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Plan of our 4 lectures

1. Correlated electrons and dynamical mean-field theory (DMFT) - 2X45min.

e Correlated electrons and models
e Needs for the mean-field theory
e Limit of infinite dimension

e Feynman diagrams simplification

2. Application of DMFT to pure systems - 2X45min.

e Analytically solvable Falicov-Kimball model

e MIT at half-filling in Hubbard model and experiment

e Electronic kinks in correlated metals

e Mott-Anderson MIT in correlated electron systems with disorder
e ltinerant ferromagnetism

e MIT in binary alloy systems

e ltinerant ferromagnetism in binary alloy systems



Correlation

e Correlation [lat.]: con+relatio (“with relation”)

e Mathematics, Statistics, Natural Science:

(zy) # () (Y)

The term correlation stems from mathematical statistics and means that two
distribution functions, f(z) and g(y), are not independent of each other.

e In many body physics: correlations are effects beyond factorizing

approximations
(p(r, t)p(r',t")) = (p(r,t))(p(r', ")),
as in Weiss or Hartree-Fock mean-field theories



Spatial and temporal correlations everywhere

car traffic

air traffic

human traffic

electron traffic

more .....
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Abb. 3: Beispiel eines Metall-Isolator-Ubergangs: Bei Abkiihlung unter eine Tem-
peratur von ca. 150 Kelvin erhoht sich der elektrische Widerstand von metallischem
Vanadiumoxid (V20s) schlagartig um das Einhundertmillionenfache (Faktor 10%) —
das System wird zum Isolator.



Spatial and temporal correlations neglected

time/space average insufficient

(p(r, t)p(r', 1)) = (p(r,1))(p(r',1')) = disaster!

Boeing 757 and Tupolev 154 collided at 35,400ft. in 2001

Pilot of Tupolev received at the same time two conflicting (uncorrelated) instructions



Spatial and temporal correlations neglected

Local density approximation (LDA) disaster in HTC
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LaCuO4 Moitt (correlated) insulator predicted to be a metal

Partially curred by (AF) long-range order ... but correlations are still missed



Correlated electrons
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Narrow d,f-orbitals/bands — strong electronic correlations



Electronic bands in solids

Wave function overlap ~ t;; = (i|T'|7) — |Ex| ~ bandwidth W

Band insulators, e.g. NaCl

/\ /\ /\ Atomic levels, localized electrons |R;0)
@ S &

Correlated metals, e.g. Ni, V,03, Ce

M Narrow bands, |R;0) < |ko)
— = —

Simple metals, e.g. Na, Al

M Broad bands, extended Bloch waves |ko)




Electronic bands in solids

Mean time 7 spent by the electron on an atom in a solid
depends on the band width W

lattice spacing a

group velocity v, =~ : —
mean time T

Heisenberg principle Wt ~ h

a a,VV:> h
- ~N - T ~ ——
T h %74

Small W longer interaction with another electron on the same atom
Strong electronic correlations



Hubbard model for strongly correlated electrons

TIME +
3,0) = |5, 1) = 14,2) — [i, 1)



The Holy Grail for correlated electrons

Fact: Hubbard model is not solved for arbitrary cases

Find the best comprehensive approximation

e valid for all values of parameters t, U, n = N./Np, T

e thermodynamically consistent

e conserving

e possessing a small expansion (control) parameter and exact in some limit

o flexible to be applied to different systems and material specific calculations



What we need for Hubbard model

We need propagator (one-particle Green function)

1
(4 = —ilTee (£)c —— =
szo(t) Z<thw(t)cja(0)> MGJ(k’ w) W+ U — €x — Za(kv w)

At finite temperatures t — —it

Gz’ja(T) = —<T7-C¢J(T)C;r-0(0)> — _%/D[C*, C]Cio(T)C;J(O)G_S[C*7C]

with the action (Lagrangian)

B=1/T

Slc*, ¢ = — / dfzc;;,(f)(@ — 1)cio(T) — Hlc", ]

0

Later two-particle Green functions



All what we know about Hubbard model
Solved in U = 0 limit (non-interacting limit)

1

Colkow) = W+ p— €k

Dispersion relation

€k = Z tz‘jeik(Ri_Rﬂ') Ab(k’“)

3 (%)

Spectral function - one-particle excitations / \I\I\H
k

As(k,w) = —lImG(k,w) = 0(w + p — €x)

7

Density of states (DOS) - thermodynamics /'
No(w) =D Alk,w) =) d(w+p—a)
k

k



All what we know about Hubbard model

Solved in ¢t = 0 limit (atomic limit)

G,(k,w) =

Real self-energy

n_s(1—m_, U?
EO-((,U) — TLO-U + w—l—,u(—(l—n_)g)U

Spectral function
Ask,w)=(1—-n_g)0(w+p)+n_s0(w—+pu—U)

Green function and self-energy are local,
l.e. k independent

+ —
wtp  wtp-U wt+p—3,(w)

