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The small-bias conductance of thg @olecule, stretched between two metallic leads, is studied
using time-dependent density functional theory within the adiabatic local density approximation.
The leads are modeled by jellium slabs, the electronic density and the current density are described
on a grid, whereas the core electrons and the highly oscillating valence orbitals are approximated
using standard norm-conserving pseudopotentials. The jellium leads are supplemented by a complex
absorbing potential that serves to absorb charge reaching the edge of the electrodes and hence mimic
irreversible flow into the macroscopic metal. The system is rapidly exposed to a ramp potential
directed along the Laxis, which gives rise to the onset of charge and current oscillations. As time
progresses, a fast redistribution of the molecular charge is observed, which translates into a direct
current response. Accompanying the dc signal, alternating current fluctuations of charge and
currents within the molecule and the metallic leads are observed. These form the complex
impedance of the molecule and are especially strong at the plasmon frequency of the leads and the
lowest excitation peak of £ We study the molecular conductance in two limits: the strong coupling
limit, where the edge atoms of the chain are submerged in the jellium and the weak coupling case,
where the carbon atoms and the leads do not overlap spatially20@ American Institute of
Physics. [DOI: 10.1063/1.1640611

I. INTRODUCTION in parallel i8® Z;,,=(Z;*+2Z5;") . The concept should
also be useful in molecular electronics, where high-

Recently a surge of developments in synthetic and anagq g ency fields can be generated either by the components

Iylt_lc {_nolecuI?r st(;]ale methob“stl hafs madtla poISS|bIe_ thet_re- themselves or by external optical perturbations.
alzation ?15 1€ concept Of ~molecular junction ac conductance in molecular systems has not been stud-
electronics'**® This is an emerging field of research, where .

ied extensively. In model systems, such as a double barrier or

molecules connected to electrodes conduct electricity under, =\ o interacting electrond iittinger liquid), interest-

yoltage bias. The next step is c;onnectmg se\{eral mOIGCUI%g studies, including exact solutions, have been
junctions to each other. What kind of electronic systems dg 719

. : o _~ teported: It was found useful to compare to standard

we expect to result? In classical electronics circuits, predict- . . . .

ing the behavior of a svstem composed of several com OreS|stor—capaC|t0r—|nductor analogs. A relatrd different

N y b P9Ssue is the effect an ac field has on the dc conductZhce.

nents is facilitated by the concept of the complex impedanc%everal interesting articles were published recently by

Z(w). This is the alternating currenac analog of the : 5 . .
current—voltage relationship, relating the sinusoidal currenir'khonov' Coalson, and Dahnovsky” studying this effect

passing through a junction(w), to the sinusoidal voltage using a combination of Floquet and Green'’s function formal-
bias of the electrodes ' ism that takes into account the time-dependent periodic ef-

fects of the laser field. They applied their method, within a
V(w)=Z(w)l(w). (1.1)  tight binding model, to a xylyl—dithiol molecule connected
) ) ] to two electrodes. They found that experimentally accessible
Once each component is characterized by an impedanggser pulses can significantly enhance the tunneling current
Z;, the impedance of two components connected serially igyrough the device. Another related recent work by Lehman
Z12s=21+Z;, whereas that of two components connectedy; 52324 g ggests a coherent ratchet mechanism by which

