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Outline

 Intro:
e unconventional superconductivity

« Sr,RuQ,, a Fermi liquid with a small coherence scale

- role of Hund's rule coupling : Sr,RuQ, Is a “Hund'’s metal”;
LDA+DMFT results (no SOC)

« spin-orbit in Sr,RuO, seen in LDA and srARPES: Is this
compatible with Hund’s metal picture?

e Results

 realistic DMFT results (with SOC)
* impurity model NRG results with (SOC)

* remarkably simple picture of SOC & correlations
and guantitative understanding of ST”ARPES
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Sr_,RuO, properties

p-wave supercond.

T ~2K Maeno et al., Nature'94
C

Rice and Sigrist ,
J.Phys.CM'95

Correlated metal: Fermi
liquid, (m*/m~4)

4 el. in Ru tZg orbitals




chiral p-wave state best? candidate
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FIG. 20. Sketches of Cooper pair 5 and L vectors for the order
parameter d=&<,i{kxi:'k}.]_ The large arrows denote L and

Mackenzie et al. RMP’03



Rotating of order parameter with
fleld? Demands weak enough SOC

» Knight shift field inplane
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Ishida et al., PRB 56 R505 (1997)
Ishida et al. Nature 396, 658 (1998).
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Murakawa et al., PRL 93, 167004

(2004).

Kim,Khmelevskyi, Mazin, Agterberg, Franchini, npj Quantum Materials 2, 37 (2017) &
Mackenzie, Scaffidi, Hicks, Maeno, npj Quantum Materials 2, 40 (2017). (100 Oe =0.01T)



Energy(eV)

Sr,RuQ,: el. structure
(without LS coupling)

\

/[

In ionic picture, 4
electrons on Ru;
crystal field splitting -
t,, orbitals: xy and

degenerate xz, yz

Wide xy band (Y
sheet)

Fermi surfaces of DFT,
guantum oscillations,
ARPES agree well.

Mass enhancements
with respect to DFT
~4,

Mackenzie et al,
PRL'96

Oguchi, PRB'95
Singh, PRB'95

T

Damascelli, Shen et al.,

1
PRL'O0

@ B Y
Frequency F (kT) 3.05 12.7 18.5
Average kr (Afl) 0.302 0.621 0.750
Akp/kr (%) 0.21 1.3 <0.9
Cyclotron mass (m,) 3.4 6.6 12.0
Band calc. F (kT) 34 13.4 17.6
Band calc. Aky/kp (%) 1.3 1.1 0.34

Band mass (m,

) 1.1 2.0 2.9




Low coherence scale In transport

* 4d compound : U~2eV <W, yet strong correlations :
large mass, coherence-incoherence crossover at low T
<20K & bad metal behavior at high T
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Low coherence scale iIn NMR,
thermopower ...

Imai et al. PRL 81, 3006(1998)
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Yoshino et al. J.Phys. Soc. Jpn. 6 1548(1996).

Optical spectroscopy:
Stricker et al. PRL 113, 087404 (2014).

Photoemission: Wang et al. PRL 92
137002 (2004)



WHY IS COHERENCE SCALE
LOW?
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Sr RuO, within LDA+DMFT

 \Wannier function
constructed out of t2¢g

 Full rotationaly invariant
vertex iIs used

e Constrained RPAto
calculate U(=2.3eV) & J

 Hybridization expansion
CTQMC

Hy =U Z”m]‘”mi + Z

m<n,o

f
+ (U= InmeNne — J€b  CnsChhsCnol

—J Z [(:.‘jnT":i'-:r]rt\[,c'n-T{:nJ, -+ h.(:".:

m<n

?‘)??ICTI no

H = (U — 3J)n(n — 1)/2 — 2J8% —1/2JL2
Werner et al, PRL'06 =
, . P = )
Parcollet,Ferrero et al. TRIQS S = 1/22 000 CnoTCma
implementation :
L-m — 1 Zg.m,!rmn Cmm/’m”’ ch..’ Com!!
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Coherence scale drops due to
Hund's rule coupling J

« LDA+DMFT applied to Sr,RuQ,
* T* determined from T-dep of '=-Z ImX(0)

* 4 T | T | ' T ' |
* T*suppresed by J!
I + fully +|
-+ incoherent
E—: 2 + _|
E Q,{:"\ //:I- _,r’fS(/ x X
L& + ,);('"' |
J I_CVJ m }/}HLDAlx)' m }x-mLDAlxz_ T;_‘t' |_KJ Txr_ |.KJ T} lKJ 0 :f”f(g{? xyT xz . , T:’ | . |x IXZ
0.0, 0.1 17 1.7 >1000 >1000 =>1000 0 100 200 300 400 500 600
0.2 23 2.0 300 800 >1000 TIK]
03 39 24 L00 200 300
0.4 4.5 3.3 60 150 350
v

Mravlje et al. PRL 106 096401 (2011).

