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Vibrational effects in laser-driven molecular wires
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The influence of an electron-vibrational coupling on the laser control of electron transport through
a molecular wire that is attached to several electronic leads is investigated. These molecular
vibrational modes induce an effective electron-electron interaction. In the regime where the wire
electrons couple weakly to both the external leads and the vibrational modes, we derive within a
Hartree-Fock approximation a nonlinear set of quantum kinetic equations. The quantum kinetic
theory is then used to evaluate the laser driven, time-averaged electron current through the
wire-leads contacts. This formalism is applied to two archetypical situations in the presence of
electron-vibrational effects, namely) the generation of a ratchet or pump current in a symmetrical
molecule by a harmonic mixing field artid) the laser switching of the current through the molecule.
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I. INTRODUCTION electrode to the other. The crossover from superexchange
to a sequential transfer mechanism has been studied in Refs.

S A ?8, 21, 23, 24, 27, and 28. In that context, a treatment of
the determination of the current-voltage characteristics o ; : . .
Inelastic scattering processes profits from an unified theory

molecular wires has been achieved.in these experiments,
. . : f the electron transfer through molecular donor-acceptor
a single molecule is contacted with two nanoelectrodes Succomplexe§9

that a transport voltage can be applied. One recent measuré- Molecular wires illuminated by laser fields have been
ment, for example, focused on the influence of the chemical war wi numi y ! v

anchor group which couples the molecule, an oIigothiophenQrOposed for the investigation of ac transport effects such as
dervative. 1o the electrode.in. another ;experiment the Ccoherent quantum ratchets?* optical control of current and
length dep’)endence of the current through a DNA Bavab noise>233and resonant current amplificatidh® The appro-

investigated. Most descriptions of such transport experiment@,rlate treatment of these ac phenomena is based on Floguet

rely on generalizations of the scattering approach put for:[heory, which allows to take into account the action of the

ward by Landauef® Presently, the main theoretical focus time-dependent field exactly. A Flpquet scattering approach
lies on theab initio computation of the orbitals relevant for for the fully coherent transport regime has been develdped,

the motion of excess charges through the molecular fife.  Put it cannot be generalized straightforwardly to the case
Another line of research employs rather generic modeld/ith additional electron-vibrational coupling. Better suited
to gain a qualitative understanding of the transport mechal®r this situation is a quantum kinetic equation formalism
nisms involved. An important problem addressed in this wayVhich, however, is perturbative in both the wire-lead cou-
is the conduction mechanism in the presence of electrorRling and the electron-vibrational coupling.
vibrational coupling*~2* With increasing strength of the In the absence of an external transport voltage, a driving
coupling between the wire electrons and the vibrations, th&eld can induce a so-called pump or ratchet curfért’The
electrons tend to localize on single wire units. Correspondsame happens even in perfectly symmetric conductors if one
ingly the transport mechanism changes from a purely cohe@dds a higher harmonic to the driving field. The investigation
ent transfer to a sequential hopping process. The relate@f the corresponding effect for the motion of a particle in a
transfer rates are known from the theory of nonadiabatidight-binding lattice revealed that the resulting current de-
electron transfe?® Such a special regime of charge transmis-pends sensitively on the relative phase between the two com-
sion can also be described within a Redfield theory afteponents of the driving. For this system, two limits have been
carrying out a so-called polaron transformatfé® If  studied: the fully coherent dynamics and the overdamped
the wire has to be described by spatially extended molecuBrownian motion. The dependence of the current on the rela-
lar orbitals, sequential transfer proceeds by jumps frontive phase is in each case qualitatively differét' The
one electrode into a wire orbital, possibly followed by present model has the advantage that it enables the study of
an intrawire relaxation, and then by a jump from a wiresuch effects also in the crossover regime between the purely
orbital into the other electrode. In contrast, the so-called sueoherent and the purely incoherent transport.
perexchange mechanism enables a direct transfer from one A further intriguing phenomenon in driven transport is

In recent years, considerable experimental progress i
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the suppression of the dc current caused by properly tailorechind a dipole-type coupling between electron and field, i.e.,
ac fields® This effect is the transport counterpart of the so-a contribution eE(t)x,, Onns to the HamiltonianH . (t),
called coherent destruction of tunnelif@DT) found in  whereE(t) is the electric field strengthx, the position of
bistable potentials without any connection to externalsiten, and— e the electron charge. The considered action of
leads*?~**When coupling the bistable system to a heat bathan external field may in principle also induce a heating of the
tunneling becomes a transient, see Ref. 45 for a review. Thelectron gas in the metallic leads as well as a thermal expan-
same is true for coherent destruction of tunneling: ultimatelysion of the leads. Of course, this can be of importance for
the driving-induced localization decays via dissipativeany experimental realization of the studied mechanism. Nev-
transitions® Here, we address the role of dissipation for theertheless, the present approach will not attempt to account
corresponding transport effect. for such effects.

