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Recent discoveries of phenomena that relate electronic transport in solids to the spin angular momentum of the electrons are the
fundamentals of spin electronics (spintronics). The first proposed conceptual spintronic device, the spin field-effect transistor—
which has not yet been successfully implemented—requires the creation and detection of spin-polarized currents in a semiconductor.
Whereas electrical spin injection from a ferromagnetic metal into GaAs has been achieved recently, the detection techniques used
up to now have drawbacks like the requirement of large magnetic fields or limited information about the spin polarization in the
semiconductor. Here we introduce a method that, by observation across a cleaved edge, enables us to directly visualize fully remanent
electrical spin injection into bulk GaAs from a ferromagnetic contact, to image the spin-density distribution in the semiconductor in
a cross-sectional view and to separate the effects of spin diffusion and electron drift.

Spintronics—the field of electron-transport phenomena related to
the spin angular momentum of the electron—has experienced a
rapid evolution in recent years, fed by the discovery of exciting
new effects as well as by promise for novel electronic devices with
new functionalities'. The spin field-effect transistor (spin-FET),
first proposed in ref. 2, is still considered to be the paradigm
of spintronic devices. As in a conventional FET, the conductivity
of a semiconductor channel in a spin-FET is controlled by a
voltage applied to the gate electrode. However, owing to the
source and drain electrodes being ferromagnetic, the current in
the channel is spin polarized and, hence, is also affected by
the relative orientation of the magnetization in both electrodes
and the electric field from the gate due to spin—orbit coupling
effects’. Electrical spin injection into a semiconductor as the
first requirement for the implementation of such a device has
recently been achieved by inserting a Schottky barrier’® or a
tunnel barrier™® between a ferromagnetic metal source contact
and the semiconductor. To detect the spin polarization in the
semiconductor most experiments up to now have used the spin-
LED technique by measuring the degree of circular polarization
of the luminescence light emitted after the recombination of
spin-polarized electrons with (non-polarized) holes in a quantum
well”>>78. For narrow quantum wells, this technique requires
that both the electron spins and the optical analysis direction be
oriented along the surface normal to use the optical selection rules.
The magnetization of the ferromagnetic source contact therefore
must be tilted out of plane by a large magnetic field or by
an intrinsic magnetic anisotropy with perpendicular easy axis*'’.
Spin injection from an in-plane magnetized Fe film into GaAs
has recently been demonstrated for a spin-LED by increasing the
width of the quantum well from 10 to 100 nm and by measuring
the circular polarization of recombination radiation in an edge-
emission geometry''.
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Recently, it was shown that magneto-optic techniques can be
used to detect the spin polarization of injected electrons from an in-
plane magnetized ferromagnetic film®. A small in-plane magnetic
field was applied perpendicular to the (in-plane) magnetization
of the Fe contact and the polar magneto-optic Kerr effect used
to measure the oscillatory transverse component of the spin
polarization. The authors of ref. 6 have recently succeeded in
extending their experiment to a purely electrical detection of spin
polarization in a non-local geometry'.

In the present work we introduce a novel method, which
in addition to directly observing spin injection from an
in-plane magnetized ferromagnetic film into bulk GaAs with
100% remanence enables us to measure the two-dimensional
spin-density distribution in a cross-sectional view within the entire
semiconductor and even below the ferromagnetic contacts. This
is achieved by scanning across a cleaved edge of the sample
with a magneto-optic Kerr microscope. The combination of
features of this approach is expected to greatly facilitate the future
development of semiconductor-based spintronic devices, and the
implementation of a fully functional spin-FET in particular.

