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Atomic bonding: structures

Van der Waals
bonding (eg Argon)
lonic bonding
(eg NaCl)
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Nodes of the periodic lattice

— —_—

OM =m,a,+ m,a, + m,a,

OM = m(m'la+m'2£+m'3a): mOM' with m the GCD

OMII _ n@" equation of the plane M, M> M3
OMEZHEE{_.’; r=xa, +ya, +za, = OP
OM , =n,a, = .7 — OH

OH = x(a, -ii)+y(a, -ii)+z(a, -ii)

MM —ngajwna

M M — n3ﬂ3 nz&; bUt OMl.ﬁ=n1a1'ﬁ=OH .....

S _OH
MM —n3a3-—-na (d,-1i)= " (@, i n "
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The equation of the plane becomes:

let n be their GCD so that:

— ) —_— ) _ )
n, =nn,; n,=nn, N; = nNn,

or | r—=1 n' ,n',n', are prime numbers
!
ny, n, njy

| | | | | | _ | | |
n,n,x+n,n,y+tn n,z=n n,n,
Miller indices

— ! ! — ! ! — ! !
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Examples equation of the plane

<Y

KH
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Normal vectors to crystallographic planes

Ty — !_’ !_’ !_’ !_’

7 — | | ;X ; + | | ;X ; + | | _’X_’ M3
u=n'yn';\a,xXa,|)+n';n' (a,Xa)+n' n',\a Xa,

i=  h(a,xa;) + kl(a;xa)) + I(a xa,)

U= ha, + ka, + la,= r*

It would be better to normalize ¢g.-g. =1

l l O
— —  — aj
L (@xa)  (axa) .=z
4 ==—7T—_—\ 7 butalso  a, Xa,=—
a, -(a2 ><a3) V vV
: . " 1
Distance between crystalline planes 1l | = T
hkl
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The intersection of two crystalline planes

+ky+1z=0
mx+ky+hz plane through origin
hx+k,y+1l,z=0

The common line between the two planes is given on the

—_, — —

basis (al,az,a3) by the vector
(k L, —Lk,)a, +(Lh, —hl,)a, +(hk, —hk )a,
Reciprocally by taking two vectors of the direct lattice
xa,+ya,+za, and x'a,+y'a,+7'a

The normal to the plane formed by these vectors is given by

— —_—

(yz'—y'z)af +(x'z—xz')a; +(xy'—x'y)c?§
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Matrix math for non-orthonormal basis

(xal+ya2+za3)-(x'a1+y'a2+z'a3)=( Xy Z)

/

M is called metric tensor; its determinant is the Volume?

(ha* +ka*, +1a*,)-(h'a* +k'a*,+1'a*,)=(hki)

=hM*h and M* =M1

,
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Bragg diffraction

If we consider X-rays (and electrons) as

plane waves E = E, exp(kx—wt)

2T

Wave vector S with amplitude k=—

A

Constructive interference if BC +CD =nAi

conservation of momentum

2d,,,cos(90—60)=2d,,,sin0 =nl ||§H:H§o

In effect this can be written as:

S-S, =G 2 — 1
S—8,=G Gisareciprocal lattice vector G=2=" _ ol = —
&z d
I, . | or) )
HS_S()Hz G =”2‘|*5”3111(77=2(—7(7)s1n6?=—7‘7
ﬂ/ dhkl
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X-ray diffraction

Intensity

Powdered
sample

~X-ray
source

X-ray detector
(a)

a= A JR2 4K+ 12

20 30 40 50 60 70 8 90 100 110

2sin@
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Transmission Electron Diffraction

2dsing = 20d = nA Bragg Diffraction Powder Pattern
de hid

/////////W// /120.(.).1@1, = 2.51pm

20LZ

FOLZ

k .”E:.:;?sou
Camera Length ‘ 5
(CL)—8-200cm B B "’:..:5: Single Crystal Spot Pattern

