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ABSTRACT: Two-dimensional C60 crystals are treated with a Holstein−
Peierls model that takes into account both intra- and intermolecular
vibrational modes to describe charge transport. By virtue of this procedure,
we obtained the set of values for intra- and intermolecular electron−phonon
coupling that makes it possible to study stationary properties of polarons as
well as to investigate the transport regime of the charge carriers. This is
carried out by considering the presence of anisotropy of electronic terms and
effects because of the application of external electric fields. We have mapped the regimes in which polarons of different nature
each endowing the system with different propertiesare observed.

■ INTRODUCTION

Organic semiconductors have received great attention from
industry and the scientific community since the discovery of
conducting polymers in the second half of the 20th century.1,2

These materials are exciting potential replacements for
inorganic materials as far as the manufacture of devices that
capture, control, and emit light3 is concerned. Indeed, organic
optoelectronics has a significant number of advantages over
inorganic devices: favorable mechanical properties, with the
possibility of making thinner and more malleable devices;
superior optical properties, enabling the production of
transparent devices; and a more sustainable energy generation
and fabrication process, which is dependent on abundant
resources and includes the possibility of recycling,4−9 are just a
few of the many points that deserve mentioning.
Organic semiconductors can be broadly divided into three

major categories: organic polymers, amorphous films, and
molecular crystals. Among these classes, charge carriers in the
latter are the ones that tend to present the highest mobility and
have, for this reason, been the go to material to conceive the
next generation of high-performance organic field-effect
transistors.10 Molecular crystals are quasi-crystalline materials
whose unit cells are composed of whole molecules, instead of
one or two isolated atomic species. These molecules interact
via several different interactions, the most common not only
being of van der Waals (vdW) nature but also being possible to
be mediated through multipole interactions, π-stacking,
hydrogen bonds, London dispersion forces, and others. Some
of the interesting properties of organic molecular crystals
comes from the fact that although inside the unit cell, strong
covalent interactions make the system stable, the weak
interactionsuch as vdWbetween cells provides flexibility
to the material. From this consideration follows the fact that
organic molecular crystals make up a class of organic

semiconductors that present two main types of vibrational
modes: intramolecular modes (Holstein type) originated from
the strong C−C bonds and usually considered in an harmonic
approximation (provided the displacements are not too large)
and intermolecular modes (Peierls type) governed by vdW
interactions and typically modeled by Lennard-Jones poten-
tials.11,12 This class of system has been extensively studied in
the scope of charge transport13−20 because of the interest of
the scientific community on these systems and the importance
of their properties. The idea is that a deep understanding of the
transport mechanism is a necessary condition to achieve higher
efficiency of organic optoelectronic devices.
Among the constituents that can form crystals of interesting

properties, a specific molecule is specially promising: C60, also
known as buckminsterfullerene. Isolated C60 molecules are
stable species that present a high electron affinity and a
number of favorable mechanical properties. This makes them
good candidates to electron acceptors in bulk heterojunction
photovoltaics,21 among other uses.22,23 Because of the high
range of potential applications, this system has been, by itself,
the focus of many discussions from the scientific community.
Although the very possibility of the stability of molecular
crystal based in C60 dates from over a decade,24 it was not until
recently that the stability of such compound has been
definitively established,25 thus opening the path for a whole
new avenue of possibilities in the field of organic electronics.
Necessary to the development of this technology is a
comprehensive understanding regarding the charge transport
in the material.

Received: January 23, 2019
Revised: May 14, 2019
Published: May 17, 2019

Article

pubs.acs.org/JPCCCite This: J. Phys. Chem. C 2019, 123, 13410−13418

© 2019 American Chemical Society 13410 DOI: 10.1021/acs.jpcc.9b00705
J. Phys. Chem. C 2019, 123, 13410−13418

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
p
u
b
s
.
a
c
s
.
o
r
g
/
j
p
c
c
c
k
/
a
r
t
i
c
l
e
-
p
d
f
/
1
2
3
/
2
2
/
1
3
4
1
0
/
1
2
8
9
5
9
0
3
/
j
p
9
b
0
0
7
0
5
.
p
d
f
 
b
y
 
U
N
I
V
 
D
E
 
B
R
A
S
I
L
I
A
 
u
s
e
r
 
o
n
 
0
5
 
A
u
g
u
s
t
 
2
0
2
6

pubs.acs.org/JPCC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.9b00705
http://dx.doi.org/10.1021/acs.jpcc.9b00705


