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We generalize our previous theory [Nano Lett. 18, 5015-5023 (2018)] to investigate the influence of electron-phonon
(e-p) coupling and vibrational relaxation on photoinduced anomalous Coulomb blockade, which originates from the
triplet states and the energy level alignment. We derive the master equation for an irradiated molecular transistor
and obtain the relevant rates via the Redfield theory instead of the phenomenological Fermi golden rule approach.
To explore the interplay between e-p coupling and vibrational relaxation, we analyze the charge stability diagrams
and the current-voltage characteristics (both gate voltage and source-drain bias voltage) under different e-p coupling
strengths in two extreme limits of vibrational relaxation (equilibrated and unequilibrated phonon regimes). From the
perspective of energy level alignment, we choose four representative situations and derive the analytical formulas of
the photoinduced current in the equilibrated regime. The analytical solution reveals a new type of photocurrent due
to e-p coupling that does not require the perfect energy level alignment between charged states and triplet states. In
general, our study indicates that photoinduced current and anomalous Coulomb blockade caused by the triplet states

are supposed to be experimentally observed.

I. INTRODUCTION

Molecular electronics attracts broad interest in the field of
chemical physics because it bridges fundamental sciences and
frontier nanotechnology'"® During the past two decades, elec-
tron transport through a variety of molecules has been ex-
tensively investigated, and a lot of intriguing physical phe-
nomena has been experimentally observed %22, The exper-
imental breakthrough together with theoretical advances has
made molecular electronics thriving and robust. However, for
a practical device, the capability of tuning electric current by
external fields is crucial and necessary. Thus, the manipula-
tion of electron transport, e.g., by means of a back gate>29,
electrochemical gate®2”, or light'22822 is a primary focus for
the whole field of molecular electronics.

Electric current through a molecular junction can be con-
trolled by an optical field via either chemical or physical pro-
cesses. Chemically, the high- and low-conductance states
based on different molecular conformations have been able
to be switched by a laser field at specific wavelengths2830-32
Physically, photoelectric current can be generated via the
mechanisms of photon-assisted tunneling!®2%33%37 or elec-
tronic excitation®’?84% in a molecular junction. From the
theoretical aspects, the Floquet-based methods have success-
fully demonstrated several fascinating phenomena, includ-
ing photon-assisted tunneling®*™2, coherent destruction of
tunneling>**%, coherent revival of tunneling>, and quantum
ratchet effect®®. For a single-photon process, kinetic ap-
proaches, e.g., quantum master equation approaches* =27l
or non-equilibrium green’s function (NEGF) approaches®0%,
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offer a clear description of electron current induced by elec-
tronic excitation and optical excitation. However, in these the-
oretical studies, molecular triplet states are not considered in
the modelling because of the slow rate of an intersystem cross-
ing process. In fact, our previous study®® has clearly shown
that the presence of the triplet states is significant for the light-
driven transport properties regardless of whether the rate of
the intersystem crossing is fast or not.

The triplet states play a crucial role in light-driven electron
transport. In the previous study®®, we introduce the concept of
renormalized state energy and find that the low bias photoin-
duced current can be maximally achieved when "the renor-
malized state energy of the charged states is aligned with the
energy of the triplet states”, in which the triplet dark states
indeed dominate the transport properties. Furthermore, our
study shows that an optical field enables a field-off Coulomb
diamond to be decomposed into three smaller diamonds, and
the presence of the triplet states is revealed by the central di-
amond in the field-on conductance spectra. The concepts of
renormalized state energy, energy-level alignment and pho-
toinduced anomalous Coulomb blockade are general and al-
low us to explore the importance of dark states in light-driven
quantum transport. However, the previous study does not con-
sider the effects of electron-phonon (e-p) coupling and vibra-
tional relaxation, and these two effects may interrupt the ex-
perimental observation of anomalous Coulomb blockade or
photoinduced current attributed to the energy-level alignment
of the triplet states and the charged states. In order to elimi-
nate these concerns, a general theory of light-driven electron
transport involving the triplet states, e-p coupling and vibra-
tional relaxation is required.

Electron-vibration interactions exhibit rich physical phe-
nomena in nanoscale electron transport and inspire extensive
theoretical studies?2:62-84 Among these studies, we would
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like to emphasize the pioneering works by KochZ07885 4pnd
Mam. Koch et. al. first predicted Franck-Condon
blockadé™® using a Pauli master equation approach based on
the Fermi golden rule rates, where the effect of the vibrational
relaxation is introduced phenomenologically via the single-
mode relaxation time approximation. May et. al. discussed
the photoinduced removal of the Franck-Condon blockade us-
ing a generalized rate equation approach. The general-
ized rate equation approach is derived based on the electron-
vibrational states using the projection operator method which
includes the 2nd order rates of charge transfer transitions, vi-
brational relaxations, optical transitions and the molecular de-
excitation due to the electrode. Based on the studies above,
we present a Pauli master equation approach involving rele-
vant transitions together with a pedagogical derivation with-
out using the projection operator method.

This article is divided into five parts. In section [[I, we
introduce our model (including a molecule, two leads, ther-
mal bath, spin-orbit coupling (SOC), and light-matter inter-
actions) and the corresponding Hamiltonians. To adequately
treat the vibronic coupling, we apply the polaron transfor-
mation and analyze the model Hamiltonians in the polaron
frame. In section [} in the framework of the Redfield the-
ory, we derive the rates of charge transfer transition, vibration
relaxation and optical transition together with phenomenolog-
ically including the rate of the intersystem crossing. Finally,
we arrive at the master equation and the current formula in
our model. In section [[V] we discuss the rationality of the
parameters in the work. In section first, we define the
equilibrated and unequilibrated phonon regimes. Based on
the two regimes, we explore the charge stability diagrams and
the current-voltage curves of an irradiated molecular junction.
Besides, we study the influence of vibronic coupling and bath
relaxation on photoinduced Coulomb diamonds and anoma-
lous Coulomb blockade. Moreover, according to the energy
level alignment, we analyze the origin of the maximal pho-
toinduced current and the unexpected photoresistive behavior.

Il. MODEL AND THEORY

A. Hamiltonian

As illustrated in Figure[T] we study the light-driven electron
transport through a three-terminal molecular device, where a
molecule is connected to a source (S) electrode and a drain (D)
electrode under a gate electric field. We particularly focus on
electric current due to the mechanism of incoherent sequential
tunneling in the weak coupling limit, which can be reached
by using a molecule with saturated alkyl linkers'2. The total
Hamiltonian of the device is written as

Ho=Hy+V, (D
where
I:IO = I:Imol + ﬁlead + ﬁth- (2)

Aol represents the isolated molecular system, Hieaq refers to
the isolated leads (electrodes), Hyy, describes the thermal bath,

FIG. 1. An illustration of the three-terminal molecular device em-
ployed in this paper.

and the coupling Hamiltonian is
V = Hsoc + Hiela + Hm-tn + A1, 3)

which consists of the SOC Hsoc, the coupling to the radiation
field Hgelq, the coupling to the thermal bath Ay and the
molecule-lead coupling between the molecule and the elec-
trodes Hy,_.

The two electrodes including a source lead and a drain lead
are described by a non-interacting electron gas model as

I:Ilead = ZPIIead,(x = Z gakadlkcdakc’ 4
o

02}

where élka (d,k) creates (annihilates) an electron with mo-
mentum K, spin ¢ and energy €y, in the electrode o (S for
source lead, and D for source lead). The electronic relaxation
in the electrodes is assumed to be fast compared to all the dy-
namical processes on the molecular system. Therefore, the
electrons in the electrodes are always at the thermal equilib-
rium. The thermal equilibrium density operator of the isolated
electrodes reads

e*ﬁ (ﬁlead,a - .uaNlead,oc)

(&)

ﬁlead = H

a=8.D Trlead{e_ﬁ (ﬁlead,a - .uochead,a) } ,

where 8 = 1/kgT with the Boltzmann constant kg, Nlead’a =
Yko dlkaéz oko 18 the number operator of electrode o, and L
denotes the chemical potential of electrons in the electrode
a. A source-drain bias Vsp applied symmetrically across the
molecular junction is then taken into account by setting Ug =
Uo + Vsp/2 and up = po — Vsp /2, where Ly is the chemical
potential of the two electrodes at zero bias.

The inactive intramolecular vibrations with respect to the
electronic transitions, together with the environment, are
treated as the thermal bath and then modelled as a set of har-
monic oscillators in Hy,,
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where py, Xo, Mg and @y are respectively the momen-

tum operator, the position operator, the mass and the vibra-

tional frequency of the thermal bath mode «. The ther-

mal bath Hamiltonian is diagonalized by introducing §o =

(bl +ba)la/V?2 and po = i(by —ba)h/(V2Lg) with Lo =
1/ (m,@,), which results in

An=Y (b;zba " ;) s, @
o

where BZ‘ (bg) creates (annihilates) a vibrational quantum of
mode o with vibrational frequency @,. Similar to the elec-
trons in the electrodes, the relaxation process of the phonon
bath is also assumed to be faster than all relevant processes in
the molecular system. Therefore, the thermal bath is always
kept at its thermal equilibrium characterized by the density
operator

P = e*ﬁl:lth /Trth{efﬁﬁth}. 8)

The molecular Hamiltonian consists of an electronic part
and a vibronic part, i.e.

A

Hmol = I:Imfel + I:Imfvib . (9)
The electronic Hamiltonian of the isolated molecule is ex-

pressed in terms of many-electron states that span the Fock
space .%, which reads

Ana= Y, (Eva—NeV)|N,a)(N,a|. (10)

|N.a)eF

The |N,a) labels a many-electron state with N referring to
the number of excess electrons with respect to the neutral
state of the molecule and a labelling the electronic state for
its spin multiplicity and energy level, which is consistent with
the convention in the community of photophysics. The energy
level of the state | N,a) that includes the energy shift caused
by the image charge effect is denoted by Ey,. The effect
of the gate voltage Vi is considered by NeVg. Although the
Fock space is constructed by a complete set of many-electron
states, we employ a truncated Fock space which includes a
finite number of states that participate in the relevant elec-
tronic transitions. Our truncated Fock space is spanned by

cation doublet charge states (| —1,Dy =l 2), anion doublet
and | l,DgZiI/2 )), neutral singlet ground state (|0, Sy ), neu-

tral singlet excited state | 0,5 )) and three neutral triplet states
(|0, Tlmzo’jEl )), where the degeneracy of doublet and triplet
states are considered.

