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•  Spintronics, GMR (giant magnetoresistance) 
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polarized currents 

•  Spin injection in permalloy clusters on silicon 
•  LSD obtained from Ni/Al2O3/Si ferromagnetic 

nanocontacts 
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Spintronics –  technology based on the injection     
   of spin-polarized currents into 
   metals and semiconductors 

Challenges –  injection and detection of spin 
   polarized currents with high  
   efficiencies 
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Giant magnetoresistance (GMR) 

GMR 

Is the change in electrical resistance of 
layered F/N/F systems when the 
magnetization of the ferromagnetic 
layers are reoriented to one another by 
the application of a magnetic external 
field. 
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Giant magnetoresistance (GMR) 

GMR 

Originates from the spin dependent 
electronic transport intrinsic to metal 
systems 

Spin dependent electronic transport can 
be qualitatively understood using the 
Mott model that has 2 main points: 

1. The electrical conductivity in metals 
can be described by 2 independent 
conducting channels, corresponding to 
up- and down-spin electrons 

The	
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  spin-­‐flip	
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2. In ferromagnetic metals the scattering 
rates of up- and down-spin electrons 
are quite different, whatever be the 
nature of the scattering centers. 
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where the resistance r1 is a threshold resistance related to
the properties of the semiconductor channel and is given by
relatively simple expressions in a flatband and low current
limits. This condition also exists for injection from a mag-
netic semiconductor if its carrier density is larger, or if its
spin relaxation time is shorter than that in the nonmagnetic
semiconductor. Spin injection from a ferromagnetic metal,
through a tunnel barrier or in the tunneling regime of a Schottky
junction has been clearly demonstrated [19]–[23].

In Section III, we discuss the conditions for spin-
accumulation conservation (i.e., optimum spin detection) in the
diffusive (Section III-A) and ballistic (Section III-B) regimes.
These conditions are specific of a two-interface system of the
type source/semiconductor/drain structure and are required for
an optimum contrast between the conductances of the P and AP
magnetic configurations of the structure. More quantitatively, if
we call V the voltage between the source and the drain and ∆V
as the excess voltage in the AP state for the same current, we
want ∆V/V to be of the order of unity or larger. If the transport
between the source and the drain is diffusive, a prerequisite is
spin injection, which imposes a condition of the type of (2) to
the source and drain interface resistances. ∆V/V is optimum,
i.e. not strongly reduced below the maximum value allowed
by the source/drain spin polarization, only if, in addition, the
interface resistances are smaller than a second threshold value
r2. Summing up, to obtain spin injection and optimum spin
detection in diffusive transport, the interfaces between the
semiconductor and the metallic source and drain must be spin
dependent and chosen in a well-defined window [14]

r1 ! r∗b ! r2. (3)

This windows shrinks and disappears when the SDL be-
comes shorter than the length of the semiconductor channel (in
contrast with what has been sometimes proposed, the condition
that the SDL should be longer than the semiconductor channel
is a necessary but not a sufficient condition). The lower edge
of the window, which corresponds to the condition for spin
injection, exists only when the conductivity is larger or the spin
lifetime is shorter in the source and in the drain, that is, typical
for metallic magnetic materials. The upper edge of the window,
associated with the condition for the spin-accumulation conser-
vation in the AP state and optimum ∆V/V , exists for any type
of magnetic material, metal, or semiconductor for the source
and the drain.

In ballistic transport (Section III-B), the condition for an
optimum contrast between the conductances of the P and AP
configurations, in most practical cases (but not all), is only of
the type

r∗b ! r′2. (4)

As for the diffusive transport, this condition exists even when
the source and the drain are made of a magnetic semiconductor.
As we will see, the conditions r∗b ! r2 of the diffusive regime
and r∗b ! r′2 of the ballistic regime can also be described as
the conditions to have a dwell time of the carriers in the
semiconductor shorter than the spin lifetime.

