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Spin-polarized tunneling with GaAs tips in scanning tunneling microscopy
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We describe a model as well as experiments on spin-polarized tunneling with the aid of optical spin
orientation. This involves tunnel junctions between a magnetic material and gallium ar¢@éals, where
the latter is optically excited with circularly polarized light in order to generate spin-polarized carriers. We
present a transport model that takes account of carrier capture in the semiconductor surface states, and de-
scribes the semiconductor surface in terms of a spin-dependent energy distribution function. The so-called
surface spin splitting can be calculated from the balance of the polarized electron and hole flow in the
semiconductor subsurface region, the polarized tunneling current across the tunnel barrier between the mag-
netic material and the semiconductor surface, and the spin relaxation at the semiconductor surface. We present
experimental data obtained in a scanning tunneling microscope with a GaAs tip and a Pt/Co multilayer sample
under ambient conditions. A helicity asymmetry of tunnel curfeet, a circular-polarization-dependent tunnel
curren} was found with a magnitude of 4 pA, which was verified not to be due to variations of the optical
power. According to our model and estimations, this observation can be explained by spin-polarized tunneling,
with a lower limit to the semiconductor surface spin splitting and spin lifetime of 4 mV and 0.4 ns, respec-
tively.

I. INTRODUCTION magnetic fields. To our knowledge, this technique has not yet
been applied in a STM.

Since the early seventies, spin-polarized tunneling studies (ii) In case of tunneling between two magnetic materials,
have been conducted in order to derive information abouthe quantity to be determined is the junction conductance for
spin-dependent electronic stafelearly all of these studies parallel versus antiparallel orientation of the electrode mag-
involved thin-film tunnel junctions. With the advent of the netizations. The relative change of the conductance gives a
scanning tunneling microscog€TM) (Ref. 2 in the eight- measure for the product of the spin polarizations of the elec-
ies, the possibility emerged to perform tunneling studies on &ode materials. This technique has been treated in a number
highly localized scale. However, it is nontrivial to develop aof theoretical paper$.Experiments have been performed
Spin_se|ective STM probéa so-called tunne”ng tbp that with planar junctiong,as well as with a STM in an ultrah|gh

would allow for studies of the spin-dependent electronicvacuum environmeritDue to magnetostriction and magne-
structure of magnetic materials with atomic resolution. InOStatic interactions, in a STM the relative orientation of the

this respect, there are essentially three possibilities for the tiP @nd sample magnetization is not easily modified without
material: (i) a superconductorii) a magnetic material, or changing the tip-to-sample distance. In addition, the pertur-

(i) a semiconductor. For each of these materials, in thi?altion of the sample magnetic structure by the tip remains a

introductory section, we will very briefly point out how spin matter of concern. It may, hovyever, be possmle to ob;am
o ) ; ; ome information on spin-polarized tunneling by comparing
selectivity can be achieved, and mention the experiments aJ;

X . ) . he surface topography and current-voltage characteristics
ready performed with planar solid-state tunnel junctions a9 easured with a magnetic tip on different atomic sites.
well as in a STM.

. _ ) i ) (iii) Due to the spin orbit interaction, by optical means a
(i) The measurement of spin-polarized tunneling with &g, selectivity can be achieved in a nonmagnetic semicon-

superconducting material is based on the Zeeman splitting Qjctor. For that reason, also a IlI-V semiconductor material
the (unpaired quasiparticle states of a spin-paired supercongan pe used in a spin-polarized tunneling experiment. For
ductor (for an excellent review see Ref.JAs a result of an  example, the injection of nonequilibrium spin-polarized car-
applied magnetic fieldd, in a small spectral range of order riers can be detected, due to the emission of polarized radia-
ugH at the edges of the superconducting gap, tunneling withion. In a STM, the emission of polarized luminescence due
only one spin orientation is achieved. By measuring the difto spin-polarized tunneling has already been observed with
ferential conductance versus applied voltage, it is possible téerromagnetic tips and a GaAs samplén the other hand,
determine the spin polarization of the tunneling current.spin-polarized carriers can be created by photoexcitation
Many successful experiments were performed with thin-filmwith circularly polarized light, so-called optical spin
tunnel junctions involving superconducting Al, an &,  orientation’ The possibility of using optical spin orientation
tunnel barrier, and a wide variety of magnetic counter elecin GaAs for the purpose of spin-polarized tunneling has been
trodes. In these junctions, the electron spin is well-conservediscussed in several publicatiofis2 These ideas originate
during the tunneling process. The application of this techfrom the successful operation of spin-polarized electron
nigue in a STM is difficult, because a tip with a supercon-sources based on optical excitation of cesium-coverétpe
ducting state at the apex has to be operated in rather higaAs!* In planar Co/ALO3/GaAs junctions, evidence for
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spin-polarized tunneling of optically excited electrons was magnetic tunnel
already reported®1® The application of GaAs for magnetic metal barrier
imaging has become a hot issue with the development of
cleaved GaAs tips for STM operation, under ultrahigh
vacuum conditiond! as well as under ambient
conditions*®® In the latter studies, optical excitation was
already included, but the spin sensitivity of GaAs tips was -
not yet demonstrated. E, § E° eeeeeeee- V=0
In this paper, we are concerned with the usage of optical = valence band
spin orientation in GaAs in order to achieve spin selectivity
in a scanning tunneling microscope. First, a model descrip- ~ —ooooor . ____
tion of spin-dependent transport will be given, based on the
work of Ref. 20. This model includes the subsurface trans-
port processes in the semiconductor and spin relaxation at
the semiconductor surface. Experimental results obtained
with a GaAs tip on a Pt/Co multilayer sample will be pre-
sented. Finally, we will discuss the application of optical spin
orientation in GaAs for atomic-scale magnetic imaging. FIG. 1. One-dimensional electronic energy diagram of a tunnel
junction between a magnetic metal andoaype semiconductor.
The blow up shows the occupation of the surface states for the two
Il. MODEL FOR SPIN-DEPENDENT TRANSPORT spin directions. The spin-dependent quasi-Fermi level is represented
. . . . by V. See the text for further explanations. The picture is not on
In this section, we describe a model for spin-dependen{ aje hecause, in general, the band-bending region in the semicon-
transport in a tunnel junction between a metallic and a semigyctor is considerably larger than the tunnel barrier width.
conductor material, when optical spin orientation is applied.

