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A Fig. 1: Schematic ofspin dependent electron transport at (a) a
FM/Se interface and (b) a FM/tunnel barrier/Se interface.A
resistor model is also shown for both cases, where RFM,Rsc and I
denote the resistance in the FM and the se and the tunnel barrier
contact resistance, respectively.

Recently, the newly emerging field of spintronics has attracted
considerable attention. Significant advances in device perfor­

mance, in terms of speed, size scaling and power requirements
could be achieved by creating spin electronic devices based on the
manipulation ofspin polarized electrons [I}. Proposed spin ana­
logues to conventional electronic devices have stimulated great
interest, e.g. the spin polarized field effect transistor (spin FET)
[2,3] and the spin polarized light-emitting diode (spin LED)
[4,5}. In order to realize such spin electronic devices, spin depen­
dent electron transport needs to be better understood. It is very
important to note that efficient spin dependent transport depends
on achieving both efficient spin injection from a ferromagnet
(FM) into a semiconductor (SC) [4-8], and efficient spin detection
of electrons passing from the SC into the FM. Efficient spin injec­
tion has been reported by Fiederling et al. [4J and Ohno et aL [5J
using a magnetic SC but only at low temperature in all SC device
structures. Recently, spin injection from a FM metal into a SC has
been achieved at room temperature with an efficiency of 2 % [6]
and 30 % [7] in Schottky barrier structures, and at 80 K with an
efficiency of9 % in FM/AIOx barrier/SC structures [8],respec­
tively. The question remains as to whether room temperature
efficient operation is possible and also whether strong spin trans-
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and Popper series Srn+lRUn03n+h with n = 1,2,3,00 are metallic fer­
romagnets with Tc ranging from 105K to 165K,whereas the n = 1
member Sr2Ru04, has often been considered as close to the ferro­
magnetic order but is in fact a superconductor with a very low
critical temperature of - IK. Remarkably, the former compounds,
show a Fisher-Langer type anomaly of the conductivity versus
temperature at Tc, which is suppressed under a few T. In contrast,
the calcium homologous phases which are isostructural, exhibit
very different properties: the perovskite CaRU03 (n = I) is a para­
magnetic metal,whereas Ca2Ru04 (n = 2) is an antiferromagnetic
insulator. As a consequence, solid solutions also show complex
magnetic properties, as for example the oxides Ca2.xSrxRu04, for
which a metal-insulator transition, associated with a structural
change and magnetic ordering is observed, for low strontium con­
tents. But the most fascinating properties of ruthenium based
oxides have been recently obtained for the ruthenocuprates ofthe
RuSr2GdCu20s family. The physical behavior of this oxide is
unique in that, superconductivity and ferromagnetism coexist
within the same matrix. The structure of this phase (Fig. 4a)
derives from that of the 92K-superconductor YBa2Cu307, by
replacing the CU04 groups byRU06 octahedra. It can be described
as an oxygen deficient perovskite built up ofsingle octahedral per­
ovskite ruthenium layers sandwiched between pyramidal copper
layers, layers of Gd3+and Sr2+ being stacked according to a "1-2"
order, between the CU02 and RU02 planes. The remarkable coex­
istence of superconductivity with aTe - 35K, and of
ferromagnetism with a Tc - 133Kis demonstrated fromAC sus­
ceptibility measurements (Fig. 4b). Such a behavior shows the
important role ofthe layered architecture of the structure, in order
to conciliate these two contradictory properties.
In conclusion, these few examples and those well known on iron
oxides show that transition metal oxides represent a vast field of
investigation for the discovery of new extraordinary magnetic
properties.
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across the sample was also measured using a separate top contact
as shown in the inset of Fig. 4 [11]. A circularly polarized laser
beam (with photon energy hv = 1.96 eV) was used together with
an external magnetic field to investigate the spin dependence of
the photoexcited electron current at room temperature. The
polarization of the beam was modulated from right to left circu~
lar using a photo-elastic modulator with 100 % circular
polarization at a frequency of 50 kHz.

As discussed above, the process (tunneling, thermionic emis­
sion etc.) bywhich electrons are transported from the se into the
FM is a key issue for the realization of spin detection. Photoexci­
tation measurements we recently carried out on band gap
engineered FM/AlGaAs tunnel barrier/SC structures [13] clearly
showed that significant spin filtering can onlybe expected for tun­
neling electrons, in good agreement with the theoretical
predictions [9,10]. Our discussion of the spin dependent trans­
mission process will therefore focus just on the tunneling of
electrons through the Schottkybarrier followed byballistic trans­
port in the FM.

