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Conductance of molecular wires and transport calculations based on density-functional theory

F. Evers, F. Weigend, and M. Koentopp
Institut fir Nanotechnologie, Forschungszentrum Karlsruhe, 76021 Karlsruhe, Germany
(Received 5 December 2003; published 25 June 2004

The experimental value for the zero bias conductance of organic molecules coupled by thiol-groups to gold
electrodes tends to be much smaller than the theoretical result based on density functiona(DEory
calculations, often by orders of magnitude. To address this puzzle we have analyzed the regime within which
the approximations made in these calculations are valid. Our results suggest that a standard step in DFT based
transport calculations, namely approximating the exchange-correlation potential in quasistatic nonequilibrium
by its standard equilibrium expression, is not justified at weak coupling. We propose, that the breakdown of this
approximation is the most important source for overestimating the width of the experimentally observed
conductance peak and therefore also of the zero bias conductance. We present a numerical study on the
conductance of an organic molecule that has recently been studied in experiments that fully agrees with this

conclusion.
DOI: 10.1103/PhysRevB.69.235411 PACS nuniger73.23-b, 73.40.Cg, 73.63.Rt, 71.15.Mb
I. INTRODUCTION ductivity from sample to sample. Indeed fluctuations are

Recently, several conductance measurements of single dpfesent, see Fig. 4 below, but their magnitude is relatively
ganic molecules have been reportetiFigure 1 illustrates a SMall so that strong structural variations are unlikely to oc-
typical setup with one of the molecules used in experiménts.Cur. Small variations in structure, on the other hand, tend to

In part the tremendous attention that this field, “molecularhave little impact on the theoretical conductance, only. Our
electronics,” has received in recent years is due to its poscalculations show that the transmission is not very sensitive
sible technological impact. Indeed, a molecular storage deto changes in the bond angles or bond lengths as long as the
vice has already been bdiland also molecular switches change is within reasonable limits. Therefore, deviations
have been realizedlt is clear that for technological applica- from the assumed atomic arrangement depicted in Fig. 1
tions being able to systematically model and understand th&som its experimental realization do not seem to offer a plau-
charge transport properties of the combined system of molsible explanation of the large discrepancies observed.
ecule and contacts is of crucial importance. Second, in theoretical calculations approximations have to

Since the conductance is very sensitive to details of spedse done when the molecule is coupled to the leads. Artefacts
tral and orbital properties of molecules and their wave funccan be excluded only, when parts of the leads are included
tions, ab initio methods like density functional theo(®@FT)  into the calculation(“extended moleculg; so that the fol-
are an indispensable tool not only for structure calculationsowing hierarchy of inequalities is met:
but also for transport theory. Nowadays, DFT calculations
including several thousand electrons are possible, which al- Sem < Yem < M 1)
lows the treatment of large molecules and also to includgs,,, level spacing of extended moleculgy, (yen) level
parts of the contacts for more realistic calculations. Despitgyroadening of baréextendedl molecule when coupled to the
these enormous capacities, a quantitative description Qfadg. Indeed, these conditions have not been met in previ-
transport for weakly coupled molecules with a conductanceyys calculationd® whered,y= yy. In order to improve upon
well below the conductance quantugi<l, has not been thjs result, we have performed conductance calculations for
achieved. In fact, experimental and theoretical values for thégne extended molecule, Fig. 1, whe@&/yy~0.1 and
zero bias conductance of organic molecules, e.g., benzeng, /s, ~0.01 so that the hierarchy of inequalities is satis-
often differ by 1-3 orders of magnitudé.

In the present work we consider the organic molecule
depicted in Fig. 1, which has been subject to experiméntal
and DFT based theoretical investigatidAsyefore. In this o
case the experimental value for the zero bias conductance ilf""" :
smaller than the theoretical one by a facte?0. Three dif- <= "
ferent reasons that possibly could lead to this discrepancy %
should be mentioned and discusdéd.

First, Fig. 1 shows an idealized situation and actual mi-
croscopic conditions realized in the experiment are not
known. However, we have chosen the particular case, Fig. 1,
because the experimental results are well reproduéthite. FIG. 1. Schematic representation for a conductance measure-
important variations in the atomic structure of the contactment of the molecule (9,10-Big(2’-para-mercaptophenyl
would exist, one should expect strong fluctuations in the conethinyl)-anthracene between gold contaciRef. 1).
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fied and artgfacts from mO(_jeIing of the leads can be X = Ho({d! 1 {dnd) + D €uCiCut D (tumCldm+H . C).
cluded. We find that qualitative agreement of our data with a=lr me=Ir
the experiment is improved significantly as compared to the )
earlier calculatiod? However, the quantitative disagreement
is not decreased but rather increased by another factor of 1Qthe first term describes the bare molecule which in general
This shows that insufficient modeling can be ruled out as anay include the electron-electron interaction. Its detailed
source for the discrepancy. structure will be of no importance in what follows. The mol-

