Dynamical mean-field theory of Mott transitions
and Mott insulators
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Motivation

Prototype correlated system: V5053

500

T

400

o
Q
Q

TEMPERATURE (°K)
n
o
=]

100

CRITICAL POINT.

INSULATOR

ANTIFERROMAGNETIC
INSULATOR

I ! 1 |

METAL

o tatm

PRESSURE EXP.
s V03

o Q.038 Cr

o 0.038 Ti

15t order MIT

£ 40

INCREASING PRESSURE x4 kbar/DiVISION —=
McWhan et al, 1971

— U/W

log p

logyo # {£2 cm)

6
V1_x Cry}2 03
5 Cooling Curves (2
Cr,0, content {mole %)
1). 10
4t EZ; 3 /
(3} 2
4y 179
@ 17
i {7) 1.2
@8 1
9 08
2l (10) o8
{11) 051
(12) 05
(13) 0
1
Of
-ik
-2}
-3..
_4 I L L Il L

f 2 3 4
1000/T (K™}

Kawamoto et al, 1980

As 6 7 8

1/T

MIT without long-range order
resistivity p increases by factor 10°
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N N, Corundum structure:
Vo X /. / ) e hcp 0% lattice \
ST VAN VRN o V3T fill 2/3 of octahedra \y
/) N // N /,’ N 3+
\\/\ ‘/\\f:’°/\\ o V. v
Nt TN I doping with Ti, Cr:

/‘ g / X / o o (nearly) isovalent for s av s am
e distorts lattice — changes overlap

e drives MIT (like pressure)

Corundum structure

Paramagnetic, bandwidth-controlled metal-insulator transition in VoO3 —— microscopic model?
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Corundum structure

Paramagnetic, bandwidth-controlled metal-insulator transition in VoO3 —— microscopic model?

Bloch states near Fermi energy,

ek% €, 1-band model
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\\ D = Corundum structure:
‘@ X oX X e hcp 0% lattice
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N
/\o,/ . e (nearly) isovalent acr < ay < aTj
S e distorts lattice — changes overlap

Corundum structure e drives MIT (like pressure)

Paramagnetic, bandwidth-controlled metal-insulator transition in VoO3 —— microscopic model?

Bloch states near Fermi energy, band-splitting by Coulomb correlations (~ U)

ek% €, 1-band model E E
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Paramagnetic Mott transition not captured by LDA band structure calculations!
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System near Mott transition: La;_,Sr, TiO3 (x=0.06) — photoemission spectra

— LDA (U=0)

------ QMC: U=5.0
O Exp. (T=80K)
»  Exp. (T=150K)

)
=
-
2
o @)
> O -
D OO ':.
5 ©,
O
= O
00

.’

-3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1
Energy (eV)

[Nekrasov, Held, NB, Poteryaev, Anisimov, Vollhardt (2000)]

LDA fails to capture low-energy features

LDA+DMFT(QMC): Reasonable accuracy, drastic improvement over LDA

Theoriekolloquium Kaiserslautern - June 28, 2005 - Nils Bliimer (Univ. Mainz) 94— A



Introduction: Hubbard model,

DMFT, QMC
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Introduction: Hubbard model, DMFT, QMC

Ne 2 L 2 2
. p Py, ZipZe Z e e
_22m+k§::12Mk+k§<:l|Rk—Rl| Z Ry Zr-

i=1 |7 — i< |7
Born-Oppenheimer approximation l

Z

)+E

1<J o rj

Theoriekolloquium Kaiserslautern - June 28, 2005 - Nils Bliimer (Univ. Mainz) 94— A



