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Single-band Hubbard model for the transport properties in bistable organicÕmetal
nanoparticleÕorganic devices
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The transport properties of bistable organic/metal nanoparticle/organic devices are investigated within the
single-band Hubbard model. The effect of two electrodes on the molecules with the nanoparticles is taken into
account by using the Newns’ chemisorption theory. The Coulomb interactions between the electrons in the
Hubbard model are treated by the spectral density approach. The transmission probabilities of the system are
calculated as a function of the energy, the organic layers’ thickness, and the hopping term for the organic
layers. At small bias, the transmission probability is small near the Fermi level if no charges are trapped in the
system, which corresponds to the low-conductance state of the device. Above a threshold bias, the electrons
within the nanoparticles will tunnel resonantly from one side to the other side, and the resulting positive-
negative charges are trapped at both sides of the nanoparticle layer, in which case the transmission probability
increases tremendously near the Fermi level, resulting in the high-conductance state. The layer-dependent
densities of states are used to investigate the phenomena in detail. The transmission probability decreases
exponentially as the thickness of the organic layers increases.
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I. INTRODUCTION

In recent years, the electrical transport properties betw
two electrodes through an organic molecular layer have
tracted a lot of attention both in experiment and in theory1–22

It was first suggested by Aviram and Ratner,1 that such a
system should have the ability to rectify current. Recent
periments on molecular wires have included the studies
conduction in molecular thin films,2,3 in the self-assembled
monolayers using scanning tunnel microscopy,4–8 and in
single molecules that are connected between the tips
mechanically controlled break junction.9 Memory phenom-
ena and devices are one of the most interesting phenom
in organic materials, and have been widely studied in
past years.22–28 However, the organic bistable phenomen
has been found to be unreliable for long-term operatio
Recently, a significant improvement was achieved when
ultrathin metal nanocluster layer is embedded between
organic layers. The resulting structure shows a unique e
trical bistable behavior.29–31This device is defined as organ
bistable device~OBD!. The typical structure of an OBD con
sists of an organic/metal/organic trilayer structure interpo
between an anode and a cathode.29–31 When applying a low
bias, there exist two stable conducting states. The h
conductance state~ON state! and the low-conductance sta
~OFF state! differ in their conductivities by several orders
magnitude and show remarkable retention. Once the de
reaches either states, it tends to remain in that state f
prolonged period of time, and can be switched back and fo
by applying a forward voltage pulse and a reverse volt
pulse.

The typical current-voltage curve from the experimen
results is shown in Fig. 1. For the first bias ramping, t
current injection of the device is very low initially and th
device shows the OFF state. When the applied voltage (F) is
over a critical value (Fsw), the device switches to the ON
0163-1829/2004/69~11!/115321~9!/$22.50 69 1153
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state. For the second bias running, the device remains a
ON state. The ON state can be erased to the OFF stat
applying a small reverse bias.31 Therefore the device can b
electrically programmed for nonvolatile memory applic
tions.

Various interpretations of the bistable phenomena h
been proposed in the past,22–28such as the transition from a
amorphous state to a more long-range ordered state, the
lapping of the tails of the conduction and valence bands,
the formation of a metal bridge between the electrodes.24 The
internal rotation of the individual molecular complexes w
proposed in Ref. 28. However, the performance of our OB
is sensitive to the components of the middle metal laye29

This middle layer must have a nanoparticle structure. Th
exists a critical thickness for the nanoparticle layer, abo
which the bistable phenomenon appears, while below it
bistable phenomenon disappears.29 The conductance transi
tion was considered as a result of the charge redistributio

FIG. 1. The typicalI -V curve for our OBD device measure
experimentally. The film is an Al~80 nm electrode!/AIDCN ~40
nm!/Al ~20 nm!/AIDCN ~40 nm!/Al ~80 nm electrode! structure.
Here AIDCN stands for 2-amino-4, 5-imidazoledicarbonitrite.
©2004 The American Physical Society21-1
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the middle nanoparticle layer in Ref. 29. It was shown
some experiments that the charge transfers from one sid
the other side in nanoparticles forming a positive-nega
electronic region. However, there is still a lack of theoreti
understanding for the interpretation, and how this redistri
tion of the charge occurs is not clear. In the present paper
propose a theoretical approach to the mechanism of
OBD’s.

