs.~32! and ~33! using daR50, that is,
dnL5n0L@exp(V)21# and dsL5s0L@exp(V)21#. Spin injec-
tion is modified in several ways. First, there are obvio
modifications due to changes in the decay lengths, fromLnp
to Lnpz . Second, in our limit of 1/L1p50 there is no explicit
contribution ofdnp to dsR @see Eq.~36! with g15g2]. Such
an explicit dependence appears now because of the mag
drift. Since the factor withdnp in Eq. ~97! changes sign with
znp8 , spin injection can be reduced or enhanced. Finally,
large bias spin extraction will be affected, since it now d
pends not only ons0L but also onn0L . The latter factor again
enhances or reduces the large bias spin injection depen
on the slope ofznp ~more precisely, on the sign ofznp8 s0L).

In the opposite limit of fast spin relaxation~which is per-
haps more realistic in magnetically doped samples un
consideration! one can assume for the spin to follow th
local carrier density changes:s5a0n. Only the drift-
diffusion equation for electrons, Eq.~93!, needs to be solved
in this case. To simplify the discussion, we further assu
that the homogeneous part of the magnetic spin splitting
large, anda0'61, with a08'0. The carrier and spin cur
rents have the same magnitude, only the sign can diffe
a0521. It thus suffices to look at the carrier current.
analogy with the previous case, the spin current is de
mined byFnpz , which now reads
1-19
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Fnpz5dnL@coth~w̃p /Lnpz!2~a0znp8 Lnpz!/2#

2dnp

exp~a0z8w̃p/2!

sinh~w̃p /Lnpz!
. ~98!

The spin current and the spin injection~that is,dsR) are then
given as in the previous limit of slow spin relaxation, b
with Fsnz5a0Fnpz . As in the case of slow spin relaxation
here too theI -V curve becomes explicitly dependent on ma
netic drift. The strength of the magnetic drift is determin
by the parameterznp8 Lnpz , while the sign~whether it will
enhance or reduce the charge current! depends on the sign o
a0znp8 . The solar cell current coming fromdnp depends ex-
ponentially onznp8 . The same applies to spin injection.

V. SUMMARY AND CONCLUSIONS

We have studied spin-polarized bipolar transport in m
netic p-n junctions under the general conditions of appli
bias and externally injected~source! spin. We have intro-
duced a model, by generalizing the successful Shock
model of nonmagneticp-n junctions, to include spin-spli
bands and nonequilibrium spin. The model is valid only
low injection ~small biases!, although it shows the trends o
what to expect at large biases as well. Our theory gives
carrier density and spin-density profiles in the bulk regio
~away from the depletion layer!, and explicitly formulates
the boundary conditions for the densities at the deple
layer. In analogy with the original Shockley model we em
ploy the condition of~quasi! thermal equilibrium across th
depletion layer even when a bias is appliedand a nonequi-
librium spin is injected. However, the spin-polarized ca
requires an additional condition to obtain all the releva
input parameters. This condition we formulate in terms of
continuity of spin current across the depletion layer. The
tained boundary conditions allow us to generalize the s
dard diode formulas to the case of spin-polarized magn
diodes, resulting in a new formulation of theI -V character-
istics. Although to explain the physics of bipolar spi
polarized transport we use spin-polarized electrons only,
also give all the formulas needed to calculate theI -V curves
for spin-polarized holes as well~in Appendixes A and B,
where we also show how the equilibrium properties ofp-n
junctions are modified in the presence of spin-split band!.

We have applied our theory to several cases which
believe are important for spintronics. We demonstrate t
only nonequilibrium spin can be injected across the deple
layer. Effective spin injection from a magnetic into a no
magnetic region, without a source spin, is not possible
small biases. We show how this claim is relaxed at la
biases, which build up a nonequilibrium spin in the magne
majority region, and then inject this spin into the nonma
netic minority region. Similarly, we demonstrate that sp
can be extracted at large forward biases from the nonm
netic majority region to the magnetic minority one. We al
study spin injection by the minority carriers to the major
region. Physically, this process can be described as
pumping, since the resulting accumulation/amplification
spin in the majority region depends on the spin current of
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minority carriers. The accumulated spin can be greater t
the spin arriving from the minority side~and at large biases
also greater than the source spin itself!, which in effect is
spin amplification. Electronic spin pumping may substitu
direct spin injection into the majority region in situation
where spin injection of the minority carriers proves eas
than that of the majority ones. A realization of the spi
voltaic effect is found at the interface~here the depletion
layer! between the minority magnetic region~p! and the non-
magnetic but spin-polarized majority region. The sp
voltaic effect is demonstrated by the generation of cha
current by nonequilibrium spin~at no applied bias!. This is
also a spin-valve effect, since the direction of the cha
current can be reversed by reversing an applied magn
field. The spin induced nonequlibrium charge density is a
the basis for the spin capacitance of the spin-polari
junctions,55 as well as for the spin and magnetic-field depe
dent charge capacitance of magneticp-n junctions.101 Next
we have studied~source! spin injection by the biasing elec
trode and shown that this is not a very effective means
spin injection, at least for the simple model considered.
nally, we demonstrated that if the neutral regions have n
equilibrium band spin splitting, the resulting magnetic dr
can significantly affect both theI -V characteristics of the
junction and the junction spin injection capabilities.