After we have discarded two obvious possibilities for ex-ecule makes contact to two leads denoted left and right. The
plaining the observed discrepancy, we have to resort to moreare leads are assumed to be noninteracting and described by
fundamental considerations. In this paper, we advocate #e second term in Eq2). The third term represents the
third possibility, namely that the standard implementation ofcontact.
DFT based transport calculations relies crucially on assump- The Meir-Wingreen formula connects the retarded-
tions that are not justified in the limit of “weak coupling” vanced Green's function& (GT) and the lesser functio ™
where the spatial structure of molecular wavefunctions i the full many-body probleniincluding the leadswith the
strongly inhomogenous and transport is dominated by singldC current,
resonance¥’

Let us give an outline of our paper and a brief account of | = f dE tr(f T - frl'R)(G - G") + tr(T', - TR)G~,
key results. In Sec. Il we discuss the derivation of the basic
equation of DFT transport, Eq. , and show that it has a wide 3
range of applicability. This is true provided that the DFT o
calculations are performed with an exchange-correlation po/nerefLr=f(E- g ) denotes the Fermi distribution func-
tential appropriate for the nonequilibrium situation. How- tions for the leads at chemical potentiplg, andl', g is the
ever, since this potential is not known in general, in practicé'ﬁnag”ﬁ""lry part of the self-energy that describes the coupling
an “equilibrium exchange correlation approximation” of the molecule to the ex_ternal lead&or thg most part 'the
(EXCA) is made in which the standard equilibrium potential dependence on ener@ywill be suppressed in our notation.

. T T For noninteractingparticles, in terms of these self-energies
is used.A priori, this approximation is uncontrolled. In Sec. 1 .

. . ) we have G™l'=El1-Hy,-Z -2y, so that I' g=iC
[IB we introduce an alternative—but equivalent— ’ ’

. . -3/ ) and

formulation of transport, th&ubo formalismIt enables us to :
give analytic arguments for the applicability of the EXCA. G =iG(f_I', +frI'R)G". (4)
Our results suggest that the EXCA can be trusted only in the
case of nonresonant transport, when the molecular leveh the appendix we demonstrate that E4).is just the state-
broadening is strong and individual molecular levels stronglyment, that the density matrix can be constructed from left
overlap. A typical example for this case is a chain of goldand right going scattering stateg, [x=(x,t)],
atoms. By contrast, if the transmission exhibits resonances, . .
transport is determined by individual molecular orbitals and G=(xX) = 2 fih (0 (X) + fh (N (X)), (5)
their broadening. In this case, the corrections to the EXCA Le
become significant and in particular the level broadening angtyom (3) together with(4) we find for the transmission in the
therefore the zero bias conductance may be severely overggmit of linear response and zero temperature
timated. The molecule in Fig. 1 is a representative for these
systems. T(E)=tr T GI'RG". (6)

In Sec. Ill, we present numerical transport calculations for . ] . ] -
a gold chain and the molecule, depicted in Fig. 1, that weEquation (6) is an incarnation of the familiar Landauer-
have already alluded to above. In view of our theoretica/Buttiker formuld* and valid for noninteracting electrons.
analysis we propose that it is the breakdown of the EXCAin In this section, we argue that expressi@h continues to
the weakly coupled limit that is the cause of the large dishold also for a much larger class of interacting problems.
crepancy between theoretical and experimental moleculafhis is because according to the Runge-Gross theorem of

conductance. A discussion of our findings will be given intime dependent DFTTDDFT) the time evolution of any
Sec. IV. many-particle Hamiltonian can be calculated by solving a

single particle problem in an appropriate effective
potential*® Since this point is of importance to us we elabo-
rate on it in the following.

The effective time-dependent single particle problem we
A. Landauer-Buttiker formalism for interacting electrons should solve is of the form

