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Spin-selective transport through FEAIO,/GaAs(100) interfaces under optical spin orientation
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Spin-selective transport of optically excited polarized electrons through Fe(Ga@\s and
Fe/AlO, /GaAs(100) interfaces is reported. A visible enhancement in the spin selectivity is observed in the
Fe/AlO, /GaAs(100) structure at a forward bias of 0.04 V, while no such feature is seen in the FEIG@As
structure. The spin selectivity in the Fe/Al@5aAs(100) structure has a maximum value which is a factor of
2 larger than that of the Fe/Ga@®0) 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 FEZE®s(100)
structure, while its clear bias dependence excludes magnetic circular dichroism as a possible mechanism.
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I. INTRODUCTION metry defined by the helicity of the incident light at a for-
ward bias in the Fe/AlQY GaAs(100) devices. As a result, a
The exploration of spin transport through ferromagneticmaximum occurs in the photocurrent asymmetry at forward
metal(FM)/ semiconductofSCO) interfaces is rapidly leading bias, whereas no such maximum appears in the Fe/
toward innovations in spin engineering, e.g., spin transistor&aAg100 structure. This result clearly demonstrates spin-
or quantum computatioh? For successful device applica- selective transport due to tunneling through the interface.
tions, realizing high efficiencies of spin injection and spin
selection through interfaces is of decisive importance. Many Il. EXPERIMENTAL PROCEDURE
researchers have reported spin injection from FM into SC
materials, detecting the polarization of light emitted via the ) ~10
recombination of electrons and holes in the & The cir-  Ultrahigh  vacuum ~ chamber ;10_3 mbar  on
cular polarization values reported, however, have varied"lOx(5 Nm)"GaAs(100) (Si: 1310 cm™?), where Al
from 0.5% at room temperatufeto 4% at 240 K even with 1AYers were first dep.oslted in a different Ipyv vacuum cham-
the same choice of metal Fe. On the other hand, spin selePer and naturally oxidized. Before depositing Fe layers, the
tion at the FM/SC interface, which is regarded as the oppo-
site effect of the spin injection, has been examined by only a @ ® © Y 5
few groups for some particular interfaces, ie., gy :
ﬁ .“\\~ ﬁ l“.\\_ L

Fe layers with a thickness of 3 nm were deposited in an

Co/Al,O,/p-GaAs and NiFe/GaAY:'® The principal idea

relies on the asymmetry of the transmission for each spin
channel through the FM layé$:!’ Electrons in the SC with

spin orientation parallel to the FM are easily transmitted
through the high-conductivity spin channel while those with

the antiparallel spin orientation are blocked at the interface. (4
The fundamental transport process of the electrons at the
interface, i.e., diffusive transport, ballistic transport or tun-
neling, drastically changes the efficiencies of the two
effects!® In the diffusive process, the spin selection is sig-
nificantly suppressed due to spin-flip processes at the inter
face whereas no spin flip occurs in ballistic and tunneling
processes, leading to the efficient selection of a preferable
spin orientation. Therefore, modifying the electronic states at
the interface should provide a means of obtaining crucial Vbias<0 Vbias=0 Vbias>0

information on achieving high efficiencies of spin injection FIG. 1. Schematic diagram of principal carrier transport process
and spin selection: to date the role of the interface is still . g princip POt B

. at FM/SC and FM/AIQ/SC interfaces under laser irradiatidi)

eluswe._ . . nd (e) illustrate the electronic structures at zero bias for FM/SC

In this paper, we report on th,e spin-selective transport 0gnd FM/ AIQ/SC interfaces, respectively. At reverse bigs,and
electrons  through  contrasting Fe/GaP&0) and  (g) excited electrons flow into the GaAs bulk while holes are col-
Fe/AlQ,/GaAs(100) interfaces using optical spin orientation|ected into the Fe layer. At forward bias, excited electrons in the
in GaAs (Fig. 1). Irradiation by circularly polarized light Em/sc flow over the Schottky barrieic), whereas those in the
excites interband transitions froRy, andPy;; to Sy, atthe  Em/ AlO, /SC transmit through the barrier via the tunneling process
I' point of GaAs, for which the transition selection rule (f). Electrons and holes are represented by the large closed and open
yields electrons with a maximum spin polarization of 50% incircles, respectively. Recombination centers are represented by the
GaAs?® We find an enhancement in the photocurrent asymsmall closed and open circles in the vicinity of the interface.

