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Photon Assisted Current in Molecular Nanojunctions with
Novel Types of Contacts

Boris D. Fainberg

Faculty of Science, Holon Institute of Technology, 58102 Holon, Israel
School of Chemistry, Tel-Aviv University, 69978 Tel-Aviv, Israel

Abstract. We propose new approaches 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 first method
is based on the application of intrinsic semiconductor contacts and optical frequencies below the semiconductor bandgap.
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. We also propose to use
graphene electrodes as a platform for effective photon assisted tunneling through molecular conduction nanojunctions. We
predict dramatic increasing currents evaluated at side-band energies ~ nAi® (n is a whole number) related to the modification
of graphene gapless spectrum under the action of external electromagnetic field of frequency @. Our results illustrate the

potential of semiconductor and graphene contacts in coherent control of photocurrent.

Keywords: Molecular conduction nanojunctions, dressed states, semiconducting and graphene electrodes

PACS: 73.23.-b, 73.63.Rt, 78.67.Wj, 42.50.Hz

INTRODUCTION

The field of molecular-scale electronics has been rapidly
advancing over the past two decades, both in terms of
experimental and numerical technology and in terms
of the discovery of new physical phenomena and real-
ization of new applications (for recent reviews please
see Refs.[1, 2]). In particular, the optical response of
nanoscale molecular junctions has been the topic of
growing experimental and theoretical interest in recent
years [3, 4, 5, 6], fueled in part by the rapid advance of
the experimental technology and in part by the premise
for long range applications in optoelectronics. The ul-
timate goal of controlling electric transport with coher-
ent 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
shine on a molecular system in contact with a metal
substrate is adsorbed by the substrate, rather than by a
molecular bond or the molecule—surface bond in the vast
majority of cases, leading to the excitation of hot carri-
ers. 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.

Reference [4] proposes the use of semiconducting
electrodes and sub-bandgap frequencies to circumvent
undesired substrate-mediated and heating processes.
Here, an ultrafast, nanoscale molecular switch is in-
troduced, 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. Semiconducting electrodes have
been used in the experimental literature in the context of
a single-quantum-dot photodiode that may be considered
as a quantum dot-based junction [7, 8]. In addition to
introducing a new opportunity for coherent control of
transport via junctions, semiconductor-based molecular
electronics offer potentially several other attractive prop-
erties. From a chemical perspective, organic molecules
typically form much stronger bonds with semiconduct-
ing surfaces, such as doped silicon, than with metals.
From a technological perspective, the addition of molec-
ular function to the already established silicon-based
technology is vastly more viable than replacing silicon
by metal-based electronics.

In the first part of the work we propose and explore
theoretically a new approach to coherent control of elec-
tric transport via semiconducting junctions, which is sim-
ilar to the concept introduced in Ref. [4] in capitalizing
on the use of sub-bandgap frequencies, but is comple-
mentary 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 ei-
ther the left or the right contacts, thus generating unidi-
rectional current whose temporal characteristics are con-
trolled by the light pulse.

Furthermore, a way of the control of the current
through molecular conduction nanojunctions is the well-
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known photon-assisted tunneling (PAT) [9, 1] that was
studied already in the early 1960’s experimentally by
Dayem and Martin [10] and theoretically by Tien and
Gordon using a simple theory which captures already the
main physics of PAT [11]. The main idea is that an exter-
nal field periodic in time with frequency @ can induce in-
elastic tunneling events when the electrons exchange en-
ergy quanta @ with the external field. PAT may be related
either to the potential difference modulation between the
contacts of the nanojunction when electric field is par-
allel to the axis of a junction [11, 9, 5], or to the elec-
tromagnetic (EM) excitation of electrons in the metallic
contacts when electric field is parallel to the film surface
of contacts [11]. According to the Tien-Gordon model
[11, 9, 5] for monochromatic external fields that set up
a potential difference V() = Vjcos ¢, the rectified dc
currents through ac-driven molecular junctions are de-
termined as [9, 5]

st eV =
=Y Jf(h—a?)lgc(eVo—&-nha)): Y

n—=—oo n—=—oo

where the current in the driven system is expressed by
a sum over contributions of the current IgL,(eVo +nho)
in the undriven case but evaluated at side-band ener-
gies eV + nho shifted by integer multiples of the photon
quantum and weighted with squares of Bessel functions.
A formula similar to Eq.(1) can be obtained also for EM
excitation of electrons in the metallic contacts [11]. Note
that the partial currents /,, contain contributions from =+n.
The term Jn(%) denotes the n-th-order Bessel function
of the first kind. The photon absorption (n > 0) and emis-
sion (n < 0) processes can be viewed as creating effective
electron densities at energies eV = nfiw with probability
J2(£%). These probabilities strongly diminish with num-
ber n when eVy < i that severely sidelines the control
of the current for not strong EM fields (< 100V Jem [1]).

