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T he operation of the rapidly expanding range of electronic devices, 
such as personal computers and mobile phones, is primarily based 
on the control of electron charge in semiconductors. Although 

the tremendous progress in microfabrication technologies has acceler-
ated the miniaturization of electronic devices, the size of devices will 
soon encounter the fundamental physical limits of that miniaturization. 
Further scale reduction beyond these limits will require a radical altera-
tion of the concept of functional devices. Control of the spin degree of 
freedom of an electron has brought about a new era of integration in 
electronics over the last ten years, and research in the fi eld of ‘spintron-
ics’ is currently being pursued extensively due to the potential of this 
approach for the development of a new direction in electronics. Th e fi eld 
of spintronics spreads beyond the traditional boundaries among research 
fi elds, leading to interdisciplinary research that spans magnetism, semi-
conductors, photonics and electronics.

Since 1990, a number of spin-based device concepts have been 
proposed. Spin-based transistors  [1–5], spin light-emitting diodes 
(spin-LEDs)  [6,7] and spin transfer torque memories  [8,9] are typical 
examples. One of the device concepts is depicted in Figure 1, where the 
device structure consists of a ferromagnetic source electrode, a high-
mobility semiconductor channel, a ferromagnetic drain electrode and 
a gate electrode. To operate a spin-based functional device, the primary 
issue is the effi  cient injection of spin-polarized electrons from the source 
ferromagnet into the semiconductor channel across the interface. Th e 
electron spin is then manipulated by the application of a voltage via 
the gate electrode [10], and the spin orientation is detected using a fer-
romagnetic drain electrode in a spin fi eld-eff ect transistor (FET) or from 
the circular polarization of light emission in a spin-LED. Although the 
device concept is very simple and similar to that of a conventional FET, 
the implementation of spin-based devices is not that straightforward: 
the spin degree of freedom must be handled very delicately because 
the spin current rapidly depolarizes at the ferromagnet/semiconductor 
interface and the spin information will be lost within a time scale of 
several hundred picoseconds, even in a semiconductor [11,12]. Th is is 
in clear contrast to the conservation of electron charge. Th erefore, there 

are still obstacles to overcome in the implementation of such spintronic 
devices, and for this purpose a clear understanding of not only electron 
spin transport processes from a ferromagnet into a semiconductor, and 
vice versa, but also electron spin dynamics in semiconductors, is of fun-
damental and technological importance. 

Our focus in this article is on reviewing the current status of this 
subject with special emphasis on electrical and optical spin injection 
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Figure 1. Conceptual illustration of spin-based electronic devices. In a spin-FET, 

spin-polarized electrons are injected from a source ferromagnet into a semiconduc-

tor and detected using a ferromagnetic drain electrode. In a spin-LED, circularly 

polarized light emission also occurs under spin injection.

© 2011 Tokyo Institute of Technology



 T. Taniyama, E. Wada, M. Itoh and M. Yamaguchi

66 NPG ASIA MATERIALS | VOL 3 | JULY 2011 | www.natureasia.com/asia-materials

into a semiconductor, discussing fundamental electron spin transport 
processes across ferromagnet/semiconductor interfaces. Th is review 
is organized as follows. In the next section, a brief summary of the 
mechanisms of the detection techniques for spin polarization is given. 
Techniques to quantify the spin polarization of electrons in semicon-
ductor are critical requisites for the discussion of spin injection. To 
date, a number of experimental means have been introduced to detect 
spin polarization, including an optical approach relying on the optical 
transition selection rules in the radiative electron–hole recombination 
process in a semiconductor  [13], an electrical approach using a non-
local geometry of electrodes for detection  [14,15], the spin fi ltering 
eff ect [16] and magnetoresistance [17]. Spin relaxation mechanisms are 
also described in this section. Th at section is followed with a review of 
experimental work on electrical spin injection into a semiconductor, 
discussing the obstacles to electrical spin injection such as conductivity 
mismatch [18]. As the development of potential materials for the spin 
injection source is important for effi  cient spin injection, the materi-
als used as spin sources, such as half-metallic materials  [19–21] and 
ferromagnetic spin fi lters [22], are also summarized, and the eff ect of 
introducing an additional tunnel barrier on spin injection effi  ciency is 
discussed. In the third section, optical spin injection based on optical 
spin orientation is discussed  [11,23]. As optical spin injection makes 
it possible to provide information about electron spin transport pro-
cesses for developing electrical spin detection techniques, examples 
of the types of information that can be derived from experiments are 
presented in this section  [24–26]. Th e review concludes with future 
prospects for spintronics technology.

