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Asymmetry in negative differential resistance driven by electron—electron
interactions in two-site molecular devices
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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.20@L American Institute of
Physics. [DOI: 10.1063/1.1413499

Molecular electronics, which exploits the nonlinear action is described via an on-site repulsion of strerdth
switching behavior of individual molecules, affords the pos-H, then reads
sibility of ultrasmall electronic devices that circumvent litho-
graphic limits, in addition to providing an interesting regime Hire= —tZ (c;'(,ciH(,Jr h.c)+ E ei0+2 uinin;; .
for fundamental physics? With fabrication techniqué¢ o o '
and the observation of strongly nonlinear transistorilke @
and switchin§ behaviors, this field has become a strong can- ~ The finite bias influences the on-site energy through
didate for fundamental advances in electronics. Moleculaghanges in the charge distribution on both the molecule itself
devices afford a wide variety of chemical compositionsand the adjacent electrodes. A full description of the elec-
which can tune electronic hoping rates, on-site energiedrode charges requires explicit treatment of the shape and
level spacings, electron—phonon interactions, and CoulomBlectronic structure of the electrodes, which is beyond the
interactions. scope of this worklbut has been treated theoreticallyab
Here, we identify a mechanism for modulating negativeimtios'10 and modél calculations. Here, we focus on the

differential resistancéNDR): the two-site resonance across a Physics of charge redistribution within the molecule. We

molecular element exhibits a strong intrinsic asymmetry intreat the Coulomb interaction by incorporating Hartree con-
utions to thebarelevel €, . The effective molecular level

the current peak due to Coulomb interactions. We show hovVLb . :

) - . : i is then given as

a molecular wire transitions between different regimes of€io

e:gctron trandsport depenIQing %n the streng:‘h of inrt]er?ite .?.ou- el =¢,+Ui(ni_,), (2)
pling. At moderate coupling, the system shows the familiar . _ : .
eigenvalue staircase current-voltade-Y)."® At weaker in- with self-consistent occupation numbe(s,). This ac-

tersite coupling, the energy levels of each site shift Self_counts for nonequilibrium current-induced polarization. Mo-

consistently under the influence of the external voltage: th lecular electronic structures under finite bias can be very dif-

- ) $erent from those of isolated molecules. An isolated molecule
system then exhibits resonant transport at the intramolecular

. . adjusts its levels in an external electric field by polarizin
degeneracy. The resonance is independent of the detail ] yp 9

lectronic struct f the electrod h as the band-ed th higher charge density at low-energy sites. However,
electronic struc urg of the electro es,' such as the band-edgean the molecule makes contact to metallic leads, these
effects of conventional resonant devices.

L accumulated charges leak and the external field is more
We decompose the molecular part of the device into SUb\'/veakIy screened. We parametrigg, ad

units which are strongly coupled internally, such as aromatic

rings in a molecular wire or individual quantum wells in a e =0 EeV 3)
solid state device. These subunits are then coupled via 'o "¢ 277

weaker electron hopping through high potential barriers

(for example, disruptions in the bonding between rings whereV is the applied voltage and;, is the equilibrium

one-particle energy at zero bias. This particular parameter-
§zation provides conceptual transparency; our essential con-
clusions can be generalized well beyond this approximation,
including treatments that incorporate the electric field in-
duced by the electrodés.

The contact reservoir Hamiltonian is taken as a feature-
less continuum of noninteracting conduction staté§::. .
=3 €N, whereeL'R are the eigenstates of the contacts

dElectronic mail: han@phys.psu.edu shifted by the external voltage, i.eek’R=ek—eV|_,R with

contact reservoir, and the interaction between théiy;
=Hiret Hcontact™ Hwe - Hwire iNCludes an electron hopping
integral parameterized kyand the one-particle energies,
of sitesi(=1,2) with spinse (measured from the chemical
potential of the electrodes at zero biashe Coulomb inter-
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FIG. 1. Energy scheme for molecular levels and electro@@sMolecular
levels at zero biasib) For weak intersite coupling, the intramolecular bias 05
can drive the molecular levels to degeneracy. T H
c.lo'_ 0.0
V=0 andVg=V(L/R=left-/right-handside). The coupling Iww -05
Hamiltonian between the wire and contacts K/® ol
= g(c{,z,cL,RU+ h.c.), wherec, g, is the annihilation opera- ) 1 2 3 4
tor of the contact point for th&/R leads andy is the cou- esVoltage [e,’]

