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. Why and how to measure a Fermi surface ?
lIl.  Angular Resolved Photoemission Electron Spectroscopy (ARPES)

lll.  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

I\VV. Hot topics
1) Phase transition
2) High T, superconductors



l. Why and how to measure a Fermi surface

2D E(k)= —Zt(cos(kxa) + cos(kyb)) E.~1-10eV

Typical excitations (AV, AT) ~meV

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

Global properties: C,,, Xpauir Ry AP/P...
FS measurements <

Topographic properties: ARPES, AMRO, QO
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Il. ARPES

Photoelectric effect:

® 1886: 1st experimenal work by Hertz

1905: Theory by Einstein

Work function of the
surface (Potential barrier)

D
Ekin — hU_?B _¢
EB
Binding energy of the e e
electron in the solid  Electron sea
Occupit;d states
Y



Il. ARPES

Anqular Resolved PhotoEmission Spectroscopy

Angular - Momentum resolved

: Preparation
AE (meV)| A8 gy
2-10 | 0.2° | -

Electron Energy

* High resolution

* Ultra-high vacuum (~ 10-"1 torr)

* High angular precision (+/- 0.1°)

* Low base temperature ( <10 K)

* Wide temperature range (10-350 K)

* Variable photon energies (12-30 eV)

* Multiple light sources (He lamp)

* Control of light polarization

* Single crystal cleaving tools

* Sample surface preparation & cleaning

Sample Middie ARPES
Transfer Chamber Chamber

Vacuum Conservation laws Solid

Ekin Ekin :hU_EB_¢ E

K kf - k,' — K X. J. Zhou et al, Treatise of HTSC




Il. ARPES

Synchroton SOLEIL Canondieco

Cabine optique

Cabine d'expérience o -
Lignes de lumiére

Lumiére synchrotron
Monochromateur

Station de travail

Schéma de principe du synchrotron
et d’'une ligne de lumiére

From IR to RX

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

Advantages

* Direct information about
the electronic states!

« Straightforward comparison with
theory - little or no modeling.

+ High-resolution information about
BOTH energy and momentum

« Surface-sensitive probe
» Sensitive to “many-body” effects

» Can be applied to small samples
(100 pm x 100 pm x 10 nm)

Limitations

~10A { Surface Electrons

©

Bulk Electrons

* Not bulk sensitive

» Requires clean, atomically flat
surfaces in ultra-high vacuum

» Cannot be studied as a function of
pressure or magnetic field

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



Il. ARPES

Conservation laws

Energy of the photoelectron outside the solid

K’
Ekin =
2m
p - - vaccum
out One match the free-electron

parabolas inside and outside
the solid to obtain k inside the
solid

Bottom valence band (E;)

Ey, =hU—Eg—¢

Eg, E, and E;, are referenced to E.

E... Is referencedto E ..



Il. ARPES

m

-

m m m m
= m

Ef_/_c;:%

Conservation laws

Ultraviolet (hv < 100 eV) = k,,=217A=0.05 A-!

21a=1.5 A1 (a=4 A)

Excitation in the solid Vacuum Spectrum ]_c’f _ l;l — O
@ /] e b) & _ (c)
or
g : K k,—k =G
A X[ er
hv N | P
, Umklapp = Shadow

—
a

bands or superstructures

1) The surface does not perturb the translational symmetry in the x-y plane:

—

k//

—

is conserved (within G, )

k=

1 :
K,=—.\2mE, sinf

h

A. Damascelli et al, RMP’03



Il. ARPES

Conservation laws

2) Abrupt potential change along z = kis not conserved across the surface

m

—

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

Hyp: Nearly free electron description for the final bulk Bloch states

Excitation in the solid

(a)

m mmm

R hzl‘c’z hz(l‘c’2+l‘c’2)
E, (k)= —-|E,| = —L—LI-|E
(B =" || = =0l
272
Ef =Ekin +¢ and h k// - kin Sin2H
| 2m
ch]LvO

ko = %\/2m(Ekm cos’ 8+ VO)

