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Abstract
In the present work we theoretically analyze thermoelectric transport in single-molecule
junctions (SMJ) characterized by strong interactions between electrons on the molecular linkers
and phonons in their nuclear environments where electron hopping between the electrodes and
the molecular bridge states predominates in the steady state electron transport. The analysis is
based on the modified Marcus theory accounting for the lifetime broadening of the bridge’s
energy levels. We show that the reorganization processes in the environment accompanying
electron transport may significantly affect SMJ thermoelectric properties both within and
beyond linear transport regime. Specifically, we study the effect of environmental phonons on
the electron conductance, the thermopower and charge current induced by the temperature
gradient applied across the system.

Keywords: thermoelectric, properties, Marcus, molecular, junctions

1. Introduction

The research community interest in studies of thermoelectric
transport in tailored nanoscale systems was triggered by pion-
eering works of Hicks and Dresselhaus who predicted that
heat-to-electricity conversion in small systems may be dra-
matically enhanced [1, 2]. Presently, these studies represent
a well established and rapidly developing research field [3–8].
The main building block of a tailored nanoscale system is a
junction consisting of a couple of conducting electrodes linked
by a bridge. A carbon-based nanostructure, a single/multiple
quantum dot or amoleculemay be used to bridge electrodes. In
such systems, quantum confinement causes the emergence of
sharp features in electron transmission spectra. These spectral
features allow for the generation of a large open-circuit voltage
as a response to an applied temperature difference between the
electrodes thus enhancing the efficiency of energy conversion.

In this work we concentrate on single molecule junc-
tions (SMJ) where the electrodes are linked by a molecule.

∗
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Thermoelectric electron transport through a SMJ is gov-
erned by a simultaneous action of electric driving forces and
thermal gradients. Their combined effect depends on several
factors such as specifics of the bridge coupling to electrodes
[9–12], Coulomb interactions between electrons on the bridge
[13–17], the interplay between charge and spin transfer [18,
19] and quantum interference effects [15, 16, 20–23]. Also,
thermoelectric transport may be strongly affected by electron-
phonon interactions of different kinds. First, electrons travel-
ing through a SMJ may interact with molecule’s vibrational
modes [24–29]. Furthermore, transport properties of junctions
immersed inside a dielectric solvent may undergo significant
changes due to the effect of thermalized phonon modes asso-
ciated with random motions of solvent molecules.

When electron-phonon interactions are weak, the effect of
phonons may be treated as a perturbation of the ballistic elec-
tron transport [7, 24–26]. Then the electron transport could
be described using various techniques including the scatter-
ing matrix approach, nonequilibrium Green’s functions form-
alism (NEGF) and rate equations. In the opposite limit of
strong interactions between electrons and solvent phonons
electron transport could be represented as a sequence of hops
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between the electrodes and the molecular bridge states where
a traveling electron may be temporarily localized by distort-
ing the nearby solvent. Within this transport regime, NEGF is
not suitable to compute transport characteristics even accept-
ing very simple models for the bridge, for the calculations
become cumbersome and time consuming. It is much easier
to carry on the analysis using Marcus theory [30–32] which
is based on rate equations with specific expressions for elec-
tron transfer rates. This theory was successfully employed
to study effects of solvent reorganization on charge and heat
transport along the molecules [33–39]. However, the original
Marcus theory has some shortcomings. It does not take into
account several potentially important factors such as lifetime
broadening of molecular levels and friction accompanying
solvent reorganization. Modifications of Marcus theory tak-
ing these factors into consideration were recently suggested
[40–42].