In the last time graphene, a single layer of graphite,
with unusual two-dimensional Dirac-like electronic exci-
tations, has attracted considerable attention due to its ex-
ceptional electronic properties (ballistic in-plane electron
transport etc.) [12, 13]. Quite recently they have shown
interest to a new kind of graphene-molecule-graphene
(GMG) junctions that may exhibit unique physical prop-
erties, including a large conductance (achieving 0.38
conductance quantum) etc. [14]. The junction consists of
a conjugated molecule connecting two parallel graphene
sheets. In this relation it would be interesting to in-
vestigate PAT in such a junction to control the current
through it. The PAT in GMG junctions under EM ex-
citation of electrons and holes in the graphene contacts
may be rather different from that for usual metallic con-
tacts. It was shown that the massless energy spectrum
of electrons and holes in graphene led to the strongly
non-linear EM response of this system [15]. Sure, the
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strongly non-linear EM response should also lead to a
slow falling down currents evaluated at side-band ener-
gies ~ nho (see Eq.(1)) with harmonics index n in com-
parison to nanojunctions with metallic (or semiconductor
[16]) leads (see below). This makes controlling charge
transfer essentially more effective than that for molecular
nanojunctions with metallic contacts. Additional factors
that may enhance currents evaluated at side-band ener-
gies ~ nh® in nanojunctions with graphene electrodes
are linear dependence of the density of states on energy
in graphene [12], and the gapless spectrum of graphene
that can change under the action of external EM field (see
below).

In the second part of the work we propose and explore
theoretically a new approach to coherent control of elec-
tric transport via molecular junctions, using either both
graphene electrodes or one graphene and another one - a
metal electrode (that may be an STM tip). Our approach
is based on the excitation of dressed states of the doped
graphene electrode with electric field that is parallel to its
surface, having used unique properties of graphene men-
tioned above.

PHOTON ASSISTED CURRENT IN
MOLECULAR NANOJUNCTIONS WITH
SEMICONDUCTOR CONTACTS [16, 17]

We consider a molecular junction consisting of a molec-
ular moiety that possess a permanent dipole moment D
and is in contact with two intrinsically semiconducting
electrodes. The use of SC contacts circumvents energy
transfer from the bridge to the contacts [§8], a complicat-
ing feature in junctions with metallic contacts, since, as
noted above, sub-bandgap light cannot excite electron-
hole pairs in a semiconductor substrate [4]. 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 EM field with such systems leads to
modulation of their energetic spectrum by the field fre-
quency o [18, 19, 21]. The efficiency of the energy spec-
trum modulation depends on the interaction parameter
z=D-Ey/(hw), where Ey is the amplitude of the elec-
tromagnetic field E(z). The permanent dipole moment of
relevant molecules can reach 10 D and more. The spec-
tral modulation alters the arrangement of molecular elec-
tronic 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 conduction band (CB) and valence band (VB). Sup-
pose that initially a single molecular level of energy &; is
positioned between the conduction and valence bands of
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FIGURE 1. Electromagnetic excitation applied to a molecu-

lar bridge in state €; leads to generation of its photonic replica at
energies & =+ fiw. Tunnelling from the photonic replica results
in a unidirectional photocurrent. CB - conduction band, VB -
valence band.

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 @ excites the molecular bridge,
photonic “replication” of state i with energy & + i can
be tuned to be close to the CB, while the photonic “repli-
cation” with energy & — A is energetically close to the
VB. In that situation a current flows through the junction
and its temporal duration is controlled by the electromag-
netic pulse characteristics. The transport rate is largely
controlled by the applied voltage bias, which determines
the barrier width (the asymmetric case, where the molec-
ular level is remote from the gap center, is addressed in
Ref.[16]). This control enables us to realize coherent ex-
citation of a molecular bridge while circumventing com-
peting processes.

