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We propose a new approach to coherent control of transport via molecular junctions, which bypasses
several of the hurdles to experimental realization of optically manipulated nanoelectronics noted in

the previous literature. The method is based on the application of intrinsic semiconductor contacts
and optical frequencies below the semiconductor bandgap. To explore the coherently controlled elec-
tronic dynamics, we introduce a density matrix formalism that accounts for both the discrete molecular
state and the semiconductor quasicontinua within a single master equation and offers analytically solu-
ble limits for a single and two-site molecular bridge. Our analytical theory predicts a new phenomenon,
referred to as coherent destruction of induced tunnelling, which extends the phenomenon of coherent
destruction of tunnelling frequently discussed in the previous literature. Our results illustrate the poten-
tial of semiconductor contacts in coherent control of photocurrent.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The field of molecular-scale electronics has been rapidly
advancing over the past two decades, both in terms of experimen-
tal and numerical technology and in terms of the discovery of new
physical phenomena and realization of new applications (for re-
cent reviews please see Refs. [1-3]). In particular, the optical re-
sponse of nanoscale molecular junctions has been the topic of
growing experimental and theoretical interest in recent years [4-
15], fueled in part by the rapid advance of the experimental tech-
nology and in part by the premise for long range applications in
optoelectronics. The ultimate goal of controlling electric transport
with coherent light, however, has proven challenging to realize in
the laboratory. One difficulty that has been noted in the previous
literature is substrate-mediated processes. Light shining on a
molecular system in contact with a metal substrate is adsorbed
by the substrate, rather than by a molecular bond or the mole-
cule-surface bond in the vast majority of cases, leading to the exci-
tation of hot carriers. The latter may interact with the molecule
and lead to interesting dynamics, but in the process coherence is
lost. Other competing processes include heating of the electrodes
(one of which often consists of an STM tip) and undesired energy
transfer events.

Ref. [13] proposes the use of semiconducting electrodes and
sub-bandgap frequencies to circumvent undesired substrate-
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mediated and heating processes. Here, an ultrafast, nanoscale
molecular switch is introduced, consisting of a conjugated organic
molecule adsorbed onto a semiconducting surface and placed near
a scanning tunneling microscope tip. A low-frequency, polarized
laser field is used to switch the system by orienting the molecule
with the field polarization axis, enabling conductance. Plasmon
enhancement and spatial localization of the incident field by the
metallic tip allow operation at low laser intensities [13]. Semicon-
ducting electrodes have been used in the experimental literature in
the context of a single-quantum-dot photodiode that may be con-
sidered as a quantum dot-based junction [16,17]. In addition to
introducing a new opportunity for coherent control of transport
via junctions, semiconductor-based molecular electronics offer
potentially several other attractive properties. From a chemical
perspective, organic molecules typically form much stronger bonds
with semiconducting surfaces, such as doped silicon, than with
metals. From a technological perspective, the addition of molecular
function to the already established silicon-based technology is
vastly more viable than replacing silicon by metal-based
electronics.

Here we propose and explore theoretically a new approach to
coherent control of electric transport via semiconducting junctions,
which is similar to the concept introduced in Ref. [13] in capitalizing
on the use of sub-bandgap frequencies, but is complementary in
application. Our approach is based on the excitation of dressed
states of the junction Hamiltonian that can be frequency-tuned to
tunnel selectively into either the left or the right contacts, thus
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generating unidirectional current whose temporal characteristics
are controlled by the light pulse.

The next section provides a qualitative discussion of the con-
cept underlying the control mechanism and in Section 3 we devel-
op the theory. In Sections 4 and 5 we address the specific cases of a
single- and a double-site bridge (Sections 4 and 5, respectively),
both of which are analytically soluble, hence providing useful in-
sights. In particular, our analytical theory extends the phenomenon
of coherent destruction of tunneling (CDT) to the light induced
case. The final section concludes with a discussion of the implica-
tions of our analytically soluble models and a brief outline of other
potential avenues for coherent control of transport via semicon-
ductor-based junctions.

