Chapter 2
Ele tron tunneling between two
ele trodes mediated by a mole ular
wire ontaining a redox enter
2.1

Introdu tion

Understanding of ele tron transport through a single mole ules re eived an in reased
interest due to the spe ulation of employing mole ular units as fundamental elements of
omputer ir uits [5, 6℄. Additionally, ele tron transfer in mole ular wires at nanos ale
level re eived further attention, both at the level of formalism as well as ab-initio alulations, due to its possible releven e in understanding and appli ation for a lass of
diverse problems like sensors, photoni s, solar energy onversion [109℄. Controlled harge
movement in a suitably designed mole ule an be used as the basis for storing and proessing of information. Su h Quantum-Dot Cellular Automata ar hite ture has been
experimentally realised in a series of experiments for a variety of appli able omponents
like memory ells, logi gates and lo ked memory ells[110, 111, 112℄. A pra ti al implementation of QCA ar hite ture onsists of a single redox enter with an organi or
inorgani bridging group [113℄. The e ien y of solar energy onversion pro ess depends
not only on e ient photon apture but also on harge seperation and transport through
very large distan es. Sin e the harges are reated by sunlight on the surfa e of an assembly of mole ules or semi ondu tors, it is resonable to expe t mole ular wires to a t as
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relevant a eptors of the harges. Also the weak solar uxes imply a very low urrent and
a need for fast harge transport. Certain lasses of polymers and oligomers have been
proposed as ideal andidates for satisfying the above riterion for in reasing the yield in
solar energy onversion [114, 115℄.

The above mentioned are some of the reasons for the re ent in reased surge in interest
for understanding harge transport along mole ular wires. Typi al theoreti al work in the
eld involves obtaining generi expressions for the ondu tan e, urrent-voltage proles,
rate onstants, transition probabilites et . Formal works on transport properties along
mole ular wires were arried out on Donor-Bridge-A eptor (DBA omplexes) systems,
wherein ele trons are transferred between donor and a eptor onne ted by a mole ular
bridge [116, 117, 16, 59℄. Further, ele tron transfer between reservoirs onne ted by a
mole ular bridge has been studied by Ratner and o-workers [75, 76, 118℄. The above
works resort to time-dependent quantum me hani s for obtaining expressions relevant
to ele tron transfer. Expressions for the ondu tan e between two reservoirs onne ted
by monoatomi sites were well known in mesos opi physi s. The formal expression was
rst derived by Caroli and o-workers [78℄ and was later expanded to a broader lass
of problems by Wingreen and o-workers [79, 80, 81℄. Re ently, the same expressions
were re-derived by various authors [119, 120, 121, 122, 83℄ by formulating Quantum
Langevin Equations (QLE). Initially, both the mole ular wire and mesos opi ondu tion
were modelled using tight-binding Hamiltonians, and sin e at a Hamiltonian level these
problems seem identi al, it is expe ted that the expression obtained for one should be
appli able for the other.

Several authors have pursued other omputational methods su h as density fun tional
theory, rst prin iple ab-initio al ulations and pa kage simulation of Non-Equilibrium
Green's Fun tion in studying ondu tion through mole ular wires [52, 123, 124, 125, 126℄.
Most of these authors dier in their treatment of the ele trodes and the intera tion of
the metal-mole ule oupling. Most of the earlier works were oriented towards a better approximation for modelling the intera tion and self-energies at the mole ule-metal
jun tions, while little work has been done in in orporating the ee t of additional intera tions the ele tron might experien e in the mole ular wires. Though numerous works
have been done of the subje t of ele tron-phonon oupling with relevan e to quantum
dots [79, 127, 128, 129, 130, 131, 132℄, in luding treatments for lassi al, quantum, equi20
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libriated and out of equilibrium systems, exa t treatment of su h a pro ess in spe i
for mole ular wire has not re eived mu h attention. Mole ular wires dier from quantum dots in that the observed ondu tan e behaviour of quantum dot is dominated by
Coloumb blo kade.