oscillating laser fields can produce rectified current in mo-
3Electronic mail: roi.baer@huiji.ac.il lecular wires.
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The study of dc molecular conductance is discussed istrongly coupled. In order to understand the mechanisms of
much greater detail in recent years. Most of the approachexonductance in these systems, we approach conductance via
are based on the Landauer forméita?’ where the conduc- two routes. First, a very approximate theory is used, which
tance is expressed in terms of the quantum-mechanical trankighlights the effect of the ground-state Kohn—Sham effec-
mittance of electrons at the Fermi energy. Early applicationgive potential. This is done in Sec. IllA. This is the
of Landauer’s theory used simplified modétight binding  “frozen”-DFT-Landauer conductance. This analysis, while
or “frozen” Hartree—Fock/density-functional Hamiltonigns inaccurate, accentuates an important effect: “geometric” re-
with the goal of exploring new phenomena and gaining in-sistance; electrons cannot easily flow into the molecular
sight into the general features of molecular conductadficé.  channel because of its narrowness: conductance is efficient
The drawback of the frozen SCF approaches is that they danly in the C-system, where acceleration in frerpendicu-
not allow for the response of the electrons to the bias voltiar direction to the charge flow is present, which also domi-
age. The importance of such effects has been established byptes the more accurate calculation done using TDDFT. The
several workeré?=%° The nonequilibrium Green’s function results of the more rigorous calculation, based on TDDFT,
(NEGP approach provides a means of accounting for theséake into account the screening of the external bias and the
effects (mostly for dc responge within the Landauer dynamics response of the electrons is described in Sec. Il B.
formalism?26:40-44 We then describe the ac response and current in Sec. IlIC. In

This paper presents a method for computing the impedSec. Il D we present the ac impedance of the junctions.
ance and conductance of a molecular system in the small-
bias, zero-temperature regime. The basic vehicle is time-
erendent density functional theo(r}]D_DFT). We invoke a Il. THEORY METHODS AND MODELS
linear response approach for computing the current—densnx o )
and voltage—density correlation functions, from which the”- Definition of ac /dc impedance

impedance is calculated using Ed.1). The calculation is The definition of conductance we adopt is specialized to
performed in the time domain, allowing a glimpse of thea time-dependent approach. We envision two plaRgsand
current and charge oscillations. P,, placed deep in the bottom and top electrodes, respec-

This paper expands, implements, and improves on a reively (see Fig. 1. These planes divide space into three
cently developed meth8tithat can, in principle, incorporate zones: the bottom lead, the interaction zone, and the top lead.
the dynamical effects of electron—electron correlation onThe system, initially prepared in its ground state, is subjected
conduction. The dc conductance is obtained astthed in-  to a short weak electromagnetic pul§&(t). During and
verse impedance. The approach therefore provides alab an after the pulse, the electron number density is time depen-
initio method of calculating the dc conductance in the limitdent
of low temperature and bias voltage.

The method we describe here naturally accounts for the  N(F.t)=ngs(r)+én(r,t), 2.1
(S)Cfeeo(lanllp?s?:teecrtesszi?lr V\g'(::)::earNEtiF Tetr:todsfv;/ﬁre ?evel\'/vith én(r,t) depending linearly orE to first order. The
mpeth6 danda scattegr;ing-DFT?yp(Z Of?h§§%9333¢0?tﬁi§SGQBtal electrostatic potential is thus time dependent
reason, one of the systems we study here is identical to a y(r,t)=v,,dr)+esE(t)-r+uvy(r,t), (2.2
system studied by Lang and AvouffsDespite the differ-
ences in methodology, we find that both methods applied t¥herevn(r) is the nuclear electrostatic potential experi-
the same system give essentially identical results. The advagnced by the electron@ssumed static e is the electron
tage of the present methdith addition to the ease of extract- charge, and
ing ac information is its rigorous justification, since dy-
namic electronic excitations from the ground state are UH(r,t):eZJ
explicitly taken into account in the TDDFT formalism.

This article first introduces the basic theory in Sec. Il,js the electronic electrostatic potentiahore accurately, the
where conductance and impedance are defined and the meflia e potential Note thaw (r,t) has two sources of first-
ods for their computation are discussed. The model eleGs yer fime-dependent contributions: the direct effectsaf
trodes are also discussed in this section. In Sec. Il Wese|f and the accompanying response which acsattially
present the results of several calculations. We take up tW@qreenit by changing the Hartree potential,, resulting
different jellium—G—jellium systems. The first, called “C- om sn(r.t).
system” ?s a go_od_conductor: the ends of the wire are_sub- The electrostatic potential, deep inside each |éad
merged in the .jelllum. The second—the “R-system,” is afom the surface or the molecular wjrés assumed to be
poor conductor: the ends of the wire are a distance 08g.5 onstant in space. This is because the lead is metallic and
from the respective jellpm edges. In poth system§ we f'rsiarge. Thus, any pair of points;, r, located deep in their
perform a DFT calculation to determine the basic charggespective bottom and top leads can be taken to represent the

