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a b s t r a c t

Since the discovery of the Nernst effect in 19th century, it has been an important transverse thermo-

electric charge transport phenomenon in solid states. Conjugated polymers have recently attracted great

attention as promising optoelectronic materials. However, the Nernst effect is yet to be explored for con-

ducting polymers. Here, we report the first theoretical investigations of the Nernst effect in doped con-

ducting polymers by first-principles calculations under the frame work of Fermi-liquid theory. Specifi-

cally, the Nernst coefficients of PBTTT are found to be ranging from 0.0029 to 0.039 μV K−1 T−1. They

are monotonically decreased with the doping level due to both much enhanced Fermi energy and the

decreased charge mobility at high doping level. Our theoretical findings not only enhance our fundamen-

tal understanding of the doping mechanism that controls the charge transport properties of conducting

polymers, but more importantly, they also offer initial predictions of the transverse thermoelectric con-

version capability of conducting polymers. These predictions are crucial for the development of future

flexible thermoelectric applications based on the Nernst effect.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The Nernst effect is a fundamental magneto-thermoelectric

phenomenon. It generates a transverse electric field Ey, when a

longitudinal temperature gradient ∇xT is applied in the presence

of a perpendicular magnetic field Bz. The Nernst coefficient ν is de-

fined as ν = Ey/(Bz∇xT). As the transverse counterpart of the lon-

gitudinal Seebeck effect, the Nernst effect has also garnered sig-

nificant attention [1–16]. This is not only due to its merits as the

thermoelectric (TE) Hall effect in probing fundamental quasiparti-

cle behavior [1–8], but also because of its unique geometry in pro-

ducing efficient TE conversion on curved heat source (Figs. 1a and

b) [9–14], which are particularly suitable for building flexible de-

vices to power the Internet of Things and wearable electronics. As

a result, conjugated polymers with intrinsic flexibility, large-area

solution-processability, and most importantly the demonstrated

promising TE conversion capability [17,18], could be potentially the

perfect match for Nernst devices. However, even with this dream-

ing picture, the Nernst effect is yet to be explored in conjugated

polymers possibly due to common experimental challenges in the

magneto-transport measurements of polymers [19]. This motivates
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us to theoretically investigate the Nernst effect in conjugated poly-

mers, for both exploring their transverse organic thermoelectric

(OTE) potential and gaining more insights into their elusive charge

transport nature.

Theoretically, within the boundary of the Landau’s Fermi-liquid

(FL) picture, the Nernst coefficient of solid states is set by the ratio

of charge mobility μ to Fermi energy EF [15,16]. This scaling re-

lationship has demonstrated to be remarkably successful over sev-

eral orders of magnitudes in a variety of different material systems

including organic crystals [15,16]. Therefore, by assuming the poly-

mers also follow this linear relationship, we are able to tentatively

perform the initial theoretical investigation of their Nernst effect

by first-principle investigations of the polymer electronic struc-

ture as well as charge transport properties μ and EF. However,

even with this feasible route, it remains challenging to achieve

the Nernst coefficients. Because, for this study, polymer models

are required to be doped to approach the metallic state to achieve

meaningful EF values, while the microscopic doping mechanisms

such as the accurate doping sites are elusive for most polymers

[20]. Moreover, the introduction of charged dopants significantly

complicates the first-principle calculations, as it disrupts structural

symmetry and requires incorporation of electric fields, charges, and

spins.

https://doi.org/10.1016/j.cclet.2024.109837
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Fig. 1. Comparison of the Nernst effect and Seebeck effect. (a) The Nernst effect produces a transverse electric field under a perpendicular magnetic field and a longitudinal

temperature gradient. (b) The Seebeck effect generates a voltage in response to a temperature gradient, inducing an electric current flow. (c) Sketch of the structure and

Brillouin zone of PBTTT-C6. (d) The electrostatic potential surfaces and structural formula of PBTTT using density functional theory (DFT).

