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Ballistic spin filtering across ferromagnefsemiconductor interfaces at room temperature
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Circularly polarized light was used to generate spin-polarized electrons at room temperature in ferromagnet/
GaAs Schottky diode structuréwith spin polarization perpendicular to the film plan&he Schottky barrier
dependence of the helicity-dependent photocurrent was observed using various ferromagnetic (Nifezjals
Co, and Fgand GaAs doping densities. A change in the helicity-dependent photocurrent was obtained in all
cases in reverse bias when the ferromagnetic layer magnetization was realigned from perpendicular to parallel
to the photon helicity. This effect is attributed to spin filtering of photoexcited electrons generated in the GaAs
due to the spin split density of states at the Fermi level in the ferromagnet which occurs when the magneti-
zation is aligned with the photon helicity. NiFe shows significant spin filtering, Fe shows either strong or weak
spin filtering according to the Schottky barrier strength, while Co shows almost none. Antiferromagnetic
Cr/GaAs shows no spin-dependent effects as expected. These spin transport effects in all cases vanish for very
high doping due to the collapse of the Schottky barrier. As the photon energy approaches the energy gap of the
GaAs, the effects associated with the optically induced spin polarization in the GaAs become larger, confirming
that polarized electrons are first excited in the semiconductor and then filtered by the ferromagnetic layer. The
spin filtering effects in all cases increase with increasing ferromagnetic layer thickness, and are much larger
than the estimated magnetocircular dichroism in permalloy. These results unambiguously indicate that highly
efficient spin transport from the semiconductor to the ferromagnet occurs at room temperature and that strong
spin filtering occurs in reverse bias.
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[. INTRODUCTION sion across FM-metal/SC interfaces via a diffusive electron
transport proces¥, while it is expected that spin-dependent
Spin electronic devices based on the manipulation of spinelectron transport can be achieved at FM/SC interfaces with
polarized electrons offer, in principle, the promise of signifi-low transmission barriers. On the other hand, very few
cant advances in device performance, in terms of speed, siztudies have been conducted on spin detection and further
scaling, and power requiremerité Proposed spin analogues clarification of the mechanisms involved is highly desirable.
to conventional electronic devices have recently stimulated One way of detecting spin-dependent electron transport is
great interest, e.g., the spin-polarized field effect transistobased on the use of photoexcitation technid@eghe possi-
(spin FET®* and the spin-polarized light-emitting diode bility of passing a spin-dependent current through thin film
(spin LED).%® In order to realize such spin electronic de- tunnel junctions of both Co/AD;/GaAs and Cat-MnAl/
vices, spin-dependent electron transport needs to be bett&tAs/GaAs using photoexcited spin-polarized electrons has
understood. It is very important to note that efficient spin-been discussed by Priret al® For the former structure, a
dependent transport depends on achieving both efficient spspin-dependent tunneling current was reported, while only
injection from a ferromagne{FM) to a semiconductor magneto-optical effects were seen in the latter structure. Ac-
(SO),> " and efficient spin detection for electrons passingcordingly a great many studies of spin-dependent tunneling
from the SC to the FM? Efficient spin injection has been through metal/oxide insulator/semiconductdOS) junc-
reported by Fiederlimjand Ohn8 using a magnetic SC but tions have been reportédAs the photoexcitation measure-
only at low temperature in all SC device structures. Spinments have been performed using back illumination of the
injection has also been reported for a FM-metal/two-circularly polarized light, optically excited electrons in the
dimensional electron gd@DEG) device at 75 K by Hammar SC can be used to realize spin-polarized scanning tunneling
et al’ Spin injection as well as detection has also beermicroscopy(SP-STM using sharp SC tips as theoretically
observed in similar structures up to 295%Recently, spin proposed®?! Some recent experiments suggest that such
injection from Fe into GaAs has been achieved successfullfgP-STM may provide magnetic informatiéh?
at room temperature with an efficiency of 2%nd 30%° We previously found a significant spin filtering effect
The question remains as to whether room-temperaacross FM/SC Schottky interfaces using photoexcitation
ture efficient operation is possible and also whether strongechniqueg? Recently Isakoviet al. have reported a similar
spin transmission can be achieved between FM metals areffect?> however, they have focused on the influence of
SC. Theoretically, it has been suggested that there may kguantum wells in the SC on spin transport across the FM/SC
fundamental obstacles to achieving efficient spin transmisinterfaces. In this paper, we present the results of a system-
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atic study of spin filtering as a function of FM material, FM 3nmAu 5nmFM
layer thickness, GaAs doping density, and applied magnetic
field. We also check possible magneto-optical effects in the
SC by varying the applied magnetic field. Polarized photo-
excitation in FM/SC structures was employed to create a
population of spin-polarized electrons mainly in the SC sub-
strate (GaAs. Their spin-dependent transport across the
FM/SC interface at room temperature is detected as an elec
trical response, the strength of which varies according to the
configuration of the photon helicity with respect to the mag-
netization in the FM layer. This setup is basically the reverse
of that used for measurements of electroluminescégte

at the FM/SC interface by Alvaradet al?® and LaBella
etal,?” for example. We achieved a change in helicity-

