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The Space groups

Good afternoon everyone, so let us continue from where we left off, we were talking about
the screw rotations, and we talked about additional translation based symmetry operators
which can exist in 3 dimensions or for the space lattice. One is called as the glide reflection
where you reflected about a plane then move it in a direction on in a direction parallel to the
lattice vectors with the magnitude of usually half the lattice vectors. So, we saw different

kinds of glide reflections that is possible.
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And we took an example of the orthorhombic system just to illustrate a couple of different
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glide reflections that is design actually possible. Then we went on to talk about the next
translation based cemetery operations which is basically screw rotations and we took the

example of 3, 1 and 3, 2, if you remember it correctly.

So, what happens in this particular operation is you perform a rotation one of the allowed
rotations which is either 1 fold, 2 fold, 3 fold, 4 fold or 6 fold nothing else. And after
performing this rotation you are able to move it by some amount in a direction along the

along the axis of rotation.

So, we saw that, you know, you can basically perform this translation following the rotation
by certain amounts, tau is basically the lattice vector and you can essentially have so many
different types of translations possible following a rotation. For example, when we do the
when we have 2 fold rotation, then the amount by which you can translate it will be 0 by 2
which is after rotation perform a full translation, which is basically nothing but a 2 fold
rotation. Or you can have 1 over 2 times tau vector, which is essentially after performing a 2

fold rotation, you move it by half, the unit cell.

And then 2 over 2 times tau is not anything new, which is basically taking you back to the
next cell, the same thing as 0. So, these are the various things possible and whenever you
have such a symmetry operator present in the system, you label it with x suffix sigma. So,
this will be the order of the rotation. And this sigma is essentially going to turn you by how
much you are going to move this atom or whatever you want to move and by how much you

want to move it, what fraction of the unit cell you want to move it.



So, this is what we did last class and we saw an example, which is 3 1 and 3 2. So, in 3 1 you
took this atom, this was the atom and this entire thing is a unit cell, which is marked by tau.
So, if there is an atom present here, there should be an atom that is also present here, perform

a 3 fold rotation, move it by 1 over 3.

So, 3 suffix 1 means it is moved by 1 by 3 of tau that should be clear now. And then one
more, 3 fold rotation, move it by one by three of tau, 1 more 3 fold rotation move it by 1 by 3
of tau. This entire thing is 1 unit cell. And if you repeat it in that direction, it is consistent
with the lattice translations. Therefore, this is a correctly done 3 fold, 3, 1 screw axis. If you
should take the three to screw axis, certain strange things begin to happen. You perform a

rotation by 120 degrees and then do two thirds.

So, the amount by which you need to move can simply be obtained by looking at the symbol.
Yes, there is a question yes, 3 1 is same as, not 3 1 by 3 fold rotation, plus and followed by
one third of the unit cell. So, if this is the symbol for the screw rotation, that means, after
performing a rotation of order x, I perform a translation by sigma by x times tau. So, just by
looking at the symbol, you know that the x goes to the denominator and sigma goes to the
numerator. So, 3 1 means one third of the translation, 3 2 means two third of the translation

of the unit cell vector.

So, when you perform 3, 2, you move it by 120 degrees, we are looking at we are studying 3
2 now, move it by 120 degrees, rotate it by 120 degrees, and move two thirds of the unit cell.
This entire thing is actually the unit cell. So, you are moving two thirds of the unit cell. So,
first, the atom ends up here, then you have to keep performing these operations and they have

to keep lying on top of each other. That is the whole spirit of symmetry.

So, let us perform this operation on this atom that we just generated. You perform 120 degree
rotation and then move it up. It ends up in this spot, which is actually the next unit cell is not
in the same units cell. But you can understand that if there is an atom here, there should be an
atom here by translation. And this layer is the first layer that is on top of this base layer of the

second unit cell, which means there must be an atom even here.

So, now you perform the 120 degree rotation and the translation for this system, 120 degree
rotation and then 2 by 3, it ends up right here. So, the, these 4 atoms are to be generated when
you perform 3 2 screw rotation symmetry. And I highlighted that if you put a mirror like that,

then this atom is going to stay right there because it is present on the mirror.



