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Abstract

Soon afterwards the discovery of the giant magnetoresistance in metallic multilayers, researchers have attempte
grate spintronic properties with semiconductor materials. They came up against several difficulties related to the struc
electronic properties of the ferromagnetic metal-semiconductor interface. We will report on the recent progress mad
field of spintronic with semiconductors. First of all we will explain the interfacial resistance conditions required to inje
detect efficient spin current in a semiconductor and in a second part we will show that efficient spin injection experime
been now achieved thanks to the addition of a tunnel resistance at the interface. We will then report on the magneto
experiment performed with diluted magnetic semiconductors as ferromagnetic material. This type of material can con
alternative road to achieving electrical control spintronic devices. Finally, we will finish by reporting on research for a
spin-polarized source to inject spin-polarized current in a semiconductor. It will be mainly focused on tunnel magnetore
junctions with semiconductor barriers and hot electron transistor.To cite this article: J.-M. George et al., C. R. Physique 6
(2005).
 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Électronique de spin avec semiconducteurs.Peu après la découverte de la magnétorésistance géante dans des multi
métalliques, les chercheurs ont essayé d’intégrer les propriétés de l’électronique de spin avec celles des semicondu
difficultés rencontrées sont liées aux propriétés structurales et électroniques de l’interface métal-semiconducteur. P
ment des avancés significatives ont été réalisées. Nous décrirons les progrès récents réalisés dans ce domaine de l’
de spin avec semiconducteurs. Dans un premier temps nous montrerons quelles sont les conditions requises afin d’in
détecter efficacement un courant de spin dans un semiconducteur. Ces conditions peuvent être déduites de considér
riques. Nous montrerons qu’une injection électrique de spins peut être obtenue grâce à l’insertion d’une résistance d
entre le métal ferromagnétique et le semiconducteur. Ensuite nous décrirons des expériences de magnétorésistan
avec un semiconducteur magnétique dilué comme matériau ferromagnétique. Ce type de matériaux peut constituer u
tive pour réaliser des dispositifs d’électronique de spin contrôlés électriquement. Enfin nous décrirons les recherches
sur les sources de courant fortement polarisées en spin. Nous nous limiterons aux jonctions tunnel magnétiques do
rières sont composées de semiconducteurs et au transistor d’électrons chauds.Pour citer cet article : J.-M. George et al., C. R.
Physique 6 (2005).
 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Spintronics is a multidisciplinary field whose central concept is the active manipulation of the spin degree of free
solid state systems. The potentiality of controlling spin currents was first demonstrated in metallic structures with the d
of the Giant Magnetoresistance (GMR) [1], and related applications in the field of magnetic sensors and read heads
metallic structures are based on ferromagnetic metals in which, as first suggested by Mott [3,4], the electrical current
by independent majority and minority spin channels [5]. In other words, a ferromagnetic metal is naturally a spin-p
conductor. Soon after the discovery of GMR, the interest of combining the charge manipulation of conventional ele
with the spin manipulation of spintronics was rapidly understood. The advantages expected are the non volatility of
information, the integration of new functionality, the powerless consumption, etc., [6]. In 1990, Data and Das first p
the concept of spin Field Effect Transistor (spin FET) [7] which has driven many experiments. Unfortunately, the resu
disappointing and, today, two main reasons can be put forward to explain the difficulties encountered. The first comes
difficulty of growing a ferromagnetic transition metal with semiconductor materials. This led to a large number of str
and chemical interfacial studies. The second is more fundamental, and was only pointed out and debated after the y
Due to the large difference in density of states between a metal and a semiconductor (conductivity mismatch), most o
relaxation occurs in the metal in the absence of interfacial resistance.

During the last few years, noticeable results have been obtained in the field of spintronics with semiconductor
have boosted the research. We will report here on 3 important achievements that conduct the organization of this ar
first, as previously mentioned, is the theoretical understanding of the injection and detection conditions needed to g
spin current in a semiconductor. They will be explained in Section 2. The second, closely related to the injection con
the experimental demonstration of efficient spin-polarized current injection and transport in a semiconductor. The ba
experiment, which involves optical detection of polarized light, will be described. Thanks to this set of experiments, we
interfacial combinations of efficient spin injectors, which constitute the first step to the fabrication of a complete solid e
device. Third, another important step was the discovery of III–V ferromagnetic semiconductors [8,9]. The most well
and well characterized is the Ga1−xMnxAs. This so-called diluted magnetic semiconductor (DMS) can constitute an alter
to the use of ferromagnetic transition metals and has the advantage of a better integration in a semiconductor struc
if there is not yet clearly established room temperature ferromagnetic semiconductors, the study of GaMnAs heteros
brings new insight in the field of spintronics with semiconductors. It will constitute Section 4. Finally before the conclus
will finish, as Section 5, with some new developments in the field. This will mainly focus on the research of new highly po
spin injectors. For a more detailed review, including spin relaxation mechanisms, we refer the reader to Zutic et al. [10

