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Theory of spin-polarized transport in photoexcited semiconductor/ferromagnet tunnel junctions

R. Jansen,* M. W. J. Prins,† and H. van Kempen
Research Institute for Materials, University of Nijmegen, Toernooiveld 1, 6525 ED Nijmegen, The Netherlands

~Received 23 July 1997!

We present a theory for spin-polarized transport in tunnel junctions consisting of a ferromagnet and a
semiconductor, in which spin-polarized carriers are created by optical orientation. The model includes, for both
spin orientations, the current due to tunneling between the ferromagnet and the semiconductor surface as well
as the photoinduced and the thermionic emission currents through the semiconductor subsurface region. Tun-
neling is described in terms of a spin-dependent tunnel conductance, taking account of the magnetic structure
of the ferromagnet. We consider spin depolarization of photoexcited electrons in the semiconductor bulk
material and in surface states that have a spin-dependent occupation. The total tunnel current is evaluated as
well as current modulations due to modulated spin polarization of photoelectrons~CPM signal! or modulated
optical intensity. The calculations show that the CPM signal is proportional to the tunnel conductance polar-
ization and is relatively insensitive to spin depolarization of photoelectrons during their transport to the surface.
A severe signal reduction can, however, result from spin relaxation in semiconductor surface states. In addi-
tion, it is demonstrated that a crucial role is played by the operating regime of the junction, i.e., photoamperic
or photovoltaic, where the selection is determined mainly by the choice of applied bias voltage. We find that
the photovoltaic mode is favored, as it yields the highest contribution from spin-polarized tunneling, combined
with the smallest sensitivity for unwanted light intensity modulations.@S0163-1829~98!03207-X#
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I. INTRODUCTION

For a number of decades it has been known that s
polarized carriers can be generated in semiconductors by
tical means. This so-called optical orientation1 of electrons is
used mainly in spin-polarized electron sources,2,3 developed
during the late 1970s. Optical spin orientation can
achieved in most III-V semiconductor materials due to
presence of a sizable spin-orbit interaction. This causes
valence-band degeneracy near the center of the Brillo
zone to be partially lifted such that spin-polarized exc
electrons are created upon illumination with circularly pol
ized light. In theory the polarization is 50% for GaAs
excitation resonant with the band gap and values appro
ing this have been measured in experiment.2,3

Shortly after the invention of the scanning tunneling m
croscope~STM!, the use of III-V semiconductors and optic
orientation was proposed as a possible way of obtaining
sensitivity in STM.4,5 The basic idea is to optically excit
spin-polarized carriers in a semiconductor STM tip a
thereby create a spin-dependent occupation of the en
levels. The tunnel current between such a tip and a magn
sample will depend on the electron polarization in both
tip and sample and can thus be used to probe the s
dependent electronic properties of the sample.

The application of this technique in a tunneling juncti
has been demonstrated recently using planar Co/Al2O3/GaAs
devices.6,7 For the STM geometry, a number of experimen
supporting the feasibility of the method have be
conducted.8,9 Theoretical descriptions of spin-polarize
transport in ferromagnet/semiconductor junctions also h
been given.10–12These treatments focus on the tunneling p
cess itself, while charge flows inside the semiconductor w
ignored. However, in a recent paper13 on the photoelectrica
properties of these tunnel junctions, we have shown that
570163-1829/98/57~7!/4033~15!/$15.00
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rents in the semiconductor cannot be neglected and may
dominate the transport behavior of the junction. We theref
have to address the question what influence the subsur
currents in the semiconductor have on the spin polariza
of the tunnel current. This is the topic of the present paper
which we extend our model of Ref. 13 by including the sp
variable.14

Hence we will describe a fully spin-polarized theory f
transport in photoexcited semiconductor/ferromagnet tun
junctions that includes tunneling as well as the semicond
tor subsurface currents. Moreover, spin relaxation in
semiconductor bulk and at the surface is considered.
model is used to calculate charge flows under optical ori
tation in order to elucidate the mechanisms that control
size of polarization signals and investigate the influence
several variables. In particular, we show that modulating
polarization of optically excited electrons creates an osci
tion of the tunnel current that depends critically on the op
ating regime of the junction. The latter is determined main
by the applied bias voltage. In addition, it is revealed tha
significant signal reduction can arise from spin relaxation
photoelectrons in semiconductor surface states. The ins
gained is indispensable for the interpretation of experime
results and valuable for the guidance of future work.

The paper is outlined as follows. In Sec. II the spi
polarized transport theory is presented. This is used to
culate the magnitude of spin-polarized tunneling signals
Sec. III. There we also describe the functional depende
on bias voltage, size and polarization of tunnel conductan
illumination intensity, and the spin-relaxation time in sem
conductor bulk and at the surface. Simultaneously we ob
the optical response of the junction. The results are discus
in Sec. IV and Sec. V contains a summary and conclud
remarks.
4033 © 1998 The American Physical Society
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II. MODEL DESCRIPTION

In this section we introduce the model developed for sp
polarized transport in a tunnel junction between a ferrom
net and a semiconductor, in which spin-polarized carriers
created by optical spin orientation. We will limit the discu
sion to semiconductors ofp-type doping and use paramete
for GaAs throughout the paper. First we describe the s
polarization of the tunnel current. Then we consider the c
rents in the semiconductor subsurface region and incl
spin relaxation in the bulk as well as at the semiconduc
surface. For one particular regime, an approximate analy
expression will be derived for the oscillation in the tunn
current due to modulated optical orientation.

A. Spin-polarized tunneling

We describe tunneling using the transfer Hamiltonian
proach, which is a first-order perturbation method valid
the case of low tunnel barrier transparency. For the surf
of the ferromagnetic electrode we define spin-dependent
sities of states byrm

s and an energy distribution functionFm

independent of spin. The superscripts denotes the spin ori
entation with respect to a given quantization axis~either par-
allel ↑ or antiparallel↓). For the~nonmagnetic! semiconduc-
tor the density of statesrs does not depend on spin
However, optical orientation produces an energy distribut
Fs

s at the semiconductor surface, which is different for t
two spin directions.

When no scattering centers are present in the tunnel
rier, the electron energy« and spin are conserved during th
process of tunneling. The tunnel current (I t

s) for spin orien-
tation s from the magnetic material to the semiconductor
then expressed as

I t
s5

21

e E d«@Fm~«1eVm!2Fs
s~«!#Gt

s~«!, ~1!

Gt
s~«!5

2pe2

\
uMs~«!u2rs~«!rm

s ~«1eVm!, ~2!

where e is the absolute magnitude of the electron char
The magnetic electrode is at the externally applied poten
Vm , while the zero energy is given by the Fermi level in t
semiconductor bulk. The functionGt

s contains the densitie
of states andMs(«), an energy-dependent tunneling matr
element16 that takes account of the overlap of the wave fun
tions of the respective electrode materials. In the case
magnetic material, not onlyrm

s , but also the matrix elemen
is spin-dependent because the wave functions depend
spin. The tunnel current polarization, defined
(I t
↑2I t

↓)/(I t
↑1I t

↓), is determined by the difference betwee
Gt
↑ andGt

↓ , together with the spin imbalance in the semico
ductor (Fs

↑ÞFs
↓).