distribution. We find that the £bridge becomes negatively gjectrostatic potential of the lead. This electrostatic potential
charged when connected to the jellium leads. This result wagjfrerence is in general time dependent

previously reported by Lang and Avoulfdor the C-system.
We find it holds true also for the R-system, which is less  Av(t)=ve(r,,t) —ve(rq,t). (2.9

n(r',t)
Ir=r’|

d3r’ 2.3
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FIG. 1. The Kohn—Sham isopotential contours of the two g/=Csystems considered in this pafiiie spatial dimensions are &). The C-system has J-J
spacing of ;=9.7a, and carbon—carbon spacing of & 2.5a,, while the R-system has p=16.3, and R.c=2.4a,. Notice a rainbow coloring of the
isopotential contours, with purple the lowest potential and red the highest. The contour spacing potential difference is 1 eV. The arrows itethe C-sys
designate barrierless passage from the jellium to the bridge. The J planes denote the location of the jellium surface.

The electric currents through the two plankgt) and  Defining AT(w)=J”_.Av(t)e'“dt with a similar relation
I5(t), are not necessarily equal, allowing for time-dependentor T(w), we arrive at the relation
charge build-up or depletion on the wire Tw)
~ w
Qult) =1,(t)—14(1). (2.5 Zfl(w)=G(w)=m, 2.9
We will consider the average currefit which also shows the impedance as the inverse of the ac
()= L(1,()+1,(1)), (2.6) conductan(_:e. By definition,_ the conductance and imp_edance
are properties of the systenmdependent of the small time-
as the reference current from which we calculate impedancejependent perturbation used to calculate tfighis drops off
We note that this choice does not influence the dcyhen the ratio is taken in Eq2.9)].
conductancé® although it will have an effect on the ac im- When the system is exposed to an external electric field,
pedance. In the dc case this choice improves the convergenge responds by generating currents and time-dependent
(the convergence of the average current in tunneling probcharge redistribution. In Eq2.9), the numerator contains the
lems has been considered in detail by Caspeargl*). current response of the system. But, what about the denomi-
The ac conductandcg(7) is defined as the linear kernel nator? A careful consideration shows that it must include, in

relating the current(t) to the potential differencéu(t) addition to the external potential difference, the potential re-
¢ sponse of the system due to the charge reorganiz&tith{®
I(t)=f G(t—t")Av(t")dt’. (2.7 These two response contributions, of the numerator and de-

nominator of Eq.(2.9), must be calculated consistently in a
Note that this is a physically causal relation, expressing theingle framework.
fact that the current is a response to past potential difference.
Within the frequency space, the impedaffgv) is the in- g Time-dependent density functional theory

verse frequency dependent conductance, given by - _
In order to compute the currents and densities following

Z Hw)=6(w)= wa(t)eiwtdt_ 2.9 the perturbation, we use the timg-dependgnt densi'ty func-
0 tional theory of Runge—Gro48.This theory is exact if an
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exact functional is used. In our application we use the adiaTABLE I. Various parameters used in the calculations.
batic local density approximatiofALDA). While this ap- "3 332
proximation can be criticized as being too simplistic for an r=3 (n,=0 00§’84a73)

. . . .. . S =+ . 0
accurate description of the conduction, it is a good place tdellium

start as a first computation. Indeed, it is tempting to use morg3"ameters System C System R Eq.(2.13
elaborate functionals, based on the current def$RyAt  z (ay) —18.42 —21.73
present, however, functionals with the desired features are (ao) —4.85 —-8.15
still untested and appear to have some fundamental proksy (Lx,Ly,L7)=(10,10,64)a,
lems, such as the impossibility of writing down a consistent Ax=Ay=Az=0.5a,
action functionaP? Thus, we defer this issue to a future ,
study. Negative
. imaginary
The equations we solve are thus potentials  z,=9a,, m=3, A=6.37x10"* Eq.(2.15
72 ~107-
(0=~ 5 —V2enr.)+usrOer, 210 pet 10 e ey w2

