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Theory of spin-polarized transport in photoexcited semiconductor/ferromagnet tunnel junctions
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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 photoele¢®éd signa) 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 modulatid®£163-182608)03207-X]

[. INTRODUCTION rents in the semiconductor cannot be neglected and may even
dominate the transport behavior of the junction. We therefore
For a number of decades it has been known that spinhave to address the question what influence the subsurface
polarized carriers can be generated in semiconductors by opurrents in the semiconductor have on the spin polarization
tical means. This so-called optical orientafiai electrons is  of the tunnel current. This is the topic of the present paper, in
used mainly in spin-polarized electron souréésleveloped which we extend our model of Ref. 13 by including the spin
during the late 1970s. Optical spin orientation can bevariable!*
achieved in most Ill-V semiconductor materials due to the Hence we will describe a fully spin-polarized theory for
presence of a sizable spin-orbit interaction. This causes thgansport in photoexcited semiconductor/ferromagnet tunnel
valence-band degeneracy near the center of the Brillouijunctions that includes tunneling as well as the semiconduc-
zone to be partially lifted such that spin-polarized excessor subsurface currents. Moreover, spin relaxation in the
electrons are created upon illumination with circularly polar-gemiconductor bulk and at the surface is considered. The
ized light. In theory t_hr? Eolanzanon Is 50% Ifor GaAs at mggel is used to calculate charge flows under optical orien-
exc'ttﬁ.t'oa resct))nant with the dband gap.aﬁnﬁd tva ues approacfgétion in order to elucidate the mechanisms that control the
Ing this have been measured in experintent. . . size of polarization signals and investigate the influence of
Shortly after the invention of the scanning tunneling mi- . : .
. . several variables. In particular, we show that modulating the
Croscope STM), the use of 11I-V semiconductors and optical olarization of optically excited electrons creates an oscilla-
orientation was proposed as a possible way of obtaining spiﬁ P y .
lon of the tunnel current that depends critically on the oper-

sensitivity in STM*® The basic idea is to optically excite . ¢ the iunction. The | < d ned main
spin-polarized carriers in a semiconductor STM tip and2tiNg regime of the junction. The latter is determined mainly

thereby create a spin-dependent occupation of the enerd}y € applied bias voltage. In addition, it is revealed that a
levels. The tunnel current between such a tip and a magnetiignificant signal reduction can arise from spin relaxation of
sample will depend on the electron polarization in both thePhotoelectrons in semiconductor surface states. The insight
tip and sample and can thus be used to probe the spirg@ined is indispensable for the interpretation of experimental
dependent electronic properties of the sample. results and valuable for the guidance of future work.

The application of this technique in a tunneling junction  The paper is outlined as follows. In Sec. Il the spin-
has been demonstrated recently using planar G@#GaAs  polarized transport theory is presented. This is used to cal-
devices®’ For the STM geometry, a number of experimentsculate the magnitude of spin-polarized tunneling signals in
supporting the feasibility of the method have beenSec. lll. There we also describe the functional dependence
conducted®® Theoretical descriptions of spin-polarized on bias voltage, size and polarization of tunnel conductance,
transport in ferromagnet/semiconductor junctions also havélumination intensity, and the spin-relaxation time in semi-
been givert®~?These treatments focus on the tunneling pro-conductor bulk and at the surface. Simultaneously we obtain
cess itself, while charge flows inside the semiconductor weréhe optical response of the junction. The results are discussed
ignored. However, in a recent papeon the photoelectrical in Sec. IV and Sec. V contains a summary and concluding
properties of these tunnel junctions, we have shown that curemarks.
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Il. MODEL DESCRIPTION ductor surfaces with surface statdsFor each spin sub-

In this section we introduce the model developed for spin-SyStem we ,Ea” then properly assign a'sunface .elect'rochemmal
otential V¢ and the electron distribution is given by

polarized transport in a tunnel junction between a ferromagp . C . . -

net and a semiconductor, in which spin-polarized carriers ar8" €nergy-shifted Fermi-Dirac = function, i.e.FS(e)
created by optical spin orientation. We will limit the discus- =f(¢ T@V5). As a further simplification, we will consider
sion to semiconductors gf-type doping and use parameters t_he_ regime of Iow temperqture anq low bias voltages. In this
for GaAs throughout the paper. First we describe the spifimit the current is linear in the bias voltafeand Eq.(1)
polarization of the tunnel current. Then we consider the curféduces to

rents in the semiconductor subsurface region and include 19= GOV, — V] 3)
spin relaxation in the bulk as well as at the semiconductor t thim sk

surface. For one particular regime, an approximate analyticallote that the functiorG; effectively behaves as a tunnel
expression will be derived for the oscillation in the tunnelconductance. In our model, we will tre&, as a spin-

current due to modulated optical orientation. dependent constant and disregard any deviations from a lin-
ear bias dependence.
A. Spin-polarized tunneling In an experiment it is convenient to modulate the circular

. . _ . polarization of the excitation light and thereby the spin po-
We describe tunneling using the transfer Hamiltonian apy,yization of the created carriers. Using time-dependent sur-
proach, which is a first-order perturbation method valid forg, .. potentials/(t) = Re{V7+AVexp(wt)}, we can calcu-

the case of low tu_nnel barrier transparency. For the surfac%te the resulting modulation of the total tunnel current. This
of the ferromagnetic electrode we define spin-dependent de@/’lelds

sities of states by, and an energy distribution functidf,
independent of spin. The superscriptdenotes the spin ori- Al = — { [G] + G{] AV, +[G] — G}] Ay } |

entation with respect to a given quantization gsigher par- — )
allel 1 or antiparallel] ). For the(nonmagnetitsemiconduc- spin=integrated spin—selective

tor the density of statep does not depend on spin. where AV,=[AVI+AV.]/2 and AVEP"=[AV]-AV.!]/2.
However, optical orientation produces an energy distributiorEquation (4) shows that for modulated optical orientation
F¢ at the semiconductor surface, which is different for the(Av! 0 andAV.#0), the tunnel current modulation will
two spin directions. in principle depend on the magnetic structure of the sample

When no scattering centers are present in the tunnel bagiectrode via the functio®y . More precisely, the modula-
rier, the electron energy and spin are conserved during the tion will change its phase by 180° upon reversal of the
process of tunneling. The tunnel curreff) for spin orien-  sample magnetizatidh (corresponding to interchangir@]
tation o from the magnetic material to the semiconductor isg,q th) and has a size determined by the degree of tunnel
then expressed as conductance polarizatiotii.e., by G/—G}). The current

1 modulation therefore reflects the magnetic structure of the
|0=— Fm(e+eVy) —F¢ o 1)  sample.
‘e f de[Fnle + eV —Fs(2)]Gi (o), @ As already statedG{(e) contains the spin-dependent
y 2 density of states in the magnetic electrode and a transition
e matrix element. It is therefore important to realize that,
% IM“(8)|%ps(2)pin(5 + € Vi), 2) strictly speaking, one is sensitive not only to the spin polar-
ization of the magnetic electrode, but also to the spin-
where e is the absolute magnitude of the electron chargedependent decay of the wave function into the tunnel barrier.
The magnetic electrode is at the externally applied potentialising free-electron states, it was already shown that the cur-
Vm, while the zero energy is given by the Fermi level in therent polarization is affected by the height and shape of the
semiconductor bulk. The functioB{ contains the densities tunneling barriet>? Furthermore, we stress that the tunnel
of states andM “?(e), an energy-dependent tunneling matrix current polarization is determined by those states that are
element® that takes account of the overlap of the wave func-contributing to the current. These are generally located in a
tions of the respective electrode materials. In the case of marrow energy range around the Fermi level, while states
magnetic material, not onlyy,, but also the matrix element with s- or p-character may dominate ovel-type states,
is spin-dependent because the wave functions depend aovhich are more localized in nature. To what extent the po-
spin. The tunnel current polarization, defined aslarization of the tunnel current reflects the band polarization
(|tT—|ti)/(|tT+|tl), is determined by the difference between or the magnetic moments of the magnetic electrode is un-
G| andG/, together with the spin imbalance in the semicon-clear at present.
ductor FL#F}).