Thermoelectric properties of nanoscale systems are often
measured assuming that a thermal gradient ∆T= TL− TR
applied across the system is much smaller than the temper-
atures of the electrodes TL,R and of the solvent temperat-
ure T [7, 43]. Then the thermoelectric voltage Vth which
stops the charge current driven by the temperature gradient
is linear in ∆T and the most important transport character-
istics, namely, the electron conductance G and the thermo-
power S directly characterizing heat-to-electric energy con-
version do not depend on the temperature gradient. As ∆T
increases, the system may switch to a nonlinear regime of
operation [10, 44, 45]. In this regime, thermoelectric prop-
erties of the system are characterized by Vth and the ther-
mocurrent Ith. The thermocurrent is defined as a difference
between the charge current flowing through the biased sys-
tem in the presence (∆T ̸= 0) and absence ( ∆T= 0) of the
thermal gradient [44]. These characteristics show strongly
nonlinear dependencies on ∆T. Both within and beyond lin-
ear transport regime, a SMJ may operate as a nanoscale heat
engine [46].

The thermopower of various nanoscale systems was
intensely studied. Some earlier results of these studies are
summarized in review articles [6, 7, 43] and research is
still going on [47–53]. However, dissipative phenomena
originating from the energy exchange between the trav-
eling electron and the solvent surrounding the molecular
bridge are so far ignored in the most of these studies,
although these phenomena may strongly affect thermoelec-
tric transport characteristics. It was shown that even a mod-
erate coupling of electrons to solvent phonons may bring
noticeable changes in the electron conductance and the
thermopower [41].

The present work is inspired by the results reported in [41].
We generalize these results by extending analysis to the case
of stronger coupling of electrons to the solvent and to a nonlin-
ear transport regime. In section 2 we show the main equations
which are used to get results concerning the solvent phonons
effect on the characteristics of thermoelectric electron trans-
port through a SMJ discussed in section 3. Conclusions are
presented in section 4.

2. Main equations

We analyze thermoelectric transport through a SMJ assuming
that the bridge is strongly coupled to the environment created
by the solvent phonons and weakly coupled to the electrodes.
Following earlier works [32, 33, 37, 41] we treat electron-
phonon coupling semiclassically. Within Marcus approach,
the steady state electron transport between the left(L) and
right (R) electrodes is represented by transitions between the
molecular linker states with different charge and described by
a set of kinetic (rate) equations for probabilities associated
with these states. We simulate the molecular bridge by three
states assuming that the molecule is neutral being in the state
|b⟩ and charged with a single electron being in the states |a⟩
or |c⟩. States corresponding to a doubly charged molecule are
supposed to be inaccessible within the considered bias voltage
range. Thus we exclude from consideration quantum interfer-
ence effects. This simplification is justified, for although such
effects could bring significant changes in the characteristics of
a nearly ballistic thermoelectric transport, they are negligible
in the considered case when the electron transport is essen-
tially incoherent. We also assume that solvent reorganization
processes occur solely when electrons are transferred between
the electrodes and the bridge and they are characterized by
reorganization energies λα (α= {a,c}) Charging/discharging
of electrodes themselves does not affect the solvent.

Probabilities Pa, Pb and Pc for the molecule to be in these
states at a certain moment t (Pa+Pb+Pc = 1) are given by
rate equations [33, 52]:

dPa
dt

= Pb · kba−Pa · kab (1)

dPb
dt

= Pa · kab+Pc · kcb−Pb · (kba+ kbc) (2)

dPc
dt

= Pb · kbc−Pc · kcb. (3)

Here, kαb = kLαb+ kRαb, kbα = kLbα + kRbα. The transfer rates k
K
αb

and kKbα (K= {L,R}) respectively refer to the removal/injec-
tion of an electron from/to the bridge. Excluding one of the
charged states (e.g. |c⟩) we reduce the molecular linker to a
two states system where one state (|b⟩) is neutral and another
one (|a⟩) is charged. Despite its simplicity, modeling of the
bridge molecule by two states was used in several works [33,
37, 41, 44]. Within this model, the probabilities Pa and Pb
(Pa+Pb = 1) obey the equations:

dPa
dt

= Pb · kba−Pa · kab;
dPb
dt

= Pa · kab−Pb · kba. (4)

The steady state probabilities may be easily found solving
equations (1)–(4). For the three states system we get:

Pb =
1

1+
kba
kab

+
kbc
kcb

; Pa = Pb
kba
kab

; Pc = Pb
kbc
kcb

. (5)
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Correspondingly, the steady state probabilities for the two
states system are given by:

Pa =
kba

kab+ kba
; Pb =

kab
kab+ kba

. (6)

The steady state charge current through the SMJ is given by
the expression [33, 54]:

Iss
e

=

(
I1

(
1+

kba
kab

)
+ I2

(
1+

kbc
kcb

))
(
1+

kba
kab

+
kbc
kcb

) (7)

where

I1 =
kRabk

L
ba− kLabk

R
ba

kab+ kba
; I2 =

kRcbk
L
bc− kLcbk

R
bc

kcb+ kbc
. (8)

Note that eI1,2 represent steady state charge currents flowing
along the system when transitions |a⟩⇄ |b> or |c⟩⇄ |b⟩ are
forbidden due to inaccessibility of the relevant states. Thus eI1
is the expression for the steady state charge current flowing
along the bridge simulated by two states.

The transition rates kKαb and kKbα may be presented
as [40, 41]:

kKαb =
1
πh̄

ˆ ∞

−∞
dϵΓKα (ϵ) [1− fK (ϵ)]R

α
− (ϵ) ; (9)

kKbα =
1
πh̄

ˆ ∞

−∞
dϵΓKα (ϵ) fK (ϵ)R

α
+ (ϵ) . (10)

Here, ΓKα(ϵ) describes coupling of the molecular state |α⟩ to
the corresponding electrode (K= {L,R}), fK are Fermi distri-
bution functions for the electrodes characterized by the tem-
peratures TK and chemical potentials µK which depend on
the bias voltage provided that the system is biased. In further
analysis we adopt the wide band approximation for the elec-
trodes and treat ΓKα as constants. We also assume that charged
molecular states are symmetrically and equally coupled to the
electrodes, that is ΓLa = ΓRa = ΓLc = ΓRc = Γ. The functions Rα

±
have the form:

Rα
± = Re

√
πβ

4λα
exp

(
β(Γ∓ i(ϵα ±λα − ϵ))2)

4λα

)
× erfc

(√
β

4λα
(Γ∓ i(ϵα ±λα − ϵ))

)
. (11)

In this expression, β =
1
kT

, ϵα = Eα −Eb, (Eα, Eb being the

energies associated with the charged |α⟩ and neutral |b⟩ states
of the molecular bridge) and erfc(z) is the complimentary
error function. As follows from equation (11), the lifetime
broadening of molecular levels is introduced into the expres-
sions for the transfer rates. One should use this generalization
of the original Marcus–Hush–Sidney theory [30–33] to prop-
erly describe thermoelectric transport through single-molecule
junctions for theMHS theory gives unphysical results for ther-
moelectric characteristics of such systems [38, 41].

Assuming that both voltage drop ∆V and thermal gradi-
ent ∆T applied across the SMJ are small, we can con-
sider thermoelectric transport within the linear transport
regime. Accordingly, the charge current shows linear depend-
ence on both ∆V and ∆T [54]: Iss = G∆V+Gth∆T where

the zero bias electron conductance G=
∂Iss
∂V

|∆V=∆T=0 and

Gth =
∂Iss
∂T

|∆V=∆T=0. Then the thermovoltage Vth required

to stop the charge current is proportional to the thermal

gradient: Vth = S∆T where the thermopower S=−Gth

G
.

Straightforward calculations basing on equations (7)–(10)
bring the following results for G and S:

G= G0
Γ

2

∑
α

(Pb+Pα)
kαbL

(0)
α,+ + kbαL

(0)
α,−

kαb+ kbα
(12)

Gth =
e

πh̄T
Γ

2

∑
α

(Pb+Pα)
kαbL

(1)
α,+ + kbαL

(1)
α,−

kαb+ kbα
(13)

where:

L(n)α,± =−
ˆ ∞

−∞
dϵ

∂f
∂ϵ

(ϵ−µ)
nRα

± (ϵ) . (14)

In equation (14), the Fermi function is computed supposing
that TL = TR = T and chemical potential of electrodes in the
unbiased junction equals µ. When the bridge is simulated by
two states, the expressions for G and S are simplified. Instead
of equations (13) and (14) we get:

G= G0
Γ

2

kabL
(0)
a,+ + kbaL

(0)
a,−

kab+ kba
; (15)

S=
1
T|e|

kabL
(1)
a,+ + kbaL

(1)
a,−

kabL
(0)
a,+ + kbaL

(0)
a,−

. (16)

These results agree with the corresponding results reported in
[41].

