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Microscopic theory of single-electron tunneling through molecular-assembled
metallic nanoparticles

Yongqiang Xue* and Mark A. Ratner
Department of Chemistry and Materials Research Center, Northwestern University, Evanston, Illinois 60208, USA

~Received 15 July 2003; published 11 December 2003!

We present a microscopic theory of single-electron tunneling through metallic nanoparticles connected to the
electrodes through molecular bridges. It combines the theory of electron transport through molecular junctions
with the description of the charging dynamics on the nanoparticles. We apply the theory to study single-
electron tunneling through a gold nanoparticle connected to the gold electrodes through two representative
benzene-based molecules. We calculate the background charge on the nanoparticle induced by the charge
transfer between the nanoparticle and linker molecules, the capacitance and resistance of molecular junction
using a first-principles based nonequilibrium Green’s-function theory. We demonstrate the variety of transport
characteristics that can be achieved through ‘‘engineering’’ of the metal-molecule interaction.
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Chemically tailored metallic and semiconducting nan
particles and their assemblies have become the model sy
for studying the fundamental physics and chemistry of na
structured materials.1 The advancement of the fabricatio
process using self-assembly1 or biodirected-assembly
technique2 with molecular recognition has made devic
based on single and assembled nanoparticles attractive
didates in applications including single-electronics, no
biosensors, and nanophotonic devices.1–4 For single-electron
device applications, the possibility of accurate control o
particle size and density provides a substantial advan
over conventional granular metal thin films and sugge
possible room-temperature operation.1,3 Understanding elec
trical transport in such metal-molecule composite system
therefore an important problem.

In the ‘‘orthodox’’ theory of single-electron tunnelin
through a metallic island separated from the electrodes
insulating gap,5 the physics of Coulomb blockade can b
well understood using simple circuit-level theory, with c
cuit parameters including junction resistance, capacita
and charging energy often obtained by fitting experimen
data and/or using simple electrostatic considerations. In c
trast, for the nanoparticle-based single-electron devices,
transfer of single electron is achieved by tunneling throu
the linker molecule connecting the nanoparticles to the e
trodes and to each other.3,4 The linker molecules can b
coupled strongly to the electrodes and nanoparticles thro
appropriate end groups, and the tunneling barrier is indu
by the energy mismatch of the molecular levels relative
the metal Fermi level.6 For the molecular junction, the me
tallic screening of the applied electric field occurs over
distance comparable to the size of the molecule.7,8 Conse-
quently, the capacitance of the molecular junction becom
an electrochemical quantity rather than a geometrical qu
tity, whose evaluation requires a self-consistent analysis
the charge/potential response within the molecu
junctions.9 In addition, charge transfer between the link
molecule and the metals will lead to fractional charge on
nanoparticle,7,8 giving rise to an intrinsic background charg
~even in the absence of charged impurities and gate v
ages!, which varies in general with the applied bias volta
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and may affect significantly the current-voltag
characteristics.10 Better understanding of such molecula
assembled single-electron devices therefore requires com
ing the single-electron tunneling effect with a microscop
description of the electronic processes in the molecular t
nel junctions.

In this paper we describe a microscopic theory of sing
electron tunneling through molecular-assembled meta
nanoparticles by combining a first-principles nonequilibriu
Green’s-function~NEGF! theory of molecular transport7,8

with a real-time perturbation theory of the reduced dens
matrix describing the charging dynamics of the meta
nanoparticles.11,12 In the lowest-order perturbation theory i
the reduced conductance of the molecular junctiona0
5h/2e2RT (RT is the junction resistance!, the theory for-
mally reduces to the rate equation of the orthodox theory
Coulomb blockade,5 but allows us to take full account o
metal-molecule interaction at the atomic scale. In particu
the background charge, capacitance, and tunneling rate
all be obtained from the first-principles theory of the molec
lar tunnel junction. We apply the theory to single-electr
tunneling through gold nanoparticles connected to the g
electrodes through two benzene-based molecules—biph
dithiolate ~BPD! and difluorobenzene~FBF! molecules and
show the variety of current-/conductance-voltage charac
istics that can obtained through ‘‘engineering’’ of the met
molecule interaction.

