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| STRUCTURE OFICONDENSED-MATTER IN 3D

Several numbers at the beginning:

characteristic distance on an atomic scale is the arfgstmofrh&Gelectrostatic energy at this
is of the ordef/le( 1 | )erg@12eVAL6GA10K.

The kinetic energy associated with | ocze
2 , . ,
C—é((g)é(pfp pmt AOCoRA & 18 p i+

These two energies are comparable and much larger than room temperature 300K ~ 0
a large number of ions could form a very stable salt like NaCl with binding energy seve
atom.

In a metdlthe binding energy can be approximated by allowing some electrons to exter
whole solidthis lowers the kinetic energy by several eV per atom.

Two main effecCoulomb attraction (or repulsion) and delocalization of quantum states
free electrons

Introduction to Solid State Physics, 3
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|.1./Inteatomic:-andrintanolecularbonds

Types of bonds and their energies:
covalent 46QC J/mol,

metallic 24Q0 J/mol,

ionic 2 4QC J/mol,

hydrogen 0;D,32¢ J/mol,

van der Waals 0;@10&23 J/mol

Usually, several types of bonds are present i

solid. In graphite, for instance the strong cov W
bonds give rise to carbon hexagons, thamde
bonds are weak

akrwnE

————

% |
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Directional and adinectional bonds:

directional covalent bonds in the molegulee@idnds between the molecules are non
directional and weak (van der Waals bonds)

Introduction to Solid State Physics, 5
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Covalent bond

Overlap of atomic orbitals occupied by single electrons with opm®tesposctors (Si,
Ge) and dielectricsdif@mond) with the gaps 0.67 eV (Ge), 1.1 eV (Si) and 5.5 eV (C).

sp? hybridization in a C atom (electron configui2diapf)1s

—
+ %
25 aptip, tip, 4 spd orbitals
Introduction to Solid State Physics, 6
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In methane;

In Si
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Hydrogen bond

Crystal structure of ice: ; N ;

induced dipole moment of the hydrogen atom mediates the attractive interaction
between the oxygen atoms

Introduction to Solid State Physics, 8
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van der Waals bond

between molecules or neutral atoms _
repulisive
intperaction
05 ........................................
/4 A /4 ‘l ‘l é‘;l
oi) 16 ( ) ( ) s
l l N R S R
;attractive;
interaction
-0.5 _ : _ .
0 015 1| 1?5 ﬁ 2?5 3
r/rL
Equilibrium positior§2 Ol ‘ —
O Tt | | C

Attractive interaction: electrical interaction between permanent and/or temporary dipol
Electric field of a dipole mofhént + theenergy of thateractiof i

Repulsive interacticdue to the Pauli principle;-tAelependence is only empiric!
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10

H, moleculé electron density,

H{(
8 -
g Tk
= (G
|m NS
S
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H, moleculé electron density,

antibonding orbital




Energie [eV]

3 1 1 1 1 '
2'_ Ja(D)fs(2) -/ A(2)f & ( )_
1L
0' \('A( )/ 8(2), JA(Qf (1)
4 [ ]
_2_- Ja()/s(2) +/A(D)f (D) T
3} i
-4 i experiment i
.0 0.5 10 15 2.0 2.5
Rab [A]
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Lattice energy

. _7 P L
Potential energy of a latticé c O I

For the Lennaldnes potential we get

Y106 %[(IZ)) Y (IE) “Y]

The lattice sum (

: . . Y :
ais the distance of nearest nelghbors.%EE,om T  Wwe obtaia
W

Introduction to Solid State Physics,
version 2
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lonic bond

P i
Empiric potential 6G4) 6 A ®<E) ‘l_)r“
.