The paper is organized as follows: In Sec. Il, we intro-  We assume that the whole set of vibrational coordinates
duce a model for the laser driven molecule coupled to severaliscerns into subsets, labeled by an indexrherefore, we
leads and vibrational degrees of freedom. Subsequently, iwrite the electron-vibrational coupling in E(B) as
Sec. Ill, we derive a kinetic equation approach in the Floquet
basis. An. expression for the rgsultlng current through the > Ko (bt bg)ZE Xy D0 M, e(be+ bg), (4)
molecule is derived in Sec. IV. Finally, in Sec. V, the formal- ¢ v fev
ism is applied to study the influence of the vibrational cou-yhere the notatiori e » indicates that the summation runs
pling on nonadiabatic pumping and coherent current supprégsnly over the modes in the corresponding subset. The related

sion. spectral densities read
7T 2
Il. THE MODEL Dy<w>7§2 M, 28(0—wy). )

In the following, we consider a molecular wire which is
attached to a number of electrodes and which is driven by a
externally applied ac field. We neglect hole transport an
start with the Hamiltonian

Ho(R)=Eg+Hyip, (1)

of the neutral wire, i.e., in the absence of excess electrons . : . .
. : and assume identical Ohmic spectral densitiBs(w)
injected via the electrodes. HerR, denotes the set of all . . : g
: N i ! o . = khw, where the dimensionless coupling strengftis iden-
involved vibrational coordinates with equilibrium configura- .. . :
. = . . tical for all sites. This model has been employed recently for
tion Ry and Eq=Hy(Ry) is the electronic ground-state en- S . . :

. . : the description of dephasing and relaxation (time-
ergy of the neutral wirdset equal to zero in the following

; ) : independentbridged molecular wire€?’
In a representation by normal modes with mode ingdewe . o .
) o o In order to take the exclusion principle properly into
find the vibrational Hamiltonian

account, we employ a many-electron description based on a

+ second quantized notation. Neglecting the Coulomb interac-

Hyip= Eg b, 2) tion among the electrons, the wire electrons are described by
the Hamiltonian

For notational convenience, we define the spectral density
or <0 by D ,(—w)=—D ,(w). In our numerical calcula-
ions, we restrict ourselves to a situation where each orbital
In) couples to exactly one of these subsets, i.e.,

Xnn'»= Snn' Ony » (6)

with the usual harmonic oscillator operatdrsandb, . The
normal modes may be delocalized over the whole wire or
may be localized on specific wire units. We assume that they

always remain in thermal equilibrium and are, thus, charac:l_h i dct inilat d t tivel
terized by the Bose distributiong(;). e operatorg,, andc, annihilate and create, respectively,

We describe the presence of an excess electron on ! _electron in the Orb'tam’ n=1,. N. We presume van- -
wire in the representation dfl localized wire orbitalgn) iIshing overlap among different orbitals such that the annihi-
n=1 N, and the corresponding Hamiltoniad, ., (R t)’ lation and creation operators obey the standard anticommu-

Ty el n’ y .

In the absence of the external driving, the eigenstaté,gf ~ 2H1ON relation_s[cn_,cz,h =nn - The electron-vibrational
are the lowest unoccupied molecular orbitals. To account fofOUPIliNg Hamiltonian assumes the form
electron-vibrational coupling this quantity is expanded with

respect to deviations from the vibrational equilibrium con- Hervib= ;ﬂ xnn,VE M, (bs+ b§) chCn-_ (8)
figurationR,. To lowest order this results in " fe

Huire(1) =2, Hon(chcy . @)

Next, we consider the coupling of the wire ltadifferent
Hoo (R = Hnn’(t)+2§ Knn',g(bﬁbg)- &) macroscopic electronic leads described by the Hamiltonian

The matrix Hp (t) =H,n (Ro,t) taken at the vibrational HleadS:; ke Che ke - ©)
equilibrium configurationR, includes the interaction with "

the external field. The-periodic time-dependendd,,, (t) The electrons in each leadare labeled by wave vectoks
=H,(t+7) models the action of the external field on the referring to bulk or surface states with energy . All lead
excess electrons when moving through the wire. We have iftates are mutually orthogonénd also orthogonal to the
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wire statey and, therefore, the creation and annihilation op-of freedom which correspond to vibrations and lead elec-
eratorsc,, andclf , respectively, obey the standard anticom-trons, to second order iH ., represents a standard proce-
mutation relations. We assume that the lead electrons stay bure of dissipative quantum dynamider a review, see, e.g.,
thermal equilibrium and are, thus, described by the FermRef. 25. We neglect initial correlations between the wire
distributionsf (e, — u¢) with a common temperatur€ but  electrons and the environmental degrees of freedom, which
possibly different electrochemical potentials . stay in thermal equilibrium, and do not account for non-

The coupling of each lead to exactly one of the suitablyMarkovian dissipative effects. The resulting quantum master
labeled molecular orbitals is described by the Hamiltonian equation thus reads

) i
Hire-leads™ kE; Vk€CE€C€ +H.c. (10 Ouwire(t)=— % [Huire(t), Qwire(t) ]

with V., being the tunneling matrix elements. As it will turn 1 (= ~
out, the coupling to the leads is completely characterized by T 32 fo d7 TrendHcoupts [Heoupl(t— 7:1),
its spectral density
Qwire(t) ® Qenv,etil}- (14)

2w
— 2 . .
Ie(e)=—~ ; [Vicel*5(e =€), (1) The trace refers to all environmental states, i.e., the elec-
. _ _ . tronic states of the leads as well as the wire vibrations, and
which becomes a continuous function of the ene¢gf/the the operatonflcoup,(t,t’)=Ug(t,t’)Hcoupuo(t,t’) describes

lead sj[ates are dense. Slnge we are mamly mterested_ n ttﬂﬁe coupling Hamiltoniar{13) in the interaction representa-
behavior of the molecular wire itself and not in the details of;,, The related zeroth-order time evolution operator

the lead-wire coupling® we will assume for all numerical .
calculations that the conduction bandwidth of the leads is , L "
much larger than all remaining relevant energy scales. In this Uo(t,t )=Tex;{ Ok ft,dt [Huwire(t") + Hip H'eadg)
so-called wide-band limit, the spectral densities are con- (15
stants,I',(e)=T".