(e ®
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AlO, layers were sputtered with Ar plasma and annealed at
500°C to attain flat surfaces. The typical results for the
samples (1) FeB3nm/GaAd100, (2-a Fe(3 nm)/
AlO,(5 nm)/GaAs(100), and (2-b) Fe(3 nm)/
AlO,(5 nm)/GaAs(100) are examined hereafter. Low en-
ergy electron diffraction observation revealed that the Fe

layer of the samplé1) was grown epitaxially and those of ol : EQ;?@Z’?&I/%OJAS(lm) |
the sample$2-a) and(2-b) were polycrystalline. The photo- O (2-b) Fe/AIO /GaAs(100)
currentl ,, induced by the front irradiation at wavelength 30 1 1 L
=633 nm(1.96 eV photon energywas measured from the
voltage drop across an external load resistor in a closed
circuit.!* We also measured the spin polarized photocurrent
I, (1_) excited by the right{left-) handed circularly polar-
ized light, and the differenceA( =1, —1_) between the
photocurrents was collected by means of a photoelastic
modulator(PEM) at room temperatur¥. All the photocur-

rent measurements were performed using a lock-in tech-
nique, which enables us to extract the current excited by the
irradiation efficiently even though there is a significant dark
current. Contacts for the electrical measurements were made
using a planar electrode geometry—see inset of Fig. 2.

Current (mA)

L A)

Al (nA)

Ill. RESULTS

A. Sample characterization

As the magnitude of spin dependent transport strongly
depends on the morphology of the interface, we used first
transmission electron microscopy to observe cross sections
of the samples to check whether there is any morphological
difference between the samples. The transmission electron FIG. 2. (a) I(V) curves,(b) photocurrentd ;,, and(c) differ-
microscopy shows that the AlJQayer of samplg2-a) has a ence between the photocurrents excited with right- and left-
rough morphology compared with sampl2-b). The mor-  circularly polarized lightsAl, =1, —1_ measured in 2 T perpen-
phological difference also influences the magnetization prodicular to the film plane as a function of bias voltage. The inset
cesses of the samples. The magnetization curves were oBhows the planar contact geometry used for electrical measure-
tained by polar magneto-optical Kerr effedMOKE) ments, which enables us to probe the voltage drop at the interface
measurements—solid lines in Fig. 4. In the film thicknessunder the middle contad® only, so excluding the voltage drop
regime of this study, the shape anisotropy dominates thassociated with the electrical current ﬂovylng through the bulk of the
magnetization process and the roughness of the ferromag?—aAS substrate between contaBtand C (indicated by the arrow
netic layer should reduce the anisotropy. The MOKE results
are compatible with the degree of the roughness: the largesbuld remain between the GaAs substrate and the kd(er.
shape anisotropy is obtained in the epitaxial Fe lggample If this is the case, an AlGaAs layer can form at the interface
(1)] and introduction of the AlQlayer suppresses the anisot- by the diffusion of residual Al in the GaAs substrate during
ropy. One may ask whether, when in proximity with an AlIO the annealing process at 500°C. This may also contribute to
layer, the Fe layer is stable against the formation of Fe oxidethe quantitative differences in thAl.; seen for these
In general, Al oxide is quite stable and unlikely to react with samples, and probably can also account for the differing
Fe unless a special Al oxidation process is employed. A preSchottky characteristics.
vious report on tunnel junctions also supports this Viéw.
The authors used reactive deposition of the Al oxide layer, in
which Al was deposited on an Fe substrate in an oxygen
atmosphere. Even in these conditions, the underlying Fe As we have stated, the morphology of the interface
layer is stable against reaction with oxygen at the fl@  greatly influences the current-voltab@/) characteristics as
interface. In our experiments, Fe layers were just depositedhown in Fig. 2a). Although all the samples show rectifica-
on the AIQ, layer in UHV at room temperature, thus indicat- tion due to the Schottky barrier, the leakage current at re-
ing that the Fe layer is not likely to be oxidized by reactingverse bias is pronounced for the epitaxially grown sample
with AlO,. (1). The poor Schottky characteristic could be caused by the

It should also be noted that an Al layer of 5 nm may beGa-rich GaA§100) surface due to the sublimation of As ions
too thick to be fully oxidized naturally due to a self-limiting during the annealing process at 500°CFor the samples
mechanism of natural oxidation, indicating that an Al layer(2-a8 and (2-b), on the other hand, AlQlayers prevent the

