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Calculating electron current in a tight-binding model of a field-driven
molecular wire: Application to xylyl-dithiol
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A recently developed Floquet theory-based formalism for computing electron transport through a
molecular bridge coupled to two metal electrodes in the presence of a monochromatic ac radiation
field is applied to an experimentally relevant system, namely a xylyl–dithiol molecule in contact at
either end with gold electrodes. In this treatment, a nondissipative tight-binding model is assumed
to describe the conduction of electric current. Net current through the wire is calculated for two
configurations of the electrode–wire–electrode system. In one, symmetric, configuration, the
electrodes are close (;2 Å) and equidistant from the bridge molecule. In the other, asymmetric
configuration, one electrode is farther away (;5 Å), representing the tip of a scanning tunneling
microscope located at this distance from the bridge molecule~the other end being chemisorbed to
a gold substrate!. For both configurations, electron current is calculated for a range of experimental
inputs, including dc bias and the intensity and frequency of the laser. Via absorption/emission of
photons, resonant conditions may be achieved under which electron transport is significantly
enhanced compared to the unilluminated analog. Calculations show that this can be accomplished
with experimentally accessible laser field strengths. ©2002 American Institute of Physics.
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I. INTRODUCTION

Conduction of electrons through a single molecule c
necting two metal electrodes~a molecular wire system! has
received significant attention recently.1–3 Experimental stud-
ies using both scanning tunneling microscopes~STMs! and
mechanical break junctions have been performed.4–7 The
configuration consisting of an STM tip in proximity to a
adsorbate on a metal surface represents one important ty
molecular wire system. Current–voltage (I –V) characteris-
tics can be recorded when the tip is positioned above
adsorbate. A related problem of recent interest is cond
tance through mesoscopic systems composed of semicon
tor heterostructures.8,9

Previous theoretical studies suggest that illumination
a molecular electron transfer system by a laser field can a
its conductance properties. Specific motifs that have b
studied in this context include: long range metal–metal
tramolecular electron transfer complexes,10,11 double-barrier
semiconductor heterostrucures,12 and systems in which the
gap between a metal surface and an STM tip~with no inter-
vening adsorbate! is illuminated.13 In a previous article,14 to
be denoted here as Part I, we developed a theory of la
driven electron transfer through molecular wire systems~ig-
noring coupling to an external environment!. We showed
how to use Floquet theory to convert~mathematically! the
laser field driven molecular wire system to an effective no

a!Author to whom correspondence should be addressed; electronic
rob@ringo.chem.pitt.edu
5670021-9606/2002/117(2)/567/14/$19.00

Downloaded 04 Jul 2002 to 136.142.122.119. Redistribution subject to A
-

of

e
c-
uc-

f
er
n
-

er-

-

driven system for which the electron transport rate can
calculated via standard Green-function scattering method

In the present paper, we apply the formalism develop
in Part I to a realistic molecular wire system consisting o
xylyl–dithiol molecule coupled electronically to two gol
electrodes. We have chosen the xylyl–dithiol molecu
because it has been extensively studied b
experimentally6,7,15 and theoretically7,16,17 and provides a
concrete example on the basis of which to estimate par
eters in the system Hamiltonian and to test convergence
sues associated with the theoretical analysis.

We consider two different geometries of the molecu
wire/electrode system:~1! A symmetric configuration in
which the contacts with the gold electrode on either side
the molecule are equivalent. Such a situation approxima
obtains in molecular break-junction experiments. Hence w
shall term this the ‘‘break-junction’’ configuration.~2! An
asymmetric configuration in which the left contact distan
is small (;2 Å), corresponding to chemisorption of the thi
group on one end of the xylyl–dithiol to a gold electrod
while the other contact distance is considerably lar
(;5 Å), corresponding to the location of an STM tip. Th
will be designated as an ‘‘STM’’ configuration. The geo
metrical differences in these electrode/molecule systems
to different interactions with the laser field, which in tur
results in different induced currents.

The organization of the paper is as follows: In Sec.
we briefly review the tight-binding model of an ac field
driven molecular wire that was developed in Part I. The k
observation there was that the time-dependent Hamilton
il:
© 2002 American Institute of Physics
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for the field-driven system can be converted, using Floq
theory, into a time-independent Hamiltonian in an augmen
state space; and, moreover, this Floquet Hamiltonian has
cisely the structure of an ‘‘ordinary’’~non-field-driven! non-
dissipative tight-binding molecular wire system. Hence, st
dard Green’s functions methods can be directly applied
compute current flow through the laser-driven system. Th
in Sec. III, elementary quantum chemical calculations
performed to determine the parameters which enter into
tight-binding model of xylyl–dithiol coupled to gold elec
trodes. Next, in Sec. IV, we present some tests on the a
racy of the Floquet/Green’s function analysis of current fl
through the field-driven wire. It will be seen that this proc
dure, carried out to full numerical convergence, provides
exact description of the field-driven system. This motiva
our reliance on Floquet/Green’s function analysis for
main results of the paper, which are presented in Sec. V. H
we compute electric current through the xylyl–dithiol wi
for both break-junction and STM configurations. A variety
experimental inputs~applied dc voltage, laser amplitude, an
frequency! are considered. We highlight conditions that e
able significant laser enhancement of electric current thro
the wires. Finally, our results are summarized in Sec. VI.

II. TIGHT-BINDING MODEL OF AN AC FIELD-DRIVEN
MOLECULAR WIRE

A simple one-electron tight-binding model of a molec
lar wire7,18 is depicted schematically Fig. 1. It is comprise
of two reservoirs of states, left and right, which repres
metal electrodes. Connecting them is a molecular bri
~‘‘wire’’ !. It is useful to briefly summarize the model in th
absence of the laser field. This is done in the next subsec
~cf. also the corresponding exposition in Part I!. The effects
of the laser field can then be grafted on~see Sec. II B!.

A. Standard molecular wire „no laser field …

The overall system Hamiltonian is defined by the follo
ing features.~We follow the notation of Part I throughout.!

FIG. 1. Energy level and coupling diagram for a molecular wire connec
to reservoirs of metallic states. Positions of left and right Fermi levels@for
applied voltageVap5(EF

L2EF
R)/e0# are indicated.
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The left reservoir states are denoted asu i & and have energy
e i . They are not directly coupled to each other. The sam
true of the right reservoir states, which are denoted asu f & and
have energye f . Left and right reservoir states are n
coupled directly to each other. The molecular electro
structure is also represented by a Hu¨ckel type Hamiltonian.
TheN atomic orbitals are denoteduI &, with site energiese I .
These states are in general coupled by matrix elementsVI ,J .
Finally, coupling between the left reservoir statei and atomic
orbital I on the molecular bridge is designated byVi ,I .
Analogously,Vf ,I designates coupling between the right re
ervoir statef and bridge atomic orbitalI .

The site energy levels just introduced refer to the syst
in the absence of any external perturbations. In order to
current to flow through the wire, some external field must
applied. In the usual case, a static, dc, field is applied ac
the metal electrodes using a battery.1–8,18–20This field modi-
fies the electronic Hamiltonian, and in particular, in the on
electron picture adopted here, changes the site energies
ciated with the tight binding model. We shall term the
field-dependent site energies asEi for the left reservoir, etc.
If the electric potential associated with the applied elec
field is designated asf(r ), then

Ei5e i ,

EI5e I2e0f I ,I , ~1!