Introduction: Hubbard model, DMFT, QMC
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Introduction: Hubbard model, DMFT, QMC
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Introduction: Hubbard model, DMFT, QMC
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Born-Oppenheimer approximation l

density functional

ﬁ
Z i) + Z . theory (DFT)
1<J J
reduction to valence electrons l
va—]_ ’U
|on ee
Z "“7)
1 =1 g=14+1

occupation number formalism, Wannier orbitals l
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Hubbard model TN
ubbard mode i = (Z%: el he) + U JJV t W&
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Minimal model for correlated electrons
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Hubbard model B i i Z
j vl _
Z
A metal nsulator @
2 AT A A oA =
H = E tij(cjacja—l— h.c.)4+ U E i1 T | - 2 -
(4,5),0 i > -
antiferromagnet
i A(o) A(o)
Minimal model for correlated electrons /\
MIT /crossover at U/W = 1 (and half filling) | | o , ,
. . . 0 0.5 1 1.5 2 25
But: generically antiferromagnetism at low T’ U/wW
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L T/W | ' / ' '
Hubbard model B i i Z
j vl _
Z
. ; T e metal Z insulator A |
H= > tjél,é,+hc)+UD Ry 7 -
(i,9),0 g m
antiferromagnet
A(o) A(o)
Minimal model for correlated electrons /\
MIT /crossover at U/W = 1 (and half filling) | | ° , ,
0 0.5 1.5 2 2.5
But: generically antiferromagnetism at low T’ U/w
How to solve (frustrated) Hubbard model in regime of W ~ U?
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Approaches for Hubbard-type models

H = Z tij(cw iy T+ h.c.) + UZ”ZT”N

(ihj)’o-

Perturbation theory, e.g.

U — 0: Hartree-Fock (uncorrelated)

t/U — 0: half filling (n = 1) ~» Heisenberg model
T — oo, n— 0

( Vioh — 0 ~~ jellium model ~~ LDA)

d = 1: Bethe ansatz, DMRG

! J
-0« >0« >0« >0« 04-
—e >0« J J » 4—
T T 1 1

finite clusters: ED, QMC
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d = 1: Bethe ansatz, DMRG

Approaches for Hubbard-type models TR R T
I:I = Z tij(é;-raéja -+ h.C.) + UZ’IALZ'T’fLu J J
(i.9).0 ' STt 1

finite clusters: ED, QMC

Perturbation theory, e.g.

e U — 0: Hartree-Fock (uncorrelated) R
e t/U — 0: half filling (n = 1) ~ Heisenberg model S S
o I'"—o0o,n—0 e o o o o o o o o
® ( Vion — 0 ~> jellium model ~~ LDA) © o o o o o o o o

Dynamical mean-field theory (DMFT): local self-energy 3 (k, w) = ¥ (w)

+ non-perturbative
~ valid at MIT

+ dynamical on-site
correlations preserved »

+ in thermodynamic limit
+ exact for Z — oo d=2: Z =4 bcc: Z = 8

DMFT: Z = o0
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- G(1) = —(T¥ ) g
lterative solution of

DMFT equations Y ——
G (twn) =G iwy )+ (twy) l impurity Dyson equation

!

G

ﬁ single-impurity problem

G

E<_ZO

_

p(€)

G(iwy) :/de J lattice Dyson equation
twn, —e—2(iwy,)

Impurity solver:

Quanten-Monte-Carlo (QMC)

lterative perturbation theory (IPT; not controlled)
Non-crossing approximation (NCA; not controlled)

Numerical renormalization group (NRG; 1-2 bands)
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lterative solution of

DMFT equations

Impurity solver:

G(r) = —(¥¥ g

ﬁ single-impurity problem

g G
T Q_l(iwn):G_l(iwn)+§](iwn) l impurity Dyson equation
G 3 — 3

K G iwn) :/de iw

p(€)

J lattice Dyson equation
n—€—2(iwy)

Quanten-Monte-Carlo (QMC)
lterative perturbation theory (IPT; not controlled)