As the temperature difference increases, the system
switches to the nonlinear regime of operation. Nonlinear ther-
moelectric transport in nanoscale systems had been studied in
numerous works but the effect of solvent phonons on the trans-
port characteristics was not thoroughly analyzed so far. Here,
we analyze this effect by studying the thermally induced con-
tribution to the charge current which is defined as [8, 44]:

Ith = Iss (V,TL,∆T)− Iss (V,TL,∆T= 0) . (17)

When a SMJ is immersed in a dielectric solvent, Ith may be
strongly influenced by nuclear motions in the solvent, as we
show below.

3. Results and discussion

3.1. Linear transport regime

First we consider the behavior of the zero bias electron con-
ductance and the thermopower assuming that the bridging
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Figure 1. Zero bias electron conductance G (left) and the thermopower S (right) as functions of the chemical potential of electrodes µ
computed assuming that the bridge is simulated by two states. Curves are plotted at the thermal energy kT = 0.026 eV, Γ = 0.05 eV,
ϵa = 0.2 eV for strong (main bodies) and weak (insets) interactions of an electron on the bridge with the solvent phonons.

Figure 2. Dependencies of zero bias conductance G on the chemical potential µ in the case when the molecular bridge is treated as a three
states system for a weak (left) and strong (right) effect of solvent phonons on the electron transport. Curves are plotted assuming that
kT = 0.026 eV, Γ = 0.05 eV, ϵa = 0.2 eV, ϵc = 0.6 eV. Inset shows the steady state occupation probabilities for a three state molecule with
the neutral state |b⟩ and charged states |a⟩ and |c⟩ plotted disregarding the effect of solvent phonons at ϵa = 0.2 eV, ϵc = 0.6 eV.

molecule is represented by two states (neutral |b⟩ and charged
|a⟩) which is illustrated in figure 1. If the effect of solvent
on the electron transport disappears, G shows a single peak
emerging when the electrodes chemical potential µ crosses
the charged molecule energy level with the energy ϵa. As
for the thermopower S, it takes on nonzero values when ϵa
is sufficiently close to µ. At µ < ϵa the state |a⟩ works as
LUMO in practicalmolecules, and charge carriers which travel
between the electrodes are mostly electrons. When µ exceeds
ϵa the state |a⟩ starts to serve as HOMO, and the charge car-
riers pushed through the system by the temperature difference
are mostly holes. Thus the thermopower changes its sign at
ϵa = µ.

At weak electron-phonon interactions attested by small val-
ues of the reorganization energy λ the conductance decreases
as λ enhances, in agreement with the earlier reported results
[41]. The thermopower shows more complex behavior. In
addition to the decrease of the magnitude accompanying the
enhancement of the reorganization energy, S acquires two
extra changes of sign occurring at µ= ϵa±λ. This happens
due to the effect of solvent phonons. At stronger electron-
phonon coupling the conductance peak splits in two lower but

broader maxima situated at µ= ϵa±λ. At sufficiently large λ,
the conductance becomes negligible over a rather broad inter-
val centered at µ= ϵa. This is the result of Franck-Condon
blockade [27, 55]. Accordingly, S vs µ curves assume more
complex profiles displayed in figure 1. Note that at strong
interaction between electrons and the solvent phonons the
increase of λ leads to the enhancement of Smagnitude around
µ= ϵa. This rather unexpected result originates from the sup-
pression of the conductance due to the Franck-Condon block-
ade which becomes more pronounced at greater λ.

