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We demonstrate room-temperature spin injection from the epitaxially grown ferromagnetic metal
Fe3Si into the semiconductor GaAs. The injection efficiency is comparable to values previously
obtained for the Fe/ GaAs and MnAs/ GaAs hybrid systems using the emission of similar
共In, Ga兲As/ GaAs light-emitting diodes for the detection of spin polarization. The temperature
dependence of the detected polarization is explained by taking into account spin relaxation inside
the semiconductor device. © 2004 American Institute of Physics. [DOI: 10.1063/1.1807014]
Electrical spin injection into semiconductors at room
temperature has become a crucial issue for the realization of
spin-electronic devices.1,2 Hybrid structures consisting of a
ferromagnetic metal layer on a semiconductor (FM/SC) are
suitable for room-temperature operation. Actually, spin injection from epitaxially grown FM layers into SC has been
demonstrated for Fe on GaAs,3 Fe on (Al,Ga) As,4 and
MnAs on GaAs.5 The growth temperature for Fe on (Al,Ga)
As has to be kept low (close to room temperature) to prevent
the formation of interfacial compounds, which are unfavorable for spin injection.6 The drawback of MnAs is the Curie
temperature of 40° C, which is rather close to room
temperature.7,8 Regarding processing aspects as well as the
heat dissipation in semiconductor devices, it is desirable to
establish a FM/SC hybrid system for spin injection, which
exhibits a high thermal stability. In this respect, Fe3Si,9,10
which is ferromagnetic up to 840 K11 and almost lattice
matched to GaAs, is a promising material for spin injection.
Very recently, epitaxial growth of Fe3Si on GaAs共001兲 was
achieved with high crystalline and interfacial perfection at a
growth temperature of TG = 200° C, which is much higher
than the one for Fe growth.12 Moreover, Fe3Si can be regarded as a Heusler alloy Fe2FeSi and is therefore a candidate for being half-metallic,13–15 which should be advantageous concerning the spin-injection efficiency.
In this letter, we demonstrate room-temperature spin injection for the Fe3Si/ GaAs hybrid system. Spin-polarized
electrons are electrically injected from the ferromagnetic
Fe3Si layer and detected via the circular polarization of the
electroluminescence (EL) intensity emitted by an n-i-p lightemitting diode (LED) on the semiconductor side.
The LED device structure consisting of a Fe3Si injection
layer on a In0.1Ga0.9As/ GaAs LED structure (see Ref. 3) was
grown by molecular-beam epitaxy (MBE). From the bottom,
a 500 nm-thick p-GaAs buffer layer, a 50-nm-thick undoped
GaAs barrier, a 4-nm-thick undoped In0.1Ga0.9As quantum
well (QW), a 50-nm-thick undoped GaAs barrier, and a 70nm-thick n-GaAs layer were successively grown on the
p-type GaAs共001兲 substrate. The doping concentration is
2 ⫻ 1018 cm−3 for both n and p-GaAs layers. After growing
the LED structure, the substrate was transferred into the Asfree metal deposition chamber through ultrahigh vacuum,
and then the 35-nm-thick Fe3Si layer was grown on the
n-GaAs layer at TG = 200° C For details about the growth of
a)

Electronic mail: kawaha@pdi-berlin.de

the Fe3Si layer, we refer to Ref. 12. The epitaxial wafer was
processed into LED devices with mesas of 230 m diameter
patterned by dry etching. We also prepared a reference
sample from the same wafer by removing the Fe3Si layer by
wet etching and depositing the nonferromagnetic metal Ti.
We measured the EL intensity from the back side of the LED
structures placed in a superconducting magnet system. The
degree of circular polarization of the EL was analyzed by
using a photoelastic modulator. Details of the EL measurements are given in Ref. 3.
The low-temperature 共25 K兲 EL spectrum reveals one
peak at 1.427 eV due to the recombination of electrons
with heavy holes. The linewidth of 11 meV is clearly smaller
than the estimated heavy-hole/light-hole splitting of about
45 meV. The degree of circular polarization is determined by
P = 共I+ − I−兲 / 共I+ + I−兲, where I+共I−兲 denotes the intensity of
right (left) circularly polarized light integrated over the width
determined by the full width at half maximum of the spectrum. The absolute value of the polarization degree P is
identical to the spin polarization of the radiatively recombining electrons, if the heavy holes are assumed to be unpolarized. The magnetic-field dependence of the circular
polarization degree obtained at 25 K is shown in Fig. 1 (open
squares). Successful spin injection must be accompanied by
a circular polarization degree that follows the out-of-plane
magnetization curve of Fe3Si (solid line) independently
obtained by using superconducting-quantum-interferencedevice (SQUID) magnetometry. Indeed, the steep increase of
the polarization degree in the lower magnetic field region