Theory

The complete Hamiltonian describing a molecular
bridge interacting with two semiconductor electrodes
and subject to a low frequency optical pulse is written
as, H = B,y + Hsc + W + V, where the zero order wire

Hamiltonian,

A N
Hyire = Z
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 éjl (¢,) are creation (annihilation)
operators for electrons in site n. The A term in Eq. (2)
accounts for electron transfer interactions between near-
est sites within the Huckel model. The Hamiltonian of
the intrinsic semiconductor leads is given as, Hge =
Y1 N Ykek, (EkCly o + evkézkévk) where ¢ (v) denote
the conduction (valence) bands and &,y are the corre-
sponding quasicontinuum electron energies. In what fol-
lows we will omit the band indices ¢ and v 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. W (¢) = —D-E(t) de-
scribes the interaction of the bridge sites with an external
electromagnetic field E(¢), where the dipole operator has
only diagonal elements, Dy, = D[dy1 + (N+1—2m) /2].
Here D is given by the product of electron charge by the
distance between the neighboring sites [1], and 8y is the
Kronecker delta. Finally, V = Y1 NkeK, (V,,Ckézkén +

Z n+1cn+c Cn+1) 2

ankéi'kén) + h.c., where h.c. denotes Hermitian conju-
gate, 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 molec-
ular wire, where the semiconductor leads K,,, n = 1,N
are taken to be each in its own equilibrium charac-
terized by its temperature 7 (here taken equal for the
two leads) and electronic electrochemical potentials fik,
and L, for the conduction and valence bands, respec-
tively. Therefore, the lead electrons are described by the
equilibrium Fermi functions fk, (&.(,)x) = [exp((&.(v)x —

Hk,c(v))/kBT) + +1]7! where kp is Boltzmann’s con-
stant. Consequently, expectation values for lead opera-
tors are simplified through the relation (61:(‘7),(66(‘,),(/) =
Tk (Ec(ue) Ot -

Our analysis is based on the generalized master equa-
tion for the reduced density matrix of the molecular sub-
system treating V as a perturbation [1, 22, 23]. Briefly,
one starts with the equation of motion for the total den-
sity operator and uses projectors onto the left (L) and
right (R) quasicontinua of the type Pxp(¢) = pxTrxp(2),
K = L,R, in order to derive an equation for the time evo-
lution of the reduced density matrix o(¢) = TrgTr.p(¢)
[17, 16].



Single site molecular bridge

In this section we specialize the theory developed in
the previous section to the simplest case scenario of a sin-
gle site bridge. We illustrate a new and fundamentally in-
teresting phenomenon, namely zeros of the light-induced
currents as a function of the interaction strength, which
are reminiscent of the phenomenon of coherent destruc-
tion of tunneling [24, 1, 5], and which we term coherent
destruction of induced tunneling (CDIT).

Using the equation of motion for ¢ [17, 16], one ob-
tains relations for the expectation values of the molecular
bridge operators Py; = (6?6,»/) = Tr(cAchA,»/G) = P} 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; reduces under the condi-
tions of Fig.1 to,

;=L

dP”

vk, i — 2Pl ek, i] 3)

where

vKn, 212 Zi '}/Knu cKy,i = Z 12 Zt ')/Knu 4

F=—00

; = Ei/h, zi=Dj- EO/(hw)’ and

chKm 2Z|Vc Vkl‘ S(wk—a),+ra)) (5)

are the spectral functions, which take the significance of
replication-specific decay rates due to coupling of the
bridge site with the conduction (c¢) and the valence (v)
band of the electrode. For the specific model depicted in
Fig.1, %L i = y;;fl =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.

Equation (4) describes the rate of electron transfer be-
tween the molecular state i and the conduction (valence)
bands (I'c(,)(r),;) as a sum over contributions of electron
transfer rates ¥/ (rv) R(L). in which the underlying potential
coupling constants V,(,y; are evaluated in the absence of
the laser field but the energy-conserving §-function tunes
the electron energy to the r-photonic replication, that is,
to the side-band energy %@; & |r|hie shifted by integer
multiples of the photon quantum. The dependence on
the interaction strength, z; = D;; - Eo / (h®), is solely con-
tained in the squared Bessel functions in Eq. (4), which
serve as weight functions for the y’ (vR(L),; Components
of I'c(,)1(r),i- Note that the partial electron transfer rates
Jrz(Zi)ﬂz(R),i and Jrz(Zi)YJZ(R)
negative and positive r-values, respectively. Thus, the
photon absorption (r < 0) and emission (r > 0) processes

; contain contributions from

can be viewed as creating effective molecular states at
energies 7i; 4 rfiw with probabilities J2(z;). These prob-
abilities decay rapidly with r when |z;| < 1.
The electronic current /7, g is given by [17, 16]
= —2e[(1—

Pi)lyk i — Pile.il- (6)

The first order differential equation (3) can be readily
integrated. In the steady-state limit we get

