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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 nanopatrticles 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 state. For the second bias running, the device remains at the
ON state. The ON state can be erased to the OFF state by
In recent years, the electrical transport properties betweeapplying a small reverse bidsTherefore the device can be

two electrodes through an organic molecular layer have atelectrically programmed for nonvolatile memory applica-
tracted a lot of attention both in experiment and in théoty ~ tions.
It was first suggested by Aviram and Rathehat such a Various interpretations of the bistable phenomena have
system should have the ability to rectify current. Recent exbeen proposed in the pa8t**such as the transition from an
periments on molecular wires have included the studies ofMOrphous state to a more long-range ordered state, the over-

conduction in molecular thin film&3 in the self-assembled lapping oflthe tails of the c_onduction and valence bands, and
monolayers using scanning tunnel microscdpy,and in the formation of a metal bridge between the electréd@he

single molecules that are connected between the tips of 'Qrtgrgggaoitr?tg’; Ozfghf'O'Cvi:\\;gu?Agﬂﬁ%‘#:ﬁ;ﬁgggg%ﬁs&;ﬁs
mechanically controlled break junctiSnivilemory phenom- proposec S ' P .
: is sensitive to the components of the middle metal 14Yer.

. . : . o "Yhis middle layer must have a nanoparticle structure. There
n organic ZrI]ZaStenals, and have be_en \.N'dely studied in the, it o critical thickness for the nanoparticle layer, above
past years?~* However, the organic bistable phenomenon,nich the bistable phenomenon appears, while below it the
has been found to be unreliable for long-term operationsygiaple phenomenon disappe&t&he conductance transi-

Recently, a significant improvement was achieved when agon was considered as a result of the charge redistribution in
ultrathin metal nanocluster layer is embedded between two

organic layers. The resulting structure shows a unique elec-

-3

trical bistable behavid® 31 This device is defined as organic 10 ' ' '
bistable devicd OBD). The typical structure of an OBD con- 10* ON state. ... o
sists of an organic/metal/organic trilayer structure interposed 10° Loo****** 2nd ]
between an anode and a cathdd€!When applying a low = b
bias, there exist two stable conducting states. The high- §; 10 3
conductance stat@ON stat¢ and the low-conductance state 3 107 1
(OFF state differ in their conductivities by several orders in 5
magnitude and show remarkable retention. Once the device © 10 1
reaches either states, it tends to remain in that state for a 10° OFF it:ﬁ..ﬁ" 1
prolonged period of time, and can be switched back and forth 10 Fus® ‘" L L L
by applying a forward voltage pulse and a reverse voltage 10 0 1 2 3 4
pulse. Voltage (V)

The typical current-voltage curve from the experimental
results is shown in Fig. 1. For the first bias ramping, the FiG. 1. The typicall-V curve for our OBD device measured
current injection of the device is very low initially and the experimentally. The film is an A[80 nm electrodgAIDCN (40
device shows the OFF state. When the applied voltdgei§  nm)/Al (20 nm/AIDCN (40 nm)/Al (80 nm electrode structure.
over a critical value @,,), the device switches to the ON Here AIDCN stands for 2-amino-4, 5-imidazoledicarbonitrite.
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the middle nanoparticle layer in Ref. 29. It was shown by O Organic molecule
some experiments that the charge transfers from one side to
the other side in nanoparticles forming a positive-negative © wetatic nanopartici
electronic region. However, there is still a lack of theoretical
understanding for the interpretation, and how this redistribu- v, t ot L L
tion of the charge occurs is not clear. In the present paper, we OO VWY: o
propose a theoretical approach to the mechanism of the O O OO O
OBD’s. 1 i N

We refer to the electrode/organic/metal nanoparticles/ L R

organic/electrode system as a one-dimensional structure. The
total number of the organic molecules and the nanoparticles

is N. Here the number of two organic molecules 6_5@ an.d calculation.L,R represent the left and the right electrodes, respec-
do2, respectively, and the number of the nanoparticles;is tively. ton, thn, too are the hopping terms explained in the text.

