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Analytical model of molecular wire performance: A comparison of o
and o electron systems
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The exact closed expression of zero-temperature Ohmic conductance for heterojunctions of the type three-
dimensional(3D) metal/molecule/3D metal is obtained. It is specified further in explicit forms to examine
electrical transport across self-assembled monolayers of linear molecules with conjugated and saturated
carbon-carbon bonds. The focus is at the role of thiol head groups in functioning of polyenes and alkanes as
charge transmitters between metal pads. Both tunneling and resonance tunneling across linear hydrocarbons
without and with one and two end groups have been studied as a function of the Fermi energy, strength of the
metal-molecule coupling, and the molecular length. Regarding the linear-response ballistic conductance of the
given type of heterostructures the predictions are: pseudoresonances in the through-molecule transmission
spectrum, which are generated by sulfur end groups in the band gap of the carbon chain, and suppression of the
resonance and pseudoresonance tunneling by the asymmetry of the electronic structure of the system. These
and other results of the paper provide a guidance for the electrical-transport spectroscopy experiments.
[S0163-182699)05815-4

I. INTRODUCTION gap of the molecular spectrum. Under such conditions, the

molecular electron states from both valence and conduction

Electrical transport in self-assembled monolayers of orbands are expected to contribute the electron tunneling
ganic molecules and different kinds of metal-molecularacross molecules connecting two metals. Obviously, the
heterostructures is the subject of a considerabl@bove-mentioned model of molecular chain, though useful,

experimentd™” and theoreticf~2 interest. The atomic Cannot be recognized as a realistic one.

resolution and reproducibility of measurements have been Furthermore, all analytical results on the molecular con-

achieved on alkanethiol monolayers on gbfdA clear dis- ductance that have been obtained thus far refer to 1D hetero-

tinction between conducting properties of saturated and Cod'g?cf[ions, hWE?rg_ the hm'etzfltlgyggg aLe mimicllg?d by semi-
jugated linear molecules has been documente('ﬁl |n|teftt|g t '3 ing chain | st d?éjs(z:zz‘?T;Impll ication 'S;
experimentally:* There are several reports on presumablya SO Often used In numerical st ’ € relevance o
; . i 16,27 predictions of 1D models to the real systems has to be ques-
single-molecule electrical characterization'®?’ These are L
ttoned at the least. The 3D model of metal pads, which is

recent impressive progress in the field tha X .
a feW. examples of . P Progress Y Used here, removes the above-mentioned weakness of previ-
now is commonly called “molecular electronics.

A . h ical effort has b imed h ous approaches.
persistent theoretical eflort has been aimed at the Un- p o reliability and control of electrical contacts in

derstanding of the relationship between the electronic struGy,etal-molecular heterojunctions, the organic molecules are

ture of the molecules used in molecular-metal heterostrucygyally functionalized by thiol groups from one or both ends
tures and their observed properties. However, this ultimat@s the moleculé="211-5However, the role of sulfur end

goal is yet far from being achievétl.->>Because of the com- groups in determining the electron transmitting abilities of
plexity of the system, numerical studies of the metal-the molecules usetbr considered potentiallyas molecular
molecule junctions, where molecules act as charge transmiyires is recognized but not understood.

ters, are usually based on semiempirical metfbfs?>2 Hence, the use of a realistic Hamiltonian to describe mol-
with much uncertainty left regarding their accuracy. At theecules spanned between metal pads, an explicit account for
one-particle level, there have been few attempts to attacthe presence of sulfur at the metal-molecule interface, and
the problem by means of analytitdf®?® or the use of a 3D model for metals are distinctive advantages
“semianalytical”?>?* modeling. In most of them the elec- of the present analytical modeling of the molecular conduc-
tronic structure of molecules spanned between metal padsnce.

has been described by the tight-binding Hamiltonian of the The paper is organized as follows. Section Il represents
chain of one-site one-level subunits coupled via the nearesthe molecular Hamiltonian that enables us to treatnd o
neighbor hopping integrals. This model is known to give aelectron systems on the equal formal basis. In Sec. Il we
single band of one-electron states, that is nothing else bdiriefly discuss the origins of in-gap states in end-substituted
one-dimensionallD) metal. However, the molecules tried in polyenes and alkanes. A closed form of the exact solution of
electrical measurements are inherently either dielectrics ahe scattering problem, which determines zero-temperature
semiconductors, but not metals. Moreover, as it is evidencelinear-response conductance of metal-molecular heterojunc-
experimentally~>1113-16.2%he Fermi energy of metals used tions is obtained in Sec. IV. It is specified in an explicit
to contact these molecules falls somewhere within the bandnalytical form for the structures, where electrical contact
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By B sition of the valence and conduction bands is symmetrical
N N with respect to ther-electron site energy at carbon atom, the
Coulomb integrakeg .
Q Q Q Q Q The band gap betweenm electron bands is known to be
— — — C— considerably larger than the band gap. This basic distinc-
tion in the electronic structure of and o systems can be
understood in terms similar to those just introduced above.

The o electrons, which are usually describeddyy’ hybrids
o—e < < o) in saturated compounds and By? hybrids in conjugated
compounds, are strongly localized within the respective co-
valent bonds. However, the picture of completely localized
electrons fails to explain charge transfer and other observed

— — C— — O properties ofo systems® Therefore, it was suggested that,
similar to 7 electrons,o electrons are delocalized in poly-
atomic molecules, i.e., they also can be transfered along the

~— molecule, though such transfer is less efficient than in the
By By By By  Bg case ofwr conjugation. A simple model that accounts for this
o— — — — ° effect, “C approximation,” was introduced by Sandoifya
BT BT BT sophisticated development of this model was given by
2 Hoffmann2® and by Pople and Sanff. It neglects all in-
teractions between carbon atoms as well as between carbons
- ~_ and hydrogens except those which are responsible for a
. strong electron transfer between twp® (sp?) hybrids that
. Ay form covalent bonds between adjacent carbons and a weak
Ay, E; t e electron transfer between tvap® (sp?) hybrids of the same
carbon directed along covalent bonds with its neighbor car-
i e bons. The model ofr systems just cited is shown in Fig. 2,
where in analogy withr systems the corresponding reso-
nance integrals are indicated @ =B"exp(»”) and B3
= B7%exp(— "), °>0. The formal equivalence between the
FIG. 1. Schematic representation of theelectronic structure of models of7 ando systems noticed by Sandorfy is used here
polyene chains without and with thiol end group and their tight-for a comparison of the charge-transfer properties of conju-
binding equivalents. In the lower part: the position of HOMO and gated and saturated linear hydrocarbons. In this connection,
LUMO levels in unsubstitutedleft) and end-substitute@middle) it should be mentioned that in the model of polyenes the
polienes. number of carbonsl in the chain is equal to twice the num-
) ] ber of double bondsNy), which are characterized by a
between metals is due to a conjugated or saturated carbQgrger hopping integralg? (Fig. 1). For an alkane chain

chain with or without thiol end groups. Section V proceeds \Han s 2 the number of bonds characterized B is equal
with a detailed discussion of electron transmitting propertie§0 N—1 (Fig. 2

of polyene, alkane, polyenethiol/dithiol, and alkanethiol/
dithiol chains. The main findings of the paper are summag, .
rized in Sec. VI.