2. Control concept

We consider a molecular junction consisting of a molecular
moiety that possess a permanent dipole moment D and is in con-
tact with two intrinsically semiconducting electrodes. The use of
SC contacts circumvents energy transfer from the bridge to the
contacts [16], a complicating feature in junctions with metallic
contacts, since, as noted above, sub-bandgap light cannot excite
electron-hole pairs in a semiconductor substrate [13]. Hence, the
main source of relaxation in SC-molecule-SC junctions under the
conditions considered is the charge transfer between the bridge
and the contacts. The interaction of a nonresonant electromagnetic
(EM) field with such systems leads to modulation of their energetic
spectrum by the field frequency «w[18-21]. The efficiency of the en-
ergy spectrum modulation depends on the interaction parameter
z=D-Ey/(hw), where E, is the amplitude of the electromagnetic
field E(t). The permanent dipole moment of relevant molecules
can reach 10 D and more. The spectral modulation alters the
arrangement of molecular electronic states and may substantially
change the electron and hole transfer rates between the molecular
bridge and the SC contact, due to the strong dependence of these
rates on the position of the molecular level relative to the conduc-
tion band (CB) and valence band (VB). Suppose that initially a sin-
gle molecular level of energy ¢ is positioned between the
conduction and valence bands of the SC contacts shown in Fig. 1.
No current in such SC-molecule-SC junction is possible even in
the presence of the voltage bias. If, however, an electromagnetic
pulse of appropriate frequency w excites the molecular bridge,
photonic ‘replication’ of state i with energy & + hw can be tuned
to be close to the CB, while the photonic ‘replication’ with energy
& — hw is energetically close to the VB. In that situation a current
flows through the junction and its temporal duration is controlled
by the electromagnetic pulse characteristics. The transport rate is
largely controlled by the applied voltage bias, which determines
the barrier width (the asymmetric case, where the molecular level
is remote from the gap center, and/or several levels contribute to
the transport, is addressed below). This control enables us to real-
ize coherent excitation of a molecular bridge while circumventing
competing processes. The control concept introduced here is thus
akin to the problem of photon assisted transfer, a theory of which
in nanojunctions with metallic contacts was developed and applied
in Refs. [3,22]. In these works a time dependent level shift in a mol-
ecule bridging two metal electrodes arises from the coupling to an
oscillating dipole field (see below). For a single site bridge this cou-
pling may be described by a permanent dipole moment [8]. The
above qualitative discussion is quantified in the next section.

3. Theory

In this section we develop and discuss our theoretical frame-
work. We begin in Section 3.1 with a description of the model
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Figure 1. Electromagnetic excitation applied to a molecular bridge in state ¢; leads
to generation of its photonic replica at energies ¢ + hw. Tunnelling from the
photonic replica results in a unidirectional photocurrent. CB, conduction band; VB,
valence band.

Hamiltonian and proceed (Section 3.2) with the density matrix for-
mulation. Sections 4 and 5 specialize our theory to the cases of a
single- and a double-site molecular bridge.

3.1. Model

The complete Hamiltonian describing a molecular bridge inter-
acting with two semiconductor electrodes and subject to a low fre-
quency optical pulse is written as,

H=H

wire

+Hee+A+W+V (1)

where the zero order wire Hamiltonian,

. N

Hyire = Zﬁn@@n (2)
n=1

is described as a tight-binding model composed of N sites, where
each site represents available orbitals (e.g., the HOMO and/or the
LUMO), &, denotes the electron energy on site n and ¢}, (¢,) are cre-
ation (annihilation) operators for electrons in site n. The Hamilto-
nian of the intrinsic semiconductor leads is given as,

HSC = Z Z(gcl<&j;[(éck + gvkd,kévk) (3)

n=1,NkeK,

where c (v) denote the conduction (valence) bands and &, are the
corresponding quasicontinuum electron energies. In what follows
we will omit the band indices ¢ and » when not essential, so as to
simplify the notation. We denote by K; the lead in contact with
bridge site n =1 and by Ky the lead in contact with site n = N.
The operator A in Eq. (1) accounts for electron transfer interactions
between nearest sites within the Huckel model,

=2

-1
A== A}, 16+ Cilni1), (4)

n

Il
—_

and W(t) = —D - E(t) describes the interaction of the bridge sites
with an external electromagnetic field E(t), where the dipole oper-
ator has only diagonal elements,

Dnm = D[on1 + (N +1 —2m)/2]. (5)
Here D is given by the product of electron charge by the distance

between the neighboring sites [3,22], and dy; is the Kronecker delta.
Finally,
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<
Il

(Vnckélkén + ankélkén) +h.c, (6)
=1,N;keKn

where h.c. denotes Hermitian conjugate. Eq. (6) describes electron
transfer between the molecular bridge and the leads, thus giving
rise to net current via the biased junction.

We consider electronic transport through the molecular wire,
where the semiconductor leads K,,n = 1,N are taken to be each
in its own equilibrium characterized by its temperature T (here
taken equal for the two leads) and electronic electrochemical
potentials 4 . and . , for the conduction and valence bands,
respectively. Therefore, the lead electrons are described by the
equilibrium Fermi functions

fea ecto) = ~ i) [ RsT) 117, (7)

where kg is Boltzmann’s constant. Consequently, the expectation
values for the lead operators are simplified through the relation

<6Z(u>l<éc(v)w> = fita (Ec(0)ie) O -

(exp((ecoyk

3.2. Equations of motion

Our analysis is based on the generalized master equation for the
reduced density matrix of the molecular subsystem treating V as a
perturbation [3,23,24]. Briefly, one starts with the equation of
motion for the total density operator

i o

E*—E[Hoﬁ-V,PL (8)
where

Ho=Hsc+H. . + A+ W 9)

and the interactions constituting H, are defined in the previous sub-
section. Transforming to the interaction representation through the
unitary transformation,

B™ — S1BS, (10)
where the unitary operator S satisfies the equations

LdS s

~“_H +1 —
ih d oS, S (t
we derive an evolution equation for the reduced density matrix
describing the discrete manifold by introducing projectors onto
the left (L) and right (R) quasicontinua, defined through,
Pxp(t) = piTrip(t),K = L, R. As illustrated in Ref. [25], the resulting
equation of motion satisfied by the reduced densityA matrix
o(t) = TrgTr.p(t) is given to second order with respect to V as,
da™™(t) 1 o .

