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Asymmetry in negative differential resistance driven by electron–electron
interactions in two-site molecular devices

J. E. Hana) and Vincent H. Crespi
Department of Physics, The Pennsylvania State University, 104 Davey Lab, University Park,
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~Received 9 July 2001; accepted for publication 27 August 2001!

We demonstrate that Coulomb interactions within the Hartree–Fock approximation can induce a
strong asymmetry in the negative differential resistance of a two-site resonant molecular device.
This sharp cutoff at high voltage is generic and independent of the detailed single-particle electronic
structure of the system. The intersite coupling between distinct molecular subunits controls a
transition from staircase to resonant current–voltage characteristics. These studies clarify the
relationship between weak screening and strong nonlinearity. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1413499#
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Molecular electronics, which exploits the nonline
switching behavior of individual molecules, affords the po
sibility of ultrasmall electronic devices that circumvent lith
graphic limits, in addition to providing an interesting regim
for fundamental physics.1,2 With fabrication techniques3,4

and the observation of strongly nonlinear transistor-like3,5

and switching6 behaviors, this field has become a strong c
didate for fundamental advances in electronics. Molecu
devices afford a wide variety of chemical compositio
which can tune electronic hoping rates, on-site energ
level spacings, electron–phonon interactions, and Coulo
interactions.

Here, we identify a mechanism for modulating negat
differential resistance~NDR!: the two-site resonance across
molecular element exhibits a strong intrinsic asymmetry
the current peak due to Coulomb interactions. We show h
a molecular wire transitions between different regimes
electron transport depending on the strength of intersite c
pling. At moderate coupling, the system shows the fami
eigenvalue staircase current-voltage (I –V).7,8 At weaker in-
tersite coupling, the energy levels of each site shift s
consistently under the influence of the external voltage;
system then exhibits resonant transport at the intramolec
degeneracy. The resonance is independent of the det
electronic structure of the electrodes, such as the band-
effects of conventional resonant devices.9

We decompose the molecular part of the device into s
units which are strongly coupled internally, such as arom
rings in a molecular wire or individual quantum wells in
solid state device. These subunits are then coupled
weaker electron hopping through high~er! potential barriers
~for example, disruptions in thep bonding between rings!.
The Hamiltonian contains terms describing the device,
contact reservoir, and the interaction between them:H tot

5Hwire1Hcontact1Hwc . Hwire includes an electron hoppin
integral parameterized byt and the one-particle energiese is

of sites i (51,2) with spinss ~measured from the chemica
potential of the electrodes at zero bias!. The Coulomb inter-
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action is described via an on-site repulsion of strengthUi .
Hwire then reads

Hwire52t(
is

~cis
† ci 11s1h.c.!1(

is
e is1(

i
Uini↑ni↓ .

~1!

The finite bias influences the on-site energy throu
changes in the charge distribution on both the molecule it
and the adjacent electrodes. A full description of the el
trode charges requires explicit treatment of the shape
electronic structure of the electrodes, which is beyond
scope of this work~but has been treated theoretically inab
initio5,10 and model8 calculations!. Here, we focus on the
physics of charge redistribution within the molecule. W
treat the Coulomb interaction by incorporating Hartree co
tributions to thebare level e is . The effective molecular leve
e is

H is then given as

e is
H 5e is1Ui^ni 2s&, ~2!

with self-consistent occupation numbers^nis&. This ac-
counts for nonequilibrium current-induced polarization. M
lecular electronic structures under finite bias can be very
ferent from those of isolated molecules. An isolated molec
adjusts its levels in an external electric field by polarizi
with higher charge density at low-energy sites. Howev
when the molecule makes contact to metallic leads, th
accumulated charges leak and the external field is m
weakly screened. We parametrizee is as7

e is5e is
0 2

1

2
eV, ~3!

where V is the applied voltage ande is
0 is the equilibrium

one-particle energy at zero bias. This particular parame
ization provides conceptual transparency; our essential c
clusions can be generalized well beyond this approximat
including treatments that incorporate the electric field
duced by the electrodes.8

The contact reservoir Hamiltonian is taken as a featu
less continuum of noninteracting conduction states:Hcontact

L/R

5Sksek
L/Rnks , whereek

L/R are the eigenstates of the contac
shifted by the external voltage, i.e.,ek

L/R5ek2eVL/R with
9 © 2001 American Institute of Physics
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VL50 andVR5V(L/R5 left-/right-handside). The coupling
Hamiltonian between the wire and contacts isHwc

L/R

5g(c1/2s
† cL/Rs1h.c.), wherecL/Rs is the annihilation opera

tor of the contact point for theL/R leads andg is the cou-
pling strength. We consider a local density of states in
contact which is flat over an energy@2D,D# and zero oth-
erwise. We choose a bandwidth large enough (D55). ~This
simple form is actually a strength of the method, as it sho
that the resulting sharp structure is intrinsic to the devi
and does not depend on band cutoffs in the contacts.!