V, =|E,|+ @

A. Damascelli et al, RMP’03



Il. ARPES

2D case
ra’ _|_ Ff
FWHMofan | . sl ' Jvsi]
ARPES peak 1|1 _ muy sin? 9 _ 1 [ - ey sin” 9
Ui | ﬁk” vrl ﬁk”
[, [ - inverse lifetime of photoelectron and photohole
V,, Vi — group velocities ( v, =0E, /0k;)
I.
| vl.D=0 = [ = : —— ECH
1 _ mu;)| sin® J
k|

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

A. Damascelli et al, RMP’03



Il. ARPES

Non-interacting case

7 A
Q Electrons In

Electron Reciprocal Space
analyzer
hv se
ﬁ{;'f E Eki]p 83 (D

.. ! Sy
ot : /

¥x

Energy Conservation

Ekin :hy_qb_’EB‘ P 4
W \
Momentum Conservation K@// -
g 7
h/k”:h/K” — \/2mEkI" ) Slﬂlg //;k ’/, .
EF Ekfn

A. Damascelli et al, RMP’'03



Il. ARPES

Interacting systems

z n(k)
Q
/ Elc?trﬂn
; e- analyzer ke Kk
hv K 3
1"" E - /ﬂ J“L
Sy /L/tp b - -
X Ep E N-l Eg N+l E N-1 Egf N+l E
Photoemission geometry Non-interacting electron system Fermi liquid system

Photoemission intensity: I(k,w)=I, |M(k,w)|*f(w) A(k,w®)

Single-particle spectral function

1 Zﬂ(k’w)

A(k,w)= = ; [UJ— ek_zr(k,w)]?+[zrr(-k,m)]?

2(k,0) : the “self-energy” captures the effects of interactions

Non-interacting Fermi Liquid
, = 3 ; kaw
wl=a8{w—eL Ak w)=2 o ‘451:”.‘
Ak, w)=4( €k ) ( ) ‘7k(m_£ka+ra+
No Renormalization m*>m ek <|ex]
Infinite lifetime T = 1/Tk A. Damascelli et al, RMP'03




Il. ARPES

Example: Quasi-2D overdoped cuprate

L32 xSr CuO4 X O 22 ( Overdoped)

(a] hv =29 eV k, =0

(b) hv=296V

I'ﬁmm

| g A g B g By gt
-500 -400 -300 -200 -100 O 100

L T T T,
[Bran)

1stBZ D2
pE—— lknf;; = k_p»"i"f b a
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Intensity (arb. units)

hv=29 eV

| ATt Dy NI TR ) (O T | Y Il N O Y i |
-500 -400 -300 -200 100 0 1po -500 -400 -300 -200 100 0 100

Energy Relative to Eg (meV) A. Ino et al, PRB’02
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I11.1 History

1930 de Haas-van Alphen / Shubnikov-de Haas effects

L.V. Shubnikov
(1901-1937)

& P.M. van Alphen
' (1906-1967)

b
o HLBIN. AXIS. ;
& H/ B IN. AXIS. Bismuth
T =14.2K
—20 ;
a®an]
105 M/H /0
A
—1.5 \O/ j(
L5i0 =
0 5 10

H 15 20x10° G




I11.1 History

The experimental pioneer ... and his friend the other post-doc

Magnetic oscillations
in metals

D. SHOENBERG

David Shoenberg (1911 - 2004) L.D. Landau (1908 — 1968)



I11.1 History

[=3]
[=7]
[#]

1-4 o . .
\1—{'[ Periodic Table of the Fermi Surfaces of Elemental S  olids

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

7n a
Cd n
He

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



I11.2 Theory

Semiclassical theory

B A \
— hp
( - 7 o e | o
< dt h dt E_B "
v =< 0,6() i

\ h @ | g (b)

Real space Momentum space

, X and p are the projection of k and r in the plane [1to B
E A

© E+oE d’A=dy. x.dt

/ /ﬂ
- - dE=0,Edy  with O,E=np
X .
C/%X dA :%—de = dA :;—ZjdE.T with 7 =21/ w.

2
2B i A R A )
c hZ dA ¢ mc ‘ 2” dE kz




I11.2 Theory

Onsager relation

Bohr-Sommerfeld condition: §]_5.dl7 =(n+y)h

p=hk +gA § Bodp = g Px Bdp+q§ Adp
§ po.dp =—qB§ pxdp+q|[ Bii.dS
§ p.dp=-"2gP+qP =—qd

2
—h : A :CD” ﬁ
qan—;(n+y) with n B(hj

_27eB

Al’l
L

(n + y) Onsager relation

y=0.5 for free electrons



I11.2 Theory

Onsager relation |4

By

Oscillation when A =Ac(k,) = Ay

_27eB

n

(1+05) = Ak +k)= 27;53 (n+0.5)

LandaEtubes

(n + 0.5) =

hA, i
278 B

Density of states

n(¢&)

0 1 1 1 1 1
0 12 3/2 5/2 7/2 9/2
Elha,
=288, 1 0.5)
I . . hA,
Oscillation periodic in 1/B with F = 5
B

B=0



I11.2 Theory

Quantum theory 3D
 Free electrons in high magnetic fields = Landau levels (LL)

1 -\2 2 . L
H=—(p-¢d] = [ hkj¢() {px+;ma)2(x %) }b(x) (jauge de Landau)

= (0; Bx;0)
. . . . . _ hk,
Equation of a harmonic oscillator with pulsation w, and orbits centred at x, Y
q
. n'k; L1
Solutions: E=E +E,=—=+hw,
2m 2
- Degeneracy of each Landau level g,:  0<x,<L, . 0<k, <4BL,
_qBL_ 2n
g =——/— _ q
A = g, =LL, %B

' *n * 2m 1
« Density of states (1 LL): n(E,))=2*g,*n,(E,,) where 7n,(£.)= L(h j F

2m 3/2 o 1
- n(E)=2m ha, X
For a given E (E)= (h j n:o\/E—ha)c(n+O.5)




I11.2 Theory

2m 3/2 w 1
_ Wk’ 1 _4gB n(E) = 277V(—j ha Y
E=E +E = ™ +ha)c(n+§) @, m, /N n=o\/E—ha)c(n+0.5)
Density of states
EA
3D n()

B=0

0 1 1 L 1 1
0 1/2 3/2 5/2 1/2 3/2
E/ha,

U

Oscillation of most electronic properties

ho, Magnetization: de Haas-van Alphen (dHVA)

z Resistivity: Shubnikov-de Haas (SdH)



I11.2 Theory

Temperature / Disorder effects on quantum oscillations

e Low T measurements

ha, >k, T
* Need high quality single crystals

h
haw>— = @r>]
T




I11.2 Theory

Lifshitz-Kosevich theory (1956)

T#0 , F
AR,AMUR R R sin| 2w ——vy
p=1 B
F_ n o4 Onsager relation = Extremal area
B 2rnq B
R, = hi(X where X =14.694xTm. /B = @ Cyclotron mass
S

h .
R, = exp(— 14'694BX Lo, j = exp(—ij = : - Dingle temperature
lUB B

(mean free path)
T .
RS :COS(Emb j — @

Direct measure of the Fermi surface extremal area
(but number of orbits ? location in k-space ?)



AR /R

I11.2 Theory

Extremal Area

(4)

(1) or (2)

| @ ~ . ~

IIIIIIIIII(1)+(3)' \
10 20 30 40 50 60 R B
B (T)

(4) F=500T
(1) F=250T B

(3) F=230 T



I11.2 Theory

* kKgT=0.09 meV/K = 1 meV=11.6 K

chi, =h§ =0.12xXB meV /T

m

ha, =4.6meV @ 40T

Dingle term

(the evil term!)
Rp = exp /— m — exD /_Wh<kF>
7 \ wer) 10

For k.= 7 nm-1 (large FS)
¢ =100A, Rp =10"16
¢=500A, Rp=10"