Some interesting works regarding charge transference have
dealt with C60 clusters, rather than the crystal. For instance,
Tamura and Tsukada had studied the electron transport in C60
aggregates using density functional theory to obtain electronic
transfer integral and vibration coupling, with calculations of
quantum dynamics based on a parametrization from first
principles. They presented the electronic transfer integral for
the three possible cases of interaction between molecules of
C60, that is, when the polygon parallel to two molecules of C60
contained two, five, or six carbon atoms. It was shown that the
electronic transfer integral is an anisotropic term, with one
direction corresponding to approximately 10% of the value in
another direction.26 Undoubtedly, their effort consists in a first
step toward the understanding of charge transport in a C60,
although falling considerably short from the molecular solid
picture. Indeed, the crystal orientation and the interaction of
several sites are expected to provide the system with drastically
different properties, such as possible quasi-particle description.
Still, there is a lot of merit in their work, particularly when
showing the importance of considering anisotropy and on
pointing for the need to investigate the charge transport
behavior. The most immediate gap to be filled consists of
studying the transport picture in actual C60 solids, considering
anisotropy and the effect of the interaction between the
electronic and the lattice degrees of freedom of the system.
In this work, we tackle this issue by considering a Holstein−

Peierls type model that is applied to a two-dimensional C60
crystal in order to investigate charge transport within the
system in the framework of a Ehrenfest molecular dynamics.
Importantly, Zhao and co-workers have developed a numerical
exact methodnamed Dirac−Frenkel time-dependent varia-
tional approach with the Davydov Ansatzwhere the accuracy
of the simulated dynamics is significantly enhanced in
comparison with the semi-classical Ehrenfest dynamics.27−39

Nevertheless, the results obtained in our previous studies17−19

ensure that the method developed by us can predict,
qualitatively, the stationary and dynamical properties of
polarons in model organic crystals. In this sense, we begin
by studying the influence of electron−phonon (e−ph)
coupling on the static properties of the system and, through
this approach, observed that, depending on the system’s
parameters, a quasi-particle mechanism is observed. In other
words, we describe the combination of parameters that make it
possible for polarons to arise as charge carriers. After this static
characterization, we performed an analysis on the system’s
dynamics. By applying external electric fields together with the
presence of anisotropy on both directions of the crystal, the
response of the charge carrier is investigated. We found that,
depending on the very combination of these parameters,
polarons of different natures are obtained, thus providing the
system with different properties.

■ METHODOLOGY
In our calculations, the C60 crystal is approximated by a two-
dimensional molecular matrix in which each site of the system
represents a C60 molecule in its i (line) and j (column)
address, as described by Figure 1. The monolayer intermo-
lecular interacting nature of the model considers each site
interacting with four neighbors. Our representation considers
two types of electron−lattice interactions. The local intra-
molecular mode with displacement ui,j is coupled to the
electronic system by the intramolecular e−ph coupling α1,
whereas the intermolecular interactions are inserted by means

of transfer integrals Ji,j;i′,j′
x,y between neighboring sites (i,j) and

(i′,j′), with displacements vi,j
x and vi,j

y . Such variables are
obtained from the displacement of a molecule, from
equilibrium, relative to the adjacent, which are coupled by
the intermolecular e−ph coupling α2

x,y, in the x and y
directions, respectively, as shown in Figure 1.
From the representation discussed above, the total

Hamiltonian of the system is given by

= +

= + + +
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where force constants K1 and K2 and masses M1 and M2 refer
to the intra- and intermolecular oscillators, respectively.
The electric field is assumed to be static and is implemented

in the x-direction, being included in the model by a time-
dependent vector potential Ax(t) = −cE0xt so that electronic
transfer integrals are defined by

α γ= − −+ +J J v v i A t( ( )) exp( ( ))i j i j
x x x

i j
x

i j
x

x, 1; , 0 2 , 1 , (6)