Polarizer

dependent photocurrent when the magnetization was re(a) =@ (b) -
aligned from perpendicular to parallel to the helicity, which £s <3 - £r <3 L
is attributed to spin filtering at the interface due t0 the SPIN c——

splitting at the Fermi level in the FM. The Schottky barrier o | o -
dependence of the helicity-dependent photocurrent was oby—5 ”

served using various ferromagnetic materials and GaAs do © @

ing densities. NiFe shows significant spin filtering, Fe shows <-—H—

either strong or weak spin filtering according to the Schottky

barrier strength, while Co shows almost no spin filtering. FIG. 1. Schematic configuration of the photoexcitation experi-
Antiferromagnetic(AF) Cr layers show no spin filtering as ment. The lasethv=1.59, 1.96, and 2.41 eV, and power 30, 5, and
expected. These spin transport effects decrease with increas-mW, respectively is polarized in the 45° direction. Right/left
ing doping density of the GaAs substrates but increase witlircular light is produced using a PEM. The bias dependent photo-
increasing FM thickness and applied field. As the photoreurrent is determined bV measurement methods combined with
energy approaches the energy gap of the GaAs, the effecislock-in technique. A schematic view of the FM/GaAs hybrid
associated with the spin polarization in the GaAs substratétructure(3 mmx3 mm is also shown in this diagram. Two Au
become larger, confirming that polarized electrons excited iffontacts on the surfac@.5 mmx0.5 mmx<550 mm and an ohmic

the SC are filtered by the FM only when the magnetization ié:ontact. on the b_ottom are used for the measurement. The value of
aligned with the photon helicity. From these results, the spiﬁhe yarlable resistance for the measure_zment was chosen to be ap-
polarization is estimated and a simple model for the SpirProxmately the same as that of the resistance between the FM and

transport mechanism across the Schottky barrier is also didh€ GaAS substrate. The magnetizatidrin the FM and the photon
cussed. elicity o are shown with the field applied normal to the sample.

Experimental configurationga) without (1°) and (b) with (I") a
magnetic field, are also shown in the inset.

Il. EXPERIMENTAL PROCEDURE i . .
The FM films were deposited at a rate of approximately one

We used ultrahigh vacuurfUHV) deposition techniques monolayer per minute bg-beam evaporation. The substrate
to fabricate 5-nm-thick NjpFe, Co, Fe, and Cr layers temperature was held at 300 K and the pressure was around
directly onto GaAs (n=10% 10% and p=10F*m=3)  7x10 *®mbar during growth. The deposition rate was
substrates, capped with 3-nm-thick Au layers. While Comonitored by a quartz microbalance calibrated by atomic
and Fe can grow epitaxially on GaAs substrafed  force microscopyAFM).
polycrystalline samples were prepared here, however, A circularly polarized laser beaifwith the photon energy
NiFe does not grow epitaxiallyfthe epitaxial relation- hv in the range 1.58hv=<2.41 eV} was used together with
ship is C@001){110IIGaAg001){110> for Co/GaAs and an external magnetic field to investigate the spin dependence
Fe(001)(1001GaA001)(100 for Fe/GaAS®]. A bias volt-  of the photoexcited electron current at room temperature.
age was applied between one Au electrical contact on th&he polarization of the beam was modulated from right to
surface of the sample and one ohmic contact attached to tHeft circular using a photoelastic modulatgPEM) with
back of the substrate. The current flowing through these twd00% circular polarization at a frequency of 50 kHz. For the
pads was measurdgdoth with and without photoexcitatipn ~ polarized illumination mode, the bias dependence of the ac
while the voltage across the sample was also measured usihglicity-dependent photocurrehtthrough the interface was
a separate top contact as shown in Fig*%® The ohmic  probed botha) in the remanent statdQ) and(b) under the
contacts on the bottom of the and p-type substrates were application of a magnetic field{=1.8 T) sufficient to satu-
prepared by evaporating 100-nm-thick GeAuNi and AuBerate the magnetization along the plane normd).(As the
respectively, and then annealed at 770 K for two minutespolarized laser beam enters from the Au capping layer side,
The GaAs substrates were cleaned for two minutes using ahese structures provide a way of avoiding laser absorption at
oxygen plasma associated with chemical cleaning with acthe bottom surface of the SC, as occurs under back
etone and isopropanol, and loaded into the UHV charffber. illumination
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200 =y T T T T T T T whereNp, g, 0, V;, andV stand for doping density, static
F [ o NiFe dielectric constant, electron charge, built-in potential across
r | —e—Co / the depletion layer, and applied bias, respectively. For GaAs,
100 B2 Fe yA— es=13.1X ¢, (£0=8.85418<10 2 F/m) andV,;~0.8 V.
E : At zero bias,W is estimated to be in the range 3.4 niy(
3 =10 m3) to 34 nm Np=10"® m™3). These values are of
of the same order as those for Si, in which the electron tunnel-
i S ] ing is reported to be dominant witip>10?°> m~2.3! When
/'/ ] Wi s large, the electron tunneling is reduced due to the wide
- Vs tunnel barrier, while the tunneling does not occur for very
-100 F =g / ] smallW because of tunnel barrier breakdown. As the electron
C R A e tunneling process through the Schottky barrier is the domi-
10 0.0 10  nantprocess in the case of $lg=10" m3),% we assume
Bias [V] the electron tunneling process is similarly dominant for the
|-V characteristic in our GaAs samples. One can expect the
FIG. 2. Bias dependence of the current through the FM/GaAsmaximum tunneling effects arourlde~1024 m~3 as shown
(110 interface without photoexcitatiofi-V curve for the case of |ater in this sectior{Sec. Il B 1). The ohmic part of thé-V
NigoFeyo/GaAs (1=107°m~%), Co/GaAs (1=10°m~®), and Fe/  characteristic, discussed above, is associated with diffusive
GaAs (=107 m™3). transport which we assume to be spin independfefihis
process occurs in parallel with tunneling processes and is
likely to occur at local defects, indicating that the observed
A. Schottky characteristics with various ferromagnetic spin-polarized signals in helicity-dependent photocurrents
materials are diluted by ohmic components. mtype samples, the