Detection of electron spin 

Optical detection 
To study the issue of spin injection across a ferromagnet/semiconduc-
tor interface, the development of appropriate techniques for detecting 
electron spin polarization in semiconductor is of critical importance. 
In this section, we fi rst review the optical approach for quantifying the 
spin polarization of electrons. Th e basic concept underlying the optical 
approach is analysis of the circular polarization of electroluminescence 
when spin-polarized electrons are injected into a III-V semiconductor 
quantum well (QW) such as GaAs. In the direct bandgap semiconductor 
GaAs, the valence band splits into four-fold degenerate P3/2 states, which 
consist of two-fold degenerate heavy-hole and light-hole subbands at Γ8, 
and two-fold degenerate P1/2 states at Γ7 lying Δ = 0.34 eV below P3/2, 
as shown in Figure 2(a) [27]. Th e conduction band, on the other hand, 
is two-fold degenerate S1/2 at Γ6. As spin-polarized electrons are injected 
into the conduction band, the electrons recombine with unpolarized 
holes in the valence band within recombination time τR, resulting in 
light emission. According to the optical transition selection rules, two 
transition processes from S1/2 to P3/2 are allowed, where the transition 
processes give rise to light emissions with right- or left-handed circular 
polarization [11]. Th e transition probabilities to the heavy-hole subband 
and the light-hole subband, however, are diff erent; the transition prob-
ability to the light-hole subband (mj = ±3/2) is a factor of three larger 
than those for the heavy-hole subbands (mj  =  ±1/2), leading to light 
with a maximum circular polarization of 50% given an injection of fully 
spin-polarized electrons (Figure 2(b)). Th erefore, the close link between 
the spin polarization PS of electrons injected into the conduction band 
and the circular polarization Pcirc of light emission through radiative 
recombination off ers a quantitative measure of spin polarization using 
the relation 2Pcirc = PS. Th is approach can be used to quantify the effi  -
ciency of spin injection across the ferromagnet/semiconductor interface.

It should also be noted that the spin polarization obtained using the 
optical approach provides the lower bound because the spin depolar-
izes in the semiconductor due to spin relaxations at the rate of the spin 
relaxation time τs until recombination. Th ere are several types of spin 
relaxation mechanisms, as any fl uctuation or inhomogeneity of spin 
interaction causes spin relaxation. However, in III-V semiconductors 

such as GaAs, a few relevant mechanisms dominate the spin relax-
ation: the D’yakonov–Perel’ mechanism, which originates from the 
spin splitting of the conduction band due to the inversion symmetry 
breaking of a crystal  [28]; the Bir–Aronov–Pikus mechanism due to 
the exchange interaction between electrons and holes [29]; the Elliott–
Yafet mechanism caused by momentum relaxation through spin-orbit 
coupling [30,31]; and a hyperfi ne interaction mechanism arising from 
the magnetic interaction between electron spin and nuclear spin [32]. 

Th e spin relaxation mechanisms have been discussed in a recent 
review [12]. As an example of these mechanisms, the D’yakonov–Perel’ 
mechanism is described here in detail. In a crystal lacking inversion 
symmetry, such as III-V (GaAs) and II-IV (ZnSe) semiconductors, the 
D’yakonov–Perel’ mechanism dominates spin relaxation. In general, 
the momentum states with k and −k are not degenerate without 
inversion symmetry (Ek  ≠  E–k). According to Kramer’s theorem, on 
the other hand, Ek↑ = E–k↓, hence the relationship Ek↑ ≠ Ek↓ is fulfi lled. 
Th is spin splitting of the momentum states can be regarded as ‘Zeeman 
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Figure 2. (a) Band diagram for GaAs. (b) Radiative recombination of spin-up and 

spin-down electrons according to optical transition selection rules. (c) Schematic 

diagrams of the D’yakonov–Perel’ spin relaxation mechanism. 
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splitting’ in the presence of a k-dependent eff ective magnetic fi eld 
B(k), about which electron spin precesses with a Larmor frequency of 
Ω(k) =  (e/m)B(k). Now consider that the momentum of an electron 
changes randomly due to momentum scattering events at an interval 
of the momentum scattering time τp. Th e electron spin precesses 
about the eff ective magnetic fi eld between the scattering events, and 
after the scattering the electron spin precesses about a diff erent eff ec-
tive magnetic fi eld (Figure 2(c)). Th is random walk evolution of spin 
phase causes spin relaxation. As the momentum scattering event and 
the Larmor precession play a key role in this mechanism, two regimes 
for the spin relaxation can be considered: (1) τpΩ << 1 and (2) τpΩ ≥ 1. 
Regime (1) describes the spin precession about random magnetic fi elds 
fl uctuating with a time interval of τp. Because individual electron spins 
do not precess a full cycle within τp, the spin phase follows the random 
walk and motional narrowing occurs accordingly. Th us, the spin relax-
ation rate 1/τs  =  Ω2τp, that is, stronger scattering leads to slow spin 
dephasing. In regime (2), on the other hand, electron spins experience 
a full cycle of precession before the adjacent scattering event, and the 
spin dephasing rate is given by 1/τs ≈ ΔΩ, where ΔΩ is the distribu-
tion width of Ω. Since the spin dephasing in regime (1) is associated 
with spin-independent scattering with impurities and phonons, the 
D’yakonov–Perel’ spin relaxation mechanism depends strongly on the 
doping concentration and temperature.

