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Hall effect / Nerst effect
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Crystal Physics

Crystal physics explains what effects the symmetries of the crystal
have on observable quantities.

An Introduction to Crystal Physics Ervin Hartmann
http://ww1.1ucr.org/comm/cteach/pamphlets/18/index.html

International Tables for Crystallography
http://it.1ucr.org/

Kittel chapter 3: elastic strain



Strain

A distortion of a material 1s described by the strain matrix
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Stress

9 forces describe the stress

XX, XY, Xz, YX, YY, Yz, ZX, 2y, Zz

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 =

FIN P > X




Stress and Strain

Eij = SO
The stress - strain relationship 1s described by a rank 4

stiffness tensor. The inverse of the stiffness tensor 1s the
compliance tensor.

Oi = Gijuéu

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, g, N).

dU=""as+ M + Map + T am,
5 ag TR KoM

dU =TdS +;dg; + E dR, +H,dM,

The normal modes must be solved for in the presence of electric and magnetic
fields.



Internal energy In an electric field

In an electric field, if the dipole moment is changed, the change of the energy is,
AU =E-AP

Using Einstein notation

dU =E dP,

This 1s part of the total derivative of U E =—

dU =TdS +0;dg; + E dR + H,dM,



Statistical Physics

Microcannonical Ensemble: Internal energy is expressed in terms of extrinsic
quantities U(S, M, P, g, N). &; :>Vgij

dU=as+ Mgz 1P gp + Y gm,
25 )

os, P, oM,

dU =TdS +o;de; + E dR, + H,dM,

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

F=U-TS

F(V, T,N,M, P, ¢)

Make a Legendre transformation to the Gibbs potential G(T, H, E, o)
G=U-TS —0;&; — E P —HM,



Helmholtz free energy

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

F=U-TS
F(T,N, M, P, ¢)
dF :8—FdT +8_FdNi +8—ngij + oF dP, +6_FdMI
oT ON. O oP, oM,

dF =dU - TdS - SdT

dF =-SdT + 4dN; + g, dg; + E dB + H,dM,
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Gibbs free energy

G(T, 1, H, E, 6)
G=U-TS—yN,;-o,¢; —~E P —H/M,
dU =TdS + 4dN; +o;de; + E dP +H dM,

dG =-3dT - N,dy; — ¢;do;, — B dE, — M dH,

ﬁde+ % dy; + %L doj; + o6 dE, + o6 dH,
oT ou, 00, oE, oH,
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http://www.iucr.org/education/pamphlets/18

1. Elastic deformation.

2. Beciprocal {or converse) piezo-electric effect
3. Reciprocal (or converse) piezo-magnetic effect.
4. Thermal dilatation.

5. Piezo-electnc effect.

&, Electric polanzation.

7 Magneto-electnc polarization.

d. Pyroelectricity.

9. Piezo-magnetic effect.

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

12, Pyromagnetism.

13, Piezo-caloric effect.

14, Electro-calonc effect

15, Magneto-calonc effect.

14, Heat transtrassion.



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



Multiferroics

simultaneously ferroelectric and ferromagnetic

BiFeO,

If two magnetic sublattices have different charge,
changing the magnetic field can change the
polarization and changing the electric field can
change the magnetization.



Maxwell relations
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Useful to check for errors in experiments or calculations
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The properties of solids

H _—Z—vz Z—V2 Z +> 4y 2,25

|

electronic band structure E vs. kK

structure /

bond potentials \
l density of states

phonon band structure @ vs. K optical :
absorption
l Boltzmann transport
density of states equilibrium properties l

c,, free energies, bulk modulus,... optical properties



Calculating free energies
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Crystals can have symmetries: translation, rotation, reflection,

inversion,...

/X’\

\Z )

(1
0

Groups

0

CoOS &

0 )

SIh &

kO —sin & cos )

Symmetries can be represented by matrices.

All such matrices that bring the crystal into itself form the group of

the crystal.

