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Resistivity

Typical resistivity temperature dependence: 

metals, semiconductors

Magnetic scattering



Resistivities of Real Materials

Most semiconductors in their pure form are not good Most semiconductors in their pure form are not good 
conductors, they need to be doped to become conducting.   conductors, they need to be doped to become conducting.   

Not all so called “ionic” materials like oxides are insulators.Not all so called “ionic” materials like oxides are insulators.
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We can relate the conductivity, σ, of a material to 
microscopic parameters that describe the motion of the 
electrons (or other charge carrying particles such as holes 
or ions).

σ = ne(eτ/m*)
µ = e τ /m*
σ = ne µ

where
n = the carrier concentration (cm-3)
e = the charge of an electron = 1.602 × 10-19 C
τ = the relaxation time (s) {the time between 

collisions}
m* = the effective mass of the electron (kg)
µ = the electron mobility (cm2/V-s)



Metals, Semiconductors & Insulators

Insulator Semiconductor Metal

Big variation is due to big difference in free carrier density 



Energy bands in semiconductors

Indirect band-gap
Si, Ge

Direct-gap
III-V
II-VI
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StructureCompound



What scatters carriers?

Disruptions in  periodicity

defects

lattice vibrations

surfaces

Electron mobility and scattering



Thermal energy ⇒ some electrons are excited from the valence 
band into the conduction band ⇒ conduction electrons
This leaves an empty state in the valence band — a hole

n: density of CE
p: density of holes

Intrinsic semiconductor:
electrons and holes form
in pairs

Conductivity:
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σ = nieµe + pieµh = nie(µe + µh )



Low T: ionization of 
dopants

n-type: donor atoms 
donate e– to conduction 
band
p-type: acceptor atoms 
accept e– from valence 
band

Intermediate T: all dopants
ionized

n-type: exhaustion of 
donors
p-type: saturation of 
acceptors

High T: intrinsic behavior

Carrier density



Intrinsic

Extrinsic

  
n = p = NC NV exp −
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Can obtain bandgap for intrinsic region

 σ = neµe + peµh ≅ neµe = Ndeµe

If density of dopants N>>n,p
Behaves like extrinsic conductor



ρ − ρ0 = ρ0α T − T0( )

Cu

Temperature coefficient of resistivity α
reflects electron-phonon interaction,

property of material

Thermal vibrations scatter carriers

⇒ mobility↓
⇒ conductivity↓
⇒ resistivity↑

Metals



( )1i i iAc cρ = −

Increasing 
alloying 
with Ni

Effect of impurities on µ

A: property of host and 
impurity

ci: atomic fraction of impurity



Effect of deformation on 
µ

Dislocations (regions of 
deformed material) 
scatter carriers, 
increasing the electrical 
resistivity by ρD

iρ
dρ



ρ − ρ0 = ρ0α T − T0( )

Resistivity temperature dependence of metals closer look
High temperature

T>>ΘD density of phonons ~T

T<ΘD spectrum of phonons changes

Bloch-Gruneisen law
For most of metals
R=R0f(T/Θ),
Θ is close to Debye temperature 
in specific heat, not the same due to 
selectivity of scattering  

T
ΘD



___________________________________________________
Metal        Ag     Au      Al      Cu     Pd       Pt      Rh     
___________________________________________________
ΘR 200    200    395    320    270    240    340

ΘD 220    185    385    320    300    225    350
___________________________________________________

After G. T. Meaden Electrical Resistance of Metals

Comparison of ΘR and ΘD

xT

ρph~f(q)Sph

With some
“filtering” due to
q-dependence of 
scattering probability



Direct electron scattering on phonons at low temperatures 
does not contribute much to resistivity, electrons can not scatter at large 
angle due to momentum conservation law

The only efficient way: Umklapp processes, scattering with momentum 
transfer to reciprocal lattice

q=0 at T=0
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At low temperatures 
ρ=ρ0+αTn

n=5 e-ph
Not very efficient in scattering

Electron-electron scattering

n=2 e-e 
n=3 s-d 

In e-e scattering total  momentum is 
conserved 
Scattering does not contribute to resistivity

•Umklapp

•Electrons from different bands 
s-d scattering 

Bands a and b, densities α and β
Relaxation times τa and τb

Mott: τa and τb are of the same order
of magnitude;
αand β can be very different, 
High probability of scattering into large DOS band



Kondo effect

Interaction of conduction electrons
with magnetic impurities

Characteristic temperature TK
(varies a lot! From 0.1mK Mn in Au 
to 300K V in Au, usually ~10 K)

Specific heat per impurity C~T/TK
Impurity spins completely screened 
at low temperatures

Dilute magnetic
impurities in metals

b. 1930



Anderson impurity model

Peak in DOS
Bound to EF
additional scattering

ρ/ρ0=f(T/TK) 
universal function of one parameter TK

ρ~lnT



Magnetic scattering
Ce1-xLaxRhIn5 
f-electrons are localized

ρmag

Same lattice
localized f-electrons 
add to scattering

La
R
hI

n5

Ce
R
hI

n5



CeRhIn5 ρmag~Smag

ρmag
“q-filtering” removed:
Full scattering directly 
proportional to entropy

TN

ρmag

wmag

Smag



Dilute impurity 
ρ~ lnT

Ce1-xLaxCoIn5 
Ce1-xLaxRhIn5 
Ce1-xLaxIrIn5

Dense lattice:
interactions 
start to build in

Suggest two-fluid 
description
Kondo liquid +
Kondo gas



Density waves Rudolph Peierls
1907-1995 

"Frisch-Peierls Memorandum" of March 1940, 
proposing a "super-bomb which utilizes the 
energy stored in atomic nuclei as a 

source of energy."

Distortion with 2KF periodicity
Decreases electron energy

BCS-like solution 
∆=1.75 Tc

1957 on request of US government removed 
security clearance, suspected of spying 

Klaus Fuchs

knighted in 1968
www.history.bham.ac.uk/research/index.htm



The Fermi surface of a quasi-1D conductor 
wo distinct parts at +kF and -kF (here in a cut view). 
Q nest one part to another by translation. 



T1=142K ICDW1 q1=(0.245±0.007) b* 
T2=58K ICDW2 q2(0.494±0.008) a*+(0.267±0.007) b*+0.50 c* 

Density waves: increasing dimensionality

NbSe3

NbSe2

TCDWT1T2

Chain Layer



Density-wave-Like
Anion ordering: big “external” periodic 
potential with periodicity close to 2KF



Almost all high-Tc materials have unusual ρ(T)
Electrons pair as they scatter!

Nb3Sn

Martensitic
transformation Strong electron-phonon interaction

Unusual ρ(T) dependence: saturation at high T, 
Low T- extended range of T2 behavior

Correlating with T2 (rather than T3)
lattice specific heat

A15



La2-xSrxCuO4

X=0 – 0.15 X=0.1 – 0.35

PG

ρ~T at optimal doping
ρ~Tn at higher dopings



La2-xSrxCuO4

O-T

C-axis transport



Highest Tc 
heavy fermion CeCoIn5

Highest Tc
organic superconductors



Need to understand 
what does this mean!


