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Optical field control of charge transmission through a molecular wire.
I. Generalized master equation description
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A generalized master equation description of charge transmission through a single molecule that goes
beyond a perturbative treatment of electron-vibrational coupling and accounts for nonequilibrium vibrational
distributions is presented. By utilizing a projection superoperator formalism, exact expressions for the gener-
alized master equation kernels that include intramolecular vibrational energy redistribution, excited electronic
levels, as well as their optical excitation and de-excitation are derived. This enables one to study optical current
switching in the case of weak electron-lead coupling and large reorganization energy upon charging. Addition-
ally, it is possible to quantify the influence of intramolecular vibrational energy redistribution and excited state

de-excitation on the current switching.
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I. INTRODUCTION

A frequent motif in molecular electronic devices is that of
a single molecule attached to two nanoelectrodes.! Often, the
molecule-lead coupling energy is smaller than the energy of
molecular vibrational excitation and nuclear rearrangement
(NR) upon charging or discharging of the molecule. This
necessitates the inclusion of the coupling of transmitted elec-
trons to intramolecular vibrations when computing, for ex-
ample, IV characteristics.! A powerful concept to account for
electron-vibrational coupling is represented by Born—Op-
penheimer potential energy surfaces (PESs) which determine
the nuclear motion in the various electronic levels as well as
the NR effects upon changing the electronic state.”

While electron-vibrational coupling attracted less interest
in the early days of theoretical studies on single electron
transmission, there is a number of different approaches as
reviewed in Ref. 3. In order to underline the specific aspects
of the present treatment, we briefly comment on previous
routes tackling electron-vibrational coupling (for a more
complete list of references, see Ref. 3). They include (i) the
nonequilibrium Green function (NGF) technique,*~ (ii) the
use of density matrix equations®~'¢ or (iii) rate (master) as
well as generalized rate equations,'’?” and (iv) scattering
theory.?8-3!

The widely used NGF approach has the advantage that it
can be efficiently combined with electronic structure calcu-
lations (see Ref. 1). However, electron-vibrational coupling
is usually considered as a perturbation, i.e., by computing
respective self-energies up to second order only. Thus, NR is
accounted for approximately, although, upon combining the
NGF approach with standard polaron canonical transforma-
tion, vibrational sidebands could be described as in Ref. 7.

The use of the density matrix approach traces back to the
study of charge transmission through semiconducting quan-
tum dots and is based on a diagrammatic computation of a
self-energy-type superoperator® (see also Ref. 32). Electron-
phonon coupling was also described in a renormalization
group approach.!®!! Other treatments use a density matrix
theory which rests on a second-order approximation of the
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electron-vibrational interaction.'>!'*!5 While the renormal-
ization group approach has not been confronted with the re-
sults obtained by direct use of the molecular PES, any
second-order approximation is, of course, only reliable for
weak coupling situations.

There are several approaches considering populations
only, i.e., diagonal density matrix elements, which are based
on ordinary or generalized rate equations. Two routes can be
identified, the first one uses the overall electronic distribution
function, often derived systematically from the respective
rate equations (see, e.g., Refs. 17-20). The other more so-
phisticated route rests on electron-vibrational distribution
functions also accounting for a vibrational nonequilibrium
situation.”'~?” Here, rate equations governing electron-
vibrational distribution functions are frequently given with-
out detailed derivations. This has to be considered as being a
clear drawback which gives the motivation for the present
systematic derivation of such generalized rate equations and
respective rate expressions.

Our derivation features the following five key points: (i)
The charge transmission through a molecular wire attached
to nanoleads is described in a multielectron picture. The dif-
ferent molecular charging states are characterized by the
number N of excess electrons. (ii) A many-electron descrip-
tion of the electrons of the metal lead is undertaken. (iii) An
important aspect of the present description is that electron-
vibrational coupling is fully accounted for via PES. Thus,
from the very beginning, one avoids any perturbational treat-
ment of electron-vibrational coupling or, in other words, NR
upon changing the electronic state of the molecule is consid-
ered nonperturbatively. (iv) Vibrational relaxation is intro-
duced via intramolecular vibrational energy redistribution
(IVR). (v) Finally, we incorporate excited electronic states of
the molecule. Hence, it is possible to model the effects of
optical excitation of the molecule during charge transmission
as well as electronic de-excitation via electron-hole pair gen-
eration in the leads.

To our knowledge, a generalized master equation ap-
proach that combines excited electronic states with vibra-
tional nonequilibrium states of the neutral and charged mol-
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ecules including possible excitation and de-excitation of the
molecule has not be considered so far. It enables us to sug-
gest optical current switching in the case of weak electron-
lead coupling and large reorganization energy upon charging.
Furthermore, it becomes possible to quantify the influence of
IVR and excited state de-excitation on the current switching.
Both issues will be investigated in an accompanying numeri-
cal study.??

Underlying the present approach is a formulation in terms
of molecular adiabatic electronic states, ¢y,, which describe
the presence of N(=...,-1,0,1,...) excess electrons and
which refer to the ground state, a=g, or some excited state,
a=e, both referring to the actual charging state. These states
are understood to account for the applied voltage V in the
stationary current regime and polarization effects of the
leads, i.e., we assume that a self-consistent determination of
the molecular states has been carried out. In principle, the
charged molecular states would require a correct classifica-
tion with respect to their spin states. This problem, however,
is of less importance for the present general study.

In the following, the emphasis lies on the incorporation of
particular molecular vibrations which couple strongly to the
charge transmission process (so-called reaction coordinates).
Electronic states and reaction coordinates form the active
electron-vibrational degrees of freedom. They will be de-
scribed by vibrational wave functions yy,, referring to the
particular electronic state, ¢y,, and being characterized by
vibrational quantum numbers v. The resulting electron-
vibrational states, WV y,,= XnarPna form the basis for all con-
siderations hereafter. In particular, the generalized rate equa-
tions will be formulated for the respective state populations
Pra(t). The approach is based on a projection operator
method used already in Ref. 35 and later in Refs. 18 and 36.
Moreover, we will also demonstrate how to obtain a current
formula within this framework.