We refer to the electrode/organic/metal nanopartic
organic/electrode system as a one-dimensional structure.
total number of the organic molecules and the nanoparti
is N. Here the number of two organic molecules aredo1 and
do2, respectively, and the number of the nanoparticles isdn .
ThusN5do11do21dn . The Hubbard model is used here
study the organic molecules and the nanoparticles.33,34 In the
Hubbard model, each site represents an organic molecu
a nanoparticle. The interaction between two nearest-neigh
sites t i j is determined by the hopping term. We conside
weak interaction between nearest-neighbor sites, that is,t i j is
much smaller than the on-site Coulomb interactionU( i ).
The strong Coulomb interaction between the electrons ca
the energy band to split into a higher- and a lower-ene
subband. These two subbands are separated by an e
amount of the order ofU( i ). Thus there is an energy gap
the nanoparticles, its value being equal to the on-site C
lomb interaction of the nanoparticlesUn . This separation of
energy band is caused by the quantum effect of the nano
ticles. Without the applied bias, the system is in the n
charged state. The lower subband of nanoparticles is f
occupied, while the upper subband is empty. As the app
bias increases, the energy of the nanoparticles close to
anode will decrease due to the applied electrostatic poten
while that of those close to the cathode will increase. A
result, the energy of the lower subband of the nanoparti
close to the cathode will match the energy of the upper s
band of the nanoparticle close to the anode. The elect
will tunnel resonantly from the lower subband in one nan
particle to the upper subband in the other nanoparticle w
the same energy, forming partial occupied states—cha
states, which are responsible for the ON state. This is sim
to the treatment with hopping conductivity in granul
metals.32 The switch-on voltage is the voltage that makes
difference of electrostatic potentials between near
neighbor nanoparticlesEc equal to the energy gap betwee
these two nanoparticles. As the bias increases further,
system is still in the charged state. When the applied b
decreases, the electrons in the upper subband of one n
particle should hop to the lower subband of nearest-neigh
nanoparticle. However, due to the high barrier between
two nanoparticles originating from the native insulat
coatings,29 the trapped charges are still there when the bia
off. This is the nonvolatile memory behavior of OBD’s.

The Hubbard model was originally introduced to expla
band magnetism in transition metals, and it has becom
standard model to study the essential physics of stron
correlated electron systems over the years. It was also
to explain the current-voltage characteristics of molecu
wires.20,35This model, though in principle is rather simple,
provokes a nontrivial many-body problem that could
11532
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solved only for some special cases.36–42Thus we require an
approximation scheme, which is simple enough to allow
extended study of electronic correlations. On the other ha
it should be clearly beyond Hartree-Fock~Stoner! theory,
since we believe a reasonable treatment of the electron
relation effects to be vital for a proper description of elect
cal properties especially for nonzero temperatures. In
paper we use the spectral density approach43,44~SDA! to deal
with the Hubbard model. The SDA, which reproduces t
exact results of Harris and Lange45 which concern the gen
eral shape of the spectral density in the strong-coupling li
@U( i )@W, W: bandwidth of the Bloch density of states#,
leads to a rather convincing result concerning the Hubb
model.43,44,46 By comparison with different approximatio
schemes for the Hubbard model as well as numerically ex
quantum Monte Carlo calculations in the limit of infinit
dimensions, it showed47 that the correct inclusion of the ex
act results of Harris and Lange45 in strong-coupling regime is
vital for a reasonable description of the properties of
Hubbard model.

The paper is organized as follows. The Hamiltonian of o
model is proposed in Sec. II followed by description of o
calculation of electrical current in Sec. III. In Sec. IV th
solution for the Green function is presented with the tre
ment of the partition technique and with SDA. The results
the numerical evaluation of the theory and the discussions
the electrical behavior of the OBD systems are given in S
V. Finally, a summary is given.

II. THE HAMILTONIAN OF THE SYSTEM

We consider a one-dimensional system including t
electrodes, organic molecules, and metal nanoparticles~Fig.
2!. According to recent experimental results,48 the metal
nanoparticles were represented as metal nanoparticle c
coated with organic molecules or oxides. This is importan
our theory, because as one can already see, the charge
tribution in the nanoparticles is the origin of the bistab
memory.

The Hamiltonian of the system can be written as

H5H01V, ~1!

