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Abstract: This work is devoted to consideration and analysis of the application of molecular
dynamics simulation (MDS) methods to the study of nanosized polymer polyvinylidene fluoride
(PVDEF) thin ferroelectric films (two-dimensional ferroelectrics) and their composites with graphene
layers: 1) to study and calculations of the polarization switching time depending on the electric field
and PVDF film thickness; 2) to study and calculations of the polarization switching time
depending changes of the PVDF on PVDE-TrFE film; 3) to study the polarization switching time
in PVDF under influence of graphene layers. All calculations at each MDS step were carried out
using quantum semi-empirical methods PM3. A comparison and analysis of the results of these
calculations and the kinetics of polarization switching within the framework of the Landau-
Ginzburg-Devonshire theory for homogeneous switching in ferroelectric polymer films is carried
out. The study of the composite heterostructures of the “graphene-PVDF” type and calculations of
their polarization switching times were presented too. It is shown that replacing PVDF with PVDEF-
TrFE significantly changes the polarization switching times in these thin polymer films, and that
introducing various graphene layers into the PVDF layered structure leads to both an increase and
a decrease in the polarization switching time. Here everything also depends on the position and
displacement of the ferroelectric coercive field depending on the system damping parameters.

Keywords: molecular dynamics simulation; quantum-chemical semiempirical methods; Landau-
Ginzburg-Devonshire theory; polarization; nanoscale ferroelectrics; polymers thin films; PVDEF;
PVDE-TrFE; homogeneous switching; switching time; coercive field; graphene; composites;
heterostructures

1. Introduction

Polymer ferroelectrics Polyvinylidene fluoride (PVDF) and its copolymer with Trifluoroethylene
(PVDEF-TrFE) are well-known materials with excellent piezoelectric properties, mechanical and
thermal stability, and constantly growing areas of application [1,2]: in energy harvesting devices, in
sensor and actuator materials mechanisms, in various biomedical and other devices, in the field of
flexible organic electronics/nanoelectronics as layers and coatings for various heterostructures. Due
to their flexibility, thin films of these ferroelectric polymers make it possible to create piezoelectric
composite materials based on them for use in flexible piezoelectric nanogenerators [3]. These include
piezoelectric sensors integrated into clothing, which represents great potential for future wearable

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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electronics, and an approach for fabricating flexible piezoelectric sensors based on PVDF/graphene
composite coating on commercially available fabrics is also reported [4]. Moreover, various
modifications of graphene (G), graphene oxide (GO), reduced graphene oxide (rGO)and the use of
these materials to create nanocomposites with various polymer matrices are being studied.

Based on polystyrene graphene foam (PSGF) on a PVDF substrate, their composition has been
proposed as an efficient current collector and for lithium metal anodes to improve their lithium
battery performance [5].

Another direction of application of thin ferroelectric layers based on PVDF and P(VDE-TrFE)
films is the production of metal-ferroelectric-semiconductor field-effect transistors (MFSFETs) [6].
The characteristics of such MFSFETs made from thin PVDF and P(VDEFE-TrFE) films have been shown
very good ferroelectric hysteresis curves with a counterclockwise loop, the same as other ferroelectric
materials.

In recent years, due to the rapid development of nanoelectronics, new organic devices based on
PVDF and PVDEF-TrFE thin films have attracted intense research interest. Here, along with
experimental studies, theoretical approaches are widely used, including the use of computer
modeling and calculations using various numerical methods. For the theoretical study of such thin
ferroelectric nanofilms and modeling of polarization switching processes in them, modern methods
of molecular dynamics (MD) [7-9] in combination with the use of computer molecular modeling and
quantum chemical calculations are very well suited here. Molecular dynamics simulation (MDS) is a
rigorous theoretical tool that, when used effectively, can provide reliable answers to many questions
related to structural-functional relationships, interaction mechanisms and properties of the studied
atomic-molecular structures in molecular biology and pharmacology, biophysics and physics of
nanomaterials [7-10].

This paper discusses computer modeling methods and especially the application of the MDS
method to study the properties of nanomaterials that are promising for many applications, such as
nanoscale ferroelectrics [10-16]. And these are, first of all, nanomaterials based on polymer structures
(PVDF) and its copolymers P(VDF-TrFE) [17-22], as well as their composites with graphene (G) [23-
26]. It is important that these theoretical studies were carried out in close combination with their
experimental studies.

The point is that these ferroelectrics demonstrate a striking finite size effect [11]. The switching
time and coercive field increase with decreasing film thickness, while the polarization and phase
transition temperature decrease with decreasing thickness [10-13]. This is important for applications
that require operation at low voltage, for example in devices such as non-volatile memory, where
ferroelectric films must be quite thin.

The discovery of Langmuir-Blodgett (LB) ferroelectric polymer films [18] led here to new studies
of ferroelectric properties at the nanoscale (one to two monolayers thick (ML, 0.5 - 1.0 nm)) [11-20].
This has opened the way for studying the finite size effect at the nanoscale, which is also important
in many technical applications. The results obtained on P(VDE-TrFE) LB films open new directions
and in the fundamental physics: the existence of two-dimensional ferroelectrics [12,21] and the
transition from domain to homogeneous polarization switching in the context of the Landau-
Ginzburg-Devonshire (LGD) mean field theory for thicknesses less than 15-20 nm [11-22]. However,
there is still considerable debate about the theoretical models used to explain the experiments.

Therefore, here it is extremely important for the development of further practical applications of
such ferroelectric thin layers and coatings based on PVDF and PVDE-TrFE (including their
composites with graphene and graphene-like layers [23-28]) to clarify the theoretical basis of the
physical processes in these thin ferroelectric layers, the processes of polarization switching, which
are important for nanoelectronics.

To study the properties of such ferroelectric nanomaterials and nanocomposites, to elucidate the
effect of changes in compositions on these properties, in addition to traditional experimental
methods, various methods of computer simulation and numerical quantum-chemical studies are also
used [29-32]. They save the cost of full-scale experiments and materials, and also make it possible to
predict composite compositions of new nanomaterials with desired and required properties. One of
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the important modern numerical methods for studying the properties of various complex atomic and
molecular structures is precisely the method of molecular dynamics simulation (MDS) [7-10]. The
MDS method consists in solving Newton's equation of motion for an atomic-molecular system, with
a certain time step, by repeatedly calculating the forces acting on each atom, and then using those
forces to update the position and velocity of each atom in the next step.

In this work, we applied the MDS methods, in which the calculations of the interaction of the
atomic-molecular system of the nanomaterials are carried out on the basis of semi-empirical
quantum-mechanical (QM) calculations at each step of the MDS run, using methods such as AMI,
PM3, etc., [10,33-38] in restricted Hartree-Fock (RHF) approximations, presented in the HyperChem
software [38]. We have already carried out these calculations for such polymer ferroelectircs PVDF
and P(VDF-TrFE) [39-44]. These QM methods during MDS runs were used to calculate the following
properties in the aforementioned nanomaterials at each step: 1) polarization switching time
depending on the magnitude of the electric field [10,12-15]; 2) pyroelectric coefficients depending on
the temperature range [23].