0

>
only for nearest neighbors

~

The lattice energy =y E[(x’, Ag(a 2) I 0 ]
¢ [ | :

| - W

The Madelung constant

This sum is only conditionally convergent, i.e., its value depends on the sufiraation or
summation over expanding cubes converges to thalgerrmocksaliattice o8 wu

Cohesion energy ~y % Y RY Y OY

Introduction to Solid State Physics, 13
version 2



M _ Energy of the molecule NaCl

0 024nm0.5 1 15 2

r (nm)
lontClj e stabil nhDjg2 neg neutr8l nz atom C!
3.7 eV (elektronovsg afinita). Energi e

ke vzniku iontuN@5.1eV.Eneegiot Sebn§ ke vzni ktaClg8r u
tedy 1.4 deV.i oPnSiyblk® ¢gstombel, jejich energi
| 1 vzd8l enost 1T ontT dosta'/ClelSplOr mg&l &, v
l ontovs8 vazba.

| ont ov8 kohezn?2 ener gdljee k. y& taeaVV,u adtacCmo \
energie na p8r nebt+3.@BeVB.2dv at omT Na Cl
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Thermal expansion

For T>0 K, the equilibrium valueoofesponds to the minimuree&nergy
r 0

O Y YYY © I T

The vibratienduced part of the free energy follows from-thadesestatistics of phonons

9] R 0]
GTY | (p A@(D FY))

harmonic approximatigp:does not dependan
anharmonicity: with increasihg bonds get weaker

~

O QY

S
T

Tt

the Ggneisen constant

171
F T W
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Simplecexample’ ofranonlinear/oscillator: Leriards/(LJ) poetential
oy v | (@ W
W Y|(G) <3
Equilibrium pointigi o) 7Y

Results of numerical simulations fophe  p:

3 T T T T 5
AVAAVARVAAVIRVAVARY
ol 5x,=0.26
35
1.8p 3N AN A0\ 002
- VAV VARV YAV VARV
2 | 2 25N OO AL TR, 018
S’i § (Y ARVALAVER VRV VIV
0.5 2 IR 757014
o N O Y O
0 15 5x,=0.1
o 0 Wi W A P . V. G W L.
1 S NS N NN R =
0.5 5XU=006
6% _=0.02
! 0
15 I I I I -0.5 I I I
07 08 09 1 11 12 13 0 1 2 3 4 5 6
X time

With increasing maximum displacement, i.e., with increasing total energy, the mean position x increases and th
decreases
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With increasing temperature the meaantierdistance increagethermal dilatation

9 9
1.1} gl gl
) )
c 7 c 7
3 g g
~1.05 g6t g 6!
5 5
1 4 4
0 0.2 0.4 0.6 0 0.2 0.4 0.6 1 1.05 1.1
total energy total energy (X)

The coefficient of thermal dilatation is therefore connected with the decrease of the frequency of osoijatiens wi
atomic distan¢és r ¢ n parametan

S0 e e @e (@ 9 Y@ Y©)
0" 1 1T cQ Y (0)w Q pY(®)
|ét her mal dil atation coefficient
ODéisot her mal bul k modul us

0Oéheat capacitw at constant vol ume
®di mension of the system

For the LJ potentixli(®) X e—RY (@) pup<et | —foralD systeid( p) ZrQ octahedron
Negative thermal expansion matafiglar ) Q pTY (W)
Example: zirconium tungZeQ), , | X& pTmoO WQ tetrahedron

NTE is probably caused by correlated rotatidnbttehedrandWQ

tetrahedra :
https//commons.wikimedia.org/w/index.php?curid=15
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.2. Crystal structure

gas phase

liquid phase g Ve I T

; % Y

SR e S R LI

24‘ gy x??:

P R e S
b

Vrﬂ'?vrwnquv-rnwg-y--va
Mg R P F PSS AP S

. Befedy > P TP P F oy R OF R
solldphase Sl ovwr PR OSYE Yt oe Aoy o
F Y Yd T F 4 oA B o b3
'aniti-a?{;.e{x{ika.z'dﬂr*

ST R I B B - - N T N R R

Td 5 3 A A d Y F A PR NS .
4 L E P L TP FREYER S A
E.J.ﬂu..-.f"aa.rtinn.h,,f-ﬁ'an.wmwj..

cC
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krystalografie_tutorial/obr/obr1-1.gif

natural quartz crystals

Si ingots (single crystals)

(ONSemi, Rpnov p.
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Nanocrystaismagic clusters:

Cyofullerene

Magic clusters of Kr atoms1®&ijth
55, 147, 309, 561,... atoms.

