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Introduction to strongly correlated electron systems

l. Introduction
Brief summary of electrons in solids, origin of strong electron correlations

I1. Classes of strongly correlated electron systems

(a) Transition metal compounds: 3d-electrons
- Hubbard model, Mott insulator, metal-insulator transition
- Spin, charge, and orbital degrees of freedom and ordering phenomena, selected materials
- Pressure effect on the ground state properties of transition metal compounds
(b) Heavy fermion systems: 4f (5f) — electrons
- Landau Fermi-liquid model, Kondo effect, heavy fermion systems, non-Fermi liquid,
quantum phase transitions, selected materials
- Pressure effect on the ground state properties of heavy fermion compounds
(c) Nanoscale structures:
- Quantum confinement, unusual properties for potential applications

[11. Summary and open discussion




Strongly Correlated Electron Systems (SCES)
What is it?

Systems where the interactin between electrons is very large

(mainly Coulomb repulsion). This includes most of transition metal
compounds with partially filled 3d orbitals as well as compounds with

partially filled 4f orbitals, e.g. Heay fermion systems.
Localization of d, f orbitals enhances Coulomb interaction between electrons
with their spin, charge, orbital and lattice degrees of freedom.

— Existence of several competing ground (ordered) states that are
sensitive to control parameters, e.g. doping, pressure, magnetic field.

|

Electronic correlations = unigue materials and device properties




comparison of y, with experimental » values
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Metal y “Yth Metal ¥ Metal 0% =
Li 1.63 0.749 Fe 5.0 CeAl; 1600 m 7/th
Na 1.38 1.094 Co 4.7 CeCug 1500
K 2.08 1.668 Ni 1 CeCusSia 1100
Cu 0.69 0.505 La 10 CeNizSns 600
Ag 0.64 0.645 Ce 21 UBe13 1100
Au 0.69 0.642 EI‘ 13 U22n17 500
Al 1.35 0.912 Pt 6.8 YbBiPt 8000
Ga 0.60 1.025 Mn 14 PrinAg, 6500
71yn =1-1.5 71 7n ~10-30 1y, ~100—1000
mainly s-electrons, - - ) i
y partially filled d-bands | heavy fermion compounds 4 f (5f)-
broad bands .
orbitals strong electron-electron
correlations SCES

Why m” isso large in some 4f and 5f electron system?

No answer from the band theory (one electron approximation),
neglecting electron-electron interactions. This will be discussed in Chapter 11 (b).



Why expecting unusual ground states in correlated
4f (5f)-electron metallic systems?

mmmmm)  Origin of strong electron correlations



Magnetic states in metallic systems

Bandwidth (eV)

N
o

—
(6]

s
[ )

(&)

Sm
local moment 4
magnetism
5d

, Pu
4d localized / cf

itinerant —

3d
5f Y
4 Fe
) 3d
Atomic number -
itinerant electron _|
magnetism
Bandwidth of the metallic state )

Interatomic distance

!

Degree of overlap of valence orbitals determines the nature of magnetism
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Heavy fermion metallic systems

Intermetallic Ce (4f), Yb (4f) and U(5f) - compounds

local itinerant
moments moments

increasing hybridization between localized states and conduction electrons

crossover
unusual ground states:
ordered q.uantum Fermi-liquid, Non-Fermi-liquid, heavy
disordered fermions, new magnetic and
> > d unconventional superconducting states

Control parameters



Quantum Phase Transitions

T

thermal
fluctuations

ordered

»3 &=p,B,doping

» classical phase transition: driven by thermal fluctuations



Quantum Phase Transitions
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Quantum Phase Transitions
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Metallic systems on the border of intinerant electron magnetism
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Heavy fermion metallic systems

Intermetallic Ce (4f), Yb (4f) and U(5f) - compounds

local itinerant
moments moments

increasing hybridization between localized states and conduction electrons

crossover
ground states:
ordered q.uantum Fermi-liquid, Non-Fermi-liquid, heavy
disordered fermions, new magnetic and
> > d unconventional superconducting states

Control parameters



To understand the physics underlying heavy fermion systems

1- first we shortly discuss Landau Fermi-liquid theory
(Landau,1957)

2- second the Kondo effect (Kondo 1964)



Landau Fermi-liquid theory (Landau,1957)

Description of the ground state of metals with interacting fermions

complicated electron systems where electron electron
Interactions are important can be renormalized to the
model of a free electron gas; thereisa 1:1
correspondence between the quasi-particles and the
excitations of the non-interacting Fermi gas

1:1
Excitations of system correspondence
with strongly interacting |  (———) Free
electrons electron gas




Landau Fermi-liquid Theory

Weakly excited states in the ground state of a metallic system can be
described in terms of elementary excitation (paricle-hole exitation), or

guasiparticles (QP). QP (Fermions with S=1/2) have effective mass
m* and only finite (long) life time near E_

EF

Fermi sphere in k-space particle-hole excitation

A particle-hole excitation is made by promoting an electron from a state
below E. to an empty one above it.