Starting to analyze the thermoelectric properties of a SMJ
where the bridge is modeled by a three states system, we note
that contributions of the charged states into the zero bias elec-
tron conductance strongly differ. Assuming for certainty that
ϵa < ϵc we observe that the state |c⟩ contributes to the conduct-
ance significantly less than |a⟩, as shown in the left panel of
figure 2. This difference appears because all transitions corres-
ponding to the injection/removing to/from the molecule more
than one electron were omitted from consideration. As a res-
ult, the lower state is occupied with a significantly greater
probability than the upper one which is illustrated in the
inset.
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Figure 3. The thermopower S as a function of µ for the three states model of the molecular bridge at weak (left) and strong (right) effects of
the solvent reorganization on the electron transport. Curves are plotted at kT = 0.026 eV, Γ = 0.05 eV, ϵa = 0.2 eV, ϵc = 0.6 eV for several
values of reorganization energies.

Figure 4. The power factor’s S2G dependencies on µ plotted assuming that the molecular bridge is represented by the two states (left) and
three states (right) assuming that kT = 0.026 eV, Γ = 0.05 eV for several values of the reorganization energies. The states energies are:
ϵa = 0.2 eV (left) and ϵa = 0.2 eV, ϵc = 0.6 eV (right).

Again, in the case of low intensity of reorganization
processes in the solvent, the electron-phonon interactions lead
to lowering of the conduction peaks. At stronger coupling of
the electron on the bridge to the solvent phonons, the effect
of the higher charged state remains nearly negligible provided
that the energies ϵa±λa and ϵc±λc are different, as shown in
figure 2. However, if some energy associated with state |c⟩ is
sufficiently close to the one associated with |a⟩, the effect of
the higher state becomes noticeable. It brings an asymmetry
into the double-humped conductance curve and shifts its min-
imum from the position at µ= ϵa. An example is displayed in
the right panel of figure 2.

Unlike zero bias conductance, the thermopower is consid-
erably affected by the influence of a higher state |c⟩. This is
especially clearly seen when the energies of the charged states
significantly differ from one another and the effects of the
solvent reorganization are weak (λα ≪ ϵα), so that the con-
tributions from the two charged states are separated, as shown
in figure 3 (left panel). Note that in the case of S, the contribu-
tion from the higher energy state is comparable with that com-
ing from the lower state. As the processes of reorganization
in the solvent accompanying electron transport intensify, the
contributions from the charged states into S overlap and are not

easily distinguishable.This is illustrated in the right panel of
figure 3.

In general, the simulation of the bridge by the three states
brings results for S which do not contradict those obtained
using the two states model considered before. The reorgan-
ization processes in the solvent moderately reduce the ther-
mopower magnitude when these processes are not intensive.
When the electron-phonon coupling strengthens, especially
for the electron in the lower state |a⟩, the thermopower mag-
nitude increases. It may happen that S shows a peak near
µ= ϵa whose height exceeds the maximum thermopower in
the absence of the phonons. Again, this may occur because the
the conductance around µ= ϵa at sufficiently large λa is very
close to zero being suppressed by Franck-Condon blockade.

The efficiency of practical realization of nanoscale thermo-
electric devices may be characterized by the power factor S2G.
The behavior of this factor is shown in figure 4. It appears
that the reorganization processes in the solvent strongly reduce
S2G. The same conclusion was already made earlier [41]. The
power factor mostly drops due to the fall of the conductace
in the region where the thermopower (which is less sensitive
to the effect of solvent phonons) reaches its maximum mag-
nitude. It was suggested that the power factor could be raised
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Figure 5. Thermally induced current Ith flowing through an unbiased SMJ. The bridge is simulated by a three states system with two
charged states |a⟩ and |c⟩. Curves are plotted assuming the thermal energy kT = 0.026 eV, Γ = 0.01 eV, ϵa =−0.02 eV at fixed value of
ϵc = 0.03 eV and several values of the reorganization energies (left) and at fixed values of reorganization energies (λa = 0.1 eV, λc = 0.07
eV) and several values of ϵc (right). The inset shows Ith vs∆T computed for a two states bridge at ϵa =−0.02 eV and several values of the
reorganization energy.

by increasing G [41]. This may be achieved either by redu-
cing the electron-phonon coupling strength or by choosing
a molecule with the degenerated charged level/levels as the
linker in a SMJ.