The helicity dependent photocurrent I was measured by mod­
ulating the photon helicity from right (a +) to left (a-). The two
helicity values correspond to opposite spin angular momentum
values of the incident photons and the helicity gives rise to oppo­
site spin polarizations of electrons photoexcited in the GaAs
[14]. The magnetization (M) in the FM is aligned perpendicular
or in plane (H=O) using an external field. For a//M (or anti-par­
allel), the electrons in the FM and the SC share the same spin
quantization axis, while for aiM, on the other hand, the two
possible spin states created by the circularly polarized light are
equivalent when projected along the magnetization direction in
the FM (Fig. 2). Consequently, in the remanent state (aiM),
since M is orthogonal to the photoexcited spin polarization, both
up and down spin polarized electrons in the se can flow into the
FM, opposing the electron current from the FM.At perpendicular
saturation (a//M), on the other hand, the up spin electron current
from the se is filtered due to the spin split DOS in the FM. This
means that a greater net negative current now flows with a//M
than that for aiM, since the current from the metal to the se is
largely independent of the magnetization configuration. Spin fil­
tering is therefore turned on or offby controlling the relative axes
of a and M, and is detected as the helicity dependent photocur­
rent I. With aiM, there is no spin filtering, while spin filtering is
turned on by rotating to allM. The helicity dependent photocur­
rents jO and In correspond to the magnetization configurations
alM (Fig. 2, left) and a//M (Fig. 2, right), respectively. jO and!" are
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~ Fig.2: Schematic diagrams illustrating the spin filtering
mechanism for electron transport at the FM/Schottky barrierlSC
interface. Averaged density of states of FM is shown for the case
of 10 for simplicity.

mission can be achieved between FM metals and se. Theoretical­
ly, it has been suggested that there may be fundamental obstacles
to achieving efficient spin transmission across FM metal/Se inter­
faces via a diffusive electron transport process [9] due to the
conductivity mismatch between the FM metal and the se. In this
case the electron transport properties are dominated by the large
resistance of the se, diluting any spin dependent effects at the
interface (Fig. la). It is expected, however, that spin dependent
electron transport can be achieved via electron tunneling at
FM/Se interfaces [10]. If the tunneling process is spin dependent
and the tunnel barrier contact resistance is larger than the resis­
tance of the se, spin injection and detection efficiencies of up to
100% can be expected (Fig. 1b). So far very few studies have been
conducted on spin detection and further clarification of the
mechanisms involved is highly desirable.

We investigated spin filtering across FM/Se Schottkyinterfaces
as a function of FM material, FM layer thickness and applied
magnetic field using photoexcitation techniques [11,12]. Polar­
ized photoexcitation in FM/Se structures was employed to
create a population ofspin polarized electrons in the SC substrate
(GaAs). The spin dependent electron transport across the
FM/Se interface at room temperature was detected as an electri­
cal response, the strength of which varies according to the
configuration of the photon helicity with respect to the FM layer
magnetization (inset of Fig. 4). We achieved a change in helicity
dependent photocurrent when the magnetization was realigned
from perpendicular to parallel to the photon helicity, which is
attributed to spin filtering at the FM/SC interface due to the spin
split density of states (DOS) in the FM. These spin transport
effects increase with increasing FM layer thickness and applied
magnetic field. Applying dc measurement techniques, we were
furthermore able to quantify the spin polarization ofthe electrons
filtered at the FM/Se interface. Based on our results we discuss a
simple model for the spin transport mechanism across the
Schottky barrier.

