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Requirements of the injection and detection of spin current in a semiconductor are crucial for semiconductor spintronic 
devices. By reviewing the potentials and the recent success and understanding, we demonstrate the techniques for the 
injection and detection of spin current in a semiconductor. However, as a particular emphasis is given for the electrical 
detection, the spin-dependent Hall effects are discussed in more details. The major obstacles and challenges in the 
development of such devices are also pointed out.   
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1. Introduction 
 
Conventional electronic devices rely on the electric 

charge of electrons, which allows the control of the current 
flow by electric fields; the spin (self-rotation – rotation of 
the electron on its axis) of the electron is ignored. 
However, researchers [1-15] now realize that the spin of 
the electrons can create a current called “spin current”, like 
the movement of electrons forming a charge current. The 
idea of using the spin of the electron in electronic devices 
has gained a lot of attention since the discovery of long 
spin lifetimes in semiconductor structures in 1997 by 
Kikkawa and co-workers [16], leading to the appearance 
of the field “spintronics”, based on the control and 
manipulation of electron spin instead of, or in addition to, 
its charge. (“Spintronics” was coined by S. A. Wolf in 
1996 and appeared in scientific journals from 1999). It is 
generally expected that addition of a spin degree of 
freedom in information processing will extend the 
functionality of conventional devices and allow 
development of novel electronic devices (spintronic 
devices), which can hold promise of, e.g. reduced power 
consumption, faster operation and smaller size. Recent 
interest has been motivated by successful examples of 
metallic spintronic devices, such as ferromagnetic metal-
based reading heads for hard disc drives and magnetic 
random access memory [17,18]. These first metallic 
spintronic devices, discovered in 1986, were sandwiched 
structures consisting of alternating ferromagnetic and 
nonmagnetic metal layers whose electric resistance 
depends strongly on the external magnetic field. 
Depending on the relative orientation of the 
magnetizations in the magnetic layers, the device 
conductance changes from large (parallel magnetizations) 
to small (antiparallel magnetizations). This change in 
resistance is called the giant magnetoresistance, a quantum 
mechanical effect in layered magnetic thin-film structures. 
In comparison with metal-based spintronics, utilization of 
semiconductors promises more versatile design due to the 

ability to adjust potential variation and spin polarization in 
the device by, e.g. external voltage and device structure.  

The first semiconductor spintronic device was 
suggested by Datta and Das in 1990 [19], where they 
proposed an electronic analogue of an electro-optical 
modulator, that was later termed “spin field effect 
transistor (SPINFET)”, in a two-dimensional electron gas 
contacted with two ferromagnetic electrodes: one as a 
source for the injection of spin-polarized electrons and the 
other as an analyser for electron-spin polarization. The 
Datta-Das SPINFET device relies on the basic concept of 
modulating the transistor’s source-to-drain current by 
varying the Rashba interaction in the channel with a gate 
voltage. Although the proposal given by Datta and Das has 
been believed since then to be the most promising, it has 
recently been criticised by, e.g. Bandyopadhyay and 
Cahay [20]. They showed that in terms of common 
performance metrics, e.g. power dissipation, 
transconductance, unity gain frequency, etc., the 
performance projections for a Datta-Das SPINFET are 
below those for a conventional silicon or GaAs field-effect 
transistor. Although different types of semiconductor 
devices have recently been proposed [20-29], the actual 
advantages of these devices as compared to the 
conventional electronic devices have not been clearly 
established. One of the major hurdles in the development 
of semiconductor spintronic devices has been the problem 
of efficiently injecting spin-polarized carriers into a 
semiconductor (such that they can be transported reliably, 
i.e. without spin flipping or spin relaxation over reasonable 
distances) and then detecting them (since information is 
carried by the electron spin). Much effort [30-43] has thus 
been made towards understanding generation/ injection 
and detection of spin-polarized carriers or spin current in 
semiconductors.  