We take a molecular vibration mode as the reaction coordi-
nate and write the vibronic part of the molecular Hamiltonian
as

a2
2 p 1 2 ([ 2
Hm—vib = ‘Z szib + Emvibwvib(q - QN,u) |Naa> <N7a|7
N,a

(1)

where myip, Wyin, P and § are respectively the effective mass,
the frequency, the momentum operator and the position opera-
tor of the active vibrational motion, and gy 4 is the equilibrium

position of the potential energy surface (PES) associated with
the electronic state |N,a). We introduce § = (bT +b)t/V2

and p=i(b" —b)n/(v/2¢) with £ = /I /(myin@yip), and then
transform the Hamiltonian Hy,_ i into

. SR |
Hpy_vib =hyip Z [b*b+2
IN.ayeF
_AN,a(i?T'Fi?)+)~1%/"a]|N,a><N,a|, (12)

where bt (l;) creates (annihilates) a vibronic quantum with fre-
quency @b, and the dimensionless e-p coupling parameter
A'N,a is 4qN.a\/ mvibwvib/zh-

The coupling Hamiltonian V describes the couplings be-
tween the molecular system and the other external degrees of
freedom, which are respectively responsible for the singlet-
triplet transition, the radiation-induced transition, the vibra-
tional relaxation and the charge transfer transition. The SOC
(the origin of the singlet-triplet transitions) is represented as

Asoc= Y (vossgng,,, 10,50)(0, 77"
m=0,£1
+Vormos, |0, 77" (0,81 ) (13)

s : Nele Nele
where the transition amplitudes VOSO,OT{” and VOT{",OSl could

be introduced by a relativistic correction to the kinetic terms.
Hsoc is responsible for the phenomenological rates of singlet-
triplet transitions in the Pauli master equation. The explicit
expression of the SOC and its origin®®™®!' are not discussed
here.

The spin-allowed transitions between the neutral singlet
states |0,S0) and |0,S; ), due to the coupling to a radiation
field, are described by Hieiq based on the semi-classical radi-
ation theory and the dipole approximation®? as

Hgelqg = —E(l) . (d01|O7SO><O,S1 | -|-h.C.)7 (14)

where h.c. stands for Hermitian conjugate, dg; is the tran-
sition dipole moment between |0,S) and |0,S; ), and E(7)
the electric field component of the radiation field. The time-
dependent electric field takes the form of

E(t) =Eo (e +e ') (15)

for a continuous wave laser source.

The vibrational relaxation process within a PES associated
with the electronic state |N,a) originates from the coupling
of the molecular vibrations to the thermal bath, i.e., Hpy_,
which takes the following bilinear form>293-20

I:Im—th:ZZCOC(q7qN.a)@a|Naa><N7a|v (16)

N,a o

where ¢, characterizes the coupling the active molecular vi-
bration to the thermal bath mode . For convenience of the



derivation of the master equation, we write Eq. (I6) in terms
of a system oporator and a bath operator as

A~

Hy = §m—thém—th7 (17)

where the system operator and the bath operator are respec-
tively given by

Sm-tn =Y (G—qn.a)IN,a)(N,al (18)
N,a
and
Bun= an‘?a- (19)
o

Finally, we model the molecule-lead coupling in the follow-
ing form,

Hyy = Z (Vakc.NaNflb&;xkoJN_1’b><N’a|
ako Nab

+he), (20)

which leads to the exchange of electrons between the

molecule and the two electrodes, and this coupling is the

origin of the current through the molecular junction. The
. N .

coupling parameter Vako,NaN— 1 Vok G’NaN_lb) 1s a scatter-

ing amplitude which describes the tunneling of an electron
from the molecule (electrode ) to the electrode o (molecule)
together with a transition of the molecule from |N,a) to
IN—1,b) (from |[N—1,b) to [N,a)). As detailed in Ref. [
97, the relationship between H,,_; and its form based on a
single particle picture reveals a route to evaluate the coupling
parameter V3 o NaN—1b" The evaluation of Vg . v.v_1, has
been discussed in the Supporting Information of Ref. [68]
and is briefly reviewed in Appendix

The molecule-lead coupling Hy,_; can also be written in
terms of bath operators and system operators as>20%02

Aot = ¥ (B3Sa +5352). @
o

where the definitions of system operators and bath operators
are respectively given by

By = (Ba)' = Y. Mokolko (22)
ko
and
Sg:(SQ)T: Z Tlga,N—lb|N7a><N_lﬂb|7 (23)
N,a,b

with the help of the decomposition of the coupling
parameter”®

Veko NaN—1b = TNan— 1M ko - (24)

T n—1, Tefers to the probability amplitude of a molecular
transition due to electrode o, and M oko determines the spec-
tral density of electrode .

B. Polaron Transformation

In order to simplify the subsequent derivation of master
equations, we employ a polaron transformation® 1% We
choose a representation of density matrix operator that is de-
fined with respect to the electron-vibrational states |N,a, L ).
This electron-vibrational state is expressed as a tensor product
of a many-electron state and an associated displaced harmonic
oscillator state, i.e.,

|N7avv>:|N7a>®‘v(lN.,a)>7 (25)

where the vibrational quantum number v = 0,1,2,3... and
the corresponding energy level Eygy = En o+ (V+1/2)hi@yip.
Note that the vibrational operators b and b’ in Eq. are
defined for {|v(0))}, which is related to the states of a
displaced harmonic oscillator {|v(1))} through |v(4)) =

A(bT—b 02
(0" =)y (0))!

After a polaron transformation”*771% the new molecular
Hamiltonian H’ ol = UHmolU “1is given in terms of electron-

me
vibrational states | N,a, 11 ) as
¥/
Hy =

1
Z <EN,a 7N€VG+ (V+ z)ha)vib> |N,a,v><N,a, \% ‘ s
N.a,v

(26)
where the unitary operator U is

0:e):N,aAN,a|N7a><N’a|(BT_B), (27)

The coupling of the molecule to the thermal bath in Eq.
is transformed similarly as

Ay =S wBu (28)
with B, = Bn_m and

SA;n—th = ZqA|N7a><N7a| (29
N,a

Furthermore, U allows us to transform the coupling Hamil-
tonians Hiielg, Hm—1 and Hsoc into Hf,, H), | and H{ in
the polaron frame by using the following relationship,

U|Ny,a1){N2,a2 |0
s g A
—e(b" D) M | Ny ay) (N aa e (BT D) 30

The transformed molecule-lead coupling Hamiltonian then
reads

T =Y (By Sa + 56 By) (31)
o
with BSF = B and
S = (8
=Yy ) <Mvavb (Av-1.6 —Av.a)

Nab VpVp

XT]\?(JNlb|N7aaVa><N_17bavb|+h'c') ) (32)



where My,y, (An—1, —Anq) absorbs the exponential factor
introduced in Eq and refers to the vibrational overlap
(Va(An.a) | Vo(An-14)). My,v,(A) for real A is then given

by85 102
My, (3) =(va(0)[e*(@ =) v, (0))
1/2
_ o \Va—Ve g [Va=Vp| a—22/2 ( Vmin!
[sgn(vy —V,)] A e (Vmax!>
x Ly (22), (33)

where sgn(x) returns the sign of x, Vuyi, = min{v,, v},
Vmax = max{V,, v} and L (x) denotes the generalized La-
guerre polynomial.

Similarly, one can derive the radiative coupling Hamilto-
nian Hgeq and the SOC Hamiltonian Hsoc in the polaron
frame as

Hfyq =—E(1)-do;

x Y (Mvovl (R0,5, — 20,50)10,80,v0) (0,81, v1 |

Vo, Vi

+MV1V0 (AO,SO _)‘0,51)|07517v1><07s07v0 |> ) (34)

and
ﬁéOC
= % (W5 Mor (Rozr ~ 0, 10.50,) 0.1V
m,v,v/
SOC m !
Ve os Mo (Ao, = A7) 0,71, v) (0,51 v |). (35)

Ill. MASTER EQUATION APPROACH

In this section, we will show that the electron transport
characteristics of an irradiated molecular junction can be de-
scribed using Pauli master equations (rate equations). The
Pauli master equations built upon electron-vibrational states
have been extensively discussed”Z82103 In most studies, the
rate equations of incoherent sequential tunneling are phe-
nomenologically constructed based on the Fermi golden rule
in the framework of a T-matrix approach 778310410 1 oyr
work, we derive the rate equations for irradiated incoherent se-
quential tunneling explicitly from the reduced density matrix
approach?? VM2 via the Redfield theoryH?, incorporat-
ing the optical transitions, vibrational relaxations and singlet-
triplet transitions.

First of all, the reduced density operator of the molec-
ular system is defined as P(¢) = Triead+th{Prot}>» Where Prot
is the density operator of the total system and the trace
Trieadtm{- -+ } averages over the states of the lead electrons
and the thermal bath modes. The population of a state
|N,a,v) is then defined as Py 4, (1) = (N,a,v|p(t)|N,a,v)

We partition the total Hamiltonian Hy as in Eq. and
obtain the Liouville equation of the density operator Py in

the interaction picture as,

4 piu(t) = L[77(1), Pl (1) 36)

where an operator in the interaction picture A’(r) relates
to its Schrodinger picture counterpart A(t) through Al(t) =
e%HotA( )e hHot

Due to different coupling terms, the evolution of the density
operator can be separated into

d
dtptlot(t)

ira

h [HI ( )7[5'{0((1‘)} - % [Hrln—th(t)’ﬁtlot(t)]

- % [I:Iéeld(t)aﬁtlot(t)] - % [I:I§OC(I)>ﬁtIOt(I)] ;
37

where the four terms on the right hand side are respec-

dpiy (1) dpiy (1) dpmt( )

tively denoted as —=9*~ |1, —9;

ap ‘°‘( ) |soc in the following.
Based on Eq. (37), we will derive the rate equatlons
of {Pyav} separately according to A |, AL . A, and

m
I-Aléoc. Note that the rate equations due to Hsoc are not de-
rived explicitly. Instead, we treat the rates due to Hsoc phe-
nomenologically, because the relevant processes are insignifi-
cant compared to the other electronic transitions

The molecule-lead rate equations N"V |m—1 and the vi-

brational relaxation rate equation dh L’i‘;"" |m,th will be derived
through a 2nd order expansion of the Liouville equation using
Redfield theory, whereas the derivation of the radiative rate
equations i N‘” |ela does not require a perturbation expansion
since the radlatlve coupling is semiclassically treated in Hield-

The rest of this section is organized as follows. In section
[MITA] we briefly review Redfield theory. In section
and [[ITD] we respectively discuss the derivations of charge
transfer transitions, vibrational relaxations and optical transi-
tions. Section [[I[E finalizes the derivation of the Pauli master
equation via phenomenologically introducing the other rele-
vant processes. Finally, section presents the current for-
mula provided by the master equation approach.

|m7 s |ﬁed and

A. Redfield Theory

We start from a component of the quantum master equation

in Eq. (37), i.e.,

d , N
Eptlot(t) h [Hcloup( )7pt[ot(l)] ’ (38)

coup

where "coup" refers to the contributions from Hy,_; or Hy_,
by "m-1" or "m-th".

We then substitute the solution of Eq.  (36),
Blalt) = Blulto) — § 1 dulV" (1) o)) into g, (38), ap-
ply Trieag+n{- - - } on both sides, and employ the Born-Markov
approximation. Finally we arrive at the following Redfield



master equation,

d .r

EP (t)

coup

1 /= N N
- ? /0 duTrlead+th{ [Hcloup (t)a [Hcloup (t -
(39

When the molecule is weakly coupled to the electrodes and
the thermal bath, the electrons in the electrodes and the ther-
mal bath modes are supposed to be relaxed significantly faster
than all the other relevant processes, and the two baths are
therefore assumed to be in their thermal equilibrium charac-
terized by Pieaq and Py, at all times. As a result, the Born-
Markov approximation required by Redfield theory is valid in
our problem. The Born approximation Piot(t) = P(t)Piead Pt
is first invoked to decouple the dynamics of the molecular
system from that of the lead electrons and the thermal bath.
The non-local memory effect is then disregarded by replacing
Pl (u) with pL (¢), which is the first Markov approximation.
The second Markov approximation follows by increasing the
upper limit of the integral to infinity after a variable transfor-
mation from u tou =t —u.