So far, no approximations have been made regarding
energy dependence of the densities of states and the m
elements. Also the distribution functionsF have not been
specified yet. With respect to the latter, we presume tha
the semiconductor surface each spin subsystem is in the
equilibrium. This is a reasonable assumption considering
effectiveness of carrier capture and relaxation at semic
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ductor surfaces with surface states.19 For each spin sub-
system we can then properly assign a surface electrochem
potential Vs

s and the electron distribution is given b
an energy-shifted Fermi-Dirac function, i.e.,Fs

s(«)
. f («1eVs

s). As a further simplification, we will conside
the regime of low temperature and low bias voltages. In t
limit the current is linear in the bias voltage20 and Eq.~1!
reduces to

I t
s5Gt

s@Vm2Vs
s#. ~3!

Note that the functionGt
s effectively behaves as a tunne

conductance. In our model, we will treatGt as a spin-
dependent constant and disregard any deviations from a
ear bias dependence.

In an experiment it is convenient to modulate the circu
polarization of the excitation light and thereby the spin p
larization of the created carriers. Using time-dependent s
face potentialsVs

s(t)5Re$Vs
s1DVs

sexp(jvt)%, we can calcu-
late the resulting modulation of the total tunnel current. T
yields

~4!

where DVs5@DVs
↑1DVs

↓#/2 and DVs
spin5@DVs

↑2DVs
↓#/2.

Equation ~4! shows that for modulated optical orientatio
(DVs

↑Þ0 andDVs
↓Þ0), the tunnel current modulation wil

in principle depend on the magnetic structure of the sam
electrode via the functionGt

s . More precisely, the modula
tion will change its phase by 180° upon reversal of t
sample magnetization21 ~corresponding to interchangingGt

↑

and Gt
↓) and has a size determined by the degree of tun

conductance polarization~i.e., by Gt
↑2Gt

↓). The current
modulation therefore reflects the magnetic structure of
sample.

As already stated,Gt
s(«) contains the spin-dependen

density of states in the magnetic electrode and a transi
matrix element. It is therefore important to realize th
strictly speaking, one is sensitive not only to the spin pol
ization of the magnetic electrode, but also to the sp
dependent decay of the wave function into the tunnel barr
Using free-electron states, it was already shown that the
rent polarization is affected by the height and shape of
tunneling barrier.11,12 Furthermore, we stress that the tunn
current polarization is determined by those states that
contributing to the current. These are generally located i
narrow energy range around the Fermi level, while sta
with s- or p-character may dominate overd-type states,
which are more localized in nature. To what extent the p
larization of the tunnel current reflects the band polarizat
or the magnetic moments of the magnetic electrode is
clear at present.

B. Semiconductor subsurface currents

Transport in a tunnel junction between a metal and
optically excited semiconductor is quite complicated b
cause, in addition to the actual tunneling current, also
electron and hole currents in the subsurface region of
semiconductor have to be included. Together these de
mine the~spin-dependent! occupation of the semiconducto
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FIG. 1. Energy band diagram of a junction between a metal and ap-type semiconductor separated by a tunnel barrier of widthd and
heightF t . The zero potential is taken at the Fermi level in the semiconductor bulk, while the semiconductor surface and the metal
are at potentialsVs andVm , respectively~both negative for the case shown!. Also indicated are the widthw of the depletion region, the
amount of band bendingVbb , the Schottky barrier heightFs , and a parameterj as defined in the text.
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surface states and thereby the tunnel current polarization@see
Eq. ~1!#. In the following we will describe the semiconducto
subsurface currents as well as spin relaxation in surf
states. For simplicity, tunnel junctions withplanar symmetry
are considered, although in our experiments we are dea
with low-symmetry STM junctions.15,22 The description is
based on the nonpolarized transport model that was
cussed in a previous paper,13 in which also the influence o
the STM geometry, the calculation of time-dependent s
nals, and a comparison with experimental results was giv

In a tunnel junction between a semiconductor and a me
generally a space-charge layer is present in the semicon
tor subsurface region. The phenomenon can result from w
function differences and/or the formation of surface/interfa
states and may be influenced by application of a bias volt
over the junction. For mostp-type semiconductors, the sub
surface region is depleted of holes and it can act as a ba
for transport. This so-called Schottky barrier is responsi
for the well-known rectifying behavior of metal-insulato
semiconductor diodes.

For our transport model, we thus have to deal with a se
arrangement of a tunnel barrier and a Schottky barrier. In
respect surface states at the semiconductor surface a
importance because they can mediate charge flow thro
both barriers. In the limit of vanishing density of surfa
states, charge flows directly between metal and the semi
ductor valence and conduction bands. Although this situa
is encountered for the special case of a clean GaAs~110!
surface, it is not likely to apply to the low-symmetry apex
a GaAs tip, particularly not if it has been exposed to air. W
will therefore assume that a significant density of semic
ductor surface states is present. Moreover, we use a uni
e
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density of surface states throughout the band gap and
scribe their occupation using a surface electrochemical
tentialVs . This can properly be assigned if the carriers are
thermal equilibrium. As indicated in Fig. 1, the potential ze
is taken at the Fermi level in the semiconductor bulk, wh
the potential in the metal electrode is denoted byVm . In the
depletion region the energy bands are bending down~p-type
GaAs! by an amount equal toVbb , which is related to the
Schottky barrier heightFs by

Vbb5Fs2Vs2j, ~5!

where j is the difference between the Fermi level a
valence-band maximum in the semiconductor bulk.Fs is
defined as the difference between thesurfacequasi-Fermi
level and the position of the valence-band edge at the se
conductorsurface.23

As already stated, the semiconductor surface states pl
central role in transport across the junction. They will n
only determine the charge exchange between the metal
semiconductor surface via tunneling, but also communic
with the semiconductor bulk bands. Communication with t
bulk valence band requires current over or through
Schottky barrier, together with recombination or energy
laxation at the semiconductor surface. This will be referr
to as the Schottky current. Charge flow between surf
states and conduction band only has to be taken into acc
when a substantial amount of minority carriers is presen
the conduction band. This happens, for instance, in the c
of photoexcitation, resulting in a so-called photocurrent.
the following we will give expressions for these semicondu
tor subsurface currents, for each spin component, in term



ion.

ion of the

4036 57R. JANSEN, M. W. J. PRINS, AND H. van KEMPEN
FIG. 2. Schematic overview of the spin-polarizedelectronflows in a ferromagnet/semiconductor tunnel junction under optical excitat
Arrows indicate, for both spin directions, theelectronflow associated with the photocurrentsI p

↑ andI p
↓ , the Schottky currentsI s

↑ andI s
↓ , and

the tunnel currentsI t
↑ and I t

↓ . For the forward bias case shown, electrons tunnel from filled~shaded! states in the ferromagnet~on the left!
into empty surface states located in the semiconductor band gap. The tunnel current polarization is determined by the polarizat
ferromagnets states and the spin imbalance in the occupation of the semiconductor surface states.
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the semiconductor surface potentialsVs
↑ andVs

↓ . In addition,
spin relaxation in the semiconductor surface states is con
ered. A schematic representation of the spin-dependent
rents is given in Fig. 2, showing the case of forward bias
which electrons tunnel from filled states in the ferromag
~on the left! into empty surface states located in the semic
ductor band gap~on the right!. Note the spin imbalance in
the semiconductor surface states and the small arrow, p
ing from the spin-down to the spin-up surface states, wh
denotes spin relaxation at the semiconductor surface, to
discussed below.

