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Spin-selective transport through FeÕAlO x ÕGaAs„100… interfaces under optical spin orientation

T. Taniyama,* G. Wastlbauer, A. Ionescu, M. Tselepi, and J. A. C. Bland†

Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 0HE, United Kingdom
~Received 7 March 2003; revised manuscript received 23 May 2003; published 17 October 2003!

Spin-selective transport of optically excited polarized electrons through Fe/GaAs~100! and
Fe/AlOx /GaAs(100) interfaces is reported. A visible enhancement in the spin selectivity is observed in the
Fe/AlOx /GaAs(100) structure at a forward bias of 0.04 V, while no such feature is seen in the Fe/GaAs~100!
structure. The spin selectivity in the Fe/AlOx /GaAs(100) structure has a maximum value which is a factor of
2 larger than that of the Fe/GaAs~100! structure at the same bias of 0.04 V. The effect can be understood in
terms of the spin dependent tunneling of electrons through the oxide barrier in the Fe/AlOx /GaAs(100)
structure, while its clear bias dependence excludes magnetic circular dichroism as a possible mechanism.
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I. INTRODUCTION

The exploration of spin transport through ferromagne
metal~FM!/ semiconductor~SC! interfaces is rapidly leading
toward innovations in spin engineering, e.g., spin transis
or quantum computation.1,2 For successful device applica
tions, realizing high efficiencies of spin injection and sp
selection through interfaces is of decisive importance. Ma
researchers have reported spin injection from FM into
materials, detecting the polarization of light emitted via t
recombination of electrons and holes in the SC.3–11. The cir-
cular polarization values reported, however, have var
from 0.5% at room temperature10 to 4% at 240 K even with
the same choice of metal Fe. On the other hand, spin se
tion at the FM/SC interface, which is regarded as the op
site effect of the spin injection, has been examined by on
few groups for some particular interfaces, i.
Co/Al2O3 /p-GaAs and NiFe/GaAs.12–15 The principal idea
relies on the asymmetry of the transmission for each s
channel through the FM layer.16,17 Electrons in the SC with
spin orientation parallel to the FM are easily transmitt
through the high-conductivity spin channel while those w
the antiparallel spin orientation are blocked at the interfa
The fundamental transport process of the electrons at
interface, i.e., diffusive transport, ballistic transport or tu
neling, drastically changes the efficiencies of the t
effects.18 In the diffusive process, the spin selection is s
nificantly suppressed due to spin-flip processes at the in
face whereas no spin flip occurs in ballistic and tunnel
processes, leading to the efficient selection of a prefera
spin orientation. Therefore, modifying the electronic state
the interface should provide a means of obtaining cru
information on achieving high efficiencies of spin injectio
and spin selection: to date the role of the interface is s
elusive.

In this paper, we report on the spin-selective transpor
electrons through contrasting Fe/GaAs~100! and
Fe/AlOx /GaAs(100) interfaces using optical spin orientati
in GaAs ~Fig. 1!. Irradiation by circularly polarized light
excites interband transitions fromP3/2 andP1/2 to S1/2 at the
G point of GaAs, for which the transition selection ru
yields electrons with a maximum spin polarization of 50%
GaAs.19 We find an enhancement in the photocurrent asy
0163-1829/2003/68~13!/134430~5!/$20.00 68 1344
c

rs

y
C

d

c-
-
a
,

in

e.
he
-

-
r-

g
le
t
l

ll

f

-

metry defined by the helicity of the incident light at a fo
ward bias in the Fe/AlOx /GaAs(100) devices. As a result,
maximum occurs in the photocurrent asymmetry at forw
bias, whereas no such maximum appears in the
GaAs~100! structure. This result clearly demonstrates sp
selective transport due to tunneling through the interface

II. EXPERIMENTAL PROCEDURE

Fe layers with a thickness of 3 nm were deposited in
ultrahigh vacuum chamber ;10210 mbar on
AlOx(5 nm)/nGaAs(100) ~Si: 131018 cm23), where Al
layers were first deposited in a different low vacuum cha
ber and naturally oxidized. Before depositing Fe layers,