In Eq. @]) it should be noted that the first order term
Treoup{ [Hm—1() , Pioy(f0)] } has been eliminated by invoking
an uncoupled initial state pL,(t9) = p’(to)PreadPn- Besides,
the 2nd order terms including the mix of ﬂcoup and other cou-
pling Hamiltonians are excluded because they do not survive
after the trace operation Trjeadth{- - }-

B. Charge Transfer Transition

In order to derive the charge transfer transitions, we first
write down the transformed molecule-lead coupling Hamilto-
nian in the interaction picture as

A =Y (By/Se " +557B,) (40)
o
with
S/+I (S/ 1) _ e%ﬂmolfﬁgre*%ﬂmoll

= Z Z <Mva"b ()“thb _)’Nﬂ)TI\?aN—lb

Nab VpVp
X |N,a,vs){N—1,b, v,,|e% (ENa‘LVa _ENfl,b,Vh)t + h.c.) ,
(41)
and
Bgl — (B&I)Jr — e%ﬁleadléare*%ﬁleadl

. —leqy 1
:ZMakoaakae Mok
ko

(42)

A substitution of the H " _;in Eq. (40) into Eq. ( results

u), P’ (t)PreadPn] | } -

in the following master equation,

m—1

—— 2 L au( a0 08, -
T Ca(—u)S3 (0P (1S5 ¢ — )
—Calw)S (1S —w)p' (1)
C_a(u)gé"(f)g&’(tM)ﬁ’(t)Jrh‘C-), 3)

where two types of correlation functions for electrode elec-
trons are defined as

Ca(t —7) = Trieaa{ B3 (1) B, (1)}
= [ dosa(o)fp(u)eho T gy
and
Co(t —T) = Trieaa { By (1)BL (1)}
[ dwta(@) (1~ fy(@.pa))e FO )
(45)

The spectra density Jq (@) of the electrons in electrode a is
specified by

2
Jo(@) = Z !Mockc| 6((0 - 8akc/h) (46)
ko
and the Fermi distribution function fg(€, 1) is given by
Ip(e,n) = B 47)
P 1+ eﬁ(g - /“l) ’

where U is the electron chemical potential.

In order to derive the rate equations, we evaluate the diago-
nal matrix element with respect to electron-vibrational states
{|N,a,v)} on both sides of Eq. (43)) and then arrive at

SN vIp0)N.av)

m—1
2 *° A n a1
- 5%y /0 du(N,a,v |Ca(—w)S (1) (S (1 —u)
o

+Ca(—0)8y (0! (084 (1—w)
— Calw)S (084 (1= w)p' 1)

—Co(w)ST()S (t —u)p (1)|N,a, V), (48)

where R refers to the real part.
We next take the evaluation of the first term in Eq. (@8) as



an example, i.e.,

/ duCq(—

W) (N,a,v IS5 (0p ()8l (t — w)| N.a,v)

_/ duCa Z Z TN+lu1 NaTNJrlaz,Nu
ap,vyaz,va
lN.a)

X MVV] (;LN.,a - A‘N+l,a| )MV2V(A'N+1,02 -
X e%(ENJrl,az - EN+1.,£Z1 + (V2 —Vi )h(l))t

- EN,a,v)T

(O)|N+1,a2,v2), (49)

X efé(EN+1,a2=V2
x (N+1,ar, v |p’

which indicates that the evolution of (N,a,v |p!(¢)|N,a, V)
(the population Py,y) depends on the off-diagonal density ma-
trix elements (coherence) 14,

We assume that the dynamics of the molecular system is
resolved over a time step Ar during which the reduced den-
sity matrix p’(¢) does not vary significantly, then the terms
that satisfy At > |Eni14, —Ent1q, + (V2 — vl)ha)rl does
not contribute to the propagation of p’(¢) due to fast oscil-
lations. As a result, only secular terms satisfying Ey1.4, —
EN+14, + (V2 —V)ho = 0 are kept. The consequence of the
secular approximation differs for molecular systems with and
without degenerate states. When there is no degeneracy in the
system, the corresponding exponential factor with local time
dependence can be replaced by Kronecker functions, e.g.,

ei (EN+1a —Envia +(2=Vh@) 5 5 (50)

which directly decouples the evolution of the population terms
from the coherence terms of ;31 (t). However, when the
molecular system contains degenerate states, such as the sys-
tem considered in this paper, terms satisfying v; = v, and
ENi14, = Eny1q, are still left after the secular approxima-
tion has been applied, wherein the coherence between degen-
erate electronic states is involved in the evolution of the pop-
ulations. However, considering that the electronic dephasing
is the fastest process in the system, the coherence terms can
be neglected when studying steady-state transport character-
istics. Consequently, we can drop all the terms containing the
off-diagonal density matrix elements in Eq. (49) regardless of
the presence of degeneracy. As a result, the evaluation of the
matrix elements gives us

/ d’/lCa

u)(N,a,v IS5 (0p! ()8l (t — w)| N.a,v)

2
= Z |TN+1a1,Na| |MW1 (A'N+1;al —)W,a)|

ai,Vvi

xe i Enstan = Eva)ipy 51)

where the diagonal matrix element has been replaced with the
population term due to the relationship

Pyay=(N,a,v|p(t)|N,a,v)=(N,a,v|p'(t)|N,a,v).

(52)

We can use the same procedure as above to evaluate the
other terms in Eq. (@9). Finally, we obtain the following

molecule-lead rate equations
dP, N,a,v
dt m—1

:Z Z (5N',N+1 + 5N/,N71)

o N o

a a
x Z (kN,a,v<—N’,a’7v’PN/7a’,V’ _kN’,a’.v’eNAa,vPN,uN) - (53)

v/

The rates of electron transport and hole transport processes
are thus given by
kOC

N1 bV eN.av =IN+10v Nav B (EN+10v Nav Her) (54)

1— f3 (enavn—16v> Har))
(55)

o _
kN—l,b.v’eN,a,v _yﬁ—lbv’,Nav (

in which the prefactors read

2T -
hnja TNilea| |Myry (Ans1p — /lNa)|2,

(56)

’y]%:i: 1bv/ Nav —

where Jy denotes a constant spectral density of electrode ¢ in
the wide band limit. After evaluating 7, , v , as detailed in

Appendix we can rewrite the prefactor 7 | by Nav 38

We1bv' Nav =L aVN£1bNa |Myry (Ans1p — An,a) ’2, (57)

where 'y = ;—f |o | /o is the characteristic rate of charge trans-
fer transition associated with electrode ¢, and the dimension-
less coupling Vy-1pn, Of the transition |[N+1,b) <+ [N, a)
has been given in Table S1 in Ref. [68] for all relevant tran-
sitions considered in this paper. The meaning of {y and the
evaluation of Vy41p 4 are also discussed in the Appendix@

C. Vibrational Relaxation

The derivation of the vibrational relaxation rate equations
follows the same procedure as the above section. In the inter-
action picture, the transformed coupling Hamiltonian H; .
reads

I:II/I{—th(t) = Sgl—th(t)é{n—th(t) (58)
where
St_n(t) = Y ehfhargla) (4] et
AeF
h NP N
= Y [ (b’ - he ) a) (A,
AcF vaibwvib
(59)
and
B, n( ane”cht e it

(bl +bge ). (60)

=Lce

Zma Mg



For simplicity, we abbreviate |N,a) as |A) here. We then
plug Eq. (58) into Eq. (39) and obtain the following master
equation,

ol == [ (cth< S8t 000
G0 (St )0
—Cin(— ) mn (1P (1)S5 th(f—u)
— Can(W)Si -t =)’ (1S5 (1), (61)

where the thermal bath correlation function is defined as

=Trlead+th {Bfn—th (l)égn—th (t - T) }

:/Oood(!)%.]th(w (n(w)eiw‘EJr(n(w)Jrl)e—imr)'

(62)
The spectral density Ji, (@) of the thermal bath is defined as

Jth = 71'2

and the Bose-Einstein distribution function ng(®) is given by

Cth(T)

(®— o) (63)

2ma a)a

1

—_— (64)
efre

ng ((D) =

A substitution of S, (¢) in Eq. into Eq. leads us
to

d
EP (t) o
1
=——Jun(w; A A/[nwvi +1
ST i ( b)g;,/| YAl (n(oyip) +1)

x (EZEA Pha(t) + Pha (0B bar — 2bapL (t)l;;/>
N Al (NE R
+ n(@yib) (bAbA Pan (1) + Panr (1) barby

— 2D phat )BA/)} , (65)

where rotating wave approximation has been applied, and
Pasr = (A|p|A’) refers to an electronic block of the reduced
density matrix. Eq. suggests that Hy,_g, not only leads
to the vibrational relaxations within the same electronic state
manifold but also results in the dephasing of coherence be-
tween states associated with different electronic state mani-
fold.

The vibrational relaxation rate equations dPZ;"V |m— is de-
rived by taking the diagonal matrix element of Eq. (63]), which
gives

dPN,aA,V

_ vi __pvib
dt = Z (kN a,v<N.a, v/PN a,v’ N,a,v/eN,a,vPN%V) )

m—th v/
(66)

where the rates of vibrational relaxation is

vib
N,a,v<N,a,V’

—% (mv/(v (o)

+6vl,v’v(n(wvib)+1)>- (67)

J, ib) - .. . .
Here, y, = M is the characteristics rate of vibrational re-
p Myip Dyib

laxation. Note that the corresponding characteristic time scale
=% I refers to the life time of the first excited vibrational
state.

D. Optical Transition

In the interaction picture, the transformed radiative cou-
pling Hamiltonian reads

E(t) - doy
X Z <MV0VI ()10,51 —%,SO)‘O,So,V())(O,S],V] |

Vo Vi

Ay =—

X e% (EO‘,SO!VO - EO‘SI Vi ) +hC> . (68)

Since the light-matter interaction is considered semi-
classically, we derive the radiative rate equations without em-
ploying a 2nd order expansion.

We start from & i (1) lsieta = — § [Hfeiq> Pl (1)), apply the
Born approximation Pt = P (¢) Pread P and the trace operation
Tricad+t{: - }. As a result, we have the following equation of
motion of the reduced density operator p/(t),

I, A . R N
% (HfeaP' (t) — P’ (1) Hfe1q) - (69)

field

By substituting Eq. (68) into Eq. (69) and taking the diagonal
matrix element with respect to |0,Sp, Vo ), one can derive the
rate equation of Pys,,v,»

d

*PO,S Vo

dt " e

i
~'E@)-d

5 (t)-dio

X Z <MV0V1 (AO,SO - AO,S1> <07S] 9 Vi |ﬁ1(t)| 07S03 V0>

xe %(EO o0~ E051.v1 )1 —c.c.), (70)

where c.c. stands for complex conjugate. In order to solve
the coherence term (0,S;,Vv [p!(¢)]0,S0, Vo), we turn to the



following equation of motion in the Schrodinger picture,

d R
E<0750’V0|P(t)\0,517\’1>

l .
- 7 (EO,S(),VO —Eosv — lhKOSoV(),OS] vl)

R i
X <0,SQ,V()|[)([)|O,S1,V] > + ﬁE(t) -dyjo

X (ZMVQV’ (A'O,S() _)'0,51)<07S17v/ |[5(t)|07S1,V1>

- ZMVVI (M750 71075'1 ) <0,S07V() |I§(t)|07S07 V>) 3 (71)

where Kos,v,,05,v, describes the pure dephasing of the elec-
tronic coherence which originates from the other coupling
Hamiltonians, i.e., I:Im,l, I:Im,th. An explicit evaluation in
Appendix [B| shows that Kos,v,0s,v, is a sum over the rates
of all the processes that start from |0,So,Vvp) and |0,S1, V1)
excluding optical transitions, e.g., charge transfer transitions

and vibrational relaxations.