In this paper, we first demonstrate the spin polarized 
charge current and the spin current in relation to the 
current in a conventional electric circuit. As the essential 
requirements for spintronic devices, the methods for the 
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injection and detection of spin current in a semiconductor 
have been discussed. By reviewing the potentials and 
present success and understanding, the major barriers and 
challenges in the development of such devices have also 
been identified. 

 
 
2. Spin current and charge current 
 
In a conventional electric circuit the number of spin-

up (N↑) and spin-down (N↓) electrons are the same and 
both species (↑,↓) of electrons move in the same direction 
under an external electric field (Fig. 1(a)). The total spin 

current sj j j↑ ↓≡ −
r r r

 is therefore zero and only the charge 

current j j j↑ ↓= +
r r r

, where j↑
r

and j↓
r

are the currents due 

to N↑ electrons and N↓ electrons respectively, is relevant. 
When a system, however, includes a circularly polarized 
optical pulse excitation or a ferromagnetic coupling (or 
under an external magnetic field), electron spins can be 
polarized so that the total spins of the system is nonzero 
(Fig. 1(b)). The corresponding charge current is then spin-
polarized, i.e. j j↑ ↓≠

r r
, although both (majority and 

minority spin) species of electrons move in the same 
direction, which gives a nonzero total spin current. As the 
spin current is produced by the motion of spin polarized 
electrons, it is typically associated with the spin-polarized 
charge current. A spin current without charge current 
(often called “pure spin current”) can be obtained if one 
can create an ideal situation where N↑ electrons move to 
one direction while an equal number of N↓ electrons move 
to the opposite direction (Fig. 1(c)). Then the total charge 

current is identically zero ( 0j j↑ ↓+ =
r r

) and only a net 

spin current exists.    
 

 
    
             
 
 
 
                      
 
       
 
 
 
 
 
 

 
Fig. 1. Schematic representations for (a) the charge 
current with zero spin current (conventional electric 
circuit), (b) the charge current with a nonzero spin 
current (spin polarized charge current) and (c) the spin 
current  with  zero  charge  current  (pure  spin  current). 
 

3. Injection of spin current 
 
Generation of spin polarization usually means 

creating a nonequilibrium spin population. This has been 
obtained mostly by ferromagnetic contacts [7,31,32,44-
46]. Several attempts, for example, using ferromagnetic 
contacts to Si or InAs-based quantum wells (2DEG 
structures) have resulted in modest spin injection effects 
measured at 1% or even below (e.g. [44-46]). Such small 
effects make it difficult to either unambiguously confirm 
spin injection or successfully implement new device 
concepts. Spin flip scattering at the interface between the 
magnetic contact and semiconductor host appears to be the 
limiting factor (or due to the “conductivity mismatch”, or 
more precisely, a mismatch between effective resistances 
in the metal and in the semiconductor), but very little is 
known about such interfacial contributions. However, 
generation of spin-polarized carrier populations can also 
be achieved by optical techniques, in which circularly 
polarized photons transfer their angular momenta to 
electrons [5,14,30,36,37].  
 

                  
    

                 
 

Fig. 2. Optical spin current injection (Eg< hν < Eg+ ). 
(Top) Optical selection rules for the transitions from the 
heavy-hole (hh) and light-hole (lh) valence bands to 
conduction band. The allowed transitions for σ+ are 
shown by the red (blue) lines, where σ+ (σ-) for right 
(left) circularly polarized light. The numbers near the 
lines represent the relative transition probabilities. 
(Bottom) A schema showing the spin injection location 
and areas and the direction of spin injection for σ- beam. 

For a σ- beam excitation, j j↑ ↓>
r r

or N↑ (along ẑ )> N↓ 

(along – ẑ ), so spins are injected along ẑ and  vice 
versa for σ+. The optical techniques provide control over 
the optical  pulse  duration  and  in  locations  and  areas  
      dictated by the pulse focal spot (the round red area).  