So far, no approximations have been made regarding the
energy dependence of the densities of states and the matrix Transport in a tunnel junction between a metal and an
elements. Also the distribution functiorts have not been optically excited semiconductor is quite complicated be-
specified yet. With respect to the latter, we presume that atause, in addition to the actual tunneling current, also the
the semiconductor surface each spin subsystem is in thermalectron and hole currents in the subsurface region of the
equilibrium. This is a reasonable assumption considering theemiconductor have to be included. Together these deter-
effectiveness of carrier capture and relaxation at semicormine the(spin-dependeitoccupation of the semiconductor

Gi(e)=

B. Semiconductor subsurface currents
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FIG. 1. Energy band diagram of a junction between a metal apdygpe semiconductor separated by a tunnel barrier of widénd
height®d,. The zero potential is taken at the Fermi level in the semiconductor bulk, while the semiconductor surface and the metal electrode
are at potentialy/s andV,,, respectively(both negative for the case showrso indicated are the widttv of the depletion region, the
amount of band bendinyg,,, the Schottky barrier heighb, and a parametef as defined in the text.

surface states and thereby the tunnel current polarizigima  density of surface states throughout the band gap and de-
Eqg.(D)]. In the following we will describe the semiconductor scribe their occupation using a surface electrochemical po-
subsurface currents as well as spin relaxation in surfactentialVs. This can properly be assigned if the carriers are in
states. For simplicity, tunnel junctions wigitlanar symmetry thermal equilibrium. As indicated in Fig. 1, the potential zero
are considered, although in our experiments we are dealing taken at the Fermi level in the semiconductor bulk, while
with low-symmetry STM junctiond>?? The description is the potential in the metal electrode is denotecMay. In the
based on the nonpolarized transport model that was disdepletion region the energy bands are bending dgwiype
cussed in a previous pap€rin which also the influence of GaAg by an amount equal t¥,,,, which is related to the
the STM geometry, the calculation of time-dependent sigSchottky barrier heigh® ¢ by
nals, and a comparison with experimental results was given.

In a tunnel junction between a semiconductor and a metal, Vpp=DPs—V— &, (5
generally a space-charge layer is present in the semiconduc-
tor subsurface region. The phenomenon can result from worlwhere ¢ is the difference between the Fermi level and
function differences and/or the formation of surface/interfacevalence-band maximum in the semiconductor bulk; is
states and may be influenced by application of a bias voltagdefined as the difference between therface quasi-Fermi
over the junction. For mogi-type semiconductors, the sub- level and the position of the valence-band edge at the semi-
surface region is depleted of holes and it can act as a barri@onductorsurface®
for transport. This so-called Schottky barrier is responsible As already stated, the semiconductor surface states play a
for the well-known rectifying behavior of metal-insulator- central role in transport across the junction. They will not
semiconductor diodes. only determine the charge exchange between the metal and

For our transport model, we thus have to deal with a seriabemiconductor surface via tunneling, but also communicate
arrangement of a tunnel barrier and a Schottky barrier. In thisvith the semiconductor bulk bands. Communication with the
respect surface states at the semiconductor surface are lofilk valence band requires current over or through the
importance because they can mediate charge flow througBchottky barrier, together with recombination or energy re-
both barriers. In the limit of vanishing density of surface laxation at the semiconductor surface. This will be referred
states, charge flows directly between metal and the semicote as the Schottky current. Charge flow between surface
ductor valence and conduction bands. Although this situatiostates and conduction band only has to be taken into account
is encountered for the special case of a clean GAA$)  when a substantial amount of minority carriers is present in
surface, it is not likely to apply to the low-symmetry apex of the conduction band. This happens, for instance, in the case
a GaAs tip, particularly not if it has been exposed to air. Weof photoexcitation, resulting in a so-called photocurrent. In
will therefore assume that a significant density of semiconthe following we will give expressions for these semiconduc-
ductor surface states is present. Moreover, we use a unifortor subsurface currents, for each spin component, in terms of
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FIG. 2. Schematic overview of the spin-polarizgldctronflows in a ferromagnet/semiconductor tunnel junction under optical excitation.
Arrows indicate, for both spin directions, tleéectronflow associated with the photocurrerhf?,sandl é the Schottky current& andlé, and
the tunnel currenti;tT andltl. For the forward bias case shown, electrons tunnel from filchdedl states in the ferromagnédn the lefy
into empty surface states located in the semiconductor band gap. The tunnel current polarization is determined by the polarization of the
ferromagnets states and the spin imbalance in the occupation of the semiconductor surface states.

the semiconductor surface potentibll;‘andVé. In addition, the Schottky barrier at higher doping levglsan be incor-
spin relaxation in the semiconductor surface states is consigrorated by adopting a slightly different current expression
ered. A schematic representation of the spin-dependent cur-

rents is given in Fig. 2, showing the case of forward bias, in Js=JoeXp( BVs/n)[1—exp(— BV)] 7
which electrons tunnel from filled states in the ferromagnet,;aren is the ideality factor. Fon=1 we recover Eq(6).

(on the lefl into empty surface states located in the semicon- o most important feature is the exponential dependence

ductor band gagon the righl. Note the spin imbalance in ¢ ye gehottky current on the voltage differenéebetween

the semiconductor surface states and the small arrow, poinke iconductor surface and bulk. This is caused by the influ-

ing from the spin-down to the spin-up surface states, whiclycq of pias on the degree of band bending. For forward bias

denotes spin relaxation at the semiconductor surface, to tﬁ/ <0) the band bending is reduced and the current in-
S

discussed below. creases exponentially with voltage. For reverse bias0)

the bands are bent further down and the current experiences

an increasing resistance. This rectifying behavior is reduced
For the description of the Schottky current, we will limit whenn deviates from unity.

ourselves to the case where the dominant transport mecha- The application of voltages not only induces a thermionic

nism is the thermally assisted emission of majority carriersemission current, but also implies charge rearrangements at