Introduction to Solid State Physics,
version 2
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nematic liquid crystalsentational order of

molecules)

IIK/’
iR

Mematic

smectic liquid crystals (positiol
order in one direction)

Smectic A

s
MY

////////////////

EEEEEEE
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Primitive latticep(r-o's'torovg§ m$2 Hk a)

1 &F EF EFREppMu

Introduction to Solid State Physics,
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All unit cells of the primitive lattice have the same volume

Symmetry properties of primitive lattices:
Atranslation symmetry

Apoint symmetry

-inversion

- mirror symmetry

- rotation symmetry

All the symmetry elements of a primitive lattice aeade tireuf the lattice
Two subgroups:

-translation group (generated by the fRertors

- point group

Introduction to Solid State Physics,
version 2
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Examples of elements of point symmetry

1-fold, Zold, Fold, 4old and-fld rotation axis: 1,2,3,4,6
mirror plane: m
inversion: |

Combination of point symmetry operatioassion axes

POVWOY @&

-~
N,

Introduction to Solid State Physics, 24
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StandardSchoenfli@sotation:

E= Ident_lty ok YK @ fpk "Yk '@
C, = rotation througb/r2

s=reflection in a plane

s,.= reflection in a ohorizont al pl ane
s,= reflection in a overtical" plane
Sq= reflection in a odiagonal™" plane

| = inversion

S, = improper rotation throywgh, 2vhich consists of a rotatiop/bydlowed by a reflection in

a horizontal plane
IG, =& compound rotatiowersion, which consists of a rotation followed by an inversion.

Schoenflies | Hermann-Mauguin

rotation ', n
rotation-inversion 1O, n
mirror plane o m
horizontal reflection
plane | to n — fold axes oh njm
n — fold axes in
vertical reflection plane v e
two non — equivalent
vertical reflection planes o e
Introduction to Solid State Physics, 25
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Proper Rotations Improper Rotations

International Schoenflies International Schoenflies

1 C' 1 S

2 'y 2 =m o

3 Cy 3 Sg !
3, C;! 35 Se
4 Cy 1 Sy?
—13 04_1 '—'_lg 84
6 Ce 6 Sy
6x Cﬁ_l 6x Sy

Introduction to Solid State Physics, 26
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All point symmetries of a cube;fthe &is is the inversion @xis

KR

Introduction to Solid State Physics,
version 2

27



7 point groups of primitive lattice&lmxiabloedric groups)

Cubic
Tetragonal
- >
t Trigonal
Hexagonal
Orthorhombic

Monoclinic

Triclime

Introduction to Solid State Physics,
version 2
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Simple and centered lattices

simple primitive latii@unit cell exists with a full point symmetry
centered primitive laftied unit cells have lower point symmetry than the full lattice

System Angles and Dimensions Lattices n System
Triclinic azb#c. a=p=y P (primitive)
Monoclinic a#b#c, a=y=90"%3 P (primitive)

I (body centered)

Orthorhombic a#b#c, o=p=y=90° P (primitive)
C (base centered)
I (body centered)

F (face centered)

Tetragonal a=b#c, o=p=y=90° P (primitive)

I (body centered)

Cubic a=b=c, a=p=y=90° P (primitive)
I (body centered)

F (face centered)

Trigonal a=b=c, 120°=0=p=y=290° R (thombohedral primitive)

Hexagonal a=bzc, a=p=90°, y=120° R (thombohedral primitive)

Introduction to Solid State Physics, 29
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SYMMETRY ELEMENTS

System Minimum symmetry elements
Cubic Four 3 -fold rotation axes
Tetragonal One 4 - fold rotation (or rotation - inversion) axis
Orthorhombic Three perpendicular 2-fold rotation (or rotation = inversion) axes
Rhombohedral One 3 -fold rotation (or rotation - inversion) axls
Hexagonal One & -fold rotation (or rotation - inversion) axis
Monoclinic One 2- fold rotation (or rotation - inversion) axis
Triclinic None

Introduction to Solid State Physics,
version 2

30



Cubic P (SC)

L]

Tetragonal P

QOrthorhombic P Ortherhombic C Orthorhombic F
@ O O
Monoclinic P Monoclinic |
Triclinic Trigonal R Trigonal and Hexagonal P (HCP