At present, the creation of new composite materials based on PVDF, PVDF-TrFE and graphene
with their improved characteristics is of great interest [12-15,45,46]. MDS methods here can help and
significantly improve and clarify our understanding of the interaction between graphene layers and
polymer ferroelectric layers.

This work also examines in more detail the study, beyond of PVDF and PVDEF-G, also PVDEF-
TrFE and composite structures of the “PVDE-TrFE-G”, "G-PVDEF-TrFE-G" type, calculations of the
polarization switching times in them, performed by MDS methods using semi-empirical quantum
calculations at each step of the MDS run [47-50].

This article is devoted to a discussion and analysis of such recent computed results on PVDE,
PVDEF-TrFE with various G layers composites heterostructures, both in experiment and in simulation,
as well as further prospects for studying their properties by these methods.

2. Basic models and methods

First, we consider the main experimental data and models of PVDF and P(VDEF-TrFE)
ferroelectrics and thin ferroelectric films, as well as the theoretical foundations and estimates of the
polarization switching times in them. Then we will also consider calculations of the polarization
switching time in them using the methods of the molecular MDS runs.

2.1. Nanoscale two-dimensional and polymer ferroelectric thin films

Ferroelectric single-crystal thin films based on PVDF/P(VDF-TrFE) were obtained for the first
time in the early and mid-1990s using the LB technique [17-22], based on the transfer of chains and
layers (monolayers - ML) of the polymer formed on the surface of the water, from this water surface
to the substrate carrying the electrodes.

Figure la-d shows the models of PVDF polymer chains in polar (ferroelectric) and non-polar
(paraelectric) phases and the corresponding cells of their crystal structure (in sections across the
polymer axis). These model images were built using HyperChem [38] and are wide used in our works
[12-15,23-26,42-44,47-50]. Figure le, f shows a transferring scheme of LB PVDF layers and chain's
patterns of 1 ML observed in a tunnelling microscope (Figure 1g).

Langmuir ferroelectric films obtained by this method in [17-20] turned out to be record thin.
These nanosized two-dimensional ferroelectrics with a thickness of 0.5-1.0 nm, consisting of a single
monolayer, were obtained in [17] for with the polarization at the order of P ~ 0.1 C/m?2[17-21].  The
thickness of these Langmuir polymer films (two-dimensional ferroelectrics) was controlled by
ellipsometry and atomic force spectroscopy [17-22,51]. The thickness of one monolayer (1 ML) was
L = 0.5 nm = 54, i.e., much less than the theoretical estimate of the size of the ferroelectric critical
domain nucleus xo ~ 10...20 nm (L << x0) known from the literature [11,13,52]. Thus, nanoscale two-
dimensional ferroelectrics with a thickness of 0.5-1.0 nm, consisting of a single monolayer, were
obtained in [17], and the existence of ferroelectricity at the nanoscale was proved. The discovery of
the nanosized two-dimensional polymer ferroelectrics [17-22,53] led to a new stage of the
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ferroelectric properties, including the study of switching in the ultrathin films, using the MDS method
[10]. The LGD theory is well suited for describing ferroelectric phenomena in such nanosized polymer
ferroelectrics [11-16,21].
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Figure 1. Ferroelectric polymer polyvinylidene fluoride (PVDF): (a) and (c) PVDF in polar Trans

conformation and total polarization P > 0; (b) and (d) PVDF in a nonpolar Gauche conformation with
total polarization P = 0 [52]. (e) The formation of the PVDF Langmuir-Blodgett (LB) film on the surface
of the water [21]. (d) Transferring several mono-layers (ML) of LB PVDF film onto a substrate with an
electrode [22]. () Image of the 1 M LB film of polyvinylidene fluoride-trifluoroethylene P(VDF-TrFE)
by scanning tunneling microscopy [11,17]. (Reprinted with permission from [13]).

2.2. Main Theoretical Approach

2.2.1. Main Features of the LGD Theory for Nanoscale Ferroelectrics

The theoretical description of ferroelectrics was developed by Ginzburg [54,55], and then by
Devonshire, based on Landau's theory of phase transitions [56]. This phenomenological LGD
thermodynamic theory was the main basis for the development of the physics of ferroelectrics [11,16].
The LGD theory explained all the basic properties of ferroelectrics, including polarization switching
in an external electric field and the hysteresis loop. But it turned out that it does not describe all the
switching phenomena of a ferroelectric, since it predicts the magnitude of the coercive field, which is
2-3 orders of magnitude larger than the experimental one. The large coercive fields predicted by the
LGD theory will here be called intrinsic (or proper), while their experimental values are extrinsic (or
improper). It is significant here that the LGD theory considered the ferroelectric crystal as a
homogeneous infinite medium. The study of nanosized two-dimensional ferroelectrics based on
PVDF, and then on the basis of other other materials, showed that in these nanomaterials
ferroelectricity exists even at sizes much smaller than xo ~ 10...20 nm (at least in the thickness of one
monolayers of such materials), as in a continuous homogeneous media. In this case, it is precisely
homogeneous domainless switching of polarization that occurs here immediately in the entire
volume of such a nanosized ferroelectric in full accordance with the LGD theory. Thus, within size L
< xo, the system is homogeneous. And then the theory of LGD turns out to be quite applicable and
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completely valid to it. This has been convincingly demonstrated in recent works [12-15] on the
analysis of the switching phenomena in such nanosized two-dimensional ferroelectrics. Therefore,
here we justifiably rely on this LGD theory when considering ferroelectric phenomena in thin
polymeric materials based on PVDF/P(VDF-TrFE).

2.2.2. Main theoretical approach description

1) Main mathematical relations of LGD theory.