(holeg from the bulk valence band to the surface, known aghe semiconductor surface. This shifts the surface Fermi

thermionic emission. This situation occurs in high mobility level with respect to the semiconductor bands and modifies

semiconductors, such as GaAs, at not too high doping dernthe Schottky barrier heighib. To first order inV,,, andVs,

sity (a few times 16® m 2 and lowey. Ignoring spin for the  the barrier height is given by

moment, the Schottky current densityfrom semiconductor

surface to bulk is given -2

1. Schottky current

Ci[Vm—Vs]-CV
(I)S:(I)g— ¢ mE - 2DS SECDS_'Yt[Vm_Vs]+’YsVs:
Js=Jolexp(BVs) — 1], JOE_A**TZGXF(—BQS),() 1+ CsteDss @
6

where Jg is the saturation current density and™ is the wheretbg Is tr.],e barri(?r height in the gquilibrium sta(t_when
effective Richardson constafft?® T is the temperaturgin ~ Vm=Vs=0), C; andC; are the capacitances per unit area of
K) and 8= — e/kgT with kg the Boltzmann constant. Small the tunnel and Schottky barrier, respectively, dnd is the
deviations from the thermionic emission equation, due to thélensity of surface statdsnits m2J71). They factors are
presence of other transport mechanistsneling through  defined as y,=C,/[C,+Cs+e°DsJ and vy,=C,/[C,
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+C,+e?D.J and have values between 0 and 1. Equation o R - -

(8) tells us how at the surface, the position of the valence-Js =~ §A Toexd — B(Vppt+ £+ V5)] {exp(BVs)—1j,
band edge shifts with respect to the surface quasi-Fermi (12)
level, in response to the drop of electrochemical potential L ) .
across the tunnel barriéweighted by the factor,) and in whereVy,, is given by Eq(10). Note that for the first term in

response to the potential drop across the Schottky barrit r% bILactI?]ets, qorrespobr:digg to thetemi;tsion of Iholeihfrtc;]m
(weighted by the factoy,). e bulk, the spin variable drops out as it cancels wi e

Equations(5) and(8) can be combined into prefactor.

0 h o 0 2. Photocurrent
Veb=Vir— ¥ Vim—[1— ¥— ¥]Vs with Vp,=® . —¢&. . . . .
ob= Voo~ 71Vm = [1= 71~ 7s]Vs bb— s 5(9) Upon irradiation with photons of energy higher than the

band gap, electron-hole pairs are created in the semiconduc-
tor. Due to the internal electric field present in the near-

adrface depletion region, electrons and holes are spatially
separated. The holes are driven into the semiconductor bulk,
yyhile the electrons are swept towards the surface. Hence a

face region is not completely shielded from the metal suciet current is established, hereafter referred to as the photo-
that the applied bia¥,, influences the band bending in the current. To calculate the phot_ocurrent, we have to consider
semiconductor by a capacitive couplifig2® The third term not only electrons generated in the depletion layer, but also

takes account of the band bending caused by the drop 5Pose created d_eeper i_nside the sgmiconductor. These.can
electrochemical potentiaVg across the Schottky barrier, reach the depletion region by diffusion and thereby contrib-
which is nonzero only in the case of current in the semiconYt€ 0 the current too. . . o

In the space-charge region we will neglect recombination

ductor. . T .
As regards the polarization of the Schottky current, it iSIo_sses since only a short time is needed to traverse this re-

important to realize that for thermionic emission the relevanp'hon' Tre contnthrJ]Uonbof ellecltr(t)nds bcreqted| n thet. sp?r::g-
guantity is the energy difference between the electrochemicd] 'a'9€ 1ayer can then be calculated by simply counting their

potential and the maximum of the Schottky potential barrier.number’ considering ‘h‘? iIIu_mination intensity, light abso'rp-
This positions the tail of the Fermi-Dirac distribution with tion, etc3! For the contribution of electrons created outside

respect to the barrier maximum and determines, togethé e depletion region, we have to solve the on_e_gjﬂi]mensional
with temperature, the number of carriers that are able to b iffusion equation with suitable boundary conditionshdd-
emitted over the barrier. Concerning spin dependence, w9 the two terms yields for .the total, spm-mtegratedfhoto—
note that band bending and the formation of a :space—charg‘i%lrrent densityy, from semiconductor surface to butk,

layer is entirely governed by electrostatics. Here only the

The first term ng) represents the band bending in the equi-
librium state. The second term describes the dependence
the band bending on the external bid4,j. In the case of a

expl— aw
electron charge, not spin, is of importance. The band bending Jp= fp[ 1- FT_—:H) , (12
is thus controlled by the spin-averaged potental and @td
given by[compare to Eq(9)] where « is the photon absorption coefficient ahq is the
minority carrier diffusion length, which is related to the dif-
Vi =0 — v\ —[1— vei— vV (10) fusion coefficientD and the minority carrier lifetimer via
o= Vo™ YtVm = L= %= %]V Ly=\D1. The prefactorf,
The spin polarization of thermionic emission is thus pro- en. P
duced by the spin dependence of the electrochemical fo= 4 , (13
potentials®® The electrochemical potential at the semicon- EpnA

ductor surface as well as that in the bulk has to be consideontains the quantum efficiency, for conversion of pho-
ered, for the net Schottky current is the difference between gns into electron-hole pait®< ,,]qqg 1) and the incident flux

component from semiconductor bulk to surface and ongys photons P/E,sA , determined by the absorbed light
flowing in the opposite directiofsee also Appendix A The power P, the photon energf,,, and the illuminated area
former is governed by the bulk carrier distribution, the IatterAI _ P

by the surface level occupation. For the surface we have T4 include the spin variable, we have to discuss the con-
already argued that spin-dependent potentidlsand Vi cept of a photocurrent in more detail. In the present context,
arise from optical orientation. In the bylk, in principle_ also we describe the generation of a photocurrent as a two step
the valence-band holes become polarized under optical orprocess? The first step is the optically induced transition of
entation. However, the density of optically created holes isjectrons from valence-band states to conduction-band states.
usually negligible compared to the dopant-induced hole denthe second step is the transport of the excited electrons to
sity. Moreover, due to the spin-orbit interaction, a strongthe surface. The spin polarization of the photocurrent de-
coupling exists between hole spin and its momentyme-  pends on the initial polarization and spin relaxation during
sulting in a loss of the hole spin orientation on the time scaléransport towards the surface. The spin polarization of
of the momentum relaxation timer{~ 10" 3). we will conduction-band electrons just after excitation is determined
therefore neglect the polarization of the bulk valence-bandy band-structure properties and selection rules for optical
holes. Under these assumptions the thermionic emission cutransitions induced by circularly polarized light. For a wave-
rentsJg for each spin are derived in appendix A, giving length matched to the GaAs band gap, electrons are excited
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from the T' point (k = 0) only, resulting in a theoretical of 3 for rs=1x10"1%s. The diffusion photocurrent];; are
polarization of=50%. For smaller wavelengths, transitions explicitly written as(Appendix B
from states away from the center of the Brillouin zone con-
tribute and the spin polarization is slightly lower. At even - alg s f Al
shorter wavelength, transitions from the spin-orbit split-off it =75 fpexp(—aw) algt1 _aLS+1(C -G
band start mixing in, reducing the polarization severely. In (16)
our model we denote the fraction of excited spin-up and ) )
spin-down electrons by and C!, respectively, with the where the plus sign should be used o+ 1 and the minus
conditionC' + C!=1. For band-gap excitation in GaAs with Sign for o= |. From Egs.(14) and (16) one can obtain the
right-handed circularly polarized light, we haGé=3/4 and  total photocurrentJge,+Jg¢ for each spin orientation.
C'=1/4, while for left-handed circularly polarized light we Simple algebra shows that the sum of both spin channels can
getC'=1/4 andC'!=3/4. be rewritten in the form previously given for the total pho-