The fo us in the present will be on a spe ial ele tro hemi al ase: a mole ular wire
ontaining a redox- enter onne ting two ele trodes. The ele tro hemi al ase is of spe ial
interest sin e two potentials an be varied independently: the bias between the two
ele trodes, and the potential of one of the ele trodes with respe t to the solution. The
latter a ts like a gate voltage that ontrols the urrent in the wire. In addition, the
redox enter intera ts with the solvent, whose u tuation will ae t the urrent. The
spe ialties of the ele tro hemi al situation were rst elu idated by theorists [133, 134,
135, 136℄. Starting with the pioneering paper of Tao [1℄, there have been a fair number
of experimental studies of ele tro hemi al systems [137, 138, 139, 43, 36, 140, 141, 142,
143, 144℄ whi h in turn have generated more theoreti al work (see e.g. [145, 146℄ and
referen es therein).

Most of the theoreti al work on ele tro hemi al systems has been restri ted to spe ial
systems with one or two intervening redox enters. In this study, we will onsider a wire
of arbitrary lengths ontaining one redox enter intera ting with the solvent. Using a
tight-binding Hamiltonian and Green's fun tion te hniques we will derive an expression
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for the urrent whi h is exa t for the ase where the intera tion to the two ele trodes
an be treated in the wide-band approximation. These al ulations will be illustrated
by model al ulations for parti ularly interesting ases: steps and negative dierential
resistan e, and spe tros opy of intermediate ele troni states.

2.2

Model Hamiltonian, Green's fun tions and

ur-

rent density

The model system that we onsider onsists of two metal ele trodes, labeled R and L,
onne ted by a hain of 2n + 1 atoms  an odd number is hosen for onvenien e only.
The atom in the enter is redox-a tive and intera ts with the solvent; thus, we identify
the index n + 1 with the index r of the redox spe ies. We use a tight-binding model, in
whi h ea h atom ontains one orbital and intera ts only with its nearest neighbor. The
orresponding Hamiltonian an be written in the form:

H=

X X

ǫk,i nk,i + ǫr nr +

n−1
X
i=1

+
+

ǫi n i

i=1
i6=n+1

k i=L,R

+

2n+1
X

{υi c†i ci+1 + h.c} +

2n
X

{υi c†i ci+1 + h.c}

i=n+2

{υ¯i c†i ci+1
i=n,n+1(r)

+ h.c} +

1X

h̄ων gν qν nr

X

2

ν

h̄ων qν2 +

X

X
k

{vk,1 c†k,L c1 + vk,2n+1 c†k,R c2n+1 + h.c}

(2.1)

ν

In this Hamiltonian, n always denotes an o upation number, c† a reation c an annihilation operator, ǫ an energy, and v a oupling onstant. The rst line ontains the
diagonal elements, the indi es (k, L) and (k, R) labeling the ele troni states on the two
ele trodes. The se ond and third lines give hopping elements between adja ent sites, and
the last line the potential energy of the solvent, with oordinates qν and frequen ies ων ,
and its intera tion with the redox enter r; the gν are the orresponding oupling onstants. Equation (2.1) is a natural generalization of the Hamiltonian for redox-mediated
tunneling via one enter [136℄.
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The matrix form of the fermioni part of the above Hamiltonian HF has the generi
form:
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Working within the nearest neighbour intera ting tight-binding model, it is understood that HF has non-zero entries only in diagonal and sub-diagonal elements. The
general s heme of approa h is to al ulate the quantum ondu tan e and then obtain
the urrent by integrating the ondu tan e between appropriate limits. The formula employed for obtaining the quantum ondu tan e, or tunneling rate, is the same as the one
23

used by Datta et al. [147℄. This form of the formula was rst derived by Caroli et al.
[78℄ and was subsequently derived in a mu h wider ontext by Wingreen and o-workers
[79, 80, 81℄.

g = Tr[Gr ΓL Ga ΓR ]

(2.2)