When only the steady-state dynamics is concerned,
<0,S1,V’ |f)(l‘)|0,S1 , Vi > and <0,S(), Vo ‘f)(t)|0,S(),V> in
Eq. are time-independent. In this case, according to
the time-periodicity of E(z), one can take a trial solution of
<0,S0,v0|ﬁ(t)\0,S1,v1 >,

(0,80, Vo |p(£)]0,S1, V1) = € posyvy 05, v, (@) (72)
|

P05, vo,08, v, (@) is then solved as

pOS()V(),OS] \%1 (w)
1

0— (E0~,S1-,V1 - E0~,50,Vo)/h — K0S, v,08, v,

X (ZMVOV’ (AO,S() —).{)151)<07S1,V/ |p(t)|O,S17V1>
v/

1
7 0410

Y Mo, (o, — 205,) (0,50, %0 |ﬁ(r>|o,so,v>>, 3)

where we have dropped the fast oscillating terms containing
et (rotating wave approximation). After substituting the

solution Eq. and into Eq. (70), we obtain the rate
equation of Ry g, v, in the following,

d
Epo,so,vo

field
i
:? |E0 : d10|2 |:ZMV1V0 (AO,SI - )*O,S())
Vi

1
® — (Eo.s,.v; — Eo.50.v0) /T — iKosyv 05, v,

X Z(MVOV()'O,SO _A'O,Sl)<oasl7v|ﬁ(t>|07sl7v1>

X

—Myy, (l{),so —%,Sl)<0,SQ,V0 |[3(l‘)|0,So,V>> —|—C.C} .
(74)

The coherence terms (0,S,,v|p(¢)]0,S,, V') in Eq. can
be dropped by transforming Eq. back to the interaction
picture and applying the secular approximation. We finally
obtain the radiative rate equation of |0,Sp, Vo), i.e.,

dPO,S(),V()
dt

field

_ field field
- Z (kO,SO,V()(—O,S] V1 PO«,SI Vi kO,Sl RY1 %O,SO’VOPO,S(),V()) 9 (75)
Vi

eld

with the rates of stimulated optical transitions kg‘ So.v1 0,51,

given by

2
field 2 2
kO%o,VIHO,Sl,VI = ;‘Eo-do” ‘MVOVI (20,51 - )‘0750) ’

where 3 refers to the imaginary part.

The rate equation of the other singlet state |0, S, V; ) could be obtained similarly as

dRs, v,
dt

field Vo

E. Pauli Master Equation

The final form of the Pauli master equations is achieved
by phenomenologically introducing the rates of singlet-triplet

_ Z field
- 0,81,v14-0,50,v0

|9{KOSOV0,SIV| ’ 76
. S, (76)
[a) - (E0751 V1T E07507V0) /h+3 K050V0~51V1] + |SKK050V0751V1 ‘
field
Po.so,vo — kO,S(),V()(—O,Sl,VIPO-,Sth ) : )

(

transitions and the rate of spontaneous emission. The



singlet-triplet transitions include the processes of intersys-
tem crossing |0,S1,v) — |0,7{",v’) and phosphorescence
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|0, 7", v) — [0,S0,v'). We collect all the rates discussed
above and arrive at the following form of Pauli master equa-
tions,

dPN a,v
AV (04 a th th
dr Z (6N’1N+1 + SN’,N—I) Z (kN,a,veN/,a’,V’PN/,H’.,V’ - kN’,a’,v’eN,a,vPN-ﬂ,V) +Z (kN,a,veN,a,v/PN,a,V’ - kN,a,v/eN,a,vPNﬂyV)
N .a v o v/
field field field field
+0v08a50 ) (kN,a,VHO,SI s v =k, ,v’eO,SO,vPN#,V) +8v00u5 ), (kN,a,veo,SO,v/P 0,50, ~ ko,so,v/Hv,a,vPN,a,v)
v/ v/
SOC SoC SoC
+ Z Z <5N,05a,T]’” (kN.a,veo,Sl,v’P(),S] VT kO,So,v’eN,a,vPN-mV) - 5N305u751 k(),T]”‘,v’eN,a,vPNﬂN
m=0,%=1 v/
SOC spon spon
+ 5N705¢1-,50kN,a,veO,T{",v/PO,T{”.,V/> + 51\’-,050-,50 ZkN,a,W—O,S] ,v’P0751 VT 81\’-,05“751 ZkO,SO,V’HN,a,vPN%V' (78)
4 4
[
SOC
where kN,a’v NV refers to the rate due to SOC and and
(S)p;)n 05 v refers to the rate of spontaneous emission. K& e o (B Ve Vo E
20,V 0,a,Vq<N,b,v, — f0av,,Nbv,, N,b,v,,( G> Vsn) —E0av, |-

F. Current Formula

The electric current through the molecular junction is de-
fined by the flow of electron through electrode «, i.e.,

d . i N AT A
Io(1) = *‘e‘E<Na> = *|€|£T1'{ [Nlead,o: 7Ht0t] Prot(?) }
(719)

where the trace Tr{- - - } includes the average over the electrons
in the electrodes, the thermal bath modes and the electron-
vibrational states of the molecular system. Following the
same procedure for deriving the molecule-lead rate equations,
we obtain the following current formula,

Ia(t) = |€| Z Z( Zl\x/+1,b,v'<—N,a,v_ g—l,b.v’(—NA,a.L’)PNﬁa-,V'

N,abvy'
(30)

Since we study the steady-state current, the population Py 4,
takes the stationary solution of the Pauli master equation.

The current formula Eq. (80) suggests that the current
through the molecular junction is determined by both the rates
of the charge transfer transitions and the steady-state popu-
lation of the involved states, wherein the population is deter-
mined by the rates of relevant electronic transitions. It is noted
that the source-drain bias Vsp and the gate voltage Vg control
the rates of charge transfer transitions in Egs. (54) and (53)) by
virtue of the determination of the Fermi distribution function.
In the low temperature limit, the Fermi distribution function
becomes a step function. In this case, the rates of transitions
between a neutral state |0,a, v, ) and a charged state | N, b, v;, )
(N = %1) can be clearly expressed as a function of Vsp and
VG,

k[%,b,vbeo,a,va :YI(\JIva;,,Oav,[ 0 (EO-,H-,Va - EI(\)/t,b,v;, (VG7 VSD)) (81)

(82)

The step function 0(x) takes a value of 1 for x > 0 and a value
of 0 otherwise. The renormalized state energy associated with
electrode « is defined by

Ex 4.v(VG,Vsp) = En.ay — N(to + CaeVsp/2) — NeVg,
(83)

where {5 =1 and {p = —1. Eq. combines the energy
level of |N,a,v) with the Fermi energy on electrode o, i.e.,
Uo + CueVsp /2, and the energy shift caused by gate voltage,
i.e., —NeVg. Eqgs. (8I) and (82) clearly reveal that the charge
transfer transitions |0,a,Vv,) <> |N,b,v,) (N = £1) are ex-
plicitly determined by the energy level alignments between
Epqv and E,?,‘va_v(VG,VSD), which provides us with a handy
tool for identifying the dominant transport channels.

IV. PARAMETERS

We compute the electron transport characteristics in the
succeeding section using the system parameters compiled in
Table [l As shown in Figure 2l we consider a model sys-
tem with a specific configuration of PESs. In this config-
uration, the electronic transitions between neutral states are
not coupled to the reaction coordinate, whereas the PESs of
cation states and anion states are displaced oppositely with re-
spect to the PESs of neutral states by the same amount. The
displacement between the PESs is characterized by the e-p
coupling parameter A. The energies of the involved many-
electron states |N,a) € .#, which corresponds to the local
minimum of the associated PESs as shown in Figure 2] are
determined by the ab initio calculations of zinc phthalocya-
nine at the level of TDDFT/B3LYP/6-311g(d,p) using Gaus-
sian 16119 The charged state energies are corrected for the im-
age charge effect, see Supporting Information of Ref. [68]
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FIG. 2. The potential energy surfaces of relevant electronic states
is plotted according to Vy o = Ey 4 + %(Q — QNva)z, where Oy , =
2Ay 4 is the dimensionless equilibrium coordinate of | N, a).

for details. A value of g = —5.3 eV is adopted for the chem-
ical potential of Au(111) facet throughout all the computed
transport characteristics. A crossover from weak to strong
e-p couplings will be explored using A = 0.25,0.5,1.0,2.0.
In order to comply with the weak molecule-lead coupling
limit, we adopt a value of 0.0001 eV for #I" with symmet-
ric molecule-lead couplings I's = I'p = I'. The energy of
vibrational quanta is chosen as 0.2 eV and 0.02 eV. More-
over, we investigate electron transport characteristics in the
low temperature regime ( = 0.05%my;p) in order to resolve
the Frank-Condon allowed charge transfer transitions in the
stability diagram and the current-voltage characteristics.
Since there is no displacement between electronic mani-
fold |0,S0) and |0,S1), a value of 10'> s~! is chosen for

kg‘gg_v 0,5,y Such that kfieldr =1 > 1, where the rate of op-

tical transition is hereinafter referred to as k4,  Assum-
ing the optical excitation is in resonance with the electronic
transition |0,Sp, V) <> |0,S1, V), the respective electric field
strength takes the value of 100 kV /cm if the transition dipole
moment is 5 Debye. A spontaneous emission rate of 10%
s~ ! estimated through 4ani;|do;|?/(3¢?) is also introduced
phenomenologically, where « is the fine structure constant,
w10 = (Eos, — Eo.s,)/h, n is the refractive index and c is the
speed of light in vacuum. The rates of singlet-triplet transi-
tions are then chosen for typical values, i.e., 10° s~! for inter-
system crossing processes 0,51 ) — |0,7{") and 103 s~! for
phosphorescent processes |0, 71" ) — |0,Sp).

V. RESULTS AND DISCUSSION

In this section, we investigate the influence of e-p coupling
and vibrational relaxation on the transport characteristics un-
der an optical field. Light-driven electron transport is explored
from weak to strong e-p coupling regimes. For simplicity,
the effect of vibrational relaxation is discussed in two lim-
its: the equilibrated phonon and the unequilibrated phonon.
We analyze the transport characteristics from the following
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aspects. In section[VB] we study the charge stability diagram
(the conductance spectra) of the irradiated molecular junction
in a broad range of source-drain bias voltage and gate volt-
age. Charge stability diagrams have been extensively stud-
ied in nanoscale electron transport and they can provide rich
information about electronic structures. Moreover, consider-
ing that low-bias current-voltage characteristics is accessible
in most experiments, we focus on low-bias transport charac-
teristics in section [V.C| and [VD} In section [V.C| we control
the gate voltage, compute the low-bias current at Vsp = 0.1
V, and compare the situations of high- and low-frequency vi-
brational modes in a range of gate voltage Vs that covers all
relevant energy level alignment schemes between the charged
states | — 1,Dg ) and the neutral states. In section|V D} focus-
ing on four representative schemes of energy level alignments,
we compute the current-voltage characteristics and derive the
analytical current formula. This offers a quantitative point of
view on the light-driven transport when the charge transfer
transitions are coupled to intramolecular vibrations.

