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looking at this potentials called as Stillinger-Weber potential. And, and we saw another
potential for the ionic crystals. So, now | want to show you a simple example where
Stillinger-Weber potential is used for silicon in order to say, not do anything spectacular, but
simply to print the variation of the energy with for various elastic, for various Lattice
parameters. So, when you plot that you should get a U-shaped curve and the value of the

Lattice constant at which the energy is a minimum is basically the Lattice constant that you
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Other potentials

Tonic crystals

Simple pair potentials work. The electron transfer in ionic crystals is so high
that the principal cohesion is from the Coulomb interactions between
resulting charged ions. Alkali or alkali-earth with Group-6, Group-7.
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7% is the atomic number, z* is number of electrons in the outermost shell, ¢
is the electronic charge. o, A and p are fitting parameters and depend on the
ionic species.

o Different cut-offs are usually needed. The srcond potential decays much
faster than the Coulombic interaction (:). Number of ions increases as
12 from a given atom. So calculating the first term is far from trivial.

o The other term is similar to the Lennard-Jones and is only short ranged
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So, let us continue with this, these some of these exercises. So today, last class we were just

B epotpor v
B Crateror v
52 Eaeor

4 Comment
¥ Combine Fies

| Omganze Pages v
A Fedact
O Protect
Optimize POF
4 s

Senx for Review

/o More Toos

ot and st PORE
wh Aot PO

get for that particular material, for that potential, yeah that is the goal.
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i ir:Documents i cd AMMPS
Commen

LAMWPS/ LAMMPS _sof tware/

ir cd /LAMPS _software/
Narasimhanhomeair:LAMMPS software narasishan$ 1s
lammps-22Feb18 lammps-22Feb18.tar.gz  lammps-7Augl9

Narasinhanhoneair: LAMPS_software narasishan$ cd lamps-7Augl9/ Oganize Pages. v
Narasimhanhomeair:lasmps-7Augl9 narasimhan$ 1ls
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Si.sw
Si.tersoff
Si.tersoff.mod

Si.tersoff.modc
SiC.edip

SiC.tersoff

SiC. tersoff.zbl
SiC.vashishta
SicGe. tersoff
$iC_1989. tersoff

$10.199@.vashishta
§10.1994.vashishta
$10.1997.vashishta
$i0. tersoff
$i_1.meam.spline

Si_2.meam.spline

SiC.gw
i vim Si.sw

$iC_1998. tersoff
ir:potentials i

1 IDATE: 2097-96-11 CONTRIBUTOR: Aidan Thompson, athomps@sandia.gov CITATION: Stillinger and Weber, Phys Rev B
» 31, 5262, (1985)

2 # Stillinger-Weber parameters for various elements and mixtures

3 # nultiple entries can be added to this file, LAMMPS reads the ones it needs

4 # these entries are in LAMMPS "metal” units:

54 epsilon = eV; sigma = Angstroms

6 # other quantities are unitless

8 # format of a single entry (one or more lines):

9 # element 1, element 2, element 3,

18 # epsilon, sigma, a, lambda, gamma, costhetad, A, B, p, q, tol

1n

12 # Here are the original parameters in metal units, for Silicon from:
3%

14 # Stillinger and Weber, Phys. Rev. B, v. 31, p. 5262, (1985)

15 #

17 §i §i §i 2.1683 2.0951 1.88 21.e 1.20 -0.333333333333
1 7.849556277 ©.6822245584 4.8 8.0 8.9

So, before | do that, you all should be familiar with the, the folder where LAMMPS is
actually installed. So, I have installed it in some location in my computer, | have installed it
right here. And if you look at it, you have the examples folder and then the potential folders.
So, if you want to find out the interatomic potential for, for a specific material then you might
want to start off by looking at this folder right here, a large number of potential files. And if
you open one of them, say for example, this is what we are going to use, if you open them
then in each of these files, you will have, you know from which article this particular

potential parameters was actually taken.



So, it mean this case it was physical review B volume 31 in 1985 paper was used in order to
give you the various parameters for the Stillinger-Weber potential. So, the Stillinger-Weber
potential is a complicated potential with about 7 or 8 undetermined parameters which you
have to give for this specific material in order for it to work. So, what we are going to do is |
am just going to try to, there are several things that this exercise will do. The first thing is that
it is going to, so far you have only being use the interatomic the input file. And in the input

file only you described all the interatomic potential parameters also.

But now, when it comes to the potential such as the Stillinger-Weber potential, you will have
to specify the potential parameters in an external file and have LAMMPS actually read the
parameters from that file. A couple of things you need to keep in mind, when you are actually
doing this sort of a thing, especially in the pair underscore coefficient command. The second
thing is, suppose we want to do something for over a loop, over several different values of
say the Lattice constant, you want it around the same file for several different Lattice
constant. And then print out the energy, the Lattice constant versus the energy and make a

plot of it. So, how do we do that?
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SW.aux SW. tex log.lanmps
SW.auxlock SW_PAper.pdf
SW.1log Shisi.in
Narasimhanhomeair:SW narasishan$ vim Sfj




5 # cubic diamond unit cell

6 variable a index 5.1 5.15 5.2 5.25 5.3 5.35 5.4 5.45 5.5 5.55 5.6 5.65 5.7 5.75 5.8 5.85

7 lattice Buston ${a} &

8 all.00.00.0
a20.01.00.0
a3e.00.01.0
basis 0.0 2.8 0.0
basis 0.2 8.5 8.5
basis 0.5 8.8 0.5
basis .5 8.5 8.9
basis 9.25 .25 .25
basis .25 .75 .75
basis .75 ©.25 8.75
basis .75 @.75 @.25

B0 o fo @0 @ @ @ @ @ Be

28 region myreg block [BURY
21 [BURY

2 210
23 #Lattice units is used, which is the default
24 ##in the argon exasple, we used box units.

