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Observation of Magnetic-Switching and Multiferroic-Like
Behavior of Co Nanoparticles in a Cgy Matrix

Yutaka Sakai, Eiiti Tamura,* Shuhei Toyokawa, Eiji Shikoh, Vlado K. Lazarov,
Atsufumi Hirohata, Teruya Shinjo, Yoshishige Suzuki, and Masashi Shiraishi*

A novel magnetoelectric effect is found to appear in a Cgp-Co nanocomposite.
Although Co is well-known as a ferromagnet, its nanoparticles embedded in a
Cgo matrix can exhibit multiferroic-like behavior, i.e., an electric field controls
magnetic alignment of the nanoparticles and a magnetic field controls their
charged states. This novel effect enables a strong magnetic switching effect
for which the on/off ratio is ca. 10%. Such an effect has been expected to exist
and these findings show this magnetoelectric coupling for the first time.

1. Introduction

Tunneling magnetoresistance (TMR)[? via oxides or molecules
includes fruitful physics, such as spin filteringl®l and hybridized
interface states,” in addition to various practical applications
using large TMR ratio at room temperature.’! Then, a larger
TMR effect with a new fundamental physics is awaited because
further progress on spintronics can be realized. Molecular
tunnel barriers were originally intended as a simple replace-
ment of insulating barriers such as AlO or MgO, several unique
features were observed in both stacked TMR devices and nano-
composite (granular) devices. For example, recent studies
demonstrated 1) a very large TMR at low temperatures and
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spin-dependent tunneling transport at
room temperature,l®’] 2) the existence of
a higher-order (~5") co-tunneling effect,®!
and 3) an enhancement of the spin polari-
zation of ferromagnets at the interface
between the ferromagnets and mole-
cules.1% Therefore, it is now recognized
that molecular TMR involves novel phys-
ical aspects which have not been observed
in metallic or inorganic spintronics.
Among these aspects, the large magne-
toresistance (MR) ratio of 300% at 2 K
observed by Barraud and co-workers*l represents a new frontier
in molecular spintronics, because the origin of this large MR
was clarified, enabling new options in device design through
the incorporation of molecules. However, stronger effects and/
or novel physical aspects are in strong demand for further
progress of spintronics including molecular spintronics. Here
we report a discovery of a gigantic TMR ratio of 1,400,000%
in a Cg-Co nanocomposite spin device. The observed effect is
induced by a combination of a Coulomb blockade effect and
a novel magnetic switching effect. Theoretical investigation
reveals that an electric field and a magnetic field control the
magnetization and the electronic charging state, respectively, of
the Co nanoparticles as in physics of multiferroics.

2. Results and Discussion

Figure 1a shows a schematic of the device structure, in which
the gap length, L, was varied from 1.5 to 15 um (see the Experi-
mental Section). The compositional ratio of Cgy:Co was esti-
mated to be ~9:1 according to the co-evaporation rates. As shown
in Figure 1b, the Co nanoparticles were roughly spherical and
uniformly dispersed in the Cgy matrix, and their mean diameter
was estimated to be 2.5 £ 0.4 nm on the basis of transmission
electron microscopy (TEM) observations. It was also clarified
that Co-nanoparticles and Cqy matrix were packed without any
visible defects, suggesting the samples were free from any pos-
sible magnetostriction or Co-particle motion by bias voltage
applications. An M-H curve of the nanocomposite is shown
in Figure 1c, where obvious ferromagnetic behavior of the Co
nanoparticles was observed at this temperature. The detail of
the magnetism of the Co nanoparticles will be described later
in this manuscript. A characteristic feature appeared in the -V
curves, namely, there was an obvious discontinuity in the -V
curve at +7.83 V under zero magnetic field (Figure 1d). This dis-
continuity was due to a Coulomb blockade effect, judging from
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Figure 1. a) A schematic of the C¢p-Co nanocomposite spin device. The nanocomposite film was evaporated onto a SiO,/Si substrate. The Co nano-
particles were uniformly dispersed in the C4 matrix, and the nanocomposite film was covered by a Cg film 300 nm thick and a SiO, film 240 nm thick
to prevent oxidation of the Co nanoparticles. The electrodes were Au/Cr (40/3 nm). The external magnetic field was applied perpendicular to the film.
The channel length L was varied from 1.5 to 15 pm. b) Top: A TEM image of a C¢p-Co nanocomposite film. The Cqo-Co nanocomposite film is seen on
the SiO, film. Black regions correspond to the Co nanoparticles, the average diameter of which was typically 2.5 nm. Bottom: An enlarged view of the
Cgo-Co nanocomposite film. ¢) An M-H curve of the C¢p-Co nanocomposite at 10 K. Obvious ferromagnetic behavior can be seen. d) A temperature
evolution of the I-V curves observed in the C¢p-Co nanocomposite device (L =5 um) without the application of an external magnetic field. An apparent
discontinuity in the I-V curves can be seen at up to 20 K due to a Coulomb blockade effect. The threshold voltages of the Coulomb blockade increased
from 5.3 Vto 7.8 V as the temperature decreased. The non-linear IV curve disappeared above 70 K, which was the upper limit of the appearance of the
Coulomb blockade. Other discontinuities in the I-V curves at higher bias voltages (from 6.5 V to 8.0 V) can be seen at up to 20 K, which also indicates
that this characteristic feature was attributed to the Coulomb blockade. e) Channel length dependence of the threshold voltages at 2 K in the Cg-Co
nanocomposite devices. The threshold voltage increased linearly as a function of the channel length, further evidence of a Coulomb blockade effect.