Energy scales

@ B=40T

@ B=40T

* gUgB=0.12xB meV /T

gUgB=4.6 meV @ 40 T

. _ hk;
e cyclotron orbits r, =——
eB

ke=7 nm1=r=100nm @ 40 T

ke=1.3nm1=r=14nm @ 40 T

Temperature R = u,Im, / B

damping term T sinh(u,7m_/ B)
1.0 —

B=60T | \

Dilution S

y| ‘He




I11.2 Theory

Effect of interactions

Electrons in Fermi liquid at T=0

Electrons in Fermigas at T=0

4 Probability

1

” , 13
é ooll nfl"'m' ﬂ I
:% - w N N "MIUH“MH“M \h \w WMIW
S W
N 08 P 5 oot 15.0 16.0

A Probability

l_

0

£y  Energy

Amplitude (arb. units)

0

UPt, 110 m,

70 m,

ASOm
] |60m|L 7om, |
VL0 oA Y e

2 F (kilotesla) 8 10

L. Taillefer et al, J. Magn. Magn. Mater'87



I11.3 High magnetic fields lab.

High speed digitizer

Numerical lock-in

50

Decreasing:

~ 100 — 250 ms




I11.3 High magnetic fields lab.

DC field installation LNCMI Grenoble

24 MW 300 I/s




I11.4 Fermiology

Potassium

@ i\gi!.l | 1 conduction electron
T : (body-centered cubic)

- ki _ 2

3 a
k, = 0.6202—77
a
Alkali metals: .

Li: 1s2sl
Na: Ne]3st = 271
< Arl4st [N = 0.7077
Rb: Kr]5st
Cs: Xe]6s?

= The sphere is inside of the first Brillouin zone



I11.4 Fermiology

Potassium

VoLuMmE 6, NUuMBER |1 PHYSICAL REVIEW LETTERS JuNE 1, 1961

DE HAAS— VAN ALPHEN EFFECT IN POTASSIUM"

A. C. Thorsen and T. G. Berlincourt
Deviation from the sphere

Fixed magnetic field and rotation

B W . Wy

FIG. 1. de Haas—van Alphen effect in potassium at
hA 1.77°K. The oscillating trace (~ 0. 1-mv amplitude)
F shows the output from a pickup coil containing the sam-
- ple. The curved trace shows the field increasing from
27? 151.7 to 158.5 kilogauss during a sweep time of about

1.0 millisecond (time increasing from right to left).

Aexp=(1.74 £0.02) 10'° cm=

=1.748 1016 cm-2 (free electron)

A

theo



I11.4 Fermiology

Noble Metals: Cu, Ag, Au (f.c.c.)

[Li

[Na

Feupr
M

[Coup

[Ny u Ga. [Ge

[Rb

s

eloleoe]e

Neil W. Ashcroft et N. Davi

TRADUCTION PAR FRANCK BIET ET HAMID KACHKACHI

2
EDP)

'SCIENCES

Free electron models:

FS=sphere inside the FBZ

Cu: [Ar]3d104sl
Ag: [Kr]4d105sl
Au: [Xe]4f145d106s?

} d-bands



I11.4 Fermiology

<110>

Dog’s bone  Lemon

W
1l
IJ[.‘Ijl
i
i

I

| ]‘h !

. IJWL" |
PR

.
e

Fic. 1. A typical recording of torque versus H near the (111)
axis. The low frequencies are Fy and its second harmonic and the
high frequency is Fa.

4-corner Rosetta

A.S. Joseph et al, Phys. Rev'66

6-corner Rosetta




I11.4 Fermiology

ARPES in Cu

Cu(111)

[101]

K (a.u)

d)
——
] \
0.5— S Tty
- ™~
0.0
!\,__ _ -,ﬂ
05 — '
T T ;.' T
05 00 05
{a.u:l)
e) _
i Pl |
0.5— I 3|
| |
0.5 —
i
0.5 0.0 0.5
¥:] Tl
I - =
."‘ : ""‘-‘{.T__-ﬁ’\ -y
A sk,
N L ™17
-1.0 0.0
K,(a.u"")

P. Aebi et al, Surface Science’94




I11.4 Fermiology

Quasi 2D case




Energy (eV)

