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Large polarons in two-dimensional fullerene
networks: the crucial role of anisotropy in charge
transport†

T. S. A. Cassiano, a M. L. Pereira, Junior, b G. M. e Silva,a

P. H. de Oliveira Neto a and L. A. Ribeiro, Junior *a,c

The recent synthesis of a two-dimensional quasi-hexagonal-phase monolayer network of C60 molecules,

known as qHPC60, holds significant promise for future semiconductor applications. However, the mecha-

nism behind charge transport in these networks remains unknown. In this study, we developed a

Holstein–Peierls Hamiltonian model to investigate charge transport in qHPC60, incorporating both local

and non-local electron–phonon couplings. Our computational approach involved identifying suitable

semi-empirical parameters to realize the formation of stable polarons in this material. The results unveiled

the formation of stable large polarons as the primary carriers in the charge transport throughout qHPC60.

To explore polaron transport properties, we conducted dynamic simulations within the picosecond time

scale while subjecting the system to an external electric field. Our analysis emphasized the substantial

influence of anisotropy on shaping mobile polarons, with an anisotropy coefficient of at least 50%. The

polarons exhibited velocities within the acoustic regime ranging from 0.5–1.5 nm ps−1. While these vel-

ocities are comparable to those observed in high-end organic molecular crystals, they are considerably

lower than those in graphene and conducting polymers. With qHPC60 possessing a semiconducting band

gap of approximately 1.6 eV, our findings shed light on its potential application in flat electronics, over-

coming the null-gap predicament of graphene.

1. Introduction

Organic molecular crystals (OMCs) offer a promising alterna-
tive for the future of optoelectronics.1,2 OMCs are composed of
molecular units arranged in a way that balances various inter-
molecular interactions, including van der Waals, multipole,
and π-stacking.3 There is a plethora of different OMCs types4

behind the development in novel photovoltaics,3 field-effect
transistors,5–7 thermal sensing,8,9 and flexible nanoelectronic
devices.10–12 A crucial aspect that greatly influences the
efficiency of these applications is the mechanism of charge
transport, which requires a comprehensive understanding.2

The attributes of OMCs are predominantly determined by
the properties of the molecular units and their arrangement
within the lattice.4 In this regard, the C60 fullerene is a strong
candidate for potentially superior molecular crystal systems.13

For instance, its high electron affinity and mechanical robust-
ness make it highly suitable as an electron acceptor in photo-
voltaic applications.4,14–18 Notably, previous investigations
have highlighted the promising potential of C60-based crystals
for applications such as nanocages, nanolubricants, and opto-
electronics, thanks to their strain-tunable semiconducting
characteristics.19

Recently, a groundbreaking experimental achievement20

has led to the realization of a two-dimensional quasi-hexag-
onal-phase monolayer network of C60 molecules, referred to as
qHPC60. In this remarkable material, the molecules are inter-
connected through strong covalent bridge bonds, resulting in
a well-defined and distinct topological structure. qHPC60 exhi-
bits excellent thermodynamic and mechanical stability,21,22

along with a desirable band gap of 1.6 eV for potential semi-
conducting applications.23,24 Furthermore, it showcases
remarkable in-plane anisotropic properties.20,25,26

These exceptional characteristics have already ignited
advancements in the fields of thermoelectric applications27
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and photocatalysis.28 Despite these significant developments,
the topic of charge transport in this material has yet to be
studied. To the best of our knowledge, no reports have investi-
gated the stationary and dynamic properties of carriers or their
underlying mechanisms. Therefore, conducting a comprehen-
sive investigation of charge transport in fullerene networks
becomes crucial, serving as the primary objective of the
present study.

An effective description of charge transport is crucial for
the optimal performance of optoelectronic devices.2,4 This
process is imperative to thoroughly understand and character-
ize new materials before incorporating them into practical
applications. In the case of OMCs, the first step involves inves-
tigating the properties of the charge carriers, which are mani-
fested as polarons. These collective excitations are self-trapped
and half-spin structures of charge e, which emerge from the
energy balance resulting from the excess charge.29 To provide
a comprehensive theoretical framework, non-adiabatic
Hamiltonian models4,30,31 are the most suitable choice as they
treat electronic and lattice phenomena simultaneously.