As before, the subs ripts L and R refer to the left and right reservoir. Γ denotes the
imaginary part of self-energy (for ease of following the notations, Γ = vk (ImG0kk )vk∗ ). The
quantity of interest is | h1 | G | 2n + 1i |2 , where G is the Green's fun tion obtained from
the above Hamiltonian. This an be obtained by separating the Hamiltonian into two
parts: H = H0 +V and onsidering a Dyson equation , G = G0 +G0 V G, where the simpliP
 ation of the problem results from the hoi e of V . Letting V = i=n,n+1 ῡi c†i ci+1 + h.c,
the Hamiltonian H0F ontains 3 blo k matri es. Physi ally this amounts to utting the
2n + 1 atom hain at 2 pla es on either side of the redox ouple. The losed form for the
element h1 | G | 2n + 1i is obtained as shown:
h1 | G | 2n + 1i = h1 | G0 | 2n + 1i +
0

X
i,j

h1 | G0 | iihi | V | jihj | G | 2n + 1i

(2.3)

= h1 | G | nihn | V | n + 1ihn + 1 | G | 2n + 1i

hn + 1 | G | 2n + 1i = hn + 1 | G0 | n + 1ihn + 1 | V | nihn | G | 2n + 1i

(2.4)

hn | G | 2n + 1i = hn | G0 | nihn | V | n + 1ihn + 1 | G | 2n + 1i

(2.5)

+ hn + 1 | G0 | n + 1ihn + 1 | V | n + 2ihn + 2 | G | 2n + 1i

hn + 2 | G | 2n + 1i = hn + 2 | G0 | 2n + 1i

(2.6)

+ hn + 2 | G0 | n + 2ihn + 2 | V | n + 1ihn + 1 | G | 2n + 1i
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From the above 4 equations , G1,2n+1 = h1 | G | 2n + 1i an be solved:
G1,2n+1 =

G01,n ῡn,n+1 G0n+1,n+1 ῡn+1,n+2 G0n+2,2n+1
1 − G0n+1,n+1 [ῡn+1,n G0n.n ῡn,n+1 + ῡn+1,n+2 G0n+2,n+2 ῡn+2,n+1 ]

(2.7)

Now we require the terms G01.n , G0n+1,n+1 , G0n+1,n+2 , G0n+2,2n+1 , G0n+2,n+2 . These an
be found by using the above redu ed Green's fun tion te hnique, in addition to exploiting
the re ursive relation for the determinant of a matrix onsisting only of diagonal and subdiagonal entries. Similar al ulational methods were employed by Evenson and Karplus
[148℄.
For simpli ity, we assume that the ouplings to the two metals at the ends are the
P
same, and use the wide-band approximation, in whi h ∆ = π k | vk |2 δ(ǫ − ǫk ) is taken
as onstant.
If dn represents the determinant of a n × n matrix with diagonal entries set to ǫ − ǫi
and subdiagonal entries set to some υ, then it is possible to express:

G01,n =

(−υ)n−1
v2

dn − dn [ ǫ−ǫk k ]

(2.8)

v2

G0n,n

=

dn−1 − dn−2 [ ǫ−ǫk k ]
v2

dn − dn−1 [ ǫ−ǫk k ]

(2.9)

1
ǫ − ǫr

(2.10)

G0n+2,2n+1 ∼
= G01,n

(2.11)

G0n+2,n+2 ∼
= G0n,n

(2.12)

G0n+1,n+1 =

Invoking the wide band approximation the above expressions redu e to the following
form:
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(−υ)n−1
dn + idn ∆

(2.13)

dn−1 + idn−2 ∆
dn + idn−1 ∆

(2.14)

