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In this tutorial, you will learn how to calculate the atomic diffusion coefficient in liquid metals using
molecular dynamics (MD) simulations. In general, an accurate measurement of the diffusion coefficient in
liquids is a challenging task. The present tutorial demonstrates how the QuantumATK tools allow you to
efficiently study this fundamental phenomenon in a straightforward manner on a computer instead.

We adopt classical molecular dynamics to be able to generate rather long MD trajectories of liquid
copper. This is a computationally efficient approach to obtain statistically meaningful averages of the
physical quantities needed for calculating the diffusion coefficient of a single Cu atom in this liquid metal.
The entire MD procedure is divided into three major steps:

1. heating crystalline copperto above its melting point,

2. annealing liquid copper at high temperature to bring the system to equilibrium,

3. further annealing of this equilibrated liquid copper to get more statistical data for accurate calculation
of the atomic diffusion coefficient, using the time-dependent mean-square displacement derived from
the corresponding MD trajectory.

Theory

Diffusion in liquid metals differs from atomic diffusion in solids, as it takes place at a much shorter time
scale, allowing for a brute force approach based on molecular dynamics simulations to calculate an
atomic diffusion coefficient, denoted

D. Knowing this fundamental physical quantity is needed to understand liquid dynamics, as well as many
other related phenomena, such as nucleation and crystal growth. Unfortunately, experimental diffusion
data for liquids are often rather inaccurate for various reasons [, Instead, liquid diffusion can be rather
accurately studied theoretically as demonstrated in this tutorial.
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If you are interested in atomic diffusion in solids, please refer to the following two tutorials on Boron
diffusion in bulk silicon and Modeling Vacancy Diffusion in Si0.5 Ge0.5 with AKMC as studying
diffusion in solids usually requires a more sophisticated computational approach compared to the
molecular dynamics approach.

Given that the MD simulation of the equilibrated liquid has been run for time
T, the diffusion coefficient,
D, can then be expressed in terms of the mean-square displacement of atoms in this MD run

6tD = (X*(t)),

where
<X2(t)> is the mean-square displacement of Cu atoms in liquid copper, calculated at the observation
time

t
Nat
(X2(t)) =1 / Lt [n + ) - )]’
T /o Nat
Nat
and

N, is the total number of Cu atoms in the supercell, and

rj(t' +t) and

rj(t'), where

J € [1,..., Nat, are atomic position coordinates at time

t' + t and

t/, respectively. In this tutorial,

t is the time interval of observation that is adopted to extract the atomic diffusion coefficient from the
time-dependent mean-square displacement,

(X?(t)), assuming that
(X?(t)) shows a linear behavior with respect to

t. This observation time
t cannot exceed the total time
Tvp of the MD simulation of liquid. The mean-square displacement may become quite noisy, not showing
a linear dependence with respect to the time interval
t for the values of
t close to
Tvp. In some cases, only those values of
t that are much smaller than the simulation time, i.e., when
t < Ty, allow for accurate estimates of the diffusion coefficient from the linear fit of

(X*(®))-

Strictly speaking, the formula given in the previous paragraph defines the self-diffusion coefficient of
liquid copper. That is the atomic diffusion coefficient averaged over all the copper atoms in the liquid. This
ensemble averaging is possible in this case because all these copper atoms are assumed to be identical,
having the same atomic mass and other physical characteristics that may affect diffusion of atoms. If a
foreign (impurity) atom or a copper isotope with a different atomic mass was introduced in liquid copper,
we would then have an additional diffusion process, which is diffusion of this foreign atom in liquid
copper. To quantify this process, we can calculate the atomic diffusion coefficient,

Dip, of this single atom as follows
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6tDimp = (X2(t)) ~

1
- Tvp — t

where the individual atom trajectory
Timp(t) is taken from the MD trajectory of the entire system of many atoms.

One should bear in mind that diffusion properties of materials depend on the temperature, and that also
holds true for the atomic diffusion coefficient. In this tutorial, we will study liquid copper at T=2000 K,

Tvp—t 9
/ dt! [Timp(t' + t) — Timp(t)]
0

which is a temperature well above the melting point of crystalline copper.

Computational Procedure

Building a Copper Supercell Structure

e Open the Builder ® and add a face-centered crystal structure of Copper from Database to the Stash.