Ewald’s sphere
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Crystallography

fﬂ I/p@ /I—; Metals

Simple cubic Face-centered Body-centered
cubic cubic

A Ceramics
Simple Body-centered Hexagonal 1 1 b d )
tetragonal tetragonal ( I O n I C O n S

o
P 2
—a
Simple Body-centered Base-centered Face-centered
orthorhombic orthorhombic orthorhombic orthorhombic
D = >
I o 2] ~>—57 Polymers
O\yp'/ /d ”,a' d}d /;’ ;/ /of ’,*" /" /df
d — (covalent bonding)
Rhombohedral Simple Base-centered Triclinic
monoclinic monoclinic

(c) 2003 Brooks/Cole Publishing / Thomson Learning™

14 Bravais lattices
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Definition of crystalline cell angles and edges

b
LB/' /\'a / monoclinic
Y

C
3 c
120°
a a a
a b a
Cubic Orthorhombic Hexagonal

(c) 2003 Brooks/Cole Publishing / Thomson Learning™
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Characteristics of 7 crystalline systems

Structure

Cubic

Tetrahedral

Orthorhombic

Hexagonal

Rhombohedral

Monoclinic

Triclinic

AXis Angles between axis Volume of the cell
a=b=c all =90° as
a=b+c all =90° a‘-c
a#b+#c all =90° a-b-c
a=b+#c a=F=90", y=120° V3/2 - ac
a=b=c a=B=y+#90° a3,/1 — 3(cosa)? + 2(cosa)3
a#b+#c a=y=90", 3#90° a-b-csinf
azb#c a#=B#Yy#90° t«;b«:\/l—(cosm)2 ~(cos ) - (cosy) +2coscrcos peosy
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Structure of metals

Li

Metal Elements from the Periodic Table

Na

b9

Cr

Rb

5 OO

Mo

cs|[Ba @@ Tal|[w
La Pr/ (Nd/ Pm/ Sm
& (=)
(Cubic Close

..@@@.@.

Eu

Packing) (Hexagonal Close Packing) (Body Centered Cubic) (4H) (Other)
19/0

SIOIVICIOIIT
= ® O

BI2008 chemtips.com
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Compact Structures

Body centered cubic structure

iron, chromium, tungsten......

16

thomas.lagrange@epfl.ch e www.epfl.che lumes.epfl.che moodle.epfl.che PHYS-307



Electron Diffraction Example ordered BCC

Fe,Rh,_,:x € (0.48; 0.52) FeRh [100]ZA

TEM dlffraCt|On Simulation
Antiferromagnetic Ferromagnetic
$ state (AF) $State (FM) 'M@!-f;{'wsnc;!-l%ﬁmm ::::'ﬂ':'zm axin 16,8 1)
I | |
[ Rh 1 T= 380 K i - &
[ | I
| | o Y
?—$_ - I t_ - ‘
B o
Fe & Y o) ® -
o
1200
. —e— Cooling A
S 10007 —o— Heating a
©
= 800-
-9 = “de 240 ™ - -
g 600- | e e e
: 10 1/nm TR
g 400 A —— not saved (441 reflections), thickness:108.0 [nm]
3 AVIkV:200:000, CLimm:3000, ZAD, 0, 1].-PN0, & 1]
= 200-

320 340 360 380 400 420
Temperature (K)
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Compact Structures

Face centered cubic structure

Stacking A-B-C-A-B sequence

kA T A A A O

A A A "pd °
A T dA A "4 7
4 "prA A A "pd °
A A A "4
A “pdAd oA o °
“d "rd A4 "
A A A A
A A A A
" . )

Y
vy @

T
N
i, T, PRI Ry EEERR. SHEED. REET. RRED.

i o R T | [ -

A A A A
A “koA "pd "o "o *
A A
A "rAd “FA A
kA A A T
4 kA A TpA T4 T

e R
"y ®

aluminum, nickel, gold......
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Compact Structures