FIG. 2. The schematic diagram of the structure of ODB
calculation.L,R represent the left and the right electrodes, resp
tively. ton , tnn , too are the hopping terms explained in the tex
VkL1 and VNkR

are the interactions between the electrodes and
organic molecules.
1-2
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SINGLE-BAND HUBBARD MODEL FOR TRANSPORT . . . PHYSICAL REVIEW B 69, 115321 ~2004!
where H0 is the Hamiltonian for the noninteracting par
~left and right electrodes, the organic molecules, and
metal nanoparticles!, and V is the interaction between th
electrodes and the organic molecules. The noninterac
HamiltonianH0 is given as

H05HE1HMN , ~2!

where

HE5 (
PPL,R

(
kP ,s

ekP ,sakP ,s
1 akP ,s ~3!

is the Hamiltonian of the left and right electrodes,akP ,s
1

(akP ,s) is the creation~annihilation! operator for an electron

with spin s and energyekP ,s , andk is the wave vector.
We use the Hubbard Hamiltonian to study the orga

molecules with the metal nanoparticles,

HMN5 (
i , j ,s

~ t i j 2t0id i j !cis
1 cj s1

1

2 (
i ,s

U~ i !nisni ,2s ,

~4!

wherecis
1 (cis) is the creation~annihilation! operator for an

electron with spins at the sitei for the organic molecules o
the metal nanoparticles.nis5cis

1 cis is the number operato
with spin s at site i. U( i ) are the on-site Coulomb interac
tions for the organic molecules and the metal nanoparticle
site i. t i j are the hopping terms between the electrons
nearest-neighbor sites.t0i is the on-site hopping integral a
site i.

V5 (
PPR,L

(
kP ,i ,s

VkPiakP ,s
1 ci ,s1H.c. ~5!

is the interaction between the organic molecules and
electrodes.VkPi (P5L,R) is the strength of the interactio
between electrodes and the nearest molecules. We as
that the left electrode can only interact with the first m
ecule, while the right electrode interacts with the last m
ecule.

III. CALCULATION OF ELECTRICAL CURRENT

We consider the transport of electrons through the orga
molecules with the metal nanoparticles by modeling it a
one-electron elastic-scattering problem. An electron incid
from the left electrode with an energyE has a transmission
probability T(E) to scatter into the right electrode. In th
system, we suppose that the coupling between the two e
trodes is weak, therefore, we can use the Landauer formu49

to calculate the transmitted current as a function of the b
voltageF,

I 5
e

p\E0

`

dE@ f ~E2eF/2!2 f ~E1eF/2!#T~E!, ~6!

where f (E) is the Fermi distribution. The energy differenc
in the Fermi function of the left and right electrodes com
11532
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from the applied bias voltageF. e.0 is the elementary
charge. At zero temperature and in the limitF→0

I 5
e2

p\
T~EF!F, ~7!

where EF is the Fermi level of the system. Therefore th
transmission probability near the Fermi level is most imp
tant for the electrical current at zero temperature.

The transmission probability can be obtained from t
scatting theory50

T~E!54p2 (
kL ,kR

uTkL ,kR
u2d~E2EL!d~E2ER!, ~8!

whereTkL ,kR
5^kLuTukR& is the transmission amplitude from

a statekL in the left electrode to a statekR in the right
electrode with energyE. EL (ER) is the energy of electrons
in the left ~right! electrode.T is an operator in the scatterin
theory. In the weak-coupling limit of the two electrodes, t
T operator

T5V1VGV ~9!

is usually replaced by its second term only. The first ‘‘direc
term V vanishes because there is no direct interaction
tween the states of the left and right electrodes.G(E)5(E
2H1 i01)21 is the Green function of the system. Thus w
get

T~E!54p2uG1N~E!u2GL~E!GR~E!, ~10!

whereG1N(E) is the (1,N) element of the Green function o
the system in a matrix representation.GP(E) (PPL,R) is

GP~E!5(
kP

VkPi
2 d~E2EP!. ~11!

The summation is over all the eigenstates of the left and
right electrode.