Figure 1. Representation of the Holstein−Peierls model of the
system: a two-dimensional molecular matrix. Here, vi,j;i′j′

x and vi,j;i′j′
y

represent the displacement of the (i,j) site regarding the next-
neighboring (i′,j′) site in the directions x and y, respectively, whereas
ui,j shows the distortion of the site (i,j).
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and

α= − −+ +J J v v( )i j i j
y y y

i j
y

i j
y

1, ; , 0 2 1, , (7)

E0x is the electric field strength, and γ = ea/ℏc, where e is the
absolute electronic charge, a is the lattice constant, and c is the
speed of light.
In this work, the focus is the analysis of the values of the

intra- and intermolecular e−ph couplings and their influence
on polarons of isotropic and anisotropic systems. The polaron
dynamics is also investigated considering the anisotropy of the
system under different external electric field regimes. Here, the
following set of parameters are adopted: J0

x = 100 meV, J0
y varies

in the interval [0−100] meV, α1 and α2 vary in the interval [0−
5] eV Å−1, K1 = 16.51 eV Å−2, K2 = 0.51 eV Å−2, M1 = 7.5 ×
1010 eV(as/Å)2, M2 = 1.5 × 1011 eV(as/Å)2, a = 3.0 Å, and E0x
varies in the interval [0.8−3.2] mV/Å. All simulations were
performed in 20 × 20 lattices with periodic boundary
conditions. The parameters used here were obtained from
our calculations and also from other successful theoretical and
experimental works.26,40−46 Importantly, the geometry of the
system is optimized using the resilient backpropagation,
RPROP, algorithm.47 The equations and the procedure
adopted here to obtain the initial geometry are well described
in ref 12.
The electronic dynamics is described by the time-dependent

Schrödinger equation (TDSE)

ψ ψℏ ̇ =i i j t H i j t( , , ) ( , , )elec (8)

By introducing instantaneous eigenstates, the solution of
TDSE at each instant can be expressed in the form

∑ ∑ψ ϕ ψ
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+ Δ = * ′ ′ ′ ′
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ÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö
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(9)

with δ = −iεlΔt/ℏ. ϕl(i,j) and εl are the instantaneous
eigenfunctions and eigenvalues for the electronic part of the
Hamiltonian at a given time t, respectively.48

Newtonian equations of motion for the molecules in the
molecular array govern the intramolecular displacements with

α
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, ; , (10)

and the intermolecular displacements
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where ρi,j;i′,j′(t) is the electron density matrix given by

ρ ψ ψ= *
′ ′ ′ ′t t t( ) ( ) ( )i j i j i j i j, ; , , , (13)

It is well known that the C60 molecules are found to be
arranged in a perfect hexagonal pattern within a crystalline
structure.49 However, in our model for the C60 crystal, each
molecule has only two neighbors in x- and y-directions
following the orientation of the applied electric field. In the
context of this approach, the charge localized in a particular
molecule can drift only to its next-neighboring one according
to the direction of the electric field. Moreover, most of the
charge lies in a unit of the molecular crystal, and the next-
neighboring ones (in both directions) share the small
remaining part. Consequently, the polaron transport occurs
in the linear direction where most of the molecular charge is
placed. The square lattice is convenient approximation for the
number of neighbors and the fixed direction for the applied
electric field. In this kind of approach, only two neighbors are
neglected regarding the hexagonal lattice. These neighbors are
always out of the polaron transporting line because of the
orientation of the applied electric field. We believe that, if a
square lattice were stable, there would be a small difference in
the polaron localization regarding the hexagonal lattice. In
organic materials, different charge localizations lead to
variances in the carrier’s effective mass that, consequently,
would change its drift velocity. Quantitatively, there would be a
small difference between the two lattices when it comes to the
polaron localization and its underlying properties. However,
the charge transport mechanism would be qualitatively the
same.