Herein, we focus on the poly[2,5-bis(3-alkylthiophen-2-

yl)thieno(3,2-b)thiophene] (PBTTT) system, not only due to its

great interests as representing high performance conducting poly-

mers, but also due to its proved metallic transport in high doping

level regime [21,22], good crystalline orderings which enables

reasonable first-principle band structure calculations [23], and

relatively high charge mobility, which could potentially produce

a large Nernst coefficient [24]. In this study, we report the first-

principle investigations of the Nernst effect as well as charge

transport properties in PBTTT-C6 with different ferric doping level.

We first identify the optimized doping site of a common p-type

dopant ion Fe3+ by calculating the charge density distribution

as well as the binding energy of different possible doping site

configurations based on the previously established PBTTT molec-

ular structure. After finding the lowest energy doping site, three

crystal models for PBTTT with different Fe3+ doping levels are

constructed for subsequent electronic structure calculations. As

doped PBTTT is considered to be semi-metallic with coherent

transport nature, the band structure model is applied to calculate

its charge transport properties including the charge mobility and

effective mass [19]. Eventually, based on these calculated physical

properties, we predict the Nernst coefficients of doped PBTTT by

assuming it follows the Fermi-liquid picture, which are 0.039,

0.018, and 0.0029 μV K−1 T−1 for PBTTT with a Fe3+ doping level

of 33%, 50%, and 100%, respectively. Our results reveal the Nernst

coefficients decrease with the doping level monotonically, while

the mobility initially increase with doping level and then decrease

in the high doping level regime.

We first construct the PBTTT-C6 crystal orthorhombic unit cell

based on the previous theoretical as well as experimental investi-

gations [25,26], with lattice vectors b=3.7 Å, c=13.5 Å. The dis-

tance between neighboring sheets a is intentionally set to be suffi-

ciently large to minimize interactions between interdigitated alkyl

chains of adjacent sheets. First-principles calculations were per-

formed using density functional theory (DFT) with the Vienna

Ab initio Simulation Package (VASP) code to further optimize the

PBTTT structure [27,28]. The generalized gradient approximation

(GGA) in Perdew-Burke-Ernzerhof (PBE) form was employed [29].

The calculations utilized a plane wave basis along with the frozen-

core projector augmented wave (PAW) potential [30]. A plane wave

cutoff energy of 500 eV was set for cell relaxation. To include the

long-range van der Waals (vdW) interactions, a Grimme-type dis-

persion energy (DFT-D) was incorporated into the Kohn-Sham DFT

energy calculations. The Brillouin zone sampling was conducted

using a 1× 6× 1 k grid and the Gamma technique [31]. The

convergence criteria for energy optimization were set at 10−4 eV,

while for force convergence, it was set at 0.02 eV/Å per atom. The

optimized PBTTT-C6 crystal structure and Brillouin zone are shown

in Fig. 1c, the lattice parameters are as follows: b equals 3.93 Å, c

equals 13.94 Å, with an adjusted angle between the backbone and

lattice set at 23°.
To determine the potential doping site of Fe3+, we calcu-

lated the molecular electrostatic potential distribution of PBTTT, as

PBTTT is commonly p-doped and the Fe3+ dopants should locate

around lowest potential site. This calculation was carried out for

PBTTT oligomers without alkyl side chains for simplification, using

the Gaussian 09 A.01 version with the B3LYP functional and the

6–31G(d,p) basis set in a nitromethane implicit solvent environ-

ment [32]. The resulting electrostatic potential distribution along

the PBTTT skeleton is shown in Fig. 1d, in which the yellow re-

gions represent the lowest potential site where the p-type dopants

should locate for optimal doping efficiency. Specifically, four possi-

ble optimal doping sites of Fe3+ are quantitatively identified based

on variations in the magnitude of the electrostatic potential sur-

faces, include the proximity of the electronegative sulfur elements

as well as within the π electron cloud on the thiophene ring, as

indicated by Fe1, Fe2, Fe3, and Fe4 (Fig. 2a). To search for the

most strongly bonded site, the total energy of the four possible

doping site configurations were calculated carefully, as shown in

Figs. 2b–e. Three units of positive charge were introduced and the

DFT+U method was employed for doped system calculations [33].

To verify the result of optimal doping site, in addition to the VASP,

Gaussian is applied to calculate the binding energy as well as the

charge transfer insights of the four possible doping site configu-

rations, with a total charge of +3 and a spin multiplicity of 2 for

the trivalent iron (Figs. 2f–i). As shown in Fig. 2j, the configura-

tion Fe4, which is on the thiophene ring, is found to be the most

energetically favorable doping site. The calculated binding energies
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Fig. 2. (a) Four doping sites determined based on the magnitude of electrostatic

potential surfaces. (b–e) Four possible sites (such as near the electronegative sulfur

atom, on the thiophene ring formed by the π electron cloud) were chosen to cal-

culate, optimized structures doped at Fe1, Fe2, Fe3 and Fe4 sites and their charge

transfer by VASP. (f–i) Optimized structures doped at Fe1, Fe2, Fe3, Fe4 sites and

their charge transfer by Gaussian. (j) The total energy of four doping sites selected

based on symmetry by VASP. (k) The binding energy of four doping sites selected

based on symmetry by Gaussian.

were plotted in Fig. 2k, in which the Fe4 site is still found to be the

lowest energy doping site with the largest charge transfer quantity,

thus confirming the above calculations results.

After we found that the Fe4 on the single thiophene ring is the

optimal doping site for PBTTT-C6, three different PBTTT unit cells

of 1 Fe3+ per monomer, dimer, and trimer with a doping concen-

tration of 100%, 50%, and 33%, respectively, were constructed for

subsequent band structure calculations to explore the doping level

dependent charge transport properties. The resulting band struc-

ture and density of states (DOS) plots of pristine PBTTT-C6 as well

as 33%, 50%, and 100% doped PBTTT-C6 were presented in Figs.

3a–d, respectively. For pristine PBTTT, its band structure and DOS

plots clearly reveals obvious semiconducting nature with an in-

direct band-gap of 0.7378 eV (Fig. 3a), where the valence band’s

maximum located at Γ while the conduction band’s minimum at

Q point in the Brillouin zone. As the doping level increases, the

band-gap is gradually reduced and the Fermi level is shifted down-

ward toward the valence band, indicating clear p-doping behavior

(Figs. 3b–d). Meanwhile, the continuous polaron bands induced by

Fe3+ appear around and cross the Fermi level, which reveals the

metallic characteristics of doped PBTTT and consistent with previ-

ous experimental studies that indicate coherent transport as well

as metallic temperature dependence of the conductivity in highly

doped PBTTT [22].

The charge transport properties including charge effective mass

and interchain mobility can be quantitatively calculated based on

the band structure of doped PBTTT. The charge effective mass

of PBTTT with different doping level can be calculated by m∗ =
h̄
2
/(∂2E/∂k2), where k is parallel to its spatial vector; E is the en-

ergy of the band; the h̄ is the reduced Planck constant. The re-

sulting effective mass are plotted in Fig. 4a, which are 1.67 elec-

tron mass m0, 2.01 m0, 2.48 m0 and 2.63 m0, corresponding to the

doping level 0, 33%, 50%, 100%. The revealed charge effective mass

monotonically increases with the doping level. This is because, as

the PBTTT become metallic induced by the increased doping level,

its energy bands will become relatively flat as similar to most met-

als. Subsequently, since the charge transport in doped PBTTT is

considered to be two-dimensional [19], the two-dimensional de-

formation potential theoretical treatment is applied to achieve the

charge mobility based on the effective mass m∗ (Eq. 1).

μH = 2.45π h̄
4
Be

ε2
ac(3kbT )

3/2
(m∗)5/2

(1)

where T is the temperature, and kb is Boltzmann constant; B is

elastic constant; εac is the deformation potential constant [34,35].

The elastic constant can be obtained by fitting the parabolic re-

lationship between the total lattice energy and the deformation

variable, while the deformation potential constant is calculated by

fitting the linear relationship between the band edge energy and

the lattice deformation variable. The resulting calculated PBTTT

charge mobility reveals an initially positive doping level depen-

dence which is 11.66 cm2 V−1 s−1, 18.15 cm2 V−1 s−1, 21.42 cm2

V−1 s−1, corresponding to the 0, 33%, and 50% doping level, respec-

tively, and then significantly decreases to 5.23 cm2 V−1 s−1 when

the doping level is enhanced to 100% (Fig. 4a).