In OMCs, various modeling approaches have been employed
to explore the charge transport mechanism, aiming to repro-
duce experimentally observed phenomena such as the temp-
erature dependence of mobility in ultrapure crystals.32,33

However, the current state of some of these approaches pro-
vides limited insight into the behavior of charge transport in
networks. An appropriate model must explicitly consider the
interplay between intra- and intermolecular interactions, con-
sidering the effects of anisotropy.34–40 This requirement comes
from the fact that both experimental and theoretical works
indicate that qHPC60 possesses high average intramolecular
phonon frequencies37,41 and strong intermolecular covalent
bonds.20,21

Herein, we conducted a comprehensive investigation into
the charge transport properties of qHPC60. To accomplish this,
we employed a non-adiabatic model Hamiltonian based on the
Holstein–Peierls approach.42 Our computational protocol takes
into consideration the coupling between intra- and inter-
molecular interactions, as well as the anisotropy of the system.
The primary focus of our investigation was to examine the
stationary properties of qHPC60 and identify the specific con-
ditions under which mobile carriers can emerge in the
material. Furthermore, we performed dynamic simulations to
characterize the velocity regime of the quasiparticles in this
system.

2 Methodology
2.1 Model Hamiltonian

In our modeling of qHPC60, the C60 molecules are considered
as individual sites within a molecular matrix. For simplifica-
tion purposes, the hexagonal lattice is approximated to a
square shape, as depicted in Fig. 1(a). In this representation,
the position of each site is determined by the line index (in
the x-direction) and the column index (in the y-direction) on a

square grid molecular matrix. For example, the fullerene site
shown at the center of this figure is located at position (i,j ),
while its rightmost neighbor is at position (i + 1,j ).

The Hamiltonian comprises two terms: the intramolecular
term Hintra and the intermolecular term Hinter. Each term
encompasses both electronic and lattice components:36,40,43,44

Hintra ¼Helec
intra þ Hlatt

intra;

Hinter ¼Helec
inter þ H latt

inter:
ð1Þ

The explicit form of the electronic contribution for the
intramolecular part, Helec

intra, in second quantization formalism,
is

Helec
intra ¼

X
i;j

αintraui;j C†i;jCi;j

� �
: ð2Þ

In this equation, ui,j is the intramolecular lattice distortion
of the molecule located at position (i,j ) (see Fig. 1(b)). The
operator C†

i;j creates an electron in the lowest unoccupied mole-
cular orbital (LUMO) of the (i,j )-th molecule, while Ci,j

removes an electron from the same orbital. The interaction
between the electron and the lattice, encompassing both
lattice and electronic effects, is governed by the intramolecular
(or local) electron–phonon coupling constant αintra.

In contrast, the intramolecular lattice interaction Hlatt
intra is

treated within the framework of the harmonic approximation.

Fig. 1 A schematic representation of qHPC60 is depicted. In (a), the
molecular matrix of the system is shown, where each red disk represents
a fullerene molecule connected to four neighboring molecules. The
hexagonal lattice is approximated to a square shape. Panel (b) illustrates
the internal lattice deformation order parameter ui,j at a specific site (i,j ).
(c) represents the lattice displacements of the molecule (i,j ) in the x (vxi;j)
and y (vyi;j) directions.
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In this approximation, the intramolecular lattice deformation
of each molecule is modeled as a harmonic oscillator with a
mass Mintra and a spring constant Kintra, described by the fol-
lowing expression:

H latt
intra ¼

Mintra

2

X
i;j

u̇i;j
2 þ Kintra

2

X
i;j

ui;j2: ð3Þ

The electronic term Helec
inter follows the tight-binding

approach

Helec
inter ¼

X
i;j

Jxiþ1;jC
†
iþ1;jCi;j þ h:c:

� �

þ
X
i;j

Jyi;jþ1C
†
i;jþ1Ci;j þ h:c:

� �
;

ð4Þ

where Jxiþ1;j is the hopping integral linking the horizontally
aligned first neighbor molecules (i,j ) and (i + 1,j ), while Jyi;jþ1

connects the molecules (i,j ) and (i,j + 1).
When constructing the network model, we take into

account the spatial variation of the hopping integrals, which
arises from the inherent flexibility of the material. To capture
this effect, we employ a first-order expansion around the
unperturbed hopping terms Jx0 and Jy0. Additionally, the inter-
action can be adjusted to incorporate the influence of an exter-
nal electric field using the Peierls substitution.45–47

In this context, we find it advantageous to select the poten-
tial vector aligned with the x-direction as Ax(t ) = −cEx0t, where
Ex0 is the strength of the electric field. By combining these two
adjustments, we arrive at the following expression for the
transfer integrals:36,44

Jxiþ1;j ¼ Jx0 � αinter vxiþ1;j � vxi;j
� �� �

eiγAxðtÞ;

Jyi;jþ1 ¼ Jy0 � αinter vyi;jþ1 � vyi;j
� �� �

:
ð5Þ

Here, γ ≡ ea0/ħc, in which a0 is the lattice parameter and c
is the speed of light. αinter is the intermolecular (or non-local)
electron–phonon coupling constant, while vxi;j and vyi;j are,
respectively, the relative longitudinal and transversal lattice
displacements of the molecule (i,j ) away from its pristine
configuration.