Introduction to Solid State Physics,
version 2
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L Byt
L ey

Basis Lattice = Crystal
The point group of a crystal lattice is a subgroup of a holoedric group; 32 su@goups e
crystallographic classes

230 space groups of crystal lattices

nonprimitive symmetry operations:
- glide planes
- SCrew axes

Introduction to Solid State Physics, 32
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crystallography point groups

The 32 Point

Groups and Their Symbols

Svstem Schoenflies Hermann-Mauguin svimbol Examples

symbol Full Abbreviated
Triclinic 951 1 1

C;, (Sa) 1 I AlxSi0g
Monoclinic C2v,(C1h), (S1) | m m KNO2

Ch 2 2

Cgh 2 J.-“;':"]“1!. 2 f T
Orthorhombic Cay 2mm miamn

D5, (V) 222 222

Doy, (Vi) 2/m2/m2/m | mmm I, Ga
Tetragonal Sy 4 4

Cy 4 4

Cap 4/m 4/m CaWQOy

Clyw 4mm dmm

Dy 422 42

Dyp, 4/m 2/m 2/m | 4/mmm TiOz,In, 3 — Sn
Rhombohedral | O3 3 3 Aslg

C3i, (Se) 3 3 FeTiOs

Cay am am

D+ 32 32 Se

ng SZ/m 3m Bi, .ﬂLE, Sb .ﬂng 03
Hexagonal Cap, (S3) 6 6

Chg 6 6

Cgh 6 f-m 6 f s

Dgh 62m 62m

Cou 6mm GBrmm Zn0), NiAs

Dg 622 62 CeFg

Dgp, 6/m2/m2/m | 6/mmm Mg, Zn, graphite
Cubic T 23 23 NaClO3

Th 2/m3 m3 FeSo

Ty 43m 43m ZnS

O 432 43 3-Mn

Oy, 4/m 3 2/m mam NaCl, diamond, Cu

version 2




222 32 422 622

32 point groups
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CC BYSA 3.0, https://commons.wikimedia.org/w/index.php?curid=922694
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https://en.wikipedia.org/wiki/List_of_space_groups

THE NONCUBIC CRYSTALLOGRAPHIC POINT GROUPS®

SCHOEN- | 1r : j : ORTHO- : mic | INTER-
FLIES HEXAGONAL |TETRAGONAL| TRIGONAL RHOMEIC MONOCLINIC [ TRICLI NATIONAL
Cg Cy G Cy (&1
“ \f 5 & -
6 4 3 2 1
Ce. Ca. & Cay
OBJECTS WITH THE SYMMETRY OF THE FIVE CUBIC CRYSTALL: 4 pever
POINT GROUPS® ALLOGRAPHIC Co {neven)
nm
(nodd)
o Gmm 4mm im 2mm
h
Cen Can Cay
E @ % n/m
6/m 4lm 2/m
Co =
Cin Cyp (2)
6 m _
n
Ss Ss 52
T
4 (Cy) 3 (%)) 1
D D,
¢ * n22
D, g (n even)
* n2
odd
622 422 (iorlt)
D, D Dy (nmm)
6h 4k 2h n22
mmm
(n/mmm)
6/ mmm 4fmmm (V) 2fmmm
Dy,
Dy
T
{n even)
62m 5
Daa Dy (3m) o
(n odd)
Dpg -
7 s 32
(Vo) 7 42m 3




R Figure 3.3: Schematic dia-
. gram for the symmetry oper-
R ations of the group Tj.

Symmetry Operatic_ms of Td _
e [dentity
e 8 (3 about body diagonals corresponding to rotations of :I:%"rr
e 3 (5 about z,y, z directions

e 6 54 about z,y, z corresponding to rotations of =7

6 o4 planes that are diagonal reflection planes

Introduction to Solid State Physics, 37
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i Figure 3.4: Schematic for
_____________ o the symmetry operations of
P e 2 the group O.

The symmetry operations are;E3@E 3G?, 6G and 6¢ To get Qwve combine these
24 operations with inversion to give 48 operations in all.