Direct d = oo solution: PT, ePT

Non-crossing approximation (NCA; not controlled)
Numerical renormalization group (NRG; 1-2 bands)
Exact diagonalization (ED; large finite-size errors)
Density matrix renormalization group (DMRG)
Self-energy functional theory (SFT) + ED
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Hirsch-Fye QMC algorithm for DMFT impurity problem

Green-Funktion GG in imaginary time (fermionic Grassmann variables ), 1™):

GO-(TQ — 7'1) = Ga(Tl, 7'2)

= [ DWIDW] balrwi(m) e,

A = AO—EUEU; / dr 2 (7Y, (T)W ()b, (7)
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Hirsch-Fye QMC algorithm for DMFT impurity problem

Green-Funktion GG in imaginary time (fermionic Grassmann variables ), 1™):

GO-(TQ — 7'1) = Ga<’7'1, 7'2)

= [ DWIDW] balrwi(m) e,

A = AO—EUEU; / dr 2 (7Y, (T)W ()b, (7)

discretization 3 = A AT, Trotter decoupling, discrete Hubbard-Stratonovich transformation

Wick theorem:

T+ 1 J J + 1 :
1+ 1 1+ 1 $ 3
o — |+l +1r2r]+|2]| +- S M det{M}
1+ 1 1+ 1 + 1 G =
+ 4 + 4 + 4 > det{M}

Metropolis MC importance sampling over auxiliary Ising field, 2 configurations, 50 < A < 400

+ numerically exact

— effort scales as T3
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Hirsch-Fye QMC algorithm for DMFT impurity problem

Green-Funktion GG in imaginary time (fermionic Grassmann variables ), 1™):

GO-(TQ — 7'1) = Ga<’7'1, 7'2)

= [ DWIDW] balrwi(m) e,

A = AO—EUEU; / dr 2 (7Y, (T)W ()b, (7)

discretization 3 = A AT, Trotter decoupling, discrete Hubbard-Stratonovich transformation

* 4 b ¢ R Wick theorem:
* ¢ * 4 J ¢
o — |+ +|rr|l+|1r]| +- S M det{M}
* ¢ * ¢ + ¢ G =
+ 1 + 1 * 1 > det{M}

Metropolis MC importance sampling over auxiliary Ising field, 2 configurations, 50 < A < 400

+ numerically exact 05¢ At=0 —

)
5 = At>0 O

— effort scales as T~ 0]

— no info for w 2 wnyquist 0 cocooo

Im G(ioy,)
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Mott transition in frustrated 1-band Hubbard model

' |
QMC: Rozenberg etal. (1994) A

' : 0.1 | 4
Controversy in 1999: IPT: Georges etal. (1995) ---- -
1°* order MIT (“Bethe” DOS)? ' u ED: Hofstetter (1998) ====

0.08 | -

Hysteresis in DMFT cycle? Vo _
Coexistence of metal + insulator? 0.06 L b _

T : . ,

e IPT, ED: yes! i E insulator |
0.04 s -

- metal  ...... I‘.‘ % A 1

0.02 - Y L -

----------I‘.‘ “... PSCM/ED
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Mott transition in frustrated 1-band Hubbard model

| . | ! | ! | !
; QMC: Rozenberg et al. (1994

: 01 L : ) A
Controversy in 1999: ' '*‘._' IPT: Georges etal. (1995) -
st Order MIT (“Bethe” DOS)? i ‘_‘ - ED: Hofstetter (1998) mEmm-
0.08 I . . QMC: Schlipf et al. (1998/99) >~ _
Hysteresis in DMFT cycle? _ ;-E‘_ P “QMG: Rozenberg et al. (1999) A
Coexistence of metal + insulator? 0.06 L % "\ |
T ‘ _
o IPT, ED: yes! insulator
0.04 -
e QMC (Schlipf et al.): no! L metal
0.02 -
e RDA: no! (much lower U,) RDA PSCM/ED
e QMC (Rozenberg et al.): yes! 7 6 5.5

e Who is right / What went wrong?
e Precise coexistence phase diagram?