The dynamics of the present model is now fully speci-
fied by the Hamiltonian

is responsible for the dynamics of the uncoupled subsystems.
In this way the external driving field not only determines the
coherent dynamics of the wire electrons but also the dissipa-
H(t)=Hyire(t) + Hyin+ Hieadst Helvibt Huwireteads  (12)  tive part of the master equatigd).*”8

Note that Eq.(14) still determines the dynamics of the
ull many-particle density matrix of the wire electrons. Later
on, we will derive an equation of motion for the single wire-
electron density matrix defined as

_ , T
H coupl™ Helvib Huire-teads (13 Prn (0= Tl’e|[ QW're(t)Cn,Cn] ' (16

within a master equation approach in second-order perturbé{‘-’here the trace runs over the many-particle states of the wire
tion theory. electrons. It will be demonstrated below that in the presence

of an electron-vibrational coupling, a closed equation for
P.n (1) can only be obtained when an approximation is car-
. QUANTUM KINETIC EQUATION APPROACH ried out for the two-electron density matrices by employing a

In this section, which contains the main theoretical body.deCOUpIIng scheme. We will detail this point when introduc-

o . ’ing the Hartree-Fock approximation in Sec. Il D. However,

of the present work, we first introduce a master equatlorb : S :
. . . . . efore doing so, we will briefly review the Floquet method
which describes the dynamics of the wire electrons in th(; ST :

) . . or the treatment of the explicit time dependence appearing
presence of a weak or intermediately strong coupling to botriln the propagatof15)
the vibrational environment and the electronic states in the propag '
leads. For the further evaluation of this master equation, we
introduce in Sec. IlIB the so-called Floquet states, which
yield an exact solution of the dynamics of the isolated wire
electrons. An evaluation of the contributions of the wire-lead ~ For the evaluation of Eq(14) it is essential to use an
(Sec. IO and electron-vibrationalSec. Il D) coupling in  exact expression for the zeroth-order time evolution operator
the basis of this Floquet states finally results in a quantuntJo(t,t’). The use of any approximation bears the danger of
kinetic equation describing the dynamics of the single wire-generating artifacts, which, for instance, may lead to a vio-
electron density matrix, which is later, in Sec. IV, requiredlation of fundamental equilibrium propertiés*® In the
for the calculation of the current through the molecular wire.present case, the only nontrivial contribution to the propaga-
tor (15) stems from the periodically time-dependent wire
HamiltonianH - (t)=H, (t+7). A proper tool for the ef-

The derivation of a closed equation for the reduced denficient computation of the corresponding propagator is Flo-
sity operatorg,,;o(t) of the wire electrons, which follows quet theory®>°°~->2which is based on the fact that there exists

from the total density operator by tracing out those degreea complete set of solutions of the form

In the following, we start from the uncoupled subsystemsf
Huire(t) + Hyib+ Hieags @nd treat the influence of both the
wire-lead coupling and the electron-vibrational coupling,
subsumed in the Hamiltonian

B. Introduction of Floquet states

A. Quantum master equation
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W (D) =e D (1), [Py (0)=]P(t+T)) i
(17) ﬁpaﬁ(t) == g(ea_ EB) Paﬁ(t)
with the so-called quasienergieg and corresponding Flo- 1 (e
quet mode#d)a(t)}. The Floguet modes fulfill the quasien- - Pf dT<[[CL(t)Ca(t)choupl]r
ergy equation 0

Hcoup(t_Tat)]>t- (25

Obviously, the canonical transformati¢®l) to the basis of
(18 the Floquet operators,(t) has diagonalized the coherent

The practical usefulness of the Floquet anga® is rooted ~ Part of the master equatid@5) and the only task left is the

time t and can therefore be decomposed in a Fourier seriefact that the contributions resulting from the coupling of the
wire electrons to the electronic leads and to the wire vibra-

| (U)ZE e kP ) tions can be treated separately. This is possible due to the
“ K akl assumption that the lead electrons and the vibrations remain
1T (199  uncorrelated at all times. Finally, we will obtain as a main
D, )= ?JO dtekd (1)) result a quantum kinetic equation of the form

d
2 IMHa (00| =i g2 | |9 o(1) = €] P (D).