where ¢,(r,t) are the time-dependent Kohn—Sham orbitals
(n=1,.N), the density is given by n(r,t)
=EE§1|<pn(r,t)|2, and the effective potential is a combina-
tion of the electrostatic potentidlsee Eq.(2.2)] and an In molecular conductance, the macroscopic leads supply
exchange-correlation term and absorb the charge carriers and are also responsible for
dissipating the excess electronic energy. This is an important
vs(1, 1) Z0e(F, 1) +vxelT,1). @19 ingredient in any conductance theory, since for there to be
Within ALDA the latter is given by resistance, heat must be dissipated. In the present calculation
_ , we absorb the energetic electrons by imposing absorbing
Vxe(l 1) = &xe(N(1, ) Faxe(n(r,1))n(r, 1), (212 boundary conditions, an approach used often in quantum dy-
wheree, . is the homogeneous electron gas energy per pamamics theories of scattering.The role of the absorbing
ticle parametrized by Perdew and Watig. boundary in molecular conductance calculations has been
discussed elsewhéreand has been used by several groups
in the past(see also the review by Nitzah. Its physical
content is that of the imaginary part of the self-energy in
nonequilibrium Green’s function methods. The absorbance
We consider two systems, each consisting of an atomiof these particles automatically causes loss of their excess
carbon chain, g, connected to model gold leads. The first energy and is our source of energy dissipation as well.
system, which we denote by “C” as it is a good conductor, is  Our absorbing potential has the form
identical to the system studied Lang and Avotfrig A). . At -
This model consists of 6 carbon atoms stretched between two  I'nip=~1Q T'nip(N)Q, (2.14

jellium slabs. The edge atoms are immersedal,.4hside in where O = 1—sNe len){@,| is the projector on the Kohn—

T . . . =1
the jellium slabs. The second system is similar to the f'rStSham virtual sFJace, assuring that electrons which are not

but the edge atoms are a bond distance away from the legd iioq anove the Fermi sea are not absorbed. The electrons
surface. This system shows lower conductance and is dgpat can pe absorbed “see” a negative imaginary potential
noted by "R.” The positive spatial density of the jellium |,04)i;e4 at the edges of the jellium slabs. We use the opti-
slabs Is given by mized form of Riss and Meyet

D. Energy and particle dissipation

C. Model

n, 1 1
n+(x,y,z)=7 1+e*“(2*21)+1+e“(2*22) » (213 FNIP(XaYyZ):{

where thez coordinate is defined by the wire axis. The POSi-\ here the parameters are given in Table I. The absorbing

tive jellium density isn., =(47r/3) , with r1s=3a,, a otential of Eq.(2.195 pertains to the bottom jellium slab,

value often US.Ed t(.) simulate gold. The parameters of botﬁl, and an identical absorber is located at the edge of the top
systems are given in Table I. Slab r
L 2.

The electron orbitals and density are described on a gri
of spacingAx,Ay,Az, spanning a box of size, L, ,L, that
contains the system under periodic boundary conditions. Th
grid parameters are given in Table I. In conjunction with this,  Although we focus primarily on developing and apply-
fast Fourier methods are used to solve the relevant Poissang an approach to conductance calculations within TDDFT,
equations and to implement the kinetic energy. The replacat is instructive to consider also a simpler, complementary
ment of the atomic cores by pseudopotentials allows use of approach, within the familiar Landauer formalism. The ap-
relatively sparse grid. We use standard Troulier—Matfins proach presented in this subsection cannot give a quantitative
pseudopotentials, generated by the program of Fuchs ardkscription of conductance because it does not take into ac-
Scheffler® count the shape of the screening bias voltage. It does, how-

0 Z<Z|
-A(z—z)™ z>z,

(2.15

g. A simplified time-independent approach
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ever, include a lot of the physics incorporated into the  .045
ground-state potential of the problem, and provides, in addi-
tion, a useful reference for the dc conductance.