We used ultrahigh vacuum (DRY) deposition techniques to
fabricate 2.5, 5.0 and 7.5 nm thick polycrystalline NiaoFe2o and Fe
layers directly onto GaAs substrates (Si doped, n=1023 m-3 and
1024 m-3 for the NiFe and Fe samples, respectively), capped with 3
nm thick Au layers. An antiferromagnetic Cr sample (5.0 nm,
n=1023 m-3) was also prepared as a reference. A bias voltage was
applied between one Au electrical contact on the surface of the
sample and an ohmic contact attached to the back of the sub­
strate. The current flowing through these two pads was measured
(both with and without photoexcitation), while the voltage
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... Fig. 4:Thickness dependence ofspin polarization across the
FM/GaAs interface for the case of both NiFe and Fe as the FM.The
magnitude ofthe calculated MCD effects is also shown as positive
values. In the inset a schematic of the experimental set upis shown.
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room temperature, we observed a clear difference in the helicity
dependent photocurrent through the FMlGaAsinterface according
to the orientation of the sample magnetization with respect to the
helicity. This difference in photocurrent corresponds to a measure
of the spin polarized photocurrent passing from the SC into the
FM. The crucial transport mechanism in this spin filtering process
is the tunneling of photoexcited electrons through. the Schottky
barrier. Antiferromagnetic Cr/GaAs shows no spin dependence as
expected and provides an important test of the validity of our
experiments. The spin polarization increases with the FM layer
thickness, which provides further support of the view that spin fil­
tering is associated with ballistic transport in the metal. Our
combined results unambiguously indicate that spin polarized elec­
trons are transmitted from the se to the FM with high efficiency.

Acknowledgments
We are grateful to Ken Cooper for his help with the sample fabri­
cation. The support ofEPSRC, EU (Esprit programme) and ETR!
(Korea) is also acknowledged. S.}.S. gratefully acknowledges the
financial support ofABB (Sweden). A.H. would like to thank the
Toshiba Europe Research Limited and the Cambridge Overseas
Trust for their financial support. WS.C. is supported by postdoc­
toral fellowship program from Korea Science & Engineering
Foundation (KOSEF). G. W would like to thank the Austrian
Academy ofSciences and the Wilhelm-Macke-Stipendienprivats­
tiftung (Austria) for their fmancial support. A.I. thanks the
Cambridge European Trust and Nordiko Ltd. for their funding.
T.T. expresses his gratitude to the Cambridge Commonwealth
Trust for their financial support.

NiFa MeD

++2

proportional to the difference between the current components
for right and left circularlypolarized light for each magnetization
configuration: JO cc io+-io- and In cc in+-in-. As shown in Fig. 2,
io+ = io- is expected for the case of the remanent state, while
in+ "# in-is expected for the case of perpendicular saturation. Due
to our experimental geometry, where the light enters the SC
through the FM layer, we can expect a contribution from magnet­
ic circular dichroism (MCD, i. e. the different absorption of right
and left circularly polarized light in a magnetic material) to 1.

The magnetic field dependence of the helicity dependent pho­
tocurrent at zero applied bias for the three permalloy samples is
shown together with the corresponding polar magneto-optical
Kerr effect (MOKE) measurements in Fig. 3 (a) and (b), respec­
tively. The MOKE signal is proportional to the magnetic moment
of the FM film and therefore provides a qualitative measure of the
FM magnetization. As can be seen in Fig. 3, the field dependence
of the helicity dependent photocurrent matches that ofthe MOKE
signals, showing the magnetic nature of the effect. Similar results
were obtained for the Fe samples. We can therefore conclude from
this observation that there are no significant background effects
due to Zeeman splitting in the GaAs. Although the Cr sample
shows a small offset, the signal does not possess any field-depen­
dence (due to a possible SC-related background), confirming that
the Zeeman splitting effect is negligible in our measurement.

In order to study the spin filtering effect quantitatively, we per­
formed dc photoexcitation measurements. Circularly polarized
light was generated using a ')J4 plate, and the de helicitydependent
photocurrent was observed for both right (1+) and left circular (I
-) configurations. The spin polarization of the spin filtering effect
was estimated as P =(1+-1-)/(1++I-). Figure 4 shows the thickness
dependence ofboth the estimated spin polarization and the mag­
nitude of the MCD effect for both NiFe and Fe samples. The spin
polarization increases with the FM layer thickness t and is larger
than the calculated MCD effect as shown in Fig. 4. A similar
thickness dependence of the spin polarization has been reported
byvan't Erve et aL [15], suggesting that spin filtering occurs in the
ballistic regime. It should be noted that the signs of spin polariza­
tion for spin filtering are the same for both NiFe and Fe but that
the sign ofMCD is expected to be opposite for NiFe and Fe.

In conclusion spin polarized electron transport across FM/SC
hybrid structures has been investigated for different FM materials
(NiFe and Fe), FM layer thicknesse.s and applied magnetic fields. At
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