LHB

ey



Summary - Correlations and models

e What is correlations and why they are important
e Correlated electrons

e Hubbard model (HM) for correlated electrons

e Quantities of interest

e Simple solvable limits of HM



Hubbard model at large U

Project onto the Hilbert subspace without double occupied sites, t < U

P = 1:[(1 = Nitni|) % X

I

’ Out
Effective tJ-Hamiltonian 44 * *

Hyy = P'HP =) t;;¢l ¢s — ZJZJS .S,

)0

whenn =1
Hepen = — Z JZJS’L ) Sj

where antiferromagnetic kinetic exchange coupling J;; = 4t* U <ty



Static mean-field for exchange Hamiltonian

Replace many-body Hamiltonian by one-body Hamiltonian with external
(molecular or Weiss) field

7 — o B _ Trsie_ﬁHexch — Trsz_e_/BHMF

where
Hyrp = ZBMF - Si + Eshift

Make mean-field (decoupling) approximation and determine B, g
Bur =Y Jij(Si) By
7(3)

where (S;) = (S*) u,,, is found self-consistently

(S iy = tanh (8T (S%) iy, )



Static mean-field — principal approximation

Spin-spin correlations are neglected

([Si = (S)] - [S; = (S;))) = 0= (Si- S;) = (Si) - (Sy)

A @)

2J<S> 0 2J<S> —4J<S>

o @

2J<S>

Quality of mean-field approximation improves when z is large



Static mean-field — exact when 2 —

([Si = (Sa)] - [Sj — (Sy)]) =200 0= (Si - S;) =200 (Si) - (Sy)

No spatial correlations in z — oo limit

Rescaling for nearest neighbor (nn) exchange coupling

J*
J — —, J* = const
2z

then
T C \
Byr = Z J HMF <S>HMF =J <S>HMF

z
71=1

is bounded when 2z —

Static mean-field theory is exact and nontrivial when z — oc;
there exists a small (expansion) parameter 1/z



Summary - Static mean-field

e Static mean field-theory, though exact in z — oo limit,
IS not a comprehensive theory for Hubbard model

e It is valid only for large U

e But we learned potential usefulness of z — oo limit

e We also understood general idea about mean-field (Weiss field, molecular
field) approximation

t




Dynamical mean-field theory — heuristic approach
Find a comprehensive mean-field theory for Hubbard model

Exact free energy

1 " 1 1
Fr=—gn / DI, eI = STrIn G (i wn) = — ST nfiwn-+pi— 6= (. )

Approximation >, (k,w,,) = >, (w,) - local approximation keeping full dynamics

1
Freal>] = —BTI’ Infiw, + p — ex — 2o (wp)]




Dynamical mean-field theory — heuristic approach

Need a prescription to determine X, (w,,)

“Remove” a single site in the effective medium and replace it by the actual, bare

interaction
F = Fpq[2] — Fj[X] + EPare

Local Green function (¢ = 5 and index omitted)

1
k n — = G2(i — EO‘ n
o (iwn) g G,(k,w gk PR STR—S I G, (tw + p (Wn))

and 1
F;[>] = —BTI‘ ln[Gg(iw +p— ZJ(Wn))]_l

2(w) 2(w)



Dynamical mean-field theory — heuristic approach

Actual bare interaction
bare 1 * _gbarercx ol
F>" 0] = —=1n [ D|c", cle” o 1€
5
where

sphare — Z/deT’c* = e (T )+U/dTnT(T)nl(T)

and the local-Dyson equation defines

- “Hown) + 2o (wn

I~ 0 %C

2(w) 2(w) 2(w)




Dynamical mean-field theory — heuristic approach
to close the set of equations use stationary condition

OF'[%, G ]
oG 1

=0

hence
Go(T) = —(Trco () (0)) ghare

loc

and all three local but dynamical variables GG, ¢, and > are determined

S
. ~

In—Out




Summary — DMFT - full glory

Local Green function
GU(T) - = <T’7—CO’(T>C:—(O)>SbGT€

loc

where
Share Z/dm (1 = o (1 )+U/me(T)nl(T)

and self-energy
1(wn) = G;l(wn) + o (wn)

Local Green function and lattice system self-consistency

o(ian) = 3 Gallesan) = 3 : = GY(iw + 1 — Do (wn))



DMFT — what is neglected, what is kept

Spatial correlations are neglected (LRO is OK)

(Inia(7) = (i (N1 () = (1o (7)1, = 0

Local temporal correlations are kept exactly
([nio(7) = (i (1)) [ (') = (i (7)), = “exact”

Local dynamical Hubbard physics described well

t




DMFT - conserving theory

any reliable approximation should be conserving, i.e. all microscopic
conservation laws should be preserved by an approximate theory

d-derivable theory (Baym, Kadanoff - 1962)

Q] = @[3] — Tr(XG) — Tr(Gy ' — %)

where 50
Y= —
0%
IS conserving because vertices
2
A= 0°P
020X

are approximated in the same way

dynamical mean-field theory is a conserving approximation due to construction



DMFT - consistent and comprehensive

DMFT is thermodynamically consistent, e.g.