G01,n =

G0n,n =

Thus, the problem has been redu ed to al ulating the determinants dn , whi h will
be thoroughly explained in the next hapter.
The ondu tan e an be obtained from Caroli's formula and integrated to obtained
the net urrent. The net urrent thus obtained has a qν dependen y whi h has to be
eliminated by performing a thermal averaging. The nal result obtained after thermal
averaging gives the net total urrent. As noted in the introdu tion, in ele tro hemi al
systems there are two potential dieren es to onsider: the bias V between the two
ele trodes, and the ele trode potential, whi h shifts the levels in the solution. We use the
onvention that the potential of the right ele trode R is kept onstant, and set its Fermi
level to zero. The levels on the wire shift with the ele trode potential; this assumes that
the ondu tivity of the solution is higher than that of the wire. Other s enarios an be
al ulated by the same formalism. With this onvention, we write the total urrent in
the form:
Z
I(q) = Tr[Gr ΓL Ga ΓR ]{f (ǫ + e0 V ) − f (ǫ)}dǫ
(2.15)

where f (ǫ) denotes the Fermi-Dira distribution. As has been pointed out several times
(see e.g. [149℄), in the ase of a lassi al solvent it is su ient to onsider a single
ee tive solvent oordinate q . Ee tively, this means that in the Hamiltonian, we make
the following substitutions:
1X
h̄ων a2ν → λq 2 ,
2 ν

X
ν

h̄ων gν qν → −2λq

(2.16)

The average over the solvent ongurations an then be written as:
1
I=
Z

Z

−βE(q)

dqe

I(q)

Z=

Z

dqe−βE(q)

(2.17)

where the energy, as a fun tion of the solvent oordinate q , is:
2

E(q) = λq +

XZ
i

ǫhc†i ci i

(2.18)
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Thus E(q) is obtained by performing a partial tra e over the fermioni part of the
total Hamiltonian. The quantity hc†i ci i, as viewed by Wingreen et al. [79℄, is the lesser
omponent of the Keldysh Green's fun tion, G<
ii . If ΓL and ΓR are the imaginary parts of
the self-energy arising from the intera tion with the left and the right reservoirs (whi h
in the view of wide-band approximations is ∆), then for the present ase
r
a
r
a
G<
ii = if (ǫ + e0 V )[G ΓL G ]ii + if (ǫ)[G ΓR G ]ii

(2.19)

At this point, a few omments on the appearan e for G< are needed. It is well known
that in equilibrium the lesser Green's fun tion takes the form of a produ t of spe tral
fun tion times the o upation fun tion. (G< = ia(ǫ)f (ǫ)). That is in ase of zero bias V
when both the reservoirs have the same potential, f (ǫ + e0 V ) = f (ǫ), then
G< = if (ǫ)[Gr (ΓL + ΓR )Ga ] = if (ǫ)2∆[Gr Ga ]

(2.20)

Now Gr (ǫ) − Ga (ǫ) = a(ǫ) where a(ǫ) is the spe tral fun tion, and the imaginary
part of self-energy an be written as (1/Ga − 1/Gr ). In our notation, 2∆ = ∆L + ∆R =
(1/Ga − 1/Gr ). Also the diagonal part of Gr (ǫ) − Ga (ǫ) is proportional to the density of
states, ρ(ǫ). In equilibrium, we re over the result
G< = if (ǫ)a(ǫ) = f (ǫ)(Gr − Ga ).

(2.21)

Substituting the above result in the expression (2.18) for E(q), it is seen that at
R
equilibrium E(q) = λq 2 + ǫf (ǫ)ImTrG(ǫ)dǫ, wherein the se ond term in the energy
expression is widely employed in a variety of ontexts in physi s. Thus the expression for
E(q) for the non-equilibrium ase an be written ompa tly as

2

E(q) = λq +

Z

r

a

ǫf (ǫ + e0 V )Tr[G ΓL G ]dǫ +

Z

ǫf (ǫ)Tr[Gr ΓR Ga ]dǫ

(2.22)

The tra e in the above equation runs over the (2n + 1) sites numbered by the index
i. Now for better exposition of the omputation involved in al ulating the E(q), we
onsider a generi term whi h has the form shown below:
Ei (q) = ∆

