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Ballistic spin filtering across ferromagnetÕsemiconductor 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 structures~with spin polarization perpendicular to the film plane!. The Schottky barrier
dependence of the helicity-dependent photocurrent was observed using various ferromagnetic materials~NiFe,
Co, and Fe! and 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.

DOI: 10.1103/PhysRevB.66.035330 PACS number~s!: 75.25.1z, 73.30.1y, 73.61.2r, 78.66.2w
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I. INTRODUCTION

Spin electronic devices based on the manipulation of s
polarized electrons offer, in principle, the promise of sign
cant advances in device performance, in terms of speed,
scaling, and power requirements.1,2 Proposed spin analogue
to conventional electronic devices have recently stimula
great interest, e.g., the spin-polarized field effect transi
~spin FET!3,4 and the spin-polarized light-emitting diod
~spin LED!.5,6 In order to realize such spin electronic d
vices, spin-dependent electron transport needs to be b
understood. It is very important to note that efficient sp
dependent transport depends on achieving both efficient
injection from a ferromagnet~FM! to a semiconductor
~SC!,5–14 and efficient spin detection for electrons pass
from the SC to the FM.15 Efficient spin injection has bee
reported by Fiederling5 and Ohno6 using a magnetic SC bu
only at low temperature in all SC device structures. S
injection has also been reported for a FM-metal/tw
dimensional electron gas~2DEG! device at 75 K by Hamma
et al.7 Spin injection as well as detection has also be
observed in similar structures up to 295 K.8 Recently, spin
injection from Fe into GaAs has been achieved successf
at room temperature with an efficiency of 2%9 and 30%.10

The question remains as to whether room-tempe
ture efficient operation is possible and also whether str
spin transmission can be achieved between FM metals
SC. Theoretically, it has been suggested that there ma
fundamental obstacles to achieving efficient spin transm
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sion across FM-metal/SC interfaces via a diffusive elect
transport process,16 while it is expected that spin-depende
electron transport can be achieved at FM/SC interfaces w
low transmission barriers.17 On the other hand, very few
studies have been conducted on spin detection and fur
clarification of the mechanisms involved is highly desirab

One way of detecting spin-dependent electron transpo
based on the use of photoexcitation techniques.18 The possi-
bility of passing a spin-dependent current through thin fi
tunnel junctions of both Co/Al2O3 /GaAs and Co/t-MnAl/
AlAs/GaAs using photoexcited spin-polarized electrons h
been discussed by Prinset al.18 For the former structure, a
spin-dependent tunneling current was reported, while o
magneto-optical effects were seen in the latter structure.
cordingly a great many studies of spin-dependent tunne
through metal/oxide insulator/semiconductor~MOS! junc-
tions have been reported.19 As the photoexcitation measure
ments have been performed using back illumination of
circularly polarized light, optically excited electrons in th
SC can be used to realize spin-polarized scanning tunne
microscopy~SP-STM! using sharp SC tips as theoretical
proposed.20,21 Some recent experiments suggest that s
SP-STM may provide magnetic information.22,23

We previously found a significant spin filtering effe
across FM/SC Schottky interfaces using photoexcitat
techniques.24 Recently Isakovicet al.have reported a simila
effect,25 however, they have focused on the influence
quantum wells in the SC on spin transport across the FM
interfaces. In this paper, we present the results of a syst
©2002 The American Physical Society30-1
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atic study of spin filtering as a function of FM material, F
layer thickness, GaAs doping density, and applied magn
field. We also check possible magneto-optical effects in
SC by varying the applied magnetic field. Polarized pho
excitation in FM/SC structures was employed to creat
population of spin-polarized electrons mainly in the SC s
strate ~GaAs!. Their spin-dependent transport across
FM/SC interface at room temperature is detected as an e
trical response, the strength of which varies according to
configuration of the photon helicity with respect to the ma
netization in the FM layer. This setup is basically the reve
of that used for measurements of electroluminescence~EL!
at the FM/SC interface by Alvaradoet al.26 and LaBella
et al.,27 for example. We achieved a change in helicit
dependent photocurrent when the magnetization was
aligned from perpendicular to parallel to the helicity, whi
is attributed to spin filtering at the interface due to the s
splitting at the Fermi level in the FM. The Schottky barri
dependence of the helicity-dependent photocurrent was
served using various ferromagnetic materials and GaAs d
ing densities. NiFe shows significant spin filtering, Fe sho
either strong or weak spin filtering according to the Schot
barrier strength, while Co shows almost no spin filterin
Antiferromagnetic~AF! Cr layers show no spin filtering a
expected. These spin transport effects decrease with inc
ing doping density of the GaAs substrates but increase w
increasing FM thickness and applied field. As the pho
energy approaches the energy gap of the GaAs, the ef
associated with the spin polarization in the GaAs subst
become larger, confirming that polarized electrons excite
the SC are filtered by the FM only when the magnetization
aligned with the photon helicity. From these results, the s
polarization is estimated and a simple model for the s
transport mechanism across the Schottky barrier is also
cussed.

