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Tunneling Through Localized States of a Single Molecule

E. G. Petrov
Bogolyubov Institute for Theoretical Physics, National Academy of
Sciences of Ukraine, Kyiv, Ukraine

A mechanism of formation of an interelectrode current based on a resonant tunnel-
ing through localized electronic levels of a single molecule is proposed. It is shown
that an external electric field applied to a molecule brings to the transformation of
extended molecular orbitals into localized molecular orbitals. It results in the
essential modification of nonlinear current-voltage characteristics of the molecule.
Local voltage division factors reflecting the partial voltage biases within a
molecule are specified, and an analytic expression for the I—V characteristics of
a two-site molecule is derived.

Keywords: electron transfer; localized levels; single molecule

1. INTRODUCTION

Recent experimental results on conductivity of single molecules and
molecular wires [1-4] indicate a strong deviation of the current—
voltage (I—V) characteristics from the Ohmic regime typical of met-
allic wires. Some experiments have also shown rectification properties
of a single molecule [5-8]. To explain the experiments, different mod-
ifications of the Landauer—Buttiker approach are employed along with
the molecular orbital theory (cf., e.g., [2,9—14]). In such an approach,
the molecule is identified with an electronic device which is connected
to electronic reservoirs, i.e. electrodes (substrate and tip, source and
drain). Typically, electron transfer through the molecule is studied
as a scattering process while the energy characteristics of the molecule
are associated with the extended lowest unfilled and highest occupied
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molecular orbitals (LUMOs and HOMOs). The basic expression for the
current reads as

2e [ 2e [
1== / dET(E,V)[f(E - ) — F(E - ug)) = 5 / dET(E,V) (1)
-0 Hr,
where e is the electron charge (e < 0),f(x) is the Fermi function, g,
is the electrochemical potential of the left (right) electrode, and

T(E,V)=Tr([T'D(E,V)GE,V)IB(E, V)G (E,V)) (2)

is the transmission function. It is determined through the matrices
I'Y(E,V) and T'®)(E V) defined in terms of the self-energies and
through the single-particle Green function of a molecule G(E,V)
(GT(E,V) is its adjoint). In the case of a symmetric molecule having
strongly delocalized MOs, the molecular levels are shifted under an
external bias voltage V in such a way that one can introduce the volt-
age division factor s identical for all levels . In supposition of negligible
dependence of T(E,V) on V, Eq. (1) can be represented in a simpler
form [4,5]

9¢ [ErteV(1-1)

I= T(E)dE (3)

h Ep+eVy

so that a molecular conductance g(V) = dI/dV reads
g(V) = golnT(Er +eVn) + (1 —n)T(Ep +eV(1-n)), (4)

where gy = e?/nh = (12.8Q7") is the quantum unit of conductance.

For a symmetric molecule which, in turn, is symmetrically con-
tacted to the electrodes, one has to substitute # = 1/2. In the other
cases, the fraction # differs from 1/2 [8,15].

If a molecule has strongly localized levels, one cannot introduce a
unique fraction 5 valid for all MOs. This means that the reduction of
the basic form (1) to a simplified one, Eq. (3), becomes impossible.
The goal of the present communication is to derive the form of an
interelectrode current in a case where the applied voltage is able to
transform the localized MOs into the delocalized MOs and vice versa.

Il. MODEL AND BASIC EQUATIONS

To demonstrate the modification of an interelectrode current mediated
by a single molecule, we restrict ourself by the case of a linear mol-
ecule which has N sites of electron localization divided by the bridging
groups (bonds) (cf. Fig. 1). LUMO and HOMO energies of these groups
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FIGURE 1 Position of the N-site molecule between the electrodes. Quantities
01, denote the characteristic distances in the device, €, (€r) and €y are
the permittivities of the medium near the left (right) electrode and within
the molecule, respectively.