Our theory is general enough to be applicable to vario
semiconductor spintronic devices operating under the co
tions of small injection and nondegenerate carrier statist
While we have already demonstrated the extensive gener
of the theory by applying it to a large number of speci
model device simulations, we envisage many more poten
spintronic junction devices where our models will be usef
Such devices can be, for example, bipolar spin junct
transistors101 or spin thyristors, with great technological po
tentials, and where charge currents~and their amplification!
can be controlled not only by bias, but also by nonequil
rium spin and magnetic field. However, to apply the theo
to realistic device structures, many physical aspects of
model will need to be modified. In many cases the spin sta
of the carriers are not simple spin doublets, but rather m
tiplets, as a result of the spin-orbit coupling. In addition, t
electron-hole recombination is, in general, spin selective
if both electrons and holes are spin polarized, more reali
models for the recombination need to be introduced. Furth
more, carrier recombination and spin relaxation depend
the carrier density, an effect which may be found importan
ferromagnetic semiconductors are employed. Other poss
additions to the model may include a realistic treatment
spin relaxation~and carrier recombination! in the depletion
layer and finite spin relaxation at the contact electrod
Structural modifications may include inhomogeneous m
netic doping~or inhomogeneous magnetic fields! also in the
bulk regions, and schemes based on two- or thr
dimensional spin bipolar transport. Since, at the mome
there is a lack of experimental understanding of bipolar s
transport, theoretical modeling~both analytical as presente
here or numerical, which is of greater applicability, as
ported in Refs. 54–56! is particularly important. We believe
that although quantitative aspects of spin-polarized bipo
1-20
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transport may be seriously modified, our theory captures
essential physics and the predicted phenomena are ro
enough to be present in more realistic situations.
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APPENDIX A: EQUILIBRIUM PROPERTIES
OF MAGNETIC p-n JUNCTIONS

To study equilibrium properties of magneticp-n junctions
we consider both electrons and holes spin polarized. De
the electron and hole spin densities assn andsp , and reserve
the second subscript~if needed! to denote the region. Symbo
0 denotes the equilibrium values. As in the main text,
energies~potentials! are given in the units ofkBT (kBT/q).
Further, denote as 2zn and 2zp the spin band splittings of the
conduction and valence bands. We adopt the convention
zn (zp) is positive when the spin-up electrons~holes! have a
lower energy than those in the spin-down states. Both e
trons and holes are assumed in thermal equilibrium, obey
nondegenerate Boltzmann statistics.

The equilibrium carrier densities obey the law of ma
action, now reading

n0p05ni
2cosh~zn!cosh~zp!. ~A1!

As a result, the minority carrier densities~electrons in thep
region and holes in then region! are

n0p5
ni

2

Na
cosh~znp!cosh~zpp!, ~A2!

p0n5
ni

2

Nd
cosh~zpn!cosh~znn!. ~A3!

Similarly, the corresponding equilibrium spin densities ar

s0,np5
ni

2

Na
sinh~znp!cosh~zpp!, ~A4!

s0,pn5
ni

2

Nd
sinh~zpn!cosh~znn!, ~A5!

so that the equilibrium spin polarizations of electrons a
holes area0n5tanh(zn) anda0p5tanh(zp). The built-in volt-
age, which is the electrostatic potential drop across the de
tion layer depends on the band splittings~thus on the equi-
librium spin polarizations!,

Vb5 lnS NaNd

ni
2 D 2 ln@cosh~zpp!cosh~znn!#. ~A6!

The built-in voltage is slightly reduced by the spin splittin
Note that only the band splittings of the majority carrie
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affect the built-in field. The reason is that the chemical p
tentials in the bulk regions~considered separately! depend
only on znn andzpp ,

m0n5m i1 lnS Nd

ni
D2 ln cosh~znn!, ~A7!

m0p5m i2 lnS Na

ni
D1 ln cosh~zpp!. ~A8!