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



Good agreement with experiment ;
low coherence scale
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DMFT : Hund's metals

e Hund’'s metal: correlated metals far from a U-driven
Mott transition

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

de’Medici, Capone, ...

Fanfarillo, Bascones PRB’15 ...



In corresponding Kondo model,
suppressed spin-spin Kondo
| couplina

Himp = —(E/ — ?;J,'I\ﬂr(\d — 1] — 9}‘3 — _]'_J2

Schrieffer-Wolff

=t (5 st 5 L)

n+1

result
Hig = J,N¢+JS-s+ JJL-1+.7,Q-q+
Jis(L®S)-(1®s) + J;s(Q®S) - (q® s)

Spin-spin, orbital-orbital, Q-Q, and mixed terms

For Nd=2 - S=1, L=1

S-spin, L-orbit, Q- orbital quadrupole

Qi = é (L¥m Loy + LimLm.s) = ééb,ef&.j Yin, Haule, Kotliar PRB’12
TH(Q*QP) = 26, 5 Aron, Kotliar PRB’15
Stadler et al. PRL'15
Horvat, Zitko, Mravlje PRB’16



J/T

Hund’s rule coupling suppresses
spin-spin Kondo coupling constants

=
—
""'-l--__._|
- = —
el Mo e e o - .
—

-,
- J.| — spin
=" j '| 4—— orbital
..... ;
— J.‘; .
Jﬂ <4— mixed
- qs

_—- Small or even ferromagnetic J_!

- Small splittings between quadrupole

b- local potential

— 0 — charge fluctuations to N=1
- 1 — charge fluctuations to N=3
(half-filling)

10 and orbital terms.

Yin, Haule, Kotliar PRB’12
Aron, Kotliar PRB’15

Stadler et al. PRL'15

Horvat, Zitko, Mravlje PRB’16



 Why ferromagnetic? Fluctuations to N=3 (half-filled)

states prefer ferromagnetic arrangement [in contrast
to single-orbital!]

bath atom | bath
£
| A
\/ | |
\ A A
v | |

Yin, Haule, Kotliar PRB’12
Aron, Kotliar PRB’15

Stadler et al. PRL'15

Horvat, Zitko, Mravlje PRB’16



Impurity model results
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Horvat, Zitko, Mravlje, PRB 94
165140 (2011).



So: Sr,RuO, a Hund’s metal with different
behavior of spin and orbital moments

What about LS coupling?



* |L-S coupling not small ~0.1eV
» certainly larger than Fermi liquid coherence scale
 What are its consequences?

Earnshaw, Figgis, Lewis,Peacock, J. Chem. Soc., (1961).
Pavarini, Mazin, PRB 74, 035115 (2006).
Haverkort et al., PRL 101, 026406 (2008)

gy (€V) LDA+SOC

Ener




« spin anisotropy in NMR (3*) ishida et al., PRB 64 R100501

. . . (2001). .
e admixing of orbitals; crossings become avoided
(b) o () (f) oA (h) Lpa+sol
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ARPES

H. Iwasawa et al.,
PRL (2010)



sr ARPES
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* Spin-orbit splittings consistent with LDA and are
substantial

* Does Hund’s metal picture persist in the presence of
spin-orbit?



Method

» 2D Tight-Binding model
which describes
LDA+SOC band
structure.

« DMFT computation with
SOC, which involves
finite IMG(1).

« U=2.3¢eV, Ju=0.4 eV.

H = Hy + His + Hint

Hint = (U — SJH)M — 2JH§2 _ %EQ

2
\ 1
Hys = ?z Z m(dLTme _dLJ,dmL)
m=—1
\ 0
m=—1

Axy Az = Asoc = 100meV

Table I. The tight-binding Hamiltonian t?jg,g, t=0.42,
t1=0.17, t2=0.30, t3=0.03, and t4=0.04 (eV).

Tz, T2 Yz, Yz TY,TY TZ, Yz
to o —t2 —t3 —t 0
10 —t3 —ty —t 0
ol 0 0 —t1 —t4
¢ FLO 0 0 —t1 ta

‘ot




ReX(w) (eV)

Self-energies with SOC very similar
to the ones without

xz(SOC.B=50) ®
xy(SOC,p=50)
xz(w/o SOC,B=50) ©
X{(WIO SOC,B:SO;
Xz

g esseiia o 2
::]' xy(w/o ,=50
E Sesapspennnesnsty

xz (w/0SOC) —|" Bl
48 Xz (SOC) -« -
Xy (W/0SOC)

xy (SOC) ===

.6 Nt I I | | ] I
-1.5-1.0-05 00 05 1.0 1.
o (eV) o (eV)

44 L 1 1 1
-15-1.0-05 00 05 1.0 15

* Spin-orbit coupling does not affect electronic
correlations in spite of being substantially larger than
T_, Why?