26 create_box 1 myreg

27 create_atoms 1 region myreg &
28 basis 11 &
basis 21 &
basis 31 &
basis 41 &
basis 51 &
basis 61 &
basis 71 &
basis 8 1

37 mass * 28.86
Minimize using Stillinger-Weber model for silicon

P ;air_s(yle W
e S

basis .75 .75 .25

20 region myreg block 0104
2 2108

23 #lattice units is used, which is the default
24 ##in the argon example, we used box units.

26 create_box 1 myreg

27 create_atoms 1 region myreg &
28 basis 11 &
basis 21 &
basis 31 &
basis 41 &
basis 51 &
basis 61 &

basis 71 &
basis 8 1

37 mass * 28.06
39 # Minimize using Stillinger-Weber model for silicon

41 pair_style sw

42 pair_coeff * = Si.sw Si

43 # The wild character "' is used to indicate the interactions between any
4 # specific atom types. Let N be the number of atom-types. Then,
45 # (1) * means all atom types

4 # (2) *n means all atom types from 1 to n (including n and 1)
47 # (3) nx means all atom types from n to N (including N and n)
48 # (&) nxN means all atom types from m to n (including m and n)
8 imize le-25 le-25 100090 100000

50 variable latcon equal ${a}

51 thermo_style custom v_latcon pe

52 thermo 1

160 to the next a
Ld -

So, this is going to be exercise 13, sorry exercise 12. So, | am calling my input file as SWSsi
dot in. So, a lot of the stuff is pretty straightforward, so the units is metal units, atom style is
atomic and the periodic boundary conditions in all directions. And then what | want to do is |
want to create a Lattice with some Lattice constant a. And these, these are the basis atoms for
this particular material, so it is basically a diamond structure. And then define a region and
then create a simulation box, create the atoms and keep calculating, minimizing, minimize the

energy for that particular value of a.

And then print out the corresponding Lattice constant and the corresponding energy that I get
and do this for a large number of Lattice constants. So, | defined a variable a which is of type
index, which ranges from say, 5.1 through 5.85. So, all that you have to do is in the Lattice

command, you say custom and instead of giving the actual value of the Lattice parameter,



you just give the variable name, so just give the variable name. So, first iteration, it will have
the value 5.1, everything is a same. And then I define the basis, there is only one particular
type of atom here, so basis of every all the 8 atoms is just 1. The mass of the atom is given
here. And then here | define the pair style, the pair style is of type sw.
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atoms asneighbors. The parameter values usedfor

So, as you can see from the LAMMPS website, this is the LAMMPS website showing the
expression for the energy for this 3-body Stillinger-Weber potential. And you basically need
to give the name of the file which contains that tabulated values of all the constants that you
have to give for this particular potential. So so, you have these elements. So, Stillinger-Weber
files in the potentials directory are there, so this is this is just telling you that the potentials
directory of LAMMPS has Stillinger-Weber potential and you can identify it with a dot sw

suffix. But then in the actual file what is there? So, you have...

So you have, see the 3-body potential, so you need to give 3 different elements. So,
depending upon what you are giving here, which order you are giving here, the parameters
are going to be chosen differently from this set of values. We are doing it for a homogenous

material since material with only one element type. So, for this particular case, we do not



really have to worry about it. But suppose you are doing it for silicon carbide then you will

have to be extremely careful. So, that is actually clearly specified here in the manual.

So, for example, if you are doing just Si Si, Si is the only thing then the first element is
basically the, in the 3-body term, the first element you give is basically the one that is right in
the centre. Element 2 and element 3, it could, again it is silicon-silicon in our case, because
we are just simulating pure silicon then the corresponding values of epsilon, sigma, a,
lambda, gamma, etcetera, etcetera. So, some of these parameters such as A, B, p and q are
parameters which are going to be used only for the 2-body interactions, say, if you look at it

there are so many different parameters that come here.

So, for the 2-body interactions you have A, B, p and q are the only thing that is useful
parameters that are used for these 2-body interactions. Lambda cos theta naught parameters
are used only for the 3-body interactions whereas the others like epsilon, sigma parameters
are used for both 3-body and 2-body interactions. The most important thing is this sentence
right here, so while it is specified in a very concise manner, you really have to think about it
when you are actually setting up your interatomic potential file. So, for a single element
simulation, you need to give only Si Si Si, it is not very complicated.