Landau Fermi liquid Theory: origin of energy change

First, when a low-energy excited quasiparticle moves there will now be a

back-flow in the filled Fermi sea as the quasiparticle "pushes' the ground

state out of the way. This modies the inertial mass of the quasiparticle
= |'m — m"| and thus their energy.

Note that this mass modification (renormalization) is in addition to that

due to the effect of the crystal lattice| which produces a band mass as well

as due to the change of the mass induced by interactions with phonons.

Second, the interaction between excited quasiparticles leads to a
modification of the energy of the ground state.

What is the energy of quasiparticles?; see board



Landau Fermi-liquid: calculation of the quasiparticle energy
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Fermi liquid behavior in some heavy fermion systems (4f and 5f electron systems)

Example : CeAl;
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electron-electron scattering

Kadowaki-Woods plot (1986)

AZ Is constant and material-independent
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Observed for a large number of heavy fermion systems




Table 2 Experimental and free electron values of electromic heal
capacity constant ¥ of metals

(From compilations kindly furnished by N. Phillips and N. Pearlman. The
thermal effective mass is defined by Eq. (38).)

- Observed y in mJ mol™' K™
Calculated free eléciron v in mJ mol " K7*
My fm = (obhserved )/free electran 1.

1.3

Possible causes: Heavy fermions:
® e-ph m* ~ 1000 m
Interaction

® e-einteraction UBe;, CeAl;, CeCu,Sl,.




To understand the physics underlying heavy fermion systems

1- first we shortly discuss Landau Fermi-liquid theory
(Landau,1957); and

2- the Kondo effect (Kondo 1964)



The Kondo Effect

What is the Kondo Effect?



Anomalous resistivity behavior

Experimental observation (1930s):
Anomalous temperature dependence of the resistivity p at low temperatures in very diluted
magnetic alloys, e.g. CuFe, AuFe, CuMn with 10 ppm ... 1 at%

Q

CuFe

e minimum in p(7)

e |logarithmic increase of the
resistivity below a
characteristic temperature T,

nonmagnetic 1

\ metal

‘ superconductor

resistivity

Theoretical explanaition by Jun
Kondo, 1964

temperature T — Kondo effect




Jun Kondo, japanese theoretician

Explained the Kondo effect in 1964



Short notes to electrical conductivity in mettals



Electrical conductivity of metals

2
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3 i m*

Density of states at the Fermi level!!



Temperature dependence of the resistance in metals

e MetallicRvsT
— e-p scattering (lattice interactions) at high temperature

— Impurities at low temperatures

A

R Lattice (phonon)

/ interactions
Electrical resistance

Residual R,
Resistance
(impurities)

T Temperature
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The Kondo Effect

What Is the Kondo Effect?



Anomalous resistivity behavior

Experimental observation (1930s):
Anomalous temperature dependence of the resistivity p at low temperatures in very diluted
magnetic alloys, e.g. CuFe, AuFe, CuMn with 10 ppm ... 1 at%

Q

CuFe

e minimum in p(7)

e |logarithmic increase of the
resistivity below a
characteristic temperature T,

nonmagnetic 1

\ metal

‘ superconductor

resistivity

Theoretical explanaition by Jun
Kondo, 1964

temperature T — Kondo effect




Concentration dependence of T ;-
T, depends on the concentration of the magnetic impurity, example: CuMn

Magnetic ordering

/
FELR CuMn
é 0370 ( S
ERNEEE 20,1
c c Q & \E /
 Value of p_... is proportional to W o, .
. P o B
Mn concentration ovs2)
e Temperature T_. weakly o %
depends on Mn concentration 1
PmeL "‘Lﬂ{h /ﬂ 0303 |,
B-] xﬂ'\ Ja]
o Y
l::l-l::-am-i % “ 0’01
AN i
Anomalous behavior is not ocs0] *omgmo—o 0.003
caused by interaction of ko S |
magnetic impurities with each O |
other! | A
4 8 12 16 20 24 2 32 36 40 44

T(K
Griiner (1974) (K]



Dependence of T, on the matrix

Kondo temperature T, depends on the nonmagnetic matrix (e.g. Au, Cu) in which
the magnetic impurities are embedded

10|

Ty (K)

CuNi
AuMNi

Cule

AuFe

L

uMn

Mn

'

B |

v Cr Mn Fe Co Ni
Impurity

Rizzuto (1974)

T, varies strongly for the same
type of impurity upon changing
the matrix

!