IV. SOLUTION TO THE GREEN FUNCTION

The basic quantity to be calculated is the retarded sin
electron Green functionG(E), which includes all relevant
information about system. In the matrix representation wit
basis including the two electrodes, the organic molecu
and the metal nanoparticles, the Green function is the inve
of an infinite matrix. The Hamiltonian matrix is also an infi
nite matrix. In Ref. 21, Mujicaet al. have proved that the
Hamiltonian matrix can be exactly mapped into a reduc
matrix defined in the space of states of the molecular w
hence of dimensionN3N. In our system, the infinite matrix
of the Hamiltonian can be mapped into aN3N matrix of the
organic molecules with the metal nanoparticles subspace
HMN be the matrix of the Hamiltonian of the organic mo
ecules with the metal nanoparticles, then the reduced Ha
tonian matrix of the system,H̄MN , differs fromHMN only in
both the first and last diagonal elements, (1,1) and (N,N),
which are explicitly given by
1-3
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JIANHUA WU, LIPING MA, AND YANG YANG PHYSICAL REVIEW B 69, 115321 ~2004!
~H̄MN!115~HMN!112P1~E!,

~H̄MN!NN5~HMN!NN2PN~E!, ~12!

where P1(N)(E) is a self-energy contribution of the elec
trodes given by

P1~E!5(
kL

VkL1
2

E2EL1 i01
5LL~E!2 iDL~E!. ~13!

In the Newns’ chemisorption theory,34 LL(E) and DL(E)
have the forms

LL~E!55
2VkL1

2

g2
E, UEgU,1

2VkL1
2

g2
~E1AE22g2!,

E

g
,21

2VkL1
2

g2
~E2AE22g2!,

E

g
.1

~14!

and

DL~E!5H 2VkL1
2

g2
Ag22E2, UEgU,1

0, otherwise,

~15!

whereg is half the electrodes energy bandwidth, andE is
measured from the center of the energy band of the e
trodes. The similar expression forSR can be obtained.

After the partition technique solution, the problem of t
Green function is reduced to solve the Green function of
organic molecules and the metal nanoparticles with ad
tional self-energy terms of electrodes to the (1,1) and (N,N)
elements. Thus we only need to solve Green function of
Hubbard model. However, the Hubbard model is a nontriv
problem, it can be solved only in some special cases.36–42 In
this paper, we use spectral density approach to the Hub
model, which leads to a rather convincing result. In the f
lowing, we give only a brief derivation of the SDA solutio
and refer the reader to previous papers for a deta
discussion44,46,47,51.

The Green function can now be given as

G~E!

5S E1s~E! t12 0 ••• 0

t21 E2s~E! t23 A

0 � 0

A EN21s~E! tN21,N

0 ••• 0 tN,N21 ENs~E!

D 21

,

~16!
11532
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where Eis(E)5E2t0i2S is(E)1P i(E)d i11P i(E)d iN .
S is(E) is the site-dependent electronic self-energy which
corporates all the effects of the electron correlations.

The key point of the SDA is to find a reasonable ans
for the self-energy. Guided by the precise solvable atom
limit of vanishing hopping (t i j 50) and by the findings of
Harris and Lange44 in the strong-coupling limit@U( i )/t i j
@1#, a one-pole ansatz for the self-energyS is(E) can be
motivated:43,44,46,47,51

S is~E!5U~ i !ni 2s

E2Bi 2s

E2Bi 2s2U~ i !~12ni 2s!
. ~17!

The self-energy depends on the spin-dependent occupa
numbersnis and the so-called band shiftBis . The band
occupation can be obtained from the imaginary part of
Green function,

nis52
1

pE2`

1`

dE f~E! Im Gii s~E!. ~18!

The band shiftBis consists of higher correlation func
tions:

Bis5t0i1
1

nis~12nis! (
j Þ i

t i j ^cis
1 cj s~2ni 2s21!&.

~19!

Although Bis consists of higher correlation functions, it ca
be expressed exactly via ImGis andS is(E):43,44,46,47,51

Bis5toi2
1

nis~12nis!

1

p\E2`

1`

dE f~E!S 2

U~ i !
S is~E!21D

3@E2S is~E!2toi# Im Gis~E!. ~20!

Now a closed set of equations for the Green function is
tablished via Eqs.~16!–~18! and ~20!, which can be solved
self-consistently.