ThusN=d; +d,,+d,. The Hubbard model is used here to \/, "and\v,,_ are the interactions between the electrodes and the
study the organic molecules and the nanopartitiédin the organic molecules.

Hubbard model, each site represents an organic molecule or
a nanoparticle. The interaction between two nearest-neighb%r

. : . . ) o}
sitest;; is determined by the hopping term. We consider a,,
weak interaction between nearest-neighbor sites, thaj is,
much smaller than the on-site Coulomb interactigdfi).

FIG. 2. The schematic diagram of the structure of ODB for

Ived only for some special cas®s*? Thus we require an
pproximation scheme, which is simple enough to allow an
extended study of electronic correlations. On the other hand,

) ; it should be clearly beyond Hartree-Foé8tonej theory,
The strong Coulomb interaction between the electrons CaUSEHce we believe a reasonable treatment of the electron cor-

the energy band to split into a higher- and a Iower-energxelaﬂon effects to be vital for a proper description of electri-

subband. These two su_bbands are se_parated by an ener properties especially for nonzero temperatures. In this
amount of the order ofJ(i). Thus there is an energy gap in aper we use the spectral density appré#{SDA) to deal

the nanopatrticles, its value being equal to the on-site Cou- ith the Hubbard model. The SDA, which reproduces the
lomb interaction of the nanoparticlés,. This separation of exact results of Harris and Lan‘ljewﬁich concern the gen-

energy band is caused by the quantum effect of the nanopagz shape of the spectral density in the strong-coupling limit

“ﬁ'es- ‘é"i”t‘ot“t t?ﬁ alpp“ed bigs' tze SyStem ist.“"l the "OMU(i)>W, W bandwidth of the Bloch density of stales
charged state. 1he lower subband of nanoparticles 1S Ullyo 545 1 g rather convincing result concerning the Hubbard

occupied, while the upper subband is empty. As the applie odel#34446 By comparison with different approximation

bias incr_eases, the energy of the nanoparticles (_:Iose 10 M@ hemes for the Hubbard model as well as numerically exact
anode will decrease due to the applied electrostatic potenti uantum Monte Carlo calculations in the limit of infinite

while that of those close to the cathode will increase. As imensions, it showéd that the correct inclusion of the ex-

result, the energy of th_e lower subband of the nanoparticlegCt results of Harris and Lanan strong-coupling regime is
close to the cathode V.V'” match the energy of the upper sl o 5 reasonable description of the properties of the
band of the nanoparticle close to the anode. The electrorﬁubbard model

will tunnel resonantly from the lower subband in one nano- The paper is organized as follows. The Hamiltonian of our

particle to the upper su_bband if‘ the othgr hanoparticle Wm?nodel is proposed in Sec. Il followed by description of our
the same energy, forming partial occupied St"’ues_Ch""rge(‘,jzatlculation of electrical current in Sec. Ill. In Sec. IV the

ftattis' Vf[’h'c? aretres.pt)kc])nilble for the OdN stta.tte. Th's IS S'rln'laéolution for the Green function is presented with the treat-
0 ; |e32 _rreha mefﬁt hWI I?ppln_g tﬁon LII':: IVl >tlh IT grEnu t"’r‘: ment of the partition technique and with SDA. The results of
metals. € switch-on voltage 1S e voltage that makes &, merical evaluation of the theory and the discussions on

d|fference B ele_ctrostatlc potentials between NeareSty,q electrical behavior of the OBD systems are given in Sec.
neighbor nanoparticleg,; equal to the energy gap between V. Finally, a summary is given

these two nanoparticles. As the bias increases further, the
system is still in the charged state. When the applied bias
decreases, the electrons in the upper subband of one nano- Il. THE HAMILTONIAN OF THE SYSTEM

particle should hop to the lower subband of nearest-neighbor . . . : .
nanoparticle. However, due to the high barrier between the We consider a one-dimensional system mcludmg two
two nanoparticles originating from the native insulator !€ctrodes, organic molecules, and metal nanopartiéiigs
coatings?® the trapped charges are still there when the bias ig)' ACCOFd'”g to recent experimental resuffsthe ”?eta'

off. This is the nonvolatile memory behavior of OBD's. nanoparticles were represented as metal nanoparticle cores