FIG. 1. Schematic diagram of principal carrier transport proc
at FM/SC and FM/AlOx /SC interfaces under laser irradiation.~b!
and ~e! illustrate the electronic structures at zero bias for FM/S
and FM/ AlOx/SC interfaces, respectively. At reverse bias,~a! and
~d!, excited electrons flow into the GaAs bulk while holes are c
lected into the Fe layer. At forward bias, excited electrons in
FM/SC flow over the Schottky barrier~c!, whereas those in the
FM/ AlOx /SC transmit through the barrier via the tunneling proce
~f!. Electrons and holes are represented by the large closed and
circles, respectively. Recombination centers are represented b
small closed and open circles in the vicinity of the interface.
©2003 The American Physical Society30-1
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AlOx layers were sputtered with Ar plasma and anneale
500°C to attain flat surfaces. The typical results for t
samples ~1! Fe~3nm!/GaAs~100!, ~2-a! Fe(3 nm)/
AlOx(5 nm)/GaAs(100), and ~2-b! Fe(3 nm)/
AlOx(5 nm)/GaAs(100) are examined hereafter. Low e
ergy electron diffraction observation revealed that the
layer of the sample~1! was grown epitaxially and those o
the samples~2-a! and~2-b! were polycrystalline. The photo
currentI ph induced by the front irradiation at wavelengthl
5633 nm~1.96 eV photon energy! was measured from th
voltage drop across an external load resistor in a clo
circuit.14 We also measured the spin polarized photocurr
I 1 (I 2) excited by the right-~left-! handed circularly polar-
ized light, and the difference (DI heli5I 12I 2) between the
photocurrents was collected by means of a photoela
modulator~PEM! at room temperature.14 All the photocur-
rent measurements were performed using a lock-in te
nique, which enables us to extract the current excited by
irradiation efficiently even though there is a significant da
current. Contacts for the electrical measurements were m
using a planar electrode geometry—see inset of Fig. 2.

III. RESULTS

A. Sample characterization

As the magnitude of spin dependent transport stron
depends on the morphology of the interface, we used
transmission electron microscopy to observe cross sect
of the samples to check whether there is any morpholog
difference between the samples. The transmission elec
microscopy shows that the AlOx layer of sample~2-a! has a
rough morphology compared with sample~2-b!. The mor-
phological difference also influences the magnetization p
cesses of the samples. The magnetization curves were
tained by polar magneto-optical Kerr effect~MOKE!
measurements—solid lines in Fig. 4. In the film thickne
regime of this study, the shape anisotropy dominates
magnetization process and the roughness of the ferrom
netic layer should reduce the anisotropy. The MOKE res
are compatible with the degree of the roughness: the lar
shape anisotropy is obtained in the epitaxial Fe layer@sample
~1!# and introduction of the AlOx layer suppresses the aniso
ropy. One may ask whether, when in proximity with an AlOx
layer, the Fe layer is stable against the formation of Fe ox
In general, Al oxide is quite stable and unlikely to react w
Fe unless a special Al oxidation process is employed. A p
vious report on tunnel junctions also supports this view20

The authors used reactive deposition of the Al oxide layer
which Al was deposited on an Fe substrate in an oxy
atmosphere. Even in these conditions, the underlying
layer is stable against reaction with oxygen at the AlOx/Fe
interface. In our experiments, Fe layers were just depos
on the AlOx layer in UHV at room temperature, thus indica
ing that the Fe layer is not likely to be oxidized by reacti
with AlOx .

It should also be noted that an Al layer of 5 nm may
too thick to be fully oxidized naturally due to a self-limitin
mechanism of natural oxidation, indicating that an Al lay
13443
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could remain between the GaAs substrate and the AlOx layer.
If this is the case, an AlGaAs layer can form at the interfa
by the diffusion of residual Al in the GaAs substrate duri
the annealing process at 500°C. This may also contribut
the quantitative differences in theDI heli seen for these
samples, and probably can also account for the differ
Schottky characteristics.