Let's take a quick introduction to LGD theory. In ferroelectrics, polarization is the main order
parameter (or ordering) of the system. Therefore, according to the Landau theory [56], and its
development in the LGD theory [54,55], the behavior of a system (ferroelectric) in the vicinity of a
phase transition (PT) between the paraelectric and ferroelectric phases can be described by expanding
the thermodynamic potential F (or Gibbs free energy density) in the even degrees of the spontaneous
polarization P (in the simple uni-axial case) [11,16]:

F=Fy+%p24+Eps1Yps_pp Q)
2 4 6

with known from LGD theory by expansion coefficients «, 3, v (which have in general temperature
and pressure dependence), E is an external electric field and Fo is the thermodynamic potential of
the paraelectric phase (when E = 0). The equilibrium conditions correspond to the minimum of the
thermodynamic potential, where
aF 8%F
5-052>0, ()
In the LGD theory of first-order ferro-electric phase transitions (PT1), the expansion coefficients
have the values

1
a=£0—C(T—To),B<0,y>0, (3)

where To > 0 is the Curie temperature, C > 0 is the Curie-Weiss constant, and eois the permittivity of
free space. The phase transition temperature Tc is

3¢ C
Tc =T, +1_:32;, (4)

2) The intrinsic coercive field.
The electric field is calculated from thermodynamic potential (1) and Eq. (2) [11,53]:
F

E=2=aP+pPS+yPS, ®)

The intrinsic coercive field is determined from the extreme of Eq. (5) [11,53]:

Ec =2f (1), )

f(t)=23—5\[§[1—§t, )

where t is the reduced temperature, P, = Pso/2is the value of the spontaneous polarization andy, =
x(T =Ty) =v/2B? is the ferroelectric contribution to the dielectric susceptibility, both evaluated at ¢
=0 (T = To). For estimates, it can be assumed approximately Ec ~ P/xo~ P/eeo, where ¢ is the relative
permittivity and eo is the dielectric constant of the vacuum.

3) Polarization switching kinetics.

The polarization switching kinetics of two-dimensional polymer ferroelectrics was described by
Landau — Khalatnikov equation [11] and its solution for first-order phase transitions in two-
dimenstional ferroelectrics were considered in [57-59]:

aP _ —oF
§=—-=-aP—fP’—yP°+E, (8)

where o+ is the damping coefficient. In the general case, the gradient term can be taken into account.
An investigation of the solution of this equation showed that in the vicinity of the coercive field Ec
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(when E — Ec and E > Ec) the switching time ¢ increases abruptly and its dependence from E can be
expressed [58,59]:

11 E—EC)
2 rg( Ec ) ©)
where

7o = 6.35yB 72 (10)

In this case, Ecis the proper (intrinsic) coercive field of the ferroelectrics. This relation (12) shows
directly linear behaviour of 12 along E in the vicinity of Ec. This relation is more suitable for
comparison with experimentally measured data and used in [60-62]. Also, this relationship turned
out to be convenient for analyzing the results of theoretical calculations when modeling the
polarization switching processes in polymer ferroelectrics and allow us to perform this investigation
by MDS methods [10,12-15,44].

2.3. Main models, methods and computational details for thin polymer ferroelectric films

Polymer ferroelectric films based on PVDF and P(VDEF-TrE) were also known before [11,16].
These were the bulk ferroelectric spun films formed by solvent techniques, they were usually made
by spin-coating method [63-65]. They possessed the main ferroelectric properties similar as the thin
LB films [11,16-22], but unlike the thin two-dimensional LB films they were thicker and volumetric
(three-dimensional bulk). Besides, these spun ferroelectric polymer films were not (and could not be)
so well structurally ordered as LB films, and they had many of their structural inhomogeneities,
deposits of amorphous phases and polycrystals and had completely different (domain) polarization
switching mechanisms [52].

Nevertheless, in its main polar b-phase, they have been similar to LB films in their chemical
composition and organizations. In its 3-phase, PVDF has a spontaneous polarization P of about 0.08—
0.1 Cm=2 [11,16]. Similar properties can be obtained in thin polymer films fabricated by the LB
technique - in b-phase structure this LB film with the dipoles of all PVDF chains is high-ordered
aligned in a structure with maximum polarization P ~ 0.13 C-m2 [11,17-22].

It is important to note that ferroelectric polymers based on PVDF and P(VDE-TRFE) turned out
to be a convenient object for molecular modeling: they had a sufficiently clear structure of the
polymer chains consisting of periodically repeated C2H:F:units having their dipole moment (Figure
2). For quantum-mechanical calculations, a semi-empirical method of molecular orbitals with a self-
consistent field [31-38] was applied here in the PM3 parameterization in the Hartree-Fock
approximation, similar to AM1 [38]. The approach was developed in detail and tested by Stewart
[34-37] and it was also shown the effectiveness of its use on systems of similar organic polymers. In
[10,12-15], the Hyperchem software package [38] was used, containing all the above-mentioned
necessary methods. In addition, this package contains the necessary means of optimizing the system
- to search for a minimum of the system energy, the method of conjugate gradients (Polak-Ribiere) is
used [38]. The HyperChem package has implemented special software for molecular dynamics and
the ability to perform MDS calculations (runs) using different calculation methods at each step of the
MD run and allows you to simulate the application of an external electric field.

The main motive of the PVDF ferroelectric polymer structure in the polar b-phase is a linear
fluorinated hydrocarbon with a repeat unit (CH>~CF>) of spacing ¢ =2.58 A (Figures la and 2a -
these chains, like other images of the structures of the ferroelectric polymers, easy and convenient
receive on the basis of their simulation in the Hyperchem [38] program).

Each CH>-CF:unit has its own Didipole moment, directed from electronegative fluorine F to
electropoitive hydrogen H, producing a net dipole moment nearly perpendicular to the polymer
chain. and the entire chain of PVDF as a whole has a total dipole moment D: (Figures 1a and 2a). In
the low-temperature polar phase, the structure has a conformation (TTTT), organized in the form of
strictly oriented dipoles. These chains can crystallize in the form of a quasi-hexagonal dense
packaging (Figure 1a,c), the crystallographic parameters of which a =858 A, b=4.91 A, c=258 A
[11,16-22]. This is the b-phase structure in which dipoles of all chains are aligned into a highly
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ordered structure with the maximum value polarization P=0.13 Cm2[11]. Polarization and switching
are performed by applying a electric field E, perpendicular to the circuits, to change the direction of
polarization P.

In the high-temperature phase, the polymer structure changes to the alternating trans-gosh
(TGTG) configuration having a non-polar phase consisting of oppositely directed dipoles of an
antipolar arrangement of trans-gosh chains (Figure 1b,d). Copolymers PVDE-TrFE also have a
slightly large elementary unit cell volume, and the period along the chains doubles ¢ = 4.62 A ~ 2 -
258 A =516 A due to the change in the chain structure (Figure 1b) [11,16-22]. However, the
temperature of the paraelectric-ferroelectric phase transition in PVDF is above its melting
temperature point [11]. This is not suitable for many practical applications. Therefore, most
experimental studies of ferroelectric properties were carried out on the copolymers P(VDE-TrFE),
statistical random copolymers of polyvinylidenefluoride monomers and trifluoroethylene monomers
with the structure (CHz-CF2)n-(CHF-CF2)m.

The copolymers with the content of 50% TrFE or less are ferroelectric. Although with reduced
polarization and the temperature of the transition, because some of the hydrogen atoms are replaced
with fluorine, reducing the pure dipole moment polymer chains [11,16]. Examples of the formation
of such individual chains with different concentrations are shown on the models of Figure 2b-d. In
polymer LB films with different composition of copolymers, ferroelectric switching is observed,
depending on the electric field and film thickness [11-15]. All these models were used in modeling
and calculations of the properties of ferroelectric copolymers at the different electric fields and
thicknesses [12-15,39-43].