Fig. 1. (a) Spin-up and spin-down current far from an interface between
the ferromagnetic and nonmagnetic conductors (outside the spin-accumulation
zone). (b) Splitting of the chemical potentials µ ↑ and µ ↓ at the interface. The
arrows symbolize the spin flips induced by the out of equilibrium spin-split
distribution and governing the depolarization of the electron current between
the left and the right. With an opposite direction of the current, there is an
inversion of the spin accumulation and opposite spin flips, which polarizes the
current across the spin-accumulation zone. (c) Variation of the current spin
polarization when there is an approximate balance between the spin flips on
both sides (metal/metal) and when the spin flips on the left side are predominant
(metal/semiconductor for example).

In Section IV, we present examples of experiments probing
the conditions for the spin injection and the conservation of spin
accumulation.

II. SPIN INJECTION (OR EXTRACTION)

This section is devoted to the single-interface problem, that
is, the problem of the spin polarization of the current and spin
accumulation in the semiconductor beyond the ballistic range
at an interface between the ferromagnetic conductor and the
nonmagnetic one. This is what we call the spin-injection prob-
lem (depending on the direction of the current, this corresponds
to what is sometimes called the spin injection and the spin
extraction). Schmidt et al. [12] have been the first to put forward
the difficulty of the spin injection when the ferromagnetic and
nonmagnetic conductors are, respectively, a metal and a
semiconductor. Let us consider first, as in the article of Schmidt
et al. [12], the simplest case: flatband picture of the ferromag-
netic/nonmagnetic interface and no interface resistance. The
physical mechanisms involved in spin injection are presented
in Fig. 1. As illustrated by Fig. 1(a), the current of electrons is
spin polarized far on the left in the ferromagnetic conductor F
and nonpolarized far on the right in the nonmagnetic conductor
N . In between, necessarily, there must be a transfer of current

Valet and Fert model 

1. Current flowing perpendicular to the 
plane (CPP) 

 

2. Take into account the diffusive spin 
transport through the interface (the current 
is spin polarized well beyond the ballistic 
range) 

3a. Metal/metal case: DOSF≈DOSN 

3b. Metal/semicond. case: DOSF>>DOSS 
(conductivity mismatch) 

LSD = spin diffusion length 

j 
F N 

Spin polarized current 

LSD F LSD N
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Abstract—Injecting spins into a semiconductor channel and
transforming the spin information into a significant electrical
output signal is a long-standing problem in spintronics. This is
the prerequisite of several concepts of spin transistor. In this
paper, we discuss the general problem of spin transport in a
nonmagnetic channel between source and drain. Two problems
must be mastered: 1) In diffusive regime, the injection/extraction
of a spin-polarized current into/from a semiconductor beyond the
ballistic zone at the interface with a magnetic metal requires the
insertion of a spin-dependent and large enough interface resis-
tance. 2) In both the diffusive and ballistic regimes and whatever
the metallic or semiconducting character of the source/drain, a
small enough interface resistance is the condition to keep the
dwell time shorter than the spin lifetime and, thus, to conserve
the spin-accumulation-induced output signal at an optimum level
(∆R/R ≈ 1 or larger). Practically, the main difficulties come
from the second condition. In our presentation of experimental
results, we show why the transformation of spin information into
a large electrical signal has been more easily achieved with carbon
nanotubes than with semiconductors, and we discuss how the
situation could be improved in the later case.

Index Terms—Ferromagnetic metal, magnetoresistance (MR),
spin accumulation, spintronics.

I. INTRODUCTION

S EMICONDUCTOR channels between ferromagnetic
sources and drains is the basic structure of several

concepts of spin transistor. The first of these concepts has been
introduced by Datta and Das [1] who proposed a switching
mechanism based on the Rashba effect [2], [3] to manipulate
the electron spins in the semiconductor channel with a gate
voltage. Several other concepts have been proposed [4]–[10]
but none of them has been experimentally demonstrated up
to now. Whatever the mechanism for the manipulation of the
spins in the semiconductor channel, the first problems to master
are those of spin injection/extraction and spin-accumulation
conservation (sometimes called spin detection, although the
problem is obtaining a large-output electrical signal rather
than simply detecting it). Spin injection/extraction, which is

Manuscript received July 24, 2006; revised January 9, 2007. The review of
this paper was arranged by Editor J. Moodera.

