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Cotunneling current affected by spin-polarized wire molecules in networked gold nanoparticles
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As a bottom-up approach toward spintronics, a network structure of gold nanoparticles connected with
spin-polarized wire molecules has been studied. A spinless network is prepared as a reference system. The
network of gold nanoparticles with an average diameter of 4 nm form granules (average diameter of 100 nm),
which in turn, connect themselves with each other to bridge 2 um-gap gold electrodes. Since the charging
energy of a 4-nm gold nanoparticle amounts to 160 meV, it works as a Coulomb island and the conduction
through the network is dominated by Coulomb blockade effect at room temperature. Thermal-activation-type
conduction is found in a temperature range of 300 K-30 K, below which cotunneling is suggested to dominate.
Important findings reported here are as follows: (1) The cotunneling occurs at elevated temperatures as high as
T=30 K due to the small size of gold nanoparticles: Nonlinear characteristics featured by I-V? are found,
suggesting that the number of tunnel junctions relevant to the cotunneling is two. (2) The cotunneling current
is substantially smaller in spin-polarized network than in spinless network, suggesting that spin-flip scattering
caused by localized spins on wire molecules suppresses cotunneling process: The interpretation is supported by

negative magnetoresistance observed in spin-polarized networks.
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I. INTRODUCTION

Spin-electronic devices have drawn much attention as ad-
vanced electronic devices that manipulate not only an elec-
tronic charge but also an electronic spin.'? Recently, excel-
lent demonstrations of prototypes of spin-electronics® have
been proposed. Although a variety of methods for manipu-
lating a spin-polarized current are conceivable, spin-
electronic devices that have been so far developed either rely
on a spin-polarized current emitted from ferromagnetic metal
electrodes or exploit the electronic spin state realized in a
quantum dot.*> Whereas endeavors to minimize the scale of
silicon-based electronics have lead to the concept of a
molecule-based electronic device as molecular switches,
transistors, and rectifiers,® exploitation of molecule-based
spins has scarcely been explored. As an ultimate molecule-
based component for spin-electronics, we have developed
spin-polarized donor molecules in which an electron donor
unit is connected with a 7r-radical unit in a cross-conjugating
manner.” Recently we reported that the 2:1 ion-radical salt
of a spin-polarized donor with perchlorate as a counter ion
exhibited negative magnetoresistance without any magnetic
metal ions.!?

Meanwhile, a preparative method of gold nanoparticles
through reduction of aurate ions (HAuCl,) in the presence of
surfactants'! has been established. On the basis of these
achievements, Coulomb blockade effects of isolated gold
nanoparticles were experimentally demonstrated and studied
in detail though scanning tunnel microscopy (STM)
measurements.!> The electronic transport properties of films
of gold nanoparticles coated by alkanethiol have drawn
much attention from the viewpoint of single electron tunnel-
ing. The electronic structure of a gold nanoparticle with a
diameter (2r) of 4 nm is known to be metallic.'? The capaci-
tance of a nanoparticle, C=4meqe,r with r=2 nm, is small,
and the charging energy, E,=e?/C, amounts to ca. 80 meV in
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typical organic media (g,=4) according to a concentric ca-
pacitor model. Since Ec=80 meV largely exceeds the ther-
mal energy (26 meV) at room temperature, the nanoparticle
can work as a Coulomb island exhibiting single electron tun-
neling effect at room temperature. Wire molecules serve as
an appropriate tunnel junction for nanoparticles with a tunnel
resistance well beyond the resistance quantum, h/e”
~26 kQ.

In fact, thermal-activation-type conductance, G
cexp(—E4/kgT), in a temperature range of 160-100 K has
been reported in multilayers of gold nanoparticles (average
diameter of 5.5 nm) coated with dodecanethiol. This has
been interpreted in terms of the Coulomb blockade effects of
nanoparticles.'* At lower temperatures (150-25 K), the tem-
perature dependence is described by Efros-Shklovski-type
variable range hopping (ES-VRH),'> Goexp{—(T,/T)"*},
which has been interpreted on the basis of cotunneling
picture.'* The T-dependence of G «exp{—(T,/T)"?} is re-
ported also in a wide temperature range (300—4 K) in self-
assembled films of 1,4-butanedithiol linked nanoparticles
with an average diameter of 4.8+ 1.2 nm (Ref. 16). Magne-
toresistance measurements suggested the occurrence of weak
Anderson localization at cryogenic temperatures due to inho-
mogeneity in the gold nanoparticle thin films. !

