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Abstract
The rapid development of spin electronics has emphasized the importance of
spin accumulation to transport properties and spin manipulation for quantum
computing. The latter requires sufficiently long spin-relaxation times, that may
be achieved in nanometric particles. Spin accumulation is then expected to take
place and strongly affect the transport properties of the particles. The main
transport phenomena occurring in nanoparticles will be reviewed, as well as
their interplay with spin accumulation. Recent experimental results confirming
the theoretical predictions will also be presented. They show clear evidence
of the enhancement of the spin-relaxation time in nanometric particles and are
promising for the development of spin-electronics devices.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Spin accumulation is a phenomenon occurring at interfaces between materials with different
spin polarizations and inducing a local non-equilibrium magnetization and spin currents [1].
It makes possible spin injection in various materials [2, 3], may lead to current induced
magnetization reversal [4], . . .. Its mechanism relies on the interfacial boundary conditions,
requiring a continuity of the chemical potentials. The Fermi levels of each material then
split, leading to a local modification of the spin population in the vicinity of the interface.
This modifies the interfacial transport properties and, for example, is of primary importance in
giant-magnetoresistance (GMR) experiments performed in current-perpendicular-to-the-plane
(CPP) geometry as demonstrated by Valet and Fert [5]. The Fermi level splitting extends to a
certain distance given by the spin-diffusion length λSF = √

DτSF, where D is the spin-diffusion
constant and τSF the spin-relaxation time. In this range, due to the gradient of the Fermi levels,
spin currents appear and may be separated from charge current by a clever experimental set-
up [2]. In spin-transport experiments, the spin-diffusion length is a crucial parameter since it
determines the distance above which spin information is lost.
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Recently, apart from metal/metal interfaces, spin accumulation was studied at
metal/semiconductor interfaces, as it is a crucial parameter for spin injection in semiconductors
and the development of semiconductor spin electronics [3]. It was also studied in systems
with lateral dimensions smaller than the diffusion length so that the shift of the Fermi level is
spatially constant [6, 7]. However, if the lateral dimensions are continuously reduced, charging
effects may appear and combine with spin accumulation. These effects are due to the Coulomb
interactions between electrons and cannot be neglected as soon as the corresponding energies
are larger than the thermal activation kBT [8, 9]. The interplay of charging effects and spin
accumulation gives rise to a great variety of effects and may also be used to perform a direct
measurement of the spin-relaxation time in nanometric particles. In this paper, we will review
the main results concerning this interplay of charging effects and spin accumulation and present
recent experimental results about the measurement of the spin-relaxation time in nanometric
metallic particles.

However, before going into the details, we will describe spin-accumulation and charging
effects separately.

2. Spin accumulation in 2D structures

Spin accumulation was first predicted in 1977 by Aronov [1] and measured for the first time
in 1985 by Johnson and Silsbee by using ferromagnetic (FM)/non-magnetic (NM) metallic
interfaces [2]. The ratio ρFM

↑/↓ of up and down spin electrons driven from a ferromagnetic
material (FM) into a non-magnetic material (NM) differs from the equivalent ratio ρNM

↑/↓ inside
the non-magnetic material due to the spin polarization of the FM layer. To accommodate this
difference, spins accumulate at the interface. If ρFM

↑/↓/ρNM
↑/↓ > 1, the accumulated electrons

have an up spin, while they have a down spin in the opposite inequality. To satisfy the
charge neutrality, electrons with opposite spin are depleted. Up and down spins therefore
exhibit different chemical potentials. This is a current-driven non-equilibrium phenomenon
and the accumulated spins tend to relax as they penetrate further in the non-magnetic material.
Accordingly, the difference in the chemical potentials vanishes at a distance d > λSF from the
interface where the up and down spins share the same equilibrium chemical potential again. The
exact chemical-potential shift is obtained at the equilibrium between spin injection (i.e. spin
source) and spin diffusion (i.e. spin sink). As a consequence of this effect, in addition to the
charge current, a spin current is transmitted to the non-magnetic metal. Detection of this spin
current is not trivial since it is accompanied by a charge current giving rise to spurious effects.
Johnson and Silsbee [2, 10, 11] devised an experimental set-up allowing separation of the spin
and charge current in order to measure each of them independently (see figure 1). Spins are
injected through a first FM/NM interface (this FM layer is the equivalent of a ‘polarizer’) and
detected through a second NM/FM interface(this FM layer is the equivalent of a ‘detector’). If
a non-equilibrium magnetization is still present in the vicinity of the second interface, i.e. if the
distance between the two FM/NM interfaces is smaller than λSF, then a voltage will be detected
between the detector and the NM layer. It should be noted that no charge current flows through
the detector. The voltage building at the detector FM/NM interface depends on the relative
orientation of the magnetization of the detector compared to that of the polarizer. Therefore, by
fixing the magnetization of the polarizer and by varying the direction of the magnetization of the
detector layer, the detected voltage varies, thus probing the spin accumulation independently of
the charge current. By measuring this voltage change as a function of the distance L between
the two ferromagnets, one can extract the value of the spin-diffusion length of the non-magnetic
material. Spin accumulation decreases with L and finally vanishes for thicknesses much larger
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Figure 1. Simplified schematic illustration of the experimental set-up used by Johnson and Silsbee
to measure spin accumulation in a non-magnetic metallic layer [2].

than the spin-diffusion length λSF, so that no voltage change is detected. Knowing λSF, the
spin-relaxation time τSF may then be extracted by using the relation λSF = √

DτSF, where D
is the diffusion constant. Unexpectedly long spin-relaxation times were measured in the initial
experiments and this result was confirmed by the work of Jedema et al, who realized the first
measurement of spin accumulation at room temperature [12]. Several works were performed to
analyse in detail the experimental results of Johnson, and their results emphasize the influence
of the resistance of the FM/NM interfaces on the spin injection efficiency [13–15]. To confirm
this prediction experimentally, systems with metallic contacts or with tunnel junctions at the
FM/NM interface were studied [16, 17], and indicated an increased efficiency in the case of
tunnel barriers. When studying charging effects in nanoparticles, tunnel barriers are a necessity
and will in addition help confining the spin accumulation in the nanoparticle.