During transport to the surface, the polarization is reducedocurrent], in Eq. (12. o
as a result of spin relaxation. Two mechanism are most rel- Summarizing, in GaAs the polarization of electrons cre-
evant, depending on temperature and doping defifne  ated in the depletion region is hardlly'reduced during trans-
first one is the D’yakonov-Perel’ mechanism, which is effi- Port to the surface. Spin relaxation is important however for
cient in bulk GaAs at higher electron kinetic energy. Thethe diffusive contribution. This picture is supported by mea-
second mechanism, proposed by Bir, Aronov, and Pikus, i§urements of the spin polarization of photocurrents extracted
related to electron-spin scattering by holes and therefor&0om thin GaAs layers? For films of 0.2,um thickness a
SCa'es with the GaAs dop|ng densiw_ Va'ues for the Spinmax|mum pOIarlzatIOI’l Of 49% was found, C|Ose to the '[heO-
relaxation time in GaAs, determined from measurements ofetical value. Thicker layers produced a lower maximum po-
the circular polarization of luminescence, are aboxtls~ larization, attributed to the increasing effect of spin relax-
s at 300 K(with little dependence on doping concentraion ation for electrons created further away from the surface.
and range below 77 K from>210 1% s at high doping den- _ o
sity to 2x 10~9 s at low doping densit?l? 3. Spin relaxation in surface states

The effect of spin relaxation during drift in the band-  When electrons reside in surface states, they can flip their
bending region is negligible since electrons travel at velocispin at a certain rate. If a spin imbalance in the occupation of
ties above 18 m/s through this region generally smaller than the surface states exists, then on the average a larger number
100 nm. This takes less than 1 ps, a time much shorter thasf spin flips per unit time will occur for the spin that is
the lower limit of the spin-relaxation timeé0 p9. Electrons  dominantly present. This results in a net flow of electrons
created in the depletion region will therefore reach the semifrom one to the other spin subsystem. We define the excess
cor_lductor surfa_ce _with virtually the same spin polarizationdensity of spin up electrofdas Nexc= —e(Vl—Vé)Dss/Z-
as just qfter excitation. The .phof[ocurrdﬁgm from electrons  Denoting the surface state spin lifetime fy, the density of
excited in the depletion region is then easily evaluated fromturrentJs;, from the spin-up to the spin-down subsystem is
expressions given previously for the spin-integratedwritten as
current®! giving

_eNexc ezDss 7 !
Iepi=C7fo{1—exp( — aw)}. (14) nip=— =5 (Va7 Vo). an

For electrons created deeper inside the semiconductor, spif effect, this spin-flip current tends to minimize the spin
relaxation is important during diffusion towards the deple-SPlitting in the surface electrochemical potential.

tion region. A spin-dependent diffusion photocurréfi; is Having discussed the spin polarization of _the current com-
therefore included in the model. In Appendix B it is shown Ponents, we can now write down the conditions for charge
that the polarization of the diffusive photocurrent can be ex-&nd spin conservation:

pressed in terms of the minority carrier diffusion length
Ly= /D7 and a “spin-asymmetry” diffusion length. The
latter is given byl =D 7/(1+ 7/75), where s is the spin- Lol
relaxation time. The polarizatioRy;; of the diffusive photo- JptJds =i —Jnip=0.
current is given by(Appendix B

T T_ 17 _
IL+3L= 3+ 351, =0, 8

Due to the fact that;, contains both the unknown vari-
ables V. and V! to be calculated, the two equations are
coupled and have to be solved simultaneously in a self-
consistent manner.

In one particular limiting case we can derive an analytical
For a long spin-relaxation timer(>17) we haveL =L and  expression for the splittingl{ - V3) in the surface state po-
the polarization is given by the value at excitation. When theential. Two basic assumptions have to be ma(eThe
spin-relaxation time becomes comparable to or shorter thatunnel current can be neglected compared to the photocurrent
the minority carrier lifetime, the polarization of the diffusion and Schottky current, andi) the surface spin splitting is
photocurrent is diminished. The reduction can be significantsmall enough so that we can neglect the polarization of the
using typical values for GaAsy=1 um %, L4=2 um, and  Schottky current J\~J}). Egs.(18) can then be combined
r=7x10"% s, the polarization is reduced by roughly a factor to J,T)—Jé,z —2Jyip - Using expressionl7) for Jgi, we get

cl—-c!
cl+c!

Pait (15

a+ 1/Ld
a+1/Lg)’
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- TABLE I. Values for the parameters used in the model calcula-
Vl—Véz — i(J,T)_JJ’S)_ (19 tion. 1 denotes material parameters and 2 denotes parameters dic-

e’Dgs tated by experimental conditions.
Next we use Eq(4) to evaluate the modulatioal; of the  parameter Value Source
tunnel current due to a modulation of the circular light po-
larization. In the limit under consideration we have, becaus&bp -039V 1,2
of symmetry AV{=—AV! andAV.=(V]-V})/2. Inserting ¢ -0.1V 1
this in Eq.(4) yields, together with Eq(19), N 5x102m~3 2
A** 10°Am™2K™2 1
T 300 K 2
M= — 2 (3= 3)(G] - G}) 20 D 1X10% m~2 31 12
t 2 p p t t/. ss ,
€ Dss T 7.2x10°% s 1
The modulation signal thus scales with the polarization of- 2x10 _63m 1
photocurrent and tunnel conductance and is inversely prop0|P— 0.5x10 . W2 2
tional to the surface state spin-flip rafeln the next section A 3.14x10m 2
we will see that this situation is approached for high enougtFen 155 ev 2
forward bias, where the junction is operated in the photovol# 1X10° m™* 1
taic regime'® n 1 1
B 387v? 2
Il. CALCULATION RESULTS " 0.23
Vs 0.09