The Hubbard model was originally introduced to explaincoated with organic molecules or oxides. This is important in

band magnetism in transition metals, and it has become @Ur theory, because as one can already see, the charge redis-

standard model to study the essential physics of stronglt ibution in the nanoparticles is the origin of the bistable
correlated electron systems over the years. It was also us emory. )

to explain the current-voltage characteristics of molecular 1ne Hamiltonian of the system can be written as
wires 2% This model, though in principle is rather simple, it

provokes a nontrivial many-body problem that could be H=Hy+V, (D)
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where H, is the Hamiltonian for the noninteracting parts from the applied bias voltagd. e>0 is the elementary
(left and right electrodes, the organic molecules, and theharge. At zero temperature and in the lirit-0

metal nanoparticlgs andV is the interaction between the )

electrodes and the organic molecules. The noninteracting |= e TEND -
HamiltonianH,, is given as —~ (Ep)®, @)
Ho=He+Hun (20 whereEg is the Fermi level of the system. Therefore the
transmission probability near the Fermi level is most impor-
where tant for the electrical current at zero temperature.
The transmission probability can be obtained from the
He= 2 3 0l oBip.o (3)  scatting theory
PcLRKp,o0 P PO TP
is the Hamiltonian of the left and right electrodes; T(E)=47Tzkzk | Ti kol °8(E—EL)8(E—Egr), (8
(akP ») 1S the creatior(annihilation operator for an electron LR
with spin o and energye, . ., andk is the wave vector. whereT, . =(KL|T|kg) is the transmission amplitude from
We use the Hubbard Hamiltonian to study the organic® StatEkL in the left electrode to a statikz in the right
molecules with the metal nanoparticles, electrode with energ§. E| (Eg) is the energy of electrons

in the left (right) electrodeT is an operator in the scattering
. 1 _ theory. In the weak-coupling limit of the two electrodes, the
HMN:ijE (6ij = 10i6i))CioCiot 5 .E U@inieni 4, T operator

(4) T=V+VGV 9)
wherec;’ (c;,) is the creationfannihilation operator for an
electron with spirr at the site for the organic molecules or

th_e meFaI nanopar_uclegm CigCio iS the number operator tween the states of the left and right electrodeéE) = (E
with spin o at sitei. U(i) are the on-site Coulomb interac- —H+i0") 1 is the Green function of the system. Thus we
tions for the organic molecules and the metal nanoparticles qrqtet '

a

site i. tj; are the hopping terms between the electrons

is usually replaced by its second term only. The first “direct”
term V vanishes because there is no direct interaction be-

nearest-neighbor sitety; is the on-site hopping integral at T(E) =472 Gyy(E)|?T (E)TR(E) (10)
sitei. ’
whereG y(E) is the (1N) element of the Green function of
Ve 2 E Ve |ak GiotH.C. ®) the system in a matrix representatidix(E) (PeL,R) is
PERL kpi,o ©
_ 2
is the interaction between the organic molecules and the FP(E)_kEP Vkpi S(E—Ep). 1D

electrodesvk i (P=L,R) is the strength of the interaction

between electrodes and the nearest molecules. We assufiae summation is over all the eigenstates of the left and the
that the left electrode can only interact with the first mol- fight electrode.

ecule, while the right electrode interacts with the last mol-

ecule. IV. SOLUTION TO THE GREEN FUNCTION

The basic quantity to be calculated is the retarded single-
electron Green functioi&(E), which includes all relevant