In the continuation of the works of Johnson and Jedema, several groups studied the effect
of spin accumulation in a metallic island [6, 7, 18]. In [6, 7], the lateral dimensions of the
non-magnetic island are smaller than the spin-diffusion length and the spin accumulation in
the particle is then constant as in the systems used for the study of charging effects detailed
in section 3. However, these dimensions are still too large to observe noticeable charging
effects at the measurement temperature. In the work of Kimura et al [18], the particle is
ferromagnetic and the spin accumulation is used to reverse its magnetization. Accumulated
spins generate a non-equilibrium magnetization, exerting an exchange interaction on the local
magnetic moments. For high enough currents, this interaction may overcome the anisotropy
energy and switch the moments of the particle. Due to the non-local configuration, no charge
current flows through the particle and only spin current is used to modify the magnetization
configuration. This absence of charge currents makes charging effects irrelevant whatever the
size of the particle.

3. Interplay of charging effects and spin accumulation

Recently, the effects of spin accumulation in 0D systems, i.e. mainly nanoparticles, started to
be investigated and have proven useful for the investigation of spin-relaxation time in low-
dimensionality environments [19, 20]. In such systems, the lateral dimensions of the particles
do not exceed a few nanometres and charging effects now combine with spin accumulation and
strongly influence the transport properties. Before presenting the consequences of the interplay
of spin-accumulation and charging effects, we will introduce the mechanism of the latter only.

The charging effect arises from the Coulomb interaction between charges, and in particular
from the repulsive interactions between electrons. In the simplest case, we consider two neutral
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Figure 2. Schematic representation and equivalent electric circuit of a double tunnel junction
including a nanometric particle. (a) Schematic diagram; (b) equivalent electric circuit including
a gate electrode; (c) equivalent electric circuit without gate electrode.

conductive particles separated by a distance r . If an electron tunnels from one particle to the
other, the total energy of the system rises by about e2/r due to the creation of an electric dipole.
Therefore, only electrons with at least this energy above the Fermi level can be transferred
between neutral particles [21, 22]. The energy needed to inject an additional electron in the
particle is called the charging energy EC and its value is related to the intrinsic capacitance C
of the particle: EC = e2/C [8].

Experimentally, these charging effects are commonly studied in systems in which
nanometric particles are separated from electrodes by tunnel barriers, as shown in figure 2(a).
The electrodes act as reservoirs from which electrons are injected into the particle (sometimes
referred to as the central electrode). The transport is then dominated by the so-called ‘single-
electron tunnelling’ effects, in which electrons tunnel one by one when their energy is high
enough to overcome the charging energy of the progressively charged particle. As indicated
in figure 2(a), a gate electrode may be added to control the charge stored in the particle and
the equivalent electric circuit is shown in figure 2(b). Each tunnel junction is characterized by
a resistance Ri and a capacitance Ci and carries a charge Qi , where the subscript i identifies
the junction and is denoted l, r or g for the left, right and gate junctions respectively. In such
systems in which the particle is sandwiched between two electrodes, the expression of the
charging energy becomes EC = e2/2C [8]. In the following, to make the explanation simpler,
the gate effect will not be considered and the system under consideration is described by the
equivalent electrical circuit shown in figure 2(c). To estimate the bias voltage necessary to inject
electrons in the particle, it is necessary to calculate the energy change related to the tunnelling of
an electron from an electrode to the particle (for example from the left junction to the particle).
Prior to this calculation, it is of primary importance to notice that the charging effects will only
be noticeable if these energy changes are much larger than the thermal activation kBT . If not,
the thermal activation overcomes the charging energy and charging effects become negligible
so that tunnelling is allowed at any non-zero bias voltage. This implies a condition on the size
of the particles. By approximating the particles by spheres, their self-capacitance is given by
Cself = 4πε0εrr , where ε0 is the permittivity of vacuum, εr is the dielectric constant of the
tunnel barriers and r the radius of the particle. From an experimental point of view, in order to
minimize the spurious effects of thermal fluctuations, the condition EC > 10kBT is often used
and the maximum diameter suitable for the observation of charging effects is given by

d <
e2

40πε0εrkBT
. (1)

Table 1 shows the maximum diameter obtained from this expression as a function of
temperature for MgO tunnel barriers (εr = 9.8).
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Figure 3. Schematic representation of the Coulomb staircase and of the energy levels inside the
particle. The levels are split by the charging energy. A step appears in the I (V ) characteristic every
time the Fermi level of the source (left) electrode matches one of the levels of the particle.

Table 1. Maximum diameter for the observation of charging effects.

Temperature (K) Maximum diameter (nm)

4.2 41
20 8.6
77 2.2

300 0.6

In the initial state, we assume that n electrons dwell on the particle. The energy
change due to the tunnelling from an electrode to the particle, or inversely, may be simply
calculated by expressing the free energy of the system and by using Kirchhoff’s law and charge
conservation [23].