e Thermodynamic first order phase transition line?
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Impact of Fourier transformation
schemes in DMFT-QMC:

self-energy X (7" = 0.1, U = 5.0)

large errors even for w — 0 in a)

low-frequency errors of 3 (w) small

in b) and ¢)

Im X(io,,)

—— At=04
---x--- A1=0.25

,,,,,,,,,,,

———-- A1=0.156 _I ,,,,,,,,,,,,, e T T p 1
S N 0 5 10 15 20 25 30
correct w — o0 asymptotics In C) - —— At=0.1 o .
] ] ] ] n ]
0 5 10 15 20 25 30
‘Dn
0 g gbg F-T T3S Fo—o—° 0 T T T T T
: “smoothing” ‘ corrections
-2 T L — -2 T T T -
3 3 74
N o - A .
E 5 gc E 5 B
€]
-6 eH | 4
-7 ———- A1=0.156 -7 ——=—- At=0.156 ; 1
- A1=0.125 v--- A1=0.125
8L —o— A1=0.1 sl e AT=0A 25 30
| | | |
0 5 10 0 5 10 30
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Frustrated 1-band Hubbard model: 1% order MIT + coexistence

01 |+

crossover region

0.08

critical end point

Georges and Krauth (1993)
Rozenberg, Kotliar, Zhang (1994)
Georges et al. (RMP, 1996)
Schlipf et al. (1999)

0.06 -
T < _ Rozenberg, Chitra, Kotliar (1999)
coexistence
0.04 L region | Krauth (2000)
' metal insulator Bulla (1999, 2001)
Joo, Oudovenko (2001)
0.02 - Ugq N .
......... Tong (2001)
. L T N Bliimer (2000, 2002)
4.4 4.6 4.8 5 5.2 54 5.6 5.8
U
dU(T) AE(T,U)
1°* order line from ———2 = f(T,U(T)); T, U) :=
2S,T
low-T" asymptotics from U (T) = UCO — 4,23 T + O(T3/2)
0

High-precision energetics needed, even for T' — 0
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Frustrated 1-band Hubbard model: 1% order NV

T T T T T T T
01+

AT 1

crossover region

1200
0.08 Q
900 £
. . Q
0.06 |- }tlcal end point 600 ‘31
T coexistence =
region
0.04 - 6000
metal insulator
0.02 Ugy .
......... 500
o L Y N T | Blimer (2000, 2002)
4.4 4.6 4.8 5 5.2 5.4 5.6 5.8
U
dU(T) AE(T,U)
1% order line from ———2 = (T, U.(T)); T,U) := :
25, T
low-T" asymptotics from U (T) = U — — + 47;) T+ O(TS/Q)
0
High-precision energetics needed, even for T' — 0
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High-precision ground state estimates from QMC and ePT

-0.08 I I I I n
Energy E/ and double occupancy D - Ueo
for Mott insulator 0.09 |- T
———————————————————————————————————— © U=55
01 F .
. s e MMMt i~ B R LR LR R LR EEEPERRTE © U=5.0
High-precision quantum Monte Carlo
" 011 o TS T [ T © U=4.8
2 \ " metal: U=4.7
_ U —2 .
Z(w) — Ao _|_ O(w ) AE ~ 10—5 -0.12 ) A -
,f’+, ,,/“’F‘_——
40 x 107 sweeps > : 013 o - “mmetal: U=45
AD ~ 10~ e e |
careful A7 extrapolation | T
014 .
| | | | |
nearly negligible T-dependence for Mott insulator 0 0001 0002 0003 0.004 0.005
-|-2
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High-precision ground state

-0.08

Energy E and double occupancy D

for Mott insulator
High-precision quantum Monte Carlo
L

__ U? —2y )
Pw) =5 +0WT) | Ap~i107
40 x 107 sweeps 4

_ AD ~ 107°

careful AT extrapolation |

nearly negligible T-dependence for Mott insulator

10" order Kato-Takahashi perturbation theory at T' = O:

1 1
2U 2U3

19

8U?