. hot t is principally due to phot ited holes, which
Figure 2 shows thé-V curves of the FM/GaAg110) protocurrent 1S principa’ly cue to pnotosxcited no'es, whic

. o ) ropagate into the FM. However, a small fraction of the elec-
samples measured without photoexcitation. Since the gro ons. i.e. those within a few nm of the interface. can be
of the FM transition metaléCo and F& on GaAs substrates o - '

. expected to tunnel or be ballistically transported to the FM.
has been well establishétiGaAs substrates were chosen for P y b

) All of these processes could in principle be sensitive to the
the present stud}. The Schottky barrier ¢;) of these spin-split density of state€DOS) in the FM layer. Our dis-
samples varies as the barrier defines the shape of-tie

. i3h cussion of the spin-dependent transmission process will,
curves via the Shockley equati 31 however, focus just on the tunneling of electrons through the
The value of the ideality factar™ was found to be 4.85  gcpqtky barrie?® followed by ballistic transport in the FM.

and 9.5 for NiFe and Co, respectively=1 with the ideal

) - ) In this case it is clear that a significant spin dependence
Schottky barrier diode while in the case of Fe, the-V .4 1q arise, due to the large difference in spin dependent
characteristic is often almost ohmic. In general, for Fe/GaA

- . i S atEg.
samples, Schottky characteristics with a very small barrier o helicity-dependent photocurrehtvas measured by

height can be seen, but the barrier height strongly depends Qo qyjating the photon helicity from right(*) to left (o).
the Fe/GaAs interface conditionsee the details in _Sec. The two helicity values correspond to opposite spin angular
D). It should be noted that thie'V curves of both NiFe o mentum values of the incident photons and the helicity
and Co samples also contain ohmic linear components indiyes rise to opposite spin polarizations of electrons photo-
cating that these samples behave as leaky Schottky diod€Sited in the GaAS3 The magnetizatioriM) in the FM is
(this is partially due to the fact that we employed a threealigned perpendicularH{=1.8 T) or in plane H=0) using

contact measurement rather than a true four contact geomy,"eyterna| field. FonilM (or antiparalle), the electrons in
etry). However, in the parts of the sample which contributeio Fnm and the SC share the same spin quantization axis,

to the diode-like behavior, tunneling across the Schottky barg e for o.M on the other hand. the two possible spin

rier can be expected to occur and this is the dominant proceg§ates created by the circularly polarized light are equivalent

in these samples for theV characteristic withV'< ¢, . when projected along the magnetization direction in the FM
(see Fig. 3. Consequently, in the remanent stdteL M),

Current [pA]

IlI. RESULTS AND DISCUSSIONS

B. Helicity-dependent photocurrent with NiFe since the magnetizatiod is orthogonal to the photoexcited
as the ferromagnet spin polarization, both up and down spin-polarized electrons
1. SC doping density dependence in the SC can flow into the FM, opposing the electron current