The doped PBTTT Fermi energy is further calculated within the

Fermi gas electron filling picture, in which the Fermi energy is pos-

itively correlated with the number of DOS at the Fermi level ρ(EF)

by Eq. 2:

ρ(EF) = m∗√2m∗

π2 h̄
3

√
EF (2)

As shown in Fig. 4b, due to the enhanced number of DOS at

the Fermi level induced by the increased doping level, the Fermi

energy monotonically increases with doping, which is consistent

with typical doping effect.

With the calculated charge mobility as well as Fermi energy, the

Nernst coefficients ν of doped PBTTT can be obtained by assuming

it follows the Fermi-liquid picture (Eq. 3) [36–39]:

ν = π2

3

k2
b
T

e

1

B

∂tanθH
∂ε

∣
∣∣
∣
ε=εF

≈ π2

3

k2
b
T

e

1

B

tanθH
εF

= π2

3

(
kb
e

)
kbT

εF

μH

(3)

The resulting room-temperature (300K) Nernst coefficients are

calculated to be 0.039 μV K−1 T−1, 0.018 μV K−1 T−1, 0.0029 μV

K−1 T−1, for 33%, 50%, and 100% doped PBTTT respectively.

The revealed non-monotonic doping level dependence of the

charge mobility is unusual regarding the common belief of en-

hanced charge mobility with doping level in conducting polymers

[40]. This abnormal behavior is due to the intricate interplay be-

tween various factors. A conceptual representation elucidates the

mechanism underlying the changes in density of states in Fig. 4c.

In the initial stage of doping up to 50% doping level, the schematic

illustrates an increase in electron density near the Fermi energy

level due to doping, resulting in a reduced bandgap which facil-

itates electron transitions and charge transport, thus enhancing
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Fig. 3. The crystal structure, band structure and density of states of PBTTT-C6 and doped systems. (a) PBTTT-C6. (b) Trimer doped iron ferric which doping concentration is

33%. (c) Dimer doped ferric ions which doping concentration is 50%. (d) Monomer doped ferric ions which doping concentration is 100%.

Fig. 4. (a) Variation of effective mass and mobility with Fe3+ doping concentration. (b) Variation of Nernst coefficient and fermi energy with Fe3+ doping concentration. (c)

A conceptual representation explains the mechanism: Changes in fermi energy and Nernst coefficient with doping concentration.

the charge mobility. Meanwhile, as the doping concentration ap-

proaches 100%, the bandgap stops reducing and the PBTTT enters

the metallic regime, while the effective mass is continuously in-

creased due to flat bands, which eventually leads to a decrease in

charge mobility. Regarding the Nernst effect, similar to the Seebeck

effect, the Nernst coefficients also monotonically decrease with the

doping level, which is mostly due to the enhanced Fermi energy.

In summary, we present the initial first-principle study of

the Nernst effect in doped conducting polymers. Our comprehen-

sive analysis enables the identification of molecular doping sites,

deepen our understanding of the microscopic doping mechanism

and molecular dynamics. Moreover, the doping level dependent

band structure and charge transport properties calculations provide

essential insights into the evolution of charge transport in conduct-

ing polymers upon doping. Our findings are pivotal for the strategic

design and performance optimization of organic electronic devices.

Although the Nernst coefficients calculated under the Fermi-liquid

picture are found to be much lower than common Seebeck coef-

ficients of conducting polymers, they might still promise surpris-

ing Nernst effect. Because current first-principle calculations can-

not effectively consider the intrinsic structural, energetic, as well

as dynamic disorder in polymer systems, which disorder effects

will become significantly more notable and complicated in real-

istic doped Nernst systems when charged dopants are incorpo-

rated. Moreover, in fact, the charge transport in conducting poly-

mers could be more exotic beyond the Fermi-liquid regime due to

its quasi-one-dimensional interchain charge transport nature, even

though there are not much solid experimental evidence to support

this idea. Therefore, the experimental measurements of the Nernst

effect in polymers remain to be the key path to evidently reveal

their transverse TE conversion capability, and we anticipate an ex-

citing experimental breakthrough in this field in a near future.
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