Ef5e f2e0Vap,

where e0 is the magnitude of the electronic charge, a
f I ,I5^I uf(r )uI &. Here the electric potentialf is taken, with-
out loss of generality, to be zero throughout the left reserv
~L reservoir! and have the valueVap throughout the right
reservoir~R reservoir!. The precise functional form off is
complicated by a number of factors,7,21 but does not affect
the formal development of the one-electron model of m
lecular wire theory. For simplicity, in the numerical calcul
tions to be presented in this work, we will adopt the simpl
reasonable model,22 namely a linear electrostatic potenti
drop across the junction between the two electrodes~for de-
tails, see Sec. V!.

Keeping this shift in the ‘‘bare’’ site energies~i.e., the
molecular site energies in the absence of applied dc volta!
in mind, the Hamiltonian operator for the system when
voltage is applied across the electrodes reads

Ĥ5(
i

Ei u i &^ i u1ĤM1(
f

Ef u f &^ f u

1(
I

(
i

Vi ,I~ u i &^I u1uI &^ i u!

1(
I

(
f

Vf ,I~ u f &^I u1uI &^ f u! ~2!

with the bridge Hamiltonian given by

ĤM5(
I

EI uI &^I u1(
IÞJ

VI ,JuI &^Ju. ~3!

Associated with the HamiltonianĤ is a state vector of the
form

d
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uc~ t !&5(
i

ci~ t !u i &1(
I

cI~ t !uI &1(
f

cf~ t !u f &. ~4!

All the basis states are assumed to be orthogonal and
normalized.23 The basic dynamical scenario of interest is
follows. The system~electron! is prepared att50 in a single
state i 0 of the L reservoir. We seek to calculate the tim
evolution of the system fort.0, and in particular the prob
ability that the electron makes a transition to statef 0 of theR
reservoir, i.e.,ucf 0

(t)u2. From this the current of electron
moving from the left electrode to the right electrode throu
the wire can be computed.

By direct solution of the appropriate time-depende
Schrödinger equation, one finds~setting \51 here and
throughout!

ucf 0
~ t !u252ptuvL"g~Ei 0

!•vRu2d~Ef 0
2Ei 0

!. ~5!

Hereg is the Green’s function for a modified version of th
bridge Hamiltonian. Specifically, it is theN3N matrix

g~E!5@HM2S~E!2E#21, ~6!

whereHM is the matrix representing the bridge Hamiltoni
@Eq. ~3!#, and S is an E-dependent ‘‘self-energy’’ matrix,
which decomposes as

S~E!5SL~E!1SR~E!, ~7!

with elements

S I ,J
L ~E!5(

i

Vi ,IVi ,J

Ei2E2 ih
, ~8!

andh→01; likewise for SR(E). Furthermore, the element
of the N-d vector vL are given byv I

L5Vi 0 ,I , and likewise
for vR.

From this basic result, it follows that the rate of tran
tions from an initial statei 0 populated in theL reservoir to
isoenergetic states of theR reservoir~provided these are un
populated in the metal electrode; see below! is

r i 0
[

1

t (
f 0

ucf 0
~ t !u252vL

•g~Ei 0
!DR~Ei 0

!g†~Ei 0
!•vL,

~9!

with DR an N3N ‘‘spectral density’’ matrix given by

@DR~E!# I ,I 85p(
f

Vf ,IVf ,I 8d~E2Ef !. ~10!

In a standard molecular wire, current is induced by the
plication of a dc voltage across the two electrodes. T
raises the Fermi level of one reservoir relative to the oth
For concreteness, let us say that the polarity of the app
voltage is such thatEF

L.EF
R ~cf. Fig. 1!. Then, assuming tha

the temperature is sufficiently low that theT50 limit of the
Fermi distribution can be invoked, electrons populating thL
reservoir in the energy rangeEF

R,Ei 0
,EF

L can tunnel isoen-
ergetically into unoccupied states of theR reservoir. The
total currentI from the left into the right reservoir is the
given as the sum of contributions from all incident electro
states in this range,7,18
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R

EF
L

dE tr$DL~E!g~E!DR~E!g†~E!% ~11!

with

@DL~E!# I ,I 85p(
i

Vi ,IVi ,I 8d~E2Ei !. ~12!

B. Tight-binding model of a laser-driven molecular
wire and Floquet mapping to an effective
time-independent molecular wire system

Now, suppose that a monochromatic ac electric field
frequencyv and amplitudeE0 is applied along the axis of the
bridge molecule. In the present work, we assume the m
contacts are perfect conductors, so that the electric field
side them is identically zero. We further assume that
electric field imposed by radiation from the light source
not strongly disturbed in the region where the molecular w
is situated, and hence can be considered constant and e
to its free-space value here. With these assumptions,
Hamiltonian of the system is modified toĤ→Ĥ
2e0f l cos(vt), wheref l is the spatially dependent electr
potential established by the light source.f l is taken to be
zero in the left reservoir, to vary linearly across the juncti
region ~where the molecule sits!, and to be constant insid
the right reservoir. Furthermore, its slope in the junction
gion is given by2df l /dx5E0 , with x a the direction per-
pendicular to the electrodes~we assume the electric fiel
radiated by the light source is polarized in this direction
basically, along the molecular wire!.

Thus, in the junction region, the spatial dependence
the radiated electric field takes the form2e0f l5mxE0 ,
wheremx is thex component of the~negative of the! electric
dipole operator:mx[e0x. We assume further that the electr
dipole operator is diagonal in the basis of atomic orbit
~‘‘site orbitals’’!, due to the small spatial overlap betwee
different orbitals~this overlap falls off exponentially with
interorbital separation!. Moreover, the diagonal dipole matri
elements are assumed to be given to a good approxima
by the position of the site orbital~with all zeroth order states
in the L reservoir characterized by the same position, a
likewise for theR reservoir!. That is, ^I umxuI &5m I5e0xI ,
wherexI is the position of theI th atomic site orbital of the
bridge molecule. Finally, since the electric potential is a
sumed to be constant in both reservoirs, we assume thatf l is
diagonal in the reservoir states, and has the same value i
L reservoir states, namelymL5e0xL50 ~taking the position
of the surface of the left electrode to be atx50!. Conse-
quently, in theR reservoir, the diagonal element off l im-
plies a valuemR5e0xR , where xR is the position of the
surface of the metal contact corresponding to theR reservoir.

We note that to the extent that the dipole moment ope
tor is not diagonal in the original site basisuI &, one can
perform an orthogonal linear transformation which render
so. This does not compromise the essential structure of
tight-binding Hamiltonian under consideration here. Furth
details of this procedure are provided in Sec. III C.

The tight-binding Hamiltonian for a general field-drive
molecular wire then reads
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 2. Floquet state diagram for driven molecular wi
system.~Site energies of the physical bridge molecu
and metal states are labeled bykL50, kB50, kR50.!
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Ĥ~ t !5(
i

~Ei1mLE0 cos~vt !!u i &^ i u

1ĤM~ t !1(
f

~Ef1mRE0 cos~vt !!u f &^ f u

1(
I

(
i

Vi ,I~ u i &^I u1uI &^ i u!

1(
I

(
f

Vf ,I~ u f &^I u1uI &^ f u!, ~13!

with the ~driven! bridge Hamiltonian

ĤM~ t !5(
I

~EI1m IE0 cos~vt !!uI &^I u

1(
IÞJ

VI ,JuI &^Ju. ~14!

