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Role of electron tunneling in spin filtering at ferromagnetÕsemiconductor interfaces
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Spin-dependent electron transport between a semiconductor and a ferromagnetic metal has been studied by
polarized photoexcitation. Using a band gap engineered Au/NiFe/GaAs/AlGaAs/n-GaAs structure we are able
to precisely control the bias and temperature range under which tunneling processes occur. We find that
electron spin filtering is only observed when tunneling processes are switched on, whereas when tunneling is
suppressed, only magneto-optical dichroism effects contribute to the polarization dependent photocurrent.
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Recently the newly emerging field of spintronics has
tracted vast interest.1,2 Spin analog to conventional electron
devices, exploiting the spin rather than the charge of
electrons, could offer significant advances in dev
performance.3,4 However, the prerequisite for the realizatio
of such devices is a better understanding of spin-depen
electron transport, including both spin injection from a fe
romagnet~FM! into a semiconductor~SC! and spin detection
of electrons passing from the SC to the FM. Successful s
injection from a FM metal into SC quantum well structur
has been demonstrated recently by several groups.5–7 It has
been pointed out by Schmidtet al.8 that efficient spin trans-
mission across the FM/SC interface will be difficult
achieve in the diffusive transport regime, due to the la
conductivity mismatch between a metal and a SC. This pr
lem can be overcome, however, by introducing a tunnel b
rier at the FM/SC interface.9 In this case a large spin depe
dence can be expected for tunneling electrons.

Our group has recently demonstrated efficient spin de
tion at room temperature in FM/GaAs Schottky barrier str
tures using photoexcitation techniques.10,11 In order to excite
spin polarized electrons in the GaAs we use circularly po
ized light that is shone on the top surface of the sample
passes the FM layer before reaching the GaAs. This g
rise to magneto-optical dichroism that contributes to
measured helicity dependent photocurrent~HDPC!. We con-
clude from the observed bias dependence of the HDPC
strongly spin dependent transport of electrons passing f
the SC to the FM occurs independently of any magne
optical effects. However, it is an open question, which of
possible charge transport mechanisms between the SC
the FM ~hole diffusion into the FM, thermionic emission o
electrons over the Schottky barrier, electron tunneling acr
the Schottky barrier! are spin dependent and therefore w
contribute to the signal we observe. In the present study
report on measurements of band gap engineered FM/AlG
tunnel barrier/SC structures that enable us to precisely de
mine the bias and temperature conditions for the differ
transport regimes. We are therefore able to separate mag
optical effects and to specify the transport mechanism cru
for spin filtering of electrons passing from the SC to the F
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We find that a significant spin dependence in this spin filt
ing process can only be expected for tunneling electrons

The structure is grown by combined SC and metal m
lecular beam epitaxy in two distinct growth chambers. T
SC part of the structure is grown on an-GaAs(100) substrate
under a background pressure in the low 10210 mbar range at
580 °C after oxide desorption at 620 °C in As2 flux. The
layer sequence consists of a 200 nm Si doped (1016 cm23)
GaAs buffer, a 2 nmnon-doped AlGaAs barrier, and a 2 nm
Si doped (1018 cm23) GaAs spacer. An amorphous As cap
deposited for protection against surface oxidation dur
transfer, and PdGe is deposited for the backside contact.
metal growth takes place at room temperature under a b
ground pressure in the low 10210 mbar range after first des
orbing the As cap by annealing at 450 °C for 30 min a
checking the surface reconstruction by low-energy elect
diffraction. A 5 nm NiFe magnetic layer is deposited fo
lowed by a 3 nm Au cap toprevent oxidation. A detailed
description of the metal growth system can be found in R
12. Finally Au contacts are grown on top of the capping lay
by thermal evaporation.

All measurements were carried out in a constant flow l
uid helium cryostat located between the pole pieces of
electromagnet with the magnetic field~maximum 10 kOe!
applied along the plane of the FM film. Optical access to
sample was provided by two windows positioned outside
magnet. As a light source we used a diode laser with a wa
length of 785 nm, corresponding to a photon energy of 1
eV. The light was shone on the sample at an angle of 22
with respect to the plane normal. A photoelastic modula
~PEM! operated at 50 kHz was used to alter the circu
polarization of the light and the HDPC@which is propor-
tional to the difference in photocurrent~PC! for illumination
with right and left circularly polarized light, respectively10#
was measured using a lock-in amplifier. The PC was de
mined by modulating the intensity of the light beam at 1
kHz in a separate measurement using the PEM and an a
tional linear polarizer. All electrical measurements, i.
current-voltage characteristics, PC and HDPC meas
ments, were carried out in a three-contact geometry: T
current was measured between one top contact and the
©2003 The American Physical Society03-1
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tom contact and the voltage drop across the sample was
sured between the other top contact and the bot
contact.10,11