However, if your simulation contains 2 elements, say for example, silicon carbide then your
every sentence in your interatomic potential file must contain an, must contain an entry and
there must be 2 to the power 3 entries for each possibilities of the 3 different elements that
you can have at the centre and 2 at the sides. So, you should have combinations for Si Si Si Si
SiC and so on. So, we will, I will show you an input file which contains the for silicon
carbide, just to illustrate how you do that. But for now, I just want to talk about the file which

contains only silicon.
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basis .75 .75 .25

26 region nyreg block 018 &
a 218 &

2 218

23 #Lattice units is used, which is the default
24 ##in the argon example, we used box units.

26 create_box 1 ayreg

27 create_atoms 1 region myreg &

8 basis 11 &
basis 21 &
basis 31 &
basis 41 &
basis 51 &
basis 61 &
basis 71 &
basis 8 1

37 mass * 28.06
39 # Minimize using Stillinger-Weber model for silicon

41 pair_style W

2 pair_coeff * x Si.sw Si

43 # The wild character **' is used to indicate the interactions between any
4 # specific atom types. Let N be the number of atom-types. Then,
45 # (1) = means all atom types

6 # (2) n means all atom types from 1 to n (including n and 1)
47 # (3) nx means all atom types from n to N (including N and n)
48 # (&) nxN means all atom types from m to n (including m and n)
49 minimize le-25 1e-25 100000 100020

50 variable latcon equal ${a}

51 thermo_style custom v_latcon pe

52 thermo 1

So, once you give these parameters right here then the pair coefficients, the pair the pair style
basically specifies what is the name of the interatomic potential that we are going to use.
Whereas a pair coefficient, it tells several things, it tells you what type of atoms are actually
interacting, what is the file from which you can obtain these potential parameters and an
elemental list which basically maps the element in the interatomic potential file to the atom
type that you have chosen. So, in our case, silicon is the only atom type, so there is only one
atom type present in our system. So, this Si is mapped this Si is mapped to atom type 1 in our
in our simulation. Suppose we did this then, then what am | doing? | minimize the structure
for this particular value of a. And then | define a new variable, variable latcon equals dollar a,
basically Lattice constant is equal to the value of the a.

And then in thermo style, | print the variable latcon and the corresponding potential error, so
that my thermo, so that my thermodynamic file will have their information. But when | use
the thermo style, | have to do a run. If | did not do a run, nothing gets printed. So, | just say
run 1, that means in once, it is just going to do 1 step and it is going to print out the
corresponding Lattice constant and the potential energy that it calculated at the end of the
minimization process. Then | say, next a, that means of all the a’s present here, it takes the
next value of a and then I say clear and then | say jump SWsi dot in which means rerun the
contents of this file. SWsi dot in is actually the name of this script, this script. So, it will rerun
the contents of this script, but before doing that, you need to make sure that you have

performed a clear. If you do not book clear, it will do complain.
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Performance: 9.668 ns/day, 2.482 hours/ns, 111.896 timesteps/s
80.7% CPU use with 1 MPI tasks x no OpenMP threads

WPI task timing breakdown:
Section | min time | avg time | max time [Xvaravg| Xtotal

Pair | 0.008811 | 0.008811 | 0.288811 | ©.8 | 98.59
Neigh | © |e le | e.e| e.0o
Comn | 6.485e-05 | 6.485e-05 | 6.485e-05 | 0.0 | 0.73
Output | 3.6091e-05 | 3.6081e-05 | 3.6001e-05 | 0.0 | 0.40
Vodify | 9.5367e-07 | 9.5367e-07 | 9.537e-27 | ©.8 | 0.01
Other | | 2.408e-85 | | | e.27

Nlocal: 8000 ave 8000 max 808 min
Histogram: 1000000008

Nghost: 4995 ave 4995 max 4995 min
Histogram: 1000000080

Neighs: @ ave @ max @ min

Histogram: 1000000000

FullNghs: 224800 ave 224808 max 224980 min
Histogram: 1008000080889

Total # of neighbors = 224200
Ave neighs/atom = 28
Neighbor list builds = @
Dangerous builds = @
Total wall time: 0:00:04
Narasimhanhomeair:SW narasishan$ 1s
Lattice_constant_vs_Energy.x1sx SW.pdf Si.sw
SW-figured.mds SW.synctex.gz energy. txt
SW.aux SW. tex log.lammps
SW.auxlock SW_PAper.pdf
/ SW.log SWsi. in
Narasimhanhomeair:SW narasishan$ vim log.lammps
Y Narasinhanhoneair:SH narasishan$ 1s
| i 3 ce_constant_vs_Energy.x1sx Sw.pdf Si.sw

gured.md5 SW.synctex.gz energy. txt
¥x SW.tex log.lanmps
Ldoa PO

L DylUULD LU QLULLL Ly PpUd

[
7 d jump with index variables S
B Crateror v

é X i
. nergy vs lattice constant to deterime le ...,
e as per this potential G

E¥ Combine Fies

OganzePages v

—~ A Redact

g

) 0 Protect

S

& =41 Optimze POF
:. »

9 A sy
2

; is Send for Review
- A VoreToos
2

o0

1%

=

=1

IS

6]

P
5.2 54 Oss6 5.8
aA 1
Comart and i PORE™
4 [Py
L

So, let us see what it does. So, let me just run it, what happens? So, it is done. So, it is giving
you, its, its right for all those values of a here and if you open your logged or LAMMPS file,
it is printing these potential energy for each of those Lattice parameters, which it is just of
course, changing. And in all the cases, | think the minimization has just exited with energy
tolerance. The energy tolerance is reached. So, it has done a good job. So now, from this you
can basically extract only those lines which have the potential energy using various grep
commands or any UNITS command. So, what you can do is grep, say minus al Pot energy
logged or LAMMPS, so gives you all the line that is just after the sentence which has the
string potential energy, but then I do not want this, 1 do not want that line either, so | again do
grep minus v PotEng, so that it contains only the Lattice constant and the energies.