As in the nondriven case, associated with this Hamiltonia
a state vector of the form indicated in Eq.~4!. Furthermore,
the basic dynamical problem is the same as in the zero-
case: calculating the time-evolution of a system~electron! is
prepared att50 in a single statei 0 of the L reservoir.

The field-off limit of this systemE050, has been exten
sively and profitably analyzed using Green’s function me
ods ~summarized above!.7,18 For the field-driven case, it is
less obvious how to apply Green’s function~GF! techniques,
since these require a time-independent Hamiltonian. H
ever, we showed in Paper I that using Floquet theory24,25 the
periodically time-driven Hamiltonian of interest can b
mapped to a~modified and augmented! time-independent
form with the same essential structure as in the field-f
case. Thus, the GF method can still be applied, and u
mately used to calculate current flow through the wire.

The Floquet HamiltonianHF is associated with an aug
mented state space. For each state in the physical sys
there is a discrete manifold of states in the Floquet system
other words, in the equivalent Floquet system, there are
licas of the physical states shifted by all integer multiples
the photon quantum. These Floquet states are thus natu
labeled by two indices (a,m) where, again,a5 i ,I , f de-
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scribes the physical state which is replicated andm5 . . .
21,0,1 . . . labels the replica number. The energy of Floqu
state (a,m) @referred to as a ‘‘quasienergy,’’ in order to dis
tinguish it from the site energies of the physical states# is

Ea,m5Ea1mv. ~15!

Off-diagonal matrix elements in the Floquet Hamiltonian i
clude: coupling ofL reservoir Floquet states to bridge Flo
quet states

H ( i ,kL),(I ,kB)
F 5Vi ,IJkL2kB

~aLI !; ~16!

coupling of Floquet bridge states to other Floquet brid
states

H (I ,kB),(I 8,k
B8 )

F
5VI ,I 8JkB2k

B8
~aII 8!; ~17!

and, finally, coupling of Floquet bridge states toR reservoir
Floquet states

H ( f ,kR),(I ,kB)
F 5Vf ,IJkR2kB

~aRI!. ~18!

In these expressions, thea parameters specify appropria
dimensionless field strengths. Specifically,

aab5E0~ma2mb!/v52aba ~19!

with all m i5mL , and allm f5mR .26

Furthermore, the Floquet coefficientsba,m are related to
the physical state amplitudesba(t) by

ba~ t !5 (
m52`

`

ba,m~ t !eimvt; a5 i ,I , f , ~20!

whereba(t) is the probability amplitude for physical statea
in the interaction picture representation defined by14 ca(t)
5exp$2imaE0 sin(vt)/v%ba(t).

It is useful to construct a state/coupling diagram for t
effective field-off system generated by Floquet analysis, a
done in Fig. 2. This diagram shows clearly that the Floq
Hamiltonian relevant to the driven system has the same
neric structure as that of a nondriven molecular wire: b
the bridge and the reservoirs are expanded~augmented! in a
straightforward manner, and the various couplings coe
cients are modified, too.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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To represent the physical initial conditionbi 0
(0)51 ~all

other coefficients equal 0!, we choosebi 0 ,kL50(0)51 ~all
other Floquet coefficients equal 0!. From Fig. 2 and the de
tails presented in the preceding paragraphs, it follows imm
diately that the GF analysis utilized in the case of the n
driven molecular wire can be applied to the Floqu
Hamiltonian for the ac field-driven wire.

One important aspect of the connection between
quantum dynamics obtained from the Floquet Hamilton
and that of the corresponding physical system should be
phasized. For a time-independent Hamiltonian of the ty
under consideration here, i.e., with the essential structur
Eq. ~2!, the principle of energy conservation holds: aft
short time transients, the molecule can only tunnel isoe
getically, i.e., such that the~quasi!energy of the final state in
the R reservoir is equal to that of the initially populate
Floquet state in theL reservoir. Relating this property to th
dynamics of the underlying physical, time-driven system
aided by the following observations.

When one computes~e.g., numerically!, dynamics under
the time-driven Hamiltonian system prescribed by Eq.~13!,
it is found that an electron starting from energy levelEi 0

can
end up in the final stateEf 0

5Ei 0
1nv, wheren is an integer

~positive, negative or zero! corresponding to net absorptio
of n photons~with negative values ofn corresponding to
emission!.

To connect the behavior of the time-independent Floq
Hamiltonian to that of the underlying time-driven syste
one simply has to recognize that different isoenergetic tr
sitions in the Floquet dynamics correspond to pho
absorption/emission in the physical system~i.e., have physi-
cal final state energies that are shifted fromEi 0

by integral
multiples of the photon quantum!. In particular, transitions to
the kR50 R reservoir replica correspond to net zero phot
absorption, transitions tokR51 correspond to net one
photon emission, etc. In this way the currents associated
electrons arriving at the various allowed final state energ
in the field-driven system can be quantitatively accounted
via Floquet analysis.

Formally, the manifold of Floquet states is infinite. How
ever, the principle of ‘‘state mixing,’’ i.e., that two zerot
order states couple most strongly if they are nearly dege
ate, assures that only Floquet replicas which are nearly is
ergetic withEi 0

need be retained. In practice we keep the f
‘‘most nearly degenerate’’ Floquet reservoir and bridge r
licas and ignore the rest. The number of replicas is expan
until numerical convergence is attained.

C. An ‘‘independent channel approximation’’
to field-driven transport

The mapping of the time-driven Hamiltonian given
Sec. II B to a time-independent Hamiltonian with the sa
form as the canonical tight-binding molecular wire Ham
tonian leads to a precise way of calculating current fl
through a laser-driven molecular wire. As described the
the effective system generated by the Floquet mapping
an augmented bridge comprisingNbN sites, whereN is the
number of sites in the physical bridge molecule andNb is the
Downloaded 04 Jul 2002 to 136.142.122.119. Redistribution subject to A
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number of Floquet bridge replicas retained in the calculati
Associated with this augmented bridge is a Floquet brid
Hamiltonian matrix and a Floquet self-energy matrix~the
latter being a function of the parameterE!. The inverse of
the sum of the Floquet bridge Hamiltonian minus the Floq
self-energy minusE times theNbN3NbN unit matrix @di-
rectly analogous to Eq.~6! for the field-off molecular wire
problem# is the desiredNbN3NbN Floquet Green’s function
gF(E). See Part I14 for the explicit form of this matrix.
Though formally we must take the limitNb→` ~correspond-
ing to an infinite number of Floquet bridge replicas!, in prac-
tice convergence can be obtained with a finite and of
modest value ofNb , as noted above. Nevertheless, as
calculation gets more complicated, physical insight can
come obscured.

Some insight can b e restored by considering an approx
mation introduced in Part I,14 termed the independent chan
nel approximation~ICA!, in which off-diagonal terms cou-
pling different Floquet replicas in theNbN augmented bridge
Hamiltonian and self-energy are neglected. This renders b
matrices block diagonal with anN3N block representing
each Floquet replica. Consequently, the GF attains the s
block diagonal structure.

In general, the transition probability for an initial statei 0

of theL reservoir to a final statef 0 of theR reservoir, which
is nearly on resonance with a netNp photon emission~cor-
responding in the Floquet Hamiltonian system to transitio
to theR reservoir replicakR5Np! is

ubf 0
~ t !u2>2ptd~Ef 0

1Npv2Ei 0
!uvL

•gF~Ei 0
!•vRu2,

~21!

with the NBN dimensional arrayvL consisting of the cou-
pling elements

Vi 0 ,IJk~aIL !; I 51,2,. . . ,N, k51,2,. . . ,NB .