CROSS-SECTIONAL VIEW OF A SPINTRONICDEVICE

The semiconductor into which spins are injected consists of a
4-um-thick n-doped GaAs layer (doping density n = 10" cm™)
grown by molecular beam epitaxy on top of a semi-insulating
GaAs(001) substrate (see Fig. la for the sample design) followed
by a thin n*-GaAs film and the ferromagnetic metal contact layer.
This guarantees the formation of a narrow Schottky barrier through
which electron transport occurs by tunnelling’. A 14-nm-thick
body-centred cubic (b.c.c.-) Fe;;Cog(001) film epitaxially grown
on the n™-GaAs(001) layer was chosen for the source and drain
contacts. Superconducting quantum interference device (SQUID)
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Figure 1 Schematic diagram of the spin-injection experiment (lateral transport) and basic magnetic behaviour. a, Schematic sample design and the detection method
of the spin polarization in the semiconductor. The red layer below the Au-covered FeCo contact pads (blue) represents a 15-nm-thick n*-GaAs layer (n =4 x 10" cm~23) and
a 15-nm-thick transition layer (n — n™). The focus of the Kerr microscope objective lens is scanned across the x—y plane, which is a (110) surface produced by cleaving the
wafer across the metallic contacts. The final contact dimensions are 400 um along the x axis and 100 um along the z axis. The distance between the contacts is 600 um.

b, Magnetization loop, M(H), of the FeCo(001) contacts at temperature 7= 10K measured by SQUID magnetometry with the magnetic field along [110] (solid circles) and
Kerr rotation in the n-GaAs channel versus magnetic field (H || [110]) for T=9K at a distance of 1 um from the edge of the left FeCo (‘source’) contact for a bias voltage of
I, = —1,300 mV (open triangles). [110], that is the z axis, is the easy axis of magnetization for both the fourfold (‘cubic’) and the substrate-induced uniaxial

magnetic anisotropy.

magnetometry of both Fe;;,Cogs contacts (200 um x 400 um
patterned by optical lithography at a distance of 600 um from
each other) shows a rectangular hysteresis loop along the [110]
direction with 100% remanence and a coercive field of about
15 Oe (Fig. 1b, solid circles). The current—voltage characteristics,
I(V), of individual junctions are in good agreement with a
semiclassical model for tunnelling through a Schottky barrier'
(see the Supplementary Information). Finally, the sample was
cleaved along the [110] direction across the FeCo pads, thus
exposing the (110) surface, which enables direct optical access to
the semiconductor channel. The magnetization of the ferromagnets
is spontaneously aligned along [110], that is, perpendicular to
the cleaved edge. This is the easy axis of magnetization both
of the fourfold in-plane anisotropy and of the uniaxial interface
anisotropy, as shown earlier'. For the optical measurements the
sample was mounted on the cold finger of a He flow cryostat
and the objective lens of a polarizing microscope was scanned
across the cleaved edge, providing a spatial resolution of about
1.6 um. The z component of the electron spin polarization (that
is, the component along [110]) in the n-GaAs channel is detected
via the polar magneto-optical Kerr effect ()MOKE). The photon
energy of the linearly polarized laser beam (hv = 1.51eV) was
chosen slightly below the bandgap of the GaAs at 10K; here,
the specific Kerr rotation shows a maximum and the penetration
depth of the light of more than 2 um is significantly larger than
the depletion depth of the GaAs (<200 nm). A square-wave bias
voltage alternating between zero and V), is applied between the two
FeCo contacts and the Kerr rotation is detected synchronously with
balanced photo-receivers and a lock-in technique. This ensures
that the (quasistatic) magnetization of the FeCo contacts does not
contribute to the Kerr signal.

The Kerr rotation angle, Uy, versus the magnetic field applied
along the [110] direction (z direction) at a distance of 1 um from
the edge of the left FeCo pad is shown in Fig. 1b (open triangles)
for Vi, = —1,300mV. The Kerr signal very closely follows the
magnetization of the FeCo injector, which clearly demonstrates that
spins are indeed injected from the ferromagnetic contact into the
semiconductor. The possibility of magnetic edge domains, which
would seriously affect the spin-injection process can clearly be ruled
out, as demonstrated by the behaviour seen in Fig. 1b, which is also
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observed at higher fields; that is, the magnetic moment does not
increase beyond the value at 100 Oe (except a small increase due to
the suppression of thermal spin waves).