We consider the transport of electrons through the organigiformation about system. In the matrix representation with a
molecules with the metal nanoparticles by modeling it as &asis including the two electrodes, the organic molecules,
one-electron elastic-scattering problem. An electron incidennd the metal nanoparticles, the Green function is the inverse
from the left electrode with an enerdy has a transmission ©Of an infinite matrix. The Hamiltonian matrix is also an infi-
probability T(E) to scatter into the right electrode. In the nite matrix. In Ref. 21, Mujicaet al. have proved that the
system, we suppose that the coupling between the two ele€lamiltonian matrix can be exactly mapped into a reduced
trodes is weak, therefore, we can use the Landauer foffhulamatrix defined in the space of states of the molecular wire,

to calculate the transmitted current as a function of the bia§ence of dimensiolN>N. In our system, the infinite matrix
voltage®, of the Hamiltonian can be mapped intdNex N matrix of the

organic molecules with the metal nanoparticles subspace. Let
e Hwun be the matrix of the Hamiltonian of the organic mol-
I= %Jo dE[f(E—e®/2)—-f(E+edP/2)]T(E), (6) ecules with the metal nanoparticles, then the reduced Hamil-

tonian matrix of the systerTHMN, differs fromH,\ only in
wheref(E) is the Fermi distribution. The energy difference both the first and last diagonal elements, (1,1) aNd\),
in the Fermi function of the left and right electrodes comeswhich are explicitly given by

IIl. CALCULATION OF ELECTRICAL CURRENT
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(Hun)11= (Hun) 11— TT41(E),

(Hun) = (Hun)nn—TIn(E), (12

where 11 (E) is a self-energy contribution of the elec-

trodes given by

2
k 1

I,(E)=2

R EViAE).
k. E-E +i0" (B)—iA(E). (13

In the Newns' chemisorption theo?), A, (E) and A (E)
have the forms

(2v2, e,
2 E, Y
Y
ZVﬁL1 E
AUB)=y —=(E+VEP—99), _<-1 (14
Y
2V§L1 2_ 2 E
 (E-EP=y), —>1
\ 7Y
and
2Vi, ‘E‘
L
— Y [2_E2 —<1
AE)=3 2 VT y (15)
0, otherwise,

where y is half the electrodes energy bandwidth, dads
measured from the center of the energy band of the elec-

trodes. The similar expression f@ir can be obtained.

PHYSICAL REVIEW B 69, 115321 (2004

where  &o(E)=E—to—2is(E) +1L;(E) 61+ IL;(E) Sy -
3. ,(E) is the site-dependent electronic self-energy which in-
corporates all the effects of the electron correlations.

The key point of the SDA is to find a reasonable ansatz
for the self-energy. Guided by the precise solvable atomic
limit of vanishing hopping {;;=0) and by the findings of
Harris and Lang¥ in the strong-coupling limif U (i)/t;
>1], a one-pole ansatz for the self-enerdy,(E) can be
motivated?344:46:47.51

3 (E)=U(] E-Bi-o

BN BT T =Om )
The self-energy depends on the spin-dependent occupation
numbersn;, and the so-called band shiB;,. The band
occupation can be obtained from the imaginary part of the
Green function,

(17

1(+=
ni0=—;f 30dEf(E) Im Giio’(E)' (18)

The band shiftB;, consists of higher correlation func-
tions:

P T {cte A
BIo’ t0I+ nig’(l_nig') ; tIJ<C|0'CjU(2nI—0' 1)>

(19
Although B, . consists of higher correlation functions, it can
be expressed exactly via I8}, and3, (E):434446.47:51

_ lfﬂchfE—ZE E)—-1

Ty wh ) O B GE e
X[E=Zis(E)—toi] Im Gj,(E). (20

Now a closed set of equations for the Green function is es-

Bia':toi

After the partition technique solution, the problem of thetablished via Eqs(16)—(18) and (20), which can be solved
Green function is reduced to solve the Green function of th&elf-consistently.
organic molecules and the metal nanoparticles with addi-

tional self-energy terms of electrodes to the (1,1) aNd\)

