Drude (1900)

7.1 Specific heat

—— Sommerfeld (1927) ——
a) simple metals —— free electrons gas
- phonons

free electrons gas:

Specific heat C/ mJ mol 'K~

—_
o

(0]

/

Bloch (1940)

electrons:
: : i 1.6
‘I
Cu Food Y 14
/ e
7 T
; __
/ . g 1.2
/'l E _E)
B -~
Pl ~ 10
Pt -
A
PP 1 5os
.
// ./'
.,/‘I’. | | 0.6
2 4 6 0

Temperature T/ K

10 15

» electrons dominate below ~ 4 K

» very good qualitative agreement

273



Element Vexp Ptheo M, /m Element Pexp Ptheo Mg, /m
Ag 0.64 0.64 1.00 Cu 0.69 0.50 1.37
Al 1.35 0.91 1.48 Ga 0.60 1.02 0.59
Au 0.69 0.64 1.08 In 1.66 1.26 1.31
Ba 2.70 1.95 1.38 K 2.08 1.75 1.19
Be 0.17 0.49 0.35 Li 1.65 0.75 2.19
Ca 2.73 1.52 1.80 Mg 1.26 1.00 1.26
cd 0.69 0.95 0.73 Na 1.38 1.3 1.22
Cs 3.97 2.73 1.46 Pb 2.99 1.50 1.99

=== good qualitative agreement for simple metals

—)

for quantitative agreement

274



but: transition series metals

example nickel: — reason is d-electrons contribute, which are not (completely) free

involved in covalent bond, highly oriented
— no spherical Fermi surface

» d-electrons with large density of state dominate at Ef

» d-electrons are localized
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b) metal with heavy electrons

examples: CeCu,Si, cer electronic configuration [Xe] 5d! 4f! 6s?

===) 7 Not constant below 15 K

y=Cy/T - extrapolated from high T
- c

at low temperatures 7> 0

=== 4felectrons are localized at high T
and form a conduction band at low 7

=) coffective mass:

» 7>15K, D(E) and m* are constant

» T< 15K, C/T increase strongly with decreasing temperature
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Heavy fermion systems

» interesting class of solids with strongly correlated electrons

» effective masses m* up to 2000 m, observed

» origin: interaction with localized spins

X = nopsD(Er) oc nt/*m*

\

/

Y xXn

Wilson ratio:
1/3

*
Mip

important: Fermi liquid theory

analogy to 3He reaches even further

— some heavy fermion systems show unconventional superconductivity (S # 0) : UPt;, URu,Si, ...
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metals, no superconductors, no semiconductors

Boltzmann equation <«—— kinetic gas theory
» starting point: equilibrium distribution without external fields

N

» with field: stationary non-equilibrium value of Fermi-Dirac distribution

» expand - in linear order + relaxation ansatz for collisions

=== linearized Boltzmann equation /
\ electric field

scattering time
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scattering time determined by: defect scattering

phonon scattering

magnon scattering (in ferromagnets)

vV v vy

electron-electron scattering (can be neglected in most cases)

a ) defect scattering

local charge density variations
/' g y

~ local strain fields (less important)

8

Local charge variations As

|

<6 .
» Rutherford scattering on ionic cores of impurity atoms o
» scattering cross section : \;3 .
> resistivity a Ge

=4

\cu 2+ _

. . . . o a Cu Ga
» residual resistance of copper with 1 at% impurities /
with different valence electrons configurations 0 a—Zn
1 4 9 5 16

» agrees well with: (AZ)
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Concentration dependence

example: binary mixture A.B;_,

average potential

deviations at atoms A and B:

scattering probability:

resistivity:

Nordheim rule:

—— mixing increases the resistance

» Cu,_,Au, data agree with Nordheim rule

» tempering of sample —— formation of ordered compounds

15

10

p/ucm

15

10

p/ucm

Nordheim rule

0.0 0.5 1.0

Au concentration x

Cuq_,Auy
7T
/ O
L / ]
/
/
/
[e)
|

0.0 0.5 1.0

Au concentration x
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Electron-Phonon scattering

only electrons at the Fermi surface can participate

high temperatures low temperatures
ky A ky A
q k’ q
e
T k ok
) a X % a X
Lék . Lf’k
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Electron-Phonon scattering

a) high temperatures ( ) —_ —_

b) intermediate temperatures ( )

» cross-section depends on temperature
» number of scattering centers (phonons) reduces

» effectiveness of scattering process goes down

Bloch-Grlineisen law

» reduced plot > material independent
» defect scattering substracted

» good agreement with Bloch-Grlneisen
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Electron magnon scattering

spin waves in ferromagnets

ground state

Energy hw

single spin excitation
(cost to much energy E ~ kgTc )

Wave number g ™a

dispersion curve: (Terbium)
_|_

anisotropic exchange /
interaction of spins

resistivity: (Terbium)

Ama/kB ~ 20K

Resistivity (p—pge) / LE2 cm

collective excitations
spin waves = magnons

—_
(¢

Y
o

(6]

Terbium

Temperature T/ K

283



Thermal conductivity of a free Fermi gas

if scattering processes are identical for electrical and thermal transport

=) \Nidemann-Franz law

» Lorenz number depends on temperature

» works well at very low and very high temperatures
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Electric Field

Thermal Gradient

cold hot

285



cold hot
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19830 Meissner and Voigt observe a resistance minimum

— 0.06
for Au and Cu with magnetic impurities 0.36
E B
» example: Cu + 440 ppm Fe hS 004 &
I 0.34 |
» resistance minimum at 27 K Q2 R
a a
g 4002 T
1964 explanation by Kondo by spin dependent scattering < 0.32
of electrons on magnetic impurities Pure Cu
! ' 0.00
0 20 40 60
a) Influence of conduction electrons on localized magnetic moments Temperature T/K

example: d-levels of transition metals in simple metals
» d-d interaction —— splitting and polarization of d-levels, because of crystal field

» interaction of d-electrons with conduction electrons (s) — hybrid states
width determined by s <> d transition rate
/ matrix element

—— golden rule: ©

Density of states of s-electrons at
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B S i - AgMn:
g 5
d %_H_T_ ........... U Li Er T
A LZEILIILS i =4 U
atomic levels L4
/ \ E |
crystal field splitting U s-d hybrid states *
(magnetic atoms in a solid)

Density of states D, ( E')

localized moments remain if interaction
() is not too strong

spin-dependent interaction of s electrons with d-electrons
J~ =V?/U
/ /
Hsqg=—-J S -sd(r—R) (%)
/A

localized spins ~ conduction electron

position of localized spin

Friedel oscillation
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Indirect exchange interaction (d-d)

Wrkky 1

Wgrkky >0
ferromagnetic interaction

P

\/ \/T,

Wrkky <0
anti-ferromagnetic interaction

MFM measurement using magnetic
moments on a noble metal surface

RKKY interaction

Ruderman
Kittel
Kusuya
Yosida
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inelastic scattering

electrical resistance
elastic scattering <«—— Kondo effect

consider (%) in “N representation”

Jun Kondo

/

const. < 0!

cfc' creation operator

act on conduction electrons
Ck.  annihilation operator

spin states

k wave vector of conduction electrons
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(i) first-order perturbation theory |k 1) — |k’ 1)

\ N temperature independent constant
scattering amplitude

direct process (normal order)
(ii) second-order perturbation theory: two possible process
exchange process (reverse order)

processes without spin flip

direct process exchange process
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all first and second order processes
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