A. Calculation procedure and parameters

Based on the model for spin-polarized transport, we can
calculate the difference in tunnel current for excitation withtrons is studied by varying the parameter Values used for
left- or right-handed circularly polarized light. This quantity the other parameters are collected in Table I. For material
will hereinafter be referred to as the circular polarizationparameters, marked by 1 in the last column, we have taken
modulation(CPM) signal. In addition, we can evaluate the literature values for GaAs. Parameters marked 2 are dictated
change in current in response to a small variation of the lighby the experimental conditiorf& The two y factors are cal-
intensity. We will call this the intensity modulatioiM)  culated from a combination of several constants.
signal. The latter is important because experimentally it is
not trivial to modulate the circular polarization without in-
troducing at the same frequency also an intensity modula- B. Results
tion. Possible sources are imperfect alignment of the optical o . . .
components, polarization-dependent optical scattering in the Let us flrst_lllugtrate the relationship between CPM signal
tunnel junction, or magneto-optical effects due to interactior"d the polarization of the tunnel conductariezad sample
of the light with the magnetic sample. An intensity modula- Magnetization To do so, we have calculated the CPM and
tion can translate into a current modulation in three ways!M signals for different values & —G; , while keeping the
First, there is the change of the photocurrent magnitudeiotal tunnel conductanc&/+ G} constant. The maximum
which directly influences the tunnel current. Second, heatingolarization used was 30%, which is close to the value de-
effects can cause a modulation of the tip to sample separaected for Co in spin-polarized transport measurements with
tion. Third, a modulation in the semiconductor surface po-thin-film tunnel junctions® For the photocurrent we used
tential may occur, causing displacement currents through th80% polarization at excitation and a bulk spin lifetimg
junctions capacitance. A detailed account of all three comequal to X 10 °s. This gives a net photocurrent polariza-
ponents was given in Ref. 13, where time-dependent currentfon of 16%. The results are shown in Fig. 3, with the CPM
were described with help of complex admittancessignal plotted in arbitrary units as we do not yet want to
Y=G+jwC, with o the modulation frequency. emphasize the sighal magnitude at this point. The precise
To determine the CPM and IM signals, we adopt a quavalue of the surface spin-relaxation timg; is therefore not
sistatic approach, in which we calculate for two laser inten+televant here.
sities, differing by 5%, the direct currents for both left and As expected, we see that the CPM sigagbper ploj is
right circularly polarization. The modulation signals are thenproportional to the tunnel conductance polarization and re-
obtained by taking appropriate combinations of the currentserses sign when the conductance polarization is inverted
in the four situations. The procedure thus ignores displacetsee also Ref. 21Moreover, the signal magnitude exhibits a
ment current§ and does not include phase changes prodistinct dependence on bias voltage. In fact, the signal com-
duced due to capacitances in the junction. In the IM signapletely disappears for higher positigeverse bias, irrespec-
we have also not included modulations due to heating. tive of the tunnel conductance polarization. In contrast, the
The modulation signals, together with the time-averagedM signal (middle plo) shows exactly the opposite behavior,
total tunnel current, have been calculated as a function of thapproaching zero for the bias polarity where the CPM signal
externally applied bia®/,. We used several values of the is largest. The remarkable variation with,, is correlated
tunnel conductance polarization and spin-relaxation timewith the deviation of the total tunnel currettiottom plo}
7ss- Also the influence of bulk spin scattering of photoelec-from a linear curve. The negatiéorward bias part of the
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FIG. 3. Calculated CPM signélipper plo} as a function of bias FIG. 4. Calculated CPM sign&upper plo} with the total pho-
V., for tunnel conductance poIarization@I(f Gf)/(GHG%) of tocurrent varied, for a 30% polarization of the tunnel conductance.
30%, 20%, 10%, 0%;- 10%, — 20% and—30% for curvesA—G, The middle and lower plots show the IM signal and the total tunnel
respectively. The total tunnel conductan@I&th) and all other  current, respectively, obtained with the same parameter settings.
variables are kept constant. The middle and lower plots show the
IM signal and the total tunnel current, respectively, obtained with

: relation with the modulation signals after having discussed
the same parameter settings.

the effect of the total tunnel conductance and photocurrent
curve is linear, while the slope of the curve is reduced to zer@n the modulation signals.

at reverse bias. The current saturation at reverse bias is Figure 4 shows results obtained for a varying size of the
caused by the finite supply of photoelectrons, which limitstotal photocurrent J,+J}), keeping its polarization fixed.
the tunnel currenfsee also Ref. 13 We will explain the Experimentally this is achieved by changing the incident
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light power. The power was chosen such that saturation of
the current occurs at reverse biag,0), giving a devia-
tion from a linear current voltage curvdéower ploY. The 12 ¢
increase of the saturation current at reverse bias for higher 10 |
light power clearly shows that the amount of optically cre-
ated carriers is the limiting factor in this regime. For larger
light power, the linearly sloped part of the current extends up
to higher positive bias. At the same time, the bias where the
IM signal starts to increase and the CPM signal starts to
decay shifts to the right. This convincingly shows that the
variation of the modulation signals with bias is linked to the
saturation of the current. The curves in Fig. 4 also show that
increasing the laser power enhances the CPM signal at for-
ward bias, though the total tunnel current is hardly affected.
Hence the relative CPM effect is enlarged.

The link between tunnel current saturation and decay of sample voltage (V)
the CPM signal also appears when the value of the total
tunnel conductanceqt“r th) is varied. This can experimen- . . . . .
tally be done by changing the tip to sample distance. Figure
5 presents calculated curves, obtained with identical light 16 +
intensity. First of all, at forward bias\,,<0), the total tun-
nel current as well as the modulation signals decrease when
the tunnel conductance is reduced. This is not surprising but
not trivial since the statement does not, for instance, hold for
positive bias voltages. In addition to this, we see in the lower
plot for the total current a transition from a situation with
current saturation as befofeurve A) to a situation with a 4r
completely linearl-V characteristic(curve E). The latter
happens for the lowest tunnel conductance, where the tunnel 0
barrier limits the current over the complete voltage range
shown here. The transition can also be seen in the modula-
tion signals and for the smallest tunnel conductance, these
become independent of the bias voltage. Thus, for low tunnel sample voltage (V)
conductance, the characteristic variation of the CPM and IM
signal due to the influence of the subsurface currents in the
semiconductor is absent. In that case the CPM signal is pro- 1000 |
portional to a constant times the tunnel conductance polar-
ization, where the constant is independent of bias voltage.
Since in our calculations we have also used a constant value
for the tunnel conductance polarization, we get the same
CPM signal for all bias voltages. The interesting feature
about this regime is that it allows one to associate a mea-
sured variation of the CPM signal witi,,, with the bias
dependence of the tunnel conductance polarization, without
the obscuring effect related to the semiconductor subsurface
currents. -1000 ¢

The decay of the CPM signal when the tunnel current
saturates can be understood in the following way. At reverse 04 02 0 02 04
bias (V,,>0), the bending of the semiconductor bands is
enhanced. Therefore, thermionic emission of holes over the
Schottky barrier becomes increasingly more difficult. Photo- . .
excited electrons arriving at the surface then find only a FIG. 5. Calculated CPM signalipper plof with the total tunnel

small number of emitted valence band holes to recombinconductance as the parameter, for a 30% polarization of the tunnel
®onductance. The middle and lower plots show the IM signal and

with, i'e," Is~0. Photoexcited electr_ons will ther?fore aCCU- ihe total tunnel current, respectively, obtained with the same param-
mulate in the surface states and build up a considerable Vol settings.

ageV, (with a negative sigh As a result, the voltage drop

Vn— V, over the tunnel barrier increases and thus the tunnel = o ]

current. This continues until the tunnel current exactly bal-Plications of this situation for the measured CPM signal, we
ances the current of photoexcited electrons towards the sufiote that the CPM signal results from a modulation of the

face. At this point a steady state is reached in whichl , polarization of the photocurrent, without changing its total

and the tunnel current is limited bly,. To discuss the im- size. Since we are in the regime where the Schottky current
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TABLE II. Exact numerical valug¢second columnof the CPM

G ' . ' signal atV,,=—0.4 V for several values of;, compared to the
81 F i value computed from the approximate analytical expres&ohin
the third column. The parameters are the same as for Fig. 6.
:ﬂ; 6 E )
= Tss (9) CPM signal(pA) Al (pA)
éo 4+ ] 1x1077 8.2 197
§ D 3x10°8 7.4 59
E 5l 1x10°8 5.8 20
o C 3x107° 3.3 5.9
B 1x10°° 1.46 2.0
0 A 3x10°1° 0.50 0.59
: . : . 1x10° 1 0.17 0.20
04 -02 0 0.2 0.4
sample voltage (V) situation the signal is determined only by the polarization of

tunnel conductance and photocurrent.