At very small biases, all these energy changes are positive and tunnelling through the
junctions cannot occur since it would lead to an increase of the total energy of the system. The
current only starts to flow when the bias voltage reaches a threshold Vth for which one of these
energy changes becomes negative. If one supposes that the initial charge state of the particle is
n = 0, then this threshold is given by

Vth = Min

{
e

2Cl
,

e

2Cr

}
. (2)

Similar conditions may be found for the various charge states of the particle, and the I (V )

characteristic takes the shape of a staircase known as the Coulomb staircase. The voltage region
in which no current flows, i.e. below the first step of the staircase, is referred to as the Coulomb
blockade region. The Coulomb staircase may also be understood by drawing the simplified
representation of the energy levels of the particle as shown in figure 3. For simplicity, the
capacitances of the left and right junctions are supposed equal and denoted by C0. The charging
effects then raise the Fermi level by the quantity e2/2C0 and no tunnelling can occur unless a
bias voltage high enough to reach this level is applied. The next steps of the staircase occur
when the Fermi level of an electrode matches the level raised above the Fermi level of the
particle by (2n + 1/2)e2/C0.

If ferromagnetic materials are used to prepare the electrodes and/or the particle, the
charging effects have also been shown to have strong consequences on the magnetoresistance
of the double tunnel junctions [24, 25]. Barnas and Fert [24] assumed a double tunnel junction
with both electrodes and the central particle being ferromagnetic. The spin relaxation time
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was assumed to be shorter than the time interval between two successive tunnelling events.
The spins therefore relax before tunnelling out of the particle and both spin populations share
the same Fermi level. Their results indicate that the magnetoresistance of such a double
tunnel junction oscillates as a function of the bias voltage, the successive peaks of the TMR
corresponding to the steps of the associated Coulomb staircase. Majumdar et al [25] found
similar results by assuming a variety of configurations including both ferromagnetic and non-
magnetic materials. Such an effect has since been observed in various systems including FM
particles [26–29]. It was then not long before spin accumulation was taken into account in
the models. If the spin-relaxation time becomes larger than the time between two successive
tunnelling events, the tunnelling spins do not relax before leaving the particle and start to
accumulate [30–35]. In this case, and as described in section 2, the Fermi level of the particles
becomes split. However, given the small lateral size of the particle, the splitting is constant in
the whole particle. Furthermore, this splitting does not only affect the Fermi level itself, but
is passed on the energy levels coming from the charging effects. This will therefore alter the
shape of the steps of the Coulomb staircase. This shift, denoted by �EF, is directly related
to the current flowing through the system and to the spin-relaxation time τSF by the following
expression:

Ir,σ − Il,σ = e
Dσ 	�Eσ

F

τSF
(3)

where Ii,σ is the current of electrons with spin σ through the i th junction, Dσ the density of
states at the Fermi level for spin σ and 	 the volume of the particle. This expression simply
expresses the fact that all the electrons that are not transferred through the particle without spin
loss are diffused in the particle with a rate 1/τSF. In the approximation of an infinite relaxation
time, this expression simply becomes Ir,σ − Il,σ = 0.

The interplay of single-electron tunnelling and spin accumulation makes the resulting
effects difficult to model analytically and numerical simulation is often used. The simplest
method is the orthodox theory of sequential tunnelling [24, 25]. In this model, by using the
energy changes mentioned above, the transition rates 
±

i (n) through both tunnel junctions are
calculated as well as the probability p(n) for finding n excess electrons on the particle. The
probabilities p(n) are then estimated in the stationary state dp(n)/dt = 0. From these, the
Fermi level shifts are estimated self-consistently in order to fulfil equation (3). The current
flowing through the system can then be estimated as a function of the applied bias voltage (and
gate voltage as well if a gate is included [36]):

I = −e
∞∑

n=−∞
p(n)[
+

1 (n) − 
−
1 (n)]. (4)

Figure 4 shows the I (V ) characteristic, Fermi level shifts and magnetoresistance
calculated by this model. For simplicity, we have considered a double tunnel junction consisting
of two identical ferromagnetic electrodes and a central non-magnetic particle. The parameters
of the calculation are as follows: RP

l,↓ = 1 G	, RP
r,↓ = 10 M	, Pl = Pr = 0.35,

Cl = Cr = 1 aF, τSF = ∞, diameter d = 2.0 nm and T = 4.2 K. We restricted the calculations
to the parallel (P) and antiparallel (AP) magnetic configurations in which the magnetizations
of the electrodes make an angle of 0 and π respectively. The resistances for the up spin
channel and the antiparallel configuration were deduced by using the spin polarization. The
magnetization of the left electrode was assumed to be fixed while that of the right electrode
was reversed to simulate the effect of an external magnetic field. We define by N+

↑ and N+
↓

the number of electrons tunnelling into the particle for spin up and down respectively and by
N−

↑ and N−
↓ the number of electrons tunnelling out from the particle, as well as the ratios
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(a)

(b)

(c)

Figure 4. (a) Current, (b) Fermi level shifts and (c) TMR of a double tunnel junction with the
structure FM/I/NM/I/FM, where I stands for the tunnel barriers. The spin-relaxation time is chosen
to be infinite and spin accumulation is manifest as an oscillating shift of the Fermi level.