Fig. 1(c) illustrates the meaning of these two quantities.
The light red disk corresponds to the site (i,j ) within a uni-
formly spaced grid arrangement. By considering this position
as the origin of the coordinate system, the molecule’s place-
ment can be altered by vxi;j and vyi;j along the x and y axes,
respectively, due to bond distortions. As a result, the site
assumes a new optimized configuration, as depicted by the
solid red disk. For future reference, we define the anisotropy
coefficient as 1 − Jy0/Jx0 with the assumption that Jy0 ≤ Jx0.
Consequently, the coefficient reflects the disparity between the
two hopping integrals, with a larger coefficient indicating a
greater difference.

The intermolecular lattice term is treated using the same
approximation as the intramolecular case. We assume that
each molecular site, with a mass of Minter, is connected to its

four first neighbors through harmonic oscillators character-
ized by a spring constant of Kinter. In simpler terms,

Hlatt
inter ¼

Kinter

2

X
i;j

ðΔxi;jÞ2 þ Kinter

2

X
i;j

ðΔyi;jÞ2

þMinter

2

X
i;j

ðv̇i;jxÞ2 þMinter

2

X
i;j

ðv̇i;j yÞ2:
ð6Þ

The quantities Δxi,j = vxiþ1;j − vxi;j and Δyi,j = vyi;jþ1 − vyi;j rep-
resent the distortions in bond lengths for the horizontal and
vertical links connecting the neighboring sites, respectively.

The backpropagation (RPROP) algorithm is used to obtain
the stationary solution of the molecular arrangement.48 This
algorithm returns a set of eigenvectors |ψk(t )〉 corresponding
to the electronic Hamiltonian Helec = Helec

intra + Helec
inter, as well as

the optimized lattice configuration represented by the sets ui,j
and vx=yi;j . These optimizations are performed without any time-
dependent external influences.49 The eigenvector with the lowest
energy, denoted as |ψ(t0)〉, represents the stationary polaron state
and is the initial state for the subsequent dynamics.

Time evolution is made by simultaneously evolving the elec-
tronic and lattice degrees of freedom. The former is given by
the time-dependent Schödinger equation that, for a time incre-
ment dt, can be expressed as follows:

jψðtþ dtÞi ¼ e�iH elecðtÞdt=ħjψðtÞi: ð7Þ
Expanding the right side over the basis of the instan-

taneous electronic Hamiltonian eigenstates |φl(t )〉 leads to

ψðtþ dtÞj i ¼
X
l

e�iεlðtÞdt=ℏ ϕlðtÞ ψðtÞj jϕlðtÞh i; ð8Þ

where {εl(t )} are the corresponding eigenvalues. By projecting
both sides to the molecular matrix position vector |i,j〉, we reach
the explicit form for the time evolution of the wave function

i; jh jψðtþ dtÞ ;ψði; j; tþ dtÞ ¼
X
l

e�iεlðtÞdt=ℏ
�

�
X
m;n

ϕlðm; n; tÞψðm; n; tÞ
" #

ϕlði; j; tÞ
!
:

ð9Þ

The lattice evolution is determined by solving the Euler–
Lagrange equations for the expected value of the Lagrangian
using Ehrenfest dynamics. The equation governing the intra-
molecular motion is given by:36,50

Mintraüi;jðtÞ ¼ �K intraui;jðtÞ � αintraρi;j;i;j; ð10Þ
while the intermolecular are

Minterv̈ x
i;jðtÞ ¼ � Kinter 2v x

i;jðtÞ � v x
iþ1;jðtÞ � v x

i�1;jðtÞ
� �

þ

� αinter ½ρi;j;i�1;jðtÞ � ρiþ1;j;i;jðtÞ�e�iγAxðtÞ þ c:c:
� � ð11Þ

and

Minterv̈
y
i;jðtÞ ¼ � Kinter 2vxi;jðtÞ � vxi;jþ1ðtÞ � vxi;jþ1ðtÞ

� �
þ

� αinterðρi;j;i;j�1ðtÞ � ρi;jþ1;i;jðtÞ þ c:c:Þ:
ð12Þ
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Here, ρi,j,m,n(t ) ≡ ψ(i,j,t )ψ(m,n,t )* is the element (i,j,m,n) of
the molecular electronic density matrix. Then, the equations
of motion can be numerically integrated using the instan-
taneous velocities and accelerations within the scope of the
velocity-Verlet algorithm. As a result, one obtains the updated
lattice coordinates.