) ) . o ~ from the FM. At perpendicular saturatidaiM ), on the other
_ A key issue is the proces$unneling, thermionic emis- hand, the up spin electron current from the SC is filtered due
sion, etc) by which electrons are transported from the SC toyg the spin split density of states at the Fermi le&glof the
the FM. The probability for tunneling is determined by the gy 34-36; o " only minority spin electrons contribute to the
Schottky barrier height and depletion layer width. The depletransmitted current from the SC to the FM. This means that a
tion layer widthW is defined by greater net negative current now flows withiM than that

5 for oL M, since the current from the metal to the SC is
W= /28 (v — V), (1) largely independent of the magnetization configuration. Spin
aNp filtering is therefore turned on or off by controlling the rela-
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FIG. 3. Schematic diagrams illustrating the spin filtering mecha- 2

nism for electron transport at the FM/SC interface. Averaged den-g
sity of states of FM is shown for the caseI8ffor simplicity.
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tive axes ofo and M, and is detected as the helicity-
dependent photocurrehtWith oL M, there is no spin filter-
ing, while spin filtering is turned on by rotating t8M. The
helicity-dependent photocurrerit andI" correspond to the
magnetization configurationslL M [see Fig. 1a)] and ¢llM
[see Fig. 1b)], respectively. The helicity-dependent photo-
currentsl® and|™ are proportional to the difference between
the current components for right-¢) and left (¢~) circu-
larly polarized light for each magnetization configuration:
19=pOlig —iy| and I"=p"|i —i,|, wherep® and p" are
phase factors forL M anddilM, respectively. We shall dis-
cuss the measurement of the phase shift as a function ¢
applied field later[see Sec. IlIB3 Since the autophase
mode was used for the measurements’aind|®, the phase
factor was adjusted to be 1 in each case. As shown in Fig. 3
ig =i, is expected for the case of the remanent states, while 1.2 |
iv#i, for the case of perpendicular saturation due to the n ]
spin polarization of the density of states at the Fermi level in [ ! (c) ]
the FM. In principle, the helicity-dependent photocurreht -1.3

should be zero antl' should reflect the electron spin polar- 2.0 10 Bias [V] 00 10
ization both in the SC and the FM.

The helicity-dependent photocurrent is shown in Fig. 4 FIG. 4. Bias dependence of the helicity-dependent photocurrent
with (I") and without (°) perpendicular saturation with without (I %) and with the applied magnetic field") for the case of
various photon energies. In the casercf 102 m~3 with ~ NiFe/GaAs =10 m™®) induced by a photon energy dfv
hy=1.96 eV [see Fig. 4b)], for instance, the helicity- =(&) 1.59,(b) 1.96, and(c) 2.41 eV.
dependent photocurrent values f8rand|° are observed to
satisfy|1%<|1"| as expected. A phase shift betwd8randI®  photocurrent obtained with unpolarized liglaipproximately
is also observed from the lock-in amplifier as expected bug few mA), Al is two orders of magnitude smaller than the
we observe thal°|+#0 in contrast to the prediction of the photocurrent.
simple model(see the detailed discussion in Sec. 1lIB3 To test the role of the Schottky barrier, we investigated
The offset in|1°] is not an experimental artifact as evidencedsamples with various doping densities of the GaAs. Figure
by the fact that it is not observed in Fe and Co samfdes  5(a) shows thd-V curves of the NjjFe,, samples with vari-
Secs. IIIC and 1lI D, respectively The difference between ous GaAs doping densities obtained without photoexcitation
I" and I provides clear evidence that spin-dependent transmeasured by the usual method at room temperature employ-
port from the SC to the FM occurs under the application of aing separate current and voltage contdaatsommon connec-
perpendicular magnetic field. It should be emphasized thaion is used at the back of the substratdsvery |-V curve
the values ofl® are unique to the samples. The fact thatpossesses a small featug&) around the Schottky barrier
[19]#0 is likely to be a consequence of the simplified natureheight, which corresponds to a feature A in Figby as
of our spin filtering model, which ignores, for example, spin-observed previouskP The ideality factor was calculated
polarized electrons excited in the FM which propagate tdo be 6.69, 5.37, and 4.04 fon=10%, 10* and p
the SC and hole transport from the SC to the FM. The bias= 10°° m~3, respectively. These samples also contain weak
dependence of the helicity-dependent photocurrent differohmic components, which give rise to a degree of linearity in
enceAl(=1"—19% of ~0.015 xA is almost constant in the the |-V curves around zero bias. As the doping density in-
bias range ofV<0.7 V. Comparing the magnitude of the creases, the Schottky barrier heighy is observed to de-

-0.28 |

Helicity-Dependent Photocurre

(b) ]
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represent the relative transition probabilities. The magnetic quan-
tum numbers are also indicated at the energy levels. The heavy and
light holes are abbreviated tdh andlh, respectively.
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surements as seen in Figtbh We note that spin injection
processe$ may also occur according to the applied bias.