In this article, it is primarily interested in the results of the use of MDS method for modeling the
polarization switching. The main features of the behavior of ferroelectric thin films in the electric field
can be well demonstrated can be well demonstrated using a simpler PVDF model containing 6
monomer C2H:F2 units. More precisely, for reasons of symmetry, 6.5 monomer units are used here.
This model is shown below in Figure 3.

Testing of the PVDF models with different numbers of monomer units [40,42-44] showed that
PVDF model with 6 units is quite comparable to a PVDF chain with 10 monomers.
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Figure 2. Molecular models of polymer chains in the initial equilibrium optimized state in the absence
of an electric field (D - the total total dipole moment of the chain, D: is a selected individual moment
of one element C2HzF2): a) the PVDF chain out of 10 (and a half) elements C2HzF2, with shown selected
individual dipole moment Di of one element C:H:F2; b) polymer chain of 10 elements with
replacement of 2 hydrogen atoms by 2 fluorine atom (80:20); c) polymer chain of 10 elements with a
replacement of 3 hydrogen atoms by 3 fluorine atom (70:30); d) Polymer chain of 10 elements with a
replacement of 4 hydrogen atoms by 4 fluorine atom (60:40). Original models made using HyperChem
[38].
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Figure 3. Schematic of the MD run process for one “PVDF-6" chains model using PM3 RHF method
calculations by HyperChem software at the each MD run’s step: (a) initial state; (b) final state after
MD run with rotated (switched) on the opposite direction dipole moment D orientation in electric
field E. Inset (c) show the energies changes during MDS run with the time (in ps). (Adapted with
permission from ref. [10]; Elsevier, 2014).

Adding TrFE to PVDF for its copolymers P(VDEF-TrFE) shifts a phase transition point and
slightly changes polarization parameters. We are interested in the main characteristics of polarization
switching precisely in the low-temperature polar phase, where the PVDF model chain is quite valid.
Nevertheless, we will also consider here a similar simple model of a copolymer.

3. Results

3.1. Homogeneous polarization switching in polymer ferroelectrics by MDS method

The main approach used in this work is MDS run and changes of the modelled structures under
applied electric field E action with its various values using HyperChem software [38], firstly
proposed and performed in our work [10] for one PVDF chain (Figure 3).

In our case, we are interested in the change in the structure of the entire system under the
influence of the applied electric field E. Figure 3 shows the case of the simplest model of the PVDF
chain of the 6 main CH2-CF2units (“PVDF-6" model), which is rotated in the applied electric field E.
Here it is shown how occurs the switching of the direction of the general moment of the dipole
moment Dt (and the corresponding polarization vector P) from the initial direction to the opposite
under the influence of an external electric field.

Performing of such MDS calculations and MD runs requires specifying a certain set of
parameters, which are indicated in the special Molecular Dynamics Options of the HyperChem
program [38]. The main initial parameters for considered PVDF model and other related models are
following: 1) MD calculations perform here at the constant temperature (for each used electric field
value) in vacuum, 2) with parameter of the "bath relaxation" time = 0.05 ps; 3) with the MD run
parameter “run time” =5 — 20 ps (depending of necessary time interval, in which switching process
observed for various applied electric field value) and 4) with time step or “step size” Dt = 0.0005 —
0.001 ps, which varied depending of the applied electric field and the rate of the PVDF molecular
chain rotation (polarization switching). These calculations were performed when the electric field E
changed in the range of order ~ (0.001 —0.010) a.u. ~ (0.514 - 5.14) GV/m.
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In this work the main calculations were carried out by the PM3 quantum method in a restricted
Hartree-Fock approximation (RHF) [38] at the each step of the MDS run. All calculation results are
collected in special numerical files and displayed in the form of trajectories on a special window for
MD run data in the HyperChem workspace (Figure 1c). The final time (switching time 7s) is estimated
from these MD energy trajectories (see Figure 1c) using the criteria [10]: © = Ex/Exmax <10-3, where Ex
is the kinetic energy at the end point, and Exmax is the kinetic energy at the maximum point EKIN of
chain rotation (as shown by red line in Figure 1c). In fact, this corresponds to the achievement of the
rest point of the rotating PVDF chains, when Ex ~ 0, and its position with an opposite orientation of
the total dipole vector Dt in relation to the initial one and the corresponding polarization vector P.
These data of times s - polarization switching times obtained in MD runs at the different values of
the applied field E are then used to plot the t(E) and t?(E) dependencies according to Eq.( 9).

It is characteristic that the results obtained in the time calculations of the switching time t with
different values of the electric field E is even on such a simple model showed the validity of the
polarization switching homogeneous kinetics in accordance with the LGD theory and of Landau-
Khalatnikov Eq. (8) - the linear behavior of the reverse square of the switching time t2 from electric
field E in Eq. (9) for the E seeking to the critical point of the Ec (When E — Ecand E > Ec), where Ec is
the boundary value of the coercive field (Figure 4).
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Figure 4. Dependence of the switching time t (overturn of the total dipole moment Dt) of the PVDF
chain of 6 monomer units (“PVDF-6") on the magnitude of the electric field E (see on Figure 3): a) t
2(E) dependence over the entire range; b) t?(E) dependence in the region at the low field values E (E
— Ec and E > Ec), corresponding to the linear dependence according to Eq. (9) (red line), for
homogeneous switching according to the LGD theory and Landau-Khalatnikov Eq. (8).

It is notables that the behavior of this dependence of the t2 from E (by MD run) in a logarithmic
scale, shown on Figure 4a, it turned out to be qualitatively close to experimentally observed t2(E)
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dependencies on the thin ferroelectric LB films with various thickness in the works [10,60,61] (Figure
5), especially for the most thin case.
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Figure 5. Dependence of t2on voltage V for a P(VDF-TrFE) LB film measured by the pulsed-probe
method. For a sample with 30 ML, the dots correspond to experimental data and the dashed curve
indicates correspondence with the exponential dependence. For samples with 10 ML, the triangles
show the experimental data, while the dashed curves indicate correspondence to equation (12) of the
data on the sample [60,61].(Reproduced with permission from [60]; AIP Publishing, 2011).

As further example of the MD run calculations, sample 2 PVDF chains affected by an external
electric filed E (Figure 6).

Initial state E=0

| MD simulation of PVDF in electric field |

’ Switching (rotation) time 7, |

@3 Molecular Dynamics Averages - X I
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Figure 6. MD run process for 2 PVDF-6 chains model with PM3 RHF calculations at each MD run
step: (a) initial state; (b) final state after MD run with rotated (switched) on the opposite dipole
moment Dt orientation in electric field E. Inset show the energies changes and determinate the
switching time 7s for this PVDF system. (Adapted with permission from ref. [10]; Elsevier, 2014).