V. RESULTS AND DISCUSSION

In our calculations, we keep the on-site Coulomb inter
tion in the organic molecules fixed atUo52.0 eV. The on-
site Coulomb interaction in the metal nanoparticles fixed
Un50.5 eV.52 The bandwidths of the two electrodes a
2g510.0 eV. The center of the energy band in the left el
trode is located atEF2eF/2, and in the right electrode a
EF1eF/2 due to the applied electrical biasF. The Fermi
energy level is set to zero. The hopping terms between
organic molecules, between the metal nanoparticles, and
tween a molecule and a nanoparticle are set to be sm
than that used in the literature20 for the conductance in mo
lecular wires. Because the hopping term represents the o
lapping between the nearest electrons, the electron hop
termolecularly in our system, while it happens intr
molecularly in the molecular wires. It was shown that t
conductance of molecular wires through the molecular ov
lapping is two orders smaller than through one molecule13

This means the hopping terms between nearest molecule
about one order smaller than between nearest atoms with
1-4
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FIG. 3. The transmission probabilitiesT(E)
as a function of energy for the following case
~a! pure six-layer organic molecular film;~b!
2/2/2 structure and without electron charge
nanoparticles@n(3)5n(4)51.0#; ~c! 2/2/2 struc-
ture with charge redistributed in the nanopartic
layer @n(3)51.4,n(4)50.6#. The schematic
structures of the device for the OFF state and O
state are plotted at the right corner. Other para
eters aretoo5ton50.025 eV, tnn50.05 eV, F
50.0 V, T550 K, VkL15VNkR

50.05 eV, the
band occupation of organic molecules isno
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molecule. In the following, the hopping term between t
nearest organic molecules is defined astoo , the term between
the nearest organic molecules and the metal nanopartic
ton , and the term between the nearest nanoparticles istnn .
We will refer to the considered structure electrode/orga
molecules/nanoparticles/organic molecules/electrode
do1 /dn /do2, wheredo5do15do2.

It should be noted that the spatial profile of the elect
static potential is not considered in our self-consistent ca
lation. Instead, we only calculate the spatial profile of t
electrostatic potential in two supposed cases~charged and
noncharged states!. This profile will affect the local energy
terms t0i . On the other hand, the change of local ene
terms will affect the distribution of the spatial concentrati
of the charges. These effects should be solved simu
neously with the coupling quantum mechanic equation
Poisson equation.53,14 In our calculation, we fixed the ban
occupation for each site, and adjust the local energy term
fit the band occupation. In addition, we assume that the e
trical neutral state is the state where each site has a b
occupation ofni51.0. Thus the charged state refers to t
state withniÞ1.0 for any site. For the noncharged states,
band occupation of each site isni51.0, the local energy for
the organic molecules is set tot0521.0 eV and that for the
nanoparticles tot0520.25 eV. The charged state is a me
stable state; it cannot be obtained from the self-consis
solution of the Hamiltonian. There are two ways to get t
charged states: the first one is fixing the Fermi energy for
whole system, and adjusting the local energy for each sit
fit the band occupation of each site, which corresponds
adjusting the electrostatic potential of each site. The sec
one is fixing the local energy and adjusting the Fermi ene
for each site. On the other hand, there may exist many s
consistent solutions for the Hamiltonian model, but here
are only interested in the nonmagnetic solution and calcu
the self-consistent solution from a higher temperature t
lower temperature.

