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I. Why and how to measure a Fermi surface  

1D

2D

3D

EF ~ 1-10 eV

Typical excitations (∆V, ∆T) ~meV

( ))cos()cos(2)( bkaktkE yx +−=
r

FS measurements

Global properties: Cv, χPauli, RH, ∆ρ/ρ...

Topographic properties: ARPES, AMRO, QO

2D:

Comparison with band structure calculations, effect of interactions, phase transitions…



Outline

I. Why and how to measure a Fermi surface ?

II. Angular Resolved Photoemission Electron Spectroscopy (ARPES)

III. Quantum oscillations (QO)
1) History
2) Theory

a) Semiclassical theory
a) Landau levels quantification
b) Lifshitz-Kosevich theory
c) High magnetic field phenomena

3) High magnetic fields facilities
4) Fermiology

IV. Hot topics
1) Phase transition
2) High Tc superconductors



II. ARPES  
Photoelectric effect:

1886: 1st experimenal work by Hertz

1905: Theory by Einstein

φυ −−= Bkin EhE

Work function of the
surface (Potential barrier)

Binding energy of the
electron in the solid



II. ARPES  

X. J. Zhou et al, Treatise of HTSC

Angular Resolved PhotoEmission Spectroscopy

Vacuum Conservation laws Solid
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Angular ↔ Momentum resolved



II. ARPES  

Synchroton SOLEIL

http://www.synchrotron-soleil.fr/

From IR to RX



II. ARPES  

http://arpes.phys.tohoku.ac.jp/contents/calendar-e. html



II. ARPES  

A. Damascelli, http://www.physics.ubc.ca/~quantmat/ARPES/PRESENTATIONS/Talks/ARPES_Intro.pdf



II. ARPES  
Conservation laws

Energy of the photoelectron outside the solid
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One match the free-electron 
parabolas inside and outside 
the solid to obtain k inside the 
solid

φυ −−= Bkin EhE

Φ
vaccum

Bottom valence band (E0)
EB

Efinal

EB, E0 and Efinal are referenced to EF

Ekin is referenced to Evaccum



II. ARPES  
Conservation laws
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2) Abrupt potential change along z ⇒ is not conserved across the surface⊥k
r

II. ARPES  
Conservation laws

But determination of         needed for 3D system to map E(k)⊥k
r

Hyp: Nearly free electron description for the final bulk Bloch states
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II. ARPES  
2D case

If 0≈⊥iv ⇒

When k// is completely determined (2D), ARPES lineshape can be 
directly interpreted as lifetime

Γi, Γf → inverse lifetime of photoelectron and photohole
vi, vf → group velocities (                       )⊥⊥ ∂∂= kEv ii /h

A. Damascelli et al, RMP’03



II. ARPES  
Non-interacting case

A. Damascelli et al, RMP’03



II. ARPES  
Interacting systems

A. Damascelli et al, RMP’03



II. ARPES  
Example: Quasi-2D overdoped cuprate

A. Ino et al, PRB’02
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III.1 History
1930 de Haas-van Alphen / Shubnikov-de Haas effects

W.J. de Haas 

(1878-1960)

P.M. van Alphen

(1906-1967) 

Bismuth

105 M/H

H

L.V. Shubnikov

(1901-1937)



David Shoenberg (1911 - 2004)

The experimental pioneer …

III.1 History

and his friend the other post-doc

L.D. Landau (1908 – 1968)



III.1 History

1950 – 70:  Two decades of mapping 3D Fermi 
surfaces of ‘simple’ metals.