2. Theory

2.1. General trends for ferromagnetic metal/semiconductor structures

The spin injection problem is typically a problem of spin transport through an interface between a ferromagnetic co
and non-magnetic one. The difficulty of spin injection when the ferromagnetic conductor is a metal, has been first put
by Schmidt et al. [11]. As has been shown by Rashba [12] and Fert and Jaffrès [13], spin injection from a ferromagne
can be achieved only by introducing a large enough interface resistance, typically a tunnel junction. Spin injection
a single interface is involved in Spin-LED (spin Light Emitting Diode) experiments and spin injection from a ferroma
metal through a tunnel barrier or in the tunneling regime of a Schottky junction has been now clearly demonstrated
LED (cf. Section 3). In a structure with ferromagnetic source and drain, both the source/semiconductor and semicondu
interfaces are similarly involved in the problem of spin injection, and spin-dependent interface resistance must be in
both places.

The spin conservation problem is specific to the source/semiconductor/drain structure (two interfaces) and relat
contrast between the conductance of the parallel (PA) and antiparallel (AP) magnetic configurations of the structur
lel/antiparallel meaning with parallel/opposite orientations of the source and drain magnetization). More quantitative
call V the voltage between source and drain and�V the excess voltage in the AP state for the same current, we want�V/V

to be of the order of the spin polarization of the injected electrons, that is, typically of the order of unity. Actually, the co
for �V/V ≈ 1 is twofold. First, there must be injection of a spin-polarized current which requires a spin-dependent an
enough resistance at both the source/semiconductor and semiconductor/drain interfaces (left branch of Fig. 1). Seco
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Fig. 1. Plot of the magnetoresistance of FM//SC//FM structure in vertical geometry (upper structure) expected versus the val
spin-dependent interface resistance (lower scale) or spin-dependent interface transparency (upper scale). The left branch corres
condition of spin injection, whereas the right one corresponds to the condition of spin conservation within the semiconductor. The
resistance is given taking into account data for GaAs from Ref. [40].

must be a strong contrast between the spin accumulations in the PA and AP states; this we call the spin accumulation
More precisely, the spin accumulation relaxation rate in the semiconductor must be much slower than the spin injec
As we will see, this can occur if the interface resistance is smaller than a certain threshold value [13] (right branch of F

In summary, to obtain an optimum contrast between the conductance of the PA and AP states, which requires spin
tion of the current (at least in the PA state) and conservation of the spin accumulation (at least in the AP state), two c
must be fulfilled:

• a spin-dependent interface resistance must be introduced between the semiconductor and the metallic source an
• the value of the interface resistances must be chosen in a well defined window (see characteristic curve in Fig. 1)

This window shrinks and disappears when the spin diffusion length (SDL) becomes shorter than the length of the
ductor channel (in contrast with what has been sometimes proposed, a SDL longer than the semiconductor chann
sufficient condition). The lower edge of the window corresponds to the condition for spin injection. This condition exist
the conductivity is larger, or the spin lifetime shorter, in the source and drain, that is typically the case for metallic m
materials. The upper edge of the window corresponds to the condition for spin conservation (larger spin accumulati
AP state) and optimum�V/V . As it will be put forward below, the condition associate to the upper edge of the windo
Fig. 1 can also be described as the condition of a long spin lifetime (τsf ) compared to the particle dwell time (τn or equivalently
their characteristic injection time and ejection time) in the semiconductor channel between its injection from the sou
its ejection towards the drain. This condition of spin conservation exists for any type of magnetic material, metal or s
ductor. An experimental demonstration of this condition for source and drain made of the semiconductor GaMnAs is p
in Section 4 of this article. What has been written above is implicit for diffusive transport in the semiconductor. For b
transport, as we will see in detail in the following part, the condition for spin conservation and optimum�V (the upper edge o
the window) still exists.