Il. TRANSPORT FORMALISMS

Meir and Wingreen have derived a general expression for . d (.1
the current flowing through a region of space, where the |dt0n(x)— ZmV * V(%) | 6n(X), ()
charge carriers can interact—like a quantum dot or a
molecule!® Specifically, the Hamiltonian has the structure where
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V(1) = V; + Vy[n] + V[ n](t) + Ve, (t) (8) previous statementlO) this implies that the transmission is
: . . . . given by

with V; denoting the ion-core potentidl,, the Hartree inter-
action, Vyc the exchange-correlation potential ang, the T=tr I GyI'rG), (11)
external probing field(Notation suppresses the spatial index . P S .
X.) In addition to the explicit time dependence of the poten—Wlth Gy (E)=Goy~2 ~2r, and the resolent matrix
tial Vg imposed by, an implicit dependence exists because () (X"
V, is a functional(in general nonlinear and nonlocal in time Gov(x,x',E) =2, E_—+n/2
and spacgof the densityn(x,t). Let us assume that E7) n €t 177

describes the molecule together with the leads and an extefzhere the sum is over KS energies and orbitals ¢, (x)
nal perturbationVe, that is switched on at=t, and time .- iated for the uncoupled molecule "

independent thereafter, Equation(11) constitutes the main result of this section.
Volx) = Vo (x)O(t = 1.). Similar arguments can also be found in a recent communica-
odX) = Ve Ot~ to) tion by Stefanucci and Almbladh.
At times prior toty the system is assumed to be in thermal Several aspects of our finding should not pass by without
equilibrium (T=0), so that the reservoirs are characterized byfurther comment.

(12)

occupation number§,. Then we haven(x)=Gy (X,X), with (a) Equation(11) constitutes the generalization of the
Landauer formula to interacting electron systems. In the spe-
Gy(x,x) = > frb,(X) 0:,(x’), (9 cial case, wherd'| andI'g differ by a constant factor only,
n a derivation has already been given by Meir and Wingreen

before!® We emphasize, however, that this condition is ex-
tremely restrictive. It implies that every atom of the molecule
is coupled in precisely the same way to the left lead as it is
coupled to the right lead. Given the fact that physical cou-
plings decay with increasing spatial distance, the “condition
of proportional couplings” is violated for every realistic sys-
tem with a finite extent.
(b) As before the self-energies r account for the

Eoupling of the molecule to the leads. It is very well known

; . . that they can incorporate sophisticated many body effects,
much longer times, that the electrochemical potential beIike, i.e., the Abrikosov-Suhl resonance if Kondo-physics is

comes homqgeneous again and the currept ;tops to TIOW' FO;S'resentl.7 However, one can restructure the problem and de-
”_‘a”y speaking, we _perform the or_de_r _Of I|r_n|ts in which the fine an “extended molecule” that also comprises parts of the
size of the reservoirs is sent to infinity first amg— —o°, contacts, see Fig. 1. The new contact surfagg can be
therea}fter. we mention that,_smce we are interested in .thﬁrranged sufficiently far away from the physical contact, so
long-time behavior only, details of how the external potennalthat the new self-energy depends on the type of lead only, but
s totally independent of which molecule is used. In fact, if a
eparation of energy scales exists such that the level spacing
of the extended moleculed,, is much smaller than the
broadening,yy, of the bare molecular levels upon coupling
to the leads the microscopic information carriedXyg be-
Eomes irrelevant. With any choice ¢fy in accord with Eq.

where 6,(x,t) evolves according to Eq.7). Moreover, we
specialize to the case wheYg,(x) generates a monotonous
electrical potential drop froe,=V in the asymptotic region
of the left lead toVe,=0 in the right lead. In response to the
potential drop a current is being generated. After an initial
period exhibiting transient behavior, there will be a para-
metrically wide time interval in which the current and the
density are quasistationary. This is precisely the situation fo
which also Eq.(3) has been derivet® It is only at even

corresponding memory is erased inside the reservoirs. F
further discussion see the second section in the Appendix.
Since EQ.(9) describes the exact evolution of the time
dependent density we can also calculate dloagitudina)
current density and hence find an exact expression for th
conductance. Indeed, the same reasoning that is used f ) the simple replacemer, r(X,X') =i Yeuder With X,X’

noninteracting electrons to relate transport to a scatterin ituated OrkSeM is justified. This freedom merely reflects the

problem can be employed for the present effective Slngl%xperimentalists choice to attach leads at convenience from

partic!e _problem as we.II. C_onsequen.tly, a zero temperaturgny sort of shape or material as long as the voltage drop is
description of the quasistationary region in terms of scatterhear the real molecule. In this limit, all the detailed informa-

) SN o
ing states should exist witdh, taking a form similar to Egs. tion about transport properties of the molecule including cor-

(4) and(5), relation effects is carried by the resolvent matfix) and
inherited from the exchange correlation potential.

