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Abstract

Spin-dependent transport of photogenerated electrons across Fe/GaAs(00 1) interfaces is
calculated using a one-dimensional electron transport model. Creation of spin-polarized
electrons by photoexcitation in this model is defined by the band structure of GaAs along the
[00 1] direction and the optical selection rules. The tunnel probability across the interface is
obtained from Chang’s model and first principles calculations are employed to calculate the
spin polarization of Fe for electrons propagating along the [0 0 1] direction. By combining the
above ingredients, the spin-filtering current, /s, was calculated for different parameter values,
including Schottky barrier height and photon energy. The model is used to fit with
experimental results of the photoexcitation technique, yielding qualitative agreement
especially for the observed sign switching of the spin-filtering current.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Spintronics is a multi-disciplinary field combining expertise
from magnetic, semiconductor and optical physics with
the aim of utilizing the spin degree of freedom in novel
electronic/optical devices [1]. As a key building block of
such devices, a ferromagnetic metal (FM)/semiconductor (SC)
interface is expected to serve as input (injection) and output
(detection) parts of spin-polarized current in semiconductors.
However, there has not been developed an efficient way
of spin injection/detection at room temperature yet, and
therefore it is indispensable to reveal detailed physics on
both spin injection and detection in FM/SC interfaces. A
useful technique that enables investigation of spin-dependent
electron transport across FM/SC interface is spin-polarized
photoexcitation [2]. In this measurement, circularly polarized
light creates spin-polarized electrons in GaAs via the optical
selection rules [3] and an FM/SC interface is employed
to measure the spin polarization electrically. Despite a
large number of investigations using this technique [4—
10], there are no theoretical calculations supporting them,
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to the authors’ knowledge, except for recent tight-binding
calculations on an Fe/GaAs interface by Honda et al [11].
Here, we present a phenomenological model designed for
these photoexcitation experiments. Our model is simple and
empirical, but we found that calculated results using the
model fit well with our measured data. Furthermore, the
dependence of the spin-filtering effect on various parameters is
presented.

2. Calculation model

Our model for spin-dependent transport of photoexcited
electrons across FM/SC interfaces is based on a one-
dimensional stack of an Fe/Schottky barrier/GaAs(00 1)
interface, schematics of which are shown in figure 1. Spin-
polarized electrons are created in GaAs (part 1) and tunnel
through the Schottky barrier (part 2) into the Fe DOS (part 3).
Each part of the process was calculated individually and
used to calculate the overall spin-dependent transport of such
photoexcited electrons, assuming that the electron energy and
spin orientation are conserved between the processes.

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. (a) Block diagram and (b) energy diagram schematic for the calculation model of spin-dependent transport across an

Fe/GaAs(00 1) interface.

2.1. Optical spin excitation in GaAs

To calculate the creation of spin-polarized electrons in GaAs,
we assume that electrons are excited by a pure circularly
polarized light around the I" point and the kinetic energy of
the photoexcited electrons is obtained using the effective mass
approximation for the GaAs band structure as follows:
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where E,, h, ko, m? and mj are the energy gap, the
reduced Planck constant, the wavevectors of the photoexcited
electrons/holes and the effective masses of electrons and holes
in GaAs. Since the creation of spin-polarized electrons
takes place close to an FM/SC interface in the spin-polarized
photoexcitation measurements, we assume that the electron
energy is not fully relaxed down to those of equilibrium
electrons during the electron transport in GaAs; a typical
electron thermalization time is a few picoseconds [12], which
is longer than an electron transport time in GaAs after
photoexcitation (estimated to be about 1 ps for our experiment
[13]) and the tunnelling time (estimated to be shorter than
1 ps [14,15]). However, processes of this thermalization are
difficult to treat analytically [12] and the exact description of
the energy-distribution function for non-equilibrium electrons
is unknown. We therefore model the spread of the energy
distribution as a Gaussian function with standard deviation o,
around the excitation energy; we set oy = kg7 (300K) =
26 meV for our calculations and later o was used as a fitting
parameter. Under this assumption the energy distribution of the
spin polarization packet, Ngaasi(E, V), of the photoexcited
electrons for a given transition i can be written as
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Here, Ngaasi(E, V) is a function of the electron energy E,
q is the electron charge and V is the applied bias. In our
model, £ = 0 is defined to correspond to the Fermi level
of Fe. GaAs has three optical transitions across the bandgap,
the heavy-hole (hh), light-hole (1h) and split-off hole (sh) bands
to the conduction (c) band. The transition probabilities and the
kinetic energies of photoexcited electrons for these transitions
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Figure 2. Ng,as.ora for different light energies, 1.58, 1.85 and
1.96eV,atV = 0.

are different due to the optical selection rules [3] and the
effective masses of holes, respectively. By taking into account
the transition probabilities, the total spin polarization created
around the I'-point of GaAs is given by

NEE (E, V) = —3NIS(E, V) + NY<(E, V)
+2NJES(E, V). ?3)

Calculation results from this equation for three different photon
energies using o, = 26 meV are shown in figure 2. The curve
for 1.96 eV consists of two peaks at around 0.12 and 0.32eV
and one trough at 0.44eV. They are attributed to the hh—c
transition for 0.44 eV, the lh—c transition for 0.32 eV and the
sh—c transition for 0.12 eV. The energy positions decrease when
the photon energy is decreased, following a similar overall
trend.