2.2. Spin injection, spin conservation and magnetoresistance in FM/SC/FM structures

2.2.1. Definition and physical parameters
We consider two identical ferromagnetic (FM) contacts, L (left) and R (right), connected along thez direction by a semicon

ductor (SC) whose geometry is characterized by a channel lengtht and a sectionS (relative to the contact area, taken to be eq
to unity). In the following we will neglect the effect of the electrical field (drift current) which is almost valid in the limit o
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low bias. This effect can be take into account and lead to an asymmetry of the length or time scale of the injection–d
problem [14].

The one-dimensional (1-D) density of states (DOS) in SC and FM alongz is notedρSC andρFM± respectively, where
the subscript+ (−) refers to up (down) spins, respectively. Interfaces between FM (L or R) and SC, assumed to be id
are characterized by (i) a spin-dependent flux transmission,T± = T (1 ± P) with the result that the tunnel polarization at t
Fermi level can be writtenP = (T+ − T−)/(T+ + T−), equivalent to the Jullière definition [15]; and by (ii) the number,n2D ,
of two-dimensional (2-D) channels in SC connected to FM as appearing in the Landauer formula [16]. For a non-m
semiconductor, these number of channels are equal for both spin populations.

From the Hamiltonian transfer approach [17], we can express for a particle (i) its characteristic time of injection fr
(L or R) towards into SC,τFM→SC ; (ii) its spin-dependent time of ejection,τ±, from SC into FM (L or R); and (iii) its
spin-dependent transmission (T±). Corresponding currents (JFM±→SC) and conductivity (GFM±→SC) for a given interfacial
channel follow, according to:

ΓFM = h̄

τFM→SC
= 2π

∣∣〈φZ
FM |HT |φZ

SC
〉∣∣2ρsc

ΓSC= h̄

τ±
= 2π

∣∣〈φZ
FM |HT |φZ

SC
〉∣∣2ρFM±

T± = (2π)2
∣∣〈φZ

FM |HT |φZ
SC

〉∣∣2ρscρFM±

JFM±→SC= e

h̄

∫
2π

∣∣〈φZ
FM |HT |φZ

SC
〉∣∣2ρscρFM± dεFM,SC

GFM±→SC= e
∂JFM±→SC

∂εFM,SC
= e2

h
T± (1)

whereφFM andφSC are the normalized one-dimensional wave functions in FM and SC connected through the interfac
transfer HamiltonianHT . ΓFM andΓSC represent the broadening of the energy level in FM(εFM) and SC(εSC) introduced by
the leak towards FM (L or R) and SC. Note that the spin-polarized currentJFM±→SC crossing each surface (L/SC or SC/
per unit time and per unit number of 2-D channels does not depend on the propagation direction.

2.2.2. Magnetoresistance
By expressing the escape timeτ± as a function of the 1-D DOS,ρSC, and the spin-dependent transmission at interfaces

one can derive a simple expression for the magnetoresistance, a function of the spin life time and the escape time [18
The termMR= JPA/JAP − 1 can be expressed:

MR= [τ− − τ+]2
4(τ−τ+)

1

1+ (τ+ + τ−)/(2τsf)
(2)

2.2.3. Condition for impedance matching without spin relaxation
Neglecting the spin relaxation in SC (τdf = ∞), the MR equals(τ− − τ+)2/4τ−τ+ which can be expressed versus t

effective transmission coefficients at interfaces,T∗± , according toMR= (T∗+ − T∗−)2/(4T∗+T∗−). From the upper relation
[T∗±]−1 = [T±]−1 + [T∗SC]−1 with T∗SC= λ/(t − λ), one can express the MR versus the unpolarized intrinsic transmi
T asMR= κP 2/(1 − P 2) with κ = 1/[1 + 2T/TSC+ (1 − P 2)(T /TSC)2]. The maximum MR for symmetric double tunn
junction is thenP 2/(1 − P 2), that is, half of TMR of single junctions. The factor 1/2 is related to accumulation effects
the central non-magnetic electrode. Starting from this optimal value, the MR decreases whenκ < 1 or T > T∗SC, that is
when the impedance matching is incomplete [11,13] for interface transparencies larger than the transmission throug
channel. Note that this impedance mismatch is also associated with a vanishing current spin-polarization in the PA s
introduction of tunnel junctions of small transmissionT � T∗SC= λ/(t −λ) (or high resistive enough) at the interfaces resto
the current spin-polarization in PA state and consequently the MR [12,13]. For a diffusive transport in SC(t � λ), the condition
TL < λ/t is equivalent toTL <

√
τp/τLR whereτp andτSC represents respectively the momentum relaxation time (τp) and

the characteristic time (τLR) for a particle to diffuse from the left to the right interface in SC. 1/
√

τp/τSC represents the numbe
of reflections of a particle upon the left interface once injected in SC and before being detected in R after a delay tτSC.
The condition of impedance matching is then the condition for a spin to be detected in the R contact instead of diffus
towards the emitter L (where its spin will be rapidly lost).