The Keldysh formalism11 can describe nonequilibrium
transport with the Coulomb repulsion incorporated up to
finite order in U. A first order approximation significantly
simplifies the nonequilibrium Green function equation, y
captures the essential physics, as discussed next. The
tacts are described via a contact self-energy,SC(v), which
not only broadens the molecular levels but also mainta
nonequilibrium by setting different chemical potentials
the left- and right-hand side electrodes. The retarded Gr
function,Gr(e), is given by an 232 matrix Dyson equation
@Gr(v)#215v2Hw

H2SC(v), where @SC(v)#mn

5d1nd1mSL(v)1d2nd2mSR(v) with SL/R(v)
5g2*deNL/R(e)/(v2e1 ih) with an infinitesimalh and
NL/R(e) the densities of states of the electrodes. The
vanced Green functionGa(v) is similarly defined. InHH,
the Coulomb terms are incorporated into the on-site ene
e is

H @See Eq.~2!#, with a self-consistently chosen occupatio
number^nis&. ^nis& can be computed from

^nis&5^cis
† cis&52 i E dv

2p
Gii

,~v!, ~4!

with @G,(t)# i j 5 i ^cis
† (t)cj s(0)&, which is computed from

G,(v)5 iGr(v)f(v)G(v)Ga(v) with the ~frequency-
independent! line-broadening functions of both electrod
GL/R(v)[pg2NL/R(v) and @ f(v)#nm5d1nd1mf (v2eVL)
1d2nd2mf (v2eVR) with the Fermi–Dirac functionf (v).
We limit our results to the nonmagnetic case,^ni 2s&
5^nis&. The current is computed as12

I 5
2e

h E dv@ f ~v!2 f ~v2eV!#Tr$GaGRGrGL%. ~5!

We apply a positive voltage~i.e., lower energy! to the right-
hand side electrode and considere1s

0 ,e2s
0 @see Fig. 1~a!#.

The asymmetry in the on-site energy could come fr
chemical composition, asymmetric contacts, etc. For simp
ity, we consider only a two-site system, but the same phy
can apply to multisite systems with resonant subunits.

The site energies at zero bias are set at relatively gen
values ofe1s

0 50.5 ande2s
0 51.0. ~e2s

0 51.0 is the unit of

FIG. 1. Energy scheme for molecular levels and electrodes.~a! Molecular
levels at zero bias;~b! For weak intersite coupling, the intramolecular bi
can drive the molecular levels to degeneracy.
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energy, on the order of an eV.! Here, we set the Coulomb
interaction strengthUi to 1.0, which is an accessible regim
for molecular-scale devices. The molecule-contact coup
strength is taken to be weak;G i50.013 ~for i 51,2!. The
temperature is set atT50.05; the main results are not pa
ticularly sensitive to temperature.

The abrupt transition in electron transport as a funct
of intersite coupling is illustrated in Fig. 2~a!. At moderate
intersite hopping (t50.3), the system shows the well-know
eigenvalue staircase.7,8 The lower step corresponds to th
molecular bonding state opening up a conduction chan
while the second step is the antibonding state. With fin
bias, the left-hand side~right-hand side! electrode acts as
electron donor~acceptor!, which leads to charge polarizatio
and an intersite voltage drop via the Hartree contributi
However, the moderate intersite hopping is strong enoug
nearly screen out this nonequilibrium effect, as seen in
converged level splittinge2s

H 2e1s
H in Fig. 2~b!. Therefore,

the electronic levels of the subunits are driven in unison
the external bias.7 Many molecular electronic devices wit
relatively weak nonlinearity apparently fall into this wel
screened regime.