2.2. Tunnel probability through the Schottky barrier and Fe
spin polarization

The calculation of tunnel probabilities in Fe/GaAs(001)
interfaces is carried out with Chang’s model [16]. The
proposed tunnel probability, Puynne, as a function of the
electron energy, E, and applied bias, V, in a Schottky barrier
is given by

Pumel(V, E) = exp{—R/(®pn — g V) (Ppn — E))}
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Figure 3. Three-dimensional plot of Py, as a function of V and E
for &g, = 0.30eV.
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Figure 4. Calculated DOS of bulk Fe along the [0 0 1] direction for
spin-up and down-spin.

where €g, ®g, and Ny are the dielectric constant of GaAs, the
Schottky barrier height and the carrier density, respectively.
Calculation results of Pypnel(V, E) are shown in figure 3.
An increase in Py (V, E) is seen when E is close to ®g,,.
This is because the effective barrier width for electrons in this
energy region is thin, leading to the high tunnel probabilities.
In order to calculate electrons travelling across an epitaxial
Fe/GaAs(00 1) interface, the spin polarization of Fe for our
model is calculated by integrating DOS of bulk bcc Fe band
structure along the electron transport orientation. The Fe
bulk DOS was calculated by density functional theory with a
generalized gradient approximation [17-20]. These DOS for
up-spin (Nget) and for down-spin (Vg ) are shown in figure 4.

2.3. Spin-filtering effect calculations across Fe/GaAs
interfaces

We focused our calculations in the case of using highly doped
n-GaAs in which the bottom of the conduction band is close
to the Fermi level. Therefore, for simplicity, we set the
conduction edge equal to the Fermi level. Following the
two-current model proposed by Mott [21], the currents for
up- and down-spin channels are calculated separately, and

the spin polarization of the photoexcited current is obtained
by taking the difference of spin-up and spin-down currents.
By multiplying the three functions, Nget, | (E), Punel(E, V)
and Ngaast,y (E, V), the current for electrons with the specific
energy and voltage in the interface S; | (E, V) is obtained for
the up-spin channel:

ST(Es V)= NFeT(E) X Pynnel (E, V) X NGaAsT(E: V), (6)

with an equivalent expression for the down-spin channel.
Sy (E, V) for oy = 26 meV, hv = 1.58¢V, &g, = 0.30eV
and Ny = 10**m~ is shown in figure 5. In both graphs
the largest S values are for electrons tunnelling at the high
energy region especially at E close to 0.30 eV, following the
Pounnet (E, V) component. The total spin-filtering currents
(Isp(V)) were obtained from the difference of two integrals,
Sy, (E, V), over the energy range available for electron
tunnelling across the interface as

cI)Bu
Isp(V)=f Sy(E,V)—S,(E,V)dE. (7)
qV

Isp calculated with the previous parameter values is shown
in figure 6. Upon increasing the bias from zero, Igp starts
to decrease in the negative region, exhibits a trough at
0.17V and eventually increases back to zero. This trend
is very similar to typical photoexcitation results (with an
opposite sign) [2] and therefore this calculation model can
successfully represent the experimental results observed in
the photoexcitation measurements. In the later sections,
predictions for spin-dependent transport using this model
and the comparison between the calculated and experimental
results for the spin-filtering current are shown and discussed
in detail.

3. Parameter dependence of the spin-filtering
current

In order to further understand the physics of the spin-filtering
effect, the model was used to generate the photoexcitation
results with varying parameter values. In this paper, we
particularly present the Schottky barrier height and the photon
energy dependence of the spin-filtering current. Figure 7
shows a set of calculation results with a variation of &g, ranged
from 0.2 to 0.8 eV. Normally, it is difficult to engineer g,
when fabricating Schottky interface devices, and it is therefore
very useful to be able to predict the &g, dependence of spin-
dependent electron transport across Schottky interfaces. The
other calculation parameters used here are og = 26 meV,
hv = 1.58eV and Ny = 10*m™3. From the results,
it is clarified that &g, controls the peak position of Igg.
Increasing g, shifts the peak towards the higher bias regions
with an approximately linear relationship. This is because
by increasing ®p, electron tunnelling at the higher energy
regions is now allowed, where the tunnel probabilities are
greater than those of the lower part of the barrier. Therefore,
changing &g, is found to be a very useful method to control
the output signal of spin devices with Schottky interfaces. This
finding is consistent with experimental work which compares
the photoexcitation results for different doping densities of
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Figure 5. Three-dimensional plots of S| (E, V) (left panel) and S;(E, V) (right panel) calculated for o, = 26 meV, hv = 1.58¢V,

®p, = 0.30eV and Ny = 10** m~3.
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Figure 6. Plot of Isg calculated with the parameters: o, = 26 meV,
hv = 1.58¢eV, &g, = 0.30eV and Ny = 10* m—3.