V. RESULTS AND DISCUSSION

elements. Thus we only need to solve Green function of the

Hubbard model. However, the Hubbard model is a nontrivial

problem, it can be solved only in some special cd8e¥In

In our calculations, we keep the on-site Coulomb interac-
tion in the organic molecules fixed &,=2.0 eV. The on-

this paper, we use spectral density approach to the Hubbagite Coulomb interaction in the metal nanoparticles fixed at
model, which leads to a rather convincing result. In the fol-U,=0.5 eV>* The bandwidths of the two electrodes are
lowing, we give only a brief derivation of the SDA solution 2y=10.0 eV. The center of the energy band in the left elec-
and refer the reader to previous papers for a detaile@ode is located aEr—e®/2, and in the right electrode at
discussioff*46:47:51 Er+ed/2 due to the applied electrical bials. The Fermi
The Green function can now be given as energy level is set to zero. The hopping terms between the
organic molecules, between the metal nanoparticles, and be-

G(E) tween a molecule and a nanoparticle are set to be smaller
than that used in the literatifefor the conductance in mo-
E14(E) t1o 0 0 -1 lecular wires. Because the hopping term represents the over-
t & (E) t lapping between the nearest electrons, the electron hops in-
21 20-( ) 23 . . . .
. termolecularly in our system, while it happens intra-
= 0 & 0 , molecularly in the molecular wires. It was shown that the
En-16E)  tno1n conductance of molecular wires through the molecular over-
lapping is two orders smaller than through one moleétile.
0 e 0  tyn-1 EnolE)

This means the hopping terms between nearest molecules are
(16 about one order smaller than between nearest atoms within a
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FIG. 3. The transmission probabiliti€§ E)
: as a function of energy for the following cases:
OFF-state ] (&) pure six-layer organic molecular film(b)
B ] E 2/2/2 structure and without electron charge in
M A H A o o nanoparticle$n(3)=n(4)=1.0J; (c) 2/2/2 struc-
=20 -15 -1.0 -05 0.0 05 1.0 15 2. 20 -15 -1.0 05 0.0 05 1.0 15 2.0 ture with charge redistributed in the nanoparticle
____EEREy EE, (V) layer [n(3)=1.4n(4)=0.6]. The schematic
10} © ] structures of the device for the OFF state and ON

e ! state are plotted at the right corner. Other param-

eters aret,,=t,,=0.025 eV, t,,=0.05 eV, ®
=00V, T=50K, Vi 1=Vyk,=0.05¢eV, the
band occupation of organic molecules is,
=1.0.