1 0F 1
"= op ~ 2 Gelen

DMFT is valid for any value of the microscopic parameters,
no expansionwrt U, ¢, 5, n or 1/n

DMFT is comprehensive theory for correlated electrons



DMFT - flexibility; LDA+DMFT

Multi-band systems (Anisimov et al. 97; ... Nekrasov et al. 00, ...)
H=Hrpa+ Hint — Hips = Hips+ Hint

direct and exchange interaction

1 T T
_5 Z Z Jmm/ Cz’lmacz‘lm/_gcilm’ocilm—a

1=14,l=lg mo,m’

kinetic part, determined from DFT-LDA calculation (material specific)

0 _ 0 T
Hipa= E tilm, iU'm!CilmeCillm’c
ilm,jl'm/’ o

LDA+DMFT - state of the art for realistic approach to correlated electron systems



DMFT scheme

Sioc - local interactions U or J from a model TB or a microscopic LDA Hamiltonian

A A A A

G = Ylw+pi— A0 -5

HY is a model TB or a microscopic LDA Hamiltonian



DMFT - flexibility; disordered systems

Correlated electrons with local disorder

H = — Z ijciacjg +U Z M| + Z Cilio
) 10

1j0

where ¢; is random (on-site) local energy with fixed probability distribution
function (PDF) P(¢;)

In self-averaged systems, physical quantities are given by arithmetic average

C(W)ar = / des P(e)(c@)e(@))s, (o = ((e(w)e™(@))sy (e

In non-self-averaged systems, physical quantities are given by typical ones -
geometric average Ogeom = exp[(In O)]

_ImG(W)typ = 6<1n[_1m<c(w)c*(w)>5loc(ei)]>dis



Summary — DMFT - flexibility

e Local temporal correlations exact

e Spatial correlations neglected

e Conserving and thermodynamically consistent
e Comprehensive mean-field theory

e LDA+DMFT

e DMFT for disordered electrons



DMFT - d — oo limit, small parameter O(1/z)

|ldea: spatial correlations are absent when number of neighbors is large (infinite)

Crystal lattices in d = 3: PUP—-
simple cubic (sc) - z =6 ® o329
body center cubic (bcc) - z = 8

face centered cubic (fcc) - z = 12 T "%

Hypercubic lattice in d-dimension - z = 2d

Bethe (Caley) tree - z = K + 1

_. L

d=1 d=2 d=3




Simple d — oo limit

Kinetic energy

HO = Z tz'jCl-LJng = Z GkCIJr{JCkg

1j0 ko

NN hopping:

B B —t if Ri—Rj:j:en
tij =t(Ri —Ry) = { 0 otherwise

Bare dispersion

d
ex = —2t Z cos k;
i=1

Density of states

L)
N, d(e — — doo Vd
d(e)zk: (€ — ex) —q the 2tv/d

arbitrary broad and featureless in d — oo limit



Non-trivial d — oo limit

Non-trivial DOS is obtained when hopping is rescaled

t*
t - ——, t* = const
V2d
1 e )2
NOO €) = 6_(215_*)
(€) V2mt*
(Metzner, Vollhardt, 1989)
In general
tr
ti; 2
VdTRi—R;]

Niw) |

Nlw) -

Fig. 1.2 Tight-binding density of states in d = 1,2,3,4, 5 as compared with t}
for d = oo,

* ||R; — R,|| - taxi cab (Manhattan, New York) distance



Non-trivial d — oo limit

Non-trivial (asymptotic) theory is well defined such that the energy density is
generically finite and non-zero

;Ekm— th CinCio) = Z Z tij / O Gijo(w) ~ O(1)

1)0 10 j(z) o
O(dIIR ~Rjll\
Fact, since G;; is probability amplitude for hopping,

IR Ry
G~ O(d™
with rescaling
t*
\/dIIR —R,]|

sum Zj(i) is compensated and energy is finite (Metzner, Vollhardt, 1989)



d — oo limit — Feynman diagrams simplification

One proves, term by term, that skeleton expansion for
the self-energy ¥,,|G] has only local contributions

Yijo(Wn) —d—oco 2iio(Wn)di;
Fourier transform is k-independent
Ea(kawn) —d—o0 Ea(wn)

DMFT is an exact theory in infinite dimension (coordination number) and small
control parameteris 1/d (1/z)

(Metzner, Vollhardt, 1989)

ansatz in heuristic derivation is then exact (Janis, Vollhrdt, 1992)