FIG. 1. Circular polarization degree as a function of external magnetic field
at 25 K from LEDs with (open squares) and without (open circles) Fe3Si.
Dotted lines are guides to the eyes. The net polarization (closed squares) is
plotted together with the magnetization curve measured by SQUID in arbitrary units (solid line, dashed line is a continuation as guide to the eyes).
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共兩B兩 ⬍ 2 T兲 indicates the injection of spin-polarized electrons
from Fe3Si. However, the decrease at higher magnetic fields
共兩B兩 ⬎ 4 T兲 does not correspond to the saturation observed for
the out-of-plane magnetization. This discrepancy is due to
the contribution of the polarization, which originates from
carrier thermalization into the lowest of the Zeeman-split
spin-up and spin-down states in the present semiconductor
structure (see Ref. 5 for QWs with an In content of 0.1). The
contribution of the Zeeman effect to the EL polarization is
superimposed on the polarization induced by spin injection
at the Fe3Si/ GaAs interface and becomes more pronounced
in the higher magnetic-field region. The bare Zeemaninduced polarization in the semiconductor structure can be
determined from the EL of the reference LED without a ferromagnetic injection layer. The obtained degree of circular
polarization Pref (open circles) decreases monotonously as
expected from the contribution due to the Zeeman effect. In
order to eliminate the Zeeman contribution, the polarization
curve obtained from the reference sample Pref has been subtracted from the total polarization Ptot obtained from the
sample with Fe3Si injection layer. This subtraction eliminates
the Zeeman contribution for small EL polarizations as can be
seen by a first-order approximation of the theoretical expression given in Ref. 16 [Eq. 5]. The resulting net polarization
Pnet = Ptot − Pref (closed squares) indeed follows the Fe3Si outof-plane magnetization curve obtained from SQUID measurements. This result provides evidence for the successful
spin injection from the ferromagnetic metal Fe3Si into the
semiconductor GaAs. The net polarization degree in the saturation region is about 3%, which is comparable to the values
previously reported for the injection from Fe and MnAs into
similar semiconductor LED structures.3,5 The similar polarization degrees obtained for the three different FM/SC hybrid
systems indicates that the spin polarization is strongly influenced by spin relaxation processes inside the semiconductor
device. Therefore, in order to determine the injection mechanism and efficiency at the FM/SC interface, it is essential to
understand the spin relaxation processes.
In order to study the influence of the spin relaxation in
the semiconductor structure, we investigated the spin injection at higher temperatures. The total and net EL polarizations are shown in Figs. 2(a) and 2(b), respectively. The
magnetic-field dependencies of the net polarization degree
obtained at 150 and 295 K [Fig. 2(b)] clearly exhibit the
signature of spin injection. However, the saturation value
decreases with increasing temperature. This observation can
be explained by taking into account the carrier lifetime R of
the recombining electrons and the spin-relaxation time S in
the QW. From a simple rate equation model,16 the EL polarization degree P is obtained as

P=

 + r共1 − 兲
,
1 + r共1 + 兲

共1兲

where  denotes the injection efficiency at the Fe3Si/ GaAs
interface, r = R / 2S the ratio between carrier lifetime and
spin-relaxation time, and  the ratio of the electron population between upper and lower Zeeman levels given by
Fermi–Dirac distribution functions. In the following we will
discuss the dependence of P on the ratio r, which characterizes the semiconductor structure by spin relaxation time and
carrier lifetime. Due to their very fast spin relaxation, holes
are assumed to be in quasi-equilibrium, i.e., the spin polar-
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FIG. 2. (a) Total polarization Ptot obtained at 150 (open squares) and 295 K
(closed squares). (b) Net polarization Pnet obtained at 150 (open circles) and
295 K (closed circles). Solid lines are magnetization curves measured by
SQUID normalized to the net polarization in the saturation region for each
temperature. Dashed lines are continuations as guides for the eyes.