II. EXPERIMENTAL PROCEDURE

We used ultrahigh vacuum~UHV! deposition techniques
to fabricate 5-nm-thick Ni80Fe20, Co, Fe, and Cr layers
directly onto GaAs ~n51023, 1024, and p51025 m23!
substrates, capped with 3-nm-thick Au layers. While
and Fe can grow epitaxially on GaAs substrates,24,28

polycrystalline samples were prepared here, howe
NiFe does not grow epitaxially@the epitaxial relation-
ship is Co~001!^110&iGaAs~001!^110& for Co/GaAs and
Fe~001!^100&iGaAs~001!^100& for Fe/GaAs29#. A bias volt-
age was applied between one Au electrical contact on
surface of the sample and one ohmic contact attached to
back of the substrate. The current flowing through these
pads was measured~both with and without photoexcitation!,
while the voltage across the sample was also measured u
a separate top contact as shown in Fig. 1.24,28 The ohmic
contacts on the bottom of then- andp-type substrates wer
prepared by evaporating 100-nm-thick GeAuNi and Au
respectively, and then annealed at 770 K for two minu
The GaAs substrates were cleaned for two minutes usin
oxygen plasma associated with chemical cleaning with
etone and isopropanol, and loaded into the UHV chambe24
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The FM films were deposited at a rate of approximately o
monolayer per minute bye-beam evaporation. The substra
temperature was held at 300 K and the pressure was aro
7310210 mbar during growth. The deposition rate wa
monitored by a quartz microbalance calibrated by atom
force microscopy~AFM!.

A circularly polarized laser beam~with the photon energy
hn in the range 1.59<hn<2.41 eV! was used together with
an external magnetic field to investigate the spin depende
of the photoexcited electron current at room temperatu
The polarization of the beam was modulated from right
left circular using a photoelastic modulator~PEM! with
100% circular polarization at a frequency of 50 kHz. For t
polarized illumination mode, the bias dependence of the
helicity-dependent photocurrentI through the interface was
probed both~a! in the remanent state (I 0) and ~b! under the
application of a magnetic field (H51.8 T) sufficient to satu-
rate the magnetization along the plane normal (I n). As the
polarized laser beam enters from the Au capping layer s
these structures provide a way of avoiding laser absorptio
the bottom surface of the SC, as occurs under b
illumination.30

FIG. 1. Schematic configuration of the photoexcitation expe
ment. The laser~hn51.59, 1.96, and 2.41 eV, and power 30, 5, a
3 mW, respectively! is polarized in the 45° direction. Right/lef
circular light is produced using a PEM. The bias dependent ph
current is determined byI -V measurement methods combined wi
a lock-in technique. A schematic view of the FM/GaAs hybr
structure~3 mm33 mm! is also shown in this diagram. Two Au
contacts on the surface~0.5 mm30.5 mm3550 mm! and an ohmic
contact on the bottom are used for the measurement. The valu
the variable resistance for the measurement was chosen to b
proximately the same as that of the resistance between the FM
the GaAs substrate. The magnetizationM in the FM and the photon
helicity s are shown with the field applied normal to the samp
Experimental configurations,~a! without (I 0) and ~b! with (I n) a
magnetic field, are also shown in the inset.
0-2
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III. RESULTS AND DISCUSSIONS

A. Schottky characteristics with various ferromagnetic
materials

Figure 2 shows theI -V curves of the FM/GaAs~110!
samples measured without photoexcitation. Since the gro
of the FM transition metals~Co and Fe! on GaAs substrate
has been well established,24 GaAs substrates were chosen f
the present study.30 The Schottky barrier (fb) of these
samples varies as the barrier defines the shape of theI -V
curves via the Shockley equation.31

The value of the ideality factorn31 was found to be 4.85
and 9.5 for NiFe and Co, respectively~n51 with the ideal
Schottky barrier diode!, while in the case of Fe, theI -V
characteristic is often almost ohmic. In general, for Fe/Ga
samples, Schottky characteristics with a very small bar
height can be seen, but the barrier height strongly depend
the Fe/GaAs interface conditions~see the details in Sec
III D !. It should be noted that theI -V curves of both NiFe
and Co samples also contain ohmic linear components i
cating that these samples behave as leaky Schottky di
~this is partially due to the fact that we employed a thr
contact measurement rather than a true four contact ge
etry!. However, in the parts of the sample which contribu
to the diode-like behavior, tunneling across the Schottky b
rier can be expected to occur and this is the dominant pro
in these samples for theI -V characteristic withV,fb .