Using the absorbing potential, we can calculate the con- 035 +
ductance from the “cumulative reaction probability” which

.040 -

is the Miller—Seideman formuf& _
R . = 025
N(E)=4tr{G1(E)T,G(E)T,}, (219 & .
1020 - I

whereG(E)=(E—-H+il;+iT',) ! is the Green’s function
of the complex Hamiltonian. This formula is analogous to 013 ]
the nonequilibrium Green’s function formula, with; re- 010 -
placed by the corresponding imaginary parts of the self-
energy. This is the analogous quantity to the one-dimensiong
transmittanceT (E). The Landauer formula gives the zero-

temperature conductance as related to the cumulative reac Iteration number
tion probability at the Fermi energy

.005

0 200 400 600 800 1000 1200 1400

FIG. 2. An example of the Monte Carlo iterations for calculating the con-
g=goN(EF), (2.17 ductance of the R-system Within_the simple L_andguer _approxi_me}tion. We
show two separate runs, converging to essentially identical statistically sig-
wherego=2e?/h is the quantum unit of conductance. The nificant limits.
computation of the trace in Eq2.16 is not an easy task,
because of the large grid we u§a the example discussed
below, there are over 50000 grid pointin order to facili- The “bottom of the band energy” of the electrode is
tate the calculation, we make use of the fact thatre defi-  apout —0.26E,, and —0.24E,, for the R and C systems,
nite in sign, allowing us to write the cumulative reaction respectively. Combined with the Fermi energy orbitals, we
probability as a positive definite kernel obtain a Fermi kinetic energy of (¢nomol (—%%
N(E)=4tr{S's}, (2.18  2He) V2| romo) =5.4 eV for both system¥. The shape of
) the potential surface at the interface between the lead and the
v_vhereS=_\/F_LG(E) NI The operation of the Green’s func- \gjecule differs in the two systems. In Fig. 1 it is seen that
tion matrix on a vector is implemented using a precondi-he Kohn—Sham potential of system C allows a barrierless
tioned quasiresidual meth@H.R_e-_expressgd_ in terms & passage of electronghrough the openings denoted by ar-
the trac% can be computed within an efficient Monte Carlagysg) from the jellium electrodes into the carbon channel. In
method?” Equation(2.18) takes the form the R-system, there is a slight barrier of 1 eV or less depend-
N(E)=4((¥|S'YTe))e . (2.19 ing on the angle of entrancesee Fig. 1 this barrier is,

o ) . . however, much less in energy than the potential in the elec-
where W g(r,)=€'"n is a wave function of unit amplitude . 4es.

and random phase, localized at the grid point,,. Averag-
ing in Eq.(2.19 is done on the uncorrelated random phase
based on the fact thge'(n~ ‘my=5_ .

To explore the effect of the Kohn—Sham potential on
Tonductance, we first compute the dc conductance within the
X simple Landauerthe frozen SCF approach developed in

The typical problem of quantum Monte Carlo methods,gec || g, This calculation takes no account of the screening
namely the sign problentsee for example Ref. _63'3 CI'- of the driving bias potential by the electrons and is thus not
cumvented here because the integrand that is averaged i, qpriate for quantitative conductance calculations. None-
positive definite. The methoq is therefore remarkabl/); eff"theless, it sheds light on the role the KS potential has in
cient. In general, the statistical error decreasedvias’®, determining the conductance. Within this approximation, we
whereM is the number of iterations. Experience shows that; 4 that the C-system has conductance ofdy,4 whereas

the initial error is typically small, and hence averaging overy, R-system’s conductance is a factor of 20 lower, @§2
about 150 random functions yields a good estimate, to within = 15 rather large difference cannot be explained by the

10% of the converged value. The convergence of the Monig,stence of small barriers at the interface of the R-system

Carlo calculation oN(E) is illustrated in Fig. 2. since the kinetic energy of the electrons coming from the
jellium is in excess of 5 eV. The 20-fold enhancement in
conductivity of the C- as compared to the R-system is prob-