FIG. 6. Calculated CPM signal for various surface spin lifetimes It is interesting to compare the exact numerical results
7ss. The values arex107'%s(A), 3x107'°s(B), 1x10°°s(C),  with that given by the approximate analytical expresse0)
3x107° s (D), 1x10°° s (E), 3x10 ® s (F), and x10" ' s (G).  derived in Sec. Il. Values determined from the latter are
The IM signal and the total tunnel currefitot shown behave es-  given in Table Il, together with the exact numerical result at
sentially the same as before and are virtually identical for all valueg/m: —0.4V, as shown already in Fig. 6. It is noted that for
used forrss. short spin-relaxation times,s, the numerical result ap-

proaches the approximate value\g=—0.4 V. For larger
is negligible andl;=1,, the modulation cannot result in a time constants the analytical expression grossly overesti-
change of theotal current. Hence the CPM signal has to be mates the CPM signal. The approximation fails for large
zero. because then the surface spin splittingMp becomes so

We stress, however, that this does not necessarily medarge that the polarization of the Schottky current can no
that the tunnel current isot polarized To illustrate this we longer be neglected. A Schottky current with significant po-
discuss each spin channel separately. This is most easilgrization tends to reduce the spin splitting ¥, just as
done in the absence of spin-flip processes at the semiconduspin-flip processes in the surface states do.
tor surface. In that case both spin channels are independent Furthermore, note that even for shatt, the approxi-
of each other and for each spin orientation, the surface panate value overestimates the exact numerical result at small
tential V¢ will adjust itself to satisfy the conditioh’=17.  forward (negative bias or at reversgositive bias. In Fig. 6
This condition has to be satisfied irrespective of the supplyve can see that at these bias voltages the CPM signal is
of photoexcited electrons and the size of the tunnel conduanuch smaller than the value ¥f,= —0.4 V given in Table
tance for each spin, which naturally leads to a polarization ofl. Thus a further requirement for the approximation to hold
the tunnel current equal to that of the photocurrent. We thuss that the junction is operated in the photovoltaic regime at
have the remarkable situation that we have no CPM signalarge enough forward bias. Only then does the tunnel current
while the tunnel current polarization is nonzero and changebardly disturb the currents in the semiconductor subsurface
sign when the excitation light is changed to the other circularegion and can tunneling be neglected in calculating the
polarization. The story stays essentially the same in the casgmiconductor surface potentials. The surface potentials
spin flips occur. For example, if a large amount of spin-upare then primarily determined by the photocurrent and
photoelectrons arrives at the surface and the tunnel condu&chottky current, where the latter becomes large because the
tance for this spin happens to be small, then most of therband bending is strongly reduced due to the applied voltage.
can still tunnel via the spin-down conductance channel afteBummarizing, the assumptions underlying E20) are valid
having flipped the spin. The polarization bf, however, is in the photovoltaic regime for short spin lifetimegg.
then smaller than that df,. The last important variable in our model is the spin life-

The influence of the surface state spin-relaxation tige  time 7, of minority carriers in the bulk of the semiconductor.
was examined using values ranging frorx 10" ° s to 1 This determines the depolarization of photoelectrons during
X107 s. The resulting CPM signal is displayed in Fig. 6 for diffusive transport to the surfat®and thereby the net polar-

a tunnel conductance polarization of 30%. The calculatiorization of the photocurrent. We have variegfrom 107% s
reveals a drastic effect af,; on the magnitude of the CPM to 10 ' s and calculated the corresponding photocurrent
signal. For the shortest spin lifetimes used, the CPM signal ipolarization and CPM signal. The total photocurrent is kept
smaller than 0.2 pA, where the total tunnel current is 1 nAconstant. The results are presented in Table IlI.

(not shown. The relative effect is thus only 0.02%. For  For the range of values used fay, the photocurrent po-
larger 75, the modulation signal rapidly increases, which larization varies from 50% for the largest spin lifetime to
demonstrates the importance of having a small spin-flip rat§.4% for r.=10 1's. As expected we see that for spin life-
in the semiconductor surface states. For longer spin lifetimetimes longer than the minority carrier lifetime=7x10° s,
(above a few times 10° ), the CPM signal becomes only the photocurrent polarization and thus the CPM signal is
weakly dependent omrgs and eventually saturates. In this hardly affected by bulk spin scattering. For smaller spin life-
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TABLE lIl. Photocurrent polarization and CPM signal for sev- relaxation, where the ratio of carrier lifetime and bulk spin
eral values ofr, at bias voltage/,=—0.4 V. lifetime determines the depolarization. In the surface states,
the role of bulk minority carrier recombination is replaced by

7s (9) Polarization(%) CPM signal(a.u) two different processes by which electrons can escape from
1x10°6 50 1 the surface states before spin relaxation. The two channels
1%10°7 49 0.99 are tunneling into the magnetic sample or recombination
1x10°8 46 0.91 with thermionically emitted valence-band holes. The effect
1% 109 32 0.64 of spin relaxation is suppressed when the tunnel current or
1% 10° 10 16 0.32 Schottky current is _Iarge.

1x 10" 1 74 015 The last point brings us to a more general feature of cur-

rent modulation in tunnel junctions between a ferromagnet
and a photoexcited semiconductor. This is the crucial role
time the CPM signal is reduced in proportionality to the played by the balance of the relevant current components,
photocurrent polarization. The overall dependence of thé@mely, photocurrent, tunnel current, Schottky current, and
CPM signal onr, is relatively weak, with a reduction of the current associated with spin flips in semiconductor surface
CPM signal of less than a factor of 2 whepis reduced by ~States. The importance of this balance for the size of the
an order of magnitude. Since spin depolarization is consid®PM signal is most salient in the bias dependence of the
ered only for the diffusive contribution to the photocurrent, Modulation signals. This arises from bias-induced modifica-
the effect might be even weaker in the case where this conflon of the band bending and thereby of the Schottky current.
ponent is only a minor fraction of the total photocurrent. As TWO regimes can be distinguished. In the photoamperic
can be seen from Eq$14) and (16), this fraction is con- mode of operation, the Schottky current is, due to large band

trolled by the depletion widthw and the light absorption bending, negligible compared to the tunnel current. The tun-
coefficient . nel current is then limited by the supply of photoexcited

electrons and we havie=1,. For this case we argued that
no CPM signal can exist, even though the tunnel current can
be highly polarized. Experimentally, this situation is estab-

In the preceding section we have presented the calculatdighed at reverse bias for suitably high tunnel conductance.
dependence of the modulation signals on the various param- In the other regime, the photovoltaic mode of operation,
eters and variables involved. The most important parametéhe tunnel current is small compared to the Schottky current.
is the tunnel conductance polarization since this quantity reThen the surface voltagé; developing at the semiconductor
flects the magnetic properties of the sample under investigssurface is determined by the subsurface currents in the semi-
tion. The CPM signal was shown to be proportional to theconductor, i.e., by the photocurrent and the Schottky current.
tunnel conductance polarization and changes sign when thehe polarization of the tunnel current has in this case only a
conductance polarization does. Hence the CPM signal is weak influence on the spin splitting, — V; , as illustrated by
measure of the samples magnetic structure and spatial varithe absence o{ in Eq. (19) derived for this regime. In-
tions in the surface magnetization of the sample should apstead, the surface spin splitting is exclusively determined by
pear in the CPM signal. Since the signal is produced by &emiconductor variables, such as photocurrent polarization
modulation of the tunnel current, the spatial resolution in theand surface state spin-flip rate. A nonzero CPM signal is then
CPM signal in STM is in principle the same as for the totalpossible. The photovoltaic regime can experimentally be se-
tunnel current. Magnetic resolution at the atomic scaldected by using low tunnel conductance and high forward
should therefore be feasible. bias such that the semiconductor band bending is small.

