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Role of electron tunneling in spin filtering at ferromagne¥semiconductor 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/AlGa2aAs 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 at-We find that a significant spin dependence in this spin filter-
tracted vast interest? Spin analog to conventional electronic ing process can only be expected for tunneling electrons.
devices, exploiting the spin rather than the charge of the The structure is grown by combined SC and metal mo-
electrons, could offer significant advances in devicelecular beam epitaxy in two distinct growth chambers. The
performance:* However, the prerequisite for the realization SC part of the structure is grown omaGaAs(100) substrate
of such devices is a better understanding of spin-dependenthder a background pressure in the low ¥mbar range at
electron transport, including both spin injection from a fer-580°C after oxide desorption at 620 °C in Afux. The
romagne{FM) into a semiconducto(SC) and spin detection layer sequence consists of a 200 nm Si doped¥a®3)
of electrons passing from the SC to the FM. Successful spitaAs buffer a 2 nmnon-doped AlGaAs barrier, dna 2 nm
injection from a FM metal into SC quantum well structures Si doped (18 cm™3) GaAs spacer. An amorphous As cap is
has been demonstrated recently by several groupis.nas  deposited for protection against surface oxidation during
been pointed out by Schmieét al® that efficient spin trans- transfer, and PdGe is deposited for the backside contact. The
mission across the FM/SC interface will be difficult to metal growth takes place at room temperature under a back-
achieve in the diffusive transport regime, due to the largeground pressure in the low 16° mbar range after first des-
conductivity mismatch between a metal and a SC. This proberbing the As cap by annealing at 450 °C for 30 min and
lem can be overcome, however, by introducing a tunnel barehecking the surface reconstruction by low-energy electron
rier at the FM/SC interfacgln this case a large spin depen- diffraction. A 5 nm NiFe magnetic layer is deposited fol-
dence can be expected for tunneling electrons. lowed by a 3 nm Au cap toprevent oxidation. A detailed

Our group has recently demonstrated efficient spin deteadescription of the metal growth system can be found in Ref.
tion at room temperature in FM/GaAs Schottky barrier struc-12. Finally Au contacts are grown on top of the capping layer
tures using photoexcitation techniqués’ In order to excite by thermal evaporation.
spin polarized electrons in the GaAs we use circularly polar-  All measurements were carried out in a constant flow lig-
ized light that is shone on the top surface of the sample andid helium cryostat located between the pole pieces of an
passes the FM layer before reaching the GaAs. This giveslectromagnet with the magnetic fie{thaximum 10 kOg
rise to magneto-optical dichroism that contributes to theapplied along the plane of the FM film. Optical access to the
measured helicity dependent photocurré#dPC). We con-  sample was provided by two windows positioned outside the
clude from the observed bias dependence of the HDPC thahagnet. As a light source we used a diode laser with a wave-
strongly spin dependent transport of electrons passing froriength of 785 nm, corresponding to a photon energy of 1.58
the SC to the FM occurs independently of any magnetoeV. The light was shone on the sample at an angle of 22.5°
optical effects. However, it is an open question, which of thewith respect to the plane normal. A photoelastic modulator
possible charge transport mechanisms between the SC affdEM) operated at 50 kHz was used to alter the circular
the FM (hole diffusion into the FM, thermionic emission of polarization of the light and the HDP@which is propor-
electrons over the Schottky barrier, electron tunneling acrossonal to the difference in photocurre(®C) for illumination
the Schottky barrigrare spin dependent and therefore will with right and left circularly polarized light, respectivéfy
contribute to the signal we observe. In the present study wevas measured using a lock-in amplifier. The PC was deter-
report on measurements of band gap engineered FM/AlGaAwmined by modulating the intensity of the light beam at 100
tunnel barrier/SC structures that enable us to precisely detekHz in a separate measurement using the PEM and an addi-
mine the bias and temperature conditions for the differentional linear polarizer. All electrical measurements, i.e.,
transport regimes. We are therefore able to separate magnetusrrent-voltage characteristics, PC and HDPC measure-
optical effects and to specify the transport mechanism cruciahents, were carried out in a three-contact geometry: The
for spin filtering of electrons passing from the SC to the FM.current was measured between one top contact and the bot-
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FIG. 1. Bias dependence of the current without photoexcitation %\ =0
(top) and the photocurrent induced by photoexcitatibottom at (d) =
different temperatures of 80, 160, 240, 320, and 360 K.
V<<V _K._»\[ hole accu.
tom contact and the voltage drop across the sample was mea- R Mo < Hyope
sured between the other top contact and the bottom o n,>0