valence band edge
Co0—00—0—0—00 0—0—0 00— 00— )

The models ofr ando systems represented above can be
ther extended to account for the end substituents. Concep-
tually, within the tight-binding formalism one can picture,
say, therr electronic structure of end-heterosubstituted poly-
[l. MODEL MOLECULAR HAMILTONIAN enes as a result of the interaction between thg&bital of

S the end carbon with next to it the heteroatom lone orbital, as
In polyenes GH.» the nature of ther band gap is stll shown in Fig. 1. The one-electron states of end-

open to question. It can be attributed to the C-C bond alter; . o .
nation (Pierls instability?®?® or to electron-electron heterosubstituted polyendybridized molecular orbita)s

correlatio® or, most likely, to both these effects. The 2" be found from the stationary Sctifeger equation with
bond-length ’alternation in polyenes s evidencedthe Hamiltonian where the heteroatom-diagonal matrix ele-
experimentally’>3? Therefore, to the least, two parametersment and the heteroatom-carbppar matrix element differ
must be used to distinguish theelectron transfer-resonance from the respective matrix elements for the carbon backbone.

interaction between the carbons bonded via shqdeublg Namely,
and longer(single C-C bonds(see Fig. 1 The correspond-

ing hopping integrals will be denoted g§=pg"exp(y™) and  p7_ = 7

BT=B7exp(— 77 (77>0), respectively. H™=a3(|S)S|+[SH{SD+BS(S)N{Li|+|S )N +H.c)
The standardr electron Hamiltonian with the alternating Ng

value of the nearest-neighbor resonance intéggives two + 2 {Ha+ B3+ D))+ (n=D (T} (@)

bands of one-electron states, one valence bapddnd one n=t

conduction bandd). The width of these bands is equal to

AE]=AE{=2|B3|; the band gajEy=2| 87— B3|. The po-  where
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C C lll. EFFECT OF END GROUPS ON HOMO-LUMO GAP

B§ A likely effect of the attachment of end groups to the
carbon chain with alternating C-C bonds is the appearance of
5 in-gap levels’%9As a result the HOMO-LUMO gap of the
B1 unsubstituted chain can be substantially modified. In the con-
C C C text of the electron transfer it is of particular importance that
in-gap states are preferably localized near the chain ends.
Therefore, their contribution into the electron transmitting
ability of the molecule is not the same as that of the in-band
C C S wavelike states. Below we briefly describe the above-
mentioned changes. The aim is to facilitate the understanding
of the role of thiol end groups in determining the molecular
conductance ofr and o electronic structures. A detailed
G . . . . .
By discussion of the end substitution effects on thelectronic
C C C structure of polyenes is given in Refs. 37-40.

) ) — — & ° A. Conjugated systems
[3; B; B; Bg The parameters of Hamiltonianl) for polyenes
conductance band edge B"=-3.757 eV and 7=0.1333 (B7=-4.33 eV, B;
i =-3.29 eV, BJ/B7=0.77), were deduced by Kohfér
= ] T from high-resolution spectroscopy experiments. These pa-
- rameters quantitatively reproduce the values of #he 7*
A EY A transition frequency for unsubstituted and end-substituted
8 + polyenes with three to seven double bonds. The model also
e — T beha\:Te_s reaioqablwa the infinite chain limit giving the band
1 gapEg=4|B7|sinh7™=2 eV. According to these data the
valence band edge bandwidth, AE7,,=2| 87|exp(—7")=6.58 eV, is more than
GG —Om—Gm0  (emb—Omb—Omb—Gmb—5—9 4 three times larger than the band gap; that evidences a strong
delocalization ofm electron states over the entire molecule.

of alkane chains without and with thiol end group and their tight- 1€ S-C bond of the thiol group with the carbon chain is
binding equivalentsSandorfy’'s C approximation In the lower ~ @Ppreciably longer than C-C bonds. Therefore, the hopping

part: the position of HOMO and LUMO levels in unsubstituted ?ntegra||,8g| is substantially smaller thf{‘hﬂﬂ- The theoret-
(left) and end-substitutetiddle) alkanes, see text. ical and experimental estimates of this paranfétéf give

the value about 0.4-0.7 in units @". Furthermore, it is

N T 7 assumed that the attachment of the thiol group to the polyene

= + + +H.c. . . . g ;
Hn=ac(m){ml+[nXn )+ B7(n)(nd +H.e), 2 chain has little effect on its equilibrium geometry. Then, in
|0,)=|(N+1))=0, kefn,;)) has the meaning of the2  Z€ro approximation the substitution effect can be considered
atomic orbital of then;,yth C atom, whild S, ) refers to the ~ as a result of weak interaction between the polyergystem
sulfur orbital, a7 and B2 are the Coulomb energy and reso- and the lone pair of electrons that models sulfur as shown in
nance integral for sulfur, anMy=N/2. Note that with|S)  F19- 1. . , _
=|S,)=0 Egs.(1) and (2) are completely identical to the If the energy of the isolated sulfur level falls in the middle
electronic part of the Su-Schrieffer-Heeger Hamiltoffgor ~ Of the polyenew band gap, i.e.as=ac, the m electron
polyene withN carbons and double C-C bonds at the mol-SPectrum of thiolpolyene will contain the local level just in
ecule ends. The tight-binding chains with=8, |S)=|S;) the center of the gap. The HOMO and LUMO levels of th(_a
=0, and|S,)=0 are shown in upper and lower parts of Fig. unperturbed polyene are shifted equally and in the opposite
1, respectively. directions(see Fig. 1 In such a case, the HOMO-LUMO

the superscriptr by o A7 07 the Hamiltonian operator gap plus the above-mentioned shift, which increases with the
’ ’ increase of BZ|.