Taking spin relaxation into account, the circular polarization Pcirc can 
be written according to a simple rate equation [33]:

2Pcirc = PS = 
PS

0 + τR/2τS(1 – v)
1 + τR/2τS(1 + v)

 (1) 

where PS
0 denotes the spin polarization just after the electrons are 

injected into the semiconductor and ν is the ratio of the electron popu-
lations between the upper and lower Zeeman levels given by the Fermi–
Dirac distribution. If the spin relaxation time is much shorter than the 
recombination time, Equation (1) is reduced to 2Pcirc = (1 − ν)/(1 + ν). 
Also, if the Zeeman polarization is vanishing, that is, ν = 1, then the 
circular polarization results in 

 (2) 2Pcirc = PS = 
PS

0

1 + τR/τS

revealing that the circular polarization depends on the value of τR/τS and 
could show a temperature variation accordingly.

Electrical detection 
Another approach for measuring electron spin injected into semiconduc-
tors is to use a device structure with a non-local geometry of electrodes 
as depicted in Figure 3(a). Th e non-local detection of electron spin was 
fi rst demonstrated in a metallic lateral spin valve structure by Johnson 
and Silsbee [15]. Jedema et al. [14] also employed an NiFe/Cu junction 
structure, where electrons fl ow from the ferromagnetic NiFe electrode 
(FM1) into the nonmagnetic copper electrode (NM), and the voltage 
between another NiFe electrode (FM2) and the other side of the copper 
electrode is measured. As there is no current fl ow in the area between the 
voltage electrodes, no voltage signal would occur in a traditional manner. 
However, as spin-polarized electrons are injected into the copper elec-
trode, a splitting of the electrochemical potentials μ↑↓, which are the sum 
of the electrical potential of the conduction band edge and the chemical 
potential for spin-up and spin-down electrons, appears in the copper 
electrode close to the NiFe/Cu junction, causing a spin-dependent 
potential diff erence between the voltage electrodes (Figure  3(b)). Th e 
diff erence in the spin-split electrochemical potentials is termed spin 
accumulation, and the technique for measuring spin accumulation is 
called non-local detection because the voltage electrodes detect the spin-
dependent potential diff erence non-locally in this structure. 

Let us consider the mechanism of the spin-split electrochemical 
potentials in the copper electrode in more detail. Th is eff ect primarily 

arises from the diff erence in the spin-dependent conductances of a fer-
romagnetic material and a nonmagnetic material, as fi rst formulated by 
van Son et  al.  [34] and Johnson et  al.  [35]. If the electron transport 
can be treated in the diff usive regime and the momentum scattering 
length for electrons is much shorter than the spin diff usion length (a 
measure of how long electron spins traverse in a material without losing 
spin information), the electrochemical potentials for spin-up and spin-
down electrons are defi ned simply as follows. Ohm’s law for the two spin 
channels can be written as 

∇μ↑↓ = – ej↑↓

σ↑↓
 (3)

where σ↑↓ are the conductivities for spin-up and spin-down channels, j↑↓ 

are the current densities for spin-up and spin-down electrons, and e is 
the electron charge. Th e total current density including both j↑↓ should 
be continuous at the interface, as given by 

∇(j↑ + j↓) = 0  (4) 

Th e interaction between both spin channels, that is, spin fl ipping, 
should also be considered in the formalism as given by the following 
diff usion equation:

  
= D∇(μ↑ − μ↓) 

μ↑ − μ↓

τS

 (5)

where D is the weighted diff usion constant for both spin electrons. 
Th ese equations can be solved within the boundary conditions that μ↑↓ 
are continuous at the ferromagnet/nonmagnet interface. Consequently, 
splitting of the spin-dependent electrochemical potentials or spin accu-
mulation arises when a current fl ows across the interface as shown in 
Figure 3(b). We will see spin accumulation later again in a more intuitive 
manner using a two current resistor model.

Th e non-local electrical detection technique can be applied directly 
to measure spin accumulation in a semiconductor  [36–41]. Th e 
non-local electrical detection of spin accumulation in GaAs was fi rst 
demonstrated in 2007 by Lou et al. [37] using an Fe/GaAs(001) het-
erostructure with a lightly n-doped GaAs epilayer. Th e spin diff usion 
length was estimated to be 6 μm at 50 K. Spin injection into silicon 
was also demonstrated in the same year by Appelbaum et al. [38] and 
van’t Erve et  al.  [39]. Room-temperature detection of spin accumu-
lation in silicon was then demonstrated in 2009 by Dash et  al.  [40] 
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using a lateral three-terminal geometry of NiFe/Al2O3/Si electrodes. 
Th is result was followed by a more convincing observation of non-local 
spin signals in an Fe/MgO/Si device with the non-local geometry of 
electrodes by Sasaki et al. [41]. 