■ RESULTS
In this section, we present the findings and discussions
regarding the charge transport in C60-crystals. All of the
calculations were performed in a 20 × 20 molecular crystal
with periodic boundary conditions. We should point out that
we have also performed preliminary calculations for other sizes
of the molecular crystal. The results presented here, however,
provided the best compromise between accuracy of the data
and computational feasibility.
The constraint of periodic boundary conditions is enforced

by

∑ ∑− = − =+ +v v v v 0
j

i j
x

i j
x

i
i j
y

i j
y

, 1 , 1, ,
(14)

In order to allow for a better understanding of our results,
we divide the present section into two subsections: the first
one considers the influence of intra- and inter-e−ph coupling
on polaron stability as well as on the kind of charge carrier
generated and the second exploits the effects of external
electric field and anisotropy on polaron dynamics.
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Polaron Nature and Stability. By considering the
Holstein−Peierls model, we are taking the intra- and intersite
contributions into account. For a quasi-particle solution to
arise in analogy with what happens in other organic
semiconductors,50,51 the degrees of freedom of the electronic
part must be coupled to those of the lattice. In our model, this
is accomplished by the presence of the e−ph coupling
constant, whose value, although not yet reported in the
literature for the given system, is crucial to the understanding
of the charge transport mechanism in organic crystals. It is to
say: depending on such values, a more localized or more
delocalized charge distribution can be obtained. In order to
assess to what degree a given localization corresponds to a
quasi-particle, as well as to determine the kind of the obtained
structure, we consider the inverse participation radius (IPR)
defined as

ρ

ρ
=

∑ | |

∑ | |( )
IPR i j i j

i j i j

, ,
2

, ,

2

(15)

The IPR is a dimensionless charge localization measure in
the sense that the more spread the charge in the lattice, the
lower the IPR. It varies from 0.0, indicating a completely
delocalized charge, to 1.0 associated with complete local-
ization. This is clearly a function of both the intra- and
intermolecular e−ph couplings, as shown in Figure 2, which

represents a mapping between these parameters and the IPR.
As can be noted, the system’s IPR depends on both the charge
distribution and the geometry characteristic of each state.
The analysis of IPR conducted from Figure 2 shows that

there are four distinct types of polaron solution in these
systems depending on the combination of the e−ph constants
employed. The first regime (represented by the white region)
consists of small values of α1 (<3.0 eV Å−1 and α2 (<0.5 eV
Å−1) that do not present enough magnitude to trap the amount
of extra charge that originates the polaron. For this reason, it is
called a free-electron-like solution, that is, there is no formation
of polarons. A distinct pattern arises for the region associated
with small α1 (<2.5 eV Å−1) but intermediate values of α2
(between 0.5 and 2 eV Å−1). In this case, a metastable polaron
solution is achieved because of the intermolecular entrapment
of charge caused by the respective lattice deformation. Because

of the small intramolecular coupling, however, the physical
solution is not dynamically stable in the presence of an external
electric field. Moreover, even in the stationary case, in the
presence of anisotropy, this solution is not obtained, where in
the isotropic case, the electronic charge density is distributed
in four sites. The region with α1 large (>3 eV Å−1) and small
α2 (<0.5 eV Å−1) has a “small polaron” solution (or Holstein
polaron solution52,53), in which the IPR is higher than 0.75,
and the additional charge of the system is mainly concentrated
in a single molecular unit. This is due to the fact that α1 large
and α2 small reflect the charge being strongly coupled to the
intramolecular distortions of the system but feeling inter-
molecular deformations of the lattice very little. This results on
the imprisonment of charge into a single molecular unit.
Finally, the orange colored region is known as the “large
polaron” solution (or Fröhlich polaron solution54). It
corresponds to an IPR between 0.4 and 0.75, with the excess
charge on the crystal mainly distributed in a central molecular
unit and the remainder in its first four neighbors. This solution
locally polarizes the system, involving approximately five lattice
sites. This solution proves to be the most dynamically stable
among the four types of solution. As a remark, one can clearly
see that depending on the relation between the two e−ph
constants, rather different charge distributions are obtained
which, in turn, is reflected in systems with different transport
properties.
From the previous results on the localization of charge as a

function of the e−ph couplings, we adopt the values of α1 = 3.0
eV Å−1 and α2 = 0.4 eV Å−1 to specifically describe the
properties of a characteristic large polaron solution in organic
crystals of C60. In Figure 3, we further characterize the system

now in terms of symmetry arguments over the charge
displacement. It can be seen that 0.5 e is located in a single
central unit, whereas approximately 0.4 e is equally distributed
among its nearest four neighbors. The intramolecular
distortions and intermolecular deformations observed here
are qualitatively similar to the ones previously presented in the
literature.
As it would be expected, the geometry of the system changes

when anisotropy is taken into account. We carried out several
simulations by varying J0

y in the interval [0−100] meV and look
at the IPR to understand the polaron localization in the system
for different degrees of anisotropy. Table 1 presents the values
obtained and from that one can conclude that there are only
two types of polaron configuration in the entire observed

