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Generation of crystals

Good afternoon. So, let us continue from where we left off in last class. We are almost
nearing the end of the first module of this particular course where we will deal with space
groups and then teach you how to interpret them and construct crystals through simple

matlab... MATLAB programs.
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Crystal construction

The construction of erystal in 3D is now similar to what we did in 21D,
We will see some examples. Before that it is useful to look at how
lattice vectors are o be written for the crvstal systems. Note that,

each space-group can be generated using convenient erystal systems.
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230 space groups

Thus combining rotation, mirrors, glides and screw rotation, we get
230 possible space groups.
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So, we stopped with realizing these 230 various space groups, depending upon the symmetry

operators that are possible in 3 D space, including the screw rotation and the glide reflections.



And we highlighted, what those space groups were in yesterday's class. We just went through
quickly what were the groups and what unit cell or crystal system can be used in order to
construct them. So, now, we want to start constructing a couple of these crystals using a
combination of what we already learned with regards to using the MATLAB program to
construct some simple structures and also using the web page in order to identify appropriate

Wyckoff positions.

So, that we know that these items are going to going to go. Depending upon the space that we
will be dealing with, there might be some additional modifications that we will have to do to

the code.
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So, let us first open up the script that I just shared with you this morning, which is called us
genlatt class exercise. And there are several different modifications to the original code that
you had. The original code that you had was only able to create some FCC crystal structure.
And another problem with that code was that you would be, you would not able to view the
atoms that are belonging to just one unit cell. Usually it is convenient to view just one unit

cell to see if you got it right.

So, there are some additional modifications that have been done to this code in order to make
that possible. So, I will show you these lines where these modifications have been made. So,
if you if you have seen this code a couple of times you will realize that most of these lines
remain almost the same. So, beginning from line number 49 to 112, most of the stuff remains

the same especially until line number 57. In the previous codes, I think you stopped with line



number 57 and ended all the 3 or 4 for loops and then simply printed out the atom numbers or

the atom details.

But now what we want to do is we want to be checking whether this particular atom that has
just been generated is actually lying within the unit cell. So, there are a couple of different
lines that we have here. So, this is just based on simple analytical geometry. I do not want to
be talking about the details as to why this works, but all I want you to do is, have lines 61

through 78 in your code.

You can have it 74, you can have it till 74 but after that you basically check, if you if you do
till 74, you will be some generating certain values, and then you have the check, make a
check here in line number 75. This is the line which is basically checking whether the

particular point that you just generated lies within the unit cell or not.

Now, in this line number 75 you see these 1 is here, I am highlighting this 1 is here, you can
actually increase these numbers to increase the number of points that will be printed out. So,
if you just put 1, it will just put exactly those atoms that are going to lie inside the unit cell. If
you put 1.1 for example, it might show you even those atoms which are belonging to the
adjacent unit cells. So, depending upon that number there you can actually control you know,

how you want to view the unit cell that you just generated.
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In addition to that, there are a couple of different lines here also which I have commented
here, you know, add as many statements as required depending upon the number of atom
types that you have. So, that you can color or mark them in different sizes and plot them

nicely.

So, these are the various lines right here. Now, so there are some other modifications also
which have been done to the basis array, which is returned by the get basis function. So,
remember the get basis function, what does it do? It basically gives you the set of all the set

of points that you wanted to print out n in fractional coordinates.

So, previously the basis array contained only what? Contain only 3 columns and as many
rows as there were basis atoms is that right, did you all, do all remember that? It contained 3
X, it contain x factional x coordinate, fractional y coordinates and fractional z coordinates.
And as many rows as there were basis atoms present in that particular crystal. Right now,
what happens is that the basis atom contains one additional column which represents an
integer 1, 2, 3, 4, so on and so forth, representing something some information on the atom,

so that you can decide how to color it.
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So, for example, basis fourth column, if you look at the eighty third line, I say floor of basis
b, comma 4 is equal to 1. So, if it is atom type 1 and this would have been named in the get

basis function. We would have name the bth basis fourth column as 1 for some atom. And if

it is that atom that I want to give some size to it size to print out, so that I am able to control



the size of the circle that gets printed out in my MATLAB script. I am going to just say type

of the atom as 1, so on and so forth.

You can keep playing with this and this one is basically the color 100 represents the RGB
color for this particular atom and you can again play with this. So, if it is atom of type 2, then
I can change the color, I can change the size if is atom of type 3, then I can have a different
size, I can have a different color and you can add as many if statements as required,
depending upon the number of atom types that you have and color them and plot them and

have a good and visually inspect the crystal that you just generated.

So, this is something that should work for any crystal systems as long as you know how to

construct it, and give the right basis for this and choose the right lattice vector.
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So, these are the various lattice vectors, which I am going to talk about today. You do not
need so many as you can see, | have commented some and [ am going to uncomment one by
one, depending upon which crystal structure I am going to discuss, is that okay? So, the first
thing that I want to discuss, so this is just a set of integers going from 0 to 2 or 0 to whatever
and if you want to use this code in order to generate the data file, for example, for the

LAMMPS program.

But in that case, it will not contain only one unit cell. It might contain large number of unit
cells, you might want to analyze, you know 10 by 10 by 10 unit cells, then you might have to
modify this number to 10, 10, 10 and then not have these statements, so it not have these
statements, because this one will only store the atoms which will lie within the unit cell

within one unit set or you can just put 10 here and then it will show all the atoms which is



lying within 10 unit cells. So, in this manner you can actually modify this program pretty

quickly in order to get the right number of unit cells, control them and visualize them.
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So, before we now, before doing anything more complicated, let us try to generate a simple
structure and during this process we will learn a few things about the about centered lattices

as well and how to use, how to generate Wyckoff positions for them as well. Yes?
Student: The code you uploaded does not have the Selenium part?

Professor: Yeah, and the one which I uploaded Selenium part is not there. I have later on
added that to demonstrate construction of a crystal lattice with this space group P3 underscore
1 21. So, it is already but it is not there. I will teach you how to construct it. You can modify

the code in order to do that, it is going to be quite simple.

The first one that I want to generate is now this I want to start with the diamond. So the
diamond, so I just uncomment those lines. And I change this to diamond because this is what
I have shared with you. I have not shared the get basis command with for the other crystal
structures as well, I think I have shared with you only get basis underscore diamond. Is that

right?

This morning, so now if you make these small changes basically uncomment the lattice
constants for diamond, uncomment the lattice vectors for diamond and then get basis for
diamond and click run, you should generate a structure and this is basically the diamond
structure.ok? And you can, of course view this in different ways and this is the diamond

structure.

How many of you are convinced that this looks like the diamond structure? If you have seen

it before, you will know that this is the diamond structure. And I have colored these atoms



slightly differently. So, I have two different types of atoms here in a sense, they both are
carbon, but I have just colored them intentionally differently to show you that they are of

different types. So, what did I do in order to get this?
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function [b]= getbasis diamond(}

A=[1/8 1/8 1/8 1];
B=[7/8 3/8 3/8 2];

O 3 Oh LN B L 3

v-

a=basis symmBa(A);

10 c=basis symmBa (B) ;i< Get

11
2 b=[a;c];
3 end
M
1.