B. Helicity-dependent photocurrent with NiFe
as the ferromagnet

1. SC doping density dependence

A key issue is the process~tunneling, thermionic emis-
sion, etc.! by which electrons are transported from the SC
the FM. The probability for tunneling is determined by th
Schottky barrier height and depletion layer width. The dep
tion layer widthW is defined by

W5A2«S

qND
~Vbi2V!, ~1!

FIG. 2. Bias dependence of the current through the FM/Ga
~110! interface without photoexcitation~I -V curve! for the case of
Ni80Fe20/GaAs (n51023 m23), Co/GaAs (n51024 m23), and Fe/
GaAs (n51023 m23).
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whereND , «S , q, Vbi , andV stand for doping density, stati
dielectric constant, electron charge, built-in potential acr
the depletion layer, and applied bias, respectively. For Ga
«S513.13«0 («058.85418310212 F/m) and Vbi'0.8 V.
At zero bias,W is estimated to be in the range 3.4 nm (ND
51025 m23) to 34 nm (ND51023 m23). These values are o
the same order as those for Si, in which the electron tun
ing is reported to be dominant withND.1023 m23.31 When
W is large, the electron tunneling is reduced due to the w
tunnel barrier, while the tunneling does not occur for ve
smallWbecause of tunnel barrier breakdown. As the elect
tunneling process through the Schottky barrier is the do
nant process in the case of Si (ND>1023 m23),32 we assume
the electron tunneling process is similarly dominant for t
I -V characteristic in our GaAs samples. One can expect
maximum tunneling effects aroundND;1024 m23 as shown
later in this section~Sec. III B 1!. The ohmic part of theI -V
characteristic, discussed above, is associated with diffu
transport which we assume to be spin independent.16 This
process occurs in parallel with tunneling processes an
likely to occur at local defects, indicating that the observ
spin-polarized signals in helicity-dependent photocurre
are diluted by ohmic components. Inn-type samples, the
photocurrent is principally due to photoexcited holes, wh
propagate into the FM. However, a small fraction of the el
trons, i.e., those within a few nm of the interface, can
expected to tunnel or be ballistically transported to the F
All of these processes could in principle be sensitive to
spin-split density of states~DOS! in the FM layer. Our dis-
cussion of the spin-dependent transmission process
however, focus just on the tunneling of electrons through
Schottky barrier25 followed by ballistic transport in the FM
In this case it is clear that a significant spin depende
could arise, due to the large difference in spin depend
DOS atEF .

The helicity-dependent photocurrentI was measured by
modulating the photon helicity from right (s1) to left (s2).
The two helicity values correspond to opposite spin angu
momentum values of the incident photons and the helic
gives rise to opposite spin polarizations of electrons pho
excited in the GaAs.33 The magnetization~M ! in the FM is
aligned perpendicular (H51.8 T) or in plane (H50) using
an external field. ForsiM ~or antiparallel!, the electrons in
the FM and the SC share the same spin quantization a
while for s'M , on the other hand, the two possible sp
states created by the circularly polarized light are equiva
when projected along the magnetization direction in the F
~see Fig. 3!. Consequently, in the remanent state~s'M !,
since the magnetizationM is orthogonal to the photoexcite
spin polarization, both up and down spin-polarized electro
in the SC can flow into the FM, opposing the electron curr
from the FM. At perpendicular saturation~siM !, on the other
hand, the up spin electron current from the SC is filtered d
to the spin split density of states at the Fermi levelEF of the
FM,34–36 i.e., only minority spin electrons contribute to th
transmitted current from the SC to the FM. This means tha
greater net negative current now flows withsiM than that
for s'M , since the current from the metal to the SC
largely independent of the magnetization configuration. S
filtering is therefore turned on or off by controlling the rel

s
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A. HIROHATA et al. PHYSICAL REVIEW B 66, 035330 ~2002!
tive axes of s and M , and is detected as the helicity
dependent photocurrentI. With s'M , there is no spin filter-
ing, while spin filtering is turned on by rotating tosiM . The
helicity-dependent photocurrentsI 0 andI n correspond to the
magnetization configurationss'M @see Fig. 1~a!# andsiM
@see Fig. 1~b!#, respectively. The helicity-dependent phot
currentsI 0 andI n are proportional to the difference betwee
the current components for right (s1) and left (s2) circu-
larly polarized light for each magnetization configuratio
I 05p0u i 0