Figure 2. IPR as a function of α1 and α2. Four different regimes,
associated with polarons of different natures, are observed depending
on the combination of e−ph couplings.

Figure 3. Molecular charge density in an isotropic C60 molecular
crystal with α1 = 3.0 eV Å−1 and α2 = 0.4 eV Å−1.
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anisotropy spam: from 66 meV (intermediate anisotropy) to
100 meV (no anisotropy), the IPR lies in the range of 0.75−
0.79. This corresponds to a large polaron solution with two-
dimensional characteristics, as shown in Figure 3. It has a slight
change in the molecular charge density in the two molecules
near the polaron center through the y-direction. The charge
density in these two molecular units decreases slightly, with the
charge being transferred to the central unit of polaron. On the
other hand, for J0

y ranging from 0 (high anisotropy) to 65 meV
(intermediate anisotropy), although the solution remains that
of the large polaron type, it presents one-dimensional
characteristics, and the center of the polaron now consists of
two molecular units, containing approximately 0.35 e each.
The remaining 0.3 e is equally distributed among the six
neighbors of the two polaron core molecules (0.05 e each), as
can be observed in the upper left panel of Figure 4. It presents
the deformations of the crystalline lattice in the presence of
additional charge. The upper right panel presents the
intramolecular distortions of the system, from which a behavior
very similaronly opposite in signto that of the molecular
charge density can be inferred. The negative values indicate
that the molecules compress proportionally to the presence of
charge density. The lower left panel shows the bonding length
of the molecules in the x direction (vi,j+1

x − vi,j
x ). The presence

of the additional charge can be attributed to the two molecules

that compose the polaron, and as a result, the other sites of the
same molecular line have moved away because of the
approximation of the molecules to the polaron center. The
lower right panel represents the bond lengths in y direction
(vi+1,j

y − vi,j
y ), which have lower intensity due to the

implemented anisotropy of the system. Because the probability
amplitude of the hopping of the electron is smaller in one
direction, the deformations of the system in that direction will
correspondingly decrease. Note that in the y direction, two
molecular columns undergo deformations, distancing them-
selves from one another when far from the center of the
polaron. This is due to the approximation of the molecules
near the molecular charge center. It is also worthy to mention
that once the deformation intensity is lower, the effective mass
of the polaron is even smaller, making anisotropic systems
more propitious to transport, as will be discussed later.
It is worthwhile to highlight that Figures 3 and 4 present

essential aspects related to the charge localization and lattice
configuration for our model lattice containing a polaron. As
depicted in Figure 3, the polaronic charge lies in five molecules
with its main contribution (approximately 48%) residing on a
single central site. When it comes to the intermolecular relative
displacements, it is possible to note in Figure 4 that there is a
contraction (negative displacements) presented by the two
next-neighboring molecules regarding the central one contain-
ing the polaronic charge. These contractions are followed by
expansions (positive displacements) on the direction through
the row of the molecular array where the central molecule is
localized. We have noted that the dynamical properties for the
polaron do not change when we consider bigger lattices no
matter what the reach of the bond elongations within the row
of the molecular array containing the central polaron molecule.

