MSE-238
Structure of Materials

Week 2 — crystallography I

Spring 2025

Marianne Liebi (MX/PSI)

Ecole Polytechnique Fédérale de Lausanne

=PrL

=P

-

L



=P~
Overview

Lattice and motif

Symmetry (as a first introduction, more next week)

The hard sphere model: coordination and interstitial sites

Crystals formed by metals

Ionic and covalent crystals

- Hammond Chapter 1
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cPi-L
Crystalline material

 recap Definition: A crystalline material is a material characterized by a
regular arrangement of atoms or group of atoms over “large” distances, i.e.
a crystal displays translational symmetry over a long range.
In a crystal it is always possible to identify a group of atoms or molecules
(can be also one atom) that repeats itself periodically on a grid in space.

Crystal = Motif + Lattice

 in2D Motif: repeating “unit of pattern”

here represented by R
atom, group of atoms, molecules - chemical
R R R composition

C e .

Q Fe + -
C Cs Cl %

photoactivatable fluorescent protein

h41pkve6 - can be crystalized’
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Crystalline material

 recap Definition: A crystalline material is a material characterized by a
regular arrangement of atoms or group of atoms over “large” distances, i.e.
a crystal displays translational symmetry over a long range.
In a crystal it is always possible to

(can be also one atom) that repeats itself periodically in space.
Crystal = +
* in2D : repeating “unit of pattern”

here represented by
atom, group of atoms, molecules - chemical
composition

: (imaginary) grid, intersections
- lattice poines
can be placed anywhere, but always in the same
position with respect to the motif
in each point of the lattice, the crystal appears
identical, translational symmetry in between



Crystalline material

 recap Definition: A crystalline material is a material characterized by a
regular arrangement of atoms or group of atoms over “large” distances, i.e.
a crystal displays translational symmetry over a long range.
In a crystal it is always possible to
(can be also one atom) that repeats itself periodically in space.

Crystal = +
* in 2D
unit cell: arbitrary ways of joining up the lattice

points.
/ / / / primitive unit cell: smallest possible unit, contains

one lattice point (here 4 times 1/4t)
/ / / / conventional unit cell: larger unit cell, chose to
reflect the crystal’s symmetry better
contain more than one lattice points

makes visualization and classification of crystal
structure easier




cPi-L
Crystal symmetry

« symmetry present in the crystal is determined by
* how the translation is done

4-fold 6-fold
e +_ rotation axis rotation axis
v
- +

e character of the motif

only 1-fold symmetry left!
MSE-238 6



cPrL
Crystal symmetry

- Symmetry plays an important role in material science. Most material properties
are anisotropic which means that their properties depend upon direction or
angular orientation of crystals. Examples are chemical resistance, the ability to
get charged when stressed (piezoelectricity) or fracture toughness.

300

250

[301]] 200

150

- /[010]] 100

50

in crystal of NaCl cleavage along planes =~ modulus of elasticity for single crystal
parallel to cube faces elastic constant of cementite (Fe3C)

Weisser et al Acta Materialia 59 (2011) 4448
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Crystalline material

* 1n 3D: Bravais Lattice

Lattice point

set of 3 vectors r=4a+3b+c

form the basis:
every lattice point is a
linear combination with
relative integers as
coefficients

MSE-238 8
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7 crystal systems — 14 Bravais Lattice

Cubic

Tetragonal

Orthorhombic

Hexagonal

Monoclinic

Triclinic

azb=#c
a=b=g=90°

a=b=c
a=b=90° g=120°

azb=#c
a=g=90%«b

azb#c
azb=g

ksniia

',@I

[
puIgece

Trigonal or
rhombohedric

I

p

http://www.chem.ox.ac.uk/icl/ heyeﬁéslécrucg[;ure_of_solids /lecture1/Bravais.gif
_23

'*(Ir-

Iﬂ

7 classes / 14 Bravais lattice

P : primitive

: centered
F : face centered
C :Dbase centered
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The cubic system

« The cubic system has three Bravais lattices

Primitive Cubic Body-centered Cubic Face-centered Cubic

MSE-238 10



cPrL
The cubic system: unit cells

primitive unit cell: smallest possible unit, contains one lattice point

conventional unit cell: larger unit cell, chose to reflect the crystal’s
symmetry better

contain more than one lattice points (and motifs)
makes visualization and classification of crystal structure easier

(a,b,c) is not a basis for BCC, P has the
coordinates (1/2, 1/2, 1/2)

Primitive cubic

Body-centered cubic
basis: (a,b,c)

basis: (a’,b’,¢’)

MSE-238 11
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The cubic system: body-centered cubic (bcc)

Primitive cell
Find the motif;

Translate it along the BCC lattice;

Convetional cell
* Find the motif;