pling strength. We consider a local density of states in the
contact which is flat over an energﬁy D,D] and zero oth- FIG. 2. (8 1-V curves for various intersite hopping integralsOn-site
erwise. We choose a bandwidth large enouph=G). (This ~ S"e'9es €) at zero bias are set a§=0.5 and z=1.0 (unit energy.

. ; . On-site Coulomb interaction strengtl, and the molecule-wire coupling
simple form is actually a strength of the method, as it ShowSrengthr; are set to 1.0 and 0.013, respectively, for i#=1,2). For a
that the resulting sharp structure is intrinsic to the devicemoderate hopping integrat€0.3), thel -V curve shows a familiar stair-
and does not depend on band cutoffs in the conjacts. case behavior. At a smaller hopping integral, comparable to the line broad-

The Keldysh formalist can describe nonequilibrium &""9 ¢=0.01), thel—-V curve changes drastically to reveal a strongly
. . . asymmetric NDR.(b) The intersite level spacing,,— €7,,. For moderate
transport with the Coulomb repulsion incorporated up t0 &opping integrals, the intermolecular voltage drop converges to finite values
finite order inU. A first order approximation significantly due to efficient screening. As the hopping integral decreases, the intersite
simplifies the nonequilibrium Green function equation, yetscreening becomes ineffective and eventually allows a sharp level crossing.

captures the essential physics, as discussed next. The con-
tacts are described via a contact self-eneBEp(w), which energy, on the order of an 8\Here, we set the Coulomb

not only broadens the molecular levels but also maintain§hteraction strengtl; to 1.0, which is an accessible regime

nonequilibrium by setting different chemical potentials ONfor molecular-scale devices. The molecule-contact coupling
the left- and right-hand side electrodes. The retarded Gree,

: r L X X &rength is taken to be weak};=0.013 (for i=1,2). The
function, G'(e), is given by an X2 matrix Dyson equation, temperature is set a@t=0.05; the main results are not par-
[G'(@)] '=w—Hy—2c(w), where  [Zc(®)]mn

s s s T ith N ticularly sensitive to temperature.
~ TinZim L(®) + 52ndom ) R(“’). with LR(®@) The abrupt transition in electron transport as a function
=g°fdeN,r(€)/(w—€e+in) with an infinitesimal » and

. of intersite coupling is illustrated in Fig.(@. At moderate
N'—’R(‘z g1e de?sm?_s ég states of .}hei e(lje(;fcro?jesl. :;ne i tersite hopping (= 0.3), the system shows the well-known
vanced Lreen functio .(w) IS simifarly defined. nH, eigenvalue staircasé. The lower step corresponds to the
the Coulomb terms are incorporated into the on-site energ

) ) “nolecular bonding state opening up a conduction channel,
eiHU [See Eq{(2)], with a self-consistently chosen occupation while the second step is the antibonding state. With finite
number({n;,). (n;,) can be computed from

bias, the left-hand sidéright-hand sidg electrode acts as
do electron donofacceptoy, which leads to charge polarization
(Nigy=(Cl,Cip)= 1 f ZGF(G)): (4 and an intersite voltage drop via the Hartree contribution.
However, the moderate intersite hopping is strong enough to
with [G=(t)];;=i(c],(t)c;,(0)), which is computed from nearly screen out this nonequilibrium effect, as seen in the
G™(w)=iG'(w)f(0)T(w)G*(w) with the (frequency- converged level splitings}, — e in Fig. 2b). Therefore,
independent line-broadening functions of both electrodes the electronic levels of the subunits are driven in unison by
' r(@)=7g°Nyr(®) and [f(©)]nm=S1ndimf(©—€VL)  the external biad.Many molecular electronic devices with