Large interaction between the
conduction electrons of the
matrix and the magnetic
impurities!

example:
AuFe CuFe
T 0,4K << 30K




How to deal with the interaction between localized electrons
(e.g. d or f electrons) and itinerant (conduction )
electrons

What happens if we put magnetic impurites (e.g. Mn, Fe)
in nomagnetic metals (e.g. Cu, Au)?; and

What are the condition for moment formation?

Anderson model, Phys. Rev. 124, 41 (1961)




The Anderson model (961)

hybridization between mpurity level and conduction band

M

—> | magnetic impurity d-level exhibits

finite life time = finite width A N

| /’/Jr’/

\
\ U
aoE)] | N, D s
8{4‘4 1 '

- /D(E)
conductions electrons d electrons (loalized)
Ho= Y elk)e] cro + Y €qch cae + Unaging) +
ka T

1

Z L’%CLHCE&, T T’T C&gckﬂ Coulomb repulsion
L I between d electros

hybridizaton between local d electrons
and conductions electrons (A)



Strong Coulomb interaction U leads to local moment formation

E

M

\ | s =

moment formation when: : \ ul //"Lf’/

: £ - \ :
£7- Er with A << |&; - E¢l, and d

Es+U >Er with A<<|&;+U-EF | | /

!

(i) impurity level is mainly occupied by a single
electron (spin=%2); and (ii) the hybridization is small
enough to keep the spin localized at the impurity
level

D(E)




Hybridization

H g Ze(kckaak’a“LJZ(mcm u%kl

~ =3

conduction electrons

Kondo model
Schrieffer-Wolff-Transformation):

Vi

P

ertubation theory:

2"d Born approximation

=

Matrix element | Hp iorson — Hkondo

kk'

il &0 effective exchange interaction between local
spins and spins of conduction electrons

+ + + =
(Z:¢C}‘¢S ‘C;'T%S )

| S

N

scattering Wlthout spin-flip with spin-ﬂip |

calculation of the transition probability per time unit
from an initial into the final state for all possible
scattering processes




Results of the Kondo model

electrical resistivity p(T):

|
p=aT>+cpp+cp,=aT>+cp,+cpg[(1+2:J-D(E)In(D/kgT)]
7 t t t
phonons defect Kondo temperature independent, from
scattering 15t Born approximation

2 C: concentration of magnetic impurities
— 3zmJ S(S +1) m: electron mass
n=N/V: density of electrons

D(Ep): density of states of conduction
electrons per spin at the Fermi level Ps = 202hnE
D: band width of conduction band (D~E) F

(a) Magnetic contribution to the (b) Minimum in p(T):
electrical resistivity oploT =0
pu < JAn(D/KgT)

Logarithmic increase at low l
temperatures! T.in Weakly depends on the
concentration!

:>Tmin = (2|‘]|pB N(EF)/Sa)llscll5




p [nQcm]

Comparison with experiment

MacDonald et al. (1962) Franck et al. (1961)
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0 02 i’]tﬂ ) | B & ¥ o . -
o8k lae i 'E : 5 3.55
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a"_‘—ﬂ-—______g,_____g__:-

0.1% Fe in Cu
045
) asal

0,05% Fe in Cu
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Description by Kondo model
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(c) Kondo temperature

1
T oc De J|D(ER ) p(T)/p(0) versus T/T, shows
K universal behavior (holds also for
x(T)/ x(0)...)
c) Kondo-Temperatur T is very 1
sensitive to changes in
|J]-D(E;), weak dependence on D Ty Is anew energy scale!

1 4

Explanation of very different
values of T,

p(T)/p(0)

Example: D=5eV
J:D(Ef)=0,1 > T, =2,6K
J:D(EF)=0,2 —> T, =390K




10|

Ty (K)

Dependence of T, on the matrix

Kondo temperature T, depends on the nonmagnetic matrix (e.g. Au, Cu) in which
the magnetic impurities are embedded

CuNi
AuMNi

Cule

AuFe

L

uMn

Mn

'

B |

v Cr Mn Fe Co Ni
Impurity

Rizzuto (1974)

T, varies strongly for the same
type of impurity upon changing
the matrix

!