593 23877
32U7 128 U?

Epr(U) =

accurate at U 2 6: A FEpr < 107°, ADpr < 107°

-0.09

-0.1

-0.11
-0.12
013

014 | -

estimates from QMC and ePT

[ [ [ [ [

o U=6.0
-------------------------------------- U=5.5
--------------- Qreerenneniciiicinieeeeo 0 U=5.0

........................... T N P S | U=4 8_
+ metal: U=4.7
e .
- - “metal: U=4.5
Lt .
A+
;F"*/
| | | | |
0.001 0.002 0.003 0.004 0.005
T2
0(5): «x N
O (&)« om + o
O(#r): a OO Con + RO
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High-precision ground state

-0.08

Energy E and double occupancy D

for Mott insulator
High-precision quantum Monte Carlo
LLl

__ U? —2y )
Pw) =5 +0WT) | Ap~i107
40 x 107 sweeps 4

_ AD ~ 107°

careful AT extrapolation |

nearly negligible T-dependence for Mott insulator

10" order Kato-Takahashi perturbation theory at T' = O:

593 23877

32U7 128 U°
10.1

1 1
2U 2U3
ratios of coefficients: 1

accurate at U 2 6: A FEpr < 107°, ADpr < 107°

19

8U>
4.8 7.8

Epr(U) =

-0.09

-0.1

-0.11
-0.12

013

estimates from QMC and ePT

014 -

[ [ [ [ [

o U=6.0
———————————————————————————————————— © U=55
--------------- Qreerenneniciiicinieeeeo 0 U=5.0
bt TS NITTIITIe 1 T s) U=48_

* metal: U=4.7
- + :
- - “metal: U=4.5
A+
?F"*/
| | | | |
0 0.001 0.002 0.003 0.004 0.005
T2
0(5): «x N
O (&)« om + o
O(#r): a OO Con + RO
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Mott insulator: energy + double occupancy (QMC+1/w vs. PT)

1 1 I 1 1 1 1 I 1 1 1 1 I/} 1 1 I 1 1 1 1 I 1 1 1 1 I
! QMC o -
" 10" order PT —— -
0.09 . 4 order ——-- + 0.025
: : \ 2nd Order ..........
LL - - QO
-01 — 0.02
: 2nd order | :
4" order ---- { L
- 10" order PT — { }
-0.11 | QMC o A | - Y 0.015
I 1 1 1 1 I 1 1 1 1 I 1 1 I 1 1 1 1 I 1 1 1 ;.’.I
3 5.5 6 3 5.5 6
U U
Excellent agreement at U = 6.0, deviations below. continuous fit + critical behavior?
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Extended perturbation theory: ePT

Extrapolate coefficients in PT series

o
1—2i
Epr = E az; U
i—1

by fitting ratios Ucl[2’L] = \/CLQH_Q/CLQZ'.

to Up[n] = U + uy n~ !+ usn?

General consequences:
Ucl = 111’1’1 Ucl[Q’i]
11— OO

TrINn. |
a, < n Uy, 7= U

E(U) x (U—=U.4)"!
D(U) x (U —=Uy)™ ™ ?
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Extended perturbation theory: ePT

Extrapolate coefficients in PT series
Epr = Z ag U7
1=1

by fitting ratios Ucl[2’L] = \/CLQH_Q/CLQZ'.

to Up[n] = U + uy n~ !+ usn?

General consequences:
Ucl = 111’1’1 Ucl[Q’i]
11— OO

uj
Ucl

a, x n" U, T=—
E(U) x (U—=U.4)"!
D(U) x (U —=Uy)™ ™ ?