Z

0

−∞

ǫGri,1 Ga1,i dǫ

+∆

Z

−eV

−∞

ǫGri,2n+1 Ga2n+1,i dǫ

(2.23)

where we have repla ed the Fermi-Dira distribution by step fun tion, and taken the
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Fermi level as zero.
We onsider the ase for the three possible lo ations of i, (i ≤ n, i ≥ n + 2, i = n + 1).
As before the general idea behind the approa h to get the matrix elements of G is to
resort to a Dyson expansion. The losed form equation so obtained has to be solved to
get the relevant terms. The hoi e of V is same as used before.
G1,i = G01,i + G01,n ῡn,n+1 Gn+1,i
Gn+1,i = G0n+1,i + G0n+1,n+1 ῡn+1,n+2 Gn+2,i + G0n+1,n+1 ῡn+1,n Gn,i

(2.24)
(2.25)

Gn+2,i = G0n+2,i + G0n+2,n+2 ῡn+2,n+1Gn+1,i

(2.26)

Gn,i = G0n,i + G0n,n ῡn,n+1 Gn+1,i

(2.27)

Case I: i ≤ n
G1,i =

G01,i

+

G01,n ῡn,n+1 G0n+1,n+1 ῡn+1,n G0n,i
1 − [G0n+1,n+1 ῡn+1,n+2 G0n+2,n+2 ῡn+2,n+1 + G0n+1,n+1 ῡn+1,n G0n,n ῡn,n+1 ]
G01,i
G0n,i =

(−υ)i−1 dn−i
=
dn + i∆dn−1

(−υ)n−i (di−1 + idi−2 ∆)
dn + i∆dn−1

(2.28)
(2.29)
(2.30)

Case II: i ≥ n + 2
G1,i =

G01,n ῡn,n+1 G0n+1,n+1 ῡn+1,n+2G0n+2,i
1 − [G0n+1,n+1 ῡn+1,n+2 G0n+2,n+2 ῡn+2,n+1 + G0n+1,n+1 ῡn+1,n G0n,n ῡn,n+1 ]

(2.31)

It is ru ial to note at this stage that be ause of the form of perturbation sele ted
the unperturbed G0 has a symmetri stru ture with respe t to the rst and third blo k
matrix and hen e G0n+2,i in the above is same as G01,i in ase I.

Case III: i = n + 1
G1,n+1 =

G01,n ῡn,n+1 G0n+1,n+1
1 − [G0n+1,n+1 ῡn+1,n+2 G0n+2,n+2 ῡn+2,n+1 + G0n+1,n+1 ῡn+1,n G0n,n ῡn,n+1 ]

(2.32)
Even though ῡn,n+1 = ῡn+1,n+2 = ῡ, we have maintained the subs ript indi es for
ease of he king the nal expressions.
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2.3

Results and dis ussions

The prin iple new feature of our work is the dynami intera tion of the redox system with
the adjoining spe ies, whi h u tuates with the solvent oordinate q . The main ee ts
an be demonstrated with a hain of three atoms, and we limit our numeri al al ulation
to this ase.
Even though we have restri ted our treatment to the symmetri ase, in whi h the
oupling ∆ to the two leads and the interatomi ouplings v are the same on both sides,
the system ontains a fair amount of parameters. In the following model al ulations, we
have set ∆ = 0.3 eV and the reorganization energy λ = 0.3 eV unless otherwise mentioned,
and for the other parameters we have hosen values appropriate to demonstrate spe ial
ee ts.
The ase of a single intervening redox enter is well examined. The new feature of
the three-atom hain is the intera tion between the levels ǫ1 of the two side atoms and
the redox enter. Before onsidering this in detail, it is instru tive to investigate the
referen e ase in whi h this ee t is weak; in this limit, we should obtain similar results
to the ase of one atom.
bias = 0 V

0.10

bias = 0.1 V
bias = -0.1 V

E(q) / eV

0.05

0.00

–0.05

–0.10
–0.5

0.0

0.5

1.0

1.5

q
Figure 2.3:

Potential energy surfa es in the

ase of weak

oupling and at the

ǫ1 = 0.8 eV, v =
hnr i of the redox enter.

equilibrium potential for the redox system; system parameters:

0.01 eV, ǫr = λ = 0.3 eV. The insert shows the o

upation

The intera tion of the side atoms with the enter is weak, if ǫ1 lies far from the Fermi
level and the oupling v is small. In this limit, the redox enter is at the equilibrium
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potential for ǫr = λ. As expe ted, in this ase the potential energy surfa es E(q) are
similar to the one atom ase [150℄. At zero bias, they have the same form as for a normal,
outer sphere redox rea tion- see Fig. 2.3. In the left well, the o upan y hnr i is zero,
in the right well unity. Appli ation of a bias produ es a region with hnr i ≈ 1/2, whi h
extends the barrier in the enter. For the three atom ase, the tunneling rate, as a
fun tion of the ele troni energy ǫ and the solvent oordinate q , is given by:
t(ǫ, q) =

∆2 v̄ 4
(ǫ − ǫr + 2λq)2 [(ǫ − ǫr + 2λq)(ǫ − ǫ1 + i∆) − 2v̄ 2 ]2

(2.33)

As long as ǫ1 lies so high that it plays no role, this rate has a maximum where ǫ−ǫr +2λq =
0. Tunneling o urs only between the two Fermi levels, in the range −e0 V < ǫ < 0.
Inspe tion shows, that the maximum of t(ǫ, q) is obtained in the region where hnr i ≈ 1/2,
whi h therefore gives the main ontribution to the urrent.
r= = 0.3 eV (equ.)
r= 0.25 eV

current / arb. units

6.10–6

r= 0.2 eV

4.10–6

2.10–6

0
–1.0

–0.5

0.0
bias / V

Figure 2.4: Current-potential
eters:

ǫ1 = 1.2

eV,

v = 0.01

urves in the

0.5

1.0

ase of weak

oupling; system param-

eV.

Continuing with the ase of weak oupling, the urrent-potential urves are symmetri
at the equilibrium ondition ǫr = λ. Shifting ǫr by appli ation of an overpotential leads
to asymmetri al urves with re tifying properties. Figure 2.4 shows the ase in whi h the
redox level has been lowered, so that the most favorable energy range now lies below the
Fermi level of the right ele trode. Therefore the urrent is higher at positive bias, where
this energy range lies between the two Fermi levels.
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Really new features o ur when the redox level intera ts noti eably with the levels
ǫ1 . In general, three intera ting atomi levels ombine to form three mole ular orbitals.
Sin e the redox level hanges its energy with the solvent u tuations, so do the resulting
mole ular orbitals. So, for some range of q the redox level will be far from ǫ1 and the
intera tion will be almost negligible, in another range it will lie lose in energy, so that
one observes the typi al splitting of the levels.
r = 0.2 eV

tunneling rate / arb. units

0.3

r = 0.4 eV
r = 0 eV
0.2

0.1

0.0
–1.00

–0.60

–0.20

0.20

0.60

1.00

1.40

energy / eV
Figure 2.5: Transition probability as a fun tion of the energy

ǫr ; the solvent
v = 0.1 eV.

ele tron for various values of
parameters: :

