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Kondo lattice model

TOHOKU

drop orbital

7 orbitals in f shell (inter- and intra-orbital Coulomb, LS coupling:--)
deg. of freedom

Periodic Anderson model

Hpp = Zekckgckg + €y an + VZ ( Cig + cwfm) + UZ”zT”z¢

ko

remove valence Kondo limit
fluctuations 412 U
J:7 (U-)OO, Ef:—g)
Kondo lattice model €f er+U
Hyi = Z ekc};acka + J Z S; - O',f o; = Zc;rgamrcw/
ko 7 oo’

« Physically: Spin deg. of freedom (no valence fluc.)
— Essential for formation of Kondo singlet (heavy fermions)

«  Numerically: Fewer deg. of freedom , ,
—  Lower-T are accessible Simple model is worth

— Fewer parameters (J, n) studying in detail !
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DMFT + CT-QMC
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. : .. Metzner & Vollhardt 87
Dynamical mean-field theory (DMFT): exact solution in d=1 Georges & Kotliar '92

Georges et al. RMP 96
/Kondo lattice model \

= ko Chior Si- o
H % €kChyCho + J 2@: o r\
U

ﬁ(ondo impurity model \

P
spin correlation y, from local vertex T t
Treatment of localized spins in DMFT CT-QMC (CT-)) JO et al. 2007

JO, Kusunose, Kuramoto 2009

Description including strong local correlations (Kondo physics)
- Heavy fermion & magnetism (no anisotropic superconductivity)



Spatial dependent susceptibility

—>O (d = o0)

Kuramoto, Watanabe 1988

TOHOKU

relevantin d->oo Zlatic, Horvatic 1990
Jarrell 1992
[EFHEEOYIE| BrRahiTE
vertex becomes local

['(iw,iw';iv)  €—— computed in the effective impurity model

1/xq (static v =0)

4.5
4l
35+ mean-field level
5 | concerning intersite corelations
§ 25|
T st
L
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Static susceptibility (half filling)
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JPSJ78,034719 (2009)

. local ——
1@ =04, =1 B E;lgf ——
T q_Q impurity -+ -

UZ 6 | impurity

~ S| — =04

\6 4 | local(g-sum)

X 3t

2 F
1 q=0
0 L
0.01 o1 1
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AFM susceptibility (half filling)
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JPSJ78,034719 (2009)

Inverse suscep. (g=0Q)

0.1 . 0.1
(ayn.=1
0.08 | 1 0.08
S 0.06 J_0.0S 1 0.06 |
3
~ 0.04 | 1 0.04
> AFM 0.20
) transition
0.02 1 0.02
J=005 ——
. /. Eff. moment 910 g
0 A AT 0.15 .= . 3 o=
: . decreases 0.20 —e—
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
T T

Ordering by RKKY interaction Screening of spins (Kondo effect)
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AFM phase diagram (half filling)
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0.1 . | | . . PSJ 78, 034719 (2009)
TAF —_—
0.08 | .
. T(imp) —C /
0.06 | RKKY transition temp. K N/X
r~ in mean field
0.04 | \ T8 — | /27 p(0) exp[—1/2Jp(0)]
0.02 i}
Antiferro- Paramagnetic
magnetic (Kondo insulator)
0 . - . . A
O 005 01 015 02 025 03 035 04
J

Competition between Kondo effect and RKKY

Doniach’s picture ('77) is reproduced at n.~1 .



Phase diagram B
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JPSJ 78, 034719 (2009)

Dynamical mean-field theory
1

0.8

Variational approach
Lacroix & Cyrot 1979
Fazekas & Muller-Hartmann 1991

0.6

o

JID

0.4 '
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Fermi surface in the Kondo lattice
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Hi = Y enclycn +J YIS0 o

ko

Luttinger’s theorem on FS volume _ .
S, : localized spin
completely localized (no charge deg. of free.)

0O=2 dk = Npang SVEN with interactions
-~ Jps (2m)3 e (conserved quantity)

“small Fermi surface” or “large Fermi surface”

() = Neond () — ncond@ Does the localized spin

contribute to the FS volume?

(J=0) \OCB\‘Z‘ed (Anderson lattice) \{mefant
Related studies
Numerical approaches (1D) Approximations
Shiba & Fazekas 1990 (VMCQ) Coleman & Andrei 1989
Tsunetsugu et al. 1997 (ED) Large FS realizes Burdin et al 2002
Moukouri & Caron 1996 (DMRG) Senthil et al. 2003

Shibata et al. 1996 (DMRG)
Non-perturbative approach (high dimensions)
Oshikawa 2000: If Fermi liquid, then large FS realizes

Our study .
- High dimensions (DMFT) Crossover from local moment (localized)
- T-dependent evolution of the large Fermi surface to the Fermi liquid (itinerant)
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Single-particle excitation spectrum
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A(e’ UJ) = —ImGC (6, w + ZO)/T‘- GC(Ek:iﬁn) = i€n + p — EZL _ Ec(%n) o
15 g o
(a) T=0.25 S
| g .

0.5 6

3
0 4
-0.5 small FS large £S 2
€g | e ;
-1 ' ' 0

“hybridization gap”  “momentum” e
by local spins
Agap™ Tk
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Single-particle excitation spectrum

1
1€n + b — € — X (i€n)

A(e,w) = —ImGe(e,w +i0) /7 Geleg,ie,) =
1.5

(b) T = 0.0025

1 0.5 0 0.
-0.1
‘hybridization gap”  “momentum” eg

by local spins 0.15
Agap™ Tx

-0.2



Mowmentum distribution function

ne(e) =T Gel(e,ie,)en?

0.8

0.6

ny(e)

0.4 r small FS

0.2 F T=0.0010 ——

0.0025 —— &g

0.0050 —— '
0 1 | I_l____L__:__l_____
1.5 -1 0.5 0 0.5 1 1.5

“momentum” e
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Temperature depend. of self-energy

1 : |
Goler,w = 0) = Fermi momentum

H, U- RCEC(O)

/,L — €k — EC O :O EkF = /_L — ReEC(O) Q o

Renormalized chemical potential

large FS
“itinerant”

= small FS

“localized”
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T-J phase diagram
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UNIVER STy

“itinerancy” €
¢ = 1 — ReX (0) —er, E=0:largeFS (Q=n g+ 1) “E
€s — €1, &=1:small FS (Q = n.g)
=0.5 "

0.04 f

Coherence temperature T*

0.03
~  0.02 T <1k

AF Fermi liquid i
0 0

0.01
0 005 01 015 02 025 03 035 04
J

No criticality in single-particle
quantities at QCP
(only in two-particle quantities)
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. o Sumiyama et al. (1986)
Electric resistivity in Ce,La;_Cug Ce3t: 4ff 4
La3+: 4f0

Pm = (pPz — pO)/ZC

M | Ll T "'n‘r L\l lT"ll'l s Tllllfll L ) Illlll’]’ T LI
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300_)(()394.. J Il b-axis

7

— T K 1—.:. p(T) ~ —logT

FRBE) = fpos s Kondo effect (local Fermi liquid)

p,( uSt:cmiCe )

T - T

1

1

1

1

1
lll

I

1

1

[

107 10" 10° 10’
Temperature( K )

r=1: p(T)= AT?
Fermi liquid
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Coherent Potential Approximation (CPA) + DMFT

TOHOKU

:j__l:/lj_\ 37
s« Ce La
H = Z (ekcLackg + ka,igckg + Vi cjwfkg) + Z (egc )n{ + Un{Tn;.’l) + Z (egc )n,{)
ko 1€Ce i€La

“ R Yoshimori, Kasai 1986
CPAT) — > EB%K Shiina 1995

1 Miranda et al. 1997 Hybridization disorder

G:(tw, k) = Mutou 2001 transport
C( ’ ) W — € + 1 — »CPA (zw) Grenzebach et al. 2008 transport

Otsuki et al. 2010 Fermi surface

Original lattice (inhomogeneous) Effective lattice (homogeneous) Effective impurity model

S IS
R AR IR
S R X S
B v
A
£
A SR S S S o
S

O 0O ©

© © ©

O @@ O
2

\

Coherent potential Impurity average U or ()

Gy =2G + (1 - z)G "
J. Otsuki 24
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2.5

ERENERT V4 —Y iEsl (a) | U=
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Mutou, Phys. Rev. B 64, 245102 (2001)

Also in Grenzebach et al. 2008

0

0.001 001 0.1
T

FIG. 1. (a) Temperature dependence of the resistivity for several
values of x: x=0.0, 0.1, 0.2, 0.4, 0.6, and 0.8 (U=3, V'=0.5, and
a=0.5). (b) Data divided by 1 —x for same parameters.
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Andersonifaigir
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FENN¥3 (CPA)

G (iw) = (G (iw))

R (RE(A]) 15

p(w) = exp[(lnpy(w))]

1
prlw) = —;Ime(w + i0)

J. Otsuki

Anderson-Hubbard model (Byczuk et al. 2005)

Hay = —IZ Ajgje T Ze Ni, + UZ”:T”H

I_j' a io

Ple;) = O(A/2 — |Ei|)/A

5 ¥ T ¥ T ¥ T ¥ T ¥ T

a5} line of vanishing ]
4l Hubbard subbands
Anderson '

35 . 4
| insulator .

crossover
regime

coexistence |
regime

Mott insulator

L L i L i L L
0 0.5 T 15 2 25 3
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9, n=3# = &8 BRE |l A A |

from Wikipedia
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McWhan et al. 1973
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CuO, o o o

Liéis_ 97 Cii(y

O Cu
o o o © 0

Hubbard model
on a square latiice
o o (&)
La,CuO,
[ SR AR AR
EFF—T« J - K=V F—=7
300} Nd, Ce CuO, E La, SrCuO,
< 200} “Normal” |
©La/SreCu@O g Metal
g
&
BEABEDRIHP & ¢ § 100t doped Mott insulator
http://wyvern.phys.s.u-tokyo.ac.jp/f/Research/hts.htm =
0.3 0.2 0.1 0.0 0.1 0.2 0.3

Dopant Concentration x

From Damascelli et al. 2003



Mott transition
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Hubbard model
at n=1 (half-filling) Bulla 1999

p(e) D

\

Bethe lattice

15 I:lypercubul: | 0.4
| U=0.8U, ] 03
? 1.0 i _E 02
05 | - R | 0
U=0.99U, 1os3
00,5 o 00 10 20 § 0.2 I 1 1L 102
/W = ¢ - ] ]
ol NN by
Vollhardt et al. 2005 0 o\ - — 0
03 "U=1'1U|: i U=1.1Uc 103
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Phase diagram
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Hubbard model
at n=1 (half-filling)

Gull et al. 2007
. single site
square lattice 9 .
0.25 ¢t
0.20 ®
= 0.15 | Bad Bad | Paramagnetism is assumed
[3nihes , = Antiferromagnetism?
metal insulator
0.10 ¢} ®
cermi Paramagnetic
0.05 o insulator
liquid
0.00 - - TeeE -
-0.2 -0.1 0.0 0.1 0.2



Phase diagram (including AFM)

Hubbard model
at n=1 (half-filling)
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