+ 62n0omf (0 —€Vg) with the Fermi-Dirac functiorf(w).  relatively weak nonlinearity apparently fall into this well-
We limit our results to the nonmagnetic cas@i-,)  screened regime.
=(ni,). The current is computed ds As the hopping integralor bonding/antibonding level

26 splitting) decreases, the double step merges into a single
| = FJ do[f(0)—f(0—eV)]T{G TRG'G,}. (5)  step. When the hopping integral drops to values comparable
to the line broadening, the electron transport changes dra-
We apply a positive voltagé.e., lower energyto the right-  matically. Thel -V characteristic ceases to be a conventional
hand side electrode and considg%g< egg [see Fig. 19)]. staircase and develops an asymmetric NDR. The critical dif-
The asymmetry in the on-site energy could come fromference here is that the energy levels of the two subunits
chemical composition, asymmetric contacts, etc. For simpliceross, due to the weak screening of the intramolecular volt-
ity, we consider only a two-site system, but the same physicage drop, and this level splitting shifts through an energy
can apply to multisite systems with resonant subunits. range larger than the intersite hopping intedfailg. 1(b)].
The site energies at zero bias are set at relatively generign a limiting-case thought experiment, one can imagine that

values ofe:i =0.5 and e%§= 1.0. (e%%= 1.0 is the unit of the molecular wire is cleaved in half, each section remaining

Downloaded %2 Oct 2001 to 128.118.163.35. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 79, No. 17, 22 October 2001 J. E. Han and V. H. Crespi 2831

3 —————T————7—— nant NDR also disappeat$The resonant NDR is strongest

3 - when the intersite hopping integral is comparable to the line
broadening of the molecular levels. These general observa-
tions could help guide future searches for interesting nonlin-
ear transport behavior in small molecules.

It is interesting to consider the relation between the phe-
nomena described hefée., Fig. 2a) at t~0.01] and the
NDR observed in functionalized polyphenelyne between
gold electrodeSand tunneling between twoggmolecules
In particular, the sharpness of the experimental curves in
Chenet al?® suggests that{1) only one or two molecular
levels are involved(2) the molecule—contact coupling is
weak so as to maintain sharp molecular levélsre we de-
fine “contact” broadly to include e.g. any subunits of the
molecule that are strongly coupled to the contact and weakly

eeVoltage [52°] coupled to the remainder of the moleculand (3) the rela-
tively featureless density of states of the gold electrode does
FIG. 3. (@) Occupation numbergspin summey (n;), for weak intersitt  not contribute directly to the nonlinear device function.
coFL‘JpIm% t=0.01) at the parameter_reg|me of Fig. 2. Around_ resonanceWithin the two-site resonance mechanism, the magnitude of
(e3,= €1,,), the molecular wave function becomes more delocalized and the .
(n) approach each othefb) The Hartree energy levelg(i=1,2). " the current at resonance is controlled mostly by the strength
cross with a sharp cusp at high voltage. The thin dashed line is the chemic@f the molecule—lead contactghe conductance is then well
potential of the left-hand side electrode. below 2e?/h in the relevant operating regime, which is con-
sistent with experiment. In addition, the sharp cutoff at
connected to only one electrode. Then, the electrode voltad%igher \{oltages seen experimentally is confsistent with the
would directly control the energy levels of each moIecuIarmOdeI discussed h_ere. However., we emphasize that the exact
subunit) cause of the experimental NDR is not yet known. In the two-

Electron—electron interactions here create strong asym960 tunneling device, it would be interesting to examine how

metry in the NDR peak. When the two sublevels fall into t_he NDR evolves with intersite hopping strength by control-

resonance, the electron wave function delocalizes anlﬁng the inter-Ggo distance, perhaps through polymerization.
spreads more evenly across the whole molecule. As shown in  The authors acknowledge the support of the National
Fig. 3(a) the resonance has a negatipesitive contribution ~ Science Foundatiofthrough Grant No. DMR-9876232nd

to the occupation number for site(2). Since the electron— the Packard Foundation. They thank the National Partnership
electron interaction also tends to even out the electrofior Advanced Computational Infrastructure for computa-
charge, it can also help lock the system into the resonanc#onal support and F. Claro for helpful discussions.
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