So, this is all the changes now, are going to be in the get basis diamond, file. So, we can open
the get basis diamond file. So, this is a get basis diamond function and what do we need to
give here? We need to give the basis, the various basis atoms, but the manner in which we
have been doing this class. We first need to know the corresponding space group and the
corresponding Wyckoff position to which the carbon atom is going to be located in the

diamond structure. So, that will be given to us like I told you that is going to be given to us.

For the diamond carbon, the carbon is present at position 8a and it has the space group Fd 3

bar m. So, what does F mean?
Student: Face centered.
Professor: Face centered d mean?
Student: Diamond glide.

Professor: There is a diamond glide, so that is the reason why the d is used because that sort
of a glide is present in diamond structures, 3 bar is 3 bar. And m is mirror. The third slot, that
is the second slot after the F, basically contains a 3 Fd 3 bar, 3 bar which means that it is a

what unit cell will you use?



Student: Cubic unit cell.

Professor: Cubic unit cell, so from that it should be clear that what, it should be clear what
your lattice vectors are supposed to be, supposed to be a equal to b equal to ¢ equal to some

particular number and alpha equal to beta equal to gamma is equal to 90 degrees.
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Wyckoff Positions of Group Fd-3m ({[BE¥X)) [origin choice 2]
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Wyckoff position and site symmetry group of a specific point




function [b]= getbasis diamond()

2
3 Positions for 8a. Last number 1s used to identify the atol
4~ RA=[1/8 1/8 1/8 1];
5 B=[7/8 3/8 3/8 2];
¢ AP
7
8
] a=basis symmda (A);
10 c=basis symmBa(B);
11
b=[a;c];
end
[ 16 [ B [|(UR02,02) (14,34,0) (3/4.0,114) (0,1/4,304)
16 ¢ |[ <3m |[{0,0.0) (34,114,1/2) (114,412, 314) (112,314, 14)
8 b |[ 43m ||(38.3/8,3/8) (1/8,5/8,1/8)
| 8 | a | 4 J(81818)(783838)

Wyckoff position and site symmetry group of a specific point

[Specify the point by its relative coordinates (in fractions or decirnals]f
Vaniable parameters (xy.z) are als accepled |

x= y= z=

J

So, now let us go to our crystallographic website and look at how a space group Fd 3 bar m

which is a number 227 and in that I said that it does belong into position 8a. So, at 8a and
there is one atom at 1 by 8, 1, ok ? by 8, 1 by 8 and another one at 7 by 8, 3 by 8 and 3 by 8.
So, what I do there is, I go to my MATLAB program and I give one atom at 1 by 8, 1 by 8, 1
by 8 followed by a 1, telling that that is of atom type 1 and then b is 7 by 8, 3 by 8, 3 by 8 and
followed by a 2 indicating that, that is of atom type 2.

Now, it is not enough that I just do this because there are just 2 basis atoms but you will
know that diamond structure has more than that inside one particular unit cell and you have
just given 2 atoms right here. So, how do we generate the other atoms? And even in the even
in the crystallographic website, you will not have anything else given right here, you just

have these 2. But whenever you have the centered lattices that means those lattices which



begin with the f or I, right? or a or c, right?, like what would occur in a and ¢ would occur in

orthorhombic.

You would go to the top and you would see something like this 0, 0, 0 plus 0, half, half plus
half, 0, half plus half, half, 0. So, if you took each of those points that were generated, that
were given to you, to each of them, you have to add this, these centering coordinates to each,

soto 0,0, 0 thatisto 1 by 8, 1 by 8, 1 by 8, I would have to add this.

So, I would generate 4 additional point and then to 7 by 8, 3 by 8 and 3 by 8, I would have to
add this then I would generate 4 additional points. Consequently, I have 8 different points
present within the unit cell, which is why I have a multiplicity of 8 right here. So, note that is
again done inside the get basis command. So, I say that 1 by 8, 1 by 8, 1 by 8, 1,bis 7 by 8§, 3
by 8, 3 by 8, 2.
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function [b]= getbasis diamond()

i

3 Po: WE: i, La
q A=[1/8 1/8 1/8 1];
5 =(7/8 3/8 3/8 |
6 A 1]:

i

] a=basis symm8a (A);
10 c=basis symm3a (B);
11

2 b=[a;c]:

3 end

-



12 b=[a:c]:

13 end

14

15 function (basisa]=basis_symmBa (X)
16 *=X(1);

17~ y=X{2);

18 2=X{3);

19

20 basisa(l,l:3)=[x y z];

21 basisa({2,1:3)=[x,yt0.5,240.5];
basisa(3,1:3)=[x+0.5,y,240.5];
basisa(4,1:3)=[x+0.5,y+0.5,2];

16 x=X(1);
17 y=X{2);
18- z=X(3);
19

20 basisa(l,1:3)=[x y z];
21 basisa(2,1:3
22 basisa(3,1:3)=[x+0.5,y,2+0.5];
23 basisa(4,1:3)=[x+0.5,y+0.5,2];

[%,y+0.5,2z+0.5];

7 basisa(l,4)=X(4);
basisa(2,4)=X(4);

Then I have a new function called as basis underscore sym 8a. And what happens in that,
what happens in that function? The following, so this is that function basis underscore sym
8a. It takes in the x, which is this entire thing, it is taken in the A array. So, it has taken that in
the X right here and I say the X fraction coordinate is x of 1, y fraction coordinate is x of 2
and z fraction coordinate is x of 3 and I develop another array with by adding the appropriate
components 0, 0, 0, half, 0 half, sorry 0 half, half, half, 0, half and half, half, 0 and generate 4,
those 4 additional point for each of those things.
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function [b]= getbasis diamond()

2 Given Fd-3n

3 Positions for fa. a
q A=[1/8 1/8 1/8 1);

5= B=[7/8 3/8 3/8 2);

b fi= [ :

7

8

] a=basis symmBa(A);i<Get all the basis his pos ion
10 c—bahis_symmdd[!}; < Get all the basis for this postion

2 b=[a;c];

3 end
\
21 basisa({2,1:3)=[x,yt0.5,240.5];

22 basisa(3,1:3)=[x+0.5,y,240.5];
23 basisa({4,1:3)=[x+0.5,y+0.5,2];

21 basisa (1, 1) =i4EN;
28 basisa(2,4)=X(4);
29 basisa(3,4)=X(41);
30 basisa(4,4)=X(4);

for j 12

| | f |
¥
So, it is the first I give it to A, first [ say basis under sym 8a A. So, this small a now will
contain those 4 additional points, right?. Again, I do the same thing for the B where B is 7 by
8, 3 by 8, 3 by 8, 2 and I get that in this array C, so this a will contains 4 rows, ¢ will contain
4 rows. The column vector will have to be retained, so all these atoms belong to this A type
right 1. So, anything that goes into A, I will have to retain, x of 4 in the fourth column. So,

basis a 1, 2, 3, 4, the fourth column will contain x of 4 and x of 4 is basically having 1.