Introduction to Solid State Physics, 38
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v

¥)

-

glide plane

A
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Closepacked structures

Introduction to Solid State Physics,
version 2

41



3dlayer, hcp stacking  3djayer, fec stacking

Introduction to Solid State Physics,
version 2
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fcc structure

W KT KT o b Ak A Ak
A AL A A.T.T.T.f'n . .
.‘r.‘r.‘r.*r.m T Y. R,
AAAAANL T T T
D DD O DN vttt
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hcp stacking

gl :ﬁ-:_-’:

& u |0
- — i I
w 0) 1 [
L

/fi%ﬁzﬂ

<

)
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fcc stacking

Introduction to Solid State Physics,
version 2
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fcc primitive lattice, one atom in
the lattice point (Al, for instance)

fcc primitive lattice, two identical
atoms in the lattice point (Si, for

instance)

fcc primitive lattice, two diffe il

atoms in the lattice point (Ga o % |o °° o
(left), NaCl (right) ° o

Introduction to Solid State Physics,
version 2
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e T—o =~ o
“ </
=g SO

Cs (bcc lattice) CsCl (simple cubic with a 2hém®)

—8—9

—=—0

Mg (hcp lattice) GaN (wurtzite = hcp with a 2atom bas
Introduction to Solid State Physics, 48
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BaTiQT perovskite structure (almost simple cubic)

Introduction to Solid State Physics,
version 2
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Graphite (graphene)

¢

NN

Bernal stacking (ABAB)

50
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e

(hkl) ~ [hkl]  only for cubic crystals!!!

Miller indices




(100)

(100)
(110) (111) (002)

\ / x_.a"j

Note:

(100), (100) . (200), (300) are parallel
(111),(222), (333) are parallel

(100), (010), (001) are orthogonal and 1n some crystal systems may
be 1dentical

Introduction to Solid State Physics,
version 2
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Note:

d

h, k and 1 are always integers

- uw'=1.v'=3. w'=2

h=1/1=1

N k=1/3
/ (11/31/2)7?
Multiply by 6
b (623)
I — —

Introduction to Solid State Physics, 53
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For hexagonal crystals, usually 4 Miller indices are used
(1010)

gl Y
a3 \x\

The miller indices of crystallographic directions and alaags diefined with

respect to:aisimpletlattice!!

Examplé GaN:

se::rnlpnlar nonpolar
surtace surface

polar

[1100]

[1120] [1100]

@Ga ON

[1120]

al

54
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|.4./Reciprocal lattice

Reciprocal lattice is a primitive lattice, the basis vectors of which are

+ & f
A (oo & oo)
A ¢ (A)

Properties:

- lattice reciprocal to a reciprocal lattice is the original lattice
- primitive lattice and its reciprocal lattice belong tosyregesamye
- (hkD™ [hKI* always!

-V* = 8p3V

-thenetplanedistanc® — ¢* At G off |

Introduction to Solid State Physics,
version 2
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A mathematical discursi@mperiodic functionsin 3D

Periodic function in 3D primitive lattice

@y a» 4 e+ &£ F+ & FR

can be expressed by a Fourier series in reciprocal lattice

" ‘ol > (% (ol o Noll Lo

Special cases:

ay oe {Rro R = Qe

Introduction to Solid State Physics,
version 2
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. Brillouinrzones

2D reciprocal lattices:

Introduction to Solid State Physics,
version 2
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Reciprocal lattice to a fcc lattice®! Brélduin Reciprocal lattice to a bcc lattice! Buglduin
zone zone

Introduction to Solid State Physics, 58
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bcc

fcc

real space reciprocal space

Introduction to Solid State Physics,
version 2
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Higher Brillouin zones:

2D square lattice:

fcc lattice:

1stzone 2"dzone

Introduction to Solid State Physics,

version 2

3dzone
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The WigneSeitz cell

The #Brillouin zone is the Wi§wsatz cell of the reciprocal lattice

Wigner-5eitz cell

Introduction to Solid State Physics,
version 2
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BCC lattice Simple cubic lattice

Introduction to Solid State Physics,
version 2
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|.6. Stereographic projection

Introduction to Solid State Physics,

version 2
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(113)

® (102
(.)