DIRECT IMAGING OF THE SPIN DECAY

Figure 2a shows a colour-coded map of the saturation Kerr angle
in the (110) plane obtained by an x—y scan across the cleaved edge.
A decay of the spin polarization with increasing distance from the
injector is observed, which is attributed to spin relaxation. This
decay is exponential, and the decay length, L, varies as a function
of the applied bias voltage from 5 to 30 um (see Fig.2b). This
behaviour, which is in good agreement with the results in ref. 6, is
assigned to the superposition of electron drift and spin diffusion":
when the electric field in the n channel is increased, the drift of
the electrons supports (reverse bias) or attenuates (forward bias)
the spread of spin polarization into the semiconductor. The decay
length extrapolated to zero bias, that is, the spin diffusion length, is
about 7 um.

Measuring the spin polarization close to the left (‘source’)
contact with positive bias, that is, with electrons flowing from the
semiconductor into the FeCo contact, is equivalent to measuring
the spin polarization at the drain contact for negative bias voltage
because the distance between source and drain of 600 um is much
larger than the observed spin decay length. It is noteworthy that
a sign reversal of the magneto-optical signal close to the source
contact is observed when the bias voltage is changed from negative
to positive, which was not seen in ref. 6. This raises the general
question of the bias dependence of the injected spin polarization.
From a physical point of view the more fundamental question is the
effect of the electron kinetic energy on the spin-injection process.
The electron energy, however, is not precisely known from the
applied bias voltage for the sample geometry used here (and also in
ref. 6) owing to the complex electric-field distribution in the sample
resulting from the voltage drop across two Schottky barriers and the
semiconductor channel.

Instead, we will discuss the bias dependence in a simpler
device geometry, which is easily accessible in our ‘cleave and
observe’ approach. The question of the sign reversal will be further
discussed below.
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Figure 2 Cross-sectional imaging of the injected spin polarization in the
lateral-current geometry (all measurements at 7=9K). a, Colour-coded
two-dimensional map of the Kerr signal amplitude for the geometry of Fig. 1a for

I, = —1,300 mV. b, One-dimensional Kerr scans along the y direction for different
bias voltages. For forward bias (4, = 800 mV and 1,400 mV) the Kerr rotation values
have been multiplied by a factor of six for better visibility.

VERTICAL TRANSPORT OF ELECTRONS WITH WELL-DEFINED ENERGY

In the alternative sample design shown in Fig. 3a, the n* substrate
itself constitutes the counter-electrode, and we thus avoid the effect
of a non-uniform current density and the parasitic n-channel series
resistance, which are intrinsic to the lateral geometry of Fig. la. The
Kerr signal as a function of bias voltage is shown in Fig. 3b. Here,
the bias voltage is equal to the voltage across the Schottky barrier;
that is, eV}, now is the energy of the injected electrons. The Kerr
rotation is proportional to P, = (fyp — Maown) / (Htup + Maown) >, Which
is the degree of electron spin polarization in the n-GaAs (#,p/down
being the density of spin-up/spin-down electrons). From this
measurement we shall now extract the degree of spin polarization
of the current J, that is, P; = (Jup — Jaown) / Jup & Jtown) -

In a first step we will relate the Kerr signal to the
absolute value of electron spin polarization, P,. Usually, P, is
determined by measuring the degree of circular polarization
of the luminescence light resulting from the recombination of
spin-polarized electrons and unpolarized holes. Because of a
missing p-doped layer, which would provide itinerant holes, a
combination of electroluminescence (EL) and photoluminescence
(PL) is used, which was initially proposed in ref. 16: using a
linearly polarized laser beam (wavelength A =800 nm) with the
photon energy slightly above the bandgap of GaAs, unpolarized
electron-hole pairs are generated in the n-GaAs. The holes
recombine radiatively with available electrons, thus producing
luminescence light with a degree of circular polarization half
the degree of spin polarization of the recombining electrons.
All measurements are made in the ‘Tow-optical-pumping limit),
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that is, the dilution of spin-polarized electrons by optically
excited unpolarized electrons can be ignored. This was verified
by a variation of the intensity of the linearly polarized
laser beam.