I11.4 Fermiology

-3

Sr,RuO,: a Quasi-2D Fermi liquid
(school case...)
Band structure calculations

A hole like

3, V electron like

3 sheets of FS {

Xy

YZ

\
/
A

I

M

X " 1.I. Mazin et al, PRL 79, 733 (1997)

A. Liebsch et al, PRL 84, 1591 (2000)



Susceptibility (arb. units)

I11.4 Fermiology

Sr,RuQ,

_ 1
T T | T E 0.8 B
B 17 ] ﬁ 0.6
R E=
B I _ | "E g 0.2
= DT ) SRR E—— -t
- - Py 0 02 04 06 08 1 12 L
| J | | = Temperature (K)
Nt 17.2 17.4 17.6 17.8 18 _ E‘- @ 2o
I | 1 | |
15 15.3 16 16.3 17 17.3 18
S Frequency (kT)
Magnetic Field (Tesla)
A. P. Mackenzie et al, PRL'96
(a4 B 0%
Frequency F (k?[*} 3.05 12.7 18.5
Average kr (A ) 0.302 0.621 0.750
Akp/kp (%) 0.21 1.3 <().9
Cyclotron mass (m,) 34 6.6 12.0
Band calc. F (kT) 34 134 17.6
Band calc. Akg/kp (%) 1.3 14 0.34
Band mass (m, ) 1:1 2.0 2.9




I11.4 Fermiology

W‘W )\” e "1'” il va ‘"'MHMWWMWWW

5 6 7 8

Magnetlc Fleld (T) C. Bergemann et al, PRL'00

AR,AMUR R, R sin| 2w F —'yj J,| 27T =
Bcosd Bcos@

J,(k,ctan 6’)}
@) S—
B\
T \g)/ MW‘V‘“ u" VY
=
(b)

I irliﬂi"'"ﬂ"”"‘"“'ﬁ'v'lnl'u'Pl'l_.'ﬂlﬁu.'lnl ,hllllnll'ullll1II
(c) ,f_: —
- i
-2 W
i |||
/ Mu“ | ‘|| | | C. Bergemann et al,
Advances in Physics’'03



[11.4 Fermiology

Sr,RuQ,
0.8 :
| |- oa—sheet THIL
06 ——— p-sheet 1 x ‘
——— 7y-sheet ‘, \
i |
8 |
|2 1” |
>
; { |
: I T I I ‘ ‘ |
e E r| o ‘
=Lk E‘ 20 Tr [
g | ’ | 3 B | |‘
06| At “ ?
] 5 10 L] 20
DHvA Freguency (kKT)
-0.8

5 10 15 20 25 30
cAxis Field (Tesla)

C. Bergemann et al, Advances in Physics’03



<<

I11.4 Fermiology

Sr,RuO,: Angular dependence of the amplitude of QO

= g B
(_fJ w
o £
= ‘*_6'12
i D
R o,
- [ &)
2 E 10.0
2 e = a 75
g} 15 E 5.0
= 10 6 ik
5 0.0
0 -15 0 15 30 45
By(Degrees)
O, (Degrees)
5 0 15 30 45 cosud (pmodd =0)
16 kp(¢, ) = D kyy cosvw sineg  (nmod4 = 2)
=l S M =
== [ o&ven (1}
@ 14
7
@
: I} D
5 » 9
0 ' '
L 40
O
© 16
=
% 12 J’Cm; Jr(q,“ f\'ﬁ] ?r\'u: f\'_;] f\';u
= 08 @ 304 ~10 _ 031 13 _ ~1.0
B 0.4 B 622 —45 38 small — —0.6 small
0.0 ¥ 753 small small 0.53 — small 0.5
-15 0 15 30 45
0,(Degrees)

C. Bergemann et al, Advances in Physics’'03



I11.4 Fermiology

Sr,RuQO,

C. Bergemann et al, Advances in Physics’'03



I11.4 Fermiology

ARPES in Sr,Ru0O,

First measurements give results different from band structure calculations!

LDA

de Haas-van Alphen

A P. Mackenzie ef al.. PRL 76, 3786 (1996)
C. Bergemann ef al., PRL 84, 2662 (2000)

LI Mazin ef al.. PRL 79, 733 (1997)

ARPES

.:’;..-..:&:.