2 L 2. Photon energy dependence

The helicity-dependent photocurrent curves shown in Fig.
4 for then=10?® m~ 2 doped sample correspond to the pho-

FIG. 5. (a) Bias dependence of current through the ton energy range 1.59hv<2.41eV. With hy=1.59 eV,
NigoFeyo/GaAs (n=107% 10*, and p=10">m~°) interface ob- for example, an almost constant difference between the
tained without photoexcitatiofi-V curve. (b) Bias dependence of  helicity-dependent photocurrent for the two configurations
asyllmmetryA:(é —JS)/(I +19 with NiggFe,o/GaAs (n=10%, (Al=1"-19) is again seen at negative bigsee Fig. 4a)].
107, andp=10°"m"?). Minor increases in both® and ™ are obtained with increas-

ing bias which resemble the form of the usu&V character-

crease from approximately 0.81€ 10 m~3) to 0.2 eV (o istic seen without photoexcitation. It should be emphasized
=10"°m~3) in the NiFe/GaAs hybrid structures as that the helicity-dependent photocurrent values for perpen-
expectedt® dicular (1°) and parallel (") configurations are always ob-

The asymmetry of the spin-polarized current through theserved to satisfy1°|<1"|. This observation provides clear
NiFe/GaAs interface A=(1"=1%)/(1"+1°) induced by evidence that spm-polarlzed_fllterlng of polarized elegtrops
He-Ne laser light kv=1.96 eV) is shown in Fig. ®) for generated in the SC occurs in the FM under the application

three different values of the GaAs doping density. With of a perp_endicular magneticfield_. It should also be noted that
—10%* m-2. for example. an almost constant asvmmet the hehmty—depend_ent'curren? differende decreases from

; ple, Yy ry
(A~4.5%) can be seen in the bias range -ofl.5<V —110 nA to zero with increasing photon energy. _

. : : ) In GaAs, the valence band maximum and the conduction
<0.3V, whlc_h we attribute to the spln-polar!zed photocur-band minimum are &F with an energy gafE,=1.43 eV at
rent propagaﬂpg from the SC to the FM as discussed above, o temperature, indicating that the only transitions in-
Forn=10® m~3, the corresponding value &s~3%, while duced by the photon energyr occur atT’ (direct gap
for p=10° m~3, A~0. It should be noted that these values semiconductdr®>3® The valence bandp-symmetry splits
of A depend on the resistivity across the FM/SC interfacejntg fourfold degeneratés, and twofold degenerat®,,
The total resistance is 60, 200, and @5for the n=10%%,  states, which lieA=0.34 eV belowPs, at T, whereas the
1074, and p=10"m~2 doped substrates, respectively. We conduction bands symmetry is twofold degenerats,, as
conclude from the above results that the magnitude of thechematically shown in Fig. 6. Whén=E,, circularly po-
spin-polarized current in reverse bias scales with thearized light excites electrons frofyg, to S;,. According to
Schottky barrier height, as is expected for spin-polarized tunthe selection rule fm;=+1), the two transitions for each
neling across the barrier. For sufficiently large doping, thephoton helicity(c™ ando ™) are possible, however the rela-
Schottky barrier is suppressed. tive transition probabilities for light and heavy holes need to

Since the spin coherence length has been reported to dbe taken into account in order to estimate the net spin
crease with the SC doping density’’ the spin filtering ef-  polarization®® Although the maximum polarization is ex-
fect is expected to be reduced at very high doping densitypected to be 50% in theory, the maximum is experimentally
Both the tunneling barrier and the spin coherence length plagbserved to be-40% at the thresholt® For Eq+A<hv,

a key role in our helicity-dependent photoexcitation mea-the polarization decreases due to the mixture of light and
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FIG. 7. Photon energy dependence of asymmetily=a0 V for Bias [V]

the case of NiFe,/GaAs [(@) n=10% (b) 10?4 and (c) p

=10 m~3]. For thep= 10> m~3 sample, the absolute value of FIG. 8. Bias dependence of tl@@ dc current andb) photocur-
asymmetryA is shown in the f|gure(d) Spin polarization in GaAs rent obtained with unpolarized photoexcitation through tirem
measured by photoemission experiment is also shown in Ref. 33hick (t=2.5, 5.0, and 7.5 njiNiFe/GaAs(100 (n=10*m~3).
Photon energy dependence|afl |/laser flux is also shown ifg).

model of spin filtering effects, in which the spin polarization

heavy hole states with the split-off valence band stateSyf the photoexcited electrons is determined by the photon
which have an opposite sigh. energy.