The authors are with the Unité Mixte de Recherche, French Na-
tional Center of Research (CNRS)-Thales, 91767 Palaiseau, France
(e-mail: albert.fert@thalesgroup.com; jean-marie.george@thalesgroup.com;
henri.jaffres@thalesgroup.com; richard.mattana@thalesgroup.com).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TED.2007.894372

injection or extraction of a spin-polarized current into/from
the semiconductor, is starting to be clearly understood and
mastered. Although the results can be different for injection and
extraction (see example in Fig. 3), the physics is similar and,
hereafter, we use only the expression “spin injection” for both
current directions. The conservation of the spin accumulation
generated by the antiparallel (AP) magnetic configuration
of the source and the drain is the condition for an optimum
contrast between the parallel (P) and AP configurations (ON

and OFF states). In this paper, we discuss the conditions for
spin injection and spin-accumulation conservation in both
situations of diffusive and ballistic transport (the problem of
spin manipulation between the source and the drain is not in
the scope of this paper). Also, we will limit our discussion
to the situation in which the current is carried only by either
electrons or holes. The more complex case of bipolar transport
has been discussed, for example, by Zutic et al. [11].

The spin-injection problem (in our language, as noted above,
this includes both injection and extraction problems) is dis-
cussed in Section II. This is typically a problem of diffusive
spin transport through an interface between a ferromagnetic
conductor and a nonmagnetic one. Is the current spin polarized
beyond the ballistic range close to the interface? The difficulty
of spin injection when the ferromagnetic conductor is a metal
has been first put forward by Schmidt et al. [12]. Next, as it
has been shown by Rashba [13], Fert and Jaffrès [14], Smith
and Silver [15], and more recently discussed by Bauer et al.
[16], spin injection from a ferromagnetic metal can be achieved
only by introducing a spin dependent and large enough interface
resistance, typically, a tunnel junction. As we will see, with a
unit-area interface resistance of the form [17], [18]

r+(−) = 2r∗b [1 − (+)γ] (1)

where γ is the interface spin-asymmetry coefficient,1 the con-
dition for spin injection, at least in the low current limit, can be
written [14] as

r∗b # r1 (2)

1The spin asymmetry coefficient γ can depend on the quality of the interface.
In the case of Fe/AlGaAs interface, it has been shown [Zega et al., Phys.
Rev. Lett., 96, p. 196 101, 2006] that an higher value of γ can be obtained
after a low-temperature annealing which produces a more ordered and coherent
interface.
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APPENDIX

EXPRESSION OF THE MR AS A FUNCTION OF THE DWELL

TIME IN THE DIFFUSIVE TRANSPORT REGIME

We will consider only the case of a degenerate electron gas. τ
is the momentum relaxation time and λ = vF τ is the mean free
path at the Fermi level in N . Between t and t + τ , an electron
collides an interface if its velocity makes an angle θ smaller
than π/2 with the normal to the interface and if its distance from
the interface is smaller than λ cos θ at t. After averaging on θ
and taking into account the mean transmission probability tr for
transmission through the interface, one gets that the probability
of escaping from the semiconductor is tr/τ for one half of the
electrons being at a distance from the interface smaller than
λ/2 and zero outside this distance. On global average, this
probability is λtr/(4τ tN ), if tN is the length of the channel.
In other words, the mean dwell time of the electrons is

tn =
4tN
vF tr

. (A1)

We come back to (10) expressing the MR in the limit
r∗b " rN )

∆R

RP
=

γ2/(1 − γ2)

1 + r∗
b
tN

ρN(lNsf )
2

. (A2)

Expressing the resistivity ρN and the SDL lNsf in a free
electron model as a function of vF , the momentum relaxation
time τ and τsf , and relating the interface resistance r∗b to the
transmission coefficient tr by the Landauer equation, we obtain

∆R

RP
=

γ2/(1 − γ2)
1 + 4tN

vF trτsf

=
γ2/(1 − γ2)

1 + τn
τsf

. (A3)

In conclusion, the MR can be expressed in a similar way as a
function of the ratio of the dwell time to the spin lifetime for
both the diffusive regime in the limit r∗b " r2 (i.e., τn " τsf )
and the ballistic regime. In both cases, the MR drops and tends
to zero when the dwell time becomes much longer than the spin
lifetime.
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only symmetric structures (same magnetic material and same
tunnel barrier at both sides).

