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Thermal conductivity
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Wiedemann - Franz law
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Lorenz number
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Table 5 Experimental Lorenz numbers
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At low temperatures the classical predictions for the thermal and electrical

conductivities are too high but their ratio is correct. Only the electrons within kzT
of the Fermi surface contribute.
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Crystal physics explains what effects the symmetries of the crystal
have on observable quantities.

An Introduction to Crystal Physics Ervin Hartmann
http://ww 1 .1ucr.org/comm/cteach/pamphlets/18/index.html

International Tables for Crystallography
http://it.iucr.org/

Kittel chapter 3: elastic strain



Strain

A distortion of a material is described by the strain matrix

x'=(+e,)x+e,y+e.2
y=e,x+(+e )y+e.z

Z =g x+e,y+(+¢.)z

~r

:
/y
ol

>



Stress

9 forces describe the stress

Xx, Xy, Xz, Yx, Yy, Yz, Zx, Zy, /=

Xx 1s a force applied in the x-direction to the
plane normal to x

Xy 1s a sheer force applied in the x-direction to

the plane normal to y
stress tensor:

Stress is force/m?

O =

X X

X
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Stress and Strain

€ii = SO

The stress - strain relationship is described by a rank 4
stiffness tensor. The inverse of the stiffness tensor is the
compliance tensor.

O = Ciig€u

Einstein convention: sum over repeated indices.
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Statistical Physics

Microcannonical Ensemble: Internal energy is expressed in terms of extrinsic
quantities U(S, M, P. €, N, V).

dU =TdS +o,de; + E dF, + HdM,

For instance, in an electric field, if the dipole moment is changed, the change of
the energy is,

AU =E-AP

dU =E,dP,

The normal modes must be solved for in the presence of electric and magnetic
fields (Advanced Solid State Physics course).



Statistical Physics

Microcannonical Ensemble: Internal energy is expressed in terms of extrinsic
quantities U(S, M, P. g, N, V). ¢ i = Lg;
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dU =TdS+o,de, + E db + HdM,

Cannonical ensemble: At constant temperature, make a Legendre
transformation to the Helmholtz free energy.

F=U-TS

F(V, TN, M, P, ¢)

Make a Legendre transformation to the Gibbs potential G(7, H, E, o)
G=U-1S-o,¢, - E B —HM,



Gibbs free energy

G=U-1S-o,¢,—E b —HM,
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1. Elastic deformation.

2. Eeciprocal (or converse) piezo-electric effect.
3. Eeciprocal (or converse) piezo-magnetic effect.
4. Thermal didatation,

5. Piezo-electric effect.

t. Electric polanzation.

7. Magneto-electric polarization.

8. Pyroelectricity.

9. Piezo-magnetic effect.

10. Eeciprocal (or converse) magneto-electric polanzation.
11. Magnetic polanzation.

12. Pyromagnetism.

13, Piezo-calotic effect.

14. Electro-calonic effect.

15, Magneto-calonc effect.

16, Heat transtssion.



Direct and reciprocal effects (Maxwell relations)
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Useful to check for errors in experiments or calculations



Point Groups

Crystals can have symmetries: rotation, reflection,
inversion,...

Y |=|0 cosa sina |y

kz’/ \0 —sina cosa )\ z)

Symmetries can be represented by matrices.
All such matrices that bring the crystal into itself form the
group of the crystal.

AB e GforA,B e G

32 point groups (one point remains fixed during transformation)
230 space groups



Cyclic groups
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http://en.wikipedia.org/wiki/Cyclic_group
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Pyroelectricity is described by a rank 1 tensor

o
T, =
ol
1 0 O__7Z'x_ _7Z'x | _7zx_
O 1 O T, |=| 7, |=|7,
_O 0 —1_ AN 0 |
-1 0 0 _7zx_ _—7Z'x_ 0
0O -1 0 T, | =7, |= 0
i 0O O —1_ KA _O_




Pyroelectricity

example
Turmalin: point group 3m
for AT =1°C,
AE ~7 -10* V/m

Quartz, ZnO, LaTaO,

Pyroelectrics have a spontaneous polarization. If it can be reversed by an
electric field they are called Ferroelectrics (BaTiO;)

Pyroelectrics are at Joanneum research to make infrared
detectors (to detect humans).

10 Pyroelectric crystal classes: 1, 2, m, mm2, 3, 3m, 4, 4mm, 6, 6mm
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Electric susceptibility % =7 5z55

F =24k,

P, Yo Xo X |l E.
Py - Zyx ZW Zyz Ey
P Ko Ko X || E.