We expect that the asymmetfyshould fall with increas-
ing photon energy in our experiments, thus providing a cru- _
cial test of the proposed spin filtering mechanism. Figure 7 3. FM layer thickness dependence
shows that the asymmetdy at zero bias decreases with in-  Figure 8§a) shows thel-V curves of NiFe samples
creasing induced photon energy in the range £b9 prepared with three different thicknessgs-2.5, 5.0, and
=<2.41 eV. The spin polarization curve for GaAs obtained by7.5 nm measured in the same way as described above. All
photoemission is also shown for Ref. 33. A clear trend isthe curves show Schottky characteristics as described in
observed with increasing as the photon energy approachesSecs. IlIA and IlIB1, and are similar to the 5-nm-thick
Eq. For then= 10" m~2 doped sample, for instancA,de-  permalloy samples discussed in Sec. llIB1. The bias de-
creases from 16%hp=1.59 eV) to zero jr=2.41eV) pendence of the unpolarized photocurrent is shown in Fig.
with increasing photon energy, which indicates that the spir8(b). The entirel-V curves are shifted to negative current
polarization vanishes at high photon energy as expected. Thalues as expected for conventional Schottky diodes since
n=10?* m~3 sample shows a similar photon energy depen-minority carriers(holes dominate the transpoft. It should
dence of the asymmet#. It is important to note that such a be noted that the unpolarized photocurrent approaches zero
photon energy dependence is opposite from the photon emtV~ ¢, .
ergy dependence of the expected magnetic circular dichroism The bias dependences of the helicity-dependent photocur-
(MCD) effects in FM NiFe, which decrease with decreasingrent for the three permalloy samples are presented in Fig. 9.
photon energ§® It should also be noted that the As before the helicity-dependent photocurrent is almost two
=10 m~2 sample provides negative values far(due to  orders of magnitude smaller than the unpolarized photocur-
the different shape of the Schottky barrier compared withrent as anticipated from our model but the bias dependence
that of then-type doped samplgsvhich again confirm the follows that of the unpolarized photocurrent. An almost con-
photon energy dependence. stant difference betweeH' and I° occurs as in the 5-nm

We also show the photon energy dependenc&ldP [P: samples discussed in Sec. llIB1. This indicates that al-
photon flux (=laser power/photon energly)which is pro- though the bias dependence of bd#/ and unpolarized
portional to the electron spin polarization, in Fige) It  photocurrent curves are dependent upon the specific interface
should be emphasized that this result shows a similar photocharacteristics of the samples, the helicity-dependent photo-
energy dependence as does the asymn#etgupporting our  current curves are similar for all the NiFe samples. This find-
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FIG. 9. Bias dependence of the helicity-dependent photocurrent
without (solid line with closed squarel’) and with the applied
magnetic field of 2 T(solid line with closed circles and closed
rhombuses") in the case of NiFe/GaA&00 (n=10" m~3) with
t=(a) 2.5,(b) 5.0, and(c) 7.5 nm.

FIG. 10. Applied magnetic field dependence(a¥ phase shift,
(b) Al, and (c) MOKE signal for NiFe/GaAs (100 (n
=102 m % (t=2.5, 5.0, and 7.5 nmand Cr/GaAs(100 (n
=10 m~3%) samples.

. . . . . .cussion in Sec. IlIB1. The results for antiferromagnetic
ing again provides clear evidence of the existence of Sp'rﬂAF) Cr/GaAs are also shown in Fig. (& for reference,
filtering effects at the FM/SC interface. which also confirms that the signals we observed are of FM
These samples show a very small offseti(~2.5nA  |ayer origin. The details of AF Cr/GaAs samples are dis-
and symmetric values betwed (H=2T) andI" (H  yssed in Sec. IIIE.
=—2T). It should be emphasized that the differenkk Similarly, the applied field dependence®F without bias
=1"~1%increases with increasing the NiFe layer thickness is shown in Fig. 1(b) for each thickness. Again, this figure
In order to investigate the FM layer thickness dependencelearly indicates that the spin filtering effect increases with
further and to explicitly exclude possible magneto-opticalt. Most importantly, the field dependence Al matches
effects in the SC, we measured the applied magnetic fielthat of the polar magneto-optical Kerr effétdOKE) signals
dependence of the spin filtering effédsee Fig. 1D First, the  [see Fig. 1(c)], suggesting that there are no significant
phase shift of the lock-in amplifier is measured and shows$ackground effects due to Zeeman splitting in the GaZ&s.
almost 180° change upon reversing the saturation magnetiAlthough the Cr samples show a small offset, they do
zation direction in the NiFe samples as presented in Fignot possess any field dependentdue to a possible
10(a). This indicates unambiguously that the magnetizatiorSC-related backgroundas seen in Fig. 1®), confirming
alignment of the FM layer with respect to the photon helicity that the Zeeman splitting effect is negligible in our measure-
o controls the spin filtering effect as expected from the dis-ment.
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(100 (n=10**andp=10?® m™3%) interface obtained without photon ol 1
excitation(1-V curve. Bias dependence of the helicity-dependent L
photocurrent withoutopen circles|®) and with the applied mag- L 40
netic field(closed circles|") with Co/GaAs(100) in the case of the . ol-—wo o SRS
doping density ofb) n=10** m™3, ) [ o PRt e o - &
z o % e
C. Co as the ferromagnet = 10 v ]
Figure 11a) shows thel-V curves of the 5-nm-thick Co é i (c) 1
samples without photoexcitation. These curves clearly indi- £ -20 b e :
cate that the Schottky barrier height, falls with increasing £ ,o0°° %% ~  9° 0
doping density. It should be noted that the/ curve with E i
n=10* m 3 possesses a small featuf@) at around the g o
Schottky barrier height, as observed with NiFe samples. 2 s S
The helicity-dependent photocurrent is shown in Fig. & -
11(b) with (I") and without (°) perpendicular saturation 2 200t