SN A

T.Yokoya ef al.. PRB 54, 13311 (1996)
D.H. Lu et al.. PRL 76. 4845 (1996)



I11.4 Fermiology

ARPES in Sr,Ru0O,

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

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

i,

M

| — L ; .
200 100 O 200 100 O 200 100 O 200 100 O S1,Ru0, cleaved at 180 K
Binding Energy (meV) Binding Energy (meV) T=10K hv=28 eV

A. Damascelli et al., PRL 85, 5194 (2000)




.  Why and how to measure a Fermi surface ?
lIl.  Angular Resolved Photoemission Electron Spectroscopy (ARPES)

lll.  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

I\VV. Hot topics
1) Phase transition
2) High T, superconductors



—

Amplitude (mV)
o

1
-

Paramagnet close
to ferromagnetism
(small moment)

. 7 /?ZVHS‘\_QE f
V. Hot topics /%N
: . 240 P (| O%ka
QO across the metagnetic transition in Sr~ ;Ru, 0O, K s\,\g@_@*?,,/‘ - "
' ' ' ' ' ' ' \X\\X . //7 -
C698A .z |« Sy [l
5 7T ka n
‘ Ty M M"I M”“IJL\*M i \'W\’L‘M li M"I{'J -
P e
|| -
4 6 8 10 2 14 16 18
Magnetic Field ( T )
10F ceosn I 5t065T
5 ”yl
a
o 5-[3] H (]1 2
-
~ ¢ Hul | |
i 0 _M, o b |J| W AT \i"‘-v-r* oy W“L‘i“ et HW.,' :"‘_mk,'\M-".Fﬁ.“-,?wm\,.r /‘v\/\"N:»"'w"v‘\;'“‘"“u“w?fwmw’\»’\«u
3 3or |\ 10t0 18 T
3 20} H
< |
10} Ll 0
| 4 'Uul
0 {%____(,i\.-'"wrl‘\llj AV vy J\'\uw") .l"'," A e —— R S ——
0 1 2 3 4 5 6 7 8 9 J.F. Mercure et al, PRB10

Frequency ( KT)



P, (uQ.cm)

T K)

I\VV. Hot topics

QO across the metagnetic transition in CeRh  ,Si, ==

(0,®, A =resistivity ; © ® " =torque; ®,® = thermal expansion )
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I\VV. Hot topics

Mott insulator

1 filling

strong e-e repulsion

AF ground state

250

QO in high T _ superconductors
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V. Hot topics
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I\VV. Hot topics

Overdoped Tl ,Ba,CuQ,,
F=18100+50 T 2nfzere  AMRO

Onsager relation : _ﬂ
27T 7.35 0.1 n

A, =71Tk; = k.=7.42 +0.05 nm-L

%ofthe F

24, _F

Luttinaer theorem : R = Hussey et al, Nature'03
Lutinger heorem . [Lypyei

— Carrier density: n=1.3 carrier /Cu atom (n=1+p with p=0.3)

X
Effective mass : it X X =14.694xTm /B = m'=(4.1#1)m,

nN, ka’
3n°
For overdoped polycristalline TI-2201: v, =7+2mJ/mol.K* (Loram et al, Physica C'94)

TThk
Mean free path ;. exp(— B Z ] = devA=320 A (Etransp=670 A)

Electronic specific heat: Ve = m" = v, =6£ImJ/molK"




I\VV. Hot topics

ARPES—= Fermi arcs
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95 K

@< ARPES in Ca, Na,CuO,Cl,
underdoped HTSC K. Shen et al., Science’05
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I\VV. Hot topics

ARPES—= Fermi arcs
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I\VV. Hot topics

Shubnikov - de Haas
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V. Hot topics
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I\VV. Hot topics

-

o

G

YBa,Cu;0,
Frequency : F=(530x20) T

A, =5.1 nm?2

~

= 1.9 % of 1st Brillouin zone/

Fourier Amplitude (a.u.)

