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O Introduction:
* Mott physics and Quasiparticle weight: basic notions
* Iron superconductors as Hund metals

* The role of Hund’s coupling in correlations. Hund vs Mott

O Correlations in Multi-orbital systems
* Quasiparticle weigth vs interactions, filling and number of orbitals
* Charge and spin fluctuations

* Simple understanding of correlations in Hund metals
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Metals and Insulators in band theory. Independent electrons

Metallicity
in clean systems
Bands crossing
the Fermi level
(finite DOS)
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Metals and Insulators in band theory. Independent electrons

Spin degeneracy:
Each band can hold 2 electrons per unit cell

Odd number
of electrons > Metallic
per unit cell

Insulating
Even number/
of electrons \
per unit cell Metallic (in case

of band overlap)
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Failure of independent electron picture. Mott insulators

Electron counting La,CuO,:

2 La (57x2)+Cu (29) + 4 O (4x8)
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Failure of independent electron picture. Mott insulators

3.0
|

0.0,

ENERGY

-3.0

-6.0

{La,Cu0,4
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000 (200) (110)  (000) (001) (100) (101) (hhO) (hh1)

Fig: Pickett, RMP b1, 433 (1989)

Electron counting La,CuO,:
2 La (57x2)+Cu (29) + 4 O (4x8)

=175 electrons

Metallic behavior expected
but
Insulating behavior is found

Mott insulator:

Insulating behavior due to electron-electron interactions
Breakdown of independent electron picture

E. Bascones
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Mott insulators. The single-orbital Hubbard model at half-filling

I = Z t c 50 g+hc+UZn] i |

(ntra-orbital

1], O Kinetic energy . epulsion

Atomic lattice with a single orbital per site and average occupancy 1 (half filling)
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Mott insulators. The Hubbard model at half-filling

z t c o g+hc+Uan i |

(ntra-orbital

1], O Kinetic energy . epulsion

Atomic lattice with a single orbital per site and average occupancy 1 (half filling)
I L ? | A
\/ v / \ v |

Hopping Double occupancy
saves energy t costs energy U

For U >>t electrons localize: Mott insulator
Mott transition at Uc

But away from half-filling the system is always metallic % Correlated metal

E. Bascones leni@icmm.csic.es IcMM  csich



The quasiparticle weight in the single-orbital Hubbard model

Z: a way to quantify the correlations Z=1 Single-particle picture

0<7<51 Z=0 There are no quasiparticles
Breakdown of single-particle picture

Simple description: Heavy electron

Z1ocm*/m

Z colour plot for the Hubbard model

3 , 1 Z vanishes at the Mott transition
2.5}
2;
= Correlated metal as U is increased
S 1.5 or half-filled is approached
1l (only close to the Mott transition)
0.5])
0' ‘ ' ~ ‘ 0 -
02 04 06 08 1 < Half-filling
W bandwidth n

of non interacting system\ n: number of electrons per atom
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Charge and spin fluctuations in the single-orbital Hubbard model

n=<n>+on C; =<n%>-<n>%<(dn)*> C, =<52>-<5>2=<S2>

C, larger when atoms are spin
polarized even if there is no
Locallzatlon long range order

0
C, /C ‘Ofb c,/C2 1orb

1
0.8
0.6
0.4
0.2

Z 1orb

02 04 06 038 1 0
n n

Enhancement of
spin fluctuations

Mott insulator:

Suppression of charge fluctuations mmmm)  [ocalized spins
n=<n>
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High-Tc superconductors cuprates are doped Mott insulators

Temperature

Cuprates usually described with
a single-orbital Hubbard model

Paramagnetic

Super-
conducting

uasiparticles and
Antiferro- Q P

magnetic

e \} Fermi liquid at high-doping

Electron

Doping
fraction

Mott insulator

at half filling (AF) AF disappears with doping

Metallicity and superconductivity
appear

Fig: Nature 464,183 (2010)
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Iron superconductors: metallic when “undoped”

Temperature

Cuprates

Iron superconductors

Temperature
A Paramagnetic

Paramagnetic

Super-
conducting

Antiferro-

Pseudo- .
magnetic

Phase separation

Hole

Doping
/ Coexistence fraction
Antiferro-

Electron

Super-
conducting
magnetic

Hole Electron

Doping
fraction

“Undoped” iron superconductors
are antiferromagnetic but metallic

Fig: Nature 464,183 (2010)
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Iron superconductors: metallic when “undoped”

