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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 A) and equidistant from the bridge molecule. In the other, asymmetric
configuration, one electrode is farther awayH A), representing the tip of a scanning tunneling
microscope located at this distance from the bridge molehk other end being chemisorbed to

a gold substrape 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 strengths2@2 American Institute of Physics.

[DOI: 10.1063/1.1464818

I. INTRODUCTION driven system for which the electron transport rate can be
calculated via standard Green-function scattering methods.
Conduction of electrons through a single molecule con-  In the present paper, we apply the formalism developed
necting two metal electrodea molecular wire systejthas  in Part | to a realistic molecular wire system consisting of a
received significant attention recently! Experimental stud- xylyl—dithiol molecule coupled electronically to two gold
ies using both scanning tunneling microscog®$Ms) and  electrodes. We have chosen the xylyl—dithiol molecule
mechanical break junctions have been perforfiédThe because it has been extensively studied both
configuration consisting of an STM tip in proximity to an experimentall§®"'®> and theoretically*®*” and provides a
adsorbate on a metal surface represents one important type &@ncrete example on the basis of which to estimate param-
molecular wire system. Current—voltage-{/) characteris- eters in the system Hamiltonian and to test convergence is-
tics can be recorded when the tip is positioned above thgues associated with the theoretical analysis.
adsorbate. A related problem of recent interest is conduc- We consider two different geometries of the molecular
tance through mesoscopic systems composed of semicondugire/electrode system(1) A symmetric configuration in
tor heterostructure? which the contacts with the gold electrode on either side of
Previous theoretical studies suggest that illumination othe molecule are equivalent. Such a situation approximately
a molecular electron transfer system by a laser field can altesbtains in molecular break-junction experiments. Hence will
its conductance properties. Specific motifs that have beeghall term this the “break-junction” configuratior(2) An
studied in this context include: long range metal-metal in-asymmetric configuration in which the left contact distance
tramolecular electron transfer complex@s; double-barrier s small (~2 A), corresponding to chemisorption of the thiol
semiconductor heterostrucurésand systems in which the group on one end of the xylyl—dithiol to a gold electrode,
gap between a metal surface and an STMWfih no inter-  while the other contact distance is considerably larger
vening adsorbajeis illuminated®® In a previous articlé? to  (~5 A), corresponding to the location of an STM tip. This
be denoted here as Part I, we developed a theory of laseWwill be designated as an “STM” configuration. The geo-
driven electron transfer through molecular wire systéigs  metrical differences in these electrode/molecule systems lead
noring coupling to an external environmgnWe showed to different interactions with the laser field, which in turn
how to use Floquet theory to convdrhathematically the  results in different induced currents.
laser field driven molecular wire system to an effective non- ~ The organization of the paper is as follows: In Sec. Il,
we briefly review the tight-binding model of an ac field-
dAuthor to whom correspondence should be addressed; electronic maif:iriven molecular wire that was developed in Part I. The key
rob@ringo.chem.pitt.edu observation there was that the time-dependent Hamiltonian
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L M The left reservoir states are denoted|iasand have energy
€. They are not directly coupled to each other. The same is
true of the right reservoir states, which are denoted pand
have energye;. Left and right reservoir states are not
coupled directly to each other. The molecular electronic
structure is also represented by addel type Hamiltonian.
The N atomic orbitals are denotét)), with site energieg; .
These states are in general coupled by matrix eleméngs
Finally, coupling between the left reservoir statend atomic
orbital I on the molecular bridge is designated by, .
Analogously,V¢ | designates coupling between the right res-
ervoir statef and bridge atomic orbitdl.

The site energy levels just introduced refer to the system
in the absence of any external perturbations. In order to get
vy, Vi current to flow through the wire, some external field must be
I, E, s >, E, -— applied. In the usual case, a static, dc, field_ is _applied across
the metal electrodes using a batt&r§:182°This field modi-

FIG. 1. Energy level and coupling diagram for a molecular wire connectedfies the electronic Hamiltonian, and in particular, in the one-

to rgservoirs of metaIIiLc staées. Positign; of left and right Fermi leflfels electron picture adopted here, changes the site energies asso-

applied voltageVqp=(E¢ ~ E7)/ ] are indicated. ciated with the tight binding model. We shall term the dc
field-dependent site energies Bsfor the left reservoir, etc.

for the field-driven system can be converted, using Floquelf the electric potential associated with the applied electric

theory, into a time-independent Hamiltonian in an augmentedield is designated ag(r), then

state space; and, moreover, this Floquet Hamiltonian has pre- ¢ _ _

cisely the structure of an “ordinary(non-field-driven non- S

dissipative tight-binding molecular wire system. Hence, stan- E,=¢,—¢€y¢, ,, 1)

dard Green’s functions methods can be directly applied to

compute current flow through the laser-driven system. Then, ap

in Sec. lll, elementary quantum chemical calculations arevhere eq is the magnitude of the electronic charge, and

performed to determine the parameters which enter into theb, |=(1|¢(r)|l). Here the electric potentiah is taken, with-

tight-binding model of xylyl—dithiol coupled to gold elec- out loss of generality, to be zero throughout the left reservoir

trodes. Next, in Sec. IV, we present some tests on the acc(L reservoiy and have the valu®,, throughout the right

racy of the Floquet/Green’s function analysis of current flowreservoir(R reservoij. The precise functional form ap is

through the field-driven wire. It will be seen that this proce- complicated by a number of factofé! but does not affect

dure, carried out to full numerical convergence, provides arthe formal development of the one-electron model of mo-

exact description of the field-driven system. This motivatedecular wire theory. For simplicity, in the numerical calcula-

our reliance on Floquet/Green’s function analysis for thetions to be presented in this work, we will adopt the simplest

main results of the paper, which are presented in Sec. V. Hemeasonable modéf, namely a linear electrostatic potential

we compute electric current through the xylyl—dithiol wire drop across the junction between the two electraémsde-

for both break-junction and STM configurations. A variety of tails, see Sec. W

experimental inputgapplied dc voltage, laser amplitude, and Keeping this shift in the “bare” site energigs.e., the

frequency are considered. We highlight conditions that en-molecular site energies in the absence of applied dc vdltage

able significant laser enhancement of electric current throughh mind, the Hamiltonian operator for the system when a

the wires. Finally, our results are summarized in Sec. VI. voltage is applied across the electrodes reads
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II. TIGHT-BINDING MODEL OF AN AC FIELD-DRIVEN A= Ei)i|+AM+ > Eff)(f|
MOLECULAR WIRE i f