Herem i is the chemical potential for the intrinsic~undoped!
and unpolarized case. In making a junction, the built-in fie
arises upon equilibrating the two chemical potentials:Vb
5m0n2m0p . The band splitting does not affect the nond
generacy of the carrier statistics, since the distance betw
the chemical potential and the lower conduction~upper va-
lence! spin band does not change withz at largez.

APPENDIX B: SPIN-POLARIZED HOLES

Spin polarization of holes can be treated separately fr
that of electrons, since, in our model, electron and hole tra
port are independent~only minority diffusion is considered!,
and the electron-hole recombination is spin independent~in
our simplified picture electrons of one spin can recomb
with holes of either spin!. Inclusion of spin polarization of
holes into our theory then amounts to simple notation
change,p with n andL with R. For completeness, we prese
all the important formulas that are needed to obtain
charge current contribution by spin-polarized holes. Sin
this is a separate section from the main text, we adopt
same notation for the hole spin as we had before for e
trons, without using more elaborate set of indices. The h
spin density~only in this section! is s and the hole spin
polarization isa. All the other symbols retain their origina
meaning.

In analogy with Eq.~41!, the hole charge current is

j p5 j 0p1 j 1p1 j 2p , ~B1!

where

j 0p5 j gp~eV21!, ~B2!

j 1p5 j gpe
VdaL

a0R2a0L

12a0L
2

, ~B3!

j 2p52 j gp

1

cosh~w̃n /Lpn!

dpn

p0R
. ~B4!

The hole generation current is

j gp5
qDpn

Lpn
p0Rcoth~w̃n /Lpn!. ~B5!

The ~now majority! hole spin, in analogy with Eq.~36!, can
be expressed as

dsL5g0dsp1g1d s̃n1g2apn
0 dpn2g3s0R~eV21!,

~B6!
1-21
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JAROSLAV FABIAN, IGOR ŽUTIĆ, AND S. DAS SARMA PHYSICAL REVIEW B66, 165301 ~2002!
where the geometric/transport factors are

g051/cosh~w̃p /Lsp!, ~B7!

g15S Dpn

Dpp
D S Lsp

Lsn
D tanh~w̃p /Lsp!

sinh~w̃n /Lsn!
, ~B8!

g25S Dpn

Dpp
D S Lsp

Lpn
D tanh~w̃p /Lsp!

sinh~w̃n /Lpn!
, ~B9!

g35g2cosh~w̃n /Lpn!. ~B10!

Finally, the ~now minority! hole density and spin in then
side of the depletion layer are

pR5p0ReVS 11daL

a0R2a0L

12a0L
2 D , ~B11!

sR5s0ReVS 11
daL

a0R

12a0Ra0L

12a0L
2 D . ~B12!

Physical consequences of the spin polarization of hole
bipolar transport are in complete analogy with the phys
discussed in the main text where only spin-polarized e
trons are considered. In particular, the hole charge currenj p
from Eq. ~B1! needs to be substituted to the total char
current formula, Eq.~47!. In many cases, however, one ca
realistically treat only one carrier type as spin polarized.
for example, holes have a very short spin lifetime~or small
diffusivity!, their spin polarization~even their contribution
per se! does not need to be considered. The exceptional c
are the large bias spin-polarized transport and magnetic
in the bulk regions, treated in Secs. IV E and IV F, resp
tively, in which electron and hole transport can be stron
coupled.

APPENDIX C:
MAJORITY ELECTRON DRIFT AND DIFFUSION

The spin profile in then region is affected by the electri
field and charge neutrality, as described by Eq.~79!. Assum-
ing the same boundary conditions for spin as in Sec. III A
that is, ds(dn)5dsR and ds(wn)5dsn , and the boundary
conditions for holesdp(dn)5dpR and dp(wn)50 ~Ohmic
contact!, the solution to Eq.~79! can be written in the form
analogous to Eq.~18!,

ds5e2E(x2dn)/2~d ŝRcoshhsE1FsEsinhhsE!1a0nd p̂.
~C1!

We now describe the new notation. The effective deviatio
from the equilibrium of spin and hole densities are

d ŝR5dsR2Aa0ndpR@11lEcoth~w̃n /Lpn!#, ~C2!

d p̂5A@dp1lE~Lpn /Dpn!Jp#, ~C3!

where lE5E/k2Lpn measures the strength of the elect
field for drifting spin,k5A(1/Lpn

2 21/Lsn
2 ~the singular case
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of k50 is excluded from the solution!, and 1/A5
2(Lsnk)2(12lE

2). The normalized flux is

FsE5
2d ŝRcosh~w̃n /LsE!1d ŝnexp~Ew̃n/2!

sinh~w̃n /LsE!
, ~C4!

introducing a length scaleLsE for electric spin drift: 1/LsE

5A(E2/411/Lsn
2 , which is also used to definehsE[(x

2dn)/LsE . This length scale was introduced already in R
5. The new effective spin density is

d ŝn5dsn2
Aa0ndpRlE

sinh~w̃n /Lpn!
. ~C5!