2.2.4. Condition for spin conservation with impedance matching
The second term appearing in the expression of MR, that is[1 + (τ+ + τ−)/2τsf]−1, represents a reduction factor relat

to the condition of spin conservation in the SC channel once the impedance matching is completed. To obtain any M
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Fig. 2. Band structure of the spin-LED. Spin-polarized electrons are injected from the paramagnetic semiconductor into AlGaAs (left).
rules for GaAs; recombination between electrons and heavy holes is three times larger than recombination between electrons and
From Fiederling et al. [20].

the spin lifetime in SC must be larger than the mean dwell time of+ and− spins in the SC channel (in the PA state). T
mean dwell time is noted thereτn and equals(τ+ + τ−)/4. The loss of spin memory in SC originates from the large num
of reflections at the two interfaces. This effect can be viewed as the consequence of a too large integrated ballistic p
compared to the spin mean free pathlsf . Indeed, from the developments above, the condition for spin conservation in SC
T > hρSC/τsf ≈ t/λsf or l = t/T < λsf wherel represents the integrated particle path in both ballistic(t < λ) or diffusive
(t > λ) regimes of injection.

As a conclusion, the conditions acting on the interface transparency (T ) between FM and SC to obtain MR in the FM/SC/F
junction, that is, an electrical injection and detection of spins, aret/λsf < T < λ/t in current-perpendicular to plane experime
(or heterostructure of constant section) and more generallyS[t/λsf] < T < S[λ/t] for a lateral spin transport whereS is the
ratio of the SC section to the contact section (refer to geometric effects in [13]).

3. Demonstration of electrical spin injection efficiency: Spin-LED experiments

One way to probe electrical spin injection in a semiconductor is the use of a light emitting diode as a spin detec
quantum well and in Faraday geometry the electron-hole recombination in a quantum well gives rise to a circular p
photon [19]. Taking into account the spin polarization at the interface FM/NM, the spin relaxation mechanisms in the
in the QW, electrical spin injection efficiency can be estimated from the degree of circular polarization of the photons
by the light emitting diode. Fig. 2 gives a schematic picture of the selection rules for circular polarized emission in the
a degenerate valence band for heavy and light holes in the quantum well.

Electrical spin injection has first been reported in 1999 by Fiederling et al. [20]. In this experiment, Fiederling et al
paramagnetic semiconductor as spin injector. Magnetic semiconductors present the advantage of being free from co
mismatch and chemical reactivity problems. Furthermore, paramagnetic semiconductors are fully spin-polarized at low
atures and at high magnetic fields. Since this preliminary result, many experiments have been reported using simila
magnetic materials (ferromagnetic semiconductor, transition metals and ferromagnetic metals) and other interface
(Schottky barrier, tunnel barrier). Major results are summarized in Table 1. Because the technique requires the em
photons, most of the experiments were performed in Ga1−xAlxAs materials with GaAs or InAs QW or Q. We can point o
that with a transition metal, the higher polarization injected was obtained in a tunnel regime with CoFe/MgO/GaAs in
This provides also an experimental confirmation of the necessity of adding an interfacial resistance (Schottky or Tu
inject efficient spin-polarized current in a semiconductor, as developed in previous section.

4. Magnetic semiconductors

Another important result has been the discovery of ferromagnetic semiconductors. As already discussed previo
use of transition metals to electrically inject spins in semiconductors is faced with two drawbacks: the chemical re
between metals and semiconductors and the so-called ‘conductivity mismatch’. One way to avoid these two difficulti
use of ferromagnetic semiconductors as spin injector and spin analyzer. Indeed ferromagnetic semiconductors and non
semiconductors have more compatible growth conditions as well as closer density of states and conductivity.
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Table 1
Major results of electrical spin injection with an optical detection. Magnetic materials, type of resistance, LED structure and optical poon
of light emitted are listed. The value of the associated spin polarization can be found in the original reference

Magnetic material Interface resistance Semiconductor structures Optical polarization (%) Re