A simple one-electron tight-binding model of a molecu-

lar wire”'8 is depicted schematically Fig. 1. It is comprised +2 E, Via({H+ (D

of two reservoirs of states, left and right, which represent

metal electrodes. Connecting them is a molecular bridge

(“wire” ). It is useful to briefly summarize the model in the +Z Z Ve (AT @

absence of the laser field. This is done in the next subsection.th the bridae Hamiltonian aiven b
(cf. also the corresponding exposition in PartThe effects Wi a9 titonian giv y

of the laser field can then be grafted @ee Sec. I B .
HM:Z E|||><||+§J Va3l 3

A. Standard molecular wire  (no laser field )

The overall system Hamiltonian is defined by the follow- Associated with the HamiltoniaRl is a state vector of the
ing features(We follow the notation of Part | throughout. form
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. 2 (gt
[9(0)=2 e(Dli)+ 2 e+ evlf). @ 1= f _ AEU{AY(E)9(B)ATE)G'(B)} (12)
F
All the basis states are assumed to be orthogonal and uniith
normalized?® The basic dynamical scenario of interest is as
follows. The systen@electroﬁ is prepared at=0 in a smglg [AYE)]) = 772 Vi,Vi 1 8(E-E)). (12)
stateiy of the L reservoir. We seek to calculate the time [
evolution of the system for>0, and in particular the prob-
ability that the electron makes a transition to stigtef theR B. Tight-binding model of a laser-driven molecular
reservoir, i.e.,|cf0(t)|2. From this the current of electrons V_vire and Floquet mapping to an effective
moving from the left electrode to the right electrode throughtime-independent molecular wire system
the wire can be computed. Now, suppose that a monochromatic ac electric field of
By direct solution of the appropriate time-dependentfrequencyw and amplitudef, is applied along the axis of the
Schralinger equation, one findgsetting =1 here and bridge molecule. In the present work, we assume the metal
throughout contacts are perfect conductors, so that the electric field in-
2_ L.(E . UR[2 e side them is identically zero. We further assume that the
|Cf0(t)| 2at|v g(E,O) v 5(Ef0 E'O)' ® electric field imposed by radiation from the light source is

bridge Hamiltonian. Specifically, it is th&lx N matrix is situated, and hence can be considered constant and equal
" . to its free-space value here. With these assumptions, the
9(BE)=[H"-X(E)-E]"", ®  Hamiltonian of the system is modified taH—H

whereHY is the matrix representing the bridge Hamiltonian —e0¢'_cos@t), where¢' is the spatially dlependent electric
[Eq. (3)], and X is an E-dependent “self-energy” matrix, Potential established by the light sourag. is taken to be

which decomposes as zero in the left reservoir, to vary linearly across the junction
. . region (where the molecule siksand to be constant inside
3(E)=X%(E)+X%(E), (7)) the right reservoir. Furthermore, its slope in the junction re-

gion is given by—d¢'/dx=&,, with x a the direction per-
pendicular to the electrodesve assume the electric field
L Vi Vi, radiated by the light source is polarized in this direction—
EI,J(E):Z E—E-ig’ ® basically, along the molecular wire
Thus, in the junction region, the spatial dependence of
and »—07; likewise for 2*(E). Furthermore, the elements the radiated electric field takes the formeye' = u,&o,
of the N-d vectorv" are given byv|L=Vi0,| , and likewise  wherepu, is thex component of thénegative of thgelectric
for vR. dipole operatoru,=eyx. We assume further that the electric
From this basic result, it follows that the rate of transi- dipole operator is diagonal in the basis of atomic orbitals
tions from an initial state, populated in theL reservoir to  (“site orbitals”), due to the small spatial overlap between
isoenergetic states of tHe reservoir(provided these are un- different orbitals(this overlap falls off exponentially with

with elements

populated in the metal electrode; see belasv interorbital separationMoreover, the diagonal dipole matrix
1 elements are assumed to be given to a good approximation
r,= _E |Cf0(t)|2:2VL, g(EiO)AR(EiO)gT(EiO)'VL1 _by the position o_f the site orl_altﬁthh all zeroth order_ §tates
t R in the L reservoir characterized by the same position, and

(9)  likewise for theR reservoij. That is, (I |uy1)=u,=egX,
wherex, is the position of thd th atomic site orbital of the
bridge molecule. Finally, since the electric potential is as-
sumed to be constant in both reservoirs, we assumesthiat
diagonal in the reservoir states, and has the same value in all
L reservoir states, namely, = eyx,. =0 (taking the position

In a standard molecular wire, current is induced by the apof the surface of the left electrode to beat0). Conse-
plication of a dc voltage across the two electrodes. Thigjuently, in theR reservoir, the diagonal element ef im-
raises the Fermi level of one reservoir relative to the otherplies a valueug=eyxr, Wherexg is the position of the
For concreteness, let us say that the polarity of the appliedurface of the metal contact corresponding toRh@servoir.
voltage is such thar>EF (cf. Fig. 1). Then, assuming that We note that to the extent that the dipole moment opera-
the temperature is sufficiently low that tfie=0 limit of the  tor is not diagonal in the original site basjs), one can
Fermi distribution can be invoked, electrons populatinglthe perform an orthogonal linear transformation which renders it
reservoir in the energy rangef<E; <Eg can tunnel isoen-  so. This does not compromise the essential structure of the
ergetically into unoccupied states of tire reservoir. The tight-binding Hamiltonian under consideration here. Further
total currentl from the left into the right reservoir is then details of this procedure are provided in Sec. Il C.

given as the sum of contributions from all incident electronic ~ The tight-binding Hamiltonian for a general field-driven
states in this range’® molecular wire then reads

with AR anNXx N “spectral density” matrix given by

[AR(E)]w:TfZ Vi Vi 8(E—Ey). (10)
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. scribes the physical state which is replicated ame . . .
H(t) =2 (Ei+u & coswt))]i)il —1,01... labels the replica number. The energy of Floquet
' state @, m) [referred to as a “quasienergy,” in order to dis-
tinguish it from the site energies of the physical sthies

+HM()+ 2 (Er+ mréo cod wt)) [ F)(f]
f E,m=E,tMmo. (15

. . Off-diagonal matrix elements in the Floquet Hamiltonian in-
+Z EI Vi ([ =+ clude: coupling ofL reservoir Floquet states to bridge Flo-
quet states

+Z Z V(0] (13 HE k), 1k = ViaJi —kg(aL1); (16)
with the (driver) bridge Hamiltonian coupling of Floquet bridge states to other Floquet bridge
states
AM(t) =D, (E,+ & cog wt))]I )1 F _ :
(t) §|: (Ei+ m & cod wt))[1)(1] H(I,kB),(I’,k’B)_V|l|'JkB_ké(a”’)’ (17
and, finally, coupling of Floquet bridge statesRareservoir
+;J VialhHl. (14 Floquet states
As in the nondriven case, associated with this Hamiltonian is H(Ff,kR),(l,kB):Vf,leR—kB(aRu)- (18)