The projection operator formalism for the derivation of
the generalized rate equation for the populations Py,,(?)
yields formally exact expressions in terms of integral kernels
of the form

KMap.ﬂNbv(t»;) = tr{|q,NbV><\PNbV|M(t’;) AA%),L} (1)

They describe the transfer from the initial state ¥y, of the
molecule (at time 7) into the final state Wy, (at time 7). The
initial state is characterized by the equilibrium statistical op-

erator Vi/(ﬂj?l)ﬂ referring to the equilibrium state of the electrons
in the leads as well as to the vibrational equilibrium of all
inactive coordinates in the initial state formed by the active
degrees of freedom. The transfer to the final state is caused
by the transfer superoperator M(z,7). It covers all orders
with respect to the relevant interactions (molecule-lead cou-
pling, IVR, time-dependent external fields). If M is consid-
ered in second order with respect to the various couplings,
standard second-order rate expressions can be obtained
straightforwardly.

Although the following formulation is general in prin-
ciple, and thus also illustrates how to go beyond a low order
description, concrete expression will be given for the case of
a second-order approximation. Section II introduces the
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model Hamiltonian. Then, Sec. III briefly demonstrates the
construction of a generalized master equation and the deri-
vation of a current formula. Second-order rates for all types
of couplings are derived in Sec. IV. The paper concludes
with some final remarks in Sec. V.

II. MODEL

The Hamiltonian to be introduced in the following sub-
sections reads as

H=H 1+ Hicag + Hiol-lead- (2)

Here, H,,, represents the single molecule attached to the two
nanoelectrodes. Furthermore, there is a coupling part to the
leads, denoted by H,,.1caq> and the metal leads are described
by H..4- Again, we stress that the model is based on the
introduction of electronic states of the molecule and the
leads, which have been self-consistently determined in the
presence of an applied voltage (see, for example, Ref. 1).

A. Molecular Hamiltonian

The molecular Hamiltonian H,, is expressed in terms of
the adiabatic electronic states ¢y,, where N=...,-1,0,
1,... counts the number of excess electrons (or holes) and a
is the specific label for the actual electronic level (recall that
we do not touch here the issue of molecular spin states). To
each electronic state ¢y, belongs a PES Uy,(R) which de-
pends on the set R of all nuclear coordinates of the molecule.
Together with the respective kinetic energy operator T,
they define the vibrational Hamiltonians

HNa(R) = Tnuc + UNu(R) = hsNa + HNa(R)~ (3)

Here, fiey, are the relaxed electronic energies corresponding
to the minima of the PES plus the vibrational zero-point
energy, that is, the spectrum of the Hy, counts from zero
energy. Notice that nonadiabatic couplings among different
electronic states will not be considered here.

However, in many applications, it is impossible to account
for the complete set of nuclear coordinates, and the whole set
of coordinates does not contribute to the electronic transi-
tions in the same manner. There are reaction coordinates
which strongly couple to the electronic transitions (giving
rise to a pronounced shift of the respective equilibrium con-
figurations). The remaining set of coordinates, being inactive
with respect to the electronic transitions, however, can
couple to the reaction coordinates, and hence cause IVR. To
model IVR, we separate the whole set R of nuclear coordi-
nates into reaction coordinates Q and thermal bath (reser-
voir) coordinates Z and write the Hamiltonian [Eq. (3)] as

Hva =My + Mgy + My 4)

with the reaction coordinate Hamiltonian H;‘,’(ilb), the system-

reservoir coupling Hl(\i,‘;‘), and the reservoir Hamiltonian Hf\'fa).
With yy,, being the vibrational eigenstates of the reaction
coordinates at energy fiey,,, the state vector of the active

electron-vibrational system is written as
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FIG. 1. Electron-vibrational energy level scheme for electron
exchange between a left electrode (L, chemical potential in the
presence of an applied voltage: u;, Fermi sea of electrons drawn in
gray), a right electrode (R, chemical potential: ug # 1), and a mol-
ecule (M). Its energy levels E(lau)=fig,,, belonging to the singly
charged state are shown in the center and include the electronic
ground state (a=g) as well as the excited electronic state (a=e)
together with vibrational levels (labeled by w). To draw the energy
levels of the neutral molecule in the same scheme, they are com-
bined with a possible electron energy of the left electrode to arrive
at E(Lk,av)=hep+heg,, and of the right electrode to arrive at
E(Rq,ar)=hepq+heg,,. Optical excitation of the molecule is indi-
cated by the black vertical arrows. The single gray arrow indicates
IVR. Sequential charging and discharge of the molecule can be
visualized in the scheme by horizontal transitions.

|\I’NGV> = |\Pa> = |XNaV>|¢Na>& (5)

where the index a comprises electronic and vibrational quan-
tum numbers. Related energies are denoted as (see Fig. 1)

ﬁsa = ﬁSNaV = ﬁsNa + thuV' (6)

For further use, we introduce the projection operator

, )

and point out that when carrying out a summation with re-
spect to a, it should include a summation with respect to N,
too.

An expansion of H, with respect to the states yy,, yields

I,= [V XV,

b}

HNa = E {5M,V[ﬁwNuV + Hl(\iz)] + ﬁl;(Na’ /‘LV;Z)}|XNLI,U,><XN(IV
sV

(8)

with the matrix elements

fh(Na, uv;Z) = Xvau HA | Xvan) - 9)

Besides the static electric field strength related to the applied
voltage, time-dependent external fields may trigger vibra-
tional or electronic molecular transitions. In most applica-
tions, the following dipole coupling is sufficient to treat the
optical and infrared regime:

Hpia(t) == E(1) . (10)

Here, E(r) is the electric field strength and gt the molecular
dipole operator. When considering electronic transitions, i.e.,
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optical excitations, we have to deal with electronic off-
diagonal matrix elements in the expansion

Be= 20 dyg sl Dy b (11)

N,a,b

Of course, states with a different number of excess electrons
are not connected by optical transitions. It becomes possible
only if charge transfer states between the lead and the excited
molecule are formed (see, e.g., Ref. 34). This effect will be
neglected as well as the possibility of direct excitation of the
leads and infrared excitations of vibrational states.
According to the separations given above, the molecular
Hamiltonian H,,, can be written as (see Fig. 1)

Hy1(1) = Hepyyip + Hy + Hip + Hiela(1). (12)

The active system comprising the electronic states together
with the reaction coordinate are included in