Another electrical spin detection technique is based on spin-
dependent electron transport from a semiconductor into a ferromagnet. 
To examine the principle of electrical spin detection, it is helpful to 
review the transport processes of electron spin across a ferromagnet/
semiconductor interface. Consider the generation of spin-polarized 
electrons in GaAs, as shown in Figure 4(a). If a forward electric bias 
voltage VB is applied at the interface, the generated electrons propagate 
toward the ferromagnetic layer due to the diff erence in the electro-
chemical potentials of the ferromagnetic layer and the semiconductor. 
Once the electrons reach the interface, the electrons transmit across 
the metal/semiconductor Schottky barrier via a tunneling process. 
However, the transmission probability across the interface depends on 
the relative orientation between the spin of the generated electrons and 
the magnetization direction of the ferromagnet, as the conductances 
of the spin-up and spin-down channels in the ferromagnet are propor-
tional to the density of states for each spin channel via the Einstein 
relation. In this case, it is clear that a signifi cant spin dependence of 
the electron transmission arises. Th is spin-dependent eff ect of electron 
transmission is commonly referred to as spin fi ltering because the fer-
romagnet fi lters one of the spin-up or spin-down electrons at the inter-
face  [16]. Experimentally, the spin fi ltering eff ect can be detected by 
measuring the spin-dependent photocurrent across the interface, which 
will be discussed in detail in the following section. Th e spin dependence 
of electron transmission is very sensitive to the spin-dependent density 
of states at the interface as well as the quality of the interface. So far, the 
spin-dependent density of states at the interface is not that robust nor 
well-defi ned, so the spin fi ltering eff ect does not seem appropriate for 
the quantitative characterization of spin polarization, although it can 
be used to discuss the qualitative spin polarization. It should also be 
noted that spin-polarized electrons injected into a semiconductor can 
be detected by measuring magnetoresistance in a ferromagnet/semicon-
ductor/ferromagnet structure, where one ferromagnetic layer is a spin 
injector and the other works as a spin detector [17].

Electrical spin injection into semiconductors

Experimental demonstrations of electrical spin injection 
As discussed above, to date two types of spin detection techniques, 
optical detection and electrical detection, have been used successfully. 
Electrical detection, however, cannot off er a quantitative and model-
independent estimate of spin polarization; a model fi tting to the electri-
cal signals provides an estimate of spin polarization. Optical detection, 
on the other hand, can quantify the spin polarization directly using a 
very simple scheme. Th erefore, we hereafter focus on the optical detec-
tion of spin polarization in a semiconductor to discuss spin injection 
effi  ciency. Th e optical detection of an electrically injected spin polariza-
tion in a semiconductor was fi rst demonstrated in 1999 independently 
by Ohno et al. [7] and Fiederling et al. [6], who used LED structures 
with InGaAs or GaAs QWs and analyzed the optical polarization of 
electroluminescence as discussed in the previous section (Figure 4(b)). 
Ohno et al. used the ferromagnetic semiconductor GaMnAs as the spin 
injection source, whereas Fiederling et al. employed a BeMnZnSe spin 
aligner. Since the fi rst demonstrations, an enormous number of studies 
on similar systems have been reported, in which the QW structures are 
modifi ed and other spin injection sources are used [42–64]. 

To achieve high effi  ciency of spin injection at room temperature, 
ferromagnetic injection sources with a Curie temperature far above 
room temperature are necessary. Most research in this area has therefore 
focused on the use of ferromagnetic metals such as iron and Heusler 
alloys rather than ferromagnetic semiconductors. For example, Zhu 
and co-workers [42] demonstrated the injection of spin-polarized elec-
trons from an iron layer into an InGaAs QW at room temperature by 

extracting the light emissions arising from the transitions to the light-
hole and heavy-hole subbands separately, achieving spin polarization 
of 2% in the quantum well. Hanbicki et al. [44] obtained a large spin 
polarization of 32% at 4.5 K by injecting electrons from iron into GaAs 
across an Fe/AlGaAs Schottky interface. Th e same group also decom-
posed the electroluminescence spectra for a similar spin-LED structure. 
Th e spectra were found to include excitonic features and the replica of 
excitons associated with the emission of zone-edge phonons. 

Electrical spin injection into silicon has attracted particular interest 
for the possibility of incorporating silicon-based spintronic devices into 
the current production technologies for semiconductor electronics. 
Jonker et al. [64,65] made the fi rst attempt to inject spin-polarized elec-
trons into a silicon spin-LED structure. Measurements of spin polariza-
tion using the optical detection technique revealed a spin polarization 
of 10%, which although relatively low could be enhanced by improving 
the injection of electron spins into silicon. A number of studies have 
recently been conducted in this area [38–41].

As the optical detection of electron spin is based on the conver-
sion of out-of-plane electron spins into the photon helicity of light 
emission, magnetic spin sources must be saturated normal to the layer 
plane. Th is generally requires the application of a high magnetic fi eld of 
over 2 T. To observe spin polarization in the low-fi eld region, Motsnyi 
et al. [63] measured the spin polarization of electrons by an ingenious 
approach that relies on the oblique Hanle eff ect. In the measurement 
geometry, a magnetic fi eld low enough to align the magnetization 