a state vector of the form indicated in Ed). Furthermore,
the basic dynamical problem is the same as in the zero-fiel
case: calculating the time-evolution of a systétectron is
prepared at=0 in a single staté, of the L reservoir. Aap=Eo(po— pp)lo=—ag, (19
The field-off limit of this systen€,=0, has been exten- . _ _ 26
sively and profitably analyzed using Green’s function meth—W'thFaII 'ﬁ‘_’U“L’ ar;]d illl'u“f_'“R' Hiciert lated
ods (summarized aboy€*® For the field-driven case, it is urthermore, the Floquet coefficiertty, , are related to
less obvious how to apply Green’s functi@@F) techniques, the physical state amplitudés(t) by
since these require a time-independent Hamiltonian. How- * _
ever, we showed in Paper | that using Floquet th&of}the bo()= X by m(DE™  a=ilf, (20
periodically time-driven Hamiltonian of interest can be mee
mapped to a(modified and augmentgdime-independent whereb (t) is the probability amplitude for physical stade
form with the same essential structure as in the field-freén the interaction picture representation defined*hy,(t)
case. Thus, the GF method can still be applied, and ulti=exp{—iu,£o Sin(wt)/w}b,(t).
mately used to calculate current flow through the wire. It is useful to construct a state/coupling diagram for the
The Floquet Hamiltoniami" is associated with an aug- effective field-off system generated by Floquet analysis, as is
mented state space. For each state in the physical systedngne in Fig. 2. This diagram shows clearly that the Floquet
there is a discrete manifold of states in the Floquet system. Ihlamiltonian relevant to the driven system has the same ge-
other words, in the equivalent Floquet system, there are repieric structure as that of a nondriven molecular wire: both
licas of the physical states shifted by all integer multiples ofthe bridge and the reservoirs are expanteegmentedin a
the photon quantum. These Floquet states are thus naturaliyraightforward manner, and the various couplings coeffi-
labeled by two indices ¢,m) where, againa=i,l,f de- cients are modified, too.

In these expressions, the parameters specify appropriate
imensionless field strengths. Specifically,
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To represent the physical initial conditim0(0)= 1 (all number of Floquet bridge replicas retained in the calculation.
other coefficients equal)pwe Choosebio,kl_:o(o):]- (all  Associated with this augmented bridge is a Floquet bridge

other Floguet coefficients equa).@From Fig. 2 and the de- Hamiltonian matrix and a Floguet self-energy mat(tke
tails presented in the preceding paragraphs, it follows immelattér being a function of the parametgj. The inverse of
diately that the GF analysis utilized in the case of the nonfh€ sum of the Floquet bridge Hamiltonian minus the Floquet
driven molecular wire can be applied to the FloquetSelf-energy minusk times theNpyNXN,N unit matrix [di-
Hamiltonian for the ac field-driven wire. rectly analogous to Eq6) for the field-off molecular wire
One important aspect of the connection between thd?IEOble”i is the desiredN,N> NN Floguet Green's function
quantum dynamics obtained from the Floquet Hamiltoniard (E)- See Part’f for the explicit form of this matrix.
and that of the corresponding physical system should be enj-nough formally we must take the limi,— (correspond-
phasized. For a time-independent Hamiltonian of the typdnd t0 an infinite number of Floquet bridge repli¢ais prac-
under consideration here, i.e., with the essential structure dic€ convergence can be obtained with a finite and often
Eq. (2), the principle of energy conservation holds: afterM0dest value oNy,, as noted above. Nevertheless, as the
short time transients, the molecule can only tunnel isoenefc@lculation gets more complicated, physical insight can be-
getically, i.e., such that th@uasjenergy of the final state in C€OmMe obscured. o _
the R reservoir is equal to that of the initially populated Some insight cab e restored by considering an approxi-
Floguet state in thé reservoir. Relating this property to the Mation introduced in Part, termed the independent chan-

dynamics of the underlying physical, time-driven system is"€l @pproximation(ICA), in which off-diagonal terms cou-
aided by the following observations. pling different Floquet replicas in the,N augmented bridge

When one compute@.g., numerically, dynamics under Hamiltonian and self-energy are neglected. This renders both

the time-driven Hamiltonian system prescribed by E®), matrices block diggonal with alN XN block repr_esenting
it is found that an electron starting from energy lee| can each FI_oquet replica. Consequently, the GF attains the same
0 block diagonal structure.

In general, the transition probability for an initial stage
of theL reservoir to a final statg, of the R reservoir, which

end up in the final state; =E; +no, wheren is an integer
(positive, negative or zejacorresponding to net absorption
of n photons(with negative values ofh corresponding to is nearly on resonance with a i, photon emissiorfcor-

emission. , o responding in the Floquet Hamiltonian system to transitions
To connect the behavior of the time-independent Fquue{0 theR reservoir replicégr=N,) is
P

Hamiltonian to that of the underlying time-driven system,

one simply has to recognize that different isoenergetic tran- Ibfo(t)|25 2mtS(E¢ +Nyw— Ei0)|vL~gF(EiO)-vR|2,
sitions in the Floquet dynamics correspond to photon (21
absorption/emission in the physical syst@m., have physi-
cal final state energies that are shifted frEri'rg by integral
multiples of the photon quantumin particular, transitions to
thekg=0 R reservoir replica correspond to net zero photon Vio,,Jk(a”_); I=12,...,N, k=1,2,... N;g.
absorption, transitions tkg=1 correspond to net one- )

photon emission, etc. In this way the currents associated witRimilarly, VR consists of elementg; Iy -(ar1)-
electrons arriving at the various allowed final state energies As noted above, within the ICA the Floquet GF be-
in the field-driven system can be quantitatively accounted foeomes block diagonal, each block having the dimensiaf

with the NgN dimensional array" consisting of the cou-
pling elements

via Floquet analysis. the physical molecular bridge. Thus, the ICA implies
Formally, the manifold of Floquet states is infinite. How- o

ever, the principle of “state mixing,” i.e., that two zeroth VL,gF(EiO)_VRE 2 Vl'Z 'QEﬁ(EiO—kLw)'VE e

order states couple most strongly if they are nearly degener- k=—» L pL

ate, assures that only Floquet replicas which are nearly isoen- (22

ergetic WithEi0 need be retained. In practice we keep the fewpq matrixg®" on the right-hand sidér.h.s) of this expres-
“most nearly degenerate” Floquet reservoir and bridge repsjon is an effective molecular Green’s function. It has the
licas and ignore the rest. The number of replicas is expandegimensions of the physical bridge, i.&Nx N, and also the
until numerical convergence is attained. same generic structure as in the field-off case, namely,

iy — (M _ yeeff -
C. An “independent channel approximation” g*"(E)=(Hey— =*(E)—E) *. (23

to field-driven transport In this expressionHY is an effective molecular bridge

The mapping of the time-driven Hamiltonian given in Hamiltonian matrix, dimensiofl X N. Its diagonal elements
Sec. IIB to a time-independent Hamiltonian with the sameare the bridge site energi&s and its off-diagonal elements
form as the canonical tight-binding molecular wire Hamil- are renormalized bridge coupling paramet¥fs.Jo(ay; ).
tonian leads to a precise way of calculating current flowThe corresponding effectiid X N effective self-energy ma-
through a laser-driven molecular wire. As described theretrix 2e=3tef+ 3R el js defined as
the effective system generated by the Floquet mapping has o
an augmented bridge comprisitg,N sites, whereN is the L,eff =y _ L
number of sites in the physical bridge molecule &hds the G m;w In(@L)In(aLy) 2y (E-me), (24
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3! being the left reservoir self energy of the physitald-
off) wire, as prescribed in Eq@8); and analogously for
Eﬁ’fﬁ(E). Finally, the elements of thN-dimensional vectors H u