contact!%!
Basic characterization of the structure was carried out by

me_asuring the current-voltage and PC_-voItage characteristic_s FIG. 2. Schematics of the band bending and the corresponding
using standard methods. Representative results are SNown ifrent-yoitage and photocurrent-voltage characteristics in the case
Fig. 1. The current-voltage characteristic shows an extremely; (a) forward bias electron accumulatiof) forward bias flat band

suppressed current level at reverse bias, while an exponeggnfiguration,(c) zero bias electron depletion, and reverse bias
tially increasing current level is observed at forward biashgle accumulation.

exceeding a certain onset voltage in the range 0.4-0.6 V. The
PC-voltage characteristic shows a rather stable negative PC o i ) )
level at reverse bias, while a positive PC peak is observed doltage Vaq Will give rise to a flat band configuration with
forward bias exceeding the onset V0|tage of 0.4-06 V. p!’leither e|ectl’qn C_iep|eti_0n nqr aCCUmUIation. The Vanishing
transition is evident at a temperature of about 300 K, obinternal electric field gives rise to a vanishing PC. Figure
served as an abrupt decrease in onset voltage and a todp) shows that electron accumulation near the barrier takes
suppression of the PC peak. over at forward bias exceeding,,;. Electrons tunneling into
In order to fully understand the characteristics, we conthe FM metal and holes diffusing into the SC give rise to a
sider a simple model of the band bending at different biag0sitive PC at forward bias moderately exceedifg,. As
conditions as sketched in Fig. 2. Pinning of the Fermi levetthe forward bias is further increased, the electron accumula-
in the FM metal within the band gap of the SC gives rise totion region is narrowed, and the PC decreases rapidly. In
depletion and accumulation of carriéfsThus the band contrast, hole accumulation occurs over an extensive reverse
bending takes place according to the Poisson equation  bias range as illustrated in Fig(d, causing less pronounced
variations in PC as the bias is changed.
—V2<P:e(ndope— Ne+Np), (1) A comparison of the results of the characterization mea-
surements shown in Fig. 1 with the model in Fig. 2 allows an
with ¢ the electric potentiale the electron chargey.pethe  identification of the bias regime in which electron tunneling
doping density, and, andny, the electron and hole densities, occurs for both current and PC. This is the case for forward
respectively. At the zero bias condition electron depletionbias values moderately exceediig, as sketched in Fig.
occurs with the resulting band bending as illustrated in Fig2(a), which coincide with the PC peak in Fig. 1 at about
2(c). This implies a negative PC originating from electrons0.4—-0.8 V. The strong reduction in onset voltage at about
diffusing into the SC and holes tunneling into the FM metal.300 K reveals that thermal emission over the AlGaAs barrier
As illustrated in Fig. 20) a certain value of the forward bias becomes significant at this temperature, leaving the Schottky
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barrier to determine the electron transport process. Thus turcontrary a pronounced discrepancy is observed at forward
neling is suppressed at elevated temperatures, which caudgias, coinciding with the PC peak at 0.4-0.8 V, which was
the peak in the PC to vanish. In this way the PC peak iddentified above as the bias regime in which electron tunnel-
attributed to electron tunneling through the AlGaAs barrier,ing occurs.
suppressed by thermal emission as temperature is increased.Different transport mechanism&ole diffusion into the
The excess energy of the excited carriers has not beefM, thermionic emission of electrons over the AlGaAs bar-
taken into account, since the transport processes are goxier, electron tunneling across the AlGaAs banrieill con-
erned by the bend bending. The excess energy is given by thigbute to the nonpolarized PC, according to the applied bias.
difference between the excitation energy of 1.58 eV and thén principle all of these processes could be spin dependent
band gap energy, which varies with temperature in the rangand therefore contribute to the HDPC. Significant spin filter-
1.52-1.42 e\¥* The resulting excess energies of 0.06—0.16ing effects would be expected to occur at reverse bias in the
eV are under all circumstances insufficient for overcomingcase of spin dependent hole transport, and at forward bias in
the barrier height of about 0.49-0.44 eV. the case of spin-dependent electron transport, respectively.
The dependence of the HDPC on magnetic field followsAs in our geometry the light has to pass the FM layer before
the hysteresis loop of the magnetic film with a constant offseentering the GaAs, there will also be a contribution of mag-
as observed in previous studi@s! The offset is only netic circular dichroism{(MCD) to the HDPC. Thereford |
present at nonperpendicular angles of light incidence, and itwill, in general, be a superposition of magneto-optical
independence of the magnetic field strength proves that itAlycp) as well as spin filtering41sp) effects:
arises purely due to optical effects. In order to remove the
contribution from the nonmagnetic offset to the HDPC, a
magnetic field of 260 Oe is appligdufficient to saturate the Al=AlgetAlyep, 3
magnetic film), and the HDPC for opposite field directions
are subtracted. Thus the magnitudel) of the HDPC is  with Al,cp being proportional to the nonpolarized PC
given by the relatiorfusing a slightly different notation here (A mco= al o).
to that followed by Hirohatat al***) The well-defined structure of our sample allows a clear
separation of all these contributions. As pointed out previ-
ously, a significant difference between the bias dependences
of the nonpolarized PC and the HDPC was only observed at
forward bias(0.4—0.8 Vj, where electron tunneling occurs,
with the HDPCI " and|~ for positive and negative satura- whereas the bias dependences of both currents match each
tion, respectively. other closely at reverse bias. The latter finding clearly shows
Figure 3a) shows measurements of the bias dependencthat spin-dependent hole transport does not play an important
of both the PC and the magnitude of the HDPC at differentole and that the HDPC at reverse bias arises mainly from
temperatures. The bias dependence of the two currents BtCD. We are therefore able to fit the parameteby com-
reverse bias is exactly the same for all temperatures, as garing the bias dependences of the PC and the HDPC at
evident from scaling the HDPC to the REig. 3(@)]. On the reverse bias and to subtract the contributioméf,cp from