Figure 4. (a) Schematic diagram of the spin fi ltering eff ect at a ferromagnet/semicon-

ductor interface. Spin-up electrons transmit across the ferromagnet/semiconductor 

interface, while spin-down electrons are refl ected by the interface. (b) Schematic 

band diagram of a ferromagnetic metal/semiconductor QW heterostructure with 

circularly polarized light emission.
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in-plane is applied at an angle of 45° with respect to the plane normal. 
When spin-polarized electrons are injected from the in-plane magne-
tized ferromagnetic fi lm, the electron spins precess about the applied 
magnetic fi eld in the semiconductor at the Larmor frequency, giving 
the average out-of-plane component of the electron spin in the semi-
conductor. Th erefore, even in a low magnetic fi eld, the out-of-plane 
component contributes to the circular polarization of light emission, 
which makes it possible to estimate the effi  ciency of spin injection 
optically. In this way, Motsnyi et  al. estimated the spin polarization 
for a CoFe/AlOx spin injector to be 9.2% at 80 K. Besides the oblique 
Hanle geometry, the use of perpendicularly magnetized fi lms is also a 
potentially eff ective approach for the optical detection of spin polariza-
tion in the low-fi eld regime. Using out-of-plane magnetized FePt spin 
injection sources, Sinsarp et al. [51] obtained a circular polarization of 
1.5% at remanence and 11.5% in a perpendicular magnetic fi eld of 1 T 
at room temperature.

Obstacles to electrical spin injection 
Achieving a high effi  ciency of spin injection from a ferromagnet into 
a semiconductor is a necessary step in the development of spintronic 
devices. Th ere is, however, a fundamental obstacle to obtaining effi  cient 
spin injection into a semiconductor via a diff usive process, as sug-
gested by Schmidt et al.  [18,66]. We discuss the obstacles to electron 
spin injection into a semiconductor using a two current resistor model, 
which is equivalent to the theory of spin accumulation introduced in 
the previous section. Assume in a fi rst approximation that spin-up and 
spin-down electrons fl ow in diff erent channels independently across 
a ferromagnet/semiconductor interface and that the total current can 
be given by the parallel circuit of the spin-dependent channels when 
the current fl ows as shown in Figure 3(c). In this parallel circuit, the 
resistances of both channels in the spin-unpolarized semiconductor are 
2RSC, while the resistances of the ferromagnet for spin-up and spin-down 
channels RFM

↑↓ are given by

RFM =
2RFM

1 ± β
↑↓  (6)

using a bulk spin polarization β = (σ↑ − σ↓)/(σ↑ + σ↓), where RSC and RFM 
are the total resistances of the semiconductor and the ferromagnet, 
respectively, and σ↑↓ is the conductivity of the ferromagnet for each spin 
channel. Th erefore, a simple calculation gives the current polarization 
γ = (j↑ − j↓)/(j↑ + j↓) in the device as 

γ = β
RFM
RSC

1
RFM/RSC + (1 – β2) (7)

In the approximation above, we have neglected spin fl ip processes, 
and have calculated the resistance over the entire sample along the fl ow 
of current. However, if spin fl ip processes are included, the spin-up 
and spin-down electrons are mixed and the two current resistor model 
should be applied only to the region within the spin diff usion length 
λ =   Dτs  near the interface. Equivalently, the splitting of the electro-
chemical potentials for the spin-up and spin-down channels remains 
only in the region within the spin diff usion length. Th us, the resistances 
of the semiconductor RSC and the ferromagnet RFM should be substituted 
by λSC/σSC and λFM/σFM, respectively, as given by 

γ = β
λFM
σFM

σSC
λSC

1
(λFMσSC)/(λSCσFM) + (1 – β2) (8)

where σFM(SC) and λFM(SC) are the conductivity and spin diff usion length 
of the ferromagnet (semiconductor), respectively. It should be noted 
that Equation (8) can also be obtained by solving Equations (3)–(5) 
directly. Th e important consequence from the description above is 
that RFM/RSC dominates the current spin polarization if the resistance 
of the ferromagnet is much smaller than that of the semiconductor, 

whereas current spin polarization in the semiconductor is proportional 
to the bulk spin polarization of the ferromagnet. In other words, spin 
injection from a ferromagnetic metal into a semiconductor, where 
σSC/σFM ≈ 10–4 is fulfi lled, is diffi  cult in principle as an inherent limita-
tion of the diff usive process of electron spin transmission across the 
ferromagnetic metal/semiconductor interface. Th is fundamental 
obstacle is obviously due to the conductivity mismatch between the 
ferromagnetic metal and the semiconductor. 

To circumvent this conductivity mismatch, Rashba  [67] proposed 
the introduction of an additional spin-dependent tunnel barrier between 
the ferromagnet and the semiconductor, suggesting that current spin 
polarization is governed by the electrical properties of the barrier as 
shown by the equivalent circuit in Figure  3(d). From this fi gure, the 
current spin polarization can be obtained as

γ =

= β +

2RFM/(1 − β) − 2RFM/(1 + β) + 1/Σ↓ − 1/Σ↑

2RFM/(1 − β) + 2RFM/(1 + β) + 1/Σ↓ + 1/Σ↑ + 4RSC

rF
rF + rN + rC

rC
rF + rN + rC

1/Σ↓ − 1/Σ↑
1/Σ↓ + 1/Σ↑

 (9)

where 1/Σ↑↓ are the tunnel barrier contact resistances, 
rF = λFM(σ↑ + σ↓)/(4σ↑σ↓), rSC = λSC/σSC and rC = (Σ↑ + Σ↓)/(4Σ↑Σ↓). As the fer-
romagnet is a metal and the contact resistance is large (rC >> rSC,rFM), the 
fi rst term is negligible and the second term reduces to (Σ↑ − Σ↓)/(Σ↑ + Σ↓), 
dominating the current spin polarization in this case. Th erefore, the 
introduction of a spin-selective barrier contact could be a very eff ective 
method for achieving high effi  ciency of spin injection. 