And then you can get rid of those dashes and basically make a plot of the energy for every
Lattice parameter and you see that the Lattice parameter is, so the minimum value of the
energy is obtained for some Lattice parameter between 4 and 5.4 and 5.45. So, if you check
the literature, you will find out that the Lattice constant for which this potential was fitted is
actually this value. So, see this this example took very few, did not take too long to run. So,
all your simulations before starting on anything large, you should do such simple exercises to
make sure that the values that is predicted by the interatomic potential, for which it is fitted
for, somewhat reproduced by your simulations, only then we are using the interatomic

potential correctly.
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Dangerous builds = @
WARNING: No fixes defined, atoms won't move (../verlet.cpp:52)
Setting up Verlet run ...
Unit style : metal
Current step : 1
Time step  : 0.001
Per MPI rank memory allocation (min/avg/max) = 4.558 | 4.558 | 4.558 Mbytes
v_latcon PotEng
5.1 -32779.3%9
5.1 -32779.3%9
Loop time of 0.8950172 on 1 procs for 1 steps with 8960 atoms

Performance: 0.999 ns/day, 26.394 hours/ns, 18.524 timesteps/s
98.1% CPU use with 1 MPI tasks x no OpenMP threads

MPI task timing breakdown:
Section | min time | avg time | max time |Xvaravg| %total

Pair | 0.894856 | 0.094856 | 0.094856 | 0.0 | 99.83
Neigh | @ | e le | e.e| e.o
Comm | 9.8944e-05 | 9.8944e-05 | 9.8944e-05 | 0.0 | 0.10
Output | 3.5048e-05 | 3.5048e-05 | 3.5048e-05 | 0.0 | 0.04
Modify | 1.9873-06 | 1.9973e-06 | 1.9073e-06 | 9.0 | 0.00
Other | | 2.527e-85 | | | e.®

Nlocal: 8002 ave 8080 max 8808 min
Histogram: 1000000088

Nghost: 6725 ave 6725 max 6725 min
Histogram: 108000008080

Neighs: @ ave @ max @ min

Histogram: 100000088080

FullNghs: 368009 ave 358000 max 368208 min
Histogram: 10000008080

“otal # of neighbors = 358000

eighs/atom = 46

bor list builds = @

“rous builds = @
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Now, let us take a look what happens if you did not, so there is there are couple of things that
I did there, right? So, | said clear, | said, next a. So, obviously next a is kind of clear, it just
means use the next value of a. If | did not do the clear, UNITS command after simulation box
is defined, so the previous run, it had defined a simulation box. When it is running again, if |
did not clear the settings, it redefines the UNITS command, which is wrong. So, when you
when you do clear, there are couple of things that basically is deleted from the system’s

memory and you are able to run a second simulation.
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So, basically what it does is something very specific. See, this command deletes all atoms,
restores all settings to their default values and frees all the memory allocated by LAMMPS.
Once a clear command is executed, it is almost as if LAMMPS were starting over again with



only the exceptions not addressed. So, there are exceptions, which means the variable and all
is not deleted. It still remembers what the next a is. This command enables multiple jobs to be
run sequentially from one input script. These settings are not affected by the clear command,
the working directory shell command, log file status, echo status and input script variables
which is basically the variable command. So, this is extremely useful. Once you know how to
do stuff in a loop, you can run your simulations for various temperatures, for various

pressure.

So, that is one thing that | wanted to demonstrate here. So, this is the example with this
Stilling-Weber potential and the pair coefficients in this particular case just had an wild
character basically saying that you have to span all possible atom types for which I am giving
you the interatomic potential file here. But it is possible that your interatomic potential might
require interaction between atoms of different types, for example, if you were going to
simulate the interactions of ideal gas containing argon and krypton, so Kr atom type 1 and
atom type, 2 then you would have to have interactions between argon argon, krypton krypton

and argon krypton. And then they have different values, they will have different values.
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basis .0 8.9 9.9
basis .2 8.5 8.5
basis 0.5 8.8 0.5
basis .5 8.5 8.2
basis .25 .25 .25
basis .25 .75 .75
basis .75 .25 .75
basis .75 .75 .25

B @ @ go @ @ @

28 region nyreg block 018 &
2 210 %

22 218

23 #lattice units is used, which is the default
24 ##in the argon example, we used box units.