11l. RESULTS ably due to the more efficient energy transfer between the

lateral and vertical electron modes in the former case. Quan-

tum mechanically, to efficiently cross the channel, the lateral
An x=0 cut of the Kohn—Sham potential of the two (x/y) direction of the electronic wave function must have a

systems is shown in Fig. 1. The deep atomic potential wellsvavelength comparable to or smaller than the aperture diam-

that coalesce into an elongated molecular channel connectirejer D =4.5a,). For this, the electron must convert some of

A. Landauer dc conductance of the C 4 systems

the two electrodes are clearly observed. A cukaty=0, its energy into kinetic energy in the lateral direction. This
depicting thez dependence of both the potential and themeans that a large increase in ferpendicularkinetic en-
ground-state electron density is shown in Fig. 3. ergy must be achieved in order to cross the channel from one
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FIG. 3. The electron densifigolid lineg and Kohn—Sham potentiébroken lineg in the R-systentleft) and C-systenfright). The energy of the Fermi level

in each system is depicted as a dotted line.

jellium slab to the other. Thus, conductance in zhdirection
is possible only if efficient acceleration in tke-y directions
is present. If this kinetic energy conversion is inefficient, the
length of the channel will be important: conductance will

drop exponentially with length. This is despite the fact that= 1/Lyf§yjdc(x,y,z,t)dy. is shown in Fig. 4, superimposed

the molecular channel has mpparenthigh barriers. By in-
spection of the Kohn—Sham potential energy surfd&P-

: 1t
JDC(r):l|mTJJ(|’,T)dT.

The

0

t—o

y-averaged  current

(2.22

density (jgc(X,2))y

on anx-z cut of the Kohn—Sham potential energy surface.
(Note: the largest arrow length in each figure is constant and

ESs in Fig. 1, it is visibly clear that the KSPES in the hence arrow lengths in different figures should not be com-
C-system has gradients pointing in the perpendicular d'recpared)

tions at the entrance of the channel. This allows the electrons The dc conductance that is obtained from the TDLDA

of the C-system to easily accelerate in the perpendicular disg|culations is simply the inverse=0 impedance, calcu-
rections and thus facilitates conduction. In the R-system, theyted from Eq.(2.9). In Table Il we report the TDLDA result
KSPES restricts the electrons to a small angle, where thergyq compare it with the simple Landauer-based approxima-
are very little perpendicular forces with which to acceleratetion of Sec. I E. The observed discrepancy is expected, as
the electrons in the—y directions. In addition, from inspec- the |atter calculation completely neglects the effect of the
tion, it is evident that the length of the constriction in the pjag potential. Within that approximation applying a bias po-
R-system is about 1&,—twice as large as in the C-system. tentjal is problematic because it is not possible to determine

These considerations dominate the conductance. Eveiow well the dynamic response of the electrons will screen
when other important effects, such as screening and dynamjg This response is explicitly taken into account in the
excitations are taken into account by the more rigorousrp pA treatment.

method used in the next section, the geometric effect de- The computed conductance for the C-system is in excel-
scribed here still dictates that the R-system conducts mucfant agreement with the calculation of Lang and
less well than the C-system. co-workers?® who studied this system within a nonequilib-
rium Green'’s function approach. The agreement is expected
since both methods take screening into proper account.
Close inspection reveals that the dc current density is

- generally uniform in the channel at short times, decreasing
In order to study the dc conductance, we start with ayn)y near the steep walls. In the C-system, the dc current

system in its ground state and suddenly turn on a small eleGsniers the channel from the right, rapidly making a left turn

B. TDLDA dc conductance of the C 4 systems

tric field after entrance. This shows that the C-system has the desired
VeI )=0d 1)+ (1) eEz (2.20 z-y and z-x coupling discussed in the previous section,
which facilitates the conduction. This effect is missing in the
where R-system. The symmetry breaking is a result of the small
1 T symmetry breaking in the potential which results from the
f(t)={ sif(mt/2T) T>t>0 2.21) system being small.
0 O>t,

and the parameters are given in Table I. This almost suddenr’ Characteristics of the ac current

change of conditions causes a small time-dependent current Subtracting the dc term from the total current dengity
densityj(r,t) to form, the dc component of which is ab- leaves an oscillating current, several snapshots of which are
sorbed by the imaginary potential. The dc current is the timeseen in Fig. 5 for the R-system. One prominent feature of the
average of the current density current density fluctuations is the uniform flow in the mo-
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FIG. 4. The dc current density for a ramp pulse, superimposed on the Hartree potential. Arrow lengths are normalized separately in each plate.