H? can be used to describe saturated hydrocarbons with het- In the presence of two end groups, the unperturbed

erosubstituents at one or both ends_of_the molecule. TherebﬁOMO and LUMO levels are shifted additionally. Besides,
the number of.carbons in the chain is rglatgdl\tg; asN  the two sulfur levels split due to the interaction through the
=Ngy+1 (see Fig. 2 In what follows, Hamiltonian$i™ and  carbon bridge. These two effects nearly cancel each other.
H? are used for calculations of ohmic molecular conduc-This and other predictions of the model regarding the relative
tance. However, at first it is instructive to have a look at theposition of HOMO and LUMO levels in polyene, poly-

7 (o) electronic structure of the molecules under considerenethiol, and polyenedithiol chains are in a reasonable agree-
ation, particularly at the effect of thiol end groups on thement with modified neglect of differential overlg¥NDO)
energies of the highest occupied molecular ori #ODMO)  calculations of the energy of the first singlet-> 7* transi-

and lowest unoccupied molecular orbithUMO). tion.

FIG. 2. Schematic representation of threelectronic structures
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B. Saturated systems etal pads
. . molecule
The respective properties of systems are pronouncedly I
distinctive. According to early estimates the rafi§/ 87 is

around 0.3, with»?=0.54, B5/37=0.3396. That is very M

close to the value 0.34 suggested by Yoshizfihetting

B7 equal to B" one obtains Ej=8.515 eV, AE],, M

=4.379 eV, B{=—-6.447 eV, andB;=—2.189 eV. The Bs.m Bem
vilie_oggﬂ\?re?:tllcally COInICIdeS W[fh t::at gl;]/en fm sz'b36’ FIG. 3. Qonne_ctions of molecular chains to the metal: through
B1 - eVv. arger vajue O]T'_B2| t an.t at _oun y carbon (unfilled circle, coupling constanB._,,), through sulfur
Pople and Santrygs=—1.1 eV;*® is taken intentionally to (illed circle, coupling constangs_ ).

account for C-Ho bonds, which contribute to the electron

transfer between two hybridized orbitals attached to the samgow the in-gap states affect the molecular resistance is to be
carbon ator’f but are ignored in the C approximation. The answered in subsequent sections.

reported values of the band gapnrparaffins(about 9 eV
provide an additional support to our choice of thesystem
parameters.

The accepted model ef systems implies that unlike the The role of thiol end groups in determining the
case ofw systems, the attachment of the thiol group to theconductance/resistance of molecular wires can be exposed
end of the saturated carbon chains has to be modeled by tifeost straightforwardly by comparing conducting properties
interaction 83 (and notBZ) between the host chain and a ©f molecular chains without and with end groups. In what
two-level, two-center system, as shown in Fig. 2. Whenfollows, the <A:ha|n (Eon5|st|ng dfl carbons and described by
separated from the chain the position of these two levels witfifamiltonianH™ or H? is supposed to be linked to the metal
respect to ther band gap is determined by the difference syrfaces either through the carbon or sulfur end atom. Three
between sulfur and carbon Coulomb integras— «Z and different connecnons between_ the. molecule and metal pads

are then possible, as shown in Fig. 3: through carbon end

toms, through carbon at one end and sulfur at the other, and

: hrough sulfur head group at both ends. These are, of course,

sulfur are equd) the energy difference between the IeVelssimplﬁ‘ied but reasor?ablepand experimentally sound models.

of the isolated two-center system is equal {Bg. As a The sulfur end group tends to form a chemical bond with,
result of the interaction the initial HOMO and LUMO levels ¢ g the Au substrafs’ The electron transfer between car-

of the unsubstituted chain are repelled and become HOMO-}on and metal can be due to through-space tunneling as, e.g.,
and LUMO+1 levels in the end-substituted chain. The newin scanning tunnel microscof&TM) measurements of the
HOMO and LUMO levels fall in the band gap. This is in resistance of self-assembled monolayers of alkanethiols on
contrast with ther system, where the LUMO level is, most go|d*® Both types of metal-molecule contacts, the chemical
likely, in the conduction band. Another important distinction \ith sulfur and physical with carbon, are modeled here by a
is that, since the values ¢Bg| and B3| are considerably single-coupling constant denoted below @s,, and Bc.m,
smaller thar| 87|, the position of HOMO and LUMO levels respectively. Also, for simplicity both metal surfaces are
in « thiolalkanes is mostly determined by the interaction ofconsidered as an abrupt ending of an ideal cubic lattice de-
sulfur with the end carbon. The contribution from the rest ofscribed in the tight-binding nearest-neighbor approximation.
the carbon chain is comparatively small. The HOMO-LUMO Thus, to mimic the free-electron dynamics in metal pads,
gap is then controlled bgg and can be roughly estimated as only two additional parameters are needed. These are the
2|BZ|. For the same reason the effect of the chain lengttelectron site energy on atoms of the metal, and the energy of
quickly saturates with the increase of N. One can expectlectron-resonant transfer between the metal atorunlike
therefore, that one or two thiol groups attached to the ends direvious attempts of physical modeling of metal-molecular
not a very short alkane chaitNG 6) will lead to nearly the  heterostructuré§-?2?*?4ve do not treat metal pads as 1D
same effect on the position of HOMO and LUMO levels. chains.

With ag=aZ and B2/ 8°=0.6 the values of the HOMO-  For the model of metal-molec_ular heterostructur(_a speci-
LUMO gap for unsubstituted and end-substituted alkanedied above.the zero-temperature Ilnear—.response b.a|.|IS'[IC con-
predicted by the C model are in a reasonable quantitaﬂvguctanceg is determined by the transmission coefficient cal-
agreement with MNDO calculations of the energy of the firstculated at the Fermi enerd¥;'® g=(2e?/h) T(Eg). There
singlet transition in alkanes with==8, 10, 12(about 10 e\,  are many equivalent methods for findifigE¢); see, e.g.,
a-thiolalkanes, andy,o-dithiolalkanes(about 4 eV. Ref. 49 an_d references therein. The exact solution of _the

Thus, a considerable reduction of the HOMO-LUMO gapcorresponding scattering problem by the Green function
due to the attachment of thiol end groups is expected in botmethod® yields
conjugated and saturated carbon chains. This effect is rela-
tively stronger ino systems. For the parameters of Hamilto- AL(Ep)ALER)
nians H™ and H” specified above, one and two thiol end T(Ep)=4 D(Eg)
groups generate one and two in-gap levels in#hsystem,
but two and four in-gap levels in the system. The question where

IV. EXACT EXPRESSION FOR OHMIC CONDUCTANCE

hopping integral3s . If aZ=ag (such a choice is quite rea-
sonable since the Mulliken electronegativities for carbon an