( ) 0,sa j j⇒ =
r r

( ) , sb j j⇒
r r

( ) 0, sc j j⇒ =
r r
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It has been known [47] for nearly four decades that a 
spin polarized carrier population can be produced by the 
absorption of a monochromatic, circularly polarized light 
beam with photon energy above the direct band gap in a 
bulk semiconductor, such as GaAs. The production of a 
carrier population with a net spin by direct absorption of 
circularly polarized light is a consequence of the optical 
selection rules ( mj = ±1 for σ±, where σ+ (σ-) for right 
(left) circularly polarized light) for the heavy-hole (hh) and 
light-hole (lh) valence to conduction band transitions (Fig. 
2 top). Since hole spin polarization in bulk semiconductors 
is known to relax in ≤100 fs, on a longer time scale one 
typically obtains only the electron spin polarization [26].  

For a σ± light direct transitions from the hh valence 
band produce electrons with the opposite spin from those 
from the lh band. However, the hh transition in unstrained 
bulk GaAs is three times stronger than the lh band 
transition, leading to a 3:1 ratio of N↓ to N↑ (N↑ to N↓) 
conduction band electrons for σ+ (σ-). Consequently, 
optical excitation with σ+ (σ-) injects spins along the 
direction parallel (antiparallel) to the direction of the light 
propagation, i.e. along -z (z) in Fig. 2 bottom, and 
produces an initial population of spin polarization 
electrons with polarization p0 = 50% [p =( N↑ - N↓)/( N↑ + 
N↓) = ±0.5 forσ m ], provided that the photon energy is in 
the range Eg< hν < Eg+  (where Eg is the energy gap and 

 is the spin-orbit (SO) splitting), i.e. low enough to 
avoid exciting carriers from the split-off band to the 
conduction band. Although the maximum optical spin 
polarization for an unstrained bulk sample is expected to 
be 50% in theory, the maximum is experimentally 
observed to be ~ 40% [47]. The reason is that in bulk 
samples there are usually some background unpolarized 
(not photo-excited) electrons. If there is a background 
density of unpolarized electrons Nu in the sample, the 
polarization would be p0=0.5/(1+Nu/N0) for an optically 
generated electron density N0= N↓(0)+ N↑(0). Furthermore, 
if the degeneracy of the hh and lh valence bands is 
removed, for example, by quantum confinement or strain 
(e.g. in quantum wells) and if only the hh band is excited, 
100% (theoretically) spin-polarized populations can be 
generated. A spin-polarized carrier population produced in 
this way will be distributed symmetrically in k-space in 
materials with zinc-blende symmetry and consequently, 
there can be no net electrical current without a bias or an 
external electric field, even though each individual carrier 
may be generated initially with a large momentum when 
the material is excited well above the band gap. Such 
symmetric populations have been the subject of the work 
on optically generated spin polarized carries in 
semiconductors [5,30,43]. However, optically generated 
spin-polarized carrier populations have recently been 
dragged by an external electric field to create a spin-
polarized current or spin current [1,13,14]. Although the 
optical spin current injection has been found to be efficient 
and is under well-control, the electrical spin injection is 
advantageous at least for some devices and needs to be 
established.   

 
 

4. Detection of spin current 
 
The detection of spin current in semiconductors has 

previously been obtained mainly through optical methods, 
specifically, from measurements of the differential 
transmission using pump-probe techniques with the same 
and oppositely circularly polarized pulses, or from optical 
Kerr rotation microscopy or from photoluminescence 
measurements with varying degrees of success 
[4,5,8,9,31,33]. However, an electrical means of detecting 
spin current (possibly, without magnetic field or magnetic 
material) is very desirable for fully exploring the 
possibility of utilizing spin degree of freedom and 
spintronic device applications. 