Standard projection of a cubié?z1) T (101) Y
crystal, surface (100) — (1},1) ¢ (li.l)
(131) - (201) (131)
(%11)0(311) o
010 120)(110§210 100 210§110)(120 010
(010) (.)(.I 31)1( )%(11 I.)(.) (010)
(131) ( 0()"’03 _asb
(1{1) (101) (11}1)

113 (125) 113
(.~) (.h)

(012
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|.7. Elements/ofray diffraction

Assumptions:

Relastiscattering . . AL| |L|
Akinematical scatterfhdlst Born approximation
Aarfield limiy Fraunhofeapproximationig sf » o HI

Q LAl
s »w I
b

Introduction to Solid State Physics,
version 2
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Scattening of-xays by-afreelelectron

elastic (energy is conservdthomson scattering
scattering proce3<

inelastic (energy is not consar&ainpton scattering

From a quantum description it follows that scatterysgfi@im free electrorabvisys inelastic
Elastic scattering from a free electron exists only in a classical limit (classical electrodyi

Elastic/ (Thomson) scattering
The primary wavelane and monochromatic:

FOR) FQ g

The scattered wavepierical and monochromatic with the
same frequency:

od /) gl LOETO »o]

o ) 'oﬁ' JOBln  tead

OFEl o AIc@EDDIIAOEUAOETT
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Scatteningfrom arsingle,atom

od) ©8 Q »—J(» QP R % 08l QT Q » (Dl

l

J

5 ™
/

Fourier transformation of the electron density of atoatanforifiactor

Introduction to Solid State Physics,
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The scattered intensity is proportional to the Fourier transformation of the electron den:

oAb &0 Qw w0

"(» "> 4 mA

. O
op 6" F m [ 1

structure factogeometrical factor

Maximum of the geometrical factolfis fpr

Braggdiffractioncondition
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Structure factor of simple and centered 749

direct lattice

square lattices, forbidden diffractions

bravais.exe
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The Ewald constructior
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|.8 Quasicrystals

Structures with a perfecthiange order but no translational symmetry
Description projection from a-Biorefisional primitive lattice to 3D space

Examplé 1D quasiperiodic Fibonacci chain

7 = 0%

f / ™~ quasiperiodic sequence of L and S

/ segments
~

SRS
S S SIS

http://www.jcrystal.com/steffenweber/JAVA/jfibo/|fil
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Fibonacci multilayer: F'= ABAABABAABAAB...
Peak positions:

. . ot
kinematical o = N . o (SRA)
Q:...pq o t,-i + Tfﬁ' (1” + !}'T} T {q:>prf

Self-similarity: (p+q7) - T=pr+qri=q+(p—q)-T

GaAs/AlAs Fibonacci multilayer (superlattice) structaserafidcXivity
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two types of tiles, no translational
periodicitgeflsimilarity

http://www.jcrystal.com/steffenweber/JAVA/jtiling/jtiling.html

Types of QCs:

Aquasiperiodic in 2 dimensions (octagonal, decagonal, dodecagonal)
Aquasiperiodic in 3 dimensions (icosahedral)
Aincommensuratetypdulated structures

Icosahedral point gr@ip

RegUIar icosahedrdme(cetis m ] Public Domain, https://commons.wikimedia.org/w/index.php?curid=642
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Fourier transformation

octagonal

of the atomic posragrdif(saction)

decagonal dodecagonal
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Examples of icosahedral quasicrystals
The electron density can be expressed as th

Fourier sum:
p :
/ — / QI >
=

In a usual crystal:

e s \ | of of ofhQppn s
Singlegrain sample ofjaasicrystalicempoundIPdRe . - .
httpzl%vsva.stanford.eduF/)groupﬂisher/resZarch/quasicrygtals.htmI In an ICosahedral quaSICryStal'

| Q4 Qv sh  |rf v O°

| is obtained frdrby projection in@’, all

possibif6s fill denseQ’y
Quasicrystal of AlCuFalloy displayiag external
form consistentth theicosahedraymmetry
http://www.answers.com/topic/quasicrystal
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. RESPONSE OFA'CONDENSED BODY:-TO AN EXTERNAL IMPULSE

lll.1..General-descriptidiramers‘Kronig:relation

External forcgé(t) (we neglect the space variables, we assume a scalar force)
Reaction of the syste(t).