First, let us see the influence of the metal nanoparticles
11532
as

c
as

-
-

y

a-
d

to
c-
nd

e

-
nt
e
e
to
to
nd
y
lf-
e
te
a

n

the properties of the organic molecular films. In Fig. 3, w
plot the transmission probabilities as a function of energy
the cases with and without the nanoparticles. Without
nanoparticles@Fig. 3~a!#, the transmission probability render
several peaks at the energy aroundE561.0 eV. Because
the Coulomb repulsion between the organic molecules
Uo52.0 eV, the energy bands of the molecules are loca
aroundE561.0 eV. For the other energy regimes,T(E) is
very small. When a thin metal nanoparticle layer is inser
into the organic layers@Figs. 3~b! and 3~c!#, the transmission
probabilities change significantly, especially for the ca
where electrons are redistributed in the metal nanoparti
~polarized state! @Fig. 3~c!#. For the noncharged state@Fig.
3~b!#, two small additional peaks ofT(E) appear with the
energies aroundE560.25 eV, where the energies of th
metal nanoparticle energy bands are located. Because
Fermi level is located in the gap between the two Hubb
subbands of the organic molecules and of the metal nano
ticles, the transmission probability is very small at the Fer
level. Therefore the conductance of the system is very sm
for the case without the metal nanoparticle layer, and
case with the metal nanoparticles at noncharged state. H
ever, when the electrons are redistributed in the metal na
particles@Fig. 3~c!#, the situation changes significantly. A
one can see from Fig. 3~c!, the charge in the metal nanopa
ticles plays an important role to determine the transmiss
probability, especially at the energy near the Fermi level.
the polarized state,T(E) at the Fermi level becomes muc
higher than that of noncharged state.T(E) exhibits some
peaks at the energies around the Fermi level, which are
responding to the energy bands of the metal nanopartic
The peaks ofT(E) induced by the organic molecule energ
bands shift to the energies farther from the Fermi ene
(E;61.8 eV) in the polarized state compared to the no
charged state. This will induce large electrical current in
structure. As for the experimentalI -V behavior shown in Fig.
1, for the first bias running from 0 to 4 V, the current is ve
low and increases slowly at bias below 2 V. The metal na
1-5
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FIG. 4. The layer-dependent density of stat
as a function of energy for the same cases as
Fig. 3. All the parameters are the same as in F
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particles will have no charges trapped in them. This is c
responding to the OFF state in Fig. 3~b!. As the applied bias
increases, the electrostatic potential for the electrons in
nanoparticles close to the anode will drop while that near
cathode will increase. At the threshold bias voltage (Fsw),
the electrons at the metallic core of the nanoparticles clos
the cathode will tunnel to the other side, forming the pol
ized state. This will result in the rapid increase of the el
trical current in the system@from Fig. 3~b! to Fig. 3~c!#.
When the bias decreases, this polarized state remains d
the barrier between nanoparticles, so the system remain
the ON state. We would like to point out that the ON state
a metastable state, and the charge is trapped in the nan
ticles. Thus there must exist a potential barrier between
two nanoparticles on both sides, so that the charges ca
stored in the nanoparticles. This is exactly what the exp
ment shows, because in our recent experiments, the mem
phenomenon only appears for the case where the mi
metal nanoparticles were coated with the organic molec
or oxides.

However, the same-kind charge trapping in the nanop
ticles might also occur through charge injection from t
electrodes. The transmission probabilityT(E) may also in-
crease tremendously near the Fermi level in this case.54 From
the experimental results,29 we think that the mechanism o
our OBD device can be explained by the charge redistri
tion in the nanoparticles. First, the ON state can be era
only by a small negative bias. For the same-kind charge t
ping in the nanoparticles, the system will be symmetric
Therefore, a small positive as well as a small negative b
will erase the ON state. However, this is not found in o
experiments. Second, if the bistable phenomenon is ca
by the same-kind charge trapping in the nanoparticles,
switching voltage may depend on the scanning speed of
applied voltage. In our experiments, the same switching v
age is observed for different scanning speeds of the app
voltage. Third, the switching voltage is independent of
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temperature55 which indicates a tunneling process for char
redistribution, rather than a charge injection-trapping p
cess, which is thermally active. Finally, the switching spe
of the OBD is in nanoseconds range, which also supports
argument that the charge redistribution occurs by reson
tunneling within the nanoparticles, rather than by the sam
kind charge injection trapping.

The layer-dependent density of states~DOS! is shown in
Fig. 4 for the same cases as in Fig. 3. The strong Coulo
interaction between the electrons causes the spectrum to
into a high- and a low-energy subband~‘‘Hubbard split-
ting’’ !. These two subbands~‘‘Hubbard bands’’! are sepa-
rated by an energy amount of the orderU( i ). In one-
dimensional system, the upper and the lower subba
contain several isolated peaks. Without the hopping eff
the peaks will appear only at the energy levels of the up
~corresponding to the lowest unoccupied molecular or!
and the lower~corresponding to the highest occupied m
lecular orbit! Hubbard subbands of the organic molecu
and the eigenvalues of metal nanoparticles. Due to the h
ping effect, each peak splits into several little peaks. In
case of charged state@Fig. 4~c!#, the peaks of the DOS in the
metal nanoparticles (i 53,4) shift in a different way. The
resultant peaks of the DOS in the organic moleculesi
51,2,5,6) also shift in different ways. Thus there exist se
eral peaks around the Fermi level. This is the reason w
T(E) is much higher around Fermi energy in this case.