Edit  Select

g ® 05

Help

T Ee PG TR 48

Database - Crystal Cupboard

File Databases Panels Help

€, Copper Q| f
Name Formula Lattice Tags |
Copper(l) scandium sulfide Cuscs? Hexagonal sulphides

Copper Cu Face Centered Cubic (Fcc) Elements Cubic Standal-
Copper iron sulfide CuFes2 Simple Tetragonal Sulphides

Copper(l) phosphide Cu3pP Hexagonal Phosphides -
Copper(l) nitride Cu3N Simple Cubic Nitrides

Copper(l) tetrachlorogallate CuGacla Simple Tetragonal Chlorides |-
Copper(l) chromium sulfide cucrs2 Rhombohedral sulphides

Copper tantalum(IV) sulfide CuTas3 Simple Orthorhombic Sulphides B
Copper(l) tantalum nitride CuTaN2 Rhombohedral Nitrides

Zirconium dicopper(l) phosphide Zrcuzp? Hexagonal Phosphides "
Dipotassium copper(l) chloride K2cucl3 Simple Orthorhombic Chlorides |

Description ® Configuration

Cu (Copper)

Chemical formula: Cu
Lattice

* Face Centered Cubic (fcc)
*a=3.61496 Angstrom

svmmetrv information

¢ InBulk Tools, choose Supercell and click on Conventional.
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Builder

File

Copper

+
()}
o
iiii

¥ Bulk Tools

v

Crystal Symmetry Info
> Fit Cell

» Merge Cells

Copper

P Repeat

Stretch Cell

v

¥ Supercell

Create a supercell by expressing the new cell vectors A',
B', and €' as a linear combination of the current cell
vectors A, B, and C.

Atoms are added as needed to reflect the new cell size.
Press Conventional to choose the conventional cell (only
available for non-primitive Bravais lattices). Use the
combo box to select from a preset of tranformations.
Press Transform to apply the current transform.

A B C
A -1, 1. 1.
B’ 1. 1 |+ 1.
C 1. 1. 1.
Face-Centered Cubic = Conventional
= Remove overlaps Transform

> SWED Axes 5

bJ = »

e Then click on Transformto convert the primitive cell of bulk copper with 1 Cu atom to the conventional
unit cell with 4 Cu atoms.

Builder

File Edit Selection View Windows Help

v Bulk Tools
»  Crystal Symmetry Info
> Fit Cell
= Merge Cells

Copper

» Repeat

Stretch Cell

v

¥ Supercell

Create a supercell by expressing the new cell vectors A,
B', and €' as a linear combination of the current cell
vectors A, B, and C.

Atoms are added as needed to reflect the new cell size.
Press Conventional to choose the conventional cell (only
available For non-primitive Bravais lattices). Use the
combo box to select from a preset of tranformations.
Press Transform to apply the current transform.

A B C
A -1 | 1. 1.
B’ 12 1| 1.
C 12 10 1 .
Face-Centered Cubic &
& Remove overlaps Transform

Inactive »  Swap Axes =
b = »
¢ InBulk Tools, choose Repeat and set the repetition of the conventional unit cell along the A, B, and C
axes to 6.

e Click on Applyto create a 6x6x6 cubic supercell of bulk copper, which is the initial structure for MD
simulations.

e Send the copper supercell structure to the Script Generator @ with the Send To icon [ .
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Builder

File Edit Selection Vi dows Help
bl e OO0 ELTHP>TRACGSI2L @
+ 9 9 =l Copper
Types ~ Favorites Bion...
> Builders Kies
¥ Bulk Tools
»  Crystal Symmetry Info
Copper > Fit cell
» Merge Cells
¥ Repeat
Choose the number of times the configuration should be # Prediction scripter
repeated along the A, B, and C-axes. I
A 6. B 6. ¢ 6 . Reset themistry Importer
ol
Z \%I(_(Z \< \< N Perform the repeat by pressing the Apply button. als workbench
SIS : |
OO0 oty | || Jocper-
RIS ; B E
EP(?S(\SA(\({STX > » Stretch Cell k..
OO -
A AVAVAVAYV 2 VAV AV AV AV AN A » Supercell Parameters...
NIV NIV NN AT P |
> Swap Axes
» Wrap
Brillouin Zone Viewer.
Lattice Parameters... M
Inactive » Coordinate Tools Job Manager
Viewer
g Editor

Setting up MD Simulations in the Scripter

e Add a Calculators » ForceFieldCalculator .