1



Summary — DMFT exact in large dimension

e Construction models nontrivial in d — oo limit
e Rescaling of hoppings

e Simplifications for diagrams



DMFT in practice

The hardest part of DMFT is to solve local, many-body problem

Go(T) = —(Trco(T)c5(0)) ghare

loc

where

Spare — Z/deT =1 eo (T )+U/dTnT(T)nl(7')
it is usually mapped onto the Single Impurity Anderson Model
(Kotliar, Georges, 1992; Jarrell, 1992)

Hsram = €q Z Ndo + Unarnay + Y Vidhowo + He. + > e"ef cxo
ko ko



DMFT solvers in practice

e Analytical approaches (approximate, but fast)

— (IPT) lterative perturbation expansion
— (NCA) Non-crossing approximation

— (LMA) Local moment approach

— (LDMFT) Linear DMFT

— (Hubbard I or Ill) Strong coupling approach

e Numerical approaches (formally exact, but expensive)

— (QMC) Quantum Monte Carlo - Trotter decomposition, large T, limited U
— (QMC) Quantum Monte Carlo - continuum time, perturbative character (?)
— (PQMC) Projected quantum Monte Carlo - only ground state

— (ED) Exact diagonalization - small system, discrete spectrum

— (NRG) Numerical renormalization group - logarithmic broadening

— (DMRG) Dynamical matrix renormalization group - poor low energy

Find the best solver to you physical problem



DMFT - long-range orders and susceptibilities

Broken symmetry phases (infinite-long range orders) are described by
generalized local problem and self-consistency condition

e.g., for AF we need to sites (A or B) which are coupled be opposite spins

Susceptibilities (two-particle correlation functions) are determined by the
corresponding local quantities and non-interacting lattice parts

S S |
Xq — Xloc —|_ XO,q o XO,lOC



Summary — DMFT in practice

e Mapping onto impurity model
e Impurity solvers
e Long-range order

e Two-particle correlation functions



Examples

1. Analytically solvable Falicov-Kimball model

2.

3.

MIT at half-filling in Hubbard model and experiment

Electronic kinks in correlated metals

. Mott-Anderson MIT in correlated electron systems with disorder
. Itinerant ferromagnetism
. MIT in binary alloy systems

. Itinerant ferromagnetism in binary alloy systems



1. Falicov-Kimball model

@
= /J — R
\ .
5@0 \@' @ brother/sister of Hubbard model
L
? @ ? ® n. and n independently fixed (canonical approach)
T s

n. + ny fixed (grant canonical approach)
— mobile particles on a lattice

— localized particles on a lattice

H = Ztijclcj + Efoszi + UZszfiCICz’
ij i i



1. Falicov-Kimball model

Self-consistency for f-electrons is simple: g;l = 0; —

DMFT local action

Sloc = /deT/C* (T)ggl(T — 7e(7)

+ [ drg @0~ nt enf(n)+ U [ drf @ (et

Integrate out f-electrons (atomic limit) analytically

nf X 1 — nf
gd(iwn)—l —U gd(iwn)_l

Gd(iwn) =



1. Falicov-Kimball model

Self-consistency equations:

No(€)
iwp + 1 — 2g(tw,) — €

Gyliwy,) = /de

and
Gd(iwn)_l = Qd(iwn)_l — Zd(iwn)
determines Gy4(iw,,) for any DOS

Skeleton functional > p |G ]

U 1 U 1 ’ nf
S _ - + —
aliwn) =5 2G4 (iwn) \/< 2 2Gd(iwn)> ’ UGd(iwn>

involves all orders in U

Brand and Mielsch 89, van Dongen and Vollhardt 90, Si et al. 92, Frireecks and
Zlatic 03, Lemanski et al. 00-01



2. MIT at half-filling — canonical example: 1504

V' ([Ar]3d?4s?) gives V13 valence band partially filled (metallic?)

e
1001 Antiferromagnetic
Insulator

True Mott insulator
0-04 ‘;Ozcr [¢] 0-02 " 1(;0_4' a
T 17 7™ [ 71 =
Critical point =1 .
wof- ; g < persists above Ty
I N _
= .E
200 " ‘Leh& —
100~ AFI \g\a-}g g ozi ot & kol
e Insulator
’ J ! | i TA:._ f ; §Strong%ggr’relared

0 1000 2000 3000 4000 5000 6000 " -3000 O 8000 16000 24000
P (bar) P (bar)

Mott — Hubbard Insulator, Mott — Heisenberg Insulator, and Slater Insulator



2. MIT at half-filling

™~
N | N | NN |\
™\ /'\‘J/'\‘JA\//'\\

LA\ T\,

ANVAAN /\TL%A

U <K tij‘, Ap E— O

\
/
\
/

AYRNANAS
¢
¢

Antiferromagnetic Mott insulator

typical intermediate coupling problem U, = |t;;]