o= e [ deVo, ),

0) =1, (11)

a"(t-T)pll  (12)

where Tr g = Tr;Trz. Reexpressing the coupling Hamiltonians 1%

(Eq. (6)) as
V=" (&} +¢lAn) (13)

n=1,N
where Ay = Yyx, VikGen We have Vin(t)
A™ () with Al (£) = ek, Vil €Xp(— L &xt).
With Eq. (13), the RHS of Eq. (12) can be expressed in terms of
reservoir correlation functions that reflect the reservoir equilib-

rium properties as well as the nature of its interaction with the
wire. For example,

= &M OAL(E) + & (D)

Trer[ Ay (AL (E = T)py] =

Z |Vl<n |

keKn

= fiea ()] eXD(—ESk ) (14)

As a result, we get from Eq. (12)

daint(t)
dt 112

> Vial / dT{—{E (06 ™ (t— T, (1) explicoT)

nkeKn
+EM () (E—T)[1 —fie, (€1)] x exp(—iwyT) } o™ (t - T)

+EOe™ (£ = T)E™ (E = T)[1 — fie, (é)] expicnT)

+& M (0™ (€~ T)E (£~ Tk, (1) eXP(~ieyT)

+ &M (E—-T)a™ (€ - T)E (Ofk, () exp(iT)

+E (E=T) 0™ (= T)& (O[T fi, (&) eXP(~iyT)
o™ (€= D& (E=T)E™ (E)fi, (6) €XP(—ieyT)

+&M(E=T)E (O[T~ fe, (6] exp(ineT)}}, (15)

where wy = &/h.

Eq. (15) is clearly non-Markovian, memory effects being intro-
duced via the dependence of the ¢™ on the RHS on 7. We proceed
by expanding the interaction picture creation and annihilation
operators (™ (t) and ¢ (t), respectively) contained in Vi (t), in a
Fourier series as [20],

) Zc“exp (iot) and &' (1) = > elexp(~icwgt) (16)
q

and invoking the Markovian approximation by neglecting the t-

dependence of ¢ (t — 1) in Eq. (15). Taking the t — oo limit for

the upper limit of integration with respect to 7, we can then approx-

imate Eq. (15) as

lZ[aquHCq mt )L

nrq

— ZVW {-]

nrq

Gmt

([}, €3"] fia (heoy) + E57€R), a™ (D)),

+ 280 ()1 — fi, (hooy)] + 2657 6™ (£) ¢4y, (haooy) }, (17)
where [A,B]_ denotes the commutator of A and B, and [A, B} their
anticommutator, [A, B] L= — AB + BA,

P
q_ _ 2 i _ [
o= ij\vm expli(r — wq)le(er —0g) o (18)
P denotes the principal value, and
= Z\anl expli(; — wq)t)e(w; — wq)d(wy — @) (19)

is the spectral function. The Fourier components index r(q) in Eqgs.
(16)—(19) will be seen shortly to have the physical significance of
the photonic replication of order r(q). The spectral functions of Eq.
(19) with r = g will thus take the role of r-specific decay rates due
to coupling of the r" dressed state with the K, quasi-continuum.
The frequency dependence of y7" may be neglected provided that
y7 is small relative to the bath correlation frequency w. - the
range over which its spectral density essentially changes. In
Egs. (18) and (19) we retained only the terms giving the domi-
nant contributions, for which }wr — wq\ < .. This was done by
introducing a switching function ¢&(wr— @,) defined as
Ewr—wg) =0 for |wr—wg| 2w, and ¢&(wr—wg) =1 for
|or — wq| < @. In the latter case y;’ might depend on time ~
expli(wy — wq)t] if o, # wy.

A back transformation to the Schrodinger representation via the
unitary transformation

B — SB™§1, (20)
yields
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do  i|p "9CirCa o rq q (i

VTR Ho-&-h;&n Cici,o ;/ {~1(1C3, CI")_fx, (heor)
+CIrcs), o], +2CI0Clr + 2(c;{acg — C%6CINfi, (ha,)}, (21)

where,

€1 =S§¢a51, Clr = Sg;rs1. (22)
Eq. (21) will be used below to calculate the reduced density matrix
of the molecular bridge and the corresponding currents.

4. Single site molecular bridge

In this section we specialize the theory developed in the previ-
ous section to the simplest case scenario of a single site bridge. This
simple case has the advantageous feature of allowing analytical
expressions for the time evolution of the reduced density matrix
and for the electron and hole currents, which are shown below
to provide useful insights. The analytical theory is presented in
Section 4.2 for the symmetric case depicted in Figure 1, where
the molecular energy level ¢; is energetically close to the center
of the band gap and the dressed energies ¢ + hw and & — hw are
close to the conduction and valence bands, respectively. In Sec-
tion 4.4 we generalize the discussion to the case of an asymmetric
junction, where, in the extreme case, only a single photonic repli-
cation (with energy ¢ + hw or & — hw) contributes to the current,
and illustrate that the conclusions derived for the symmetric case
are not modified. In Section 4.3 we illustrate a new and fundamen-
tally interesting phenomenon, namely zeros of the light-induced
currents as a function of the interaction strength, which are remi-
niscent of the phenomenon of coherent destruction of tunneling
[3,8,26-30], and which we term coherent destruction of induced
tunneling.