ρ+ = N+
↑ /N+

↓ and ρ− = N−
↑ /N−

↓ . Figure 4(a) shows that a Coulomb staircase with the
expected period e/C is obtained. Furthermore, in spite of the use of a non-magnetic particle,
figure 4(c) shows a non-zero oscillating TMR. Since no spin diffusion takes place in the particle,
due to the infinite spin-relaxation time, the electrons retain memory of their initial spin state and
contribute to the magnetoresistance. TMR oscillates with a period corresponding to that of the
associated Coulomb staircase as predicted by the various models [24, 33]. Secondly, the shift
of the Fermi levels also exhibits an oscillatory behaviour with a similar period (see figure 4(b)).
However, in the parallel configuration, no spin accumulation occur since the resistances of
the two junctions are symmetric and therefore ρ+ = ρ−. In other words, the number of up
electrons tunnelling in the particle is strictly identical to the number of up electrons tunnelling
out of the particle, and the same is true for down electrons. Therefore, the Fermi level of the
particle does not split since electrons do not accumulate. In the anti-parallel configuration the
situation is different since, for example, the number of incoming up electrons is proportional
to D↑

elec D↑ while for outgoing up electrons it is D↑ D↓
elec, where Delec is the density of states at

the Fermi level of the electrodes. This difference leads to non-zero spin accumulation. As
shown in figure 4(b), this does not concern the Coulomb blockade area in which the spin
accumulation is zero since no electrons flow through the system. Once the Coulomb threshold
is overcome, spins start to accumulate and the shift of the Fermi levels shows an oscillatory
behaviour with a period corresponding to that of the Coulomb staircase. This oscillation can be
simply understood by looking at the configuration of the energy levels (see figure 5). When the
threshold is reached (see figure 5(a)), spins start to accumulate (accumulation of up spin and
depletion of down spin) and the shift of the Fermi level increases with the bias voltage until
the chemical potential of the down spins approaches the value at which a second electron may
enter the particle (see figure 5(b)). This second electron is necessarily a down spin and the spin
accumulation then decreases. It reaches a minimum at the bias voltage which allows up spin to
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Figure 5. Schematic diagram of the energy levels of the left electrode and the central particle.
(a) Both up and down spins flow through the first split energy level of the particle and spin
accumulation increases; (b) electrons start to flow through the second energy level of the particle.
However, only down spins can flow due to the splitting. Spin accumulation then starts to decrease.
(c) Up spins are now allowed to flow through the second level of the particle and spin accumulation
starts to increase again. This phenomenon will then be repeated for the next levels and give rise to
oscillation of the Fermi level shift.

participate in the n = 2 state and to accumulate again (see figure 5(c)). This repeats for every
step of the Coulomb staircase and therefore leads to the observed oscillations. Furthermore, the
sign of TMR changes periodically from positive to negative. Such an effect is not observed in
the limit of fast spin relaxation and is therefore a characteristic signature of spin accumulation.
It should also be noticed that this sign change is not an intrinsic property of the material of
the particle but is only due to the oscillatory behaviour of the Fermi level shift. It is therefore
different from previously reported bias-dependent sign changes in single tunnel junctions [70].

As can be seen from equation (3), the shift of the Fermi level, hence the spin accumulation,
depends on a number of parameters. Obviously, the first of them is the spin-relaxation time
of the electrons dwelling in the particles. For non-infinite spin-relaxation times, a fraction
of the spins relax inside the particle and the spin-accumulation effect is reduced. In the
case of a double tunnel junction with a non-magnetic particle, TMR decreases as the spin-
relaxation time is reduced and tends towards zero for spin-relaxation times shorter than the
time interval between two successive tunnelling events, e/I as shown in figure 6. In the case of
a ferromagnetic particle, the behaviour of TMR is not that simple, but it appears that the shape
of the TMR curve is strongly dependent on the spin-relaxation time. This property may be used
to estimate τSF, as will be shown in section 4.

Apart from the spin-relaxation time, the spin accumulation also appears to depend on the
size of the particle via its volume. As a result, the tunnelling magnetoresistance also becomes
size dependent. Figure 7 shows the size dependence of the TMR for a system with a non-
magnetic particle and the following parameters: RP

l = 1 G	, RP
r = 10 M	, Pl = Pr = 0.35,

τSF = 1 ns, and T = 4.2 K. The capacitances are automatically deduced from the mean
diameter. For large particles, spin accumulation is almost ineffective and TMR tends towards
zero. When the size is decreased, TMR increases as the current density increases and the spin
accumulation amplifies.

Finally, the spin accumulation depends on the density of states at the Fermi level. In the
case of a non-magnetic particle, only the absolute value of this density matters, but things
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Figure 6. Dependence of the TMR ratio on the spin-relaxation time τSF in the case of an
FM/I/NM/I/FM double tunnel junction with the following parameters: R P

l = 1 G	, R P
r = 10 M	,

Pl = Pr = 0.35, and T = 4.2 K.

Figure 7. Dependence of the TMR ratio on the diameter of the particle in the case of an
FM/I/NM/I/FM double tunnel junction with the following parameters: R P

l = 1 G	, R P
r = 10 M	,

Pl = Pr = 0.35, τSF = 1 ns, and T = 4.2 K.

are different in the case of a ferromagnetic particle. Barnas and Fert [31] mentioned that
the spin accumulation then also depends on the ratio of the density of states for spin up and
down, i.e. on the spin polarization of the particle. In order to respect the charge neutrality,
the number of accumulated electrons must be equal to the number of depleted electrons and
the shifts of the Fermi levels therefore obey D↑�EF,↑ = D↓�EF,↓. The effect of spin
accumulation was then predicted to be enhanced when the largest Fermi level shift occurs in
the spin channel conducting most of the current. Experimentally, this dependence should be
observed by measuring and comparing the spin accumulation in Co and Fe particles. Although
the polarizations of the tunnelling electrons of both Co and Fe are quite similar [37, 38], the
polarizations of their whole electron populations are quite different: for Fe it is positive (19%),
indicating that the majority spins have the highest density of states at the Fermi level, while
it is negative (−73%) [39] for cobalt. Figure 8 shows the I (V ) characteristics and TMR for
particles made of both materials with the following parameters: RP

l = 1 G	, RP
r = 10 M	,

9



J. Phys.: Condens. Matter 19 (2007) 165214 F Ernult et al

Figure 8. Dependence of the TMR ratio on the polarization of the particle in the case of an
NM/I/FM/I/FM double tunnel junction. For similar electrodes and magnetic configurations, Co
and Fe particles give rise to different TMR curves.