Hel+vib = 2 h8a|\Pa><“Pa| . (13)

The reservoir coordinates are contained in

HR = E Hg\l/i)|q,a><q,a

a

; (14)

and their coupling to the active vibrational coordinates is
given by

Hip = 2 Syanphh(Ma, pv; )| X4 (15)
a,B

B. Description of the leads and molecule-lead coupling

The lead Hamiltonian is written in the standard second-
quantized form as

Hlead = 2 ngad) = E E hesta;—(kanksa (16)
X X ks

where X counts the different leads the molecule has been
attached to. Moreover, we have the respective electron wave
vector k of the Bloch state and the electron spin s for the
conduction band denoted as fiey,,. Since the leads are con-
sidered as macroscopic systems, they have to be character-
ized by a grand-canonical equilibrium statistical operator:

N N 1 n
Wieaa =11 Wy =11 - exp([Hy™ — uxNyVkgT). (17)
X X X

Here, Zy is the partition function referring to lead X and, uy
denotes the chemical potential of the electrons. The associ-
ated number operator reads

NX:Z a;kxa)ﬂ(y (18)
K,s

Equation (17) indicates that the electrons of each lead are in
a separate equilibrium state characterized by a particular
chemical potential.

Concerning the Coulomb coupling between the leads and
the molecule, we will consider two types, i.e., a direct charge

115439-3



VOLKHARD MAY AND OLIVER KUHN

transfer coupling and a case without charge transfer. The first
one takes the following form:

HY a= 2 2 V(N + 1a,Nb,Ks)ay| b 10 bl
N,a,b X.K,s

+ 2 X Vy(N—1a,Nb.ks)a|dy-1aXbup
N,a,b X.k,s

s

(19)

where the first term describes the transition of a single elec-
tron from lead X into the molecule, changing the state of the
latter from ¢y, to ¢y, .- In contrast, the second term corre-
sponds to charge injection from the molecule to the lead with
changing the molecular state from ¢y, to ¢y_;,. Long-range
Coulomb interactions causing lead polarization upon charg-
ing of the molecule are not connected to charge transmission
processes. In part, they have been already accounted for in
the definition of the electronic states of the molecule. We
additionally include Coulombic coupling which may trans-
form molecular excitation into an electron-hole pair excita-
tion of the leads.?* It is written as

HY a= 2 2 Vy(Na,Nb,Kqs)ayy xqs| Ona){ sl -
N,a,b X k,q,s

(20)

In Egs. (19) and (20), the coupling matrix elements Vy ac-
count for the concrete molecular transitions.

C. Current

To characterize the charge transmission process in terms
of IV characteristics, we will use the following expression
specifying the (nonstationary) current through lead X as

I(0) == e S W 1)

The nonequilibrium statistical operator of the whole system

is denoted by W(t) and the operator N v of the electron num-
ber in lead X has been introduced in Eq. (18). The trace
includes the trace with respect to the lead electron states
(lead), the active electron-vibrational states of the molecule
(el+vib) in the neutral, as well as the various charged states,
and the trace with respect to the thermal reservoir of bath
vibrational coordinates (R):

tr{---} = trlead+el+vib+R{' 1 (22)

Often, Eq. (21) is rewritten by carrying out the time deriva-

tive of W(7), finally resulting in a commutator of Ny with the
system Hamiltonian. This strategy is not followed here and
the current will be calculated directly using the projection
operator formalisms which leads to generalized rate equa-
tions for the molecular electron-vibrational states. This ap-
proach is explained in the next section.

III. GENERALIZED RATE EQUATIONS

The technique used in the following to derive generalized
rate equations is well established.?3> Recently, it has been
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applied to compute /V characteristics of a molecule in the
framework of a single electron approach.'® Here, we utilize
the respective projection superoperator methodology for a
more general model (for a preliminary account, see also Ref.
25). Therefore, in order to compute the current, it is of ad-
vantage to use a description based on the populations
Pra(t)=P,[(t) of the molecular electron-vibrational states

[Eq. (5)]:
P (1) = (W |t I WO W ) = te{W(OIT,}.  (23)

The expression includes the total nonequilibrium statistical

operator W(t) of the electron-vibrational system under con-
sideration, already introduced in Eq. (21). Using the projec-
tor [Eq. (7)], the more compact form of P,(t) on the right-
hand side can be defined where the trace covers all states of
the molecule-lead system [cf. Eq. (22)].

As already indicated, we will choose a description where
we assume individual equilibrium of the electrons within
each lead. This can be accounted for in the definition of a
particular projection superoperator. We introduce

Peo= > Welk{Il, .}, (24)
with
W(;q) = WleadﬁRﬁa' (25)

This density operator characterizes electronic equilibrium in
the leads [cf. Eq. (17)] and vibrational equilibrium with re-
spect to the reservoir coordinates of the molecule (described

by the equilibrium density operator I%R). One easily verifies
that P is indeed a projector. Once P has been applied to

W(t), the population is obtained as
P (1) = te{TT, PW(1)}. (26)
There are different ways to derive rate equations governing

the time evolution of populations. Here, we start with the
Nakjima—Zwanzig equation for PW(r):

%PW(z):-im(z)PWu)— J dtPLU(t,1) QLD PW().

(27)

In deriving this equation, it has been assumed that the term

LIQ(Z,IO)QW(IO) vanishes (absence of initial correlations).
L(1) is the time-dependent Liouvillian referring to the total
Hamiltonian [Eq. (2)]. Moreover, the time evolution super-
operator introduced above reads (7 indicates the respective
time ordering)

Uo(t,ty) = ’Texp(— if
1

0

12

dTQE(T)). (28)

We note that so far, we have not yet separated the full Hamil-
tonian into a zero-order part and a perturbation. Strictly
speaking, however, this separation has already been fixed
implicitly by the specific structure of the projection superop-
erator [Eq. (25)] because it holds that
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[, H(]_= 11, V(1)L (29)

with the interaction Hamiltonian

‘A/(t) = Him + Hfield(t) + Hmol-lead' (30)

Applying the procedure introduced in Eq. (26) to the
Nakjima—-Zwanzig identity [Eq. (27)], one arrives at an equa-
tion of motion for the state populations (generalized rate
equation). It contains two trace expressions both of the type

tr{f[apﬁ(t)é}ztr{f[a[,(t)é} with the operator 9) given either
by PW(t) or by Ug(t,1) QL ())PW(7). The first trace vanishes
since I1, commutes with W9, The second one which will

be written in the form tr{[I1,,H()]_O} defines the kernel of
the generalized rate equation which follows as

(9 o0
ZP)=3 f 7K (1P ). (31)
ot 8 Ji,

The kernel takes the form

Kot = = 2500~ ([T, HO) Uole DLH®, W5V )
(2

Here, we have used for the kernel that QL())PW(F) leads to

the expression Qﬁ(f)ﬁ/(gq) where the PE(T)W;‘]) part does
not contribute.