2. MIT at half-filling

E+U

atomic levels
[t|=0

[t|=0

>  UHB
> LHB

-~
s \
7z
Z

{7 I

spin flip on central site

E+U

>

_———
>

at U = U, resonance disapears
gaped insulator

dynamical processes with spin-flips inject states into correlation gap giving a



2. MIT at half-filling at 7' = 0 according to DMFT

Kotliar et al. 92-96, Bulla, 99

Bethe hypercubic Bethe hypercubic
0.4 T T T \yp T 0.4 0.0 T T \yp T
03 YU 1 puu . {103 20 | 120
0.2 . 3 4 0.2 4.0 | "u.U 1 4.0
L 4 L 4 L L - c 4
0.1 8 - 4 0.1 6.0 | 1 6.0
0 1 — — 0 0.0 —=—+——fr——+— —— —+—— 0.0
03 YV ¢ 1ofuu 103 = 20 i ] \4“/ 2.0
S o2 I lo2 40 | I 1 40
< . I ] I | . I/é] . | u.U . ] 7U.U c ] .
0.1 8 - 4 0.1 — 6.0 8 3 1 6.0
0 — — —t— 0 0.0 —— —t—  — —t— 0.0
0.3 | U1V, | Ut 103 2.0 T~/ 1] 120
0.1 /\ - 4 0.1 6.0 8 3 1 6.0
00 I | I I | I 0 80 I I I I 80
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1.0
0.8

+«——e Bethe

«---« hypercubic Luttlnger plnn|ng A(O) = NO(O)

Fermi liquid

Muller-Hartmann 1989




2. MIT at half-filling at 7' > 0 according to DMFT

Kotliar et al. 92-96, Bulla et al. 01, also Spalek 87

02 1e+27‘
0.05 T r : , el ol
A P 1et0] g/z- Prenl g
0.04 | oo U,,NRG 1e-1] i ) R
E--8 UcZ,NRG 0\0 ! 0‘1 ! 0\2 (0@ le-1 Loy
' * U,,,QMC o) IR S G </
0.03 = U_,,QMC = 0.1 . @)
) o
= o METAL INSULATOR
= B ¢y B
0.02 |
W
0.01 } 0.0 o’ A
0 2 4 6
0.00 L u/D
' 1.0
-— +cr +Ti —
0-04 0-02 (o] 0-02 0-04
T T T T J T T T T
Critical point
t i ; ¥
S 4 ;
15t-order transition i
= S06— 1 Metal N
200 'E —
&‘Lg_&‘a
1081 AFI \g\ﬁ-".\. B
1 l 1 1 L 1 ;ﬂ 56—

Increasing pressure



2. MIT in V,03 according to DMFT+DMFT

Held et al. 01, Keller et al. 04

DOS (eV)

DOS (L/eV)

intensity (arb. units)

3 I (Vo962Crooss

—
)20,

1 LDA

T 1T 71
LDA+DMFT, T=300K

— LDA

Moetal.’ 02, T=175K
|

T I ! I ! I
— LDA+DMFT, T=300K
— LDA
e Mueller et al.’97, T=300K

(EED (V)

Intensity in arbitraty units

Energy (eV)

LDA+DMFT

T(K)

200

100

—-— +Cr
0-02 o 0-02

T | T I

Increasing pressure




2. Mott MIT in Falicov-Kimball model - DMFT

e f-particles appear as like disorder scatterers (with an annealed averaging).
e No Fermi liquid property of FK model if n # 0 or 1.

e Pseudo-gap regime.

e Forn.=ns=0.5and U = U. ~ W continuous Mott like MIT.

e Correlation gap opened.

w E
1

O [ I 1 ]
-3 -2 -1 0 1 2

Frequency (w/t")
van Dongen and Lainung 1997, DMFT, Bethe, no CDW, U = 0.5 — 3.0



Energy (meV)

Binding Energy (eV)

3. Electronic kinks in correlated metals

(a)

or—Tr }I\/I\

Momentum (k,)

=100

0 T

Momentum (k,)

—200
0.0

e Biz2ziz f
3=0.16

—-100

Al
|_"._“'_'I e F "
g
X
ENERGY (meV)

—200

Y 0.8
Momentum (k,) Momentum (k,)

f? Sr,RuO4, cond-mat/0508312
PN
o high

| ®  Kinks seen experimentally between 20-800 meV

ow QOrigin: phonos, spin fluctuations, often not known

/4 w2 md 2 md /2
r Y k, (1/a)

water falls in different HTC systems, cond-mat/0604284, cond-mat/0607319




3. Kinks - more examples of kinks in ARPES

SrVO;, cond-mat/0504075

Kinks seen experimentally at 150 meV
Pure electronic origin?