12 i 0
2u and I n5pnu i n

12 i n
2u, where p0 and pn are

phase factors fors'M andsiM , respectively. We shall dis
cuss the measurement of the phase shift as a functio
applied field later@see Sec. III B 3#. Since the autophas
mode was used for the measurements ofI n andI 0, the phase
factor was adjusted to be 1 in each case. As shown in Fig
i 0

15 i 0
2 is expected for the case of the remanent states, w

i n
1Þ i n

2 for the case of perpendicular saturation due to
spin polarization of the density of states at the Fermi leve
the FM. In principle, the helicity-dependent photocurrentI 0

should be zero andI n should reflect the electron spin pola
ization both in the SC and the FM.

The helicity-dependent photocurrent is shown in Fig
with (I n) and without (I 0) perpendicular saturation with
various photon energies. In the case ofn51023 m23 with
hn51.96 eV @see Fig. 4~b!#, for instance, the helicity-
dependent photocurrent values forI n and I 0 are observed to
satisfyuI 0u,uI nu as expected. A phase shift betweenI n andI 0

is also observed from the lock-in amplifier as expected
we observe thatuI 0uÞ0 in contrast to the prediction of th
simple model~see the detailed discussion in Sec. III B 3!.
The offset inuI 0u is not an experimental artifact as evidenc
by the fact that it is not observed in Fe and Co samples~see
Secs. III C and III D, respectively!. The difference between
I n and I 0 provides clear evidence that spin-dependent tra
port from the SC to the FM occurs under the application o
perpendicular magnetic field. It should be emphasized
the values ofI 0 are unique to the samples. The fact th
uI 0uÞ0 is likely to be a consequence of the simplified natu
of our spin filtering model, which ignores, for example, sp
polarized electrons excited in the FM which propagate
the SC and hole transport from the SC to the FM. The b
dependence of the helicity-dependent photocurrent dif
enceDI (5I n2I 0) of ;0.015mA is almost constant in the
bias range ofV,0.7 V. Comparing the magnitude of th

FIG. 3. Schematic diagrams illustrating the spin filtering mec
nism for electron transport at the FM/SC interface. Averaged d
sity of states of FM is shown for the case ofI 0 for simplicity.
03533
:

of

3,
ile
e
n

t

s-
a
at
t
e
-
o
s
r-

photocurrent obtained with unpolarized light~approximately
a few mA!, DI is two orders of magnitude smaller than th
photocurrent.

To test the role of the Schottky barrier, we investigat
samples with various doping densities of the GaAs. Fig
5~a! shows theI -V curves of the Ni80Fe20 samples with vari-
ous GaAs doping densities obtained without photoexcitat
measured by the usual method at room temperature emp
ing separate current and voltage contacts~a common connec-
tion is used at the back of the substrates!. Every I -V curve
possesses a small feature~A! around the Schottky barrie
height, which corresponds to a feature A in Fig. 4~b!, as
observed previously.28 The ideality factor was calculate
to be 6.69, 5.37, and 4.04 forn51023, 1024, and p
51025 m23, respectively. These samples also contain we
ohmic components, which give rise to a degree of linearity
the I -V curves around zero bias. As the doping density
creases, the Schottky barrier heightfb is observed to de-

-
-

FIG. 4. Bias dependence of the helicity-dependent photocur
without (I 0) and with the applied magnetic field (I n) for the case of
NiFe/GaAs (n51023 m23) induced by a photon energy ofhn
5(a) 1.59,~b! 1.96, and~c! 2.41 eV.
0-4
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BALLISTIC SPIN FILTERING ACROSS . . . PHYSICAL REVIEW B 66, 035330 ~2002!
crease from approximately 0.8 (n51023 m23) to 0.2 eV (p
51025 m23) in the NiFe/GaAs hybrid structures a
expected.28

The asymmetry of the spin-polarized current through
NiFe/GaAs interface A5(I n2I 0)/(I n1I 0) induced by
He-Ne laser light (hn51.96 eV) is shown in Fig. 5~b! for
three different values of the GaAs doping density. Withn
51024 m23, for example, an almost constant asymme
(A;4.5%) can be seen in the bias range of21.5,V
,0.3 V, which we attribute to the spin-polarized photocu
rent propagating from the SC to the FM as discussed ab
For n51023 m23, the corresponding value isA;3%, while
for p51025 m23, A;0. It should be noted that these valu
of A depend on the resistivity across the FM/SC interfa
The total resistance is 60, 200, and 15V for the n51023,
1024, and p51025 m23 doped substrates, respectively. W
conclude from the above results that the magnitude of
spin-polarized current in reverse bias scales with
Schottky barrier height, as is expected for spin-polarized t
neling across the barrier. For sufficiently large doping,
Schottky barrier is suppressed.