This system is rather complicated, because one should n%itetermine the size of the spin dependence of the energy dis-
only consider the tunnel current between the metal and th P P gy

. fibution function at the semiconductor surface, the so-called
semicondutor surface, but also the electron and hole currents, - Snductor surface spin splitting
in the semiconductor subsurface region. The tunneling cur- '
rent has already been treated theoretically by Molotkava

Green's function formalism, and by Laiho and Réttfor A. Spin-polarized tunneling
plane electronic waves; we will describe the tunneling cur-
rent by the transfer Hamiltonian approactin a convenient

form for a modulation experiment. To our knowledge, the

semiconductor

conduction band

The present derivation of the spin-dependent tunneling
current is based on the transfer Hamiltonian approach, a first-

spin-dependent transport in the semiconductor, including thgrder pertqrbatlon method that applles n the case of a low
subsurface electron and hole currents, the surface states aw_nel barrier tr_anspare_néyAs deP'Cted |n_F|g. 1’. the mag-
spin-relaxation therein, has not been treated elsewhere. THSUC electrode is described by single-particle spin-dependent
incorporation of surface states into a model description i&vave functions ¢, with energiesE,, and by a spin-
particularly important when considering semiconductor tips/ndependent energy distribution functié,. The o super-
because at the tip apex surface states are present due to BiPt indicates the spin orientation with respect to a given

strongly reduced crystallographic symmetiso even in a quantization axigparallel or spin up equals, antiparallel or
well-controlled environment spin down equalg); we will use identical spin quantization

In a 1lI-V semiconductor like GaAs, optical spin orienta- 8X€S for the two materials. Since the semiconductor is not
tion involves photoexcitation with light of circular magnetic, the semiconductor surface is described by the

polarization’ At the direct gap of GaAs, the conduction band SPin-independent wave functiogs, with energies,, ; how-
is predominantly formed from Ga-derived wave functions€Ver, due to optical spin orientation, the carriers at the semi-
with s symmetry, whereas the valence band consists of Asconductor surface follow a spin-dependent energy distribu-
derived wave functions gb symmetry. Because of the spin- tion (F¢).
orbit interaction in the valence band, the optical transition In @ good tunnel barrier no scattering centers are avail-
probabilities are such that circularly polarized photons withable, such that the electron energy and the electron spin are
an energy close to the band gap give a maximum spin po|aﬁ0nserVEd during the tunneling process. In that case, the tun-
ization of 50% in unstrained Ga&4.An important conse- nel current ({) for spin orientationo from the magnetic
quence of optical spin orientation, is that in the semiconducimaterial to the semiconductor surface can be expressed as
tor, the energy distribution of charge carriers deviates fronfollows:
equilibrium and is unequal for the two spin orientations, the
latter quality being essential for a spin-polarized tunneling 1
experiment. - . | 17=— f ds[F (2 +eVe) —F(2)1G{(e), (1)

In the following, we will first consider the spin-dependent —€
tunneling current flowing between a magnetic material and a
semiconductor surface, for a given spin-dependent energy 22
d|str|put|on of carriers at the _semconductor surfac;e. NextG;r(S): Z S(e+eV,—E%) 8(e—E,)|M? |2, )
we will present a model description of the mechanisms that o # my
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72 - relates to the differential tunneling conductanbg, is the
szzﬁf dS ¢ Vi, — ¢, Vyr*], (3 well-known tunneling matrix element; the surface integral
(fd9) is evaluated inside the barrier separating the two ma-