Ugq [N] + 15/n

Uy [n]

Specifics / numerical results of extrapolation:

Unrestricted quadratic fit (dashed) ~~ 7 ~ 3.44, U.; ~ 4.75
Comparison of E(U), D(U) with QMC ~ 3.36 < 7 < 3.53

Half-integer exponents likely for (dynamical) mean-field theory

Assume 7 = 3.5 ~» U, = 4.782, Ept(U), Depr(U)

Theoriekolloquium Kaiserslautern - June 28, 2005 - Nils Bliimer (Univ. Mainz) 4 < A > 15



Mott insulator: energy + double occupancy Il (QMC+1/w vs. ePT)

0 T T 171 8
QMC + ePT &
40" order ---- 17
20" order ----- - 6
. 1ot orger <
o 5 ©
’tlt Tr 4 T
& a
L 19t order - 3 Q
20" order -+ ™. 2
: 40th order ———— | ’ 1
2 QMC + ePT o 7
[N T R TR T TR T N SR SR NN B 1 O
5 5.5 6
U U

Mott insulator: U.1, critical exponents, low-T" parameter for U.(T")
high-precision results for E, D at all U (parametrizations available) ~» benchmark
[Blimer, Kalinowski, Phys. Rev. B 71, 195102 (2005)]
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Quasiparticle weight/mass enhancement Z = m/m™* in metal at T'=0

| | | | | T | |
L N ' " QMC O
™y -1.307 (UW)? 40PT o’ ' 40PT g4 ©
h e - : NRG +
=, 0.02 ,
\ QMC O x X ED O
0.8 |- o) NRG + @ DMRG X
\:f- ED O 0 EaEﬂ' B ) ~‘\ -
DMRG x o N e .
0.6 B = L+ \
N \ 5 002t i
L@ b + .
| zig ‘o “
0.4 F L - ;
o Q N -0.04 o .
\ _l_\\ \‘
\\\ \Q D \\‘ ><
O o L \‘\ \ | LH - I,H
- 6 0.06 - 20PT o
20PT: . |
: o Z=0
0 | | L | .0.08 1 | | x'|
0 1 2 3 4 ) 0 0.5 1 1.5 2
U (U/W)?
T-extrapolated QMC even beats ground state methods!
Theoriekolloquium Kaiserslautern June 28, 2005 Nils Blimer (Univ. Mainz) 4 < A > 17



Energetics: differences w.r.t. 2"¢ order weak-coupling PT for E and D

T T T T T T 7
insulator v
0.01 - metal ------- -
_ aQmMC o P
5 DMRG X
ny PQMC  + R
L LTTX
o°
- ¥
o 8
0 @ X | | | | |
3 3.5 4 45 5
T T T T ' T
0.01
'_
o
Q X
2 PSCT
e === <___G"/—’
I & e +o+
-0 X --O--
oL~ - e O SR
+
[ T . I . I . I . I . I .
3 3.5 4 4.5 5 55 6
U

QMC-fit consistent with ePT for insulator; large deviations of PQMC, PSCT.
4™ order PT coefficient corrected by QMC (—62 — +5)
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Orbital-selective Mott transition in 2-band Hubbard model

Motivation: Cas_,Sr,.RuOy

Ca X Sr
[Nakatsuj, Maeno (2002)]
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Orbital-selective Mott transition in 2-band Hubbard model

Motivation: Cas_,Sr,RuO; ,,

-4 -3 -2 -1 0 1 2 -4 -3 3

[Nakatsuj, Maeno (2002)]

U=25 |
\«ll . ‘\\
2 1 0 1 2
)]

[Anisimov et al. (2002

H — [ o tmc;'rmcrcjma' _I_ U Z nz’animl] m=2 a’
m=1 (if)o i y
Ul

—l_ g g
+ % J1 Zw [lea (Cz%cz‘la + lea—cma) Ciog T h-C-} m=1 @

For Bethe DOS, t5 = 2t1: two 1% order MITsfor U' = J. = J, =0
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Orbital-selective Mott transition in 2-band Hubbard model

Motivation: Cas_,Sr,RuO; ,,

;'=.