Source materials for spin injection 
As discussed in the previous sections, the use of half-metallic materials 
such as Heusler alloys (Co2MnGe [58], Co2MnGa [61,62], Fe3Si [33]) 
and magnetic oxides (La0.7Sr0.3MnO3, CrO2, Fe3O4 [21]) as spin injec-
tion sources is a promising means of enhancing the effi  ciency of spin 
injection [33,58–62]. Kawaharazuka et al. [33] reported on spin injec-
tion from the Heusler alloy Fe3Si into an InGaAs/GaAs QW structure, 
which achieved a circular polarization of 3% at 25 K. Dong et al. [58] 
used a Heusler alloy Co2MnGe as a spin source to inject spin-polarized 
electrons into an Al0.1Ga0.9As/GaAs QW, aff ording an estimated spin 
polarization of 27% at 2 K. Damsgaard et  al.  [62] reported a spin 
polarization of 6.4% at 5 K for a Co2MnGa spin aligner. Despite the 
prediction of larger spin polarization, to date the highest spin polar-
ization reported remains relatively low, attributed variously to the 
properties of the interface, such as inhomogeneities, defects, strain 
and reduced symmetries, and the eff ect of fi nite temperature on the 
electronic, magnonic and phononic states at the interface  [68–70]. 
Magnons generated by charge carriers crossing the interface may 
destroy the complete spin polarization, as discussed in the context of 
tunnel magnetoresistance devices.

Th e introduction of a thin insulating barrier layer between the fer-
romagnetic metal and the semiconductor is one approach to enhancing 
the effi  ciency of spin injection. Th e use of a CoFe/MgO(001) interface, 
where MgO had previously been demonstrated to act as a spin aligner 
in tunnel magnetoresistive devices, was reported by Jiang et  al.  [56] 
to achieve spin polarization of as high as 57% at 100 K, and 47% at 
room temperature. Manago et al. [52] reported on spin injection into a 
GaAs QW using a ferromagnetic metal/Al2O3 spin source at room tem-
perature, and van’t Erve and co-workers [54] obtained a relatively large 
spin polarization of 40% at 5 K by introducing an Al2O3 layer between 
the iron and AlGaAs layers. Recently, the eff ect of an Fe/GaOx tunnel 
injector on spin injection effi  ciency was studied by Saito et al. [55], who 
also achieved a spin polarization of 40% at 2 K. 

A spin-selective insulating interlayer, which acts as a spin fi lter, can 
also be used to enhance the effi  ciency of spin injection into a semicon-
ductor [22,24,25,71–73]. Wada et al. [24,25] recently reported the spin 
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polarization of electrons injected into an AlGaAs/GaAs QW across a thin 
Fe3O4 layer to investigate the eff ect of a magnetic insulating layer on spin 
injection effi  ciency. Fe3O4 has a ferrimagnetic structure with a high theo-
retically predicted spin polarization at room temperature [21]. Another 
important physical aspect of Fe3O4 is its charge-ordering Verwey tran-
sition, which occurs at 120 K. In the low-temperature charge-ordered 
phase, Fe2+ and Fe3+ ions form an ordered arrangement and the material 
possesses an insulating electrical property. Consider what occurs if a thin 
Fe3O4 layer is introduced as a spin injector. While effi  cient spin injection 
may be realized at room temperature due to its high spin polarization, 
the mechanism of spin injection would change across the Verwey transi-
tion. Th e spin injection process from a metallic Fe3O4 above the Verwey 
transition temperature and that across the magnetic insulating Fe3O4 
below that temperature are illustrated in Figure  5(a). Attempts have 
been made to confi rm this scenario experimentally. Figure 5(b) shows 
a typical electroluminescence spectrum, which can be decomposed into 
four sub-features. Feature 1 is due to light emission from the GaAs QW, 
whereas features 2, 3 and 4 originate from the luminescence due to free 
exciton recombination, the conduction band to acceptor transition, and 
the longitudinal optical phonon replica of feature 2 in the GaAs bulk, 
respectively [46]. All the decomposed sub-features show a fi eld depen-
dence and the saturation value of the spin polarization for feature 1 is 

over 40% at 10 K (Figure 5(c)). Th is large spin polarization is likely asso-
ciated with electron spin transport across the magnetic insulating Fe3O4 
layer. Alteration of the mechanism of spin injection across the Fe3O4 
layer manifests itself in the temperature variation of the spin polarization 
of electrons, as shown in Figure  5(d). Spin polarization above 120 K 
decreases slightly with decreasing temperature, whereas the temperature 
variation below 120 K is much more prominent. Th e temperature at 
which a distinct change in the temperature dependence can be seen 
corresponds to the Verwey transition of Fe3O4, indicating that the use 
of a spin-selective insulating interlayer is feasible for achieving high 
effi  ciency of spin injection into a semiconductor. We also note here that 
the observations of a distinct change in spin polarization are not caused 
by replacing materials but by alteration of the electronic properties of 
the same material, providing strong support for Rashba’s suggestions for 
effi  cient spin injection as discussed in the previous section.