BeMnZnSe Ohmic contact AlGaAs/GaAs/AlGaAs quantum well 45 [20]
ZnMnSe Ohmic contact AlGaAs/GaAs/AlGaAs quantum well 50 [21]
Fe Schottky barrier AlGaAs/GaAs/AlGaAs quantum well 32 [22]
Fe Schottky barrier GaAs/InGaAs/GaAs quantum well 2 [23]
Co Schottky barrier AlGaAs/GaAs/AlGaAs quantum well 4 [24]
Co2MnGe Schottky barrier AlGaAs/GaAs/AlGaAs quantum well 13 [25]
MnAs Schottky barrier GaAs/InGaAs/GaAs quantum well 1 [26]
CoFe Al2O3 Tunnel barrier AlGaAs/GaAs/AlGaAs quantum well 21 [27]
CoFe MgO Tunnel barrier AlGaAs/GaAs/AlGaAs quantum well 57 [28]
GaMnAs Zener diode: GaMnAs/GaAs n+ AlGaAs/GaAs/AlGaAs quantum well 20 [29]
BeMnZnSe Ohmic contact ZnSe/CdSe/ZnSe quantum dots 70 [30]
Fe Schottky barrier GaAs/InAs/GaAs quantum dots 5 [31]

4.1. Origin of ferromagnetism

If the origin of the ferromagnetic phase is well established for most of semiconductors (Ga1−xMnxAs [9], In1−xMnxAs [8],
Zn1−xMnxTe [32], Cd1−xMnxTe [33], MnxGe1−x ) [34], it is still debated for other semiconductors such as Ga1−xMnxN [35]
or Zn1−xCoxO [36]. In this review, we focus on the well-known Ga1−xMnxAs ferromagnetic semiconductors. Ferromagn
semiconductors can be considered as composed of two coupled electronic systems, one containing delocalized elec
duction or valence band) and another containing the electrons of magnetic impurities with a localized magnetic mome
is (i) magnetic interactions between the delocalized carriers and electrons of magnetic impurities; and (ii) interactions
magnetic ions.

(i) The interaction s(p)-d between delocalized carriers and electrons of magnetic impurities is ferromagnetic in the
itinerant electrons and antiferromagnetic for holes. The exchange constantα (s-d) orβ (p-d) is generally greater for holes, th
an antiferromagnetic coupling between holes and magnetic impurities occurs.

(ii) The magnetic interaction between magnetic ions can be dealt with RKKY and Zener mechanisms in the cas
the magnetic ion concentration is larger than the carrier concentration. Spin-orbit and carrier–carrier interactions are
to take into account in the RKKY model. Therefore the Zener model is used to describe the magnetic properties
magnetic semiconductors [37]. In heavily doped ferromagnetic semiconductors (x > 3%), the mean distance between carri
(rc = 4/3πp)−1/3 is much longer than the distance between magnetic ions (rs = 4/3πxN0)−1/3. The first zero of the RKKY
interaction is equal tor ∼ 1.17rc, thus the interaction induced by carriers is ferromagnetic and long range. The excha
tegralN0β is larger thanN0α, the ferromagnetic phase is favored in p-type semiconductors. In this way, delocalized ho
necessary to obtain a ferromagnetic phase in semiconductors doped with magnetic ions.

Because the magnetic properties depend on the itinerant carrier concentration (holes), a variation of the carrie
induces a modification of the magnetic properties. For instance, several studies (in Mn doped InAs [38], Ge [34]
quantum wells [39]) have shown that the Curie temperature can be tuned by an electric field or by light. These experim
demonstrate the interplay between carriers and magnetic ions.

According to growth conditions (growth temperature, As4/Ga beam equivalent pressures ratio), Ga1−xMnxAs layers are
conductors (about m cm) and ferromagnetic with a Curie temperature about 150 K for a Mn concentration betwe
and 7%. Outside this range, layers are insulating or contain MnAs clusters [40].

Both diluted magnetic semiconductors and ferromagnetic semiconductors have been inserted in semiconductor he
tures. Ferromagnetic semiconductors, Ga1−xMnxAs in particular, have been used in various heterostructures. For instanc
can note experiments on spin-dependent tunneling in tunnel junctions [41], electrical detection of spin accumulation
conductor quantum wells [42], current induced magnetic switching in magnetic tunnel junctions [43] or electrical spin in
in light-emitting diodes [29].