1. Schottky current

For the description of the Schottky current, we will lim
ourselves to the case where the dominant transport me
nism is the thermally assisted emission of majority carri
~holes! from the bulk valence band to the surface, known
thermionic emission. This situation occurs in high mobil
semiconductors, such as GaAs, at not too high doping d
sity ~a few times 1023 m23 and lower!. Ignoring spin for the
moment, the Schottky current densityJs from semiconductor
surface to bulk is given by24–26

Js5J0@exp~bVs!21#, J0[2A** T2exp~2bFs!,
~6!

where J0 is the saturation current density andA** is the
effective Richardson constant.24–26 T is the temperature~in
K! andb52e/kBT with kB the Boltzmann constant. Sma
deviations from the thermionic emission equation, due to
presence of other transport mechanisms~tunneling through
id-
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e

the Schottky barrier at higher doping levels!, can be incor-
porated by adopting a slightly different current expressio

Js5J0exp~bVs /n!@12exp~2bVs!# ~7!

wheren is the ideality factor. Forn51 we recover Eq.~6!.
The most important feature is the exponential depende

of the Schottky current on the voltage differenceVs between
semiconductor surface and bulk. This is caused by the in
ence of bias on the degree of band bending. For forward
(Vs,0) the band bending is reduced and the current
creases exponentially with voltage. For reverse bias (Vs.0)
the bands are bent further down and the current experie
an increasing resistance. This rectifying behavior is redu
whenn deviates from unity.

The application of voltages not only induces a thermio
emission current, but also implies charge rearrangemen
the semiconductor surface. This shifts the surface Fe
level with respect to the semiconductor bands and modi
the Schottky barrier heightFs . To first order inVm andVs ,
the barrier height is given by

Fs5Fs
02

C̃t@Vm2Vs#2C̃sVs

C̃t1C̃s1e2Dss

[Fs
02g t@Vm2Vs#1gsVs ,

~8!

whereFs
0 is the barrier height in the equilibrium state~when

Vm5Vs50), C̃t andC̃s are the capacitances per unit area
the tunnel and Schottky barrier, respectively, andDss is the
density of surface states~units m22 J21). Theg factors are
defined as g t[C̃t /@C̃t1C̃s1e2Dss] and gs[C̃s /@C̃t
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1C̃s1e2Dss] and have values between 0 and 1. Equat
~8! tells us how at the surface, the position of the valen
band edge shifts with respect to the surface quasi-Fe
level, in response to the drop of electrochemical poten
across the tunnel barrier~weighted by the factorg t) and in
response to the potential drop across the Schottky ba
~weighted by the factorgs).

Equations~5! and ~8! can be combined into

Vbb5Vbb
0 2g tVm2@12g t2gs#Vs with Vbb

0 5Fs
02j.

~9!

The first term (Vbb
0 ) represents the band bending in the eq

librium state. The second term describes the dependenc
the band bending on the external bias (Vm). In the case of a
limited density of surface states, the semiconductor sub
face region is not completely shielded from the metal, su
that the applied biasVm influences the band bending in th
semiconductor by a capacitive coupling.27–29 The third term
takes account of the band bending caused by the dro
electrochemical potentialVs across the Schottky barrie
which is nonzero only in the case of current in the semic
ductor.

As regards the polarization of the Schottky current, it
important to realize that for thermionic emission the relev
quantity is the energy difference between the electrochem
potential and the maximum of the Schottky potential barr
This positions the tail of the Fermi-Dirac distribution wit
respect to the barrier maximum and determines, toge
with temperature, the number of carriers that are able to
emitted over the barrier. Concerning spin dependence,
note that band bending and the formation of a space-ch
layer is entirely governed by electrostatics. Here only
electron charge, not spin, is of importance. The band bend
is thus controlled by the spin-averaged potentialVs and
given by @compare to Eq.~9!#

Vbb5Vbb
0 2g tVm2@12g t2gs#Vs. ~10!

The spin polarization of thermionic emission is thus p
duced by the spin dependence of the electrochem
potentials.30 The electrochemical potential at the semico
ductor surface as well as that in the bulk has to be con
ered, for the net Schottky current is the difference betwee
component from semiconductor bulk to surface and o
flowing in the opposite direction~see also Appendix A!. The
former is governed by the bulk carrier distribution, the lat
by the surface level occupation. For the surface we h
already argued that spin-dependent potentialsVs

↑ and Vs
↓

arise from optical orientation. In the bulk, in principle als
the valence-band holes become polarized under optical
entation. However, the density of optically created holes
usually negligible compared to the dopant-induced hole d
sity. Moreover, due to the spin-orbit interaction, a stro
coupling exists between hole spin and its momentumkW , re-
sulting in a loss of the hole spin orientation on the time sc
of the momentum relaxation time (tp;10213s!. We will
therefore neglect the polarization of the bulk valence-ba
holes. Under these assumptions the thermionic emission
rentsJs

s for each spin are derived in appendix A, giving
n
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Js
s52

1

2
A** T2exp@2b~Vbb1j1Vs

s!# $exp~bVs
s!21%,

~11!

whereVbb is given by Eq.~10!. Note that for the first term in
curly brackets, corresponding to the emission of holes fr
the bulk, the spin variable drops out as it cancels with
prefactor.

2. Photocurrent

Upon irradiation with photons of energy higher than t
band gap, electron-hole pairs are created in the semicon
tor. Due to the internal electric field present in the ne
surface depletion region, electrons and holes are spat
separated. The holes are driven into the semiconductor b
while the electrons are swept towards the surface. Henc
net current is established, hereafter referred to as the ph
current. To calculate the photocurrent, we have to cons
not only electrons generated in the depletion layer, but a
those created deeper inside the semiconductor. These
reach the depletion region by diffusion and thereby contr
ute to the current too.

In the space-charge region we will neglect recombinat
losses since only a short time is needed to traverse this
gion. The contribution of electrons created in the spa
charge layer can then be calculated by simply counting th
number, considering the illumination intensity, light absor
tion, etc.31 For the contribution of electrons created outsi
the depletion region, we have to solve the one-dimensio
diffusion equation with suitable boundary conditions.31 Add-
ing the two terms yields for the total, spin-integrated pho
current densityJp , from semiconductor surface to bulk,31

Jp5 f pH 12
exp~2aw!

aLd11 J , ~12!

wherea is the photon absorption coefficient andLd is the
minority carrier diffusion length, which is related to the di
fusion coefficientD and the minority carrier lifetimet via
Ld5ADt. The prefactorf p

f p5
ehqP

EphAl
, ~13!

contains the quantum efficiencyhq for conversion of pho-
tons into electron-hole pairs~0<hq<1! and the incident flux
of photons P/EphAl , determined by the absorbed ligh
power P, the photon energyEph , and the illuminated area
Al .

To include the spin variable, we have to discuss the c
cept of a photocurrent in more detail. In the present cont
we describe the generation of a photocurrent as a two
process.32 The first step is the optically induced transition
electrons from valence-band states to conduction-band st
The second step is the transport of the excited electron
the surface. The spin polarization of the photocurrent
pends on the initial polarization and spin relaxation duri
transport towards the surface. The spin polarization
conduction-band electrons just after excitation is determi
by band-structure properties and selection rules for opt
transitions induced by circularly polarized light. For a wav
length matched to the GaAs band gap, electrons are exc
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from the G point ~k 5 0! only, resulting in a theoretica
polarization of650%. For smaller wavelengths, transitio
from states away from the center of the Brillouin zone co
tribute and the spin polarization is slightly lower. At eve
shorter wavelength, transitions from the spin-orbit split-
band start mixing in, reducing the polarization severely.
our model we denote the fraction of excited spin-up a
spin-down electrons byC↑ and C↓, respectively, with the
conditionC↑1C↓51. For band-gap excitation in GaAs wit
right-handed circularly polarized light, we haveC↑53/4 and
C↓51/4, while for left-handed circularly polarized light w
get C↑51/4 andC↓53/4.