Since the spin coherence length has been reported to
crease with the SC doping density,31,37 the spin filtering ef-
fect is expected to be reduced at very high doping den
Both the tunneling barrier and the spin coherence length p
a key role in our helicity-dependent photoexcitation me

FIG. 5. ~a! Bias dependence of current through t
Ni80Fe20/GaAs ~n51023, 1024, and p51025 m23! interface ob-
tained without photoexcitation~I -V curve!. ~b! Bias dependence o
asymmetry A5(I n2I 0)/(I n1I 0) with Ni80Fe20/GaAs ~n51023,
1024, andp51025 m23!.
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surements as seen in Fig. 5~b!. We note that spin injection
processes38 may also occur according to the applied bias.

2. Photon energy dependence

The helicity-dependent photocurrent curves shown in F
4 for then51023 m23 doped sample correspond to the ph
ton energy range 1.59<hn<2.41 eV. With hn51.59 eV,
for example, an almost constant difference between
helicity-dependent photocurrent for the two configuratio
(DI 5I n2I 0) is again seen at negative bias@see Fig. 4~a!#.
Minor increases in bothI 0 and I n are obtained with increas
ing bias which resemble the form of the usualI -V character-
istic seen without photoexcitation. It should be emphasiz
that the helicity-dependent photocurrent values for perp
dicular (I 0) and parallel (I n) configurations are always ob
served to satisfyuI 0u,I nu. This observation provides clea
evidence that spin-polarized filtering of polarized electro
generated in the SC occurs in the FM under the applica
of a perpendicular magnetic field. It should also be noted t
the helicity-dependent current differenceDI decreases from
2110 nA to zero with increasing photon energy.

In GaAs, the valence band maximum and the conduct
band minimum are atG with an energy gapEg51.43 eV at
room temperature, indicating that the only transitions
duced by the photon energyhn occur at G ~direct gap
semiconductor!.33,39 The valence band~p-symmetry! splits
into fourfold degenerateP3/2 and twofold degenerateP1/2
states, which lieD50.34 eV belowP3/2 at G, whereas the
conduction band~s symmetry! is twofold degenerateS1/2 as
schematically shown in Fig. 6. Whenhn5Eg , circularly po-
larized light excites electrons fromP3/2 to S1/2. According to
the selection rule (Dmj561), the two transitions for each
photon helicity~s1 ands2! are possible, however the rela
tive transition probabilities for light and heavy holes need
be taken into account in order to estimate the net s
polarization.33 Although the maximum polarization is ex
pected to be 50% in theory, the maximum is experimenta
observed to be;40% at the threshold.5,33 For Eg1D,hn,
the polarization decreases due to the mixture of light a

FIG. 6. Schematic diagram of the allowed transitions for rig
~s1, solid lines! and left ~s2, dashed lines! circularly polarized
light with GaAs at room temperature. The selection rule isDmj

511 for s1 andDmj521 for s2. The numbers near the arrow
represent the relative transition probabilities. The magnetic qu
tum numbers are also indicated at the energy levels. The heavy
light holes are abbreviated tohh and lh, respectively.
0-5
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A. HIROHATA et al. PHYSICAL REVIEW B 66, 035330 ~2002!
heavy hole states with the split-off valence band sta
which have an opposite sign.33

We expect that the asymmetryA should fall with increas-
ing photon energy in our experiments, thus providing a c
cial test of the proposed spin filtering mechanism. Figur
shows that the asymmetryA at zero bias decreases with in
creasing induced photon energy in the range 1.59<hn
<2.41 eV. The spin polarization curve for GaAs obtained
photoemission is also shown for Ref. 33. A clear trend
observed with increasingA as the photon energy approach
Eg . For then51023 m23 doped sample, for instance,A de-
creases from 16% (hn51.59 eV) to zero (hn52.41 eV)
with increasing photon energy, which indicates that the s
polarization vanishes at high photon energy as expected.
n51024 m23 sample shows a similar photon energy dep
dence of the asymmetryA. It is important to note that such
photon energy dependence is opposite from the photon
ergy dependence of the expected magnetic circular dichro
~MCD! effects in FM NiFe, which decrease with decreasi
photon energy.40 It should also be noted that thep
51025 m23 sample provides negative values forA ~due to
the different shape of the Schottky barrier compared w
that of then-type doped samples! which again confirm the
photon energy dependence.