This model corresponds to a sample of two PVDF monolayers. Figure 6 shows a diagram of the
MD in an electric field E for a model already consisting of two PVDF chains and a change in the
orientation of their dipole moment D with a change in the electric field E at the point of the coercive
field Ec.

It is important that this approach of MD runs allows one to directly determine the switching
time 7s (flip or overturn of a chain, and a group of chains) depending on the value of the applied
external electric field E and thereby directly determine this dependence t(E) from the numerical MDS
experiment.

Itis noteworthy that the switching times fs and the very nature of the behavior of the PVDF chains
during the switching process are very different in strong and weak electric fields E  (Figure 7).

d h
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Figure 7. Molecular model of two PVDF chains and consequence of its rotation steps under applied
electrical field, calculated by PM3 UHF MD run: (a)—(c) chains rotation in high electric field Ez ~
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0.04a.u. ~ 20 GV/m; (e)—(g) chains rotation in the low electric field Ez ~ 0.0065a.u. ~ 3 GV/m (la.u. ~
500 GV/m);(d) and (h) present corresponding data of MD averages energies during MD simulation
run for both types of PVDF chains rotation. (Reproduced with permission from ref. [10]; Elsevier,

2014).

Figure 8 shows the behavior of T%(E) on a logarithmic scale, which again qualitatively coincides
with the experimentally established behavior [60,61] (Figure 5). In the region of weak fields E (close
to the coercive field and E > Ec), the plotted plots of the t?(E) dependence had the same explicit linear
dependence (9) and made it possible to determine the value of the coercive field Ec at the point of
intersection of the line graph with OX axis.

On this basis, further calculations were carried out for PVDF and P(VDF-TrFE) chains of
different tyes and the case of a different number of chains - as a model of the LB films with different
numbers of the monolayers (ML) and thicknesses. Thus, calculations were performed for four, six,
ten and more parallel chains at different electric field values. In all this case, the simulated number

of chains corresponds to the number of the ML in the experimental LB PVDF and/or P(VDF-TrFE)

thin films.
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Figure 8. Dependence of 12 on external electric field E (t is switching time, is presenting in natural
logarithmic scale along OY axis): a) for two PVDF chains; b) for two and four PVDF chains. Insert:
(down) show the behavior of t2 in the vicinity of critical field E ~ Ec ~ 2.3 GV/m; squares are

computational data, solid line coincides with Eq. (9); (upper) shows the behavior of In(t?) on high

value of external electric field E, corresponding to exponential decay with. (Reproduced with

permission from ref. [10]; Elsevier, 2014).

Insert in Figure 8 shows the linear dependence (9) T2(E) on E near Ec, with approximation to the

point of intersection with the horizontal axis, which determines the value of the coercive field Ec ~
2.4 GV/m for 2-4 chains (ML - monolayers). Taking into account that the field E is external and that
for thin polymer layers representing monomolecular layers, the dielectric constant is ¢ ~ 2.4
[12,13,40,42] (while & = 5 is for thick films), we obtain the limiting maximum value Ecmx~ Ec/e = 1
GV/m, which is a proper coercive field corresponds to known experimental data and LGD theory
[11-15].
Similarly, hysteresis loops were also calculated using this technique for PVDF and P(VDF-TrFE)
chains of different types and the case of a different number of chains (as models of ferroelectric LB
films with different numbers of monolayers ML and thicknesses). These data also made it possible to
determine the critical value of the electric field required to switch the polarization - the intrinsic
coercive field Ec for these films of different thicknesses (or different numbers of monolayers ML). All
these data (obtained both by the MDS method and from the hysteresis loops calculations [43,44])
were subsequently used to calculate the dependence of the coercive field Ec on the thickness of the
ferroelectric film (depending on the number of its monolayers). Experimentally, such a dependence
of the behavior of polarization switching in PVDF and P(VDE-TrFE) on the thickness of the films in
different electric fields were studied in works [51] and in more details [62] (Figure 9).


https://doi.org/10.20944/preprints202402.0574.v1

Preprints.org (Wwww.preprints.org) | NOT PEER-REVIEWED | Posted: 9 February 2024 doi:10.20944/preprints202402.0574.v1

14

155 1f 0—0 J7> (b)
“g 1015 _ O, |8-20nm
S 57 E 2

5 >

=0 o 9
o -51 e 10 nm~0.23 GV/ni ‘bo

-10. 0.1 " <>*~° 7

-15 v v + v r

-900 -600 -300 0 300 600 1 10 40
E(MV/m) —

Figure 9. Hysteresis loops of the LB PVDF film [16]: (a) with a different number of monolayers with 5,
10, 20, 30, 50 and 100 (the insert shows the linearity of the reciprocal capacity depending on the
thickness); (b) Ec as a function of the LB thickness of the PVDF film (at 8-20 nm, the transition region).
Adopted with permission from ref. [62]. (Reprinted with permission from [62]; AIP Publishing, 2014).

The detailed experimental study of the P(VDE-TrFE) LB films of the different thicknesses was
carried out in [62] (Figure 9). It was shown that for small thicknesses of 2-6 nm, the coercive field Ec
is proper and practically unchanged, and in the region of thicknesses greater than 8 nm, a transition
region arises, and for thicknesses greater than 10-12 nm, the proper coercive field Ec becomes
improper and is determined by the domain mechanism.

Another method for obtaining a coercive field is calculation of hysteresis loops P(E) [43].
Calculations performed for different number of chains and film thickness using both these methods
showed that the dependence of the coercive field obtained [10,12-15,44] is in good agreement with
the experimentally established dependence of the coercive field Econ the film thickness [62], as well
as with our calculations based on MDS run in various electric field (Figure 10).
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Figure 10. The dependence of the coercive field of the ferroelectric polymer PVDF on the film
thickness according to the results of calculations by different methods (from hysteresis loops and MD
runs) in comparison with experimental data [62], taking into account the dielectric constant of an
ultrathin molecular film & =2.4. (Reprinted with permission from [13]).
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This dependence can be conditionally divided into 3 regions: the region of purely homogeneous
LGD switching (up to 8 nm), the transition region (8-12 nm), where a kind of domain precursor is
noted, and the region above 12-16 nm and further, where the domain switching mechanism
predominates (the coercive field remains almost unchanged and is kept at a low level of ~ 0.07-0.05
GV/m) [10-15,43,44]. Thus, these switching calculations of ultrathin polymer ferroelectrics confirm
that two-dimensional ferroelectrics can consist, in principle, of several monolayers or several unit
cells. These data are also in good agreement with the results for thin BaTiOs films, in which a
homogeneous switching has recently been found at the scale level up 10 nm, and with a further
increase in thickness they already correspond to thick films [11,12,66].