Similarly, if you do for the Bth atom the x of 4 will now contain 2. Once I receive a and c, I
am going to return a concatenated array of the basis atoms containing even the information as

to what the atom type is to the main program. is that right ?
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basisa(l,4)=X(4);
basisa(2,4)=X(1);
basisa(3,4)=X(1);
basisa(4,4)=X(4);

tNeed to bring everything into the box.
for j = l:l

for k=1:3..

end

end

PRy
e
e

NFTEL

function [b]= getbasis diamond()

% Given Fd-3m

% Positions for Ba. Last number is used to identify the ato
A=(1/8 1/8 1/8 1);

B=(7/8 3/8 3/8 2);

$2a=[0 0 0 1);

$B=10.25 0.25 0.25 2];

a=basis_symmBa (A);%<Get all the basis for this position
c=basis_symm8a (B) ;%< Get all the basis for this postion

b=[a:c];

x=X(1);
y=X(2);
z=X(3);

basisa(l,1:3)=[x y z];

basisa(2,1:3)=[x,y+0.5,2+#0.5];
basisa(3,1:3)=[x+0.5,y,240.5];
basisa(4,1:3)=[x+0.5,y+0.5,2];

basisa(1,4)=X(4);
basisa(2,4)=X(4);

gy,
e
tanirn”

NPTEL



Now, in addition to this, there is something else just been done here. Sometimes, what can

happen is, so 1 by 8, so 1 by 8 plus half, what is it going to be?
Student: 5 by 8

Professor: 1 by 8 plus half.

Student: 5 by 8.

Professor: 5 by 8, sometimes 7 by 8 plus half.

Student: 11 by 8.

Professor: 11 by 8, it becomes greater than 1, correct? It becomes greater than 1. So, 7 by 8
plus half, somewhere you are going to do plus half becomes greater than 1. So, you have to
keep track of these fractional coordinates which are actually going outside the unit cell and
pull them back inside the unit cell. So, it becomes greater than onle you will have to subtract

1. And at other instances, you may have negative x, negative y being specified.

So, if it is having a negative value, you might have to add 1 to it to pull it back inside the unit
cell. So, in the, after actually assigning all these rules for the basis a, we write a for loop
which will basically see if it is less than 0, if the values of the kth column for all the 4
different atoms this 4 can, 4 depends on how many basis atoms are being generated for that

particular position.

If it is less than 0, I will have to do 1 minus that. And if it is greater than 1, I will have to do
that minus 1 to pull it back inside the unit cell. So, this is what is being done always, these
things are pretty much boilerplate, you only have to change a few things here in order to

generate your other crystals.
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function genlatt classexer
cle;

clear all;

$Modify for more complicat
nx=[0:1:2];% integers
ny=[0:1:2];% integers
nz=[0:1:2];% integers

% appropriate lattice para
tlattice constants for Fd-
a=2,527;

h=2,527;

c=2,527;

tLattice constants for PdS

cise()

ed examples.

meters
3m diamond

P
\ .3
e’

NPTE

]

function genlatt] 5 o I
cle; e °
clear all; z :
$Modify for more| . E.
nx=[0:1:2]:% int L
ny=[0:1:2];% inthcla“ B
nz=[0:1:2]);% integers
% appropriate lattice parameters
tlattice constants for Fd-3m diamond
a=2.527;
b=2.527;
c=2,521;
tlattice constants for PdS
>
NPTEL
% b=8,6365;
% 0=5.1355;
% beta=103,98;
$lattice constants for Se (P3 121) I

ta=4.519;
$b=4,519;
$c=5.050;
tappropriate cell vectors
V=[a 0 0;0b 0; 00c];iLa
tV=[a 0 0;0b 0; 0 0 c];%
tV=[a 0 0;0 b 0; 00 cl;%
tV=[a00; 0b0; 00c];
%V=[a 0 0;0 b 0;c*cosd(bet

ttice vectors for diamond (Fd-3m
Lattice vectors for PdS (P4 2/m)
Lattive vectors for (K2MnS2) Ibal
% the three lattice vectors for
a) 0 c*sind(beta)];% Lattice vec,

®
S

NPTEL



So, once you do this, you can go back and click run and you would generate your unit cell
and the unit cell also is, all the unit cell vectors are also marked in the cells your unit cell is
nicely marked here. And you can actually examine that and see if what you have generated is
correct before you actually go ahead and generate the entire structure in order to perform
some analysis using your molecular dynamics simulation software. So, this is the

construction for simple diamond structure.
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ny=[0:1:2];% inte
nz=[0:1:2];

106 end

107 atom=atom+l;
108 end

109 end

110 end

Lt end

112 end
113 These section
114 [¥1: Y1 ;%1]";
115 size (X1)

6 VO=[0 0 0];
Vi=V(l,:):

V3=V(2,:);

Now, we can go ahead and do so, now let us proceed to generate something a little bit more
involved. I am going to try to do PdS before that let me show you something else with respect

to diamond also. So, diamond sometimes when you see the Wyckoff position for the



diamond, they will just say that there is a there is an atom at 0, 0, 0 and there is another one at

quarter, quarter, quarter. That is how the diamond structure looks.

(Refer Slide Time: 19:21)

1 function [b]= getbasis_diamond()

2 Given Fd-3m

& . Positions for 8a. Last number is used to identify the atos
4 a=[0 0 0 1);

5~ B=[1/4 1/4 1/4 2);

6 $2=[0 0 0 1);

1 $B=10.25 0.25 0.25 2];

8

] a=basis symmBa (A);%<Get all the basis for this position
10 c=basis symm8a (B);%< Get all the basis for this postion
11

b=[a;c];
end

106 L) %
107 L
108 end | |
109 end
110 end
111 end

112 end

113 These section of the code, draws the unit cell.
114 [X1; Y1 ;Z1]';

115 size(X1)

116 VOo=[0 0 0);

Vi=vil,:);

V3=V(2,:);




_ Please, enter the sequential number of

The space graups are specified | Crystallography, Vol. A or choose it
by their number as given in the

International Tables for

group as given in Infernational Tables for a1

3

Crystallography, Vol. A. You€an | standard/Defaul Seiting  Non Conventional Selting  ITA Seflings
give this number, if you know it,

of you can choose it from the
table with the space group
numbers and symbols if you
click on the link choose it.

The available crystallographic
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standard/default setting of the
chosen space group of to the
so-called [TA Settings.

Bilbao Crystallographic Server -» WYCKPOS -+ Wyckofl Positons Help

Wyckoff Positions

of Group Fd-3m (No. 227) [origin choice 2]
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So, does this change anything here? Sorry 0, 0, 0, it is still a diamond structure. This is still a
diamond structure, all that the crystallographic web page showed us was the fractional
coordinate with respect to some other origin. We can always shift to the origin in order to get
the appropriate the Wyckoff positions the X, Y, Z, fraction coordinate for a given Wyckoff

position.