As the hopping integral~or bonding/antibonding leve
splitting! decreases, the double step merges into a sin
step. When the hopping integral drops to values compara
to the line broadening, the electron transport changes
matically. TheI –V characteristic ceases to be a conventio
staircase and develops an asymmetric NDR. The critical
ference here is that the energy levels of the two subu
cross, due to the weak screening of the intramolecular v
age drop, and this level splitting shifts through an ene
range larger than the intersite hopping integral@Fig. 1~b!#.
~In a limiting-case thought experiment, one can imagine t
the molecular wire is cleaved in half, each section remain

FIG. 2. ~a! I –V curves for various intersite hopping integralst. On-site
energies (e i

0) at zero bias are set ase1
050.5 ande2

051.0 ~unit energy!.
On-site Coulomb interaction strengthUi and the molecule-wire coupling
strengthG i are set to 1.0 and 0.013, respectively, for alli (51,2). For a
moderate hopping integral (t50.3), theI –V curve shows a familiar stair-
case behavior. At a smaller hopping integral, comparable to the line br
ening (t50.01), the I –V curve changes drastically to reveal a strong
asymmetric NDR.~b! The intersite level spacinge2s

H 2e1s
H . For moderate

hopping integrals, the intermolecular voltage drop converges to finite va
due to efficient screening. As the hopping integral decreases, the inte
screening becomes ineffective and eventually allows a sharp level cros
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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connected to only one electrode. Then, the electrode vol
would directly control the energy levels of each molecu
subunit.!

Electron–electron interactions here create strong as
metry in the NDR peak. When the two sublevels fall in
resonance, the electron wave function delocalizes
spreads more evenly across the whole molecule. As show
Fig. 3~a! the resonance has a negative~positive! contribution
to the occupation number for site 1~2!. Since the electron–
electron interaction also tends to even out the elect
charge, it can also help lock the system into the resona
As the voltage approaches the resonance from below, the
1 ~2! gets electron depleted~filled!; the Coulomb interaction
then pushes the energy levels closer to resonance@see Fig.
3~b!#. In contrast, just above resonance, site 1~2! is electron
filled ~depleted! and the electron–electron interaction exa
erbates the deviation from resonance, producing a sud
cutoff in the current. This nonlinearI –V behavior is accom-
panied by strong hysteresis,13 which might be exploitable for
device applications such as persistent information stora
The data shown here correspond to increasing the bias
age slowly from zero.

Within the Hartree approximation, one can obtain an
lytical expressions for the current in terms of model para
eters; these expressions then provide a simple intuitive
ture of the phenomena. For example, the maximum curren
the resonance (e2s

H 5e1s
H ) is approximately (e2/\)@GLGR /

(GL1GR)#@ t2/(GLGR1t2)#. As can be seen from the term
t2/(GLGR1t2), when the molecule–lead coupling excee
the intersite coupling (GL/R@t), the NDR diminishes, since
the bonding/antibonding splitting becomes smaller than
linewidth and destructive interference between the cond
tion channels suppresses the current. In the opposite l
when the molecule–lead coupling is very weak (GL/R!t),
most of the voltage drop occurs at the contacts and the r

FIG. 3. ~a! Occupation numbers~spin summed!, ^ni&, for weak intersite
coupling (t50.01) at the parameter regime of Fig. 2. Around resona
(e2s

H 5e1s
H ), the molecular wave function becomes more delocalized and

^ni& approach each other.~b! The Hartree energy levelse is
H ( i 51,2). e is

H

cross with a sharp cusp at high voltage. The thin dashed line is the chem
potential of the left-hand side electrode.
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nant NDR also disappears.14 The resonant NDR is stronges
when the intersite hopping integral is comparable to the l
broadening of the molecular levels. These general obse
tions could help guide future searches for interesting non
ear transport behavior in small molecules.

It is interesting to consider the relation between the p
nomena described here@i.e., Fig. 2~a! at t;0.01# and the
NDR observed in functionalized polyphenelyne betwe
gold electrodes3 and tunneling between two C60 molecules.4

In particular, the sharpness of the experimental curves
Chen et al.3 suggests that:~1! only one or two molecular
levels are involved,~2! the molecule–contact coupling i
weak so as to maintain sharp molecular levels~here we de-
fine ‘‘contact’’ broadly to include e.g. any subunits of th
molecule that are strongly coupled to the contact and wea
coupled to the remainder of the molecular! and ~3! the rela-
tively featureless density of states of the gold electrode d
not contribute directly to the nonlinear device functio
Within the two-site resonance mechanism, the magnitude
the current at resonance is controlled mostly by the stren
of the molecule–lead contacts;5 the conductance is then we
below 2e2/h in the relevant operating regime, which is co
sistent with experiment. In addition, the sharp cutoff
higher voltages seen experimentally is consistent with
model discussed here. However, we emphasize that the e
cause of the experimental NDR is not yet known. In the tw
C60 tunneling device, it would be interesting to examine ho
the NDR evolves with intersite hopping strength by contr
ling the inter-C60 distance, perhaps through polymerizatio
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