With respect to the single-interface problem of the preceding
section, there are two essential differences: 1) An important
role is played by the interplay between the spin accumulations
generated at different interfaces2 and 2) as already emphasized
in Section I, the problem is not only in injecting a spin-polarized
current but also in conserving a significant difference between
the spin accumulations in the P and AP configurations of the
source and the drain to finally obtain a significant difference
between the resistances of the two configurations (one wants
∆R/R or ∆V/V to reach the maximum value allowed by
the spin polarization of the injectors, or typically, ∆R/R or
∆V/V ∼= 1 or larger).

For diffusive transport and in the flatband approach, this
problem is very similar to the problem of CPP-GMR for
a spin-valve trilayer, but the small interface resistances be-
tween the metallic layers of the spin valve are replaced by
the larger resistances of the tunnel barriers inserted at the
source/semiconductor and semiconductor/drain interfaces. The
expressions of ∆R/R for the structures of Fig. 4, derived by
Fert and Jaffrès [14], are directly related to the expressions of
the standard model of the CPP-GMR [17]. They hold for a
flatband situation in the low bias limit (their extension to the
general case is not in the scope of this paper).

The results can be summarized by considering the curves of
Fig. 5(a) showing ∆R/RP as a function of the tunnel resistance
r∗b . These curves are calculated in [14, eqs. (23) and (24)] for
a structure of the type of Fig. 4(a) and (b) (same value for
the contact width and the semiconductor-channel thickness) by
using parameters for Co and GaAs indicated in the caption of
Fig. 5 and for several values of the distance tN between the
source and the drain. It turns out that an optimum value of
∆R/RP , of the order of the spin polarization of the injectors
(γ = 0.5 in the calculation), can be obtained when the tunnel
resistance r∗b is chosen in a window centered at rN .

Quantitatively, one finds that the condition to obtain the op-
timum value ∆R/RP = γ2/(1 − γ2) (half the value of ∆R/R
for a simple tunnel junction with the same spin-asymmetry
coefficient γ) can be written as [14], [31]

r1 = ρN tN $ r∗b $ r2 = ρN

[

lNsf
]2

tN
= rN

lNsf
tN

. (11)

The window for r∗b , expressed by (11), exists only for tN <
lNsf . In other words, an SDL longer than the channel length
is a necessary but not sufficient condition. In the optimum
conditions, that is, for tN $ lNsf (large window) and at the
maximum of the curve in Fig. 5(a), that is, at the center of the
window

[

∆R

RP

]max

=
γ2

1 − γ2
. (12)

2The interplay between successive interfaces is also essential in the theory of
the CPP-GMR, see [17]. More practically, the experiments of Kimura et al. [29]
show directly how the spin accumulation in a nonmagnetic conduction channel
is affected by all the contacts even if there is no current through the contact. The
addition of the spin relaxations brought on equal step by different contacts is
ignored by models ([30], for example) in which the spin accumulation spreads
from an “injection” contact without being affected by the other contacts.

Fig. 5. (a) ∆R/RP of an F/I/N/I//F structure of the type of Fig. 4(a) and
(b) as a function of the ratio r∗b /rN for different values of the ratio tN/lNsf .
The calculation is performed with the same parameters as for Fig. 3, that is,
rF = 4.5 × 10−15 Ω · m2 " rN = 4 × 10−9 Ω · m2, β = 0.46, γ = 0.5.
The values of tN and lNsf are indicated on the figure. (b) ∆R/RP of an
F/I/N/I//F structure of the type of Fig. 4(c) as a function of the channel
width ratio W/ω with the same parameters as in (a) for several values of tN
and r∗b = 5 × 10−7 Ω · m2. The relatively small maximum value of ∆R/RP

simply reflects the modest spin-asymmetry coefficient used in the calculation
(γ = 0.5). For (γ = 0.9), the maximum is around 430% [14].