Periodic Table of the Fermi Surfaces of Elemental S olids

http://www.phys.ufl.edu/fermisurface/



III.2 Theory
Semiclassical theory
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III.2 Theory

Onsager relation
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III.2 Theory
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III.2 Theory

• Free electrons in high magnetic fields ⇒ Landau levels (LL)
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Density of states
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III.2 Theory
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Magnetization: de Haas-van Alphen (dHvA)

Resistivity: Shubnikov-de Haas (SdH)



III.2 Theory
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Temperature / Disorder effects on quantum oscillations
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III.2 Theory
Lifshitz-Kosevich theory (1956)
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III.2 Theory
Energy scales

For kF ≈ 7 nm-1 (large FS)
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III.2 Theory
Effect of interactions

Electrons in Fermi gas at T=0 Electrons in Fermi liquid at T=0
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III.3 High magnetic fields lab.
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24 MW 300 l/s

DC field installation LNCMI Grenoble

III.3 High magnetic fields lab.



III.4 Fermiology

Alkali metals: 

Li: 1s2s1

Na: [Ne]3s1

K: [Ar]4s1

Rb: [Kr]5s1

Cs: [Xe]6s1

1 conduction electron  
(body-centered cubic)

32

3 2
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k
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⇒ The sphere is inside of the first Brillouin zone

Potassium



III.4 Fermiology
Potassium

Aexp=(1.74 ±0.02) 1016 cm-2

Atheo=1.748 1016 cm-2 (free electron)

Deviation from the sphere

Fixed magnetic field and rotation

∆A ~ 10-4 A

e

A
F F
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III.4 Fermiology
Noble Metals: Cu, Ag, Au (f.c.c.)

Li: 1s2s1 -
Na: [Ne]3s1 -
K: [Ar]4s1 Cu: [Ar]3d104s1

Rb: [Kr]5s1 Ag: [Kr]4d105s1

Cs: [Xe]6s1 Au: [Xe]4f145d106s1

d-bands

Free electron models:

FS=sphere inside the FBZ



III.4 Fermiology

<111>

A.S. Joseph et al, Phys. Rev’66

<100>

<110>

Dog’s bone Lemon

4-corner Rosetta
6-corner Rosetta



III.4 Fermiology
ARPES in Cu

P. Aebi et al, Surface Science’94



III.4 Fermiology

3D 2D Q2D

Quasi 2D case



III.4 Fermiology

D. J. Singh, PRB’95

Band structure calculations

Sr2RuO4: a Quasi-2D Fermi liquid 
(school case…)

3 sheets of FS
α hole like

β, γ electron like



III.4 Fermiology
Sr2RuO4

A. P. Mackenzie et al, PRL’96

β



III.4 Fermiology
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Advances in Physics’03



III.4 Fermiology
Sr2RuO4

C. Bergemann et al, Advances in Physics’03



III.4 Fermiology
Sr2RuO4: Angular dependence of the amplitude of QO

αααα ββββ

γγγγ

C. Bergemann et al, Advances in Physics’03



III.4 Fermiology
Sr2RuO4

C. Bergemann et al, Advances in Physics’03



III.4 Fermiology
ARPES in Sr 2RuO4

First measurements give results different from band structure calculations!



III.4 Fermiology
ARPES in Sr 2RuO4

BUT surface atomic reconstruction seen by STM (Matzdorf et al. Science’00)

Solution: Sample cleaved at 180 K ⇒ surface-related features are suppressed !



Outline

I. Why and how to measure a Fermi surface ?

II. Angular Resolved Photoemission Electron Spectroscopy (ARPES)

III. Quantum oscillations (QO)
1) History
2) Theory

a) Semiclassical theory
a) Landau levels quantification
b) Lifshitz-Kosevich theory
c) High magnetic field phenomena

3) High magnetic fields facilities
4) Fermiology

IV. Hot topics
1) Phase transition
2) High Tc superconductors



IV. Hot topics
QO across the metagnetic transition in Sr 3Ru2O7

β
δ γ1

α1
α2

Paramagnet close 
to ferromagnetism 
(small moment)

J.F. Mercure et al, PRB10



IV. Hot topics
QO across the metagnetic transition in CeRh 2Si2 0 5 10 15 20 25 30
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IV. Hot topics
QO in high T c superconductors

PSEUDOGAP FERMI
liquid

Platé et al, PRB’05

Tl2Ba2CuO6+δ
p~0.25

Hussey et al, Nature’03

Mott insulator

½ filling
strong e-e repulsion

AF ground state



Photo credit: N. Hussey

Oscillation amplitude < 1% (1 m ΩΩΩΩ) !