Solving Egs. (11) in the limit of a single site bridge, one finds for
the S-matrix elements

Si = (S;')" = exp[—iwjt + iz sin(wt)] (23)

where w; = &/h, zi = D; - Eo/(hw). The right-hand side of Eq. (23)
can be expanded in terms of the Bessel functions J,(z;) as [31]

exp[—iw;t + iz; sin(wt)]

le z;) expli(sew — w;)t] (24)
S=—00
This expansion is readily extended to the case of excitation of the
molecular bridge by pulsed, rather than continuous wave (CW)
light, E(t) = Eo(t) cos wt (whose pulse duration is long with respect
to the optical cycle [21]). In that case the interaction parameter,
zi(t) = Dy - Eo(t)/(hw), acquires a time-dependence.

Using the equation of motion (21), one obtains relations for the
expectation values of the molecular bridge operators

Py = (¢le;) = Tr(ele,o) = Py (25)

that are binary in the creation and annihilation operators for elec-
trons in the molecular states. The time evolution of the molecular
bridge population P; obtained with Eqgs. (21)-(24), reduces under
the conditions of Figure 1 to,

i = Y201~ P~ 2Pl (26)
where
Tk, i = ij (@)Y T cind = Z]r Z1) Y ek i (27)
—
and

T
Ve ki = h—zDvc,ymza(wk — i + 1) (28)
k

are the spectral functions of Eq. (19), which take the significance of
replication-specific decay rates due to coupling of the bridge site
with the conduction (c) and the valence (#) band of the electrode.
For the specific model depicted in Figure 1, p!!, = y2;"' =0, and,
given that only a single site is included (N = 1), we replaced the
K,,n=1,N notation by K; =L for the left electrode and Ky =R
for the right electrode of the single site junction.

Eq. (27) describes the rate of electron transfer between the
molecular state i and the conduction (valence) bands (I'¢(»)yr).i) as
a sum over contributions of electron transfer rates g,z in
which the underlying potential coupling constants Vf(y xi are
evaluated in the absence of the laser field but the energy-conserv-
ing s-function tunes the electron energy to the r-photonic replica-
tion, that is, to the side-band energy hw; + |r|hw shifted by integer
multiples of the photon quantum. The dependence on the interac-
tion strength, z; = D;; - Eo/(hw), is solely contained in the squared
Bessel functions in Eq. (27), which serve as weight functions for
the 7, ke components of I, ). Note that the partial electron
transfer rates J? (Zi)ye ) and I (z,)yVL ; contain contributions from
negative and positive r-values, respectively. Thus, the photon
absorption (r < 0) and emission (r > 0) processes can be viewed
as creating effective molecular states at energies hw; + rhaw with
probabilities J?(z;). These probabilities decay rapidly with r when
lzi] < 1.

In the pulsed regime, the Markovian Eq. (26) is valid for pulses
longer than reciprocal correlation frequency 1/w,. For shorter
pulses the non-Markovian Eq. (12) has to be used.

4.1. Unidirectional currents and transferred charge

The electronic current I ; is given by the rate at which the num-
ber of electrons changes in lead L,R [4,24,32]

I fej’t > @ ~ 1S (i)

keL(R h keL(R)
7S Tr([Ho + V), (29)
keL(R)
where iy, = Zp,c_vﬁgképk. Evaluating the commutator in Eq. (29), we

find,

liw) :% > (Hn - 2 > Im(Vi (€. (30)

keL(R) keL )p=C,v

Using the Heisenberg equations of motion, one obtains an equation

of motion for the expectation value of operator ELkCi (see also Eq.
(12) of Ref. [4]) reading,

%(é;ké,y = i[wk — (i + % Wn’)} @) ++ 7 V1p,< Pii — fury (&), (31)

where k € L(R), Wj; is the matrix element of the interaction of the
bridge site with the external electromagnetic field (see below Eq.
(4)). Formally integrating the last equation, using expansion (24),
invoking the Markovian approximation, and substituting the result
into the right-hand side of Eq. (30), we obtain

Ik = =2e[(1 = Pi)I"yki — Piil ek - (32)

An observable quantity in pulsed experiments is the charge trans-

ferred during an electromagnetic pulse, Q. = [;~ Iy (t)dt. Using
Eq. (32), Eq. (26) can be written as

P
b: —Iz/e—1./e (33)

dt
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The right-hand side of Eq. (26) is proportional to the sum of the cur-
rents, Ig(t) and [;(t), due to the coupling of state i with the right and
left electrodes, respectively.