Similarly, vR consists of elementsVf 0 ,IJNp2k(aRI).
As noted above, within the ICA the Floquet GFgF be-

comes block diagonal, each block having the dimensionN of
the physical molecular bridge. Thus, the ICA implies

vL"gF~Ei 0
!"vR> (

kL52`

`

vkL

L
•geff~Ei 0

2kLv!•vNp2kL

R .

~22!

The matrixgeff on the right-hand side~r.h.s.! of this expres-
sion is an effective molecular Green’s function. It has t
dimensions of the physical bridge, i.e.,N3N, and also the
same generic structure as in the field-off case, namely,

geff~E!5~Heff
M 2Seff~E!2E!21. ~23!

In this expression,Heff
M is an effective molecular bridge

Hamiltonian matrix, dimensionN3N. Its diagonal elements
are the bridge site energiesEI and its off-diagonal element
are renormalized bridge coupling parametersVI ,I 8J0(aII 8).
The corresponding effectiveN3N effective self-energy ma-
trix Seff5SL,eff1SR,eff is defined as

S I ,J
L,eff~E!5 (

m52`

`

Jm~aLI !Jm~aLJ!S I ,J
L ~E2mv!, ~24!
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



pi
hi

-
in

ua
-
a

ns
th

F
ill
n
e
p
o

lin
’’
o

by
ha

a
v
dg
a
h

on
u

t
ee

a
re
r-
c
ire

th
an
o
t
to
ld

we
-

ng
ls

for
al
nts
ltz

ls
r.
s,
ns

l

of

ns.
nd
ly
s
ate
eal-
in
ith

l-
ac-
of

an
tro-
.
to
ith
un-

V,

ld

572 J. Chem. Phys., Vol. 117, No. 2, 8 July 2002 Tikhonov, Coalson, and Dahnovsky
SL being the left reservoir self energy of the physical~field-
off! wire, as prescribed in Eq.~8!; and analogously for
S I ,J

R,eff(E). Finally, the elements of theN-dimensional vectors
vk

L,R are given by

~vk
L! I5Vi 0 ,IJk~aIL !; ~vk

R! I5Vf 0 ,IJk~aRI!.

The decomposition provided by the ICA enables more ra
numerical evaluation because the size of the matrices w
have to be inverted is significantly reduced~particularly for
large Nb!. However, the primary utility of the channel de
composition is that it provides a way to anticipate the orig
of large contributions to the current by associating individ
contributions to Eq.~22! with specific electron transfer path
ways or ‘‘channels.’’ This interpretation was discussed
length in Part I. Here, we simply reiterate the conditio
which validate the approximation. Being predicated on
neglect of off-diagonal matrix elements in the Floquet G
which couple different Floquet bridge replicas, the ICA w
be most accurate when electronic coupling matrix eleme
are small, the laser-field is weak, and/or there is a large
ergy gap between the quasienergies of different bridge re
cas arising from a high photon frequency. In the first tw
circumstances the elements of the inter-replica coup
blocks go to zero, while in the third there is poor ‘‘mixing
between the zeroth order states in separate replicas due t
large gaps between their zeroth order~quasi!energies. The
best way to ensure that the ICA is valid is to correct it
coupling several bridge replicas together and verifying t
the effects of such coupling are small.

III. PARAMETRIZATION OF THE MODEL

In order for our estimations of laser-induced modific
tions of electron tunneling through a molecular wire to ha
at least qualitative value, it is necessary to select a bri
molecule and metal electrodes, and to establish reason
electronic structure parameters for the one-electron tig
binding model introduced above. For this reason, we c
sider for concreteness the xylyl dithiol molecule as o
‘‘wire,’’ and gold electrodes~cf. Fig. 3!. Xylyl–dithiol is
among the simplest systems which have been studied in
context of molecular wires. Its electronic structure has b
characterized, at least at the extended Hu¨ckel level of elec-
tronic structure theory, and it has been shown that this
mittedly crude level of treatment produces reasonable ag
ment with measuredI –V curves, in the absence of lase
induced perturbations.7 ~To our knowledge, a systemati
experimental study of laser illumination on molecule w
performance has not yet been carried out.!

In the next subsection, we discuss how to determine
parameters in the bridge molecule tight-binding Hamiltoni
Then we discuss, in turn, how to estimate the electronic c
pling between bridge molecule and reservoir, and how
compute the matrix elements of the electric dipole opera
~needed to include coupling to a static or an ac electric fie!.

A. Site-basis representation of the bridge molecule

Following the treatment given in Refs. 7, 16, and 17,
have used extended Hu¨ckel ~EH! theory to estimate site en
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ergies and coupling matrix elements in the tight-bindi
Hamiltonian for the xylyl–dithiol molecule. The site orbita
were chosen to be atomic orbitals~AOs! ~details are pro-
vided below!. The site energye I associated with a given AO
was taken to be the negative of the ionization potential
removing an electron from that orbital. Specific numeric
values were taken from Ref. 27. Intersite coupling eleme
were determined by invoking the Wolfsberg–Helmho
approximation28

VI ,J5kSI ,J

e I1eJ

2
, ~25!

with SI ,J the overlap matrix element for basis atomic orbita
I andJ, andk51.75 an empirically determined scale facto

The xylyl–dithiol molecule has eight hydrogen atom
eight carbon atoms and two sulfur atoms. In our calculatio
we included the 1s orbital for the hydrogen, 2s2p orbitals
for carbon, and 3s3p orbitals for sulfur, bringing the tota
number of basis functions toN548. The geometric structure
of the molecule was obtained by geometry optimization
the isolated molecule usingGAUSSIAN 94,29 which was also
used to determine the overlap matrixSI ,J in the STO-3G
basis set.

The EH method is based on rather crude approximatio
It was designed to predict the molecular geometry a
charge distribution of limited types of molecules, main
nonpolar hydrocarbons.28 For energy level structure, EH i
expected to be only qualitatively correct. For more accur
electron transport calculations one would need a more r
istic tight-binding molecular Hamiltonian. A possible step
this direction would be to use a one-electron model w
matrix elements deduced from Hartree–Fock~HF!
theory.30,31 Effects resulting from the connection of the mo
ecule to the gold surface should also be taken into the
count: this may alter the equilibrium geometric structure
the xylyl–dithiol molecule. Furthermore, the molecule c
acquire additional partial charge which creates an elec
static potential along the molecule–electrode connection7

To calculate the current through the wire it is crucial
know the position of the Fermi energy level of the metal w
respect to the highest occupied molecular orbital–lowest
occupied molecular orbital~HOMO–LUMO! gap of the
bridge molecule. The work function of gold metal is 5.3 e
hence the Fermi energy is25.3 eV. Our EH calculations on
xylyl–dithiol molecule yield a HOMO energy of212.3 eV

FIG. 3. Chemical structure of xylyl–dithiol molecule connecting two go
electrodes.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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and a LUMO energy of28.5 eV. As noted above, the EH
model was not designed to provide accurate absolute or
energies, so we need to decide how to locate the EH orb
molecular energies relative to the Fermi energyEF of the
gold. Determination of the Fermi energy location should
principle take into account the possibility of charge trans
occurring as a result of attaching the molecule to the e
trode. Both experimental and theoretical estimations7,17 put
the Fermi energy of the electrodes somewhere in
HOMO–LUMO gap, close to the middle of the gap. Anab
initio HF calculation on isolated xylyl–dithiol usingGAUSS-

IAN 94 with a STO-3G basis set gives a HOMO level ener
of about 27 eV, which supports the idea of placing th
Fermi energy at the center of the gap.