for the value of dopinqi=10?* m~3. 1° is almost constant

(~—0.16 uA), while I is —0.20+5.6 A, i.e., large fluc- 400 T
tuations occur. It should be noted that the photocurrent with [
unpolarized light is about-2.0 uA. These large fluctuations -600 1
in 1" make an estimation of the differendd =1"—1° diffi- i

cult. The small value o\l observed suggests that the spin B T T e T T 0 e oz
filtering in the Co/GaAs structure is much weaker than that Bias [V]
in NiFe/GaAs in most of the bias range. With= 10> m™3

(not shown, Al is approximately—35 nA, which is smaller

ithn= 1024 m~3 FIG. 12. (a) Bias dependence of current through the Fe/GaAs
than that withn=10""m~> and corresponds to a decrease(loo) (n=10%andn=10** m~?) interface obtained without photon

with increasing doping density. Our simple spin transporteyitation (1-v curve. (b) Bias dependence of photocurrent with
model does not explain the difference between the Co anghpojarized photoexcitation with Fe/GaA$00) (n=10%*m~3).

permalloy samples. Bias dependence of the helicity-dependent photocurrent without

The asymmetnyA decreases with increasing doping den-(open circles,1%) and with the applied magnetic fieltlosed
sity as observed with the NiFe samples. The differeltén  circles,|™ with Fe/GaAs(100) in the case of the doping density of
the helicity-dependent photocurrents is also almost constar¢) n= 10?3 and (d) 10?* m~2.
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FIG. 13. Thickness dependence of spin polarization across the% /
FM/GaAs interfaces for the case of both NiFe and Fe as the FM.£ X
The magnitude of the calculated MCD effects is also shown asg 00 |
positive values. 3
3
&
and is different from that observed with the Co/@L/GaAs ‘i (b)
system, in whichAl/I is of the order of a few % at reverse 73 i
bias, diverges gradually at zero bias and does not show ang -0.5 : : - E—— TR
peak at forward bia¥*°The spin filtering is therefore found -0.4 0.2 00 0.2 0.4
to be very weak in the Co/GaAs structures for most of the Bias [V]

. 8 .
bias ranlggé. As MCD in Co has been reported to be frig 14. (3 Bias dependence of current through the CriGaAs
~0.15%,” the MCD effects could be important around zero (n—1?* m=3) interface obtained without photon excitatighV

bias. curve. (b) Bias dependence of the helicity-dependent photocurrent
without (open circles,1%) and with the applied magnetic field
(closed circles| ™) with Cr/GaAs.
D. Fe as the ferromagnet
Figure 12a) shows thel-V curves of the 5-nm-thick Fe In order to study spin filtering effects quantitatively,