We assume a linear response:
a0 D (0 0)do) @ (0 0)qo) QA nEITO m
After Fourier transformation
o ) 10O
The functiongt), F(t) are real, functiew) is a complex function of a complex variable
Q) QopPQ Q °h 1 U e
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a ( ws)analytic far@ 0. The singularitieadf wxist only in the lowerplalien<0. Let us
consider the functiop |

1

This function is analytic in the uppelahealiexcept for= ywwhere it has a singularity. Let us
integrate this function over a closed loop

0 Wy

Inside this loop, the function is analytic, thus the integral is zero:
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Q Q- 70Q

Q Qe 30
Now we perform the limitg 1l E I and webtain

| FEl o

"0 0 Q
qa ) 11 : X S

The Krametsronig relations are

- e . -
o) P oa2Zh ) 25w
Example: orientation polarization
| | - ]
Q) p"m*T|£) pGDha@) 5

singularity’in K1)
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Example: atomic polarization
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Singularities in 7 é f (F_)
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l1l.2."Response to anelectricfield
Summary of basic quantities

L P
Polarlzatlorﬂ- o = T E is the macroscopic field in the sample

Relative permittivity (dielectric constapt) ...

The connectionfvith the external figld
C+ + + ¥+ + + + + + ] s s I

Depolarization factors

p e |

D P
sphere () =] flat disc: "E T
o Tl

i l )
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The local field acting on an Bfom == | [

The Lorentz formula for the local field:

C+ + + + + + + + + |

r T I Ir Ir

E, |T H(OL‘JI'I'AF(}OUG'#

b

Ir r o

TheClausiudlossottielation (called Lordmrzenz
formula if we replace by¢ 71 )) Ludvid-orenz,
Hendrik Lorentz]

Electric displacemeny - F || --
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Polarizabiligyis a microscopic
guantity. Its value depends on the
polarization mechanism.

Possible polarization mechanisms:
1 Orientation polarization

2 lonic (displacement) polarization
3 Atomic polarization

Orientation polarization

Orientation pérmanenelectric moments in an external field. Let us assume that a molec
permanent dipole monpeiiihe interaction energy with the loda| iseld

: = I}

Let us consider a system oimegrating permanent dipoles. The mean value of the comf
p parallel t&, is

R o JE Y o R 0. QIOEMATT QY 7 nO
() —a—g— — Ml ( s

o 2 - 0 Qi0RIQ 7
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e

wherefl(¢) Al G)E_(bl

s the Langevin function

L)

0 5 10 15 20
X

Typicalvalue§: pm #I(di spl acement of 1le by 0.6
O p m6A orsmaller

at room temperatui@0.02 and we can replacéémgevifunctiotyfl ® oo and

(i) no | N Roughlyy— p 1 |
cQ’Y oQY ’
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For such large polarizabilities the Cldossstti relation is not correct. From this relation i

0 |
C— ©O
- 5
O —
. ] 0
Example: liquidwategy & ¢ pmm #1hD 1 p ml therefore —| P C

W

at 300K. Thus, a negative vakfeladws. Experimental value

The Lorentz formula for the local filed is not valid for a material with polar molecules

Response of a system of polar molecules to adependent electric field

. Qr p
Debye relaxation equat«gtc‘:) E «bp P

The timaveraged value of the polarizéﬂibn ..(1D)- fﬁ..(T[) . I

For a monochromatic primary p@ye [ Q we assumi ‘Q  andthestationary
. - ..(m) ..(1)
solution is [0 Q ot -
fo  S—g+r 1) P o
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from the simple model:

experimental results (water):

The complete optical spectrum of liquid water measured by inelastic x-ray scattering

Hisashi Hayashi, Noboru Watanabe, Yasuo Udagawa, and C.-C. Kao

PNAS 2000:97:6264-6266: originally published online May 30, 2000
doi:10.1073/pnas. 110572097

Fig. 2. Real (&,) and imaginary (g;) parts of the dielectric function of liquid
water fromthe pressnt work. Closad squares:ey was calculated from the index
of refraction.
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Displacement polarizatiérsee Chap. V