(c) Equation(11) has been derived under the condition
of vanishing temperature and frequency and in the regime of
It involves the Kohn-Sham orbitalg | representing the scat- linear response. Under these restrictions, scattering is energy
tering states of the quasistationary nonequilibrium situatiorconserving and therefore an effective single particle scatter-
and their zero temperature occupation numidgrsmposed ing formulation of transport can exist. Upon releasing the
by the left and right reservoirs. Since also the derivation ofconstraints the incoming particle can exchange energy with
Eq. (4) can be repeated for an effective single particle probthe molecule. Qualitatively new phenomena can occur and in
lem, a relation analogous t@®) also holds forG= and the general the scattering problem will become much more com-
corresponding retarded Green’s functi@nTogether with the  plicated and may not be understood in terms of a simple

Go (X)) =2 £, 606 (X) +f, 6,6, (X).  (10)
l,r
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single particle picture. For example memory effects appear, | = —iwa(w)Eqy, (14

because here the incoming electron sees the molecule in the . | . -

state it has been left in after interaction with the previoug/Vhich is closely related to the full density susceptibility,

electrons.

(d) In our arguments we have tacitly assumed that the ajj(w) = f dx dx’ xixj’ x(X, X", ), (15

exchange correlation potential in quasistatic nonequilibrium

is independent of tlme We .give an epriCit ConsltrUCtion 0fW|th the Corresponding Lehmann representation

Vyc valid in the regime of linear response that indeed has 5l

this property: (0[%i|s)(s|;|0)
Propery ay(w) = >, (16)

s0 W~ Eg*tiny

- M) Iy _ 1o n(t-t’) Y ) )
Nxclr1) f dr'dt’ fyc(r.r',t-t')e an(r’,t), The sum is over all many-body states with enerdigstart-

ing from the ground state=0 and the abbreviatioB=Eg
where & indicates the deviation from equilibrium and —E, has been used. In the case of strongly resonant transport
fxc(X,x")=dVxc(x)/dn(x’) ~ denotes the exchange- the sum is dominated by the contribution of a few poles and
correlation kernel that produces a linear density responsghe off-resonant current results from the finite lifetime of the
of the effective KS system which is identical to the true corresponding excitations which is encoded in the dipole ma-
(interacting density response. The convergence facjor trix elements. Clearly, this is the regime in which molecules
has the same meaning as in the usual theories of lineatttached with thiol groups find themselves.
response. It ensures that in the case where the density In addition to the bare KS responggs(x,X’, ) the full
becomes stationary density respionse contains a piece that descrifoesening
(vo=Ix=x'|":

X M) = xs(@) = vo ~ fxc(w). (17)

; : ; : .. In fact, Eq.(17) can be thought of as a definition &f; (and
the time integral exists so that the asymptotic behavior I%1ence and/yc). The crucial point is that the additional terms

well defined. . . o ) :
: PP in (17) shift the excitation energieQ , away from their bare
(e) Equation(12) suggests that near equilibriue., KS valueSwifS: e [we introducel;i multi-index.= i )],

for the linear responge variational principle may exist that
Q, = o>+ (uloolw) + (ulfxc(@id)w),  (18)

allows for the calculation of the voltage at a given current or

vice versa. The idea is to introduce a density operator that

maximizes the entropy under the constraint that the currerwhere|w)=li,j) denotes a single particle transition from the

be finite. Work along this line has been done by Kdé@nd  occupied KS-orbij to the vacant orbit. This “single pole

by Delaney and Greéf, recently. approximation” is valid as long as the frequency shift is

small compared to the transition frequendgsVe expect

this to be a good approximation for those weakly coupled

resonant molecular levels that determine the transport
The practical usefulness of E¢L1) is limited since not through the molecule.

much is known about the exchange-correlation potential When fy. is decomposed into its exchange contribution

Vyc(V) that defines the Kohn-Sham problem in quasistaticand the correlation parfc, further analytical progress is

nonequilibrium. Throughout all previous works using the possiblé! and one finds

DFT approach to transport it has been universally assumed KS . /:|~HF  KS|ix _ JiI~HF  KS|:

that Vyc(V) may be approximated by its equilibrium form Q, =~ w,”>+(jlog =7l = oy — vyl

éV><c(f)=Jdr’&‘l(r’)fdt’ fuc(r,r’,t—t)e )

B. Kubo formalism of linear response

ch(O) used in standa'rd DFT gz.ilculati.(mEXCA).. Le'F us +<,u|vQ|,u>—<ii|vQ|jj>+<,u|fc|,u>. (19
discuss now, under which conditions this approximation may .,
be expected to hold. [v,, exchange part of the bare Hartree-FqekF) opera-