3.2. Polarization switching in a heterostructure consisting of PVDF and graphene layers

3.2.1. Main details

In this part of the work, we examined the influence of graphene layers on important properties
of PVDF polymer films, such as polarization switching. The main approaches and models were
developed earlier in [10,12-15,23-26,44,47-52] and are used here. To assess the influence of graphene
on the polarization switching times in a heterostructure, consisting of a polymer ferroelectric PVDF
and graphene, the above-considered model of PVDF as a chain of n = 6 basic elementary units
(C2H2F2)n (“PVDEF6”) and molecular dynamics methods are used here [10,12-15], discussed above
in section 3.1.

To model graphene layers, molecular models from [24-26,47,48], consisting of 54 carbon atoms
C surrounded at the edge by hydrogen atoms H [47,48] (Figure 11a,b - “Gr54H” model) are used.

Two types of models are considered here as models of the main composite heterostructures of a
ferroelectric polymer with graphene:

1) one-sided model of a PVDF chain and a graphene layer “PVDF6+G54H_H-C”, where the
PVDF chain (or layer) is oriented towards the graphene layer by hydrogen atoms H (Figure 11c);

2) a double-sided model (or sandwich model), consisting of a PVDF chain enclosed between two
layers of graphene “G54H+PVDF6+G54H” (Figure 11d).

(b)

Figure 11. Models of initial states for Graphene layers and PVDF6 chain: a) one PVDF chain and one
graphene layer model Gr54H with 54 carbon atoms C (Cyan), arranged round by the hydrogen atoms
H (Gray), in Z-plane; b) the same in Y-projection plane; ¢) “PVDF6+G54H_H-C” model in the initial
state of PVDF6 chain and Gr54H with “H-C” positions; c) one PVDF chain and two graphene layers -
the sandwich structure “Gr54H+PVDF6+Gr54H” model in the initial state. Initial dipole moment Dt
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orientation is shown by vector — black arrow. (Reprinted with permission from [50]; Taylor & Francis
2022).

The construction of models of ferroelectric polymer and graphene heterostructures presented
here is similar to the models that we used to calculate the piezoelectric coefficients of PVDF and
graphene composite structures [47,48]. Further, all such calculations and runs of MDS with quantum
semi-empirical PM3 method under conditions of a simulated applied constant electric field were
carried out similarly to those described above in section 3.1 with the necessary set of parameters
indicated there in special MDS options of the HyperChem program [38].

3.2.2. Results

Let us now consider the results of these calculations in more detail.

Similarly to the procedures of MDS runs with models of pure PVDF chains, MDS runs of
composite models of PVDF with Graphene, presented in the initial states in Figurell, were carried
out. As a result, all initial models of the system (shown both in Figure 3a and Figure 11c,d) undergo
various structural changes under the action of applied electric fields E of various magnitudes - here
the PVDF dipole structure rotates, which occurs at different speeds depending on the magnitude of
the applied electric field.

Examples of the final states of these various considered composite models of a PVDF chain with
graphene layers after such a rotation or flip (switch) are shown in Figure 12a,b (final state). And here
it is clearly seen their inverted (switched) state relative to the initial states shown in Figure 11c,d
(initial state). In this case, the flip occurs only with PVDEF, while the graphene layers remain in the
same form (they are only slightly distorted and shifted). The estimations of the distances between the
components of the heterostructure and their change upon switching polarization were considered in
[50].
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Figure 12. Final states of the heterostructure “PVDF+Gr54H” models after PVDF chain and total
dipole Dt rotation (switching) in the applied electric field E: a) one-side “PVDF6+G54H_H-C” model
with switched opposite orientation of the total dipole moment Dt in comparison with initial state on
Figure 11c; b) sandwich “G54H+PVDF6+G54H” model with the same opposite switched Dt in
comparison with initial state on Figure 11d. On right side shown the MD energies trajectory over time
during the MD run. (Reprinted with permission from [50]; Taylor & Francis 2022).

Corresponding changes of all mean MDS run energies with time were shown earlier in Figure
3c and Figure 6¢ for pure PVDF and now in Figure 12 for both heterostructures of PVDF with
graphene layers. The final rotation time of the PVDF chain (switching time 7s ) was estimated
similarly to that written above for these MD energy trajectories under the criteria & ~ Ex/Ekmax < 0.01
—0.001, where Ex is the kinetic energy at the final point and Exmax is the kinetic energy at the chain
rotation maximum. The calculated data and performed MD runs in various electric fields E allow one
to obtain a linear critical behaviour of the t2 at an electric field E ~ Ec at the lower limit values of this
electric field for the case, when E — Ec (for E > Ec), that also fully corresponds to equation (9) from
LGD theory (as described above in section 2.2.2).

The results of changing the switching time 7s and t2, obtained from the calculations of MDS runs
for various values of the electric field E, for both heterostructure's type, are shown below in Figure
13. The scatter of the obtained data and estimates of the error in values when determining the final
switching time (rotation of the total dipole vector Dt of the entire PVDF chain) in the electric field E,
determined in the MD process by the relation d ~ Ex/Exmax, were analyzed previously in [50].

In this work, new calculations were carried out and basic average data were obtained, taking
into account errors. Figure 13 here presents the final improved new data (compared to [50]) taking
into account new error analysis of MD runs and switching time calculations.
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Figure 13. Values of the inverse square 7s2of the switching time s (9) as a linear function of the
electric field E in the vicinity of coercive field Ec for different models. The main lines are followings:
black line — the PVDF6 chain model of PVDF without graphene component; blue line - the model
“PVDF6+G54H_H-C” with one-side graphene layer; red line - the sandwich model
“Gr54H+PVDF6+Gr54H” with 2 graphene layers. Intersection area for all lines is at the E ~ Ecr.
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The data obtained is very interesting and we consider here their further analysis.

First, the behavior of only one PVDF chain is presented here - the black line in Figure 13. This
compares well with previous calculations of PVDF chain (Figure 3c,d) and considered in [10,12-15],
which showed linear behavior according to Eq. (9) with a coercive field Ec1~ 0.001 a.u. ~ 0.5 GV/m.

Second, the behaviour of one-side heterostructure “PVDF6+G54H_H-C” model was investigated
(initial state on Figure 11c, dependence of the switching time is marked by blue line in Figure 13).
The result showed that the rotation (switching) time 7s became shorter, that is, the rotation is faster
under the influence of the graphene layer at the same electric field value E. However, at this case the
coercive field is increased up to the value Ecz ~0.003 a.u. ~ 1.5 GV/m.

This leads to the fact that near Ec: the switching time s begins to increase more significantly
than in the 1st case near Eci. That is, the deceleration of the rotation of the PVDF chain occurs here in
the immediate vicinity of the coercive field Ecz, which is more noticeable than in case 1 at the same
field value. Such a change in the behavior of the switching time occurs at the field values E in the
surrounding area less then value of E = Ecr ~ 0.0045 a.u. ~ 2.3 GV/m. It is shown as the intersection
area at the E = Ecr in Figure 13, marked with a dashed brown arrow.