During transport to the surface, the polarization is redu
as a result of spin relaxation. Two mechanism are most
evant, depending on temperature and doping density.33 The
first one is the D’yakonov-Perel’ mechanism, which is ef
cient in bulk GaAs at higher electron kinetic energy. T
second mechanism, proposed by Bir, Aronov, and Pikus
related to electron-spin scattering by holes and there
scales with the GaAs doping density. Values for the sp
relaxation time in GaAs, determined from measurements
the circular polarization of luminescence, are about 5310211

s at 300 K~with little dependence on doping concentratio!
and range below 77 K from 2310210 s at high doping den-
sity to 231029 s at low doping density.33

The effect of spin relaxation during drift in the ban
bending region is negligible since electrons travel at velo
ties above 105 m/s through this region generally smaller th
100 nm. This takes less than 1 ps, a time much shorter
the lower limit of the spin-relaxation time~50 ps!. Electrons
created in the depletion region will therefore reach the se
conductor surface with virtually the same spin polarizat
as just after excitation. The photocurrentJdepl

s from electrons
excited in the depletion region is then easily evaluated fr
expressions given previously for the spin-integra
current,31 giving

Jdepl
s 5Cs f p$12exp~2aw!%. ~14!

For electrons created deeper inside the semiconductor,
relaxation is important during diffusion towards the dep
tion region. A spin-dependent diffusion photocurrentJdi f

s is
therefore included in the model. In Appendix B it is show
that the polarization of the diffusive photocurrent can be
pressed in terms of the minority carrier diffusion leng
Ld5ADt and a ‘‘spin-asymmetry’’ diffusion lengthLs . The
latter is given byLs5ADt/(11t/ts), wherets is the spin-
relaxation time. The polarizationPdi f of the diffusive photo-
current is given by~Appendix B!

Pdi f5S C↑2C↓

C↑1C↓
D S a11/Ld

a11/Ls
D . ~15!

For a long spin-relaxation time (ts@t) we haveLs5Ld and
the polarization is given by the value at excitation. When
spin-relaxation time becomes comparable to or shorter t
the minority carrier lifetime, the polarization of the diffusio
photocurrent is diminished. The reduction can be significa
using typical values for GaAs,a51 mm21, Ld52 mm, and
t5731029 s, the polarization is reduced by roughly a fact
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of 3 for ts51310210 s. The diffusion photocurrentsJdi f
s are

explicitly written as~Appendix B!

Jdi f
s 5

1

2
f pexp~2aw!H aLd

aLd11
6

aLs

aLs11
~C↑2C↓!J ,

~16!

where the plus sign should be used fors5↑ and the minus
sign for s5↓. From Eqs.~14! and ~16! one can obtain the
total photocurrentJdepl

s 1Jdi f
s for each spin orientation

Simple algebra shows that the sum of both spin channels
be rewritten in the form previously given for the total ph
tocurrentJp in Eq. ~12!.

Summarizing, in GaAs the polarization of electrons c
ated in the depletion region is hardly reduced during tra
port to the surface. Spin relaxation is important however
the diffusive contribution. This picture is supported by me
surements of the spin polarization of photocurrents extrac
from thin GaAs layers.34 For films of 0.2mm thickness a
maximum polarization of 49% was found, close to the the
retical value. Thicker layers produced a lower maximum p
larization, attributed to the increasing effect of spin rela
ation for electrons created further away from the surface

3. Spin relaxation in surface states

When electrons reside in surface states, they can flip t
spin at a certain rate. If a spin imbalance in the occupation
the surface states exists, then on the average a larger nu
of spin flips per unit time will occur for the spin that i
dominantly present. This results in a net flow of electro
from one to the other spin subsystem. We define the exc
density of spin up electrons35 as Nexc52e(Vs

↑2Vs
↓)Dss/2.

Denoting the surface state spin lifetime bytss, the density of
currentJf lip from the spin-up to the spin-down subsystem
written as

Jf lip5
2eNexc

tss
5

e2Dss

2tss
~Vs
↑2Vs

↓!. ~17!

In effect, this spin-flip current tends to minimize the sp
splitting in the surface electrochemical potential.

Having discussed the spin polarization of the current co
ponents, we can now write down the conditions for cha
and spin conservation:

Jp
↑1Js

↑2Jt
↑1Jf lip50,

~18!

Jp
↓1Js

↓2Jt
↓2Jf lip50.

Due to the fact thatJf lip contains both the unknown vari
ables Vs

↑ and Vs
↓ to be calculated, the two equations a

coupled and have to be solved simultaneously in a s
consistent manner.

In one particular limiting case we can derive an analyti
expression for the splitting (Vs

↑2Vs
↓) in the surface state po

tential. Two basic assumptions have to be made:~i! The
tunnel current can be neglected compared to the photocu
and Schottky current, and~ii ! the surface spin splitting is
small enough so that we can neglect the polarization of
Schottky current (Js

↑'Js
↓). Eqs.~18! can then be combined

to Jp
↑2Jp

↓522Jf lip . Using expression~17! for Jf lip we get
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Vs
↑2Vs

↓52
tss

e2Dss

~Jp
↑2Jp

↓!. ~19!

Next we use Eq.~4! to evaluate the modulationDI t of the
tunnel current due to a modulation of the circular light p
larization. In the limit under consideration we have, beca
of symmetry,DVs

↑52DVs
↓ andDVs

↑[(Vs
↑2Vs

↓)/2. Inserting
this in Eq.~4! yields, together with Eq.~19!,

DI t5
tss

2e2Dss

~Jp
↑2Jp

↓!~Gt
↑2Gt

↓!. ~20!

The modulation signal thus scales with the polarization
photocurrent and tunnel conductance and is inversely pro
tional to the surface state spin-flip rate.36 In the next section
we will see that this situation is approached for high enou
forward bias, where the junction is operated in the photov
taic regime.13,8

III. CALCULATION RESULTS

A. Calculation procedure and parameters

Based on the model for spin-polarized transport, we
calculate the difference in tunnel current for excitation w
left- or right-handed circularly polarized light. This quanti
will hereinafter be referred to as the circular polarizati
modulation~CPM! signal. In addition, we can evaluate th
change in current in response to a small variation of the li
intensity. We will call this the intensity modulation~IM !
signal. The latter is important because experimentally i
not trivial to modulate the circular polarization without in
troducing at the same frequency also an intensity mod
tion. Possible sources are imperfect alignment of the opt
components, polarization-dependent optical scattering in
tunnel junction, or magneto-optical effects due to interact
of the light with the magnetic sample. An intensity modu
tion can translate into a current modulation in three wa
First, there is the change of the photocurrent magnitu
which directly influences the tunnel current. Second, hea
effects can cause a modulation of the tip to sample sep
tion. Third, a modulation in the semiconductor surface p
tential may occur, causing displacement currents through
junctions capacitance. A detailed account of all three co
ponents was given in Ref. 13, where time-dependent curr
were described with help of complex admittanc
Y5G1 j vC, with v the modulation frequency.