In order to increase the electronic coupling between nano-
particles, networks of nanoparticles connected by -con-
jugated wire molecules, such as oligothiophene-type wire
molecules, have also been prepared.!”'8 Ogawa et al. found
threshold behavior in the I-V characteristics of networked
nanoparticles at 4.2 K and discussed its relevance to the Cou-
lomb blockade effect.!”

Here, we report systematic studies of the transport prop-
erty of m-bonded network of nanoparticles in a wide tem-
perature range of 300-4 K. A molecular wire connecting
gold nanoparticles serves as a well-defined tunnel barrier for
the nanoparticles. We have synthesized oligothiophene-type
spin-polarized wire molecules (SPM) bearing protected thiol
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FIG. 1. (Color online) (a) Molecular structure of SPM. (b) Mo-
lecular structure of SLM.
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groups at both terminals [SPM, Fig. 1(a)] for constructing
networked gold nanoparticles.'® A localized spin (s=1/2) on
the spin-polarized wire molecule is expected to serve as a
spin-flip scatterer embedded in the tunnel junction. In both
networks, formed by the spin-polarized and the spinless mol-
ecules [spinless wire molecule (SLM), Fig. 1(b)], we find
thermal-activation-type conductance down to 50 K, below
which T-dependence becomes substantially weaker. In the
spinless network, the 7-dependence at lower temperatures is
well reproduced by theoretical predictions of cotunneling,?”
but is not well described by the ES-VRH relation.'> This is
ascribed to the hierarchical structure of the network system
in the present experiments. In the spin-polarized network, the
conductance at lower temperatures (<50 K) is found to be
substantially smaller than the one of the spinless network.
This is interpreted as a consequence of the suppression of
cotunneling due to spin-flip scattering, which is supported by
the observation of negative magnetoresistance.

II. EXPERIMENT

Syntheses of SPM and SLM have been reported
elsewhere.!” Interdigitated gold electrode with a gap of
2 um was prepared on an n-doped Si substrate covered with
a 700 nm-thick SiO, layer. The interdigitated electrodes
(IDE) consist of 250 pairs of 2-mm-long parallel teeth, cor-
responding to an electrode with a gap of 2 wm and a total
length of 1000 mm. An aliquot of a toluene solution of the
protected dithiol (0.31 mM) was dropped on the electrodes,
and after 30 min one droplet of a toluene solution of tetraoc-
tylammonium bromide (TOAB)-stabilized 4-nm gold nano-
particles'' (11.25 mM) was added; the mixture was left
standing for 1 h. Networks then formed as precipitates on the
electrode, and they were washed with toluene and ethanol
sequentially.

The structure of the resulting network of gold nanopar-
ticles was examined by means of field-emission scanning
electron microscopy (FE-SEM, JEOL JES-6700F with a
working distance of 8 mm and an acceleration voltage of
15.0 kV). An example with SPMs is shown in Fig. 2(a). For
the inspection of nanostructure, transmission electron mi-
croscopy (TEM, JEOL JEM-2010 ARP with an acceleration
voltage of 200 kV) was applied. Specimens for the TEM
measurement were prepared on a copper-grid (mesh) by dry-
ing a droplet that was pipetted from a suspension obtained by
mixing 1 ml of a toluene solution of the SPM (0.31 mM) and
1 ml of a toluene solution of TOAB-stabilized nanoparticles
(11.25 mM).

A 4-nm (average) gold nanoparticle is composed of ca.
1750 gold atoms.'3 Elemental analysis of the network with
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FIG. 2. (Color online) SEM image of networked gold nanopar-
ticles with SPMs on the interdigitated electrodes with a gap of
2 wm (a) Expanded image of a bottle-necked structure at granule-
granule junction (b) Expanded picture of a granule-granule junction
consisting of a granule (ca. 100 nm), a wire molecule, a nanopar-
ticle, a wire molecule, and a granule, in series (c).

SPM wires showed that C:H:N:ash=4.38%: 0.64%: 0.28%:
91.3%, indicating that the ratio of @Aul750/SPM wire
molecule/hexanethiol/TOAB is 1:17:17:22. Because the mo-
lecular wire is shared by two nanoparticles, this ratio means
that 34 molecules of wires and hexanethiol and 22 molecules
of TOAB are absorbed on a gold nanoparticle. Magnetic sus-
ceptibilities of the SPM and SLM networks were measured
by a superconducting quantum interference device (SQUID)
magnetometer (Quantum Design MPMS-5XL). The xT ver-
sus temperature plot of the SPM network indicates that para-
magnetic spins of the wire molecules exhibit a small antifer-
romagnetic interaction with #=0.18 K. The Curie constant
(C=5.55 emu K mol™') evaluated from the intercept sug-
gests that about 15 spins are on a nanoparticle on average.'”
The SLM network contains a tiny amount of impurity spin;
less than one spin per one gold nanoparticle containing ca.
1750 gold atoms.?!