[GM(ER)]2, 3
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¢} ¢} issi i i i i -

D(Er)=|[1-A(Er)G M(Ep) 11— A (Ef) G M(Ep) ] transmission without backspattenng, |.e.,2the maximal con
’ ’ ductance per one electronic chanmgt2e“/h can be at-

—A|(EF)Ar(EF)[GSP"(EF)]ZV- (4)  tained only in symmetric metal-molecular heterostructures,

o o whereA|=A, ande,M(EF) = G?}"(EF). For such structures
In Egs.(3) and(4), G, "(E) =(¥|G"M(E)|n), ». u=1, 1, the condition of resonant transmission reads
represents the components of dimensionlgsaltiplied by

factor B=pB"()) Green function operatorGOM(Eg) [G,C?IM(EF)]Z—[GIC?FM(EF)]Z: — (A2, (8)
= B(Egl —H®W) 1 which are referred to the molecule bind- _ _
ing sites:l=S, or 1 (r=S; or N) if from the left (right) the In the case of asymmetric systefatfferent metals or/and

chain described by Eql) is terminated by atom S or C; coupling constants, or/and not centrosymmetric molegules

A is the Hamiltonian of the molecule spanned betweerﬁg' (()8) cannotI bg fulfilled simultaneously with equation
metal electrodes; and Ay (Er) =AR(Eg) +iAXEr)  AIG"(Er)=A;G !'(Ef) at one and the same energy. In
=[,3|2(r)/(,3|-)][Gm(EF)]- In the latter equality 3, takes STM measurements of the molecular conductance one has to
the value 0f8s., or Bc.m depending on whether the S or C deal with asymmetric rather than symmetric heterojunctions.
atom is at the molecule end, and the quartitG™(Eg) is This is a likely reason for a molecular resistance much larger
! 2\ H 4,27
the surface-diagonal matrix element of the Green-functiofh@nh/(2e%)~13k( which has been reported so fart .
operator for a free electron in a semi-infinite cubic lattice. N conventional double-barrier structures the suppressing ef-
Expression(3) can be represented in an equivalent form,fect of asymmetry on the resonant tunneling has been dis-

which makes apparent connections with previous studies diussed ny RIiCCO and Azb¥.
the molecular conductantéet20.27 For Ay ,A;<1 and far from the resonancéand pseu-

doresonances, see beloin the electron transmission

T=4SHERSHERI[EL —HOM—S(Ep)] Y ),

where the self-energy Operatél(EF)zil(EF)+ir(EF) is  The above formula relates the electronic factor in the bridge-
i 2 mediated donor-acceptor electron transfer fafé to the
defined a¥ (v|2(n(ER)| )= 6, ,8,.10)BAI(r(EE). Its real P

d imagi ts determing the. ohift and broadening ofCecular-wire conductance.
and imaginary parts cetermine the shitt anc broadening ot Now we turn to a more specific discussion of three types

molecular levels as a result of the molecule interaction Withof oligomers G, which can be described by Hamiltonian
metal pads. In this connection it is interesting to note that- '

equationD(E)=0 with real values oA, and A, gives the 1 (H?) defined in Egs(1) and(2). These are an unsubsti-

energy eigenvalues of a molecule whose electron on-site erEL-Jted pglyene_(all.(ané chain Q,=Cy in which case in Eq.
ergies of thdth andrth atoms are perturbe@hifted by A, D [$)=[S,)=0; and end-sub_stltuted chains with woyO
andA, , respectively. =SGS) and one (Q=SC,) thiol end groups. In the latter

The definition of the transmission coefficient given abovec‘;"f]e’ ig tEQ(]}) eithler|S1>=0' °r|Sr]Z t=hO.tSince for the mo?fgl' .
requires the knowledge of function(l's?’“l’L'(EF) andGM(E,). & hand the formal expressions of the transmission coefficien

. . . for the = and o electronic systems are identical, there is no
For a typical molecular wire, a linear sequence of monomer

) . . : . MeMReed inm/o labeling of the corresponding Green functions
n conjuggtlon, the exact analytical expressions of matrix eI'and coupling constants. However, we retain this labeling for
ementsGV’“l"L(EF) in terms of the monomer Green functions pe system parameters.

have been found recentlyIn the particular case of polyene-
type chains considered here the necessary matrix elements
will be specified below. With regard to the metal Green func-
tion it is assumed that the real part 6f"(Eg) is equal to In this case the expression G{Eg) is considerably sim-
zero. In the framework of the given model, this means thaplified

the conduction band in the metal is half filled. Hence, the A2

quantitiesA|(Eg) and A,(Eg) will be treated as effective c c
coupling constants proportional to the local density of states T(EF):A'TEF)[GLN(EF)]Z’ (10
on the metal surface 7~ Im[G™(E)]; an assumption that

is often used in practical calculatiods?’ Under such a sim- whereAc=Af=A’=[p2_/(BL)]Im[G™(Eg)],

plification Eg.(4) takes the form

A. Cy chains

D(Er)=[1+A2GSN(ER) 12+ 4AZ[GEN(ER)T?, (11
D(EF):[1+AIIArIGgM(EF)]2+[A|IGE)|M(EF) ( F) [ C A( F)] C[ 1,N( F)] ( )

Z~Om 2 IATr ~Om 2 and”
— AIGM(Ep) 12+ 4ATATIGM(ER)T?  (6) .
where one S
o o o o G]_'N(EF) DCN(EF) Slngv (12)
GAM(EF):G|'|M(EF)G|-‘|M(EF)_[G”M(EF)]Z- (7)
. o E :
Equations(3) and (6) have clear physical implications. Gig(Ep)zGﬁﬁN(EFF—F Sin(éNg), (13

They show, in particular, that the through molecular-wire DCN(EF)
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77 mined by the solutions to equatidPsc, s(E) =0 the explicit

ﬂ'( o)

GZN(EF)_ Dc, (Er ){(E2 ) form of which has been found earli&t.
X sin(ENg) — sin &(Ng+ 1)1}, (14) C. SGy chains
2 N . In the case of S chains Egs(3), (6), and(7) take the
Dc, (Eg)=(Eg—€?7" )sin(¢éNg) —sin é(Ng—1)]. form, respectively,
(15 AA
[G (EF)]Z- (22)

In the above equation has the meaning of the dimen-
sionless wave vector of electron in the molecular chain de-
scribed by Hamiltoniar(1). This quantity is related to the D(EF):[1+ASACGiCN(EF)]2+[ASG§CN (Eg)
Fermi energy by the dispersion relatfdn 9