A. Equilibrated and Unequilibrated Phonon regimes

These two extreme limits of vibrational relaxation, i.e.,
% > T (equilibrated phonon regime) and %, < I' (unequili-
brated phonon regime), offer us a clear picture to understand
the role of the vibrational relaxation on the light-driven trans-
port characteristics.

In the equilibrated phonon regime, the vibrational relax-
ation is much faster than all the other transitions about the
molecule. In other words, the vibrational state distribution of
each electronic state manifold instantaneously relax into its
thermal equilibrium upon any electronic transition. As a re-

sult, the vibrational relaxation part of the Pauli master equa-

. . dPyav
tion Eq. ,1.e., ar

|m—h» reduces into

dPN,u,V
dt

= _Ylim 0 <PN¢1,V _P\sq Z PN,a,v’>a (84)

m—th b V=0

where P4 = e"P1o/ Yoo ¢"Ph0 gescribes the equilibrium
vibrational distribution. The role of Eq. (84) on the Pauli
master equation Eq. is to force the vibrational state dis-
tribution to be kept at the thermal equilibrium distribution at
all times. This matter of fact enables us to derive analytial
solutions for transport characteristics in section [V D}

In the unequilibrated phonon regime, on the contrary, we
assume that the vibrational relaxation is slower than any other
processes about the molecule, which simply modifies the Pauli
master equation Eq. (78) by dropping the terms belonging to
df:;"t“v |m—t. In other words, the non-equilibrium vibrational
excitations brought by other electronic transitions are com-
pletely preserved during the time scale of the relevant pro-
cesses. The role of the non-equilibrium vibrational excitations
are then investigated in this regime.
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Parameter Value Meaning
Ey s, OeV Energy level of the singlet ground state |0, Sy )
Eys, 2.01 eV Energy level of the singlet excited state |0, S )
Eo 1y 1.00 eV Energy level of the degenerate triplet states |0, 7]" )
Efl,Dg 6.045 eV Energy level of the cation doublet states | — I,Dg ), image charge correction included.
Eypg —2.06 eV Energy level of the anion doublet states | 4+ 1,D§ ), image charge correction included.
hwyip 0.2,0.02 eV Energy of the intramolecular vibrational mode
A 0,0.25,0.5,1.0,2.0 Electron-Phonon coupling
o —53eV Fermi energy in the electrode at zero source-drain bias voltage
ar 1074 eV I's =I'p =TI in a symmetric molecular junction
kpT 0.05h@y;p Thermal energy at temperate T
ko,10.5, 100 ¢! Intersystem crossing rate
ko,500,T; 103 57! Phosphorescence rate
(S)? §:e0, s 108 s~ Spontaneous emission rate

TABLE I. Parameters adopted in the computations. Details are discussed in main text.
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FIG. 3. The charge stability diagrams are computed for vibrational frequency i, = 0.2 eV and the equilibrated phonon regime. The field-off
charge stability diagrams are presented for (a) A = 0.25, (b) A =0.50, (c) A = 1.0 and (d) A = 2.0. The field-on charge stability diagrams are
also presented for (e) A =0.25, () A =0.50, (g) A = 1.0 and (h) A =2.0.

B. Charge Stability Diagram: Effect of e-p Coupling on
Photoinduced Coulomb Diamond

We explore the influence of e-p coupling (1) on the charge
stability diagram, i.e., a plot of differential conductance
dI/dV versus Vsp and Vg, in the equilibrated phonon regime
and the unequilibrated phonon regime’”. We discuss the equi-
librated phonon regime in details. For the unequilibrated

phonon regime, we only discuss the difference from the equi-
librated phonon regime.

We first investigate the equilibrated phonon regime, which
is characterized by the equilibrium vibrational distribution.
As presented in Figure[3] we compute the conductance spectra
for hwyip = 0.2 eV and A = 0.25,0.5,1.0,2.0 under a field-off
condition k1Y = 0 and a field-on condition k€4 = 10! s~

When the radiation is off, the conventional Coulomb block-



Unequilibrated Phonon
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FIG. 4. The charge stability diagrams are computed for vibrational frequency %@y, = 0.2 eV and the unequilibrated phonon regime. The
field-off charge stability diagrams are presented for (a) A = 0.25, (b) A =0.50, (¢) A = 1.0 and (d) A = 2.0. The field-on charge stability
diagrams are also presented for (e) A = 0.25, (f) A = 0.50, (g) A = 1.0 and (h) A = 2.0.

ade diamonds A, B and C, respectively corresponding to
| — 1,D3C1/2>, 0,S0) and |1,D§1/2>, remain intact for e-p
couplings from A = 0.25 to A = 1.0, as shown in Figure 3p-c.
The diamond B, corresponding to |0,Sy ), exhibits the width
Efl,Dg —|—E17D —2Ey s, and the height-to-width ratio 2 : 1.
From Figure to Figure 3k, as the e-p coupling A increases,
conductance lines spaced by Ay, along Vg axis and 2fwyip
along Vsp axis become pronounced. The equally spaced con-
ductance lines arise from the step-wise activation of charge
transport channels. In Figure , when A becomes 2.0, we ob-
serve a clear Frack-Condon blockade pattern, which has been
reported both theoretically?” and experimentally!”. The two
intersections in between the three Coulomb diamonds break
because the low-bias conduction is suppressed by the Frank-
Condon factor (My,y,(A) in Egs. and (55)), i.e., the
transitions between low-lying vibrational states decrease ex-
ponentially in the regime of strong e-p coupling (A > 1).
When the radiation is on, the anomalous Coulomb blockade
pattern is clearly identified in the weak e-p coupling regime
(A < 1.0) from Figure to Figure [3iz. In the zero e-p
coupling limit, the widths of the diamonds D, E and F are
Eo,rm — Eo.59» E—1,pg + E1 pg — 2Eo,rm and Eg m — Eq s, Te-
spectively. As the e-p coupling increases, the diamonds D and
F (corresponding to partial charged states) shrink by steps of
AVG = liyip /|| ,while the diamond E (corresponding to the

triply degenerate states |0,7}")) remains invariant. The con-
ductance lines in the diamonds D and F result from the addi-
tional transport channels activated by e-p coupling, while the
robustness of the diamond E with respect to the e-p coupling
is attributed to the origin of the diamond E, i.e., the presence
of the triplet states.

In the limit of unequilibrated phonon regime, the field-off
and field-on charge stability diagrams (conductance spectra)
are computed for A =0.25,0.5,1.0,2.0, see Figure@ A com-
parison between Figure [3] and Figure [4] shows that the non-
equilibrium vibrational exicitations result in more reduction in
the sizes of diamonds D and F at the same e-p coupling. Ata
low bias, the equilibrated and unequilibrated phonon regimes
exhibit the same trend in response to e-p coupling and optical
excitation.

C. Current vs Gate Voltage: Role of Vibrational Frequency
and Vibrational Relaxation

In most cases, the transport characteristics of a molecular
junction is only available at a low bias voltage due to the in-
stability caused by the high-bias electric field. Therefore, in
this section, we concentrate on the field-on current at a low
bias, i.e., Vsp = 0.1 V, and explore the current response via
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FIG. 5. Field-on current at Vsp = 0.1 V is plotted versus Vg for A = 0, 0.5, 1.0, 2.0. The effect of the vibrational relaxation and the vibrational
frequency is investigated for (a) high-frequency intramolecular vibration (2@y;, = 0.2 eV) in the equilibrated phonon regime (y, > I'), (b)
high-frequency intramolecular vibration (@i, = 0.2 €V) in the unequilibrated phonon regime (¥, < I'), (¢) low-frequency intramolecular
vibration (i@, = 0.02 eV) in the equilibrated phonon regime (Y, > I') and low-frequency intramolecular vibration (7@, = 0.02 V) in the

unequilibrated phonon regime (y, < I).

changing the gate voltage V. Similar to the previous sec-
tion, we carry out the calculation for both the equilibrated
phonon regime and the unequilibrated phonon regime. Fur-
thermore, in additional to the situation with high frequency
mode fimy;, = 0.2 eV, we also consider a situation in which a
low frequency vibrational mode (fiwyj, = 0.02 V) dominates.
The results are presented in Figure[5] In view of the symmetry
in the charge stability diagrams, we only present the current
within a range of gate voltages that covers all possible energy
level alignment schemes between EE‘L Dg.o(VG7 0) and neutral
states. For simplicity, we hereafter denote the gate voltage
corresponding to Ef‘l (Vi,0) = Ep 5,0 as Vgo and the gate

(V6,0) = Eo.rm o as V3"

DF 0

voltage corresponding to Efl, DS 0

Generally, from Figure [Sh to 5, we identify the plateaus

of current centered at the gate voltages that correspond to the

energy level alignments E%, - /(VG,0) = Eos,,0 +nhayi, (n
"0 0

is non-negative integer) and Egl,Dg,o(VG’O) = Eormo. At

zero e-p coupling, the electronic transitions | — 1,D§,Vv)
|0,S0,v') and | —1,D§,v) < |0,T{",v") are allowed for
v =V, so we observe the current plateaus only at V3" and

Vg I, As the e-p coupling increases, the current at these two
plateaus decrease monotonically and additional photoinduced
current plateaus show up between V3° and V!, because the
e-p coupling suppresses the diagonal vibrational transitions,
i.e., the electronic transitions with v = v/, and invokes the off-
diagonal vibrational transitions, i.e., the electronic transitions
with v #£ v/,

Considering a high-frequency mode, e.g., iy, = 0.2 eV,
we observe four isolated current plateaus between V3" and
Vg ! in Figure |Sh and . The current plateaus are isolated
from each other because i@yip/|e| > Vsp. A comparison be-
tween Figure [5h and [5p demonstrates that, at the same e-p
coupling, the non-equilibrium vibrational population in the
unequilibrated phonon regime leads to more pronounced cur-
rent plateaus within [VS°, VI

In order to find out the origin of the e-p coupling in-
duced current plateaus within [Vgo, Vg 1, we consider a low-
frequency mode, i.e., ityi, = 0.02 eV. In this case, the e-p
coupling induced current plateaus are observed only in the
vicinity of Vgo and Vg I because hmyi, < |VT1 — Vgo . As
a result, the role of the e-p coupling behaves like a broadening
of the current plateaus at V3" and V3!, In both extreme lim-



its of vibrational relaxation, the additional Franck-Condon al-

lowed transport channels is activated when EE‘I po o 1s aligned
0

with vibrational excitations of the singlet ground state. This
broadens the current plateau at Vgo toward higher gate volt-
ages. In contrast, the e-p coupling induced current plateaus
dueto | —1,DF,v) < |0,T{",Vv'), i.e., the broadening of the
current plateau at V3!, requires the nonequilibrium vibrational
population and shows up only in the unequilibrated phonon
regime.

D. Current vs Source-Drain Voltage: Energy Level
Alignment and Analytic Analysis

In our previous work®®, we obtained the analytical solutions
to the current-voltage characteristics without considering e-p
coupling in the cases of several specific energy level align-
ments. These analytical solutions provide an in-depth and
quantitative understanding on the transport characteristics of
an irradiated molecular junction.

