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This paper considers electron transport through a molecular bridge coupled to two metal electrodes
in the presence of a monochromatic radiation field. Current flow through the wire is calculated
within a nondissipative one-electron tight binding model of the quantum dynamics. Using Floquet
theory, the field-driven molecular wire is mapped to an effective fimdependent quantum system
characterized by a tight-binding Hamiltonian with the same essential structure as the nondriven
analog. Thus, Green’s Function methods for computing current flow through the wire, which have
been profitably applied to the molecular wire problem in the absence of driving, can also be used to
analyze the corresponding field-driven system. lllustrative numerical calculations on a simple model
system are presented. @002 American Institute of PhysicgDOI: 10.1063/1.1448292

I. INTRODUCTION between two metal electrodes through a simple organic mol-
ecule(“molecular wire”).

Conduction of electrons through a single molecule con-  To date, experimental evidence for ac field modified
necting two metal electrodes has received significant attentransfer of electron transfer—transport is rather scant. How-
tion recently:~® Experimental studies using both scanningever, one encouraging example is provided by the studies of
tunneling microscopie$STM) and mechanical break junc- Gossard and co-workefdJpon illumination of a multiquan-
tions have been performéd.The experimental configuration tum well semiconductor heterostructure with an appropriate
consisting of an STM tip in proximity to an adsorbate on amonochromatic radiation source, they were able to strongly
metal surface provides a good example of an electrodegiter the current flow through the heterostructure. In particu-
molecular wire-electrode system. Current-voltélge) char-  |ar, they were able to reverse the direction of current flow
acteristics can be recorded when the tip is positioned abovgs|ative to the direction dictated by a static applied bias po-
the adsorbate. Extensive work toward the fabrication of contential. These findings provide some motivation to search for
ducting nanowires using nanolithography techniques isimilar effects in molecular wire systems.
underway: A related problem of recent interest is conduc- e outline here a simple theoretical framework for un-
tance through mesoscopic systems composed of semicondugerstanding electron transport through a molecular wire in
tor heterostructure’’ the presence of a monochromatic radiation field, which we

The theory of conductance through molecular wires haghall also refer to as a “laser field.” We adopt the simplest
been extensively developed. One widely utilized approachheoretical model possible, namely a one-electron model of
considers the relevant electron transport as a scattering prene electron transfer in the absence of environmental cou-
cess, with the molecular brldge treated in a tlght-blndlngp“ng (e_g_, disorder, dissipation, e):cln this work we focus
approximatiofi™® or using density-functional theoly. I on the theoretical framework for describing the electron
this work we apply a similar scattering theory approach torransport within our prototypical model. A companion paper
the problem of electron transport through a molecular wire in(to be referred to as Pape) Will present an application to a
the presence of a monochromatic electromagnetic figlo-  realistic molecular wire system within the framework of the
vided, for example, by a laser model developed her€.

Theoretical analyses suggest that illumination of the  The outline of this paper is as follows: In Sec. Il we
molecular bridge by an intense laser field can alter theyefly review the one-electron tight binding model of elec-
conductance properties of different molecular bridge sysyon transport through @nondriven molecular wire con-
tems, including long-range metal—metal electron transfepected to two metal electrodes, ignoring, for simplicity, dis-
intramolecular complexes, double-barrier semiconductor sipative coupling to nonelectronic environmental degrees of
heterostructure§; and STM system&! (In an STM system  freedom. We summarize the description of current flow
the gap between the surface and the tip is illuminatgte  hrough the wire, focusing on a well-known Green’s function
purpose of the present report is to develop an analogoys,sed formula that prescribes the magnitude of this current in
theory for the effect of radiation on electronic conductioniarms of the properties of the bridge molecule, the metal
electrodes, and the electronic coupling between them. In Sec.
dElectronic mail: rob@ringo.chem.pitt.edu Ill, we introduce an applied time-dependent monochromatic
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electric field (provided by a las¢r and indicate how this L M
modifies the relevant tight-binding Hamiltonian. Using Flo-
quet theory, we then show in Sec. IV how to map the time-
dependent Hamiltonian which describes the field-driven sys-
tem precisely into a timeindependent Hamiltonian
corresponding to an augmented state space. The essentE:
structure of this Floquet Hamiltonian is identical to that of
the standardnondriven molecular wire problem—only the
details of the effective molecular wire, the reservoirs and the
coupling between them change. Thus, the Green’s functior
formula for current flow through the nondriven wire can be
readily adapted to calculate current flow for theld driven

wire. In Sec. V, we provide an approximate way to simplify
the Floquet Hamiltonian associated with the field-driven
system which enables the current to be analyzed in terms o v, vy
a physically appealing “independent channel” picture. The I, |

diti £ validity of the ind d h | . <> > E, <> It E ¢
conditions of validity of the incependent channe approXIma-FIG. 1. Energy level and coupling diagram for a nondriven molecular wire

Fion (lC_A) are discussed. In Sec. Vl_’ prototypical numerical connected to reservoirs of metallic states. Positions of left and right Fermi
illustrations are presented for a simple model of a field-levels[for applied voltageV,,= (Ex— EF)/e,] are indicated.

driven wire. Exact numerical integration of the time-
dependent Schoinger equation is compared to Green’s

function analysis of the Floquet Hamiltonian—good agree- ld-d q . . .
ment is obtained. In addition, results of the ICA are pre-l€ld-dependent site energies Esfor the |eft reservoir, etc.

sented to illustrate the range of its accuracy. Finally, Discus!! the electric potential associated with the applied electric

sion and Conclusions are provided in Sec. VII. field is designated ag(r), then

A

E.~

[1> i _N»

E=e, E/ =¢—¢ , Ei=e€;—egV,, 1
IIl. TIGHT BINDING MODEL OF A (NONDRIVEN) b =~ odu fost =0%a @

MOLECULAR WIRE where ey is the magnitude of the electronic charge, and

In this section we review relevant features of an electron”".! =(la(]1). nge the electric potentiah is taken, with- .
transfer system consisting of a moleciflsolecular wire”) out loss of generality, to be zero througr_lout the left reservoir
bridging between two metal electrodes in the presence of gnd have the valu¥,, throughout the right reservoir. The

static applied voltage. Additional features associated with ”_][)remseg fgncgonal form f‘?f’ﬁ IS rc]:or?pllca;[edd byl a numberf O:]
lumination of this system via monochromatic light are dis- actors, but does not affect the formal development of the

cussed in the next section. one-electron model of molecular wire theory.

A simple one-electron tight binding model of a molecu- Bearing in mind Fh|s Sh'ﬁ_'n t_he "bare” site energies .
lar wire®®is schematically depicted in Fig. 1. It is comprised (i.e., the molecular site energies in the absence of a static

of two reservoirs, left and right, which represent metal elec—applled voltagg the Hamiltonian operator for the system

trodes, and are connected by a molecular brifigére” ). when a static voltage is applied across the electrodes reads
The overall system Hamiltonian is defined by the following . .
features. The left reservoir states are denoteli @nd have H=2 EiliXi|+ HMJFZ Eql F)(f]
energye; . They are not directly coupled to each other. The '
same is true of the right reservoir states, which are denoted ) )
as|f) and have energy; . Left and right reservoir states are +2| Z Via([D ]+ 0]
not coupled directly to each other. The molecular electronic
structure is also represented by a tight binding Hamiltonian.
The N atomic orbitals are denotdt), with site energies; .
These states are coupled by matrix elemeants. Finally, ) . o ]
coupling between the L-reservoir statand atomic orbital ~ With the bridge Hamiltonian given by
on the molecular bridge is designated \y, . Analogously, R
V;, designates coupling between R-reservoir statnd HM=2 B+ 2 V]l 3
bridge atomic orbital. ! '

The site energy levels just introduced refer to the systenhssociated with the Hamiltoniahl is a state vector of the
in the absence of any external perturbations. In order to ggbrm
current to flow through the wire, some external field must be
applied. In the usual case, a static, field is applied across the
metal electrodes using a battéry.2~** This field modifies
the electronic Hamiltonian, and in particular, in the one- )
electron picture adopted here, changes the site energies asdés the time-dependent Schinger equation (SB),
ciated with the tight binding model. We shall term the statici|¢(t))=|3||¢(t)>, is converted into a set of first-order ordi-

+22wmwwmm, 2

w(0)=2 i)+ 3 e+ clf). @
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nary differential equationdODE’s) of the form ic,(t) So, on the “intermediate” time scale—aftg(t) has de-
=3gH, gCp(t) with @, B=i,l,f. [Note: We seth=1 cayed to zero, but before it recurs,
throughouf]

The basic dynamical scenario of interest is as follows.
The systen(electron is prepared at=0 in a single stateé,
of the L-reservoir. We wish to calculate the time evolution of
the system fot>0, and in particular the probability that the —2mtjv"-g(E; ) - vR|?8(Er,—E; ), (12
electron makes a transition to stdtgof the R-reservoir, i.e.,

|Cf0(t)|2- From this we can compute the electrical currentwhere thg arrow recognizes that for susziciently long t'ime the
through the wire. factor sn?[(EfO—Eio)t/Z]/[(EfO—Eio)/2] becomes highly

“ _E P 17
Formally, cfo(t)=<f0|exp(—th)|io), and thus is related PeaKed abouks =E; , with integrated strength 2.
to the (retardedl Green’s functiok® of the system via A. Current through the molecular wire

Sir[ (Es,— Ei )t/2]
[(Es,—Ei,)/2]°

e (D*=]v"-g(E; ) - 07>

ocd iEt— ot TP - L An important consequence of the discussion above is
fo te (fole™™io)= 5 (fol(H=E~in)~io), that the electron transfer in @ondriven molecular wire is

(5) isoenergetic An electron with initial energyE;  can tunnel
only into states in the R-reservoir with the same enéay
Eqg. (12)]. A second important point is that the states of the
metal reservoirs are all occupied below the Fermi level and

with 7—0%. The structure of the Hamiltonian enables a
useful simplification of the overall Green’s function, namely

P et A unoccupied above it at temperatdres 0, a condition which
fo dte™""(fo|exp(—iH)[io) we assume applies in the present discussion. When the metal
reservoirs are connected by a wire with no applied voltage,
1 1 L R the Fermi levels of the L- and R-reservoirs are at the same
= E,—E EfO—Ev “9(E)-v”, (6) energy. Thus tunneling from any occupied state of the

L-reservoir is “blocked,” because all isoenergetic states of
with g the Green’s function for a modified version of the the R-reservoir are occupied.
bridge Hamiltonian. Specifically, it is th& X N matrix The situation changes when a voltage is applied across
PR 1 the metal contactgeservoirs. This causes the Fermi level of

N D the L-reservoilEE to be above that of the R-reservdif by
whereHM is the matrix representing the bridge Hamiltonian the amount of the applied voltage,, Now the electrons in
[Eqg. (3)] and X is an E-dependent “self-energy” matrix, the L-reservoir with energy above the Fermi level of the right
which decomposes as level can tunnel isoenergetically to the R-reservoir. We want
to calculate the total rate of electron transfeurreny for a

—w'L R
2(B)=2H(B)+27(E), ®) given applied voltage/,,.
with elements The overall probability to make a transition to the
R-reservoir is obtained by summing; (t)|? over final states
Lo ViV, ) L ot
3 J(E)_E E_E—i, (9) fo. This probability is finite and proportional tp thus es-
' i EiTETIy

tablishing a well-defined transition rate

and likewise for2R(E). Furthermore, the elements of the 1

N—d vectorv® are given by =V, |, and likewise fow®. == |c;(t)]?=20" o(E; )AR(E; )g'(E; )-v"
. 0 . ot 4 fo o o o !

The Fourier—Laplac€FL) transform given in Eq(6) can be 0

inverted to yield the time evolution cn‘fo(t) 13
. . . v o with AR anNx N “spectral density” matrix given by
cfo(t)=e*'Efotfodt’e'(Ef(Eio)t fo dt"g(t’ —t")e'Ei(t ~t),
(10 [ARCE) ]y, =725 Vi, Vi S(E=Ep). (14)
whereg(t) is the inverse FL transform af--g(E)-oF, i.e.,

Again, assuming that the temperature is sufficiently low that
md Etmpt_ L R the T=0 limit of the Fermi distribution can be invoked, the
fo tg(t)e =v--g(E)-v". (1) total currentl is given as the sum of contributions from all
incident electronic states in the rangg< E < Eg

Now, if the set of L,R-reservoir states is dense, the function )

g(t) will decay to zero after some transient time. If the set of 2 (Eg

reservoir states imfinitely denseg(t) will then remain zero I=— f . dEtr{A~(E)g(E)AR(E)g'(E)}, (15

for all time. If it is not, then there will be some “recurrence o

time” at which g(t) becomes nonzero again. However, for awith

sufficiently dense set of reservoir states this recurrence time

can be pushed off_ t@almosj infinity—longer than the time [AL(E)]W: 772 Vi Vi S(E—-E)). (16)

scale of the experimental measurement. i

Downloaded 20 Jun 2002 to 136.142.122.119. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



10912  J. Chem. Phys., Vol. 116, No. 24, 22 June 2002 Tikhonov, Coalson, and Dahnovsky

IIl. TIGHT-BINDING MODEL OF LASER-DRIVEN agonal” in the molecular bridge site basis adopted in order to
MOLECULAR WIRE specify our Hamiltonian operator.
The tight-binding Hamiltonian for a general monochro-

Suppose that a monochromatic electric field of fre-Matic field-driven molecular wire then reads

guencyw and amplitudeg, is applied along the axis of the

bridge molecule. Because the wavelength of ligkpically o TN

in the near-IR or visible region for the problem of interest H(t)ZEi (Ei+ p € cogwt))[i)i|+HY(D)
here; see belowis much longer than the dimensions of the

molecular wire, we would naturally expect it to be constant

at a given time over the entire spatial extent of the molecule, + Z (E¢+ pr&o cod i) | f)(f]

if the latter was “free-standing(not attached to electrodes

This expectation is clouded by the presence of the two
metal contacts, which are also illuminated by the light. In the + 20 0 Vi (ial+ D
present work, we assume the metal contacts are perfect con- b
ducti)gs, so that the electric field inside them is identically
zero.® We further assume that the electric field imposed b
radiation from the light source is not strongly dist?:rbed ir? +2| Ef: Vea(DALFIED, a9
the region where the molecular wire is situated, and hence
can be considered constant and equal to its free-space valygth the (driver) bridge Hamiltonian
here. With these assumptions, the Hamiltonian of the system
is modified toH—H—ey¢' cost), where ¢' is the spa-
tially dependent electric potential established by the lighti™(t)=2, (E,+ u,& cog wt))[I){I]|+ >, V, 5/1)(J]. (18
source.¢' is taken to be zero in the left reservoir, vary lin- ! 17
early across the junction regiomvhere the molecule sits
and be constant inside the right reservoir. Furthermore, ité\s in the nondriven case, associated with this Hamiltonian
slope in the junction region is given byd¢'/dx=¢&,, with  is a state vector of the form indicated in E), and
x the direction perpendicular to the electrodegain, we the time-dependent Schiimger equation(SE), i|u(t))
assume the electric field radiated by the light source is po= A(t)|4(t)), is converted into a set of first order ODE'’s of
larized in this direction—basically, along the molecular ihe formic ,(t) == gH , s(t)cp(t) with @, B=i,1,f. Further-
wire). more, the basic dynamical problem is the same as in the

Thus, in the junction region, the spatial dependence ofero-field case: calculate the time-evolution of a system
the radiated electric field takes the formegd'=ué, (electron prepared att=0 in a single statei, of the
whereu is thex component of thénegative of theelectric | -reservoir.
dipole operatoru=eyx. We assume further that the electric The field-off limit of this system&,= 0, has been exten-
dipole operator is diagonal in the basis of atomic orbitalssively and profitably analyzed using Green’s function meth-
(“site-orbitals”), due to the small spatial overlap betweenods (described above For the field-driven case, it is less
different orbitals(this overlap falls off exponentially with obvious how to apply Green’s functio(GF) techniques,
inter-orbital separation Moreover, the diagonal dipole ma- since these require a time-independent Hamiltonian. How-
trix elements are assumed to be given to a good approximaver, using Floquet theoly;?° the periodically time-driven
tion by the position of the site orbitdlvith all zeroth-order Hamiltonian of interest here can be mapped ttmadified
states in the L-reservoir characterized by the same positiomnd augmentedime-independent form with the same essen-
and likewise for the R-reservgir That is, (I|u|l)=u, tial structure as in the field-free case. Thus, the GF method
=gpX,, Wherex;, is the position of théth atomic site orbital can still be applied, and ultimately used to calculate current
of the bridge molecule. Finally, since the electric potential isflow through the wire.
assumed to be constant in both reservoirs, we assumethat
is diagonal in the reservoir states, and has the same value in
all L-reservoir states, namely, =egx, =0 (taking the posi-
tion of the :surface of the Ieft eIectr-ode to bexat 0). IC.on- IV. FLOQUET MAPPING OF FIELD-DRIVEN
Sequently, in the R-reservoir, the dlagonal elemend)ofm- MOLECULAR WIRE TO AN EQUIVALENT FIELD-OFF
plies a valueug=epXgr, Wherexg is the position of the MOLECULAR WIRE
surface of the metal contact corresponding to the R-reservoir.

We note that to the extent that the dipole moment opera-  To exploit Floquet theory in our analysis of the field-
tor is not diagonal in the original site bagi$, one can per-  driven wire, it is useful to transform to an interaction picture
form an orthogonal linear transformation which renders it so(IP) with respect to the time-dependent driving terms.
This does not compromise the essential structure of the tightFhat is, we introduce the IP coefficienks,(t) [i.e., ¢,(t)
binding Hamiltonian under consideration here. Further de=exd —iwé&y sin(wt)/w]b(t), etc]. This removes the driving
tails of this procedure will be given in Paper!f.n the terms from the diagonal elements of the Hamiltonian and
present discussion, we shall assume fhas “naturally di-  puts them into the off-diagonal ones. Specifically,

Downloaded 20 Jun 2002 to 136.142.122.119. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 116, No. 24, 22 June 2002 Electron transport of a field-driven molecular wire 10913

L Bridge R

/ H(I=2,kB=1),(I'=3,kB'=O)

— _ ¥ — k=1

(D \
=1 3
[ 2 |

—_
=
"
I
-
~
—_
=
A
n
-
~—

—
=
<
1
(=]
~
—_—
=~
x
n
(=)
~

N (k=0)

— T — (kg=-1)
H(i,kL),(I,kE)

{ik)

(k=

1
[
ey
~
—_
X
A
n
i
-
~

FIG. 2. Floquet state diagram for
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. . whereJ,, is the Bessel function of orden. Identifying the

Hz('f):Ei Ei|i><i|+H¥|(t)+2f x| f)(f] net coefficient of each exipfwt) term generates a set of
coupled linear first-order ODE's for the Floguet coefficients
b..m- In fact, these ODE’s have the form of a Sctiirger

+2| Z Vi(li)(I]em @i smet+ ) equation characterized by a tinmedependent Hamiltonian
which nevertheless bears an intimate resemblance to the

s(ile i smony 1SSy (1) p_hysicaI_HamiItonian. The Floquet Hamiltoni&iT is asso-
o4 ciated with an augmented state space. For each physical state

o o b,(t) in the physical system, there is a discrete manifold of
X(I]e~ RSN +[[)(f|e1ariSMe) (19 statesh, ,(t) in the Floguet system. In other words, in the
with the IP bridge Hamiltonian equivalent Floquet system, there are replicas of the physical
states shifted by all integer multiples of the photon quantum.
AM ey “iaq sin(et These Floquet states are thus naturally labelethimyindices
HI(t)_Z EI|I><||+;] Vially (e ey, (20 (a, m), where, againg=i,l,f describes the physical state
which is replicated anan=---—1,0,1-- labels the replica
number. The energy of Floquet stdig m), referred to as a
“quasienergy,” in order to distinguish it from the site ener-

In these expressions, the dimensionless field amplitaggs
(a,B=1i,I,f), are given by

Aup=Eo( o= mp)l 0= —ag,, (21) gies of the various physical states, is
with all u;= g , and allu;= ug .2 The IP Schrdinger then Exm=E,TMo. (29
reads

Off-diagonal matrix elements in the Floquet Hamiltonian in-

. ) clude: coupling of L-reservoir Floquet states to bridge Flo-
ibo()=2 (H7)ap(ObG(V: @ f=.Lf. (22 quet states

F —
Following the procedure prescribed by Floquet theory, the IP H(i,kL),<I,kB)_ViJJkL*kB(aLI)’ (26)

Schralinger coefficients are expanded in a Fourier series , . .
based on the periodicity of the driving field. That is, ggltglslng of Floquet bridge states to other Floquet bridge

by(t)= > b,m(He™ a=i,lf. (23 H(F.,kB),(./,kaﬁVu.erB_ké(aur), (27)
m=—o

The auxiliary Floquet coefficients, ,, remain to be deter- and, finally, coupling of Floquet bridge states to R-reservoir
mined. This is done by substituting ERJ) into the IP Floquet states
Schralinger equation simultaneously with the following F =
Fourier expansion of the driving terms appearing tiere H (1 k), (1, ke) = Vi kg kg (BRI (29)
- It is useful to construct a state coupling diagram for the ef-
glasinot — E J(a)emet, (24) fective field-off system generated by Floquet analysis, as is
m=—o done in Fig. 2. This diagram shows clearly that the Floquet

Downloaded 20 Jun 2002 to 136.142.122.119. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



10914  J. Chem. Phys., Vol. 116, No. 24, 22 June 2002 Tikhonov, Coalson, and Dahnovsky

Hamiltonian relevant to the driven system has the same gehe number of replicas which must be retained is modest—
neric structure as that of mondriven molecular wire: Both examples are given in Sec. VI.

the bridge and the reservoirs are expantegymentefin a

straightforward manner, and the various couplings coeffi-

cients are modified, too.

To represent the physical initial conditidm (0)=1 @I\, AN “INDEPENDENT CHANNEL APPROXIMATION”
other coefficients equal)Qwe will choosebio,kL:o(0)=l TO FIELD-DRIVEN TRANSPORT
(all other Floquet coefficients equal.0-rom Fig. 2 and the . . . I . .
details presented in the preceding paragraphs, it follows im—S TT\E; ”?apgl'”g of t:e tlme-drlve_n_:;mnto(rjuan g“’er?l_'”
mediately that the Green’s function analysis utilized in the ec. via Floquet theory to a timerdependent Hami

. : . tonian with the same form as the canoni¢abn-driven
case of the nondriven molecular wire can be applied to the. L . oo )
o S . ight-binding molecular wire Hamiltonian is precise, and
Floquet Hamiltonian for the monochromatic field-driven

. thus leads to a precise way to calculate current flow through
wire. . . . ;
. . a laser-driven molecular wire. As described in Sec. IV, the
One important aspect of the connection between theeffective system generated by the Floquet mapping has an
guantum dynamics obtained from the Floquet Hamiltonian Y 9 y q Pping

) . augmented bridge comprisiny,N sites, whereN is the
and that of the corresponding physical system should be en?iu?nber of sites i% the phi)/sica?lgridge molecule ands the

phasized. As stressed at the outset, for a tlme—lndepende%mber of Floquet bridge replicas retained in the calculation.

Hamﬂtoman Of. the type under c0n3|dergt|op here, i.e., haV?A\ssociated with this augmented bridge is a Floquet bridge
ing the essential structure of E), the principle of energy Hamiltonian and a Floquet self-energy mattike latter be-

conservation holds: After short time transients, the moIecuIe?ng a function of the parametd). The linear dimension of
can only tunnelsoenergeticallyi.e., such that théquasjen- both matrices isNyN, where the value oN,, is formally

ergy of the final state in the R-reservoir is equal to that of th&finiry though in practice convergence can be obtained with
|n|.t|aIIy populated Floquet st.ate in the L—reseryow. Relapnga finite and often modest valueorresponding toN, repli-
this property to the dynamics of the underlying physical,caq as noted above. Nevertheless, as the calculation gets
time-driven system is aided by the followmg obgervatlons. more complicated, physical insight can become obscured.
When one compute.g., numerically, dynamics under Some insight can be restored by considering an approxi-
the time-driven Hamiltonian system prescribed by Bf),  mation, to be termed the Independent Channel Approxima-
it is found that an electron starting from energy IeEeOI can  ton (ICA), in which off-diagonal terms coupling different
end up in the final staté; =E; +nw, wherenis an integer ~ Floquet replicas in th&y,N augmented bridge Hamiltonian
(positive, negative, or zeypcorresponding to net absorption and self-energy are neglected. This renders both matrices
of n photons(with negative values oh corresponding to block diagonal with arNXN block representing each Flo-
emission. To connect the behavior of the time-independentquet replica. Consequently, the Green’s function attains the
Floquet Hamiltonian to that of the underlying time-driven Same block diagonal structure.
system, one simply has to recognize that different isoener- We denote the self-energy modified bridge Green’s func-
getic transitions in the Floguet dynamics correspond to photion associated with the Floquet Hamiltoniangi¢E). It has
ton absorption—emission in the physical systére., have the structure indicated in Eq7), bearing in mind that the
physical final state energies that are shifted fiemby in- ~ appropriate bridge Hamiltonian is the augmentediltirep-

tegral multiples of the photon quantinTransitions to the IC&) Version depicted schematically in Fig. 2: thyfsis an

ke=0 R-reservoir replica correspond to net zero photon ablF\ib'\l>< NpN mﬁ”ﬁ'd Stlmllgrly,ththe h:a\pproprlatet !_-thart]d
sorption, transitions t&g=1 correspond to net one-photon -reservoirs which determine the sefi-energy matrix that en-

- F - . . . - -
emission, etc., or, equivalently, a transition from anters intog™ are the multireplica versions also depicted in Fig.

L-reservoir state with enerdy; to an R-reservoir state with 2.'[The coupling elements connecting S”?S of the ext'e.nde'd
0 bridge to states of the extended reservoirs are specified in

energy B +nw corresponds in the Floguet picture to an Egs. (26)—(28).] Formally, an infinite number of reservoir
isoenergetic transitioat energyE; ) from L-reservoir rep-  replicas has to be considered, but in practice the number of
lica k,=0 to R-reservoir replickg=—n. In this way the contributing replicas is modest becausk(a)|—0 asn
currents associated with electrons arriving at the various al—o (for fixed a). The elements off” are explicitly pre-
lowed final state energies in the field-driven system can bscribed in Appendix A.
guantitatively accounted for via Floquet analysis. In general, the transition probability for an initial stage
Finally, we discuss the issue of how to truncate the for-of the L-reservoir to a final statk, of the R-reservoir which
mally infinite manifold of Floquet states. Fortunately, theis nearly on-resonance with a nif,-photon emissior{cor-
principle of “state mixing,” i.e., that two zeroth-order states responding in the Floquet Hamiltonian system to transitions
couple more strongly if they are nearly degenerate than ifo the R-reservoir replicag=N,) is
they are not, assures that only Floquet replicas which are
nearly iso-energetic witEio need be retained. In practice we
keep the few “most nearly degenerate” Floquet reservoir and
bridge replicas and ignore the rest. The number of replicas iwith the N,N dimensional arrayw" consisting of the cou-
expanded until numerical convergence is attained. Typicallypling elements

b (D)[*=2mt8(E; +Npw—E; )|v*- g7 (E; )-vF|?,
(29)
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Vi0,|‘]k(a|L); |:1!21"'N1 k:]-yzaNb k=2

Similarly, v® consists of elemenfs’foleNp,k(aR,).

As noted above, within the ICA the Green’s functigh
becomes block diagonal, each block having the linear dimen-
sion N of the physical molecular bridge. Thus, the ICA im-
plies

ot (B v 2 ol 0B k) o

(30
The matrixg®® on the r.h.s. of this expression is an effective

molecular Green’s function. It has the dimensions of the

physical bridge, i.e.NXN, and also the same generic struc- FiG. 3. Schematic illustration of net one-photon absorption pathways
ture as in the field-off case, namely through a molecular bridge in the Independent Channel Approximation.

L

g*"(E)=(Hey—=*"(E)—E) . (31)
) . v . ) scribed. Each integer value &f defines a distinct channel,
In this expressionHe is an effective molecular bridge anq the contribution from all channels must be included in
Hamiltonian matrix, dimensioh X N. Its diagonal elements e sum(at the amplitude level
are the bridge site-energi& and its off-diagonal elements The rationale behind this interpretation is straightfor-

are renormalized bridge coupling paramet®is:Jo(a,;1).  ward. The termJ, is associated wittk-photon emission.

The corresponding effectii X N effective self-energy ma-  pys the factow;; connects the L-reservoir to the bridge

H eff _w'L,eff R,eff ; ;
= I ' . . .
trix 3*=%, 37 is defined as (via k. photon emissionand the fac:tovﬁp,kL connects the

Lot ” . bridge to the R-reservoivia N,—k_ photon emission Note
2y (E)= 2_00 Im(@)Im(@L) 2 (E=mw), (32 further the properties of the effective molecular bridge
" Green's functiorg®™(E). The site energies dﬂg"ﬁ are just the
3! being the left reservoir spectral density of the physicalsite energies of the bridge molecule, while the hopping ele-
(field-off) wire, as prescribed in Eq9); and analogously for ments are the physical bridge hopping elements slightly
Eﬁfﬁ(E). Finally, the elements of thi-dimensional vectors modified by an appropriate factor df. Usually we will

vy are given by havea, <1 for site orbitals which are connected by large
. " values ofV,;, . Thus, the effective molecular bridge closely
(0=Vigid(@ai); (v)i=Vi 1dd@r))- resembles the physical bridge, and in particular the molecu-

. . _lar orbital (MO) energies are close to the physical bridge
The decomposition provided by the ICA enables more rapi O’s. Consequently, resonances gff'(E) reflect the MO
numerical evaluation because of its “divide and conquer energies of the bridge molecule. In particular, the amplitude

flavor. In_particular, the size of_the matrices which have to be(ii) for isoenergetic tunneling through the bridge will be sig-
inverted is greatly reducegarticularly for largeNy). How- nificant whenE; —k_o is approximately equal to an MO
0

ever, the primary utility of the channel decomposition is thatenergy of the bridge, that is, when emissionkpf photons

it provides a way to anticipate the origin of large contribu-b . h ¢ the t i lect int
tions to the current by associating individual contributions to fings the energy ot the tunneing electron into resonance

Eq. (30) with specific electron transfer pathways or “chan- with one of the MO's of the bridge. This interpretation is

nels.” This interpretation is discussed next, as is the expecte@ﬁrt'.CUIarl¥ e?sy 0 ?ﬁ p{?ﬁ'atl_e in the speual,l but clo ntc ei)r:u-
regime of validity of the ICA. ally important, case that the L-reservoir couples only to the

orbital =1 of the bridge(located closest to the left elec-

A. Interpretation and validity regime trode, and the R-reservoir couples only to the orbitalN

of the independent channel picture (located closest to the right electrodén this case the ICA
Each term on the right-hand sidehs of Egs. (30) can f[ransition rate formulas simplify considerably, as discussed

be described as the probability amplitude for the electron td" Appendix B. o _

make a transition froni, of the left reservoir tof, of the We should stress that this picture of independent elec-

R-reservoir in three steps, nameli): emission ok, photons ~ ronic channels or pathways between the left and right me-

to access the molecular bridge from the L-reseroon- tallic contacts is an approximate one, being predicated on the

trolled by the termuy ), (ii) isoenergetic tunneling across the neglect fOf off-diag;gn;l ma}rixd_filementf in thbe.dFquuet
bridge, i.e., at energyE, —k,w [controlled by the term Green’s function which couple different Floquet bridge rep-

off i C licas. It will be thus be most accurate when electronic cou-
9”(Ei,— k)], and finally iii) emission ofN,—k. photons  ing matrix elements are small, the laser-field is weak, or
in the transition from the bridge to the R-reservé@on-  there is a large energy gap between the quasi-energies of
trolled by the termvﬁp,kL). Typical channels are depicted ifferent bridge replicas arising from a high photon fre-
schematically in Fig. 3. The product of the three factors jusijuency. In the first two circumstances the elements of the
delineated determines the amplitude for the process denter-replica coupling blocks go to zero, while in the third
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FIG. 4. Schematic representation of a molecular wire system correspondinEIG' 5. Rate of transitions to the R-reservoir of an electron initially prepared
to a 3 state molecular bridge. “Blips” associated with=0,+1 depict in stateE=0 of the L-reservoir as a function of the laser field frequeficy.

allowed final state energy regimes for the indicated laser frequency. See tefffiS and subsequent figures, transition rates to the R-reservoir from an inci-
for further details. dent electron aE=0 of the L-reservoir are scaled by the density of states

(DOY) at this energy. Results obtained from integration of the Satirger
equation for the(physica) time-driven system are shown via the dashed

. T . _line. Corresponding results obtained by direct integration (tfne-
there is poor “mixing between the zeroth-order Sta_‘tes Nindependent Floquet Hamiltonian are shown via the solid curve. Results
separate replicas due to the large gaps between their zerotbbtained from the Floquet Green’s function analysis presented in the text are

Order(quas)energ|es The best way to ensure that the ICA ig’ndistinguishable from the solid curve. The following parameters were uti-
valid is to correct it by coupling several bridge replicas to-26% 8=0-1,Vs=0.1,a, z=2; V;=0.
gether and verifying that the effects of such coupling are

small. . .
Another way to include inter-replica coupling is to carry system attached to metallic reservoirs. We do not attempt to

out a perturbation expansitof the generic formG= G, e>_<tract “reaIi;tic“ current-voltage characteristics here. This
GV Gyt GoVGVGy—: -, whereG here is the full Flo- V\{|II be done in a sgbsequen.t papehus, our model con- _
guet Green’s functionG, is the block diagonal part of this sists of a symme.trlc three-sllte molecgle coqp!ed symmgtrl-
andV is the off-diagonal, inter-replica coupling part of the ca}IIy to left and ngh't mgtalhc reservoirs Of. finite energetic
full Floquet Hamiltonian which is neglected @,. For suf- width, as s_ketched in Fig. 4. The reservoir states span the
ficiently smallV, this expansion is convergent, and in such€Nergy regime~ 1<E<1. All three bridge site energies are
cases, it provides insight by enumerating possible pathwayt?_ke_n 1o have the same value, namigpy=0.8—thus they lie

for electron transport across the bridge. Tg term (ICA W't_h'n the reservoir energy barfd We assume °r?'y neare_st-
approximation corresponds to photon absorption—emissionne'ghbor.electronlc coupling betwgen orb|tals.|n the brldge
only between L-, R-reservoirs and the bridgeo photon Hamiltonian. Furthermore, only bridge state 1 interacts with
absorption—emission as the electron hops between brid e L-reservoir, and only bridge state 3 interacts with the

state$, while theG,V G, term adds in processes that include -TEServoir. 'The Stfength of thg bridge-glectrode interaction
one photon absorption—emission within the manifold Ofand reservoir density of. states is prescribed by the Newns—
bridge states, etc. A full description of this expansion, itSAnderson spectral density
range of validity, and insights that can be gleaned from it will V2
be presented elsewhére. A(E)= > V1-(E/2y)%, [El2y|<1, (33

As noted above, we have opted in the present work to ) o
include inter-replica coupling effects by performing basis setfvhereV</y=0.12 andy=0.5. We choose driving field pa-
inversion with an expanded number of bridge Floquet replif@meters such that the reservoir-bridge field parametgr
cas. The basis set method, when convergence can be ob2 throughout, with the parameteag=a,, andagr=ags
tained(which we have found to be the case Hegoids any [cf. Eq. (21) abovd. For simplicity, and to focus on conse-

potential errors encountered in truncating the perturbatiofiu€nces of the driving field, we set the applied static electric
expansion at some finite and often low order. field to zero(i.e., no modification of the one-electron orbital

site-energies by a static applied voltage
In the calculations presented below, we consider the dy-
namics of ansolatedelectron according to the one-electron
In this section we present numerical results for a simpleHamiltonian 17. To illustrate how solutions to this time-
model system. Our goal is to illustrate the features of thelependent Schdinger equation can be obtained using the
underlying quantum dynamics of monochromatic field-approach developed in the previous sections, we ignore ef-
assisted electron transport in a molecular electron transfdects due to the presence of other electrons in the reservoirs,