Integrating Eq. (33) from t = 0 to t = oo, we get,

e[Pii(o0) = Pi(0)] = —-Qr — Q; (34)

Eq. (34) expresses the charge conservation - the transferred
charges value —Q; and Q; coincide only for P;(co) = P;(0). This
is achieved when the pulse is long with respect to the tunneling
lifetime (see below). It is readily seen that current in the SC-mol-
ecule-SC junction exists only in the presence of external EM
field (z# 0) - in the absence of the laser pulse both Iz and I,
vanish.

4.2. An analytically soluble model

The first order differential Eq. (26) can be readily integrated,
giving, for P;(0) = 0 and excitation by a rectangular pulse of dura-
tion t,

2e
Iy, = m{(rmn.irvl(n,,i = Typil e, i)
— (Fekni + T ok i) T oi €XP[=2(I i + T'ai)t]} (35)

where n# 1, I'yi =3 I',i and I'q =Y I'x,i are the rates of
electron transfer between the molecular state i and the valence
and conduction bands, respectively, of the two leads, and we used
Eq. (32). In the steady-state limit, Eq. (35) reduces to,

FCL.I'FURJ' - FvL,tiR‘i

Ip =2e
t FVi+FCi

= I, (36)
i.e.,, as expected, under steady state conditions the currents are
equal.

In the weak field limit, where the field-matter interaction
parameter is small with respect to unity, |z;| < 1, we obtain from
Eq. (35)

o —ZEFR

1) = 72T {1y Tyexpl-2(T + 1), 37)
and
1(t) = 2SR (1 expl-2(Tie+ Ty, 38)

where the dependence on the bias voltage and the laser parameters
is implicit in the I'x = J3(z;)ylk; and I'y = J3(z))p, " Eqs. (37) and
(38) illustrate that the hole current, —Ig, starts out at a finite value,
2elk, and decays exponentially according to the tunneling lifetime
[2(I';, + I'z)] ", which serves as a natural system time-scale, building
up negative charge on the bridge. The electron current, I;, starts at
zero and grows at the same rate, the tunneling rate, as negative
charge builds up on the bridge. This behavior is summarized in Fig-
ure 2, where —Ig(t) and I, (t) are plotted versus time along with
dP;;/dt = —Iz/e — I, /e, Eq. (33).
In the steady-state regime both currents converge to,

I'I'y

I =—Irp =2e |
LT I

(39)

a specific case of Eq. (36) for |z;| < 1. Eq. (39) asserts that at steady
state the rates of negative charge transported onto and out of the
bridge via the valence and conduction bands, respectively, are
equal.

At short time dP;;/dt = —Iz/e — I, /e, Eq. (33), is positive (see Fig-
ure 2), i.e., the charge density on the bride grows at a constant rate
determined by I'k. As electron current develops, the rate of change
of P; drops, until it stabilizes on zero at steady state, where the
charge density on the bridge remains constant. For pulses short

23
L53\N
1 { .......................

0.5

0 1 2 3 4 5
Figure 2. The hole and electron currents, —Ir(t) (1) and I;(t) (2), respectively, and

the rate dP;/dt = —Ig(t) — I;(t) (3) of Eq. (33) versus time for I'xy =I'y =TI and
lzi] < 1.

with respect to the tunneling time, however, steady state is never
established and P; maintains its time dependence throughout.

According to the charge conservation relation, Eq. (34), the
transferred charges —Qg and Q, coincide only for P;(co) = P;(0)
when the pulse is long with respect to the tunneling lifetime,
ty > 2(I'L + I'p)]~". Egs. (37), (38) illustrate also the possibility of
generating unidirectional current at times short with respect to
(I +TR)] .

To develop general insight into the magnitude of the electric
field that would be needed to generate significant currents, we
consider a pulsed laser experiment as described in Ref. [17], where
one observes the time-integrated current, I;,; = Qf, equal to the
product of the charge transferred during an electromagnetic pulse,
Q(~ el'ty), and the laser pulse repetition frequency, f(~ 100 MHz).
A measurable value of the time-integrated current is about
Iine ~ 1 — 10pA[17]. In such a situation, we evaluate the necessary
field strength of the laser pulse to be ~ 10°V/cm for
|zi| = 0.3,k = Vai ' =10ps~!, and t, = 1ps [17].

cL,i

4.3. Coherent destruction of induced tunneling (CDIT)

We proceed to consider the steady-state current, Eq. (36), when
the interaction parameter |z;|is not small with respect to unity. For
broad conduction and valence bands and |r| > 1, it may be ex-
pected that, due to symmetry, the spectral functions of the r-th or-
der replication would be equal for the left and right contacts, i.e.,

Veri = Veri and yig; = M (40)

In this case Eq. (36) takes the form

Vi (Dori = Vigi) + Yokl i

I = —Ig = 2e]*(z) T
n [a]

(41)

Eq. (41) shows that the steady-state current is proportional to the
square of the first-order Bessel function J?(z). This implies that
the current vanishes identically at zeros of J,(z) (i.e., for
z;=0,3.8,7,...). The phenomenon observed in Eq. (41) is referred
to in what follows as coherent destruction of induced tunneling
(CDIT), as it extends the extensively studied problem of coherent
destruction of tunneling (CDT), related to zeros of J,(z;)[3,8,26-30]
to the case of light-induced tunneling. In the present case the effect
could be formulated as dressing of the laser-free coupling of the
molecular bridge with semiconductor leads, V., by the light field
to make the effective coupling,