In a similar way the CPM signal was shown to scale with  Interestingly, the IM signal shows exactly the opposite
the polarization of the photocurrent. The latter is governedehavior with bias voltage in comparison to the CPM signal.
by the bulk spin lifetimerg and it is therefore advantageous In the photovoltaic regime, the IM signal has only a small
to have low spin depolarization in the semiconductor bulk.value while the CPM signal is largest. If, however, the junc-
Yet the net effect on the CPM signal is relatively weak, tion is operated in the photoamperic mode, the CPM signal
especially in the regime wherg becomes comparable to or vanishes, but the IM signal becomes large. Thus, by choos-
larger than the minority carrier lifetime. In that case elec- ing the right bias voltage, we can either set the junction to
trons can escape from the photocurrent through recombindrigh spin sensitivity and low optical responderward biag,
tion with valence-band holes before they have had a chanaar have only a small signal due to spin-polarized tunneling
to relax their spin. but a high response to small light intensity changeserse

A much stronger influence on the CPM signal has the spirbiag. Since our experiments aim at detection of a spin-
lifetime 754 of electrons in the semiconductor surface statespolarized contribution to the tunnel current, without being
Except for very long surface spin lifetiméabove 108 ), sensitive to unwanted light intensity modulations, the prefer-
the CPM signal goes down linearly with decreasing spin life-ence for forward bias operation is evident. In contrast, for the
time. The general picture is that when the surface state spimeasurement of magneto-optical effects in such junctions, a
lifetime is short, photoelectrons will have lost their spin ori- high optical response is required and it is best to use reverse
entation before they can leave the surface states. The tunngls. This has already been shown experimentally to facili-
current is then drawn from a reservoir of hardly polarizedtate imaging of prewritten magnetic bits in a Pt/Co
electrons and no spin sensitivity is expected. In essence, theultilayer sample with STM?
situation is similar to that discussed above for the bulk spin With regard to material parameters that control the size of

IV. DISCUSSION
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the CPM signal, we have the polarization of the photocurrent V. SUMMARY AND CONCLUSIONS

and the spin lifetime in the semiconductor surface states . . .
. . . o We have presented a theoretical model for spin-polarized
(759 . For a given GaAs tip these are fixed. In addition, we . ; : L
transport in a tunnel junction consisting of a ferromagnet and

have the tunnel conductance polarization, which is actually ; . : . ) .
a semiconductor in which spin-polarized carriers are created

the quantity one wants to extract from an experiment. T . . . : . ..
facilitate quantitative analysis of experimental data, it is dec-loy optical orientation. The model includes, in addition to the

sirable to have a simple relationship between the CPM signé}mnelmg current, the semiconductor subsurface currents,

on the one hand and tunnel conductance polarization, photd€-» the current of photoexcited minority carriers and the

current polarization, and, on the other hand. Such a rela- Schottky currept _due to thermionic emission of holes. The§e
tionship existde.g., Eq.(20)] for the photovoltaic mode of Nave been split into components for the two different spin
operation, but it is only valid if is small enough to neglect orientations and spin rel.axat|on was included both in the
the polarization of the Schottky current. Conflicting require-Semiconductor bulk and in the surface states. Charge flows
ments then arise since should be as large as possible to Were assumed to t_)e med|a_1ted by a significant density of sur-
have a maximum CPM signal. For large, Eq. (20) is no face stgtes for which a spin-dependent surface potevifial
longer valid and the experimental data have to be compare$yas defined. _ _ _
with a numerical calculation involving more parameters 1he tunnel current was described in terms of a spin-
(V% s, %....), thereby introducing additional uncertain- dependent tunnel conductand® and a voltage drop
ties. It is therefore best to have experimental conditions suchm— V¢ over the tunnel barrier. The tunnel conducta@e
that Eq.(20) can be used, i.e., photovoltaic operation andtakes account of the magnetic structure of the ferromagnetic
negligible Schottky current polarization.Then the only uncer-€lectrode. The photocurrent consists of two contributions.
tain factor is7s since the photocurrent polarization can be The first originates from electrons created in the semicon-
derived from a measurement of the bulk spin lifetime, forductor depletion region and its polarization is determined by
which polarized luminescence techniques are availible.  the polarization at excitation. The second contribution comes
Since the spin-flip rate at the semiconductor surface ha§om electrons diffusing to the surface from deeper down in
such a drastic effect on the size of the CPM signal, experithe semiconductor bulk. For this component spin depolariza-
mental control over spin-flip processes is vital for the Suc.tion due to a finite spin lifetime has been included. The equa-
cessful application of this method for spin-polarized tunnel-tions for thermionic emission have also been rewritten to
ing in a STM. Some remarks about spin-relaxation€Xplicitly include the effect of a spin splitting in the surface
mechanisms are therefore appropriate. Unfortunately, little ipotential Vs. For each spin, the current balance equations
known about spin relaxation in surface states on semicorwere given and solved self-consistently féf andV}. The
ductors such as GaAs. Mechanisms active in bulk GaAs matotal tunnel current and current modulations due to modu-
be significantly modified or not present at all at the surfacelated optical orientatioiCPM signa) or modulated light in-
Some idea might be obtained, however, from photoemissiotensity (IM signal) were calculated as functions of the most
experiments on semiconductors with overlay&ré® which  important variables.
indicate that the decay of polarization of photoemitted elec- As expected, the CPM signal is proportional to the polar-
trons due to spin scattering is particularly effective when thezation of the tunnel conductan€s, and changes sign when
overlayer contains magnetic moments. For the native oxid&; does. The magnitude of the CPM signal is lowered due to
on GaAs these are not expected to be present. For Cs/€pin depolarization of photoelectrons in the semiconductor
overlayers on GaAs, depolarization was shown to bebulk. However, this effect is relatively weak. A more severe
negligible®?® suggesting that the spin lifetime is signifi- reduction of the CPM signal was shown to result from spin
cantly larger than the time the emitted electron spends in theelaxation in semiconductor surface states.
Cs/O layer. The latter is estimated to be about 18104 The modulation signals display a distinct dependence on
s, putting a lower limit of approximately 10 s on 7. the bias voltage applied across the tunnel junction. Two re-
Finally, we briefly discuss possible extensions of ourgimes were distinguished. In the photoamperic mode, the
model. The first one concerns the density of surface statesinnel current is limited by the photocurrent and the CPM
D, Which we assumed to be uniformly distributed through-signal vanishes, while the IM signal is large. This situation
out the semiconductor band gap. Although sharp spectraiccurs at reverse bias for high enough tunnel conductance. In
features are probably not present in the case of a native GaAke second regime, where the junction is operated in the pho-
oxide, some variation dD ¢, with energy is likely. The most tovoltaic mode, the tunnel current has only a minor influence
prominent consequence is that the spin-flip curf&ot (17)]  on the surface potential¥g . Instead, these are primarily
is no longer dependent only on the spin splitting in the semidetermined by the semiconductor subsurface currents. In this
conductor surface potential, but also on the average potemegime the IM signal is small but the CPM signal is maxi-
tial. This modifies the precise dependence of tunnel currentium. An approximate expression for the latter signal was
polarization on bias, although the effect is of second order.shown to approach the exact numerical result in this regime.
A second extention involves the consideration of a moreThis situation can be established for forward bias and low
realistic geometry for the STM junction, ideally fully three tunnel conductance. The response to light intensity varia-
dimensional. Although the behavior in essence remains thgons, given by the IM signal, thus has exactly the opposite
samé? as for the model of a planar junction, the ratio of the behavior with changing bias. Regarding experiments, this
resistance of tunnel barrier and Schottky barrier is alteredeads to the important conclusion that forward bias is favor-
Therefore, the regimes of photoamperic and photovoltaic beable for the detection of spin-polarized tunneling signals,
havior will occur for somewhat different parameters. with the smallest sensitivity for error signals produced by
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unwanted light intensity modulations. This situation also al-The total current is then given kig,— Jys, Which reduces to
lows quantitative extraction of the tunnel conductance polargg. (6).
ization, provided the surface spin lifetime is known. The The spin dependence of thermionic emission comes en-
marked dependence of the CPM signal on bias voltage prairely from the spin dependence of the Fermi levels on both
vides an additional experimental test of the origin of thesides of the barrier. As already noted, no spin dependence is
measured signals. In conclusion, the model calculations prdntroduced via the position of the valence-band maximum, as
vide significant insight into the spin-dependent transport irthis is determined by electrostatics for which only charge,
tunnel junctions under optical orientation and will be valu- not spin, is of importance. If we moreover neglect the polar-
able for the interpretation of experimental results and forization of valence-band holes in the semiconductor bulk,
guiding future experiments. then the currend,s is independent of spin and for both spin
directions given by
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APPENDIX A: SPIN-POLARIZED THERMIONIC 1
EMISSION gb=§A** T?exf — B(Vpp+ £+ V)] (A4)