Large interaction between the
conduction electrons of the
matrix and the magnetic
impurities!

example:
AuFe CuFe
T 0,4K << 30K




From the Kondo effect to the Kondo problem?

Unphysical increase of p,,oc J-In(kgT/D)—o0 as T—0!
Experiment: p,, finite for T—>0. This is called the Kondo-Problem!

]
= |
= oh
= I
E I LOGARITHMIC
o : \ KONDO TERM
1 & |
Theory: approximation not =
. [
valid for T<<T E
o o
No description of the A
experimental data at T<<Ty EXPERIMENT
i IDEAL MOMMAGME TIC
! BEHANVEIDUR
—
n I
Ty -
TEMPERATURE



What happend at T<<T,?

We consider physical quantities which which
contain the spin degree of freedom

= Magnetic suszeptibility y(T) und specific
heat c,(T) at low temperatures (T<<T, )



1. Magnetic Suszeptibiliy:

e 0,19 att Au¥
o o . X_lg_ dl:ﬁ:M?M:TFETI'+I|:1E'-'-IT‘:[LJ['I‘;I -
T>T,: Curie-Weiss-behavior—| | sz, //
- \ +.
= Local magnetic moments . L > 3
. - ___,,.--:ﬂ"f'ﬁ/
T<T,: Pauli-Suszeptibility ——*
x(T)=const W0 T ieoreteal coiaion' by
! K KO Zeketie and U Schoite
- o
U (Magnetic impurity) = 0 for | , l K]
T—0 3 o T . 100 200 00 K
I | i |
H Auy |
1 'ﬁ:ﬁ e Q2 athy 5
O 032at %Y 8 E
Hal- S : ;
3 T 053at
At T,: magnetic -
nonmagnetic crossover, but no

phase transition

Van Dam et al. (1972)

200
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2. Specific heat:

Entropy change ASg,; between T=0
und T=co

~.dT =RIn(2S +1)

O'—;8

Experimentell:
ASg,: = R1n4 = Spin S=3/2
from x(T)rssr, = S=3/2
= S=0 far T=0

. 3

Magnetic impurity at T—> 0
nonmagnetic
with mit S=0 (Singlet) ground
state

AC/C

B

Triplett and Phillips (1971)
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Physical picture: crossover magnetic <> honmagnetic

Interaction between the Spins of
conduction electrons with impurity
spins
= Spin correlations

Strong resonace scattering of
conduction electrons by the local
moments

! 1

Formation of an (Abrikosov-Suhl)
resonance at E; of width kT,

! 1

Logarithmic increase of p below
TK

a)

T<<Ty:

Impuity magnetic Moment is screend by the
Spins of conduction electrons. This leads to

formation of a local Singlet state

L@

b) Energy lowering due to formation of a

Kondo-state; 1
kT, = De [ I[N (Er)

1

magnetic <> nonmagnetic
weak «> strong coupling

Crossover:




Comparison with results of the BCS Theory:

keTc= 1,14 hwc exp( -1/N(EF) Vo)
1

K T, = De_\J\N(EF)




Something to the dynamic:

J > ,Jeﬁ(T) «—— effective coupling increases

T
[<B)
o
2
g T<<Ty
< Tq small,
Q.
= Jei(T) large
c
wn

Temperature dependence of

with decreasing temperature

Tk

T>>T,

T— 0: Spin flip frozen

1

Singlet state,
can be brocken up with energy
hao>kg T, (e.g. Neutron
scattering) (Singlet-Triplet-
excitation)

T small,
Jew(T) small

/

R

&
0 In(T/T,)




Physical picture: crossover magnetic <> honmagnetic

Interaction between the Spins of
conduction electrons with impurity
spins
= Spin correlations

Strong resonace scattering of
conduction electrons by the local
moments

! 1

Formation of an (Abrikosov-Suhl)
resonance at E; of width kT,

! 1

Logarithmic increase of p below
TK

a)

T<<Ty:

Impuity magnetic Moment is screend by the
Spins of conduction electrons. This leads to

formation of a local Singlet state

L@

b) Energy lowering due to formation of a

Kondo-state; 1
kT, = De [ I[N (Er)

1

magnetic <> nonmagnetic
weak «> strong coupling

Crossover:




