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Highly efficient spin filtering of ballistic electrons
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Spin dependent electron transport in hybrid Au/Co/Cu/NiF8AAs spin valve Schottky barrier structures
was investigated using photoexcitation at various wavelengths. For excitation with the photon energy well
above the Schottky barrier height we found-2400% increase in helicity dependent photocurrent on switch-
ing the spin valve from parallel to antiparallel alignment. Our observations provide clear evidence for highly
efficient spin filtering of spin polarized ballistic electrons.
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The newly emerging field of spintronics, based on thedifferent spin filtering mechanisms affii) to study the bal-
exploitation of the spin of the electron rather than its chargelistic electron transport processes in the FM metal in more
has recently attracted considerable attentibrProposed detail. In such a structure the two FM layers can be switched
room-temperature spintronic devices, such as the spiindependently, enabling us to distinguish between the spin
transistot or the spin light-emitting diod& offer the possi- filtering processes taking place at the SC/FM interface and
bility of adding a new dimension to existing electronic de-those within the spin valve. A further advantage is that, in
vices, significantly improving the device performance incontrast to the case of a single FM layer/SC structure, the
terms of speed, size, and power consumption. A prerequisitepin valve structure allows for a separation of the photocur-
for their realization is, however, achieving efficient spin de-rent components passing into the SC and into the FM metal
pendent electron transport between semicondu¢8tsand  multilayer. We are therefore able to quantify the observed
ferromagnetidFM) materials based on a clear understandingspin filtering effect.
of the underlying physical processes. This includes both spin All measurements discussed in this study were carried out
injection from a FM into a SC and spin detection of electronsat room temperature on a polycrystalline Au(2nm)/
passing from a SC into a FM. Spin injection in FM/$Refs.  Co(2nm)/Cu(5nm)/NjgFe(3nm)/mh-GaAs(100)  hybrid
5 and 6 and FM/tunnel barrier/SC structufdsas been dem- spin valve structure with an ohmic NiGeAu bottom contact.
onstrated by several groups for metallic FM but to date effi+or the growth of the bottom contact at the back of the GaAs
ciencies are small at room temperature. So far it remains asubstrate(Si doped,n=10°* m~3) and the cleaning of the
open question what factors limit these efficiencies andsubstrate surface, the procedure followed in previous stidies
whether the spin dependent transport process is purely amas used. The growth of the metal layers was done by
interface effect. e-beam evaporation under ultrahigh vacuum conditions with

Our group has recently demonstrated room temperatura growth rate of approximately 0.2 nm/min monitored by a
electron-spin detection in single FM layer/SC structures useuartz crystal precalibrated by atomic force microscopy.
ing photoexcitation techniqués. The photoexcited electrons During the growth the pressure was maintained at 6
passing from the SC into the FM layer have different trans-x 10 1° mbar and the substrate was held at room tempera-
mission probabilities at the SC/FM interface depending orture. Subsequently two 400 nm thick electrical Al contacts
their spin orientation with respect to the layer magnetizationwere evaporated on the Au capping layer by thermal evapo-
This is termed spin filtering and gives rise to a modulation ofration. Conventional three contaV measurementswere
the photocurrent when the polarization state of the illumina-carried out in order to characterize the Schottky behavior of
tion light is changed from right to left circularly polarized. the sample. The barrier height was found to be 0.26 eV.
Studies of FM/GaAs structures with different FM thick- The magnetic sample properties were investigated with
nesses suggested that the electron-spin filtering process is nofagneto-optical Kerr effedMOKE) magnetometry, reveal-

a pure interface effect since an increase in spin polarizatiomg a growth induced in-plane uniaxial anisotropy. The hys-
with increasing FM layer thickness was observétbwever, teresis loop along the easy axis exhibited a double switching
in these experiments the observed photocurrent modulatiobehavior typical for a spin valve. The NiFe layer was found
with applied field is still relatively smal[~1% (Ref. 9].  to switch first at about 5 Oe as the magnetic fieldwas
One very promising way of achieving a large current modu-swept from saturation, followed by the Co layer at about 14
lation is the spin valve transistdt where unpolarized elec- Oe, resulting in a field range of about 9 Oe where the layers
trons propagate from a Si emitter to a Si collector over aare aligned antiparallel. All optical measurements were car-
metallic spin valve multilayer. This suggests that new spinried out at zero applied bias using an in-plane setup as fol-
filtering effects might be expected in a hybrid spin valve/SClows: the magnetic field was applied parallel to the sample
structure where polarized electrons enter the spin valve frorplane along the easy axis; electrons were photoexcited in the
the SC. We therefore chose to investigate spin depende@aAs by laser illumination incident at an angle 45° from
transport in spin valves grown on GaAs, where spin accumuthe sample surface normal. In this case the photon helicity
lation can be achieved by optical pumpitfgThe use of a has an in-plane component and therefore electrons with an
spin valve on top of the GaAs enables (isto search for in-plane spin-polarization componefparallel to the FM
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FIG. 1. Photocurrent vs applied magnetic field with lpp(T1)) 72
=632.8 nm for(a) illumination with linearly polarized light an¢b) a=|2+y Alpn . ()

illumination with circularly polarized light. The solid line is a guide

to the eye. The dashed lines and the arrows denote the parallel aﬁ@;sumingy = 0.7% obtained in current in plai€IP) MR
antiparallel states of the spin valve. measurements as a lower limit we find thatr = 2.6%28
For illumination with circularly polarized lighitFig. 1(b)]

layer magnetizationare excited in the SC. The majority of using ax/4 plate we found a significant asymmetry induced
the measurements discussed here was carried out usingirathe photocurrent peaks for the two antiparallel spin valve
He-Ne laser with a wavelength of 632.8 nm(correspond-  states. Switching the circular light polarization from left to
ing photon energhv=1.96 eV), but laser diodes with)Xa  right reverses the observed asymmetry, showing that the spin
of 670 nm(1.85 eV} and 785 nm(1.58 eV} were also used. filtering process in the spin valve structure is dependent on
The light intensities of the three lasers were of similar magthe initial polarization of the photoexcited electrons. In a
nitude allowing for direct comparison of the measurementsyvery simple qualitative model, the existence of an asymmetry

For illumination with linearly polarized light X might be expected to originate from a simple combination of
=632.8 nm)[Fig. 1(a)] we observed symmetric photocur- spin filtering at the SC/FM interfac@as observed in single
rent peaks for the two antiparallel states of the spin valveFM layer/SC structurds) and conventional GMR[Fig.
These peaks arise due to unpolarized photoexcited electroiga)]. In this case the photocurrent from the SC into the spin
passing from the SC into the spin valve and are a conseralve would depend on the relative alignment of the photo-
qguence of the conventional giant magnetoresista@dR) excited electron spin with the magnetization of the first FM
effect only: unpolarized electrons entering the spin valve aréayer (NiFe). As a consequence, for a given circular light
scattered according to the relative alignment of the two FMpolarization, thel 7,|1 configurations would no longer be
layers. Similar results have been reported by Rippard andquivalent to the| |,7] configurations, respectively, result-
Buhrman® who used a nonmagnetic scanning tunneling mi-ing in an asymmetry of the GMR peaks as obserffig.
croscopy tip to inject unpolarized electrons into a Co/Cu/Col(b)]. However, while the dc measurements give the qualita-
trilayer structure. The finding of peaks instead of dips showsive dependence of the polarized photocurrent on magnetic
that the net measured photocurrent at zero bias flows into thfield, they cannot be used for a quantitative description, due
bulk of the GaAs. In contrast to the case of a single FM layetto the insufficiently precise alignment of thg4 plate and
on GaAs?® the use of a spin valve now enables us to sepadrift effects at saturation. Moreover we shall now show that
rate the contribution of the photocurrent passing from the SG quantitative analysis based on ac measurements rules out
into the spin valve from the net measured photocurrent, althe validity of this simple model.
lowing for a detailed study of the different transport pro- In order to circumvent these problems we used a photo-
cesses involved in our experiment. The total photocurrenglastic modulator to switch between left and right circular
generated in the spin valve/SC structliyg,, which is the  polarization of the light and a lock-in amplifier to detect the
sum of the current component flowing away from the inter-signal. Figure 2 shows the measured helicity dependent pho-
face into the bulk of the SC ) and the current component tocurrent |=p(i"—i~) dependence on applied magnetic
flowing into the spin valvel(s,) [Fig. 3 (top)],**is given by  field at zero bias foh =632.8 nm. Here is a phase factor
liota= syt lsc=2Alpn/ Y+ 1pn(11). Herelpp,=lgc—lgyis (p=1 in our measurementsndi* andi~ are the net pho-
the net measured photocurredt,pp=1pu(1T) —Ipn(TT) IS  tocurrents for illumination with right and left circularly po-
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larized light, respectively. We observed a relatively small 1.96eV
change inl between the two parallel configurations of the
spin valve but found a much larger change between the two
antiparallel stategFig. 2): 1(7])-1(/7) is about 25 times
larger thanl (17) — I(]]). The height of the peaks for the
two antiparallel states in Fig. 2 corresponds to the asymme-
try of the photocurrent peak&ig. 1(b)] for illumination with
right and left circularly polarized light, respectively. The ob-
servation of a~2400% increase in helicity dependent pho-
tocurrent on switching the spin valve from parallel to anti-
parallel alignment clearly rules out a simple superposition of
spin filtering at the SC/FM interface and conventional GMR
in the spin valve. In this case changing the alignment of the
second magnetic lay¢€o) would only weakly modulate the
photocurren{due to GMR, resulting in a relative change of
helicity dependent photocurrent between the parallel and an-
tiparallel spin valve configuration of 8%Ref. 17 and 18at
most. The strong dependence of the helicity dependent pho-
tocurrent on the alignment of the Co layer shows that the
spin dependent transport process is not purely an interface
effect and that spin filtering within the metal structure plays
an important role.

As pointed out above, the possibility of separating the
photocurrent across the spin valve from the net measured

signal allows us to quantify the observed spin filtering effect. N : : : : : : : —
We are therefore able to give a lower limit for the spin po- 0 hv=1.85 eV
larization of the photocurrent passing the spin vaRer) 2r 7
defined as 1t i
Iif0) — ol o) g o 1
P(o)= i\’(a—f\/(a-, (2) = -1r g
Isuo)+ls(o) Sl |
n _ (b) bt
wherelg, andlg, are the components of the photocurrent =30 0T
propagating across the SC/FM interface into the spin valve N Ihv=1|58 e\'} ]
for the case of right and left circularly polarized light illumi- '
nation, respectively. Here=171,]],7/,|T denotes the pos- 1k _
sible states of the spin valve. NoW,+ | 5y=2al 1 for the
two parallel spin valve configurations andgy+ gy 0r 1
=2al g~ Al p— Al gy, for the two antiparallel spin valve il |
configurations, withAl 5, and Al 5,, being the photocurrent
peak heights for illumination with right and left circularly 2L (¢ -
polarized light, respectively. Taking into account tHat, s s s s s s s s s
—lgy=i"—i" (Fig. 2, sincel s¢ is unaffected by the align- 40 =30 =20 -10 0 102030 40
ment of the magnetic layers with respect to the spin direction H(Ge)
of the excited electrons, we estima¢o)~+ (—)5.9% for FIG. 3. Schematic of electron photoexcitation in the GaAs close

the two antiparallel configurations of the spin valve which isiy the Schottky barrier for three different photon enerdies).
more than 28 times |argel’ than the value for the two para”ehere S.IZ and F?S/Z denote the conduction and ||ght/heavy hole va-
statesP(o)~+(—)0.2%. We note that in the case of a |ence bands, respectively. Helicity dependent photocurrent vs ap-
simple superposition of spin filtering at the SC/FM interfaceplied magnetic field for photon energies(@j 1.96 eV,(b) 1.85 eV,

and conventional GMR in the spin valvE,would only be  and(c) 1.58 eV.

dependent on the alignment of the first magnetic laix&Fe)

with respect to the photon helicity irrespective of the con-mechanism is highly spin dependent, since for illumination
figuration of the spin valve. The strong dependenc® @in  with He-Ne laser light the spin polarization of the electrons
the relative alignment of the two FM layers suggests thaphotoexcited in the GaAs is 10%212 Therefore, these elec-
ballistic electrons propagating through the potential energyrons must be spin filtered in the spin valve structure with a
“landscape” of the spin valve are involved in the spin filter- high degree of efficiency.

ing process. Furthermore the spin polarization of 5.9% ob- Our picture of ballistic electron spin filtering is further
served in the antiparallel state shows that this transporsupported by the photon energy dependence of the helicity
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dependent photocurrent. Figure 3 shows the variatioh of of the band structure. A comparison with our results is, how-
with the applied magnetic field for three different photon ever, difficult, due to substantial differences in the electron
energies ofl@) 1.96 eV,(b) 1.85 eV, andc) 1.58 eV. In the injection mechanism, the investigated metal structure, the
first two cases the energy of the photoexcited electrons liegglative alignment of electron spin and FM layer magnetiza-
above the Schottky barrier height whereas in the latter case iton and the energy range probed. In order to gain a more
lies below, as depicted in Fig. @op).!° As can be seen the Profound understanding of the spin filtering effect observed
relative height of the helicity dependent photocurrent peakd our experiment, a realistic computational model including

at antiparallel alignment decreases with decreasing photofctu@l band-structure parameters is necessary.

energy[Figs. 38 and 3b)] although the spin polarization of In conclusmn_ we ha\(e mvgsugated spin dependent elec-
the electrons excited in the GaAs is increased to abouf®" tr?ns_port n hybnd_s_pm valve/GaAs structures. A

20%22 For hy=1.58 eV [Fig. 3(c)] the peaks disappear, ~2400% increase in heI|C|ty.dependent photocurrent was
suggesting that either very few electrons travel across th bserved on switching the spin valve from parallel to anti-

) . arallel alignment. This finding clearly rules out a simple
SC/FM mterface or that at th'.s energy the ellectro.n transpo uperposition of spin filtering at the SC/FM interface and
process is only weakly sensitive to the relative alignment o

the initial spin polarization in the GaAs and the magnetiza-convemlonal GMR and demonstrates that the observed spin

tion of the Co laver. We conclude that. in contrast to sin Iefiltering process is not a pure interface effect. Furthermore
Yer. ' R e spin valve/SC structure enables us to separate the photo-
FM layer/SC structures where electron tunneling is found to

be the dominant spin dependent transport mechaffidral- current across the SC/FM interface from the net measured
- Spin depen P signal therefore allowing the observed spin filtering effect to
listic electron spin filtering is responsible for the observed

effects in spin valve/SC structures. In this case spin polarize € quantified. An increase in spin polarizatibry a factor

electrons are excited in the GaAs, enter the spin valve abovef more than 28 was found when the FM layers were

. o switched from parallel to antiparallel alignmeRtwas found
the Schottky barrier and ballistically propagate through the[0 be 5.9% fopr the antipargllel spin g\]/alve states for

metal layers. Some of these electrons are reflected at the 1.96 eV. This shows that high energy electrons are spin

FM/nonmagnetic metal interfaces in the spin valve, due t(}. . . - N
. . iltered with a high degree of efficiency, taking into account
band structure mismatches and the requirement of transver§$

momentum conservation. The reflection and transmissio jlzg/lr; p_?:]églé?rté%n ?jfetr;ende;i(é'gogfstﬁ:cr:t;?CiLn (tjf;e eGn?iﬁit
probabilities depend on the details of the Fermi surfaces in__ >’ /" g dep y cep

the different materials and consequently are Spinohotocurrent on photon energy suggests th"?“ ele_ctrgns_pass—
dependent! The strong variation of the helicity dependent ing over the Schottky barrier are involved in this filtering

photocurrent with photon energy is therefore likely to peProcess. Our combined data provides clear evidence that spin

related to the energy dependence of the electronic ban olarized ballistic electrons are strongly spin filtered in the

structure in the different metal layers. Hot electron spinSpln valve structure.
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