However, this atom is possible that it can reflect it to this spot right here. This atom can get
reflected to this spot right here. And this atom does not get affected at all, which is basically 3
2 two. If you put a mirror plane and look at where the atoms are generated, it will look very

similar to what was generated with 3, 2.

Consequently, 3 1 and 3 2 are essentially mirror images of each they are called as
enantiomorphous pairs. There are some interesting physical consequences because of the

presence of this symmetry. So, we will not be discussing that in this class.

The symbols for these screw rotation axis is also important. So, you have a triangle followed
by these extensions, which is basically the symbol for the screw rotation. And if you look at
3, 1, it is as good as it is rotating in the counterclockwise direction, whereas 3 2, it is as if it is
rotating in the clockwise direction essentially telling you that they are mirror images or

enantiomorphous pairs. So, this is what we saw last class.

(Refer Slide Time: 8:22)
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And I wanted to show you a couple of more examples especially with 6, 1 and 6, when you
have 6 rotations that is when you have the 6 fold rotation possible. When you have 6 fold
rotation possible, several translations are possible. So, translations that are possible are 0 by
6, which is not very interesting to study. But you have 1 by 6, 2 by 6, 3 by 6, 4 by 6 and 5 by
6.

So, in this image right here, I have, after performing the 6 fold rotation, I have moved it one
sixth of the unit cell and that fold is called a 6 1 axis. So, this is called a 6 1 axis. So, what is

happening here?



You have the atom present at this part. I am going to perform a 60 degree rotation, which is

basically a 6 fold rotation. And then I am moving it one sixth of the unit cell.

So, the entire unit cell is, this is the entire unit cell. This is the entire unit cell, I am moving at
one sixth of the entire unit cell. So, 1, 2, 3, 4, 5, 6, we have performed the 6 times. I will
essentially make this atom land up here. And if I repeat this in the direction of the axis of
rotation, I will essentially be performing lattice translations and it all looks like one big spiral

staircase going on right as you keep rotating.

And after every unit, at every unit cell, you will have this atom and this atom coinciding,
which is what we want, correct, they should all be commensurate with lattice translations.
This is 6 1. Now, what happens when you perform 6 5? We want to study 6 5 because [ want
to show you the corresponding enantiomorphous pairs. When you perform 6 5, you rotate it
by 60 degrees, but now, you do not move it by 1 by 6, but you move by five sixth of the unit
cell. So, 5, 6 of the unit cell will make this rotated atom, land up in this part right here,

correct?

Perform and move, it we make it land up here. So, at this point, it appears as if when we
perform these operations, nothing is going to be present in these intermediate planes. But that
is not true. We will see that all those planes also get filled up. Now, you perform one more
round of 6 fold rotation and 5 by 6 the translation. So, you move this here and then move it
five sixth of the unit cell. So, 1, 2, 3, 4, 5, sorry 2, 3, 4, 5, it ends up right here, correct? Now

the question is this is present in the next unit cell.

Now, how do we pull it back to our original unit cell, whereas the atom present in our
original first unit cell? So, that is not very hard. So, this was the base, this is the base. So, this
is the 1, 2, 3, fourth plane or 4 by sixth of the unit cell that this atom is present, since they
should be commensurate with lattice translations. We should also have an atom at the exact
same position, 4 layers above our initial first unit cell. So, 1, 2, 3, 4 right here, it ends up right

here. So, this atom is the same as this atom.

Now, you perform one more 60 degree rotation and 5 by sixth of the distance. So, bring this
here, 1, 2, 3, 4 comes here, but that is actually 1, 2. 2 planes above the base plane, so 1, 2,
which means there should be an atom right here. You keep doing this over and over again.

You will figure out that all these planes are also going to be filled up by atoms.



Now, you put a plane mirror like that and try to see where the atoms are getting reflected
because of the presence of the plane. So, this atom again will not get reflected, but this atom
will get reflected here, this is going through the center. It is going to the center of this

hexagonal pyramid.