vi'R are given by

ViI=Vig @) (V1= Vy, 1 Jk@ry).-

The decomposition provided by the ICA enables more rapid H H s
numerical evaluation because the size of the matrices which
have to be inverted is significantly reducgghrticularly for
large Ny,). However, the primary utility of the channel de-
composition is that it provides a way to anticipate the originFIG. 3. Chemical structure of xylyl—dithiol molecule connecting two gold
of large contributions to the current by associating individualeectrodes.
contributions to Eq(22) with specific electron transfer path-
ways or “channels.” This interpretation was discussed at
length in Part I. Here, we simply reiterate the conditionsergies and coupling matrix elements in the tight-binding
which validate the approximation. Being predicated on theHamiltonian for the xylyl—dithiol molecule. The site orbitals
neglect of off-diagonal matrix elements in the Floquet GFwere chosen to be atomic orbital8Os) (details are pro-
which couple different Floquet bridge replicas, the ICA will vided below. The site energy, associated with a given AO
be most accurate when electronic coupling matrix elementwas taken to be the negative of the ionization potential for
are small, the laser-field is weak, and/or there is a large erremoving an electron from that orbital. Specific numerical
ergy gap between the quasienergies of different bridge replivalues were taken from Ref. 27. Intersite coupling elements
cas arising from a high photon frequency. In the first twowere determined by invoking the Wolfsberg—Helmholtz
circumstances the elements of the inter-replica couplingipproximatioﬁ8
blocks go to zero, while in the third there is poor “mixing” ete
between the zeroth order states in separate replicas due to the v, ;=«S, ; ! J,
large gaps between their zeroth ordguasjenergies. The ’ T2
best way to ensure that the ICA is valid is to correct it bywith S, ; the overlap matrix element for basis atomic orbitals
coupling several bridge replicas together and verifying that andJ, andx=1.75 an empirically determined scale factor.
the effects of such coupling are small. The xylyl—dithiol molecule has eight hydrogen atoms,
eight carbon atoms and two sulfur atoms. In our calculations
we included the & orbital for the hydrogen, &p orbitals
for carbon, and 83p orbitals for sulfur, bringing the total

In order for our estimations of laser-induced modifica-number of basis functions fd=48. The geometric structure
tions of electron tunneling through a molecular wire to haveof the molecule was obtained by geometry optimization of
at least qualitative value, it is necessary to select a bridgéhe isolated molecule usingaUSSIAN 94%° which was also
molecule and metal electrodes, and to establish reasonabliéed to determine the overlap mati$; in the STO-3G
electronic structure parameters for the one-electron tightbasis set.
binding model introduced above. For this reason, we con- The EH method is based on rather crude approximations.
sider for concreteness the xylyl dithiol molecule as ourlt was designed to predict the molecular geometry and
“wire,” and gold electrodes(cf. Fig. 3. Xylyl—dithiol is  charge distribution of limited types of molecules, mainly
among the simplest systems which have been studied in thegonpolar hydrocarborfé. For energy level structure, EH is
context of molecular wires. Its electronic structure has beegxpected to be only qualitatively correct. For more accurate
characterized, at least at the extendedathdl level of elec- electron transport calculations one would need a more real-
tronic structure theory, and it has been shown that this adstic tight-binding molecular Hamiltonian. A possible step in
mittedly crude level of treatment produces reasonable agredhis direction would be to use a one-electron model with
ment with measured—V curves, in the absence of laser- matrix elements deduced from Hartree—FocliF)
induced perturbations.(To our knowledge, a systematic theory®®3!Effects resulting from the connection of the mol-
experimental study of laser illumination on molecule wire ecule to the gold surface should also be taken into the ac-
performance has not yet been carried pout. count: this may alter the equilibrium geometric structure of

In the next subsection, we discuss how to determine th#éhe xylyl—dithiol molecule. Furthermore, the molecule can
parameters in the bridge molecule tight-binding Hamiltonianacquire additional partial charge which creates an electro-
Then we discuss, in turn, how to estimate the electronic coustatic potential along the molecule—electrode connedtion.
pling between bridge molecule and reservoir, and how to  To calculate the current through the wire it is crucial to
compute the matrix elements of the electric dipole operatoknow the position of the Fermi energy level of the metal with
(needed to include coupling to a static or an ac electric)field respect to the highest occupied molecular orbital-lowest un-
occupied molecular orbitalHOMO-LUMO) gap of the
bridge molecule. The work function of gold metal is 5.3 eV,

Following the treatment given in Refs. 7, 16, and 17, wehence the Fermi energy i55.3 eV. Our EH calculations on
have used extended kkel (EH) theory to estimate site en- xylyl—dithiol molecule yield a HOMO energy of 12.3 eV

gold electrode

IS
_/
oz
¥
gold electrode

(25

Ill. PARAMETRIZATION OF THE MODEL

A. Site-basis representation of the bridge molecule
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60.0 , - We also describe the electronic structure of the reser-
voirs and the molecule—reservoir coupling using the EH
scheme. As noted above, in the model employed here the

400 r connection between the molecule and the gold pads occurs

#* through the bond between a single daftl) atom and the
200 | N | adjacent molecular sulfur atom. For each gold atom we in-
3 ok clude nine orbitals (86s6p). The distance between the sul-
B LUMO state el fur atom and the gold atom that it “sits over” is taken to be
5 0o -34ev l WFermi Energy. 6.3 oV ] 1.9 A (as in Ref. 7. The sulfur—gold overlap matrix was
——————————————— R obtained usingAUSSIAN 94with the gold valence basis func-
. HOMO stato T tions parameters taken from Ref. 32. Most of thg overlap
-20.0 ff 736V ] between the sulfur and gold occurs through sherbital of

the sulfur. Thus, we can simplify our calculations by assum-

ing only V; ;#0, where 1 corresponds to thes,3orbital of

-400 0 5 0.0 the sulfur atom adjacent to the left electrode electrode
Eigenenergy number and, analogously, only¢ y# 0, whereN labels the 3 orbital

_ ) . of the sulfur atom adjacent to the right electrod® elec-
FIG. 4. EH energies for an isolated xylyl—dithiol molecule, after upward trode

shift of EH levels by 5 eV.

The gold electrode band structure was obtained from EH

calculations for a X5X5 gold111) cluster using tight-
and a LUMO energy of-8.5 eV. As noted above, the EH binding parameters from Ref. 33. This was then utilized to
model was not designed to provide accurate absolute orbit&lalculate the spectral density associated with the coupling of
energies, so we need to decide how to locate the EH orbitdhe electrode to the SSorbital of the adjacent sulfur atom.
molecular energies relative to the Fermi enefgy of the  Specifically, we computed
gold. Determination of the Fermi energy location should in
principle take into account the possibility of charge transfer
occurring as a result of attaching the molecule to the elec- A(E)=72, V33(E-Ep), (26)
trode. Both experimental and theoretical estimatidhgut P

the Fermi energy of the electrodes somewhere in the , .
HOMO—-LUMO gap, close to the middle of the gap. Ab where the summation was taken over tegtended Haokel

initio HF calculation on isolated xylyl—dithiol usingauss- leve) eigenstatep of the gold atom cluster. We assumed

IAN 94 with a STO-3G basis set gives a HOMO level energythat only the & orbital of the gold atom over which the

of about —7 eV, which supports the idea of placing the sulfur atom is “bound” has a nonzero overlap with the 3
Fermi energy at the center of the gap orbital of this sulfur atom. The Wolfsberg—Helmholtz pre-

The calculated energy spectrum of the isolated Xylyl_scription 25 was used to calculate the Hamiltonian matrix

dithiol molecule is presented in Fig. 4. Because the molecul&Iement connecting these tyvo atomic or_bjtals, whi.ch was
has 54 valence electrons, HOMO and LUMO states corre'Ehen Sca'e,d by the appropriate superposmon. cpefﬂment N
spond to states 27 and 28, as indicated by the arrow. V\EaCh_ EH e|genstate_ of the gold F:Iuster to ObW“-e-’ the
shifted the EH energy spectrum up by 5 eV, so that the gol&natnx elementV; , in the notation of the previous para-
Fermi energy lies midway between the HOMO and LUMO graph).

states of the molecule. The new HOMO and LUMO energies _1 N€ resulting spectral density of states is shown in Fig.
are then—7.3 and—3.4 eV. 5. The “crudeness” of the plot results from numerical fluc-

tuations of the calculations performed on a finite gold cluster.
We carried out calculations for three different gold cluster
sizes, 3x3X 3, 5X5X5, and 7X7X7—these give similar
results for the spectral densityhe bigger the size of the

To obtain estimations of the electronic coupling between.|ster the smoother the numerical resulve see from Fig.
the electronic states of the metal and those of the molecula§ tat the Fermi energy corresponds to states in a broad band
wire, we adopt a cluster model for the metal our case, \jth nearly constana (E)~4.0 eV. The largest contribution
gold), and use EH theoryvide supra. The xylyl-dithiol {4 the spectral density near the Fermi energy comes from the

molecule binds strongly to the gold surface through a thiolgs gold band, which is a wide band with relatively constant
group®® The sulfur atom can bind to the gold either over @|ocal density of states at the Fermi energy.

hollow site on the surface between three gold atoms or di-  From A(E) we can obtain the self-energy(E) as '8
rectly over a gold atom. Although recent experiments and
calculations suggest that binding over the hollow site is more =
energetically favorabl&’ in the present work we assume the S(E)=—
binding takes place over a single gold atom since this is 77
somewhat simpler to analyze. Given the crude electronic

structure model used here, this choice should not qualitaNumerical calculation of the principal value integral 27
tively alter our essential conclusions. based on the spectral density depicted in Fig. 5 gives the real

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

fw A(E"dE'
+iA(E). (27)

— E,_E
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als to a set of basis states which are strictly diagonal with
respect to thew, operator. Details are given next.

The dipole matrix, represented in a localized atomic site
basis, was obtained as output from the Gaussian program.
The origin of the coordinate system was chosen at the left
electrode, hence the dipole moment is zero at the left elec-
trode and increases toward the right electrode. Our Floquet
analysis of the system Schiinger equation assuméshat
the field—wire coupling occurs only through the diagonal
terms in the Hamiltonian. Thus we wish to construct a new
orthogonal basis of bridge states in which the bridge dipole
matrix is diagonal. We accomplish this through two succes-
sive basis transformations. First, from the original nonor-
thogonal site basiy;), j=1.N we construct an orthonor-

0.0 ! mal basis ¢;, j=1.N via the transformation ¢;
-20.0 -100 ° v 200 00 =3} 5,"x;), whereS is the overlap matrix in they
' (site) basis. Next we express threcomponent of the electric
FIG. 5. Spectral density of states for the model where sulfur binds to adipole operator in the orthonormal basis(using the known
single g_old atom on the s_urfac_e of &5X%5 gold11)) cluster. The_Fermi matrix elements Ofux in the |Xj> basis). Diagonalization of
energy is Iocat_ed in a region with almost constant spectral density of stateﬁ1is matrix determines another orthonormal basis qu
comprised mainly of gold-band states. ; . : . . o ’
j=1.N in which the operatoi, is diagonal. Finally, the
Hamiltonian operator can be expressed in terms of ¢he
part of the self energy to be almost zero within an interval ofbasis. Inspecting the Hamiltonian matrix elements coupling
several eV around the Fermi level. Thus, within this energythe wire and electrodes in this basis, we find that the main
regime we can approximate contributions to the left electrode—bridge coupling occur
. ! through two wire basis functions, and two other wire basis

%(B)=0.0+40. (28) functions interact with the right electrode. Thus, for simplic-

We have just described how we calculated the density ofty, in our electric current calculations we set all other small
states; ;, and corresponding self energy ;, where 1 rep-  coupling matrix elements to zero.
resents the 8 orbital of a sulfur atom which is chemisorbed Note that since there is more than one bridge basis state
at a distance of 1.9 A from thie electrode. If the sulfur atom that couples to the reservoirs, the spectral density and self
on the r.h.s. of the molecule is chemisorbed to Ehelec-  energy matrices introduced in Sec. Il A have more than one
trode, the same density of states is used £gfy and the nonzero element. However, we assume here that only she 3
same self energy function fai¢ . For the STM configura- orbital of the sulfur atom couples electronically to electronic
tion, where the right electrode i5 A from the right sulfur ~ states of the gold electrode. This implies that if we use as
atom, we estimate the relevant spectral density of states usridge basis states the states described in the preceding
ing the following empirically established property. In simple paragraph, then all nonzero spectral density matrix elements
models of vacuum STM tunneliry the current decreases by will be proportional toA(E) computed in Sec. Il B; like-
about 1 order of magnitude when the tip—surface distanceise, all nonzero self-energy matrix elements will be propor-
changes by 1 A. Hence we multiply the spectral density ofional to 2 (E) (again, cf. Sec. llIB. The relevant propor-
states obtained above for the chemisorbed sulfur atom by aonality constants are obtained from the coefficients utilized
appropriate coefficient of proportionality, reflecting the to expand they basis functions in terms of the original AO
change in separation between the atom andRi@ectrode. () site basis orbitals.

Spectral density, eV

C. Basis transformation to obtain a diagonal
dipole operator IV. TESTS OF THE FLOQUET MAPPING PROCEDURE

As discussed above, our model assumes a constant dc In this section we illustrate the accuracy of the Floquet
electric field in the junction region, as well as an ac field ofmethod developed in Part | to study the quantum dynamics
constant magnitudéat any given instant of timein this  of a field-driven molecular wire, moving beyond the simplis-
region. Thus, the electric dipole operator plays a critical roletic model studied in Part |, and focusing instead on a realistic
in our dynamical theory. In particular, if the relevastatic  (or at least defensibleset of bridge states and interstate cou-
and ag external electric fields are polarized perpendicular toplings. We consider for this purpose the STM configuration,
the metal electrode@n the x direction), we need to evaluate in which the left end of the xylyl— dithiol molecule is located
y=E€pX, the (negative of the x component of the dipole 1.9 A from the left electrode, while the right end of the
operator. It was tacitly assumed in constructing the relevantylyl—dithiol molecule is significantly farther, specifically 5
tight-binding Hamiltoniansee abovethat u, is diagonal in A, from the right electrode.
the molecular site basis. This turns out to be roughly, but not We solved the time-driven Schdimger equation corre-
precisely true for the AO site basis introduced above. Thus, isponding to the Hamiltonian given in E(L3) by direct nu-
is useful to perform a linear transformation of the site orbit-merical integration of the appropriate set of linear ordinary
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field—driven system field—driven system
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FIG. 6. Tunneling rate dependence on initial energy of the electron ik thkectrode. The solid line in both panels shows the result obtained by direct
integration of the time-dependent Sctiimger equation for the laser-driven system.(& the dashed line shows the result of a restricted Floquet Green’s
function that retains only on@esonantreplica. See text for details. Ifip) the dashed line shows a Floquet Green’s function calculation including six bridge

and nineL and R reservoir Floquet replicas. Note the good agreement with the result obtained by direct numerical integration of the time-dependent
Schrainger equation in this case. Relevant field parametersaa#e3.8 eV, £,=2x 10" Vicm, andV,,=0 in both panels.

differential equations. Starting with population in a single sponds to the following pathway for the incident electron:
statei, of theL reservoir, we calculated the total probability direct tunneling(without photon absorption/emissipfrom
to be in a particular energetic region of the reservoir the L reservoir to the bridge, tunneling across the bridge
(based on energy conservation modulo photon absorptiorivithout photon absorption/emissiprthen one-photon ab-
emission. After short-time transient¥, a linear growth of  sorption to a final state of the reservoir. It can be seen that
the final-state probability was observed, thus defining a tranthis single channel accounts for much of the detail in the
sition rate[cf. Eq. (9)]. We then sought to verify via numeri- exact spectrum, but misses some significant feat(nesso-
cal comparison that the Floquet GF method outlined in Seanances To correct for this shortcoming, we performed a
Il reproduces these rates reliably. larger basis Floquet GF computation: six bridge replicas
[In practice, direct integration of the time-driven system (specifically, replicas-3 ... 2) and nineL andR reservoir
was done by representing the left and right electronic reserreplicas (specifically, replicas—4 ...4) were employed.
voirs using a finite set of states, evenly spaced in energy, anthe result is shown via the dashed line in Fi¢h)6It repro-
coupled to the bridge via matrix elements; andV; \ se-  duces the result of direct time—integration of the field-driven
lected in accordance with the spectral densities specified iBchralinger equation in all essential details. Thus, we see
the previous section. Convergence was obtained by increathat the Floquet GF method gives a practical way to obtain
ing the number of discrete states in the reservoirs, whileates of electron transmission through a field-driven molecu-
maintaining the desirefinite) spectral density by reducing lar wire coupled to two metal electrodes, provided proper
the magnitude of the individual reservoir—bridge couplingcare is taken to ensure convergence by including a sufficient
elements accordingl. number of Floquet replicas in the calculation. Consequently,
For a laser frequency ob=3.8 eV and a laser field in the numerical computations presented below, we use the
strength of,=2x 10" V/cm (with no applied static voltage, GF method, since it is considerably faster than direct inte-
i.e., Vap=0), we show via the solid line in Fig. 6 the rate of gration of the full set of ordinary differential equations re-
transitions from a range of initially populated states belowquired for “brute force” time evolution of the laser-driven
the Fermi energy Eg=—5.3 eV) of theL reservoir to all system.
final states in theR reservoir above the Fermi levéi.e., The minimum basis calculation just described is tanta-
transitions to final states with energies less thgn are mount to a skeletal approximation to the ICA formula Eg.
blocked. These rates are scaled by the density of electroni¢22) in which only one term in the sum over amplitudes is
states of theL reservoir at the Fermi energy, in order to retained. We show in Fig.(@ how this single term approxi-
obtain a finite result in the limit of a dense set of reservoirmation compares to the full ICA resulasing the same field
states. The shape of this “spectrum” reflects the complicategharameters employed in Fig).6There is no substantial dif-
molecular orbital structure of the xylyl—dithiol bridge mol- ference between the full ICA result and the single replica
ecule. approximation to it in the incident electron energy regime
The dashed line in Fig.(6) shows a minimum basis considered in Fig. 6. Failures of the ICA and the single rep-
attempt to extract the behavior of the time-driven system vidica approximation in this regime are thus due to inter-
Floquet analysis. Specifically, only the replicks=0, kg (bridge replica coupling(representing photon absorption/
=0, andkg=—1 are retained in the calculation. This corre- emission on the bridge In Fig. 7 we have extended the
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102 | @A exact
full ICA

107* single replica GF .
FIG. 7. (a) The exact transition rate as
1 a function of initial electron energy,
calculated via the Floquet Green’s
: function method(dashed ling vs the
corresponding ICA resultsolid line)

for the system considered in Fig. 6.
For comparison, the “single channel”
result shown in Fig. @) is also indi-

i cated via the dotted linéb) The exact
(dashed ling vs ICA (solid line) re-

- sults for the same system when the di-
mensionless field strength parameters
1 ay» inside the bridge are reduced by a
factor of 10.

rate*DOS (AleV)
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regime of incident energies above6.0 eV. We see that the ICAinto an essentially exact calculation, except at extremely
full ICA captures the additional peaks in this regime ratherhigh laser intensities, where the perturbation expansion di-
well. The origin of these peaks can be traced to other termgerges.

in the full ICA sum. In particular, the peaks marked 1 and 2
arise from thekg=1 term and peak 3 arises from thg
=—2 term(in each case we sum over &llreservoir repli-
cas kg which correspond to final states of the physi€al
reservoir lying above the Fermi leyelAs a check on our Here we present numerical calculations of the electrical
analysis, we show in Fig.(8) a comparison between a con- current through an ac field-driven xylyl—dithiol molecular
verged multireplica Floguet GF calculation versus the correwire for a variety of externally tunable parameters. Having
sponding ICA prediction for the case where all 8. pa-  shown in Sec. IV that the Floquet GF method enables us to
rameters are reduced by a factor of 10. Setting thesaccurately compute the quantum dynamics of the field-driven
parameters to zero would imply complete suppression of insystem, we use it to deduce the current through the wire in
terreplica coupling in the Floquet Hamiltonian, thus improv-all calculations to be presented in the remainder of this paper.
ing the accuracy of the ICA. We see that the trend is in thgCare was taken to ensure that enough replicas were included
right direction—agreement between ICA and converged Floin the numerical calculation to obtain converged results for
quet tunnel rate spectra is much better in paielthan in  the output currenk.

panel(a). In Sec. VA, we show the predicted current for fixed

Note that none of the transitions indicated in Figs. 6 andaser field strength and frequency as a function of applied dc
7 would take place in the absence of the laser field, sincgoltage for the(symmetri¢ break-junction configuration. In
they correspond to initial states of thereservoir below the Sec. VB, we present analogous calculations for (tmym-
Fermi level. By absorption of photons, electrons initially in metric STM configuration. Then, in Sec. V C, we investigate
these states can “get above” the Fermi energy and access &m more detail how weak the laser field can be and still pro-
unoccupied state of thR reservaoir. duce a significant enhancement of the electron current.