Place it within the Conventional cell;

« Translate the cell along the orthonormal basis a,
b and c of the cubic system;

MSE-238 13



cPrL

The cubic system: body-centered cubic (bcc)

Primitive cell
Find the motif;

Translate it along the BCC lattice;

-

Convetional cell
Find the motif;
Place it within the Conventional cell;

Translate the cell along the orthonormal basis a,
b and c of the cubic system;

9
tJ L,i")

A
WV U
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cPrL
The cubic system: body-centered cubic (bcc)

Primitive cell Convetional cell
« Find the motif; * Find the motif;
« Translate it along the BCC lattice; * Place it within the Conventional cell;

« Translate the cell along the orthonormal basis a,
b and c of the cubic system;

VD

|
ol
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cPrL
Number of motifs per unit cell

Primitive cubic:

« Motifs at the corners of the cube count for 1/8

« The primitive cell has as expected 1 motif.

TR
PP

Body-centered conventional cell:
* Motifs at the corners of the cube count for 1/8

e The motif inside the cell count for 1.

e Hence the BCC conventional unit cell has 2 motifs.

MSE-238 16
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The cubic system

Examples:

Lattice:

Aluminium Diamond

Motifs:

MSE-238 17
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FCC and BCC

« very common crystal structure, for example for single element crystals

* alot of metals crystalize in fcc or bee

fce
;1 Crystal Structures of Elements at STP Crystal Structures of Elements at STP
X STP - Standard Temperature and Pressure STP - Standard Temperature and Pressure H Cf
Li | Be | scc somonscum 1, e T BIC[N[O|F o ey s, e et e B[C[N[O[F Ne
BCC Eiimﬂ",'fmcfr gckr%;mwc RHO | HEX | Tiep ! Hr.x-s‘a:;:mugmlu DC-D;amndC‘::w RHO | HEX | Tiep | Pcubic | Pcubic | FCC
Na DHCP Dol o pachod Hssgosl SC-Smple i Si DUCP Do it ko Hexognsl  5C_ Simple i+ Al Si| P | S
BCC RHO - Rhombohedral * predicted crystal structure bC RHO - Rhombohedral * predicted crystal structure FCC De ORTH | ORTH
K Sc | Ti| V | Cr Mn| Fe Ge Ni |Cu | Zn E& Ge | As | Se
BCC Her | wep | Bec | Boc | amn | BCC De Fcc | Foc | Hep |goRma| pC | pRuO | TR
Rb Y | Zr Nb (Mo | Tc | Ru Sn Pd Ag|/Cd|In |Sn | Sb Te| I |Xe
BCC uer | mwer | mec | mec | mer | wer ot Fec | Fec BCT | pT | PRHO | X |clokth| FeC
Cs an  Hf | Ta | W | Re | Os Pt | Au Tl |Pb | Bi |Po | At Rn
BCC HCP BCC BCC HCP HCP FCC FCC HCP PCC RHO sC FCC* | FOC*
BCC* HCP* | BCC* | BCC* | HCP* | HCP* HCP* | FCC* FOC*
_|swsem [ La|Ce| Pr|Nd|Pm|Sm| Eu|Gd | Tb| Dy [ suwessm  [ra[Ce| Pr Ho | Er | Tm| Yb| Lu
.Ww"m rce | puce | puce | puce | pice | Fho | Boe | wep | wep | mep B e wse e |l ineed e nE |LLEd | LEZ | L) | L3
Pa| U |Np | Pu|Am|Cm| Bk | Cf wansens | S| Th Pa e
O BCT | ORTH | ORTH | MONO | DHCP | DHCP | DHCP | DHCP
msestudent.com
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Structure = Property!

Energy-Temperature Characteristics
Ductile-Brittle Transition Temperature

cPrL

FCC metals tend to be more ductile than

BCC metals because of their different slip

BCC metals have a ductile-to-brittle

Slip in BCC

High-ductility FCC system
materials (no DBTT)
/ Low-carbon steel transition
BCC Slip in FCC

S !

H

S’

e

20 y

o Brittle Transition

ia Temperature

—

Q

=
5 - oL

Low-ductili ty atoms
materials (no DBTT)
I FCC Slip Direction on
I Close-Packed Plane
LR
-150 -100 -50 0 50 100
Temperature (°C)
MSE-238

l Vibrating

T Thermally

activated Sllp
BCC not quite close-
packed, needs thermal
energy to activate slip

Atoms vibrate more, slip
can happen more easily

msestudent.com
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Packing density

« Represent motif as rigid spheres (hard sphere model) to give insight about the
atomic arrangement and resulting properties