GaAs [22] and the theoretical results reported by Honda
et al [11]. In addition, another important factor in the
photoexcitation measurements, the photon energy, is varied
in order to influence Isg. As can be seen in figure 2, changing
the photon energy provides different energy distributions of the
spin polarization in the GaAs conduction band. The photon
energy dependence of Isp has been calculated and shown in
figure 8.  For hv below the energy of 1.78 eV, where the
sh—c transition is forbidden, Igp is characterized by the trough
originating from the hh—c transition; the contribution from
electrons excited via the lh—c transition is small due to the
lower optical transition probability as well as lower available
DOS for tunnelling into the Fe layer for these electrons. The
trough shifts towards a lower bias region with increasing hv.
On the other hand, for #v above 1.78 eV, a positive Isp emerges
in the high bias region. The positive contribution of Igp is
attributed to the sh—c transition and the position of the peak
moves towards a lower bias region with increasing iv. In the
Isp curve for hv = 2.0eV, the lower negative Isg has been
pushed away and only the positive part of Igg exists in the
forward bias region. This explains that most of the excited
electrons from the hh—c transitions for hv = 2.0 eV are unable
to tunnel across the interface since these electrons are excited
into energy states of the GaAs conduction band higher than the
top of the Schottky barrier. Therefore, the main contribution
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Figure 7. &g, dependence of Isg. ®p, is in the range of 0.2 to
0.8 eV. The other parameters used are o, = 26 meV, hv = 1.58eV
and Ng = 10%* m—3.
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Figure 8. hv dependence of Isg. hv is in the range from 1.5 to
2.0eV. The other calculation parameters used are o, = 26 meV,
®p, =0.3eVand Ny = 10% m~3.
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Figure 9. Comparisons of Algr and Isg for the three different ~v. The parameter values used are shown in each figure.

to the spin-filtering effect results from electrons created by the
sh—c transition.

4. Comparison with experimental observation

As presented above, our calculation model can be successfully
used for alarge number of cases of photoexcitation experiments
by changing the calculation parameters. By varying these
parameter values, we fit the calculations to experimental data
of the spin-filtering effect (Algg) [20], results of which are
shown in figure 9. For these fittings, the experimentally
deduced &g, (=0.23 V) from the sample was used (detailed
characterization of Fe/GaAs Schottky can be found in [23]) as
well as Ng = 10%* m~3, and the fitting parameters were o and
the peak heights of Isp. Best fit calculation data are shown
as red lines in the figures; the blue lines will be explained
below. The most important point for the comparison is that the
fitting curves represent the sign change in Alsg. The origin
of the sign change in the calculated results can be understood
by the difference of the photoexcitation transition types which
contribute to Isp when changing the photon energy as already
explained in the last section. The spin-polarized electrons
that dominate the Isg curve of 1.58 eV are generated via the
hh—c transition, whereas the Isg curves for 1.85 and 1.96eV
result from the sh—c transition. Igp fits very well with Algp
for 1.85eV, while for the other two energies there are slight
shifts between Alsg and Isg. A possible origin of the shifts is
the lowering of energy peak position due to different electron-
energy relaxation rates. The calculated kinetic energies of
photoexcited electrons contributing the peak are 125 meV

(from the hh—c transition), 54 meV (from the sh—c transition)
and 129 meV (from the sh—c transition) for 1.58 eV, 1.85eV
and 1.96 eV, respectively. Since high energetic electrons relax
their energies faster, it would be a case that the peak position
of electron-energy distribution would be slightly lowered for
1.58 and 1.96¢eV. In order to confirm this hypothesis, we
introduce an additional factor to shift the electron energy (A E)
in the energy part of equation (2). The calculation results
with appropriate AE values are shown in figure 9. These
better fits indicate that our hypothesis is a possible reason and
more realistic definition for the electron-energy distribution is
needed to improve our model. This improvement is one of our
future plans for developing a better model of the experiments.

5. Conclusion

In this paper, spin-dependent electron transport of photogen-
erated electrons across Fe/GaAs(00 1) interfaces is calculated
using a one-dimensional transport model for an Fe/GaAs(00 1)
interface. The spin-filtering current /s is calculated by chang-
ing Schottky barrier height and photon energy. The calculated
results provide useful predictions for spin-polarized transport
of photoexcited electrons across Fe/GaAs(00 1) interfaces.
The comparison of the calculated Isg with the experimental
results of the photoexcitation measurements reveals that the
calculation model using realistic parameter values can pro-
vide qualitative agreement with the experimental observations.
This model therefore is useful for understanding and predicting
spin-polarized photoexcitation measurements for investigating
spin-dependent electron transport across FM/SC interfaces.
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