lecular channel at short times. Only in one of the frames thé®. The impedance of the molecular wire
flow exhibits significant nonuniformity. This is an indication
that the fluctuations of the current are caused by collectiv

oscillations. . . . .
. . . sorptive part of the impedance is an even function of the
The solid curve of Fig. 6 shows the calculated absorptlor}rec?uer?cslg Z,=R+7y 32+ O(w%), while the imaginary
cross section of an isolated jellium slab. The spectrum eXhib(reactive bart ris an oéld function 'Ofu' Z.= 0+ 0(0)
D Z; .

its strong plasma oscillations at 3.75, 5.1, and 5.6 eV. Thel’his leads to an analysis of the observed behavior in terms of
redshifts from the surface plasmon frequency of dalti6.4 RLC circuitry,19 where a resistoR, capacitorC, and induc-

eV) are due to the thin slabs used. In general, we find that thﬁ)r L have impedances &, i oL, and—i/wC. The real part

tsr;:g\r/]vir i:]hle:igSIa(fsbiss 'E(T]i g\év;:ot:i?: SLZZT‘g%;rzggﬂﬁsgf th %of Z is indeed positive for all frequencies. In the R-system,
T o . he | f t of t to about 2 eYi

Ce molecule, which exhibits a strong absorption peak at 6 e lower frequency part of spectrufup to about 2 eYis

i . strictly negative, indicating “resistor—capacitor” type of be-
eV. The Fourier spectrum of the time-dependent current, Pre&iavior. At the high-frequency end of the spectri@bove 4

sented n Fig. 7, can be reaqlly interpreted in terms of theeV) the imaginary part is positive and a resistor—inductor
absorption peaks of the device components of Fig. 6, aléharacter sets in

though the strong coupling of the molecule to the electrodes For any but very low frequencies the Taylor-type expan-

gives rise to substantial broadenlr!g. This s espec-|a|-|y ®Vl5ion is not valid. Yet, we find the impedance of the R-system
dent for the C-system. The conclusion of this analysis is tha

} - . o still has a simple structure. It can be described as a combi-
although the ac current is not limited to “eigenenergies,” it

. . o nation of circular arcs in the complex plane
does have some peaks associated with the excitation energies

of the individual elements of the system. Z(w)=Z4—re (@707 (2.23

The impedance of the Jg€J system is described by
?)olar plots(Figs. 8 and @ At low frequencies, the redhb-

parametrized by the frequenay The center of the arc is at
TABLE Il. The dc conductance of the R- and C-systems in the simpleza and its radius is. 7is the rate at which the arc is trans-

Landauer and the TDLDA calculation. versed andv, controls its initial phase. Each arc is defined
Landauer TDLDA for a certain frequency range. For example, we determined
using least-square fit the parameters for three arcs of the
9(C)/go 0.38 1.30 R-svst . in Table Il
a(R)/g, 0.02 012 -system, as given in Table Ill.
9(C)/g(R) 19.00 10.80 The C-system too has the impedance composed of arcs.

Yet, at low frequencies it behaves quite differently from that
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T=1.51s

FIG. 5. Some snapshots of the current density for the R-system. The mogp

notable feature is the uniformity of the direction of flow, observed in the

Baer et al.
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FIG. 6. The calculated photoabsorption cross section of a single jellium slab
and an isolated £molecule(both assumed in the singlet ground stata

both cases, the electric polarization is assumed along the long axis. In cal-
culating the cross sections, a phenomenological decay rate of G. ks
assumed.