4.2. Magnetic tunnel junctions

To probe the spin-polarization of holes tunneling from GaMnAs through III–V tunnel barriers, studies have been pe
on GaMnAs/AlAs/GaMnAs magnetic tunnel junctions. The structures have been elaborated at 230◦C on a GaAs buffer laye
grown at 580◦C. Thin layers of 1 nm GaAs layer have been inserted at each side of AlAs to prevent Mn diffusion in
barrier [44]. M(H) hysteresis loops of the stack measured before patterning show two steps associated to a separate
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Fig. 3. Tunnel magnetoresistance of single (circles) and double (squares) tunnel junctions recorded at 4 K and 1 mV. Temperature depend
of magnetization, TMR and spin hole polarization deduced from Jullière model of the single MTJ.

the two GaMnAs layers. Nevertheless, we have not annealed our junctions to avoid possible Mn diffusion. Fig. 3 disp
tunnel magnetoresistance (TMR) measured at low bias (1 mV) and low temperature (4.2 K). The TMR, that is a prob
spin polarization, is nearly as high (40%) as for the junctions of [41] with the same AlAs thickness. Using the simple
formula [15],TMR= 2P 2/(1− P 2), a tunnel polarization of 40% for holes can be derived from these experiments eve
microscopic understanding still remains a difficult task [46]. Fig. 3 compares the variation of the hole tunnel spin pola
versusT deduced from our transport measurement to that of the magnetization obtained by a SQUID magnetomet
patterning. Although both quantities cancel at the GaMnAs Curie temperature, the characteristic shapes are clearly
the hole polarization saturating at higherT . Such different magnetic susceptibility between holes and Mn localizedde moments
can be explained by a stronger effective field experienced by the holes [37]. Nevertheless, microscopic calculations of
polarized tunneling in GaMnAs/AlAs/GaMnAs structures are urgently required to allow a definite conclusion.

Note that other spin-dependent tunneling experiments on junctions with (Al,Ga)As, (In,Ga)As and GaAs tunne
have been performed. At very low temperature and low bias voltage, TMR reaches 300% [47]. Recently, tunneling an
magnetoresistance has been discovered [48]. This effect is the signature of the anisotropy of the valence band in GaM

4.3. Electrical spin injection and detection into GaAs quantum wells

As developed in Section 2, the occurrence of TMR on double tunnel junctions is the signature of a spin accumu
the central semiconductor layer. To illustrate this idea, we have grown double tunnel junctions still constituted of two G
electrodes and where a thin GaAs layer (3, 5, 6 and 9 nm) has been inserted in between two AlAs barriers leading
nAs/AlAs/GaAs/AlAs/GaMnAs structures. The thickness of the AlAs barrier lies between 1.46 to 1.95 nm. Auger na
spectroscopy studies confirm that the insertion of a thin 1 nm GaAs layer between GaMnAs and AlAs is sufficient to
any Mn diffusion into the GaAs QWs (Mn concentration less than 0.1%). A large TMR effect of about 40% is obse
low temperature (Fig. 4(a)). As described in [42], the TMR of our double junctions cannot be explained by a direct c
tunneling between the GaMnAs electrodes, but must be described by sequential tunneling with spin conservation in
QWs. This has to be associated to the half of the TMR of single junction with 1.46 nm AlAs barrier from [41]. In FM/NM
structure and in the antiparallel magnetic configuration, spin accumulation takes place in the non-magnetic layer if the
of spins injected is larger than the number of spin-flips. In our structures, tunnel magnetoresistance associated with
accumulation in the quantum well, reflects a hole spin lifetime longer than the dwell time of holes in the quantum well. T
this condition, we have played independently with these two characteristic times.

On Fig. 4(a), we have reported the TMR recorded at 4 K on different 6 nm QWs as a function of their resistan
product RA. The resistance variation is attributed to the change of the barrier thickness from 1.46 to 1.95 nm as dem
by Transmission Electronic Microscopy (TEM) on cross-sections. What we observe is a continuous decrease of TM
RA related to the reduction of the tunnel transmission. As fitted by the dotted line in Fig. 4, this behavior must be ascrib
rise of the particle dwell timeτn in GaAs beyond its spin lifetimeτsf in GaAs for the largest barrier thickness [18]. Another w
to test this condition is to play with the spin lifetime. An increase of temperature is associated to some activation of
mechanisms in quantum wells and therefore a strong shortening of the spin lifetime. At 15 K, well below the Curie temp
the hole spin lifetime becomes shorter than the dwell time and therefore TMR vanished [49]. By estimating the dwell t
using Eq. (2), we can estimate the spin life time of the holes at 100 ps. A so long spin life time for holes can be under
supposing a tunneling mechanism via extended defects in the quantum well [42]. Moreover, this represents an experim
of the upper resistance condition (cf. Section 2).
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Fig. 4. Dependence of TMR with the resistance of AlAs tunnel barriers for 6.2 nm GaAs QW width and dependence of TMR and magn
with temperature for different GaAs thickness. An increase of AlAs resistance tunnel results an increase of dwell time and therefore
of TMR. As temperature increases, hole spin lifetime decreases and becomes shorter than the dwell time, thus TMR vanishes wel
Curie temperature.