3.2. Beyond the linear transport regime: thermocurrent

The thermally induced current Ith is an important character-
istics of thermoelectric transport closely related to the ther-
movoltage, for Vth is the very voltage required to stop Ith.
Correspondingly, similar information concerning the thermo-
electric properties of diverse systems may be extracted study-
ing the behavior of either quantity. As mentioned above,
both thermovoltage Vth and thermally induced current Ith
become nonlinear functions of the temperature gradient at
sufficiently larges difference between electrodes temperat-
ures. Temperature dependencies of these important character-
istics of nonlinear thermoelectric transport where discussed
in numerous works [7, 8, 26, 44, 55–57]. The research was
mostly focused on the thermovoltage behavior, for Vth is more
directly related to the potential efficiency of the energy conver-
sion. In some works it was suggested that at sufficiently large
∆T the efficiency of a nanoscale converter may be enhanced
beyond that expected within the linear transport regime [58,
59]. However, one meets with significant difficulties trying
to achieve this result, for the thermovoltage usually shows a
nonmonotonic dependence on the temperature gradient. First
increasing in magnitude as ∆T increases, it may approach
zero and then change its polarity at further ∆T enhancement
thus indicating the change of charge carriers (electrons/holes)
mostly participating in the transport.

The thermocurrent behavior in nanoscale systems is less
thoroughly studied so far. Therefore we choose Ith as an object
of further research. In accordance with the main purpose of
the present work, we analyze how the processes of solvent
reorganization may affect the thermocurrent dependencies on
the temperature gradient and the bias voltage applied to a
SMJ both within and beyond the linear response regime. The

analysis is simplified by the fact that the Ith definition given by
equation (17) coud be employed to compute the thermocurrent
over a whole range of appropriate ∆T values. For simplicity,
we assume that temperature difference is symmetrically dis-

tributed between the electrodes: TL,R = T± 1
2
∆T, T being the

solvent temperature.
First we consider Ith flowing through an unbiased SMJ

where a sole driving force originates from the thermal gradi-
ent. We start from a simpler model simulating the bridge by
two states. In such a system, the charge current appears when
one of the energy levels associated with the charged state |a⟩
and split by the effect of solvent phonons (ϵa → ϵa±λ) is close
to the chemical potential µ. Then a channel for the charge car-
riers transport opens up and the charge carriers move to the
cooler electrode. The Ith direction at a given∆T is controlled
by the position of the relevant energy level with respect to
µ determining which kind of charge carriers (electrons/holes)
predominates in the transport. The current vanishes if ϵa±λ
equals µ for in this case electron and hole fluxes counterbal-
ance each other. The strengthening of electron- phonon coup-
ling leads to reducing of Ith magnitude because fluctuations
of the solvent electric potential in the vicinity of the bridge
accompanying the reorganization processes are hindering the
orderly charge flow along the bridge molecule. The Ith beha-
vior for the case of the two states model for the bridge is shown
in figure 5 (see inset). Note that the thermocurrent approaches
zero at large values of |∆T| when neither transport channel
may be open since neither relevant energy could be sufficiently
close to µ.

Simulating the bridge by a three states system complic-
ates the analysis for in this case transport channels associated
with both charged states may contribute to the charge trans-
fer. Accordingly, the thermocurrent dependencies on the tem-
perature gradient vary following alternations in ϵα and λα, as
shown in figure 5. Nevertheless, some basic features in the
thermocurrent behavior remain unchanged, namely, its direc-
tion reversal at∆T= 0, its tendency to approach zero at large
temperature differences between the electrodes and its linear
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Figure 6. Thermally induced current Ith flowing through a biased SMJ. The bridge is simulated by a three states system with two charged
states |a⟩ and |c⟩. Curves are plotted assuming the thermal energy kT = 0.026 eV, Γ = 0.01 eV, ϵa =−0.02 eV, ϵc = 0.03 eV, λa = 0.15 eV,
λc = 0.05 eV and several values of the bias voltage (left) and at a fixed value of the bias voltage V = 0.3V and several values of the
reorganization energies (right). Left inset shows Ith vs∆T curves plotted for the two states system assuming ϵa =−0.02 eV, λa = 0.15 eV
for several values of V. Right inset shows Ith vs∆T curves plotted at V = 0.3V, ϵa =−0.02 eV, λa = 0.12 eV, λc = 0.05 eV at several values
of ϵc.

dependence on ∆T at small values of |∆T| corresponding to
the linear transport regime.

