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On the basis of the Landauer approach and Green function technique we
have developed an exactly solvable analytical model that gives a quick and
reliable estimate of (ohmic) tunnel conductance in metal—-molecular
heterojunctions. The model covers conjugated oligomers of types
M—M----—M and M;—M,—M;—---—M,—M; connecting metal pads in
molecular contacts. Based on a realistic Hamiltonian for these kinds of
oligomers we obtain an anal)étical expression for the tunnel con-
ductance(2e’/h)go(Er)gi° (Er)e~ 2EN  whereN is the number of the
structural units M (or M). The pre-exponential factaj(Eg) depends on

the metal and metal-molecule coupling characteristics only, whereas
gi°(Er) and the exponential decay constants are explicit functions of the
Green function matrix elements of monomers M (o Bhd M,). This
formula provides, for the first time, an analytical relationship between a
realistic description of the molecular electronic structure and the hetero-
junction resistance. The results obtained from this formula are of
immediate use for probing currents through single molecules, e.g. by
scanning tunneling microscope (STM) techniques as well as for measure-
ments of electron transfer rates in donor/bridge/acceptor systerh398
Published by Elsevier Science Ltd
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The recent development of different kinds of nanadirection [8, 9] this solution provides a direct relationship
technologies and chemical synthesis has led to a dramdiegtween the conducting properties of molecular wires
increase in the research interestin molecular size deviaasl their electronic structure.

[1, 2] and metal—-molecular heterojunctions [3—5]. Along Our model is based on a Su-—Schrieffer—Heeger
with the experimental advancements, there is also a ng&EH) type of Hamiltonian that has been shown to give
for a deeper theoretical understanding of this type afn adequate description of a number of fundamental
systems. So far, most theoretical studies have beproperties of conducting polymers [10]. The one-electron
based on numerical calculations of, for instance, th#gamiltonian describing ther electron manifold of
conductance through single molecular wires [5-7]. IM)-oligomers, linear conjugated molecules of type
this Letter we present a complementary approach, &+M----—M with the rigid backbone can be represented
exact analytical solution of the problem of tunnel conas

ductance in metal-molecular heterojunctions where

linear molecules Wlth negI|'g|bIe tra}nsverse mtergctlo'p'OM _ Z(Hrl\{l F BN+ Do XN D 1)

act as molecular wires. Unlike previous attempts in this = © 0

where index|(r) refers to the upper (lower) sign,
- |04,) = |(N + 1),,) = 0. Ket h,) has its usual meaning
* Corresponding author. of the 2%, atomic orbital of theath atom in thenth
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W molecule electron spectrum due to metal-molecule inter-
= action can also be taken into account in equation (1). In
this sense, the term molecule in the present context
! should be understood conditionally.) Since the derivation
molecular wire of the conductance formula does not depend on the
e T detailed form oanM in equation (1), we do not specify
L O_QOO it further at this point in the presentation. Instead we
proceed by applying the Green function technique to
i Q O 0 O arrive at an analytical expression of tunnel conductance

in terms of the monomer Green function.

= == 1. TUNNEL CONDUCTANCE

6 = 0 = 0 We can show that for a molecule of arbitrary
N\

Z oV
1]

complexity the Green function matrix element appearing
N=20 in equation (2) is substantially dependent on the metal

. . . and contact characteristics only when the transmission
Fig. 1. Schematic representation of metal—molecul@

heterojunction (top) and the structure of conjugatedbeﬁider.]t Is close to its_maximal value (for the model of
oligomers considered here as molecular witésrefers SYmmetrical heterojunctions at hafiga(Er) = 1). If, on

to the number of C atoms in row. the other handTma(Er) < 1 equation (2) can be reduced
to

monomer. The monomer electron Hamiltonian i) GO 2 3

and g3; is the 2, resonance energy (hopping integralir(EF) = AERANERIG ], (BRI ®)