( VR,i — ,}/VRL)+’}/VR1 cL,i
I+

Vi (T
IL = —IR = Zellz(z,-) cL,i

(N
i.e., as expected, under steady state conditions the cur-
rents are equal. Here I'y; = Yk Tk, iand Ui =Yg, D, i
are the rates of electron transfer between the molecular
state i and the valence and conduction bands, respec-
tively, of the two leads, and we used Eq.(6). 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 order replication would be equal for the left and
right contacts, i.e. ¥ ; = Yg,; and ¥,; = ¥ ; that we
took into account when derived Eq. (7). ’
Equation (7) shows that a steady-state current is pro-
portional to the square of the first-order Bessel func-
tion J?(z;). This implies that the current vanishes iden-
tically at zeros of Ji(z;) (i.e. for z; = 0, 3.8, 7,...).
The phenomenon observed in Eq. (7) is referred to in
what follows as coherent destruction of induced tunnel-
ing (CDIT), as it extends the extensively studied prob-
lem of coherent destruction of tunneling (CDT), related
to zeros of Jo(z;) [24, 1, 5] to the case of light-induced
tunneling. In the present case the effect could be formu-
lated as dressing of the laser-free coupling of the molec-
ular bridge with semiconductor leads, V., by the light
field to make the effective coupling,

Ve = Vewpri)err = J51(20) Ve

for the electron transfer rates y;Lffl and %R, (see
Eq.(7)). These effective tunneling matrix elements
(Ve(v)ki)es s are suppressed at zeros of J+1(z;).

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 &
(Fig.2) that are excited by EM field E(t) = Eqcos(wr)
tuned to a sub-bandgap frequency w, such that the
dressed energies €1 + /i@ and € — i@ are close to
the conduction and valence bands, respectively. The sites
are coupled to each other due to the intersite interac-
tion A of Eq.(2), and interact with the EM field due
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FIGURE 2. Two-site molecular bridge. The sites are coupled
to each other due to intersite interaction A, and posses perma-
nent dipole moments Dj; = —D»; =D/2.

to site permanent dipole moments D} = —Dy, = D/2
[1, 5] (see Sec.Model). In the limit of a small energy gap
|E; — Ej| /i and weak coupling A/,

ho > |A|,|E, — Eq], (8)

one can obtain the equations for the expectation values of
the molecular bridge operators, the polarization 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 [16]. In particular,

dP; D E i
Py + ~A(Pyy — P
dz+( h)12+h(11 %)
=—Po(Tu1+Tep1 +T0 2+ T 0) 9
and
dP,, 2
Z(—1)"AImP
" +h( )'AImPyy
= 2F\/K,,,n(l - Pnn) - 21—‘cK,,,nPnn (10)

Similar to Ref.[23], we define the electronic current / for
two-sites case as the rate of change of electron population
on the left of the dashed line in Fig. 2,

1="A(Py (11)

n

The set of first order differential equations (10) and (9)
can be integrated for excitation by a rectangular pulse

2e
—Pp) = ;NmPlz-

14

[16]. In the long time limit the current approaches its
steady-state value,

eA T3 ()3 (z2) Yk
NJ2(2) + (R /4) (T +Tra)?’

where z =D -Eo/(hw); 'ty =T+ T and Try =
I'ur 2 +T'¢r 2 denote the rates of electron transfer between
molecular state j = 1,2 and the corresponding lead, and
we used Eq.(11) and put @, = 0 for simplicity. In deriv-
ing Eq. (12), we assumed that the spectral functions of
r-th order for a given band are equal for the left and right
contacts, i.e.

Iss = 12)

YiLi = Yer j» Yori = WL (13)
for i # j when |r| > 1, and that (as above)
—1,-1
%2 = Yo (14)

In particular, as discussed before, the former assumption
is expected to hold due to symmetry in the case of broad
conduction and valance bands. When the relations given
by Egs.(13) and (14) are realized, the rates of electron
transfer I'7; and I'gy are equal, I'1; = T'go.

The steady-state current for a two-site molecular
bridge, Eq.(12), is proportional to the square of the prod-
uct of zero- and first-order Bessel functions Jy(z)J1(z2)
of different arguments z and z = —z/2. Consequently,
the current vanishes at zeros of both Jy(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 molecu-
lar bridge differs qualitatively from both CDIT for a sin-
gle site bridge and the conventional CDT. In particular,
for the 2-site bridge, both the coupling of the molecular
bridge with semiconductor leads V,(,);; and the electron
hopping matrix element A are replaced through the inter-
action with the light by their effective values, Vi —
(Vc(v)kj)eff = J:FI (Zj)vc(v)kj and A — Aeff = J()(Z)A (see
Eq.(12)). The corresponding effective tunneling matrix
elements (V. ,kj)ers and A, sy vanish at zeros of J+1(z;)
and Jy(z), respectively.