B. Vignolle et al, Nature’08

kAF
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2π
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IV. Hot topics
Overdoped Tl 2Ba2CuO6+δδδδ



F=18100 ± 50 T

Hussey et al, Nature’03

AMRO

kF=7.35 ±±±± 0.1 nm -1

65 % of the FBZ
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IV. Hot topics
Overdoped Tl 2Ba2CuO6+δδδδ



PSEUDOGAP FERMI
liquid

?
underdoped

ARPES⇒ Fermi arcs

IV. Hot topics



IV. Hot topics
ARPES in 
underdoped HTSC

Ca2-xNaxCuO2Cl2 
K. Shen et al., Science’05

PSEUDOGAP



PSEUDOGAP FERMI
liquid

?
underdoped

ARPES⇒ Fermi arcs

IV. Hot topics



IV. Hot topics

underdoped
YBa2Cu3Oy

Shubnikov - de Haas de Haas – van Alphen

Piezoresistif cantilever

D. Vignolles

C. Jaudet et al, PRL’08

N. Doiron-Leyraud et al, Nature’07



IV. Hot topics
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IV. Hot topics

YBa2Cu3O6.5

Frequency : F = (530 ± 20) T

Ak = 5.1 nm-2

= 1.9 % of 1st Brillouin zone

Tl2Ba2CuO6+δδδδ

Frequency : F = (18100 ± 50) T

Ak = 173.0 nm-2

= 65 % of 1st Brillouin zone

n=1.3 carrier /Cun=0.038 carrier/Cu

0φ
F

n =

Radical change of the carrier density



Degeneracy lift

Example of Fermi surface reconstruction 
(commensurate case)

e.g. competing order
- AF order (π, π)
- d-density wave

IV. Hot topics



2 hole pockets

FSdH=990 T

nh=0.138 hole/Cu atom

1 electron pocket

ne=0.038 electron/Cu atom

FSdH=530 T

Fermi surface reconstruction 
(commensurate case)

e.g. competing order
- AF order (π, π)
- d-density wave

Higher mobility at low T

n=nh-ne=p=0.1

…

IV. Hot topics



underdoped overdoped

Topological change in FS:
Broken symmetry

?

IV. Hot topics
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I. Why and how to measure a Fermi surface  
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AMRO  

Work at 2D and for simple Fermi surface

Angular dependence of the MagnetoResistance Oscilla tions

At particular angles (‘Yamaji angles’)

0
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z

z
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E
v

h

Semi-classical effect
C. Bergemann et al, 
Advances in Physics’03



AMRO  

• Two-axis rotation probe

B
r

Θ → Polar angle

ϕ → Azimutal angle

• Steady magnetic fields 



AMRO  

Max. of the magnetoresistance when )4/1()tan(// ±=Θ ikc i π

Projection of kF in the plane ⊥ to B
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AMRO  
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III.2 Theory

Spin splitting: BgE Bµ=∆

Free electron: c
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III.2 Theory
Magnetic breakdown (Cohen&Falicov 1961)
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In strong magnetic fields, electron can tunnel from one orbit to another

∆ → ‘Energy gap’ (forbidden band) between the two orbits



III.2 Theory
Lifshitz-Kosevich theory (1956)
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III.3 High magnetic fields lab.

o LCMI (1992)

o LNCMP 
(1990)

o HLD (2006)
o HFML (2003)

o continue

o pulsé



State of the art technical performances

Superconducting: USA: 33,8 T (NHMFL)  
(Commercial: 23 T Bruker)

Resistif : USA: 45,5 T (NHMFL, hybride)

Japan: 38,9 T (TML, hybride)

Europe: 35 T (LNCMI)

Pulsed : USA: 89,8 T (NHMFL)

Japan: 82 T (Osaka)

Europe: 87 T (HLD) 

III.3 High magnetic fields lab.