The two commutators in the kernel [Eq. (32)] specify the
perturbation part of the Hamiltonian, see Egs. (29) and (30).
The second commutator reads

[H®, W] = [V@), W] (33)

Introducing the interaction Liouvillian V(¢) referring to V(t)
[Eq. (30)], the kernel [Eq. (32)] is written as

Kot == O = Dr{TL V(U (. DVO WY} (34)

This expression fulfills the sum rule

> Kot =0, (35)

which directly follows from the completeness relation

Eaﬂazl and the fact that the remaining expression vanishes
(trace of a commutator equals zero). The result guarantees
probability conservation and we can further introduce transi-
tion kernels according to

Kaﬁ(t’?) = 6a,ﬁKa(t’;) + (l - 5a,ﬁ)K,B—>a(t’;)' (36)

Noting the sum rule, we may deduce that

Kﬂ(ta;)=_ E KBHQ(L;) (37)

a#f

This enables us to rewrite the generalized rate equation (31)
in the more suggestive form
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%Pa(t) =- 2 f df[KaHB(tsf)Pa(?) - Kﬂaa(ts;)P‘B(?)]
B Y1

(38)

In the limit — <0 (and for a quasistationary action of external
fields), the generalized rate equation should result in station-
ary populations P

0= 2 (ko gPy™ = k.o P5™). (39)
B

Here, Fourier-transformed transition kernels [Eq. (34)] at
zero-frequency enter (note also the limit #,— —o)

kop= Ko pl@=0). (40)

A. Current formula

We relate Eq. (21) for the current to the projection super-
operator approach presented in the preceding section and set

t{W(1)Ny} = t{Ny(P + QW(1)}. (41)

The term including P is easily computed, whereas that with

OW(r) is obtained by the second term on the right-hand side
of Eq. (27) without the prefactor —iPL(r). As a result, we
may write

w{W(ONy} = > (<Nx>Pa(t>

—i f t ditre{NyUo(t,DV(D) W:C”}Pam) :

(42)

The first term on the right-hand side includes the mean elec-
tron number in lead X:

(Ny) = tr{Ny W}, (43)

and the second term stemming from QW([) has been rewrit-
ten according to the results of the foregoing section. Both
expressions are inserted into Eq. (21), where a time deriva-
tive gives the current according to

L) =—|e| > (<NX>§Pa<r) — i tr{ N V() WEVLP (1)

- f a?tr{ﬁxgar)uga,f)vmW;‘*)}Pa(f)). (44)

The second term on the right-hand side vanishes, which can
be shown by using the same reasoning as in the foregoing
section [V(#) is incorporated in a trace expression which con-
tains two operators which are diagonal with respect to lead
and molecular states]. Using Q=1-P, the third term on the
right-hand side of Eq. (44) is separated into two terms, giv-
ing the current as
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A 0
13(0) == le| 2 | (N~ Pal0)
t
- f AN L(OU LDV WEVLP (7)
To

-> f ﬁ<NX>Kﬁa<r,f)Pa®). (45)
B Jiy

The first and third terms on the right-hand side cancel each
other because of the generalized rate equation (31). Thus, the

current reads [note the rearrangement of NXE(I) in the re-
maining term]

Ix(1) = [e| 2 f dr e[ LON U (EDVDWEITHP (D).

(46)

Obviously, the expression contributes to the current only by

those terms where £(f)Ny# 0. Within the present descrip-
tion, this is the case for the molecule-lead coupling, i.e.,
L(1)Ny can be replaced by (Hyop_ieads Nx)_/ -

To have a more compact notation, we introduce a kernel

which describes the transition from molecular state « into
lead X:

Ko x(t,)) == 0O(t— Dtr{[ﬁ(t)ﬁx][ug(;,f)y(;) Wy,
(47)

and write
() =—e|Z f dTK o (1.DP (7). (48)

If the kernel K, ,x(¢,7) only depends on the time difference
t—1 as discussed in the next section, one obtains a stationary
current at — o0:

159() =~ [e| 2 Ko x(@=0) P (49)

Here, we again assumed f,— —, which results in the zero-
frequency Fourier-transformed kernel.

IV. SECOND-ORDER TRANSITION RATES

The following considerations focus on the determination
of second-order rates in the case of weak molecule-lead cou-
pling. In the Appendix, we outline how to go beyond a
second-order theory in the case of a memory kernel without
a time-dependent external field. The kernels account for the
molecule-lead coupling of type 1 (K™o-ead)  of type 2
(K'9)), of IVR (KVN), and of optical excitation (K°PY):

Ky p= KoL) gl0o) | VR gelom) ()
The current is also calculated at the same order of perturba-
tion theory.

To arrive at second-order kernels, the time-evolution su-
peroperator Uy(t,7) appearing in Eq. (34) has to be replaced
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by a zero-order expression U, with respect to the coupling
Liouvillian V defined via Eq. (30). We note that Q[ L(r)
=V(t)]= L, where the latter zero-order Liouvillian is defined
by Hy=H(f)-V(7), i.e., by the Hamiltonian of the unper-
turbed lead molecule electron-vibrational system (H,
=Hy,yip+ Hg + Hjeaq)- The zero-order time-evolution superop-
erator simply reads

Up(t) = Uyega(DUR(D Uepayin(1) * = Ul i () U (£) Upa(1) -
(51)

This expression includes the electron-vibrational contribu-
tion Uy, the reservoir coordinate contribution Uy, and the
contribution Uy, referring to the various leads.