To determine the steady-state current versus gz,
Eq.(12), one needs to know z-dependence of I'z; +I'2,
which requires calculation of the rates ¥, VK j> Eq.(5),
as functions of r, the order of the photonic rephcation.
Using the density of states of a 3D semiconductor, one
obtains for |r| > 2

/ 2,72
c,rllKj J l”‘ 7/L:FVK:/F]’ (15)
with which 'z, =177 and
Tro = ( )Yora + ( 72R2+YE ZJZ
(16)
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FIGURE 3. Steady-state current for two-site bridge versus z,
calculated using Eqs.(12) and (16) for 731%,2 + %}2:272 = 1073,;2
and 7y)h 5 /|Al = 0.054.

where we used Eqgs.(4), (13) and (14). A plot of Igs versus
z is provided in Fig.3, illustrating that the steady-state
current for the two-site bridge vanishes at both the zeros
of the current corresponding to CDT and the zeros of
the induced current for a single site bridge. We note also
the qualitative difference between the currents for the
single- and the double-site bridges, originating from the
differences of the underlying electronic dynamics.

PHOTON ASSISTED CURRENT IN
MOLECULAR NANOJUNCTIONS WITH
GRAPHENE CONTACTS [25]

In the second part of our work, as a first step, we calculate
a semiclassical wave function of a doped graphene un-
der the action of EM excitation. Then we obtain Heisen-
berg equations for the second quantization operators
of graphene and calculate current through a molecular
junction with graphene electrodes using non-equilibrium
Green functions (GF). We address different cases, which
are analytically soluble, hence providing useful insights.

Calculation of Semiclassical Wave Function

The states of electrons in graphene are conveniently
described by the four-component wave functions, de-
fined on two sublattices and two valleys. Electron mo-
tion in the time-dependent EM field is described by the

2D Dirac equation [12, 13]

e ~a
zh—w =M6(p— EA) +e@por| W

dt {17

written for a single valley and for a certain direction
of spin. Here P is the momentum of the quasiparticle,
v - the Fermi velocity (v ~ 10° m/s), 6 - the vector of
the Pauli matrices in the sublattice space (“pseudospin”
space), A and @, are vector and scalar potentials of
an EM field, respectively. Suppose a graphene film is
excited by a linearly polarized monochromatic electric
field E,(t) = Eycos of that is parallel to its plane (x,y).
Then Ay = —(c/w)Epsinwt, Ay = A, = 0. To obtain a
semiclassical solution of Eq.(17), we use a method of
Ref. [26] (see also [27]). As a result, we get the wave
function normalized for the graphene sheet area s [25]:

1 ' ’
v = Jsexplipa/nt ipoy/m)expl (v [ pa' -

t
—e /0 Ppordt’ )it (18)

where P is the normal momentum that obeys the classi-
cal equations of motion for a particle with charge —e, ac-
cording to which j(t) = —(eEp/ @) sin(@t); p =p— ¢A
where p is the generalized momentum. Here slowly vary-
ing spinors i, are equal to

i :L< exp(—i9/2) )
T2\ Eexp(ip)/2) )

5= 1B an@ = py/p pr = peosg, p, = psing,
tan@ = p,/py. In the absence of external EM field
Eqgs.(18) and (19) give the exact wave function of un-
perturbated graphene [12]. Eqgs.(18) and (19) show re-
markable and very simple result, according to which the
time-dependent part of the semiclassical wave function is
defined by the same formula as that for the unperturbated
system with the only difference that the generalized mo-
mentum p should be replaced by the usual momentum p.
The space-dependent part of the wave function remains
unchanged.

The wave function of the graphene sheet interacting
with molecular bridge ¥ may be represented as the su-
perposition of wave functions, Eqs.(18) and (19). Passing
to the second quantization, we get

19)

¥ o= \% Y'Y dpsexplipr+ £ (Fv fo pdt’
+=p

—e Jo Ppordt)iips: (20)
where dp. are annihilation operators. To obtain the
Hamiltonian in the second quantization representation,
consider an average energy of a particle with wave func-
tion y that is given by [ y*Hwydr =il [ y*(dy/dt)dr.