For QuantumATK-versions older than 2017, the ATK-ForceField calculator can be found under the
name ATK-Classical.

¢ |n the Potential Settings, set the classical potential in Parameter set to EAM_Cu_2004 (2

R ESl Windoes_Heb ForceFieldCalculator

Potential Settings

| Blocks Parameter set | EAM_Cu_2004 s) [ Edit New
| ) Load Save
' b m Calculators Literature References

m LeAOCaleulator X. Zhou, R. Johnson, and H. Wadley, Misfit-energy-increasing dislocations in vapor-

deposited CoFe/NiFe multilayers, Physical Review B, 69, p. 144113, 2004.

Planewavecalculator
Additional Info
| semiEmpiricalCalculator

ForceFieldCalculator
Analysis from File
Adjust Configuration
Initial State

|| » Optimization
" Analysis
» ‘:5 Study Objects

L @ Custom Blocks Results

| . Save to results file =
Output settings

Results file | Copper.hdfs & Print results summary to log

Log details | Full [ -]

script details | Show defaults -

= »
e Add an Optimization » MolecularDynamics object to the Script to set up the first step of the MD
procedure, which is heating crystalline copperabove its melting point.
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Script Generator - Copper.py*

File Edit Windows Help

2]

=]
Blocks Templates
Custom | & a
-] Script
LcAaocCalculator =
g & sulk
PlanewaveCalculator
@ ForceFieldCalculator

4| semiEmpiricalCalculator

BEEB

ForceFieldCalculator

nalysis from File

r r

o

ljust Configuration

<

CEEE
E
{= o
@
A
:
T

Optimization

OptimizeGeometry
o= —

e

n

AdaptiveKineticMonteCarlo ( ./ A" |\/(\\|\
.H\/I\rl\/{\/l\';[\/

TimeStampedForceBiasMonte... State...

Output settings
Results file | Copper.hdf5

Log details | Full

script details | Show defaults

S

Set the computational parameters for MolecularDynamics to heat up the supercell structure of crystalline
copper from 1000 to 2000 K, using an NPT barostat. This procedure allows us to increase the temperature
of the system gradually above its melting point. It means that the ordered solid will eventually become a
liquid, which only exhibits a short-range order as demonstrated using the radial distribution function (RDF)

in the Analysis section.
Set Molecular Dynamics Type to NPT Martyna Tobias Klein, Steps to 100000, Log interval to 1000, and

[ ]
Save trajectory to the trajectory heating.hdfs file.

Set Initial Velocity Type to Maxwell-Boltzmann, and Temperature to 1000 K.

In the NPT Martyna Tobias Klein barostat settings, set Reservoir temperature to 1000 K, and Final
temperature to 2000 K.

e All the other MD parameters are kept at default.
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Molecular Dynamics

File Edit windows Help

Blocks

Filte

LcAOCalculator

E

4| PlanewavecCalculab

EE

Ui| semiEmpiricalCalcu

ForceFieldCalculate

r’gl‘

l=8 Analysis from File

A
. Adjust Configuration

11} Initial State
v E Optimization
OptimizeGeometry
MolecularDynamics
~& | AdaptiveKineticMo)

Output settings

¥

TimeStampedForce
Results file Copper‘hdfsi
Log details | Full

script details | Show defaults

Molecular Dynamics
Type
Steps
Log interval

Save trajectory

Initial Velocity

Type Maxwell-Boltzmann =

Temperature

Results

Save to results file =

NPT Martyna Tobias Klein
100000
1000
trajectory_heating.hdfs

‘Add Constraints

Fix center-of-mass

1000

["] Print results summary to log

NPT Martyna Tobias Klein

Time step 1) |fs
Reservoir temperature 1000 K
Thermostat time scale 100| |fs
Final temperature K
Barostat time scale 500/ fs
Reservoir Pressure
[ I1sotropic pressure 100000 Pa
000
000!

oK

EIrS

e Add a second Optimization » MolecularDynamics object to the script to set up the second step of the
MD procedure, which is annealing liquid copperto bring the system to equilibrium.