When the e-p coupling is significant, it is challenging to
derive general analytical solutions, because the Pauli mas-
ter equations are constructed within an enormous Fock space
spanned by the electron-vibrational states. In order to ana-
lyze the effect of e-p coupling, for simplicity, we focus on
the equilibrated phonon regime, which allows us to work on
a smaller Fock space that is spanned by the electronic states.
The equilibrated phonon regime enables the analytical solu-
tions for two reasons. First, this regime excludes the vibra-
tional relaxations, thus allowing us to consider only the tran-
sitions between different electronic manifolds, i.e., |N,a) —
|N',d’). Second, the equilibrium vibrational state distribution
on each electronic state manifold is dominated by the vibra-
tional ground state, because @y, > kpT is valid here.

Now we reconstruct the rate equations built upon the Fock
space {|N,a)} in the equilibrated phonon regime. Consid-
ering that iy, > kpT, one can equate the population of an
electronic state | N,a) to the population of its associated low-
est lying vibrational state |N,a,0), i.e., Pvg =Yy Pvav =
Py 4 0. Therefore, the effective rate of an electronic transition
|N,a) — |N',a’) is the sum of the rates of all outgoing pro-
cesses from |N,a,0), i.e.,

(eff)

kN’,a’<—Nqa = ZkN/-ﬂ/aV/FNﬂyO : 85)
; -~

In this way, the effective rate of the charge transfer transitions

can be expressed as

K (eff)

o
N dNa = DN aN.aVN'a' Nal s (86)

where

A v na= L IMyol*0 (Eﬁ,a,o(V& Vsp) = Eyr o v (Va, VSD)>
v/

87)
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. . eff .
refers the ratio of the effective rate ka( ) to its zero e-

N'.a'<N,a
p coupling limit. Note that A]?/’,a’ “Na could be alternatively

expressed as

AN deNg= %’0 |Myo(Ana—Av ) |27 (88)
Ve
where
Moy () = Mo (M) = S A%e R (89)
and
vy Ean0a Vo) B Vo V)

Tioyib
with the floor function |x| returning the largest integer less
than x. Eq. l@l indicates that AY, ,, . . ranges from 0
to 1.0. Besides, A]?//,a’ “Na reaches its upper limit when

Eg (Y, Vsp) > EY, ,,(Vi,Vsp) due to the relationship

V=400

Y M) =1.

v=0

oD

In order to better understand the effect of energy level align-
ment on light-driven electron transport when coupled to vi-
brations, we analyze the analytical solutions of the current-
voltage characteristics and the corresponding numerical cal-
culations in the four representative cases specified by the

following energy alignments: (1) Efl,Dg,o(V@O) = Eo.5,.,0

2) Ep.s90 < EghDg’()(VGvO) < EO,TI'",O’ 3 Egl,[)gi)(VGaO) =

Eo o and (4) B¢ 1,Dg 0(V6,0) > Eo 1.

1. Ei“l’Dg7()(VG>O) = EO,SO,O

In this situation, the relevant electronic state manifolds are
| —1,D"), | —1,D%), ]0,S,) and |0,S; ). When the e-p cou-
pling is zero, the energy level alignment Egl,Dg.o(VG’O) =
Ep 5,0 leads to a field-off electric current with a zero onset
voltage, similar to the resonant tunneling described by the
Landauer theory. Compared to the field-off transport charac-
teristics, the field-on electron transport in this case exhibits a
suppression in the current, hereinafter referred to as photore-
sistance.

We now move on to the cases with e-p couplings. One can
construct the Pauli master equations based on the electronic
states using the effective rates given in Eq. (86). The rate
equations in a matrix form is

dP
PTERRARE 92
dt 92)
where the occupation probabilities in the vector form are
T
P= (P—I,Dg ’P_1,D$ Bo.s, aP07S1> 93)

Moreover, based on the energy level alignment in Figure [7p,
the rate matrix W is constructed as
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Eo,s5,,0 + hyip, () EfLDg,O(V@ 0) = Eo,r 0 and (d) ES‘LD;;,O(V@ 0) = Eo 1m0 + itdyip.-

~AST 0 ADT 0.5(AY +AD)C
W= (s) _/;(S)r ﬁeI{i\ODr D 0.5(A§ﬁIdA]13)1" 94)

Aol Agl —k ﬁ_]dZAOF field g S D

0 0 k"e —k"C — (A} + AT
[

For simplicity, we hereinafter denote A* 1 as Ag, Since Is +Ip = 0 is valid in stationary transport, we
o A% and lect the i .O’S‘.’gfl’ltjo only refer to Is below. It is worth noting that, when
0.5, H717D(T)/i as A and neglect (he nsignilicant processes, A — 0, the analytical expression Eq. is reduced to

i.e., the singlet-triplet transitions and the spontaneous emis-
sion.

By solving the steady-state dynamics from W-P = 0, we
obtain an analytical expression of the stationary current as

(2AF + AD)kfield 4 2AP AT
(2A0 + Ap)kfield + (2AR + AF) AT
95)

Is = —Ip = |e[TA]

where we employ the abbreviations Ag/ = A(S) st AOD/I.

|e\1"(3kﬁeld + 4F) / (6kﬁeld + 6F) , which agrees with our pre-

vious work®.

Since Aj = A§ = 0.5Aq in the situation £ ¢ (V5,0) =

Ey s, 0 the analytical expression of electric current, Eq. @,
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could be further reduced to
(Ao +AP) ke + ApA T
(2Ag + Ay )kfield 1. 5A0A, T
Ao (2 1 Ao+ 2A5 — AP field
=ler22 [ 2 -2 (Ao +2A7 — A7) . (96)
2 \3 3 (2A¢+A)kCld 41 5A0A T

Ao
Is =|eT =2
s =le] )

which clearly reveals that the field-off current (Recall k€14 =

0)is
A
KT = 1elr, 97)
and the amount of current suppression led by optical excita-
tion is
Ao (Aog+2A7 — AD)kfeld

Al =1 — [g = |eT =2 . (98
57 L5 = el 6 (2ho+ A 1 5AA T OV

In Figure [6h, the photoresistivity is clearly identified in all
explored e-p coupled regimes. Obviously, the current de-
creases as the e-p coupling increases, which is also clearly
described in Eq. (93).

Furthermore, the stepwise dependence of Ag‘/l on Vsp and

Vi results in the steplike current-voltage characteristics with
width of AVsp = 2h@yib/|e| and the equally spaced conduc-
tance lines in the charge stability diagrams. In other words,
from the aspects of the energy level alignment, the current

o
changes whenever E i1 Dg,o(VG’ Vsp) goes across an electron-

vibrational state |0,Sp,Vv). Therefore, a change of h@,ip in
the energy level alignment corresponds to either a AVgp =

2navip/|e| or a AVG = hiwyiv /el

2. Eps,0< ENE‘L’Dg_’O(VC”O) < EO-,T]’”,O

In this case, we focus on the diamond D and
study the current-voltage characteristics for gate voltages
Vg € [vgo,vg '] and source-drain bias voltages Vsp €
[O,Z(EYLD&O(VQO) —EO,SO.,O)/\eH- At zero e-p coupling,
the field-off and field-on conditions result in the same block-
ade of electron transport but differs in the origin of the block-
ade. The diamond D is associated with |0,Sy) when optical
field is off, but it is related to a partial charged state when
the radiation is on®. The blockade under optical excitation is
referred to as anomalous Coulomb blockade in Ref. [68]].

In contrast with the situation in section[V D T|where the e-p
coupling suppresses the current, in this case, the e-p coupling
lifts the anomalous Coulomb blockade, resulting in the pho-
toconductivity within the diamond D. The IV curves in Fig-
ure [6b are computed for a representative energy level align-
ment Efl.Dg,O(VG’O) = E.5,,0 + ho which is illustrated in

Figure[7p. In the bias voltage range [0, 2:yib /], i.e., within
the diamond D, Figure [6p shows a current step under opti-
cal excitation when A > 0. The photoinduced current within
Vsp € [0,2hmyip/|e|] does not monotonically change with A,
but first increases and then decreases. This dependence of
photoinduced current on A can be illustrated quantitatively by
the analytical solutions.

In order to derive the analytical solutions, we also choose
the effective electronic states | —1,D"), | —1,D%), |0,So)
and |0,S; ). According to the energy level alignment scheme
in Figure[7b, the rate matrix W is constructed as



~(AS+AR) 0

— 0 — (A3 +AQ)
AG+AY 0
0 0

The stationary solution then gives the populations as

0.5A, kfield
B 1 0.5A kfield
T (2A0+ ADK L AGAIT | Aok + AgA T |
Aokﬁeld

(100)

and the electric current within the bias voltage range
[0,2hmyip/|e]] as

AGAD — ADAS

Is = —Ip = |e|Tk"™! :
s=—Ip=le] (2A0 + Ay KB 1 AgA T

(101)

Similar to the previous section, the zero e-p coupling limit

of Eq. (I0I) reduces to our analytical results in Ref. [68],

i.e., Is = —Ip — 0 and the net charge on the molecule |Q| =
field

2elPy g — A

Eq. (IOT) reveals that the photoinduced current can orig-
inate from the asymmetry in Ag /1 and AOD/1 in the case of
Eos500 <E% po g
ified in Figure [7p, this asymmetry is immediately achieved
when a finite Vsp is applied.

It is worthy to point out that the asymmetry in Eq. (I0I)
resembles the Eq. (16) of Ref. [62] which attributes the obser-
vation of photocurrent to the asymmetric molecule-lead cou-
pling, i.e., I's # I'p. The Eq. (16) of Ref. [62] is derived
under an off-resonant tunnelling situation using a HOMO-
LUMO model in the single particle picture. The situation of
off-resonant tunneling is similar to the energy level alignment
considered in this section, especially if we consider that Ag‘
and A{ are respectively the analogs of the coupling between
HOMO and electrode «, and the coupling between LUMO
and electrode o. However, it should be clarified that the asym-
metry in Eq. results from the e-p coupling and does not
rely on the symmetry of the molecular system, while the pho-
tocurrent predicted in Ref. [62] requires an intrinsic asymme-
try of the molecule.

For the transport characteristics in the case Vsp >
2nhyip/|e| (out of the diamond D), as shown in Figure [6] the
IV curves for A = 2.0 exhibit a transition from the photocon-
ductive behavior to the photoresistive behavior at the fourth
current step, in contrast with the IV curves for A = 0.5 and
1.0 that exhibit the same photoresistive behavior as in section
The current-voltage characteristics for A = 2.0 thus
deserves further discussion. When A = 2.0, the asymmetry
between Ag /1 and AoD/l dominates the transport characteris-

tics within Vsp € [2,6]%i@yib/|e| and results in the photocon-
ductive behavior within this bias range. However, as the Vsp

(VG,0) < Eo rm 0. Under the situation spec-
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0 0.5(AT +AD)
0 0.5(AY +AD
_ pfeld (kéeld ) (99)

Kfield  _pfield _ ( AS + All))

(

increases, the asymmetry gradually disappears due to the acti-
vation of more transport channels, which leads to the photore-
sistive behavior when Vsp > 6/icoyip/ |e].

