Ballistic transport

electrons in an electric field follow a parabola.
electrons in a magnetic field move in a spiral
electrons crossed electric and magnetic fields spiral

along the direction perpendicular to the electric and
magnetic fields



Annrle

YWacudm

Vacuum diodes

Current

o

Electrons attracted
by positive potential
h anade

-ree
alectrons

[~ ") Heated cathade

Filarnent
SUpply

]

diode

gives off electrans

Input
Signal

The Common-cathode Triode Amplifier

IICII

Plate
Load
Output
— TElectrcnn Vaoltage
Flow
+

(grid bias)

Output voltage is proportional to plate current,
which is controlled by grid voltage.




Diffusive transport
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Matthiessen's rule
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Ballistic transport in transistors

The mean free path ~100 nm > gate length ~ 20 nm

v not proportional to £

j not proportional to £

nonlocal response

Electrons bend in a magnetic field like they do in vacuum.



Magnetic field (diffusive regime)
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Magnetic field (diffusive regime)
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Crossed E and B fields
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If no forces are applied, the electrons diffuse.

The average velocity moves against an electric field.

In just a magnetic field, the average velocity is zero.

In an electric and magnetic field, the electrons move in a straight line at

the Hall angle.
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The Hall Effect (diffusive regime)
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Experimental Assumed Calculated
Ry, carriers —1/nec,
in 10™** CGS units per atom in 107%* CGS units
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Diffusion equation/ heat equation
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Einstein relation
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Uber die von der molekularkinetischen Theorie der Wirme geforderte Bewegung von
in ruhenden Flissigkeiten suspendierten Teilchen, A. Einstein (1905).



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.



TU

Grazm Institute of Solid State Physics

Technische Universitat Graz

Crystal Physics

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
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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?
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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 db + HdM,

dU:a—UdSJra—Udgi. +a—UdPK +6—UdMl
oS o, ' OP oM,

i k

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. €, N, V). E; = Vgl.j

dU:a—UdS+6—Udgi. +6—UdPK +a—UdMl
oS og, ' OP oM,

i k

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

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
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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.