The respective transition kernel follows as (note the intro-
duction of 7=r-7, the interchange of « and B3, and a# B)

K (.t = 7)== O(r{TT V(U (D Wt = DWEY}
0O(7)

=- Ftr{ﬁﬁ[ ‘A/([) > Ulead( T) UR( T) Uel+vib( T)
X [‘A/(t -7, W:q)]—U;Hvib(T)
XUR(D)Upeua(D 1} (52)

This expression can be cast into a more explicit form by
introducing matrix elements with respect to the molecule
electron-vibrational states W, [Eq. (5)]. Since a# B, there
remain two terms:

O(7)

Kflﬂ(t,t -7)= 7“1ead+R{<\I,ﬁ| V() Uteag(D U (D Upryin(7)

X WleadﬁR|\Pa><\I]a| ‘A/(t - T) U:l+vib(T)
X Ug(7) UTead(T)|‘I’B> + (q’ﬂ| Ujead(7) Ug(7)
X Ugpiyin( DV = T WieaRr[ W o)

W(DURD UL o(DV(0)[ W )},
(53)

X<\pa| U::-I

+vil

We take into account that Ugy,.in(7)|W ) =exp(=ie, 7|V ,)
[cf. Eq. (13)] and obtain (g,5=€,~£p)

®(T) —i ‘)
Kglﬁ(t,l— )= FtrleamR{e 8“57<q,ﬁ| V(1)

X[ YUreaa( D UR(T) WieaaRe(W o V(1 = 7)
X W ) Ug(7) Uro(7) + €°a87U 0y (T) Ug(7)
X(W g V(t = D)W ) WieaaRr U (7) Uro(7)
X V()P )} (54)

This can be put into the following form:
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O(r) . P .
Kglﬁ(tv[ -7)= 72 e lsaﬁTtrlead+R{WleadRROPa' V(t—1)

X |W ) U(7) Ut (DT | V(1) [P,

O(7) .
XUl AU} + A eis

X100+ R WieadRR UR () U (W ‘/}(t)|\I,ﬁ>
X Uqa(DUR(DXT V(e =DV} (55)

If the coupling Hamiltonian becomes time independent, the
second matrix element product in the trace represents the
Hermitian conjugate of the first one.

The remainder of this section is devoted to a computation

of Kf) for the different parts entering V. According to Egs.
(30) and (50), there are four different contributions, two re-
lated to the molecule-lead coupling (with and without Cou-
lomb coupling causing electron exchange between the mol-
ecule and the leads). The other two contributions are related
to the mechanism of IVR and describe the action of time-
dependent external fields (mixed contributions do not exist in
the second-order theory).

A. Kernel of molecule-lead coupling causing electron transfer

For completeness, we briefly indicate how to compute the
rate (for a discussion, see also Refs. 5, 22, and 25) but also
indicate how to go beyond a second-order expression. To get

the second-order rate K™Head) we have to replace V in Eq.
(55) by H'V) . [Eq. (19)]. Moreover, we notice that the
trace with respect to the reservoir coordinates gives unity and
only matrix elements of H, . .,q With electronic states ap-
pear. The vibrational states simply result in vibrational over-
lap integrals (Franck—Condon factors).

The electronic matrix elements of H,,.jeaq (€ntering the
rate expressions) are obtained as (note the use of the new
indices K and L for excess electrons in the molecule)

<¢Ma|Hmol—lead| ¢Nb>
= E 2 E <¢Ma|[5K,L+1Vx(L+ lC’Ld’ks)|¢L+1c>

XKk,s K.c Ld
X{ b laxys + Ok 11 Vx(L - 1c,Ld Kks)
X a§ks| i1 ¢Ld| ]| Drp)

= [ Syt V(N + 1a,Nb,Ks)ayy,
XK,s

+ 5M,N—1VX(N_ 1Cl,Nb,kS)a-;(kx]. (56)

Consequently, the trace in Eq. (55) takes the form

trlead{ Wlead( ¢M a |H mol—lead| ¢Nb> (fl;ad(t )
X{ Bl Himol-tead Dr1a) Uread (1)}

= 2 E {5N,M—1VX(MQ7M_ 1b,ks)
XK,s Y,q,s/

XVy(M - 1b,Ma,qs")
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X tlieqql Wleadans Uead(? )a;qsr Ulead(1)}
+ 5N,M+1VX(Ma’M+ lb,ks)
XVy(M + 1b,Ma,qs")

X trlead{ VAVleada;—(ks lfl;ad(t)ans’ Ulead(t)}}- (57)

The remaining trace expressions follow as (any electron-
electron interaction within the electrodes has been neglected)

T +
trlead{ Wleadaxkx Ui::ad(t)ayqs/ Ulead(t)}

= 5st,qu’[1 _fF(ﬁsts - IU“X)]exp(iestt) (58)

and

trlead{ Wleada;—(ks Ui;ad(t)an.s’ U]ead(t)}
= Oxks,yqs S F(RExKs — x)exp(— igyyt). (59)

Since the different electrodes are independent of each other,
the expressions are diagonal with respect to the electrode
index. The used model for the lead electrons results in the
Fermi distribution f and the electronic energies Eyy;.

We insert all into the general expression [Eq. (55)] for the
second-order kernel and get

O(7)

K(Mmol—lead) (T) — ﬁz

>|2 —ie(Mapu,Nbv)t
apu—Nbv e

|<XMa/L|XNbV

X2 {8y m-1|Vx(Ma,M - 1b.ks)|?

Xk,s

X[1 = fr(fiex, — px) Je™xws!

+ Syet| Ve(Ma,M + 1b,ks)|?