When the SMJ is biased, the simultaneous action of thermal
and electric driving forces shows at moderate magnitudes of
the bias voltage V. In strongly biased molecular junctions the
effect of the temperature gradient becomes negligible com-
pared to that of the bias voltage, and Ith vanishes, as follows
from equation (17). In a biased system, the chemical poten-
tials of electrodes differ and their values are governed by the
bias voltage distribution. Here, we consider the case of a sym-

metrically distributed voltage assuming that µL,R = µ± 1
2
V.

The difference between the electrodes chemical potentials cre-
ates the conduction window whose boundaries are somewhat
blurred because of the effect of the electrodes temperatures.
The blur is more pronounced for the boundary associated with
the hot electrode and less for that associated with the cold one.

As discussed above, the effect of solvent reorganization
leads to splitting of each peak in the conductance in two
centered at the energies ϵ±α = ϵα ±λα. Simplifying the mat-
ter, we may treat these energies as conditional ‘energy levels’
indicating possible transport channels. A transport chan-
nel opens up when a boundary of the conduction window
approaches the energy ϵ±α . When the boundary crosses each
of this ‘levels’ the thermocurrent changes its direction. Thus
positions of the charged bridge levels and intensity of reorgan-
ization processes in the solvent may strongly affect Ith. This is
illustrated in figure 6. Again, Ith is small and its magnitude
is proportional to ∆T when the latter is much smaller than
the electrodes temperatures. At larger ∆T the thermocurrent
shows diverse behaviors determined by the bias and the the
positions of ϵ±α with respect to the boundaries of the conduc-
tion window. In general, beyond the linear response regime
the thermocurrent magnitude enhances. Nevertheless, Ith may
approach zero and then change its direction at certain ∆T. As
in the case of Vth, this indicates the change of the predominant

charge carriers. As in the case of Vth, this indicates the change
of the predominant charge carriers and makes it difficult to
estimate the potential thermoelectric performance of the sys-
tem beyond the linear transport regime

Dependencies of Ith on the bias voltage V are presented in
figure 7.

Assuming that the bridge is represented by two states, there
exist two possible transport channels, and Ith changes its direc-
tion four times, as shown in the inset in figure 7. The strength-
ening of electron interaction with the solvent phonons attested
by the increase of the reorganization energy partly shifts the
positions of dips in the Ith −V and moderately changes the
thermocurrent magnitude.

Simulating the bridge with the three states we may observe
diverse patterns of Ith behavior. Two examples are displayed
in figure 7. Current –voltage characteristics shown in the
left panel are similar to those presented in the inset. This
means that only one charged molecular state (in the con-
sidered case |a⟩) participates in the process of electron trans-
fer between the electrodes. Transport channels associated with
another charged state |c⟩ characterized by a higher energy
could open up at stronger bias where the thermocurrent van-
ishes. Also, both charged states may simultaneously contribute
to the transport at appropriate values of the energies ϵ±α making
the profiles of Ith versus V curves more complex, as illustrated
in the right panel of the figure. Note that all current–voltage
curves shown in figure 7 are asymmetric with respect to the
bias voltage. The asymmetry appears due to the presence of a
fixed difference in the electrodes temperatures∆T. As a result,
a thermal driving force emerges which assists or opposes the
electric driving force depending on the bias voltage polarity
thus causing the asymmetry in Ith −V characteristics. Another
source for the asymmetry is location of the transport channels.
As shown in the figure, the asymmetry is more pronounced at
some values of ϵ±α than at other ones.