10

— electrode —
organic molecule
— nano-particle—

organic molecule

— electrode —

30

20 -15 -1.0 -0.}5:_E|3.|()ev)0.5 10 15 20 (b) OFF-state (c) ON-state

10

molecule. In the following, the hopping term between thethe properties of the organic molecular films. In Fig. 3, we
nearest organic molecules is defined as the term between plot the transmission probabilities as a function of energy for
the nearest organic molecules and the metal nanoparticle #ise cases with and without the nanoparticles. Without the
ton, and the term between the nearest nanoparticlés,is  nanoparticlegFig. 3@], the transmission probability renders
We will refer to the considered structure electrode/organicseveral peaks at the energy aroufe =1.0 eV. Because
molecules/nanoparticles/organic  molecules/electrode akhe Coulomb repulsion between the organic molecules is
do1/d,/dy,, Wheredy,=dy1=0d,». U,=2.0 eV, the energy bands of the molecules are located
It should be noted that the spatial profile of the electro-aroundE= = 1.0 eV. For the other energy regim@§E) is
static potential is not considered in our self-consistent calcuvery small. When a thin metal nanopatrticle layer is inserted
lation. Instead, we only calculate the spatial profile of theinto the organic layerfFigs. 3b) and 3c)], the transmission
electrostatic potential in two supposed cageisarged and probabilities change significantly, especially for the case
noncharged statgsThis profile will affect the local energy where electrons are redistributed in the metal nanoparticles
termsty . On the other hand, the change of local energy(polarized state[Fig. 3(c)]. For the noncharged staf€ig.
terms will affect the distribution of the spatial concentration3(b)], two small additional peaks of (E) appear with the
of the charges. These effects should be solved simultaenergies around&E= +0.25 eV, where the energies of the
neously with the coupling quantum mechanic equation ananetal nanoparticle energy bands are located. Because the
Poisson equatiot™* In our calculation, we fixed the band Fermi level is located in the gap between the two Hubbard
occupation for each site, and adjust the local energy term teubbands of the organic molecules and of the metal nanopar-
fit the band occupation. In addition, we assume that the eledicles, the transmission probability is very small at the Fermi
trical neutral state is the state where each site has a barnevel. Therefore the conductance of the system is very small
occupation ofn;=1.0. Thus the charged state refers to thefor the case without the metal nanoparticle layer, and the
state withn;# 1.0 for any site. For the noncharged states, thecase with the metal nanoparticles at noncharged state. How-
band occupation of each siteris= 1.0, the local energy for ever, when the electrons are redistributed in the metal nano-
the organic molecules is set tg=—1.0 eV and that for the particles[Fig. 3(c)], the situation changes significantly. As
nanoparticles téy=—0.25 eV. The charged state is a meta-one can see from Fig.(8), the charge in the metal nanopar-
stable state; it cannot be obtained from the self-consisteriicles plays an important role to determine the transmission
solution of the Hamiltonian. There are two ways to get theprobability, especially at the energy near the Fermi level. At
charged states: the first one is fixing the Fermi energy for théhe polarized stateT (E) at the Fermi level becomes much
whole system, and adjusting the local energy for each site thigher than that of noncharged stal.E) exhibits some
fit the band occupation of each site, which corresponds tpeaks at the energies around the Fermi level, which are cor-
adjusting the electrostatic potential of each site. The seconesponding to the energy bands of the metal nanoparticles.
one is fixing the local energy and adjusting the Fermi energyrhe peaks off (E) induced by the organic molecule energy
for each site. On the other hand, there may exist many selbands shift to the energies farther from the Fermi energy
consistent solutions for the Hamiltonian model, but here w§E~ *=1.8 eV) in the polarized state compared to the non-
are only interested in the nonmagnetic solution and calculateharged state. This will induce large electrical current in the
the self-consistent solution from a higher temperature to &tructure. As for the experimentalV behavior shown in Fig.
lower temperature. 1, for the first bias running from 0 to 4 V, the current is very
First, let us see the influence of the metal nanoparticles ofow and increases slowly at bias below 2 V. The metal nano-
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i =8 j @ |__i=6 1 ®
I=5 i ] =5 1
I=4 “ =4 ll
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b= A i1 _
45 -10 05 00 05 1.0 1.5 A5 10 05 00 05 1.0 1.5 FIG. 4. The layer-dependent density of states
EE, (V) E-E, (V) as a function of energy for the same cases as in
| '1_6 ) s '(c) Fig. 3. All the parameters are the same as in Fig.
= : 3
=5 |
@ i=4 |! |
g
i=3 | h
=2 |
.i=1 T T I T T T I
20 -15 1.0 -05 00 05 1.0 15 2.0

EE, (V)