Vc(z/)ki - (Vc(v)ki)eff :];1 (Zi)vc(v)ki

for the electron transfer rates yc’Lf,:’l and y!}. (see Eq. (41)). These
effective tunneling matrix elements (Vm,)k,-)eff are suppressed at

zeros of J_;(z).
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Figure 3. Photonic replica for an asymmetric location of the molecular energy level.
Tunnelling from the upper photonic replication at ¢; + hw results in a unidirectional
photocurrent.

4.4. Asymmetric location of the molecular energy level

In this subsection we briefly generalize the discussion of the
previous subsections to the case where the energetic location of
the molecular orbital i is asymmetric with respect to the conduc-
tance and valence bands of the SC leads. We illustrate that the re-
sults obtained via consideration of the idealized symmetric case
remain valid. For concreteness, we assume that the higher first
photonic replication is coupled only with the conductance band
of the left lead whereas the lower first photonic replication is cou-
pled with the valence bands of both leads, Figure 3.

In this case, steady-state current is determined by the same
expressions, Eqgs. (36) and (40), the sole difference being that
now yll; # 0 and we assume that y!}. = v!!. which is realized, as
discussed above, for broad valence and conduction bands. In this
case Eq. (36) takes the form,

-1
I 2 VCLI Iogi
I, = —Igr = 2¢J; (z,)il,m T, (42)
which gives for |z;] < 1,
B B I'i Iy
L =—Ig= 2em (43)

; 11 _ il —_J? 11
since plk; = y!}, and I'r = J3(z)y1k

Eqgs. (42) and (43) show that the photoinduced, unidirectional
current survives for an asymmetric position of a molecular orbital
with respect to the conduction and valence bands of the SC leads,
thus illustrating the robustness of the proposed method. The value
of the current, however, is somewhat smaller than that in the sym-
metric case (see Egs. (39) and (41)). Eq. (42) shows also that the ef-
fect of CDIT likewise persists in the asymmetric case.

5. A two-site molecular bridge

In this section we consider the case of a two-site molecular
bridge in contact with SC leads. Specifically, we envision two
molecular sites of energies & and &, (Figure 4) that are excited
by EM field E(t) = E, cos(wt) tuned to a sub-bandgap frequency
w, such that the dressed energies &, + hw and &;; — hw are close
to the conduction and valence bands, respectively. The sites are
coupled to each other due to the intersite interaction A of Eq.
(4), and interact with the EM field due to site permanent dipole
moments D;; = —Dy, = D/2, Eq. (5), [3,8,28,30].

In the limit of a small energy gap |E; — E1|/h and weak coupling
A/h,

hw > |A|,|E; — E|, (44)

the operator §, Eq. (1
uct of two operators

1), can be conveniently represented as a prod-

§=8% (45)
where & and $” obey the equations [19]

S i, ws, (46)
ih‘fjst = (§1A8)S". (47)

Eq. (45) partitions the trasformation operator S into a fast and a
slow component, § and §, respectively, where the quasi-static evo-
lution of the slow component follows from the condition (44). The
time evolution of the rapid component, Eq. (46), is given by Eq.
(23) above. Assuming that |A| and |E; — E;| are smaller than the bath
correlation frequency ., the characteristic time of change of the
slow component, 5, is larger than the bath correlation time w;?,
and its time-dependence does not influence the relaxation parameters.
Under these assumptions one can thus replace the expansion of the
interaction picture operators ¢ (t) = §-1()S-1(t)¢; 8 ()8 (t) and
et () = -1 (1)S-1(£)e, S ()S'(t) in a Fourier series, Eq. (16), by the
simplified expansion,

S (t)ers(t) Zc’” exp(iw;t)
= éL Z]r(zn) exp[i(wn - Ta))t],
e
S-S (t) Zc’q exp(—iw,t)

=Cn Y Jg(zn) eXp[—i(®, — qu)t] (48)

defined in terms of only the rapidly changing operator S'(t). As
above, site n is coupled with electrode K. In writing Eqs. (48) we
used Egs. (23) and (24). Substituting expansions (48) into Eq. (15),
invoking the Markovian approximation, and transforming back to

the Schrodinger representation via the unitary transformation, Eq.
(20), we finally obtain,

da i
Ho+th Z4)0 ¢l e

*Z]Z (z0)yn {2f g, [h(wy

—rw)]o + [C¢a0 + acica] (1

= 2f, [h(@n = T)]) = 2€,0€¢4[1 — fi, (h(wn — T®))]
— 2¢laCufx, (h(wy — rw))}. (49)
cB
h(q
&, +he \
VB