0.4 A

0.2

08 ;

06 u=17 7 u=25 ]

0.4 3 4
. 074_’:.3 :2 :'l 0 '1 é\ﬁ -4 ,:I3 :2 fl'l ‘B’ 'i :‘Z \\3

[Nakatsuj, Maeno (2002)] [Anisimov et al. (2002)]

H = - >

mC;rmchjma' + U Z nianiml] m=2 a’
)

—l_ g g
+ % J1 Zw [lea (Cz%cz‘la + lea—cma) Ciog T h-C-} m=1 ©

For Bethe DOS, t5 = 2t1: two 1% order MITsfor U' = J. = J, =0
two distinct MITs for J, = J, = U /4
single MIT or OSMTs for J, =0, J,=U/47
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Test for multiband-QMC: quasiparticle weights Z = m/m™* in 2-band model

| | | |
1(9"‘==:::::_-_-8~~-____ QMC: Liebsch - ¢ - n
-~ ] —-"@~-s
0.8 |- e e -
0.6 | o, o _
N \ ‘
04 \*@\ —
SO o}
0.2 F e -
Q o. .
. o
0 | | | | O-0---. .
0 0.5 1 1.5 2 2.5
[Comparison with Liebsch, PRB 70, 165103 (2004)] U
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Test for multiband-QMC: quasiparticle weights Z = m/m™* in 2-band model

1 & | | | | ]
=::::::_‘_‘8:~~-____~~ QMCL|ebSCh 'G'
e T QMC+1/0: AT=0.30 - -
0.8 |- o LN A1=0.25 X _
T \\\\ At=0.20 +
0.6 | e TE _
N T ) ¥ MIT
- . %
04 |- LN Sy n
%O
0.2 - . *Hje@ -
g TR
o K@
0 | | | %G-Mﬁg
0 0.5 1 1.5 2 2.5
[Comparison with Liebsch, PRB 70, 165103 (2004)] U [C. Knecht, unpublished]

Very small dependence on discretization Ar.
Conclusion in 3/2005: New algorithm clearly exposes (single) metal-insulator transition (MIT)

But: wide band still “quite metallic” for U > 2.0 — 2" transition?
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Ratio of quasiparticle weights 7 = Z,arow/Zwide

'07 T T bA T T T |‘

r-04uU

------

0.7 3 regions of different
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R transition at U =~ 2.5
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Low-frequency analysis of self-energy

a) 2 _@_ ____ . % _& @. - -%- - g
3 & R R———— B - s Mtk %'--'-:“&
S T T TTTURREY - SR - IR - IREIIIt R eveeeeemeees R eeemeeees
AT et %) D R------ )73
3 1 B i~ R Ly------" &-=---"" &r R R -
=2 - S 2 - & - &
0 e — — o narrow band _

b) | | | — ! |

P | | ‘,“‘ - B=§g . for regular self-energy:

;g 2 R T=1/32 '." ] U;2:4 ......... wX(w) “=00

s 4L ! 9]  u=22 -

[ W ! P ad @@*@ 1 U=2.0 ----
_ 0 o000 . 4 U=1.8 — | singularities (~ gap) for
é 2 25 3 = U > 2, U > 2.5
N g
8
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Spectral function (interacting DOS)

| | | | | |
0.6 - 18 — - | | | | T |
U‘ﬂ;@ 0.6 X T=1/40 —=& -
0.5 | narrow band - T _ o
narrow band T=1/32 -&
0.4 05 | T=1/25 --a- -
.8
0.3 o4l . _
5 02 3 A
Z o S 03 By .
0.0 0.2 | wide band
0.1 %
0.1 | ;
0.2 .
L P ° 1I 8 I2 2.2 2.4 2.6 2.8
4 3 2 A 1 2 3 4 ' ' ' '
U
Clear indications for second singularity
Wide band remains metallic at U =~ 2.0
~+ two orbital-selective Mott transitions
[Knecht, NB, van Dongen, cond-mat/0505106]
Comment: [Liebsch, cond-mat/0506138],  Reply: [Knecht, NB, van Dongen, cond-mat/0506450]
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Systematic study on effect of inter-orbital coupling (preliminary results)