Optical spin injection and spin transport  

Optical spin orientation and spin-dependent photocurrent 
Besides electrical spin injection, an optical approach based on optical 
spin orientation is also used to generate spin-polarized electrons in III-V 
semiconductors. Optical spin orientation was fi rst demonstrated in 
1968 by Lampel [74]. Pierce and Meier [23] subsequently developed an 
approach for optically detecting spin-oriented electrons emitted from 
GaAs using a Mott detector. Th e fundamental mechanism underlying 
optical spin orientation is relatively simple, being based on the inverse 
electron transition process to that for the radiative recombination of 
electrons and holes in III-V semiconductors [11]. When GaAs is irradi-
ated with right- or left-handed circularly polarized light at the bandgap 
energy, spin-up or spin-down electrons with a maximum spin polariza-
tion of 50% are generated according to optical transition selection rules. 
Th ese processes are the precise inverse of those given in Figure 2(b). An 
advantage of this sophisticated approach is that it makes it possible to 
generate spin-polarized electrons in GaAs irrespective of the electronic 
features of the interface, in contract to the case of electrical spin injec-
tion. Th erefore, the use of optical spin orientation provides a basis for 
studying electron spin transport from a semiconductor into a ferro-
magnet across the interface. As spin-polarized electrons are generated 
this way in the GaAs of a ferromagnetic metal/GaAs heterostructure, 
the electrons travel toward the ferromagnetic metal/GaAs Schottky 
interface under forward bias and traverse the interface. As the transmis-
sion probability depends on the electron spin orientation due to spin 
fi ltering eff ects as discussed above, the measurement of spin-dependent 
photocurrent (the diff erence ΔI between the photocurrents for excita-
tions by right- and left-handed circularly polarized light) provides 
information about spin-dependent transport from the GaAs into the 
ferromagnets across the interface.

Experimental studies of spin transport into ferromagnets 
A pioneering study of electron spin transport using optical spin orienta-
tion was reported by Prins et al. [16]. Since that fi rst experiment, there 
have been many related studies [16,24–26,75–86]. Taniyama et al. [78], 
Steinmuller et al. [79] and Park et al. [86] measured the spin-dependent 
photocurrent for Fe/AlOx/GaAs, NiFe(Fe)/GaAs and Fe/MgO/GaAs 
interfaces, respectively, under forward bias with optical spin orientation. 
It was concluded in these studies that only magnetic circular dichroism 
arising from the diff erence in the absorption coeffi  cients of right- and 
left-handed circularly polarized light was found, and that no spin 
fi ltering eff ect could be detected at large reverse bias [78,79]. Isakovic 
et al. [75] detected weakly spin polarized photocurrent signals across the 
Schottky interface of a device consisting of an InGaAs/GaAs QW and 
an FeCo layer. An interesting demonstration using an Fe/Tb multilayer 
on an MgO/AlGaAs/GaAs QW was also reported by Hövel et al. [76], 
where the Fe/Tb multilayer exhibits spontaneous out-of-plane magne-
tization induced by interfacial perpendicular magnetic anisotropy. Th e 
spin-dependent photocurrent was measured in the remanent state. As 
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the spin polarization of electrons generated by optical spin orientation is 
strongly dependent on the energy of the circularly polarized light due to 
simultaneous excitations from the split-off  subband at Γ7, tuning of the 
energy of light is critical to investigating the spin-dependent photocur-
rent across the interface. Kurebayashi et al. [80] reported the inversion of 
sign in the spin-dependent photocurrent signal associated with the spin 
fi ltering eff ect upon varying the excitation energy. However, the values 
of spin-dependent photocurrent reported so far are at the few percent 
level, in clear contrast with the large spin polarization estimated from 
circular polarized electroluminescence as given in the previous section. 

Recently, Renucci et al. [84] carefully studied spin-dependent pho-
tocurrent in ferromagnetic metal/AlGaAs/GaAs QW heterostructures 
with Al2O3 or MgO tunnel barriers, in combination with measure-
ments of the circular polarization of electroluminescence under spin 
injection conditions and time-resolved photoluminescence for the 
same devices. From the combined results, they concluded that the 
weak polarization of the photocurrent for reverse and zero bias is a 
consequence of the Zeeman splitting of the QW excitons, which 
yields diff erent absorption coeffi  cients for circular polarized excitation 
light with diff erent helicities. Th ey also discussed the reason for the 
relatively small spin-dependent photocurrent, suggesting that the key 
factor for obtaining a large spin-dependent photocurrent is that the 
photogenerated minority-spin electrons refl ected by the ferromagnetic 
layer must recombine with holes in the semiconductor. Otherwise, the 
same fl ow of minority and majority electrons is obtained, giving rise to 
a vanishing spin-dependent photocurrent.