To determine the CPM and IM signals, we adopt a q
sistatic approach, in which we calculate for two laser inte
sities, differing by 5%, the direct currents for both left a
right circularly polarization. The modulation signals are th
obtained by taking appropriate combinations of the curre
in the four situations. The procedure thus ignores displa
ment currents37 and does not include phase changes p
duced due to capacitances in the junction. In the IM sig
we have also not included modulations due to heating.

The modulation signals, together with the time-averag
total tunnel current, have been calculated as a function of
externally applied biasVm . We used several values of th
tunnel conductance polarization and spin-relaxation ti
tss. Also the influence of bulk spin scattering of photoele
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trons is studied by varying the parameterts . Values used for
the other parameters are collected in Table I. For mate
parameters, marked by 1 in the last column, we have ta
literature values for GaAs. Parameters marked 2 are dict
by the experimental conditions.38 The twog factors are cal-
culated from a combination of several constants.

B. Results

Let us first illustrate the relationship between CPM sign
and the polarization of the tunnel conductance~read sample
magnetization!. To do so, we have calculated the CPM a
IM signals for different values ofGt

↑2Gt
↓ , while keeping the

total tunnel conductanceGt
↑1Gt

↓ constant. The maximum
polarization used was 30%, which is close to the value
tected for Co in spin-polarized transport measurements w
thin-film tunnel junctions.39 For the photocurrent we use
50% polarization at excitation and a bulk spin lifetimets
equal to 1310210 s. This gives a net photocurrent polariz
tion of 16%. The results are shown in Fig. 3, with the CP
signal plotted in arbitrary units as we do not yet want
emphasize the signal magnitude at this point. The pre
value of the surface spin-relaxation timetss is therefore not
relevant here.

As expected, we see that the CPM signal~upper plot! is
proportional to the tunnel conductance polarization and
verses sign when the conductance polarization is inve
~see also Ref. 21!. Moreover, the signal magnitude exhibits
distinct dependence on bias voltage. In fact, the signal c
pletely disappears for higher positive~reverse! bias, irrespec-
tive of the tunnel conductance polarization. In contrast,
IM signal ~middle plot! shows exactly the opposite behavio
approaching zero for the bias polarity where the CPM sig
is largest. The remarkable variation withVm is correlated
with the deviation of the total tunnel current~bottom plot!
from a linear curve. The negative~forward! bias part of the

TABLE I. Values for the parameters used in the model calcu
tion. 1 denotes material parameters and 2 denotes parameter
tated by experimental conditions.

Parameter Value Source

Vbb
0 20.39 V 1,2

j 20.1 V 1
N 531023 m23 2
A** 106 A m22 K 22 1
T 300 K 2
Dss 131036 m22 J21 1,2
t 7.231029 s 1
Ld 231026 m 1
P 0.531023 W 2
Al 3.14310210 m2 2
Eph 1.55 eV 2
a 13106 m21 1
h 1 1
b 38.7 V21 2
g t 0.23
gs 0.09
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curve is linear, while the slope of the curve is reduced to z
at reverse bias. The current saturation at reverse bia
caused by the finite supply of photoelectrons, which lim
the tunnel current~see also Ref. 13!. We will explain the

FIG. 3. Calculated CPM signal~upper plot! as a function of bias
Vm , for tunnel conductance polarizations (Gt

↑2Gt
↓)/(Gt

↑1Gt
↓) of

30%, 20%, 10%, 0%,210%, 220% and230% for curvesA–G,
respectively. The total tunnel conductance (Gt

↑1Gt
↓) and all other

variables are kept constant. The middle and lower plots show
IM signal and the total tunnel current, respectively, obtained w
the same parameter settings.
o
is

s

relation with the modulation signals after having discuss
the effect of the total tunnel conductance and photocurr
on the modulation signals.

Figure 4 shows results obtained for a varying size of
total photocurrent (Jp

↑1Jp
↓), keeping its polarization fixed

Experimentally this is achieved by changing the incide

e
h

FIG. 4. Calculated CPM signal~upper plot! with the total pho-
tocurrent varied, for a 30% polarization of the tunnel conductan
The middle and lower plots show the IM signal and the total tun
current, respectively, obtained with the same parameter setting
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light power. The power was chosen such that saturation
the current occurs at reverse bias (Vm.0), giving a devia-
tion from a linear current voltage curve~lower plot!. The
increase of the saturation current at reverse bias for hig
light power clearly shows that the amount of optically cr
ated carriers is the limiting factor in this regime. For larg
light power, the linearly sloped part of the current extends
to higher positive bias. At the same time, the bias where
IM signal starts to increase and the CPM signal starts
decay shifts to the right. This convincingly shows that t
variation of the modulation signals with bias is linked to t
saturation of the current. The curves in Fig. 4 also show
increasing the laser power enhances the CPM signal at
ward bias, though the total tunnel current is hardly affect
Hence the relative CPM effect is enlarged.

The link between tunnel current saturation and decay
the CPM signal also appears when the value of the t
tunnel conductance (Gt

↑1Gt
↓) is varied. This can experimen

tally be done by changing the tip to sample distance. Fig
5 presents calculated curves, obtained with identical li
intensity. First of all, at forward bias (Vm,0), the total tun-
nel current as well as the modulation signals decrease w
the tunnel conductance is reduced. This is not surprising
not trivial since the statement does not, for instance, hold
positive bias voltages. In addition to this, we see in the low
plot for the total current a transition from a situation wi
current saturation as before~curve A! to a situation with a
completely linearI -V characteristic~curve E!. The latter
happens for the lowest tunnel conductance, where the tu
barrier limits the current over the complete voltage ran
shown here. The transition can also be seen in the mod
tion signals and for the smallest tunnel conductance, th
become independent of the bias voltage. Thus, for low tun
conductance, the characteristic variation of the CPM and
signal due to the influence of the subsurface currents in
semiconductor is absent. In that case the CPM signal is
portional to a constant times the tunnel conductance po
ization, where the constant is independent of bias volta
Since in our calculations we have also used a constant v
for the tunnel conductance polarization, we get the sa
CPM signal for all bias voltages. The interesting featu
about this regime is that it allows one to associate a m
sured variation of the CPM signal withVm , with the bias
dependence of the tunnel conductance polarization, with
the obscuring effect related to the semiconductor subsur
currents.

The decay of the CPM signal when the tunnel curr
saturates can be understood in the following way. At reve
bias (Vm.0), the bending of the semiconductor bands
enhanced. Therefore, thermionic emission of holes over
Schottky barrier becomes increasingly more difficult. Pho
excited electrons arriving at the surface then find only
small number of emitted valence band holes to recomb
with, i.e., I s'0. Photoexcited electrons will therefore acc
mulate in the surface states and build up a considerable
ageVs ~with a negative sign!. As a result, the voltage dro
Vm2Vs over the tunnel barrier increases and thus the tun
current. This continues until the tunnel current exactly b
ances the current of photoexcited electrons towards the
face. At this point a steady state is reached in whichI t5I p
and the tunnel current is limited byI p . To discuss the im-
of
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plications of this situation for the measured CPM signal,
note that the CPM signal results from a modulation of t
polarization of the photocurrent, without changing its to
size. Since we are in the regime where the Schottky cur

FIG. 5. Calculated CPM signal~upper plot! with the total tunnel
conductance as the parameter, for a 30% polarization of the tu
conductance. The middle and lower plots show the IM signal a
the total tunnel current, respectively, obtained with the same par
eter settings.
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is negligible andI t5I p , the modulation cannot result in
change of thetotal current. Hence the CPM signal has to
zero.