. . terials. Note that no assumption is made with respect to the
wheree is the absolute _magnltude of the elect_ron Charg_e hape of the two electrodes, or the dimensionality of the
The magnetic electrode is at the externally applied potentiady siem The matrix element takes account of the overlap of
Vm. The energy zero is given by the Fermi level in the e wave functions of the respective electrode materials. This
semiconductor bulk. The functid@{(¢) takes account of all parameter is spin dependent, because the wave functions of
energy-conserving tunneling transitions at eneegy for  the magnetic material depend on the electron spin. Calcula-
states with spin orientatioor. As we will see,G;{ closely tion of the total tunnel current yields

N _ @
1=3 17== | dell6]+GHIF,~F.1~16]-GHFI-F i1,

spin integrated spin selective

where F=[F{+F.]/2 is the spin-averaged distribution Where G;=G/+G{ and A G,)=[G|—G{]/G,. The nega-
function at the semiconductor surface. The first term takesive sign in Eq.(6) results from the definition of the direction
account of the spin-integrated tunnel current. The secondf current flow.2(G;) is the normalized polarization of the
term is present in the case of a spin-polarized magnetic maspin-dependent tunnel conductance. This quantity was evalu-
terial (G} #G}) and a spin imbalance in the semiconductor ated by Laiho and Reitté*® for a two-band free-electron
(Fl;é Fé). An expression similar to Eq4) was derived in  ferromagnet in a planar junction, showing that the size of
Ref. 11. In the following, we will assume that at the semi-2/G;) depends not only on the bulk band structure, but also
conductor surface each spin subsystem is close to thermah the barrier height and shape. Experimérts well as
equilibrium, because the processes of carrier capture and realculation$® indicate that/{G,) can be tens of percents for
laxation are generally very efficient at surfaces with surfacenaterials like Fe, Co, and Ni.
states”® This means that the spin subsystems approximately An ideal optical spin-orientation experiment involves only
follow an energy-shifted Fermi-Dirac distribution: 5 modulation of the surface spin sp"ttin@\(/zpin), not a
F<(e)=f(e+eV;), whereVy is the spin-dependent surface modulation of the spin-averaged surface potential
potential. As indicated in Fig. 1, this allows for the definition (AVS:O). However, in case of an unwanted modulation of
of the spin-averaged surface potentidl=[V{+V1/2;and  the optical power, the spin-averaged potential will also
of the surface spin splitting/s""=[V{-V{]/2 . modulaté?* This can, for example, be due to the magneto-
In our experiments a modulation of optical polarization optical Kerr/Faraday effeéf. Also nonmagnetic effects can
and/or of optical intensity is applied. As a result, the spin-give a modulation of optical power, for example,
dependent distribution function at the semiconductor surfacg@olarization-dependent optical scattering in the tunnel junc-
becomes time dependent with the following form: tion, or imperfect alignment of optical components. In our
FS(t)=Re{FJ+AFJexp(wt)}, wherew is the modulation  experiments, we find that V" and AV, are of comparable
frequency. The associated time-dependent surface potentigﬁ&e, namely, of the order of a few percent_\lgf, i.e., of the
becomes/{(t) =Re[VS+AViexp(at)}. To firstorderinthe  orger of 10 mV. In order to separate the spin selective from
modulation amplitudes, with Eq4) we find the following  the spin-integrated contributions to the current modulation,
modulation of the total tunneling current: an additional technique is required. This separation can be
(5 achieved by varying the photon energy, the tunnel barrier

AlL=~{[G]+G AV, +[G]-G}jav®h width, and the applied voltage. In addition to the above-
described modulation of tunnel current, displacement cur-
spin integrated spin selective rents and signals due to thermal expansion can ap(sear