~"D(Ep)

—AcGyH(ER) P+ 4AA G N (ER) T2,

2 cosé=E2—2 costi2 ™). (16)
If E falls in the valence- or conduction-band energy inter- 23
val, ¢ is real. In themr(o) band gap, see Figs. 1 and@ and
outside of thew(o) bandg the wave vector acquires com-
_ : i i£1-55,56 GCN(E)
plex valuesé=m=i 8 (or é==*i6) with SGy N,N\EF
GIMER =5 £y (24)
1 s\ EF
8(Ef)=In 5{|2 costi2y™ ") — E| where
+y[2 costi2™ ") ~EZ]°-4}.  (17) SO y_
G Ep)= ———, 25
S YSI( F) DSCN(EF) ( )
B. SC\S chains cx (120
Under the assumption that both coupling constants are GSCN( Ep)= (EF_SS)GN, (BEp)—(ys7)"Gy (EF),
equal, the transmission spectrum of theySCchain is de- DSCN(EF)
scribed by Eg. (100 with AC replaced by Ag (26)
=[B3.{(BL)] IM[G™(Ef)], andG N(E ) referred to the oG
chain end sites 1 anN replaced byGSf'L“ (Eg) referred to GSCN(E )= 7s (EF) 27)
the end sitesS, and S,. The Green function of the $(S SNYF Dsq\,(EF) ’
chain can be readily expressed in terms of thgc@ain
. 1 . . e T o c
Green functiorr! For the matrix elements of interest we have Dsc (Ep)=Er—23' 7~ (v3'")’GN(Ep). (28
Er—eg (Vs((r))zGcN(EF) For 7 systems, the components of t8g Green function

SG\S, S S

Gsf“g (Ep)= CN (EF)_ ' above are defined in Eq$l2), (13), (14), and (15). For o

(18) systems, the equivalent tight-binding carbon chain contains
an odd number of sitetsee Fig 2 In such a case the ex-

(yg("))ZGCN(EF) pressions of matrix eIemenG N (EF) for a chain with the

Dsc,s(Er)

GSGiS , 19 odd number of sites chanﬁe
3550 e (B 9 3
727]770'
Cn _ . 27]77(0) .
T (R I (20 GailEe) DcN(EF){S'mgNdHe Srear DI
A P Dsgs(Ef)’ (29)
Dsch(EF):[EF_ Sg(a)_ ('yg(”))ZGCN(E )]2 G(I\:IT\IN(EF):GSL:,T(EF ) 7]W(0)—>— 7]77((7')),
(o) c 2 sin
(EIGTHER P, (21 GoN(Ep) = o 30

Dc,(Er)’
where eIV = oIl — o7(?) | and By2(?)=pI(*),

As discussed in Sec. lll, the sulfur end groups can pro- Er Sin(éNg) _
duce in-gap states in the(o) electronic spectrum. Corre- GAN(EF):Wa Dc, (Ep)=Ersin&(Ng+1)],
spondingly, the Green function of the $& chain has poles Ot R 31
in the originally forbidden zone of theyCchain. Such poles (3D
may or may not give rise to new resonancelike peaks in thevhereas dispersion relati¢6) remains unchanged.
transmission spectrungsee below. The full spectrum of The exact analytical expressionsTfEg) obtained above
(o) states in the polyenélkang dithiol chain is deter- determine the ohmic conductance of molecular heterojunc-
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tions, where two identical metal electrodes are coupled elec- 10
tronically via a chain G, or SGS, or SG. These model
expressions enable one to examine the effects of thiol end
groups) on the electron-transmitting abilities of molecular
wires. They are also useful for the understanding of the main
trends in the molecular conductance dependence on the wire
length, respective position of the Fermi energy, strength of
molecule-to-metal coupling, etc.

As it has been shown recerffywith minor modifications,
the present model can be extended to cover end groups of
arbitrary chemical structure. It is also an advantage of this
simple physical model proved to be useful in many other
application&®3>"that the electron-transport propertiesmf
and o systems can be conveniently compared. In the next
section we discuss the specific role of sulfur end groups in 0.0
the functioning of conjugated and saturated carbon chainsas T| 1,
charge transmitters.

V. DISCUSSION

In the electron transmission due to tunneling or resonant
tunneling, as discussed in the preceding section, the energy is
conserved. For such processes it is usually expected that if
the Fermi energy is properly tuned to a molecular state, the
electron can be transmitted without any reflection. As it is
proved in Egs(3) and (6), this can be the case only in the
symmetric systems. In principle, the strong asymmetry, e.g.,
a great difference in coupling constants can completely de-
stroy the resonance structure of the transmission spectrum.

For a symmetric system one would expect the function 0.
T(Eg) to contain as many resonance peaks as the number of -30
molecular electronic states. This expectation is supported by X
the model of a molecular wire built up of one-level subunits FG. 4. T . ; ; bstituted pol
coupled via the nearest-neighbor electron-resonance transfer . '~ ransmission Specirum ot unsubstitute polyenm
interactiort® and similar one$*-2° An important point to no- an_d alkane(down) chains with the numEer ek ol
tice is that in the models cited, all one-electron states arNA_g‘OrESpeC“vel)ll' ??sge;j Cur\éegz‘é_o'%% anwd Solhgggurvaes
bandlike and thus, current carrying. As it is shown above, sez 8.54.' |2]S:tr§ siu%ﬁvutig in_;oar; enqérg))/ ;V;pen%encé sz'(g
also Refs. 39 and 43, it is likely that the spectrum of end-_ a“)I B, for alkane chains with=9 (up) andN =12 (d(;wn). FoFr
substituted polyenes and alkanes contains in-gap electronjgis and next figures the minimal and maximal valuesTdh the
levels. It will be seen below that these levels do not give riseyand gap are indicated in Table I.
to resonances in the true sense, but may lead to resonancelike

peaks in the transmission spectrum. In such a case the pregymed withN = 14 for the G chain, andN= 12 for SG, and

ence of end groups will have a S|gn|f|cant_effect on th_eSCNS chains. In the case of systems we useM=9 for an
linear-response conductance of molecular wires connectma

. . n i hain =7 for r hains with sul-
source and drain electrodes. The regularities of the throug substituted chain, arld or saturated chains with su

lecul ire t o hich for r end groups. A larger value di=12 has also been used
mo'ecuiar-wire transmission, WRich are common for me - ¢, calculating dependenc@gE¢) represented in lower in-
and o electron systems, will be at focus in the forthcoming

) i serts of Figs. 4—6. In all figures the Fermi energy is scaled to
illustrative examples.

To visualize the end effects on the linear-response cor‘(? anadd|s coug'ted fror;;l the ;’a'”e oftth(tehggulomb;ntegfﬁl
ductance, the dependentéEr) was calculated for two val- ora depending on the reterence 1o ro system.
ues of metal-to-molecule coupling constakgg=0.1 and
0.6. Dashed and solid lines in Figs. 4—6 correspond to the
smaller and larger values of the coupling constants, respec- Figure 4 displays the transmission spectrum determined
tively. The choice ofA- andAg has been made on the basis by Eq. (10) for conjugated(up) and saturateddown) Cy
of a simple consideration that suggests {Bat ,<L,8, and  chains. One can see that within tfreand o bands the reso-
Bs-m~L<B, sothatAc<Ag. Both valuesAc 5 seemto be nance structure of the transmission coefficient as a function
equally reasonable at this level of the description and botlof energy is similar qualitatively and quantitatively. As ex-
are used just for comparison of end effects on the perforpected the increase of the strength of metal-to-molecule cou-
mance of conjugated and saturated carbon chains as molequiing leads to the shift and broadening of resonances, very
lar wires. much similarly in both systems. It appears therefore, that

The calculations off(Eg) for the = systems were per- with an appropriate choice of the metal work function plac-

A. Conductance of Gy-based junctions
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FIG. 5. Transmission spectrum of substituted polyéams and

FIG. 6. Transmission spectrum of substituted polyé&m® and

alkane(down) chains with two thiol end-groups and the number of alkane(down) chains with one thiol end-groug§s=0.6, Ac=0.1
carbonsN=12 andN=7, respectively;As=0.1 (dashed curvgs (dashed curvgs A-=0.6 (solid curve$, and same values of other
As=0.6 (solid curve$, £2(”=0, y2(?)=0.6, and same values of parameters as in Fig. 5.

7™ as in Fig. 4. Insets show the in-gap energy dependende of

f bstituted alk hai itth=7 dN=12(d . o . . .
or substitted alkane chains wi (up) an (down) librium geometry of the unsubstituted conjugatggdedain is

ing the Fermi energy in ther band, the saturated carbon supposeq to be aromatic, i.e., with doubl_e C-C bonds at the
chain can perform the electron-transmitting function as effi-ends. This precludes the appearance of in-gap statde
ciently as conjugated molecules. Hence, the efficiencies ohinimal value of T(Eg) T, corresponds to the middle of

electron pathways throughr and o systems in bridge-

the gap, where functiod(Eg) reaches its maximum. The

mediated donor-acceptor electron transfer, which are oftemaximal tunneling constandy ™ defined asT yi,=T(Eg
opposed to each oth&t>° seem to be a matter of the posi- =a™))~e" sm”N s then equal tos7=27" and &
tion of donor and acceptor levels rather than the domination- 4, For the parameters of ando systems used in these
of 7 or o electronic structure of the bridge. The latter just c5jcylations see Sec. 1157=0.267 ands%=2.16. Impor-

determines the electron group velocity, which is, of courseantly

much larger inm-conjugated systems.

In the band-gap energy interval, however, the electron,

tunneling capabilities ofr and o states differ dramatically
(see Fig. 4 and Tablg.lln accordance with Eq$9) and(12)

except the values dE¢ close to the band edges and/or small
N, the behavior of the transmission coefficient as a functio

of energy is described by the dependence

27" ”sint?[ 8(Ep)

Je-sea™ (3

TO(Ep) = 16A e
F © (e¥Er) —g=20"7)

wherel™=N, 19=2(N—-1) for = and o systems, respec-
tively, and 8(Eg) is defined in Eq(17). To recall, the equi-

the value ofT,,;,, is given by Eq.(32) at Eg=a"(?)

for Cy chains but not for SES and S chains. The expo-
ential dependenc®?2) with the same definition of the tun-
neling decay constant, but with another preexponential fac-
tor, remains valid for SGS and SG chains. The
corresponding preexponential factors can easily be obtained

Yrom the expressions OGSCNS(EF) and GSCN(EF) found
S.S

SN
above.

Joachim and Vinueda have reported roughly twice
smaller values oB7=0.12 and 0.13 deduced from numeri-
cal calculations for two different models of the polyene-to-
metal connection(We emphasize thahe value of the tun-
neling constant is entirely determined by the electronic
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TABLE I. Values of the transmission coefficient at its minifig;,, and maximar ,, ., within the band gap
(in parentheses, the values ©f,;, that are not in the midgapThese are obtained fop™=0.1333, 7
=0.54, 2" =0, andBZ(?)=0.6. Each pair of lines corresponds to the smallgaper row and larger value
of the coupling constant; for SCAs=0.6, andA-=0.1 andA-=0.6 in upper and lower rows, respectively.

T system o system
Cia SGp SC2S G SG SGS
Tmin
1.2x10°3 (6.3x1072) 3.7x10°° 1.5x10°¢ 2.5xX10 7(2.7x10°%)
4.4x10°2 7.4x10°2 7.4x10°2 1.3x10°7 8.7x10°8 8.9x10 5(2.0x10°%)
Tmax
3.7x10°! 9.7x10 ! 1.1x10°3
3.2x107°
Caz SCo SC0S G2 SCG SCi2S
Tmin
1.5x1074 (1.4x107?) (6.1x10°%)  56x10%  3.1x10™  5.0x101%(1.8x1079)
5.3x10 3 9.0x10°3 9.0x10° 3 2.0x10°1°  1.9x1071° 1.8x10° %0
Tmax
5.3x10°2 2.8x10°? 8.3x10°8

structure of the molecular wire, so that it is independent of We stress that a huge difference in the tunneling prob-
end effectg3 On the other hand, the dimensional tunnelingabilities across the conjugated and saturated carbon chains
constantkT=a"187, wherea is the average distance be- refers only to the case @& in the forbidden zone. For the
tween carbons in polyene along the molecular axis, inferredfermi energies close to the midgap only thesystems can
from the samegextended-Huakel-molecular-orbital-methgd work as efficient electron transmitters for distances as long
calculations by Magoga and JoacRis «7=0.187 A"1.  as tens of A. For instance, due to a small value of tunneling
The latter value is much closer to ours obtained with constantsy, (for a number of other conjugated oligomers the
=1.235 A% «™=0.216 A%, butitis in an obvious conflict values ofs7, are found in Ref. 6], the tunneling probability
with the values oB7, (y in their notationgfound by Joachim across the midgap of conjugated €hain with N=14 is
and Vinuesa. Our result also agrees well with the generat-0.044 forAc=0.6. In the case of a shorter chaih=12,
trend for the electron transfer mediated by conjugatedvith saturated C-C bonds such probability is more than eight
bridgesxT=0.2 A~1.53 orders smallefsee Table)l

