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Outline

● Hund’s metals 
– Ruthenates before 2009

– J steps in ; Basic picture: Janus 

– Hund’s impurity model : RG,NRG results 

– Characterizing the incoherent state

● Role of SOC
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Ruthenates before 2009



Sr
2
RuO

4
: el. structure  

Oguchi, PRB'95
Singh, PRB'95

Mackenzie et al, 
PRL'96

In ionic picture, 4 
electrons on Ru; 
crystal field splitting → 
t
2g

 orbitals: xy and 
degenerate xz, yz

Wide xy band (ϒ 
sheet)

Fermi surfaces of DFT, 
quantum oscillations, 
ARPES agree well

Damascelli, Shen et al., 
PRL'00



  

Low coherence scale in ruthenates

 U<W, yet strong correlations : large mass, 
coherence-incoherence crossover at low T* & 
bad metal behavior

                      

Hussey et al. PRB'98 Tyler et al. PRB'98

Vanadates : T2 to a 
much larger T but 
smaller mass



  

Other ruthenates:also FL at a low T, 
and bad-metal/NFL behavior above

Lee et al. PRB'02Capogna et al. PRL'02

SrRuO
3



3d -> 4d
 Orbitals become extended
 Interactions diminish 
 Bands become broad

Sekiyama et al. 
PRL'04

Vanadates : U ~ 4-5 eV
                    W ~ 2eV

Ruthenates : U~2eV
W~2-3eV

QPO Hubbard
band

“No” Hubbard 
band (in 
some cases)



  



  



  



  



  



  

Different way of looking at 
ruthenates and pnictides  was 

needed



  

J steps in: Janus



  

Coherence scale drops due to 
Hund's rule coupling J

 LDA+DMFT applied to Sr2RuO4

 T* determined from T-dep of Γ=-Z ImΣ(0)  
 T* suppresed by J !

H
und's rule coupling

Mravlje et al. PRL'11

Masses in agreement with quantum oscillations 
& specific heat at physical value of J 



  

 Temperature dependences of NMR

 Low frequency kink in Σ

Low T*/E* in experimental 
observables 

Excellent agreement.
Only if J is properly included.

Mravlje et al. PRL'11



  

In a restaurant in Paris, Luca told 
me, J reduces effective repulsion

● Effective interaction 

Ueff=E(N+1)+E(N-1) – 2 E(N)

● U-3J away from half-filling (eff. U diminished by J) 

● U+2J at half filling              (eff. U increased by J)

● Slater all d-states Hamiltonian

van der Marel, 
Sawatzky 
PRB’88
de’Medici 
PRB’11



  

Two weeks later in Antoine’s office 
at Ecole Polytechnique

● Luca says: Ueff reduced→ insulator further 
away

● Jernej says: coherence scale is reduced, thing 
becomes more correlated

● Antoine says: you guys might be both right!



  

DMFT : Hund's metals
● Quasiparticle weight Z  

L. de'Medici, JM, A.Georges, PRL'11

Haule, Kotliar, NJP'09
Werner,Gull, Troyer,Millis PRL'08 
Werner,Gull, Millis, PRB'09
Georges, de'Medici, Mravlje, Annu 
Rev CM'13
Yin, Haule, Kotliar,PRB'13
Aron, Kotliar PRB’15
Fanfarillo, Bascones PRB’15 ...

1el in t
2g

2el in t
2g 3el in t

2g



  

● Why such behavior?

● A fruitful line of thinking is to consider it as  a doped half 
filled Mott ins.

● Here, I will be discussing insights from impurity models, 
instead

de’Medici, Giovannetti, Capone, PRL’14
de’Medici, Hasan, Capone, Dai, PRL’09
Ishida, Liebsch, PRB’10
Misawa,Nakamura, Imada, PRL’12



  

Insights from Hund’s impurity 
model investigation: RG,NRG 

results



  

Kanamori-Kondo model

● Schrieffer-Wolff 

● Kondo model

 Horvat,  Zitko, Mravlje PRB’16

Yin, Haule, Kotliar PRB’12
Aron, Kotliar PRB’15
Stadler et al. PRL’15
Stadler et al.Annals of Phys.’19

For  Nd=2 → S=1, L=1 



  

Insights from impurity problem: Js 
small or even ferromagnetic 

● Schrieffer-Wolff 

Yin, Haule, Kotliar PRB’12
Aron, Kotliar PRB’15
Stadler et al. PRL’15

Js small or even ferromagnetic! 
(ferromagnetic Kondo leads to 
unscreened moments)

Horvat, Žitko, Mravlje PRB’16

SU(3) angular 
momentum sym.

For  Nd=2 → S=1, T fund.rep 
of SU(3) 

SU(2) angular momentum 
sym. 