3846 wileyonlinelibrary.com

the change in the [-V curves with increasing temperature. The
discontinuity disappeared as the temperature increased, and
non-linearity was only observed in the curve above 30 K. It is
noteworthy that we previously ascribed the Coulomb blockade
to a charging effect in the Co nanoparticles.''] As shown in
Figure le, the threshold voltage at 2 K increased linearly as the
gap length increased, which demonstrates the uniformity of
our samples.

Figure 2a shows the magnetic field dependence of the -V
curves observed in a device of L =5 um at 2 K, for magnetic

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

fields of up to 5 T. It should be emphasized that 1) the threshold
voltage exhibited a dependence upon the external magnetic
field, dropping to +7.6 V at 5 T and 2) the shift was saturated
once the magnetic field reached 5 T. Therefore, our finding was
due to a magnetism-induced effect, and a magnetoresistance
effect was revealed. It was previously reported that the mag-
netoresistance effect in such a device is governed by a relative
angle of magnetization in the Co particles (see, for example,
ref. [7]). Therefore, it is likely that the saturation of the voltage
shift corresponds to a saturation of the magnetization of the Co
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Figure 2. a) Magnetic field dependence of the I-V curves and the appear-
ance of hysteresis. The dashed arrows show the directions of bias voltage
sweep. Apparent hysteresis was observed in the forward and backward
bias sweeps. The inset shows the shift of the threshold voltage in the
backward sweeps under 0 and 5 T fields. b) Correspondence between the
threshold voltage and sample resistance at a bias voltage of 6.5 V. The
vertical axis shows a normalized value of the sample resistance at 6.5 V
(a black solid line) and the threshold voltages under various magnetic
fields (colored open circles). This normalization was implemented by
values of the threshold voltages and resistance at 5 T, as shown, where A
indicates a physical parameter (the threshold voltage or the resistance).
The colors of the open circles correspond to that of the I-V curves under
the magnetic fields, as shown in (a). Both values have good accordance,
which directly indicates the existence of the Coulomb blockade effect.
) The MR ratio of the device (L=5 um) at 2 K. The MR ratio was defined
as 100 x {/ (B=5T)-/ (B=0T)}/I(B=0T). The MR ratio was calculated
to be ca. 400 000% in the forward biasing (fw, a black solid line) and ca.
1400 000% in the backward biasing (bw, a red solid line).
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nanoparticles. In other words, the saturation corresponds to
a change in the tunnel conductance between the Co nanopar-
ticles below the threshold voltage. Figure 2b shows the corre-
spondence between the sample resistance below the threshold
voltage and the shift of the threshold voltage at a bias voltage of
6.5 V. The vertical axis shows a normalized value of the sample
resistance at 6.5 V and the threshold voltages under various
magnetic fields. This normalization was implemented by using
the equation, A(x) = %, where we used values of
the threshold voltages and resistance at 5 T, and A indicates
a physical parameter (the threshold voltage or the resistance).
The normalized values of both quantities were in good accord-
ance, verifying the above argument and demonstrating that the
observed magnetoresistance effect was not spurious.