We stress, however, that this does not necessarily m
that the tunnel current isnot polarized. To illustrate this we
discuss each spin channel separately. This is most e
done in the absence of spin-flip processes at the semicon
tor surface. In that case both spin channels are indepen
of each other and for each spin orientation, the surface
tential Vs

s will adjust itself to satisfy the conditionI t
s5I p

s .
This condition has to be satisfied irrespective of the sup
of photoexcited electrons and the size of the tunnel cond
tance for each spin, which naturally leads to a polarization
the tunnel current equal to that of the photocurrent. We t
have the remarkable situation that we have no CPM sig
while the tunnel current polarization is nonzero and chan
sign when the excitation light is changed to the other circu
polarization. The story stays essentially the same in the c
spin flips occur. For example, if a large amount of spin-
photoelectrons arrives at the surface and the tunnel con
tance for this spin happens to be small, then most of th
can still tunnel via the spin-down conductance channel a
having flipped the spin. The polarization ofI t , however, is
then smaller than that ofI p .

The influence of the surface state spin-relaxation timetss
was examined using values ranging from 1310210 s to 1
31027 s. The resulting CPM signal is displayed in Fig. 6 f
a tunnel conductance polarization of 30%. The calculat
reveals a drastic effect oftss on the magnitude of the CPM
signal. For the shortest spin lifetimes used, the CPM signa
smaller than 0.2 pA, where the total tunnel current is 1
~not shown!. The relative effect is thus only 0.02%. Fo
larger tss, the modulation signal rapidly increases, whi
demonstrates the importance of having a small spin-flip
in the semiconductor surface states. For longer spin lifetim
~above a few times 1028 s!, the CPM signal becomes onl
weakly dependent ontss and eventually saturates. In th

FIG. 6. Calculated CPM signal for various surface spin lifetim
tss. The values are 1310210 s ~A!, 3310210 s ~B!, 131029 s ~C!,
331029 s ~D!, 131028 s ~E!, 331028 s ~F!, and 131027 s ~G!.
The IM signal and the total tunnel current~not shown! behave es-
sentially the same as before and are virtually identical for all val
used fortss.
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situation the signal is determined only by the polarization
tunnel conductance and photocurrent.

It is interesting to compare the exact numerical resu
with that given by the approximate analytical expression~20!
derived in Sec. II. Values determined from the latter a
given in Table II, together with the exact numerical result
Vm520.4 V, as shown already in Fig. 6. It is noted that f
short spin-relaxation timestss, the numerical result ap
proaches the approximate value atVm520.4 V. For larger
time constants the analytical expression grossly overe
mates the CPM signal. The approximation fails for largetss
because then the surface spin splitting inVs becomes so
large that the polarization of the Schottky current can
longer be neglected. A Schottky current with significant p
larization tends to reduce the spin splitting inVs , just as
spin-flip processes in the surface states do.

Furthermore, note that even for shorttss, the approxi-
mate value overestimates the exact numerical result at s
forward ~negative! bias or at reverse~positive! bias. In Fig. 6
we can see that at these bias voltages the CPM signa
much smaller than the value atVm520.4 V given in Table
II. Thus a further requirement for the approximation to ho
is that the junction is operated in the photovoltaic regime
large enough forward bias. Only then does the tunnel cur
hardly disturb the currents in the semiconductor subsurf
region and can tunneling be neglected in calculating
semiconductor surface potentials. The surface potentialsVs

s

are then primarily determined by the photocurrent a
Schottky current, where the latter becomes large because
band bending is strongly reduced due to the applied volta
Summarizing, the assumptions underlying Eq.~20! are valid
in the photovoltaic regime for short spin lifetimetss.

The last important variable in our model is the spin lif
time ts of minority carriers in the bulk of the semiconducto
This determines the depolarization of photoelectrons dur
diffusive transport to the surface40 and thereby the net polar
ization of the photocurrent. We have variedts from 1026 s
to 10211 s and calculated the corresponding photocurr
polarization and CPM signal. The total photocurrent is ke
constant. The results are presented in Table III.

For the range of values used forts , the photocurrent po-
larization varies from 50% for the largest spin lifetime
7.4% forts510211 s. As expected we see that for spin life
times longer than the minority carrier lifetimet5731029 s,
the photocurrent polarization and thus the CPM signa
hardly affected by bulk spin scattering. For smaller spin li

s

s

TABLE II. Exact numerical value~second column! of the CPM
signal atVm520.4 V for several values oftss, compared to the
value computed from the approximate analytical expression~20! in
the third column. The parameters are the same as for Fig. 6.

tss ~s! CPM signal~pA! DI t ~pA!

131027 8.2 197
331028 7.4 59
131028 5.8 20
331029 3.3 5.9
131029 1.46 2.0
3310210 0.50 0.59
1310210 0.17 0.20
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time the CPM signal is reduced in proportionality to t
photocurrent polarization. The overall dependence of
CPM signal onts is relatively weak, with a reduction of th
CPM signal of less than a factor of 2 whents is reduced by
an order of magnitude. Since spin depolarization is con
ered only for the diffusive contribution to the photocurre
the effect might be even weaker in the case where this c
ponent is only a minor fraction of the total photocurrent.
can be seen from Eqs.~14! and ~16!, this fraction is con-
trolled by the depletion widthw and the light absorption
coefficienta.

IV. DISCUSSION

In the preceding section we have presented the calcul
dependence of the modulation signals on the various par
eters and variables involved. The most important param
is the tunnel conductance polarization since this quantity
flects the magnetic properties of the sample under invest
tion. The CPM signal was shown to be proportional to t
tunnel conductance polarization and changes sign when
conductance polarization does. Hence the CPM signal
measure of the samples magnetic structure and spatial v
tions in the surface magnetization of the sample should
pear in the CPM signal. Since the signal is produced b
modulation of the tunnel current, the spatial resolution in
CPM signal in STM is in principle the same as for the to
tunnel current. Magnetic resolution at the atomic sc
should therefore be feasible.

In a similar way the CPM signal was shown to scale w
the polarization of the photocurrent. The latter is govern
by the bulk spin lifetimets and it is therefore advantageou
to have low spin depolarization in the semiconductor bu
Yet the net effect on the CPM signal is relatively wea
especially in the regime wherets becomes comparable to o
larger than the minority carrier lifetimet. In that case elec-
trons can escape from the photocurrent through recomb
tion with valence-band holes before they have had a cha
to relax their spin.

A much stronger influence on the CPM signal has the s
lifetime tss of electrons in the semiconductor surface stat
Except for very long surface spin lifetimes~above 1028 s!,
the CPM signal goes down linearly with decreasing spin li
time. The general picture is that when the surface state
lifetime is short, photoelectrons will have lost their spin o
entation before they can leave the surface states. The tu
current is then drawn from a reservoir of hardly polariz
electrons and no spin sensitivity is expected. In essence
situation is similar to that discussed above for the bulk s

TABLE III. Photocurrent polarization and CPM signal for se
eral values ofts , at bias voltageVm520.4 V.

ts ~s! Polarization~%! CPM signal~a.u.!

131026 50 1
131027 49 0.99
131028 46 0.91
131029 32 0.64
1310210 16 0.32
1310211 7.4 0.15
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relaxation, where the ratio of carrier lifetime and bulk sp
lifetime determines the depolarization. In the surface sta
the role of bulk minority carrier recombination is replaced
two different processes by which electrons can escape f
the surface states before spin relaxation. The two chan
are tunneling into the magnetic sample or recombinat
with thermionically emitted valence-band holes. The effe
of spin relaxation is suppressed when the tunnel curren
Schottky current is large.