We also show the photon energy dependence ofDI /P @P:
photon flux (5 laser power/photon energy)#, which is pro-
portional to the electron spin polarization, in Fig. 7~e!. It
should be emphasized that this result shows a similar ph
energy dependence as does the asymmetryA, supporting our

FIG. 7. Photon energy dependence of asymmetry atV50 V for
the case of Ni80Fe20/GaAs @~a! n51023, ~b! 1024, and ~c! p
51025 m23#. For thep51025 m23 sample, the absolute value o
asymmetryA is shown in the figure.~d! Spin polarization in GaAs
measured by photoemission experiment is also shown in Ref.
Photon energy dependence ofuDI u/laser flux is also shown in~e!.
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model of spin filtering effects, in which the spin polarizatio
of the photoexcited electrons is determined by the pho
energy.

3. FM layer thickness dependence

Figure 8~a! shows the I -V curves of NiFe samples
prepared with three different thicknesses~t52.5, 5.0, and
7.5 nm! measured in the same way as described above.
the curves show Schottky characteristics as described
Secs. III A and III B 1, and are similar to the 5-nm-thic
permalloy samples discussed in Sec. III B 1. The bias
pendence of the unpolarized photocurrent is shown in F
8~b!. The entireI -V curves are shifted to negative curre
values as expected for conventional Schottky diodes s
minority carriers~holes! dominate the transport.41 It should
be noted that the unpolarized photocurrent approaches
at V;fb .

The bias dependences of the helicity-dependent photo
rent for the three permalloy samples are presented in Fig
As before the helicity-dependent photocurrent is almost t
orders of magnitude smaller than the unpolarized photoc
rent as anticipated from our model but the bias depende
follows that of the unpolarized photocurrent. An almost co
stant difference betweenI n and I 0 occurs as in the 5-nm
samples discussed in Sec. III B 1. This indicates that
though the bias dependence of bothI -V and unpolarized
photocurrent curves are dependent upon the specific inter
characteristics of the samples, the helicity-dependent ph
current curves are similar for all the NiFe samples. This fin

3.

FIG. 8. Bias dependence of the~a! dc current and~b! photocur-
rent obtained with unpolarized photoexcitation through thet-nm
thick ~t52.5, 5.0, and 7.5 nm! NiFe/GaAs~100! (n51023 m23).
0-6
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BALLISTIC SPIN FILTERING ACROSS . . . PHYSICAL REVIEW B 66, 035330 ~2002!
ing again provides clear evidence of the existence of s
filtering effects at the FM/SC interface.

These samples show a very small offset inI 0 ~;2.5 nA!
and symmetric values betweenI n (H52 T) and I n (H
522 T). It should be emphasized that the differenceDI
5I n2I 0 increases with increasing the NiFe layer thicknest.
In order to investigate the FM layer thickness depende
further and to explicitly exclude possible magneto-opti
effects in the SC, we measured the applied magnetic fi
dependence of the spin filtering effect~see Fig. 10!. First, the
phase shift of the lock-in amplifier is measured and sho
almost 180° change upon reversing the saturation mag
zation direction in the NiFe samples as presented in F
10~a!. This indicates unambiguously that the magnetizat
alignment of the FM layer with respect to the photon helic
s controls the spin filtering effect as expected from the d

FIG. 9. Bias dependence of the helicity-dependent photocur
without ~solid line with closed squaresI 0! and with the applied
magnetic field of 2 T~solid line with closed circles and close
rhombusesI n! in the case of NiFe/GaAs~100! (n51023 m23) with
t5(a) 2.5,~b! 5.0, and~c! 7.5 nm.
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cussion in Sec. III B 1. The results for antiferromagne
~AF! Cr/GaAs are also shown in Fig. 10~a! for reference,
which also confirms that the signals we observed are of
layer origin. The details of AF Cr/GaAs samples are d
cussed in Sec. III E.