For this measurement the spin polarization is periodically
reversed by switching the magnetization of the FeCo contact
between the [110] and the [110] direction while the polarization
of the luminescent light is measured as a function of
wavelength. Figure 3¢ shows the degree of circular polarization
for V, = —50mV (red curve) and V, = +50mV (black curve).
We obtain a non-zero circular polarization over the entire
luminescence peak (814 nm < A < 822 nm; maximum intensity at
819 nm). The sign reversal of the light helicity when the bias voltage
and hence the current direction is reversed shows that the spin
polarization in the GaAs is indeed measured and any contribution
from the metallic contacts can be ignored. This is further confirmed
by the ratio of the signal values obtained for both polarities of Vi,
which closely matches the respective Kerr rotation values shown
in Fig. 3b.

The degree of circular polarization averaged over the
luminescence peak for Vi, = —50mV is 0.075%, which translates
into an average spin polarization P, = 0.15% for the electrons
contributing to the luminescence signal. As the spin polarization
is known to be redistributed very efficiently between electrons',
this should also be a good estimate for the spin polarization of the
full electron system. The photoluminescence measurements also
unambiguously show that the injected current for the materials
used is carried by majority spin electrons.

Using this measurement, we are finally able to calibrate our
Kerr data. The result is shown as a black curve in Fig. 3e. The low
value of P, is due to the fact that we inject relatively few polarized
electrons into a semiconductor that already contains a large number
of unpolarized electrons from the n doping.

To estimate P;, that is, the efficiency of the electrical injection
process itself, the local spin density resulting from the superposition
of spin diffusion and electron drift has to be modelled. This is done
on the basis of the drift—diffusion model in ref. 15. The extremely
fast spin relaxation in the n" layer is taken into account by assuming
the disappearance of the spin polarization of the electron density
at the n/n" interface. The resistance of the n-GaAs layer is also
assumed to be negligibly small compared with that of the Schottky
barrier. Within this description, the electron spin polarization in
the n channel is written as

P,(x)=P;-v

exp(—i) —exp(f“ - i — %) (1)
D- (Lid+;—uexp(—;"d—ﬁ))ﬂ(l—exp(—ﬁ—ﬁ))

where v =] /e- n is the electron drift velocity, a is the thickness of
the n channel, D is the diffusion constant and

(W>2+D
2

is the upstream/downstream drift—diffusion length, 7 being the spin
relaxation time. To test the validity of this formula, we carried out
one-dimensional Kerr effect scans in the [001] direction for three
different bias voltages (data points in Fig. 3d) and measured the
depolarization under a small magnetic field applied along the x
direction (the so-called Hanle curve; data points in the inset of
Fig. 3d; see the Supplementary Information). The curves show an
enhanced spin relaxation compared with the geometry of Fig. 1a,
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Figure 3 Characterization of the injected spin polarization in the vertical-current geometry. a, Sample design for vertical-current measurements where—in contrast to
the lateral geometries in Fig. 1 or in refs 6,22—the energy of the injected electrons, ¢, to a very good approximation is given by the bias voltage (¢, = el4). b, Kerr rotation
amplitude versus applied bias voltage for the sample of a measured in the n channel. The insets clearly show the change of sign in the Kerr rotation versus magnetic field.

¢, Degree of circular polarization of the light emitted by a combination of electroluminescence (EL) and photoluminescence (PL) of the n channel for I, = —50 mV (red) and
for ¥, = +50 mV (black) for optical excitation at a wavelength of 800 nm for the sample of a. d, One-dimensional Kerr scans in the vertical direction (x || [001]) for the
sample of a for bias voltages of —40 mV (red circles), —200 mV (blue triangles) and +50 mV (black squares). The solid lines represent the calculated Kerr signals taking into
account the gaussian profile of the laser spot and a spin-density profile on the basis of equation (1) for the respective bias voltages. The inset shows the spin polarization as a
function of a small transverse magnetic field applied in the x direction (data points) and a numerical fit (solid line) taking into account the precession around the magnetic
field (Hanle effect; see the Supplementary Information). Resulting fit parameters are D=5cm?s~' and = = 100 ns. €, The spin polarization of the electron density (P,, black)
is deduced from b using the luminescence data of ¢ as a calibration; the spin polarization of the current (P;, red) is deduced from P, by using equation (1). Here—in contrast
to the data in Fig. 2b—the bias voltage, 4, directly defines the energy of the injected electrons el/,. All measurements are made at a distance of 1 um below the FeCo

contact (except in d) at a temperature T=9K.

that is, a shorter spin decay length and broader Hanle curve, which
is attributed to the diffusion of electron spins into the n* substrate.
The observed decay was indeed reproduced using equation (1) with
D=5cm’s™" and 7 =100ns, in good agreement with published
values for n-GaAs (refs 6,18,19). The Hanle curve was reproduced
using the same parameters and inserting the term describing the
precession around the transverse field in equation (1).