Conductance measurements were carried out by using a
Keithley 6487 picoammeter with a constant bias voltage of
0.1 V. The sample was placed in a temperature controlled
cryostat (Quantum Design MPMS-5XL; 4 K-300 K). Cur-
rent-voltage characteristics were studied with a source meter
(Keithley 6430) via a step-sweep- or a pulse-method. Mag-
netoresistance measurements were made by 6 T using a su-
perconducting solenoid (6 T) in a liquid helium cryostat,
where the current was recorded with a picoammeter
(Keithley 6487) with bias voltage of 1 V.

III. RESULTS AND DISCUSSION

A. Formation of the network structure

A network structure was constructed by connecting 4-nm
gold nanoparticles'! with SPM or SLM of a length of ca. 1.6
nm. Our SPM (Ref. 19) consists of three parts: a spin-
polarizing core made of a pyrrole-based donor radical, a mo-
lecular wire made of a thiophene-pyrrole-thiophene hybrid
trimer, and connecting parts consisting of heterodisulfide
groups at terminals. Our SLM was also prepared as a refer-
ence compound.
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Taking into account the band gap (AE,=3.52 eV), the
ionization potential (Ip=7.43 eV) of terthiophene,?>?* and
the work function of gold (W=5.4 eV),?* we expect that the
Fermi level of 4 nm-diameter gold nanoparticles is located
between the energy levels of the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of the wire molecule. Because the relevant energy
levels are not far away from the Fermi level, it is probable
that the wave function of conduction electrons in gold nano-
particles slightly penetrates into wire molecules, being hy-
bridized with molecular orbitals.?> Since the unpaired elec-
tron in SPM is localized at the nitronyl nitroxide group and
the energy level of the singly occupied molecular orbital
(SOMO) is lower than the delocalized HOMO along the wire
part, the unpaired electron does not participate in the electron
tunneling directly. However, SOMO and HOMO interact
with each other through nearby occupied orbitals, which
have probability amplitudes spreading over the entire mol-
ecule. Thus HOMO, which mainly contributes to the electron
tunneling, can be spin-polarized by the SOMO. Under such
circumstance it is highly likely that an electron tunneling
between adjacent gold nanoparticles is exchange-coupled
with the unpaired electron in the SOMO of the spin-
polarized wire molecule.

Networked gold nanoparticles were prepared on an IDE
with a gap of 2 um by mixing solutions of SPMs or SLMs
with a length of 1.6 nm and surfactant-stabilized 4 =0.5 nm
gold nanoparticles. An FE-SEM image [Fig. 2(a)] shows that
the network is of a hierarchical structure; viz., granules with
a diameter of approximately 100 nm are formed, and the
granules are connected to form a chain bridging the
electrodes.?® The network structure constructed by SLM is
almost the same as the SPM network. Each granule is ex-
pected to consist of ca. 5,800 gold nanoparticles. Though not
shown here, we have confirmed through TEM images that
the gold nanoparticles in each granule are separated from one
another by a gap of 1.6 nm, which corresponds to the length
of wire molecules.'® A series of more than 20 granules is
necessary for bridging the 2 wm-gap electrode. The inspec-
tion of the FE-SEM image suggests that an average number
of granule-granule junctions, N, is 30 in one bridge. As
shown by an expanded image [Fig. 2(b)], only a few nano-
particles join neighboring granules at the junction. This
makes us expect that the electron transport through the
bridge is bottlenecked at the junctions. Hence, experimen-
tally studied resistance of the network is expected to be the
series resistance of the granule-granule junctions.