X fr(fie g, — py)e '} + c.c., (60)
with e(Maw,Nbv)=g),,~€np,- This can be rewritten as

KE&“;XE%;V(T) = 5N,M—1K<1\T;,L1L_Ealil(/jl)—1bv(7)

+ 6N,M+1K1(l£1na0,1,¢_1~e>?l(})+lbv(7-)’ (61)

covering the rate describing discharge of the molecule and
charging, respectively. Ordinary rates are obtained from
zero-frequency Fourier-transformed kernels. The discharge
rate reads

ol 2
k;VI;,L]LEEE)—IbV= ?|<XMU/.L|XM—“JV>|2 > [Vx(Ma,M - 1b.ks)[?
X.Kk,s

X[1 = frlhey — pux)]
XA e(Map,M — 1bv) — ex]

41
= ﬁ|<XMa,u|XM—lbv>|22 NX[S(MaIU',M - 1bV)]
X

X|VyMa,M - 1b,e(Mau,M — 1bv)]|?
X{1 = flhe(Map,M - 1bv) - ux]}

= D ke s (62)
X

and the charging rate is
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k(mol lead)

Map—M+1bv = |<XM11;/.|XM+117V>| E |VX (Ma,M + 1b, kS)|2

XKk,s

X fr(hex — ux) Je(Mau,M + 1bv) + ]
4ar
= ?|<XM(1,4L|XM+]ZJV>|22 Nyle(M + 1bv,Mau)]
X

X|Vy(Ma,M + 1b,e(M + 1bv,Mau))|*
Xfrlhe(M + 1bv,Maw) — x|

— I-lead
= E kgfr?ﬁela;:)M+le' (63)
X

Here, an additional factor of 2 appears since coupling poten-
tials are assumed to be spin independent. Moreover, we in-
troduced the density of states Ny(Q) of electrode X and the
frequency dependent transfer couplings Vy. Since the k sum-
mation has been replaced by an () integral, the & function
disappears. For later use, we also introduced rates which de-
scribe charging and discharge of the molecule via the cou-
pling to a specific electrode X.

B. Kernel related to molecular de-excitation by
electron-hole pair formation

To calculate the second-order rate K% for the decay of
excited molecular states (molecular de-excitation by elec-
tron-hole pair formation in the leads), we proceed in analogy
to the foregoing section and, first, replace Vin Eq. (55) by
H?), . [Eq. (20)]. Again, we notice that the trace with re-
spect to the reservoir coordinates is unity. Only matrix ele-
ments of H,,.1.aq With electronic states appear and the vibra-
tional states result in respective Franck— Condon factors.

First, the electronic matrix elements of Hmol lead ar€ Ob-
tained as (note the use of the new index K for the number of
excess electrons in the molecule)

(DrtalHmolicad Doy = 2 2 (bl Vi(Ke, Kd kqs)|dge)

X.k,q.s K,c.d
X<¢Kd|a;(kanq.v| D)

=8un > Vx(Na,Nb,kqs)alyaxqs-
X.k.,q,s

(64)
The trace in Eq. (55) takes the form

trledd{Wlead< ¢Ma|Hmo] ledd| ¢Nh> Cdd )
X < ¢Nb|Hmol—lead| ¢Ma> Ulead(t)}
= E 2 6N,MVX(Ma’Mbakqs)VX(Mb7Ma9k,q’s’)
X’k!q,S k',q',s’
X trlead{Wleada;ksans Ui;ad(t)a;ﬂ(’s'an’s’ Ulead(t)} .
(65)

The formula makes use of the assumption that exclusively
electrons of the same lead are correlated one to another. We
insert these expressions into Eq. (55) for the second—order
kernel and obtain
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K(A?Ol lead) ( )= 5MN.(T) ie(Maw,Mbv)t

a,LLHNbV |<XMa,u|XMbV>|Z

X > > Vy(Ma,Mb.kqs)
X,k’q s k, q/ 3,
X VX(Mb’ Ma, k’ q s ,)trlead{ Wleada;—ﬂ(sans
X U;;aad(t)a;(k’s'an’s’ Ulead(t)} +cC.C. (66)
Ordinary rates are recovered from zero-frequency Fourier-
transformed kernels

1-lead
k;liln;#j‘;Vl)JV: 6M,N|<XMu,u|XMbV>|2

X2Re > > Vy(Ma,Mb.kqs)
X,k,q,s k/,q/ 5!

XVy(Mb,Ma,k'q’s")

o0
—ie(Mau,Mbv)t 7 +
X f dte " tTieadt Wieadxistxqs
0

X U;;:ad(t)a;(k’s'an’s’ Ulead(t)}- (67)

The obtained expressions contain an electron-hole pair cor-
relation function and can be related to the dielectric function
of the leads (see, for example, Ref. 37, and references
therein).

C. Kernel related to intramolecular vibrational energy
redistribution

To compute K'VR), we have to replace V in Eq. (55) by
H;,,. The respective electron-vibrational state matrix ele-
ments follow as

(Vo ol Hind ¥ pra) = 5Nb,Maﬁﬁ(Nb, vi;Z) (68)

and the other one by interchanging the quantum numbers.
Both expressions result in (@, 0= ©p1a= ©p1av)

Kg\%ﬁ)—»m V;w( 7= 5Ma,Nb (7)

X (e7"Maw trp{h(Ma, viu; Z) Ug(7)
XRh(Ma, uv; Z) U (1)} + e “Mau™

X tre{Ur(Dh(Ma, vpu: Z)RU}(7)
Xﬁ(Ma,,uv;Z)}). (69)

The obtained expression suggests the notation

IVR IVR)
K;WQMLNIJV T) 5Ma NbK(Ma ,u~>v (70)

1. Bilinear single-mode reservoir coupling

As a specific case, we consider the bilinear coupling of a
single active molecular coordinate Q (with equilibrium value
Oua) to a reservoir of uncoupled harmonic oscillators with
coordinates Z (normal-mode description of secondary mo-
lecular coordinates as well as environmental coordinates).
Therefore, we set
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HOW =12, ke(Ma)(Q — Qua) Ze, 70
¢

and

/— !f_
mMa(/J’V) = <XMa,u|Q - QMa|XMaV> = 6,11,,1/—1 v+ 5/1,,V+l Vr+1 s
(72)

which results in
h(Ma, pv;Z) = my(uv) 2, kdMa)Z,. (73)
13

The kernel caused by IVR follows as

(IVR)
KMa,u—» v

(1) = O(De Mo trg{Rh(Ma, uv; Z) Ui (7)
Xh(Ma, v, Z)Ug(7)}. (74)

The calculation of the reservoir correlation function is stan-
dard and yields

trg{RA(Ma, uv:Z) Ug(0)h(Ma, vp: Z) Ug (1)}

= m (uv) P2 k(Ma){[1 + n(wp) e + n(wpe ¢},
3

(75)
We introduce the spectral density
Jya(w) = % ké(Ma) N w— wy) (76)
and obtain for the related rate
k%izﬂy = 8, a1 2 + D @yip)Jpra(@yip)
+ 6, 1 2mul 1+ n(wyi,) V(o)
= y,#+1k§114\$2w¢+1 + 51/,#—1/‘%EL#—1- (77)

D. Kernel related to the action of external fields

In the following, we use the coupling Hamiltonian [Eq.
(10)], which should induce exclusively electronic transitions.
This yields a second-order kernel as

(C]
K - 1) = %

a—f3

trlead+R{e_[8aBT<\PB|iLUlead( T)
X Ug(7) WieaaRr| ¥ )
X(W | U (1) U)W )

+ BT g Uo7 U (D) W 0aRp [P )
X (W | U (1) U (1) | W ) YE(DE(1 = 7).