So, this will this atom will get reflected here because of this plane, which is nothing but this
atom and this atom will get reflected here, sorry will get reflected here which is nothing but
the third one this atom and so on. So, you will see that the atoms are getting reflected because
of this plane and 6, 1 is nothing but a mirror image of 6, 5. And that is a plane through the
plane that is passing through those, the plane that is passing right through the center of this

hexagonal pyramid.

Similarly, 6 5, if you put a plane a mirror right there, and look at where the atoms are getting
reflected, you will see that it is nothing but a mirror image of 6 1. So, 6 1 and 6 5, are

enantiomorphous pairs again. You are able to see it?
Student: cursor movement is not visible.

Professor: Which one? I am sorry, you are not able to see the cursor moving, the point
moving. So, what was not clear can I repeat it? Is there anything that was not clear? Is okay,
are able to understand which atom is getting reflected because of this plane where and why 6
1 one and 6 5, turn out to be mirror images of each other? Yes, I will be careful from

henceforth.

(Refer Slide Time: 14:42)




So, the next thing, next example is 6 2 and 6 4. As you can imagine, they are also
enantiomorphous pairs. So, but in this case, slightly strange things will happen. So, it will tell
you, you know, how the molecule should actually look. So, if you take the, you should take
this atom and rotate it by 60 degree, you not able to see anything there . So, if I take this atom
and rotate it by 60 degree and move it by two sixth, or one third of the unit cell, it ends up

here. Now, I perform the operation again, ends up here, it ends up here.

So, because this is a unit cell there is an atom at this position? There should be an atom at this
position. But by performing the 6 2 operation, a certain number of times I ended up with an

atom right here, which means there has to be an atom in this spot as well.

Consequently, all these planes get additional atoms and, you know, this is the way the 6 2
rotations look, 6 4 rotation is also similar except that now you will generate one in the unit
cell that is above it. But you all know now, how to bring it back into the unit cell by properly
examining what Basel plane it is located at and then pulling it back into the initial unit cell.

So, these are the kind of operations which is permitted by your screw rotation.

So, the presence of 1 fold rotation, so all the operations if you look at once again, so 1, 2, 3,
4, 6 for all the rotations possible. The mirror planes, the inversion center, 2 bar, 3 bar, 4 bar, 6
bar plus glide reflections plus screw rotations which are nothing but2 1,3 1,32,41,42,4
3,61,62,63,64and 6 5.

If you combine all the set of operations and examine the total number of possible ways you
can arrange points in 3 D space, you will get 230 different ways possible and they are
referred to as a 230 space groups. So, we will now look at these space groups and what they

are and how they are classified.

But before doing that, do you have any questions? With regards to the screw rotation, there
are a couple of things that I have not done. For example, 4 1, 4 2, 4 3 you should try it out in
your, you know at home and try to convince yourself that even those contains some

enantiomorphous pairs, so on and so forth. Yes, you had a question?
Student: Sir about the rotation. How it happens.
Professor: Rotation of screw rotation?

Student: So, 61, 6 4.



Professor: Yes.
Student: So, we see it is kind of opposite opposite, so we can take 6 2 as that one only.

Professor: You mean to say, if one is this, the other one is the other way. I think it is better to
look at it that way. You are saying that I would have looked rotated this one anticlockwise,
call it 6 2 and rotated that as that clockwise and call it 6 4. Yes, it is possible but that is why I
have put them in pairs. If you have 6 2 you represented, this way then 6 4 is represented in

the in a manner that is mirror image of this.

(Refer Slide Time: 19:07)
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So, I prepared a sheet, we will be sharing that with you. So, now we are kind of getting to the
point where we will be able to generate this crystal structures using our MATLAB script. But
it is important for us to know what lattice vectors to choose depending upon the unit cell that

is appropriate for that particular space group which are listed in this document.

I will also introduce you to a new website which is called as materials project dot org which
is extremely useful for us to check several things that we check several things that we can
after we construct the crystal structures, we may want to check a few things, so all these
checking’s can be done using this website materials project dot org. I will introduce you to

that.

So, for all these units cells, triclinic, monoclinic, orthorhombic, tetragonal, hexagonal,
trigonal rhombohedral and cubic, I have given down the lattice vectors there is most
commonly used for generating the crystal structures. Mostly you will, it will be quite obvious
what needs to be chosen, what needs to be your A vector, what needs to be B vector and what

needs to be a C vector.