A schematic illustration of the double-barrier tunnelin
junction is shown in Fig. 1. The system is described by
following Hamiltonian:

H5HL1HR1HI1V1HM1
1HM2

1HT1
1HT2

, ~1!

where Ha5(kekaaka
† aka and HI5( le l I clI

† clI describe the
noninteracting electrons in the two leads (a5L,R) and on
the metallic nanoparticle (I ), respectively. The indicesk and
l enumerate the electron states of the leads and the nan
ticle. The Coulomb repulsion on the nanoparticleV is ob-
tained from electrostatic considerations asV(N̂)5EC(N̂
2nx)

2, whereEC is the charging energy. The backgroun
chargeenx can be separated into an intrinsic backgrou
©2003 The American Physical Society10-1
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chargeenx0 existing at zero voltage and voltage-depend
polarization chargeenx5QP(VL ,VR)1enx0. The junction
capacitances are obtained fromCa5]QP /]Va , whereVa
andCa (a5L,R) are the voltage and capacitance of the t
tunnel junctions, respectively. The charging energy isEC
5e2/2CS and the total capacitanceCS5CL1CR1CS is the
summation of the two junction capacitances and the s
capacitanceCS of the nanoparticle. Here the backgroun
chargeenx includes the charge transfer between the nano
ticle and the linker molecules, whose value at zero-bias v
age gives the intrinsic background chargeenx0.

We assume the molecules can be described by an effe
single-particle Hamiltonian HMi

5(me imbim
† bim ,i 51,2.

The transfer of single electrons is mediated by tunnel
through the molecular bridgesHTi

5(mkl(tmkabim
† aka

1tmlIbim
† clI e

2 i f̂1c.c.), wherea denotesL ~R! for molecule
1 ~2!. The operatorse6 i f̂ keep track of the change of th
charge on the metallic nanoparticle by6e.5,11,13The phase
operatorf̂ is the quantum-mechanical conjugate of the e
cess electron numberN̂ on the nanoparticle. The chargin
stateN̂ is treated independently of the degrees of freed
described by the fermionic field operatorsclI

† ,clI , which is a
good approximation for metallic nanoparticles.5,11 The two
electrodes as well as the nanoparticle are treated as
equilibrium reservoirs with corresponding Fermi distributi
f i(E)5 f (E2m i),i 5L,R,I . Note that the partition of the
voltage drop between the two tunnel junctions is determi
by the capacitance ratio including the contributions of
molecular junction and the rest of the electromagentic en
ronment VL /VR5(m I2mL)/(mR2m I)5CR /CL and eV
5mR2mL .

Following the standard procedure in NEGF theory of m
soscopic transport,14 the current flowing through the left con
tact is given by

I L~ t !5
edN̂L

dt
5

2e

h
ReF (

mkL
tmkLGkLm

, ~ t,t !G
5

2e

h E dt8Tr@GM1

. ~ t,t8!SL
,~ t8,t !

2GM1

, ~ t,t8!SL
.~ t,t !#, ~2!

FIG. 1. Schematic illustration of a metallic nanoparticle co
nected to the source and drain electrodes through two molec
bridges.
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where Green’s functions are defined in the stand
manner.14 The self-energy operatorSL

,(.) describes the in-
teraction with the left electrode SL;mn

,(.)(t,t8)
5(ktmkl(t)gL;k

,(.)(t,t8)tnkL* (t8) (gL
,(.) is the corresponding

Green’s function of the bare left electrode!. Similar definition
applies to the self-energy operators of the right electrode~R!
and the central island (I ). Deriving the equation of motion o
Green’s function and decoupling the charging dynamics fr
the single-electron dynamics on the metallic nanopart