Apart from the representative situation given in Figure [7p,
other situations corresponding to EE‘LD&O(V@O)) =Eys, +
nhoyip (n > 1) also deserve further exploration. We high-
light these situations because their zero onset voltage of the
photocurrent is of experimental interest. The current-voltage
characteristics under these situations share a number of key
features with the one given in Figure m), i.e., (1) e-p cou-
pling induced photocurrent when Vsp € [0,2nfi@yib/e|], (2)
a photoresistive current-voltage characteristics for A < 1 and
a crossover from photoconductive behavior to photoresistive
behavior for A = 2.0 when Vsp > 2nfi@yip/|e]-

In order to gain more insight about the photocurrent un-
der the above situations, we investigate the first current step
with the help of Eq. (T0I). Note that Eq. (I0I)) encodes the
dependence of Vg and Vgp in Ag‘/l and generally applies to

Vg € [VE?, V& and Vsp € [0,2min(|Vg — VS|, [Va — V&' |).
If we only focus on the gate voltages close to Vgo such that
(Eos,0—E2| pe o(Va,Vsp)) 3> hais and Af — 1, Eq. (101]
is simplified to

AS =AY

I ~ rkﬁeld .
5 ~lel (2A0 + Ay KB 1 AGALT

(102)

Since we are interested in the first current step, i.e., Vsp €

[0,2h@yib/|e]], Eq. (102) turns to
Mon(A)[?
Is =|e|Tkfeld | S . 103
s =lel (270 + A1)k 1 AgA T (103)

where n, determined by Vg, labels the vibrational excitation
associated with |0, Sy ) that aligns with Efl.Dg,O(VG’O))‘
According to Eq. (I03), the photocurrent can be ana-
lyzed by the dependence of |Mo,(A)|* on A and n, respec-
tively. On one hand, when n is fixed and A is varied,
i.e., we are dealing with a specific energy level alignment
Egl,Dg‘O(VG’ 0)) = Eo,s,,0 +nhyp, the photoinduced current

approximately maximizes at A = y/n, which is consistent with
the behavior of the first current step in Figure [6p. Figure [8p
presents the photocurrent as a function of A for situations of
n=1and n=2. In Figure 8, the approximate analytical
solution in Eq. (T03) agrees well with the numerical calcu-
lation and the exact analytical solution in Eq. (I0T), where a
slight deviation is observed under the situation of n = 2 when
A exceeds 2.0. It should be pointed out that the peak of the
I — A curve in Figure slightly deviates from /n due to the



monotonous decline of the denominator of Eq. (I02)) with re-
spect to A. On the other hand, when A is fixed and n is varied,
the photoinduced current peaks at n ~ 2. This explains why
the most pronounced conductance lines within the diamond
D in Figure 3] shift towards larger gate voltage as the electron
phonon coupling increases.

3 EE‘LDOG,O(V@O) =Eo1p0

Under this situation, we restrict ourselves to the bias range
Vsp € [O,Z(EO_VTIm’O7E0’5070>/|e|]. In this bias range, the
field-on transport characteristics is activated when Vsp > 0,

while the field-off transport characteristics in this range is
completely blocked. The photoinduced current is attributed

to the energy level alignment between Egl.Dg,O(VG’O) and
Eo 1m0
— (A5 +AQ +1.5A7)T 0
0 — (A +AG +1.5A3)T
(A3 +AG)T (A3 +AG)T
W= 0 0
AST 0
0.5A5T 0.5A5T
0 AST

where we further abbreviate Afh Dg o1 &
ity.
The stationary current corresponding to the situation in Fig-
ure[7k is then solved as
|e| TKOMAR (3A1AF +2(ASAD — ADAT))

Is = . (106
> (Ao — ADAR +3A1Ar ) kfield 1 2A0A; APT (106)

s A% for simplic-

whose zero e-p coupling limit also agrees with the results in
Ref. |68]], i.e.,

lim I5 = 3[e[T%™/ (4r + 9kﬁeld) . (107)

Since the energy level alignment diagram in Figure [7¢ in-
dicates A} = AR = 0.5A7, we can further simplify Eq. (106)
into

Is = It + I (108)
with
: 3A1AT /4
It = |e|Tkfeld 109
™= e] (270 + 2.5A1 )kield 1 AgA T (109)
and
. ASAD _ ADAS
Ias — |e|rkﬁeld 0 1 0 1 (110)

(2/\0 +2.5A )kﬁeld + AgA T ’
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The influence of the e-p coupling on the photoinduced
transport characteristics is presented in Figure [6. Among all
the explored values of A, with the IV curves at A =0 as a
reference, the e-p coupling suppresses the first three photoin-
duced currents steps but enhances the subsequent two current
steps. These observations are also quantitatively explained by
the analytical solution.

Next, we derive the analytical current expression using
the effective electronic states | —1,D"), | —1,D%), |0,Sy),
10,81), |0, 7;™), 10,7)) and |0,7;"). The vector form of
the occupation probabilities is

T
P= <P—1,Dg ’P—I.Dg 7P0,SQaPO,Sl ’PO,T0+1 7PQ)T(§) ’PO.,TOil) .

(104)
According to the energy level alignment illustrated in Fig-
ure [k, the rate matrix W is constructed as
0.5(AY +AD)T ADT 0.5ART 0
0.5(AY +AD)T 0 05A2 APT
_ kﬁeld kﬁeld 0 0 0
kfield _gfield 0 5(AT+AD)C 0 0 0 ,
0 —-APT 0 0
0 0 AP o0
0 0 0 —APT

(

where IT and I, reveal two origins of the photoinduced current
under this situation. First, the component It originates from
the energy level alignment between E‘j‘l’D’O(V&O) and the

triplet states, so it exactly reduces to Eq. (107) as A — 0 and
also contributes to the suppression of the first three photocur-
rent steps in Figure [6c. Second, the component I,¢ originates

from the asymmetry in A(s);]]). I,s resembles Eq. l) which

describes the photocurrent in section [VD 2] and vanishes at
A = 0. It is worth noting that I,; contributes to the enhance-
ment of 4th and 5th photoinduced current steps in Figure [6k.

Figure E}) offers more insights about IT and I3, where the
first photoinduced current step in this case, together with first
field-on current step in section |V D 1|is plotted as a function
of the e-p coupling A. In Figure ', the numerical calcula-
tions agrees well with the analytical solutions in Eq. (93) and
. The I — A calculated at Vsp = 0.2 V and Vg = Vgl
first displays an exponential decay due to IT and then exhibits
a maximum led by I, nearby A = 2.0, while on the contrary
the situation of Vg = Vé’o shows a monotonous decrease in the
field-on current with respect to A.

Furthermore, the decomposition of the photocurrent into
It and I also explains the role of the e-p coupling on the
photoinduced current as shown in Figure [6c. Within Vsp €
[0,6%yiv/|e]], i.e., during the first three current steps, It dom-



inates the photoinduced transport characteristics. In this bias
range, It is responsible for the e-p coupling induced suppres-
sion in the photocurrent, while I,; offers negligible contri-
bution because the asymmetry between Ag /1 and AOD/1 is in-

significant. The energy level alignment in Figure [/ clearly
reveals that the extent of the asymmetry required by I grows
with Vsp. Meanwhile, as Vsp increases, the e-p coupling in-
duced photocurrent suppression due to It is also lifted and
will be completely eliminated when more transport channels
are activated. Henceforth, the gradual elimination of the pho-
tocurrent current suppression given by It, together with the
increase in Iy, finally results in the e-p coupling enhanced
photoinduced current at the 4th and 5th current step in Figure

[Bk.

4. Eixl,Dg,O(VG7O) > EO,Tdnyo

Our discussion for this situation focuses on the bias range
Vsp € [Ovz(Egl,Dg.o(VG’O) — Eo1mm0)/lel], beyond which the
transport characteristics is governed by Eq. (I06). The ranges
of Vg and Vsp we specified correspond to the diamond E,
where the electron tranport is blocked under both field-off and
field-on conditions.

Unlike the photoinduced current described in section[VD 2]
the e-p coupling does not lift the blockade under this situation,
which has been clearly revealed in the charge stability dia-
grams. According to the representative energy level alignment
diagram in Figure[7d, the transport characteristics in this case
is completely blocked by the triplet states. Figure [/d shows
that there is no outgoing electronic transitions from triplet
states, therefore the triplet states accumulate all the population
of the molecular system in the steady state. The analytical so-
lution under this situation is straightforward and obvious, i.e.,
Po,Tl“ =Fyz0 = POlTlfl = 1/3. Note that the relevant singlet-
triplet transitions is insignificant and negligible because the
optical excitations dominate in this situation.

VI. CONCLUSION AND PERSPECTIVE

In conclusion, we have examined the influence of e-p cou-
pling and vibrational relaxation on electron transport through
an irradiated molecular junction. Moreover, we have shown
that the roles of the triplet states and the energy level align-
ment between charge states and neutral states are crucial for
the transport characteristics. Our main findings are summa-
rized as follows:

(1) In the charge stability diagram, the width of the mid-
dle diamond (corresponding to the triplet states) is robust to
the e-p coupling. In contrast, the two side diamonds (corre-
sponding to the partial charged states) gradually shrink with
the increasing e-p coupling due to the activation of transport
channels induced by vibrational transitions. In addition, the
effect of the e-p coupling is more pronounced in the unequili-
brated phonon regime than in the equilibrated phonon regime
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because of the vibrational transitions caused by the nonequi-
librium vibratinal population.

(2) We have demonstrated a new type of photoconduction
mechanism due to the e-p coupling. Our previous study shows
that, in the absence of the e-p coupling, the energy level align-
ment between the charge states and the triplet states uniquely
leads to the photocurrent. In this study, in the presence of the
e-p coupling, the asymmetry in the rates of charge transfer
transitions also results in the photocurrent when the renormal-
ized state energy of a charge state falls between E s, o and
Eorm . This photoconduction mechanism is also significant
when the triplet states come into play.

(3) Our study can be used as a guide for the selec-
tion of photoconductive molecules. When a high-frequency
vibrational mode is coupled to the charge transfer transi-

tion, the observation of photocurrent requires EY o, ~
0
Eo,Tlm,o,Eo,SO,n(n > 1),.i.e., the rf.:norma!ized statej energy of
charged states approximately aligns with the triplet states
|0,T{") or the excited vibrational states of |0,Sy). When a

low-frequency vibrational mode dominates, the observation of
: nlo] o
photocurrent requires EY, ) 2 Eos,00rE 1,080 SEoro,

whereas the required proximity of the alignment is determined
by the e-p coupling.

(4) Compared with the photoinduced current in the zero
e-p coupling limit, the presence of the e-p coupling can ei-
ther enhance or suppress the photocurrent. In the case of
Eil,Dg,O(VG’ 0)= Eo 7 o, the influence of the e-p coupling on
the photocurrent changes from suppression to enhancement as
the source-drain bias increases.