Third, the behaviour of the sandwich “Gr54H+PVDF6+Gr54H” heterostructure shows even
shorter switching times 7s(see on Figure 3d, and red line in Figure 13) and increasing of coercive field
up to Ecs ~ 2 GV/m. In this case, too, the same characteristic change in the switching time 7s occurs
with a critical point in the field value of E = Ecr, but more sharply expressed.

In all these cases the graphene layer itself does not turn over, but basically retains its previous
position - it is in free, uncharged and unrestricted positions, may be only a little relaxed, moved and
shifted (while maintaining the general center of mass or center of inertia of the entire simulated
heterostructure system). Only the PVDF chain was rotating in the applied electric field - it had a
dipole moment.

Thus, the calculations performed by the quantum MD simulation method show that, under the
influence of graphene layers, the switching times ts in the ferroelectric "PVDEF-graphene" composite
heterostructure decrease for the same field values E, but in the area above Ecr (E > Ecr), with an
increase in the number of the inserted graphene layers. While up to this point Ecr (below this point)
the inserted graphene layers increase these times ts for any model. At the same time the coercive field
Ecincrease, that lead to sharpest rise of the switching time s in the very close vicinity of the changed
Ec values.

3.2.3. The possible reasons for the graphene layers influence on switching times

Comparison and correlation of the obtained results with known experimental data can only be
carried out based on the relative changes in these parameters (switching times) in these switching
processes, since the immediate time scales of the simulated structures and experimental samples are
very different. However, you can use some experimental results from [58]. Such an analysis was
recently carried out in [50].

Analysis of the kinetics of the polarization switching within the framework of the LGD theory
showed that such a changes in the switching time this is possible due to decrease of the damping
coefficient & value, describing switching time, in the Landau-Khalatnikov kinetic equations (8) - (10).

Thus, it was found that the introduction of first one layer of graphene, and then two layers of
graphene, leads to a decrease in the damping coefficient £ compared to the initial case of a pure single
layer of PVDF when it is rotated (switched) in an electric field E - these values of & decrease
successively:

§=¢§ =(3.61)10"msvCc?,
& =¢6/3=(12)10"msvVC?,
& =&,/4.47 = (0.81)10msVCL.
As a result, we conclude that the introduction of graphene layers into a PVDF film of a thin
polymer ferroelectrics changes its switching time (this switching time decrease, in the area, when E >
Ecr, where Ecr is intersection point of the dependences 1/(ts?) with change of E and ts(E) for different

doi:10.20944/preprints202402.0574.v1
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considered cases (i = 1, 2, 3) of the embedded graphene layers) and at the same time increases the
value of the coercive field Eci. As shown our analysis, probably, these changes are due to a decrease
in the damping coefficient (as it follows to relations obtained from the Landau-Khalatnikov equation
and the LGD theory). Wherein, in the nearest neighbourhood of the coercive filed (for different values
of the coercive fields Eci < Ecr, below the intersection point Ecr), the switching times increase more
sharply under the influence of the embedded graphene layers. This result can be very important for
practical applications and, of course, it should be verified experimentally.

3.3. Polarization switching in PVDF-TrFE

3.3.1. Main details

To carry out similar MDS runs with polymer ferroelectrics based on PVDF-TrFE copolymers, we
also chose here a simpler model of 6 main units of the polymer chain, rather than 10 (shown earlier
in Figure 2). The fact is that longer chains, when turning in strong electric fields, often “get entangled”
and cannot reach an equilibrium final state for a long time. This distorts the results of determining
the switching time.

In addition, the correctly chosen initial symmetry of the model structure is important here, since
the rotation of the chain occurs under conditions of “free suspension” in space while maintaining the
general center of mass or the value of inertia of the entire system. If the initial configuration is poorly
chosen, the mutually consistent motion of all atoms of the system can lead to noticeable distortions
in the final configuration of the structure.

In this case, we chose a symmetrical initial arrangement at the positions of fluorine atoms, which
replace hydrogen atoms in the copolymer structure (Figure 14a). This made it possible to carry out
fairly adequate MDS runs at various applied electric field values and obtain symmetrical rotation of
the copolymer chain to the final state ().

It should be noted that this model is quite close to experimental structures with ratios of
hydrogen and fluorine atoms at the level of (70:30) and (60:40), which is close to the modeled
structures shown in Figure 2d.

MD simulation of PVDF-TrFE
in electric field E
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Figure 14. Schematic of the MD run process in applied electric field E for one copolymer PVDE-TrFE
chain (“PVDF6-TrFE” model) using PM3 RHF method calculations by HyperChem software at the
each MD run’s step: (a) initial state; (b) final state after MD run with rotated (switched) on the opposite
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direction total dipole moment D: orientation in electric field E. Inset (c) show the energies changes
during MDS run with the time (in ps).

3.3.2. Results

MDS runs at the different applied values of the external electric field E, performed similarly and
according to the method described above (section 3.1), made it possible to obtain the polarization
switching times ts depending on the field E.

On this basis, similar graphs of the dependence of the square of the reverse switching time ts2
were constructed on the magnitude of the electric field E, which also turned out to be linear
(especially near the values of the corresponding coercive field Ec) in full accordance with equation
(9). Figure 15 presents these results, from which the linear law of behavior ts?on E is clearly visible,
and the position and value of the coercive field Eci* =~ 0.002 a.u. ~ 1.028 GV/m for PVDF-TrFE is
easily determined.

0201 [ o PVDF
— e PVDF-TIFE

N
7]
Q.  0.15 -
N -
ks
0.10 -
0.05 -

0.000 | o.oloz ' 0.604 | 0.006 ' 0.608 ' 0.(;10
Electric field E, a.u. (1 a.u. =514 GV/m)

0.00

Ec

1

] Ec,’

Figure 15. Values of the inverse square 7s2of the switching time 7s (9) as a linear function of the
electric field E in the vicinity of coercive field Ec for PVDF-TrFE in compare with PVDF models. The
main lines are followings: black line — the “PVDF6” chain model of PVDF; blue line - the model
“PVDF6-TrFE” model.

The results obtained clearly show that the switching times ¢s in PVDE-TrFE become shorter
compared to pure PVDF, while the coercive field Eci* becomes larger in comparison with Ec: for
PVDF and its values correspond to both experimental data [11] and previously calculated values
[43,44] by various methods.