. Ks P : :
Instead of solving a scattering problem one can also find®": Ux_» €xchange contribution tdyc in the static KS equa-
the conductance from the alternative, but equivalent, Kubdionl- Equation(19) contains the plausible statement that the

formalism. The advantage of this starting point for our pur_actual excitation energies move away from their KS values

poses is that analytical statements about the excitation fre&/0Ser to their I—r:?tellrtree-Fock estimates when screening is
quencies are available which contain information about thd@Ken into accourtt: Note, that a corresponding change must

corrections to the EXCA. be expected to happen also in the dipole matrix elements of
The current is related to the dynamical polarization Eq. (16) which can be important since they control the life-
time of the excitations.
| =dP/dt. (13 Equipped with this information we proceed and discuss

the validity of the EXCA underlying previous DFT-transport
As a consequence the linear current response to a homogealculations. We distinguish two limiting cases.
neous external electric field is governed by the dynamical (i) Individual resonances strongly overlag,> 8. This
polarizability tensor of the entire system including moleculeis the limit of strong couplingg~ 1, where the wavefunc-
and leads, tions |i) are extended and the deviations from KS- and HF-
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excitation energies in Eq19) are small. In fact, for struc- 3
tureless, plane-wave-like states they vanish. In this case th o
standard approximation is justified. A chain of Au-atoms pro- =5 °053° o 8 Au54-4-54
vides an exemplary system.

(i) Individual resonances are fully developegy < dy. =
Here, the wave functions show pronounced localized featuredl1 | o
and in general the corrections to KS-excitation energies and™ o
matrix elements will not be small. While qualitatively correct
results may still be found in many cases, a systematic quan 3
titative analysis of the resonant structuresTii) based on o
the EXCA is not possible, in general. A typical representativeE Qoanﬁ q Au84-4-84
of weakly coupled systems is given in Fig. 1. The contact of &2 [ o o
the extendedr system to the leads is interrupted by &n &, o
atom and therefore the molecular states are partly Iocalized@1 |

= 8 o]
IIl. NUMERICAL CALCULATIONS gﬁe

0 1 1
The discussion presented in the preceding section sug ~8 -7 -

6 -
gests that the experimental conductance of Au chains is wel, E[eV]
geSfrlbed bfy the gtandalrd DlFT apprloazjcl W?ﬁr?as the cpn- FIG. 2. Transmission of a four atom gold chain. Upper panel,

uctance of organic molecuies coupied by thiol groups IS, was made of 54 gold atoms, see contacts in Fig. 1. Out of
only poorly captured. In the following section we present

. . ) these 41 atomgll, 5X5 and 4x4 bottom layers have been
transport calculations making use of Hd2) together with coupled to external leads. For comparison, results with 29 coupling

[26"

the EXCA to corroborate this result. atoms are shown as we). Lower panel, same as upper panel with
84 gold atoms defining the contact€r~-5.1 eV) Traces are
A. Method (nearly) independent of the modeling parameters chosen, and they

Our method is similar to approaches described in Refs2dree well with experiments and previous calculatigRsf. 29.

23-25, however it has the advantage that using the progragken into account. It can be seen that the transmission is
packageTURBOMOLE we can include a considerably larger (essentiallyindependent of these parameters, as it should be.
number of contact gold atoms. For the molecules of interesDur results are in very good agreement with experiments and
to us, this numbe¢110) is sufficient so that the Fermi energy previous calculation®
of the extended molecule is very close to the bulk vdtge Before we present our results for the transmission func-
~-5.1 eV, even without attaching additional leads. tion the coupling of the organic molecule to the contacts

Since the jest of the method has been outlinedshould be discussed. In experiments a standard way to facili-
previously*-2>we can limit ourselves to a brief description. tate this coupling is to introduce a sulfur atom that forms a
The transmission is given by El1) but with a resolvent Very strong bond with gold as well as with carbon atoms.
matrix G, that has been obtained employing the EXCA: Ks Since the precise microsqoqu conditions of experiments are
orbitals and KS energies are taken from a standard DFf0t known, several possibilities for the sulfur-gold bonds
calculation?®2’ The self-energiesy, r can be expressed in have to be considered. It is known, that sulfur tends to bind
terms of the hopping matrix elements,z(XN,xn) which ~ to three gold atoms on a plane A1) surface, i.e., the
describe a hopping process of an electron in an orbital staf@ollow site is the most stable od&Binding to just one gold
N of an atom at positiorX of the extended molecule to a &0m—on top position—corresponds to a local minimum of
staten of the atom at a location in the leads3, =t g, t/ the free energy and binding to two gold atoms is unstable.
and similarly forSg. The hopping matrix elements we ap- We find that the situation on rough surfaces exhibiting edges
proximate by their bulk values that we obtain from an inde-iS different. Near an edge, the sulfur finds its most stable
pendent DFT calculation for a large gold cluste#6 atomg ~ Position by binding to two gold atom@ig. 1) in agreement
Likewise, we replace the surface Green's functionWith an earlier study on much smaller systeth& The on-
(xn|g, gr[x'n’) of the leads by a bulk one taken from the tOP position remains a minimum albeit at higher energy
same calculatioR® (+0.7 eV) and the hollow position is unstable. Because in the
break junction experiments of interest to us, the sulfur atom
is likely to be exposed to an irregular surface, we consider all
three cases.

Figure 2 shows our results for the transmission of a linear In Figs. 3 and 4 we show the transmission and Ithé
chain of four equidistantly placed Au atortd=2.67 A). As  characteristics of the molecule of Fig. 1.
a check we have performed calculations with leads that have The traces correspond to the S atom binding to one, two
been modeled by 5&ee Fig. 1 and 84 Au atoms. Moreover or three Au atoms. These microdeformations induce a slight
the number of “surface” Au atoms from the extended mol-shift of the transmission peak near —5.2 eV by about 0.2 eV.
ecule that have been coupled to external leads has been var- Qualitatively, the observed features are in accord with ex-
ied: the self-energy has been calculated with 29 and 41 atomgerimental findings of Ref. 1, inset of Fig. 4: we find a con-

B. Results

235411-5



F. EVERS, F. WEIGEND, AND M. KOENTOPP PHYSICAL REVIEW B9, 235411(2004)

1.0 F

0.1

T(E) [26“/h]

- - - - -3 . . .
7 6 > 4 FIG. 5. Schematic representation of geometric degrees of free-

dom defining the sulfur-gold couplingcenter atom, sulfur; left,

FIG. 3. Transmission of the molecule in Fig. 1 with sulfur atom 90ld surface; right, benzene molecple

coupling to ongsolid), two (dasheg] and thregdotted gold atoms.
(Er~-5.1 eV) Modifications in the atomic contact structure lead to croscopic smearing mechanism: at sufficiently large tempera-
a slight shift of the conductance peak that offer an explanation fokyres the thermal average over the different types of S-Au
the inhomogeneous peak broadening observed in experiments, spgnds leads to an effective broadening on the energy scale
Fig. 4. ~0.3 eV which indeed is in accord with experimental obser-
vations.
ductance gap and the differential conductance exhibits a One might suspect that at least part of the reason for the
maximum at about 0.4 V that stems from a resonant molecuarge discrepancy between theoretical and experimental find-
lar level—the remnant of the HOMO of the bare molecule—ings for the zero bias conductance is that in real experiments
about 0.2 eV below the Fermi energy. The peak conductancgie molecule is exposed to various boundary conditions, e.g.,
and the zero bias conductance can differ by an order of magstress, that prohibit the contact geometry to relax completely,
nitude and at larger voltages the conductance rapidly dewhich is what we have assumed in our calculation. There-
creases before there is another increase, again. On the qudare, an important question is whether the conductance can
titative level serious discrepancies between our calculationbe strongly affected by a slight change in microscopic de-
and experiments persist: our value for the zero bias condugyrees of freedom, like the S-Au bondlength or the bond
tance 0.2%/h exceeds the experimental onel03¢?/h, by  angles defined in Fig. 5.
more than two orders of magnitude. Moreover, the width of  Since our interest is in a qualitative question, we perform
the experimental peak is strongly temperature dependent ammir study using the simpler molecule benzene-1,4-dithiol.
can decrease by an order of magnitude with temperature d®ur findings for the transmission as a function of energy are
creasing from 300 K to 30 R? This strongly suggests that in excellent agreement with recent results by Xue and
the experimental peak width at room temperature is deterRatne?® and Stokbroet al3* In Fig. 6, upper panel, we dis-
mined by inhomogeneous broadening rather than a stronglay the transmission of this molecule for the geometry op-
coupling to the leads.

The inhomogeneous broadening can be understood on the
basis of our results in Fig. 3. We have seen above that the
position of the HOMO is roughly accounted for by our DFT
procedure and it is mainly its damping that is overestimated.
Therefore, the shift of the peak position upon changing the
coupling of the molecule to the leads is indicative of a mi-

10°

T(E) [2e°/h]

_k
S

di/dV [2e°/h]
anl,

05
10°
0.0 : - . -
L A A -8 -7 -6 -5 -4 -3
-1.0 0.0 1.0 . .
Voltage [V] FIG. 6. Transmission of benzene-1, 4-dithiol for various param-