ǫ1 = 0.2

eV,

oordinate

q

ǫ

of the tunneling

was set to zero. System

The transition probability t(ǫ, q) has lo al maxima, whenever ǫ is near one of the
mole ular orbitals. Sin e is depends only on the ombination ǫr − 2λq , it is su ient to
investigate the dependen e on ǫr for q = 0, as is done in Fig. 2.5. The interesting region
lies where ǫr ≈ ǫi . When both are equal, there are three distin t maxima at the three
mole ular orbitals. When they are separated, only two maxima o ur at the position of
the atomi orbitals, sin e the splitting is too small to show up  it is hidden beneath the
maxima.
These os illations in the transition probability give rise to interesting urrent-potential
urves exhibiting several steps and even regions with a negative dierential resistan e
(see Fig. 2.6), ee ts whi h do not o ur with a single ele troni intermediate state.
The exa t shape of these hara teristi s is determined by an interplay of three ee ts:
The hange of the potential-energy urves with the bias, the dynami hanges in the
energy of the mole ular orbitals as the solvent oordinate q u tuates, and the resulting
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os illations in the transition rate. These highly nonlinear ee ts are more pronoun ed
when the oupling ∆ to the two leads is weaker. Figure 2.7 shows two examples where
the system parameters have been hosen su h that the urves either exhibit ni e plateaus
or a pronoun ed negative dierential resistan e.
As pointed out in the introdu tion, in ele tro hemi al systems two voltages an be
ontrolled independently, the bias and the potential between the solution and one ele trode. This makes it possible to perform spe tros opy of the ele troni states in the
wire, whi h experien e the potential of the solution. We introdu e the overpotential η of
the redox ouple with respe t to the right ele trode through ǫr = λ − e0 η, and let the
intermediate state shift in the same way: ǫ1 = ǫ01 − e0 η. In a real system, be ause of
the nite ondu tivity of the solution, η may be only a fra tion of the externally applied
potential, but this would require only a trivial modi ation. If we keep the bias onstant
at a omparatively small value and s an the overpotential η, we obtain a peak in the
urrent every time an ele troni state lies within the tunneling range of energy between
the two Fermi levels. A few examples are seen in Fig. 2.8. The redox level always gives
a peak near η = 0, and for the parameters hosen we see a se ond peak near ǫ01 . When
these two energies lie lose, one peak may appear as a shoulder. Note that the urves for
ǫ01 = ±0.5 eV in the gure are not quite symmetri , be ause the bias breaks the symmetry. In theory, we ould expe t to see up to three peaks in these urves orresponding
to the three mole ular orbitals formed, but these only o ur for a very strong oupling
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Figure 2.7: Current-potential
rameters:

ǫ1 = 0.3

∆ = 0.1

eV (right

eV,

urves for small

ǫr = 0.5

urve).

eV,

v = 0.1

oupling to the leads. System paeV,

ǫ1 = −0.2

eV (left

urve) and

v and small energies of reorganisation. Otherwise the splitting indu ed by v is hidden

under the peak for ǫ1 .

2.4

Con lusions

In this work we have presented a model for the ondu tivity of a mole ular wire ontaining a redox system, and embedded in an ele tro hemi al environment. We onsidered
the intera tion of the redox system with a lassi al solvent, whose state was represented
by a solvent oordinate q in the spirit of the Mar us theory. Using the wide-band approximation, we were able to derive an exa t expression for the quantum ondu tan e of
a hain of arbitrary length. The thermal average over the solvent ongurations had to
be performed numeri ally.
Expli it al ulations have been performed for a hain of three atoms. When the
ele troni levels of the neighboring atoms intera t weakly with the redox ouple  be ause
their energies are very dierent or the oupling is weak  the wire behaves mu h like a
single intervening atoms. Interesting new features arise when the redox ouple intera ts
strongly with the neighboring levels. Sin e the redox level u tuates with the solvent,
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Figure 2.8: Current at

η

for various values of

onstant bias

ǫ01 ,

V = 0.1 V as a fun tion of the overpotential
ǫ1 for vanishing overpotential; v = 0.1 eV.

the value of

this intera tion is dynami and hanges with the solvent onguration.
In an ele tro hemi al environment two potential dieren es, the bias and the ele trohemi al potential of the wire, an be varied independently. This makes it possible to
perform ele troni spe tros opy at onstant bias by hanging the ele tro hemi al potential. Intermediate states show up as hara teristi urrent peaks.
Our treatment has been limited to a redox ouple intera ting with a lassi al solvent.
An extension to the ase where quantum modes ouple to the ele tron transfer should be
possible, using Green's fun tion te hniques that have been applied to the ase of a single
atom [136℄. This ould give rise to additional stru ture in urrent-potential urves.
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