between the neighboring sites (denoted and ar, where, as distinct from equation (25°“(Ef) is the
respectively) of adjacent monomers. oligomer (and not the system) Green function. The
Using the Landauer approach [11], the conductancea|idity of approximation (3) can of course be verified
is expressed in terms of the transmission coefficieBy checking that the inequalitf(Er) < 1 is satisfied.
T(Ef) at the Fermi energir as:g = (26/NT(Er). FOr  Note that the spectral densitie,(E¢) andAy(Es), that
the model of metal-molecular structure shown in Fig. Jplay the role of effective metal-molecule coupling
T(EF) takes the form [8] constants, do not need to be small. The property
T(Ep) = Al(EF)AN(EF)|Gla|,Na,(EF)|2’ ) TE<1is relqteq to the fact that we are studying
electron transmission due to tunneling across the
whereA;(Er) is the spectral density of the left (right)molecule, i.e. transmission at energies that coincide
metal pad [8] andG,, n, (EF) is the dimensionless with the gap in the energy spectrum of the molecules.
(multiplied by ;) matrix element of the system|n addition to the requirement that(Er) < 1, for the
(metal-molecule—metal) Green function. replacement of equation (3) with equation (2) we also
Finding the Green function in equation (2) byhave to exclude the case of localized levels in the gap
analytical methods presents a quite complex task. Thegidied in [12, 13].
far, this problem has been solved under reasonable The replacement of the system Green function in
assumptions regarding metal pads but only for theguation (2) by the molecule Green function limits our
simplest model of a linear chain of one-level subunitttention to the case, where the Fermi energy is within a
C atoms, coupled via a constant nearest-neighbor inteand gap of the molecule, likely, the HOMO-LUMO gap
action i [8]. The model is, however, too simple to[6, 7] (HOMO is the highest occupied molecular orbital,
provide a realistic description of the electronic structuneUMO is the lowest unoccupied molecular orbital).
of the oligomers of interest for molecular devices. In  Calculation of the conductance is now reduced to the
particular, it cannot describe the electron tunnelingroblem of finding the solution to the equation
through band gaps, which is believed to be the mogtl — HO)G(E) = B;l. With the Hamiltonian defined
likely mechanism of molecular wire resistance [6, 7Jin (1) we obtain for the matrix elemer@>, (E) of
since it does not lead to a band gap in the molecuigatrix G (E) o
electron spectrum. In contrast, there are numerous

M .
successful treatments on the basis of SSH Hamiltonia@f@M’NW (E) = — G“‘,\;I“" SIITIE , 4
which by a proper choice d%nM andp; lead to a realistic ‘ SINEN) — Gy, SINEN — 1]

description of the electronic spectrum of conjugatesthereGY, = (a|Bi/(Ef — Hy)le’) (we omit the indica-
oligomers. (To a certain extent the modification of théon of explicit dependence of monomer Green function
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on energy) and is determined by the dispersion law The exponential decay constadiEr) in equation

2 cost = f(E). G (10) is nothing more than the modulus of the imaginary
) ) part of the (dimensionless) complex wave vector of an

In the case of the C-chain modé(E) = E/Si (with the  gjactron entering the molecule with the kinetic energy

on-site electron energy at C atom set equal to zero). Biiside the electronic bands of the oligomer.

for realistic oligomers, such as those shown in Fig. 1, the tpa pre-exponential factor in the tunnel conductance

functionf(E) — fo, (E) is determined by [12] of metal-molecule interface defined in equation (10) has
GY . fou(E)=1-GY  GY . +(@GM )2 (6) been intentionally represented as a prodggiEr) X

o, 0 o0 mol . . . .
Equations (4)—(6) give an exact closed expression fgf (Er) in order tomosleparate the contribution coming

G%T,N,X,(E) in terms of the monomer Green functiontrom the moleculegy” (Er) which does not depend on

matrix elements. By standard methods the knowledgre]ze [I:ir:?;zr?:;?: Tﬁée(:eur:::g;’;lllrz:xér?(;):nscgegingfo fr? the

of G™(E) can be extended to cover (MM ,)-oligomers mol . i
consisting of the linear sequence bf—1 identical decay constant andp “(Er) is expressed in terms of

b . . the monomer Green function only. Thus, it is possible to
monomers M= Mi-M ended by "defect” M, i.e. the predict and understand the most essential charge transfer

molecules of type M-M,—M;—:--—M»—M;. In particular, : X i ) i
we obtain the analogue of equation (4) for the Gre é:r){opertles of potential molecular wires simply by study