: [ . .
This representation makes explicit that each quasieneggy Pap=— g(fa— €p)Pap T Paplwireeadst Pagletvin- (26)

is equivalent to the quasienergies » ) ]
Specific expressions for the second and third term on the

€a k= Eq T KA, (200 right-hand side of the last equation will be derived in the

wherek is an arbitrary integer. Thus, we can restrict our-following sections.
selves to states with eigenvalues in one Brillouin zoBe,
—hQR<e, <E+HQ/2. ) _ _
It is now convenient to define a “Floquet picture” via C. Floguet representation of the wire-leads coupling
the time-dependent transformation of the fermionic creation  Eor the evaluation of the contribution of the wire-leads

and annihilation operators coupling to the kinetic equatiof26), we have to evaluate the
integral in Eq.(25) for the corresponding term in the cou-
Ca(D)=2 (P (D)|n)c,. (2)  pling Hamiltonian (13). Using the relationTg,(t— 7,t)
n

=expley7h)Cqe, We obtain
L
. »d7r ([ de
Paﬁ|wire—leads: ;1 fo TJ El}(e)

X{e—isr/h[<[cg(t)ca(t),C;],Ee]+>t

The inverse transformation

o= (n|@,(1))c,(t) (22)

follows from the mutual orthogonality and the completeness

of the Floquet states at equal tinf@sNote that the right- X f(e= ) = ([CH1)Ca(1),CLTE )]

hand side of Eq(22) becomegd independent after the sum- erlh N ~t

mation overa. In the interaction picture, the operatarg(t) —e M ([eptea(t),cel Tl

obey X f(e= po) = (Elleh(Ca(t), e}

To(t,t)=Ud(t,t e () Ug(t,t) ) =e Tealt= e (t7). (27
(23)

For notational compactness, the time arguments of the inter-
This is readily verified by differentiating expressid@3)  action picture operatof,(t— 7,t) have been suppressed.
with respect td and using the fact thatb ,(t)) is a solution Using the transformatioii22), the commutators in Eq.
of the eigenvalue equatiof18). The proof is completed by (27) are readily evaluated to read
noting that Eq.(23) fulfills the initial conditionT,(t’,t’
o). 0 et ed=—(Eoxb)c, ), 28

Itis advantageous to change to the “Floquet representa-  [cf(t)c (t),cl]= (D ,(t)[€)cl(t) (29)
L . . . B a [d's a A
tion” of the single{wire)-electron density operator . ) . ) . )
Moreover, the transformatiof22) yields in conjunction with

_ / Egs. (19), (20), and (23) the spectral decomposition of the
P s(t)= t t P, (t
st % (I ON D) Pan (1 wire operators in the interaction picture, i.e.,
:Trel[QWire(t)CI&(t)Ca(t)]:<C;(t)ca(t)>t . (24) Ef(t_ T,t): 2 e_ikﬂteiéa,kﬁﬁ<€|(ba k)c (t) (30)
ak ' @

Using the relation TrA[B,C])=Tr([A,B]C) and the fact
that the Floquet states fulfill E418), we obtain for the dy- With the aid of the last two equations, one may readily carry
namics of these expectation values the expression out the time and the energy integrations in E2y) to obtain
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For the further evaluation of Eq34), we express the

IbozBlwire—Ieads . . . L~ .
operatorX, and its interaction picture versiof,(t— 7,t) in

:1 i E ol (< 10t terms of the Floquet picture operatarg(t) at timet, ob-
2= taining
XAT (€ P o [ €| P g1 f (€0 ae) o
X, =2 > e X, cltegt), (37)
a,B k '

T (€1 P o [ O P g1 T (€51 120)

=2 Tl € )P e O(L]| D W Parp(t) - Lo —
o Xv(t— T’t):azlg ; e'kme'(eﬁ‘fa""‘“)ﬂ’ixzﬁ,k

_2 F((E,B',k’)<q)ﬁ’,k’|€><€|q)ﬁ,k>Paﬁ'(t) . (3D XCL(t)Cﬁ(t). (38
B/

Here, principal value terms stemming from an energy renor-

malization due to the coupling to the leads have been nelhe time-averaged coupling matrix elements in the Floquet
glected. The terms containing Fermi functions describe resd?asis have been abbreviated as

nant tunneling of electrons from the leads onto the wire,

while the reverse processes are captured by the terms propor-

tional to P g4(t). b= 2 2 (P M X 0| Ppi). (39

nn’ Kk’

D. Floquet representation of the electron

vibrational coupling When evaluating Eq(34), it turns out that in addition
For ease of notation, we introduce the “position” and the 0 terms  containing the single-electron density matrix
“force” operators P.s(t), two-electron expectation values of the form
(cit)cT(t)ca(t)c (1)), appear. By iteration, one thus gen-
X,= E Xnnlycgcn, , (32 erates a hierarchy of equations upNeelectron expectation
n.n’ values. To obtain a description in terms of only the single-
: electron expectation values, we employ the Hartree-Fock de-
FV:; M (bg +b; ), (33 coupling scheme defined by the approximation
respectively. Then, the vibrational contribution to the dissi-
pative kernel in Eq(25) becomes (eHCT () ca(t)Co (1))~ Pas(t) P gy (1) — Pw(t)Pay(t).mo)

. 1 o
Pa,8|el—vib: - 7121) fO dTSV(T)([[Cg(t)ca(t)!xv];

. . Clearly, such a mean-field approximation only covers certain

X, (t—7,0)])— '_2 J drA,(7) aspects of the full many-particle problem. Nevertheless, it
5 Jo offers a description which is consistent with the second law