We highlight that the electronic Hamiltonian changes as
the lattice evolves. Therefore, succeeding each time step dt,
Helec must be re-diagonalized to obtain a new set φl to update
the electronic states via eqn (9).36

The intramolecular parameters of the hybrid (electronic +
nuclear) Hamiltonian used in this study are as follows: αintra =
0.3 eV Å−1,37 Kintra = 16.51 eV Å−2,37 Mintra = 7.5 × 1010 eV(as/Å),
Kinter = 1.26 eV Å−2,21 and Minter = 1.5 × 1011 eV(as/Å). The
lattice parameter a0, representing the center-to-center distance
between neighboring fullerenes, is 8.6 Å. This value is
obtained by summing the diameter of a molecule (approxi-
mately 7 Å (ref. 51 and 52)) with the bridge bond length of
1.64 Å.21 An external electric field of E0x = 2 mV Å−1 is applied.
The remaining parameters will be discussed in detail in the
Results section.

2.2 IPR and polaron formation energy

The Holstein–Peierls model Hamiltonian exhibits two distinct
types of polaron solutions: the Holstein (small) polaron and
the Peierls (large) polaron.37 The Holstein polaron arises when
the lattice interactions are sufficiently strong to confine the
entire charge within a single molecular site. In contrast, the
Peierls polaron occurs when there is a more balanced energy
distribution between the electronic and lattice components,
resulting in self-trapped structures that extend over multiple
molecular units.

In addition to visually confirming the charge accumulation
profile, the inverse participation ratio (IPR) serves as a dis-
tinguishing metric for the two types of carriers. The IPR is a
dimensionless coefficient that quantifies the cohesion of the
quasiparticle throughout the network. Its explicit form is given
by:

IPR ¼

P
i;j

ρi;j

��� ���2
P
i;j

ρi;j

��� ���2
 ! ; ð13Þ

where ρi,j ≡ ρi,j;i,j = |ψk(i,j,t )|
2.

Solutions with an IPR ranging from 0.0 to 0.4 represent
free carriers that are not bound to phonon clouds, lacking
the intrinsic coupled nature of a quasiparticle. On the
other hand, Peierls polarons emerge when the IPR falls
within the range of 0.4 to 0.75, while higher values (up
to IPR = 1.0) correspond to Holstein carriers. In the
following analysis, we will employ the IPR to explore the
parameter space and identify stable polaron configur-
ations. By examining their collective response, we can esti-
mate the intermolecular transport behavior within the
network.

Another attribute of interest is the polaron formation
energy (Ep), an indicator of carrier stability and physical
realism of the modeling,42,43

Ep ¼ 2ðJx0 þ Jy0Þ � Eþ=�: ð14Þ
Here, E+/− denotes the total energy of the lattice when

hosting a positive/negative polaron. Solutions with Ep > 0 eV
are considered stable, irrespective of their magnitude.
However, carriers exhibiting excessively high Ep values (at
least, greater than 2 eV) indicate an inappropriate parameter
set for describing charge transport in the material. To obtain a
realistic depiction of intermolecular charge transport, we will
rely on Ep and IPR to identify configurations with stable
polaron solutions.

Reducing the hexagonal molecular network of qHPC60 to a
square lattice means neglecting sites from one of the hexag-
onal diagonals. This simplification is reasonable and con-
venient since it disregards only molecules outside the trans-
port line.37 If the external electric field is aligned with the
bond direction, the resulting charge transport mechanism
should be a good representation of the materials’ properties.

3. Results

We begin the study by finding the suitable range of Jx=y0 and
αinter to simulate qHPC60. This can be done by examining the
stationary polaron properties. In other words, the carrier for-
mation in the absence of an external electric field. A compre-
hensive discussion regarding this investigation is presented in
the ESI.† First, a preliminary scan indicated that stable polar-
ons emerge when αinter ≈ 0.2–0.3αintra. Furthermore, as evi-
denced by Fig. S1,† a direct comparison of IPR and Ep for
diverse combinations of Jx=y0 determines a range of suitable
values of hopping integrals. It is found that qHPC60 is best rep-
resented when Jx0 is within the range 200–250 meV and Jy0 is
restricted to be between 50 and 100 meV. Finally, Fig. S2†
exposes the effects of anisotropy on the polaron morphology.
The results suggest that anisotropy is essential for an accurate
physical description of the model qHPC60. Without it, the
charge carriers would exhibit nonphysical high effective
masses. With this finding in mind, an important question
arises: what is the optimal degree of anisotropy to adequately
describe the charge transport mechanism in qHPC60? To
answer this question, we proceed to assess the dynamic stabi-
lity of the carriers.