Wada et al. [26] reported on spin-dependent photocurrent across an 
Fe/AlGaAs/GaAs QW interface using a combined approach of electrolu-
minescence and the optical spin orientation method. Figure 6(a) shows 
the results of optical polarization-resolved electroluminescence from a 
GaAs QW under spin injection from an iron layer. A clear splitting of 
the right- and left-handed circularly polarized components can be seen 
for sub-feature X due to the recombination of free excitons in the QW, as 
similarly observed by Mallory et al. [46]. Using the accurate information 
on the band structure of the QW thus obtained, the photon energy for 
optical spin orientation experiments can be determined, allowing free 
excitons with large spin polarization to be generated in the QW. Shown 
in Figure 7(a) is the variation in spin-dependent photocurrent (ΔI) as 
a function of bias voltage applied across the interface. A dip appears 
in the spin-dependent photocurrent at –0.058 and –0.179 eV for 
excitation energies of 1.503 and 1.666 eV, respectively, where 1.503 eV 
is the energy of free excitons in the GaAs QW. Th e spin-dependent 

photocurrent is reversed by switching the magnetic fi eld, indicating 
that the features correspond fully to spin-dependent signals. Such dip 
features do not appear in the corresponding spin-independent pho-
tocurrent (Iph). Th e mechanism of the dip in ΔI can be interpreted in 
terms of a Breit–Wigner resonant tunneling process via localized states, 
as depicted in Figure 7(c) [87]. Although the detail is beyond the scope 
of this review, the spin-dependent photocurrent can be expressed by a 
negative −4PAPF/(1 − PF

2) < 0 at resonance, while that at off -resonance is 
given by a positive 4PAPF > 0, where PF and PA are the spin polarizations 
of electrons in iron and AlGaAs, respectively. 

Th ese demonstrations show that the optical spin orientation method 
is a very powerful means of obtaining insights into the mechanism of 
spin-dependent electron transport across ferromagnet/semiconductor 
interfaces. Th ese demonstrations also prove that the spin fi ltering eff ect 
can convert spin information in a semiconductor into a pure current 
value, making it possible to develop ‘spin detectors’ suitable for direct 
integration into electronic devices.

Prospects for spintronics technology

We reviewed selected topics on electrical and optical spin injection 
into semiconductors and electron spin transport processes across 
the ferromagnet/semiconductor interface. Th e review shows that the 
effi  ciency of spin injection can be much improved by engineering 
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ferromagnet/semiconductor interfaces, as demonstrated in many 
experimental studies using Schottky barriers, nonmagnetic insulat-
ing barriers and magnetic insulating spin fi lters. Recent studies of 
spin-polarized electron transport across ferromagnet/semiconduc-
tor interfaces under optical spin orientation have also shown that a 
better understanding of the spin fi ltering eff ect could open a path for 
the creation of spin-detection technology for direct use in electronic 
devices, although such technology is still in an early pioneering stage. 
In order to make the design of spintronic devices a reality, not only 
spin injection and detection but also other technologies, such as 
control of the magnetization orientation of a source ferromagnet, are 
of importance. Achieving this functionality with low energy consump-
tion is of particular signifi cance. Studies of ferromagnet/ferroelectric 
heterostructures may off er a promising basis for the control of magne-
tization orientation by manipulating the interface-sensitive magnetic 
properties that arise from strain and/or electronic modifi cation of the 
ferromagnet  [88,89]. As the utilization of ferroelectrics or piezoelec-
trics can transfer strain via the interface by applying an electric fi eld 
without current fl ow, such heterostructured devices have stimulated 
much interest in this rapidly growing fi eld. In addition, in order to 
be incorporated into existing processes, carefully considered overall 
architectures of spintronic devices are indeed needed, although such 
a prototype spin injection-based device has yet to be demonstrated.

Nevertheless, updated visions for possible applications of spin injec-
tion have already been reported by several groups. One application is 
a spin-based insulated gate FET proposed by Hall and Flatté [4], who 
performed a careful quantitative comparison of the key elements of 
transistor power dissipation between spin-based insulated gate FETs 
and charge-based metal–oxide–semiconductor FETs. Th ey demon-
strated that a suffi  ciently small spin-based transistor could surpass the 
performance of charge-based transistors at room temperature. In dem-
onstrating a spin-injected FET in a high-mobility InAs heterostructure, 
Koo et al. [5] observed an oscillatory conductance as a function of gate 
voltage, enabling the manipulation of injected electron spins. Another 
technology that is basically ready for practical use is the reduced thresh-
old current off ered by a vertical-cavity surface-emitting laser by pumping 
with spin-polarized electrons [90]. Th ese applications off er the promise 
of spintronic devices with potential advantages in power consumption. 
Th e 2009 assessment of spin transistors in the International Technology 
Roadmap for Semiconductors [91] is also signifi cantly better in several 
criteria compared with the assessments reported in the 2005 and 2007 
roadmaps. Th is trend is now very encouraging and we envisage that 
further work will overcome the challenging issues of spin injection and 
detection, leading toward the integration of this technology and incor-
poration into commercial electronic devices. 
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