The number of radical wires chemisorbed on a gold nano-
particle in the network was estimated to be ca. 17 on the
basis of the elemental analysis. The ratio of the radical wires
and gold nanoparticle was also evaluated to be ca. 15 inde-
pendently from the magnetic susceptibility data measured by
a SQUID magnetometer. This means at least 30 wires and
the same number of n-hexanethiol molecules are coated on
one nanoparticle because the wire molecules are shared by
two nanoparticles. A spinless network was prepared similarly
using SLM, and formation of a similar network structure was
confirmed. The amount of spins in a gold nanoparticle of the
spinless network is negligibly small on the basis of the mag-
netic susceptibility data.?!
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FIG. 3. (Color online) Conductance G of the SLM network
(blue dots) and that of the SPM network (red dots) against the
inverse temperature. The blue straight line shows the activation-
type dependence with Ea=42 meV. The orange solid curve repre-
sents theoretical values predicted by Eq. (3).

B. Temperature dependence

In the present experiments, we note first that the charging
energy of a nanoparticle at the junction, E.;/kz=~1800 K
~ 160 meV (vide ante), well exceeds the thermal energy (26
meV) at 300 K. Second, the tunnel resistance of a single
terthiophenedithiol molecule (R,,), which corresponds to the
wire part of SPMs and SLMs, is roughly estimated to be as
high as 10-100 MQ  through single molecule
measurements.?’ Since neighboring nanoparticles are con-
nected with ca. 30 wire molecules, the nanoparticle-
nanoparticle tunnel resistance may be expected to be at least
0.3 MQ-3 M(), which is well beyond the resistance quan-
tum (h/2e?~13 kQ). Third, the voltage across each junc-
tion in the experiments, V_,:V/Nj%3 mV (V=0.1 V and
N;=30), is well below E./e~160 mV. Based on the three
conditions above, the transport of the networks is supposed
to be strongly influenced by the effect of Coulomb blockade
due to gold nanoparticles.

Figure 3 plots log,o(G) vs T~! for typical samples of both
SLM and SPM networks. We find that in both networks the
conductance is described by a thermal-activation-type behav-
ior in a temperature range of 300 K-30 K,

1 E,
G= —eXp<— ) (1)
2R, kT

with E,=42 meV for SLM network and E,=35 meV for
SPM network. In the lower T range (<30 K), the tempera-
ture dependence becomes distinctly weaker, where Ggpy; iS
substantially smaller than Gyg;y. Particularly, the 7-de-
pendence in the SLM network is approximated by G o T>.
The ES-VRH law, Gxexp{—(T,/T)"?}, is widely known
in granular metals/semiconductors as well as in gold nano-
particle multilayers and thick films.!*1528:2% The temperature
dependence found here (Fig. 3) does not fit well with the
ES-VRH law, but is interpreted as in the following.>
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FIG. 4. (Color online) Schematic representation of electron transport in the networked gold nanoparticles. (a) T-assisted single electron
tunneling and (b) Inelastic cotunneling across a Coulomb-blocked nanoparticle at an intergranule junction. (c) Cotunneling across the
nanoparticle of the SLM network. (d) Spin-flip scattering of tunnel electrons by a local spin in the SPM network.

We start with the activation-type behavior seen at elevated
temperatures. The activation energies (E,=42 meV and 35
meV) are much smaller than the excitation energy between
frontier orbitals of wire molecules (SOMO-LUMO or
HOMO-LUMO). Instead, they are related to the charging
energy of gold nanoparticles.?! The capacitance between a
pair of nearest-neighbor nanoparticles is given by,

- Pd?

C ——
2/r-2/d

oair = 477E,€ ~50x%x 107" F, (2)
where ,~2 is the relative permittivity of the medium sur-
rounding nanoparticles,®® &, is the dielectric constant of
vacuum, r=2.0 nm is the particle radius, and d=1.6 nm is
the intersurface gap distance between particles. We assume
that the number of nearest-neighbor nanoparticles for a gold
nanoparticle at a granule-granule junction is n=2 [Fig.
2(b)]. The relevant capacitance may be approximated by C
~nCpyi=1x107'® F, which yields a charging energy of
Ecj:ez/C ~160 meV. The activation energy of a particular
junction may take a value in the range of 0<E,<E./2,
where a particular value is determined by the local electro-
static potential at the junction. The local potential may be
randomly distributed among relevant junctions. We hence
suppose, for simplicity, that the experimentally found activa-
tion energy should be the average, E,~FE./4=~40 meV.
This value is close to the experimentally found values (E,
=35 meV and 42 meV). The analysis above thus supports
the interpretation that the resistance is determined by
granule-granule junctions, through which conductance oc-
curs via thermal activation of Coulomb-blocked gold nano-
particles.