A shift of the threshold voltage was also observed during
a backward sweep of the bias voltage, which would not be
expected in a conventional spin device of similar structure (see
the inset of Figure 2a). Here, we note that the threshold volt-
ages in the hysteresis were shifted under the application of
an external magnetic field, and also that the shifting voltage
under a forward sweep was larger than that under the backward
sweep. The threshold voltages in both the forward and back-
ward sweeps downshifted under an applied magnetic field; that
is, the resistance of the device was decreased by the application
of a magnetic field. Therefore, the finding was not caused by a
spin blockade effect, because the tendency of the dependence
of the resistance on the magnetic field was reversed. Nor could
the finding be ascribed to electrical breakdown, because the
obtained results were reproducible and repeatable.

The appearance of the magnetoresistance effect enabled an
estimation of MR ratios of 400 000% and 1 400 000% during
forward and backward sweeps, respectively (see Figure 2c). Spin
motive forcel'?l (the magnetoresistance ratio was ~100 000% at
2 K) might be a plausible origin of this large effect. However, it
should be emphasized that there was no shift of the I-V curves
around a zero bias voltage with or without an external magnetic
field, which eliminates this possibility. It is possible that our
definition of the MR ratio was somehow exaggerated, because
the electric current below the threshold voltage was strongly
suppressed. Therefore, this phenomenon should be called a
novel magnetic switching effect because the spin alignment (the
magnetization direction) of the Co nanoparticles was switched
by an external electric field. The detailed mechanism of this
switching effect is discussed in the following paragraphs. The
on/off ratio of this magnetic switching device is calculated to
be 4.0 x 10° and 1.4 x 10*. Other evidence supports the conclu-
sion that our finding is due to a switching effect. The switching
behavior in this study was observed when the bias voltage was
swept in a fixed external magnetic field. If this phenomenon
was driven by a switching of the magnetic alignments of Co
nanoparticles, a similar switching in the resistance should be
observed in a changing external magnetic field with a fixed bias
voltage. Figure 3 shows an example of magnetic-field-induced
switching in the same device that exhibited the bias-voltage-
induced switching. When we fixed the bias voltage at +7.63 V,
which was the threshold voltage at 3 T and was between the
threshold voltages at 0 T and 5 T, the resistance of the device
changed dramatically (by more than 3 orders of magnitude) at
3 T during the forward sweep of the magnetic field, whereas no

wileyonlinelibrary.com 3847

“
G
F
F
>
v
m
~




-
™
s
[
-l
wd
=
™

3848 wileyonlinelibrary.com

www.afm-journal.de

108

- —e—R(0-=>5T)
§ ——R(5->0T)
§ 10°r V=7.85V
3 105 &
2
o 10°F
(3

103 1 1 1 1

0 1 2 3 4 5
Magnetic field (T)

Figure 3. The bias voltage was fixed at 7.85 V and the magnetic field was
swept from 0 T to 5 T (forward biasing; black closed circles) and from
5T to 0T (backward biasing; red closed circles). At ca. 3 T, an obvious
switching was observed in the forward biasing.

switching was observed in the backward sweep as was expected
from the hysteresis in the -V curves. From above results, it
is clarified that the Co nanoparticles exhibited multiferroic-like
behavior because magnetoelectric coupling was observed. Note
that the Co nanoparticles do not possess ferroelectricity, and
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thus, the observed feature is just a multiferroic-like feature.
However, it is noteworthy that the Cgy-Co exhibits a magneto-
electric effect.

Figure 4 shows the experimental (upper panels) and theoret-
ical (lower panels) magnetization curves at temperatures well
above the blocking temperature Ty which was determined by
the magnetic susceptibility measurements. The blocking tem-
perature Ty for the 6:1 composition was estimated at a peak
temperature 16 K of the zero field cooling susceptibility (inset
of the upper left panel), and Tj for the 9:1 composition was 10 K
(not shown). The experimental curves are plotted as a function
of the reduced external magnetic field [H|/T at temperatures of
20 K, 35 K and 50 K.