For  Nd=2 → S=1, L=1 



  

● Why ferromagnetic? Fluctuations to N=3 (half-
filled) states prefer ferromagnetic arrangement  
[in contrast to single-orbital!]  

bath atom bath



  

Kondo coupling constants

- Small or even ferromagnetic J
s
  

- Small splittings between quadrupole 
and orbital terms.
- Mixed terms are strongest. 

Yin, Haule, Kotliar PRB’12
Aron, Kotliar PRB’15
Stadler et al. PRL’15
Horvat, Mravlje, Zitko PRB’16



  

RG

● Js,Jl influenced by 
mixed terms

● If Jls=Jqs=0, faster running 
of Jl in SU(3) limit (Jl=Jq)

● Dynamic restoration of
symmetry Jl →Jq when they
differ initially.



  



  

NRG results
● Kanamori impurity with NRG [S and L SU(2) symmetries]

● Distinct scales for screening of S and L

                                                    

                                                

● Suppression of (both) TK with J

● Similar results for Kanamori, Dworin-Narath,Kondo-Kanamori,  
Horvat, Žitko, Mravlje PRB’16  
Okada, Yosida, PTP’73
Yin, Haule, Kotliar PRB’12



  

Horvat,  Zitko, Mravlje PRB’16

NRG for 3orbital Kanamori 
Hamiltonian



  

LDA+DMFT on Sr
2
RuO

4

● This behavior found also in DMFT: Hund’s 
metal = quenched orbitals / slowly fluctuating 
spins

Mravlje, Georges, 
PRL’16



  

Consequence for photoemission

● Quasiparticle peak has structure:

Wadati, JM et al. 
PRB’14.
Stadler et 
al.PRL’15, Ann. 
Phys.’19



  

Quasiparticle part of the 
spectra;DMFT semicirc. J/U=1/6

Large int.

Small int.

Frequency of the feature given by T
K

orb

Observed in optical study
of Sr

2
RuO

4

Stricker,JM et al. PRL’14



  

Two-stage decoherence

● Entropy in Sr2RuO4 from LDA+DMFT

(i) Liberated spins

(ii) Liberated orbital moments

Mravlje, Georges, 
PRL’16



  

But is this correct?

● Should one associate log 3 entropy with 
fluctuating spin state?That is, is the 
intermediate state a fluctuating spin and fully 
screened orbital?

● How to characterize this properly? 



  



  

Intermediate T state exhibits a 
clear NFL plateau! 



  

● Js,Jts,Jp→ 0 ; H= Jt T * t

● SU(3) T (in fund. rep.)  coupled to two (spin 
up,down) channels of cond els with SU(3)

● Intermediate NFL fixed point is two-channel 
overscreened SU(3): N=3,K=2  



  

χ’’(ω)

frequency

spin

orbital

χ
orb

’’~ω1/5



  

Is this seen for parameters for 
Anderson Hamiltonian, too?

● Marginaly – plateau cannot clearly be seen as 
the two scales are close.



  

Summary this part

● Hund’s metals have a low coherence scale due 
to J. 

● There is intermediate T state with fluctuating 
spins and “quenched” orbitals

● This state is influenced by NFL fixed point. 
● Incoherent state of ruthenate in DMFT:  two-

channel overscreened SU(3) 



  

SOC

● SOC in ruthenates nonnegligible 0.1eV, larger 
than TFL. Its effects? 



  

JM & Georges, PRL’16



  



  

RG picture on relevance of λ

● |λ| < TK                                      vs.                   |λ|>TK 

Tem
perature

Fluctuating 
S, L moment

 λ 

Formation of J

T
K 
(if J>0

 
)

Tem
perature

Fluctuating 
S, L moment

 λ 
ineffective 

Screened S 
or/and L  

T
K

( T
K
 → T

k
orb, for Hund’s metals, but more generally, first scale at 

which either spin/orbit moment is screened) 



  

  SOC J=2 
  metal 

van Vleck J=0
insulator 

  Hund’s 
  metal 

|λ| < T
K

orb

T
K

orb

 -d4: ruthenates
 -d2: SrCrO

3
, 

SrMoO
3

See also Kim et al.PRL 118 
086401(2017).

Impurity model results

SOC needs to 
exceed T

K
orb!

Horvat, Zitko, Mravlje, 
PRB 96 085122 (2017)



  

 Returning to Sr
2
RuO

4
 within DMFT-self energies with 

SOC very similar to the ones without 

● But there is also off-diagonal
term that leads to enh of SOC

Kim, JM,Ferrero,Parcollet,Georges, 
PRL’18, Zhang et al. PRL’16



  

Semicircular calculation study

Triebl, 
Kraberger,JM,Aichhorn, 
PRB’18



  



  

Summary SOC

● For weak enough SOC its effects on 
correlations (but not on spectral functions) can 
be ignored (perhaps up to TK

orb)

● When it becomes large it destroys Hund’s metal
● Further work needed to characterize it better



  

Thank you!


	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51