Temperature

Cuprates

Iron superconductors

Temperature
A Paramagnetic

Paramagnetic

Super-
conducting

Antiferro-

Pseudo- .
magnetic

gap

Phase separation

Hole

Doping
/ Coexistence fraction
Antiferro- /

Electron

Super-
conducting

i
e i Single orbital system:

1 electron in 1 orbital
(half-filling)

Hole

Doping Electron

fraction

Multi-orbital system:
6 electrons in 5 orbitals

“Undoped” iron superconductors
are antiferromagnetic but metallic

Fig: Nature 464,183 (2010)
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Iron superconductors: metallic when “undoped”

Iron superconductors

Paramagnetic

Phase separation

Super-
conducting

Hole

Temperature
A

/ Coexistence
Antiferro-

magnetic

Doping Electron
fraction

“Undoped” iron superconductors
are antiferromagnetic but metallic

E. Bascones

leni@icmm.csic.es

Multi-orbital system:
6 electrons in 5 orbitals

Correlated metal m*/m ~ 3 (Z ~0.33)

Far from a Mott transition U/W < 1
(U interorbital repulsion, W bandwidth)

Hund'’s coupling plays a key role in the
correlations

Iron superconductors as Hund metals

Fig: Nature 464,183 (2010)
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Correlations in Hund metals and iron superconductors: Hund vs Mott

Iron superconductors as Hund metals ' Iron superconductors as doped Mott insulators
. 5 T T T
- Correlations driven by Hund J, i _ J,,/U=0.25
weakly dependent on U, — 1
- Not in proximity to a Mott insulator > Mot NFL
e Ll .
. . A
- Properties essentially 3 ¢ FeAsLa0 | Ishida & Liebsch,
different to a doped Mott insulator ) 4 PRB 81, 054313 (2010)
’ _ Liebsch & Ishida,
L | | PRB 82, 155106 (2010)
0 5 6 7
y oC m* N n
7 : - Correlations controlled by the proximity
”ﬂ 40 . in doping to a Mott insulating state
= ! !
E 30 . i Temperature
— I i c A
h-h,-ha ‘ . Paramagnetic
20
e -
10 I "'F" : Phase separation
PooT Coexistence
#00 005 010 015 020 025 030 035 040 045 i Wahiose Antiferro-
Jh—; 'V} ! magnetic
H
Haule & Kotliar NJP 11,025021 (2009) | et Doping  Electron
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Multi-orbital systems
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Alloul, EPJ Web of Conf. 23, 15 (2012)
Erwin & Pickett, Science 204, 842 (1931)
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d= 13314
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Kamihara et al, JACS, 130, 3296 (2008).  Vildosola et al, PRB 78, 064218 (2008)
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Hubbard-Kanamori Hamiltonian for multi-orbital systems

Z t%] 1, 700 T h.c tU Znﬂra’)’:mja%l

@q]q"}/qﬁqg Tight-binding (MDPPf«V\/@) jﬂ/ ntra-orbital

repulsion
o Z Ninaligs =2, Z S”S
- Inter-orbital Huund’s
37>5 0 repulsion A 3covq>uw9
/ A I |
+J Z CJ}%Tijlc%ﬁalcﬂam+ Z SRS
IFS Pair hopplng 97,0 Crystal-field

In the presence of rotational symmetry  1J°=[J — 2], = Jy

Two interaction parameters: U, J,
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Hubbard-Kanamori Hamiltonian: Interaction terms

ntra-orbital  nter-orbital Inter-orbital
repulsion Repulsion Repulsion
(different spin) (same spin)
[ anTnm 0 Z Ty T (U B 1]{) Z gl T
m m#m/ m<m/ 0
_ T + ‘ i _
]HZ d-deml dm’ ldm’T t) z me d'm.l dm’idm’T
mzm mzn/
Spin flip Pair hopping
U=U - 2],
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Hubbard-Kanamori Hamiltonian: Interaction terms

ntra-orbital  nter-orbital Inter-orbital
repulsion Repulsion Repulsion
(different spin) (same spin)
U ftye + U ] U-0) Y gy +
- mtlm) T U mT | % 'mo''m'
m m#m/ m<m’ 0