The website, the same website can also give us the new sets of Wyckoff position for shifted
coordinate. So, for example, right now, I clicked the standard or default setting. When I click
the standard or default setting I got one set of Wyckoff positions like X, Y, Z coordinates for

different positions.

I may be able to do it for some other arbitrary non-conventional origin by simply specifying a
origin shift. So, where I went there was | went a non-conventional setting. And I said, I want

to shift the origin to 1 by 8, 1 by 8, 1 by 8 and then say change the basis.

If I did that, you see that now, I will have one table on the left hand side showing the standard
or default setting, and one table on the right, showing the corresponding X, Y, Z coordinates
with the shifted origin. And in this case, I will have an atom 0, 0, 0 and another one at 3
quarters, 1 quarter and 1 quarter, which is what people are generally used to whenever they

are dealing with diamond.

So, in this manner, whenever you are constructing the, these crystal structures with the
crystallographic website, you need to be aware as to where the origin has been placed. And
you need to at least not get confused whether the structure you are generating and the
structure that you think you should get, whether they are same or whether they are different,

it is something that you should keep checking.



(Refer Slide Time: 22:04)

* Load Crystal or Molecule
Search Matorials Project
66
i g
Lead from your computsr:

1
Choese o fle b ugioad o Brag and drop

.: .. * Display Opticns

. | Cn:::;l el

. Primitit ool
* Canvantonal cel
Racuzad cal
Change Banding algorithe:
N i
Change color schame:
VESTA .

e | Change asamic radi-

s e wim G w4 wiin
L] € Rim Ll (L] Ll nm 1 -
PRGN € Pl oS oms (3} wmm (1]
U © P 0008 o (13 w1 157
0NN © Cm L1 o 02 A e 1 tem
L Rim Ll L] L1 wm ' 150
" m 11} LU oo L i 1am
::km < Cm ol o e & waM N o
wil L Filn 0is [T} am ay H i
mpdifid © Pigmeg O o aw [LE I i
wpdtlill © Pgmc 0T oz i [T b
B © i o o i e U] ]
i © Pgmec 018 18 1% e [ ]

C i oM o [T or M )

[ Coom 08 (1.7} I 4 mEm 8 u

[ [T BT & | =23

Ebrone Sinahas Pronon Deoeiien KA. Difection £BacAvomton Subsiaes Sutecs Elscly
Dislecir Pioertiet Simia Siluies Catiulation Summary Provenapce'Cilalin

Fiaia Magin Momant §IINTA (e wODOF
0.000 g v partA (0 oo

O Ak (3) s
Magratic Ordering
MM e | HAWA

' =3
0138 av fractonal Coovarates
nergy Alsve Hell | Aines c
0.135eY

M

Batriay s "

% & e




01354V

Enargy Above Wll Riven c |
13 eV

fay ® e ]
150 glom’

Oscomposss To
5

Baivd G
(RIET

‘Space Group

a d ., e

Zoom it 5048 + D v

i [27) [

B Waening 7] % Hall
i Fag2iid
2 e n v

PomaGreup
L

l"'rrmm/'

NP

Filim Fa,(d32m mdm  No.227 @}

es”

)

Bilba G =+ WYCKPOS -+ Non Hep

The Wyckoff positions of the group Fd-3m (No. 227) [origin choice 2]

Transfarmation matrix (P. o) abe 181818

P i
M:fﬂm:[?.pp:( 1 0. U )
NOTE: b s tai, o pants (¢, . 21 5P .y 2)
Click Piea) the ganarsl pestion " cpeening
i
i Site Coordinates
2“;2'” yrmetry Standard/Dafault satting
T (st} 000+
[Lyz) (e300 U4 1) (X1 02,24 300) (02, 0 0, 2 1) | (o TRy 108,26 T8 (e
[zxy) (12, X, 1) (2P e Uy 102) (20 1 00 02,9 3) | (4T B e TR e TB) (29008,
[yz.x) [y V2 12, o ) [y V2,2 M, e 1) [y w30z Vi 1) | (e TR 2o T e T (oo 1B
[y 314, 20102) [y-x-2) [y 1421220 3d) [y 122030 20 1) |iyeSBae1B 2o 1E) (o708
(ne 3 ze 1,y 172) (e 1220 po 1M} (2] (e 212 e 3id) | (xoBB20 18,y 18] [ne3B
1 {2o 3.+ 14,00 72) (201,00 12 00004} (2912 ye Bl e 104) (2o90) (E+Sye 118, xeMB) (ze118,
%42} e id o Qi 2e172) (ae3d oy 22V ety VA o did) | me T,y T8, 20 TR} (xe 178,




Is there any reason as to why they shift the origin? So, for some cases, the location of the
origin is obvious. For others, what happens is there are 2 or more locations where the origin
can be placed and usually the origin is placed in some symmetry element. So, if you to
address that issue, I will have to go to this materials project web page. And if you go to this,
this particular site where you have the various possible space groups for carbon based
materials. You go to this Fd 3 bar m, click on that. It shows you it shows you the crystal
structure, and here you will have a question mark. You have a question mark right beside the

Hermann Mauguin symbol on this webpage.

After 1 clicked the specific space group that basically opens up a diagram indicating all
possible symmetry elements for the diamond structure, which is quite complicated, which is
not very easy to read. So, how did I go there? So, I went there like this. So, the materials
project page then I have all the structures based on carbon here. So, I know that Fd 3 bar m is

what [ want to view.

So, I clicked on that and this opens up and then I scroll down and I see the Hermann Mauguin
symbol and the corresponding, a question mark right there, I click on that and it opens up this
web page. So, the origin here is somewhere here and it is not necessarily placed on an atom
always because of Fd 3 bar m is probably the space group for so many different crystals. It is

not necessary that it is, so it is for only for carbon, diamond.

And you can have several different possibilities, several different atom types coming up. So,
the origin is generally placed at the location of some symmetry elements. So, there are two
different choices that are present here, one is at the location of 4, 3 bar m and one other

location is at 3 bar, the origin for this.

So, one is called origin choice 1 and other one is called as origin choice 2. The origin choice
two which is basically used in the international tables of crystallography but we did not have
to know all these things to actually go ahead and construct it. But the origin is generally, no
you can read the international tables of crystallography and they will tell you where the

origins of are for specific space groups.

So, other things, the reason why I wanted to highlight this diamond structure is that
sometimes you will find only two lattice vector or two basis points, but to each of them you
will have to add those centering operators in order to get the required multiplicity. So, and

whenever you see any center lattices such as a, f, ¢, 1, you find these things on top to which



you will have to add each of these components and after adding make sure that they are not
greater than 1 or less than 0, so that you can bring them back into the unit cell, is that clear?

Are there any questions you have? Yes.

Student: Could you confidence so high that transformation in, crystallography is greater or

not.