Natoms per unit cellXVatoms

 Packing factor/packing fraction p =

Vunit cell

also called compacity c

Natoms per unit cellXMgqtoms

* Density: p =

Vunit cell



cPrL
Packing density

« Represent motif as rigid spheres (hard sphere model) to give insight about the
atomic arrangement and resulting properties

 Packing fraction/packing factor/compacity (last week)

primitive cubic face centered cubic body centered cubic hexagonal closed packed

MSE-238 21



Polymorphism of Iron

Temperature FCC crystal structure of iron (y-Fe)

(C) A .
1000 + Iron wire at high
FCC Fe temperature (HT)

More atoms per unit Higher denisty
cellthanin BCC > than BCC

The wire shrinks because its atoms austenite
are rearranged (BCC to FCC)

Phase Transition
Atoms occupy 74 % of the

unit cell volume (APF = 74%)

912 +
BCC/FCC
Fe
BCC crystal structure of iron (a-Fe)
Atoms occupy 68% of the .
20 Iron wire at room unit cell volume (APF = 68%) ferrite
BCC Fe temperature (RT) Fewer atoms per unit

cell than in FCC

msestudent.com
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Coordination number

» Represent motif as rigid spheres (hard sphere model) to give insight about the
atomic arrangement and resulting properties

 Packing fraction/packing factor/compacity (last week)
* Density
 coordination number: number of closest neighbors

Coordination: 6

MSE-238 23



=PrL
Coordination

= Face-centered Cubic: Coordination: 12

MSE-238 24
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Coordination

- Coordination number:

Hexagonal close-packed :

-Coordination: 12

MSE-238 25



=PrL
Interstitial Sites

« Crystal structures have a certain packing density, and hence also a free volume
where voids exist called interstitial sites.

« Interstitial sites play a very important role in atomic diffusion, as a material
can host another smaller atom as is the case in steel (Fe+C).

e Primitive cubic:

e cubic interstitial site in between 8 atoms




=PFL
Interstitial Sites

« The FCC structure, has two main interstitial sites:

Octahedral: at 8x Tetrahedral:

the center of the at 1/4 of the

conventional cell diagonal of the

Coordination cube

number: 6 Coordination
number: 4

In the planes:

- Exercise: size comparison of interstital sites in different structures



Interstitial

Sites

Interstitial sites in the BCC:

6x Octahedral:
centered around each
of the six BCC cell
faces

e.g. center (1/2,1/2,0)

Coordination
number: 6

12x Tetrahedral: at
midpoint of the edges

e.g. center (1/2,1/4,0)

Coordination
number: 4

both Octahedral and Tetrahedral sites are irregular!

the coordination atom closer to the interstitial site determine what size can fit

- Exercise on Iron FCC and BCC

=P

« 28
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cPrL
Interstitial Sites: Ionic crystals

« The notion of interstitial sites can also be used to estimate what the crystal structure
could be of ionic crystals.

« Different rules exist regarding the relative size of the Anions and the Cations in the
molecules and their charges (take valence into account).

 For two atoms (NaCl, CICs, ZnS etc...), a first rule called the Radius Ratio rule, or first
Pauling rule, establishes a formula that defines the coordination number depending on
the ratio of the radius of the cation to the one of the anion:

[ ) p:T_+
T

Based on the hard sphere model, it predicts that if the cation is too small, anions get too
close to each other which lead to an unstable structure due to repulsive forces.
Limit of

Unstable stability Stable

29



cPrL
Interstitial Sites: Ionic crystals

At the limit of stability, geometric consideration can give a condition on the ratio to have a
certain coordination, in other words a certain number of cations surrounding an anion (and
vice versa).

12
12—CN

— 1, where CN = coordination number
- Exercise for geometrical consideration

The formula is given by : p =

« For0.1547 < p <0.2247,
e CN=3

» Type of void: triangular planar jL 2

« Example: B,O, (trigonal)

 For 0.2247 4142
s CN=4

» Type of void: Tetrahedral

« Example: ZnS, CuCl, GaAs

Void in FCC , Zincblende structure
Two interpenetrating FCC strygtures

shifted along ¥4 of the diagonal



cPrL
Interstitial Sites: Ionic crystals

For 0.4142 < p < 0.7320:

%

CN =6

Type of void: Octahedral

Example: NaCl, MgO
Rock salt structure
Na Cl
Ry., = 1.02 A
Ry =1.814
e For0.7320< p < 1:
° (N=8 Cs Cl
« Type of void: Cubic R, = 1.67A
« Example: CsCl Rq =1.814
31

CsCl structure



cPrL
Ionic crystals

» The ratio rule presented above enables to predict the crystal structure fairly well given its
simplicity: in some studies, in a set of over 5000 oxides, 66% of coordination
environments agree with Pauling's first rule.

« Many exceptions do exist: Oxides formed with alkali or alkali-earth meta, or cations that
contain multiple cation coordination are common deviations from this rule.