Basic characterization of the structure was carried out
measuring the current-voltage and PC-voltage characteri
using standard methods. Representative results are show
Fig. 1. The current-voltage characteristic shows an extrem
suppressed current level at reverse bias, while an expo
tially increasing current level is observed at forward b
exceeding a certain onset voltage in the range 0.4–0.6 V.
PC-voltage characteristic shows a rather stable negative
level at reverse bias, while a positive PC peak is observe
forward bias exceeding the onset voltage of 0.4–0.6 V
transition is evident at a temperature of about 300 K,
served as an abrupt decrease in onset voltage and a
suppression of the PC peak.

In order to fully understand the characteristics, we co
sider a simple model of the band bending at different b
conditions as sketched in Fig. 2. Pinning of the Fermi le
in the FM metal within the band gap of the SC gives rise
depletion and accumulation of carriers.13 Thus the band
bending takes place according to the Poisson equation

2¹2w5e~ndope2ne1nh!, ~1!

with w the electric potential,e the electron charge,ndope the
doping density, andne andnh the electron and hole densitie
respectively. At the zero bias condition electron deplet
occurs with the resulting band bending as illustrated in F
2~c!. This implies a negative PC originating from electro
diffusing into the SC and holes tunneling into the FM met
As illustrated in Fig. 2~b! a certain value of the forward bia

FIG. 1. Bias dependence of the current without photoexcita
~top! and the photocurrent induced by photoexcitation~bottom! at
different temperatures of 80, 160, 240, 320, and 360 K.
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voltageVflat will give rise to a flat band configuration with
neither electron depletion nor accumulation. The vanish
internal electric field gives rise to a vanishing PC. Figu
2~a! shows that electron accumulation near the barrier ta
over at forward bias exceedingVflat . Electrons tunneling into
the FM metal and holes diffusing into the SC give rise to
positive PC at forward bias moderately exceedingVflat . As
the forward bias is further increased, the electron accum
tion region is narrowed, and the PC decreases rapidly
contrast, hole accumulation occurs over an extensive rev
bias range as illustrated in Fig. 2~d!, causing less pronounce
variations in PC as the bias is changed.

A comparison of the results of the characterization m
surements shown in Fig. 1 with the model in Fig. 2 allows
identification of the bias regime in which electron tunneli
occurs for both current and PC. This is the case for forw
bias values moderately exceedingVflat as sketched in Fig.
2~a!, which coincide with the PC peak in Fig. 1 at abo
0.4–0.8 V. The strong reduction in onset voltage at ab
300 K reveals that thermal emission over the AlGaAs bar
becomes significant at this temperature, leaving the Scho

n

FIG. 2. Schematics of the band bending and the correspon
current-voltage and photocurrent-voltage characteristics in the
of ~a! forward bias electron accumulation,~b! forward bias flat band
configuration,~c! zero bias electron depletion, and~d! reverse bias
hole accumulation.
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FIG. 3. ~a! Comparative plots
of the photocurrent I ph ~solid
lines! and the magnitude of the
helicity-dependent photocurren
DI ~points! versus bias voltage
Vbias at different temperatures.~b!
Separation of the total helicity-
dependent photocurrentDI ~solid
circles! into the magneto-optica
contribution DI MCD5aI ph ~solid
lines! and the contribution due to
spin filtering DI SF5DI 2aI ph

~open circles! with parametersa
and Peff given by Eq. ~4!. The
dashed line is a guide to the eye
and the sequence of temperatur
is the same as that shown in~a!.
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barrier to determine the electron transport process. Thus
neling is suppressed at elevated temperatures, which ca
the peak in the PC to vanish. In this way the PC peak
attributed to electron tunneling through the AlGaAs barri
suppressed by thermal emission as temperature is incre

The excess energy of the excited carriers has not b
taken into account, since the transport processes are
erned by the bend bending. The excess energy is given b
difference between the excitation energy of 1.58 eV and
band gap energy, which varies with temperature in the ra
1.52–1.42 eV.14 The resulting excess energies of 0.06–0
eV are under all circumstances insufficient for overcom
the barrier height of about 0.49–0.44 eV.

The dependence of the HDPC on magnetic field follo
the hysteresis loop of the magnetic film with a constant off
as observed in previous studies.10,11 The offset is only
present at nonperpendicular angles of light incidence, an
independence of the magnetic field strength proves tha
arises purely due to optical effects. In order to remove
contribution from the nonmagnetic offset to the HDPC,
magnetic field of 260 Oe is applied~sufficient to saturate the
magnetic film!, and the HDPC for opposite field direction
are subtracted. Thus the magnitude (DI ) of the HDPC is
given by the relation~using a slightly different notation her
to that followed by Hirohataet al.10,11!