THEROLE OF BIASVOLTAGE

The spin polarization of the current, P;, deduced from P, using
equation (1) is shown in Fig. 3e in red. A sharp peak centred close
to zero bias with a maximum value about 30% and a full width at
half maximum of the order of 50 mV is observed. As the influence
of electron drift was removed by the analysis presented above, we
believe that this pronounced bias dependence originates from the
electrical spin-injection process itself.

Spin injection arises from the asymmetry between the spin-
up (majority) and spin-down (minority) electronic states near the
Fermi level, Ef, of the ferromagnet: owing to this asymmetry, for
reverse bias (V}, < 0) electrons with one spin polarization will
dominate the tunnelling current from the ferromagnet into the
semiconductor; for forward bias (V,, > 0) the current tunnelling
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into the ferromagnet from an unpolarized semiconductor is
also spin polarized, resulting in a spin accumulation in the
semiconductor due to electrons not transmitted through the
barrier’®*. Therefore, the spin polarization observed in the
semiconductor, P,, when the bias voltage and the current direction
are reversed, is related to electrons in the majority and minority
spin bands of the ferromagnet at E; + eV, (forward bias)
and at ~ E; (reverse bias). For the likely case that the spin
polarization in the ferromagnet does not change sign between
E; and E; + eV, an opposite sign of P, in the semiconductor
is expected for forward and reverse bias, respectively. This is
indeed observed in the present experiment for an Fe;,Coqs(001)
injector. Crooker et al.’, however, who used an Fe(001) injector,
did not see a sign reversal of P,(V,). This is an unexpected
behaviour, because the spin polarization close to Ep should not
be fundamentally different for Fe and b.c.c.-FeCo. In fact, in a
more recent experiment with a non-local geometry of Fe contacts
on GaAs, the same authors observed a sign reversal of the spin
polarization in the semiconductor when changing from reverse
to forward bias®, but only for small bias voltages (<100 mV)
and with positive or negative zero-crossing points for different
samples. It is not clear at this moment whether the observed bias
dependence of the spin polarization is determined by different
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growth conditions of the ferromagnet (see the Methods section)
and possible surface bands at the Schottky barrier”, or by the
higher band filling for FeCo compared with Fe. Ab initio band
calculations of electronic states and electron transport at the
Fe/GaAs and FeCo/GaAs interfaces, therefore, seem indispensable
to quantitatively understand the details of spin injection from a 3d
ferromagnet into a semiconductor.

TOWARDS A FUNCTIONAL SPIN-FET

To implement a working spin-FET as proposed in ref. 2 a number of
criteria will have to be fulfilled with respect to materials properties,
device design and operating conditions'. For certain important
steps towards a functional spin-FET the experimental methods
presented above are expected to be helpful. (1) Two stable states
with parallel and antiparallel remanent magnetization of the source
and drain contacts are easily realized using our previous experience
in tuning the magnetic anisotropy and coercivity of epitaxial
ferromagnetic layers'. (2) A voltage applied to a gate electrode
above the channel will modulate the source—drain current via
spin precession due to the Bychkov—Rashba effect'. In contrast
to earlier imaging methods®?, the present approach enables us
to observe the two-dimensional spin distribution below the gate
and will thus help to interpret the magneto-resistive effects. (3) A
two-dimensional electron gas (2DEG) as the conducting channel
will ensure a uniform Rashba precession. The scheme for spin
injection used in the present experiment should equally work for
a 2DEG; the sensitivity of our Kerr measurement is sufficient to
detect spin injection in a 2DEG with a typical electron density of
several times 10" cm™2. (4) The channel length must be well below
the downstream spin decay length, Ly (for example <10um, see
Fig. 2) and short enough to avoid a cancellation of the resulting
spin polarization at the end of the channel due to the distribution
of electron wavevectors in the y—z plane. According to refs 24,25
the spin precession should be observable with our resolution and
sensitivity for a channel length up to a few micrometres even for
diffusive transportat T <77 K.