Similarly, the applied field dependence ofDI without bias
is shown in Fig. 10~b! for each thickness. Again, this figur
clearly indicates that the spin filtering effect increases w
t. Most importantly, the field dependence ofDI matches
that of the polar magneto-optical Kerr effect~MOKE! signals
@see Fig. 10~c!#, suggesting that there are no significa
background effects due to Zeeman splitting in the GaAs.9,25

Although the Cr samples show a small offset, they
not possess any field dependence~due to a possible
SC-related background! as seen in Fig. 10~b!, confirming
that the Zeeman splitting effect is negligible in our measu
ment.

nt
FIG. 10. Applied magnetic field dependence of~a! phase shift,

~b! DI , and ~c! MOKE signal for NiFe/GaAs ~100! (n
51023 m23) ~t52.5, 5.0, and 7.5 nm! and Cr/GaAs~100! (n
51023 m23) samples.
0-7
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C. Co as the ferromagnet

Figure 11~a! shows theI -V curves of the 5-nm-thick Co
samples without photoexcitation. These curves clearly in
cate that the Schottky barrier heightfb falls with increasing
doping density. It should be noted that theI -V curve with
n51024 m23 possesses a small feature~A! at around the
Schottky barrier heightfb as observed with NiFe samples

The helicity-dependent photocurrent is shown in F
11~b! with (I n) and without (I 0) perpendicular saturation
for the value of dopingn51024 m23. I 0 is almost constan
~;20.16 mA!, while I n is 20.2065.6mA, i.e., large fluc-
tuations occur. It should be noted that the photocurrent w
unpolarized light is about22.0 mA. These large fluctuations
in I n make an estimation of the differenceDI 5I n2I 0 diffi-
cult. The small value ofDI observed suggests that the sp
filtering in the Co/GaAs structure is much weaker than t
in NiFe/GaAs in most of the bias range. Withp51025 m23

~not shown!, DI is approximately235 nA, which is smaller
than that withn51024 m23 and corresponds to a decrea
with increasing doping density. Our simple spin transp
model does not explain the difference between the Co
permalloy samples.

The asymmetryA decreases with increasing doping de
sity as observed with the NiFe samples. The differenceDI in
the helicity-dependent photocurrents is also almost cons

FIG. 11. ~a! Bias dependence of current through the Co/Ga
~100! ~n51024 andp51025 m23! interface obtained without photo
excitation ~I -V curve!. Bias dependence of the helicity-depende
photocurrent without~open circles,I 0! and with the applied mag
netic field~closed circles,I n! with Co/GaAs~100! in the case of the
doping density of~b! n51024 m23.
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FIG. 12. ~a! Bias dependence of current through the Fe/Ga
~100! ~n51023 andn51024 m23! interface obtained without photon
excitation ~I -V curve!. ~b! Bias dependence of photocurrent wi
unpolarized photoexcitation with Fe/GaAs~100! (n51024 m23).
Bias dependence of the helicity-dependent photocurrent with
~open circles,I 0! and with the applied magnetic field~closed
circles,I n! with Fe/GaAs~100! in the case of the doping density o
~c! n51023 and ~d! 1024 m23.
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BALLISTIC SPIN FILTERING ACROSS . . . PHYSICAL REVIEW B 66, 035330 ~2002!
and is different from that observed with the Co/Al2O3 /GaAs
system, in whichDI /I is of the order of a few % at revers
bias, diverges gradually at zero bias and does not show
peak at forward bias.18,19The spin filtering is therefore found
to be very weak in the Co/GaAs structures for most of
bias range.18 As MCD in Co has been reported to b
;0.15%,19 the MCD effects could be important around ze
bias.

D. Fe as the ferromagnet

Figure 12~a! shows theI -V curves of the 5-nm-thick Fe
samples. Depending on the specific substrates used, very
ferent I -V characteristics were observed. The curve withn
51023 m23 is ohmic, while that withn51024 m23 pos-
sesses a very weak Schottky barrier, but surprisingly, a lo
impedance, again, probably due to the presence of defe

The bias dependence of the helicity-dependent photo
rent for the case ofn51023 m23 is shown in Fig. 12~c!. I 0 is
almost constant~20.92 nA!, while I n is approximately24.3
nA!. DI is again small and calculated to be about23.4 nA.
Since the photocurrent with unpolarized light is about215
mA, the effects from the helicity-dependent photocurrent
clearly very small. No significant peak related to t
Schottky barrier is seen, which is consistent with the ohm
characteristics of the Fe/GaAs samples. This result also
vides a check on possible experimental asymmetries.
helicity-dependent photocurrent withn51024 m23, on the
other hand, displays a clear difference betweenI n and I 0

related to the presence of the significant Schottky barrie
the Fe/GaAs interface in this sample@see Fig. 12~d!#. It
should be emphasized that the bias dependence of the
tocurrent with unpolarized photoexcitation possesses a l
peak around zero bias as shown in Fig. 12~b!. These results
clearly indicate that the presence of the Schottky bar
plays the crucial role in determining spin transport in FM/S
hybrid structures. The bias dependence of the helic
dependent photocurrent for Fe samples is again diffe
from permalloy and Co samples.