[mT [ml m' m’T u E mT ml m’i ]m’T

mzm mzm/

Spin flip Pair hopping

U=U - 2J,,
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Hubbard-Kanamori Hamiltonian: Interaction terms

Intra-orbital  nter-orbital Inter-orbital
repulsion Repulsion Repulsion
(different spin) (same spin)
| anT”m 0 Z Ty T ((’ B D Z gl T
m m#m’ m<m/ 0
U=U-2J,
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Mott transition in multi-orbital systems at Zero Hund

T T T Ll
i "? i
miihg
i m o= W -
.J-‘, . . I‘.l'
- -
Gutzwiller
| 1 |
0 0?2 04 (.6 0.8 |
Filling v

Zero Hund. Uc larger at half filling

N-orbital system with n electrons/atom:

- It can hold up to 2N electrons
- Half-filling n=N (1 electron/orbital)

- Mott transition not only at half-filling

but for all integer n

ONO.

Atomic gap: E(n+1)+E(n-1)- 2E(n)=U
VS
Kinetic Energy

Lu PRB 48,
0687 (1334)

Effective kinetic energy larger due to orbital degeneracy

E. Bascones

leni@icmm.csic.es
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Mott transition in multi-orbital systems at Finite Hund

Degeneracy
reduced by Hund’s coupling

I I I /
7T F F_
5_\ ,—H"””J i
5N -7 s
Y
S af
)
2 B e~ R
N=2 ntot=2 —— . T 7T T
2 N=
N= —
1 N=3, ntot=2 ) .
N=3. ntot=1 Slave spins A
D 1 1 ] 1
0 0.2 0.4 0.6 0.8
J,/D

Degeneracy (effective kinetic energy)
strongly reduced by Hund’s coupling

De'Medici PRB 83, 205112 (2011)

E. Bascones

leni@icmm.csic.es

1

Away fom half filling:
With J,, the atomic
gap decreases.

U'3\]H

Uc increases

~_Half filling : with J,

Atomic gap increases
U+(N-1)J,,

Uc decreases with J,
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Mott transition in multi-orbital systems at Finite Hund

Effective kinetic energy
reduced by Hund’s coupling

Away fom half filling:
With J,, the atomic
gap decreases.

8 I I T Z
e — U'3\]H
6 \ | Ucincreases and promotes
5 — - | metallicity

o) R H

o 4F.

=
SN hp e e nz1, N, N-1
o Hig o Conflicting behavior of
1| N=3, ntot=2 : o Hund’s coupling
. N=3 ntot—1 Slave spins

0 0.2 0.4 0.6 0.8 1
J,/D De'Medici PRB 83, 2050112 (2011)
Examples:

* iron superconductors 6 electrons in 5 orbitals
* ruthenates 4 electrons in 3 orbitals
* SrCrO, 2 electrons in 3 orbitals

IcMM  csich

leni@icmm.csic.es
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Hund’s coupling and bad metallicity

3 orbital system DMET

(a) N =1 (b) N =2 (c) N=3
n=1 electron or 1 hole n=half-filling
J,, promotes metallicity J,, promotes insulating
behavior

Uc increases

Quasiparticle weight increases Uc increases

Z decreases

De’'Medici et al PRL 107, 253701 (2011)
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Hund’s coupling and bad metallicity

3 orbital system DMET

(a) N=1 (b) N =2 (c) N=3

n # 1 electron,1 hole, n=half-filling

n=1 electron or 1 hole half-filling

J,, promotes metallicity J,, promotes insulating

J,, promotes bad metallic behavior

Uc increases Behavior (correlated metal)

weight Z increases Uc increases
ap & Large Uc but small Z

Z decreases

De’'Medici et al PRL 107, 253701 (2011)
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Hund metals and spin freezing

3 orbital system  pumFT

Iron superconductors ~ DMFT

3.0 a -
= 25t i :
E .
320
S
mm 1.5F
o
Z 10 “see
.§ - v o
=< o.s|
0.05 100 200 ;do :{':-0 500
T (K) Haule & Kotliar
NJP 11,025021 (20089)

n # 1 electron,1 hole,
half-filling

J,, promotes bad metallic

Behavior (correlated metal)