-d*: SrCrQ,,

Impurity model results

-d*: ruthenates

SrMoO3
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Horvat, Zitko, Mravlje,
PRB 96 085122 (2017)

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



LDA+DMFT on Sr.RuO,

T .°>0.1 eV. Orbital moments are quenched.

SOC has no effect
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Mravlje, Georges,
PRL 117 036401
(2016).



WHAT DOES THIS MEAN FOR ELEC. STRUCTURE/
AS PROBED BY ARPES?

DOES DMFT PREDICT THAT SOC IS WASHED
AWAY BY CORRELATIONS?



o (eV)

Not at all: SOC effects are correctly
reproduced

() SOC

w (eV)

(b) w/0SOC
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Intensity (arb. units)

e

Is>0, srARPES ----
Is<0, srARPES -
Is>0, DMFT,SOC —
Is<0, DMFT,SOC —

i i i i

00 02 04 06 08 10 12 14
Binding Energy (eV)



How does this work?

 SOC is a part of the single particle Hamiltonian, hence
It Is renormalized with the rest of band structure. Take
a slave-boson type self-energy Re 2= (1-1/2) w. Full
single-particle Hamiltonian is renormalized.

Q 1
n | Seff |~ —~ A\
':-: L 130meV |/ | Y
D B } /;T.\\\'-.IIII'- ]
S L) AN s
AN IR =
—~ 0F A
© ot W] ) =
B ey &
& L9o ::fnr.:\-".-' | e) '\ \\ =
= R A\
I LA
(ks ] Loy /] AN
e »/ WA
|\ W
I () \f_ /




* |In DMFT, self-energy has more structure, slope at

-0.5eV smaller.

. «/=0.55
S —~
®» 56 m
d:o 5.2 XY e_"\.__:':
xz (W/0oSOC) —|°
48 | xz(SOC)
xy (w/oSOC)
Xy (SOG) ===

4.4 .
-15-10-05 00 05 10 15
w (eV)

» Finally, splitting at Gamma is:

.Ii..e"'“mn}

0.40
0.35
0.30
0.25

0.20 |
0.15 |
0.10 froemmsememsrmemssreomseemenss oo

0.05
0.00

00 O

(©)

Aot 2(i00)
Aot .x:.-{'mn}'

Asoc

5 1.0 15 20

Zhang et al. PRL 116
106402 (2016).

o, (eV) /\‘;f.f(iwn) = Asoc +2Im¥, .41 421 (1wy,)
/\ffcgﬁgic_an) = Asoc — 2ImE, 4 4y (iwn)

« 2" : there are off-diagonal parts of the self energy

(s0C = ZH 32z eff

~110 meV




* The corresponding spin-orbit at small energies is due
to electronic renormalization ~5 suppressed to 40meV.



Conclusion

Sr,RuQ, is a Fermi liquid with a low T* due to Hund'’s
rule coupling

Hund’s metal picture is valid in spite of SOC, because
}\< TKorb

Spin-orbit effects enhanced due to off-diagonal self-
energies but suppressed due to dynamical
renormalization (as any other term of the single-
particle Hamiltonian)

Taking this together, Slight suppression (factor ~2) of
spin-orbit at low energies, relevant to
superconductivity



THANK YOU!



Seebeck[uV/K]

50

40

30

20

10

-
&

LA

. {-'- |

exp. Sr,RuO,
exp. STRuO3

LDA+DMFT +m

Kelvin
LDA+Boltz

kg/e In2 /2

200

400 600
Temperature[K]

800 1000

1200

Silk, Terasaki, Schofield, PRB’09
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Fermi surface

(@ DMFT,SOC r (b) DMFT,w/0SOC
_J \_|
=
[ M
A\ \_ _J
0 all [

Experiment : A. Damascelli et al., PRL (2000)

SOC
Nyy=1.24,Nyz/,=1.38
w/o SOC
Nyy=1.24,Nyz/,=1.38

» Spin-orbit coupling affects Fermiology by inducing
orbital mixing in each Fermi surface sheets

 Hund's coupling affects Fermiology by equalize orbital

occupancy.