Al= , i)
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the total HDPC[Fig. 3(b)]. The spin filtering efficiency can mechanism is highly spin sensitive, similar to the tunneling

then be quantified in terms of an effective polarizat®yg, process in magnetic tunnel junctiot’st® where, instead of
defined as an optically pumped SC, a FM metal is used as a spin injec-
tor. There are, however, fundamental differences between
eﬁ:AI _ “Iph_ (4) these two approaches, due to the different electrical proper-
2l ph ties and band structures of SC and FM metals.

Py is an indirect measure of the polarization of the tunnel- N conclusion we have investigated spin dependent elec-
ing electrons since the true tunneling current cannot be sep&0On transport across the FM/SC interface by introducing a
rated froml ,, and is likely to be much smaller than the total band gap engineered tunneling barrier. Efficient spin filtering
PC. It can, however, be used to determine the relative changias only observed at forward bias, where electron tunneling
in electron polarization with temperature. We found tRgg ~ occurs. On the other hand, at reverse bias where tunneling is
is of the order 0.1% and decreases with increasing temperguppressed, this process is switched off and only magnetic
ture. At about 300 K, where thermionic emission signifi- dichroism effects contribute to the helicity dependent photo-
cantly contributes to the transport process, as pointed owurrent. In this way we were able to distinguish between spin
above,P s approaches zero. As shown in Fighg practi- filtering and magneto-optical dichroism allowing us to quan-
cally no spin filtering was observed at this temperaturetify the contribution of each mechanism to the helicity de-
Hence any spin dependent contribution of electrons thermipendent photocurrent. The effective polarization of the tun-
onically emitted over the barrier can be ruled out. This find-nenng electrons was found to decrease with increasing
ing can be explained in a very simplified view by the fact, temperature, approaching zero when thermal emission be-
that once, the electrons have overcome the barrier, a larggmes dominant at about 300 K. From these combined re-
number of states will be available in the metal for either spingts we are able to unambiguously show that spin filtering is

orientation. _ associated with electron tunneling and that the thermionic
Our combined data unambiguously proves that only tun-

; LD X ‘emission process is spin independent.
neling electrons show a significant spin dependence. This
finding is in good agreement with the spin filtering mecha- S.E.A. acknowledges the financial support from the Dan-
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