Ref. 20. These signals are not of interest here, since they
carry no spin selectivity.
where AV =[AV][+AV!]/2 andAVP"'=[AV]-AV!]/2.
The spin-selective contribution of E€p) can also be written _ _ -
as follows: B. Semiconductor surface spin splitting
- . The spin dependence of the energy distribution function at
Aly=—GAGYAV", (6)  the semiconductor surfagéhe so-called surface spin split-
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ting) is determined by the flow of spin-polarized minority whereJ,=J/+J! andAJ3,)=[J] —3!11J; , i e{p,s,t}. The
and majority carriers in the semiconductor subsurfaceso-called photoamperic mode of operatibnf the metal-
region?® the spin-relaxation rate at the semiconductor sursemiconductor tunnel junction refers to the situation that the
face, and the spin-polarized tunnel current from the semicontunnel barrier represents a far higher conductance than the
ductor surface to the magnetic electrode. In order to calculatgchottky barrier, i.e.);=J,, and|J{<|Jy|. In that limit,
the semiconductor spin splitting, we present a onethe size of the tunneling currend,] is given by the size of
dimensional spin-dependent transport model. This model ighe photocurrentJ,), and is not affected by the polarization
based on the work of Ref. 20, where the electron spin wagf the photocurrentA(J,,). Or to put it differently, whatever
still ignored. As was already pointed out in Fig. 1, the metal-the polarization of the photocurrent, all the photoexcited car-
semiconductor junction is modeled as a device with thregiers will be tranported into the metallic electrode, because
“electrodes:” the metallic electrode, the semiconductor surthe Schottky barrier is too high. This is an undesirable situ-
face states, and the semiconductor bulk. The metal is biaseglion for a spin-polarized tunneling experiment, where spin
with respect to the semiconductor bulk Fermi level by thesensitivity is wanted in the total tunneling current. In order to
externally applied voltag&/,,. Between the metal and the maximize the spin sensitivity in the total tunneling current,
surface states, a tunnel barrier is present; the surface stat@@ should operate in the so-called photovoltaic regifhe,
and semiconductor bulk are separated by a Schottky barriefyhen the tunnel barrier conductance is lower than the con-
i.e., the semiconductor subsurface band-bending region. Th@uctance of the Schottky barrier. Then the tunnel current
band-bending region represents a barrier for majority carriefJ,) is negligible with respect to the photocurrent, and
transport; at the same time, it constitutes an accelerating fielg,.~ —J,. This situation has the important advantange that
for photoexcited minority carriers. It was pointed out in Ref. the spin splitting at the semiconductor surface is only deter-
20 that the deviations from one-dimensional carrier flow in amined by the photocurrent and the Schottky majority carrier
STM junction can be accomodated by introducing an effeccurrent, independent of the tunneling current properties.
tive section for minority and majority carrier transport in the  |et us calculate the size of the spin splitting at the semi-
semiconductor subsurface region; for clarity, we will omit conductor surface fap-typeGaAs in thephotovoltaicmode
this effective transport section in the following. of operation. By optical spin orientation in GaAs, the spins
The important spin-polarized currents are given by theof the electrons as well as the hole spins are oriented in
current density of photoexcited carrierdp}, the majority  principle. However, due to the spin orbit interaction, a strong
carrier current density through the Schottky barri#gf)( and  coupling exists between the hole’s angular momentum and

the tunnel current densityd{). We defineJ; to flow from  its quasimomentumk), resulting in a loss of the hole spin
the magnetic electrode to the semiconductor surfageind  orientation on the time scale of the momentum relaxation
Je represent flow from the semiconductor surface to thetime (7,~ 10" %39); in the conduction band this strong cou-
semiconductor bulk. Let the density of spin-adown) elec-  pling is absent, causing the electron spin lifetime to be many
trons at the semiconductor surface be giverNgyNL). The  orders of magnitude largéf.in p-type GaAs, the bands are

excess density of spin-up electrons is deﬁned[\@gnz generally bending downward from the bulk toward the sur-
Ni—N.=—eVD,, whereDgis the total density of sur- face, which drives the optically oriented electrons toward the

face stategunits m~2J-1). The density of surface states is surface?® In the photovoltaic mode of operation, this flow of
assumed to be uniform over the range of inteffest, for electrons(the minority carrier currend,,) is balanced by the
example, applies to the native oxide on Gadef. 27)]. hole current that flows through the Schottky barfitie ma-
When at the surface the spin lifetime is given By the jority carrier currentJs); the latter is given by thermally

density of current flowing from the spin-up to the spin-downaSSiSted transport over the electrostatic barrier and subse-
spin subsystem at the surface becomes quent surface recombinatidf®! Since the holes are hardly

polarized, we can neglect the spin dependence of the hole
 _eNPM e2p o energy distribution in the semiconductor bulk; in addition,
J:g'n:—sp;i: _Sp%svgp'“s GSpiny/spin. (7)  for a small spin splitting, the surface recombination velocity
T T does not depend on the electron spin. In other words, in
p-type GaAs we can to the first order neglect the polarization
f the majority carrier current(J), with respect to the
(geolarization of the minority carrier current(Jp); In that
ase, using Eqs(7) and (9) in the photovoltaic mode of
peration §,=0), we find the following expression for the
pin splitting of the surface potential:

where GP"=e?D /7P is the spin conductance between
the spin subsystems at the semiconductor surface. The til
(") denotes that the conductance is defined per unit are
Bookkeeping of the flow of spin and charge yields the fol-
lowing equations for the spin-dependent current densities
the semiconductor surface:

FSpin

I+ +IE=0, I +I-I-IE"=0. (8
P2e’D

VEPN= —A3,)J (10

Adding and substracting these equations, and using the nor-

malized spin polarizations of the respective currents, we fmq'hus, for a maximum spin-selective tunneling currett

Eq. (6)], it is appropriate to usp-type GaAs in the photo-
voltaic mode of operation, with a large magnitude and polar-

. . ) = spin sspin ization of the photocarrier current, a large surface spin life-
IpAIp) +Is7Ig) =~ I AI) +2GEVL™=0, (9  time, and a low density of surface states.