This maximum value can be much larger than unity when γ
tends to one, but with usual values of γ for tunnel junctions,
this maximum value will be of the order of unity, for example,
four or five for the best junctions with MgO barriers. When
tN increases and comes closer to lNsf , the maximum of the
magnetoresistance (MR) curve decreases as exp(−tN/lNsf ), as
this can be found straightforwardly in [14, eq. (23)]. Although
the issue of the spin manipulation by a gate voltage is not in the
scope of this paper, we can, however, say that, if we consider
the action of a gate as a change of the spin relaxation or carrier
density in the semiconductor, this will lead to a variation of rN

and, consequently, to a resistance change corresponding to a
shift of the ratio r∗b/rN with respect to the window of Fig. 5(a).

The condition corresponding to the lower edge of the win-
dow, r∗b % ρN tN , is the condition for the spin injection from a
metal in the P configuration of the device (in the AP configura-
tion, for a symmetric structure also with tN $ lNsf , the current
is nonpolarized by symmetry and becomes polarized only when
the structure is asymmetric). This condition is equivalent to
the condition r∗b % rN = ρN lNsf found for the spin injection
through a single interface but less drastic, lNsf being replaced
by the length tN of the semiconductor channel.
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the examples of the spin-accumulation and current-polarization
profiles which have been calculated [14] in the respective situ-
ations r∗b = 0 and r∗b = rN " rF . With such a spin-dependent
interface resistance, in the limit of small currents and still in
a flatband model, the spin polarization of the current at the
interface becomes [12]–[14]

(SP)I =
(

j+ − j−
j+ + j−

)

I

=
βrF + γr∗b

rF + rN + r∗b
(9)

and then decreases exponentially as exp(−z/lNsf ) on the non-
magnetic side. Equation (9) expresses the polarization as well
for electrons entering N and outgoing from N (see next for
deviations from this symmetry in the situations of large current
and band bending).

We see from (9) that an intermediate value of the current
spin polarization is partly restored for r∗b

∼= rN , as illustrated
by the example of Fig. 2, and that the polarization reaches
the spin-asymmetry coefficient γ of the interface resistance for
r∗b " rN + rF . It can be noted that (9) holds for degenerate and
nondegenerate carriers.

The spin accumulation in N at the interface is given by

(∆µ)I = e
rN (βrF + γr∗b)
rF + rN + r∗b

j (10)

where j is the electrical current density, and then decreases
exponentially, as illustrated in Fig. 2(a).

The calculation is more complex when the band bending is
taken into account and also when, at high current density, the
spin accumulation gives rise to a spin dependence of the number
of carriers in the semiconductor (this is negligible at a reason-
ably small current density). Qualitatively, it remains that a too
transparent interface enhances the proportion of spin flips on the
F side and depolarizes the electron current before it reaches the
interface (or polarizes it only after the electrons leave the semi-
conductor). Calculations of the threshold value r1 of the inter-
face resistance necessary for spin injection when band bending
and large current densities are taken into account are not in the
scope of this paper and will be the subject of further publica-
tions (we can also refer to calculations of this type published by
Yu and Flatté [25] and by Bratkovsky and Osipov [26]).

Here, we only give an example [27] of what is obtained at
high current density but still in a flatband model. As shown in
Fig. 3, the spin polarization at the interface departs from its
value in the small current limit, given by (9), and depending on
the sign of the current, decreases or increases with the current
intensity. In the calculation of Fig. 3, performed for a nondegen-
erate semiconductor, the typical current density for significant
departures from the linear low current limit is kBT/(erN ).
The same type of calculation also predicts an influence of the
bias on the SDL also with an asymmetry between the positive
and negative bias [25]. The more complex situation with band
bending and also with bipolar transport [11], [28] leads to
additional bias-induced effects.

Fig. 3. Current spin polarization at the interface between a ferromagnetic
metal and a nondegenerate semiconductor calculated as a function of the
normalized current density for several value of the ratio r∗b /rN . The spin
polarization at j = 0 (dots) corresponds to (9).