We should set the computational parameters for MolecularDynamics to equilibrate the supercell structure
of liquid copper at the constant temperature 2000 K, using an NPT barostat. This step is needed to
eliminate any memory effect of the initial copper structure (solid copper) on the physical properties of

liquid copper obtained from this particular initial structure.

e Set Molecular Dynamics Type to NPT Martyna Tobias Klein, Steps to 100000, Log interval to 1000, and

Save trajectory to the trajectory equilibrating.hdfs file.

¢ Set Initial Velocity Type to Maxwell-Boltzmann, and Temperature to 2000 K.

¢ Inthe NPT Martyna Tobias Klein barostat settings, set Reservoir temperature and Final temperature to

2000 K.

e All the other MD parameters are kept at default.
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File Edit windows Help

Blocks

Filte

LcAaOCalculator
PlanewaveCalculab
SemiEmpiricalCaleu
ForceFieldCalculate

Analysis from File

Adjust Configuration

Initial State

v Optimization

OptimizeGeometry
MolecularDynamics

AdaptiveKineticMol

TimeStampedForce

Output settings

Results file Copper‘hdffi_
Log details | Full

script details | Show defaults

Molecular Dynamics

Type NPT Martyna Tobias Klein
Steps 100000
Log interval 1000

Save trajectory

‘Add Constraints

Fix center-of-mass

Initial velocity

Type Maxwell-Boltzmann

Temperature

Results
Save to results file =

] print results summary to log

trajectory_equilibrating.hdfs

Molecular Dynamics

NPT Martyna Tobias Klein

= Time step 1| |fs =
- Reserveir temperature 2000 K
: Thermostat time scale 100| fs =
Final temperature 2000 | K
Barostat time scale 500 |fs =
Reservoir Pressure
[ 1sotropic pressure 100000 Pa &
000 C (
000!
000
2000 |K =
oK

= »

¢ Add a third Optimization » MolecularDynamics object to the script to set up the third step of the MD
procedure to collect sufficient statistical data for calculating the self-diffusion coefficient of liquid

copper.

Set the computational parameters for MolecularDynamics to run the MD simulation for the supercell
structure of equilibrated liquid copper at the constant temperature 2000 K, using an NPT barostat. In this
step, we aim at collecting a good statistical data (a set of MD frames) for calculating atomic diffusion
coefficient of liquid copper.

e Set Molecular Dynamics Type to NPT Martyna Tobias Klein, Steps to 100000, Log interval to 1000, and
Save trajectory to the trajectory data equilibrium.hdf5 file.

e Set Initial Velocity Type to ConfigurationVelocities, so that the velocities from the previous (second)
MD run will be used as initial velocities for this (third) MD simulation.

¢ Inthe NPT Martyna Tobias Klein barostat settings, set Reservoir temperature and Final temperature to

2000 K.

e All the other MD parameters are kept at default.
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File Edit Windows Help

AH

Blocks

LcAOCalculator

PlanewaveCalculab
| SemiEmpiricalCalcu
| ForceFieldCalculate
| Analysis from File

| Adjust Configuration

nitial State

Optimization

OptimizeGeometry
MolecularDynamics
AdaptiveKineticMol

TimeStampedForce

| Output settings
| Results file  |Copper.hdf5
.‘ Log details | Full

Script details | Show defaults

Molecular Dynamics

Type NPT Martyna Tobias Klein
Steps 100000
Log interval 1000

[& save trajectory
Add Constraints

& Fix center-of-mass

Initial Velocity
Type Maxwell-Boltzmann

Temperature

Results

Save to results file =

(] Print results summary te log

Molecular Dynamics

trajectory_data_equilibrium.hdfs

300 K *

NPT Martyna Tobias Klein

& Time step 1 |fs 2
- Reservoir temperature 2000| K
: Thermostat time scale fs =
Final temperature 2000 | K
Barostat time scale 500| fs =
Reservoir Pressure
& Isotropic pressure 100000 | Pa =
| Ok

e »

¢ |n Output settings, rename Results file to cu diffusion.hdf5 , and save the Script to File » Save as

Cu_diffusion.py .

File

Edit
B New
& open...

