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Molecular Wire Junctions: Tuning the Conductance
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Junctions consisting of two electrodes and a single molecule acting as a wire can be investigated by scanning
probe conductance measurements. The conductance for low temperature, short wire structures can be
characterized by the elastic scattering of the electrons, as described by general Landauer formulas. Tuning
the bridge energy levels either by field effect transistor (FET)-like behavior (charging) or by chemical bond
formation can raise or lower the conductance by moving the poles of the molecular Green’s function. For
small molecular structures with particular HOMO/LUMO characteristics, functionalization might be a more
effective means than Coulomb charging by external gates.

I. Introduction 22this involves localized Coulomb charging at a particular site

he ad £ di d bl hods for thei on the molecular wire, and consequent modification of the
The advent of directed assembly methods for their prepara- energy levels and “gating” of the current. An alternative notion,

tion, and of special molecular scale measurement methodologies, , e ntly observed in recent measurements of conductance in
(often based on scanning probe) for their observation, has madey,jecylar junctions containing charge-transfer s, modi-

it possible to measure directly the conductance of molecular fication of the transport by tuning the molecular wire pole
wire junctions:™? In these structures, a single molecule or a ,cqre by covalent or charge-transfer molecular interactions.
small number of molecules provide pathways for electron We examine these two modalities for tuning molecular wire

motion between two external electrodes. A number of such o . . )

. conductance, by considering the simplest possible case: the
measurements have been reported, and behaviors such #onductance at low voltage, in the scattering limit, reducin
ballistic transporg ™ injection maxima, energy level reso- ge, 9 ’ 9

1 . i . . - the molecular wire to a single site structure. An analytical
nances; quantized conductanéé negative differential resis- 4 .
N treatment can then be carried out, demonstrating that the
tancé and molecular rectificatidd have been observed.

c tationally. t L in iuncti . licated by th conductance can be tuned quite sensitively either by charge
omptu '? |08a 3|/ ratr;st)hor !Phjl:rr:c |ons| IS (‘iomp_lca_te Ify 3 modification or (more simply and more generally) by chemical
necessity for dealing both wi € molecular wire 1isell an bonding or charge-transfer interactions along the molecular wire.
with the contact interfaces. In the low voltage regime at low

. ; ; In particular, if the injection (Fermi) level is close to a molecular
tempergtures, cgnductancg is successfully d'|scussed in term?esonance, the latter route may be more efficacious.
of elastic scattering, following the Landauer picture developed
for mesoscopic semiconductor structures. Several different
formulations!4=20 based on the Landauer formula itself or an
equivalent Lippman Schwinger scattering formalism, have been  The first observations of modification of molecular conduc-
developed and utilized. tances due to molecular interaction indi@atiat, upon forma-
Recent results on single-nanotube transist&¥8,crossed  tion of the charge-transfer complex, the current through an
nanotube logié!*and dynamic molecular gatiftfhave drawn  adsorbed molecular layer increases and becomes more ohmic.
renewed attention to molecular switching possibilities. We will model the low voltage part of this conductance, in the
One obvious idea for modulating the current in molecular simplest model. Because the bridge is so short, thermal events
wire junctions follows from the chemical field effect transistor: are relatively smal#2>and we restrict ourselves to the low

Il. Landauer Conductance at Small Bias
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voltage limit of the Landauer (coherent) conductance. Under
these conditions, we will model the system as consisting of a
molecule situated between two identical electrodes. The inter-
action between the molecule and the electrodes is arbitrary; for
example, it could be taken from the Newns/Anderson descrip-
tion 2126 which represents the metal as a one-dimensional tight
binding band. The Landauer conductance can then be
writtent4-21.27

g=gol
where
82 -1
0= R (12.8) Q)
is the quantum unit of conductance and where
i TH{AG AG} 2)
9=

is the transmission probability. He€is the molecular Green’s
function, andA is the imaginary part of the molecular self-
energy due to interaction with the electrode. These are, in turn,
defined by

G=(E-Hy-* ®)
(4)

In these definitionsE is the energy,Hw is the molecular
Hamiltonian, andX is called the self-energy. Self-energy can