2

H = [ — Z tmcjmacjma + U Z nian@-ml] + « Z U/2-46_,U/4)n,,n,
ioo!

m=1 (ij)o i

Both orbital-selective Mottt
transitions remain first order
(at least) for small «
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Summary and Outlook

DMFT+QMC: valuable numerical approach for correlated electron systems
— ab initio approach in combination with DFT(LDA)
— even broader applicability for cluster extensions

— Fourier transformation scheme crucial for reliability and efficiency
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Summary and Outlook

DMFT+QMC: valuable numerical approach for correlated electron systems
— ab initio approach in combination with DFT(LDA)
— even broader applicability for cluster extensions

— Fourier transformation scheme crucial for reliability and efficiency

Mott transition in frustrated 1-band Hubbard model
High-precision ground state estimates from QMC
Critical exponents from (infinite-order) ePT

Orbital-selective Mott transition in 2-band Hubbard model
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Summary and Outlook

DMFT+QMC: valuable numerical approach for correlated electron systems
— ab initio approach in combination with DFT(LDA)
— even broader applicability for cluster extensions

— Fourier transformation scheme crucial for reliability and efficiency

Mott transition in frustrated 1-band Hubbard model
High-precision ground state estimates from QMC
Critical exponents from (infinite-order) ePT

Orbital-selective Mott transition in 2-band Hubbard model

Outlook: realistic material-specific calculations with LDA+DMFT . . .

Thanks to: NIC Jilich, DFG (BI775/1)
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Outlook: theory of half-metallic double perovskites

Valences:  Sr*™ [Kr]
Fe’™  [Ar] 3d°

SroFeMoOg and SroFeReOg Mo5+ [Kr] 4dl

2
O [Ne]
R i .
A A . 777777 777777777777777777 . . Fe 10 T | T
e MoRe |
., O C
o & Tio of
e RS g
L e e -
L i a
[ S N —— . S O
S T PN 3
Ny ¥ el -
S — e ‘@ X Down| ]
inl L | L | g ]
@ e @ ®

[LSDA+U for SroFeMoOg, Saitoh et al. (2002)]

= onm—Fe an—l— Z Uf ,—i— Z /nmnm

i, aFal g, a#al
<Z~7 (43") (i) a
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DFG research group 559 on “New materials with high spin polarization”

Speakers: Felser (Mainz), Hillebrands (Kaiserslautern)

List of projects

1  Felser Synthesis: Heusler compounds

2  Jacob, Adrian Thin films

3  Jourdan, Jacob, Adrian Tunnel spectroscopy

4  Tremel Synthesis: double perovskites

5 Elmers Surface magnetization

6  Blimer, van Dongen Theory of double perovskites: LDA+DMFT(QMC)
7 Schonhense, Felser Spin resolved photoemission and DFT(LDA)

8 Ksenofontov, Felser MoBbauer spectroscopy

9  Demokritov, Hillebrands  Brillouin light scattering spectroscopy
10  Aeschlimann, Bauer Spectroscopy of unoccupied states (2PPE)
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Additional material for discussions

Comparison at 7' = 1/32 with Liebsch, PRB 70, 165103 (2004)

0.58 —b)
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+ 0.56 -
S
N;

0.54
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0.3 —a) 8 Liebsch --m--
| . Knecht et al. (At=0.40) --© -

o \ Knecht et al. (A1=0.32) —%—
N 02 [
2
o
g
N 0.1
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[Knecht, NB, van Dongen, cond-mat/0506450]
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