etersa, d, andg as defined in Fig. 4. Plot shows, that the transmis-

FIG. 4. Upper curveg]l/dV curve from data in Fig. 3 based on sion is robust against small structural modifications induced, e.qg.,
I(V)=fdE T(E)(f(E+V/2)-f(E-V/2)) with f(E) denoting the by strain. Upper panel, molecule, coupling to an(Ald) hollow
Fermi function(T=300 K). Lower curves, experimental data from site, fully geometry optimizedsolid) and same molecule after ro-
Ref. 1. Different traces represent results from consecutive voltagation (dotted—dasheda=7/24). Middle, change in bondlength
sweeps. The theoretical and experimetal traces exhibit the sameptimal value,d=2.55 A), applied change 0.05 Adashed and
qualitative features, but strong quantitative deviations in the con9.1 A (long dashegl Bottom, change in anglg by /12 (Eg
ductance magnitude exist. ~-5.1eV.
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in the zero bias conductance by two orders of magnitude
depending on whether the DFT approximation or the HF
- approximation is being used. Note, that because of the theo-
1NN retical argument given in Sec. Il B it is not entirely clear,
\ 1 priori, that it is necessarily DFT that gives the better ap-
Sl | proximation.
SN T In order to reduce the numerical effort we have restricted
10 | 7 ] ourselves to small electrodes consisting of 14 Au atoms
-7 T e each. By comparing the DFT results for Aul4 and Au54
: depicted in Fig. 6 one can be convinced, that this simplifica-
tion leaves unaffected our main conclusion.

T(E) [2e°/h]

. e o IV. CONCLUSIONS
FIG. 7. Transmission of benzene-1,4-dithiol calculated within

DFT (solid Au54, as in Fig. 6; dotted-dashed AyL#F (dashed The numerical results presented in the preceding section
Auld), and extended Hicketotted Aul4 with 14 and 54 atom are in full agreement with expectations based on the theoret-
gold clusters simulating the electrodes. DFT and HF calculationscal analysis performed in Sec. II: while the conductance of
show large differences which indicates a breakdown of the EXCAan Au chain agrees well with experimental results, large
explicated in Sec. Il B. guantitative discrepancies for organic molecules attached to

gold electrodes via a thiol bond exist. Arguments have been

timized case and also after a subsequent rotation of the mopresented to the extent that these discrepancies cannot plau-
ecule about angler=7/24 defined in Fig. 4. The middle sibly be explained by insufficient modeling.
panel shows the impact of changing the sulfur-gold The standard DFT approach can be exact only in the case,
bondlengthd by 0.05 A and 0.1 A, the lower channel exhib- where the ground state is represented by a single Slater de-
its the change upon changing the bond angléy 7/12.  terminant which in turn implies that HF is exact. For the
These manipulations have only a small effect on the transmolecule this is not the case, however. Since an approxima-
mission confirming earlier findings:3° tion for the ground state based on the Slater determinant of
The example shows that the DFT conductance does nd¢S orbitals is a mixture of the wave function of the exact
change by orders of magnitude when changing details of thground state with its excitations, the character of the approxi-
sulfur-gold bonds within reasonable limits. mate state tends to be too delocalized. Consequently, the
Now, we are facing the following situation: On the one molecule-lead coupling comes out too strong and the level
hand, the present calculations show that small variations iRroadening is overestimated. We have given analytical argu-
the nanostructure do not strongly influence the transmissiorinents in favor of this picture.
On the other hand, experiments are reproducible and do not In order to improve upon the standard DFT approach to
show very strong fluctuations in the zero bias conductancdransport the exchange correlation potential should be re-
which implies that large variations in the atomic structure ofplaced by the appropriate potential for the quasistatic non-
molecule and contact do not exist. Furthermore, the chemicaiquilibrium in order to include the corrections due to dy-
bond between S and Au is known to be very strong andiamical screening that are ignored otherwise. Unfortunately,
stable—this is why sulfur has been chosen as the couplingt present such a potential is not known. However, our work
element in the first place. Combining these three facts, wéuggests an alternative approach which is based on the Kubo
conclude that at present there is little evidence that modififormula. It enables us to to calculate the dynamical polariza-
cations in the atomistic structure of the experimental contact§on of the molecule together with parts of the leads. Thereof
could exist, which are not properly included in the theoreti-we can obtain the dc current in the limit of zero frequency.
cal modeling, and therefore would hint to an explanation agVork in this direction is under way.

to why the theoretical conductance exceeds the experimen- Finally, let us emphasize that our results have implications
tally measured one so much. for the calculation of nonequilibrium effeéfdike the polar-