3. Kinks in LDA+DMFT study of SrVO;

plain band model with local correlations, no other bosons, ... but kinks!

|.A. Nekrasov et al., cond-mat/0508313, PRB (2006)
1.5 / \ /\-\\ ' : Fn?glgir;]a;y part

Z(oo), eV

(<) NS, N S < N\ N S < S
. — T
. LD
<
O

—05 |

-4 LDA+DMFT(QMC) self-energy L \ I
[ V3dt,) orbitals L 05 |
=l b1 |

ReZ(w), eV
T ‘ ]

Ehergy,e\/ °
———— 53 10 1 2 3 4 5 6 7
r M X r R 0.2 0.4 0.6 Energy, eV
e eesse—
__ 1 _ _ —
Gk(W) = o h—a—(w) — Ek + 9 €k ReZ(Ek) = (

Not found in SIAM with simple hybridization function! — DMFT self-consistency effect



3. Kinks - weakly correlated system

K. Byczuk, M. Kollar, K. Held, Y.-F. Yang, |. A. Nekrasov, Th. Pruschke, D.
Vollhardt, cond-mat/0609594

energy [eV]

X
tog At 171 [
=-3 -2 -

Fermi liquid Zpp < 1: Ex = Zppex for |Eyx| < w.

Ey = e for ‘Ek‘ > Wy



3. Kinks due to strong correlations

K. Byczuk, M. Kollar, K. Held, Y.-F. Yang, |. A. Nekrasov, Th. Pruschke, D.
Vollhardt, cond-mat/0609594

energy [eV]

X r
log Alk,®) [1/eV]

Fermiliquid Zr;, < 1: By = Zppex for |Ex| < w,
Different renormalization Zop < 1: By = Zopex £ ¢

for ‘Ek‘ > Wy



3. Kinks - microscopic explanation within DMFT

K. Byczuk, M. Kollar, K. Held, Y.-F. Yang, |. A. Nekrasov, Th. Pruschke, D.
Vollhardt, cond-mat/0609594

DMFT self-consistency condition B i j\ Ale) - m Gl
S(W) = w — 1/0(w) - AGW)) L~




3. Kinks- microscopic predictions

e Strong correlations (three peak spectral function) a sufficient condition for
electronic kinks

e Energy scale for electronic kinks w. = Z ;D determined by Fermi-liquid
renormalization and bare (LDA) density of states

e w, sets the energy scale for Fermi-liquid regime where Eyx = Zp e for
|Ek‘ < Wy

e Beyond Fermi-liquid regime the dispersion is still renormalized and useful
Eyx = Zcpex £ ¢ for | Ex| > w. where the offset ¢ and Zsp determined by Z 1,
and D

e Electronic kinks are within cluster extension of DMFT (DCA)
Yk(w) =w— #(w) — A(Gk(w))

e Electronic kinks are generic feature of strongly correlated systems



4. Anderson localization

propagation of waves in a randomly inhomogeneous medium

random conservative linear wave equation

2 2
aat2 - c(a:)2g?
2
z%—"f —%7"5’ + v(x)w

\Ifk(E)(T) ~ Zz Sin(kr + 52)

Anderson 1958: (no averaging) — strong scattering forms
“standing” waves, sloshing back and forth in a bounded region of space

Localization is a destruction of coherent
superposition of spatially separated states



4. Anderson model

H = Z €N + Z tij CLJ;LJCLJ'J
10

1j0

Probability distribution function




4. Anderson MIT - cont.

Returning probability P;_.;(t — oo;V — o0) ?

[ O o o o )
A N(E)
G Y L <))
G D P O
C; & S 9,

P;_,;(t — oo; V — o00) = 0 for extended states

P;_,j(t — 00; V — 00) > 0 for localized stateg~



4. Characterization of Anderson localization
Local Density of States (LDOS)

pi(B) = 30y [Wn(ri)25(E — E)

Pj_;(t) = |G;(t)]?

R A VL /. _
G, (t) ~ I | ks

Fermi Golden Rule A P (E) A pj (E)

=~ |t;i|*p; (Er)

Tesc

Hh.
I — I

E E E

\hlL
F E

metal insul ator



4. Anderson MIT - cont.
p;(E) is different at different R;! Random quantity!

Statistical description P[p,(E)]!

Broadly distributed P[p;(Er)]

Typical escape rate is determined

4 by the typical LDOS

1 Multifractality - (M) ~ L=/()

Schubert et al. cond-mat/0309015



4. Anderson MIT - cont.
Near Anderson localization typical LDOS is approximated by geometrical mean

Peyp(E) = pgeom(E) = elmrilE))
Theorem (F.Wegner 1981):

0.12}
0.09t
0.06
2> 003

p(E)aw = (pi(E£)) >0

within a band for any finite A

& 0.12
0.09}
0.06
0.03}

|

10 5 0 5 10 10 5 0 5 10 -10 5 0 5 10
Elt Elt Elt

Schubert et al. cond-mat/0309015




4. Mott-Anderson MIT

| Anderson
\ insulator
\

Mo -7
/ - -nhsulator

|
) energy I nteraction
Two insulators are

continously connected

BUT

 LDOS
—'C_>
LDOS

I
energy energy

Interaction < Mott-Hubbard MIT
Interaction and disorder compete with each other stabilizing
the metallic phase against the occurring one of the insulators