Sometimes it can be a little bit tricky, you have to read the notations carefully. You have to
understand what the author of the paper that you are reading is using as a B vector or a C
vector and based on that modify some of these statements a little bit to generate the crystal

structures.

So, we will come to that later. But now, I want to look at these 230 space groups, so I have
written on all the 230 space groups over here and classified the unit cells or the crystal system
that is appropriate in order for you to generate the crystals belonging to each of these space

groups.

So, like we discussed, if you have P1 one bar that means the only symmetry that is possible is
either 1 fold rotation or maybe an inversion, if it is an inversion, it is basically the triclinic
bravais lattice, right? Then you have to use a triclinic unit cell and correspondingly you will
choose these as your, these as your lattice vectors and if you look at mono clinic, you will see
nothing but a 2 fold rotation and a mirror. There is no other term that is present in the other

slots. Yes.

Student: Zoom this.



Professor: You want me to zoom this also. Is this fine? So, the mono clinical lattice does not
have anything other than a 2 fold rotation associated with it. So, if you look at the space
groups, you only have 2, what was the monoclinic bravais lattice space group? It is just P 2

m. There is nothing as you had a 2 fold rotation and then a mirror plane is perpendicular to it.

So, if you have a 2 fold rotation and a mirror and nothing else, nothing else no other slots are
filled here, then you will know that it is actually a mono, this actually need not be given to
you at all from what we have discussed so far, just by looking at the space group, you should

be able to identify what unit cell is appropriate to generate this crystal structure.

P 222 or P mmm or combination of 2 and m, combination of screw rotation in one of them,
but not in the others, all these things are nothing but orthorhombic. Screw rotations will
always be present whenever you have whenever a 2 whenever a rotation of that particular

fold is possible.

Similarly, glide planes are going to be present whenever a mirror is possible in that particular
location, you cannot have any other means. So, what is the point group corresponding to I
mma? Point group, mmm that is it. That is the point group, you just remove all translation

based symmetry operations.

So, you have a huge number of possibilities in the orthorhombic system. You will see some,
you have we have seen the A glide, we have some B glides, we have seen some D glides, we
have also seen, we have seen examples of D glides in one of our slides there. We have not
seen examples of E glides which are also possible. I will let you figure out what that is. Then,
in the orthorhombic space group, you have A centered which means our atom is going to be

present in the A, in the plane which has the A axis as in normal.

You can also have atoms that is being centered about the C plane which means there is a
there is an atom that is centered about the plane which has the C axis as a normal and so on.
So, that is the orthorhombic space group then you have the tetragonal space group. So, you
will have a combination of 4 fold rotation, the first one that will tell you the tetragonal is that
there is a 4 fold rotation and then the next subsequent slots, you will either have nothing or

you will have mirrors or 2 fold rotations and nothing else.

So, that will essentially give you a combination of several space groups which belong to the
tetragonal which for which the tetragonal unit cell or tetragonal crystal system can be used.

Then the trigonal is going to have 3 fold rotation in the first part and then followed by mirrors



or nothing. If there is a 3 fold rotation obviously, it means you are providing, you know,
additional symmetry operators such as 3 fold rotation with some screw axis being present that

is also possible.

So, all these things are listed here, then you have the hexagonal system which should be very
clear because of the presence of the 6 fold rotation. Then last you have cubic, the cubic is
identified by the presence of 3 in the second slot, I mean second slot after this P or 1. So,
always you will have 3 or 3 bar that is been present. The first one will ever be a 4 fold
rotation or a mirror or 2 fold rotation. You can take a look at it carefully and you will see that

nothing else is present here.

So, people have already performed this classification. So, any crustal structure that you want
to generate now, a proper crystal that you want to generate will actually be in one of these
230 space groups. So, we will now look at how we can actually look at some of the materials
and the corresponding space groups. One of the websites that I found extremely interesting is

this website called is the materials projects dot org.