Jp+3—3,=0,
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In summary, we have analyzed the spin-dependent tunnebne discussed in Ref. 20. The optical beam of a linearly
ing current in a tunnel junction between a magnetic materiapolarized single-mode HeNe lasé€633 nnm) was guided
and a semiconductor, where in the latter a modulation of spithrough a Pockels cell and a polarizer, which provided an
orientation was established by optical means. In the semiconntensity modulationIM) of a few percent at 80 kHz. The
ductor, account was taken of the polarized hole and electroheam passed through a photoelastic moduld@&M), intro-
currents, and the carrier capture and transport in the surfaducing a 84-kHz sinusoidal polarization modulati¢®M)
states. For future directions, it will be of interest to model thebetween a positive and negative helicity of the light. There-
polarization of the majority carrier current, which will be after, the beam was focused onto the tunnel junction by a
important for large values of the surface spin splitting and for30-mm focal length objective, to a spot of 28 um diam-
n-type materialg’ eter. The tunneling current j was measured by a home-
made 100-mV/nA current-to-voltage converter with a band-
width of about 100 kHz. Above~60 kHz the converter
response was determined with an estimated accuracy of 10%
A. Introduction and a phase uncertainty of about 10°. The bandwidth of the
STM constant-current regulation system was 2 kHz. The cur-
gent signal was fed into two lock-in amplifiers for phase-

ensitive detection of the current modulatiaxl{) at 80 and

4 kHz. A signal of spin-polarized tunneling due to optical
spin orientation appears in the PM sigitaircular polariza-
ion modulation at 84 kHgz As was pointed out above, in the

IIl. EXPERIMENT

A model experiment on optical spin orientation in a STM
can, in principle, be performed with a magnetic sample and
semiconductor tip, or with a semiconductor sample and
magnetic tip. It is important that radiation of near-circular
polarization is absorbed near the STM tunneling point.
Hence, an illumination geometry that approaches rotation . I :
symmetry is preferred, v?/hich is zest achFi)(Fe)ved with illumina-" M Signal there can also be a contribution due to a simulta-

tion along the sample normal. This can involve the usage oggogiléfﬁcl_luznr\‘/?/eugvr;a?;e(ihﬂOlﬁﬂugt'?]%r?:ersﬁtOent'gglu:;fen'
a semiconductor membrane and a magneti¢Zipr, a semi- Y : ploy 9 y

transparent magnetic thin film and a semiconductor tip. Th fon at 80 kH2 in order to determine the sensitivity of the

following sections deal with our experiments on asemitrans—unnel current to a moqlulatlon of optlc_al intensity. Th".s
parent Pt/Co multilayer ang-type GaAs tips knowledge can serve to isolate the contribution due to spin-

. : . larized tunneling in the PM signal at 84 kii@rcular po-
As was pointed out with Eq5), when applying a modu- potariz > . :
lation technique for spin-polarized tunneling by optical SpinIarlzatlon modulation The frequencies of the modulations

orientation, one should separate the spin-integrated and spi§18—0 and 84 kHy were chosen of similar magnitude in order

selective contributions to the current modulation. The spin—0 ascertain an equal response of the total current detection

. o . tem.
integrated contribution can be caused by several eff¢gts: Sys . .
Because the junction contains a magnetic material, a helicity- The GaAs tips were prepared by cleavi(@1) wafers

dependent optical transmission occurs due to magnetd!ond (110 and(110) directions, forming a corner bounded
optical effects such as magnetic circular dichrofSnii) If by these planes. Inspection by scanning electron microscopy
the geometry of the tip/sample combination is of low Sym_and the S_TM_showed thgt cleavage produces well-defined
metry, the optical scattering and absorption in the tunnefOrners with tip apex radii smaller than 100 nm. The PtCo
junction can, in principle, depend on the helicity of the light; Multilayer sample consists of a 6-A Pt base layer and 20
this is a near-field optical phenomenon that is hard to controlP&rs of 345"8‘_ Co and 6-A Pt layers evaporated on a glass
(iii) Finally, the modulation of optical power can be due tosu_bstrateQ’. Thls material exhlblts perpendicular magnetic
imperfect optical alignment, causing the optical beam tha@niSOtropy with 99% magnetic remanence. No external mag-

enters the STM to contain a small power modulation in ad-netic field was applied during the measurements.
dition to the helicity modulation.

In previously reported experiments with planar
junctions®® a variation of photon energy and sample magne-
tization were employed in order to separate the spin- Figure 2 shows stati¢gso with the tip-sample distance
averaged and spin-selective signals. However, in a STM extegulation system turned ofturves of the current modula-
periment, it is not trivial to employ these techniques withouttions measured by the lock-in amplifieftop pane) and the
disturbing the critical optical alignment or the tunnel junc- measured tunneling currertbottom panel versus applied
tion itself. On the other hand, in a metal-semiconductor STMvoltage, for ap-type GaAs tip of 16°m 2 doping density.
junction there is a strong voltage dependence of the sensitivihe indicated data are averages of 225 spectroscopic curves,
ity of the current to variations of the optical pow@ee Ref. each curve taken in 60 ms time. In the bottom panel, the
20); by sweeping the voltage, we can tune the tunnel junctiorzero-current point is clearly displaced along the voltage axis,
to a low sensitivity to variations of the optical power, suchindicating the presence of a photoinduced surface voltage of
that we can isolate a signal due to spin-polarized tunnelingabout —0.1 V. The current modulations were detected in
The involved dual-frequency modulation technique and exphase with the modulations applied to the optical beam. The

perimental results are presented in the following sections. square symbols represent the signal due to a modulation of
the optical intensity. At reverse bigpositive sample volt-

age, the current is most sensitive to intensity variations,
whereas in forward biaghegative sample voltagethe sen-