Windows Help

GE

Ctrl+s

PlanewaveCalculator
SemiEmpiricalCalcula
ForceFieldCalculator

Analysis from File

OptimizeGeometry
MolecularDynamics
AdaptiveKineticMont

TimeStampedForceBi

| Output settings

Script Generator - Copper.py*

rl+N

Ctrl+0

Templates
Custom v
- | Script
L Bulk
@ ForceFieldCalculator
MolecularDynamics

tor

MolecularDynamics

MolecularDynamics

eCarlo

asMonte...

State...

Results file

Cu_diffusion.hdf5

Logdetails | Full

Script details | Minimal

|Save the current file with a different name.

e Send the job to th

e Job Manager #..

VAVAVANANAA
RIS
JUUVION

IS
.X ..>< ‘P’

f-—f\'/[\;l\‘/{\/ T
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Script Generator - Cu_diffusion.py

File Edit Windows Help
| p . » E
| = & #ral Info
| Blocks Templates tatext
[ Custom | &8 ort...
= i E Representation
LcAoCalculator seript =
l Q Bulk amical properties
PlaneWaveCalculator E
1 @ ForceFieldCalculator {Analyzer...
! @ semiEmpiricalCalculator -2 i |
. P MolecularDynamics Bization
o ; S -
| ForceFieldCalculator MolecularDynamics y Vavar ;/ie -
; : y MolecularDynamics £
Analysis from File wer...
77777 1S |
| Adjust Configuration _5 inced
Initial State Z\) stal structure Pre
<1
.4 Optimization { jal\.anenus
| OptimizeGeometry J:S pputatlonalchen
o . N laurus Materials v
| ~<s | MolecularDynamics / |
L4 fect/Diffusion Scr
2 | AdaptiveKineticMonteCarlo = w4 ¥ 4 |;
| i K (] -_\x‘,‘,(._/7 (X < > terial Database...
TimeStampedForceBiasMonte... | State... AR R RS ¢ Itilayer Builder...
| Output settings ]owire Band Para
Resultsfile  [Cu_diffusion.hdfs
Builder
Log details | Full 2

- Script Generator
Script details | Minimal - - ot
Viewer

B Editor
e Depending on your machine, it will take about half an hour to do the classical MD simulations for the
supercell structure with 864 copper atoms adopted in this tutorial.

Download the scripts here: & Cu_diffusion.py and & analysis.py.
Analysis

Self-diffusion of Liquid Copper

Once the calculations are done, the requested HDF5 data files should appear in the QuantumATK Project
Files list, and their contents should be visible on the LabFloor.

e Select the trajectory named trajectory heating.hdf5 and open the Movie Tool from the right-hand
plugins bar.

The left-hand plot shows the time-evolution of the MD quantities: kinetic energy, potential energy, total
energy, and temperature, all as a function of MD simulation time. On the right you can see a movie of the
MD trajectory.

e Use mouse right-click to tick the option Wrap bulk atoms, and then click on the ’ icon to start the
movie.
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QuantumATK NanoLab - Example Project - P-2019.03-SP1 (/home /quantum/.vnl/example_project_P-2019.03-5P1)

File Projects Tools windows Help

P Project Files ® LabFloor P, .
[ & i

s Text <) |Filetypes v Groupby |Filename :

v trajectory_heating

- ¥ General Info
Name v
@ ] [l benzene_molecularenergyspectrum.hdf5

> Metatext
benzene_molecularenergyspectrum.py i Export...

graphene_sheet_equilibrate.nc.hdfs trajectory_heating.hdf5 trajectory_heating.hdfs TR T
[ graphene_trajhdfs MDTrajectory_0 MDTrajectory 0

h2o_on_mgo_teacionbrrechas
h2o_on_mgo_reactionbarrier.py § . -
) [ ien_bombardment_traj.nc.hdfs SDVELaloni Mole 5
L1 md-nve-1Fs (1).log Time unit picosecond o
O O md-nve-1fs.log i
md-nve-1fs.py
md-nvt-nosehoover-300K (1).log 5
[ md-nvt-nosehoover-300K (2).log

[ md-nvt-nosehoover-300K.log 5
) [ md-nvt-nosehoover-300K.py
O mdtrajectory_cnt.hdfs 1€