If the magnetic moments of Co nanoparticles are magnetic-
anisotropy-free and interaction-free to the other particles, then
all different temperature curves should be on a universal curve
so-called the Langevin function (the black thin lines in lower
panels). The observed magnetization curves deviate strongly
from the universal curve, and have a common feature that is
a steep increase of the magnetization until a half of the satu-
ration magnetization M, while 80% of M; for the universal
Langevin function. The feature is typical for a magnet with a
uniaxial magnetic anisotropy. Assuming that the uniaxial direc-
tion (the magnetic easy axis), to which the magnetic moments
of the nanoparticles stick, is inclined at an angle of 6 from the

magnetic field H, the average magnetization

T with respect to the angle 6 is given by

T 1
(M) = (Mz) = Ms/ ddp (6) |cos 8| = EMS
0
1)

where the weight p(6) = (1/2)sin 0 is given
in a condition such that [*,del,"d6sin

100 200 300 400 500

6/4m = [",d6p(6) = 1. To obtain a larger mag-
netization than Mg/2, the magnetic moments
has to move away from the magnetic easy

Mth

axis at the price of the energy. To analyze
the magnetic structures further, we have
performed numerical simulations to several
magnetic models with and without interac-

tions between particles. Since the particles are
randomly and sparsely distributed, only the
interaction between nearest neighboring par-
ticle pair is taken into account for calculating

the Maxwell-Boltzmann statistical weight,

"0 10 20 30 40 50 0 5 10

o (M| H|/k,T)

Figure 4. The upper panels are experimental magnetization curves with respect to the reduced
external field strength (|H|/T) and the lower panels their theoretical curves; the left and right col-
umns show data for the compositional ratios of C¢y:Co of 6:1 and 9:1, respectively. The colors
indicate different observation temperatures. The blocking temperature for the 6:1 composition
was found to be 16 K in the zero field cooling (ZFC) and the field cooling (FC) susceptibility
(inset of the upper left panel). The theoretical parameters, o= mH/kgT and 8 = m?|/kgT, are

o (M, HI/k,T)

15 20  Z(|H|, 6) = [-H(m;, my; H)/kgT]. Among the
models including the Heisenberg model, the
following two models are consistent with the
experimental magnetization curves. They
are i) non-interacting particle model with a
uniaxial magnetic anisotropy and ii) mag-
netic dipolar interacting two-particle model

(Figure 5a) and their Hamiltonians are given

fixed at the temperature of T =35 K in comparison with the corresponding experimental data. ~ as
The relative angles of the magnetic moments of the two particles are shown in the insets of
lower panels. The angles tend to be parallel even without the external field due to the mag-

netic dipolar interaction. The black thin lines display the case in the absence of an interaction

between the two particles, which are given by the Langevin function.
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Figure 5. a) The coordinate setup of two neighboring nanoparticle for
the model Hamiltonian. The relative position vector r is chosen in the
z-axis and the external magnetic field H in the (x,z)-plane. b) The most
stable magnetic configuration of the dipolar interacting two Co particles.
When the external filed H is weak, the two Co particles act as a single
magnetic domain particle with a uniaxial magnetic anisotropy. c) An anti-
ferromagnetically coupled nanoparticle pair. When the particles align,
their magnetic moments are easily pinned by each other through their
dipolar interactions and form a possible antiferromagnetic coupling with
a horizontally located particle.

Hp =— (my +my) H+ J {mym, — 3 (my i) (m, 2)}; (J = 0)

&)

We define the magnetic anisotropy energy K per the unit
magnetization so that K is described in terms of the strength of
magnetic fields. Since the shapes of Co nanoparticles are spher-
ical, the anisotropy energy K is exclusively attributed to the
crystal-structural origin in the model (i). The coordinate setup
of two neighboring particles for the Hamiltonian Hp is shown
in Figure 5a and the vector is defined as # = r/ |r|. The dipolar
coupling constant | is proportional to [r|~3 but we leave it as a
fitting parameter in our model. After the integration over the
solid angles of the magnetic moments and the average out for
the angle 0 with the weight p(6), we obtain the statistical weight
Z (o,p) in terms of the parameters o = M|H|/kpT and for the
models (i) = MK/kgT and (ii) B = M2J/kpT, respectively. The
normalized magnetizations are given by (M) = = 1In Z(a, f).
We show the numerical results for the model (ii) in Figure 4.
The moments are tend to be parallel through the dipolar inter-
actions, as is seen <cos > = 0.8 for the zero external field at T =