^clI
† (t)clI (t8)e

i f̂(t8)e2 i f̂(t)& 5 ^clI
† (t)clI (t8)&^e

i f̂(t8)e2 i f̂(t)& ,
we obtain the current as15

I L522eiE dE

2ph
T̃L~E,V!E dw@ f L~E!$12 f I~E

2w!%C.~w!1$12 f L~E!% f I~E2w!C,~w!#, ~3!

where C,(.)(w) are the Fourier transform of th
correlation functions C,(t,t8)5 i ^ei f̂(t8)e2 i f̂(t)&,
C.(t,t8)52 i ^e2 i f̂(t)ei f̂(t8)&. The ‘‘renormalized’’ trans-
mission function is obtained from T̃L(E,V)
5Tr@GL(E,V)G̃M1

r (E,V)G I(E,V)G̃M1

a (E,V)# and the renor-

malized Green’s function isGM1
r (a)(E,V)5@E6 i012HM1

2SL
r (a)(E,V)2*dwS I

r (a)(E2w,V)Cr (a)(w)#21, where
Cr (a)(w) are the Fourier transform ofCr (a)(t,t8)56u„6(t
2t8)…@C.(t,t8)2C,(t,t8)#.

Equation~3! can be recast into a form suitable for pertu
bation expansion

I L52 ieE dw@aL
1~w!C.~w!1aL

2~w!C,~w!#,

aL
1~w!5

2

2phE dET̃L~E,V! f L~E!@12 f I~E2w!#, ~4!

aL
2~w!5

2

2phE dET̃L~E,V!@12 f L~E!# f I~E2w!,

whereaL
1(2) is the rate for electron tunneling into~out of!

the nanoparticle through the left molecular bridge. A simi
equation can be written down for the current flowin
through the right contact I R52 ie*dw@aR

1(w)C.(w)
1aR

2(w)C,(w)#, where the tunneling rateaR
1(2) is evalu-

ated from the transmission coefficient through the right m
lecular junction and the corresponding Fermi distributio
The condition for current conservationI L1I R50 leads to

E dw@a1~w!C.~w!1a2~w!C,~w!#50, ~5!

wherea1(2)(w)5aL
1(2)(w)1aR

1(2)(w). Equations~4! and
~5! are the central result of this paper which separate
description of electron tunneling through the molecu
bridges from that of the charging dynamics of the nanop
ticle through the correlation functionsC,(.).

The theory of the correlation functionsC,(.) has been
developed by Scho¨ller and co-workers in a series of publica
tions based on a real-time perturbation theory of the redu

-
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density matrix describing the charging stateN̂ of the metal
island,11,12where the perturbation parameter is dimensionl
conductance of the tunnel junctiona05h/2e2RT . In particu-
lar, the correlation functionC,(.) can be expressed as th
superposition of contributions due to the charging state tr
sition from n to n11 as C,(.)(w)5(nC,(.)(w,n). The
current conservation condition~5! can also be shown to hol
for each part C,(.)(w,n),12 *dw@a1(w)C.(w,n)
1a2(w)C,(w,n)#50. In the lowest-order perturbatio
theory with respect toa0 , C,(.)(w,n) are related to the
probability Pn of finding n excess electrons as12 C,(w,n)
52p iPn11d(w2Dn) and C.(w,n)522p iPnd(w2Dn).
Here Dn is the energy difference of the adjacent charg
states Dn5V(n11)2V(n)5EC@112(n2nx)#. Substitut-
ing the above formulas into Eqs.~4! and~5!, we obtain a set
of rate equations formally equivalent to the orthodox the
of single-electron tunneling

a1~Dn!Pn2a2~Dn!Pn1150. ~6!

