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Summary

A large number of research questions in solid state chemistry can be addressed using molecular
dynamics and Monte Carlo simulations. These simulations allow many material properties to
be calculated for direct comparison with experiment. These include the diffusion coefficients,
ionic conductivities, charge density, electric field, and electrostatic potential. The diffusion
coefficient and ionic conductivity are of particular importance for the study of battery materials
(e.g., Li-ion / Na-ion diffusion (A. Symington et al., 2021; A. R. Symington et al., 2020)),
solid oxide fuel cell materials (e.g. O-ion diffusion (A. R. Symington, Molinari, Statham, et
al., 2019)) and many other applications in solid state chemistry. The charge density, electric
field, and electrostatic potential are of interest to problems relating to interfaces in solid state
chemistry, e.g., space charge theory .(Chiang et al., 1996; Kim & Maier, 2002; Maier, 1984,
1985, 2003) Finally, calculating the distribution of defects in a material is useful for the study
of segregation behaviour (A. R. Symington, Molinari, Brincat, et al., 2019; A. R. Symington,
Molinari, Statham, et al., 2019) or adsorption behaviour.(Leecuw & Parker, 1998)

In a molecular dynamics simulation the positions of atoms throughout time are being simu-
lated. A molecular dynamics trajectory is a snapshot of the positions occupied by each atom
in the simulation as a function time. For example, the trajectory of a single atom would show,
sequentially, all of the positions occupied by that atom throughout the simulation. In a Monte
Carlo simulation the positions of atoms are updated randomly to provide a statistical ensemble
describing the material. A Monte Carlo trajectory is similar although the simulation is not
time resolved and the atom positions are simply a function of simulation step, not simulation
timestep. The positions of the atoms allow the particle density of each atom to be determined
and from these, the electrostatic potential, electric field and charge density can be calculated.
A mean squared displacement can be performed on the molecular dynamics trajectories and
from these, the diffusion coefficients and ionic conductivities can be calculated. Diffusion
coefficients and ionic conductivities can then be used to estimate the activation energy for
diffusion using the Arrhenius relationship.

The polypy code is designed to solve the following problems.

» Read DL_POLY (Smith & Forester, 1996) and DL_MONTE (Purton et al., 2013)
trajectories.

= Calculate the particle density of all species in a trajectory in one and two dimensions.

= Calculate the charge density in one and two dimensions.

= Calculate the electric field and electrostatic potential in one dimension.

= Calculate the mean squared displacement for a given atom and use this to calculate the
diffusion coefficient and ionic conductivity.

= Calculate the volume as a function of simulation timestep.

= Generate publication ready figures.
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polypy has been used to study Li-ion diffusion in lithium lanthanum titanate, (A. Symington
et al., 2021; A. R. Symington et al., 2020) oxygen diffusion and cation migration in both
uranium oxide and cerium oxide, (A. R. Symington, Molinari, Brincat, et al., 2019; A. R.
Symington, Molinari, Statham, et al., 2019) thus there is a clear research application.

(a) (b) () (d)

led le3 le-3
— xznen _ 24 125 [[—e s
20 XYMSD I ® ‘ S g
— xzmsD = 2 =1
Ees @ 23 G 100 NI 1 5,
= MSD f °
T 30w H 8 o075 { m ”‘” i ‘WH M“ £
2 ZMsD S 22 5 LR \ A1 A L) - .
g 20 I3 2 0.50 ikt ! ‘ i [ ©
z § | =
10 2 21 2 025 | g 0
& | 5
0 0.00 g
0 10 20 30 40 0 100 200 300 400 500 50 60 70 80 50 60 70 80
Time (ps) Timestep (ps) X Coordinate (4) X Coordinate (A)
@ _ ,
- - - - " - - - - - -
- * = i - & e e W % - - - - = -
- - - - - - - - - - -
- - - -
- - e e - - - - “ -4 o age O W™ -
- - - -
= - - - . s -~ - - -
- g - g - - - - - - =3
® - ny - -~ - - - = -
- - - - -
= - - » 9 o @ - - - -
- - Pes - = = - - -
- = - - - - - - - - - - - -
- - - . - o - - - - - - < - -
- - o - e i B o - - -
- -
- .- - e - » - - - A -
[ - g - - ' - i W - -
- . - - e - 3 - - - -
- e o - - - - - ap W - -
- - - - - - - - i - - - - . -
= - - ey - - - - s -
- g > - - - - - - - - - 1
- - - - - -
a - - - - . - - - o = - gl
¥ - - - - - - B - -
- - : - - -
e - * - - - - - -
- 4% ae = - - - = -~
- - - - - - - - = - -
- - = - = - - =
- - - - - - -
- - _—— oy e - - o~ < 1
- - - - - . - - = ol - -
- - - - = - - N -