VI. RESULTS FOR A MODEL SYSTEM
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including the exclusion of the tunneling electron from any 018
occupied R-reservoir state. Clearly, such effects have to be
included in any complete calculation of current through a
molecular wire attached to electrodes. We defer this impor-
tant exercise to Paper 1.
Figure 5 shows the rate of transitions to all states of the
R-reservoir for a system prepared initially in &+ 0 state
of the L-reservoir, for driving-field parameter choicag
=0.2, whereag=a,,=az,, and intra-bridge coupliny/z
=0.1. (Again, we fix the valuea, g=2 in all results pre-
sented in this section, and we have set the applied static bia
Va=0.) Three different calculations are displayed. The
dashed line shows the result obtained by direct integration of
the time-dependent field-driven ScHioger equation. In
practice, this was done by representing the left and right ‘ ‘ ‘ ‘
electronic reservoirs using a finite set of states, evenly space ~ %° 02 s 08 10 12
. . . . ield frequency
in energy, and coupled to the bridge via matrix elem&fts
andV; y [cf. Eq.(2)] selected in accordance with the spectralFIG. 6. Dependence of the current vs frequency curve on the number of
densitiesA(5R). [The formal definition of the spectral den- Floquet replicas in the Floquet Hamiltonian. Solid line shows results with
. . . e (10,9 (bridge, reservojrreplicas(see text for full details Long-dashed line
sities was given in Eq¢14) and(16), and the specific func- shows corresponding result f@,7); short-dashed line shows corresponding
tional form in Eq.(33) above] Convergence was obtained by result for(3,5. The following parameters were utilizeds = 2.0, Vg=0.5.
increasing the number of discrete states in the reservoirs,
while maintaining the desirefinite) spectral density by re-
ducing the individual reservoir-bridge coupling elements acemitting an integral number of photons, the energy of the
cordingly. tunneling electron is boosted by the appropriate multiple of
The solid line in Fig. 5 shows the result of direct numeri- the photon quantum. This can bring it into resonance with
cal integration of the time-independent Floquet Hamiltonianthe molecular orbitals of the bridge Green's function and
keeping six bridge replicagspecifically,kg=—4---1) and  thys dramatically enhance the Green’s function transmission
seven L- and R-reservoir replicagspecifically, k. g  factor. In the system studied in Fig. 5, the energy difference
= —3---3). [The discretization of the reservoir continua out- hetween the incident electron and the center of the bridge
lined in the previous paragraph was employed here,] too.molecule molecular orbital energy level distribution is 0.8.
This result is identically reproduced to within the resolutionThys, the triplet of peaks at w=0.8 is due to one-photon
of the figure by the Green's function formula recorded inabsorption by the incident electron. The triplet of peaks at
Sec. Il, as implemented for the Floquet Hamiltonian de-~ »=0.4 corresponds to two-photon absorption resonance,
scribed in Sec. 1V, including the same range of reservoifyhile that at~w=0.27 corresponds to a three-photon ab-
replicas in the calculation of the relevant self-enerdigfs  sorption resonance.
Appendix A). The agreement between direct simulation of ~ The number of Floquet replicas needed to obtain good
the time-driven system and computations based on the Flaagreement with théphysica) time-driven system dynamics
quet mapping to an effective time-independent system iglepends on the intra-bridge field parametgrand coupling
seen to be quite good. Moreover, the Green’s function analymatrix elementsVg. In Fig. 6 we present calculations in
sis of the dynamics of th@éime-independent-loquet Hamil-  which the relatively large parameteag=2 andVg=0.5 are
tonian system is completely satisfactory. Thus, in the remainused. In this case, a larger number of Flogquet bridge and
der of the numerical studies to be presented in this work weeservoir replicag10 and 9, respectivelyare needed to ac-
will simply use the Green’s function formulas to obtain tran- curately model the field-on curve, specificaly=—6---3
sition rates from the left to the right reservoirs through theandk, g=—4---4.
molecular bridge. A Green'’s function calculation utilizing this number of
Before considering other examples, it is worthwhile toreplicas is shown via the solid line. The long-dashed curve
study the results portrayed in Fig. 5 in more detail. In theseshows the results of a Green’s function calculation for a Flo-
plots, the transition rate to the R-reservoir is scanned as quet Hamiltonian with a smaller number of replicas, specifi-
function of laser frequency, holding the laser intensity pa-cally 6 for the bridge kg= —4---1) and 7 for the reservoirs
rametersy r andag fixed ?* The shape of the spectrum thus (k. g=—3---3). Using an even smaller number of Floquet
generated reflects the details of the molecular bridge Hamilreplicas, namely 3 for the bridgé&g= —2---0) and 5 for the
tonian. In particular, as discussed above, the moleculareservoirs k g=—2---2) produces an even less accurate
Green'’s function haeesonancest the values of the molecu- result, indicated by the short-dashed line.
lar orbital energies. In the present example, the molecular When the applied laser field is weakhence all
orbital energies of the bridge are far from the incident energya-parameters are smallor the electric coupling matrix ele-
of the electron in the L-reservoir. Thus, in the absence of thenents are small, we can approximately set nondiagonal
applied laser field, the electron transp@minneling is ex-  blocks of the Floquet Green’s function to zero, i.e., invoke
tremely weak. However, by absorbifor in the general case, the Independent Channel Approximation. In the ICA, once

0.10

rate*DOS
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of transitions to R-reservoir. Dotted line corresponddlfe-=0, long-dashed
FIG. 7. lllustration of the range validity of the independent channel approxi-line to Np=1 and short-dashed line td,=—1. The total transition rate
mation (ICA) for different values of intra-bridge field parameter. In each (obtalned by summing over contrlbutlons from all open chanrisléndi-

panel, the solid line shows exact result for transition rate to the R-reservoigated by the solid line. System parameters are the same as considered in
vs laser frequency; dashed line shows corresponding result within the ICAFig. 5.

Panel (a): ag=0.2, Vg=0.1 (weak coupling; panel (b): ag=1.0, Vg
=0.15 (intermediate coupling panel (c): ag=2.0, Vg=0.5 (strong cou-
pling).
the relative weights of the contributions of tiNg,=*+1, 0
channels change for the 1 versus 2 photon absorption reso-

an electron “hops” from the L-reservoir to a particular nance portions of the spectrum. These weights are readily
bridge replica, it then transfers between states of the samexplained by the exposition contained in Appendix B. For
replica until it reaches the R-reservoir. The total rate of electhe one-photon absorption resonance region nea.8, the
tron transfer is the surtat the amplitude levelof contribu-  dominant term in the ICA rate formula ik,=—1. Thus,
tions from all such channels. sinceAg is a weakly varying function of energy within the

In Fig. 7 we test the accuracy of the ICA by comparingregion —1<E<1, the relative |nten3|t|es of the,=1, 0,
molecular wire systems with different intra-bridge field pa- —1 peaks is approx|mate|y2(2) J? 1(2), J2 5(2), respec-
rameters. The system is the same as that considered in Figti%ely. On the other hand, for the two-photon absorption por-
except for the values odg and Vg, which are varied as tion resonance part of the spectrum in the regicn0.4, the
follows. In the top panel, which is characterized by an intra-ratio of these peaks is approximately givenZiy2), J3(2),
bridge field parameteng=0.2 and intra-bridge coupling J§(2)_
Vg=0.1 (both of which are smalj the agreement between In the case of the one-photon absorption resonance at
the exact(solid line) and ICA (dashed lingresults is good. »=0.8, thekg=0, +1 channels are the only ones possible.
The bottom panel shows results for the same system, byDther values okg correspond to final state energies outside
with a large intra-bridge field parameteg=2 and intra-  the energetic width of the R-reservdifhus, in this portion
bridge coupling strengtVg=0.5—here the agreement be- of the spectrum the sum of the intensities fgs=0, =1
tween the exact and approximate curve is poor. The middigrocesses adds up to the total intenstglid line). For two
panel shows results for an intermediate case, wagrel  and higher photon absorption resonances, there are (other
and Vg=0.15. The results presented in Fig. 7 demonstratelisplayed open final state channels besides=0, *1.
that under appropriate conditioriside supra the ICA is  Thus, thekg=0, *1 intensities shown in Fig. 8 doot sum
valid and useful. to the total intensity in these parts of the spectrum.