Large Uc but small Z

De’'Medici et al PRL 107, 253701 (2011)
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Hund metals and spin freezing

3 orbital system
Y DMFT Iron superconductors ~ DMFT

Iy
[=)

=
5
i

Xioe (lo_semu/mol)

=
o
‘1

<
5

o
o

0 100 200 300 400 500

T (K) Haule & Kotliar
NJP 11,025021 (2009)

n # 1 electron,1 hole,
half-filling
Hund metals

Jy promotes bad metallic - Correlations driven by Hund J,,

Behavior (correlated metal) weakly dependent on U,

Large Uc but small Z - Not in proximity to a Mott insulator

- Properties essentially different to a doped

Mott insulator (wide Hubbard bands)
De'Medici et al PRL 107, 255701 (2011)
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DMFT 3 orbitals  J,,/U=1/6=0.167

16

14

12

10

Ui
®

Werner et al PRL 101, 166403 (2008)

Doping dependence in Hund metals

Fermi liquid behavior with very small Z

Iﬁi
H“'H DMFT N=3 orbitals and J/U=0.15
N Z colour plot
o 7
- frozen
Fermi liquid kmoment

Bt=50 —®
Bi=100 —+

Mott insulator (ft=50) —

0.5 1 1.5 2 2.5
n

De'Medici et al PRL 107, 255701 (2011),
Georges et al, Ann. Rev. Cond. Matt. Phys. 4,137 (2013)

The Mott transition at half-filling seems
to play a special role in setting the value of Z
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Correlations in Hund metals: Hund vs Mott

Hundness as oppossed to Mottness ; Hund metals as doped Mott insulators

- Correlations driven by Hund J,, 10
weakly dependent on U, 14 |

12 -

- Not in proximity to a Mott insulator

10

frozen

- Properties essentially 5 8y Fermi liquid moment
different to a doped Mott insulator °r
.| T ——
Mott insulator (Bt=50) — | |

Correlations controlled by
N the proximity in doping to a

Mott insulating state
Haule & Kotliar NJP 11,025021 (2009) Werner et al PRL 101, 166405 (2008)
EEI:Ir'gES et al, Ann. Rev. Cond. Matt. ths. 4137 (2013) i Ishida & Liebsch, PRB 81, 054513 (2010)

E. Bascones leni@icmm.csic.es IcMM  csich



Summary

O Single-orbital Hubbard model:
* Mott transition at half-filling U>>t (U/W ~1.5)
* Away from half-filling or for U<U_: correlated metal. Suppression of Quasiparticle
weight Z and Charge fluctuations & enhancement of spin fluctuations
O Multi-orbital Hubbard-Kanamori Hamiltonian:

* Mott transition at all integer filling. U. depends on J,, and filling n
* J,, promotes metallic behavior for n=1 electron or 1 hole. Z and U, increase.
* J,, promotes insulating behavior at half-filling. Z and U_ decrease.

* J,, promotes bad metallic behavior for n#1 electron, 1 hole, half-filling. Hund metal

U, non-monotonic, but increases at large J,

Z small. Coherent-incoherent crossover with temperature. Spin freezing

Dependence on doping. Hund vs Mott ?

E. Bascones leni@icmm.csic.es IcMM  csich




The model: Degenerate orbitals with density-density interactions

1 Multi-orbital systems with N orbitals (N=2-5) and n electrons (half-filling n=N)

J Equivalent orbitals: No crystal field splitting or hybridization between orbitals
Hopping to 1st nearest neighbors equal for all the orbitals

Non-interacting bandwidth W (2D but generic results)

Intra-orbital  lnter-orbital (nter-orbital
repulsion Repulston Repulston
(different spin) (same spin)
r A A Tl A r/ »
U Z it ], T U Z Nt ! | T (( - 1]{) Z limg ! g
m m.;f-m.’ m.«::m’ i)

U’'=U- 2J, —> U, J,, two interaction parameters maxJ,/U=1/3

[ Hamilonian solved with Slave Spin Technique: Z, Charge & Spin fluctuations
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The quasiparticle weight as a function of interactions