Bias (V)

B. Current-voltage characteristics
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sublimation, giving less leakage current for reverse bias. We
attribute the difference in thV) curves between samples
(2-a and (2-b) to the morphology of the AIQ layer: the

flatter AIQ, interface of sample$2-b) provides the better <

rectification in Fig. 2a). - ;
~ --= (1) Fe/GaAs(100) i
£ 2.0f— (2-2) Fe/AlO,/GaAs(100)i § 1 -
<

C. Photoexcited electron transport — (2-b) Fe/A10,/GaAs(100)

2.5 1

The photocurrents,, as a function of bias voltage at the .
interface are shown in Fig.(B). A negative photocurrent is o '
the typical characteristic of the metal-semiconductor diode

with the band curvature in the depletion region of the semi-

. ' ) ~ 100

conductor. The excited electrons in the GaAs near the inter- <

face flow into the GaAs bulk while simultaneously excited e 0

holes are collected in the Fe layers. Thg shows a broad =i

peak at a reverse bias-(0.15 V) and decreases with greater 5 100

reverse bias. The feature can be interpreted in terms of re- 3

combination at the interface as shown in Fig. 1. If the recom- 200

bination centers are located just below the Fermi level at zero A |

bias, the Fermi level goes across the energy levels of the 0.6 04 -0.2 0.0
recombination centers with increasing reverse bias, thereby
electrons are released from the recombination centers. The
positively charged recombination centers trap electrons from FIG. 3. (a) Bias dependence afl /2! ,, of the sampleg1),

the Fe layer and holes excited by the light irradiation simul-(2-a), and (2-b). The magnitude of the error in this quantity for
taneously. The release and trap processes effectively supample(2-b) is indicated by a single representative errorbar for the
press the photocurrent. The tunneling of electrons directlyoint at 0.04 V.(b) Bias dependence of the effective spin-selective
from the Fe layer into the positively charged recombinationphotocurrent contributiod I peji— al  for the samplegl), (2-a),
centers also contributes to the dark current at reverse biagnd(2-b).

These processes occur in both the structures with or without
the AIQ, layer. Assuming that the recombination centers are
associated with the defects created in the annealing process, Figure 4c) depictsAlye; in a field of 2 T sufficient to
the capture cross sections for electrons and holes are eRlmost saturate the Fe film perpendicularly to the film plane.
pected to be larger in the sampgt® due to the sublimation The Alye; of sample(1) exhibits a single peak at around

Bias (V)

D. Spin selectivity of photoexcited electron transport

of As. The description consistently explains %) charac-  —0.15 V, which is quite similar to the bias dependence of
teristics in which the samplgl) exhibits the significant leak- the photocurrent shown in Fig(l®. On the other hand, the
age current at reverse bias. Al )i of sample(2-b) has a broad maximum at0.38 V and