. . OiyMy O .~ 71ing the properties of the monomer building block(s).
IESC]%?; matrix eIementGla"Nm (E) of G™2(E) in Note that in the case of the C-chain model equations
(9)-(11) restore the McConnell result referred to the
GOvivz (E)= foar Go'\f:?a, sin& non-adiabatic bridge-mediated electron transfer rate
Lo :Ner G2, (E) sin(EN)+ G, GV2 sinfe(N—1)  [14], ket ~ e~ *®N, whered(E) = In|E/g;|, for energies

@) that are far from the band statég/S;| > 1. This corner
stone in the theory of non-adiabatic electron transfer
is thus shown here to apply also to intra-molecular
Gy1M2 = ghMIGMM2) — (G1MD)y?, (oligomer) through-gap charge transport in conjugated

and¢ is determined from dispersion relation (5), wher8ystems, but with the generalized definitions of the decay

where

f(E)— fo,. ,,.(E) is given by [12] constant and pre-exponential factor given in equations
My M e Y Mo M (9), (11) and (12). We stress that this result applies to any
Gy Coy s fouyw, (B) =1 — Gyl Gore, — Gy Gorrrar oligomer covered by structural formula M—M-—M or
4 nylegﬂz' ®) M—Mo>—M—--—=M,—M4, i.e. essentially, to all types of

conjugated systems.
For in-gap (or out-of-band) energies defined in the

limit N — o« the dimensionless wave vectpm (5) takes

complex valueg = =ié or £ = = =6, 6 > 0. Inserting 2. EXAMPLES OF MOLECULAR WIRES

these into equations (4), (5) and (7) results in an Consider now some particular examples of (M)- and
exponential dependence with the following definitioriM ,-M,)-oligomers shown in Fig. 1: oligomers of
of the decay constart= 6(E) polyene, M= C,H,; poly-paraphenylene, M- CgHy;

polythiophene M= C4H;S; poly(paraphenylene-
If(E)12+ +/[f(E)2]? -1

6(E) =In , (9) ethynylene), M = CgHa, M, = Cy; poly(paraphenylene-
if S(E)N > 1. Thus the conductance can be expressedeitynylene), M = C4H,S, M;=C;; and poly(thiophene—

butadiyene), M = CgHs, M, = C4; poly(thiophene—

(in units of 2%h): butadiyene), M = C4H,S, M, = Cj.

_ mol — 28(E)N In Table 1 are shown the results obtained from
9= Go(Er)go (Er)e ’ (10) equations (9)—(12). Only the maximal values of the
wherego(Er) = A1(Er)An(EF), decay constant in the HOMO-LUMO gap,_ are

4 sint[8(Er)] presented, corresponding to the case when the con-
96 (Er) = " 1T eié(EF))z (11) ductance is minimal, g = gmin = gg"o'(émax)efz‘sm.a*'\‘.
. - (We set factogg that is never known in real experiments
for (M)-oligomers and to be equal to unity as probably, can be the case in best
A(sinh{8(Eg)IGM2, )2 metal—molecular contacts.)
95 (Er) = (SINOE)] o) (12) The parameters of the Hamiltonian of the oligomers

M, M1 — ~Ma2,—6(EF)y\2’ ~O ) .
(Gey'e/Ge'er + Gy*€ ) H™" are defined as follows: In polyenes and five-membered

for (Mi-My)-oligomers; the upper sign refers toring based oligomers the hopping integrals associated
¢ = = £ i6 and the lower sign correspondséce= *i6. with single and double and single and triple C—C bonds,
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16.67

28

3.57

22

Rmax
(X 107)
20
2.08
25.00
2.86

16
0.71
5.00
0.91

28
0.06

22
0.28

0.48
0.04
0.35

(X 1073)
20

Omin

16
1.4
0.20
1.1

1.8 [17]
3.4 [18]
2.0 [19]

Ag?
(eV)

(eV)
2.0
3.4
2.0

Ap

5max

0.27
0.78
0.56

90 (e

1

CoH,

CeH,4

C,H,S
(M1—My)

Table 1. Transport related quantities of the oligomers listed in Fig. 1 (presented here in the same order as in Fig. 1): maximal value of expayeotistdec I

8 mae HOMO-LUMO gapA, ; experimental estimates of the optical gag’, minimal tunneling conductanag,;,. The oligomer length is indicated &k = 16,

20, 22 and 28N¢ is the number of C atoms in row, see Fig. 1

Oligomer

(M)
M

M
M
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§ 2 respectively, are specified 8xp(—») for single bonds
andg expy for double and triple bonds. (In other words,
the single C—C bonds within rings and between rings, as