3.4. Polarization switching in a heterostructure consisting of PVDF-TrFE and graphene layers

3.4.1. Main details

MDS runs for cases of PVDE-TrFE heterostructures with both types of graphene (one-sided
model and two-sided sandwich model) are considered here in the same way as described above as
in cases with PVDF.
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The initial states of both heterostructure models are shown in Figures 16 and 17.
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Figure 16. Models of Graphene layers and PVDE-TrFE chain: a) initial states for “PVDF6-TrFE” model
chain and one graphene layer “Gr54H” model with 54 carbon atoms C, arranged round by the
hydrogen atoms H; b) final state of “PVDF6+G54H_H-C” model after rotation in electric field E
during MD run; c) energies trajectories. Dipole moment Dt orientation shown by black arrow.
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Figure 17. Models of 2 Graphene layers and PVDF-TrFE chain: a) initial states for “PVDF6-TrFE”
model chain and 2 graphene layer “Gr54H” model with 54 carbon atoms C, arranged round by the
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hydrogen atoms H; b) final state of “Gr54H-PVDF6+G54H” model after rotation in electric field E
during MD run; c) energies trajectories. Dipole moment Dt orientation shown by black arrow.

3.4.2. Results

The main results obtained or these models are shown on Figures 18 and 19.
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Figure 18. Values of the inverse square 7s2as a linear function of the electric field E for PVDF and
PVDEF-TrFE in compare with PVDF-Gr and PVDE-TrFE-Gr models. Lines are: black — “PVDF6”; blue
- “PVDF6-TrFE”; magenta - “PVDF6-Gr54H”; red line - “PVDF6-TrFE-Gr54H”.
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Figure 19. Values of the inverse square 7s2as a linear function of the electric field E for PVDF-TrFE
and PVDF-TrFE-Gr in compare with sandwich Gr-PVDEF-TrFE-Gr models. Lines are: black — “PVDF6-
TrFE”; blue — “PVDF6-TrFE-Gr54H”; red line - “Gr54H-PVDF6-TrFE-Gr54H”.

Analysis of the obtained results of calculations of the polarization switching time on the applied
electric field for models of heterostructures based on polymer ferroelectrics and graphene layers,
presented in Figures 18 and 19, allows us to draw the following conclusions: 1) in all cases, for all
considered models of both the initial polymer ferroelectrics PVDF and PVDE-TrFE copolymer, and
for their heterostructures with graphene layers, good agreement is demonstrated with the linear
behavior of the square of the reciprocal switching time t2? from the magnitude of the applied electric
field E at field values greater than the coercive field E > Ec and in the immediate vicinity of Ec, which
is quite consistent with expression (9) obtained from the Landau-Khalatniklva equation (8) and
corresponds to the LGD theory for such thin homogeneous layers of ferroelectrics; 2) the influence of
graphene layers, in the case of a one-sided model, leads to an increase in t2 values depending on E
and, accordingly, to a decrease in the switching times ts, both in the cases of pure PVDF and its PVDE-
TrFE copolymer; in this case, the values of the coercive field are shifted: in the case of changes in
PVDF to PVDEF-Gr, the value of Ec: ~ 0.001 a.u. ~ 0.5 GV/m increases to Ec1* ~ 0.002 a.u. ~ 1 GV/m,
whereas in the case of changing PVDF-TrFE to PVDF-TrFE-Gr, the coercive field decreases from Ec2
~0.003 a.u. ~ 1.54 GV/m to Ecz* ~ 0.0018 a.u. ~ 0.92 GV/m; 3) the influence of graphene layers in the
case of a two-sided (sandwich) model is more complex: if initially, when pure PVDF was included
between 2 layers of graphene, there was a further increase in t?depending on E (and, accordingly, a
decrease in switching time ts) with increasing coercive field to values of Ecs ~ 0.004 a.u. ~ 2.06 GV/m,
then in the case of the PVPD-TrFE copolymer these changes occur differently: after increasing the t2
values depending on E for the one-sided PVDE-TrFE-Gr model, for the sandwich model Gr-PVDEF-
TrFE-Gr there is a noticeable decrease in this dependence so that the t2 values on E become even
smaller than in the case one PVDF-TrFE (that is, the switching times ts themselves increase) and the
coercive field increases to values of Ecs*=0.0032 = 1.65 GV/m.

The obtained values of switching times and coercive fields for the copolymer correspond well
to the known experimental values, but for models with graphene they were obtained here for the first
time and these calculated and predicted values can serve as a good guide for new experimental


https://doi.org/10.20944/preprints202402.0574.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 February 2024 doi:10.20944/preprints202402.0574.v1

24

studies in this area when creating such promising heterostructures based on thin polymers layers of
ferroelectrics and graphene.

4. Conclusions

Modeling and computer study of a composite nanostructure containing a ferroelectric PVDF
polymer and graphene layers were carried out in this work by molecular modeling and molecular
dynamics (MD) simulation with semi-empirical quantum PM3 method in the Hartree-Fock
approximation (RHF) using the HyperChem software. The calculations and MD simulations
presented in this article unambiguously show that the coercive field increases and the polarization
switching time mainly decreases under the influence of graphene layers in thin layers of polymer
ferroelectrics. But, in the very closest vicinity of the coercive fields Eci < Ecr, below the intersection
point Ecr of the dependences ts(E), the behaviour of the switching times is reversed and they increase
here more sharply under the influence of the embedded graphene layers.

The obtained results of modeling PVDE-TrFE copolymers and MDS runs on these models
showed that they have switching times shorter than pure PVDF. This is important for practical
applications. In addition, it has been shown that the introduction of a single graphene layer further
reduces the switching time in such a heterostructure.

At the same time, in the case of a double-sided (sandwich) model with 2 layers of graphene
around a PVDE-TrFE layer, switching times increase. This is also an undoubtedly important result
that must be taken into account when creating practical heterostructures based on graphene and
polymer ferroelectrics.

As aresult of the MDS calculations performed, it is unambiguously shown that for all considered
thin ferroelectric heterostructures based on polymer ferroelectrics and graphene, the LGD theory is
completely valid, which well describes the linear law of the behavior of the square of the inverse
polarization switching time in the immediate vicinity of the coercive field, that is, homogeneous
switching in thin ferroelectric structures. Analysis of the kinetics of the polarization switching within
the framework of the LGD theory showed that this is possible due to decrease of the damping
coefficient value, describing switching time, in the Landau-Khalatnikov kinetic equations.

These results of modeling and calculations, of course, require experimental verification. This can
be done directly by production of samples of the type of PVDF layers deposited by the LB method
on graphene layers or similar hetero-structures (of different thicknesses and / or different numbers
of layers - similar, for example, to the work [13]). Following measurements of the switching times
and hysteresis loops (similar to the works of the [12-16]) of these samples could be done for the
proceeded experimental verification of obtained in this work results. The results of performed
investigation are undoubtedly important and relevant, since they demonstrate the direction of the
necessary structural modifications of newly produced nanomaterials with predetermined and
desired properties. Based on the calculated results, new heterostructures and nanomaterials with
adjustable polarization switching times and coercive fields can be constructed and fabricated using
polymer ferroelectrics and graphene/graphene oxide layers and similar two-dimensional hybrid
heterostructures. This opens up new possibilities for creating such new generation of the devices and
sensors (for example, memory devices or switching sensors).
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