To notice, for a number of conjugated oligomers such as According to Eqs(17) and(32) the tunneling capability
oligomers of polyparaphenylene, polythiophene, and man?f linear molecules can be evaluated if both the band gap
others, the value of the tunneling constant in comparisor@nd the width of the bands nearest to the gap are known.
with 7 is within a factor less than 2. For instance, with the ~ The handbook formula for the tunneling probability through
same parameters as used above we have obtained for phen§l- rectangtljlar barrier _of  thickness|,  T(Ef)
ethynylenesc” = 0.306 A~1.5261 This value practically co- —~€X¥—[2A"y2m*(V—|Eg[)]I}, contains two adjustable
incides with«x”=0.305 A~* (Larssonet al?) and it is rea- parameters, the barrier heighitand the electron effective

T_ -1 : massm*, and therefore, it can be quite successfully used for
Eg?ﬁ ?r:)f/efrlgzefrf)or;mnu?ﬁgiifl\ cal(clz\iljtlaaqci%gn?s and Joachif), such a purpos& However, a frequent reference to the band
Setting the length of C-C bond in the élkane chain equa ap associated with the barrier height as the only factor de-
0 147 A and - COC=120° we obtain ”—a-Llse termining the through-molecule tunneling probabiiit§ is
. , m m - ) )
=1.7 A~ This seems to be the largest estimate reporteémlllf“ﬁed t{;nd ct:.an ?ﬁ tmc;sle:f[\dlng. h ter diff :
thus far for saturated bridges: 0.6-1 A% and 0.6 IS Worih oting fhat due fo a much greater dirierence In

15 A-159Th f | | f the t i values of the transmission coefficient for the in-gap and in-
- : € reason for a farger vaiue of the Wnneling i, 5, energies, the electron systems seem to be potentially

Puch better switchers than the electron systems. Certain
rEonjugated oligomers can also act as nearly ideal switchers
ut in very narrow energy intervatS.In contrast, saturated

of the tunneling electron from the valence and conductio
band states. This energy must be scaled in units of the ch
2&8\/&?:? te;::ctrion—resfona'\r}lcec transl,lfer ?Efjrgg/ ’ tas ?a}s beggrbon chains are open/closed for transmitting electrons in
pioneering Vict.onnell work.Untortunately, comparatively wide energy intervals.
although of crucial importance, the corresponding data are
almost never stated clearly. That makes impossible a sensible
comparison of numerical results reported with the predic-
tions of this analytical model. It has to be also emphasized The presence of thiol end groups used to contact organic
that smaller values of the tunneling constant make it difficultmolecules to Au substrate’*11-1>?"affect the molecular
to obtain agreement with the established values of the banansmission spectrum both qualitatively and quantitatively.
gap and hopping integrals for alkanes that were used in oufhereby, the symmetry of the substitution appears to play a
estimate oféy,. significant role.

B. Conductance of SGS- and SG,-based junctions
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Figure 5 exhibits the effect of thiol end groups on theof the SGS chain. It is noticeable that the system asymmetry
transmission spectrum of centrosymmetric metal-moleculahas a stronger effect on tunneling in the case ofd¢helec-
heterostructures. Calculated for the same values of the cotronic structure.
pling constant as in Fig. 4, the dependentéBr) show, in The quantitative difference in the probabilities of tunnel-
the present case, a much sharper resonance structure, partiong through G ,SGS, and S chains is illustrated by data
larly, in the transmission spectrum of the system. This represented in Table I. These data show that the presence of
observation can be easily explained by noting that the couthiol end groups leads to a substantial increase of the tunnel-
pling of the carbon chain to the metal is now mediated by aring probability. For instance, with the values of the transmis-
additional weak interactiofs. sion coefficient in the midgap obtained for dodecanethiol

In addition to the the above-mentioned distinction be-molecule (G,H,cS) one obtains the molecular resistance
tween end-substituted and unsubstituted carbon chains, tieout 4 18 GQ for Ac=0.1, and 6 16 GQ for Ac=0.6.
transmission spectra of KS chains contain a qualitatively The resistance dfshortey carbon chains without thiol group
new feature, resonancelike peaks within the band-gap enerdy: is larger(see Table )l
interval. For the smaller value of coupling constant such Schmenbergeret al® observed the atomic resolution in
peaks are present in the upper and lower curves, which rephe scanning tunneling microscope images of dodecanethiol
resent ther ando systems, respectively. The central peak inmonolayers on gold at a resistance that is two orders lower,
the upper figure, as well as the peaks shown in inserts, have00 ). This seemingly large divergence with the experi-
in fact, two maxima, which are not resolved in the givenment can easily by removed by assuming a somewhat stron-
scale. The appearance of these maxima is nothing else butg@r metal-molecule coupling. Another reason for the diver-
signature of the in-gap states generated by the end groups @gnce can be that the actual position of the Fermi energy is
discussed in Sec. lll. shifted towards either of the bands. This factor can be par-

For the larger coupling constant there are no in-gap peakécularly important in the case of stronger couplifsge in-
in the transmission spectrum of the conjugated and saturates¢ts in Fig. 6. Finally, a partial penetration of the STM tip
SGyS chains withN= 12 (solid curves in upper figure and in into the monolayer that diminishes the actual tunneling
lower insert of Fig. 5. But they are present in the shorier length also cannot be excluded. With the present uncertainty
system(see upper inset of the same figurBuch a behavior in the knowledge of the above-mentioned factors, the esti-
of in-gap resonancelike peaks is distinctive from in-bandmate obtained seems to be satisfactory. In any case, it is
(true) resonances. The latter can be shifted and broadeneévident that the electron transmitting properties of molecular
narrowed by changing the length of the chain and/or thevires cannot be understood without taking into account the
coupling constant but they do not disappear if the systenfole of end groups used for their attachment to metal.
parameters are changed. In contrast, the peaks of the trans-Another important message of the above analysis is that
mission associated with in-gap states of the chain disappeé? the presence of end groups, even in the band gap interval
with the increase of coupling constant and/or chain lengththe electric transport in molecular wires cannot be adequately
To distinguish the in-gap resonancelike features from thalescribed in terms of the electron transfer-rate calculations,
true resonances in the transmission spectrum the use of tfigat is on the basis of approximati@8). The correct esti-
term “pseudoresonance” seems to be relevant to the casemate of the conductance of metal-molecular heterojunctions