S N well as double bonds within rings and triple bonds

© ™ o between rings, are assumed to have identical hopping
integrals.) The carbon—carbon bonds within phenyl rings
in all six-membered ring based oligomers are assumed to

© be equal toB and the single and triple C—C bonds

o) between six-membered rings are specifiedBasand
Bi exp(2y), respectively. All carbon-site energies are set
to zero. For the thiophene system we also have to specify

™ ~ the hopping integral associated with S—C bgd: and

™ © .

o S electron on-site energy at sulfurs. The values of
parameters used arej = 0.1333 [15] for polyenes
and »=0.1 in all other cases;3s c= 0.383 and

~ < es = 0.253 [16]; B = 0.923 and 3 = —3.757 eV [15]

8 g for all oligomers of focus. This choice of parameters
reproduces the observedBl, transition frequencies in
polyenes with three to seven double bonds [15] and

© o~ agrees well with the experimental estimates of band

o > .

S S gaps available for us, see Table 1.

For certain positions oEr the definitions of decay
constant and pre-exponential factor take especially

o © simple form. LetG) , Gy . = 0. This equation deter-

g g mines energies at which the system is capable to generate
local states. As stated above we have excluded the case
of local states and this implies thmg"',ar(EFN <1[12].

@ o Then, from equations (6), (9) and (11) we have

S 4 95°(Er) = 1 and

= 8(Er) = In|GY | 72 (13)

N Similar consideration for (MM ,)-oligomers leads

N us togd®(Er) = |GM2, | ! and
8(Er) = NGy, Gt |~ (14)
where Ep satisfies equationsGyt, GY', =0 and

N 22 GMz GM2 = 0 and inequalitylGM*, G, | < 1.

Importantly, in this particular case the pre-exponen-
tial factor is identical for all (M)-oligomers, i.e. it is

00 I~ I~ oligomer independent that agrees with numerical find-

2D S52 ings [7]. For (Mi-M)-oligomers the value of°(Eg) is
determined only by the electronic structure of the con-
necting, M, group, see examples in Table 1.

In the case of alternant, all carbon oligomergs.,
corresponds to the middle of HOMO-LUMO gap, i.e.
G[‘y’:,al =0 atE = 0. Therefore$,,x can be found from
ﬂ 2 o : equation (13) or equation (14). Expressed in terms of
parameters of Hamiltonian (1) we obtain:
2, M = CoHa,
. 9
T . .T .. - In(28/86)), M = CgHg, (15)
99995 ") In@616) + 20, My = CeHa.Mz = C,
Ssssss IN(26/8;) + 4y, M1 = CgHa, M = Ca.
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And for the rest of oligomers, has to be found from material. This work was supported in part by the Swiss
equation (9). National Science Foundation and by the Royal Swedish

As seen from equation (15), for polyenes thécademy of Sciences.

definition of 6.« coincides with the definition of half
of the HOMO-LUMO gap in units of8, Ay /(26) = 27,
if n <1. (Note that in the derivation of equation (15) 1.
we did not use the smallness of the alternation
parameter.) However, such a coincidence is misleadingz,-
if extended to other molecules. For instance, for the
given model of poly-paraphenylene oligomers [12]4'
A /(2B)=+/2+ (1 - Bi/B)*4— (1 + Bi/B)/2. The latter 5
equation bares little, if any, resemblance of the corres,
sponding definition ofdn. iN equation (15). This 7.
example is just an illustration of the fact that in general,
there is no direct relationship between the decay8
constant, which is formed by all states of the molecule9
and the width of the energy gap. ’

The analytical results obtained above allows one tpg
predict new physics. In particular, it can be shown thaty .
for special symmetries of monomers, e.g. such Gﬁégr
as a function of energy can take zero value, equations (&3-
and (10) suggest an anomalously high resistance at
certain energies, while near these energies the resistarice
is low. This unusual switching ability of molecular wiresl4_
deserves separate discussion [21]. 15.

In conclusion, we have presented the exactly solvabies.
model of single molecule conductance which relates the
linear response current to the microscopic structure of tAe.
molecule placed between, e.g. the substrate and STM tig
and similar metal-molecular heterojunctions. We havke:
found analytical expression of the tunnel conductance fgg
the wide class of linear molecules.
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