Z=A—IA

be expressed in the atomic orbital representation on the molecule

as

A“ = 5iini(5i1 + o) 5)
wheregj is the Kroneckeb, that is unity fori = j and vanishes
fori = j, and it was assumed that the self-energy term occurs
only?! at the initial (site 1) and final (sith) ends of an extended
molecule. More generally, the diagonal self-energy is defined

by

A(E) =7y IV PO(E — E) (6)

hereE; is the energy of the band stagen the electrode, and
Vs is the matrix element between tité atomic orbital on the
molecule and the band stegeEvaluation of these self-energies
is discussed extensively elsewhétd! Most molecular con-
ductances are characterized by 1 in eq 1, except precisely
at resonancé®

To gain analytic simplicity, and to demonstrate the modifica-
tion of molecular circuit conductances by molecular structural
modification, we discuss the two simplest possible cases: the

reference system will be a structure represented by a single

molecular orbital (one could imagine the HOMO of a molecule
with a very large gap, or an atomic limit of the molecular
situation). If the orbital energy of this single orbital is denoted
€k, the Green’s function is just

G=(E— ¢ 2 " @
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Figure 1. Schematic of a one-site bridge of enekgycoupled to left,
right electrodes with coupling amplitud®gs, Vs, respectively. In (a),

the bridge is alone. In (b), it is bonded to a second site of energy
with coupling amplitudes. In (c), an electrostatic potential is applied
by an external gate, and a charge shift of electrons occurs. In the
Hartree-Fock treatment, the energy changesUiy(/2.

The conductance in turn follows as

Az
gs = go (8)

(E—&)*+ A?

where thegs subscript denotes a single site, and we have defined
the shifted orbital energy by

&= €&~ Ny 9)
generally, theAy (the real part of the self-energy) will be
substantially smaller thag.

For comparison with the simple case above (shown in Figure
1a) we will characterize two possible modifications. Figure 1b
shows a situation in which the bridging molecular orbital has
been modified by covalent interaction with another site, whose
unperturbed energy is denoted by The mixing between the
two has the strengtfy (the Huckel-like notation emphasizes
the simple molecular orbital nature of this modification). The
molecular Hamiltonian now becomes

_[& B
Hy —(ﬂ a) (10)
_[E-&—2 - \1?
S R R
and simple inversion gives
(E—a)w pw
—¢—X E—¢—ZX
G=[FT &= T (12)
pw "
E—¢g—2
Here we have defined the normalizing facteras
w= 1 (13)

2
E—ek—z

Evaluation of the Green’s function gives the relevant element
as

E—oa-—

_ E—a
(E-&)E—a)— 2 —i(E— o)A

(14)

Gll

Of the four elements in the Green’s function matrix for this
situation, only theGi; is necessary, because the generalized
Landauer formula of eq 1 in fact becomes

e = GoARA |Gyl (15)

HereAr andA, are the self-energies arising from the interaction
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of the orbital of Figure la to its right and left linkages, by applying positive or negative gate potentials, the population
respectively; the subscript ap refers to the covalent modifica-  on the bridge will be modified, as will its single site energy.
tion of Figure 1b. We now compare the modification of the conductance through
We rewrite the real part of the denominator of eq 14 using the circuit of Figure 1a by two different routes, the first of which
is the covalent choice of Figure 1b, and the second the gating
(E-E)E-E)=(E—-¢)E—o)—p* (16a)  process described by eq 20 and denoted in Figure 1c. Denoting
by gf’ the gated conductance of Figure 1c, the ratio of the
whereE; andE_ are the roots of the polynomial, evaluated as conductance with and without an applied voltage on the gate
can be written (using eq 8 and assuming resonant injection, so

For simplicity, we consider the limit

E =

N

o ” AP+ [E + 2P
gén:1) B A2 + gkz

(21)

Bl — &)l < 1 17)
_ ) This clearly shows that increasing the population decreases the
this corresponds to the coupling between the reference &vel conductance, iU > 0 (as is true in a simple Hubbard-type

and the modifying level of energy being substantially smaller electron repulsion model) and E = 0, so that injection is
than the energy difference between them. Under these condi-resonant. IfE = 0, so that injection occurs in the gap between

tions, the roots become molecular levels, eq 22 becomes
2
a+ L o0 A+ (E— 7 — UPRY .
A k — - ~
E.= y 82 (18) gg"l) A+ (E— &)°
“Ta—¢
k In this circumstance, the conductance will decrease if
For convenience, we set the origin of energyto be the Fermi
level of the metal comprising the two electrodes. The overall &+ U, E
conductance can be written as 4
0.(E) = goARAL|G11(E)|2 (19) For comparison, the Green’s function corresponding to the

structure of Figure 1b is given (from eq 14) as

It is simplest to choos&Ar and A, equal to one another. u

We now have derived the root structure of the modified bridge Gu===—"= (23)
of Figure 1b. It remains to compute the conductance differences E\E_+iaA
between the bare orbital of Figure 1a and the covalent modified
one of Figure 1b. It follows that the conductance of this covalent two-site system,

is
Ill. Comparative Modifications: Covalency and Coulomb
Gating 2,2
aA
9% =0 (24)