Fig. 2 depicts the heatmap illustrating the dynamical stabi-
lity of polarons under the influence of an external field of E0x =
2 mV Å−1. In this figure, red configurations indicate immobile
carriers, while blue configurations represent mobile ones. It
also reveals that isotropy has a detrimental effect on dynamical
stability, despite the confirmed stationary cohesion observed
in Fig. S1.† When Jy0 exceeds 0.5Jx0 within the range of
[200–250] meV for Jx0, the resulting polarons are consistently
immobile. This finding aligns with our earlier qualitative ana-
lysis of the impact of anisotropy on polaron morphology, as
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demonstrated in Fig. S2,† where isotropy was associated with
heavier carriers.

Interestingly, instability can persist even after the polaron
surpasses the energy barrier that initially trapped it. In certain
simulated scenarios (not depicted here), although the struc-
ture initiates movement, the stored energy is so substantial
that the quasiparticle rapidly loses its coherence and tran-
sitions into a delocalized band state, resulting in destabiliza-
tion. Another noteworthy observation is that achieving stability
becomes increasingly challenging as the value of Jx0 grows,
which aligns with previous investigations conducted on other
OMCs.37,50

The identification of dynamically stable carriers strongly
supports the existence of polaron-mediated transport in the
model qHPC60. However, the intrinsic transport properties of
the quasiparticle still need to be uncovered. To address this
objective, we will investigate charge transport while confining
the analysis to isotropy levels within the range of [0–50]%.

We now investigate the polaron dynamical properties in a
model qHPC60 for a fixed value of Jx0 = 200 meV. The qualitative
picture presented here extends to the other configurations.
Fig. 3(a) and (b) display, respectively, the position and average
velocity of the carriers as a function of time for isotropy levels
of 0 (blue), 20 (red), and 50% (green).

All carriers exhibit similar dynamics in a qualitative sense.
As time progresses, the polaron gradually acquires momentum
from the electric field, resulting in minimal variation in its
initial position until 0.3 ps. Subsequently, when the polaron
accumulates sufficient energy to surpass the potential barrier
imposed by the lattice, typically around 0.5 ps, it undergoes
pronounced drift, traversing multiple molecular units until the
simulation concludes. Throughout this latter stage of polaron
transport, the position of the polaron demonstrates nearly
linear changes over time, leading to a tendency of constant
velocity.

The distance traveled by the polaron depends on the ratio
of Jy0/J

x
0. During the 0.0–1.2 ps interval, the carriers reach their

maximum velocity, representing the mobilization phase
characterized by the time required for the polaron to achieve a
constant velocity. Subsequently, the polaron releases phonon
breathers, a mechanism discussed in detail later, to dynami-

cally stabilize its motion, reaching a terminal velocity regime.
This behavior is also found in numerous highly confined
materials45–47,53–56 and intermolecular arrangements,36,37,50

with a strong electronic and lattice interplay.
Since Fig. S2† showed a significant change on the polaron

morphology due to the electronic anisotropy, one can antici-
pate that higher levels of anisotropy lead to faster carriers. For
example, when Jy0 = 0.5Jx0, the polaron travels a distance of
2 nm within 3 ps. In contrast, the polaron in the fully aniso-
tropic configuration ( Jy0 = 0) covers a distance of 3.3 nm over
the same time period. This behavior is illustrated in the vel-
ocity curves depicted in Fig. 3(b). At 3 ps, the velocities of the
carriers increase with the degree of anisotropy: (50%) 0.5 nm
ps−1, (20%) 0.9 nm ps−1, and (0%) 1.2 nm ps−1. These findings
align with our previous observations on the polaron localiz-
ation, as isotropy leads to an increase in the polaron’s effective
mass. Conversely, when Jx0 is significantly greater than Jy0, the
energy barrier associated with motion along the specific mole-
cular line where the polaron charge is concentrated
diminishes. This process reduces the polaron’s effective mass,
enabling faster drift.

Now we discuss other underlying dynamical properties for
the polaron to gain more insights into its transport mecha-
nism on model qHPC60. Fig. 3(c) illustrates the variation of the
ratio between the calculated intramolecular and inter-
molecular energies, denoted as ν = Hintra/Hinter, over time. A
higher value of ν indicates a greater contribution of intra-
molecular interactions to the total energy. In general, the
curves exhibit minor fluctuations around a mean value. In the
one-dimensional limit ( Jy0 = 0), ν is significantly higher com-
pared to the case when Jy0 = 0.5Jx0. This discrepancy arises from

Fig. 2 The dynamical stability of polaron carries over diverse anisotropy
and hopping regimes. Configurations in red are not stable. On the other
hand, the blue ones are.

Fig. 3 Time evolution of (a) polaron position, (b) its related mean vel-
ocity, (c) ν = Hintra/Hinter, (d) and mean IPR. The colors label the levels of
anisotropy: green (50%), red (20%), and blue (0%).
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the fact that the intermolecular electronic energy (eqn (4))
becomes negligible when Jy0 is zero. Consequently, the ratio ν

is naturally higher in this scenario compared to cases where
there is any hopping contribution in the y-direction.