The experiments were performed in a STM at ambiensitivity is small. At even higher forward bias, the modulation
temperature and pressure, in an arrangement similar to tteignal reverses sign. These observations are in agreement

C. Results

B. Experimental arrangement
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6.0 | several reasons we cannot simply adopt this value for our
@ee@@@@ sample surface.
40 O@@@%@@epea@@g , (i) The Pt/Co multilayer was capped with 6 A of Pt, i.e.,
< EFE-EZZE with 2 — 3 atomic layers of Pt. This means that the electron
‘2'1 o0 | | tunneling does not occur directly into the Co, but rather into
' the Pt surface atoms that are spin polarized, due to the ex-
ﬁ change interaction with the underlying €%.
0.0 = ' (i) We do not expect the polarization of the electronic
. . : states to be uniform over the sample surface, because the
20 s ] Pt/Co multilayer is constituted of microcrystallites with a
= Tip diameter of 10 to 20 nri, as we also verified with STM
< 1.0 Sample i measurements.
= 0.0 (iii ) Due to the operation under ambient conditions, a thin
) contamination layer will have formed on the surface. It is
a0l ] well known that tunneling is not inhibited by a contamina-
_0'2 _0'.1 0.0 0.‘1 tion layer, and that Pt/Co multilayers are resistant to
v (V) oxidation3* Nevertheless, the operation under ambient con-

ditions adds uncertainty to the value of the surface polariza-
tion. From the previous statements, we believe that the aver-
FIG. 2. Experimental results of the dual-frequency modulationage polarization of our sample surface should be more than
technique applied to p-type GaAs tip of 16°m ™2 doping density an order of magnitude lower than of pure Co; however, at
tunneling on a Pt/Co multilayer. The indicated data are averages afelected sites, we assume that a reasonable upper limit for
225 spectrocopic curves, each curve taken in 60 ms time. Top panahe polarization 7(G;,)| is about 0.1 .
Current modulations measured by the lock-in amplifiers, as a func-  \jith this estimate, we deduce the semiconductor surface
tion of the voltage applied to the magnetic samplg). The square spin splitting in the following way. From the-V curve de-

symbols indicate the signal resulting from a modulation of the OP-picted in Fig. 2, we deduce a tunnel barrier conductance of
tical intensity(IM). The circular symbols denote the signal due to aGt: 10-80 "1 ’

dulation of the liaht polarizatiofh). Th ) d sional ; using Eq.(6), the measured tunnel current
modulation of the light polarizatiotPM). The estimated signal un- 4 jation of 4 pA, and the estimated upper limit for
certainty, due to drift during the measurements, is about 1 pA . Bot

tom panel: Measured current versus voltage curve for the sam '/(tcgt)l OT 0.1 I’.t\;\.le de(\j/lig% that, T Otjlr exlperlment, the value

junction. The inset shows the illumination geometry. Incident opti- or gspln spll In_g QVs™) was m .Or arge(we pay _no

cal powerP=5 mW. attention to the sign of the polarization, since we did not
calibrate the sign of the helicity dependence of the cuyrent

With a measured surface photovoltage of 0.1c¥, Fig. 2),

with the model and experimental results reported in Ref. 20. . . ; e SPINY/ | — (A+
The circular symbols represent the signal measured at thac obtain a relative spin splitting ofAVS™/V|=(4+3)

) : : .
frequency of circular PM. Clearly this curve has a different><10 | or 'aﬁisge[)- Notedthgththlls valqe IS _close ;O tge exgerl-
voltage dependence than the curve of intensity modulationg]c()enta resuft” obtained with planar junctions of 505 an

In particular, where the sensitivity to intensity modulation =~
tends to zergat V,,=—0.2 V), still a significant helicity-

dependent current is observed of sivg=4+1 pA . To the

Photocurrent polarizationThe polarization of the photo-
exited minority carrier curren¥{Jp) arriving at the surface

first order?® we can attribute this current modulation to spin- of our Gas tip is determined by the magnitude of the spin

dependent tunneling of optically oriented charge Carrierspolarlzatlon at excitation and the spin relaxation during

The data in Fig. 2 represent the clearest indication that wéra”SpF’” to the semlco_nductor surface. In addition, optical
: - . : : refraction in the GaAs tip may reduce the photocurrent po-
obtained on the possibility of spin-polarized tunneling by

optical spin orientation in a STM. It was not possible to larization. These issues are addressed in the following.