5. Research of highly spin-polarized source

Following the pioneering work of Jullière [15], the discovery of large tunneling magnetoresistance effects (TMR) a
temperature with magnetic tunnel junctions (MTJs) [45] offers the possibility to study interfacial magnetism and interfac
polarization. The application potential of such effect in the field of sensors and non volatile memory (MRAM) was also a
locomotive for the research on MTJs. Replacing the insulating layer by semiconductor materials is a work which ha
recently and where the motivation draws together different fields of spintronic. One of them is in a direct continuatio
work on MTJs with the aim of finding new type of barriers with new properties. As an example it is expected to see an inc
the magnetoresistance as a function of the barrier thickness for fully epitaxial Fe/ZnSe/Fe junctions [50]. Another goal
of TMR to get some insight on the ferromagnetic/semiconductor interface spin polarization. Achieving highly spin-po
interfaces represents a first step for the integration of highly spin-polarized injector in semiconductor material. Neve
to date, the magnetoresistance amplitudes [51–53] are still far from those reported with an insulating layer [54–56]
the explanations comes from the necessity to lower the growth temperature of the semiconductor to preserve spin
carriers at the interface. This results in the apparition of defects at the interface or in the semiconductor barrier. The rol
defects, which can govern the conduction properties, are generally damageable for the magnetoresistance. We wil
this purpose with our recent work on MnAs/GaAs/MnAs junctions where resonant tunneling on an impurity band ha
demonstrated thanks to magnetoresistance measurements. Even with a large spin polarization at the MnAs/GaAs
small magnetoresistance effects were observed due to resonant tunneling on an asymmetric impurity band of the def

Fig. 5 represents the bias dependence of the TMR extracted from R(H) curves. An asymmetric bias dependence is
with inversion of the magnetoresistance. We obtain a TMR maximal amplitude of about 2% together with a TMR in
more or less pronounced at finite bias (from−0.5% to 0%). This behavior was observed for all of the 10 junctions meas
on the sample with cross-sectional areas ranging from 8–32 µm2. Typical characteristics are shown in Fig. 5 for a junction
16 µm2. A clear asymmetric bias dependence of the TMR is visible with a maximum positive (negative) TMR occur
40 mV (−40 mV) (Fig. 5(b)).

Until now, negative TMR and related asymmetric bias dependence were reported and ascribed to (a) direct tunneling
electrodes of opposite spin polarization related to specific interfacial electronic band structure [46,59]; or (b) resonant t
across a single defect in nanometric size junctions [57]. Because of the relative low RS-product (1 k µm2) of our micron-
sized junctions given the barrier height (0.7 eV), estimated from XPS measurement, and thickness (7.5 nm) (corre
RS-product estimated for direct tunneling is 108  µm2), we ascribe our TMR effects to localized state-assisted tunneling
a broad impurity band. The model include 5 parameters [58], 2 of them, namely the spin polarization and the asym
position, are really unknown, the others which are the characteristic parameters of the band, can be estimated from
and measurement.

Under this assumption, all the TMR bias dependencies were fitted with an additional Lorentzian damping function
characteristic parameterV1/2 = 60 meV. Experimental data are well reproduced at all positive and negative bias (solid tri
in Fig. 3(a)) with a MnAs polarizationPL andPR of 60% at each interface, a defect bandwidthW of 140 ± 10 meV and
a mean energyεC ranging from−50 to −40 meV. The latter values agree well with characteristics of the deep donor
appearing in LT-grown GaAs epilayers [60]. Such defects are formed from excess arsenic incorporated primarily a
antisites (1019,1020 cm−3) and act as deep donors. Those donors are partly compensated by gallium vacancies (acce
a result the Fermi level is pinned within this deep donor band. This is exactly what we obtain with a Fermi level under
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Fig. 5. Data of a 8 µm2 MnAs/GaAs(7.5 nm)/MnAs tunnel junction recorded at 4 K. (a)TMRbias dependence extracted fromI (V ) (black line)
andR(H) (black open symbols) data. The red line represents the calculated value withP = 60%,ΓL = 6 meV,ΓR = 67 meV,εc = −40 meV,
W = 140 meV andβ = 0.65. (b) Field dependence of the junction resistance at 40 mV dc bias. (c) Field dependence of the junction re
at−40 mV.