4. Dynamical mean-field theory for U and A

Byczuk, Hofstetter, Vollhardt 05

Lattice problem of interacting particles is mapped onto
an ensamble of single impurities (single atoms)

molecular field

Molecular (Weiss) function G(w)
G(w) is a dynamical quantity,
determined self-consistently

,Otyp(E) — e(ln pz(E)>

N S
-+ 4 4 4

single impurity

with interaction

H = Z €ENig + Z tz'j a;-faaja +U Z TV TG |
10

ijo i



4. DMFT with Anderson MIT

after idea from: Dobrosavljevic et al., Europhys. Lett. 62, 76 (2003)

FSIAM _ Z(EZ — u)azaaw + Unitng| + Z Vka,,jackg + he + Z ekclacka
o ko ko
1
G(w,€) — pi(w) = ——ImG(w, &)

v

pg(w) = €<1npi(w)>; Gw) = /dw’ pg(M)/

w — w

VA J?
W — €k

G w) =w—nw) —S(w), nw) =)

_ No(€)
G(w) = /dew—e—E(w)




4. Phase diagram for disordered Hubbard model

No(é) p—

2
D

T=0,n=1,W =2D =1, NRG solver

- D2—62; n

(w)

Anderson

| insulator

line of vanishing
Hubbard subbands

crossover
regime

regime

Mott insulator

coexistence |

7 1.5 2 2.5

3

D2

— TG(w)

U - interaction, A - disorder



4. Mott-Hubbard MIT in disordered Hubbard model

45
4 L
- Anderson
35 .
. insulator
3 L
<] 25

line of vanishing
Hubbard subbands

crossover
regime

regime

coexistence |

* Crossover

* Similar conclusions with (p;

1
7 1.5 2 25

* Luttinger (FL due to U)

3 * Hysterisis A.1(U), Awa(U)

) schme

3



4. Spectral functions in disordered Hubbard model

U/W=1.25

U/W=1.75

45 | line of vanishing
4l Hubbard subbands
as | Anderson

| insulator

Crossover
regime

coexistence |

K\ regime
0.5 . -
I Mott insulator |

o 1 s 1 1 1
0 0.5 1 1.5 2 2.5 3

* Redistribution of spectral weight
* Reentrant Mott-Hubbard MIT

* Anderson MIT - pgeom(w) — 0



4. Anderson transition in Hubbard model

1.5
F =
1 F = parith
5 -5
Nl L —0U0.75 - o. QERE.
Q —aU1.25 il > S
05 F ©--0U0.75 g
E--8U1.25 D
geom
0 | | | N |

* Two insulators: Mott and Anderson

45| line of vanishing
4l Hubbard subbands
as | Anderson

| insulator

crossover
regime

coexistence |

*A(0) ~ [A(U) - A(U))?
withg=1org <1

* Adiabatic continuity

(U>0,A=0)— (U=0,A>0)

@@ regime
0.5 .
I Ag Mott insulator
O " 1 " et " 1 " 1 " 1 "
0 0.5 1 1.5 2 2.5 3



4. Phase diagram for disordered FK model

H = Ztijc;rcj —+ Z GZ'C;-[C@' + UZ C:;[Cif;rfi

T=0,n=1,W = 2D = 1, analytical solver

o4 |

22 r

1.8
1.6
1.4

0.8 i
0.6 i
0.4 [
02|

extendedgaplessphase

localizedgaplessphase

pIH

gappedphase

0.2

0.4 0.6 0.8 1 1.2 1.4

U - interaction, A - disorder

Byczuk 05



4. Spectral phase diagrams

localizedgapless ’

0.8
0.6

0.4

weak coupling 0 < U < W/2

extendedgapless

Pn \ localizedgapless ’

extended
gapless

L mott E}ép

medium coupling W/2 < U < 1.36W

Eo

N

1.8 F /
\

1.6 F \ w05 /
\ localizedgapless /

M !
i\ ]

1.4

1.2

0.8

0.6
band

04 gap

strong coupling 1.36W S U

1.5



4. Mott-Anderson MIT — conclusions

Interaction and disorder compete with each other stabilizing the metallic
phase against the occurring one of the insulators

e Geometrical means used to study Anderson MIT in correlated electron system
within DMFT

e Complete phase diagrams
e Nonmonotonic behavior of A.(U) at Anderson MIT
e Two insulators connected continously

e Certain similarity/differences between Hubbard and FK models

Further projects: AF, CDW phases and Anderson localization in Hubbard and FK
models



5. ltinerant Ferromagnetism

Dynamical way to make FM
To reduce interaction energy electrons prefer FM state

U>0 Ae
A
Mo
due to Pauli principle EFM =0 Jt: T - T <>
t<0 < /}\8 -
oo S
H E < |F !
owever, |[EfM| < |EEM| \tzo Q
< >

Saturated magnetization M (7' = 0) < ugS  spin-up  spin-down

FM stable if U = |t| - intermediate coupling problem !!!