The calculated energy spectrum of the isolated xyly
dithiol molecule is presented in Fig. 4. Because the molec
has 54 valence electrons, HOMO and LUMO states co
spond to states 27 and 28, as indicated by the arrow.
shifted the EH energy spectrum up by 5 eV, so that the g
Fermi energy lies midway between the HOMO and LUM
states of the molecule. The new HOMO and LUMO energ
are then27.3 and23.4 eV.

B. Reservoir-bridge coupling matrix elements:
Spectral density and self-energy functions

To obtain estimations of the electronic coupling betwe
the electronic states of the metal and those of the molec
wire, we adopt a cluster model for the metal~in our case,
gold!, and use EH theory~vide supra!. The xylyl–dithiol
molecule binds strongly to the gold surface through a th
group.15 The sulfur atom can bind to the gold either over
hollow site on the surface between three gold atoms or
rectly over a gold atom. Although recent experiments a
calculations suggest that binding over the hollow site is m
energetically favorable,17 in the present work we assume th
binding takes place over a single gold atom since this
somewhat simpler to analyze. Given the crude electro
structure model used here, this choice should not qua
tively alter our essential conclusions.

FIG. 4. EH energies for an isolated xylyl–dithiol molecule, after upwa
shift of EH levels by 5 eV.
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We also describe the electronic structure of the res
voirs and the molecule–reservoir coupling using the E
scheme. As noted above, in the model employed here
connection between the molecule and the gold pads oc
through the bond between a single gold~111! atom and the
adjacent molecular sulfur atom. For each gold atom we
clude nine orbitals (5d6s6p). The distance between the su
fur atom and the gold atom that it ‘‘sits over’’ is taken to b
1.9 Å ~as in Ref. 7!. The sulfur–gold overlap matrix wa
obtained usingGAUSSIAN 94with the gold valence basis func
tions parameters taken from Ref. 32. Most of the over
between the sulfur and gold occurs through thes orbital of
the sulfur. Thus, we can simplify our calculations by assu
ing only Vi ,1Þ0, where 1 corresponds to the 3s, orbital of
the sulfur atom adjacent to the left electrode~L electrode!
and, analogously, onlyVf ,NÞ0, whereN labels the 3s orbital
of the sulfur atom adjacent to the right electrode~R elec-
trode!.

The gold electrode band structure was obtained from
calculations for a 53535 gold~111! cluster using tight-
binding parameters from Ref. 33. This was then utilized
calculate the spectral density associated with the couplin
the electrode to the 3s orbital of the adjacent sulfur atom
Specifically, we computed

D~E!5p(
p

Vp
2d~E2Ep!, ~26!

where the summation was taken over the~extended Hu¨ckel
level! eigenstatesp of the gold atom cluster. We assume
that only the 6s orbital of the gold atom over which the
sulfur atom is ‘‘bound’’ has a nonzero overlap with the 3s
orbital of this sulfur atom. The Wolfsberg–Helmholtz pr
scription 25 was used to calculate the Hamiltonian ma
element connecting these two atomic orbitals, which w
then scaled by the appropriate superposition coefficien
each EH eigenstate of the gold cluster to obtainVp ~i.e., the
matrix elementVi ,1 in the notation of the previous para
graph!.

The resulting spectral density of states is shown in F
5. The ‘‘crudeness’’ of the plot results from numerical flu
tuations of the calculations performed on a finite gold clus
We carried out calculations for three different gold clus
sizes, 33333, 53535, and 73737—these give similar
results for the spectral density~the bigger the size of the
cluster the smoother the numerical result!. We see from Fig.
5 that the Fermi energy corresponds to states in a broad b
with nearly constantD(E)'4.0 eV. The largest contribution
to the spectral density near the Fermi energy comes from
6s gold band, which is a wide band with relatively consta
local density of states at the Fermi energy.

From D(E) we can obtain the self-energyS(E) as7,18

S~E!5
P

p E
2`

1` D~E8!dE8

E82E
1 iD~E!. ~27!

Numerical calculation of the principal value integral 2
based on the spectral density depicted in Fig. 5 gives the
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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part of the self energy to be almost zero within an interva
several eV around the Fermi level. Thus, within this ene
regime we can approximate

S~E!>0.014.0i . ~28!

We have just described how we calculated the densit
statesD i ,1 , and corresponding self energyS i ,1 , where 1 rep-
resents the 3s orbital of a sulfur atom which is chemisorbe
at a distance of 1.9 Å from theL electrode. If the sulfur atom
on the r.h.s. of the molecule is chemisorbed to theR elec-
trode, the same density of states is used forD f ,N and the
same self energy function forS f ,N . For the STM configura-
tion, where the right electrode is 5 Å from the right sulfur
atom, we estimate the relevant spectral density of states
ing the following empirically established property. In simp
models of vacuum STM tunneling,34 the current decreases b
about 1 order of magnitude when the tip–surface dista
changes by 1 Å. Hence we multiply the spectral density
states obtained above for the chemisorbed sulfur atom b
appropriate coefficient of proportionality, reflecting th
change in separation between the atom and theR electrode.

C. Basis transformation to obtain a diagonal
dipole operator

As discussed above, our model assumes a constan
electric field in the junction region, as well as an ac field
constant magnitude~at any given instant of time! in this
region. Thus, the electric dipole operator plays a critical r
in our dynamical theory. In particular, if the relevant~static
and ac! external electric fields are polarized perpendicular
the metal electrodes~in thex direction!, we need to evaluate
mx5e0x, the ~negative of the! x component of the dipole
operator. It was tacitly assumed in constructing the relev
tight-binding Hamiltonian~see above! that mx is diagonal in
the molecular site basis. This turns out to be roughly, but
precisely true for the AO site basis introduced above. Thu
is useful to perform a linear transformation of the site orb

FIG. 5. Spectral density of states for the model where sulfur binds
single gold atom on the surface of a 53535 gold~111! cluster. The Fermi
energy is located in a region with almost constant spectral density of s
comprised mainly of golds-band states.
Downloaded 04 Jul 2002 to 136.142.122.119. Redistribution subject to A
f
y

f

s-

e
f
an

dc
f

e

o

nt

t
it
-

als to a set of basis states which are strictly diagonal w
respect to themx operator. Details are given next.

The dipole matrix, represented in a localized atomic s
basis, was obtained as output from the Gaussian prog
The origin of the coordinate system was chosen at the
electrode, hence the dipole moment is zero at the left e
trode and increases toward the right electrode. Our Floq
analysis of the system Schro¨dinger equation assumes14 that
the field–wire coupling occurs only through the diagon
terms in the Hamiltonian. Thus we wish to construct a n
orthogonal basis of bridge states in which the bridge dip
matrix is diagonal. We accomplish this through two succ
sive basis transformations. First, from the original non
thogonal site basisux j&, j 51..N we construct an orthonor
mal basis f j , j 51..N via the transformation f j

5(k51
N Sjk

21/2ux j&, where S is the overlap matrix in thex
~site! basis. Next we express thex component of the electric
dipole operator in the orthonormalf basis~using the known
matrix elements ofmx in the ux j& basis!. Diagonalization of
this matrix determines another orthonormal basis, sayuc j&,
j 51..N in which the operatormx is diagonal. Finally, the
Hamiltonian operator can be expressed in terms of thec
basis. Inspecting the Hamiltonian matrix elements coupl
the wire and electrodes in this basis, we find that the m
contributions to the left electrode–bridge coupling occ
through two wire basis functions, and two other wire ba
functions interact with the right electrode. Thus, for simpl
ity, in our electric current calculations we set all other sm
coupling matrix elements to zero.