The dynamical evolution of IPR displays a similar setting,
as shown in Fig. 3(d). As time advances, the IPR values oscil-
late around a medium value of about 0.5 for 20% and 0% and
around 0.4 for 50% of anisotropy. The fluctuation results from
the transport mechanism of large polarons that consists of a
cycle of small contraction/expansion movements while moving
through neighboring sites. Consequently, this ends up
shaping the dynamic behavior of IPR. Although all curves
show this oscillating response, their quantitative results differ.

Following the mobilization step, the one-dimensional
polaron (0% of anisotropy) increases its IPR to an average
value of 0.54. Conversely, when Jy0 = 0.5Jx0, the corresponding
curve decreases to approximately 0.37. In contrast, the inter-
mediate configuration with Jy0 = 0.2Jx0 demonstrates a response
that can be interpreted as a less pronounced version of the
one-dimensional polaron case. Based on these observations,
we can conclude that the polaron maintains its dynamic cohe-
sion through different mechanisms depending on the ratio Jy0/
Jx0, either by increasing or decreasing the IPR.

Fig. 4 provides visual evidence of these different relaxation
mechanisms during the polaron transport. Fig. 4(a), (d), and
(g) refer, respectively, to the molecular charge density at row j
= 10 when Jy0 = 0.5, 0.2, and 0.0Jx0. For all of them, hot colors
indicate a high local charge accumulation, while cold tones
represent low density.

In the first heatmap (Fig. 4(a)), a distinctly localized charge
accumulation is evident near the position of 9 nm, represent-
ing the polaron charge. As time progresses, the structure
begins to drift under the influence of the electric field, cover-
ing a distance of 3 nm by 6 ps. It is noteworthy that immedi-
ately after the motion commences, the central region of the
quasiparticle transitions from red to a yellow-based tone, indi-
cating a decrease in charge density (ρ). This process signifies
that the polaron charge has undergone delocalization, extend-
ing to at least one additional molecular unit compared to its
initial localization. This observation aligns with the findings
in Fig. 3(d), where a reduction in the IPR was observed after
the carrier motion.

As anisotropy increases, the motion of the polaron gradu-
ally becomes more favorable, as illustrated in Fig. 4(d). In this
case, when exposed to an identical electric field, the quasipar-
ticle gains higher velocity and covers longer distances. After

Fig. 4 The heatmap illustrates the time evolution of polaron transport in the row j = 10 under different anisotropy regimes. In panels (a), (d), and (g),
the charge density profile is shown for Jy0 = 0.5, 0.2, and 0.0Jx0, respectively. Panels (b), (e), and (h) depict the corresponding evolution of intra-
molecular lattice deformation, while panels (c), (f ), and (i) display the intermolecular bond length distortions.
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6 ps, the carrier travels a distance of 4.8 nm, indicating a sig-
nificant reduction in transport inertia. Notably, unlike the case
of Jy0 = 0.5Jx0, the central region of the polaron maintains a well-
defined red tone throughout the entire motion, without any
signs of dynamical delocalization. This behavior persists even
when Jy0 = 0, with the only difference being that the carrier
exhibits greater speed, consistent with the previous findings
presented in Fig. 3.

While the charge density dynamics provide valuable
insights into the polaron motion, it is important to consider
that this carrier also involves phonon clouds. To capture this
aspect, we present the dynamics of intramolecular lattice dis-
placement at row j = 10 for different anisotropy regimes in
Fig. 4(b), (e), and (h) corresponding to Jy0 = 0.5, 0.2, and 0.0Jx0.
In these figures, the red regions indicate a negative value of
ui,j, i.e., the internal contraction of a C60 molecule. Conversely,
the blue regions represent its expansion, while the white areas
indicate no changes in the intramolecular displacements.

In Fig. 4(b), a localized red structure can be observed,
which aligns with the polaron’s local charge density accumu-
lation shown in Fig. 4(a). This deformation corresponds to the
intrinsic intramolecular phonons of the quasiparticle, charac-
terized by a series of contracted sites as seen in Fig. S2(a)–(c).†
As time progresses, these contractions move collectively with
the polaronic charge. By 1.5 ps, as the polaron shifts away
from the sites near the 10 nm position, the region exhibits a
subtle alternating blueish pattern.