Instead, we advocate another resolution of the puzzldzation of those electronic states that do not carry the current.
namely that the mechanism described in Sec. II becomefwo effects that work in opposite directions occur. For a
active because deviations from KS states and HF states agéven current the voltage drop at the molecule is underesti-
large. To illustrate that the proposed mechanism may indee@hated by DFT-based calculatiogsinceg is too large and
induce quantitative changes by orders of magnitude, wéherefore so is the induced polarizing field. On the other
compare the transmission calculated within the approximahand, the charge response of localized states to this field is
tions DFT, HF, and extended Hiickel. Figure 7 exhibits theoverestimated since they appear too metallic. Consequently,
expected behavior, the DFT-transmission peaks are shifted #ferpreting DFT-based transport calculations for nonequilib-
compared to the Hartree-Fock result and overlap much stroriium effects is not straightforward and possible asymmetries
ger. In addition, the DFT transmission has a broad backin the1/V characteristics could be blurrég’
ground contribution only weakly depending on energy. It
stems from electronic states that reside in the leads and ACKNOWLEDGMENTS
“leak” into the molecule. The DFT calculation overestimates We thank R. Ahlrichs, F. Furche, A. Mildenberger, R.
tunneling of these states as well. The net result is a differencharayanan, J. Reichert, H. B. Weber, and in particular K.
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H. Weber for supplying us with the experimental data. with Eé:tLgftE"-th;t:rR and sinceg, is diagonal one has

for the matrix element representing the central unit
G==G356" (A9)

) ) ) and thus recovers E@). A similar derivation has also been
We derive Eq(4) from Eq.(5). The effective single par-  giyen py Brandbyget al?*
ticle Hamiltonian of the scattering problem is of the form

H=Hgy+H’, where

APPENDIX

Green’s functions and scattering states

Quasistationary nonequilibrium

hh 0 O 0 t[ 0 The general conditions under which a nonequilibrium
Ho=| 0 he 0|, H'=[t. 0 tr]. (A1) state can'be guasistationary are not egsﬂy under§tood. In fact,
+ the density need not become quasistationary if conserved

0 0 hg 0 tg O guantities exist that preserve the memory of the switch-on

process. To give an example, we consider the situation of
quasistatic current flow from a left to a right reservoir that

we have introduced in Sec. Il A. Immediately after switching

on the external voltage the charge flow sets in. It is accom-
panied by a propagating density mode which is a conse-
quence of momentum conservation and prevents the density
®,=(¢,0,0, B, =(0,0,). (A2) ts%rli)seecome time independent in the entire system in a strict

When the coupling has been switched on, the new scattering However, driving at a formulation of transport in terms of

statesW,, can be obtained from a Lippmann-Schwinger Scattering states, what is of primary concern to us is whether
equation, the occupation of the incoming waves with wave number

can be approximated by a Fermi-Dirac distributignchar-
Y, =® ,+GE+IOH'D, (A3) acterized by a time-independent temperature and chemical
potential . This is certainly the case, if the electrons in the
whereE labels the energy of the state and the resolvent maleads are noninteracting, since then the incoming waves are
trix G(z)=[z—H]™* has been introduced. The lesser functiondecoupled from the outgoing ones.
is defined by[x=(x,t)] If the electrons in the leads may not be thought of as
noninteracting the situation is more complicated: the outgo-
ing, propagating modes interact with the incoming scattering
waves and in fact may change their distributipnHowever,
in the presence of dissipation, e.g., electron-phonon interac-
(A4) tion, the propagating modes will eventually become diffusive
and the system reaches a local thermal equilibrium. Now, the
basic assumption underlying our scattering description is that
<y ! B = 1< 1Aty the conductivity of the electrodes is so large that the essential
G (xx',B)=(X[[1+GH"Igo[1+H'G ]y (AS) voltage drop occurs only in the vicinity of the molecule with
with its contacts. This implies then, that the chemical potential
is nearly homogeneous within the electrodes.

The crucial point of this scenario is, that it describes a
situation in which the occupancy of a scattering state in the
(AB) leads is given by the equilibrium distribution at a time-
Or independent chemical potential and temperature. In the ab-

sence of dissipation one might suspect, that the interaction
and between the outgoing and incoming scattering states could
be strong enough, in order to drive the occupation of incom-

< = .y ol E(t-t') ing waves away from equilibrium. This would imply an ef-

O (X", E) ; fd(t V)40 0 € (A7) fect on the current to first order in the applied voltage differ-

ence and hence modify the conductance. The theoretical
and a similar equation fogs. In Eq. (3) only those matrix —analysis of such a mechanism is beyond the scope of the
elements ofG< are needed, that connect the left and rightpresent work. On the other hand, the effect of the current
boundaries of the central unit. These elements are given bjow on the transmission proper may safely be ignored since
the term in Eq(A5) quadratic in the external coupling. Since it is of higher than linear order in the voltage.

The Hamiltonian of the uncoupled lgftight) lead has been
denoted byh, (hg), the Hamiltonian of the central uniol-
eculg is he and the matriceg  are the couplings of the left
and right leads to the central unit. If the molecule is un-
coupled, the scattering states are of the form

G X E)= X | dit-t) W, (0W,(x)f g5

a=lr

Using Eq.(A3) a matrix representation can be derived

SA
o o &
o oo

o o
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