In fact, it is possible to employ a perturbative expansionA Break-iuncii i f. i
for the Floquet GF to systematically correct for the deficien- reak-junction  (symmetric ) configuration
cies of the ICA and to provide insight into the specific intra- Here we consider a symmetritbreak-junction”) sys-
bridge photon absorption/emission events that contribute tteem, corresponding to chemisorptigoovalent bonding of
the tunneling rate under various conditions. As noted abovehe xylyl—dithiol molecule at both ends to gold electrodes.
the ICA corresponds to neglect of matrix elements in theFor concreteness we take the electrode molecule distance to
inverse ofg™ that connect different Floquet bridge replicas, be 1.9 A. Also for concreteness, we choose a laser frequency
thus resulting in a block diagonal Floquet bridge Hamil-of 1.9 eV, which corresponds to one-half the HOMO-—
tonian matrix, a block diagonal Floquet self-energy matrix,LUMO energy gap. Furthermore, we fix the laser field am-
and hence a block diagonal approximationgfo Treating plitude at the valug,=2x 10" V/cm.
the neglected matrix elements as the perturbation, a standard In Fig. 8 we show the forwardeft to right) and back-

GF perturbation expansion can be invoR&dhe first cor-  ward (right to left) currents as a function of applied dc bi¥s.
rection to the ICA provides the contribution of all processesTheir difference(forward minus backwandgives the net left
that involve one-photon absorption/emission between bridgéo right current through the wird.Because a logarithmic
states, etc. In a subsequent papere will present full de- scale is used in the graph, vanishing of net current is indi-
tails of this expansion and demonstrate that it can correct theated by the sharp difiowards— o) at zero bias. Note also

V. CURRENT THROUGH AN AC DRIVEN
MOLECULAR WIRE
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FIG. 9. |-V characteristic for the molecular wire system in the symmetric,
break-junction geometry: the curve without the applied laser field is repre-
sented by the solid line, and the curve for the field-driven system is shown
by the dashed line. The following field parameters apply 1.9 eV and
laser field strengtigy=2x 10" Vicm.

FIG. 8. Laser-assisted currefimh amperesthrough a xylyl—dithiol wire in
the break-junction ottésymmetrig 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 the
absolute value of the net current is shown via the long-dashed line. Th
following field parameters applyo=1.9 eV and laser field strengtfy=2
x10"V/cm.

B. STM (asymmetric ) configuration

Here we consider an asymmet(BTM) system in which

that the absolute value of the net current is plotted. Currerfhe left electrode—chemisorbed molecule distance is 1.9 A
flows in the direction of the applied bias, that is left to right and the STM tip—molecule distance is 5 A. Again we choose
for positive bias and right to left for negative bipdlotice  a laser frequency of 1.9 eV, which corresponds to one half
that due to the geometrical symmetry of the break-junctiothe HOMO—-LUMO energy gap. Furthermore, we again fix
configuration, the roles of forward and backward currentghe laser field amplitude at the valgg=2x 10" V/cm.
should simply be switched when the dc voltage polarity is !N Fig. 10 we show the forwardeft to right) and back-
reversed. Some artificial “symmetry breaking” is apparent inward (right to left) currents as a function of applied dc bias.
these figures, due to slight asymmetry in the numericall heir difference(forward minus backwandgives the net left
p|acement of the Xy|y|_d|th|o| atoms with respect to the to rlght current through the wire. Notice that due to the
metal electrodes. However, this asymmetry is minor, particu@symmetric geometry of the STM configuration, the symme-
larly as regards the net, experimentally observable current.

In contrast to the field-off case, where for small bias only
electrons near the Fermi energy participate in the tunneling

10

process, in the field-on case, electrons outside the energ
regime bracketed by the Fermi levels of theandR reser-
voirs participate as wellassisted by photon absorption/
emission. Even for zero dc bias, many electrons in the metal
reservoirs having energy well below the Fermi level contrib-
ute to forward and backward currents.

It is interesting to remark here that the vanishing of the
net current at zero bias is due in the field-on case to perfec
cancellation(for a symmetric electrode—wire—electrode con-
figuration of forward and backward currents. In Fig. 9, we
again plot the net field-on current, and compare this to the
current obtained when the laser field is turned off, all other
system characteristics being unchanged. Two points abou
the magnitude of the current drawn through the wire are
relevant. First, for the laser-off system with a modest applied
voltage of~1V, the current is~10"° A, a value which is
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in order of magnitude agreement with experimental measurerIG. 10. Laser-assisted current through a xylyl—dithiol wire in thgym-
ments on break-]unc“on Systeﬁ]§urthermore, it is clear metric STM configuration. As a function of applied dc voltage, forward

that large enhancement of current flow is obtained over a

current is shown via the solid line, backward current via the short-dashed
line, and the absolute value of the net current is shown via the long-dashed

wide range of dc voltages when a laser field of the amplitudgne. The following field parameters applyo=1.9 eV and laser field

and frequency noted above is applied.

strengthE,=2x 10" V/icm.
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10°° _ FIG. 11. |-V characteristic for the
molecular wire system in the asym-

= metric, STM geometry: the result in
:E; positive current the absence of the applied laser field is
S . negative current i shown_ via the sqhd line; the_z corre-
310 3 sponding result with the applied field
is shown via the dashed line. The
following field parameters apply:
w=1.9eV and laser field strength
10" . Eo=2%10" Vicm.
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try between forward and backward currents found in theis obtained with a laser field of the amplitude and frequency
break-junction casévide supra is broken. In particular, itis noted above.

interesting to note that the forward and backward ro

precisely cancel at zero dc voltage. In Fig. 11, we show via . i

the dashed line the net current obtained under the input cor%' Estimation of laser field strengths needed

ditions just described as a function of applied dc bias. Again,Olr significant current enhancement

this current represents the difference between forward cur- Here we tune the laser to resonance with the Fermi level
rent and backward current through the wire. The analogouso HOMO (and thus the Fermi level to LUMCenergy gap,
result in the absence of the laser field is indicated via the.e., we chooses=2.0 eV. Then, for fixed applied voltage
solid line. We note that the value of current obtained for theV ;= —0.4 V, we study the dependence of the net electric
“standard” wire (no laser fieldis ~10 * Afora~1V dc current on laser field strength. Results are shown for both
bias, which is in order of magnitude agreement with experi-STM (asymmetri¢ and break-junctiorfsymmetrig configu-
mental measurements on xylyl—dithiol systems using amations in Fig. 12. In both cases we see that the backward
STM apparatué.And, as in the break-junction case, it is current is much larger than the forward current, and hence
clear thatlarge enhancement of current flogin fact, even accounts for almost the entire net current. For comparison,
larger than for the break-junction system studied in Sec) V Awe also show the result obtained in the ICA approximation.