We examined two systems. The R- and C-systems both
show good barrierless coupling to the leads in their ground
state, calculated by LDA. Yet, the conductance in these sys-
tems was very different. In the C-system the conductance
was a factor of 20 larger than the R-system. This was ex-
plained as a result of a geometric effect: electrons need to be
able to accelerate in the vertical direction, in order to mount
the conducting channel. The KSPES of the C-system facili-
tates such acceleration while the R-system does not.

An additional striking difference between the two sys-
tems is their ac impedance, being of completely different
qualitative nature. The R-system exhibits capacitor-like be-
havior at low frequencies, similar to a capacitor and resistor
connected in parallel. At high frequency the R-system is
ore like a resistor—inductor. The C-system exhibits
resistor—inductor characteristics throughout. The impedance

short-time snapshots. In each snapshot, the length of the longest arrow is a

constant.

3.0
of the R-system. In fact, the imaginary part of the impedance 5 ]
is essentially always positive; thus, this system has &_
resistor—inductor character. 8 20

5
S 151
IV. SUMMARY AND DISCUSSION 5
= 1.0 1
In this paper we presented a novel approach to calculat 8,
ing the electronic transport properties of molecular junctions.3 5
We developed a method that in principle takes into accoun
important effects at zero bias, namely the accurate static der 0.0 1
sity and dynamic response of the electronic system. In addi

tion, we presented a novel Monte Carlo method for an effi-
cient application to Landauer-type conductance calculations
We have also seen that useful insight into the conductanc:
mechanism of molecular devices can be gained by examin

4

w

56 7 8 910111213 14 15 16

Frequency (eV)

?—‘-IG. 7. The spectrum of the current in the R- and C-systems. The spectrum

tion of the underlying Kohn—Sham potential. The latter re-is yery wide, but shows peaks at the absorption lines of its separate con-

quire a relatively minor computational effort.

stituents(compare with Fig. B
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—— 7 =103z =103 |
Z1= -980 Zn= 930 ]
z1= -830 Zp= 830

240

FIG. 8. Polar plot of the complex impedance of the R-system for several

Ab initio study of the ac impedance of a molecular junction 3395

TABLE Ill. Best-fit impedance parametef&€q. (2.23] for several fre-
quency ranges.

Freq. range

eVl Z. 95t rggt wg eVih fileV
w<1l.5 3.9+0.4 3.6 1.9 15
1.5<w<3.0 2408 1.6 0.3 4.5
6.0<w<7.5 2.7+29 2.8 1.1 25

While the present calculation has made a step towards
understanding the intricacies of conductance in molecules,
there are still open questions for future research. One ques-
tion left unanswered is the degree of appropriateness of LDA
for studying molecular conductance. This is studied by per-
forming high-level calculations and comparing to high-
quality experimental data. There are causes for concern: the
theory may not be capable of correctly treating conductance
when it is controlled by a Coulomb blockade effect. Experi-
ments indicate that Coulomb blockade effects may be of car-
dinal importancé! Nuclear motion and possibly other “in-
elastic” effects may also have an effect on the conducnce
and we have neglected it in this study. We have not used

potential-probe locations, as indicated. Each trajectory starts on the real ax%p“rnlzed structures for this StUdy’ althoth we did make

where the impedance is the dc resistafmero frequencyand ends at a

frequency corresponding to 10 eV.

separate optimizing calculation and found that the molecule
slightly dimerizes(a Peierls distortion sets)inThe effect of
this will be studied in a future publication.

In spite of these deficiencies, it is clear that TDDFT

curve in the complex plane can be described by a series grovides an efficient and rigorous framework for calculating
parametrized arcs. Each arc is highly circular in nature, witthoth dc and ac conductance properties. Although, to our
a well-defined center and radius.

Z (go'l)

21 =10ag 29 =103

21 =-9ag 2y =9
21 =-8ag 2y = 8ay
240

2.5 1

270

0

knowledge, the ac properties of molecular junctions have not
been studied experimentally as yet, these properties are ex-
pected to become important in the future, as the interaction
of light and high-frequency fields with molecular devices is
implemented, as well as the interaction of several molecular
devices concurrently. It is expected that future applications
of TDDFT to molecular-scale conductance would trigger this
and other advances of the theory.
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