B. Current-voltage characteristics

As we have stated, the morphology of the interfa
greatly influences the current-voltageI (V) characteristics as
shown in Fig. 2~a!. Although all the samples show rectifica
tion due to the Schottky barrier, the leakage current at
verse bias is pronounced for the epitaxially grown sam
~1!. The poor Schottky characteristic could be caused by
Ga-rich GaAs~100! surface due to the sublimation of As ion
during the annealing process at 500°C.21 For the samples
~2-a! and ~2-b!, on the other hand, AlOx layers prevent the

FIG. 2. ~a! I (V) curves,~b! photocurrentsI ph , and ~c! differ-
ence between the photocurrents excited with right- and l
circularly polarized lightsDI heli5I 12I 2 measured in 2 T perpen
dicular to the film plane as a function of bias voltage. The in
shows the planar contact geometry used for electrical meas
ments, which enables us to probe the voltage drop at the inter
under the middle contactB only, so excluding the voltage drop
associated with the electrical current flowing through the bulk of
GaAs substrate between contactsB andC ~indicated by the arrow!.
0-2
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sublimation, giving less leakage current for reverse bias.
attribute the difference in theI (V) curves between sample
~2-a! and ~2-b! to the morphology of the AlOx layer: the
flatter AlOx interface of samples~2-b! provides the better
rectification in Fig. 2~a!.

C. Photoexcited electron transport

The photocurrentsI ph as a function of bias voltage at th
interface are shown in Fig. 2~b!. A negative photocurrent is
the typical characteristic of the metal-semiconductor dio
with the band curvature in the depletion region of the se
conductor. The excited electrons in the GaAs near the in
face flow into the GaAs bulk while simultaneously excit
holes are collected in the Fe layers. TheI ph shows a broad
peak at a reverse bias (;0.15 V) and decreases with great
reverse bias. The feature can be interpreted in terms o
combination at the interface as shown in Fig. 1. If the reco
bination centers are located just below the Fermi level at z
bias, the Fermi level goes across the energy levels of
recombination centers with increasing reverse bias, ther
electrons are released from the recombination centers.
positively charged recombination centers trap electrons f
the Fe layer and holes excited by the light irradiation sim
taneously. The release and trap processes effectively
press the photocurrent. The tunneling of electrons dire
from the Fe layer into the positively charged recombinat
centers also contributes to the dark current at reverse b
These processes occur in both the structures with or with
the AlOx layer. Assuming that the recombination centers
associated with the defects created in the annealing proc
the capture cross sections for electrons and holes are
pected to be larger in the sample~1! due to the sublimation
of As. The description consistently explains theI (V) charac-
teristics in which the sample~1! exhibits the significant leak
age current at reverse bias.

Another prominent feature is a dip of the photocurrent
0.04 V for the samples~2-a! and ~2-b!. Both the excited
electrons and holes could contribute to the photocurren
our samples. The photocurrent due to the holes, howe
should not give the anomaly at forward bias as the electro
structure of the recombination centers, which are trapp
electrons, does not change with the bias. This indicates
the dip is associated with the transport of excited electr
through the interface from the GaAs to the ferromagnetic
The excited electrons pass through the interface via t
mally assisted transport over the Schottky and/or the Ax
insulating barrier and the tunneling through the barriers. T
transmission of electrons due to the thermally assisted tr
port is determined by the height of the barrier, but that due
the tunneling depends on a combination of height and wid
The effective height of the Schottky barrier is reduced w
increasing forward bias whereas the barrier width increa
suggesting that there exists an optimum bias for the elect
to tunnel through the barrier. In this sense, the tunneling
the excited electrons through the barrier is most likely
occur at a forward bias value determined by the subtle
ance between the barrier height and width, thus causing
dip of the photocurrent as we observe.
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D. Spin selectivity of photoexcited electron transport