ization of holes is regarded to be independent of r. Since,
consequently, only the spin relaxation time of electrons
enters in the ratio r, we eliminated the Zeeman contribution
of holes for the sake of simplicity ( = 1 in Ref. 16). When
the spin-relaxation time is much longer than the carrier lifetime 共r Ⰶ 1兲, the measured EL polarization represents the
spin polarization due to electrical injection: P ⬇ .
In contrast, when the spin-relaxation time is much shorter
than the carrier lifetime 共r Ⰷ 1兲, the spin polarization in
the QW approaches the quasi-equilibrium state defined
by Zeeman splitting. Consequently, the contribution of
the Zeeman effect to the observed polarization is significant:
P ⬇ 共1 − 兲 / 共1 + 兲.
The total polarization shown in Fig. 2(a) reveals that
the saturation polarization due to spin injection strongly
decreases with increasing temperature, whereas the contribution of the Zeeman polarization exhibits a minimum
around 150 K. Assuming a constant spin-injection efficiency
 ( Fe3Si is ferromagnetic up to 840 K), the spin polarization
due to electrical injection does not explicitly depend on temperature. This fact can be deduced from Eq. (1), since a
vanishing Zeeman polarization 共 ⬇ 1兲 results in

P⬇


1 + 2r

=


1 +  R/  R

.

共2兲

Therefore, the decreasing polarization due to spin injection
can be explained only by a temperature-dependent ratio r
= R / 2S. Indeed, r has been found to strongly increase above
150 K for QWs with an In content of 0.1 (see Ref. 5). The
Zeeman polarization, however, is assumed to decrease monotonously with increasing temperature, since the population
ratio  approaches unity. Without spin injection 共 ⬇ 0兲, we
obtain
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possible magnetic circular dichroism (MCD), which in principle could influence the polarization of the EL light reflected
at the Fe3Si/ GaAs interface.17 Such a MCD effect would
indeed be proportional to the magnetization of the ferromagnetic layer. However, the magnetic properties of the Fe3Si
injection layer do not change below room temperature as
shown in Ref. 18, since the Curie temperature of Fe3Si is
much higher.
In conclusion, injection of spin-polarized electrons up to
room temperature has been demonstrated in a FM/SC hybrid
structure Fe3Si/ GaAs. The spin-injection efficiency is comparable to values obtained for the Fe/ GaAs and MnAs/ GaAs
hybrid systems, but Fe3Si is, in particular, promising for device applications because of its high thermal stability. The
temperature dependence of the detected polarization can be
consistently explained by spin-relaxation processes in the
semiconductor LED.
FIG. 3. Zeeman polarization calculated by Eq. (3) as a function of the ratio
r for temperatures of 25 (solid line), 150 (dashed line), and 295 K (dashdotted line). The changes from 25 to 150 K and 150 to 295 K are indicated
by arrows.  is calculated as described in Ref. 16.
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Consequently, the increasing Zeeman contribution for temperatures above 150 K has to be explained again by a
temperature-dependent ratio r = R / 2S. The Zeeman polarization according to Eq. (3) is shown in Fig. 3 as a function
of r for different temperatures (at a fixed magnetic field of
14 T). As reasonable parameters, we used a Zeeman splitting
of 0.5 meV (observed EL peak splitting at 14 T) and a Fermi
energy of 10 meV. The changes from 25 to 150 K as well as
from 150 to 295 K are indicated by arrows in Fig. 3 and
explain the observed behavior at least qualitatively. We assume r to be almost constant between 25 and 150 K and to
increase by about one order of magnitude between 150 to
295 K (cf. Ref. 5). Altogether, the complete temperature dependence of the EL polarization can be explained in a consistent way by an increasing carrier lifetime R (or decreasing
spin-relaxation time S) at temperatures above 150 K. According to Eq. (2), the net polarization represents the lower
limit of the spin-injection efficiency at the Fe3Si/ GaAs interface. The estimated spin-injection efficiency is about 10% at
25 K by assuming the spin-relaxation time and carrier lifetime obtained from a similar semiconductor structure (Ref.
5). For a more quantitative consideration, carrier lifetimes
and spin-relaxation processes in the actual semiconductor
LED device have to be studied in more detail.
Note that the observed temperature dependence of the
EL polarization cannot be explained by artifacts due to a
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