6 electrons in 5 orbitals, as in “undoped” iron superconductors (or 4 electrons in 5 orbitals)

Particle-hole symmetry
with respect to half-filling

Quasiparticle weight, colour plot

03
Hund metal

0251
02l
0151
01l

! Mott insulator
0.05

L. Fanfarillo, EB arXiv:-1a01.04607
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The quasiparticle weight as a function of interactions

2 electrones en 3 orbitales, x=0.66 2 electrones en 4 orbitales, x=0.50
r T 1 :
03¢
0.25 |
> 0.2 ~
=T 0.15
0.1F
0.05 |
00
3 electrones en 4 orbitales, x=0.75 3 electrones en 5 orbitales, x=0.60
0.3F 1 0.3F 1
025 0.25
S 0.2 i_ = 0.2 i_
=015 E =015
0.1F 0.1F
0.05 |- 0.05F
00_ . 2 3 D-O 1 2 3
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The quasiparticle weight as a function of interactions

6 electrons in 5 orbitals,

L. Fanfarillo, EB arXiv:-1a01.04607
E. Bascones leni@icmm.csic.es IcMM  csich




The quasiparticle weight as a function of interactions

6 electrons in 5 orbitals,

Z increases with J,

Z decreases
with J,,

L. Fanfarillo, EB arXiv:1201.04607 0.5 1 Jnfv 2 25
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The quasiparticle weight as a function of doping
3 orbitals

n=0.5 n=10 n=1.95

Bad metallicity
follows the
Mott transition

1 at half-filling

0.8

0.6

0.4

0.2

0
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The quasiparticle weight as a function of doping

6 electrons in 5 orbitals,

The suppression of the quasiparticle weight Z
in the Hund metal is clearly connected with
the half-filling Mott transition

L. Fanfarillo, EB arXiv:-1a01.04607
E. Bascones leni@icmm.csic.es IcMM  csich




Spin fluctuations

- Single-orbital: Suppression of Z concomitant with the enhancement of spin fluctuations

Multi-orbital: Suppression of Z concomitant
with a very strong enhancement of spin fluctuations

—Bel 50rb _l_J_=\{V__________,_ __________________
v —3eldorb | * h
b ; . .
- 1 Spin fluctuations
"0 R L "~ almost saturated
=, —2el 3orb - 3 '
@) et U=1.5W in the Hund metal

),,/U=0.015 1
: J,/U=0.01 1
O-IIIIIIIIII ||||||||||||||||
0 05 1 1. 5 2 2 5 3
U/w
L. Fanfarillo, EB arXiv:1501.04607 Hund’s rule in a metal =3 Strong correlations
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Charge fluctuations

- Single-orbital: Suppression of Z concomitant with the suppression of charge fluctuations

Mott physics, small Z 2  Localization

L. Fanfarillo, EB arXiv:1501.04607
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Charge fluctuations

- Single-orbital: Suppression of Z concomitant with the suppression of charge fluctuations

Mott physics, small Z 2  Localization

- Multi-orbital: Suppression of Z due to A AR A AR
Hund’s coupling is not always accompanied  (2) ;]

, . 2r U o, S
by the suppression of charge fluctuations G /¢, U=1.5W Zel 3orb 1
- === T T !
F - C /cY  u=w 6el Sorb,’
Hund correlations F--- T Ty ’

1.5F o s

Not always localization,
sometimes increases itinerancy

[ —7/7Y U=15W 2el 30rb

ob T ZIZ8 U=W., Bel5arb v v

0 0.1 0.2 0.3
L. Fanfarillo, EB arXiv:1501.04607 J, /U

Hund correlations not equal to Mott correlations

E. Bascones leni@icmm.csic.es
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Charge fluctuations

0 o
I
Z 6el 5orb Gy /S, Belizerb Itinerancy

Weaker suppression of
charge fluctuations for

a given Z, as compared
to a single-orbital system
or small Hund’s coupling

u/w

c_/C° 2el3orb
Z 2el 3orb n‘r nT

> Different dependence

06  of charge fluctuations
and quasiparticle weight Z
on interactions

0.4

0.2

L. Fanfarillo, EB arXiv:-1a01.04607
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Understanding the correlations in Hund metals