Compared to the orthodox theory, the above theory allow
to take full account of the microscopic description of t
electronic processes in the molecular junction. In particu
considerable simplification can be achieved in the ‘‘wid
band limit’’ of the electrodes, i.e., if the surface density
states of the electrodes is approximately constant in the
ergy interval ofDn . The ‘‘renormalization’’ of the nanopar
ticle self-energy and transmission coefficient can then be
glected, which is true for common simple and noble met
and for nanoparticle size sufficiently large that energy qu
tization can be neglected.16

Here we apply the theory to single-electron tunneli
through a gold nanoparticle connected to two gold electro
using BPD and FBF molecules. Transport through go
BPD-gold and gold-FBF-gold junctions have been recen
studied in detail using a first-principles self-consistent ma
Green’s-function theory of electron transport in molecu
junctions,7,8 from which we obtain the voltage-depende
background chargeenx induced by the charge transfer fro
the molecule to the nanoparticle and the transmission co
cient for electron tunneling through the metal-molecu
nanoparticle junction.17 The charge transfer at zero bias giv
the intrinsic background chargeenx0, while its derivative
with respect to bias voltage gives the capacitance of the
lecular junction.18 The calculated dimensionless condu
tance, capacitance, and the intrinsic background charge
BPD ~FBF! molecular junction are 0.0183 (0.0023), 0.0
(0.043) aF, and20.623 (20.805) number of electrons, re
spectively. Note the total intrinsic background charge on
nanoparticle is the sum of contributions from the two m
lecular junctions. Despite the shorter length of the FBF m
ecule, the resistance of the FBF junction is much higher t
that of the BPD molecule due to the less favorable ener
level lineup relative to the gold Fermi level.7,8

Given the transmission coefficient and capacitance of
molecular junction, the rate equation~6! is solved using the
standard procedure,19 from which we calculate the termina
current as
23541
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Pn@aL(R)
1 ~Dn!2aL(R)

2 ~Dn21!#. ~7!

The average excess chargee^N̂&5e(NNPN gives the net
charge transferred onto the nanoparticle due to the disc
electron tunneling across the molecular bridges, while
average chargee(^N̂&2nx) gives the charging configuratio
which determines the electrostatic energy cost for charg
the nanoparticle.

Figures 2 and 3 show the calculated results for sing
electron tunneling through a 10-nm-diameter gold nanop
ticle connected to gold electrodes through two BPD or F
bridges at temperatures of 10 K and 300 K. The se
capacitance of the nanoparticle is evaluated using the e
trostatic formula for a conducting sphere in front of a co
ducting plane,20 which gives a charging energy ofEC

FIG. 2. Single-electron tunneling through a 10-nm-diame
gold nanoparticle connected to the source and drain electro
through the BPD molecule. Left figure shows the current-volta
and conductance-voltage characteristics. Right figure shows the

erage chargee(N̂2nx) and average excess chargeeN̂ on the nano-
particle in unit of electron chargee.

FIG. 3. Single-electron tunneling through a 10-nm-diame
gold nanoparticle connected to the source and drain electro
through the FBF molecule as in Fig. 2.
0-3
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588 meV. The intrinsic background chargenx0 on the cen-
tral nanoparticle is closer to half integer in the case of
FBF molecule (21.61) than that of the BPD molecul
(21.25), so the Coulomb gap in the current-/conductan
voltage characteristics is smaller. Note at low temperat
the average excess electron^N̂& on the nanoparticle at low
bias equals the nearest integer tonx0. Since the background
chargenx varies slowly with the applied bias voltage with
the voltage range studied, both the average charge and
average excess charge show similar voltage dependence
peaks in the conductance-voltage characteristics corre
with the change in the average excess electron on the n
particle at low temperature.

Figure 4 shows the calculated results for single-elect
tunneling through a 10-nm-diameter gold nanoparticle c
nected to left gold electrode through BPD molecule and c
nected to right gold electrode through FBF molecule. Sin
RFBF /RBPD@1, varying bias voltage leads to stepwi
charging of the central nanoparticle at low temperature. H
the intrinsic background chargenx0'21.43 and
CFBF /CBPD.1, the shape of the Coulomb staircase cor
sponds to case I as discussed by Hanna and Tinkham10 and is
well understood. The small Coulomb gap is again due to
fact thatnx0 is close to half integer.

To conclude, we have presented a microscopic theor
single-electron tunneling through molecular-assembled
tallic nanoparticles, which combines the theory of transp
through a molecular junction with the description of t
charging dynamics on the nanoparticle. This allows us
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