(Refer Slide Time: 25:59)
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function [b]= getbasis diamond()

% Given Fd-3m

% Positions for Ba. Last number is used to identify the ato
A=[0 0 0 1];

B=[1/4 1/4 1/4 2);

$A=[0 0 0 1);

$B=[0.25 0.25 0.25 2];

a=basis symmBa (A);%<Get all the basis for this position
c=basis symm8a (B);%< Get all the basis for this postion

1
2
3
4
3
[
i
8
4
10
11

b=[a;c];
end

!

Wy,

;}

NPTEL

31 % b=8.6365;
a2 % c=5.1355;
33 % beta=103,98;

34 $Lattice constan l
35 $a=4.519;

36 $b=4.519;

37 $c=5,050;

38 Yappropriate cell vectors

39 V=[a 0 0;0 b 0; 0 0 c];%Lattice vectors for diamond (Fd-3m
40 tV=[a 0 0;0 b 0; 0 0 c];% Lattice vectors for BdS (P4 2/m)

41 tV=[a 0 0;0 b 0; 0 0 c];% Lattive vectors for (K2MnS52) Ibal
tV=[a 0 0; 0b 0; 00c ]; % the three lattice vectors for
$V=[a 0 0;0 b 0;c*cosd(beta) 0 c*sind(beta)];% Lattice vec_

!

gy,

NPTEL
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Professor: Sure, I will do that. So, the question is how to apply this transformation, so as to
get your basis calculated in some nonstandard setting. So, let us go back, so we click Fd 3 bar
m. And then when you click standard default setting, you will get what I got previously
where the, this is what you would get, and you will find the atom at 1 by 8, 1 by 8, 1 by 8, 7
by 8, 3 by 8, 3 by 8. Now I want to shift, I want to make this 0, 0, 0, the I want the origin to
be located right on top of the atom. So, what I do here is, I go back and click non-

conventional setting.

And it tells me what sort of transformation I want to apply. So, this is basically a linear
transformation, you can rotate it, you can rotate the origin and all that. You can rotate the
coordinate system and all that. We do not need that we just need a origin shift. So, I am going

to shift it by 1 by 8, 1 over 8, 1 over 8 and then click change the basis. And then it gives me



on the left hand column, the standard default setting and on the right hand column, it gives
me the transformed the thing, where 1 by 8, 1 by 8§, 1 by 8 becomes 0, 0, 0. And basically 1
by 8, 1 by 8, 1 by 8 has been subtracted from all the various basis.

Student: diamond cubic has 1 by 4, 1 by 4, 1 by 4, but here 3 by 4, 1 by 4, 1 by 4 in site??

Professor: 3 by 4, diamond cubic is 1 by 4, 1 by 4, 1 by 4, there is an atom at 1 by 4, 1 by 4, 1
by 4 and you are telling me that here itis 3 by 4, 1 by 4, 1 by 4, youput 1 by 4, 1 by 4, 1 by 4
or 3 by, because when you add this half here, all these things will, it will automatically

generate that 1 by 4, 1 by 4, 1 by 4 that you are talking about. So, it does not matter.

So, I go here. I go to my get basis command instead of 0, 0, 0, 1, okay 0, 0, 0, 1, quarter,
quarter, quarter, 2 and if I click run, it generates a structure you look at look at how the atoms
are oriented, it is oriented with 2 atoms this way, 2 atoms that way and then the

corresponding face centered atoms here.

These are all the face centrics, is the right? Now, if I just change it, it is just the only thing
that has happened, it has been rotated this way. There is no other difference, from
crystalographically there is no other difference. Is that right? Are you able to see that, yes or

no?
Student: Yes.

Student: Sir, this in this, in this if we observe the corner atom at the left and then we see that
next here, the blue is the atom which will be near to the left back . But in the case, it is some

right.
Professor: so will there be , there will be atom here, no? Which will now ...
It is down, the other one is up.

Professor: This one. So, will there be but there will be an atom here now, which will now,

which it is down, so it is up, yes.
Student: The other alternating void will start coming

Professor: The other alternative voids will start coming, so you this is actually the diamond
structure. If you put 3 by 4, 3 by 4, 3 by 4 is what you get the actual diamond structure. They

look the same but I think the directions are a little bit different. So, in one you would have an



atom at quarter, quarter, quarter but when you repeat it, see for example, that this one is at
quarter, quarter, quarter with respect to this, this corner atom. If I put a red atom right here,
which is going to exist, that this one will be at the quarter, quarter, quarter, it will be down, it

will be down.

Now, this direction and this direction are they going to be the same for diamond cubic
structures? The 111 and 1 bar, 1, 1, you will have to think about it. They both may not

necessarily be equivalent. Is that answer your question?

Student: Yeah, I wanted to know the difference, you know if itis 1 by 4, 1 by 4, 1 by 4 or 3
by 4, 3 by 4, 3 by 4 they may give the same symmetry?

Professor: They are not, they give the same symmetry, yes because you have generated from
the same symmetry system only. We like to work it out completely to actually take a look, so

we will see that later. What is that?
Student: It might become enantiomorphous pairs of each other.

Professor: But, in this there is no real 4, 1 or 4, 4 to actually have enantiomorphous pairs. It is
not the enantiomorphous, it just depends on how it is being transformed and rotated. I think
you, I believe you can transform and rotate either one to make them coincide. That is what |

think. You have to give it a shot.

(Refer Slide Time: 31:48)

for m=1:length{nz)

52 for b=l:nb

53 H=V {1, :) *nx (k) V{2, ;) *ny (1} 4V (3, ;) *nz (m) +basis
54

55 X=H(1);

56 Y=H(2);

57 =H(3);

61 w=cross(V(l,:),V(2,:));
62 u=cross(V(2,:),V(3,:));
63 v=cross(V(3,:),Vil,:});




il dx=dot (C,u);

12 dy=dot (C,v):

13 dz=dot (C,w);

4

1) if(dx <l*dotfu,V(1l,:)) && dy <l*dot(v,V(2,:))
16 X1 (atom) =¥X;

17 ¥1{atom)=Y;

18 Z1 (atom)=%;

19

80 id as e stat ling o I

81 r mark t Wi ferer e scatt
B2 line
83 if (floor (basis(b,4))==1)

How would I restrict to one unit cell? So there is, there are there are commands that are
present in the main MATLAB program. That is between line numbers 61 to 78 which will
essentially take care of that. It is based on some analytical geometry which I assume you will
find out how it works. But if you do this, it will work, anything else? Nothing else, okay
good.