N orbitals Atomic gap: E(n+1)+E(n-1)- 2E(n)
| VS
n electrons Kinetic Energy

2 spin polarized atoms
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Understanding the correlations in Hund metals

Hopping processes

Spin parallel hopping to an empty orbital
E™ =U — 3Jy

Spin anti-parallel hopping to an empty orbital

EMe = U+ (n—3)Jy

" Spin anti-parallel hopping to an occupied orbital
Emtmﬂ = U + (n _ 1)JH

E. Bascones leni@icmm.csic.es IcMM  csich



Understanding the correlations in Hund metals

Hopping processes

COACD

E. Bascones leni@icmm.csic.es

Spin parallel hopping to an empty orbital
E™ =U — 3Jy

Responsible for the Mott transition
away from half-filling

Spin anti-parallel hopping to an empty orbital

EMe = U+ (n—3)Jy

Spin anti-parallel hopping to an occupied orbital

Emtmﬂ = U + (n _ 1)JH

Responsible for the Mott transition at half-filling

IcMM  csich



Understanding the correlations in Hund metals

Emtraﬂ U+ (n _ 1)JH

E. Bascones leni@icmm.csic.es IcMM  csich



Understanding the correlations in Hund metals

Same process
responsible for

Emtmﬂ =U + (n _ 1)JH the Mott transition 05 5 7 3
at half-filling L

E. Bascones leni@icmm.csic.es ~—csich



Understanding the correlations in Hund metals

0.251

02+
ST 0.15-
0.4F

0.05r

. 2 25
Uw Suppression of configurations with double occupancy

and for n>2 hopping with antiparallel spins to empty
" orbitals ————3 Enhancement of spin fluctuations

EmtmN U+ (n _ 1)JH
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Understanding the correlations in Hund metals

0.251

M E™ =U - 3Jy

=015
' Promoted by Hund

\

Conflicting behavior in charge fluctuations

N

Suppressed by Hund
l‘ PP Y Promoted or suppressed by Hund

n

0.1r

0.05r

Entraty = U + (n—1)Jy
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Summary: Strong influence of Hund’s coupling on electronic correlations

‘ ) SN I R R R
Hund metal with small Qp Suppression of Qp weight o 2‘\
weight Z: strong correlations connected to half-filling Enhancement of spin

Mott insulator fluctuations (atoms polarized)
2F ¢ i u=15w 2el 30rb;':i n
[ --- "7 "y I 1
F G,/ U=W el sorh,” ]
1507 A
........ = SN VA
1 g <1 Al

05
| —2/2° U=1.5W Zel o : Behavior understood in terms of

oL—Z/Z% UsW. BelSorb 1] . .

0 0.1 0.2 03 which hopping processes are promoted

J U
or suppressed by Hund’s coupling

Charge fluctuations do not follow

the behavior expected in Mott systems Revisit oxides and other materials
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Correlated metals. The quasiparticle weight (Fermi liquid description)
 Write the electron CTkG in terms of the excitations of the interacting system aTkG
Same charge, momentum & spin

ke = VZga'go + Z Aksog. Kyos koo Ko)a' o 0 oy gy, + - -

/ ]'i.4+]'i._'.;=l'i.3+l'i. /
higher order

A single particle description decay processes

of CTkG | \P*g>
makes sense if Z, is finite

5 Overlap between the
/. =I<¥x* |la ‘ Wk > ‘ >O elementary excitations
Kk | g | ko ch g of the interacting and

non-interacting system
Quasiparticle weight

A way to quantify the correlations See Coleman’s book
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The quasiparticle weight as a function of interactions

2 electrones en 3 orbitales, x=0.66
\ 1

Z increases with J,

Z decreases
with J,,

u/mww

L. Fanfarillo, EB arXiv:1501.04607
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The quasiparticle weight as a function of doping

0.8

0.6

03l —2el 3orb
x=0.66 —3el 4orb P
—3el Sorb =
0.251 —
: x=0.60 Bel Sorb 0
x=0.75
S 02l
T ] *
- H crossover
0.15-
0.1p
04

L. Fanfarillo, EB arXiv:-1a01.04607
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Charge correlations in Hund metals