Note that since there is more than one bridge basis s
that couples to the reservoirs, the spectral density and
energy matrices introduced in Sec. II A have more than o
nonzero element. However, we assume here that only thes
orbital of the sulfur atom couples electronically to electron
states of the gold electrode. This implies that if we use
bridge basis states thec states described in the precedin
paragraph, then all nonzero spectral density matrix elem
will be proportional toD(E) computed in Sec. III B; like-
wise, all nonzero self-energy matrix elements will be prop
tional to S(E) ~again, cf. Sec. III B!. The relevant propor-
tionality constants are obtained from the coefficients utiliz
to expand thec basis functions in terms of the original AO
~x! site basis orbitals.

IV. TESTS OF THE FLOQUET MAPPING PROCEDURE

In this section we illustrate the accuracy of the Floqu
method developed in Part I to study the quantum dynam
of a field-driven molecular wire, moving beyond the simpli
tic model studied in Part I, and focusing instead on a reali
~or at least defensible! set of bridge states and interstate co
plings. We consider for this purpose the STM configuratio
in which the left end of the xylyl– dithiol molecule is locate
1.9 Å from the left electrode, while the right end of th
xylyl–dithiol molecule is significantly farther, specifically
Å, from the right electrode.

We solved the time-driven Schro¨dinger equation corre-
sponding to the Hamiltonian given in Eq.~13! by direct nu-
merical integration of the appropriate set of linear ordina

a
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FIG. 6. Tunneling rate dependence on initial energy of the electron in theL electrode. The solid line in both panels shows the result obtained by d
integration of the time-dependent Schro¨dinger equation for the laser-driven system. In~a! the dashed line shows the result of a restricted Floquet Gre
function that retains only one~resonant! replica. See text for details. In~b! the dashed line shows a Floquet Green’s function calculation including six br
and nineL and R reservoir Floquet replicas. Note the good agreement with the result obtained by direct numerical integration of the time-de
Schrödinger equation in this case. Relevant field parameters are:v53.8 eV, E0523107 V/cm, andVap50 in both panels.
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differential equations. Starting with population in a sing
statei 0 of theL reservoir, we calculated the total probabili
to be in a particular energetic region of theR reservoir
~based on energy conservation modulo photon absorp
emission!. After short-time transients,14 a linear growth of
the final-state probability was observed, thus defining a tr
sition rate@cf. Eq. ~9!#. We then sought to verify via numeri
cal comparison that the Floquet GF method outlined in S
II reproduces these rates reliably.

@In practice, direct integration of the time-driven syste
was done by representing the left and right electronic re
voirs using a finite set of states, evenly spaced in energy,
coupled to the bridge via matrix elementsVi ,1 and Vf ,N se-
lected in accordance with the spectral densities specifie
the previous section. Convergence was obtained by incr
ing the number of discrete states in the reservoirs, w
maintaining the desired~finite! spectral density by reducin
the magnitude of the individual reservoir–bridge coupli
elements accordingly.#

For a laser frequency ofv53.8 eV and a laser field
strength ofE0523107 V/cm ~with no applied static voltage
i.e., Vap50!, we show via the solid line in Fig. 6 the rate o
transitions from a range of initially populated states bel
the Fermi energy (EF525.3 eV) of theL reservoir to all
final states in theR reservoir above the Fermi level~i.e.,
transitions to final states with energies less thanEF are
blocked!. These rates are scaled by the density of electro
states of theL reservoir at the Fermi energy, in order
obtain a finite result in the limit of a dense set of reserv
states. The shape of this ‘‘spectrum’’ reflects the complica
molecular orbital structure of the xylyl–dithiol bridge mo
ecule.

The dashed line in Fig. 6~a! shows a minimum basis
attempt to extract the behavior of the time-driven system
Floquet analysis. Specifically, only the replicaskL50, kB

50, andkR521 are retained in the calculation. This corr
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sponds to the following pathway for the incident electro
direct tunneling~without photon absorption/emission! from
the L reservoir to the bridge, tunneling across the brid
~without photon absorption/emission!, then one-photon ab
sorption to a final state of theR reservoir. It can be seen tha
this single channel accounts for much of the detail in
exact spectrum, but misses some significant features~reso-
nances!. To correct for this shortcoming, we performed
larger basis Floquet GF computation: six bridge replic
~specifically, replicas23 . . . 2! and nineL andR reservoir
replicas ~specifically, replicas24 . . . 4! were employed.
The result is shown via the dashed line in Fig. 6~b!. It repro-
duces the result of direct time–integration of the field-driv
Schrödinger equation in all essential details. Thus, we s
that the Floquet GF method gives a practical way to obt
rates of electron transmission through a field-driven mole
lar wire coupled to two metal electrodes, provided prop
care is taken to ensure convergence by including a suffic
number of Floquet replicas in the calculation. Consequen
in the numerical computations presented below, we use
GF method, since it is considerably faster than direct in
gration of the full set of ordinary differential equations r
quired for ‘‘brute force’’ time evolution of the laser-drive
system.

The minimum basis calculation just described is tan
mount to a skeletal approximation to the ICA formula E
~22! in which only one term in the sum over amplitudes
retained. We show in Fig. 7~a! how this single term approxi-
mation compares to the full ICA result~using the same field
parameters employed in Fig. 6!. There is no substantial dif
ference between the full ICA result and the single repl
approximation to it in the incident electron energy regim
considered in Fig. 6. Failures of the ICA and the single re
lica approximation in this regime are thus due to inte
~bridge! replica coupling~representing photon absorption
emission on the bridge!. In Fig. 7 we have extended th
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 7. ~a! The exact transition rate as
a function of initial electron energy,
calculated via the Floquet Green’
function method~dashed line! vs the
corresponding ICA result~solid line!
for the system considered in Fig. 6
For comparison, the ‘‘single channel’
result shown in Fig. 6~a! is also indi-
cated via the dotted line.~b! The exact
~dashed line! vs ICA ~solid line! re-
sults for the same system when the d
mensionless field strength paramete
aI ,I 8 inside the bridge are reduced by
factor of 10.
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regime of incident energies above26.0 eV. We see that the
full ICA captures the additional peaks in this regime rath
well. The origin of these peaks can be traced to other te
in the full ICA sum. In particular, the peaks marked 1 and
arise from thekB51 term and peak 3 arises from thekB

522 term ~in each case we sum over allR reservoir repli-
cas kR which correspond to final states of the physicalR
reservoir lying above the Fermi level!. As a check on our
analysis, we show in Fig. 7~b! a comparison between a con
verged multireplica Floquet GF calculation versus the co
sponding ICA prediction for the case where all theaI ,I 8 pa-
rameters are reduced by a factor of 10. Setting th
parameters to zero would imply complete suppression of
terreplica coupling in the Floquet Hamiltonian, thus impro
ing the accuracy of the ICA. We see that the trend is in
right direction—agreement between ICA and converged F
quet tunnel rate spectra is much better in panel~b! than in
panel~a!.

Note that none of the transitions indicated in Figs. 6 a
7 would take place in the absence of the laser field, si
they correspond to initial states of theL reservoir below the
Fermi level. By absorption of photons, electrons initially
these states can ‘‘get above’’ the Fermi energy and acces
unoccupied state of theR reservoir.