(Refer Slide Time: 32:26)

f ny=[0:1:2];% integers
7 nz=[0:1:2]:;% integers
8 appropriate lattic
]
10
11




38 appropriate cell vectors

46 atom=1;
47 basis=getbasis diamond(); % Basis atoms. Give addidional o
[nb,~]=size(basis);

crystal systems)

Class exercise 1

PdS belongs to the space group P4z/m. Sulphur atoms oceupy
positions 8k with r = 0.19, y = 032 and z = 0.23. There are three
crystallographically different Palladium atoms in 2e, 2c and 4j with
=048 and y = 0.2

i

4—- 2 ‘L‘ i 2 {1ITM) An introdisction o symmmLEy August 26, 20018 T9/81

L]
1

So, let us go to the next structure that we want to create. So, I want to create PdS, Palladius
sulphide as we call it. And it has the space group 4, 2 over m, this is a space group for
Palladius sulphide. And like what we discussed yesterday, so P 4, 2 means it is basically a
tetragonal unit cell. And like what we discussed yesterday, there is there are sulphur atoms
which occupy 8k positions with axis 0.19 and y as 0.32 and z as 0.23 and there are 3
cryptographically different palladium atoms at 2e, 2¢ and 4j positions. Once you specify 4j,

you also have to give the corresponding fractional x and the fractional y coordinate.
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Wyckoff Positions of Group Pda/m (No. 84)

g | x| o0 I® ¥ k2 12)
[-592) () (yn-z#102) (yn-2+1i2)

(.20 (900 -y 172) (-, 102

10.0122) (172,0.24112) (0.12,2) (112.0.24112)

(12012,2) (172,112.24112) (12, 112,:2) (V2,1 12,24+ 112)

(0.0,2){0,0,2¢4172) 0.0,2) (0.0,:2¢112)

(172,112,114) (112,172,314)

{100,114 (0.0,34)

(0.112,12) (12.0,0

0.1/2,00(1/2,0.172)

(12,02.0) (12 02172)

SEECRRREEE

(0.0.0)(0.0.172)

e
v

48~

IRy
L%
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th=4.,519;

$c=5.050;

tappropriate cell vectors

V=[a 0 0;0 b 0; 0 0 c];%Lattice vectors for diamond ['r'd—31
V=[a 0 0;0 b 0; 00 c];% Lattice vectors for PdS (P4 2/m)
$V=[a 0 0;0 b 0; 0 0 c):% Lattive vectors for (K2MnS2) Ibal
$V=[a 00; 0b0; 00c ]; % the three lattice vectors for
$V=[a 0 0;0 b 0;c*cosd(beta) 0 c*sind(beta)];% Lattice vec
tV=[a 0 0; b*cosd(120) b*sin(120) 0; 0 0 c];

atom=1;
basis=getbasis diamond(); % Basis atoms. Give addidional o
[nb,~]=size(basis); % nb contains the number of basis atom,

A
o |

NPTEL



So, we go to our crystallographic web page P4, 2 over m, 84, right? Standard or default
setting, in standard or default setting whenever you talk about orthorhombic space groups, the
B axis is going to be horizontal, the axis will be vertically pointing downwards and you will
be looking at it through the from the C axis. So, which is essentially saying that A axis is
horizontal, B axis vertically pointing up and C axis pointing outside the plane of the paper,

the simple, not confusing at all system that has been used for the structure.

So, there is a point called 8k and these are the various points that you will have to generate x,
y, Z, minus X, minus y, z and so on, so 1, 2, 3,4, 5, 6, 7, 8 points. So, let us see how those 8

points are being generated?
Student: What you just told now, this is horizontal, this is vertical, what does that matter?

Professor: Well, if you in the international tables of crystallography, if you take a look at,
how does this vertical or horizontal way of organizing your a, b, ¢ vectors a matter? So, in
international tables of crystallography, which we do not discuss here in detail, you do not
have 3 dimensional diagrams, you have 2 dimensional diagrams. And you can actually
specify x, y, z with respect to the x normally whenever we talk about the fractional x
coordinate, we are always associating it with a and normal y coordinate, we are associating it

with b and ¢ with the z coordinate.

But I could very well choose a system which is not that way, I could draw this as c, this as a
and this is b. And you have to be careful to choose your x, y and z fraction coordinate
accordingly. So, whenever we when you see in the international tables of crystallography,
you would see a b vector going pointing out to the right, a vector pointing to the bottom and
automatically to mean that the ¢ vector is pointing outside, Ok? And which is the same as a

horizontal, b vertical and ¢ vector pointed to the outside.

It is also possible to have a coordinate system where you have, where you look at it from the
b axis for example, in the mean mono clinical lattice. Whenever we are talking about the
mono clinic lattice they would say that the b axis is unique. What that means is? This is a,
this is ¢ and this would be b or the b would be the axis which has a 2 fold coordination
number. In that case, you would have to associate the y with this b and not with the c. It will
make a difference in the final structure that you generate. We will, I think I have an example

showing that we will see when it comes.

Student: Sir you said that the outward pointing vector is the highest symmetry.



Professor: Usually the outward pointing vector will have the highest symmetry or will be
called as a unique axis. The b axis is the unique axis in the mono clinic structure, they will

tell you, b axis,... unique b axis.

(Refer Slide Time: 36:49)

51 for m=1:length(nz)

52 for b=l:nb

53 H=V(1,:) *nx (k) +V(2, :} *ny (1) #V (3, :) *nz (m) +hasis
54

55 X=H(1);

56 Y=H(2);

57 =H(3):

58 ;

59 rt of the will ensure

60

w=cross(V(l,:),VI(Z,:)):
u=cross(V(2,:),V(3,:)):
v=cross(V(3,:),V(1,:));

eprara

1 function [b]l= getbasis PdS()

2 b Given pd 2/m

3 Positions for Pds

4- Pdl=[0 0 1/4 1 ; 0 0 3/4 1];%Position 2e
5 pd2=[0 0.5 0 1; 1/2 0 1/2 1):%Position 2c
f Pd3=[0.48 0.25 0 1):%Position 4j

1 $=[0.19 0.32 - 2]:%8k Sulphur atoms

8

9 a=basis symmPd (Pd3);

10 c=basis_symms(S);

11

2 b=[Pdl;Pd2;a;c];
end

g rne
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2=X(3);

basisa(l,1:3)=[x y z):
basisa(2,1:3)=[-x -y z];
basisa(3,1:3)=[-y x 240.5];
basisa(4,1:3)=[y -x 240.5];
basisa(5,1:3)=[-x -y -z];
basisa(6,1:3)=[x y -2];
basisa(7,1:3)=[y -x -2+0.5];
basisa(8,1:3)=[-y x -2+0.5];

for j = 1:8
for k=1:3
if (pasisa(j, k) < 0)
basisa(j,k)=1-abs (basisa(j, k));
end
if (basisa(j, k) > 1)
basisa(j,k)=abs (basisa(j, k))-1;
end
end
end

SRy,
e
-

L
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I think I have a example there, we will see that it is not PdS though, PdS is quite
straightforward. So, in PDS we have one 8k position. So, let us open that PdS, I did not give
this to you, so you do not have it with you. So, I just want to want you to follow right here.
So, in PdS, the sulphur is present at 8k position and these are the 3 values. So, I have named a
sulphur atom with atom type 2 the x fractional coordinate, y fractional coordinate and z

fractional coordinate are given right here.

And for 8k, there are 1, 2, 3, 4, 5, 6, 7, 8, 8 additional points that I need to generate.
Therefore, I have basis underscore sym S sub function right here, where I will generate all of
them. And I will also make sure that the fourth column is the same as x4, which is the same
type and I will go over all these atom x, y, z fractional coordinates and pull them all inside
the unit cell by either subtracting them from 1 or adding minus 1 to these particular

coordinates to actually pull them back into the unit cell.

(Refer Slide Time: 38:01)

1 function [bl= getbasis Pd5()

2 Ty

3

4

5] Pd2=[0 0.5 0 1; 1/2 0 1/2 1);%Pos
] Pd3=[0.48 0.25 0 1];%Position 4j
i 5=[0.19 0.32 0.23 2];

8

] a=basis symmPd(Bd3);
10 c=basis symmS (5);
11

2 b=[Pdl;Bd2;a;c];

i] end
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12 b=[Pdl;Bd2;a;c];

13 end

14

15 function [basisa]=basis_symmPd(X)
16 X=X (1);

17 y=X(2);

18 z=X(3);

19

20 basisa(l,1:3)=[x y zl;

21 basisa(2,1:3)=[-x -y z];

22 basisa(3,1:3)=[-y x 0.5];
] basisa(d,1:3)=[y -x 0.5];

Now, I have to do this for the other atoms as well. So, one Pd, the other Pd 1, the palladium
first atom is actually present at 0, 0, quarter, 1, 0, 0, 3 by 4, 1. So, I can either give them like
this or in the form of 2 separate rows like we had in the diamond structure and I go over all
these atoms, so Pd 1 just has 2 points. Just this right, 2, b, is that right? Is it 2, b, it is 2, b, so
half, half, 0, half, half, half. 2 e was 0, 0, quarter, 0, 0, 3 by 4. So, 0, 0, quarter, 0, 0, 3 by 4
are just given directly. Pd 2 has a position 2 c, 0.50 and half, 0, half which can also be seen

here in position 2 ¢, these two.

Then I have Pd 3 which is presented a position 4 for which the x coordinate is 0.48 and the y
coordinate is 0.25 and the z coordinate is 0. However, position 4j requires some additional

points to be generated because of the symmetry. So, 4j right here, so it is x, y,0, minus Xx,



minus y, 0, minus y, X, half, y, minus, x half, There is a negative there are negative things

coming in, so I like have to make sure that I am pulling them all back inside the unit cell.

(Refer Slide Time: 39:29)
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function [b]= getbasis PdS()

iven pd 2/m

sitlons for PdS
Pdl=(0 0 1/4 1 ; 0 0 3/4 1];%Posi
Pd2=[0 0.5 0 1; 1/2 0 1/2 1);

Pd3=[0.48 0.25 0 1);%P 1on 4

c=basis symmS (S);

b=[Pdl;Pd2;a:c]:
end

%=X (1) ;
y=X(2);
z=X(3);

basisa(l,4)=X(4);

basisa(2,4)=X(4);
basisa(3,4)=X(4);
basisa(4,4)=X(4);

So, I write another small function basis symm Pd and give this Pd 3 alone to it, which will

basically generate all the necessary points for that particular Pd. So, now if you see the total

number of atoms inside the unit cell is going to be 2 plus 2 plus this is 4, 2 plus 2, 4, 4 plus 4,

8, 8 plus 8, 16. There are 16 atoms that is present inside one unit sell of PdS.



(Refer Slide Time: 39:59)

Understanding of symmetry  Symmeiry eloments

Compound (Roto-reflection (Sy))

Rotation followed by a reflection. Check the following.

We note the following

o 5;=m=2 o In general when X is odd Sy =2X and

* 5=1 X =8;y. When X is odd, Sy implies
Q,=f the presence of both X and m and X

D= implies the presence of both X and 1

L] S|=-1 i X .

o X, X.mand 2, leave atleast one point

o 5=3 fixed. So they are called point symmetry

operations,

Any more kind of elements?
) A question arises if there are other elements which leave no point fixed. It
turns out that, for a finite molecule/motif it is not possible to have other
symmetry elements, OF course, if we talk about a lattice (which extends o™ 2
infinity), there are operations which leave no point fixed.
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So, we go back here to the main program. We do not have to change much here. We just have
to change choose appropriate lattice constants and choose the appropriate lattice vector. That
is this one right here, sorry you remind me, so I need to change the get basis command to be

that of PdS and that is the crystal structure for PdS.

So, these are the, I think the palladium atoms and the other ones are probably the sulphur
atoms. So, this is how you generate the structure. Of course, it is important for us to know
whether we generated it correctly. So, it is a good idea to actually go to our materials project

website.
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Choose PdS, search, so PdS 4 2 over m is what we generated. So, we click on that, just take
some time. So, in this manner, you can actually generate almost all the structures that you
need. It is very simple. Now, this looks very complicated here. So, I just remove the bonds, I
remove the polyhedral. So, you see all these things, all these atoms, so this is the palladium
atom. This is, is it looking like the way we generated? Can we convince ourselves that you

have generated it correctly?

Yes? So this, this one is right here, this one right here, this one is right here. And then you
have these 4 atoms appearing here and then the sulphur atoms right here. It looks a little bit
skewed because MATLAB is not plotting it correctly. Otherwise it should be. It should look

squarish. You are looking it from the C axis.

And again if you want to, so that is PdS. So, the PdS is pretty simple. It is not very
complicated, but you can see how the structure can get pretty complicated if you have larger

number of atoms per unit cell. You should know how to check in through this website.
Student: Sir, the translations with system conserved ?

Professor: What is, what did you say translation of the?

Student: Translation of symmetry is conserved here.

Professor: Conserved, here in this in this website thing, they have also plotted the those
atoms, so if you did not want to take a look at it, you just need to click edit crystal and then

uncheck repeat atoms and the periodic boundary conditions and you would say exactly only



those atoms contained within the unit cell, which we can see if it opens up, the problem with

the subset is just taking a little bit longer. So, that is PdS for you.
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1 sqreivtv');

67 ‘sqreutu');

68 ;
69 Y 1); ¢
10

11 lot (C,u);

12 lot (C,v) :

13 lot (C,w):
4

15 lx <l.2*dot(u,V(l,:}) && dy <l.2*dot(v,V(2,:)) && dz < 1.2*
16 X1 (atom)=X;
17 Y1 (atom)=Y;

78 Z1 (atom)=2;

Now, we can of course, extend this a little bit like I showed you, you can actually print all the
atoms that is a little bit more than one unit cell, maybe by saying 1.2. Now, it is a little bit
more than one unit cell has been printed. You can put 1.1 and you will make sure that you
can make sure that these 2 atoms are actually not going to get printed. Are there any
questions for this aspect? I know you may not have enough time to actually code it right now
and see you can do it later on in your at home. So, but this is just a demonstration for the

space group P4, 2 over m. Question yeah?

Student: From this generic site why it is not so many position .
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Professor: For the generic site means you mean this one, this one this one.
Student: No, the other one there it is showing all the sites and its coordinates

Professor: This one? Why does it have 8 sites? Because see P4, 2 or m, what does it mean? It
means that this is a tetragonal space group, but it is, first of all P4 itself will generate 4. But
now what you are doing is, you have 4 fold rotation and you have another perpendicular to it.
So, there is a 4 fold rotation. It is not just a 4 fold rotations, screw axis, you are performing a

4 fold rotation and moving it half the unit cell and there is a mirror just perpendicular to it.