When considering the spin polarization of thermionic , - _
emission, we first have to discuss the process of thermioniE©" €ach spin, the net curredt},— J;; can then be written as
emission in more detail. Thermionic emission over a barrie£d- (11).

of height® is generally expressed s
APPENDIX B: SPIN-POLARIZED DIFFUSION

Js=A** T2exp(— Bd), (A1) PHOTOCURRENT

which applies when the carriers are emitted from a reservoir To evaluate the spin dependence of the diffusive compo-
with an occupation described by a Fermi-Dirac distributionnent of the photocurrent, we solve the one-dimensional dif-
function. The amount of carriers that have enough energy té!sion equation for both spin orientations. Denoting the ex-
be emitted over the barrier decays exponentially with barrieeess density of spin-up and spin-down electrons in a steady
height and is strongly reduced at lower temperatures whergtate byAn' andAn', respectively, the diffusion equations
the distribution function approaches a step function at theead

Fermi level.
The barrier heightb is given by the energy difference of sAn" 5%An" An' 1 An'-—An! RI—
the barrier maximum with respect to the Fermi level. In our St D o2 T 2 Ts +R =0,
case of hole emission over the band-bending region of
p-type GaAs, the barrier_maximum is give;n by the position SAn! $Ant Anl 1 An‘—Anl
of the valence-band maximum at the semiconductor surface. =-D—— ——__ _—____ _~— LRl=0
For the currenl,s due to emission of holes from the bulk of ot ox? T2 s
the semiconductor to the surface, the Fermi level in the semi- (B1)

conductor bulk is relevant. For the currehy, from surface  fgre 575t and 8/6x denote the partial derivative with re-

to bulk, the Fermi level at the semiconductor surface shoulgpect to timet and distancex from the semiconductor sur-
be used. When no voltage across the Schottky barrier iFace, respectively, whileR?=C(f,/e)aexp(ax) is the
present, the Fermi levels on each side of the barrier are lined; generation of eIectronsp with spior. Defining
up. Carriers on both sides then “see” an equal barrier heighf, + _ A 1+ Ap! and n"=An'—An', we can rewrite Eq.

@ and the currentsys and Jg,, exactly balance each other. (B1) by adding and subtracting the two equations
The net current is then zero. In the case where a voltage

difference is present, carriers on one side will see a lower 2nt nt

barrier andJ,s# Jg,. The barrier height for emission from >~ —+R*"=0,

bulk to surface is given by,,+ &, whereVy, is the band X T

bending andé denotes the difference between Fermi level

and valence-band maximum in the bulk. For emission from #n- n- _

surface to bulk the barrier height V4,,+ £+ V. We thus D SC T+R =0, (B2)
have

with R"=R"+R!, R"=R'—R!, and T=17/(1+ 7/ 7). Just
Jps=A** T2ext — B(Vppt+ €)1, as for the non-spin-polarized caewe will impose the
boundary conditionm™=n"=0 at x=« and x=w. The

Jsp=A** T?exf — B(Vpp+ £+ Vo) ]. (A2) first condition is equivalent to assuming that all the light is
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absorbed in the semiconductor. The second condition statdhe diffusion photocurrents are then obtained by substituting
that the excess density at the edge of the depletion region cdtys. (B3) into Eq. (B4), which yields
be neglected, thus assuming that every photoexcited electron

atx=w is immediately swept into the depletion region. The (e el _ aly
solutions of Eq(B2) are then given by I =(CHCHTpexp(—aw) aly+1’
fo  alj al
+—(CcT+CchH—L d -=(cl-c! - s
n"=(C'+C )eD a2L§+1 J7=(C'=C")f exp(— aw) al 41’ (B5)
X—W The diffusion photocurrent polarizatid®y;; is then given by
X ex;{—aw— 3 —exp(—ax)], J713" or
d
, o _ C'—C!\ [a+1/Ly4 (86)
n*:(cw_ci)f_g _2“25 M citct) latig)”
e
alstl To obtain expressions for the spin-up and spin-down diffu-
X—W sive current, we use the relationk;,=(J"+J7)/2 and
Xyexp —aw———|—exp(—ax);, (B3) . =(3*-J37)/2. The diffusion photocurrem; for spin
S

is then explicitly written as
where Ly=yDr is the diffusion length and

Ls=+DT=D7/(1+ 7/7) is the “spin-asymmetry” diffu- s 1L 3 aly aks
sion length. The currents from bulk into depletion region, d”_zfpeXp( aw) al_d+1ia|_s+1(C S
associated witm™ andn™, are obtained from (B7)
dn* where the plus sign should be used tor 7 and the minus
J*=eD— ) (B4)  sign for o=]. We then have Eq(16). Note that we have
dx,_, usedC'+Cl=1.
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