Pl = 0 (non-magnetic electrode), Pr = 0.35, Cl = Cr = 1 aF, τSF = 10 ns, d = 4 nm, and
T = 4.2 K. Although experimental results in Co particles have been obtained (see section 4)
and correlated with the present theory, no result has been reported yet on spin accumulation in
Fe particles.

All these dependences may help identify the spin-accumulation effect in nanoparticles in
DC current measurements. In addition, Brataas [33–35] et al also reported that the AC and
transient response of a double tunnel junction exhibit features due to the spin accumulation in
the particle. The authors assume that a bias voltage much higher than the Coulomb threshold
is suddenly decreased and examine the response of the system until its return to equilibrium.
If the final bias voltage is above the Coulomb threshold, they predict that the relaxation of the
current will occur with the time constant RC . On the other hand, if the final voltage is below
the Coulomb threshold, they predict that the relaxation of the current will now occur on a time
of the order of the spin-relaxation time, which is usually much longer than RC . This is due to
the fact that for voltages below the Coulomb threshold the spin of the electrons can only relax
in the particle, since the relaxation channels provided by the tunnel junction are blocked. Such
a long current relaxation time is an alternative way to identify spin accumulation and estimate
the spin-relaxation time in nanoparticles.

Beyond these basic considerations on spin accumulation, several groups studied the
interplay of SET and spin accumulation in various configurations and regimes.

3.1. Cotunnelling regime

As mentioned when detailing the results shown in figure 4, spin accumulation vanishes
in the Coulomb blockade regime since no current flows through the particle. However,
if the resistances of the tunnel junctions become of the order of the quantum resistance
RK = h/e2 ≈ 25.8 k	, co-tunnelling appears and current may flow below the Coulomb
threshold. Co-tunnelling is a high-order tunnelling process in which an electron enters the
particle while a second one is leaving the particle simultaneously [40]. The particle then only
experiences a virtual charge state and there is no increase of the charging energy in the process.
Spin accumulation therefore builds as soon as the voltage is applied and Imamura et al [41]
showed that it may strongly affect the Coulomb blockade region, hence the onset of sequential
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tunnelling, by removing spin-degeneracy. Due to the cotunnelling induced spin accumulation,
the threshold above which sequential tunnelling starts now depends on the spin carried by the
electron. At first, only electrons with a spin whose Fermi level has been lowered may tunnel
into the particle by sequential tunnelling, and only those with a raised Fermi level may tunnel
out. The region in which only a given spin population is allowed to enter the particle is called
‘half Coulomb blockade’ and is given by −δEF < E±

1 < δEF and −δEF < E±
2 < δEF. In this

‘half Coulomb blockade’ regime, the authors predict oscillations of the TMR that may be used
as a signature of the phenomenon.

More recent works concentrated on these resonances in the ‘half Coulomb
blockade’ [42, 43]. Rather than the orthodox theory of sequential tunnelling, the authors used
a more recent model called the ‘diagrammatic real-time technique’ [44] in order to perform
accurate calculations of the current close to these resonances. The main finding is the presence
of a clear split peak in the conductance curve at the position of the Coulomb threshold. This
splitting is direct evidence of the splitting of the chemical potentials due to spin accumulation.
Although this splitting in the conductance peaks could still be observed in pure sequential
tunnelling (for the second step and above), the authors emphasize the fact that it appears more
clearly in the cotunnelling regime and allows an estimation of the spin-relaxation time.

3.2. Energy level quantization

When the size of the particle becomes small enough, it may be considered as a quantum well,
the walls of which correspond to the surrounding tunnel junctions. In this limit, the energy
levels of the particle become quantized and additional effects are expected due to the interplay
of this quantization with the spin-accumulation and charging effects. In a simple view adopting
the free-electron model, the spacing between spin-degenerate energy levels may be written
as [45]

δ = 2π2h̄2

mkFV
(5)

where m is the mass of the electron and kF is the Fermi wavevector. These energy levels
appear as conductance peaks every time they are aligned with the Fermi level of the source
electrode. However, in order to correctly resolve these levels, the transport measurements must
be performed at low enough temperatures satisfying T < δ/3.5kB. Realistic values for the
various parameters of the above mentioned equations give temperatures below a few Kelvin
and the experiments aimed at resolving the quantized levels of a metallic particle are often
conducted at temperatures of a few hundred millikelvin [45, 46].