Replacing wave functions y for W operators and inte-
grate with respect to r, we get

H= /‘“PTHlPdI‘— ZZaPi odp=, olEvp(t )+6(Ppot( )]

po+,—
| @1
where Zodgijgdpi,g = d;,idpi, o = 1,2 is the "qua-
sispin" index. Using Hamiltonian, Eq.(21), we obtain the
Heisenberg equations of motion

ddpj:ﬁo‘(t)

dt ePpor (t)]ap+.6 ()

(22)

=t o~

= 2.y ol [FvR(0) -

Formula for the Current

Consider a spinless model for a molecular wire that
comprises one site of energy &, positioned between ei-
ther both graphene electrodes (leads) or one graphene
and another one - a metal electrode. The corresponding
Hamiltonian is Hyyire + HlmdY +V where the wire Hamil-
tonian is Hyjre = smcmcm, cm (¢,,) are creation (annihila-
tion) operators for electrons at the molecular wire. The
molecule-leads interaction V describes electron transfer
between the molecular bridge and the right (R) and left
(L) leads that gives rise to net current in the biased junc-
tion

-y ¥

+.,—o,pe{L,R}

Vot oy olm+H.c),  (23)

Here H.c. denotes Hermitian conjugate. The current
from the K lead (K = L,R) can be obtained by the gener-
alization of Eq.(12.11) of Ref.[28]

2Ke
Ix = 77 Z VPiA,O';mRe[G;;pi,G(tvt)]

+,—o.pek

(24)

where k¥ = 1 for the metal electrode, and k¥ = 2 for
the graphene electrode that accounts for the valley de-
generacies of the quasiparticle spectrum in graphene.
Grptolt,t') =i(a I,i o(t)ém(t)) denotes the lesser GF.
Calculating the latter, we get [25]

4
1,(*—6

dtl Zlm/

exp [+— e‘PpolK( —11)]

erm(ivpvtlyl)[G;m(tJ] )f (ivp) +Grim(t7tl )] (25)

where G’,.(t,t;) and G;,,(t,1;) are the retarded
and lesser wire GFs, respectively; fX (vpy)

= (Gheo(0)ap=o(0)) = [1-+exp(2E5)]
the Fermi function and pg - the chemical potential of

is

lead K, and

Tﬁm(:l:vp,tl,t) = / dOvpVp+ om(t)

hlvz ok
xVi(,m(tl)exp[ihv dt’ﬁ(t’)} (26)
1

is the level-width function. To proceed, we shall make
the time expansion of I'X, (£vp,#, 1) into the Fourier se-
ries, and then use the Markovian approximation, consid-
ering time ¢ —¢; = 7 as very short. This will also en-
able us to use the non-interacting resonant-level model
[28] for finding the time dependence of G, (t,t —T)
and Gj;,,(t,t — T) = inpy(t )exp( #€mT) as functions of
t and t — T where ny,(t) is the population of molecu-
lar state m. According to the Floquet theorem [1], the
general solution of the Schrodinger equation for an elec-
tron subjected to a periodic perturbation, takes the form
y(t) = exp(—Let)Pr(t), where r (1) is a periodic func-
tion having the same period 7 as the perturbation, and
¢ is called quasienergy. Then the expansion of function
exp[£v [y dt’ p(t')] on the right-hand side of Eq.(18) into
the Fourier series will be as following

exp[— v/ ar'p(t ]—exp[h p,0)t] Z ci(p,0)exp(iltw)

J—
27)
where
% . 1 .
c(p,0) = %/7%(3><;>[%/0 pdr' — +e(p, )t — ilor]di
(28)

Using expansion, Eq.(27), into Eq.(26) and neglecting
fast oscillating with time 7 terms, we get

s
— / dep|Vpigm\

Fﬁm (£vp,7) = .
GGK
e(p,0)
h

X Z ‘Cn(p,

n=—oo

0)[* exp{=i[

+nolt}  (29)

Then going to the integration with respect to 7 in Eq.(25)
and bearing in mind Eq.(29), we get

Ix = 4e Z/ do Z (1) = R (vpus)]
ock n=—oo
<|en(pus0)PTog,  (30)
where we denoted
smx S 'w 2
Woam =355 | v0d(p) Vos oo %
x8[£(e(p,0) +nho) + eQpor k — €m (31)

is the spectral function for the n-th photonic replication,
S(x) is the Dirac delta, arguments p,+ are defined by
equation

€:(p,0) = +(&n — ePpor k) —nh® (32)



and should be positive. Below we shall consider Vp+ 5,
not dependent on p=+ and quasispin ©.