26 create_box 1 myreg

27 create_atoms 1 region myreg &

8 basis 11 &
basis 21 &
basis 31 &
basis 41 &
basis 51 &
basis 61 &
basis 71 &
basis 8 1

37 mass * 28.06
39 # Minimize using Stillinger-Weber model for silicon

41 pair_style s
(2 pair_coeff  1x2 34 Si.sw Sif]
43 # The wild character '+' is used to indicate the interactions between any
f i # specific atom types. Let N be the nusber of atom-types. Then,
45 # (1) * means all atom types
Y (2) #n means 211 aton types from 1 to n (including n and 1)
F (3) nx means all atom types from n to N (including N and n)
(4) mxn means all atom types from m to n (including m and n)




3 # nultiple entries can be added to this file, LAMMPS reads the ones it needs
# these entries are in LAMMPS “metal® units:
# epsilon = eV; sigma = Angstroms
# other quantities are unitless

8 # format of a single entry (one or more lines):
# element 1, element 2, element 3,
19 # epsilon, sigma, a, lambda, gamma, costheta®, A, B, p, q, tol
12 # Here are the original parameters in metal units, for Silicon from:
13#
14 # Stillinger and Weber, Phys. Rev. B, v. 31, p. 5262, (1985)
15 ¢

17 §1 61 i 2.1683 2.8951 1.8 21.8 1.20 -0.333333333333
8 7.049556277 ©.6822245584 4.8 0.8 0.0

So, for each and every possible pairs, you will have to specify the corresponding pair
coefficient the atom types there. So, so here, each star means all atom types, between all atom
types. But star n means all atom types from 1 through n, including n and 1, n star means all
atoms types from small n to capital N, where N is a (total) capital N is total number of atom
types. So, n star N means all atom types from m to n. Sorry this should be m to n. So, so you

can give here something like this.

So, there are 4 atom types, interactions between atoms of type 1 to 2 with interactions of
atoms of type 3 to 4 are going to have some set of coefficients here. It is not applicable for
this example, but imagine your Lennard-Jones case where you actually specify epsilon and
sigma and the corresponding cut-off. So, instead of choosing each and every one, suppose
you had 20 different atom types, then you could in principle do something 1 to 10, 11 to 20 to
describe the interactions between 1 through 10, all atom types are 1 through 10 with all atom
types of spanning from 11 through 20. Of course, you will have to give other interactions as

well, this is just one set.
Student: It should be 10 power 10, 10 power 10.

Professor: But, 10 power 10 interactions, possible this is just an example. So, let us give one,
seems huge. So,1t02,2to4,3to 4.

Student: So, ifl...

Professor: Yes.



Student: If I am making this command...

Professor: No that is what to give those many, the idea is to give so many interactions, you do
not have to like type each and every pair is what, this command helps you do. If they are
having the same set of sigma epsilon values.

Student: Oh, so this is only for one particular sigma.
Professor: Yeah, yeah, exactly.
Student: So, they are changing every line?

Professor: You have to give a additional lines with the corresponding pair coefficients. You

have to add other pair coefficients to take care of other interactions.
Student: When you repeat from a file that, so will it match on its own?

Professor: It will not match on its own. You have to give what element you are matching to.
So, for example in this case the Si that you are giving here, the Si that you are giving here is
actually the same label that appears in the potential file here, this label that is appearing here.
So, that could be a and this could be a a a. Because it appears first, that element Si or a a is

going to be mapped to atom type 1.

(Refer Slide Time: 21:10)

lattice custon ${a} &
8 a11.00.00.0
a2e.01.0e.0
a3e.ee.01.0
basis 0.2 8.0 8.2
basis .2 8.5 8.5
basis 0.5 8.8 8.5
basis .5 8.5 0.9
basis .25 .25 .25
basis 0.25 0.75 @.75
basis .75 0.25 @.75
basis .75 .75 .25

e

28 region nyreg block @18 &

2 818 &

2 210

23 #lattice units is used, which is the default
24 ##in the argon example, we used box units.

26 create_box 8 myreg

27 create_atons 1 region myreg &

28 basis 11 &
basis 22 &
basis 33 &
basis 4 4 &
basis 55 &
basis 6 6 &
basis 77 &
basis 8 8

37 mass x 28.86

’ 39 # Mininize using Stillinger-Weber model for silicon
41 pair_style W
air_coeff * x Si.soffsi si si Si §i sisisi

= The wild character 'x' is used to indicate the interactions between any
specific atom types. Let N be the number of atom-types. Then,

So, what this means is one, one more way of explaining this is to actually, say it for example,

just for the heck of it, 8, it works. So so, there are 8 atom types, | just set there are 8 atom



types, did you see that? I just set, there 8 atom types, basis atom 1 is of type 1, basis atom 2 is
of type 2, basis atom 3 is of type 3, | | just set that and then I just set my in my pair
coefficient, this is Si dot sw is the name of the file and each of these labels Si should map to
the corresponding type that it is, that is generated. So, each of this is a, so you can imagine if

it is more than 1.

So, if it is silicon carbide then you would, if in your input file, you you modelled Si to be of
type 1 and C to be of type 2 then you would do this, but you can also do this provided you
keep track of which basis is carbon and which basis is basically silica. Now, this is easier set
than dump, it can get really, really confusing when you are actually doing it for these
multibody potential. So, | will try to give you an example where we have, we do a test of

potential where exactly the same type of input file actually has to be given.

Student: Sir if...

Professor: Yeah?

Student: If | use 1 star 2 and 3 star 4, does it mean that...

Professor: What is it, what is it? If | use?

Student: Pair coefficient, | use 1star 2 and 3 star 4.