Many itinerant FM are alloys



5. Route to FM in one-band Hubbard (DMFT)

H=>Y ta;-foaja + U ) ningy

DOS asymmetry - a

N°(e)
0.6 | \. 0 L L N
X 2 1.8 1.6
! NN €
0.4 - SN N
I L T I
0 I 1 1 e
-2 1 0 1 2
€

Interaction - U

Wahle et al. 1998

0.06

0.05

0.04

0.03

0.02

0.01

0.06

0.05

0.04

0.03

0.02

0.01

a = 0.98



5. FCC d = oo FM in one-band Hubbard

T T T T T T ]
0.06
No(e) — eXp[_HT\/ﬁe]
Vr(1++/2¢) 0.04
=
0.6 N L
:\‘ U4 - 0.02
n0.58
04t @ . )
\ y.J
02 \\“ ' | a 1.2 T T T T T T T T
|. | I 08 F
0.03 0.05 0.07 0.09 /3\
T Z
04
Ulmke et al. 1998 N
2.0

U =245



6. Alloy disorder and Band Splitting

Binary alloy disorder (alloys A,_.B., e.g Fe;_,.Co,)

= A\

A > 1—x
H =3 ei+t);;ala A
\ ) X

1] 1
alloy band splitting for A > W in any dimension —

DOS

intermediate “coupling” problem !!!

physical quantity: O = [ deP(e) < O(e) >



6. Mott—Hubbard at fractional filling

U<A U>A
e+U] >UHB
8+A—> UAB e+A UAB
eVl DUHB
€ LHB € LHB
aloy Mott aloy charge transfer
insulator insulator

Im 2(w)

Re 3(w)

Byczuk, Hofstetter, Vollhardt 04




7. FM in binary alloy itinerant electrons

Anderson—Hubbard Hamiltonian

H = Z tijé;-raéja + Z eiﬁz‘a + U Z ﬁ@TﬁZl
1o )

17,0

where € is random variable with bimodal PDF

Ple) = 6 (w%) +(1—2)8 (e—%)

Physical observable averaged arithmetically

(= [ deP-)

1+V2w

d = oo FCC DOS N%(w) = e;p[(‘H = i stabilizes FM




7. Curie temperature

concentration,x

03 04 05 06 07 08 09 1

o

—

0.038 &

0.028

0.018

(b)

nx

(R

i

0.008
0

2

4
DISORDERA

T.(z) increases !ll at some cases

0 0.1

Byczuk, Ulmke, Vollhardt 03; Byczuk, Ulmke 05
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n=03z=0.5



7. Is there an alloy band splitting at U > 0?

U=4,n=03 n=0.5 T=0.071, MEM

\LiB A=0.0
UHB
i\

A=0.4

e A\ /
A=1.0
> 1—x ! A=1.4
N\ . A=1.8
1 0 1‘ é 3 4 5

—

SPECTRALDENSITY

DOS

Subtle interplay between A and U increases T..!



7. Why is Curie temperature enhanced?

0.06 -

T, A . 0.04-—
P
n < 2x — Neff = = Tetreih e _
Tc = ZCTE "0 0z 04 05 05 10
U, !
E /4\ _— Te(n)
—x ¥\ U1
1—x é | ;Hf | -
, 0.0 05 10 n Good forlarge U
T.(z) increases !l at some cases

>X T, A
— v

DOS ¢1
—X
° U2
n—2x TE Megp)
n > 2T — Neff = T U
D T. () 1T"(n)
7}:::(1-—-$)11 C-I - i e

eff n

0.0 0.5 1.0 n Good for small U



7. Magnetization and Curie-Weiss law

03 04 05 06 07 08 09

concentration,x

1

0
0

****** x0.6,U6,n0.3
x0.1,U2,n0.7

0.02 0.04 0.06 0.08 0.1 0.12
kKT

fA>Wandn<2x — M,=nbutn >2x — M, =n —2x

n0.7

0 0.1

0.2

03 04 05 06 07 08 09

concentration,x

1

X(T) = 757,

C
5; = 0.623

0.14 0.16 0.18 0.2

tanh[%M(sT)]

where C' ~ M,

close to £



7. Summary of MIT and FM in binary alloy systems

e New collective effects induced by correlation and disorder
e Possibilities of T, increase in binary alloy ferromagnet
e New Mott—Hubbard metal—-insulator transition at n # 1
e Alloy Mott insulator vs. Alloy charge transfer insulator

e Alloy concentration controlled Mott MIT

Outlook

e T.(x)-QPT?2ndvs 1st order PT ?

e Multi-band Hubbard model, role of Hund and exchange coupling, which from
our findings are generic for many orbitals ?

e Material specific models ?? LDA+DMFT+disorder ?7??