HCP

Stacking in the FCC

(c) 2003 Brooks/Cole Publishing / Thomson Learning™
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Compact Structures

Hexagonal compact structure

A-B-A-B structure Comparison between structures
HCP FCC

(001)  (111)
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Interstitial sites in FCC metals

?'ﬁ: - Octahedral sites

Tetrahedral sites

Octahedral sites

21
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Interstitial sites

octahedral tetrahedral
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Coordination number
atomic radius

Table 9 Atomic and ionic radius

He
" Approximative values. For origin references, consult W.B.
2,08 . .
Pearson, Crystal chemistry and physics of metals and alloys,
-_7 Wiley, 1972.
e 1 R = 1010
T Be Units: 1A=10""m B c N 0 e Ne
0,68 |0,35 0,23 |0,15 |1,71 1,40 |1,36 | 1,58
1,06 .. . 088 (0,77 |0,70 |0,66 | 0,64
: Standard radii for ions
Symbole+ Mg . , . :

0.65 in the configuration of neutral gases (filled layer)

Na Mg 140 Radius of atoms in the case of tetrahedral covalent bonds . | Al Si P S Cl Ar
0,97 | 0,65 - Radius of ions for coordination number of 12 (metals) 050 |041 |2,12 |1,84 |[181 |1,88
1,40 126 |1,17 |1,10 | 1,04 |0,99

K Ca Sc Ti v Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
1,33 (0,99 |0,81 |0,68 0,74 (062 (0,53 |2,22 |[1,98 [1,95 |2,00
1,35 | 1,31 126 |1,22 |1,18 (1,14 [111

1,48 |1,13 |093 [(080 (0,67 1,26 |0,97 |0.81 |0,71 |245 |221 |2,16 |27

1,67 |1,35 [1.15 1,37 |1,10 (0,95 |0,84
1,48

Fr Ra Ac

1,75 |1.87 |11 Ce Pr Nd Pm |Sm |Eu Gd Th Dy Ho Er Tm |Yb Lu
1,01

Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
0,99 (090 |0,83

1,58~

thomas.lagrange@epfl.ch e www.epfl.che lumes.epfl.che moodle.epfl.che PHYS-307



Coordination number

CN

12

R=110
/R geometry o
0 < % <0.155 o o) /
0.155 < & < 0.225 oj\o Triangle
CN = 1 possible CN = 2 possible
0.225 < % < 0.414 Tetrahedron
0.414 < & <0.732 Octahedron

N = 4 unstable
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Composite structures

L —_— ﬁ —_— 0.9 n:8

R 1381

D=R +R +A, D3.564,a,=4.12 A

\ Ay(A) \ Ay(A) \ Ay(A) r 097 P
1 -0.50 5 -0.05 9 0.11 R — 181 —

2 -0.31 6 0 10 0.14

3 -0.19 7 0.04 11 0.17

4 -0.11 8 0.08 12 0.19
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Composite structures

Sphalerite (zincblende) == Tea =04

|-
£l

&
1

W
-

09—

(a) (b)
’nS
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Composite structures

Fluorite CaF;

O ©
2

Flourite cell Plan view
(a) (b)
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Composite structures

Perovskite CaTiO3

—,_'.’ _\‘. 1"- ~-\,"\
octahedron ____
o <’ ‘ | : A site cations
- - g . (e g., Ca*?)

Perovskite Perovskite, plan view
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http://www.chemtube3d.com/solidstate/_simplecubic(final).htm

Perovskite superconductor

o o2 .f..'.o o ®
» L O’O S AP Ai;:”_ .
D ‘:/v. ® o ] ® ) ® ® B
O/O & Q/O A’\‘. .‘\w. } !—;‘j—_!—;. 3 Barmm ion
_ Yittrium ion
..:_\f.. ‘. ....‘..,") -
/Q /O , ® V‘r {.‘:4»\[ E . Com
O—*0 e y® ® Oxygenion

Perovskite YBa>CusO7
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