&, —ho

Figure 4. Two-site molecular bridge. The sites are coupled to each other due to
intersite interaction A, and posses permanent dipole moments Dy; = —D,; = D/2.
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With the time evolution of ¢(t) determined, we return to the expec-
tation values of the molecular bridge operators, Eq. (25), obtaining
under the conditions of Figure 4 equations of motion for the polar-
ization P;; and the populations P,,,n = 1,2 that, in turn, determine
the light-induced hole and the electron currents in the two-site
junction. In particular,

dP, ... D-E i

TF* (@12 ——5—)Pr2 + AP — P)
=—-Po(lui+Ta1+Tu2+Taz) (50)

where

1 )

@1 =3 | (Er — Ea) + hZJ?(zl )8 = 85) (51)

and

dgg" +2 (1) APy = 2Lk, (1 Prn) — 2Lty P (52)

Similar to Ref. [23], we define the electronic current I for two-sites
case as the rate of change of electron population on the left of the
dashed line in Figure 4,
e 2e
“h h

Introducing the transformation

I A(Pz] — P]z) = AlmPlz. (53)
~ 1 t ,
P1 = P1y exp{—i[®1zt — h / D - E(t)dt]}, (54)
0

one obtains in the interaction picture

dPy(t) i o o L /
20+ paexp(iont - [ D-E@)d]) Py - Pa)

=—Pu(lyr+Tar+ T+ Tan). (55)

Using next the expansion (24), and isolating the resonance terms,
we finally find,

% +Pro(Tusa + T + Tz + Tata)

= %Ajo(z) (P22 — P11) exp(iq2t) (8
and
P12 = P1aJo(2) exp(~idnat) &7
where
,_DE (58)

how

5.1. An analytically soluble model

The set of first order differential Eqs. (52) and (56) can be read-
ily integrated, giving, for P,,(0) = P12(0) =0 and excitation by a
rectangular pulse of duration ¢,

eA’J3(2)]}(22) 71k

I(t) =
NT3(2) + (h*/4) (T + Tra)’
2
X {1 —exp[—(I'y1 + I'r2)t] cOs {ﬁAjo(z)t} }, (59)
where
I'im=Ty1+Ta1,Tro=Tr2+T'x2 (60)

denote the rates of electron transfer between molecular state
j=1,2 and the corresponding lead, we used Egs. (53) and (57)

and put @i, = 0 for simplicity. In deriving Eq. (??), (59) we assumed
that the spectral functions of r-th order for a given band are equal
for the left and right contacts, i.e.,

Veri = Verj a0d Yori = Vo (61)

for i # j when |r| > 1, and that (as above)

Voka = Ve - (62)
In particular, as discussed before, the former assumption is ex-
pected to hold due to symmetry in the case of broad conduction
and valance bands. When the relations given by Eqgs. (61) and (62)
are realized, the rates of electron transfer I';; and Ik, are equal

I'y=TIg (63)

A plot of I(t) versus time is shown in Figure 5. One can see that the
current starts at zero and, at short time grows exponentially at a
rate determined by the tunneling lifetime, (I';; + I'r,) . In the long
time limit the current approaches its steady-state value,

o Nh @)1k
NJ3(2) + (W /4) (It + Tre)*

the first term on the right-hand side of Eq. (59). Most interestingly,
at intermediate times I(t) oscillates with frequency 2AJy(z). The
oscillation decays exponentially according to the tunneling lifetime
(I'h + T'gy) ™", Eq. (59) illustrates also the possibility of generating
unidirectional current at times short with respect to (I';; + I'zz) .

(64)

5.2. Coherent destruction of induced tunneling for the two-site case.

The steady-state current for a two-site molecular bridge, Eq.
(64), is proportional to the square of the product of zero- and
first-order Bessel functions J,(z)], (z;) of different arguments z and
z, = —z/2. Consequently, the current vanishes at zeros of both
Jo(z) and J,(-z/2) (i.e., for the values of |z] =0,2.4, 5.52,7.6,
8.65,...). Thus, the phenomenon of CDIT for a two-site molecular
bridge differs qualitatively from both CDIT for a single site bridge
and the conventional CDT. In particular, for the 2-site bridge, both
the coupling of the molecular bridge with semiconductor leads
Vewij and the electron hopping matrix element A are replaced
through the interaction with the light by their effective values,
Ve = (Vewri)eg =J51(Z) Ve and A — Ay = Jo(2)A (see Eq.
(64)). The corresponding effective tunneling matrix elements
(Veuki)or and Agr vanish at zeros of J; (zj) and Jo(2), respectively.