The theories previously presented were improved to include this size quantization effect
and study in details its influence on the transport properties of double tunnel junctions [47–49].
In addition to the usual Coulomb staircase steps, all these works report an additional fine
structure in direct relation to the individual energy levels of the particle. As mentioned above,
an additional step is observed in the I (V ) characteristics (or peak in the conductance curve)
every time the applied bias voltage is in resonance with an energy level of the particle. These
fine structures are also observed in the TMR and the shifts of the Fermi levels. They disappear
rapidly when the temperature is increased, since the inter-level spacing δ was chosen to be
about an order of magnitude smaller than the charging energy EC and the related effects are
therefore quite sensitive to the thermal activation. Barnas et al [32] also discussed additional
specific effects due to the size quantization. The authors pointed out that as the gate voltage is
varied the period of the observed oscillations is doubled compared to that observed in systems
without size quantization. This effect is especially pronounced in the TMR curves and is due to
the difference between charge states with even or odd numbers of electrons. This double period
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disappears if the temperature is high enough to spontaneously open new spin channels, i.e. if
the thermal activation is large enough to overcome the level spacing δ.

Systems in which the inter-level spacing is much higher have also been considered, and
the authors of these models assume that only a single level can be accessed by the tunnelling
electrons. In this frame, the particle only exhibits four distinct charge states: (a) no electron;
(b) one spin-up electron; (c) one spin-down electron; (d) two electrons with opposite spins.
The calculations are based on the real-time diagrammatic technique [44] and emphasize the
role of spin accumulation [50, 51]. Combined with cotunnelling, it is predicted to give rise to a
zero-bias anomaly in the antiparallel configuration [51].

Most of the works presented above focus on parallel and antiparallel configurations in
which the magnetizations of the electrodes and particles are collinear. However, interesting
phenomena may appear for intermediate angles. Konig et al [52] model the transport properties
of a non-magnetic particle with a single energy level and discuss the occurrence of a dot–lead
interaction similar to an exchange field. When the magnetizations of the electrode are non-
collinear, this exchange field exerts a torque on the spin accumulated in the particle and makes
it precess, which alters the transport properties.

3.3. Current-induced magnetization reversal

This work on spin precession in nanoparticles suggested the possibility of current-induced
magnetization reversal (CIMS) in the particle. This phenomenon is now under intensive study
in 2D systems since it may allow a technological leap in the lucrative market of magnetic
random-access memory (MRAM) [54]. To briefly introduce the CIMS effect, we consider a
simple spin valve. Usually, the directions of the magnetizations of the ferromagnetic electrodes
are controlled by an external magnetic field. It is therefore possible to switch from a parallel to
an antiparallel configuration. Since the conduction electrons are polarized by the ferromagnetic
layers, magnetoresistance effects can then be measured. In 1996, Slonczewski proposed the
reversed mechanism, in which the current is polarized by the first FM layer and then exerts a
torque on the magnetization of the second FM layer and causes a magnetization reversal [53].
This reversal only occurs if the current is higher than a threshold depending on the saturation
magnetization and the thickness of the second FM layer. Readers with a special interest in this
field should consult [56] for the detailed basis of the phenomenon. Although the initial proposal
stated that this effect would be almost impossible to observe in magnetic junctions due to the
high current density required, several groups have succeeded in performing current-induced
magnetization switching in Al2O3 and MgO [57–60] based magnetic tunnel junctions.

The CIMS effect may in fact have two different origins that are still discussed [61]: a
torque exerted by the spin of the conduction electrons [53] or a field originating from the spin
accumulation taking place at the FM/NM interface [4]. In the case of double tunnel junctions
including nanometric particles, the spin torque effect may be inefficient due to the very low
current densities caused by the tunnelling barriers. On the other hand, spin accumulation
in the particles may be strong enough to affect the transport properties of the system and
could be used to switch the magnetization of the particles. In addition to this high spin
accumulation, nanoparticles, due to their small lateral dimensions, only count a small number
of spins, making their magnetization easy to reverse. Up to now, CIMS has not been observed
experimentally in nanoparticles, but several groups have already developed theoretical models.
Jalil and Tan [62] extended the orthodox theory to correlate spin accumulation with both
current I and magnetization M . The authors assumed a ferromagnetic single-domain particle
sandwiched between a ferromagnetic source electrode, a non-magnetic drain electrode and a
gate. The magnetization of the particle was modelled by a Stoner–Wohlfarth expression in
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which the direction of the magnetization is not controlled by an external field, but by the spin
accumulation �S in the particle. Spin accumulation was then computed from the orthodox
theory to obtain M(I ) curves. Numerical calculations in the case of a 15 nm diameter particle
indicate that the current density required to switch the magnetization of the particle is of the
order of 105 A cm−2 and can even be decreased to 3 × 104 A cm−2 if the easy axis of the
particle is carefully chosen. These current densities are one order of magnitude smaller than
the best results obtained in planar tunnel junctions [58, 59] and are therefore promising for the
development of applications. Inoue and Brataas [63] included the discreteness of the energy
levels of the particle in their model and also predicted current-induced magnetization reversal
in a nanoparticle. They showed that the particle includes both d and s–p-like electrons with
different densities of states, and this difference favours a unique direction of the magnetization.
Depending on the direction of the current, the magnetization of the particle will preferably
remain in its original direction or rotate by π , unless the anisotropy is too strong.

3.4. Multiple particles

Most of the theoretical work has been used to make predictions for a system including a single
particle. However, the models can be easily generalized to a higher number of particles. The
particles do not even have to be connected in series, as modelling of an assembly of particles by
a simple electrical circuit can be performed [64]. These models are then especially useful for
comparison with experiments in which an assembly of particles with distributed characteristics
is used [65, 66].