(Refer Slide Time: 26:21)
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I think some of you may already be familiar with this website. If you are not, you can go and
explore it is really amazing. So, you have to first create login and sign up. After you since |
have already signed up here with my Google account, it is opening up my, it is opening up is
opening up for me. So, now I can do lots of results, lots of research based on the kind of
based on the structure that I want to read. Now, this course is focusing only on structure per

se, we are not looking at other properties or thermodynamic properties of the material.

So, those things will, those things are irrelevant to us from this website, we will only look at
these crystal structures. So, suppose I want to find what possible space groups are possible
with the material, say palladium and cell phone, what possible space groups are possible? So,
I just put these things here, I just put the 2 elements right here, followed by a hyphen, and

click search. And it gives me all possible, so you get the periodic table. And you can, of



course, click on all these things to make stuff appear here. So, for example, once I click Iron,

clicked Iron, it showed me Iron there.

So, if I did this and click search, it is going to tell me if there are compounds with iron,
palladium and sulphur, no data available. So, nobody has found anything with these things,
but let us look at our famous FeO and see what all turns up, you have huge number of a FeO
compounds, huge number of a FeO compounds, showing 1 to 112 entries. So, basically, it
runs to the next page as well right here. And so these are our components possible. This is the

material’s ID that these people have given to these compounds.

And the third column, we have our favorite space group for each of these compounds, each of
these compounds you have the space group. So, if you look at FeO, it is I4 over mmm. So,
can you tell me what unit cell you would use to generate that structure? Tetragonal, so you
can keep going on and on. There is also a Fe;sO;s with some rhombohedral space group

several others.
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So, now let us look at some example that we are probably going to be creating in class now. I
am going to choose an example of palladium sulfite, palladium sulfite and I am interested in
regenerating the, this particular structure right here with P4 2 over m, which is tetragonal

once again. So I click on that.

And it gives me the corresponding visualization of the structure. So, when you generate it
using the MATLAB code I am going to be giving you. You should also be able to check
whether what you are doing is correct or wrong by going to this website, any arbitrary

compound.

And this website is fairly simple to use. We do not want to show bonds, we do not want to
show polyhedra, we just want to show the atoms at the unit. So, this is how it looks. Now, if
you look at the lattice parameters on the right hand side part of the website right here you
have A, B and C and alpha, beta, gamma as 90 degrees. Sometimes it so happens that for

centered lattices, they use a primitive lattice vector. They use a primitive lattice vector.

When they use a primitive lattice vector, you will see A, B and C, but you will see alpha,
beta, gamma being different from what you were expecting. For example, if they use face
centered for face centered lattices, if they are using a primitive lattice vector, you will not see
alpha, beta, gamma to be 90 degrees, only for non-primitive lattice vectors is alpha, beta

gamma 90 degrees for the face centered cubic structure.

In that case, if you are encountering that situation, and if you want to still view it in the
standard setting, that means you want to view it with the non-primitive lattice vectors. What
you do is, you go down in this website and click Edit crystal. Once you click Edit crystal, the

website takes some time to load something called as the crystal toolkit.

These things are very simple to use and extremely useful. And I already have the page open
right here. So, this is what happened. This is what opens up. This is what opens up and you
can choose on the right hand side, what type of cell that you want, cell you want to generate.
So, I click conventional cell which means that A be it is not primitive, it is basically not
primitive. So, now you see and you have the legends which is indicating you where

palladium is located and where sulfur is located.

And sometimes what happens is you get a palladium atom here, you also get a palladium
atom here, but that is occurring because of lattice translations. And you can check this off and

wait for some time.
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And you will see that the atoms that are there on the other on the edges basically disappear.
So, this is actually the unit cell. And you can rotate it and take a look at it. Now, we are going
to generate this palladium sulfide or palladium sulfide PdS molecule with our MATLAB

code, we are going to generate only one unit cell.

So, there is a significant modification that was that I have done to the MATLAB code so that
you will be able to view only the atoms belonging to that particular unit cell. It is quite simple
for cubic systems to add to those few lines of code. But once the unit cell is not cubic, it is
like mono clinic and stuff like that you have to do a little bit of cut of analytical geometry to

actually see how you can store atoms which only belong inside that particular unit cell.