Finally, the hole density profiledp is obtained by solving
independently for hole diffusion, Eq.~80!. For completeness
we show the result

dp5dpRcoshhpn1Fpnsinhhpn , ~C6!

wherehpn[(x2dn)/Lpn and

Fpn52dpRcoth~w̃n /Lpn!. ~C7!

The hole current is thenJp52Dpndp8.
The importance of electric drift for the majority electro

spin transport is in aiding the spin injection through t
depletion layer, from the majority magnetic to the minori
nonmagnetic region. To see how spin can be injected thro
the depletion layer we need to know the spin current at
depletion layer boundary. The spin current profile isJs5
2Dnn(sE1s8), wheres is given by Eq.~C1!. The spin cur-
rent atx5dn is

JsR52DnnS s0n1
1

2
dsRDE

1
Dnn

LsE

dsRcosh~w̃n /LsE!2dsnexp~Ew̃n/2!

sinh~w̃n /LsE!

1
Dnn

Lpn
a0ndpRA cothS w̃n

Lpn
D

2
Dnn

LsE
a0ndpRA cothS w̃n

LsE
D , ~C8!

where we neglected terms of orderlEDnndpR /Lpn . For
most practical cases in magneticp-n junctions the electric
field at low injection can be neglected, so thatELpn ,ELsn
!1. Then LsE'Lsn , k'1/Lpn , and A'2(Lpn /Lsn)

2.
Since E is of order dpR /Lpn , the contribution to the spin
current~and thus to spin injection! from the hole density is
negligible, since in the considered limitA!1. If dsn is
greater than, say, 10233Nd , then also the contribution from
the electric drift can be neglected~not limited to the above
limit !, verifying our theory in the main text. If, however, th
source spin is small, and there is appreciable forward b
the electric drift has to be taken into account for describ
spin injection across the depletion layer. This is done in S
IV E.
1-22
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36, 2821 ~2000!; Superlattices Microstruct.27, 289 ~2000!;
Solid State Commun.119, 207 ~2001!.

2D. Loss and D.P. DiVincenzo, Phys. Rev. A57, 120 ~1998!.
3X. Hu and S. Das Sarma, Phys. Rev. A61, 062301~2000!.
4Optical Orientation, edited by F. Meier and B.P. Zakharchen

~North-Holland, New York, 1984!.
5A.G. Aronov and G.E. Pikus, Fiz. Tekh. Poluprovodn.10, 1177

~1976! @Sov. Phys. Semicond.10, 698 ~1976!#.
6M. Oestreich, J. Hu¨bner, D. Hägele, P.J. Klar, W. Heimbrodt
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Research Conference) Conference Digest~IEEE, Piscataway,
2000!, pp. 95-98; cond-mat/0006369~unpublished!.

52H.X. Tang, F.G. Monzon, R. Lifshitz, M.C. Cross, and M.L
Roukes, Phys. Rev. B61, 4437~2000!.

53M.E. Flattéand J.M. Byers, Phys. Rev. Lett.84, 4220~2000!.
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lished!.
90At low temperatureg.500 in (Cd0.95Mn0.05Se) :In. See, T. Dietl,

Handbook of Semiconductorsedited by T.S. Moss and S. Ma
hajan~North-Holland, New York, 1994!, Vol. 3, p. 1279.

91R.H. Silsbee, Bull. Magn. Reson.2, 284 ~1980!.
92M. Johnson and R.H. Silsbee, Phys. Rev. Lett.55, 1790~1985!.
93W. Shockley,Electrons and Holes in Semiconductors~D. Van

Nostrand, Princeton, 1950!.
94S. Tiwari, Compound Semiconductor Device Physics~Academic

Press, San Diego, 1992!.
95Typically one region would be nonmagnetic~or only weakly mag-

netic!. This would be the region where the nonequilibrium sp
would be generated and transported to the depletion layer. If
region were magnetic, such transport could be hindered by
spin relaxation.

96N.W. Ashcroft and N.D. Mermin,Solid State Physics~Saunders,
Philadelphia, 1976!.

97M.I. D’yakonov and V.I. Perel’, Pisma Zh. Eksp. Teor. Fiz.13,
206 ~1971! @JETP Lett.13, 144 ~1971!#.

98This is an accurate approximation for low bias, as showna pos-
teriori by comparing our analytical model with the sel
consistent numerical solution in Ref. 56.

99Y.Q. Jia, R.C. Shi, and S.Y. Chou, IEEE Trans. Magn.32, 4709
~1996!.
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