Polaron Dynamics. We are now in the position of
describing the time-dependent behavior of the quasi-particles
in C60 crystals. Polarons of different nature, such as discussed
in the previous section, are expected to possess different
properties as far as their dynamics is concerned. Therefore,
after obtaining a given static solution depending on the
parameters chosen, we evolved the system in time using the
Ehrenfest molecular dynamics methodology. This is accom-
plished in the presence of external electric field and electronic
anisotropy, both for the transfer integral and for the

Table 1. IPR as a Function of J0
y

J0
y [meV] IPR

0 0.49744
10 0.49743
20 0.49734
30 0.49706
40 0.49634
50 0.49485
60 0.49215
65 0.49020
66 0.79653
70 0.79630
80 0.79040
90 0.77716
100 0.75799

Figure 4. Polaron geometry in anisotropic two-dimensional C60 system with J0
y = 50 meV, α1 = 3.0 eV Å−1 and α2 = 0.4 eV Å−1.
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intermolecular e−ph coupling. In order to do so, we use the set
of parameters presented in the Methodology with standard
values of α1 = 3.0 eV Å−1 and α2 = 0.4 eV Å−1. The dynamics
evolution of the system is obtained from Euler−Lagrange
equations, which are integrated using the Brünger−Brooks−
Karplus integrator.55,56

In this work, we chose to investigate the time evolution of
the charge carrier by defining its molecular charge center. This
is done by resorting to the following average

∑
π

π ρ= ̅
=

x t
Na il

N
t( )

2
arg exp

2
( )

l

N

lp
1

i

k
jjjjjj

i
k
jjj

y
{
zzz

y

{
zzzzzz (16)

where N is the number of molecules and a is the lattice
constant. ρl is the one-dimensional charge density. By tracking
this quantity, we follow a representative description of the
polaron while it moves through the lattice. Please note that the
polaron velocity is derived from the position of its center of
mass (xp).
For a fixed external electric field of 2.0 mV/Å, Figure 5

presents the time evolution of the molecular charge center for
different degrees of anisotropy in the main panel (panel a) as
well as the evolution of the IPR for each case in the inset
(panel b). Each line corresponds to a given ratio of J0

y as
compared to J0

x. When these two quantities are equal, it means
that the lattice is isotropic. A clear aspect to be noted from this
figure is the presence of well-defined phase transitions in the
transport behavior of the polaron depending on the anisotropy
pattern. Note that for high degrees of isotropy, the polaron
cannot hop, so that there is no transport. This occurs for J0

y >
65 meV, which agrees with Table 1, showing that for polaron
solutions qualitatively similar to that presented in Figure 3,
there is no polaron dynamics. This is due to the high value of
the effective mass of the charge carrier, which cannot displace
all deformations in the y-direction along with the additional
charge (which is coupled to the distortions due to e−ph
coupling). This result is reinforced by the data in panel b,
where it can be observed that for higher transfer integrals in y-
direction (lower anisotropy and higher values of IPR due to
the fact that the polaron is wider when it is mainly in a single
direction), the IPR varies little in time, showing only the
relaxation−compression of the polaron because of the energy
gain of the electric field, but without being able to perform a
leap from one molecule to another. On the other hand, for J0

y

between 30 and 60 meV, it can be observed that there is
polaron transport, although the maximum reach of the quasi-

particle is still very small. For J0
y = 20 meV is noted that not

only the scope of the polaron is higher than that in the lower
degrees of anisotropy but also polaron movement is slowed by
this small degree of isotropy. For J0

y between 0 and 10 meV, on
the other hand, the transport is barely retarded because of the
high degree of anisotropy. In order to obtain the critical value
that defines the different regimes between which the carrier is
and is not retarded by the degree of anisotropy, simulations
were performed for J0

y in the interval of [10−20] meV. It was
obtained that J0

y = 17 meV as the maximum value for which the
isotropy of the system does not influence the transport. This
shows that our model can successfully describe the influence of
the anisotropy with respect to the transfer integral, as it has
roughly rescued the critical anisotropy level described by
previous works in the literature (around 10%).26 Panel b of the
figure also shows how hopping transport occurs in these
materials. The oscillation of IPR in time is an expression of the
dynamical process. The charge compresses basically into a
single molecular unit then expands by distributing itself over
two sites and subsequently compressing itself again in the new
molecule, finalizing the process of transporting from one
molecule to another in the system.
After understanding how the charge transport occurs for

different degrees of anisotropy of the transfer integral, we now
turn to the discussion of how the system behaves when
anisotropy is considered as a function of the e−ph coupling.
Because both J0 and α2 make up the final value of the transfer
integral, the e−ph coupling is directly connected to the lattice
deformations. Figure 6 shows the velocity of the charge carrier
as a function of α2

