Electron Transport Electricity and heat are carried by free electrons in metals. (2) From energy band E(k)
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(3) Electric conduction

Equation of motion under electric field € (classical mechanics!)
dv m
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T
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1) Remove the force, so € =0 leads to
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Electron is scattered to v=0 within time T .

dv
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Constant resistivity from impurity scattering (7% {#1 residual resistance)
Resistivity of metals decreases at low temperatures,

and becomes constant at very low temperatures.
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(4) Hall eftect
x//: apply current j,, &

z//: apply magnetic field B
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Electrons in electric and magnetic fields feel
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Lorentz force

No current //y leads to
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force of electric field

Ry - Hall coefficient cf. hole
Hall coefficient Ry >0 hole
Ry <0 electron
Hall er
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o= neu m

(5) Thermal conductivity (of metals is due to free electrons)
Thermal conductivity carried by free electrons

in analogy with thermal conductivity carried by phonons (lattice vibration)

1 /;;(’)r k3.2 /Kz 3 C"Vvi\ mean free path (at Ey)
directions  electron heat capacity  velocity (at Ef) IF =ViT
) \
17
K=§?D(EF)]€;T-VF-VFT i
£ 3N - 3N E, =_mvi
2 2 D( F) I i 2 / 2
- Nk;Tr 2E. mv;
s . k oc1/T
7’ Nk;Tt ¥7
—_ K =const.
E :3_7’)1 - T KocT
o  Ne'r T
m High T ooclT o= | )
— — [ Lorenznumber=const, Intermediate oocl/7? e [ ]
ol

(Wiedeman-Franz law) TLow T O =const. -K?OC[ ]




Microwave absorption
Experimental estimation
* heavy electron
ot m light i

Cross section of H__surface and the Fermi surface

.l . : (6) Cyclotron oscillation  Electron moves circularly under magnetic field.
Thermal conductivity of various materials . i . .
Equation of motion under electric and magnetic fields B/lz
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n=1 circle=1 E=hw, #eB

n=2 circle=221 T~ E=2hw, ho, = m
—— n=3 circle=3 A - E=3hw,
™ Orbit is restricted to these circles (also circle in the real space)
In three dimension
B I =1 Landau tube\i cylindrical slices of the Fermi surface
2
3 ) @ z direction motion  Spjral in the
H 2 real space
N AN
Fermi surface .. ... remains —
E .
E 5ho, N Interval of the Landau levels is 0
Ly S N at B =0, and increases
o ‘I with increasing B.
2hw % 1D band for z h
1D energy band for z has
D(E) c D(E) density of dates, D(E)OcE-12
B=0 B #0 with a peak at £ =0.

Changing B
large B
E E
oy B
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D(E) D(E)

Occupied upper most Laudau level
@ = Most outer orbit
"l = Equator of the Fermi surface
)\—/ = (In general) extremal cross section
When this crosses Ey by changing B, D(Ey) makes peaks.
The periodicity is 5, 2 e
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Many properties of metals oscillate when B is scanned at low 7.
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Electrical Resistivity Shubnikov-de Haas oscillation
Magnetic Susceptibility de Haas-van Alphen oscillation ~ Fermiology
Specific Heat to investigate Fermi surface

D. Shoenberg, Magnetic Oscillations in Metals, Cambridge (1984).

J. Wosnitza, Fermi Surfaces of Low-Dimensional Organic Metals and
Superconductors, Springer (1996).

M. V. Kartsovnik, Chem. Rev. 104, 5737 (2004).

Shubnikov- de Haas Oscillation in 3 -(BEDT-TTF),l;

@ Magnetic Field

Oscillation of electrons rotating around
the Fermi surface is observed at low 7 (< 1 K)
and under strong magnetic field (> 10 T).
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Kang, et al. Phys. Rev. Lett.
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Shubnikov- de Haas Oscillation in k -(BEDT-TTF),Cu(NCS),

4 molecules in a unit cell — 2 electrons in a cell = Spg/Sp;,=100%
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Oshima et al. Phys. Rev. B 38, 938 (1988). T

Quantum Hall Effect

Amplitude of Shubnikov-de Haas oscillation grows to reach R—0.

_ Atlarge B, near the quantum limit (n —>1) .

Hall effect = const.
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Angular Dependent Magnetoresistance Oscillation (ADMRO)
0 -(BEDT-TTF),1, Measure resistance by

titling the magnetic field.
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Kartsovnik, JETP Lett. 48, 541 (1988).
Yamaji, J. Phys. Soc. Jpn. 58, 1520 (1989).
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Angular Dependent Magnetoresistance Oscillation (ADMRO)

Measure resistance by B -(BEDT-TTF),l;

h titling the magnetic field. Interval of peaks positions of &y
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Conventional ADMRO due to the Fermi surface of Cu

Open orbit

Magnetic Susceptibility of
Metal Electrons (Pauli paramagnetism)

a4 L Saturation . is more stable than T under magnetic field. *'C_\
b e g 272 —
5 — L A, |
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Close orbit ——— 1 Magnetic Field - TR
Magnetoresistance does not saturate at Magnetization is IEHE  D(E)
the angles|when the orbit is closed. M = i(N,—N,) T
1 Susceptibility
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Optical Properties of Metals (Plasmon) hv g 12— 2=2K? o, e(w)
p p i w w p c & ( 0 ) =1- _Pz_
(4]

When light is irradiated, how the ac electric field enters. @
D(w)= € E(w)+P D(w)=¢€ € E(w)

" These lead to ) Pl(o
o, Do) . P@ 2
&E (@) &E (@) d’x
Eq. of motion vibrated by the electric field E: 7 dP =—ek
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1/c2

w<w, — Kimaginary

/ <L . w
-~ Diminish-as £ ©C e~ X" in metals b Q
Light cannot enter, and is reflected: metallic luster.

@, + near ultraviolet in ordinary metals near infrared in organics
(TMTSF),PF
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bR 2
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E oc e—ikr Metals are transparent to UV.
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Thermoelectric power: temperature defference — voltage
cf. Thermocouple

SEA MTRILF—
m AV = S(T 1) - L
A1 HA2 5 =T S
~ T T2 Themopower or Seebeck coefficient razs— [ 21 | [ 2
N Ot 1 pV/K ~1 mV/K -
— &2
‘ Waste heat => Several 100 K => Generator
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6 } Charge polarity determination !
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w7 S oc 1/T semiconductor !mzw_

DOS gradient — Different electron numbers aboveEy

4’@ — voltage

Transpor equation

Electron#_ZX(Fermi surface volume)/(2n/L)? k,
DN | 1 ds
v oer Tarh k,
- Electric field & —displace the Fermi dlstrlbution byAf
I _ T _FEX_F _ Af
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The current is _ - 1 e of 9)ds
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Band = integrate v2 => conductivity (but t is unknown)
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Integration of any @ around the Fermi surface is represented by
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Themopower o band curvature 10 T
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S i
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