Professor: 1 star 2 and?

Student: 3 star 4, does it mean it includes only the interaction between 1 and 2 and 3 and 4?

Professor: No. 1 2 and 3 4. All atoms of types 1 through 2 including 1 and 2 with all atoms of
type 3 to 4 including 3 and 4.

Student: So, itincludes13,14,23?
Professor: 2 3, 2 4, yes.
Student: So, it does not include 1 with 2?

Professor: Yes, you would have to give that, yes.



Student: Sir, for, for this particular, can write this code? We should know what, what the

structure of that file is. It is due to the same label.

Professor: Label, yes, yes. We are generating that label, you are, actually you are generating
that file.

Student: But in this case, we took it...

Professor: We took it for, otherwise you will have to generate. You could call it A,B,C and
put A,B,C here, it should be it should work fine.

(Refer Slide Time: 24:31)
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Now, another important form of interatomic potential is basically the embedded atom
method. So, the problem is, see now all of these examples that I am giving you, | am just
going to do how to specify the interatomic potential file and do a simple, plot the Lattice
constant versus energy, because minimization and doing other exercises on that is kind of
similar to what we have done for argon. At least the kind of fixes that you must use, all those

things remain pretty much the same.

So, why do you need, there are other kinds of, right now whatever we talked about were
called potentials, pair potentials which basically, a pair potentials or 3-body potentials which
basically was a reflection of the fact that we could truncate our interatomic potential at some
point. So, this is 2-body, this is the 3-body and then you have the 4-body and so on. We just
said that anything after this is actually not important and we stop with it. So, we did Lennard-
Jones 2-body and then Stilling-Weber’s 3-body potential. But it so happens that for some in

some cases like metals, these the higher body potentials do not converge quickly to a value.

So, you really cannot neglect all the higher, higher order potentials so to speak. But it is also
inconvenient to use all the higher order potentials for obvious reasons, you have more
combinations of r alpha beta to actually take in to account. And it is very difficult to come up
with functional forms that will actually do this. So, people have come up with something
referred to as functionals. The name functional is used wherever the interatomic potential
form does not appear like what it does, here it is called a cluster potential, does not appear
like this. The functional form does not appear like this then it is called a functional.

The interatomic potential form of the function does not look like that, so it is called as a
functional. And you can, there are interatomic models which are actually not looking like that
and they are classified into 2 categories, one is pair functionals and other is cluster
functionals. So, pair functionals, as you can imagine require only, they still require only
distance information, but the functional form will not look like that and cluster functional
involves group of 3 or more atoms. So, an example of the embedded atom potential is like

this, which is very commonly used for metals.

Embedded atoms, so it is kind of capturing the fact that your atom is actually embedded in a
sea of electrons. So, basically the energy depends upon the energy of the electron gas that is
basically surrounding the atom. So, that is the basic idea, of course there is a lot of physics as

to why that form of interatomic potential is appropriate for such systems, we are not going to



deal, deal with that. We just want to know, what this embedded atom does and approximately

somewhat understand how to use it when you are trying to do simulations with LAMMPS.

So, embedded atom method, this is the functional form, it consists of a pair function plus the

embedding energy term, which depends on rho alpha which is again the local density of the

electron gas.

(Refer Slide Time: 28:17)
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So so, v alpha is viewed as a Coulomb interaction between atom but it is not actually z alpha,

z beta and all that, something else. And U alpha is the electronic energy associated with the

embedding of the atom alpha in a sea of electron or electron gas of density rho alpha, so that

is what this is.
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NT: FUNCTIONS FOR ALUMINUM 8/26/86 FROM JACOBSEN, NORSKOV, AND PUSKA

2 26.982 3.9860  fec

3 500 9. 500 1 3e-02 6

4 -1.81000000000001650+00 -1.9822962514311104e+80 -2.0085105389246820e+08 -2.1188224952313984e+00 ~2.2315009761
931899e+00

5 -2.3457767923683690e+00 -2.4612183638451910e+88 -2 2, 2,

942894e+00
& -2.9302692775474242e+00 -3.0487289056655271e+00 -3.1675122276861316e+80 -3.28656802678145250+00 -3.4858540895
816885¢+00

7 -3.5253351483123794e+00 -3.6449813962152717e+08 -3 3, 4.

& -4, -4 ~4.3651188682812299e+80 -4.4853696925991642e+08 —4. 6056537556
256671e+80

9

~4.7259619714920120e+98 -4.8462861905513819¢+80 -4.9666190809687258¢+08 -5.0869548288152564e+08 -5.2072850533
878352

e+00
10 -5.3276067347616447e+08 -5.4479141517629177¢+00 -5.5682028280512839e+00 -5.6884686862398155¢+00 -5.8087080068
156922e+80
-5,92891 = =3 -5 =5
444582e+00
12 -6.5294153898) -5 -5 -6 =7,
137546e+08
13 7. -7 = ~7.4878021700893100e+00 —7.6073602928
114497e+80
1 -7, 7. =7, -8. -8,

532727e+00

15 -8.3234877765057718e+00 -8.4426328865148434e+00 -8.5617168265699111e+08 -8.6807392230566620e+00 -8.7996997496
775293¢+00
-8