y and J0
y (both as a ratio to the value in the x-

direction). In the figure, it is observed that for the isotropic
case of both parameters, the velocity is practically null. On the
other hand, it also shows that isotropic transport exists in one
of the settings, provided that the other is highly anisotropic. In
fact, for J0

y < 17 meV, there exists the polaron dynamics even if
α2 is isotropic (Figure 5), whereas for J0

y = J0
x, the velocity

begins to increase for α2
y < 0.24 eV Å−1. Another essential point

to be mentioned is that the dynamics is more strongly retarded
by the anisotropy of the transfer integral in relation to that of
the e−ph coupling. Such anisotropy leads to the highest
velocity obtained, including the case when J0

y = 0 meV and
even when compared to α2

y = 0 eV Å−1. Therefore, a reasonable
choice to maintain the two-dimensional characteristics of the
polaron and to obtain transport of the charge carrier would be
J0
y and α2

y equal to 0.6 of the value of the same parameters in
the x-direction.

Figure 5. Time evolution of (a) molecular charge center and (b) IPR, for different anisotropy regimes, with external electric field of intensity of 2.0
mV/Å.
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We conclude the present work with an analysis of the
behavior of the transport as a function of the electric field.
Figure 7 presents the polaron dynamics for a two-dimensional

anisotropic hopping with J0
y = 15 meV and isotropic e−ph

coupling. This analysis is carried out so that we can verify the
anisotropy effect of hopping and the influence of different
electric field intensities over the system irrespective of the
direction of propagation. It is possible to observe that for E0x ≤
1.6 mV/Å, the polaron can move very little. For larger electric
fields, the range of the polaron is greater, as it would be
expected, but its velocities always lie in the subsonic regime.
Another essential property to mention is that the polaron does
not lose its stability because of the applied electric field
strength (3.2 mV/Å is considered relatively high). This shows
that the system with one-dimensional characteristics (due to
hopping anisotropy) is more stable than the system with
distinctly two-dimensional (isotropic) characteristics.

■ CONCLUSIONS
A Holstein−Peierls model was applied to describe the charge
transport in molecular crystals of C60. We investigate the set of

parameters used to describe the system, from the static and
dynamic properties of the polaron. In our results, we obtain the
values of the e−ph couplings that characterize a large polaron
solution and verify the anisotropy effects in the stationary
configuration of the polaron. Following, we used the obtained
geometries to describe the system’s dynamics. This was carried
out by performing several simulations where the time evolution
of the charge carrier was investigated against the effects of
anisotropy and the influence of external electric fields. Our
results suggest that polaron dynamics occurs in C60 when
hopping in one direction corresponds to a maximum of 0.17 of
the hopping in the other direction. Also, we found that
regardless of the degree of anisotropy of the system, the
polaron solution appears only in two different ways, with an
IPR of approximately 0.5 or 0.75. Concerning different
intensities of the electric field, the polaron moves in a subsonic
regime and is stable even in the presence of relatively high
electric fields (3.2 mV/Å).
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(55) Brünger, A.; Brooks, C. L.; Karplus, M. Stochastic boundary
conditions for molecular dynamics simulations of ST2 water. Chem.
Phys. Lett. 1984, 105, 495−500.
(56) Izaguirre, J. A.; Catarello, D. P.; Wozniak, J. M.; Skeel, R. D.
Langevin stabilization of molecular dynamics. J. Chem. Phys. 2001,
114, 2090−2098.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b00705
J. Phys. Chem. C 2019, 123, 13410−13418

13418

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
p
u
b
s
.
a
c
s
.
o
r
g
/
j
p
c
c
c
k
/
a
r
t
i
c
l
e
-
p
d
f
/
1
2
3
/
2
2
/
1
3
4
1
0
/
1
2
8
9
5
9
0
3
/
j
p
9
b
0
0
7
0
5
.
p
d
f
 
b
y
 
U
N
I
V
 
D
E
 
B
R
A
S
I
L
I
A
 
u
s
e
r
 
o
n
 
0
5
 
A
u
g
u
s
t
 
2
0
2
6

http://dx.doi.org/10.1021/acs.jpcc.9b00705