Adv. Funct. Mater. 2012, 22, 3845-3852
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20 K (inset of the lower panels) and the two models (i) and (ii)
are equivalent when m; = m,. Two Co particles act as a single
magnetic domain particle with a uniaxial magnetic anisotropy
(Figure 5b). As we have seen that the shape of the magnetiza-
tion curves are predominantly determined by the kinks at M,/2
which are moderate in the experimental curves due to the distri-
bution of the particle size and of the distance between particles.
The both effects are neglected in our theoretical simulations.
The estimated anisotropy energies K are 3500(Oe) for the com-
positional ratios of Cgy:Co of 6:1 and 26000(Oe) for 9:1 while
3100(Oe) for the Co hcp crystal. The latter value of 26000(Oe)
is about 7.5 times larger than the former value, that cannot be
attributed only to the difference of the mean particle size due
to the compositional ratios. Although neither models (i) nor (ii)
are excluded from the magnetic structure of the present Co-Cg,
systems and also their coexistence is likely, the anomalously
enhanced anisotropy energies for the ratios of Cgy:Co of 9:1
could be attributed to the shape anisotropy produced by the two
Co particle pairs rather than the crystal anisotropy energy only.

In our previous study,' it was clarified that 1) the appear-
ance of a threshold voltage due to a Coulomb blockade effect
in a molecular nanocomposite was caused by co-tunneling via
the Co nanoparticles, 2) there were several bottleneck struc-
tures at which the electric field and the electric current were
concentrated, and 3) the magnetization alignment of the Co
nanoparticles in the bottleneck structure governs the spin
transport properties. Another key to explaining the present
observations is the hysteresis curves shown in Figure 2a. The
area inside the hysteresis loop equals the work done in a cycle,
which will be dissipated eventually as heat. The hysteresis loop
without a magnetic field encloses a larger area than the loops
with a magnetic field. In the latter case, especially the case for
the saturated magnetic field of Hy; = 5 T, we can assume that
all of the magnetic freedoms are frozen. Therefore, we must
attribute the dissipation for the hysteresis to a nonmagnetic
origin. Furthermore, magnetic dissipation plays an important
role when no magnetic field is present or in weaker magnetic
fields. Although the substrate temperature varied the hysteresis
with the threshold position (Figure 1c), repeated observations,
which may have increased the temperature, did not alter the
hysteresis curves. This can be understood as follows: The cur-
rent after the breakdown of the Coulomb blockade is not dis-
sipative at the bottleneck nanoparticles (ballistic conduction)
and does not raise the local temperature, which is responsible
for the repeatedly observed hystereses. Instead, the current is
dissipated in the residual surroundings (diffusive ohmic con-
duction), exciting phonons through successive scatterings and
eventually increasing the substrate temperature. It is plausible,
since the size of the bottleneck is shorter than the mean free
path of the conducting electrons and the rest acting leads or
electrodes is much longer than that. On this basis and our
magnetic structure analysis in the previous paragraph, we con-
structed a simple two-nanoparticle model for the qualitative
analysis of this novel magnetic switching effect (see Figure 6a).
In the model, the two particles form a bottleneck structure for
electron transport, and the magnetic alignment of the two fer-
romagnetic particles determines the conductance of the system.
We employed two assumptions. The first assumption is that
the coordination of the (bottleneck) two Co nanoparticles favors
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Figure 6. a) Schematic of the two-nanoparticle Coulomb blockade model.
Although the anti-parallel magnetic configuration is energetically favo-
rable in the discharged state, the parallel configuration becomes more
favorable than the anti-parallel in the charged state. In the parallel con-
figuration, the wavefunction of the injected electron can extend over both
particles to reduce the charging energy E.. The magnetic moment of the
larger particle is pinned to the local magnetic field (cf. Figure 5c), while
that of the smaller particle is sensitive to both the local field and the
dipole field produced by the larger particle. b) Nonmagnetic contribution
to the hysteresis in a charging-discharging process. To charge a nano-
particle, the bias voltage must overcome the charging energy E.. Once
the particle is charged, electrostatic charge polarization of surrounding
media reduces the charging energy by an amount E,, and a lower bias
voltage is required to maintain the charged state. c) Schematic energy
diagram of two nanoparticles. In the forward sweep, the external mag-
netic fields vary the threshold voltages with the charging energies E (E."),
which depend on the magnetic configuration of the particles. Once the
particles are charged (or once the Coulomb blockade is broken), the
energy state of the particles drops to the energetically lowest charged
state by exciting magnons and phonons so that the magnetic configura-
tion is aligned in parallel and the surrounding media are fully polarized
to reduce the charging energy. In the backward sweep, the discharging
threshold voltages reflect the energy differences of the magnetic dipolar
interaction AEq;, of two nanoparticles in the parallel magnetic configura-
tion. With the saturation field, the parallel configuration is energetically
more favorable by a similar amount of AE;, than the antiparallel.
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the magnetization of the anti-parallel alignment over the par-
allel alignment due to magnetic dipolar interaction under zero
magnetic field (Figure 5c). The second assumption is that the
two particles act as a single bottleneck because the particles are
positioned in parallel to the surrounding contacts, rather than in
series. As shown in Figure 6a, the wavefunction of the injected
electron is localized in one particle when the magnetic align-
ment is anti-parallel, because of the symmetry of the wave func-
tion. On the other hand, the wavefunction is distributed over
both particles when the magnetic alignment is parallel. In the
latter case, the charging energy of the system was smaller than
in the former case; that is, the system is stable in the parallel
magnetic configuration, when the electron can move around
over the two particles. It is worth noting that ferromagnetic
nanoparticles with diameters smaller than ~20 nm favorably
form a single-domain magnetic structure for the same reason.
The energy states of the magnetic configuration of the two Co
particles cause the magnetic dissipation. On the other hand,
for nonmagnetic dissipation, a polarization effect between the
nanoparticles and the surrounding fullerene molecules should
be taken into account when a single electron is injected into a
Co nanoparticle or a Co-nanoparticle pair. The effect induces a
decrease in the charging energy of the nanoparticle in which
the electron is injected, yielding a decrease of the threshold
voltage of the Coulomb blockade (Figure 6b). In addition, it is
noteworthy that fullerene has a small dielectric constant (~3).
Therefore, the increase in charging energy caused by a single
charge injection is inversely proportional to the dielectric con-
stant, and is much larger than in other insulating granular sys-
tems (SiO,, Al-O, etc.).