32 point groups (one point remains fixed during transformation)

A BeG

AB e G

230 space groups

(¥ )
y

P,



Cyclic groups
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http://en.wikipedia.org/wiki/Cyclic_group
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Pyroelectricity =, = _LaEiaT j

Pyroelectricity 1s described by a rank 1 tensor

oP
T =—
oT
1 0 O~ ]| [~ | [m|
O 1 O T, |=| 7, |=|7,
_O 0 —1_ T, |-7, | | 0 |
-1 0 O _7Z'X_ _—7Z'X_ K
0O -1 0 T, |=|-7, |= 0
i 0O O —1_ T, | |7, _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



Rank 2 Tensors

Electric susceptibility
Dielectric constant
Magnetic susceptibility
Thermal expansion
Electrical conductivity
Thermal conductivity
Seebeck effect

Peltier effect



0°G

Electric susceptibility %=~ 5g ¢

Pi:ZijEj

PX ZXX ny ZXZ EX
Py | Ay Ay Ay Ey
Pl | X Xy Xa |LE:

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

UP = 4UE U'UP=U"4UE v = UlyU

If rotation by 180 about the z axis 1s a symmetry,

1 0 0 1 0 0] Ze Xy X
U=l0 =1 0 Uu'=u=/0 -1 0 U= Xy Xy Ay
0 0 1] 0 0 1] | TAx Ay A |

Az = Xyz = Aox = Azy = 0




The 32 Crystal Classes

Number
International | Schoenflies 2-fold | 3-fold | 4-fold | 6-fold | mirror | . . of
Crystal system Crystal Class | ] Space groups e ey e — o — inversion Examples . S
elements
Triclinic
a#btc triclinic
+£B£A el C : - - -
atPEy pedial 1 1 1: P1 n 1
triclinic- T 5= . PT 5
pinacoidal 2o - ) ) ) ¥ -
Monoclinic monoclinic- 2 Cy 3:P2, 4: P2y, 5: C2 1 . . . n )
L sphenoidal
azb#ec
a£90°,
p=y=90°
monoclinic-
; Cin=C . . . . - - 2
‘ domatic m 1h s 6: Pm, 7: Pc, 8: Cm, 9: Cc 1 n
mgnccliﬂic- 2 10: sz 11: PZII’II. 12: sz.
. . — Cop , ) . 1 - - 1 y 4
prismatic 13: P2/c, 14: P2¢/c, 15: C2le
16: P222, 17: P222,, 18: P2;2,2,
orthorhombic- 19: 242424, 20: C222,,
. . 222 V=D ’ ’ - - - /
disphenoidal 2 21: €222, 22: F222, 23: 1222, 3 . 4
24:1212124
25: Pmm?2, 26: Pmc2q, 27: Pecl,
28: Pma2, 29: Pca2q, 30: Pnc2,
) 31: Pmn2,, 32: Pba2, 33: Pna2,
Of*ho_fgombm orthorhombic- | Cp | 34:Pon235: Cmm2, 36: Cme2y, | ) ) ) . A
arpze pyramidal 37: Cec2, 38: Amm?2, 39: Aem?,
a=p=v=90

40: Ama2, 41: Aea2, 42: Fmm?2,

43: Fdd2, 44: Imm2, 45: Tha2,
46: Ima2




Cubic crystals

All second rank tensors of cubic crystals reduce to constants

216: ZnS, GaAs, GaP, InAs

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 185-15%9 12
] Th 200-206 24
432 o 207-214 24
- 216: Zinchlende, Zn3
T ) . .
432 d 215-220 Gats, GaP. Tnks, SiC 24
221 Qe cubic
perovskite
225 foe, A1, Cu, M,
Ag Pt Ay, Pb, w-Fe,
m3m On |22z | D 48

227 diamend, C, 3,

11

E11

&1



Material

Silver
Copper
Annealed copperlete 2l
Golgnete 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%
1.72=1078
2.44x107%
2.82<107%
3.36=<107%
5.60=107%
£.90x107%
6.99x107%
9.28=10"®
1.0=1077

1.06=1077
1.09=1077
1.43=1077
2.2=1077

4201077

Grain oriented electrical steel|4.50=1077

fanganin
Constantan

Stainless stee|#te
Wercury
Michrarmeote 51
Gahs

Carbon {amorphous)

Carbon (graphite)°t® 71

Carbon [diamond)Mete 2

Germaniamtete =l

Saa waterlhete &

-~ v Innte AM

4.82<10°7
4.9=1077
6.9=1077
9.8=1077
1.10=107®

521077 to 10=1072
£x107* to B 1074

2.5ex107% to 5.0=107° #basal plane

3.0=107% Lhasal plane
1=10"12

45=107"

2=107"

A amdl A anl

a (S/m) at 20 °C

6.30=107
596107
£.80=107
4.10=107
362107
2.98=107
1.79=107
1.69=107
1.43=107
1.08=107
1.00=107
9.43=10°
9.17=10%
£.99x10°
4552107
2.38=10°
2.17=10°
2.07=10%
2.04x10%
1.45=10°
1.02=108
9.09=x10°
5107 to 107
1.25 to 2=10%

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

~107%
217
48

- oaemd e e aneT

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

0.000002
0.000003

0.000%
0.0004

—0.0005

—0.043

Reference

[F1EE]

[£]

[citation meeded]
[F]

[F]

[F1
@

[F1
[F1

[10]

[F1

[11]
[12]
[12]
[14]
[12]
Fl

[15]

[F101E]

7]

1]
[F10=]
[19]

lnitating readadl
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10 18drn more, ClcK nere.