1% -9 -9.1562074965801230e+08 -9.2749181281778348¢+08 -9.3935658728
856736e+00
17 -9, -9, -9 -9, -9,
025425¢+00
- -1 B ~1.9576576933
665990e+91
A ~1.0930256508113359e+01 -1.1048825441863786¢+01 ~1.
542708e+01 A2
-1. -1.. 74429e+81 -1.1635947 —14175336%3‘5
555e+81 I =

|
R e |
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| 2 atom_style atomic
3 boundary ppp
4

5 # cubic diamond unit cell
6 variable a index 3.6 3.65 3.7 3.75 3.8 3.85 3.9 3.95 4.0 4.85 4.1 4.15 4.2 4.25 4.3 4.35 4.4 4.45 4.5 4.55 4.6

4.65 4.7
7 lattice fec ${a}
8 region myreg block 0104
9 018 &
18 010

11 #Lattice units is used, which is the default

12 ##in the argon example, we used box units.

13 create_box 1 myreg

14 create_atoms 1 region myreg

15 # Minimize using Embedded atom method potential for Al

16
17 pair_style ean
18 pair_coeff % * Al_jnp.eam

19 mininize le-25 1e-25 100000 100000

29 variable latcon equal ${a}

21 thermo_style custom v_latcon pe

22 thermo 1

23 run 1

24 next a

25 #6o to the next a

26 clear

27 #Deletes all atoms and restores to default values

28 #Does not affect input script variables

29 jump AL.in

3 #Closes the current file and opens another file. In this case
31 #the name of this file is given so that it recalculates for a
32 #different value of a

%
%
9
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‘where 1 Hartree = 272/ and 1 Bohr = 0529 Angstroms.
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And in LAMMPS, the interatomic potential for these systems are actually given in the form
of a table, it is huge table. There are different formats in which embedded atom method,
potential files can be given and this is one of the formats that LAAMPS can understand and
use. So, I will open the file. So, for the style eam, a potential file must be assigned to each I, |
pair of item types by using one or more pair coefficient commands with a single argument,

which is basically the file name.

So, when you look at the input file, I have done exactly the same thing that I did with silicon
here, where 1 just want to find out the energy versus Lattice constant curve. So, | have a
variable index and so on and so forth, let us not. The only, the only difference is that I just
construct an fcc Lattice and the only thing that I had to give here is a dollar a. Basically, the
lattice parameter. And another thing that | want you to notice is that, here | had given the
region in the default units, which is Lattice units, not units box, the Lattice units. Because, if

it is units box then | have to every time calculate what my box size is.

When | say, Lattice units, it is just going to be automatically taking 10 times the unit cells in
each of the directions. So, | give star star and then call the corresponding file which is there in
the same folder called Al underscore jnp dot eam. Perform minimization and everything like
what | did for this silicon file. And if you run it, you are going to get the energy variation, but
it is a good idea to look at the, let us look at the, so, you get something that looks like this,
when you plot the energy versus Lattice constant. The first thing that you notice is that the
Lattice constant is somewhat a little bit less than 4.

If you open up the, the potential file, the first line in the potential fi is basically a comment
and it is not used anywhere. The second line basically gives you atomic number, atomic
mass, the Lattice constant that was obtained from this potential and the crystal structure that
is used. And then you have one another line which tells you, how the function, it is a
tabulated value of the function f of rho, for various values of rho and the function, another

function z of r, for various values of r. It is basically the part of the 2-body potential phi.

So, if you take a look at this, it says that there are 500 entries for f of rho. So, there should be
500 entries starting from here, so going like this. So, if you go 1,2,3,4,5 and so on, until, until
somewhere here. So, there will be, there will be exactly 500 entries and then another 500
entries for the, the value of the function and then the corresponding values of, let me take a

look at the file, the density function rho, rho of r. The density function rho of r, how rho



varies with r, the effective charge function, how that varies with r and the embedding

function f of rho, how it varies with

rho.

And how rho and r are split is there in this information, d rho and d r contains that

information, which is d rho, how the density is split and how the distance is actually split. So,

that is the embedded atom potential and most of the time you will be able to obtain these

embedded atom potentials for, for which, for whichever ones it exists.
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NT: FUNCTIONS FOR ALUMINUM 8/26/86 FROM JACOBSEN, NORSKOV, AND PUSKA
2 1 26.982 3.9868  fec
3 see 9. 0 1 3e-02 16
4 -1.81000000000001650+00 -1.9022962514311104e+00 -2 -2.11 2408 -2.
931899e+00
5 -2.345776; 08 -2.461 -2, 2. -2.8121964961
942894e+80
6 -2.9302692775474262e+00 -3 1e+80 -3.1675122276861316e+00 -3. -3
816805e+00
7 -3.5253351483123794e+08 -3.6449813962152717e+80 -3.76! 8 -3.884671 ~4.8846739074
910533e+00
B -4.12475883745511850+08 -4.2449114461591932e+8@ -4.3651188682812290e+08 -4.4853696925991642e+08 —4.6856537556
256671e+00
9 -4.7259619714920120e+00 -4 3819e+80 -4. -5, 00 -5
878352e+00
10 -5.3276867347616447e+00 -5.4479141517629177e+80 -5. 839e+089 -5. -5
156922e+00
11 -5.928917: -6 -6. 774480 -6.2893361 -6
444582e+00
12 -6.5294153890215512e+08 6.649388417. -6. 747086400 -6. 3400 -7
137546e+00
13 -7.12 ~7.2485! 387e+00 -7 ~7.4878021. -7
114497e+80
16 -7.7268614901096839e+08 7.8463049511657346e+80 -7.965689941 8. -8.
532727e+80
15 -8.3234877765057718e+08 -8. 34e+00 -8.5617: 11e+00 -8.680 -8.
775293e+00
16 -8.9185981244936556e+08 -9.0374341071977256e+80 -9.1562074965801230e+00 -9.2749181281770348e+00 -9.3935658720
856736e+00
17 -9.51 99 -9.630672337 -9. -9.867526: -9.
025425e+00
18 -1.01041 20401 -1, 781576e+01 -1.0340! 1 -1, -1,
665990e+81
19 -1 -1.881 -1 13359e+01 -1.. -1.11657325%7
642700e+01 1 3
-1.1283378135413557e+01 -1. -1. 74429481 -1.1635947 —1.17533’.9A§