Figure 2~c! depictsDI heli in a field of 2 T sufficient to
almost saturate the Fe film perpendicularly to the film pla
The DI heli of sample~1! exhibits a single peak at around
20.15 V, which is quite similar to the bias dependence
the photocurrent shown in Fig. 2~b!. On the other hand, the
DI heli of sample~2-b! has a broad maximum at20.38 V and
a shoulder at zero bias, being distinct from the correspond
I ph . The sample~2-a! also shows different bias dependenc
betweenDI heli and I ph as clearly shown in Fig. 3~b!. The
relative spin orientation of the excited electrons in GaAs a
the out-of-plane Fe moments alters from parallel to antip
allel upon changing the helicity of the light irradiated on t
GaAs. This means that theDI heli is attributed to the differ-
ence in the conductivities with spin-up and spin-down el
trons with respect to the Fe moments: we term this s
selectivity. For a quantitative comparison between the diff
ent samples, theDI heli normalized by the correspondin
photocurrent (DI heli/2I ph) is used, asDI heli increases pro-
portionally with the number of excited electrons, i.e., t
photocurrent. Figure 3~a! showsDI heli/2I ph as a function of
bias voltage at 2 T. To calculateDI heli/2I ph precisely, the
values for bothDI heli and 2I ph were estimated at the sam
bias voltage by first fitting the data of Fig. 2 to smoo
curves~solid curves in Fig. 2! and using interpolation. The
sharp drop for sample~1! at ;0.12 V is an extrinsic effect
due to the vanishing photocurrentI ph at aroundVb . Of par-
ticular importance is the peak inDI heli/2I ph at 0.04 V for the
sample~2-a! and ~2-b!, which is obviously reflected by the
dip in the photocurrent which occurs at 0.04 V and the sho

FIG. 3. ~a! Bias dependence ofDI heli/2I ph of the samples~1!,
~2-a!, and ~2-b!. The magnitude of the error in this quantity fo
sample~2-b! is indicated by a single representative errorbar for
point at 0.04 V.~b! Bias dependence of the effective spin-select
photocurrent contributionDI heli2aI ph for the samples~1!, ~2-a!,
and ~2-b!.
0-3
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der in DI heli above zero bias, both of which are due to t
tunneling process. The absence of the peak for the sampl~1!
is due to the poor Schottky barrier which makes electr
pass over the barrier rather than tunnel. Therefore, we c
clude that the peak inDI heli/2I ph at 0.04 V is a direct evi-
dence that efficient spin-selective transport occurs due to
tunneling process at the interface in the presence of a tun
ing barrier.

IV. DISCUSSION

The field dependence ofDI heli obtained at zero bias fur
ther corroborates our description of the spin selectivity~Fig.
4!. TheDI heli values of the sample~1! hardly saturates eve
at 2 T while those of samples~2-a! and ~2-b! saturate at 1.2
T and 1.6 T, respectively. SinceDI heli should be proportiona
to the out-of-plane magnetization of the Fe layer, which
parallel or antiparallel to the spin of the excited electrons,
field dependence ofDI heli is directly associated with the
magnetization curve of the Fe layer. Indeed, the magnet
tion curves obtained by MOKE measurements well ag
with the field dependence ofDI heli . In addition, the magni-
tude ofDI heli/2I ph at reverse bias increases with increas
saturation field~see Fig. 4!. This also can be understood fro
a consideration of the roughness of the film, which induce
magnetically inactive Fe component in the samples~2-a! and
~2-b! due to thermal instability of the interface layers.

Magnetic circular dichroism~MCD! due to the Fe layer
also might mimic the asymmetry of the photocurrentDI heli .
The contribution of the MCD was estimated to be;2.5%
for a 20-nm-thick Fe film by photoluminescenc
measurements,10 which is in good agreement with the calc
lation for the Fe film.14 A corresponding value of 0.4% i
estimated for the MCD contribution in our 3-nm-thick F
films, and an effective value forDI heli/2I ph of 1.7% is esti-
mated for the sample~2-b! at 0.04 V ~the total measured