FIG. 13. Thickness dependence of spin polarization across
FM/GaAs interfaces for the case of both NiFe and Fe as the
The magnitude of the calculated MCD effects is also shown
positive values.
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In order to study spin filtering effects quantitativel
we performed dc photoexcitation measurements. Circula
polarized light was generated using al/4 plate, and the
dc helicity-dependent photocurrent was observed for b
right (I 1) and left circular (I 2) configurations. The spin
polarization of the spin filtering effects was estimated asS
5(I 12I 2)/(I 11I 2). Figure 13 shows the thickness depe
dence of both the estimated spin polarization and the ma
tude of the MCD effects for both NiFe and Fe. The sp
polarization increases with the FM layer thicknesst and is
larger than calculated MCD effects as shown in Fig. 13.
particular, the spin polarization for the Fe samples a
proaches 261% for the thickest sample~allowing for MCD
effects!, which is reasonably consistent with the spin inje
tion efficiency of 2% in Fe/GaAs structures observed by Z
et al.9 at room temperature. A similar thickness depende
of spin polarization has been reported by Van’t Erveet al.,42

suggesting that spin filtering occurs in the ballistic regime
should be noted that the signs of spin polarization for s
filtering are the same for both NiFe and Fe but the sign of
MCD is expected to be opposite for NiFe and Fe.43

E. Antiferromagnetic Cr as the metal layer

Figure 14~a! shows theI -V curve of a Cr sample withou
photoexcitation, which indicates that the sample behaves
very good Schottky diode~the Schottky barrier heightfb is
very small and the ideality factorn51.53! with a small off-

he
.
s

FIG. 14. ~a! Bias dependence of current through the Cr/Ga
(n51023 m23) interface obtained without photon excitation~I -V
curve!. ~b! Bias dependence of the helicity-dependent photocurr
without ~open circles,I 0! and with the applied magnetic field
~closed circles,I n! with Cr/GaAs.
0-9
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A. HIROHATA et al. PHYSICAL REVIEW B 66, 035330 ~2002!
set in reverse bias. Since all the samples, including N
GaAs, Fe/GaAs, Co/GaAs, and Cr/GaAs, are prepared u
the same procedures, the combined results for these sam
suggest that for some metals UHV deposition may not n
essarily provide good Schottky characteristics.

The helicity-dependent photocurrent for the Cr/Ga
sample is shown in Fig. 14~b! with (I n) and without (I 0)
perpendicular saturation. There is no difference betweeI n

and I 0, suggesting that no spin-polarized electron curr
flows across the AF Cr/GaAs interface, as expected. Th
one of the crucial tests for the validity of this photoexcitati
study. The origin of the small offset in Cr/GaAs and NiF
GaAs will be discussed elsewhere.44

IV. SUMMARY AND CONCLUSIONS

The Schottky barrier dependence of spin-polarized e
tron transport across FM/SC hybrid structures has been
vestigated using various ferromagnetic materials~NiFe, Co,
and Fe! and GaAs doping densities. At room temperature,
observed a clear difference in the helicity-dependent ph
current through the FM/GaAs interface according to the
entation of the sample magnetization with respect to the
licity. An almost constant and large difference between
helicity-dependent photocurrent for the two magnetizat
configurations is observed in reverse bias in permalloy b
bias dependence is seen for Fe samples with a Schottky
rier. In our simplified model this difference in photocurre
corresponds to a measure of the spin-polarized photocu
tunneling from the SC to the FM and varies with dopi
density. Fe/GaAs also shows either strong or weak spin
s
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tering ~according to the Schottky characteristics!, and we ob-
serve a maximum spin polarization of approximately 2
which is consistent with the spin injection efficiency of 2
in Fe/GaAs structures observed by Zhuet al.;9 on the other
hand, Co/GaAs shows almost no spin filtering. AF Cr/Ga
shows no spin dependence as expected and provides a
portant test of the validity of our experiments. The helicit
dependent photocurrent asymmetry increases when the
ton energy approaches the energy gap of the Ga
confirming that spin-polarized electrons are first generate
the GaAs followed by spin filtering in the FM. The sp
polarization also increases with the FM layer thickne
which provides further support of the view that spin filterin
is associated withballistic transport in the metal. These re-
sults unambiguously indicate that spin-polarized electr
are transmitted from the SC to the FM with high efficienc
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