Figure 6c shows a schematic overview of the magnetic
switching mechanism. We begin with the forward biased case
without an applied external magnetic field; that is, with anti-
parallel coupling of the Co nanoparticles. When the applied bias
voltage is increased to reach the threshold voltage, one electron
is injected into a Co nanoparticle with the charging energy E,
as the Coulomb blockade is broken. The excited level of the
charged state is high enough that the level could decay to a lower
level corresponding to the parallel magnetization alignment of
the two Co nanoparticles. As discussed above, the charging
energy dropped to a smaller value E/, and the threshold voltage
in the backward sweep is additionally reduced by the polariza-
tion effect (E.). The appearance of hysteresis in the forward
and backward sweeps without an external magnetic field can be
ascribed to the above mechanism. When an external magnetic
field of H = Hs is applied, the basis state of the system was par-
allel (the blue state shown in Figure 6c) and the magnetization
of the system was frozen. The threshold voltage in the forward
sweep is already shifted downward because of the parallel align-
ment, and that of the backward sweep was reduced because of
the magnetic dipolar interaction. The interaction energy was
much smaller than E’ and E, so the threshold voltage shift in
the downward sweep was smaller than of the forward sweep. In
our model, the threshold voltage in the forward sweep is gov-
erned by the charging energy, which is a function of the mag-
netic alignment of the two ferromagnetic nanoparticles, and
the co-tunneling current below the threshold is also dependent
on the magnetic alignment. The experimental results shown
in Figure 2b are consistent with the model. The observed

Adv. Funct. Mater. 2012, 22, 3845-3852
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hysteresis can be ascribed to dissipation of the charging energy.
This dissipated energy induces magnetic switching, and the
hysteresis curves in the forward and backward sweeps shift dif-
ferently with respect to a external magnetic field. If no magnetic
switching occurred, so that the magnetic alignment was fixed
during the bias-voltage sweep, the areas within the hysteresis
loops would be independent of the magnetic field, and the loops
would merely shift as the thresholds shifted (see Figure 6c).
It is noteworthy that our asymmetric two-particle model, repre-
senting the model in Figure 5c¢, would be preferable to a sym-
metric model for magnetic decay from the anti-parallel to the
parallel states, because in the latter case neither nanoparticle
is able to absorb a reaction against the spontaneous parallel
alignment, while one of two particles is pinned to the local field
in the former case. Hence, the experimentally observed shift
in the hysteresis during forward and backward sweeps clearly
indicates magnetization switching, in which a charging state
controls magnetization and a magnetic field controls a charging
state, resembling a multiferroic effect. The first assumption of
our model that the two Co nanoparticles under zero magnetic
field is aligned anti-parallel, seems peculiar, since magnetic
dipolar interactions induce not only anti-parallel coupling but
also many others, including parallel coupling. But the other
coupling cannot be a bottleneck, because their charging energy
is lower than that of the anti-parallel, and therefore cannot be
observed in the present experiment. On the other hand, a very
isolated Co nanoparticle cannot take part of a conducting net-
work, although it may have higher charging energy enough to
be a bottleneck. It seems to be a phenomenon as if the experi-
ment had chosen a chance to make a field-sensitive Coulomb-
blockade network. We have seen that the multiferroic-like
behavior such as the voltage-control magnetization can be elab-
orated in terms of artificial devices rather than material objects.