perform a similar measurement while scanning, due to the (i) Theoretically, th_e absorption of c?rcularly pqlarized
increased noise levels and shorter measurement times.  JaP-€Nergy photons gives an electron spin polarization of 0.5

in GaAs?® Between creation and arrival at the semiconduc-
tor surface, the photoexcited carriers suffer energy and spin
relaxation. For this reason, the spin polarization of electrons
V. DISCUSSION photoemitted from GaAgdoping ~102°m~3) that is acti-
With the aid of our model on spin-polarized transport, invated to negative electron affinity, usually ranges from 0.2 to
the following we calculate the semiconductor spin splitting0.3 at room-temperature operatidhFor photons with an
and the surface spin lifetime from estimations of the spinenergy larger than the band gap, the theoretical value of the
polarization of the tunneling conductance and of the photospin polarization at excitation is reduced and the carriers suf-
current. fer additional energy and spin relaxation before arrival at the
Tunneling conductance polarizatiom order to estimate semiconductor surface. For a photon energy of 1.96 eV
the spin splitting at the semiconductor surface, we need t6633 nm wavelength the spin polarization of photoemitted
assess the spin polarization of the tunnel conductancelectrons decreases by more than a factor of three when com-
AG;) for our Pt/Co multilayer. In earlier spin-polarized pared to the case where gap-enef@y42 e\j photons are
measurements with thin-film tunnel junctions, for Co a spinused’*®
polarization of|A(G,)|=0.35 was detectetiHowever, for (i) The optical polarization inside the GaAs is affected by
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the shape of the material. A rigorous calculation of theof 50% spin polarization and a lifetime of 10 ns, in the semi-
polarization-dependent penetration of optical waves into @&onductor this gives a maximum photoinduced magnetiza-
semiconductor tip is complicated by the nontrivial geometrytion of 2x 10?35 m 3. This is equal to an average optically
of the STM junction. By a simple calculation however, we induced magnetic moment of less than #@g per atom.
can estimate an upper limit to the distortion of the opticalWith such a low magnetization the resulting magnetic dipo-
polarization in the tunnel junction. Ideally, our cleaved GaAslar forces are negligibly small. It is more difficult to evaluate
tunneling tips have the shape of a regular tetrahedron, i.e., ##e size of an exchange force in an optically oriented metal-
the apex there is a threefold rotational symmetry around théemiconductor tunnel junction, because of the nonequilib-
tip axis. If the tip axis is collinear with the optical propaga- rium spin dynamics involved. Concerning the spin splitting
tion direction, then at the tip apex there is no asymmetry tat the semiconductor surface, from our experimental results
linear or circular polarization; in other words, the polariza-we deduce that the spin splitting”" (4 mV) is smaller than
tion of the impinging light is conserved along the tip axis in the surface photovoltag@.1 V). Although a spin splitting as
the semiconductor material. However, because in a STM exhigh as 0.1V may be achievable, this is still an order of
periment alsdateral minority carrier transport is involved magnitude smaller than the exchange splitting in Fe or Co.
(see Ref. 20 and the notion of an effective collection radius From the above estimates we conclude that the magnetic
the off-axis optical polarization is of importance. Off the tip forces, in a tunnel junction between a ferromagnetic material
axis, the local geometry is determined by the tip surface, o&nd an optically excited semiconductor, are small compared
which the normal vector is at a large angle with the opticalto the case of two magnetic counter electrodes.
propagation direction: for our cleaved tips this angle
amounts to 45°. We can easily calculate the optical penetra-
tion of a circularly polarized plane wave at an angle of 45°
into GaAs?>® which shows that the reduction of the degree of  We presented a dual-frequency modulation technique that
circular polarization in the GaAs is only 12%. allows for the detection of a spin-polarized tunneling signal,
(i) When in GaAs circularly polarized photons with due to optical spin orientation in a STM configuration. A
near-band-gap energy are absorbed, at a fixed location thaodulation of optical polarization not only generates a
average spin orientation of the photoexcited electrons is nomodulation of spin orientation, but concurrently gives a
mal to the plane of rotation of the electric vector, i.e., collin- modulation of the amount of photoexcited carriers. This can
ear with the optical propagation directiétiowever, due to  be caused by the magneto-optical Kerr/Faraday effect in the
the optical refraction the propagation direction is not uniformmagnetic material, a low symmetry of the tunnel junction, or
in the GaAs tip. For a GaAs surface at an angle of 45°, thémproper optical alignment. Thus, for the detection of spin-
propagation direction of the transmitted beam is modified bypolarized tunneling it is a prerequisite to tune the tunnel
an angle of 45%11°=34°, with respect to the incident junction to a low sensitivity for unwanted variations of the
beam® In our experiment, the propagation direction of the optical intensity. In order to find the required parameters
incident beanti.e., the sample normils a convenient spin (e.g., applied voltage, tip-sample separatjowe have to
quantization axis, because the Pt/Co multilayer sample hagnalyze the sensitivity to intensity variations by modulating
its magnetic anisotropy along the same direction. In othethe optical intensityat a different frequency than the modu-
words, due to the optical refraction the direction of the spinlation of optical polarization In a metal/semiconductor
orientation of photoexcited carriers deviates at most 34°STM junction, this sensitivity strongly depends on the ap-
from the quantization axis. Projection of the direction of theplied voltage. By sweeping the applied voltage one can con-
spin polarization on the quantization axis gives a factor ofveniently select the junction parameters such that spin-
c0934°)=0.83, i.e., the modified optical propagation direc- polarized tunneling can be detected.
tion results in a reduction of the spin polarization by 17%. In  Using a GaAs tip and a Pt/Co multilayer under ambient
conclusion, from statements—(iii ), we deduce that a value conditions, we delivered evidence for the possibility of spin-
of 0.1 represents an upper limit to the photocurrent polarizapolarized tunneling by optical spin orientation. The measured
tion for our experimental situation. tunnel current modulation due to spin-polarized tunneling
With the previously deduced value of the spin splittingwas 4 pA . The estimated spin polarization of the tunneling
(VP"=4 mV), we calculate the spin lifetime by using Eq. conductance is 0.1 or lower in that experiment; with this
(10) of our model description. In our experiment, the illumi- estimation, the experimental observation implies that the
nation intensity was about T0Vm 2, which implies that  spin splitting at the semiconductor surfad&") was 4 mv
Jp=5x10° Am 2 (see Ref. 2)) the density of surface states or larger. According to our model and estimations, a spin
(D9 in the native oxide on GaAs is $dm~2371 or  splitting of that size corresponds to a surface spin lifetime of
larger®”** Using these values and(J,)<0.1, with Eq.(10) ~ 0.4 ns or larger.
we deduce that the surface spin lifetim&R") was 0.4 ns or Although we were not able to perform magnetic imaging,
larger in our experiment. this should be possible by increasing the ratio of signal to
Concerning the application of optical spin orientation tonoise; this may involve an optimization of the photon energy,
magnetic imaging, it is of interest to estimate the importancehe optical intensity, and the semiconductor surface prepara-
of magnetic forces. In our experiments, the maximum lighttion. Furthermore, it will be of importance to improve our
intensity was of the order of TO0Wm 2. For 1.5 eV photons knowledge of the spin polarization in the semiconductor and
the absorption depth is aboutudm in GaAs*! if every pho-  in the magnetic material. With respect to the semiconductor,
ton yields one electron-hole pair, the photoelectron generanformation on the polarization of the photoexcited carriers
tion rate is 4< 10! electrons per second per’min the case can be derived from measurements of polarized photolumi-