FIG. 4. Field dependence ofDI heli normalized by the values in
2 T at zero bias. The solid lines are the magnetization curves
tained by polar magneto-optical Kerr effect measurements. The
set shows bias dependentDI heli of the sample~2-b! in various
magnetic fields.
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value is 2.1%!. The effective value is comparable to the sp
injection efficiency of 2% reported by Zhuet al.3 Further-
more, if the spin selectivity is due to the MCD, the same b
dependences should be obtained forI ph andDI heli : the bias
dependences of Figs. 2~b! and 2~c! are clearly distinct, and so
the MCD cannot explain the peak in the bias dependenc
the DI heli/2I ph . More explicitly, we can obtain a pure spin
selective contribution to the helicity dependent photocurr
by considering the fact thatDI heli is a superposition of a
MCD contribution and a pure spin-selectivity effect. Sin
the MCD contribution is proportional to the photocurre
I ph , so the quantityDI heli2aI ph gives the pure spin selec
tive contribution and consequently the MCD effect is su
tracted. The values ofDI heli2aI ph are shown in Fig. 3~b! as
a function of bias voltage. The parametera is chosen so tha
DI heli2aI ph has a value of zero at20.6 V. The curves for
the samples~2-a! and ~2-b! clearly show a peak at 0.02 an
0.04 V, respectively, while the values for sample~1! remain
almost the same over the bias range. Thus, we see qua
tively the same behavior in two separate samples in spit
the differing magnitude of the spin selectivity, i.e., qualit
tively reproducible.

The MCD effect might significantly contribute to the sp
selectivity at reverse bias because the spin lifetime of ho
which predominantly contribute to the photocurrent, is qu
short. At forward bias, on the other hand, electron transp
is becoming significant, which means that the peak in
spin selectivity in Fig. 3~a! has its origin in electron transpor
which has a longer spin lifetime. The interface effect sho
not increase the MCD because the magnetic moments o
at the AlOx interface are likely to be reduced,22 indicating
that the MCD at the interface effect is reduced. Also the v
small number of accumulated carriers at the interface is
likely to modify the MCD effect, since the change of th
magnetization due to the accumulation is negligible co
pared with the magnetization of Fe layer. On the basis
these considerations, the peak in the spin selectivity in Fi
is due to spin polarized electron tunneling from GaAs into
layer.

As a further check, we test whether we can obtain s
selectivity of spin polarized electron transport using a str
ture with a well-defined AlGaAs barrier instead of an AlOx
barrier layer.23 While theDI heli shows a distinct bias depen
dences as the correspondingI ph at low temperatures, the dif
ference between the bias dependences ofDI heli and I ph be-
comes less pronounced with increasing temperature. Also
spin selectivity of the sample shows a peak at a forward b
that is similar to the present results for the samples with
AlOx layer, and the value of the spin selectivity reduces w
increasing temperature. Since the thermally assisted trans
over the barrier is suppressed at low temperatures, this
servation indicates that only the tunneling electrons sho
significant spin dependent transport across the interface
good agreement with our description of the spin depend
transport across a tunnel barrier for the Fe/AlOx /GaAs(100)
structure. Therefore, we believe that the enhancement in
DI heli/2I ph is a clear manifestation of spin-selective transp
at the interface.

A contribution of the excitation from the split-off band i

b-
n-
0-4
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also included for the optical pumping with the photon ene
of 1.96 eV we use, so that the spin polarization of the exc
electrons is reduced to around 10%, although our previ
measurements of the wavelength-dependent spin trans
confirmed that optically excited electrons in GaAs with th
energy were spin polarized.14 It should also be noted tha
photoexcited electron transport includes both thermio
emission and tunneling contributions, indicating that t
photoexcited current is not equal to the tunneling curre
Therefore, the effective spin selectivity, which is defined
be the helicity dependent photocurrent normalized by
corresponding photocurrent, is artificially small. These c
siderations suggest that the spin selectivity obtained in
study is at a minimum, thus enabling us to expect a hig
value of spin selectivity by optimizing the interface betwe
GaAs and ferromagnetic metal.

Although the effects of a possible frequency-depend
phase shift should be considered, we have checked th
other experiments using a 1/4 wavelength plate,14 the results
of which broadly agree with the results obtained using
PEM. Also, the photocurrent measured by a PEM is not
actly the same as that measured at the optical chopping
quency. However, even the use of a PEM does not cha
the qualitative behavior or the relative magnitude of the
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V. CONCLUSION

We demonstrate spin-selective electron transport at
Fe/AlOx /GaAs(100) interface using optical spin orientatio
The effective value of the photocurrent asymme
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voltage of 0.04 V at room temperature. The effect is cons
tent with a model based on the tunneling transport across
AlOx layer inserted between the Fe and GaAs~100!.
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