Although we have conducted a comprehensive study on the
effect of e-p couplings and vibrational relaxation on an irra-
diated molecular junction, several issues deserve further dis-
cussion. First, the master equation approach cannot include
the level broadening due to the molecule-lead coupling and
thus fails to describe the tunneling current within the block-
ade region. Our future work will address this issue through
two routes, i.e., the master equation approaches that go be-
yond 2nd order expansion1® and the Hubbard operator NEGF
approach® that intrinsically considers the level broadening at
the lowest order expansion. Second, the energy level align-
ment of molecular systems can be adjusted not only by a gate
electrode but also by the functionalization of molecules (e.g.,
changing the substituent groupt?), electrochemical gating®
and molecular orbital gating!!®1%  Finally, we hope that
our work can motivate further studies on irradiated molecular
junctions and promote the development of molecular electron-
ics.
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FIG. 8. The current is plotted versus the e-p coupling A for four different energy level alignment schemes, i.e., (a) 157?31,[)0(,’0(VG7 0)=Eops,0+

hoy;, and Ef‘liDg 0(VG,0) = Eg 5,0 + 20y, (b) E% Dg,O(VG’O) = Eys,0 and E% Dg 0(VG,0) = Eo 7 0. In (), the current is computed
by the numerical solution of the Pauli master equation, the exact analytic solution in Eq. (T0I) and the approximate analytic solution in
Eq. (T03). In (b), the current is computed by the numerical solution of the Pauli master equation, the analytic solution in Eq. (96) for

E(X

Appendix A: The Evaluation of V) .~ |,

For the purpose of evaluating the scattering amplitude
Vofka, NaN_1b Vok o NaN—1 »)» we recast the molecule-lead cou-

pling Hamiltonian in Eq. (20) in terms of single particle basis
as,

* AT 7 oA
Hiy = Z (tnakca;ko-d”“+tnoc,k6dn6aocko)7 (AD)

n,aKo

where cfna(d:fc) is the annihilation(creation) operator of an
electron with spin ¢ on the single particle level |n), and t:ock
(7,0ko) 18 the scattering amplitude that describes the hopping
of an electron with momentum k and spin o from |n) (elec-
trode @) to the electrode o (|n)). In principle, the single par-
ticle basis could be any complete orthonormal basis, hereafter
we choose the molecular orbitals for convenience.

We next denote a many-body electronic state | N,a) as |A)
and insert the relationship 1 = Y4 |A)(A| into Eq.
which results in

Ho= ¥ Y (0 gty | BYBIdio|A)(A] +he.).
n,okoA.B

(A2)

By comparing Eq. (A2) with Eq. (20), we obtain the identities

votko,AB = -~ t;akc<B |dn0'|A> (A3)
Vokoas = 2 Inako (Aldie|B) (A4)

n

which relates the V ol AB(V;kc, AB) in the picture of molec-

ular many-electron states with the ¢, U(t;ako) in the single
particle basis.

171)6,70(\/(;,0) = Ej 5,,0 and the analytic solution in Eq. (108) for Egl,Dg,O(v(h 0) = Eo 1 0-

Similar to the factorization in Eq. (24), we assume that
* : 98
I ok G(tnakc) could factorize as

Lioke = Cno‘Makcr (AS)

t::txkc = C;oc chc' (A6)

where §,(§,) characterizes the overlap between the molec-
ular orbital |n) and the electrons in the electrode a.

Plugging Eq. (A3) and (A6) into Eq. (A3) and (Ad), we

arrive at the definitions of Ty 4p and T 4 as

Toas =Y bro(Bldus|A) (A7)
n

Toas =Y. Gna(Ald)s|B). (A8)

Therefore, it is obvious that Ty ap and T}, 45 survive only
when |A) differs from | B) by one electron.

In order to explicitly evaluate Ty ap and T, 45, We approx-
imate the many-electron states considered in the main text in



terms of the Kohn-Sham orbitals,

AT At
10,80) = CHTCH¢|7(>
1

10,81) = NG (6IT—IT6]TJ, - 512?1}) 12)

1
0,17) = 7 (Cmcu + CH¢C£¢) %)

At AT

10,1771) =&l 1)
0,77) = ¢l 1)
= 1,00 %) =l x)
|~ 1,0y %) =&y 1)

F5\ At oAt At
[1,Dg %) = Eiyy 8y, 8141 X)

1 . - -
[1,Dy %) = &y, 84,01, | X) (A9)
where éjw and ¢, are respectively the creation operator and
the annihilation operator of an electron on Kohn-Sham orbital
|n) with spin o , H refers to HOMO, L refers to LUMO, and
| x ) is a reference state with empty HOMO and LUMO. Here
we assume that all the many-electron states could be con-
structed from the same set of Kohn-Sham orbitals.
Note that, in Ty n+1pna, Only up to one term survives
in the summation over orbital index n, i.e. either {14 or

$oa- We suppose that {1 = §q = {, and then reorganize
2= . .
é—’; ’Ta’Nilb,Na| Jo into I'q V415 va, Where the characteristic
rate of charge transfer transition I', is defined as
2 5=
h
and the dimensionless coupling coefficient Vy41, 5, Of the

transition |N+1,b) <> | N,a) has been given in Table S1 of
Ref. [68].

Appendix B: Derivation of kys,y,0s,v, in Eq. (71)

According to Eq. and , KoSyv,0, v, 18 defined as

deS()V(),OSl Vi

+ deS()V(),OSI Vi
dt

+ deS()V(),OSl Vi
dt

dt

soC
(B

m—1 m—th

- KOSO vp,081vq pOSO Vo081 vy »

Where pOS()V0,0slvl = <O;SO7VO |p(t)|O,S17V1 >

In order to derive Kos,v,,0s,v,> We follow the same proce-
dure as we used to derive the rate equation. Since the SOC-
induced transitions are significantly slower than the other pro-

cesses, we restrict ourselves to contributions from H,, ; and
1

EgS . m—
H;,_, which are hereafter referred to as K0S0v0,081 v; and
m—th : :
K0S vo,081 v, respectively, i.e.,
m—th
K.O*S‘OVOvOSlVl - KOS()VU 0S1vy + K OS()V() 0Syvy - (BZ)

The derivation of Kps,v,0s,v, Starts from taking the off-
diagonal matrix element of Eq. (@3). Unlike the derivation
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of charge transfer rate equation, not all the terms in Eq. (@3)
contribute to Kos V 081 . In the following, we take the deriva-
tion for the 1st and 4th terms in Eq. (43) as examples, one of
which contributes to Kps,v,.0s,v, and the other does not.

The matrix element of the 1st term in Eq. (3)) with respect
to |N,a,Vv,) and |M,b, Vv, ) is derived as

Y [ duCal-u)(N.a,va S0P (05! (¢~ )| M.b. ;)

= Jo

:Z/ du Co(—u) Z Z TNaN—16, Totb.i— 15,
a /0 by.by Vi,V2
X Mvavl ()’Nfl,b] _A’Nya)MVZVh (A’va _)‘Mil’bz)

w e (Embvy = EM—15y,v, Ju
% e% (EN7a7Va —En-1pvi —Empy, +EM—17b27V2)t

X (N —=1,b1,v |p'(1)|M —1,by,v). (B3)

Similar to the Section [[II B] the secular approximation leads
to

ef (Enave — EN—1pyv) — EMbv, + Ev—1py0,)1

H6]\/,/‘/16(1,}) 6Va,V}, 6h] by 6V1 Vo (B4)

which means that Eq. (B3) does not contribute to Konr]?;o,oslvl .
Note that we here neglectthe possibility of Ey 4,v, — Epm p,v, =
Eyv—1.by,v; —En—1p,,v, When Ey 4 v, # Ey p, v, , Which is a rea-
sonable assumption when considering the electronic structure
of a molecular system.

We next derive the matrix element of the 4th term in Eq.

(@3], which gives

Z/wduc‘a(u)uv,a,va\ﬁgf(t) Ut —w)p ()| M, b, vy)

—Z/ du Co (u Z Z TNaN lszNblN 1by

by1,by V1,V2
X MVgVZ (A‘Nfl,bz _AN,Q)MVZVI (A‘N,bl - lel,bz)

X e% (EN,bl,Vl - EN*],bz,Vz)ue% (EN,LZ,Vg - EN,bl,Vl )f

X (N,by, vy |p(t)|M,b, V). (B5)

With the help of the secular approximation, we have
et (Evave =Enpiw )t 0Ou.b, Ov,,v, » Which leads to

Z/wduc‘a(u)w,a,va\Sg’(t)ﬁ (t—w)p (1)| M, b, )

— 12401

KNavy Mbvb<N a,Va|p' (1) M,b, V), (B6)

where K;Vnavl(‘;&bv refers to the contribution from the 4th term
in Eq. @ In order to find out the physical meaning of
m-—1(4) we apply the wide band limit and the formula

Nav,,Mbvy,°
/ dtelwt

)+197 (B7)



where & refers to the Cauchy principal value. As a result, we
obtain

m—1(4)
KNava ,Mbvy,

1 o
== du Cy(u

hz ;/0 06( )

x e%;(EN,a,va *EN—l,bz,vz)"w a,V, Iﬁ’(t)IM,b,vb>

b27V2

(Enave —EN—1pyv, — ®)u

by, v

|Mvavz (Av-1, — Ava) e

=) ) (2 N—1,b,v2¢N.a,Va ‘*‘iA}%—l,bz,vzeNﬂ,va) , (BY)

a by,v,

where
o
AN* 1,by,v2<N.a,v,
1

1 00

:—@/ do
hz o EN,a,Vg - EN*l,hz,Vz -0
< T 10| My (w1, = Ava) | (B9)

J

Ja(1— fp(®, ia)
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is an energy shift caused by the charge transfer transition
IN,a,vs) = |N—1,b2,v2).

We can similarly evaluate the other terms in Eq. (@3) and

Z ’TI\(/Xmelbz ‘ZIMVH\Q ()“Nfl.bz — AN,a) ’ then obtain

m—
KOS()V() 0S1vy

Py Z ( 71ave050v0+k1ave050v0+k l,a,v<+0,S1,v;

(ZaV

o . o o
""_kl,u,veO,Sl,v]) +i Z (Al,a,veO,So,vo + AT 4 ve0,50v

o,a,v

+Agl,u,ve0,51,v1 +A‘lx,a,ve0,51,v1) . (BIO)

Next, we move forward onto the derivation of K()Sovl; 0s,v,» Which starts from taking the off-diagonal matrix element of Eq.

(63). We then obtain

d
SN, @Vl (0) M.,y
1

= 7Jth(wvib) |:(n(wV1b)+ 1)<(Vu+\/b)<N,(l,Vu |ﬁ1(t)|M7bvvb> _2\/ Va + 1 V Vp+ 1<N,G,Va—|- 1 |ﬁ1(t)|Mab7vb+ 1>)

2myip Wyib

+n(mvib)<(va+Vb+2)<N7a7va |ﬁ1(t)|M7b7vh> _me<Naaava_1

1

|ﬁl(t)|Mab7vb_ 1>)

~— ————Jn(@yib) |:(n(wvib) + 1) (Va+ Vi) (N, a, Vo | (8) M, b, vy )+ n(@vin) (Va+ Vi +2) (N, a, Va | ' (1) | M, b, viy)

2myip Oyip
_Kﬁavtthbvb“va vﬂ| ( )|M7b,Vb>,

where the terms (N,a,v,—1|p(t)|M,b, v, —

(B11)

1) and (N,a,v,+1|p'(t)|M,b,v,+1) are dropped because they introduce

higher order terms of the coupling Hamiltonian Hy,_y,, which is reasonable in the limit of weak system-bath coupling. Ac-

cording to Eq. lb we can express K(')‘;;‘t,: 0s,v, 38

m—th 1 vib vib
KOSOV,,,OS1 Vb 2
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