Another prominent feature is a dip of the photocurrent ata shoulder at zero bias, being distinct from the corresponding
0.04 V for the sampleg2-a) and (2-b). Both the excited I,n. The sampld2-a) also shows different bias dependences
electrons and holes could contribute to the photocurrent ifetweenAle; andly, as clearly shown in Fig. (8). The
our samples. The photocurrent due to the holes, howeverglative spin orientation of the excited electrons in GaAs and
should not give the anomaly at forward bias as the electronithe out-of-plane Fe moments alters from parallel to antipar-
structure of the recombination centers, which are trappingillel upon changing the helicity of the light irradiated on the
electrons, does not change with the bias. This indicates th&aAs. This means that th&l,; is attributed to the differ-
the dip is associated with the transport of excited electrongnce in the conductivities with spin-up and spin-down elec-
through the interface from the GaAs to the ferromagnetic Fetrons with respect to the Fe moments: we term this spin
The excited electrons pass through the interface via theiselectivity. For a quantitative comparison between the differ-
mally assisted transport over the Schottky and/or the,AlOent samples, the\l.; normalized by the corresponding
insulating barrier and the tunneling through the barriers. Th@hotocurrent A1,/2l ) is used, asAly; increases pro-
transmission of electrons due to the thermally assisted trangortionally with the number of excited electrons, i.e., the
port is determined by the height of the barrier, but that due tghotocurrent. Figure (@ showsAl /2l 5, as a function of
the tunneling depends on a combination of height and widthbias voltage at 2 T. To calculat&l /2l ,, precisely, the
The effective height of the Schottky barrier is reduced withvalues for bothAly; and 2, were estimated at the same
increasing forward bias whereas the barrier width increasedjias voltage by first fitting the data of Fig. 2 to smooth
suggesting that there exists an optimum bias for the electrorsurves(solid curves in Fig. 2and using interpolation. The
to tunnel through the barrier. In this sense, the tunneling ogharp drop for sampl€l) at ~0.12 V is an extrinsic effect
the excited electrons through the barrier is most likely todue to the vanishing photocurreiy, at arounaVvy,. Of par-
occur at a forward bias value determined by the subtle balticular importance is the peak il ,¢i/2l , at 0.04 V for the
ance between the barrier height and width, thus causing theample(2-a) and (2-b), which is obviously reflected by the
dip of the photocurrent as we observe. dip in the photocurrent which occurs at 0.04 V and the shoul-
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1.4 value is 2.1%. The effective value is comparable to the spin
® (1) Fe/GaAs(100) injection efficiency of 2% reported by Zhet al® Further-
1.2- O (2-a) Fe/AlO,/GaAs(100) ] more, if the spin selectivity is due to the MCD, the same bias
o 1ok O (2-b) Fe/AlO,/GaAs(100) 1 dependences should be obtainedlfgrandAly;: the bias
& : dependences of Figs(l8 and Zc) are clearly distinct, and so
3 0sbk ] the MCD cannot explain the peak in the bias dependence of
g ) the Alpei/2l 5. More explicitly, we can obtain a pure spin-
= 0.6 i selective contribution to the helicity dependent photocurrent
n) . . ; .
d by considering the fact thakl,e); is a superposition of a
aﬁ 04 i MCD contribution and a pure spin-selectivity effect. Since
10T the MCD contribytion is proport_ional to the phqtocurrent
0.2 0 ppr-Sb—i I'oh, SO the quantityAl,e;i— al,, gives the pure spin selec-
0.6 Bies (\950 tive contribution and consequently the MCD effect is sub-
0.0 | | | |

tracted. The values afl¢i— al,, are shown in Fig. @) as
a function of bias voltage. The parameters chosen so that
H (T) Alpei— alpy has a value of zero at 0.6 V. The curves for
the sampleg$2-a and(2-b) clearly show a peak at 0.02 and
FIG. 4. Field dependence dfl,.; normalized by the values in  0.04 V, respectively, while the values for samig remain
2 T at zero bias. The solid lines are the magnetization curves obalmost the same over the bias range. Thus, we see qualita-
tained by polar magneto-optical Kerr effect measurements. The inﬁve|y the same behavior in two separate samples in spite of
set shows bias dependei.; of the sample(2-b) in various  the differing magnitude of the spin selectivity, i.e., qualita-
magnetic fields. tively reproducible.

The MCD effect might significantly contribute to the spin
der in Ale; above zero bias, both of which are due to theselectivity at reverse bias because the spin lifetime of holes,
tunneling process. The absence of the peak for the safhiple which predominantly contribute to the photocurrent, is quite
is due to the poor Schottky barrier which makes electronghort. At forward bias, on the other hand, electron transport
pass over the barrier rather than tunnel. Therefore, we cons becoming significant, which means that the peak in the
clude that the peak ikl /2l o at 0.04 V is a direct evi-  spin selectivity in Fig. 83) has its origin in electron transport
dence that efficient spin-selective transport occurs due to thghich has a longer spin lifetime. The interface effect should
tunneling process at the interface in the presence of a tunnehot increase the MCD because the magnetic moments of Fe
ing barrier. at the AIQ, interface are likely to be reducédindicating