The last point brings us to a more general feature of c
rent modulation in tunnel junctions between a ferromag
and a photoexcited semiconductor. This is the crucial r
played by the balance of the relevant current compone
namely, photocurrent, tunnel current, Schottky current, a
current associated with spin flips in semiconductor surf
states. The importance of this balance for the size of
CPM signal is most salient in the bias dependence of
modulation signals. This arises from bias-induced modifi
tion of the band bending and thereby of the Schottky curre
Two regimes can be distinguished. In the photoampe
mode of operation, the Schottky current is, due to large b
bending, negligible compared to the tunnel current. The t
nel current is then limited by the supply of photoexcit
electrons and we haveI t5I p . For this case we argued tha
no CPM signal can exist, even though the tunnel current
be highly polarized. Experimentally, this situation is esta
lished at reverse bias for suitably high tunnel conductanc

In the other regime, the photovoltaic mode of operatio
the tunnel current is small compared to the Schottky curre
Then the surface voltageVs developing at the semiconducto
surface is determined by the subsurface currents in the s
conductor, i.e., by the photocurrent and the Schottky curr
The polarization of the tunnel current has in this case onl
weak influence on the spin splittingVs

↑2Vs
↓ , as illustrated by

the absence ofGt
s in Eq. ~19! derived for this regime. In-

stead, the surface spin splitting is exclusively determined
semiconductor variables, such as photocurrent polariza
and surface state spin-flip rate. A nonzero CPM signal is t
possible. The photovoltaic regime can experimentally be
lected by using low tunnel conductance and high forwa
bias such that the semiconductor band bending is small.

Interestingly, the IM signal shows exactly the oppos
behavior with bias voltage in comparison to the CPM sign
In the photovoltaic regime, the IM signal has only a sm
value while the CPM signal is largest. If, however, the jun
tion is operated in the photoamperic mode, the CPM sig
vanishes, but the IM signal becomes large. Thus, by cho
ing the right bias voltage, we can either set the junction
high spin sensitivity and low optical response~forward bias!,
or have only a small signal due to spin-polarized tunnel
but a high response to small light intensity changes~reverse
bias!. Since our experiments aim at detection of a sp
polarized contribution to the tunnel current, without bei
sensitive to unwanted light intensity modulations, the pref
ence for forward bias operation is evident. In contrast, for
measurement of magneto-optical effects in such junction
high optical response is required and it is best to use rev
bias. This has already been shown experimentally to fac
tate imaging of prewritten magnetic bits in a Pt/C
multilayer sample with STM.41

With regard to material parameters that control the size
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the CPM signal, we have the polarization of the photocurr
and the spin lifetime in the semiconductor surface sta
(tss). For a given GaAs tip these are fixed. In addition, w
have the tunnel conductance polarization, which is actu
the quantity one wants to extract from an experiment.
facilitate quantitative analysis of experimental data, it is d
sirable to have a simple relationship between the CPM sig
on the one hand and tunnel conductance polarization, ph
current polarization, andtss on the other hand. Such a rela
tionship exists@e.g., Eq.~20!# for the photovoltaic mode o
operation, but it is only valid iftss is small enough to neglec
the polarization of the Schottky current. Conflicting requir
ments then arise sincetss should be as large as possible
have a maximum CPM signal. For largetss Eq. ~20! is no
longer valid and the experimental data have to be compa
with a numerical calculation involving more paramete
(Vbb

0 , gs , g t ,...), thereby introducing additional uncertain
ties. It is therefore best to have experimental conditions s
that Eq. ~20! can be used, i.e., photovoltaic operation a
negligible Schottky current polarization.Then the only unc
tain factor istss since the photocurrent polarization can
derived from a measurement of the bulk spin lifetime,
which polarized luminescence techniques are available.42

Since the spin-flip rate at the semiconductor surface
such a drastic effect on the size of the CPM signal, exp
mental control over spin-flip processes is vital for the s
cessful application of this method for spin-polarized tunn
ing in a STM. Some remarks about spin-relaxati
mechanisms are therefore appropriate. Unfortunately, littl
known about spin relaxation in surface states on semic
ductors such as GaAs. Mechanisms active in bulk GaAs m
be significantly modified or not present at all at the surfa
Some idea might be obtained, however, from photoemiss
experiments on semiconductors with overlayers,43–45 which
indicate that the decay of polarization of photoemitted el
trons due to spin scattering is particularly effective when
overlayer contains magnetic moments. For the native ox
on GaAs these are not expected to be present. For C
overlayers on GaAs, depolarization was shown to
negligible,42,46 suggesting that the spin lifetime is signifi
cantly larger than the time the emitted electron spends in
Cs/O layer. The latter is estimated to be about 10213– 10214

s, putting a lower limit of approximately 10211 s ontss.
Finally, we briefly discuss possible extensions of o

model. The first one concerns the density of surface st
Dss, which we assumed to be uniformly distributed throug
out the semiconductor band gap. Although sharp spec
features are probably not present in the case of a native G
oxide, some variation ofDss with energy is likely. The most
prominent consequence is that the spin-flip current@Eq. ~17!#
is no longer dependent only on the spin splitting in the se
conductor surface potential, but also on the average po
tial. This modifies the precise dependence of tunnel cur
polarization on bias, although the effect is of second ord

A second extention involves the consideration of a m
realistic geometry for the STM junction, ideally fully thre
dimensional. Although the behavior in essence remains
same13 as for the model of a planar junction, the ratio of t
resistance of tunnel barrier and Schottky barrier is alter
Therefore, the regimes of photoamperic and photovoltaic
havior will occur for somewhat different parameters.
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V. SUMMARY AND CONCLUSIONS

We have presented a theoretical model for spin-polari
transport in a tunnel junction consisting of a ferromagnet a
a semiconductor in which spin-polarized carriers are crea
by optical orientation. The model includes, in addition to t
tunneling current, the semiconductor subsurface curre
i.e., the current of photoexcited minority carriers and t
Schottky current due to thermionic emission of holes. Th
have been split into components for the two different s
orientations and spin relaxation was included both in
semiconductor bulk and in the surface states. Charge fl
were assumed to be mediated by a significant density of
face states for which a spin-dependent surface potentiaVs

s

was defined.
The tunnel current was described in terms of a sp

dependent tunnel conductanceGt
s and a voltage drop

Vm2Vs
s over the tunnel barrier. The tunnel conductanceGt

s

takes account of the magnetic structure of the ferromagn
electrode. The photocurrent consists of two contributio
The first originates from electrons created in the semic
ductor depletion region and its polarization is determined
the polarization at excitation. The second contribution com
from electrons diffusing to the surface from deeper down
the semiconductor bulk. For this component spin depolar
tion due to a finite spin lifetime has been included. The eq
tions for thermionic emission have also been rewritten
explicitly include the effect of a spin splitting in the surfac
potential Vs . For each spin, the current balance equatio
were given and solved self-consistently forVs

↑ andVs
↓ . The

total tunnel current and current modulations due to mo
lated optical orientation~CPM signal! or modulated light in-
tensity ~IM signal! were calculated as functions of the mo
important variables.

As expected, the CPM signal is proportional to the pol
ization of the tunnel conductanceGt and changes sign whe
Gt does. The magnitude of the CPM signal is lowered due
spin depolarization of photoelectrons in the semiconduc
bulk. However, this effect is relatively weak. A more seve
reduction of the CPM signal was shown to result from sp
relaxation in semiconductor surface states.