The release of these fixed phonon breathers, indicated by
the alternating blueish pattern, serves as a relaxation mecha-
nism that occurs once the polaronic charge passes over those
sites. In this process, the molecule retains some of the polaron’s
energy as an oscillating pulse. Fig. 4(e) and (h) illustrate that
this mechanism becomes more pronounced in highly aniso-
tropic configurations, leading to the appearance of more ener-
getic phonons. This observation helps explain the tendency for
ν to decrease with isotropy. As the polaron approaches a 1D qua-
siparticle, the relaxation process involving intramolecular
phonons becomes more favorable, resulting in more sites along
the molecular line containing the polaronic charge displaying
non-zero values of ui,j. Consequently, the total lattice intra-
molecular energy Hintra increases correspondingly.

To provide a comprehensive understanding of the polaron
motion, we now turn to the intermolecular vibrational effects.
In Fig. 4(c), (f ), and (i), we observe the dynamics of the longi-
tudinal bond length distortion Δxi,j at row j = 10 for different
anisotropy levels: Jy0 = 0.5, 0.2, and 0.0Jx0, respectively. Regions
displayed in red indicate bond expansion, while yellow tones
represent contraction. Interestingly, regardless of the an-
isotropy level, there is a distinct pulse (propagating phonon
modes) following the same trajectory as the charge density and
ui,j heatmaps. This pulse corresponds to the polaron’s inter-
molecular lattice deformation, wherein the collective distor-
tion tracks the localized charge density.

The presence of the intermolecular lattice deformation
signal is evident in all three configurations, but its strength
increases with higher anisotropy levels. This observation

aligns with the findings in Fig. S2,† where it was demonstrated
that reducing dimensionality enhances the formation of more
pronounced bond length distortions along the row intersecting
the central region of the carrier. Notably, in Fig. 4(c), as soon
as the quasiparticle initiates its motion, two identical pulses
are emitted in opposite directions. This phenomenon recurs
each time the polaron transitions from one site to its adjacent
neighbor, albeit with decreasing magnitude, resulting in shal-
lower phonon wave releases. These intermolecular phonons
are related to the relaxation mechanism for the polaron’s
motion.

At around 3 ps, the most pronounced bond distortions reach
a collision point due to the periodic boundary conditions.
Consequently, the backward sound wave encounters the local
deformation of the polaron, leading to a brief yellow signal at
6 ps in all cases. The intensity of the released phonons varies
with different levels of anisotropy. In Fig. 4(f) and (i), only recoil
phonons are emitted, moving in the opposite direction of the
polaron’s motion. These distortions exhibit greater depth com-
pared to the case of Jy0 = 0.5Jx0 (see Fig. 4(c)), and their strength
increases with higher anisotropy levels.

To gain a comprehensive understanding of the system
dynamics, it is necessary to evaluate the dynamical properties
of all configurations within the appropriate parameter space.
Fig. 5(a)–(c) present the drift velocity (Vd) heatmap as a func-
tion of the ratio between the hopping integrals and Jx0 for the
field strengths E0 = 1, 2 and 3 meV Å−1, respectively. Hot colors
indicate configurations with fast polarons, while cold colors
represent slower carriers. As can be seen, the three heatmaps
display qualitatively the same behavior. It can be observed that
when Jy0 ranges from 0% to 30% of the x-direction hopping
constant, the drift velocity (Vd) appears to be insensitive to the
magnitude of Jx0. This trend arises due to the similar effective
masses of polarons under the influence of these transfer
integrals.

Anisotropy, on the other hand, promotes the formation of
faster carriers. The situation changes slightly when the value
of Jy0 exceeds the previously mentioned threshold. In such
cases, higher values of Jx0 can lead to immobile carriers, deviat-
ing from the earlier uniform response. This outcome aligns
with the findings in Fig. 2 regarding polaron stability. Overall,
we estimate that the carrier velocity within the qHPC60 is
approximately 0.5–1.5 nm ps−1. This value is considerably
lower than the velocities observed in typical OMCs (for
instance, pentacene), around 2.6 nm ps−1.36 This disparity is
expected since the network links in the qHPC60 are signifi-
cantly longer than the intermolecular spacing in common
OMCs, and they possess relatively larger Kinter and αinter values.

When it comes to quantitative analysis, the changes in the
transport due to the field strength are significant. All the
polaron velocities grow in magnitude when progressing E0
from 1 to 3 meV Å−1. This effect is especially pronounced for
configurations with medium anisotropy levels (25–50%). In
those cases, the velocity gain was up to 1 nm ps−1. This effect
is due to the energy transfer from the electric field to the
polaron. The greater the field magnitude, the higher the
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energy given to the carrier. The result for the dynamics is a
greater momentum gain for the carrier. Similar behavior is
reported for OMCs37 and other organic materials.47,53,57,58

It is worth mentioning that the drift velocity Vd is smaller
than the bare sound velocity of the network, denoted as
Vs ¼ a0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kinter=Minter

p
.36 In this case, Vs is equal to 2.4 nm ps−1.