Transforming P and E by a crystal symmetry must leave the
susceptibility tensor unchanged

UP = yUE U'UP=U"'yUE v =UlvU

If rotation by 180 about the z axis is a symmetry,

(-1 0 0] (-1 0 0] Xo Ko Ao
U=l0 -1 0| U'=U=l0 -1 0 UZU=| X Zw X
0 0 1] 0 0 1] K X X

Yz = Ayz = Xax = Kzy = O




The 32 Crystal Classes

N
; : International | Schoenflies Space 2-fold | 3-fold | 4-fold | 6-fold | mimor | . ; ;
Crystal system Crystal Clasg i ) ) NVersion Examples
= & ? symbol gyvimbol croups axes axes axes axes | planes gV1
ele
Triclinic
azhb=zc
az Pz triclhnic-pedial 1 af) 1 - - - - - n
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http://lamp.tu-graz.ac.at/~hadley/ss2/crystalphysics/crystalclasses/crystalcla
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Birefringence

Calcite

name international  Schoenflies examples .
thombohedral holohedral §m Oy calcite, corndum, hematite

thambohedral hemirmorphic  3m Cay tourrmaline, alunite

thombohedral tetartohedral 3 e daolormite, ilmenite

trapezaohedral 32 £ quartz, cinnabar

thombohedral tetartohedral 3 g none verified




Cubic crystals

All second rank tensors of cubic crystals reduce to constants

Electrical conductivity, thermal conductivity, electric susceptibility,
magnetic susceptibility, Peltier effect (heat current due to electrical

current), Seebeck effect (Electric field due to thermal gradient)

216: ZnS, GaAs, GaP, InAs, SiC
221: CsCl, cubic perovskite

225: Al, Cu, Ni, Ag, Pt, Au, Pb, NaCl
227: C, Si, Ge, spinel

229: Na, K, Cr, Fe, Nb, Mo, Ta

Cubic

23

T

195-198

12

w3

Th

200-206

24

432

207-214

24

A3

T4

215-220

216 Zinchlende, Zn3,
Gahs, GaF, Inds, 510

24

3

Oy

221-230

221; CsCl, cubic
perovskite

225 foe, Al Cu, My,
Ag Pt Au, Pb, v-Fe,
Mall

227 diamend, C, 3,
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Material

Silver
Copper
Annealed copperlnete 2l
Golglnete 3
Alurminiumte 4
Calciurn

Tungsten

finc

Mickel

Lithium

Iran

Flatinum

Tin

Carbon steel (1010)
Lead

Titanium

p {{l=m) at 20 °C

1.69=107%
1.68=107%
fa=0E
2441077
2.82<107%
3.36=<107%
5.60x107%
£.90x107%
6.99x107%
9.28=107®
1.0=1077

1.06=1077
1.09=1077
1. 43=1 057
2.2=1077

4201077

Grain oriented electrical steel|4.50=1077

fanganin
Constantan

Stainless stee|"#te
Wercury
Michrarmemote 51
Gahs

Carbon {amorphous)

Carbon (graphite)°t® 71

Carbon [diamond)Mete 2

Germaniamtete =l

Saa waterlhete &

Tt v Innte AN

4.82<107°
4.9=1077
6.9=1077
9.8=1077
1.10=107®

521077 to 10=1072
£x107* to 8= 1074

2.5ex107% to 5.0=107° #basal plane

3.0=107% Lhasal plane
1=10"2

4.5=107"

221077

A oamdl A aal

a (S/m) at 20 °C

6.30=107
596107
£.80=107
4.10=107
352107
2.98=107
1.79=107
1.69=107
1.43=107
1.08=107
1.00=107
9.43=10°
9.17=10%
£.99=10°
4.55=10°
2.38=10%
2.17=10°
2.07=10%
2.04x10%
1.45=10°
1.02=108
9.09x10°
5107 to 107
1.25 to 2=10%

2 to 3=10° #basal plane
3.3=10% Lbasal plane

=i
217
48

SRR

Temperature
coefficient!"®t® 1l
(K"
0.0035
0.0039

0.0034
0.003%
0.0041
0.0045
0.0037
0.006
0.006
0.005
0.00332
0.0045

0.003%
4

0.00000z2
0.000003

0.000%
0.0004

—0.0005

—0.043
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Piezoelectricity (rank 3 tensor)

AFM's, STM's

Quartz crystal oscillators

Surface acoustic wave generators
Pressure sensors - Epcos

Fuel injectors - Bosch

Inkjet printers

No inversion symmetry

a) macroscopic scale; b) atomic scale:

} . lead zirconate titanate (Pb[Zr,T1,_,]O5 0<x<1)
® —more commonly known as PZT

seanfing @edd Peoms | barium titanate (BaTiO,)
e lead titanate (PbTiO5;)
I

potassium niobate (KNbO;)
lithtum niobate (LiNbO;)
lithtum tantalate (LiTaO;)
sodium tungstate (Na,WO;)
Ba,NaNb;O;

Pb,KNb;O4

tunneling
voltage

tungsten tip

sample atoms @

Piezoelectric crystal classes: 1, 2, m, 222, mm?2, 4, -4, 422, 4mm, -42m, 3, 32, 3m, 6, -6, 622, 6mm, -62m, 23, -43m
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http://lamp.tu-graz.ac.at/~hadley/ss2/crystalphysics/crystalclasses/crystalcla
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Tensor (Voigt) notation

We need a way to represent 3rd and 4th rank tensors in 2-d.

1151 1256 135
2252 2354

3353
rank 3 rank 4
2 > i 814 77 813

Using Voigt notation implies that the tensor 1s symmetric in those two indices.



Symmetric Tensors

5 _ OP,

Xii = B,

gi1
gi12
g13

%G

gi12
g22
g23

g13
g23
g33

Op;
 OE;dE;  OE;
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