The modulation signals display a distinct dependence
the bias voltage applied across the tunnel junction. Two
gimes were distinguished. In the photoamperic mode,
tunnel current is limited by the photocurrent and the CP
signal vanishes, while the IM signal is large. This situati
occurs at reverse bias for high enough tunnel conductanc
the second regime, where the junction is operated in the p
tovoltaic mode, the tunnel current has only a minor influen
on the surface potentialsVs

s . Instead, these are primaril
determined by the semiconductor subsurface currents. In
regime the IM signal is small but the CPM signal is max
mum. An approximate expression for the latter signal w
shown to approach the exact numerical result in this regi
This situation can be established for forward bias and l
tunnel conductance. The response to light intensity va
tions, given by the IM signal, thus has exactly the oppos
behavior with changing bias. Regarding experiments,
leads to the important conclusion that forward bias is fav
able for the detection of spin-polarized tunneling signa
with the smallest sensitivity for error signals produced
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unwanted light intensity modulations. This situation also
lows quantitative extraction of the tunnel conductance po
ization, provided the surface spin lifetime is known. T
marked dependence of the CPM signal on bias voltage
vides an additional experimental test of the origin of t
measured signals. In conclusion, the model calculations
vide significant insight into the spin-dependent transpor
tunnel junctions under optical orientation and will be va
able for the interpretation of experimental results and
guiding future experiments.
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APPENDIX A: SPIN-POLARIZED THERMIONIC
EMISSION

When considering the spin polarization of thermion
emission, we first have to discuss the process of thermio
emission in more detail. Thermionic emission over a bar
of heightF is generally expressed as25

Js5A** T2exp~2bF!, ~A1!

which applies when the carriers are emitted from a reser
with an occupation described by a Fermi-Dirac distributi
function. The amount of carriers that have enough energ
be emitted over the barrier decays exponentially with bar
height and is strongly reduced at lower temperatures wh
the distribution function approaches a step function at
Fermi level.

The barrier heightF is given by the energy difference o
the barrier maximum with respect to the Fermi level. In o
case of hole emission over the band-bending region
p-type GaAs, the barrier maximum is given by the positi
of the valence-band maximum at the semiconductor surf
For the currentJbs due to emission of holes from the bulk o
the semiconductor to the surface, the Fermi level in the se
conductor bulk is relevant. For the currentJsb from surface
to bulk, the Fermi level at the semiconductor surface sho
be used. When no voltage across the Schottky barrie
present, the Fermi levels on each side of the barrier are l
up. Carriers on both sides then ‘‘see’’ an equal barrier hei
F and the currentsJbs and Jsb exactly balance each othe
The net current is then zero. In the case where a volt
difference is present, carriers on one side will see a lo
barrier andJbsÞJsb . The barrier height for emission from
bulk to surface is given byVbb1j, whereVbb is the band
bending andj denotes the difference between Fermi lev
and valence-band maximum in the bulk. For emission fr
surface to bulk the barrier height isVbb1j1Vs . We thus
have

Jbs5A** T2exp@2b~Vbb1j!#,

Jsb5A** T2exp@2b~Vbb1j1Vs!#. ~A2!
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The total current is then given byJsb2Jbs , which reduces to
Eq. ~6!.

The spin dependence of thermionic emission comes
tirely from the spin dependence of the Fermi levels on b
sides of the barrier. As already noted, no spin dependenc
introduced via the position of the valence-band maximum
this is determined by electrostatics for which only charg
not spin, is of importance. If we moreover neglect the pol
ization of valence-band holes in the semiconductor bu
then the currentJbs is independent of spin and for both sp
directions given by

Jbs
s 5

1

2
A** T2exp@2b~Vbb1j!#. ~A3!

The factor 1/2 is introduced to account for the two spin
rections. The only spin dependence that remains is that o
Fermi levels at the semiconductor surface. With the sp
dependent surface potentialVs

s , the thermionic emission cur
rent from surface to bulk becomes

Jsb
s 5

1

2
A** T2exp@2b~Vbb1j1Vs

s!#. ~A4!

For each spin, the net currentJsb
s 2Jbs

s can then be written as
Eq. ~11!.

APPENDIX B: SPIN-POLARIZED DIFFUSION
PHOTOCURRENT

To evaluate the spin dependence of the diffusive com
nent of the photocurrent, we solve the one-dimensional
fusion equation for both spin orientations. Denoting the e
cess density of spin-up and spin-down electrons in a ste
state byDn↑ andDn↓, respectively, the diffusion equation
read2

dDn↑

dt
5D

d2Dn↑

dx2
2

Dn↑

t
2

1

2

Dn↑2Dn↓

ts
1R↑50,

dDn↓

dt
5D

d2Dn↓

dx2
2

Dn↓

t
2

1

2

Dn↓2Dn↑

ts
1R↓50.

~B1!

Here d/dt and d/dx denote the partial derivative with re
spect to timet and distancex from the semiconductor sur
face, respectively, whileRs5Cs( f p /e)aexp(2ax) is the
rate of generation of electrons with spins. Defining
n15Dn↑1Dn↓ and n25Dn↑2Dn↓, we can rewrite Eq.
~B1! by adding and subtracting the two equations

D
d2n1

dx2
2

n1

t
1R150,

D
d2n2

dx2
2

n2

T
1R250, ~B2!

with R15R↑1R↓, R25R↑2R↓, andT5t/(11t/ts). Just
as for the non-spin-polarized case,31 we will impose the
boundary conditionsn15n250 at x5` and x5w. The
first condition is equivalent to assuming that all the light
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absorbed in the semiconductor. The second condition st
that the excess density at the edge of the depletion region
be neglected, thus assuming that every photoexcited elec
at x5w is immediately swept into the depletion region. Th
solutions of Eq.~B2! are then given by

n15~C↑1C↓!
f p

eD

aLd
2

a2Ld
211

3H expS 2aw2
x2w

Ld
D2exp~2ax!J ,

n25~C↑2C↓!
f p

eD

aLs
2

a2Ls
211

3H expS 2aw2
x2w

Ls
D2exp~2ax!J , ~B3!

where Ld5ADt is the diffusion length and
Ls5ADT5ADt/(11t/ts) is the ‘‘spin-asymmetry’’ diffu-
sion length. The currents from bulk into depletion regio
associated withn1 andn2, are obtained from

J65eD
dn6

dx U
x5w

. ~B4!
tes
can
ron
e

,

The diffusion photocurrents are then obtained by substitut
Eqs.~B3! into Eq. ~B4!, which yields

J15~C↑1C↓! f pexp~2aw!
aLd

aLd11
,

J25~C↑2C↓! f pexp~2aw!
aLs

aLs11
. ~B5!

The diffusion photocurrent polarizationPdi f is then given by
J2/J1 or

Pdi f5S C↑2C↓

C↑1C↓
D S a11/Ld

a11/Ls
D . ~B6!

To obtain expressions for the spin-up and spin-down dif
sive current, we use the relationsJdi f

↑ 5(J11J2)/2 and
Jdi f
↓ 5(J12J2)/2. The diffusion photocurrentJdi f

s for spins
is then explicitly written as

Jdi f
s 5

1

2
f pexp~2aw!H aLd

aLd11
6

aLs

aLs11
~C↑2C↓!J ,

~B7!

where the plus sign should be used fors5↑ and the minus
sign for s5↓. We then have Eq.~16!. Note that we have
usedC↑1C↓51.
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