20 =

HO

83 .
)0
[

m
E5
g
[

@ i0:9

mdtrajectory_cnt.png —  Ew (10% eV)
¢ 0
O E mdr‘raje(tmy_(nr‘py g — E (10°eV) -
| project.example ] ; «port to clipboard Ctrl+C
1 [ sic_bandstructure.hdfs o -1 — B (107eV) ort image... Ctrl+E
— ) & E g
[ sic_bandstructure.py T(10%K) Export animated GIF...

silicon_fatbandstructure hdfs =2
silicon_fatbandstructure.py = ]
silicon_pdos.hdf5 )
silicon_pdos.py biakiclic) it
O traj-md-nve-1Fs.hdfs _40 20 20 60 ) 00 sendTo

Databases — Export frames...

Show bonds

) [ traj-nvt-nosehoover-300K.hdfs Time {ps)

) [ trajectory.hdfs

0 i ilibri ree -

O [ trajectory_data_equilibrium.hdfs ﬁ [« }»] .’.. = & E « > B o ® o |1 [ees 2] W

trajectory_equilibrating.hdfs
trajectory_heating.hdf5

As shown in the animation of the MD trajectory, the average velocity of the copper atoms increases at
elevated temperatures, and then the phase transition from the crystalline to liquid copper occurs about
half-way through the heating MD run.

F @ @ ® 9P " W ¥ " @9 w9

’ @ @ & 9 F ¥ " B """
*F @ @ @ ¥ " " ¥ " w"w
fF & @ @ ¥ B B ¥ W Ww"nw
F & ¥ @ ¥ F " " " "0

F ®F @ ¥ @9 " @ 9" B " 0w
& & & @ #F ® " "0

y @ @ F @ " ¥ " " " WP
g @ ¢ ® & 9 @ " 9

i»
)
i
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You can easily save such an animated GIF file yourself: Right-click the movie and select Export
animated GIF.

You can also use the Movie Tool to inspect the trajectory for the equilibration MD run,
trajectory equilibrating.hdf5 . Note that the temperature and energy are fairly constant throughout the
equilibration of the system:

3 T I T T
2 -
1 2
—  Eiw (10%V)
2 — B, (10%eV)
2 0OF i
2 —— B (10%eV)
4l T(10°K) |
2L i

_3 ] ] l l
0 20 40 60 80 100

Time (ps)
As mentioned in the Computational procedure section, an ordered solid transforms into a liquid phase
with a short-range order preserved upon melting. To demonstrate that liquid copper exhibits some
structural ordering, select the final MD trajectory, trajectory data equilibrium.hdf5 , and open the MD
Analyzer from the right-hand plugins bar. Select Radial Distribution in the drop-down menu, and click on
Plotto generate a plot of the radial distribution function
g(r) for the liquid copper. The distribution function shows a pronounced peak at 2.5 A, indicating that this
is the dominant nearest-neighbor distance between atoms in the liquid copper. This value is comparable
to the nearest-neighbor bond distance of 2.55 A in crystalline copper at room temperature, suggesting
that there still exists some short-range order in the liquid phase of copper.
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QuantumATK NanolLab - Example Project - P-2019.03-SP1 (/home/quantum/.vnl/example_project_P-2019.03-5P1)

View Tools Windows Help
Project Files ® | 2bFloor QuantumATK
Filtes Text  :| | Filetypes v  Groupby Filename : Filter...
v trajectory data_equilibrium ——
eneral Info
Name - m
71 [ benzene_molecularenergyspectrum.hdf! — = Ealelatext

[ [ benzene_molecularenergyspectrum.py

Scripter -

[ L graphene_sheet_equilibrate.nc.hdf5 ; Fret A1 q q 7
P o grepnenesnedteq Analysis type | Radial Distribution 5 Radial Distribution Function E
( L graphene_traj.hdfs 2.5

5 [0 [ h2o_on_mgo_reactionbarrier.hdfs Documentation E
Custom ] [ hzo_on_mgo_reactionbarrier.py Calculates the radial distribution function v
Seripter O [ fon_bombardment_traj.nchdfs normalized using the average density such that B

oo — for large distances the distribution approaches
;; [ [ md-nve-1fs (1).log unity. 2.0 E
) O [ md-nve-1fs.log , |}
= O [ md-nve-1fs For more details see the reference manual entry
Editor — L Py for RadialDistribution. E
[] |1 md-nvt-nosehoover-300K (1).log
6 [ [J md-nvt-nosehoover-300K (2).log Plot Parameters 1.5 |
= ‘:‘ [} md-nvt-nosehoover-300K.log Plot style | Line - E
oo ) [7 md-nvt-nosehoover-300K.py =
) [] mdtrajectory_cnt.hdFs Analysis Parameters = |7