43555e+81
np.ean" 304L, 35743C




reset_cache
CFUNCTYPE(c_int) (1ambda: None)
MesoryError
An error occurred while importing powerline module.
This could be caused by invalid sys.path setting,
or by an incompatible Python version (powerline requires
Python 2.6, 2.7 or 3.2 and later to work). Please consult
the troubleshooting section in the documentation for
possible solutions.
Error detected while ing /Users, i .vim/bundL line/powerline/bindings/vim/plugin/powerline.vi

n:
line 157:
Traceback (most recent call last):
File *<string>", line §3, in <module>
File *<string>", line 9, in powerline_troubleshoot
File */Users/narasimhan/.vin/bundle/powerline/powerline/__init__.py*, line 11, in <module>
from powerline.lib.config import Configloader
File */Users/narasimhan/.vim/bundle/powerline/powerline/lib/config.py", line 11, in <module>
from powerline.lib.threaded import MultiRunnedThread
File */Users/narasimhan/.vim/bundle/powerline/powerline/1ib/threaded.py", line 7, in <module>
froa powerline.lib.monotonic import monotonic
File */User: i /i 'powerline/powerline/1ib, ic.py*, line 19, in <module>
import ctypes
File */System/Library/Fraseworks/Python. framework/Versions/2.7/1ib/python2.7/ctypes/__init__.py*, line 555, in <
nodule>
_reset_cache()
File */Systen/Library/Franeworks/Python. framework/Versions/2.7/1ib/python2.7/ctypes/__init__.py*, line 279, in _
reset_cache
CFUNCTYPE(c_int) (1ambda: None)
MemoryError
Press ENTER or type command to continue
i ir:exercisel3 narasi

1s
AL.aux AL.log AL.tex Al_jnp.ean log.lanmps
AL.in AL.synctex.gz  Al.pdf energy. txt
i ir:exercisell i vim Al_jnp.eam

imhanhomeair:exercisel3 narasishan$ vim Al_jnp.eam
imhanhomeair:exercisel3 narasishan$ vim Al_jnp.eam
Minhanhomeair:exercise13 narasishan$ ex] Fiefox |

Usually it can be a hard time to find for arbitrary alloys and you should, what is the name of
that, yeah NIST, Interatomic Potential Repository basically contains all possible interatomic
potentials that might be there, unless new ones are invented and they have not yet been up
updated, you will find most of the information in this website. So, you can take a look at this
and get all the information of the potentials for which you have the interatomic (potential),

elements for which the interatomic potentials basically existed.
Student: Number?
Professor: Yeah.

Student: In the precious cases, we did not mentioned atomic number, in this case why is it

necessary?

Professor: It is probably used by the interatomic potential somewhere. | do not really know
how the interatomic potential has actually been developed. So, it is possible that it is going to
get used somewhere in the interatomic potential functional form, which is inside the, which is
inside LAMMPS.

Student: And in case of Lennard-Jones, we were writing pair style, nj slash cut and the cut off
length.

Professor: Correct, i j epsilon, sigma and then the corresponding cut-off radius, yeah.

Student: So, in case of eam, we do not need any cut off distance to...



Professor: It is there it is there actually. It is right, you do not have to explicitly specify it, it is
there in the file, this is the cut-off.

Student: So we do not have to specify it in pair style?

Professor: Yeah you do not have to specify in pair style for the eam potential. So, now you
can imagine, we plotted the variation of energy with Lattice constant. So, this amounts to
plotting the variation of energy with volume as well, because a cube is nothing but the
volume. So, which means you should be able to find out approximately the bulk modulus of

the material.

If you just plotted this energy for various volumes then dou e by dou v, 1 by v times dou v by
dou v should actually give you the bulk modulus of the material at low temperatures and for
material, at low temperatures, for because, and for metals and ceramics, for really low
temperatures, like close to 300 or 400 Kel, until, unless you are like close to its melting point
for extremely, for temperatures far away from the melting point, the bulk modulus and the
Young’s modulus, the mechanical properties of the system are not significantly affected by
temperature. So, you can get a rough estimate of these mechanical properties also by making
a plot of this energy versus the volume. So, I think that that you should be able to do.