samples. Depending on the specific substrates used, very difre performed dc photoexcitation measurements. Circularly
ferent|-V characteristics were observed. The curve with polarized light was generated using\& plate, and the
=107*m~2 is ohmic, while that withn=10"m~3 pos-  dc helicity-dependent photocurrent was observed for both
sesses a very weak Schottky barrier, but surprisingly, a lowetight (1*) and left circular () configurations. The spin
impedance, again, probably due to the presence of defectspolarization of the spin filtering effects was estimatedSas
The bias dependence of the helicity-dependent photocur= (| *—|~)/(1 " +17). Figure 13 shows the thickness depen-
rent for the case afi=10%* m~2 is shown in Fig. 12). 1%is  dence of both the estimated spin polarization and the magni-
almost constant—0.92 nA), while |" is approximately-4.3  tude of the MCD effects for both NiFe and Fe. The spin
nA). Al is again small and calculated to be abetB.4 nA.  polarization increases with the FM layer thicknesand is
Since the photocurrent with unpolarized light is abett5 larger than calculated MCD effects as shown in Fig. 13. In
uA, the effects from the helicity-dependent photocurrent arearticular, the spin polarization for the Fe samples ap-
clearly very small. No significant peak related to theproaches 21% for the thickest sampl@llowing for MCD
Schottky barrier is seen, which is consistent with the ohmiceffects, which is reasonably consistent with the spin injec-
characteristics of the Fe/GaAs samples. This result also praion efficiency of 2% in Fe/GaAs structures observed by Zhu
vides a check on possible experimental asymmetries. Thet al® at room temperature. A similar thickness dependence
helicity-dependent photocurrent witi=10°*m~3, on the  of spin polarization has been reported by Van't Eetal,*?
other hand, displays a clear difference betwétrand 1°  suggesting that spin filtering occurs in the ballistic regime. It
related to the presence of the significant Schottky barrier athould be noted that the signs of spin polarization for spin
the Fe/GaAs interface in this sampleee Fig. 1&)]. It filtering are the same for both NiFe and Fe but the sign of the
should be emphasized that the bias dependence of the phtCD is expected to be opposite for NiFe and®e.
tocurrent with unpolarized photoexcitation possesses a large
peak around zero bias as shown in Fig(d2These results
clearly indicate that the presence of the Schottky barrier
plays the crucial role in determining spin transport in FM/SC  Figure 14a) shows thd-V curve of a Cr sample without
hybrid structures. The bias dependence of the helicityphotoexcitation, which indicates that the sample behaves as a
dependent photocurrent for Fe samples is again differentery good Schottky diod&he Schottky barrier heighpy, is
from permalloy and Co samples. very small and the ideality factor=1.53 with a small off-

E. Antiferromagnetic Cr as the metal layer
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set in reverse bias. Since all the samples, including NiFefering (according to the Schottky characterisficand we ob-
GaAs, Fe/GaAs, Co/GaAs, and Cr/GaAs, are prepared usirgerve a maximum spin polarization of approximately 2%,
the same procedures, the combined results for these samphkich is consistent with the spin injection efficiency of 2%
suggest that for some metals UHV deposition may not necin Fe/GaAs structures observed by Zéual;® on the other
essarily provide good Schottky characteristics. hand, Co/GaAs shows almost no spin filtering. AF Cr/GaAs
The helicity-dependent photocurrent for the Cr/GaAsshows no spin dependence as expected and provides an im-
sample is shown in Fig. 18) with (I") and without (°) portant test of the validity of our experiments. The helicity-
perpendicular saturation. There is no difference betwden dependent photocurrent asymmetry increases when the pho-
and 19, suggesting that no spin-polarized electron currenton energy approaches the energy gap of the GaAs,
flows across the AF Cr/GaAs interface, as expected. This isonfirming that spin-polarized electrons are first generated in
one of the crucial tests for the validity of this photoexcitationthe GaAs followed by spin filtering in the FM. The spin
study. The origin of the small offset in Cr/GaAs and NiFe/ polarization also increases with the FM layer thickness,

GaAs will be discussed elsewhéfe. which provides further support of the view that spin filtering
is associated withballistic transport in the metalThese re-
IV. SUMMARY AND CONCLUSIONS sults unambiguously indicate that spin-polarized electrons

) . ) are transmitted from the SC to the FM with high efficiency.
The Schottky barrier dependence of spin-polarized elec-

tron transport across FM/SC hybrid structures has been in-
vestigated using various ferromagnetic materidlg-e, Co,

and Fe and GaAs doping densities. At room temperature, we We are grateful to Professor Guangxu Chen for the assis-
observed a clear difference in the helicity-dependent phototance with the Ar laser operation and Ken Cooper for his
current through the FM/GaAs interface according to the ori-help with sample fabrication. The support of EPSRC, EU
entation of the sample magnetization with respect to the hetEsprit program and ETRI (Koreg is also acknowledged.
licity. An almost constant and large difference between theA.H. would like to thank the Toshiba Europe Research Lim-
helicity-dependent photocurrent for the two magnetizationted and the Cambridge Overseas Trust for their financial
configurations is observed in reverse bias in permalloy but aupport. S.J.S. gratefully acknowledges the financial support
bias dependence is seen for Fe samples with a Schottky bast ABB (Sweden. W.S.C. was supported by the Korea Sci-
rier. In our simplified model this difference in photocurrent ence & Engineering FoundatidikOSER. G.W. would like
corresponds to a measure of the spin-polarized photocurreft thank the Austrian Academy of Sciences and the Wilhelm-
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