2

10 : T T T
10" E
10° E
3:; 10 ) FIG. 12. Dependence of electron cur-
= - rent on laser field strength for the
£ 102 ! STM case (top panel and break-
3 o .r Backward current junction case(bottom panel In each
107 g ot et . panel, the full Floquet Green’s func-
w0t L7 E —_—————— tion result for forward current is
i
1

shown via the short-dashed line, back-
ward current via the solid curve, and
net current via the long-dashed curve.
Net current computed within the ICA
is shown via the dot-dashed line. The
dashed vertical line highlights the
large enhancements in net electric
current obtained with a moderate laser
field strength of % 10f V/icm. Rel-
evant parameters include: biag,,
=—-04V and field frequency
w=2¢eV.

current (nA)
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E (MV/cm)
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The latter is seen to be reasonably good in the STM case aretjuivalent ac field-fre€ordinary” ) molecular wire system
less so in the break junction cagkn the STM case, the large that corresponds to an augmentgdrmally infinite) elec-
STM tip—molecule distance causes photon assist in the “tigronic state space and appropriately renormalized interstate
to molecule” step of the electron tunneling transition to couplings. With this mapping, standard GF methods, appli-
dominate intrabridge transitions; the latter require interrepcable in the field-off case, can be utilized to compute the
lica coupling and hence are not contained in the )G&Ais  electron dynamics in the field-driven system. If a sufficiently
clear that for both configurations substantial enhancemernarge number of Floguet replica states are included in the
relative to the nondriveflaser-off system is observed. For a calculation, a numerically exact solution of the field-driven
moderate field strength of>210° V/cm (cf. Ref. 39 (located  dynamics can be obtained. We also presented in Part | an
by the dashed vertical linean enhancement of over 1 order approximation scheme, the ICA, which simplifies the analy-
of magnitude relative to the laser-free limit is obtained forsis of the Floquet Hamiltonian by neglecting certain inter-
the break-junction geometry, while an enhancement of mor&loquet state couplings.
than 2 orders of magnitude is obtained for the STM configu-  In the present paper this methodology was used to com-
ration. pute the net electric current through a xylyl—dithiol molecu-

The essential effect of laser field illumination is to openlar bridge attached at either end to gold electrodes. Two geo-
up resonant photon-assisted conductance channels. The F@etric configurations were considered. One was symmetric
sultant resonant electron transfer processes depend onfyith respect to the placement of electrodes on either side of
weakly on the number of sites through which the hoppingthe xylyl—dithiol molecule. A small electrode—molecule dis-
takes place, i.e., the length of the molecular wire. In contrastance of 1.9 A was employed in order to represent chemi-
off-resonant electron transfer decreassponentiallywith  sorption of the sulfur atom from the xylyl—dithiol with gold
molecular wire length® Since the Fermi level of the metal aton(s) of the adjacent metal electrode. This was termed the
contacts lies in themulti-eV) gap between HOMO and “preak-junction” configuration. A second configuration con-
LUMO orbitals of organic molecular wires like xylyl—dithiol sidered one of the gold electrodes to be significantly farther
and its multibenzene analogs, current through this class q& A) from the adjacent sulfur atom of the molecule. This
molecular wire System is prediCtEd, in the absence of Ias%symmetric Conﬁguration was chosen to model an STM ex-
illumination, to fall off dramatically(exponentially with the  periment in which the STM tip is at this distance from the
length of the molecular wiréneglecting dissipative effects molecule; hence it was termed the “STM” configuration.
associated with coupling to a condensed phase environrhe geometric differences between these two configurations
ment®). Thus we expect a larger field-induced enhancemengenerate different electron—laser coupling, and hence lead to
factor for the electronic current as the molecular wire lengthyifferent induced currents when the same external fields are
increases. applied.

The parameters entering into the tight-binding model for

VI. DISCUSSION AND CONCLUSION this system were taken largely from EH level electronic

In this paper we have applied the formalism developedstructure calculations. While these are crude, they have pro-
in Part 1 to study electron transport through ac field-drivenvided useful qualitative estimations in previous studies on
molecular wires in the particular case of xylyl—dithiol con- similar systems. Of course, improved electronic structure
nected at either end to gold electrodes. The simplest possibfglculations would provide a valuable refinement of the over-
level of description has been invoked, namely a one-electrogll theoretical treatment of electron transport through mo-
tight-binding model for the electron dynamics. Dissipativelecular wires, with or without laser driving.
coupling to an environmentfor example, vibrations in the The Fermi level of the electrodém the absence of ap-
bridge molecule, phonons in the metal electrodes, and dipcplied dc voltage lies near the middle of the HOMO-LUMO
lar forces in a liquid solventhas been neglected. Electron gap in xylyl—dithiol. This gap is almost 4 eV. In the absence
correlation effects, which would require a level of electronicof laser driving, and for modest applied dc bias, the tunnel-
structure theory considerably beyond the tight-bindinging electrons have energies approximately equal to the Fermi
model, are also ignored. Indeed, even if explicit electron—-energy. Thus, tunneling is nonresonant and hence very inef-
electron are ignored, the fermionic nature of the multielecficient, and the electron current is very small in the absence
tron system involved here has only been treated crugedy of any applied laser field. It is therefore desirable to illumi-
a one-electron model in which certain transitions are blockedate the molecular wire/electrode system with light of a fre-
based on the expected prior occupancy of the final stateguency which brings occupied electrode states into reso-
accessed by these transitipn®espite the success of this nance with particular bridge molecular orbital energies. This
approach in understanding electron transport through nordramatically increases the tunneling rate. Of course, one has
driven molecular wire$%1” a more rigorous treatment of to check that the final energy state of tRereservoir thus
Fermi statistics would be of interest in the field-driven caseaccessed is unoccupied and to balafstétract forward and
which is further complicated by photon-assisted transitionsbackward currents. However, we showed in several examples
A related issue, unaddressed here, is the importance of hotbat it is possible to do this in such a manner as to obtain a
current in the overall charge carrier transport process. dramatically enhanced overall electric current through the

We showed in Part | that a molecular wire coupled to awire, relative to the field-off analog.
monochromatic ac driving field such as results under laser Some testing of the accuracy of the ICA approximation
illumination can be mapped, using Floquet theory, to ann the context of the xylyl—dithiol molecular wire problem
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