In Fig. 8, for the same molecular wire system considered
in Fig. 5, we decompose the total current to the right elec-
trode (thick solid line into contributions to various right VIl. DISCUSSION AND CONCLUSIONS
reservoir Floquet replicas. The dotted line represents the cur-
rent to the right electrode replidg=0, i.e., direct tunneling In this paper we have considered the effect of monochro-
in the physical system with no net absorption—emission ofmatic light on transport of electrons through molecular wires.
photons. The long dashed line is the current to the replicés has been done before in the field-off lifitwe adopted
kg=1 (corresponding to accumulation of electrons at an ena tight-binding model of the electron transport, neglecting
ergy one photon below the tunneling electron energy; cf. Figcomplications due to disorder, dissipation, electron correla-
4), and the short-dashed line is the current to the ref{jca tion, etc. Of course these complications should be incorpo-
= —1 (corresponding to electron accumulation at an energyated as the theory is developed further, but again, following
one photon above the tunneling electron engrddote that the success of nondissipative tight binding models in de-
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scribing |-V curves for “standard”(i.e., not laser-driven grant EEC0085480. Many of the computations reported here
molecular wires, we expect that the same level of descriptionvere carried out at the University of Pittsburgh’s Center for
will be useful in the field-driven case. Molecular and Materials Science.
In the absence of external driving, the current-voltage
characteristics of nondissipative tight binding models of
electron transport through molecular wires can be profitab APPENDIX A: ELEMENTS OF THE FLOQUET
analyzed via a Green’s function scattering apprditive ~ GREEN'S FUNCTION MATRIX
have shown in this work, using Floquet theory, that in the

case of the field-driven analdgenerated experimentally b . . . .
dg b y oy mension of the Floquet Green’s function matgk(E) is

illuminating the wire—electrode system with a monochro-f v infinite. si th ber of brid i is infi
matic lasey, the relevant time-dependent Hamiltonian can be ormaly Infinite, since the number of bridge replicas 1S nfi-

mapped to a timérdependent Hamiltonian in an extended nite. I_f _Nb I:_)ridge r_eplica_s are retained explicitly, thi.s matrix
state space and with modified interstate couplings. Th(t:]as f|_n|te linear d|me_nS|oNbN_. Its e_lements a_m.e given by
modified/augmented Floquet Hamiltonian has the same eér_wertlng the apprapriatél,N dimensional mairix:
sential structure as its field-off analog, and so the Green's o (E)=[Hy,-2—E]" 1, (A1)
function analysis can be directly employed to analyze the E ] . .
quantum dynamics of the Floquet system. This dynamics ca¥nereHy is anNpN dimensional matrix whose elements are
then be converted to dynamics of the physigahe-drivey ~ Prescribed by Eqs(25—(28) in the text. Furthermore, the
system. NpN dimensional Flogquet self-energy matxis the sum of
Our Floquet analysis is formally exact, and in practicecontributions fromL andR electrodes
can be numerically converged with a relatively modest effort. §(E)=§L(E)+§R(E)
We also presented an approximate analysis, premised on cer- '
tain weak-coupling assumptions which are clearly set fortvhere B
above. In this approximation, the numerical effort is further T _
reduced, and, more importantly, insight is provided into the 2("kB>'(J'ké>(E)_kL§_w SETACTIA AT
“channels” of multiphoton absorption—emission which con- L
tribute strongly to current flow through a wire with particular XEra(E-kio),
molecular characteristics under given experimental condiwith =" being the(laser-field off molecular L-reservoir self-
tions (applied static voltage, amplitude and frequency of theenergy; 3R is defined analogously.
light source, etg. We stress that this channel picture should It is instructive to comment on the sources of coupling
be used as a guide, but when in doubt the full Floquet treatthat link the NXN blocks of the inverse Floquet Green’s
ment should be carried out to numerical convergence. function matrix. First(type i), there are off-diagonal ele-
Some prototypical illustrations of the theory and meth-ments ofoA, namelyVlv,,JkB_ké(a“,) with kg#kg. Such
odology were provided in the present work. We stoppederms can only couple different bridge base stafsisce
short of calculating I-V curves for a “real” molecular wire V|,=0). Inter-channel couplingtype ii) is also provided by
(treated at the nondissipative tight binding leveduch an  self-energy matrix elements, noted above, with# Kg.
analysis requires considerable effort, including careful exCoupling between the same bridge basis state in different
amination of the molecular electronic structure of the mO-F|0quet rep"cas is accompnshed by these terms. Note that
lecular bridge, the metal electrodes and the coupling betweeoth types of coupling vanish as the laser intensity tends to
them. This will be described in a subsequent publicahr’on. zero. Also, small intra-bridge e|emenM| | and small
The goal of such a CaICUIation, from the pOint of view of reservoir-bridge Coup”ng e|emerwsyl , Vf,l éuppress type i
outlining a design principle for significantly enhancit@nd  and ii coupling, respectively. Finally, all other terms being
ultimately, controlling electron transport through molecular equal, increasing the laser frequensywith a concomitant
Wires, is to demonstrate how the laser illumination wittva increase in the laser amp"tude to keepa;_barameters con-
light source of an appropriate frequency can convert nonstany also suppresses interchannel coupling, since the diag-
resonant tunneling processes into resonant @bgabsorp-  onal matrix elements of differeix N diagonal blocks of

tion or emission of photons to “boost” the tUnneling electron that Comprise each Channe|mﬁl are separated by mu|tip|es
to an energy where there are molecular orbital energies tgf the laser quantum.

assist tunneling through the bridgehus dramatically en-
hancing the electron tunneling rate. Clearly, the smaller the _
laser power needed to do this, the more robust the contr PPENDIX B: PHOTON EMISSION RATES FOR THE
. . . - ASE OF MINIMAL RESERVOIR-BRIDGE
scheme will be. These important issues will also be ad-
. COUPLING
dressed in Paper Il

Even after “integrating out” the reservoir states, the di-

When only bridge orbital 1 couples to the L-reservoir
and only bridge orbitaN couples to the R-reservoir, the ICA
transition probability formulas simplify considerably. In this

We thank Professor A. Nitzan for several helpful conver-c@s€ We can employ simplified notatiol; =Vi 1, Vi,
sations concerning this work. Work at the University of Pitts-=Vr n, @ =aj, ag=agn- Then, for netN, photon
burgh was supported in part by National Science Foundatioemission
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