Rutile

Frnnﬂ. Whilrimadia thn fraa anmuslanadia
_symmetry_equiv_pos_as_xyz

1 "-y#l/2, x+1/2, -z+41/2°
2 "y+lf2, -w#lf2, -z4l/2°
RI 3 v, x, -2'

4 -y, -x, -Z'

15 "w+lf2, -x41/2, z+1/2°
16 T-y+l/2, wl/2, z#1/2°
7Ny, -x, 2

18 'y, x, Z°

Paa 'x+1/2, -y+1/2, -z+1/2°
OF 1@ "-x41/2, y+1/2, -z+1/2"
wa 11 "x, v, -z'
th 12 "-x, -y, -z
13 "-x+1/2, y#1/72, z+41/2°

14 "x#172, -y+#1/2, z+1/2°

15 "-x, -y, z°

16 'x, y, 2’

loop

_atom_type symbol

_atom_type oxidation_ number

Tid+ 4

0z2- -2

loop

_atom_site_ label

_atom_site type symbol
_atom_site symmetry multiplicity

—| _atom_site Wyckoff symbol
_atom_site_fract_x

_atom_site fract vy

_atom _site fract z
_atom_site B iso or_equiv

_atom_site occupancy

_atom _site attached hydrogens

Til Tid+ 2 s @6 @@ . 1. @

01 02- 4 f ©.30479(10) ©.30479(10) 8 . 1. @

R

S T o T L - TN S Y, T .. T

re known:

al mineral of pseudo-octahedral habit

own crystal, and also exhibits a
it is useful for the manufacture of certain
avelengths up to about 4. 5um.

d tantalum. Rutile derives its name from
mens when viewed by transmitted light.

1 high-temperature and high-pressure
5.
able polymorph of TiO,, at all

energy than metastable phases of

e franefnrmatinn nf the metastahle TiO)

Wine-red rutile crystals from Binn Valley in
Switzerland (Size: 2.0x 1.6 x 0.8 cm)

Category Oxide minerals

Formula Tio,

{repeating unit}
Strunz 04.0B.05
classification

Crystal Tetragonal ditetragonal
symmetry dipyramidal
H-M symbol: (4/m 2/m 2/m)
Space group: P 4mnm

Unit cell a=45037A c=29587 4 Z=
2




Rank 3 Tensors

Piezoelectricity
Piezomagnetism
Hall effect

Nerst effect
Ettingshausen effect
Nonlinear electrical
susceptibility



Tensor notation

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

1151 1256 135
2252 234

3353

rank 3 rank 4

U — 0515 Jis = Y113



Piezoelectricity

fs
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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,_,]0; 0<x<1)
® —more commonly known as PZT

scanhing $dd °2ems  barium titanate (BaTiO;)
e lead titanate (PbTiO,)
.

potassium niobate (KNbO;)
lithtum niobate (LiNbO;)
lithtum tantalate (L1TaO;)
sodium tungstate (Na,WO,)
Ba,NaNb.O;

Pb,KNb.O,;

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



Nonlinear optics

Period doubling crystals

no inversion symmetry
P=VE+PE+ ,VE +--.

22 "3
p_ 0C 0’G cE -
OE,0E, OE,OF 0E,

Ej+l
2

cos’ (wt) =1(1+cos(2at))

806 nm light : lithium 10date (LilO;)

860 nm light : potassium niobate (KNbO,)

980 nm light : KNbO,

1064 nm light : monopotassium phosphate (KH,PO,, KDP), lithium triborate (LBO).
1300 nm light : gallium selenide (GaSe)

1319 nm light : KNbO,;, BBO, KDP, lithium niobate (LiNbO;), LilO,



Birefringence (Doppelbrechung)

Two indices of refraction
Calcite

http://en.wikipedia.org/wiki/Birefringent k