(78)
This expression results in a rather simple formula:
i ®(T) —i€ 3T,
KGER 0t = 7) = — 57 d g, B(1)d B (1 = 7)
+e"at’d R (1)d g E(1 - 7)], (79)

with the transition matrix elements d,z=(V | &t|¥ g). Focus-
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ing on optical transitions and applying the Condon approxi-
mation, one obtains

daﬁ = 5M,N<XMa,u|XMbv>dMa,Mb- (80)

The electronic transition matrix element (at a given charging
state of the molecule) is denoted here by dj, s, and the
field is written as

E(f) =nE()e” ™ +c.c., (81)

where n is the polarization unit vector, w, the excitation
frequency, and E(r) the field envelope which is assumed to
vary rather weakly with time such as to approach a (quasi)
stationary regime. Applying the rotating wave approxima-
tion, we get (d,g=nd,p)

) O(7)|d, g% .
K- 7) = —(T;lz st -t )71 -

+ e Cap OTEX(NE(t - )] +cc. (82)

If the time dependence of the field envelope gives rise to an
adiabatic switch on and switch off of the field, the kernel
exclusively depends on 7 and the related rate reads

el el
kgﬁ%) = 8M,Nk1(\£IIZ:LMbV’ (83)
with

: 2
k(A?Zi‘fley = ﬁ(E%,Mh)zKXMaAXMbM[@(SMW,M;JV + W)

+ 5(8MaM,MbV_ (1)0)]. (84)

Here, we introduced the so-called Rabi energy E%,Mb
=dy,mpEo, Where Ej is the field amplitude. For concrete
computations, one may broaden the & function by introduc-
ing electronic dephasing times to arrive at a Lorentzian line
shape [78(w) — v/ (w*+97)].

E. Second-order stationary current

As indicated above for the particular chosen external
field, the respective kernel depends only on 7 and we can
expect the formation of a stationary current at a finite applied
voltage. According to Eq. (49), it is determined by K, x(w
=0), which has to be calculated here with respect to the
second order in the molecule-lead coupling:

1 o
K2 (1=~ ?@(r)tr{(H;&gl_lead,Nxxuo(T>

X(Hirlf))l—lead’ ‘/i/(;q))_}. (85)

The zero-order time-evolution superoperator Uy(7) has been
defined in Eq. (51). One immediately realizes that it only
contributes via U,y and U, In the following, we briefly
demonstrate the computation of K(jlx which is similar to
that of the molecule-lead coupling rates due to electron trans-
fer (Sec. IV A). First, we note that
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(ch))l—lead’NX)— =2 2 [Vi(N + 1a,Nb:ks)| 10X ol
Kk,s N,a,b

= Vx(N = 1a,Nb:Ks)|dy_ 1. X bplayy,] (86)

and
mol lead> vv(eq))_

=> > éR|XNaM><XNaM|[VX(N+ 1b,Na:Ks)| b1
Xks b

x<¢Na|QstW1ead+ Vx(N = 1b,Na;ks)|dy_1,)
X<¢Na|a;ksVAVlead_ VX(NasN_ 1b;ks)|¢Na>

X by-16| Wieadtixis = Vy(Na,N + 1b3Kks)| o)

X (P16 Wieaaxics)- (87)
If both commutators are inserted into Kfflx (7) [Eq. (85)], we
obtain expectation values of lead operators resulting in Fermi
distributions and expressions containing the trace with re-
spect to the molecular electron-vibrational states. The vibra-

tional part results in

trv1b{ N(T)|Xa,u.><Xa/.L| UN*lh(T }

= 2 KXwaul X 1) PNV =107 (88)

Correspondingly, we get (a=Naw)
- _@)(T)E 2 [|<XNa,u|XN—]hv

k,s b,v
X Vx(Na,N - 1b;ks)|zei8(N““’N_1b”)T
X[ = fr(hexy, — pux) Je o3
= [OvaplXovs 1) Vi(Na.N + 15:Ks) [

X eia(Na”’N+le)TJCF(ﬁ8st -yl +cc.

(89)

Na u— x( 7=

After Fourier transformation at ®— 0 and an interchange of
both terms, we may write

(2) (mol-lead) I-lead)
KNH[J,HX 0= 0) 2 ( mISa,u,eiNHbV_ kaI:/)a/.LeiN—le)
(90)

The molecule-single-lead coupling rates kg(m"l'lead)(Na,u
— N = 1bv) have been introduced in Egs. (62) and (63), re-
spectively. The result indicates the consistency of the present
generalized master equation description. Together with the
current, it is determined by the same rate expressions (based
on the same level of approximation).

V. CONCLUSIONS

A generalized master equation description of charge trans-
mission through a single molecule has been presented. It
goes beyond any perturbative treatment of electron-
vibrational coupling and accounts for nonequilibrium vibra-
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tional distributions. Based on a projection superoperator for-
malism, exact expressions for the generalized master
equation kernels could be derived. Our approach accounts
for intramolecular vibrational energy redistribution, excited
electronic levels, as well as their optical excitation and de-
excitation. Respective second-order transition rates have
been derived for all mentioned processes:

_ 7.(mol-lead) (IVR) (opt) (dec)
kMa,u—»NbV - kMu,uHNbV kMa,lLHNbV kMu,uHNbV + kMa;LHNbV’

o1

with the molecule-lead coupling rate k™29 responsible for
charge transfer, and the rates KIVR) | glopt) - and k(dee) of TVR,
optical excitation, and non-radiative de-excitation, respec-
tively. They describe transitions from a charging state M of
the molecule into the charging state N with a possible change
of the electronic level from a to b and a change of the vibra-
tional state from w to v. Related numerical results for a
model with a singly charged state (M,N=0,1), an electronic
ground and a single excited state, and the vibrational levels
belonging to a single reaction coordinate will be given in an
accompanying publication.?® In particular, an optical current
switching is suggested for the case of weak electron-lead
coupling and large reorganization energy upon charging. Fur-
ther, a quantitative account will be given on how intramo-
lecular vibrational energy redistribution and excited state de-
excitation influence the current switching.