Fig. 6. (a) Schematic energy diagram of the magnetic tunnel transistor (MTT) extract from Ref. [68]. Region 1 is the emitter, region
Al2O3 tunnel barrier, and region 3 is the base. The collector is GaAs (001) substrate (region 4). (b) Photo of the active area of a MTT

half part of the defect band with the condition(εF − εC) < W/2. The defect bandwidth is found to be in the same rang
those (150–250 meV) extracted from spectroscopic measurements performed on thick GaAs layers [61,62].

5.1. Hot electrons

Another category of structure which could provide a high efficiency of injected spin-polarized electrons in a semico
is the hot electron transistor. The term ‘transistor’ refers more to the 3 terminal configuration of the device than to the
of a transistor. The interest of manipulating hot (non thermalized) electrons is, on the one hand, the study of spin-d
electron transport above the Fermi level [63–65] and, on the other hand, to provide a high efficient source of spin-p
current highly sensitive to magnetic field. Following pioneering work on hot electron transistor where the base was a
CPP GMR element [66,67], a more recent version uses a TMR element as represented on Fig. 6. In a magnetic tunne
(MTT), spin-polarized electrons are injected from a ferromagnetic emitter across a tunnel barrier into a FM base l
changing the bias voltage across the tunnel barrier (VEB) the energy of the injected electrons can be varied. When the ele
energy exceeds the Schottky barrier height (ΦS ) at the metal/semiconductor interface, a collector currentIC is measured
IC represents electrons that are transported across the base layer and the base/collector interface. The injected sp
electron current is further spin filtered by spin dependent scattering in the FM base. ThusIC depends critically on the relativ
orientation of the base and emitter magnetic moments, as described byMC = (IC,P − IC,AP)/IC,AP whereIC,P andIC,AP are
the collector current for parallel and antiparallel alignment of these moments.IC also depends on the conduction band struc
of the semiconductor substrate.

In a version where the ferromagnetic base was replaced by a spin valve element, largeMC as high as 3400% have bee
demonstrate at small emitter/base bias voltages (VEB) [69]. For practical applications, another interesting feature is a l
increase of the collector current (in the order of µA) compared to the CPP GMR spin valve previous version of the tr
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(SVT) where the collector current was in the order of the nA [70]. Finally, one further step was to test the efficiency of th
as a source of spin-polarized current into a semiconductor. That the experiment which was performed by Jiang and c
[71] by using InGaAs quantum wells and optical detection of the light polarization as described in the Section 3 of this
Preliminary result have shown an electroluminescent polarization of 10% where the low level of polarization is mostly a
to a lost of polarization into the quantum well before the electrons-holes recombination process.

6. Conclusion

We have shown that major achievement have been realized in the field of spintronic with semiconductors. The fun
knowledge of the ferromagnetic-semiconductor interface has been improved and injection of spin-polarized current in
semiconductors has been demonstrated. In addition, it has been shown that diluted magnetic semiconductor as Ga
represent another source of spin-polarized carriers. Nevertheless, two points need to be addressed to impose this type
as a serious alternative to transition metals, for example. First, a Curie temperature above the room temperature
reached. Second, a way to inject spin-polarized electrons rather than holes to avoid fast spin relaxation of holes n
developed. These two points are activating an intense research effort on the fabrication of new DMS type materials.

To make progress in the field of spintronic with semiconductors, the next step should be the demonstration of a
electrical device including injection and detection of spin-polarized current in various semiconductors. This step is a
uisite to investigating the expected wealth of the field. It should also constitute the base for the three terminal devic
manipulation of the spin current. Combining spin injection and detection with the size reduction of semiconductor m
should permit the start of the study of resonant tunneling on discrete energy levels [72]. New magnetoresistance effec
the magneto-coulomb blockade, can be anticipated if charge and spin control can be achieved in nanostructures.
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