The reason for this difference lies in the nonadiabatic nature
of the polaron’s drift. For the transport to occur, the carrier
needs to receive energy from the electric field to overcome the
potential energy barrier, enabling motion from one molecular
site to another. This mechanism involves a characteristic
expansion/contraction of the local charge density, which takes
a transient time, effectively limiting the polaron velocity.59

The phonons, on the other hand, are not subject to this
constraint. They transition through the lattice without delay,
as their drifting does not encounter similar barriers. The only
exceptions occur when these pulses collide with other defor-
mations, which can temporarily affect their motion, a phenom-
enon that has been widely reported.53,56,58,60 Furthermore, the
sound velocity of the network is considerably lower than esti-
mates for OMCs, which typically range between 4.0–8.6 nm
ps−1.61 This difference is attributed to the significantly higher
mass Minter of the C60 molecules. Consequently, the resulting
velocity is penalized when compared to lighter molecules.

As a final result, we present the temporal mean IPR in
Fig. 5(b), using the same coloring convention as Fig. S1† but
with a narrower range of [0.3–0.55] for better resolution of subtle
variations between the configurations. The mean IPR is calcu-
lated based on the first 5 ps of simulation to avoid artificial con-
tributions from pulse collisions with the polaron charge.

A closer analysis reveals a correlation between IPR and Vd.
Regions with low isotropy levels exhibit high IPR values, while
these values progressively decrease as the ratio Jy0/J

x
0 increases.

This relationship arises because anisotropy shapes the mor-
phology of the polaron, aligning it with the x-direction, which
is also the orientation of the electric field. Consequently, trans-
port inertia decreases, resulting in an enhanced velocity gain.
Simultaneously, the preferred direction has a smoothed poten-
tial energy barrier associated with the motion, enabling the
polaron to maintain its dynamical cohesion.

As expected, a yellow region is observed in the upper right
corner of Fig. 5(b), indicating immobile carriers (Vd = 0). This
region corresponds to the blue-colored area of the upper
heatmap in Fig. 5(a). However, apart from this particular spot,
the overall dynamical stability is widely observed across the
entire parameter space. These results provide evidence for the
robust structural cohesion of large polarons, strongly
suggesting their existence in qHPC60.

Interestingly, the dynamical properties of the carriers show
little variability with respect to key parameters such as Jx0,
which reinforces the reliability of our findings. The only
notable exception is the anisotropy level, which has been
extensively investigated, although a specific value cannot be
pinpointed.

4. Conclusion

In summary, our theoretical investigation focused on under-
standing the charge transport mechanism in the newly syn-

Fig. 5 Dynamical properties of polarons in qHPC60. In panel (a)–(c), the drift velocity (Vd) heatmap is presented as function of Jx0, and the isotropy
ratio Jy0/J

x
0 for the field strengths E0 = 1, 2 and 3 meV Å−1. Hot colors refer to configurations with fast carriers, while cold tones indicate slower polar-

ons. At panels (d)–(f ), the corresponding mean IPR heatmaps are displayed.
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thesized fullerene network, qHPC60. We proposed a model
Holstein–Peierls Hamiltonian and explored the associated
parameter space. Our results provide compelling evidence that
large polarons are the predominant charge carriers in this
system, demonstrating remarkable stability.

We conducted a detailed analysis of the carriers’ mor-
phology, revealing a complex interplay between electronic and
lattice interactions. Notably, we found that anisotropy plays a
crucial role in ensuring the carriers’ stability, particularly in
the presence of an external electric field. These findings shed
light on the intricate mechanisms governing charge transport
in qHPC60 and contribute to a deeper understanding of its
unique properties.

Anisotropy plays a crucial role in shaping the morphology
of the carriers, leading to a significant reduction in transport
inertia along a preferred direction. Our analysis suggests that
the network exhibits a minimum anisotropy coefficient of
50%, which aligns well with the material’s spatial arrangement
and experimental observations.20

In the isotropic model qHPC60 systems, polarons exhibit
significant transport inertia. As the lattice deformations
extend throughout the entire lattice in the isotropic case, the
energy required to mobilize the polaron becomes substantial.
In other words, the carrier possesses a high effective mass. In
anisotropic qHPC60, the polaron effective mass is reduced
since charge and intermolecular lattice deformations are more
localized, which favors the charge transport mechanism.

The motion of polarons in model qHPC60 is a collective
phenomenon sustained by the continuous release of intra- and
intermolecular phonons. Our calculations indicate that the
carrier can achieve velocities ranging from 0.5 to 1.5 nm ps−1,
depending on the degree of anisotropy. This study provides
valuable insights into the charge transport dynamics of
qHPC60, highlighting its potential as an efficient component
in optoelectronic devices.
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