[0} [] mdtrajectory_cnt.png
[ [ mdtrajectory_cnt.py
[] [ project.example Emax 100000 fs E
[ [ sic_bandstructure.hdfs

Erin 0

1]
-
=)

T

<
3
H
i
]

= EBresolution 1000 fs E
@ ) [ sic_bandstructure.py 0.5 |}

7] [ silicon_fatbandstructure.hdf5 Fmax 6.5 Ang y
R [ [ silicon_Fatbandstructure.py . 005 - =

) [ silicon_pdos.hdFs e - g -

[ [ silicon_pdos.py Selection 1 | All a6

) [ traj-md-nve-1fs.hdfs Selection2 [All A

[ [ traj-nvt-nosehoover-300K.hdfs = 1 2 3 4 5 3

; | ] trajectory‘:dfs o r e ‘Clear Plok Plot Pair Distance (A)

[] trajectory_data_equilibrium.hdfs — = -
& [ trajectory_equilibrating.hdfs Q< B Kk
& | trajectory_heating.hdf5s T -

As described in the Theory section, the diffusion coefficient is related to the mean-square displacement
(MSD) of the Cu atoms as the final MD simulation progresses. You can plot the MSD using the MD
Analyzer: Select Mean Square Displacement as the quantity to be plotted, and then click on Plot.

MD Analyzer - trajectory_data_equilibrium.hdf5 MDTrajectory_0

Analysis type | Mean Square Displacement = Mean Square Displacement
Documentation - Al
Calculates the mean square displacement. The 500K, ., p=g 454 x10° {cm?js)
diffusion coefficient can be calculated using a
linear fit, which can be added through the plot
editor.
For more details see the reference manual entry 4007
For MeanSquareDisplacement.
Plot Parameters -
Plot sty ‘Z 300
Fl (o]0 '._-.'l".‘ ——
g
Analysis Parameters =
Erin 0 fs ;E 200 |
Emax 100000 fs
Cresalution 1000 fs
100
Atom selection |All s
Anisotropy Disabled =
0F
0 20 40 60 B0 100
Time (ps)
3D Selection Clear Plot Plot

AP Q < R 72

The MSD increases linearly with simulation time, and all you need to compute the diffusion coefficient is
the slope of the line. Right-click on the line, select “Add fit", and click “Polynomial fit”. Close the Plot
editor.

The atomic diffusion coefficient in liquid copper calculated at 2000 K is 0.85 A2/ps.

Diffusion of a Single Atom in Liquid Copper

To demonstrate how the diffusion coefficient,

Dy, of an individual atom in liquid can be obtained within the framework of the MD approach, we will
look at the diffusion of a single copper atom in the liquid copper, pretending that this (randomly-chosen)
atom differs from all the other copper atoms in the system. In this particular case, one would expect that
the value of the atomic diffusion coefficient for this individual atom should be close to the self-diffusion
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coefficient value of liquid copper.

The MD trajectory that has already been obtained for liquid copper can be directly adopted for calculating
atomic diffusion of a single copper atom. The MSD of a single atom also increases linearly with
simulation time, at least on the short-time scale as seen in the figure given below, and all you need to
compute the diffusion coefficient is the slope of the line.

Use the script & analysis_single_atom.py for computing the diffusion coefficient. The content of the
script is shown below. The script takes as an argument the name of the HDF5 file
trajectory data equilibrium.hdf5 from which it extracts the MD trajectory of a single copper atom (atom
#7 as chosen in the script) in the equilibrated liquid copper, then uses the built-in function
MeanSquareDisplacement () to calculate the MSD of the copper atom #7, and uses NumPy to do the linear
fitting. Finally, a plot is produced using pylab.