Molecular bridge between graphene and
metal electrodes

Consider a specific case when the molecular bridge is
found between graphene and metal (tip) electrodes. In
that case one can use Eq.(30) for K = L:

L=4Y Y [nlt)— f(opus)]

oceKn=—o

4 2-(n)%
X A dO|cn(Pn+:0)" Y5, 6.m (33)
If R represents the metal electrode, then
Igr = 2e’yRm [nm (Z) - flf] (34)

where 2yg, is the charge transfer rate between the molec-
ular bridge and the metallic lead. In the case under con-
sideration the equation for n,,(t) becomes

dny/dt = —Ip /e —1Ig/e (35)
that is written as the continuity equation. Inserting
Eqgs.(33) and (34) into Eq.(35), solving the latter for the
steady-state regime and substituting the solution into Eq.
(34), we get

T
I =4eY [ dblcu(puc, )P T £ vprs) )
no
(36)

for a special case

YRln/z >>) 5 Z }_énL)(jyim foﬂd6|cn([7ni7 6)|2

n=—oo
Eq.(36) seems similar to that of Tien and Gordon,
Eq.(1), and generalizes it. To calculate current, we shall
use a variety of approaches.
Function exp[4v [gdt' p(t")]
written in the dimensionless form as
exp(i% [3 dx\/1+ 2bcos O sinx + b2 sin’x) where
b= (eEyv/®)/(vp) and o = (eEpv/®)/(hw) represent
the work done by the electric field during one fourth
of period weighted per unperturbated energy vp and
photon energy %@, respectively; y = wt, and we assume
eEy > 0. If b < 1, one can use the cumulant expansion,
and we get exp[i ¥ [¢ dx\/1+4 2bcos 0 sinx+ b2 sin>x] =
exp[G1(y) + Ga(y)], where G (y) contains only a con-
stant term and the linear with respect to y term that
describes the quasienergy weighted per photon energy
[25]. The term exp[G2(y)] can be expanded in terms of
the Bessel functions J;(z;) [29]. In case of large momenta
(far from the Dirac point), b << 1, &(p,0) =~ vp, and

may be

8ey, . —
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FIGURE 4. Current in the case of large momenta for n-
doped (1 > 0, solid) and p-doped (u < 0, dashed) graphene
electrode as a function of applied voltage bias. |&,| = 20ho,
o=3.

we get from Eq.(32): vp,+ = £(&n — e@por k) —nho. In

that case quantities )7(")i Eq.(31), become

Gro,m?

_(n)+ Y% (Em —eoQ, otVL)
((726,m = ;[i hwp _n]

(37

where % = [Vpi.om|?s@/(21*V?), and the expression
in the square brackets is proportional to the DOS for
graphene that is proportional to energy [12]. In the case
under consideration, |c;(p,0)|* = J?(cwcos B) [25]. The
current, Eq.(36), calculated for large momenta when o =
3, as a function of applied voltage bias is shown in Fig.4.
In our calculations temperature 7 = 0, and the leads
chemical potentials in the biased junction were taken to
align symmetrically with respect to the energy level &,
[30], i.e., 4+ e@o/2 for the left lead, and u — e@p/2
for the right lead (e@y > 0, €@, (1 gy = £ePo/2) where
U = &, for both leads. Both curves of Fig.4 show pho-
ton assisted current - the steps when the potential of
the graphene electrode achieves the values correspond-
ing to integer multiples of the photon energy. The steps
are found on the background that decreases linearly for
a n-doped graphene electrode and increases linearly for
a p-doped electrode when ey increases. This is related
to the linear dependence of DOS on energy. To calculate
coefficients ¢;(p, 0), Eq.(28), in general case, we need
to know quasienergy €(p, 0). The latter may be found
as zero harmonic of the Fourier cosine series of nor-
mal momentum p(¢) on the left-hand side of Eq.(28).
Consider first limiting points 6 = 0, 7 when the momen-
tum is parallel to the electric field. Then the quasienergy
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FIGURE 5. The logarithm of the absolute values of Fourier-
coefficients ¢;(p; 6 = 0, 1) (solid line) versus harmonic number
[ for n-doped graphene contact ( >0)and ¢ =0.5,b=1.43 >

1. For comparison we also show |J;(¢t)| (dashed line). We use
the continuous variable / though / takes only the whole values.

weighted per the work done by the electric field during
one fourth of period is equal to &(p; 0 =0, ) = &(p; 0 =
0,7)/(evEy/®) =[1/(27b)] [ dx|1 £ bsinx|. If b < 1,
€(p;0 =0,m) =1/b ~ vp like above. When b > 1,

- 2 ! 1
&(p;6=0,m)= E[arcsm(z) +4/1— ﬁ] (38)
that gives for b >> 1
1 (vp)?
;0=0,m)=—[20h 3
e(p; ) 717[ ¢ w+evE0/a)] 39)