7



J. Phys.: Condens. Matter 36 (2024) 185301 N A Zimbovskaya

Figure 7. The thermocurrent as a function of the bias voltage at the fixed temperature difference
∆T
T

= 0.23.Curves are plotted assuming

that the thermal energy kT = 0.026 eV, Γ = 0.01 eV, ϵa =−0.02 eV, ϵc = 0.03 eV for several values of reorganization energies (left) and
assuming that ϵa =−0.02 eV, λa = 0.08 eV, λc = 0.05 eV for several values of ϵc (right). Inset shows Ith(V) plotted using the two states
model for the bridge at ϵa =−0.02 eV and several values of λ.

4. Conclusions

In the present work we have theoretically studied steady state
thermoelectric properties of metal-molecule junctions assum-
ing that the molecular bridge is put in contact with a dielectric
solvent and there exist strong interactions between the solvent
phonons and electrons on the bridge molecule. Electron trans-
port is described as sequence of hops between the electrodes
and bridge states accompanied by the solvent reorganization.
The analysis was carried on basing on the modified Marcus
theory taking into account finite molecular states lifetime. The
bridge molecule was simulated by two and/or three states,
one of them being neutral and other/others charged with a
single electron. The developed analysis leads to the following
conclusions.

a) Reorganization processes in the solvent may strongly
affect zero bias electron conductance. Even at weak electron
-phonon interactions the conductance G decreases whereas
the reorganization energy enhances. At stronger coupling of
electron to the solvent phonons each peak in the conduct-
ance is split in two peaks separated by the energy interval
whose width is controlled by the corresponding reorganiza-
tion energy. Within this interval G remains very close to zero
because of Franck–Condon blockade.

b) At moderate electron-phonon interactions the thermo-
power S also reduces as a result of reorganization processes
in the solvent. Also, it acquires extra changes of sign originat-
ing from the splitting of the conduction peaks. On the con-
trary, at strong electron phonon coupling the thermopower
may rise with the increase in the reorganization energy within
the regions where the conductance is very low. The detrimental
effect of solvent phonons on the electron conductance and
thermopower was already discussed [41] but the conductance
peaks splitting and corresponding changes in the thermopower
were not thoroughly analyzed so far.

c) Whithin the adopted model for the SMJ molecular linker
which allows only single electron transitions between the
molecular states, the power factor S2G is strongly reduced

by the reorganization processes in the solvent. However, it
may be significantly increased if the charged state on the
bridge is highly degenerate and several electrons may simul-
taneously hop to this state from the electrodes thus increasing
the conductance [41].

d) The thermocurrent Ith driven by the thermal gradient
through an unbiased SMJ emerges when some of energies
ϵ±α are sufficiently close to the chemical potential of elec-
trodes µ. The thermocurrent changes its sign at ∆T= 0 and
shows linear dependencies on∆T at small values of the latter.
Reorganization processes in the solvent affect the thermocur-
rent magnitude. In general, the specifics of the thermocurrent
behavior varies following alterations in the energies ϵ±α which
determine how many transport channels stay open at a certain
∆T.

e) When the SMJ is biased Ith is simultaneously driven by
thermal and electric forces. It flows through the system at suf-
ficiently low bias where the effects of these forces are compar-
able and vanishes at higher bias. As in the case of zero bias, the
thermocurrent is affected by solvent phonons as well as by the
positions of the original (not shifted by electron-phonon inter-
actions) energy levels of the molecular bridge. These factors
may strongly change Ith-V characteristics at a fixed temperat-
ure difference between the electrodes.

The present analysis was carried on assuming that the
bridge is equally coupled to the electrodes and the bias
voltage is symmetrically distributed. These assumptions do
not allow for analysis of possibly significant effects which
may appear due to asymmetries in the couplings between
the electrodes and the bridge as well as in the bias dis-
tribution over the system. These effects could be a sub-
ject of future research. Nevertheless, the present results
could be considered as a step in analyzing the effects of
reorganization processes in the molecular linker ambience
on thermoelectric properties of nanoscale systems. They
may appear to be useful in the development of nanoscale
technologies which continues to be a focus of research
interest.
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