Recently, spin accumulation was included in these generalized models to describe non-
magnetic [67] as well as ferromagnetic [68] multi-particle systems. However, the introduction
of spin accumulation requires self-consistent calculations to estimate the shift of the Fermi
levels in the particles, and for simplicity the models were restricted to double particles only.
In the case of ferromagnetic particles, although the shifts of the Fermi levels are somewhat
different from those obtained in double tunnel junctions, both I (V ) characteristics and TMR
are quite similar to the single-particle case. For non-magnetic particles, the authors pointed
out that spin accumulation is observed in both parallel and antiparallel configurations even in
the case of electrodes made of identical ferromagnetic materials (see section 3 for the single-
particle case). This originates from the different spin asymmetries of the conductances of the
junctions between the particles and the electrodes and the junction between the two particles.
As a result, TMR does not vanish and shows oscillations as a function of the bias voltage,
although the electrons have travelled through two successive non-magnetic particles.

4. Experimental results

To detect spin accumulation in nanoparticles, we prepared ferromagnetic nanoparticles and
measured their transport properties, and in particular TMR since it is strongly dependent on
spin accumulation. The particles were made of Co. Due to the negative spin polarization at
the Fermi level, the largest shift of the Fermi level occurs for the majority spins, therefore
maximizing the influence of spin accumulation on the transport properties (see section 3). The
samples were prepared on thermally oxidized Si substrates and the details of the deposition are
described elsewhere [19]. The structure of the samples is as follows: Al/Al–O/Al–O–Co/Co/Pt.
The top electrode is ferromagnetic while the bottom electrode is non-magnetic Al, and Al–O–
Co stands for a so-called granular film made of Co particles randomly distributed in an AlOx

insulating matrix. This makes the hysteresis loop of the samples easier to interpret, since the
magnetoresistance is only determined by the relative orientations of the magnetization of the
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Figure 9. Schematic diagram of the micro-fabricated sample with a structure Al/Al–O/Al–O–
Co/Co/Pt. The roughness of the bottleneck layer gives rise to area in which a vertical current path
includes only one particle [19].

particles and the Co top electrode. In addition, this asymmetry in the magnetic properties of
the electrodes leads to spin accumulation in both parallel and anti-parallel configurations. After
deposition, the samples were microfabricated into 0.4 × 0.4 μm2 square pillars in order to
reduce the number of active particles (see figure 9). The composition of the Al–O–Co granular
film was determined to be Co31Al24O45 by Rutherford back-scattering, and the average size
of the particles was estimated to be 2.5 nm from ZFC–FC curves and transmission electron
microscopy observation [69].

The transport properties of the samples were measured at 4.2 K in two different magnetic
fields: H = 0 and 10 kOe. According to previous experiments [69], H = 10 kOe is
large enough to saturate the Co particles and the magnetic configuration is then parallel
(i.e. the magnetizations of the Co electrode and the particles are parallel). In zero field,
the magnetizations of the particles are free to rotate and to align along their respective easy
axis. These easy axes being spatially distributed and different for very particle, the zero-field
magnetic configuration is therefore not exactly anti-parallel. Due to this possible incomplete
AP state, the estimated spin relaxation is a lowest value under which the real spin-relaxation
time in the system cannot go (see below). The tunnel magnetoresistance of our samples was
defined as TMR = (RH=0–RH=10 kOe)/RH=0.

Figure 10(a) shows the I (V ) characteristics for the different values of the applied field.
Coulomb staircase was observed, and is especially marked in the zero-field configuration. In
the positive bias region, the steps are observed at the following bias voltages: 15, 50, 85 and
120 mV (and similarly for the negative bias region). The symmetric curve implies a negligible
initial background charge on the probed particle. The observation of such a definite Coulomb
staircase is usually not expected in samples including a large number of particles. However, in
our case, the roughness of the granular film and of the bottleneck layer helps defining restricted
current paths containing only a few particles and along which the current preferentially flows
(see figure 9). Consequently, only a few particles are probed in parallel.

Due to the different shapes of the I (V ) characteristics measured in zero and 10 kOe
fields, the two curves periodically cross close to the position of the steps. The corresponding
TMR is shown in figure 10(b) and is found to oscillate with the same period as the staircase.
Furthermore, it shows a periodic sign change with negative peaks corresponding to the
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(a)
(b)

Figure 10. I (V ) characteristic (a) and TMR (b) of a sample with the structure Al/Al–O/Co–
Al–O/Co/Pt. Both Coulomb staircase and TMR oscillations are observed as a function of the
applied bias voltage. Periodical sign change of the TMR characteristic of spin accumulation is
also observed.

voltages at which the two I (V ) characteristics cross each other. The observed TMR is in
the range [−10%; +15%] and is therefore much higher than the value expected for a similar
tunnel junction with continuous central electrode. In the absence of charging effects, the
TMR would be (RAP − RP)/(RAP + RNM), where RP and RAP stand for the resistances
of the junction between the particles and the Co top electrode in parallel and anti-parallel
configurations respectively, and RNM stands for the resistance of the non-magnetic Co–Al–
O/Al–O/Al junction. Given that this junction corresponds to the bottleneck, i.e. the highest
resistance, the total TMR is expected to be strongly reduced. If we use the Co polarization
deduced from FM/I/SC junctions [38] and the resistance estimated from our measurements, the
TMR should not exceed 0.33%. Therefore, even if the measured TMR does not exceed the
TMR predicted by Julliere for a single tunnel junction, it appears to be greatly enhanced by the
charging effects. Another interesting feature of our results is the periodical sign change of the
TMR confirmed by R(H ) curves measured at various voltages [19]. Although sign changes
of the TMR as a function of the bias voltage have been observed in previous reports for single
tunnel junctions [70], no experimental report of periodical change was published.