Although the approach has been explicitly outlined for the
case of second-order rate expression, the calculation of
fourth-order rates is straightforward. Future extensions of the
model therefore may account for cotunneling in a similar
fashion as it has been already done in the single-electron
description of Ref. 18. Furthermore, it would be interesting
to account for a direct rate of photoassisted charging or dis-
charging of the molecule in the relation to optical current
switching.

ACKNOWLEDGMENTS

Financial support by the Deutsche Forschungsgemein-
schaft through Sonderforschungsbereich 450 is gratefully ac-
knowledged. The authors also thank E. G. Petrov (Kiev) and
P. Hiinggi (Augsburg) for helpful discussions.

APPENDIX: MEMORY KERNEL IN THE ABSENCE OF
TIME-DEPENDENT EXTERNAL FIELDS

In the following, some formal relations which are useful
when going beyond second-order rates in the case of no ex-
ternal field coupling will be presented. Here, the kernel [Eq.
(34)] depends on the time difference only. This makes it
convenient to introduce the Fourier-transformed kernel

K op(@) = =i te{TL, VG () YWY}
= 50(,,8Ka(w) + (1 + 5a,B)KB~>a(w)- (Al)

The expression includes the Green’s superoperator
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Glw)=— if dtei“”UQ(t) =(w-QL+ie)™"  (A2)

0

and the frequency dependent transition rates K ,(w) (ordi-
nary rates are met in the limit w—0 and we introduced £
:£0+V with Eo. .. :[Hm01+Hlead’ .. ]_/ﬁ) Next, but in a
more general frame, we again demonstrate the existence of a
particular sum rule already used in Sec. III.

1. Sum rule

First we note the general property of the kernel [Eq.
(AD)]:

2 Kop=—i tt{VG(0) YWV} =0, (A3)

This result follows from the completeness relation Eaﬁa= 1.
Further, the obtained expression vanishes identically because

it is the trace of a commutator. Since é has not been affected,
the relation, which can be understood as a certain type of
sum rule, is also valid for other types of Green superopera-
tors and their possible approximations. In the limit w=0 Eq.
(A3) reflects probability conservation of the ordinary rate
equations (without memory effects). In particular, we may
deduce

K40) == 2 Kg.,(0), (A4)

where —K ﬁ(O) can be interpreted as the inverse lifetime of
state (3.

2. Removal of the projection superoperator P

Next, we remove the Green superoperator G(w) from the
kernel Eq. (A1) by introducing the Green’ superoperator

Gw)=(w—-L+ie)". (A5)

It is independent of the projector P. Taking into account

[G7(0) +PVIG(0) = 1, (A6)
we may simply derive
G(w) = G(w) -~ G(0)PVG(w). (A7)

If inserted into Eq. (A1), one obtains
Kop(w) == i r{l1,VG() VW)
+i tr{I1,VG() PVG(w) YWV}
= — i tr{TT, VG () YWY}
+i 2 {11, V() WD) rlIT, VG () VW)
Y

(A8)

Here, the second trace in the y sum reproduces the kernel
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K,g(w). To rewrite the first trace in the y sum, we deduce
from Eq. (A5)

G(w) = Gy(o) + Gy(w)VG(w) (A9)
and

G(w) = Gp(w) + G(w)VGp(w). (A10)
Then, we may set

tr{f[avg (w) W(;q)} — tf{ﬂano( ) V’i/(;ead)}
+ tr{ﬁavg (0)VG(w) ﬁ/(ye@}

{11, V() VWD), (A11)

w+ie

The last line follows from the fact that trace expressions of

first order in ) vanish and that Gy(w) applied to W(;q) simply
produces a frequency denominator.

We denote the rate expressions which do not contain the
projector P as

Log(@) =—i {1, VG(w) YW} (A12)
Moreover, the notation
Laﬁ(w) = 5a’BLa(w) + (1 - 5a’ﬁ)LB*>a(w) (Al?))

is introduced. Then, K, and L,z are related to each other by
the following equation:

Kop(®) = Log() - ﬁifE LKy (Al4)

Introducing the matrix notation K and L for both sets Kop

and L, respectively, a closed expression for K simply fol-
lows from Eq. (A14) as

. -1

K(w) = (1 rac) ) (). (A15)
w+ie

This expression guarantees that the Kj_,, entering the rate

equations do not lead to a double counting of lower-order

rates. If, for example, K,z has been calculated in a certain

order with respect to the transfer coupling H, g jcads aNY

lower-order rate has been removed. Moreover, if Ie(w) be-
comes divergent for ®— 0, Eq. (A16) indicates the way to
make the expression regular. A power expansion of Eq.
(A15) takes the form

Ro) =l(o)+> (‘;L(f")> I(w). (A16)

= +ie

3. Some approximations

We rewrite L, in such a way to let the lowest-order con-
tribution appear explicitly. Therefore, G(w) in Eq. (A12) is
replaced according to
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G(w) = Go(w) + Go(w)VGp(w) + Go(0)VG(0)VGy(w).
(A17)

If inserted into Eq. (A12), the first term produces the second-
order rate

Lo (w) == i te{TT,VG(w) YW} (A18)
Here, we note that L2)=K®@ [cf. Eq. (A14)]. Moreover, the
second term on the right-hand side of Eq. (A17) does not

contribute, and the third one gives higher-order contributions
in Ho).eaq- 1t 18 Written as
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Lopl0) = - i te{T1,VGo(0) VG (00) Vi) VW)
(A19)

First, notice that this expression, at least in principle, ac-
counts for charge transmission processes leading directly
from one lead to another (cotunneling). An ordinary fourth-

order approximation for Ijaﬁ follows immediately by replac-
ing g by G,. To get K(;‘g, we utilize Eq. (A16) and directly
obtain

K )= L. (o - (A20

LD
w+i6§ By=ya
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