The spin-dependent Hall effects (SDHEs), namely, 
the anomalous Hall effect (AHE) and the spin Hall effect 
(SHE) (bearing the name of Edwin H. Hall) have recently 
been proposed [34,35] to be useful tools for electrically 
detecting spin currents in paramagnetic materials or 
semiconductors. It was predicted that a Hall voltage, 
proportional to the spin current, can be generated in the 
material when a spin current is injected into it. It was also 
shown that the spin current (or the Hall voltage) has two 
current contributions: (i) the drift current and (ii) the 
diffusion current and that a way to increase the spin 
current (or the SDHE) for a given electric field (E) would 
be to use the semiconductor degenerate regime by, for 
example, lowering the temperature. We focus here on the 
SDHEs. Before going into detail of the SDHEs, it would 
be advantageous to discuss first the ordinary Hall effect 
(OHE) because the SDHEs are conceptually similar to the 
OHE. In the OHE, the Lorentz force (F) due to the 
magnetic field deflects like-charge carriers and results in 
transverse Hall voltage (voltage that arises from the 
deflected motion of charged carriers, i.e. electrons and/or 
holes – the absence of electrons, in solids under an 
external electric field and a magnetic field) due to the 
charge imbalance but no spin accumulation on the 
transverse boundaries of the sample (Fig. 3(a)). 

The AHE, observed by Edwin Hall in ferromagnetic 
metals since only 1 year after his discovery of the OHE in 
1879 [48,49], is the result of spin-dependent deflection of 
carrier (spin-polarized) motion, which produces a Hall 
voltage proportional to the spin polarization i.e. the 
magnetization and spin accumulation at the transverse 
boundaries. In the AHE, the SO coupling force (FSO) 
deflects like-spin carriers, which causes spin imbalance as 
well as charge imbalance and results in Hall voltage and 
spin accumulation (Fig. 3(b)). Although AHE in magnetic 
materials has been observed for a long time, AHE has 
attracted recently much attention because of its close 
theoretical connection to the SHE and because of the 
rapidly growing interest in spin-dependent transport 
phenomena or spin transport in general [50]. In addition, 
AHE has been used in demonstrating the existence of a 
ferromagnetic state in several semimagnetic (diluted 
magnetic) semiconductors while searching for materials 
for possible applications in spintronics [51].   
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Fig. 3. (a) Hall effect (Hall voltage but no spin 
accumulation), (b) anomalous Hall effect (Hall voltage 
as well as spin accumulation) and (c) spin Hall effect (no 
Hall voltage but spin accumulation). In the anomalous 
Hall effect and spin Hall effect, carriers with same 
charge but opposite spin are deflected by the spin-orbit  
                         coupling to opposite sides.  

 
 
The Hall resistivity (ρH) of ferromagnetic or magnetic 

materials can be expressed [52] as a sum of two 
terms: 0H OH AHR B R mρ μ= + , where is R0H = (ens)-1 is 
the ordinary Hall coefficient, μ0 the permeability of the 
free space and RAH the anomalous Hall coefficient. The 
first term (the ordinary Hall resistivity, ρOH = R0HB) is due 
to the Lorentz force acting on the charge carriers and is 
present in nonmagnetic materials as well and is 
proportional to the magnetic field B, and inversely 
proportional to the charge per carrier (e) and the sheet 
density of carriers (ns). The second term is the anomalous 
contribution and is a characteristic of the magnetic state of 
the material and is proportional to the magnetization m. 
The charge current in ferromagnets is dependent on spin 
(which can be either “up”, ↑ or “down”, ↓), and assuming 
Mott’s two-carrier approximation [53,54], one can relate 

( )j↑ ↓  to the spin-dependent resistivity ( )ρ↑ ↓ through the 

expression ( ) ( )/j E ρ↑ ↓ ↑ ↓= , where ( )ρ↑ ↓ is the 

resistivity for carriers with spin ↑(↓). The spin dependence 
of ( )ρ↑ ↓  may be caused by spin-dependent electronic 

states or by spin-dependent scattering attributable to 
impurities or imperfections and phonons in materials. 
These effects manifest themselves in the Hall voltage via 
the SO interaction that couples spin with the orbital 
motion of carriers. Historically, these effects were though 
to results from an intrinsic effective magnetic field Beff((k) 
in the momentum space due to the phase (curvature) called 
the Berry phase (curvature) acquired by the moving 
electron [55]. When scattering is spin-dependent, ↑ and ↓ 
spin electrons are scattered into opposite directions, 
resulting in spin ↑ and ↓ charge Hall currents along the 
direction perpendicular to E. 

While the OHE results from the F, AHE is due to the 
SO coupling in the present of spin polarization. In a 
ferromagnetic metal, the presence of the spontaneous m 
leads to AHE. For a nonmagnetic semiconductor, there is 
no spontaneous m, so one needs to apply a magnetic field 
to polarize the carriers, and the effect consists of two 
contributions: the ordinary one (OHE) and an anomalous 
(AHE), as in ferromagnetic or magnetic materials. The 
SDHE (AHE) observed in n-doped InSb and Ge has been 
separated from the much larger OHE by using a spin-
resonance method [56]. If one, however, can inject a spin 
current into a semiconductor such that it can be sustained 
on the required length (or time) scale, one could observe 
AHE.  In the presence of injected spin currents, the 
nonmagnetic semiconductor could behave more like a 
ferromagnet as far as (or as long as) the transport is 
concerned. The SO coupling in a nonmagnetic 
semiconductor produces left-right asymmetric scattering 
of the carriers for a fixed spin orientation. The spin-up 
electrons, for example, tend to be scattered to the right 
more than to the left via skew scattering and side jump 
defined below. If the longitudinal current is spin-polarized, 
e.g. current carriers contain more spin-up electrons than 
spin-down electrons, there would be more electrons 
scattered to the right than to the left. This leads to both 
spin and charge accumulations in the transverse direction 
of the sample. The anomalous Hall voltage is precisely the 
measure of this net charge accumulation and is 
proportional to the spin current in nonmagnetic 
semiconductors. 

Very recently, AHE has been observed in a 
nonmagnetic semiconductor device, fabricated on Si-
doped GaAs, without magnetic field but only in the 
presence of circularly polarized light [13,14]. It was 
claimed that the device detects photo-generated spin 
current electrically via the measurements of the AHE in 
semiconductors. As the experiment was performed without 
magnetic field or ferromagnetic coupling, the device 
measured the pure anomalous Hall current 
( 0H AHR mρ μ= ), i.e. without any contribution from the 
ordinary Hall current (ROHB=0). It was found that the 
anomalous Hall voltage remains almost constant in electric 
fields within the moderate range, indicating that the 
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electron spin preserves during drift transport in GaAs in 
moderate electric fields, which is very important for 
implementing spin-sensitive new device ideas. However, it 
was also found that a high field completely destroys the 
electron spin polarization due to an increase of the 
D’yakonov–Perel’ (DP) [57-59] spin precession frequency 
of the hot electrons, suggesting that high field transport 
conditions might not be suitable for spintronic technology 
with GaAs. Since electron spins in the spin-based devices 
can be subject to highly nonthermal transport conditions 
including drift fields within a moderate range for high-
speed transfer of spin information, the findings resulting 
from the investigation might have potential applications in 
spintronics. A theoretical investigation to analyse the SO 
mechanism responsible for the optically spin-induced 
AHE has also been reported [41]. In the calculation, the 
spatial wave functions of the spin-selective states 
(delocalized spin states originating from the Si-donors in 
gallium arsenide) were calculated using pseudopotential 
[60,61] in dependences on Si density and applied electric 
field in presence of a circularly polarized pump including 
anharmonic electron-phonon interactions [40].  

In the SHE, the FSO deflects like-spin carriers, as in 
the AHE, which causes only the spin imbalance and results 
in no Hall voltage but spin accumulation on the transverse 
boundaries (Fig. 3(c)). A transverse (along ŷ ) z-polarized 
spin current following in response to an applied (along x̂ ) 
electric field, , /z

s y sHj E ρ= , is referred to as the SHE 

and sHρ  is called spin Hall resistivity. For nonmagnetic 
materials, although the two charge Hall currents (the Hall 
currents for j↑  and j↓ ) cancel and no Hall voltage 
develops, spin-dependent scattering still produces the up 
and down spin currents that flow in the opposite directions 
(the same case as is shown in Fig. 1(c)) as long as the SO 
interaction is nonvanishing, resulting in spin polarization 
of opposite signs at the boundaries even in the absence of 
applied magnetic fields. This effect allows for the 
generation, detection and control of spin current by purely 
electrical means, which is a great advantage when 
operating electronic devices. After its first prediction in 
1971 by M. I. Dyakonov and V. I. Perel’ [57-59] this 
effect has been quite rarely mentioned in literature during 
almost 30 years, while at the beginning of the new 
millennium a worldwide-band of interest to it emerged. 
The SHE for p-type semiconductors has been predicted by 
Murakami and co-workers [62]. They showed that Beff((k) 
originated from the Berry phase makes ↑ and ↓ spin 
electrons drift toward opposite directions and leads to 
SHE. Sinova et al. [63] predicted a universal (independent 
of the strength of the SO scattering) spin Hall conductivity 

1/ /(8 )sH sH eσ ρ π= =  for a two-dimensional electron 
gas with a Rashba SO interaction produced by the 
asymmetry of the potential. The SHE has found its 
experimental proof only recently (in 2004) by Kato and 
co-workers [9] after its theoretical rediscovery by Hirsch 
[35]. They spatially resolved the Kerr rotation of the 
reflected light from n-doped GaAs and InGaAs and found 

accumulation of opposite spins at the sample boundaries. 
Although they observed the SHE in semiconductors 
optically using Kerr rotation microscopy, an electrical 
means of detecting the effect still remains a challenge due 
to the difficulties associated with the absence of the Hall 
voltage in the SHE.  

Although the mechanism of SDHEs been a subject of 
controversy, it is now generally accepted that SDHEs 
consist of the contribution due to an asymmetric “skew 
scattering” [64] of charge carriers, the contribution due to 
a “side jump” [65] that the charge carriers undergo at each 
scattering event (charge carrier changes its trajectory 
because of a lateral displacement) and the contribution not 
related to scattering, i.e. the intrinsic contribution, arising 
as a result of the band structure [66]. It means the 
evaluation of the intrinsic contribution does not require 
knowledge of the disorder or impurity present in the 
system. It should mention here that there are discrepancies 
in predictions and in size of the contributions among the 
theoretical research groups [10,11,64-66]. The observed 
SDHEs originated from the scattering mechanisms 
described are likely to be extrinsic. This is in contrast to 
the intrinsic SDHE, proposed initially (for AHE) by 
Karplus and Luttinger [67] and predicted recently by 
others [68-70], which is entirely due to coupling terms in 
the single particle spin-orbit Hamiltonian and independent 
of any scattering process, which means there may exist an 
intrinsic SDHE arising as a result of the band structure 
even in the absence of scattering. 

As the SDHEs have great importance in spintronics, 
in particular, for the generation, control and detection of 
spin current in semiconductors, a clear understanding the 
nature of the SDHEs is now the emerging issue for 
experimentalists as well as theorists. More sophisticated 
experiments toward all-electrical spintronic devices 
(similar to the SPINFET) using controllable parameters, 
such as device structure or gate voltage, able to combine 
spin injection and detection are needed. Such device and 
control strategies for realizing new high-performance 
devices taking advantage of the electron spin as well as of 
its charge might open the way to establish the 
semiconductor systems for spintronics in the near future.  

 
 
5. Conclusions 
 
Starting from a demonstration of the spin current in 

relation to the conventional charge current, we reviewed 
the recent success and understanding on the injection and 
detection of spin current in a semiconductor. The SDHEs 
in relation to the techniques of the generation, control and 
electrical detection of spin current were discussed. The 
major hurdles and challenges in the development of 
semiconductor spintronic devices and possible topics on 
further directions were also discussed.   
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