Furthermore, appropriate values for a number of parameters
(electron mobility, Bychkov—Rashba parameter, channel versus
contact resistance, gate breakdown voltage and so on) must be
achieved to allow for a Rashba precession period smaller than
the channel length and for a sufficiently large modulation of the
source—drain current. It is expected that the novel imaging method
introduced in the present work will be a useful tool to solve complex
materials and design problems and thus help to develop and
optimize a functional spin-FET or other future spintronic devices'.

METHODS

For the sample design according to Fig. 1a, a semi-insulating GaAs(001)
wafer was used as substrate. A 4-um-thick GaAs layer n-doped with Si
(n=10'° cm=>) was grown by molecular beam epitaxy (MBE) under standard
conditions followed by a 15-nm-thick transition layer, where the doping level
was continuously increased from n = 10" cm™ to n =4 x 10" cm~, and by
a 15-nm-thick n*-layer with n =4 x 10" cm™ to obtain a narrow Schottky
barrier. After capping with an amorphous As layer, the samples were transferred
into a second MBE chamber. The As was then desorbed by heating to about
500 °C until the reflection high-energy electron diffraction pattern of the
characteristic (4 x 6) reconstruction of the GaAs(001) surface was seen with
sharp spots forming Laue circles, thus indicating a clean and extremely flat
surface'®?®, Then a 14-nm-thick Fe;,Cogs(001) film was grown by MBE at
room temperature and covered with 10 nm Au for protection. Epitaxial growth
and orientation of the metallic films were verified by reflection high-energy
electron diffraction.

Optical lithography and Ar ion etching were used to form two contacts
of the metallic films (size 200 um x 400 um) with a 600 wum gap in between.
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Secondary-ion mass spectroscopy was used during the etching process to
verify the complete removal of the metallic layers. The n*-GaAs layer and the
nto n* transition layer were removed everywhere except under the metallic
contacts. Finally, a wet-chemical-etching process with citric acid was applied
to remove material with high defect density. The wafer was then cleaved
along the [110] direction across the FeCo pads, leaving two contacts with
dimensions of 100 (um x 400 pm, which were then wire bonded for subsequent
electrical measurements.

For the sample shown in Fig. 3a, an n*-doped GaAs substrate
(n=10" cm~?) was used without a buffer layer; otherwise, the same procedure
was applied for film deposition and patterning of a single metallic contact pad.

For the magneto-optic measurements, the beam of a Ti-sapphire laser was
focused on the cleaved edge of the samples by means of a scanning optical
microscope after passing through a linear polarizer. A spatial resolution of
1.6 um was obtained. The photon energy was tuned to hv = 1.51 eV, which
is close to the maximum of the saturation Kerr rotation angle, ¥, for our
sample at T'= 9 K. The Kerr rotation of the beam reflected from the cleaved
edge after passing through the microscope objective lens and a beam splitter
was measured with a Wollaston prism and a pair of balanced photo-receivers. A
square-wave bias voltage alternating between zero and V), with a frequency of
6 kHz was applied between the two FeCo contacts; the Kerr rotation angle was
detected synchronously using a lock-in technique.

For the measurement of the circular polarization shown in Fig. 3¢, the
magnetization of the FeCo contact was periodically reversed between the two
easy directions, [110] and [110], by short magnetic-field pulses (pulse width
200 s, pulse height 150 Oe) with a frequency of 10 Hz. Using a combination
of a quarter-wave plate, a linear polarizer and a CCD (charge-coupled device)
spectrometer, the circular polarization of the luminescent light for a given bias
voltage was measured by synchronous detection as a function of wavelength.
Data acquisition was always done at remanence.
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