- a quadratic dependence of £(p;6 = 0,7) on vp for
small vp or large evEy/® accompanied by opening the
gap 405%“’ (see Fig.6 below). This gap is different from
those predicted in Refs.[13, 31], which are induced by in-
terband transitions in an undoped graphene. In contrast, a
semiclassical approximation used in our work is correct
for doped graphene when i < 2u [15], and as a con-
sequence, interband transitions are excluded. Therefore,
in our case the gap is induced by intraband processes.
When €(p;0 = 0,7) is defined by Eq.(39), quantities
)7<G"L)im, Eq.(31), become }‘é’?écm = ayp/4 that do not de-
pend on n and are proportional to . Fig.5 shows the
logarithm of the absolute values of Fourier-coefficients
¢/ (p;6 =0, 7) for different / calculated using Egs.(28),
(32) and (38). For comparison we also show the usual de-
pendence |¢;(p;0 =0, m)| = |/;(e)]. One can see much
slower falling down !cf( p;0 =0, 7'c)| with harmonics in-
dex [ in comparison to the usual dependence that may be
explained by the peculiarities of the graphene spectrum.
One can show that |¢;(p, 0] falls down as 1/1 for b >> 1

and o << 1. Such a behaviour is due to stronly non-
linear EM response of graphene, which could also work
as a frequency multiplier [15]. Our approach enables us
to understand the origin of this non-linear response that
arises due to modification of graphene gapless spectrum
in the external EM field.

Consider now the middle point 6 = /2 when the
momentum is perpendicular to the electric field. In that
case one can show that

1 b4
E(pi0=n/2)=— [ dxV/1+bsin’x=

2rth J_z

= %\/WE[(HW)—VZ]

where E (x) is the complete elliptic integral of the second
kind [29]. If b < 1, E(p,7/2) = 1/b like before. When
b>>1, we get

e v 2
&(p, 6 = g) = ;{Zahw+[;+21n(2\/w?;’)]e§£)/w}

(C2Y)
where the dependence of €(p,7m/2) on p for small p
(or large eEy/v) differs from quadratic one (cf. with
Eq.(39)). Hence, the quasienergy becomes anisotropic,
however, its formation is accompanied by opening the
same dynamical gap 4o %" as for 8 =0, . Quasienergies
€(p;6 =0,7,7/2) defined by Egs.(38) and (40) as func-
tions of 1/b = vp/(eEgv/w) are shown in Fig.6. They
are equal to 2/7 for zero momentum, then increase as
~ (vp)? for 8 = 0,7, Eq.(39), and according to Eq.(41)
for 8 = 1/2. The law, Eq.(38), for 6 = 0, 7w gives way to
linear one when 1/b = 1, and quasienergy for 6 = /2
also tends to linear one when 1/b >> 1 (large momenta).

(40)

CONCLUSION

In this work, we proposed viable approaches to coher-
ent control of electric transport via molecular junctions
and developed a theoretical framework to explore the
methods. Our first approach makes use of semiconduct-
ing electrodes and sub-bandgap frequencies to circum-
vent substrate-mediated processes and competing energy
transfer events. It relies on a simple and general concept,
namely the controllable photonic replication of molecu-
lar levels through interaction of the molecular permanent
dipole vector with an electromagnetic field. By explor-
ing simple, analytically soluble limits for a single and
two-site molecular bridge, we showed that, acting in con-
junction with the bias voltage, the electromagnetic field
induces unidirectional current in the junction, whose rate
is determined primarily by the bias voltage while its tem-
poral characteristics are controlled by the laser pulse. We
also predicted the phenomenon of coherent destruction
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FIGURE 6. Quasienergies £(p:0) for 6 = 0,7 (solid line)
and /2 (dashed line) as functions of 1/b = pw/(eEy).

of induced tunneling, which extends the previously ob-
served effect of coherent destruction of tunnelling.

We have also proposed using graphene electrodes for
coherent control of electric transport via molecular junc-
tions. The approach is based on the excitation of dressed
states of the doped graphene with electric field, having
used unique properties of the graphene. We have calcu-
lated a semiclassical wave function of a doped graphene
under the action of EM excitation and the current through
a molecular junction with graphene electrodes using non-
equilibrium Green functions. We have shown that us-
ing graphene electrodes can essentially enhance cur-
rents evaluated at side-band energies ~ ni@ in molec-
ular nanojunctions that is related to the modification of
the graphene gapless spectrum under the action of ex-
ternal EM field. We have calculated the corresponding
quasienergy spectrum that is accompanied with opening
the gap induced by intraband excitations.
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