Figure 1: Figure 1 - (a) Mean squared displacement for fluorine diffusion in calcium fluoride. The msd
has been plotted in one, two, and three dimensions. (b) The evolution of the system volume during a
molecular dynamics simulation. (c) The particle density of cerium (blue) and oxygen (orange) atoms
at a grain boundary in cerium oxide. (d) The electrostatic potential at a cerium oxide grain boundary.
(e) The center of mass of cerium (blue) and oxygen (orange) atoms in two dimensions, at a grain
boundary in cerium oxide.

polypy

polypy is a Python module for analysing molecular dynamics and Monte Carlo trajecto-
ries generated from the DL_POLY (Smith & Forester, 1996) and DL_MONTE (Purton et
al., 2013) codes. The code reads DL_POLY HISTORY and CONFIG files, DL_MONTE
ARCHIVE files, and stores the data in a polypy.read.Trajectory object that is then used
by the various data analysis modules.

The polypy.density.Density module generates a three dimensional grid and counts the
number of times a given atom spends at each grid point during the simulation. This is then
used to generate the particle density of a given atom in one and two dimensions. From here, the
charge density in one and two dimensions, the electric field in one dimension, and electrostatic
potential in one dimension can be calculated using the polypy.analysis module.

The polypy.msd module performs a mean squared displacement calculation. From the mean
squared displacement, the three, two and one dimensional diffusion coefficient, and ionic
coefficient can be calculated.

A module allowing easy generation of publication plots from the calculated data is available.
The outputs are returned in a sensible form, allowing further manipulation and plotting. The
repository contains examples of the core functionality as well as tutorials, implemented in
Jupyter notebooks to explain the full theory. Furthermore, a detailed description of theory
is also available within the documentation. polypy is aimed towards theoretical solid state
physicists and chemists who have a basic familiarity with Python, although the examples
contained in the repository are designed to help less experienced users make use of the code.
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Statement of Need

There are a number of codes designed to analyse molecular dynamics trajectories that
currently exist (Fraux et al., 2020; Michaud-Agrawal et al., 2011; Yong & Todorov, 2018).
DL_ANALYSER (Yong & Todorov, 2018) is available under license for the analysis of
DL_POLY simulations and chemfilles (Fraux et al., 2020) is available for the analysis of a
wide range of file types. MDAnalysis (Michaud-Agrawal et al., 2011) is the most widely
used molecular dynamics analysis code and some of the functionality in polypy is already
present in MDAnalysis. The MDAnalysis.analysis.lineardensity module calculates the
charge density in different dimensions, although according to the documentation, is limited to
orthorombic, fixed volume cells. polypy is designed to work with several simulation ensembles
including, NPT, NVT, semi grand, and grand canonical. Furthermore, the calculation of the
electric field and electrostatic potential is unique to polypy. MDAnalysis and polypy are
both capable of calculating mean squared displacements. polypy goes a step further by
allowing the calculation of diffusion coefficients and conductivities within localised regions of
a structure, e.g., a grain boundary A. R. Symington, Molinari, Statham, et al. (2019) or local
structural environments (A. R. Symington et al., 2020). polypy is also unique in the sense
that it is designed for the analysis of both molecular dynamics and Monte Carlo trajectories.

In summary the features that are unique to polypy are as follows

= The analysis of both molecular dynamics and Monte Carlo trajectories.
= The calculation of the electric field and electrostatic potential.
= Regional mean squared displacements.
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