Atomic polarization

Exact calculatiomuantum mechanical perturbation method, here only a simple classice
Z electrons are uniformly distributed in a sphererokraduisplacement of the nucleus frc
thecentreof the sphere. The restoring electric field generated by the electrons is

O — ——®
- w - |
The applied filég is balanced &y
T“ _ ‘l . ) ‘
o g Tt - we T1T°-1 |
. | : ,
atomic polarlzabllltr l p 1t |

by approx. two orders smaller than the orientation polarizability
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Tasre III, Comparison of electronic polarizabilities, aw of the
alkali-halides, taken from Tahle I, with as+am, taken from
Table II, (a) for A=D; (b) for A= cw, First line o, Second line
watom. ﬁ]l values are in AS,

F 1 Br I
(a) A=D L measured
.
R 1 K% .

Na 1.186 3.360 4.560 6721 simulated

1.053 3.368 4,566 6,830
K 1,966 4,272 5,508 7,790

1.981 4 207 5.405 T.0a67
Eh 2.572 4 B56 6,147 8.532

2,623 4030 6,137 £.400
Cs 3,664 6,419 7.497 0052

3979 6,205 7.493 0765

PHYSICAL REVIEW VOLUME 92, NUMBER 4

Electronic Polarizabilities of Ions in Crystals™®

NOVEMBER 15,

Jack R, TessmMant awp A, H. Kauwn, Department of Physics, University of California, Berkeley, California

Witriam SwockLEy, Bell Telephone Laboratories, Murray Hill, New Jersey
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Polarizahility (L/4TE (in units of 10

Atomic Polarizahility versus Atomic Mumber (First 4 Periods)
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Response of a system of Aateracting atoms to a tirdependent electric field

The equation of movement of the sphere filled with electrons with respect to an immob

Z%e? .
Z .. Z .. — —la)t
mx + Zmyx + 4neor3x ZekE,e
Stationary solution -
° - Q
66 1 @nf

Resonance frequency

o0 ¥
1 -1 &

Polarizability 350
| ,
a ( T 0N
0 |
C— ©
Permittivity - 5 its static value: - (1)
O‘ —_—
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Rel(g) Im(e)

8static

1 -

0 0.5 1 1.5 2 2.5 3

co/coo

More in the lecture on optical properties of solid, the Lorentz formula:
"Q
1 Qo

e0) [0) @I p .. P
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Combination of the Lorentz model with thellooesattormula

3 T T o T T T T T T T 3 T T T T T T T T T
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Fig. 1. Angular frequency dependence of the real (a) and imaginary (b) parts of the complex

index of refraction for a Lorentz model dielectric with (green curves) and without (blue curves)
the Lorentz-Lorenz formula for two different values of the material plasma frequency.

K.E.OughstuandN.A. Cartwright, Optics Expfieis§541 (2003)
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V. MEANIELD THEORY

IV. 3.5Spontaneous:ordering of electric:mor&eizoelectric state

|s a spontaneous polarization possible?
We have found

0 |
P
P o

Thus, i o- we obtaiff mforp T

Another hypothetic exarple 1D chain of ions with alternating charges
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Equation of motion:

Qo ( , ) 00 00
a —— (IO 0] 0] : :
(@¢) i - W - 0w
Q6 ( , ) D VO 6 6 DO 6 6
aqA — Ulo (0] (0) m 3 ¥ : T
90) G - e Q e Q
We assume a solution in the form of a plane wave
0x Q
and we obtain the dispersion relation
, , N . p ATCQQ Q
a Al Q 0 5 o z
] ¢ Up d ¢o (p) o o
A wave vectkexists, for whieh= Oi a weak phondh spontaneous polarization
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The most common ferroelectric niaBaiak
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Lattice parameters and permittivity of BaTiO
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The Landau theory of phase transitions

Variables: P (polarization), T @
Helmholtz free energy F(P,T) up

T O
The equilibrium conditiqh_ﬁ n

Due to the inversion symmetry

~ ~ o~

‘QORY 'gqriy ©0 @0  ®U
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Spontaneous polarization
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