DI 5
I 12I 2

2
, ~2!

with the HDPCI 1 and I 2 for positive and negative satura
tion, respectively.

Figure 3~a! shows measurements of the bias depende
of both the PC and the magnitude of the HDPC at differ
temperatures. The bias dependence of the two curren
reverse bias is exactly the same for all temperatures, a
evident from scaling the HDPC to the PC@Fig. 3~a!#. On the
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contrary a pronounced discrepancy is observed at forw
bias, coinciding with the PC peak at 0.4–0.8 V, which w
identified above as the bias regime in which electron tunn
ing occurs.

Different transport mechanisms~hole diffusion into the
FM, thermionic emission of electrons over the AlGaAs b
rier, electron tunneling across the AlGaAs barrier! will con-
tribute to the nonpolarized PC, according to the applied b
In principle all of these processes could be spin depend
and therefore contribute to the HDPC. Significant spin filt
ing effects would be expected to occur at reverse bias in
case of spin dependent hole transport, and at forward bia
the case of spin-dependent electron transport, respecti
As in our geometry the light has to pass the FM layer bef
entering the GaAs, there will also be a contribution of ma
netic circular dichroism~MCD! to the HDPC. ThereforeDI
will, in general, be a superposition of magneto-optic
(DI MCD) as well as spin filtering (DI SF) effects:

DI 5DI SF1DI MCD , ~3!

with DI MCD being proportional to the nonpolarized P
(DI MCD5aI ph).

The well-defined structure of our sample allows a cle
separation of all these contributions. As pointed out pre
ously, a significant difference between the bias dependen
of the nonpolarized PC and the HDPC was only observe
forward bias~0.4–0.8 V!, where electron tunneling occurs
whereas the bias dependences of both currents match
other closely at reverse bias. The latter finding clearly sho
that spin-dependent hole transport does not play an impor
role and that the HDPC at reverse bias arises mainly fr
MCD. We are therefore able to fit the parametera by com-
paring the bias dependences of the PC and the HDPC
reverse bias and to subtract the contribution ofDI MCD from
3-3
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BRIEF REPORTS PHYSICAL REVIEW B68, 073303 ~2003!
the total HDPC@Fig. 3~b!#. The spin filtering efficiency can
then be quantified in terms of an effective polarizationPeff ,
defined as

Peff5
DI 2aI ph

2I ph
. ~4!

Peff is an indirect measure of the polarization of the tunn
ing electrons since the true tunneling current cannot be s
rated fromI ph and is likely to be much smaller than the tot
PC. It can, however, be used to determine the relative cha
in electron polarization with temperature. We found thatPeff
is of the order 0.1% and decreases with increasing temp
ture. At about 300 K, where thermionic emission sign
cantly contributes to the transport process, as pointed
above,Peff approaches zero. As shown in Fig. 3~b!, practi-
cally no spin filtering was observed at this temperatu
Hence any spin dependent contribution of electrons ther
onically emitted over the barrier can be ruled out. This fin
ing can be explained in a very simplified view by the fa
that once, the electrons have overcome the barrier, a l
number of states will be available in the metal for either s
orientation.

Our combined data unambiguously proves that only t
neling electrons show a significant spin dependence. T
finding is in good agreement with the spin filtering mech
nism proposed in earlier papers,10,11but goes much further in
separating magnetic circular dichroism effects and explic
ruling out any spin-dependent contributions from hole tra
port or thermionic emission. In our model, electrons tunn
ing through the barrier will, dependent on their spin orien
tion, have a different number of states available to tun
into, due to the spin-split density of states in the FM. T
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mechanism is highly spin sensitive, similar to the tunneli
process in magnetic tunnel junctions,15,16 where, instead of
an optically pumped SC, a FM metal is used as a spin in
tor. There are, however, fundamental differences betw
these two approaches, due to the different electrical pro
ties and band structures of SC and FM metals.

In conclusion we have investigated spin dependent e
tron transport across the FM/SC interface by introducing
band gap engineered tunneling barrier. Efficient spin filter
was only observed at forward bias, where electron tunne
occurs. On the other hand, at reverse bias where tunnelin
suppressed, this process is switched off and only magn
dichroism effects contribute to the helicity dependent pho
current. In this way we were able to distinguish between s
filtering and magneto-optical dichroism allowing us to qua
tify the contribution of each mechanism to the helicity d
pendent photocurrent. The effective polarization of the tu
neling electrons was found to decrease with increas
temperature, approaching zero when thermal emission
comes dominant at about 300 K. From these combined
sults we are able to unambiguously show that spin filtering
associated with electron tunneling and that the thermio
emission process is spin independent.
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