(bonds) are assumed to be positioned far from the Fermi energy Er and
thus participate in the electron transfer (ET) process as virtual levels
forming superexchange couplings between localized MOs. Owing
to such a superexchange coupling, the localized MOs |mi,,)
(m=1,2,...,N is the position of a site, 4, is one of the localized
MOs belonging to the site m) are transformed to the extended MOs
of the whole molecule, |u) = ; w,(min)|min). In the framework
of the model under consideration, just these extended MOs (with ener-
gies ¢,) give the main contribution to the conductance. Such a model
has been already utilized to describe the formation of an inelastic cur-
rent through a molecular wire [7-19]. Here, we consider the elastic
tunneling through a molecule noting that, due to the interaction with
electrodes, the energies ¢, have imaginary parts so that §,=¢,—iy,. To
evaluate the transmission function, Eq. (2), we rewrite it in the matrix

form as
+
ZZ Flllllz ﬂzﬂz '“2/‘ Gu’l,ul’ (5)

Hakg M1H2

where the imaginary part of the self-energy,

Ffj}; =27 Z sku k/t’é E Esk) (6)

is defined by molecule-electrode couplings Vi, as well as conduction
band energies E4 (s = L, R; k is the wave vector). The further simpli-
fication is possible when a molecular Hamiltonian Hj, that specifies a
Green function G(E,V) = (E — Hy) ' is represented in the basis of the
extended states |u). This yields G, =3, (E — &) " and thus
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ro_ L
= T g g (7)

e

If only the terminal sites of the molecule are coupled to the electrodes,
then quantities (6) can be represented as

1-%R)): > u;’(1(N)/V1(N))uu(l(N)}Ll(N))F(L(R>> (8)

2y
2l
21ty

where we have introduced the self-energies

;~1<N)/11(N) B

LMEr) _ *
g i 2 Xk: VL(R)k)fl(N) VL(R>k/11(N> o (E - EL(R)k) (9)

referred to the terminal molecular sites m = 1 and m = N. Formula (7)
is essentially simplified when only a single MO per site is mainly
involved in the ET process (one can imagine the sites with a very large
gap between the levels, for instance the sites containing the metallic
ions). In this case,

2

Du* (N
78, ) — 48 (E)A 0 E) [ ) (10)
m — &y
where
AR — 7§ Vi *6(E — ELry) (11)
k

is the half-width of the localized energy level related to the left (right)
edge site of the molecule. Formula (10) is extremaly convenient to
demonstrate the modification of the interelectrode current caused by
a voltage variation. In particular, at strong intersite electromc cou-
plings V,,,+1 within the molecule when the difference ‘Fu — FL(/))!
exceeds strongly the widths AY) and A®) as well as the gaps
|E. — E,| (E,, is the MO’s energy of the molecular site m), one can
derive ¢, = sﬁto ) 4 Ag,. The quantity 8,(40 ) corresponds to the extended
zero-bias MO’s energy, while Ag, = 3" [u (m)] *AEY is the addition
caused by the voltage V. Bearing in mind that quantities uLO)( ) define
a zero-bias transform matrix and that Em) =eVi,,/ enl is the energy
gap formed by a site-to-site voltage bias, it becomes possible to show
that Ae, =eVy, where n = (I, + (1/2)lm)/l and €y is the permittivity
of the medium around the molecule. Here, [ =1; + I +Ir is the
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effective electrode-electrode distance, I}, = 01,/ €1 and lr = dr/€R are
the effective distances between the terminal molecular sites 1 and N
and the respective left and right electrodes, while I3 = (dr1 + 01
+---4+0n_1+Jrn)/Em is the effective molecular length (note that
actual distances in the device are denoted by symbols ¢;, cf. Fig. 1).
It is clear that the fraction # is equal to 1/2 only for the symmetric case
(01 = OrN, 0L, = Og, €1, =€g). Taking into account that the identity
> [uﬂ(l)uZ(N)/(E —-&)] = HI,X;} Vium+1/ 11, (E —¢&,) is satisfied even
for an irregular linear chain [20] and bearing in mind that, in the case
under consideration, ¢, ~ sff) )y eVn, we come to relation (3) with

Hﬁj ‘me+1 ‘2
I [(B-4")"+()’]

Here, the energy width yLO) is derived at zero-bias voltage. [Following
the most theoretical approaches (cf., for instance, [2,4,5,9,13], we omit
(hereafter) the dependence of the widths A) and A®) on the trans-
mission energy E.]