The use of this model to explain the experimental observa-
tions was merely qualitative, because the actual device consisted
of several bottleneck structures, judging from the comparably
large electric current after the Coulomb blockade was broken.
Although modification of the device structures and improve-
ments in the modeling are required for a quantitative under-
standing of this novel magnetic switching effect, it should be
emphasized that the present simple qualitative model does
explain the basic mechanism of the switching effect. It is worthy
to note that the phenomena are strongly dependent on the com-
position ratios of Cgy-Co and these interesting effects show up in
the case of the ratio close to 9:1 where the magnetic anisotropy
energy is anomalously large and it could not be attributed to the
crystal anisotropy energy of a single Co particle. Currently, this
switching effect disappears at ~20 K because it is a Coulomb-
blockade-induced effect. However, controlling the diameter of
the ferromagnetic nanoparticles may allow an increase in the
temperature at which the effect appears. We note that this effect
may be observed in other matrix materials, such as Al-O or
SiO,. However, the introduction of molecular materials with a
small dielectric constant is a key to inducing this effect, because
the charging energies of the basic and excited states are widely
separated. The introduction of molecules is a comparably new
approach, and unknown issues remain. Detailed investigations
should be vigorously pursued in the future to obtain stronger
effects at higher temperatures.
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3. Conclusion

In this study, we have successfully found a novel switching
effect appeared in a Cg,-Co nanocomposite, which was induced
by a combination of a Coulomb blockade effect and a mag-
netic switching effect. The switching ratio was estimated to be
ca. 10* Theoretical investigation revealed that an electric field
and a magnetic field control the magnetization and the elec-
tronic charging state, respectively, of the Co nanoparticles as in
physics of multiferoics, which indicates a novel magnetoelectric
effect was discovered in the Cgy-Co nanocomposite system.

4. Experimental Section

Sample Fabrication: A Cgp-Co nanocomposite was fabricated on an Si/
SiO, substrate with Au (40 nm)/Cr (3 nm) electrodes by a co-evaporation
method. The channel length between the electrodes was varied from
1.5 um to 15 um. The purity of the Cgy was 99.99%. The substrate
temperature during the co-evaporation was an ambient temperature.
The composition ratio of Cgp: Co was 9: 1, and was controlled by the
growth rates of both materials (~0.9 A/s for C¢y and ~0.1 A/s for Co).
After evaporating the Cgo-Co to 150 nm, capping layers of Cgy and SiO,
(300 nm and 240 nm thick, respectively) were evaporated continuously
in order to prevent oxidation of the Co nanoparticles. The samples for
TEM observation were prepared individually, and had a composition
ratio of 8.6:1.

Sample Characterization: |-V curves were measured using a Physical
Property Measurement System (PPMS, Quantum Design Co.) and a
source meter (Keithley 2400), with an external magnetic field of up
to 5 T applied perpendicular to the Cgp-Co film. The temperature was
varied from 2 K to 100 K. In our previous studies, we reported that the
magnetization of Co nanoparticles induced a magnetic field dependence
of the electric current, which was called the magnetoresistance effect,'’]
and that a Coulomb blockade occurred in the nanocomposite films
under investigation.'l The MR ratio was defined as 100 x {I (B =5 T)-I
(B=0T)}/I (B=0T). TEM images were acquired on a double aberration
corrected JEOL 2200FS high-resolution field emission transmission
electron microscope, operated at 200 keV. Cross-sectional TEM
specimens were prepared using conventional methods, which included
mechanical thinning and polishing followed by Ar ion beam milling to
achieve specimen electron transparency. The mean diameter of the Co
nanoparticles was estimated by averaging the diameter values of one
hundred nanoparticles.
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