The simple single orbital molecular bridge of Figure 1la can
be modified by a covalent interaction with the new molecular
atomic site, as in Figure 1b. There has also been extensive
interest® in building a molecular analogue to a field effect
transistor (FET), in which an external gate is somehow applied
to the bridging species, modifying its orbital energy and
therefore its transmittance. Such an FET-like device is sketched

(£ — B)* + o®A?

Then the ratio ofys (the conductance in the single site circuit
of Figure 1a) to the modified bridge of Figure 1b can be
expressed as

in Figure 1c. One straightforward way to characterize this gating 95 14 ﬁz(ﬁz — 2016,) o5
process would be to use an on-site Coulomb repulsion picture, g_c B 0222 + o2A2 (29)
which is the Hubbard limit of the PariseParr—Pople modef® K
For such a situation, the molecular Hamiltonian can then be s . .
approximated (at the Hartre&ock level) by In the limit 82 < 2a€ we observe that (assumirg > 0)

HE = & + UMI2 (20) B’ <208~ g < g (26)
HereU denotes the onsite electron repulsion term arnslthe so the covalent interaction between the bridging site and a

total number of electrons sitting on the site, which can be either second molecular entity, even if that second molecular entity
integral or nonintegral. We have assumed that the numbers ofdoes not directly couple to the electrodes, can increase the
up and down spin electrons on the site are the same andconductance. This is indeed seen in the charge-transfer structures
physically consider that the potential induced in the molecular calculated in ref 30.

bridge by the external gate causes a modification in the Forthe simple models of Figure 1b,c, then, we have computed
population. When the population of the electrons on the bridge the conductances and shown that both modifications (the
increases, the local Coulomb energy also increases; thereforecovalent one in Figure 1b and the Coulombic one of Figure 1c)
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CONDUCTANCE RATIO can be varied smoothly from a ratio much less than unity to
one that is much greater.
12
10 ;" IV. Remarks
i
g 6 - ,f; Characterization of current/voltage characteristics of molec-
I 4 / ular junctions remains in its infancy, both computationally and
2 — experimentally?—38 Still, some features have become clear. For
0 f: ‘ ] large gaps and low temperatures, the transport in short molecular
-2 0 1 2 3 4 BETA structures will be dominated by coherent, Landauer-type

Figure 2. Ratio, 6/)/(g™/g™D), for the valuesx = 1, & = 2, n beh_awor (although at higher temperatures injection and_ ther-
=1/, U = 40 plotted as a function off|. The relative switching ~ Malized transport should océf). For large currents to exist,
capability due to binding (Figure 1b) or gating (Figure 1c) clearly varies then, it is necessary to tune the energy levels so that the gaps
widely. can be reduced and the transport thereby increased.

. .. Although the most obvious way to modify the energetics of
can modulate the transport. Consider now some vaguely realisticy,o bridge is to use a gate electrode, the placement of such an

parameters such as electrode on top of a molecular scale wire is experimentally
g =2eV problematic. It is far easier to tune the levels by interaction with
another chemical entity, for example, by charge-transfer interac-
Uu=2eV tion or covalent modification.
—f=2eV . .We demonstrate that, With.in a very simple single site picture,
it is possible to show analytically that the currents can indeed
a=4eV be modified either by an external voltage gate or by chemical
A=0.1eV 27) modification. The extent of such modification will vary depend-

ing on the energetics, the orbital mixings, the geometry of the
Under these conditions, a change in the population of the FET new molecular species formed, and the voltage. Still, such
structure of Figure 1c from being fully unoccupien =€ 0) to modification is generally an applicable scheme for control of
being half occupiedn(= 1) would give a conductance ratio of  the current in molecular junctions.
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