From Eq.(3) the conditions of the appearance and disapfequires the use of Eq3) or (5), or their analogues.
pearance of pseudoresonances in terms of analytical relations The values of molecule-to-metal coupling constants and
between the system parameters can be deri{Rioysically  the position of the equilibrium Fermi energy with respect to
similar conditions of the existence of in-gap states in endthe molecular levels considered here as the model parameters
substituted polyenes have been obtained eafli®}.Such an are shown to lead to diverse estimates of the molecular
analysis, however, goes far beyond the scope of this pap@mic conductance. Thus, the relationship between the mo-
and will be reported elsewhere. Here, we only mention thatecular electronic structure and its electron-transfer capability
the disappearance of pseudoresonances with the increasec@n properly be understood only under the condition that the
the chain lengtias illustrated by solid lines in insets of Fig. factors mentioned are known. In practice, this is quite a for-
5) has to be expected. Indeed, these features are geneticafijidable task. A semiphenomenological estimate of these and
connected with the in-gap local states whose overlap deother factors, which may affect the through-molecule elec-
creases with the increase bf and hence, eventually, this tron transmission, such as electron coupling to the molecular
leads to the pseudoresonance disappearance. vibrations, charging effects, and the applied voltage drop di-

In the case of the SCchain represented in Fig. 6, a new Vision across the heterojunction have been recently discussed
factor comes into play, the system asymmetry. As wady Tianet al®’
pointed out above, this factor suppresses the resonance struc-
ture of dependenc@&(Eg). In particular, the effect reveals
itself as a substantial reduction of the central peak intensity
in the 7-system transmission spectrum and “killing” pseu-  The results of the paper have been singled out throughout
doresonances in the-system transmission spectrum. The the discussion. Here we just emphasize the main points of
latter effect can be accompanied by a considerable increaske paper.
of the value ofT in the midgap. For smaller coupling con-  An analytically tractable model of metal-molecular het-
stants, the increase @f,,;, is an order of magnitude or even erojunctions is formulated on the basis of the established
greater(see Table )l Also, all the resonances are lowered molecular Hamiltonians that reproduce essentials of the elec-
and broadened in comparison with the transmission spectrutnonic structure of real conjugated and saturated molecules.

VI. CONCLUSION
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For this purpose the well knowhbut rarely used C approxi- ohmic tunnel current and the resonant transmission of elec-
mation, which was introduced by Sanddffyo describe lin-  trons through the molecule spanned between metal elec-
ear hydrocarbons with saturated C-C bonds, has been eiodes. Similar to conventional double-barrier structures
ploited. The model is formally equivalent to the standard(DBS) with identical barriers, in symmetric molecular het-
Su-Schrieffer-Heeger-Hikel-type Hamiltonian for a carbon €rojunctions the transmission coefficient reaches its maximal
chain with alternating C-C bonds, and hence enables ROssible value at certain energies. EquatiBnrelates the
straightforward comparison of the electron transport abilities€nergies of the resonance transmission to the molecular elec-

of = and o electron systems. It has been also extended tgronic structure and the strength of the molecule-to-metal

examine the role of thiol end groups in the electronic con-COUPIiNG. The explicit form of this equation is given for the

duction of conjugated and saturated linear molecules case of metal electrodes connected by a polyene/alkane chain

As opposed to quite a recent statement that the solution %'th.and without sulfur head groups. Th!s equation Is a!so
the scattering problem, which determines the linear-respons plicable for other molecules. It establishes an analytical
ballistic conductance of the system 1D metal/polyene/l[fe'at'onShIp between the number and position of resonances
metal, cannot be obtained analyticafysuch a solution has In the transmission spectrum and _the molecular _electronlc
been found for the system 3D metal/molecule/3D metg Structure whenever the Green function of the latter is known.

where the molecule has been specified as a ponene/aIkaFl—(l.Je exact explicit expression of the Green function has re-

chain with and without end groups but, in fact, it can be anCently been found for a number of conjugated oligomers of

51
arbitrary conjugated oligomer described in the tight—bindingthev\t/me'v,:EM_ M and Nh_tMZ._lylll_.t' b _tMZ_MltH
nearest-neighbor approximation. For the given type of metal- ie there 1S an apparent simiiarily between the reso-

molecular heterostructures, the exact explicit dependence ggnee tunneling in symmetric molecular heterojunctions dis-

. ; ussed here, and which is well known in DBS, see, e.g., in
the ohmic conductance on the Fermi energy, strength of th%efs. 49 and 63, there is no analogy in DBS to the pseu-

metal-molecule coupling, and other characteristic paramete ) ) -
pling P oresonance tunneling. The physical origin of the phenom-

of the system is presented for the first time. ) X .
In view of a great complexity of the system to be treateg€oN i shown tlo be connected with the in-gap states that are
even at the semiempirical level, not to mention accuedte preferably localized near the ends of the molecule. The role
| of these stategassociated with the sulfur end groups

initio calculations, it is especially attractive that the depen termining th lecul : duct has b
dence of heterojunction conductance on the Fermi energy ge ermining thé molecular wire conductance has been proven
fo be of significance and discussed in many details in the

accessible within seconds. Hence, the role of the main fac

tors that govern electrical current across molecular wires caRarf[f.UIlar C?jn?;;;[- Olf rr;etal—mole%ult?]r Tetergqu(ﬁt.'c}nfk based
be quickly evaluated in detail. The fully analytical analysis on thiok and dithiolpolyenes, and thiol- and dithio’afkanes.

can also be readily performed. A deep insight into the under'—r.‘ asymmetric metal-molecular heterojunctions, the suppres-

lying physics of the molecular conductance is thus gained?c"on of the resonances and pseudoresonances by the system

The mathematically rigorous results derived in the preser@symmetry has been predicted.

consideration suggest a firm basis for a test of the accuracy
of numerical models, which otherwise can be compared only
with, probably, better but also approximate calculations and | am thankful to L. Malysheva and Yu. Klymenko for
so on. In particular, computational “discoveries” such as,their collaboration. Numerous discussions of chemical as-
e.g., the possibility of negative values of the tunneling conpects of the problem with B. Minaev and O. Plachkevytch
stant and its dependence on the end efféttmve been dis- are gratefully acknowledged. This paper would be impos-
proved. sible without financial support from the Royal Swedish

The exact expression of the linear-response conductandscademy of Sciences, and from the Swiss National Science
(3) represents the central result of this paper. It describes theoundation under the program CEEC/NIS.
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