So, the set of all these operations that will be generated that will be applied on one generic
point x, y, z will generate these additional points. This is exactly what we did for P4, the

simple case.
Student: How will we get the coordinates and what is the site symmetry

Professor: Site symmetry is one. So, the question is what is the site symmetry? Site symmetry
means, it is a general point, the particular point is not lying over any symmetry element. That
is what it means, if it starts to lie over a symmetry element, the multiplicity reduces. For
example, the point 4j the multiplicities and that means that point lies on a mirror, it lies on x,

y, 0 or z is equal to half, it lies on a mirror.

Once the point starts lying on a symmetry element, the number of additional points that get

generated by applying all symmetry elements that is appropriate for the space group P4 2



over m will be lower than what you get for a point that is not lying on a symmetry element

like a general position.

Again The generation of this will involve these matrices, we talked about for P4 remember
we use a simple matrix and I too showed you how these points are generated. For this space
group also, there are a couple of different matrices that you can generate and study and apply
it to a general x, y, z point and generate all these additional points, so it is just possible. But
we are just not doing it in this course. That is not our goal because people have done that and
given these tables to us. We want to know how to use them, how to use them to generate our

structures?

So, first you tell me what is, I explain what is meant by P 4 2 over m. So first question is,
what is that? P4 2 over m is a space group. It is one of the space groups or the 230 space
groups is one of the space groups. P4 2 over m is basically the Hermann Mauguin’s symbol
for a space group. And in this particular space group, the symmetry elements that have been
applied is a 4 fold rotation, but not just a mere 4 fold rotation. But after applying the 4 fold

rotation, I have to move it up along the C axis by half the unit cell.

Not only that, I also should make sure that there is a mirror that is perpendicular to it. All
these symmetry elements are there in that space group by m.. means there is a mirror that is
perpendicular to the axis that contains the 4 fold rotation. P2 over m means there is a mirror
that is perpendicular to the axis that is the, that contains a 2 fold rotation. That is what it

means.
Student: One slot, is there 4 2 over m is one slot.

Professor: Yes, exactly 4 2, 4 suffix 2 over m is present in one slot. It refers to just the C axis.
That is it. Or in other words, if you want to be precise, it is p 1, 1, 4 suffix 2 over m. But this

1, 1 do not mean anything. So, we just write it as P 4 suffix 2 over m. Is that okay?

Student: Sir, we read about compound symmetry operations in the past, there was a operation
roto-reflection in which we came after the symbol S 2, S 4 means rotation followed by a

mirror, so if S 2, the same as 2 by m.



(Refer Slide Time: 49:01)

of elements

Compound (Roto-reflection (Sy))

Rotation followed by a reflection. Check the following.

We note the following
® S=m=2 o In general when X is odd $x=2X and
° S‘Fi X = 8x. When X is odd, Sy implies

* 54=6 implies the presence of both X and 1
e 5;=4 A X

4 : o X, X,mand % leave atleast one point
@ 55=4 fixed. So they are called point symmetry

operations,

the presence of both X and m and X

Any more kind of elements?

A question arises if there are other elements which leave no point fixed. It
turns out that, for a finite molecule/motif it is not possible to have other=
munetry elements. Of course, if we talk about a lattice (which

extends o’
nity), there are operations which leave no point fixed. e

o
NPTEL

(1™} An inirodueiion o

15/ 81

Undorstanding of symmetry  Symmetry oloments

Compound and Combination of operations |

Compound

Two symmetry operations performed in a sequence as a single event produc-

ing a new symmetry operation but the individual operations are lost

tnversion exists

Swaminathan (IITM)  Am introduction o symmetry

of clements

Compound (Rotoinversion (X))

Consider Compound operation 3.

Kuraalmbion Swaminathan ([ITM) As istroduction 10 symmotry

Figure 13: Note that 3 has both 3 and 1

Figure 10: A four fold rotation with inversion, Neither the § fold rotation nor th A

NFTEL

10/81

-~

.

%

uppamer””

o
NPTEL

1a/s




Professor: Is S 2, we studied another set of symbols called as roto reflection and is S 2 the
same as 2 over m. [ will show you that slide S 2 is 2 fold rotation followed by a mirror. So, it
means an inversion, it means an inversion, not a mirror, it is not to... 2 fold rotation,

perpendicular to it, there is a mirror, it is just 2 fold rotation.
Student: But is the mirror perpendicular to that 2 fold rotation axis?

Professor: Yes, always, if I write 2 over m, it means that the symmetry elements that are

present are a 2 fold rotation and a mirror that is perpendicular to it.
Student: In S 2 also that is the...

Professor: No, S 2 means a 2 fold rotation and a mirror not end a mirror sorry 2 fold rotation
and then you apply a mirror operation to it. So, this atom is not there, S 2 means, I have
applied the 2 fold rotation and then I applied a mirror. So, this intermediate point is not

generated, 2 over m means, the 2 fold rotation is also present and the mirror is also present.
Student: Not audible...

Professor: Yes, if I say 4 suffix 2 over m, it means there is a 4 fold rotation and screw and the
translation by about half the unit cell by half the unit cell. And there is also a mirror

perpendicular to it. So, it is not.

Student: Sir, taking 2 by m, both 2 and m are independently existing.
Professor: Yes, they will exist. Yes.

Student: But in S 2, they are not independently existing.

Professor: Correct.

Student: They are only present as a combination.

Professor: Correct. That is what happens in say 4 bar say for example 4 bar 4 fold rotation
and an inversion, individually 4 and 1 bar is not existing. They are not, for example, if you
look at the screen, individually 4 and 1 bar is not existing, 4 bar together, both have to be

applied consecutively to generate that operation.

Student: But even in case of S 2 when we apply the 2 fold rotation, they must be applying it

about an axis, so the mirror is it perpendicular to that axis, the mirror plane?



Professor: Yes.
Student: It is.

Professor: It is perpendicular to that axis. So, in S 2, it is 2 fold rotation mirror this
intermediate point is not generated. In fact, S 2 is therefore just one bar. But, if I say 2 over
m, it means there is a 2 fold rotation and there is a mirror perpendicular to it. So,
consequently the in 2 over m, you will have this. There is a 2 fold rotation and a mirror that is

perpendicular to it. Are there any other questions here? Is okay?
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38 appropriate cell vectors
39 V=[a 0 0;0b 0; 00 c];¥l

00 cl:% Lat
b W

40 V=[a 0 0;0 b 0;
41 V=[a 0 0;0 b O

46 atom=1;
4T~ basis=getbasis Pd5():
48 [nb,~]=size(basis); % nb




So, we have a couple of more examples. In particular, I think I wanted to talk about this one
which is CaMgSi206, which is where a little bit of confusion comes with regards to how you

choose your a axis, b axis and z axis. We will do that in the next class.