+ ~ of thermodynamics, as we will detail in Sec. Il F. We remark
X([Lep(t)ca(t) X, 1.X(t=7.0] ). (34 that in principle one could also include electron-electron in-

The symmetrized and antisymmetrized autocorrelation functeraction in the framework of the mean-field approximation

tions (40), similar to the approach put forward in Refs. 53, 54.
1 However, focusing on the vibration-mediated interaction ef-

S,(7)= ﬁq,}v( T),FV]+>eq fects, we here refralln from doing so. .
For the description of the transport problem, a scattering

= dw approach, i.e., a strict one-particle picture, is frequently
:f —D,(w)coth(hw/2kgT)cod wr),  (35)  employed:®182327:555%Then, nonlinear terms of the type
om (40) do not appear. The same happens if one considers a
1 » dw closed system with a single electron; then, the corresponding
A(7)=55{[F(7),F,])eq™ —f —D,(w)sin(w7), equation is also of the forr26) but without the terms qua-
2ih d 0o T dratic in P, 4(t). 75758
af .
(36) Upon insertion of the Hartree-Fock approximati@to)
of the “force” operators fully characterize the fluctuation into Eq. (34) and disregarding again the principal value in-
properties of the wire vibrations. Note that cofii1/x  tegrals, which correspond to an energy renormalization due
+O(x) such that for an Ohmic spectral density no infraredto the electron-vibrational coupling, we obtain after a
divergence occurs in the integrdb). straightforward calculation
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. 1
PQB|EI_Vib:§a’Eg’ [Faa’ﬂﬁ’(t)_l'l—‘;ﬂ/aa’(t)_% (FZ”B’aa’(t)+F/3’a’a’ (t) "B E (Fa 18" BB (t)

+F‘BI/aIB‘3/(t))PaBH

1
Porg— EZ LZ T prar gralt) — ZE (r’;,,ﬁ,,w,(t)+FB,,a,a,,a(t))Pa,,ﬂ,,]

XP 5= 22 2 T an (D)= a%( *r gD+ T g (D)P e [P (41)
|
Here, we have introduced the time-dependent, complex- _ ead eads vib
valued coefficients 0=f,=—wg" ¥, +s +2 W (1=Fo)f 0
Fopargr (=23 S el 0o 50 > WP (1-f)f,. (45)
vookk! o
XN, (e, €zt K'nQ), (42)  Here, the population of the Floquet stateslue to the wire-

_ _ o lead coupling is determined by the decay rates
where the functiondN,(e) are defined for each vibrational

subsystemv by N,(e)=D,(e/h)ng(e)/h. For an Ohmic eads.. )
spectral densityD,(e/%i)>ce, N,(e) is well defined in the W, = ;1 EK (€@ 01T e €0 i) (46)
limit e—0.

Interestingly, the rate§tl) resulting from the vibrational and the source terms
coupling render the kinetic equatiof26) nonlinear. The
physics behind the nonlinear terms is an effective electron- eads._ )
electron coupling mediated by the phonons. This can be il-  Sa —;l ; (P )T e(€ai) F€q—me). (47
lustrated by one electron exciting a phonon while another
electron causes the relaxation. In H¢l), the transitions |n addition, the electron-vibrational interaction contributes a
between diagonal elemerf,, of the single particle density quantum Boltzmann type collision term to E@5), which
matrix represent collision terms of the quantum Boltzmannakes into account the Pauli principle by the blocking factors
equation(45) derived below. However, the transitions be- 1—f . The corresponding scattering rates from one sidte
tween the off-diagonal elements do not have such an intuimto another stater are given by
tive interpretation.

L

w2 =23 D IXY, AN (ea— e tKRQ).  (48)
v k !

E. Rotating-wave approximation

For a very weak coupling of the wire electrons to the ™ Thermal equilibrium

environmental degrees of freedom, the coherent time evolu-  An important consistency check of the present theory is
tion dominates the dynamic&6) of the density matrix a thermal equilibrium situation, whek,, is time indepen-
P.s(t). More precisely, the largest time scale of the coherentient and where no external bias is presemt <« for all
evolution, which is given by the smallest quasienergy differ-¢).>° In order to obtain the static limit of the kinetic equation
ence, and the dissipative time scale, which is of the order of26), we have to replace the Floquet stads,(t)) and the

the coupling rated’,(e), are well separated, i.e., quasienergieg, by the eigenstatelsp,) and the eigenener-
giesE, . One can show that the diagonal angd@i® leads to
Al (e)<|e,—egtkhQ|, k<1 (43 an exact stationary solution of the kinetic equation. The

populationsf , obey also the kinetic equatig@d5), but with
for all ¢, k, €, and a#,B. Note that this condition is only the F|0quet states and quasienergies rep|aced bYaﬂﬁa_
satisfiable if the quasienergy spectrum has no degeneracigsatic wire eigenstatese,) and the eigenenergies,, re-
Then, it is possible to replace théperiodic coefficients in Spective|y, of the static Ham”toniaﬁnn,_ Moreover, on|y
Eq. (26) by their time averages. Furthermore, we may ask=0 contributes to the rate@6)—(48).
sume that in the Iong-time limit, the solution becomes diag- Thermal equ"ibrium with respect to the Coup“ng to the
onal and time independent, i.e., we make the ansatz vibrational subsystems is characterized by the detailed bal-
ance condition