As mentioned in section 3, periodical sign change of the TMR as a function of the bias
voltage is one of the consequences of spin accumulation occurring in nanoparticles. According
to the theoretical models, the spin-relaxation time τSF in the Co particles exceeds the interval
between two successive tunnelling events, estimated to be tdwell = e/I = 4 ns at 100 mV.
This gives a lower limit of τSF but a more precise estimation may be achieved by taking
advantage of the strong modification of the shape and intensity of the TMR curve as a function
of τSF [31, 33, 34]. In particular, when entering the long-spin-relaxation regime, the TMR
peaks are predicted to undergo a π phase shift.

We performed numerical simulations based on the orthodox theory of sequential
tunnelling. In these simulations, we study the case of a single ferromagnetic particle between
two electrodes: a ferromagnetic and a non-magnetic one. We restricted the study to the case
of collinear magnetizations (i.e. parallel or anti-parallel). As mentioned earlier, it is difficult
to estimate experimentally the exact angle between the magnetizations of the particles and
the ferromagnetic electrode. However, calculating the TMR between P and AP configurations
gives the lower limit of the spin-relaxation time (if the angle in zero field is lower than π ,
a longer spin-relaxation time would be needed to recover the amplitude of TMR observed
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Figure 11. Experimentally measured TMR compared with numerical calculations performed for
different values of the spin-relaxation time.

experimentally). The capacitances and resistances were estimated from the period and
magnitude of the tunnel current respectively. Values are as follows: Cl = 4.44 aF, Cr = 3.00 aF,
RP

l,↑ = 25.0 G	, RP
l,↓ = 51.9 G	, RP

r,↑ = 250 M	 and RP
r,↓ = 1.08 G	, RAP

l,↑ = RP
l,↑,

RAP
l,↓ = RP

l,↓, RAP
r,↑ = RAP

r,↓ = 519 M	. With these parameters, the polarizations and the
temperature (4.2 K) fixed, the last free parameter is the spin-relaxation time in the particle.
Figure 11 shows the experimentally measured TMR in positive bias voltage and the curves
calculated by applying the orthodox theory for different values of the spin-relaxation time.
When the spin relaxation is increased and becomes larger than the interval between successive
tunnelling times, the positive peaks located at 18, 53, 88 and 123 mV for τSF = 1 ns gradually
become downwards. In the mean time, the flat regions observed in the fast relaxation limit
become upward peaks. The data are best fitted by the curve obtained for τSF = 150 ns. Such a
spin-relaxation time is much larger than the values extracted from CPP-GMR studies [71] and
is then quite promising for spin-electronics applications in which the spin of the electrons has
to be manipulated.

Similar results were recently obtained in Au particles by Mantel et al [20]. In this paper,
the structure of the samples is Co/Al2O3/Au/Al2O3/Co and the patterning method employed
allowed the authors to measure the transport properties of a single particle. Non-zero current
was found to flow in the Coulomb blockade area, indicating the presence of co-tunnelling, and
spin accumulation was probed by TMR measurements in this co-tunnelling regime. TMR was
unambiguously observed and its sign can in no way be attributed to direct tunnelling between
the Co electrodes, thus confirming spin accumulation in the Au particle. Although this indicates
a rather long spin-relaxation time, no numerical value was presented.

It therefore appears that the spin-relaxation time in both ferromagnetic and non-magnetic
materials is greatly enhanced when all lateral dimensions are reduced to a few nanometres.
Such a phenomenon was predicted [72] in semiconductor quantum dots and originates from
the discretized energy levels due to size quantization. Spin-relaxation times longer than a few
microseconds were observed in AlGaAs/GaAs quantum dots [73] and a complete absence of
spin decay was even reported in InAs/GaAs quantum dots [74].

In the case of metallic particles several explanations have been advanced to explain the long
spin-relaxation time, and as in the semiconductor case they mainly rely on the discretization of
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the energy levels. This discreteness leads to a strong reduction of the spin–orbit interaction and
therefore suppresses one of the possible spin-relaxation mechanisms [75, 76]. It was in addition
mentioned that the spin relaxation is related to the coupling between the atoms of the metallic
particles and those of the surrounding insulating matrix [76]. Based on their experimental
results on Ag nanoparticles embedded in a SiO2 matrix, Mitrikas et al reported that in the case
of an amorphous matrix the spin relaxation is further impeded [77]. This is coherent with our
results on Co particles since they are embedded in an amorphous Al2O3 matrix. It was also
reported that magnon excitation is suppressed in nanoparticles due to the size quantization of
magnon excitations [78].

Finally, Anaya et al [79] showed that the spin–orbit interaction is significantly weakened in
strongly disordered metals. In their sample, the resistance is lower than the quantum resistance
so that no Coulomb blockade is observed due to the occurrence of cotunnelling. The electrons
are therefore not confined in a single particle and the quantization of the energy levels cannot
be invoked. Their experimental results indicate that the spin–orbit relaxation time is enhanced
by at least three orders of magnitude in comparison to weakly disordered metals. To explain
this result, they use the Elliot–Yafet relation governing the spin–orbit interaction and adapt it to
the case of granular systems. The modified relation shows that the spin–orbit relaxation time is
proportional to the inter-granular resistance and should therefore increase with disorder.

5. Conclusion

Spin accumulation is a crucial phenomenon in spin transport and may prove invaluable in
the case of nanoparticles since the first experimental studies mention greatly enhanced spin-
relaxation times in 0D systems. However, further studies are required to unambiguously
identify the mechanism leading to this enhancement.

In addition, numerous theoretical studies predicted novel phenomena due to the interplay
of charging effects and spin accumulation that still need experimental confirmation, thus
making spin accumulation in nanoparticles an exciting research field.
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