In order to see the spatial distribution of the electrosta
potential, we calculated the electrostatic potential for no
charged and charged states at different applied bias~Fig. 5!.
We do not consider the potential drop at the interface
tween the electrode and the organic layers. The dielec
constant for the nanoparticles is chosen to be 2.0 as an a
age. The structure is substrate/Al~80 nm!/organic layer~40
nm!/middle layer~20 nm!/organic layer~40 nm!/Al ~80 nm!
which is the typical structure in our experiments. We assu
that there are two nanoparticles in the middle metal lay
1-6
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FIG. 5. The electrostatic potential for non
charged and charged states of the struct
substrate/Al ~80 nm!/organic layer ~40 nm!/
middle layer ~20 nm!/organic layer~40 nm!/Al
~80 nm! for different applied biasF. There are
two nanoparticles in the middle nanopartic
layer. ~a! Noncharged state~OFF state!; ~b!
charged state~ON state!, the charge in the two
nanoparticles isq1520.4e,q250.4e which is
the same as the parameters in Fig. 3. Thex axis is
measured from left organic layer to the right o
ganic layer.
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and the charge distributes evenly in the nanoparticles.
diameters of the nanoparticles are 6 nm. The distance
tween the centers of neighboring nanoparticles isdnn
514 nm. The potential at center of the system is set to z
therefore the potentials at the left and the right electrodes
6eF/2 which depend on the position of anode and catho
We assume that the left electrode is the anode. Thus
potential at the left electrode is2eF/2,0, and at the right
electrode iseF/2.0. It is apparent that the potential in
creases linearly from the left to the right electrodes in
noncharged states. As we mentioned in the itroduction,
switching voltage is the voltage which makes the differen
of electrostatic potential between the nearest-neighbor n
particles equal to the gap of the energy level of nanop
ticles. In our case, the energy gap of nanoparticles isUn
50.5 eV, which gives the switching voltageFsw
5(Un /dnn)dtot to be about 3.6 V (dtot is the thickness of the
system except the electrodes!. It is in close agreement with
our experimental results. The variation of experimenta
measured switching voltage is due to the variation of
distance between nearest nanoparticles and the variatio
the size of the nanoparticles. However, when the electr
redistribute in the nanoparticles, the electrostatic poten
changes a lot. The potential drops slowly in the middle na

FIG. 6. The transmission probabilityT(EF) as a function of the
hopping termtoo in the case of different charge trapped in nanop
ticles ~ON state!. Other parameters are the same as Fig. 3~c!.
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particle layer. The major drop of potential is across the
ganic molecular layers. Even at a very low bias, the poten
will have a negative drop at the nanoparticles compared
the drop across the whole system. This results in the ele
cal potential drop across the organic molecular layers be
larger than the applied bias.

Let us now turn our attention to the influence of the ho
ping term of the organic molecules onT(E). The hopping
dependence ofT(EF) at Fermi level is plotted in Fig. 6
T(EF) increases quickly as the hopping termtoo5ton in-
creases at smalltoo . It will reach a saturation value astoo
increases to a large value. This means that the increase o
overlap between the organic molecules will increase the c
ductance of the organic molecules and the nanoparticle
tem. This is because as the hopping increases, the elec
are easier to transmit through the regime of the organic m
ecules and the metal nanoparticles.

The effect of the thicknessesdo15do25do of the organic
molecules onT(EF) is plotted in Fig. 7. As the thickness o
the organic molecules increases, the resistance to scatt
electrons increases too. Thus the transmission probab
will decrease. One can see thatT(EF) decreases exponen
tially as do increases. This is the same as the theoret

-

FIG. 7. The transmission probabilityT(EF) at the Fermi level as
a function of the thicknessesdo5do15do2 of the organic molecules
in the case of different charge trapped in the metal nanoparti
~ON state!. Other parameters are the same as Fig. 3~c!.
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results obtained in the pure molecular wires in the case of
small hopping term.17,21,16,56 This is because the hoppin
term is much smaller compared to the energy gaps of
molecules.

VI. SUMMARY

In this paper, we studied the transport properties of
organic bistable device. We think that the mechanism of
bistable phenomenon is caused by the charge redistribu
in the nanoparticle layers. By the calculation of transmiss
probability, we find that the charge redistribution in the nan
particles plays a very important role for the transport pro
erties of the OBD. The transmission probabilityT(E) in-
creases tremendously near the Fermi level in the polar
state compared to the noncharged state.

The thickness and hopping effect on the transport prop
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