P.s(t)=const §,4f, . (44 . N
Wi (L=f)fa=wy (1—fa)f,, (49)
With these approximations, the quantum kinetic equation
(26) assumes the form where the ratesv'", satisfy
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W, € * ier -
W_\E/‘%:e(Ea'—Ea)/kBT_ (50 ()= %Rejo de del'((e)e' "™ {(clB,(t,t— 7)),
a'a
A solution of Egs.(49) and (50) is given by the Fermi dis- —[cp Ce(tit— 7)1 f(e—me)}. (56)

o o - . o
tribution f=f(E, "), where the chemical potential Note that the anticommutatdc] €, (t,t— )], is in fact a

remains undetermined. It is due to the additional conditionc_number which by means of the transformati@®) and
wiea% =g'®asthat ' adjusts to the chemical potentialof ; y

the leads. Thus, the equilibrium solution of the kinetic equa-the mteracnon picture dynami¢&3) of the wire operators in
. the Floquet picture reads
tions (26) reads

fa=f(Ea—p), G el Butt-n] =2 e %MD (t— 1) €)(£|D (1))

in accordance with elementary principles of the statistical (57)

physics of noninteracting fermions.
Similarly, the expectation value appearing in the current for-

mula (56) can be expressed in terms of the density-matrix
) ) o ) elementg24) as

G. Numerical solution of the kinetic equation

For the solution of the nonlinear kinetic equati(26) (Bt t=1)),
one generally has to resort to numerical methods. We there- .
fore use a propagation scheme for the computation of the =2, € '« (® 4(t—7)|[){£|D (1))P45(t— 7). (58)
long-time limit of the solutions of the set of nonlinear equa- p
tions (26), which however, is numerically rather time con- These relations, together with the spectral decompositions of
suming and, especially in the strongly driven regime, onlythe Floquet states and of the density matrix, E4$) and
applicable for not too large systems. We then verify fie (52), respectively, allow one to carry out the time and energy
periodicity of the resulting solution and compute its Fourierintegrals in expressiof56). The current ,(t) obeys the time

decomposition periodicity of the driving field. However, because we con-
‘ sider here excitations with frequencies in the optical or in-
Paﬂ(t)=2 e"kaaﬁ,k. (52)  frared spectral range, the only experimentally accessible
K

quantity is the time-averaged current. In the wide-band
As we will see in the subsequent section, the Fourier coeffilimit—the  extension to the general case is

cients straightforward—we thus obtain
1(7 _
Pus k=—j dte'kaaﬁ(t) (53) l=el'( 2 | > (P 1l O P o 1) Papi
! T 0 ak ﬁk/
fully specify the stationary current through the wire.
_|<€|®a,k>|2f(€a,k_1u‘€) . (59)
IV. CURRENT THROUGH THE WIRE Charge conservation, of course, requires that the charge

on the wire Q;(t) can only change by a current flow,
The net(incoming minus outgoingcurrent through con-  amounting to the continuity equati@wire(t)=E'E:1|e(t)-
tact{ is given by the negative time derivative of the electronSince the charge on the wire is bounded, the long-time aver-
numberN, = 2,c{Cy, in lead ¢ multiplied by the electron age of Q,«(t) must vanish. From the continuity equation
charge—e, one then finds

d i
(=1

For the Hamiltonian(12), the commutator in Eq(54) is ) ] ) )
readily evaluated to read For a two-terminal configuratiod,=L,R, we can then intro-

duce the time-averaged current

__2e > t _

Le(t)= = Z71m 2, Viee(CeCor- (59 =T =—Tg. (61)
For a weak wire-lead coupling, one can assume for all times ~ T0 close this section we consider the thermal equilibrium
a factorization of wire and lead degrees of freedom. Thissituation described in Sec. llIF. It is characterized iy
assumption allows one to derive from E@5) an explicit = (absence of any transport voltaged|®,, ) =0 unless
expression for the stationary, time-dependent net electricdi=0 (absence of driving Inserting the equilibrium solution
current through the contaétin terms of one-particle expec- Pagk= dapdkof (Eo— u) into Eqg.(59), we immediately see
tation values of the wire electrons, that all currentd , vanish—despite any possible asymmetry
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FIG. 1. Symmetric two-site structure coupled to two leads which rectifies an
externally applied laser field of the harmonic mixing form(t)
=A; sin(Qt)+A, sin(20t+¢).