We also mention that (i) inside granules a number of par-
allel junctions are available for electron conduction and (ii)
E. of nanoparticles inside granules should be substantially
smaller than E.;~160 meV because the number of neigh-

boring nanoparticles should be much larger than n=2: If one
assumes hcp packing with n=12, E.,~27 meV. These two
facts make it highly probable that the conduction is bottle-
necked at the granule-granule junctions.

At temperatures lower than 30 K, the conductance is
much larger than the values expected from the thermal acti-
vation law [Eq. (1)]. We suggest as a relevant mechanism
inelastic cotunneling process,” in which electrons simulta-
neously tunnel through more than one junction without pay-
ing the cost of charging energy [Fig. 4(b)]. The contribution
of the cotunneling process, in the case when the number of
relevant junction is N=2, is represented by the second term
in the equation below:?°

1 h
G=—exp| - ”) ————[QmkgT)* + (eV)?].
2R,6Xp< kgT +67T262R,2E2[( 517+ (V)]

3)

With V=3 mV, the T%-term dominates the V2-term down
to T=6 K, and accounts for the 72-dependence found in the
SLM network in a range of lower 7.

Theoretically, the cotunneling conductance has to be con-
sistent with the thermal-activation-type conductance by shar-
ing two common parameters, R, and E,, as shown in Eq. (3).
Hence we can check the consistency of our interpretation by
fitting the data in the entire T-range to Eq. (3). Since E,
=42 meV has been fixed, R, is the only adjustable param-
eter. The experimental data of the SLM network is surpris-
ingly well reproduced by Eq. (3) in the entire range of T as
shown by the solid orange line in Fig. 3 if R,=3.6 MQ is
assumed. As discussed in the beginning of this section, the
number of wire molecules surrounding one nanoparticle was
evaluated to be 30. If the closed packing model of nanopar-
ticles in the network is assumed, the coordination number is
12. Hence the number of wire molecules connecting two
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FIG. 5. (Color online) (a) Current-voltage characteristics in SLM and SPM networks (7=4.2 K). The inset displays log-log plots. (b)
Magnetoresistance of SPM and SLM networks at 4.2 K (1 V). The SPM network exhibits negative magnetoresistance, while the SLM

network shows a weakly positive magnetoresistance.

adjacent nanoparticles is evaluated to be ca. 3. When the
tunnel resistance between a pair of nanoparticles (R,) is mul-
tiplied by the number of connecting molecules, the molecular
tunnel resistance of the wire molecule (R,,) could be evalu-
ated to be ca. 11 M(). Since the reported value of the tunnel
resistance of terthiophenedithiol was 10—100 M (Ref. 27),
R, evaluated above may not be unreasonable for the SLM
wire molecule. It is worthwhile to mention that the tunneling
resistance of 7r-wire molecules (R,,=ca. 10 M) is smaller
than that of o-type wire molecules (R,,=ca. 2 G()) by two
orders of magnitude.3* The utilization of a 7-conjugated wire
molecule with a higher probability of tunneling also contrib-
utes to raise the temperature at which cotunneling effect be-
comes evident (vide infra).®

C. I-V characteristics

Additional evidence for cotunneling is obtained from the
I-V characteristics studied at 4.2 K. As shown in Fig. 5(a),
the current increases superlinearly as 7o V3 in both SLM and
SPM networks when V exceeds 0.1 V (3 meV<eV/N)).
This can be attributed to the V? term in Eq. (3), which domi-
nates when 2wkzT <eV,. The nonlinearity occurs in a region
of eV/N,;<E_., which rules out the well-known feature of the
“Coulomb staircase.”'! Equation (3) considers a single Cou-
lomb island connected through two tunnel junctions to
reservoirs.”’ According to generalized theories of cotunnel-
ing, the higher-order power law, 1o V?¥=!is expected when
cotunneling occurs in N junctions.’? Our analysis therefore
strongly suggests that N=2 in our experiments, which is con-
sistent with the assumption that the resistance we measure is
determined by the granule-granule junctions [Fig. 2(b)].

As mentioned in Sec. III B, the 7T-dependence in the
present experiments is not well reproduced by the ES-VRH
law, which has been reported widely in recent experiments
on nanoparticle networks.!*?82° Recently, theoretical ap-
proaches have been developed based on multiple cotunneling
in disordered systems, and the ES-VRH law has been

derived.*3° Higher-order power law in the I-V characteristic
(N>2) was found in multilayer films of thiol-derivatized
gold nanoparticles without wire molecules, and the results
were discussed in terms of the multiple cotunneling based
ES-VRH model.!>#4! Ag to the difference of the present
experiments from those studies, we suggest that the resis-
tance studied here is the one of the granule-granule junction.
The number of relevant gold nanoparticles is hence limited
practically to unity, so that N=2. First, the possible path of
cotunneling may be uniquely determined at a given granule-
granule junction, making impossible the occurrence of
ES-VRH-type behavior. Second, in the case of N=2 the dis-
tance over which an electron effectively moves via co-
tunnneling may be too small for deriving the ES-VRH-type
conductance.