Formula (12) is true until a voltage bias does not shift strongly the
energy positions of localized MOs and thus does not destroy the
extended MOs of the molecule. At large V, the extended MOs and ener-
gies ¢, are transformed into the localized MOs and energies E,,,
respectively (cf. Fig. 2). This circumstance can bring to the essential
modification of the I —V characteristics of the molecule. Below, we con-
sider this important problem in more details.

T(E) = 4AP AR

lll. I-V CHARACTERISTICS OF A TWO-SITE MOLECULE

To gain analytic simplicity, we consider the formation of a current
through a molecule with only two sites of electron localization which
are connected by a superexchange coupling Vis. The energy of each
localized state m can be written as

Ei=E,—iAP,  Ey=Ey—iA®), (13)
where (the right electrode is assumed to be held at a zero voltage)
E,=E" +eV(1—n,), Eys=EY +eVp,. (14)

In Eq. (14), the quantities E(l0> and E;O) include the real parts of the
corresponding self-energies, and we have also introduced the local
voltage division factors (cf. Fig. 1)
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FIGURE 2 Transformation of the extended molecular states into the localized
molecular states under the applied voltage.
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FIGURE 3 Current—voltage characteristics of the two-site molecule. The cal-
culations are based on Eq. (20) by choosing the following parameters:
E" - Ep=03eV,EY) —Ep=05¢eV, n; =02, n, =0.1, A®) = 0.1, A® = 0.2.

n = (r +1r1)/1, ne = (Ir +Ire)/L. (15)

As to the energy width A“®) it is determined by Eq. (11). Introducing
the symbols 1 = + and u = — for the upper and lower extended MOs,
respectively, we derive

- . 1
& = &1 — 1)y, Sizi(E1+E2iPCOS<P),
1

Ve =75 (A(L) + A" £ psin (P)

where (we note that Ay; = A®) — AU‘), AEs1 =Ey — Eq)

tanp = 21U (17)
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and
9 1/4 1/2
p= [(DZ — A5) +4AG, AE%J ; D= [AE§1 + 4|V21|2} . (18)
Now, substituting the transmission function
(L) A(R) 2
T(E,V) = AATA T Vol (19)

(B -2 +93][@ - e)? +12]

in the basic equation (1), we derive the following analytic form for the
interelectrode current:

;e A<L>A(R)|V12|2
nh Yy
. { 1 n [{(s ~Ep)—iy |[(es —Ep—eV)—iy,]
(er—e-)=i(ry—v-) |[(e-—Er—eV)—iy_][(¢s —Er)—iy,]
- 1 ln[[(a_—EF)Jriy][(s+—EF—eV)—iy+] +c.c.}.
(er—e)=i(yo+1-)  |[(e-—Ep—eV)+iy |[(e —Ep)—ir.]

(20)

IV. RESULTS AND DISCUSSION

The derivation of the analytic form for both the transmission function,
Eq. (19), and the interelectrode current, Eq. (20), valid for a molecule
with two active sites can be referred to the main result of the present
communication. It is important that expressions (19) and (20) allows
one to analyze the I—V characteristics at an arbitrary relation
between the self-energies AL and A% zero-bias energy gap
Eéo) - E(10>, and site-site coupling V. Here, we only discuss the role
of the latter factor responsible for the creation of extended MOs.
Figure 3 manifests a serious modification of the /—V characteristics
caused by a site-site coupling. At large |Va1|, the current exhibits a
monotonous dependence on voltage V, while at a small site-site coup-
ling, the current behaviour acquires a specific feature. In particular, at
a positive voltage, the current reaches a maximal value. In addition,
one can observe the rectification effect caused by an asymmetric
position of the zero-bias energy levels E(l0> and E20> relative to the
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FIGURE 4 Current vs. inter-site coupling. The calculations have been done
with the same parameters as in Figure 3.

Fermi level. The role of the site-site coupling is represented more
clearly in Figure 4. Our results allows us to conclude that the localiza-
tion of molecular states favors the molecular rectification effect.
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