NN

FIG. 2. Average current through the two-site wire from Fig. 1 driven by the
harmonic mixing signal(63) with amplitudesA;=2A,=A as a function of
the wire-lead coupling strength (for «=0) for different values of the
of the molecule itself or of its coupling to the environment. phase difference. The driving frequency i€2=A/7%, and the temperature
Thus, the results of our microscopic theory are in accordanci ksT=0-23. The dotted line is proportional b, corresponding to a

. . current that is proportional tb?.
with the second law of thermodynamics. prop

V. CONTROL OF CURRENTS IN TWO-SITE SYSTEMS ) ) i . .
to interchanging the left and the right wire site. In addition,

With the necessary formalism at hand, we study in thisthe dc current is also inverted. Consequently, becatiges
section two aspects of driven transport for which dissipationg pe independent of anffinite) time translation, it must

plays a significant role(i) the generation of pump currents yanish3* However, for a time-dependent driving field of the
by means of harmonic mixing fields arfi) optical current  form

switching. As a rather generic model, which still captures the
essential physics, we employ a symmetric wire that consists  a(t)=A; sin(Qt) + A, sin(2Qt+ @), (63
of two sites in the two-terminal configuration sketched in
Fig. 1. The wire sites are coupled by a hopping matrix eleWith A1,A2#0, the generalized parity is no longer present
mentA while an electromagnetic field causes time-depender"d @ nonadiabatic pump current emerges from the harmonic
shifts of the on-site energies. Then, the wire HamiltonianMixing of the two driving frequencie$. Its magnitude is
reads generally proportional to the coupling strength between wire
a(t) and lead,| =I", with a prefactor that depends on the details
Hyire(t) = — A(c] cr+chey ) + (T(CICL_CTRCR)v (62)  such as the phase lagor th_e amplitude#\; ,A,. The ph_ase
lag ¢=0 represents a particular case because for this value
wherea(t)=a(t+7) represents the dipole force on the wire the wire Hamiltonian obeys time-reversal parity, i.e., it is
electron multiplied by the distance of the two wire sites.invariant under the operation (L.B—(R.L,—t). As a con-
Furthermore, we assume that the molecule couples equalfeduence, one finds that the dc current vanishes to linear
strong to both leads, thuf, =T'r=T". order inT" such thatl «I'?.3! Figure 2 demonstrates this be-
In a realistic wire moleculeA is of the order 0.1 eV. havior and, moreover, reveals that already small phase lags
Thus, a wire-lead coupling strengfh=0.1A/% corresponds of the ordere~0.001 are sufficient to alter the qualitatiVe
to a currentel =2.56x10 ° A and a laser frequency2? ~ dependence of the dc current.
=A/# lies in the infrared spectral range. Furthermore, fora ~ Harmonic mixing has also been studied recently for the
distance 61 A between two neighboring sites, a driving motion of a quantum particle in an infinitely extended tight-
amplitudeA= A is equivalent to an electrical field strength binding lattice, both in the purely coherent regfth® and
of 10" V/cm. for incoherent, sequential quantum between adjacent
It turns out that for the description of the effects dis- sites?>*! It turns out that the dependence of the current on
cussed below, the off-diagonal elements of the single-particlghe phase lag is qualitatively different in these two limiting
density matrixP,4(t), a# B, play an essential role. There- cases. This raises the question how the phase dependence of
fore, we have to go beyond the rotating-wave anézand  the current changes as a function of the dissipation strength.
consequently employ the propagation scheme for the full  Generally, quantum dissipation results from a coupling
nonlinear kinetic equatiof26) described in Sec. Il G. of the quantum system to an environment—here, the metallic
leads and the vibrational modes. Figur@3depicts the in-
fluence of only the wire-lead coupling: For a very weak cou-
The Hamiltonian(62) with a driving of the forma(t) pling strengthl’=0.001A/% and k=0 we find a dc current
«sinQt) has an intriguing symmetry, the so-called general-proportional to sinp. With increasingl’, the dependence on
ized parity, which has been discussed widely in the context shifts towards cog. In order to investigate the influence of
of driven tunneling***®a time translation by half a driving the vibrational coupling, we choose agdin-0.001A/% and
period results for the external field in a minus sign, i.e.,a finite but small vibrational coupling strengih The ¢ de-
a(t+7/2)=—a(t). Thus, for the dipole coupling given in pendence of the pump current is given in Fi¢h)3it exhib-
the Hamiltonian(62), the time shiftt—t+7/2 is equivalent its the same dissipation-induced shift.

A. Nonadiabatic pump current from harmonic mixing
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_0.02 L— T'=0.001A/h | _ ~
--- I'=0.01A/h Q.
[ T=0.1A/R i T
_004 1 | 1 1 | L
T | T T | T
0.02 | - Tx (b)
— 0 FIG. 5. Two-site wire driving by a harmonic driving fielda(t)
E =Assin(lt), which is attached to two leads with the chemical potential
~ i 1 differenceug— u, =eV.
—0.02 F — k=0001 | "l .
——K= 8.01
roe k=01 ] : i H i
—0.04 PR R A T The physics behind these suppressions is the so-called coher-
1 3 ) ent destruction of tunnelin@CDT) that has been found in the
0 2" i 37 4 context of tunneling in time-dependent bistable
v potentials*?#3456162 The central phenomenon observed

FIG. 3. Average current through the two-site wire sketched in Fig. 1 driventhere IS tha.t fora d”V'ng with amplltude and frequengy such
by the harmonic mixing signab3) as a function of the phase differenge  that the ratioA/7() equals a zero of the Bessel functidp

(a) for different wire-lead coupling strengtis (for k=0) and(b) for dif- (i.e., for the values 2.405.., 5.520.., 8.654.), the coherent
ferent electron-vibrational coupling (for I'=0.001A/#%). All other param- tunneling dynamics comes to a stand&iilAs a related ef-
eters are as in Fig. 2. fect for the transport through such a tunnel system, one finds
pronounced suppressions of the dc curférithe fact that
coherent destruction of tunneling is disrupted by finite
{ssipation‘f5'57'58'63‘65motivates our investigation of the in-

uence of dissipation on these current suppressions.