Fig. 4. Different geometries for (ferromagnetic source/semiconductor/
ferromagnetic drain) structures. (a) and (b) Same width W for the ferromag-
netic and semiconductor channels in (a) vertical and (b) lateral geometry.
(c) Lateral structure with different channel widths W and ω. (d) Lateral struc-
ture with extension of the semiconductor outside the ferromagnetic contacts.
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A. Diffusive Transport: Condition for Spin-Accumulation
Conservation and Optimal Signal

We will now proceed from the single-interface case to the
problem of a semiconductor channel between ferromagnetic
sources and drains. The structure is of the type F/I/N/I/F
(F = ferromagnetic conductor, I = tunnel barrier, and N =
semiconductor), illustrated in Fig. 4, either in a vertical geome-
try [Fig. 4(a)] or in lateral one [Fig. 4(b)–(d)]. We will consider
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the examples of the spin-accumulation and current-polarization
profiles which have been calculated [14] in the respective situ-
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∼= rN , as illustrated
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exponentially, as illustrated in Fig. 2(a).
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of carriers in the semiconductor (this is negligible at a reason-
ably small current density). Qualitatively, it remains that a too
transparent interface enhances the proportion of spin flips on the
F side and depolarizes the electron current before it reaches the
interface (or polarizes it only after the electrons leave the semi-
conductor). Calculations of the threshold value r1 of the inter-
face resistance necessary for spin injection when band bending
and large current densities are taken into account are not in the
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tions (we can also refer to calculations of this type published by
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Here, we only give an example [27] of what is obtained at
high current density but still in a flatband model. As shown in
Fig. 3, the spin polarization at the interface departs from its
value in the small current limit, given by (9), and depending on
the sign of the current, decreases or increases with the current
intensity. In the calculation of Fig. 3, performed for a nondegen-
erate semiconductor, the typical current density for significant
departures from the linear low current limit is kBT/(erN ).
The same type of calculation also predicts an influence of the
bias on the SDL also with an asymmetry between the positive
and negative bias [25]. The more complex situation with band
bending and also with bipolar transport [11], [28] leads to
additional bias-induced effects.

Fig. 3. Current spin polarization at the interface between a ferromagnetic
metal and a nondegenerate semiconductor calculated as a function of the
normalized current density for several value of the ratio r∗b /rN . The spin
polarization at j = 0 (dots) corresponds to (9).
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Ni electrode spacing of 500 nm. 



Fabrication of the samples – first approach 

Permalloy (Py) 
clusters  
electrodeposited 
on Silicon (Si) 

Permalloy: ferromagnetic alloy with 80% Ni and 20% Fe 

Electrodeposition 



Electrodeposition of  FeNi (Py) clusters on silicon 

Deposition time t = 8 s 



Py/Si system - Electrical measurements 



Py/Si system - MR measurements (room temperature) 

t = 0 s 

t = 80 s t = 8 s 



Py/Si system - MR measurements (room temperature) 



Py/Si system with an Au layer 

5K	
  



MR vs Temperature 
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Fabrication of the samples – second approach 

Nanofabrication 

Electron beam lithography 
(CBPF/RIO de Janeiro) 

•  Ni and Al2O3 evaporated 

•  tN from 100 nm up o 1450 nm 

•  ρn-Si = 1 x 1015 Ω.cm-3  



Results for nanocontacts 
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MR = !R
R
=
! 2 / (1"! 2 )
1+ rb / r2

e!tN /LSD
N

LSD
N =

kT! s
2ne"

τs = spin life time!





ü  High MR values (up to 75%) at temperatures 
below 35 K!

ü  Results follow very well the model developed 
by Valet and Fert with a tunnel barrier at 
the interface introduced by Fert and Jaffrès 
that consider the spin injection as a 
diffusional process!

ü  Determination of LNsf varying in the range 
from 200 nm to 700 nm for temperatures 
decreasing from 35 K to 10 K (n-Si with a 
resistivity of 1015 cm-3.!

ü  The dependency of the silicon resistance with 
the temperature is main factor contributing 
to the upper limit of the resistance window, 
where the GMR exists.!

Conclusions: 



Thank you for the attention!!