particles will have no charges trapped in them. This is cortemperatur® which indicates a tunneling process for charge
responding to the OFF state in FighR As the applied bias redistribution, rather than a charge injection-trapping pro-
increases, the electrostatic potential for the electrons in theess, which is thermally active. Finally, the switching speed
nanoparticles close to the anode will drop while that near thef the OBD is in nanoseconds range, which also supports the
cathode will increase. At the threshold bias voltagg,), argument that the charge redistribution occurs by resonant
the electrons at the metallic core of the nanopatrticles close tmnneling within the nanoparticles, rather than by the same-
the cathode will tunnel to the other side, forming the polar-kind charge injection trapping.
ized state. This will result in the rapid increase of the elec- The layer-dependent density of stat€¥S) is shown in
trical current in the systenffrom Fig. 3b) to Fig. 3c)]. Fig. 4 for the same cases as in Fig. 3. The strong Coulomb
When the bias decreases, this polarized state remains dueitderaction between the electrons causes the spectrum to split
the barrier between nanopatrticles, so the system remains into a high- and a low-energy subbaritHubbard split-
the ON state. We would like to point out that the ON state isting”). These two subband§Hubbard bands’) are sepa-
a metastable state, and the charge is trapped in the nanopaated by an energy amount of the ordeli). In one-
ticles. Thus there must exist a potential barrier between thdimensional system, the upper and the lower subbands
two nanoparticles on both sides, so that the charges can lm®ntain several isolated peaks. Without the hopping effect,
stored in the nanopatrticles. This is exactly what the experithe peaks will appear only at the energy levels of the upper
ment shows, because in our recent experiments, the memo(gorresponding to the lowest unoccupied molecular prbit
phenomenon only appears for the case where the middiend the lower(corresponding to the highest occupied mo-
metal nanoparticles were coated with the organic moleculekecular orbi} Hubbard subbands of the organic molecules
or oxides. and the eigenvalues of metal nanoparticles. Due to the hop-
However, the same-kind charge trapping in the nanoparping effect, each peak splits into several little peaks. In the
ticles might also occur through charge injection from thecase of charged stafEig. 4(c)], the peaks of the DOS in the
electrodes. The transmission probabiliifE) may also in- metal nanoparticlesi €3,4) shift in a different way. The
crease tremendously near the Fermi level in this c¢d6eom  resultant peaks of the DOS in the organic molecules (
the experimental resultS,we think that the mechanism of =1,2,5,6) also shift in different ways. Thus there exist sev-
our OBD device can be explained by the charge redistribueral peaks around the Fermi level. This is the reason why
tion in the nanoparticles. First, the ON state can be erase@l(E) is much higher around Fermi energy in this case.
only by a small negative bias. For the same-kind charge trap- In order to see the spatial distribution of the electrostatic
ping in the nanoparticles, the system will be symmetrical potential, we calculated the electrostatic potential for non-
Therefore, a small positive as well as a small negative biasharged and charged states at different applied (bi@s 5).
will erase the ON state. However, this is not found in ourWe do not consider the potential drop at the interface be-
experiments. Second, if the bistable phenomenon is causedieen the electrode and the organic layers. The dielectric
by the same-kind charge trapping in the nanoparticles, theonstant for the nanoparticles is chosen to be 2.0 as an aver-
switching voltage may depend on the scanning speed of thage. The structure is substrate/80 nm)/organic layer(40
applied voltage. In our experiments, the same switching voltnm)/middle layer(20 nm/organic layer40 nm/Al (80 nm
age is observed for different scanning speeds of the appliedhich is the typical structure in our experiments. We assume
voltage. Third, the switching voltage is independent of thethat there are two nanopatrticles in the middle metal layer,
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FIG. 5. The electrostatic potential for non-
charged and charged states of the structure
substrate/Al (80 nm)/organic layer (40 nm)/
middle layer (20 nm)/organic layer(40 nm/Al
(80 nm for different applied biasb. There are
two nanoparticles in the middle nanoparticle
layer. (a) Noncharged statg OFF statg (b)
charged stat€ON statg, the charge in the two

- - _ﬁfx nanoparticles isq;= —0.4e,q,=0.4e which is
R © 0=20V | the same as the parameters in Fig. 3. Xlagis is
./ - —0=3.0V

measured from left organic layer to the right or-

ganic layer.