@ A B T I sorb, U=W

—6.0el

E C_/c U=15W 2el3orb
[ === 7 T b

L C /e U=W 6elSorb,”

1 5'_"' I-IT I..T ."-

F —77° U=15W 2el 301D

q:;.Ti"Zﬂ.UFW.ﬂELE[ﬂJ. ....... *3!3 ......... L, s
0.1 JH'IIUD-E 03 01 02 03

L. Fanfarillo, EB arXiv:-1a01.04607
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Spin fluctuations in Hund metals

I
063

N L | - L N
0 05 1 15 2 25 3
U

L. Fanfarillo, EB arXiv:1501.04607

E. Bascones

NI A NI AN IS AT I A
0O 05 1 15 2 25 3

U/W

leni@icmm.csic.es

The spin fluctuations are
larger in the metal.

U enhances the tendency
to localization.
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Spin fluctuations in Hund metals

c /c%6el 5 orb
S S

Z 6el 5o0rb
’
7
0.8 .
0.6 5
4
0.4
3
0.2 ” Atomic moments are
formed in the
0
u/w
Z 2el 3orb C/C? 2el 3 orb
0.3
0.25 0.8 3
0.2 _
=) 0.6 2.5
30.15
- 0.4 >
0.1
0.05 0.2 15
0
0 0 j

L. Fanfarillo, EB arXiv:1501.04607
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Z,- Slave spin technique

2 A # r| A A 11/ 2 e
H= || anTHm I T [ Z M| T (l’ I Z{ | Z el

m / m#m’ m<m' 0
n. =dT_ d
mo mG—mac Physical states
- . . _ _ L _ "}
q P Auxiliary fermion  f. | =)o |.~‘rf [, ¢ =+1/2),
ic
\ Pseudospin variable S ior |”f:r — 0) PN |”:_‘J =0, S?cr - _ ”2>‘
(slave-spin)

Unphysical states Constraint

nl =0, $¢ =+1/2) . 1
—> Sislie=Sizt 5

nl =1, §% =-1/2)

de Medici et al, PRB 72, 205124 (2005)
Hassan & de Medici, PRB 81, 035106 (2010)
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Z,- Slave spin technique

dz'o- — ffo'Ofo'a o fio io! For non- diagonal operators

O Cig |
OfO': ( j\ C=7 - 1.
1 0 vn(l =n)

== tm D O 0o fime + hec) 2 (6n = 1) fig Fimo

M <ij>,0 1.1

2
U’ J
—Y(Yafm) 5 2 Time )T Y Zssm —5 2.0 Sine)

m.T i Mm.,o 1.7 i.a0 T

de Medici et al, PRB 72, 205124 (2005)
Hassan & de Medici, PRB 81, 035106 (2010)
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Z,- Slave spin technique

- Constraint treated on average with static and site independent Lagrange

multiplier km_ Spin variables and auxiliary fermions are decoupled

Eff — Z t’i{f (fj-'mcrfjmcr + h.c.)

m <13>,0
+2(Em = 1= M) S f
m 2 m ) imeo.rmo
1, M0
§ eff E
Heff — ]m, OTlmG
m <1]>,0
Z 1 a
+ E )\?}I(Sg:-mg + §) + Hi-n..t[{s?ﬁ-mcr}]
1, M0 |
ff__
t =t <OT1chij>
ef f_ _ N 1 _ \ de Medici et al, PRB 72, 205124 (2005)
jrm L '-fzm-e:r f.?”“?’ f_:i T f”“"? f Hassan & de Medici, PRB 81, 035106 (2010)
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Z,- Slave spin technique

- Spin hamiltonian treated at a single site mean field level

Hgff - Z (Zm€xm + €m — 1 — )\m)f}";mgfkﬂw

k.mao
. 1 -
HS — Z h-:rn O,:fng"_ Z )\-m (S-?T],J -+ §) + H?int[ -mcr}

1 .
h«m :<Oim0> -/v Z €Ekm <fl<|:-?ncr fk'ﬁlﬂ')

k
2,=<0" >

1Mo

- Solve self-consistently both coupled equations to calculate 7\,m, hm, Zm

de Medici et al, PRB 72, 205124 (2005)
Hassan & de Medici, PRB 81, 035106 (2010)
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