To determine the steady-state current versus z, Eq. (64), one
needs to know z-dependence of I';; + I'gy, Which requires calcula-
tion of the rates ;' Eq. (28), as functions of r, the order of the
photonic replication. To evaluate y[',, it is useful to convert the
sum over k in Eq. (28) into an integral over the energy
o> = Jo dep® (), where p®(e.,) is the density of states of
the 3D semiconductor. This yields,

Imi,
1.4
1.2

1
0.8
0.6
0.4
0.2

16 20
20, (Dt R

04 8 12

Figure 5. Current [(t) versus time for two-site bridge when

h(I't1 + 'rz) = 0.5A]4(2). Iss denotes the steady-state value of I(t), Eq. (64).
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Figure 6. Steady-state current for two-site bridge versus z, calculated using Egs.
(64) and (67) for Y22, + y5 > = 101k, and hylk,/|A] =0.054.

n o0
ngl(jJ “h /0 dSC.V,DG) (Sc.v)|Vc.vj(86.u)|25(86,7/ - hwj +rhw)
= % IVei(haw; — tho) 2 p® (hoj — rho) (65)

Bearing in mind that p®(e.,) ~ /&.,[33], and neglecting the en-
ergy dependence of the tunneling matrix element V. (e ), one ob-
tains for |r] > 2

Wy = VI 7252, (66)

with which
I'pm=Tn :J%(Z/Z)V};}e.z + (sz?z,z + V;Rz..{z)zﬁ(z/z) vr—1, (67)
r=2

where we used Eqgs. (27), (61), (62) and (63). A plot of Iss versus z is
provided in Figure 6, illustrating that the steady-state current for
the two-site bridge vanishes at both the zeros of the current corre-
sponding to CDT and the zeros of the induced current for a single
site bridge. We note also the qualitative difference between the cur-
rents for the single- and the double-site bridges, originating from
the differences of the underlying electronic dynamics.

6. Conclusions

In the previous sections, we proposed a viable approach to
coherent control of electric transport via molecular junctions and
developed a theoretical framework to explore the method. Our ap-
proach makes use of semiconducting electrodes and sub-bandgap
frequencies to circumvent substrate-mediated processes and com-
peting energy transfer events. It relies on a simple and general con-
cept, namely the controllable photonic replication of molecular
levels through interaction of the molecular permanent dipole vec-
tor with an electromagnetic field. By exploring simple, analytically
soluble limits for a single and two-site molecular bridge, we
showed that, acting in conjunction with the bias voltage, the elec-
tromagnetic field induces unidirectional current in the junction,
whose rate is determined primarily by the bias voltage while its
temporal characteristics are controlled by the laser pulse. Our re-
sults show that photoinduced, unidirectional current is obtained
for both a symmetric and an asymmetric position of a molecular
orbital with respect to the CB and VB of the SC leads, giving evi-
dence to the generality and the robustness of the proposed ap-
proach. We also predicted the phenomenon of coherent
destruction of induced tunneling (CDIT), which extends the previ-
ously observed effect of coherent destruction of tunnelling (CDT).
CDIT for a two-site bridge differs qualitatively from both CDT
and from CDIT in a single site bridge, reflecting rather different
dynamics of the electrons in the molecular wire in these two cases.

It is clear that opportunities for future research that will extend
the simple models presented here are many and intriguing.
Numerical application of the theory developed in Section 3 that
will include multiple sites and account for nonMarkovian effects

would provide general insights into the role of nonMarkovian
physics in light controlled junctions and the extent to which the ef-
fects observed analytically here survive in the realistic many-site
case. Likewise instructive would be an extension of our model to
realistic molecular bridges, e.g., oligophenylene molecules with
varying numbers of phenyl rings. The photoconductance of such
molecular bridges attached between two metallic electrodes and
subject to monochromatic light irradiation was studied in Refs.
[34,35]. Both the exploration of the multiple-site, nonMarkovian
problem and the extension of our method to treat a realistic molec-
ular bridge are the topics of ongoing research in our group.

Other approaches to optical control of transport via junctions,
which similarly take advantage of the band gap of semiconductors
and sub-bandgap frequencies, could be readily envisioned. The ap-
proach introduced in Ref. [13], where the concept of nonadiabatic
alignment is utilized to introduce a nanoscale, ultrafast switch,
could be generalized through application of the recently developed
torsional control approach [36,37]. Here, a circularly- or an ellipti-
cally-polarized, low frequency laser pulse is applied to transiently
force a nonrigid, twisted molecule (as, e.g., a biphenyl derivative)
into coplanarity, with a dramatic effect on the optical as well as
the electronic properties of the system. When a molecule of this
gender is connected to semiconductor electrodes and subjected
to an appropriately polarized, sub-bandgap laser pulse, the result-
ing molecular junction is expected to exhibit a conductance on-off
ratio of ca. one and a half orders of magnitude along with sub-pico-
second conductance on-off time scales. Likewise, the method of
resonant chirped pulse excitation of a molecular optical transition,
previously applied (with several undesired competing effects) to
metal-based molecular junctions, could benefit from the introduc-
tion of SC-based junctions, potentially enabling us to maximize
photoinduced current through a junction due to adiabatic rapid
passage. A theory to model this method for metallic contacts and
a molecular bridge characterized by a strong charge-transfer tran-
sition into the first excited state [38] has been developed in
Refs.[4,5]. The use of SC contacts will enable realization of a coher-
ent version of the method, specifically, the transfer of electron
charge e per optical pulse (see Eq. (61) of Ref. [4] and the corre-
sponding discussion). This opportunity may find application in
the development of single-electron devices with optical gating
based on molecular nanojunctions. These and other avenues of
extending coherent control concepts and tools to the domain of
molecular junctions will be the topic of future research.
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