100 0 80 100

X position {(nm)

and the charge distributes evenly in the nanoparticles. Thparticle layer. The major drop of potential is across the or-
diameters of the nanoparticles are 6 nm. The distance beanic molecular layers. Even at a very low bias, the potential
tween the centers of neighboring nanoparticlesdis,  will have a negative drop at the nanoparticles compared to
=14 nm. The potential at center of the system is set to zerdhe drop across the whole system. This results in the electri-
therefore the potentials at the left and the right electrodes areal potential drop across the organic molecular layers being
+e®/2 which depend on the position of anode and cathodearger than the applied bias.

We assume that the left electrode is the anode. Thus the Let us now turn our attention to the influence of the hop-
potential at the left electrode ise®/2<0, and at the right ping term of the organic molecules ar(E). The hopping
electrode ise®/2>0. It is apparent that the potential in- dependence off (Eg) at Fermi level is plotted in Fig. 6.
creases linearly from the left to the right electrodes in theT(Eg) increases quickly as the hopping tetgy,=t,, in-
noncharged states. As we mentioned in the itroduction, thereases at smatl,,. It will reach a saturation value ag,
switching voltage is the voltage which makes the differenceéncreases to a large value. This means that the increase of the
of electrostatic potential between the nearest-neighbor nanaverlap between the organic molecules will increase the con-
particles equal to the gap of the energy level of nanoparductance of the organic molecules and the nanoparticle sys-
ticles. In our case, the energy gap of nanoparticlet)js tem. This is because as the hopping increases, the electrons
=0.5eV, which gives the switching voltaged,,  are easier to transmit through the regime of the organic mol-
=(U,/d,,)do to be about 3.6 Vd,; is the thickness of the ecules and the metal nanoparticles.

system except the electrode#t is in close agreement with The effect of the thicknessek, =d,,=d, of the organic

our experimental results. The variation of experimentallymolecules onT(Eg) is plotted in Fig. 7. As the thickness of
measured switching voltage is due to the variation of thehe organic molecules increases, the resistance to scattering
distance between nearest nanoparticles and the variation efectrons increases too. Thus the transmission probability
the size of the nanoparticles. However, when the electronwill decrease. One can see thB{Er) decreases exponen-
redistribute in the nanoparticles, the electrostatic potentialially as d, increases. This is the same as the theoretical
changes a lot. The potential drops slowly in the middle nano-

10'a:'l'l'l'l'l'l'l'l'l'
10-5 o - - ] 10" F a
10‘10 ~ b /H\[‘ 10-27 -
—_~
& 10 ] =
A4 L
- . 10 F 3
10-201 ]
[ 10-45..I.I.II.I.III.'
1045|;’.|_|.|.|_I 012 3 4567 8 910
0.0 0.3 0.6 0.9 1.2 1.5 d (number)
t, V) ’

FIG. 7. The transmission probabilify E¢) at the Fermi level as
FIG. 6. The transmission probabiliiy(Eg) as a function of the  a function of the thicknessek = d,;=d,, of the organic molecules
hopping termt,, in the case of different charge trapped in nanopar-in the case of different charge trapped in the metal nanoparticles
ticles (ON state. Other parameters are the same as Hg).3 (ON statg. Other parameters are the same as Fig). 3
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results obtained in the pure molecular wires in the case of thées are discussed in detail. The transmission probability de-
small hopping ternt’21165€Thijs is because the hopping creases exponentially as the thickness of the organic mol-
term is much smaller compared to the energy gaps of thecules increases. The transmission probability will increase

molecules. as the hopping term of the organic molecules increases. But
the hopping dependence of the transmission probability is
VI]. SUMMARY neither a linear one nor an exponential one.

In this paper, we studied the transport properties of the
organic bistable device. We think that the mechanism of the
bistable phenomenon is caused by the charge redistribution
in the nanoparticle layers. By the calculation of transmission The authors are indebted to Professor Mark A. Ratner of
probability, we find that the charge redistribution in the nano-the Northwestern University and Dr. Charles Szmanda of
particles plays a very important role for the transport prop-Shipley Corporation for valuable discussions and for review-
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