=3
o

=
o

0.0

r

-
1 A
Underdoped Overdoped
B YBa,Cu,0 Tl,Ba,CuOg.; 7
F=0.54 kT F=18 kT
; \“/I\/\A/_’\I S/ f
0 1 2 10 15 20 25

-

G

N

Frequency : F = (18100 50) T

A, =173.0 nm-=

~

T1,Ba,CuQq, 5

= 65 % of 1st Brillouin zone/

: F (KT) )
n=0.038 carrier/Cu n=1.3 carrier /Cu

Radical change of the carrier density

20

p =0.10 (ortho II)

- T12201

p = 0.12 (ortho VIII)

0 20

40 60 80 100

T[K]



I\VV. Hot topics

Example of Fermi surface reconstruction

(commensurate case)

e.g. competing order
- AF order (1, 1)
- d-density wave

/

Degeneracy lift

O




I\VV. Hot topics

Fermi surface reconstruction
(commensurate case) 1 electron pocket

e.g. competing order Foqu=530 T
- AF order (1, 1)

n,=0.038 electron/Cu atom

- d-density wave ]
K& Higher mobility at low T

~ 2 hole pockets

Fey=990 T

\ i / n,=0.138 hole/Cu atom




Temperature [ K |

I\VV. Hot topics

Topological change in FS:
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l. Why and how to measure a Fermi surface

Global properties

= kzg(E-)XT| where U:EJFEn(E)f(E)dE

Specific heat C:aU s
PeCITIC hea v T AT

m' k

g(EF):hzng

» Pauli susceptibility

2
/YPauli = g—IJBg(EF)

» Hall effect R,

« Magnetoresistance

2
:pxy u— 1
B ng
j:nev:eJ‘{}8k°dS where SE:EE
3 4n” L
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— CT N - -
J= v.dS E




AMRO

Angular dependence of the MagnetoResistance Oscilla  tions

Work at 2D and for simple Fermi surface
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Semi-classical effect
C. Bergemann et al,

Advances in Physics’'03



» Two-axis rotation probe

© - Polar angle

¢ - Azimutal angle
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AMRO

Max. of the magnetoresistance when Ck,(/ tan(@i) = ﬂ(i 11/4)

%:y:\;\\\ Projection of k. in the plane [to B
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AMRO

Quasi-2D organic metal: (BEDO-TTF),ReO,H,O
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I11.2 Theory

Spin splitting in Quantum oscillations

n+2 -~ n+1
m’/"(
n+l -~ n
/'
e S e ! 'ﬁwc
n P gr...H n—
I's -7 1
s e |
n-—1 s ] |
! : l
|
| | n=0
i[ l /’————-p
n=0 ,/f
s—+1 s=0 S:"-]i
2

Spin splitting: AE =gu,B

h B
Free electron: AE :2*e—B :he— —hw

2m, m, ’
No change of the frequency
but additional damping factor due to phase shift

AE 7
R.=cos| 27T—— |=cos| —m
S ( hwj (2 ogj

c

© (9

Particular case: spin zero phenomena
Assume m,(6) = T
cos(6)
R, =cos LTS 0
2 cos(6)
when cos(6,) = &M
2k +1




I11.2 Theory

Magnetic breakdown (Cohen&Falicov 1961)

Kkp 14 |
= 12 |
N ke s
¥ ; W 4 — gl
Q Eﬁ 6-_
= 8 (e 4.-
| K-(BEDT-TTF),Cu(NCS),
Probability p of MB N
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B(M

In strong magnetic fields, electron can tunnel from one orbit to another

2 Bo Azm
=exp| —— where B, U £
P p( B " ehE,

A - ‘Energy gap’ (forbidden band) between the two orbits

35



Grand Potential 2 (arb. units)

I11.2 Theory

Lifshitz-Kosevich theory (1956)

]

_(O_QJ where o=
u,T

S(E-E,) Thermodynamic grand potential

all electrons

LL crosses E.

_ % o (RPk?
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0 2m

C. Bergemann, Thesis
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111.3 High magnetic fields lab.




[11.3 High magnetic fields lab.

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)