V. CONCLUSIONS
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nescence or spin-polarized photoemission; an improved deficoltage. From the experiment it was deduced that the relative
nition of the surface electronic properties of the magneticspin splitting([ V{— V][ V.+V.]) at the semiconductor sur-
material can be achieved by preparation anditu measure- face was 4% or larger; according to our model this observa-
ment of the sample in a well-controlled environment, such asion corresponds to a spin lifetime of 0.4 ns or larger.
an ultrahigh vacuum. Summarizing, optical spin orientation in Ill-V semicon-
ductors provides a unique opportunity to detect spin-
VI. SUMMARY polarized tunneling in a STM. This is mainly due to the fact
i , . that the spin polarization in the semiconductor can be re-
In this paper, we presented a model for spin-polarizeq;erseq by optical means. We successfully investigated this
transport in a photoexcited tunnel junction between a Magqechanism for spin selectivity, in a STM with a cleaved
netic metal and a semiconductor, where the semiconduct@gaas tip. In an ultrahigh vacuum environment, with cleaved
char_ge carriers are polarized by.optlc_al orientation. ThebaAs tips atomic imaging of a nonmagnetic material was
semlconductc_)r ;urfz_ace Was_descrlbed |r_1 term_s of a Sp'nélready demonstratéd.We believe that magnetic imaging
dependent distribution function or quasi-Fermi lewé{.  \ith subnanometer resolution is within reach, using optically
The model clearly demonstrates that the spin-selective coryriented semiconductor tips in a STM. As was already dem-
tribution to the total tunneling current is proportional to the gnstrated in Ref. 25, with a similar experimental arrange-
product of the spin dependence of the tunneling conductanGgent it is possible to perform magneto-optical near-field im-
(G{—Gy) and the spin-split quasi-Fermi level at the semi-aging. Magneto-optical interactions are sensitive to bulk
conductor surface\(; - V). The sensitivity of the total tun- magnetization, whereas spin-polarized tunneling is sensitive
neling current is maximized in the photovoltaic mode of op-to the spin dependence of the electron states at the sample
eration, i.e., when the tunnel current represents a negligiblsurface. The respective effects may be separated by their
disturbance to the semiconductor. For that mode of operadependence on photon energy, tunnel barrier width, and bias
tion, in a p-type material the spin splitting at the semicon- voltage. Ideally, one would like to combine the two measure-
ductor surface is proportional to the density and the polarizaments, so as to be able to simultaneously measure sample
tion of the photoexcited electrons, to the surface spirtopography, bulk magnetization, and surface spin structure
lifetime, and inversely proportional to the density of surfacewith (subinanometer resolution.
states.
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