Interestingly enough, the electron-vibrational coupling
can enhance the pumping effect. This enhancement is moﬁ

pronounced in the presence of the time-reversal parity dis- e .
cussed above, i.e., fas=0. Figure 4 shows the pump cur- we quEI the tranqurt voltagé by shifting the chemi-
rent as a function of the vibrational coupling strengthNe cal potential O.f the lefiright) lead, u, (ug), by —eVi2 .
find that the dc current can be increased by more than on%Jr eV/2), cf. Fig. 5. Due to the external voltage, the electric
. S ield can in principle also cause a static bias to the wire
rder of magni . For values<#AI'/A, the main dissipa- . . .
order of magnitude. For values /A, the main dissipa levels. We do not take this effect into account in the present

tion comes from the leads and the vibrations are practicall)ovork but remark onlv that in the absence of a vibrational
without influence. Correspondingly, one is back to a the situ- I u th i y n tabl v i 101 i
ation of Fig. 2, where the pump current is proportional'fo coupling, the current suppressions are stable against an inter-

nal bias®!
B. Laser-switched current gate Before focussing on the influence of electron-vibrational
coupling, let us first substantiate the discussion of the current

An external driving field cannot only induce a pump . . i R
current through the molecular wire, but for proper param-SUPPressions by the numerical results depicted in Fig. 6. The

eters can also cause the opposite effect: A driving of thdime-averaged curreritas a function of the laser amplitude
shapea(t) = A sin(t) can suppress almost completely the dcA exhibits, besides a global decay, pronounced minima
current even in the presence of a |arge transport VOM&% whenever the CDT condition is fulﬁ”ed, l.e., when the ratio

9 | — T'=0005A/h

Lo I =0.01A/k i
& S I =0.05A/h E 5
205 F —.T=01A/ . N

0.1

10~4 1073 1072 107!
K

FIG. 6. Average curren(solid) vs driving amplitude for the setup sketched

FIG. 4. Average currer(in units ofel'?) through the two-site wire sketched N Fig. 5. The leads’ chemical potentials aig=—x =10A; the other

in Fig. 1 driven by the harmonic mixing signé3 with amplitudesA; parameters readi{)=10A, kgT=0.23\, AI'=0.1A. The dashed line
=2A,=A and phase differencep=0 as a function of the electron- Marks the result obtained within a rotating-wave approximation. The inset

vibrational coupling strengtlx. Different values of the wire-lead coupling depicts the minimal currelﬁnin at the first suppression as a function of the
strengthl” are shown. wire-lead coupling strength.
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0.6 addition, a coupling to vibrational modes. The use of Floquet
states as a basis set for the reduced single-particle density
o4 matrix represents a most important technical cornerstone. It
= enables both the exact inclusion of the driving field and an
= efficient treatment of the dissipative couplings. Since the vi-
0.2 brational modes provide agffective electron-electron inter-

action, a formalism for general situations requires one to
resort to further approximations such as a Hartree-Fock de-
coupling scheme.

Within this kinetic equation formalism, we have investi-
gated the influence of quantum dissipation on recently pro-
FIG. 7. Average current vs driving amplitude for the setup sketched in FigPosed transport effects caused by the action of laser fields on
5 in the presence of dissipation of the fo(6). The inset depicts the mini- molecular wires. For the nonadiabatic electron pumping that
mal currentl ., at the first suppression as a function of the electron-phononemerges from harmonic mixing, we find that dissipation can
coupling strengthk for I'=0.001A/% (solid line), 0.01A/% (dashedl and  yjay a constructive role to the extent that it can significantly
0.1A/% (dotted. All other parameters are as in Fig. 6.

enhance the current.

For the model under investigation, we observed an en-

hancement of the pump current by more than one order of

the current does not vanish exactly, but a residual Currer[{?agnitude. Moreover, the present scheme allows one to trace
remains; its value is proportional to the molecule-lead cou- ack the dependence of the pump current on the phase lag

pling I', as can be appreciated from the inset of Fig. 6. Sincé)etween the FWQ ha_rmonlc mixing f|el_ds o the Increasing
the current in the undriven situation is also proportiondr o influence of dissipation. The situation is less promising for

we thus can conclude that the maximal suppression is deteﬁ-ffects that depend intrinsically on quantum coherence. We

mined by a factor which independenof I ave found that the coherent current suppressions are dero-

The inspection of the quasienergy spectrum reveals thaqatEd by th_e couplin_g to vibrational modes. Nevertheless, the
CDT is related to crossings of the quasiener§ieEhus, at effect persists provided that the quantum dynamics of the

the center of the current suppressions, the quasienergies apye electrons remains predominantly coherent. Finally, we

degenerate and the conditié#8) for the applicability of the share the hope that our general theoretical findings will pro-
rotating-wave approximation isot fulfiled. Indeed, the vide motivation and prove useful to experimentalists to ini-

dashed line in Fig. 6 demonstrates that a rotating-wave apfi-ate .corresponding, tailolred experiments on driven molecu-
proximation fails completely in the vicinity of current sup- ‘& WIf€s I the not too distant future.
pressions.
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