that the MCD at the interface effect is reduced. Also the very
IV DISCUSSION §mal| numbe( of accumulated carrigrs at the interface is not
likely to modify the MCD effect, since the change of the
The field dependence @l obtained at zero bias fur- magnetization due to the accumulation is negligible com-
ther corroborates our description of the spin selectifftyg.  pared with the magnetization of Fe layer. On the basis of
4). The Al values of the sampl€l) hardly saturates even these considerations, the peak in the spin selectivity in Fig. 3
at 2 T while those of sampld2-a) and(2-b) saturate at 1.2 is due to spin polarized electron tunneling from GaAs into Fe
T and 1.6 T, respectively. Sinel ,;; should be proportional layer.
to the out-of-plane magnetization of the Fe layer, which is As a further check, we test whether we can obtain spin
parallel or antiparallel to the spin of the excited electrons, theselectivity of spin polarized electron transport using a struc-
field dependence ol is directly associated with the ture with a well-defined AlGaAs barrier instead of an AIO
magnetization curve of the Fe layer. Indeed, the magnetizabarrier layer® While the Al .;; shows a distinct bias depen-
tion curves obtained by MOKE measurements well agrealences as the corresponding at low temperatures, the dif-
with the field dependence dfl;. In addition, the magni- ference between the bias dependenceslqf;; andl ,, be-
tude of Al /2, at reverse bias increases with increasingcomes less pronounced with increasing temperature. Also the
saturation fieldsee Fig. 4. This also can be understood from spin selectivity of the sample shows a peak at a forward bias
a consideration of the roughness of the film, which induces #hat is similar to the present results for the samples with an
magnetically inactive Fe component in the samigleg) and  AlO, layer, and the value of the spin selectivity reduces with

00 05 10 15 20 25

(2-b) due to thermal instability of the interface layers. increasing temperature. Since the thermally assisted transport
Magnetic circular dichroismfMCD) due to the Fe layer over the barrier is suppressed at low temperatures, this ob-
also might mimic the asymmetry of the photocurrért,g; . servation indicates that only the tunneling electrons show a

The contribution of the MCD was estimated to be2.5%  significant spin dependent transport across the interface, in
for a 20-nm-thick Fe film by photoluminescence good agreement with our description of the spin dependent
measurement® which is in good agreement with the calcu- transport across a tunnel barrier for the Fe/MGaAs(100)
lation for the Fe filmt* A corresponding value of 0.4% is structure. Therefore, we believe that the enhancement in the
estimated for the MCD contribution in our 3-nm-thick Fe Aly¢i/2l,, is a clear manifestation of spin-selective transport
films, and an effective value fakli/2l,, of 1.7% is esti-  at the interface.

mated for the sampl¢2-b) at 0.04 V (the total measured A contribution of the excitation from the split-off band is
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also included for the optical pumping with the photon energylicity dependent effect measured when comparing samples.
of 1.96 eV we use, so that the spin polarization of the excited herefore, the comparison between the samples is still valid.
electrons is reduced to around 10%, although our previous
measurements of the wavelength-dependent spin transport
confirmed that optically excited electrons in GaAs with this
energy were spin polarizéd.It should also be noted that We demonstrate spin-selective electron transport at the
photoexcited electron transport includes both thermionid=e/AlO,/GaAs(100) interface using optical spin orientation.
emission and tunneling contributions, indicating that theThe effective value of the photocurrent asymmetry
photoexcited current is not equal to the tunneling currentAlyei/2l,, increases up to a maximum of 1.7% at a bias
Therefore, the effective spin selectivity, which is defined tovoltage of 0.04 V at room temperature. The effect is consis-
be the helicity dependent photocurrent normalized by theent with a model based on the tunneling transport across the
corresponding photocurrent, is artificially small. These con-AlO, layer inserted between the Fe and GEAY).
siderations suggest that the spin selectivity obtained in this
study is at a minimum, thus enabling us to expect a higher
value of spin selectivity by optimizing the interface between
GaAs and ferromagnetic metal. We are grateful to Professor H. Ahmed at Cavendish
Although the effects of a possible frequency-dependentaboratory for kindly offering the opportunity to use facili-
phase shift should be considered, we have checked this ies at the Microelectronics Research Center. T. T. wishes to
other experiments using a 1/4 wavelength pldtiae results  acknowledge the financial support of JSPS. G.W. would like
of which broadly agree with the results obtained using ao acknowledge the Austrian Academy of Sciences, the
PEM. Also, the photocurrent measured by a PEM is not exWilhelm-Macke-StipendienprivatstiftungAustria), and the
actly the same as that measured at the optical chopping fr&&ambridge Philosophical Society for their financial support.
guency. However, even the use of a PEM does not chang®.l. wishes to acknowledge Nordiko Ltd and the Cambridge
the qualitative behavior or the relative magnitude of the heEuropean Trust for the financial support.
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