« The discrepancy lies also mostly in the polar, and not strictly ionic, nature of bonds inside
the crystals.

» There are other rules, such as, for example:

« The electrostatic valence rule looks at the strength of the electrostatic force as a
function of the charge and the coordination number.

Cations with oxide 02~ ion

. J . . Electrostatic :
Cation  Radius ratio | Cation C.N. Anion C.N.
bond strength

Lit+ 0.34 4 0.25 8
Mg2* | 0.47 6 0.33 6
Sc3*+ 1 0.60 6 0.5 4

* Other geometric rules exist but they are accurate only in 13% of cases, limiting their use.
* 32



cPrL
Interstitial compounds

« Metal hydrides, nitrides, borides, carbides, etc., in which the radius ratio of the
(small) non-metallic atoms to the (large) metal atoms is small, provide good
examples of interstitial compounds.

« However usually the interstitial atoms are oversized (in terms of radius ratio)
and push apart the structure = not strictly closed packed
Example: FCC

octahedral sites tetrahedral sites

(@ @:N O:Ti

TiN: hard ceramic coating

brittle and hard, powder



cPrL
Covalent crystals and covalent/ionic crystals

« While ionic crystals and crystals with metallic bonds usually take closed packed
forms, the structure of covalent crystals is dictated by the directional covalent
bond and the configuration of the atomic orbitals

* high strength of covalent and ionic bonds: high hardness

“pure” covalent crystals: many inorganic crystals
Diamond, Silicon mixture of covalent and ionic bonds
sp3 orbitals - tetrahedrally Ca* (CO,)

coordination number: 4
v “.. ol B ’: . .

from Exercise week 1:
packing fraction only 34%
MSE-238 34
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Ceramics

= Ceramics possess ionic or covalent (or polar) bonds that are very strong.

= The structure can be compact like metals but more complex, as it depends on the ionic
radius of the different atoms, and their valence.

= As aresult, the crystallographic arrangements can be quite complex and they have a
higher ability to be quenched into an amorphous structure.

Ettringite structure

structure formed in the
early phases of hardening
of cement

R e il
o . upraconductor
Resistive heating elements



cPrL
Covalent and VDW crystals

 Layered inorganic structures: covalently bond within a layer, van der Waal
bonds between the layers: graphite, talc, mica

 Organic crystal: covalent bonds within molecule, van der Waal (and H-bonds) in
between

covalent bond organic crystals
sp, orbital - planar molecules strongly bond
in between Van der Waal bonds if they can be arranged regulary form crystal
: ‘ go )
oP-o Po op-o

8

A - 0 74l
graphite Polyethylene crystal

—> anisotropic mechanical properties - soft materials

MSE-238 - more In polymegg lecture



cPrL
Examples for more complex crystals

Perovskites Molecular crystals Protein crystal

ABX 3, where:

is a large cation
B is a smaller metal cation
*X is an anion

CaTiO3 (Ca=green, O=blue, Ti=red)

alkaline-metal-doped fullerenes photoactivatable
such as Cs,Cq, crystals fluorescent protein
superconductive at 33K h41pkve6

http://en.wikipedia.org/wiki/Buckminsterfullerene

Double perovskite structure
AA';B,O,,. MSE-238 37


http://en.wikipedia.org/wiki/File:Fulleride_Cs3C60.jpg

cPi-L
Organic crystal: Chocolate

polymorphism of Triacylglycerol (= cocoa butter)

b - 208 | s
o] S -
H@ B, «© rﬂri ji: / orthorhombic

WE@ o XX

LJ l\ H / triclinic

c b c
T—-a Lbl T—'-l}

MSE-238 38



=PrL
Chocolate

 cacao butter, main component POS and H
many other triglycerides WH‘ ]

i€

« polymorphism: 6 different crystalline

1ni°C 35450 Rl 41050 43.0°C
fOI‘IIlS: Y, A, III, 61\7, [3\7, ﬁVI | ‘ (Karlshamns method)
. . . iﬂhﬁh’“‘“ﬂ
* By: desired form due to melting behaviour, so] N
\\“\

gloss, texture and breaking behaviour
BUT: is not the thermodynamically most
stable form
 fat bloom related to recrystallization
By = By transition

60+

404 I|I |

Solid Fat Content (%)

20+

Temperature (°C)

MSE-238 39



Summary

Definition of crystal, lattice and motif

« first introduction to symmetry, crystal systems and Bravais Lattice
- main topic for next week!

« The cubic system with its three Bravais lattice (primitive cubic, bec, fcc)
 primitive vs. conventional cells

« Coordination number

* Interstitial Sites

 Jonic crystal and the radius ratio rule

« Covalent crystals
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