# Get the name of the MD trajectory (hdf5) file given in the system arguments
filename = sys.argv[1]
#filename = 'trajectory data equilibrium.hdf5'

# Get the frames of the MD trajectory from the file
md trajectory = nlread(filename)[-1]

# Get Mean Square Displacement (MSD) for a single Cu atom (#7) from the MD trajectory
msd = MeanSquareDisplacement(md trajectory,atom selection=[71])

# Get the times in ps and the MSD values in Ang**2.
t = msd.times().inUnitsOf(ps)
msd_data = msd.data().inUnitsOf(Angstrom**2)

# Fit the slope of the MSD to estimate the diffusion coefficient.
# If you discover non-linear behavior at small times, you should then discard this initial part in the
for i in range(10,110,10):

first image = 0

a = numpy.polyfit(t[first image:i], msd data[first image:i], deg=1)

print(i, a[0]/6)

# Setting the endpoint to 25 is based on a visual inspection of the plot for MSD(t).
# Note that this kind of plots may have some noise for large time-values.

endpoint = 25

a = numpy.polyfit(t[first image:endpoint], msd data[first image:endpoint], deg=1)
line fit = numpy.polyld(a)

# Calculate the diffusion coefficient of the copper atom #7 in Ang**2/ps.
diffusion coefficient = a[0]/6.0
print('Diffusion coefficient for a single atom in liquid copper at T=2000K is: ',diffusion_coefficient

# Plot the data using pylab.
import pylab

pylab.plot(t, msd data, linewidth=2,label='MSD of a copper atom')

pylab.plot(t[first image:endpoint], line fit(t[first image:endpoint]), linewidth=4,color='k', linestyle
pylab.xlabel('t (ps)"')

pylab.ylabel('MSD(t) ($\AA~{2}$)")

pylab.ylim(0,600)

pylab.legend(loc="upper left')

pylab.show()

1

Download the script and execute it from the command line. The calculated diffusion coefficient of a
single atom will be printed at the end of the logging output:
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$ atkpython analysis single atom.py trajectory data equilium.hdf5

Diffusion coefficient for a single atom in liquid copper at T=2000K: 1.10459718032 Ang**2/ps

This python script used for the analysis can also be executed from the Job Manager, i.e., without using
the command line. For that, replace filename = sysargv[1] with filename =
‘trajectory_data_equilibrium.hdf5’ in the downloaded analysis_single_atom.py script, save it, and send
it to the Job Manager to execute it as a regular QuantumATK job.

The diffusion coefficient of a single atom in liquid copper calculated at 2000 K is found to be 1.10 A2/ps
in this case. As expected, this value is comparable to that of the self-diffusion coefficient of liquid copper,
0.89 A%/ps. The difference between these two calculated coefficients originates from the fact that we
have done ensemble-averaging over all the copper atoms in liquid to calculate the self-diffusion
coefficient,

D, whereas there is only one data point at a given time,

t, for calculation of the atomic diffusion coefficient,

Dimyp. So, we may need to run MD simulations for much longer time (

Tvp) to more accurately calculate the self-diffusion coefficient of liquid copper from the MD trajectory of
a single copper atom. This longer MD trajectory should allow us to get better statistics and increase the
observation time interval (

t) where the mean-square displacement exhibits a linear time dependence. The linear region in the
following figure, which shows the time-dependent mean-square displacement, is then expected to
increase from

t = 25 ps to a larger observation time value.

600 T T T T
— MSD of a copper atom
== |jnear fit of MSD of a copper atom

500 - .

400} 1

300 - J

MSD(t) (4 2)

200 - .

100 .
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oNote |

When analyzing only a single atom for this amount of time, the statistics are not sufficient for
obtaining the diffusion constant. If you want the diffusion constant from a single atom, the simulation
needs to run much longer than if the averaging is done over many atoms.

Temperature Dependence of Diffusion Coefficient

As an exercise, you may repeat all the steps of the MD procedure to obtain the MD trajectory of liquid
copper equilibrated at T=1620 K, and then calculate the self-diffusion coefficient from this MD trajectory.
You will find that this physical quantity calculated without any adjustable parameters, i.e., calculated from
first-principles, agrees very well with the experimental value of 0.52 A2/ps measured for liquid copper at
T=1620 K. The smaller diffusion coefficient value at 1620 K compared to that at 2000 K suggests that the
self-diffusion coefficient decreases upon lowering the temperature of liquid, as expected.
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