D. Influence of localized spin

In the lower-T range, the conductance of SPM network is
distinctly smaller (Fig. 3) than that of SLM network and
cannot be explained by Eq. (3). We found that this difference
is systematic and reproducible. We hence suggest that the
isolated spin on wire molecules disturbs cotunneling process
in the SPM network [Fig. 4(d)]. When an electron tunnels
from one nanoparticle to another through a SPM wire, the
electron may undergo spin-flip scattering due to the ex-
change interaction with localized spin on the wire molecule.
We note that the theory of cotunneling implicitly assumes
that individual tunneling events at respective junctions are
elastic-and-nonmagnetic ~ processes  (without  spin-flip
scattering):*%#! For this, whether the cotunneling is elastic or
inelastic is irrelevant. We expect therefore that the probabil-
ity of cotunneling is substantially reduced if the individual
tunneling is of a spin-flip character.

We found that the conductance of the SPM network in-
creases with increasing magnetic field as shown by the red
line in Fig. 5(b), where the resistance at 4.2 K is displayed as
a function of magnetic field up to =6 T. (The bias voltage is
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fixed at V=0.1 V. The rate of magnetic field sweep is
0.5 T-min~'.) The negative magnetoresistance, [R(6 T)
—R(0 T)]/R(0 T), amounts to —2.5% at B=6 T.!*2 On the
other hand, slightly positive magnetoresistance which was
plotted in blue, was detected in the SLM network. As refer-
ence measurements, we scavenged the localized spin in the
SPM network by treating with hexanethiol. Though not
shown in Fig. 5(b), the negative magnetoresistance was
found to vanish after this treatment.

Since magnetic fields define the preferable orientation for
localized spins, the spin-flip scattering is suppressed by the
magnetic fields, and the probability of cotunneling is recov-
ered. Thus the negative magnetoresistance in the SPM net-
work provides unequivocal evidence that the spin-flip scat-
tering is attributed to the localized spin on the wire molecule.
This is the first experimental demonstration that the organic
localized spin can interact with itinerant electrons which tun-
nel through the wire molecule.*? This scheme is distin-
guished from the conventional scheme of quantum-dot spin-
tronics, which aims at manipulating the electron spin state in
the quantum dot.*?

It is to be noted that the resistance of the SPM network
linearly depends on the magnetic field [Fig. 5(b)]. This may
be ascribed to an extremely low density of states, basically
arising solely from a single SOMO of the wire molecule. The
linear magnetic-field dependence is in contrast to the bell-
shaped trace of ferromagnetic metals, the magnetization
curve of which exhibits easy saturation.

IV. CONCLUSION

We constructed network structures by connecting gold
nanoparticles with spin-polarized and spinless wire mol-
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ecules. It was found that these networks exhibited a thermal-
activation-type conduction in a higher temperature range,
300 K>T7>30 K, and that its temperature dependence be-
comes much weaker at temperatures lower than 30 K. The
characteristic behavior is interpreted in terms of the ther-
mally activated tunneling between nanoparticles and the co-
tunneling between plural nanoparticles, respectively. Judging
from the temperature dependence of the conductance and
from the /-V characteristics of the networks, the above find-
ings originated from the large charging energy of the nano-
particle that worked as a Coulomb island. It was revealed
that the decrease in the conductance of the spin-polarized
network in the low-temperature region was much larger than
that of the spinless network. Moreover, the spin-polarized
network exhibited negative magnetoresistance upon applica-
tion of the external magnetic field. These results were un-
equivocally rationalized by the interaction between localized
spin in a mr-orbital of the organic radial and the tunneling
single electron through the molecular wire connecting metal-
lic nanoparticles. This discovery that the localized spin
which exists in the tunnel barrier perturbs the cotunneling on
the basis of the spin-flip mechanism is substantial in the
development of molecule-based spinelectronics. In the fu-
ture, a spintronic device with a processing or a memory-
storage function could be developed by switching on or off a
spin on the wire molecule in terms of redox and photo-
responsive abilities.
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