In fact, it is possible to employ a perturbative expans
for the Floquet GF to systematically correct for the deficie
cies of the ICA and to provide insight into the specific intr
bridge photon absorption/emission events that contribut
the tunneling rate under various conditions. As noted abo
the ICA corresponds to neglect of matrix elements in
inverse ofgF that connect different Floquet bridge replica
thus resulting in a block diagonal Floquet bridge Ham
tonian matrix, a block diagonal Floquet self-energy matr
and hence a block diagonal approximation togF. Treating
the neglected matrix elements as the perturbation, a stan
GF perturbation expansion can be invoked.35 The first cor-
rection to the ICA provides the contribution of all process
that involve one-photon absorption/emission between bri
states, etc. In a subsequent paper36 we will present full de-
tails of this expansion and demonstrate that it can correct
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ICA into an essentially exact calculation, except at extrem
high laser intensities, where the perturbation expansion
verges.

V. CURRENT THROUGH AN AC DRIVEN
MOLECULAR WIRE

Here we present numerical calculations of the electri
current through an ac field-driven xylyl–dithiol molecula
wire for a variety of externally tunable parameters. Havi
shown in Sec. IV that the Floquet GF method enables u
accurately compute the quantum dynamics of the field-dri
system, we use it to deduce the current through the wire
all calculations to be presented in the remainder of this pa
~Care was taken to ensure that enough replicas were inclu
in the numerical calculation to obtain converged results
the output current.!

In Sec. V A, we show the predicted current for fixe
laser field strength and frequency as a function of applied
voltage for the~symmetric! break-junction configuration. In
Sec. V B, we present analogous calculations for the~asym-
metric! STM configuration. Then, in Sec. V C, we investiga
in more detail how weak the laser field can be and still p
duce a significant enhancement of the electron current.

A. Break-junction „symmetric … configuration

Here we consider a symmetric~‘‘break-junction’’! sys-
tem, corresponding to chemisorption~covalent bonding! of
the xylyl–dithiol molecule at both ends to gold electrode
For concreteness we take the electrode molecule distanc
be 1.9 Å. Also for concreteness, we choose a laser freque
of 1.9 eV, which corresponds to one-half the HOMO
LUMO energy gap. Furthermore, we fix the laser field a
plitude at the valueE0523107 V/cm.

In Fig. 8 we show the forward~left to right! and back-
ward~right to left! currents as a function of applied dc bias37

Their difference~forward minus backward! gives the net left
to right current through the wire.@Because a logarithmic
scale is used in the graph, vanishing of net current is in
cated by the sharp dip~towards2`! at zero bias. Note also
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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that the absolute value of the net current is plotted. Curr
flows in the direction of the applied bias, that is left to rig
for positive bias and right to left for negative bias.# Notice
that due to the geometrical symmetry of the break-junct
configuration, the roles of forward and backward curre
should simply be switched when the dc voltage polarity
reversed. Some artificial ‘‘symmetry breaking’’ is apparent
these figures, due to slight asymmetry in the numer
placement of the xylyl–dithiol atoms with respect to t
metal electrodes. However, this asymmetry is minor, parti
larly as regards the net, experimentally observable curre

In contrast to the field-off case, where for small bias on
electrons near the Fermi energy participate in the tunne
process, in the field-on case, electrons outside the en
regime bracketed by the Fermi levels of theL andR reser-
voirs participate as well~assisted by photon absorptio
emission!. Even for zero dc bias, many electrons in the me
reservoirs having energy well below the Fermi level contr
ute to forward and backward currents.

It is interesting to remark here that the vanishing of t
net current at zero bias is due in the field-on case to per
cancellation~for a symmetric electrode–wire–electrode co
figuration! of forward and backward currents. In Fig. 9, w
again plot the net field-on current, and compare this to
current obtained when the laser field is turned off, all oth
system characteristics being unchanged. Two points a
the magnitude of the current drawn through the wire
relevant. First, for the laser-off system with a modest app
voltage of;1 V, the current is;1029 A, a value which is
in order of magnitude agreement with experimental meas
ments on break-junction systems.6 Furthermore, it is clear
that large enhancement of current flow is obtained over
wide range of dc voltages when a laser field of the amplitu
and frequency noted above is applied.

FIG. 8. Laser-assisted current~in amperes! through a xylyl–dithiol wire in
the break-junction otts~symmetric! configuration. As a function of applied
dc voltage~in volts!, forward ~left to right! current is shown via the solid
line, backward~right to left! current via the short-dashed line, and th
absolute value of the net current is shown via the long-dashed line.
following field parameters apply:v51.9 eV and laser field strengthE052
3107V/cm.
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B. STM „asymmetric … configuration

Here we consider an asymmetric~STM! system in which
the left electrode–chemisorbed molecule distance is 1.9
and the STM tip–molecule distance is 5 Å. Again we choo
a laser frequency of 1.9 eV, which corresponds to one h
the HOMO–LUMO energy gap. Furthermore, we again
the laser field amplitude at the valueE0523107 V/cm.

In Fig. 10 we show the forward~left to right! and back-
ward ~right to left! currents as a function of applied dc bia
Their difference~forward minus backward! gives the net left
to right current through the wire. Notice that due to t
asymmetric geometry of the STM configuration, the symm

e

FIG. 9. I –V characteristic for the molecular wire system in the symmet
break-junction geometry: the curve without the applied laser field is rep
sented by the solid line, and the curve for the field-driven system is sh
by the dashed line. The following field parameters apply:v51.9 eV and
laser field strengthE0523107 V/cm.

FIG. 10. Laser-assisted current through a xylyl–dithiol wire in the~asym-
metric! STM configuration. As a function of applied dc voltage, forwa
current is shown via the solid line, backward current via the short-das
line, and the absolute value of the net current is shown via the long-da
line. The following field parameters apply:v51.9 eV and laser field
strengthE0523107 V/cm.
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FIG. 11. I –V characteristic for the
molecular wire system in the asym
metric, STM geometry: the result in
the absence of the applied laser field
shown via the solid line; the corre
sponding result with the applied field
is shown via the dashed line. Th
following field parameters apply:
v51.9 eV and laser field strength
E0523107 V/cm.
th

vi
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cu
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e
tric
oth
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nce
on,
n.
try between forward and backward currents found in
break-junction case~vide supra! is broken. In particular, it is
interesting to note that the forward and backward donot
precisely cancel at zero dc voltage. In Fig. 11, we show
the dashed line the net current obtained under the input
ditions just described as a function of applied dc bias. Aga
this current represents the difference between forward
rent and backward current through the wire. The analog
result in the absence of the laser field is indicated via
solid line. We note that the value of current obtained for
‘‘standard’’ wire ~no laser field! is ;10211 A for a ;1 V dc
bias, which is in order of magnitude agreement with expe
mental measurements on xylyl–dithiol systems using
STM apparatus.7 And, as in the break-junction case, it
clear thatlarge enhancement of current flow~in fact, even
larger than for the break-junction system studied in Sec. V!
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is obtained with a laser field of the amplitude and frequen
noted above.

C. Estimation of laser field strengths needed
for significant current enhancement

Here we tune the laser to resonance with the Fermi le
to HOMO ~and thus the Fermi level to LUMO! energy gap,
i.e., we choosev52.0 eV. Then, for fixed applied voltag
Vap520.4 V, we study the dependence of the net elec
current on laser field strength. Results are shown for b
STM ~asymmetric! and break-junction~symmetric! configu-
rations in Fig. 12. In both cases we see that the backw
current is much larger than the forward current, and he
accounts for almost the entire net current. For comparis
we also show the result obtained in the ICA approximatio
r-

-

k-
d
e.

e

ic
r

FIG. 12. Dependence of electron cu
rent on laser field strength for the
STM case ~top panel! and break-
junction case~bottom panel!. In each
panel, the full Floquet Green’s func
tion result for forward current is
shown via the short-dashed line, bac
ward current via the solid curve, an
net current via the long-dashed curv
Net current computed within the ICA
is shown via the dot-dashed line. Th
dashed vertical line highlights the
large enhancements in net electr
current obtained with a moderate lase
field strength of 23106 V/cm. Rel-
evant parameters include: biasVap

520.4 V and field frequency
v52 eV.
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The latter is seen to be reasonably good in the STM case
less so in the break junction case.~In the STM case, the large
STM tip–molecule distance causes photon assist in the
to molecule’’ step of the electron tunneling transition
dominate intrabridge transitions; the latter require interr
lica coupling and hence are not contained in the ICA.! It is
clear that for both configurations substantial enhancem
relative to the nondriven~laser-off! system is observed. For
moderate field strength of 23106 V/cm ~cf. Ref. 38! ~located
by the dashed vertical line!, an enhancement of over 1 ord
of magnitude relative to the laser-free limit is obtained
the break-junction geometry, while an enhancement of m
than 2 orders of magnitude is obtained for the STM confi
ration.

The essential effect of laser field illumination is to op
up resonant photon-assisted conductance channels. Th
sultant resonant electron transfer processes depend
weakly on the number of sites through which the hopp
takes place, i.e., the length of the molecular wire. In contr
off-resonant electron transfer decreasesexponentiallywith
molecular wire length.18 Since the Fermi level of the meta
contacts lies in the~multi-eV! gap between HOMO and
LUMO orbitals of organic molecular wires like xylyl–dithio
and its multibenzene analogs, current through this clas
molecular wire system is predicted, in the absence of la
illumination, to fall off dramatically~exponentially! with the
length of the molecular wire~neglecting dissipative effect
associated with coupling to a condensed phase envi
ment39!. Thus we expect a larger field-induced enhancem
factor for the electronic current as the molecular wire len
increases.

VI. DISCUSSION AND CONCLUSION

In this paper we have applied the formalism develop
in Part I14 to study electron transport through ac field-driv
molecular wires in the particular case of xylyl–dithiol co
nected at either end to gold electrodes. The simplest pos
level of description has been invoked, namely a one-elec
tight-binding model for the electron dynamics. Dissipati
coupling to an environment~for example, vibrations in the
bridge molecule, phonons in the metal electrodes, and d
lar forces in a liquid solvent! has been neglected. Electro
correlation effects, which would require a level of electron
structure theory considerably beyond the tight-bind
model, are also ignored. Indeed, even if explicit electro
electron are ignored, the fermionic nature of the multiel
tron system involved here has only been treated crudely~via
a one-electron model in which certain transitions are bloc
based on the expected prior occupancy of the final st
accessed by these transitions!. Despite the success of th
approach in understanding electron transport through n
driven molecular wires,7,16,17 a more rigorous treatment o
Fermi statistics would be of interest in the field-driven ca
which is further complicated by photon-assisted transitio
A related issue, unaddressed here, is the importance of
current in the overall charge carrier transport process.

We showed in Part I that a molecular wire coupled to
monochromatic ac driving field such as results under la
illumination can be mapped, using Floquet theory, to
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equivalent ac field-free~‘‘ordinary’’ ! molecular wire system
that corresponds to an augmented~formally infinite! elec-
tronic state space and appropriately renormalized inters
couplings. With this mapping, standard GF methods, ap
cable in the field-off case, can be utilized to compute
electron dynamics in the field-driven system. If a sufficien
large number of Floquet replica states are included in
calculation, a numerically exact solution of the field-drive
dynamics can be obtained. We also presented in Part
approximation scheme, the ICA, which simplifies the ana
sis of the Floquet Hamiltonian by neglecting certain inte
Floquet state couplings.

In the present paper this methodology was used to c
pute the net electric current through a xylyl–dithiol molec
lar bridge attached at either end to gold electrodes. Two g
metric configurations were considered. One was symme
with respect to the placement of electrodes on either sid
the xylyl–dithiol molecule. A small electrode–molecule di
tance of 1.9 Å was employed in order to represent che
sorption of the sulfur atom from the xylyl–dithiol with gold
atom~s! of the adjacent metal electrode. This was termed
‘‘break-junction’’ configuration. A second configuration con
sidered one of the gold electrodes to be significantly fart
~5 Å! from the adjacent sulfur atom of the molecule. Th
asymmetric configuration was chosen to model an STM
periment in which the STM tip is at this distance from th
molecule; hence it was termed the ‘‘STM’’ configuratio
The geometric differences between these two configurat
generate different electron–laser coupling, and hence lea
different induced currents when the same external fields
applied.

The parameters entering into the tight-binding model
this system were taken largely from EH level electron
structure calculations. While these are crude, they have
vided useful qualitative estimations in previous studies
similar systems.7 Of course, improved electronic structur
calculations would provide a valuable refinement of the ov
all theoretical treatment of electron transport through m
lecular wires, with or without laser driving.

The Fermi level of the electrodes~in the absence of ap
plied dc voltage! lies near the middle of the HOMO–LUMO
gap in xylyl–dithiol. This gap is almost 4 eV. In the absen
of laser driving, and for modest applied dc bias, the tunn
ing electrons have energies approximately equal to the Fe
energy. Thus, tunneling is nonresonant and hence very i
ficient, and the electron current is very small in the abse
of any applied laser field. It is therefore desirable to illum
nate the molecular wire/electrode system with light of a f
quency which brings occupied electrode states into re
nance with particular bridge molecular orbital energies. T
dramatically increases the tunneling rate. Of course, one
to check that the final energy state of theR reservoir thus
accessed is unoccupied and to balance~subtract! forward and
backward currents. However, we showed in several exam
that it is possible to do this in such a manner as to obta
dramatically enhanced overall electric current through
wire, relative to the field-off analog.

Some testing of the accuracy of the ICA approximati
in the context of the xylyl–dithiol molecular wire problem
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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was carried out. The ICA was seen to be qualitatively s
cessful in most cases—successful enough to be used
rough guide to the mechanism of current enhancement. H
ever, for this particular molecule/model, the ICA was n
successful at a quantitative level. In particular, pho
absorption/emissionwithin the bridge molecule itself, rathe
than during the hopping of the electron from electrode
bridge or vice versa, is significant under the experimen
conditions considered here. Thus, the ability to converge
Floquet GF analysis by coupling together several bridge r
licas proved important in obtaining an accurate evaluation
electron transport for this periodically time-driven system

We cannot be absolutely sure that other effects, not c
sidered in the present model, will not substantially mod
these conclusions. Dissipation, the full constraints of ferm
statistics, and electron correlation, mentioned above,
three such effects. We were also naive in our treatment of
influence of the laser field on the metal electrodes the
selves. We assumed that this laser field did not excite di
electronic transitions between metal states. For real meta
is well established that lightdoes in general induce such
transitions.40 The effect of such processes on the overall tu
neling current remains to be ascertained. Clearly, much w
remains to be done on this complex but intriguing proble
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