Crossing becomes an avoided
crossing

¥ Sr,RuOy4  Z-dispersion

iLL/lf - M
(g

vl
/1
N
T
M
Haverkort et al. Avoided crossing more consistent with measurements of

PRL'08 guantum oscillations, Bergemann et al., Adv. Phys.’03



SOC induced orbital mixing

Asz-yz ——00d (0) () MDC

even () _
. XZ4+yZ 3
) A,, ——even (M) w=0 eV
= Xy (b) X s g
- DMFT,SOC O > =
a B g
T 2
> — 5
L] 07 08 09 10 1.1 06 B 7%1208 P 1208 Bro
- K (n/a) k (n/a) k (n/a) k (n/a)
Q
=

ARPES

H. lwasawa et al.,PRL (2010)

0.9 1.0
k (n/a)

0.7

« Spin-orbit coupling induces mixing of orbital, which is
consistent with experiment.



ReZ{w) (eV)

SOC mduced degeneracy Ilftlng at [

0.40
(a) v, 7 O 55 0.35 {C) lfz{'“n}'
>0 - 0.30 e (C) EDC
v Agop ==m=eeee- “"\-‘:‘_
5.6 ! ZL.\: F“\\\' "3?: o E ...........................
\\/\ g o20f 5 1550, STARPES -
52 Zl. + XY ': r"l.'m D 15 | _e. IS":U. BFHHPES ——
LAY ' o Is>0, DMFT,50C =—
2 (WoSOC) —|' (11} S—— g Is<0, DMFT,SOC —
a8 - xz | -
xy (w/oSOC) v
xy (SOC) - 0.05 E
4.4 : 0.00 [S
-15-1.0-05 00 05 1.0 15 0.0 D 5 1 D 15 20 —
w (eV) w, (eV)

00 02 04 06 08 10 12 14
(80C = ZH zz Az eff Binding Energy (eV)
~110 meV STARPES : C. Veenstra et al., PRL (2014)

* Spin-orbit coupling induced degeneracy lifting at k=I
point is consistent with experiment.

* This consistency reflects correct renormalization of
bands, and correct enhancement of effective SOC

constants.



Self-energies and guasiparticle

6.4 0.40 1
(b) / poas’| 035 | (C)  Ieprzlion)
ol r Aeft xy (i)
030} o
— > |
i O 0.25
A z
e A\ /|l = B 0.15
Xz (W/0SOC) —|° Rl 1 11 [ P
4.8 + Xz (SOC) wree 3
xy (w/0SOC) 0.05
xy (SOC) ==== ; - 0.00  0.10
44 L 1 1 1 _1 6 S 1 L | I L 000 . I I
-15-1.0-05 00 05 1.0 1.5 -15-1.0-05 00 05 1.0 15 0.0 0.5 1.0 s 23
® (eV) ® (eV) o, (eV)

)\if_}.(iwn) = As0c +2ImE gtz (iwn)

det[(w +p)dap — H” (k)ap —ReX(w)adap — :\:fb] = (0 a,b: spin/orbital

» Spin-orbit coupling does not affect the nature of
electronic correlation of Hund's metal.

» Electronic correlation enhances effective SOC
constants without subtle energy dependence.



Who cares if ferromagnetic? —
asymptotically decoupled spin; NFL!

=

H = Z &C 1oCro + JUT(0)FW(0) - S ;.

J(D') =J(D)+ 2J2p‘i? g=pJ

Jg
dinD
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)= e/ |24

Growth of interaction alo(/
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Two-stage decoherence

» Entropy in Sr,RuO, from LDA+DMFT
(1) Liberated orbital moments

E = ~T%/2
2 | v = 38mJ/molK?
—, S=~1T,T <1
% 1 S =~Ty+clog(T/Ty); T > Ty
80 , I}
= 60| P -
, - . E 40 | A
0 500 1000 1500 20| {If
TIK] T

() Liberated spins -
¢/



Conseguences of this for Seebeck

 Knowing DOF one can attempt Heikes analysis

50 | | | | SH — /I{B;’IQ(‘ IC}QJ(({N_MWN+1)
exp. Ssrzgug4
- . SrRu - > , o N
40 | ++ eEBme}F_% - — kp/2elog(4/2) ~ 30uV/K
: * elvin
< | + mgis o TDATBOIZ X JM & Georges, PRL'16
3, 30 e TR e kelen2/2 1 @—— Kiein et al. PRB'06
E i a
$ 20 {. o d =(2S+1)=4 ; N-1=3, S=3/2
ol +-F d _=(25+1)=2 ; N+1=5, S=1/2
. | - e Comments: retaining just spins!
0 200 400 600 800 1000 1200 |
Temperature[K] If orbitals kept:

- k,/(2e)*log(4/6) = -17.5microV/K



» ab- Seebeck explainable in entropic terms and points
to quenched orbitals and free spins

 Can Seebeck (blindly) be used as diagnostics of DOFs
of warm metals?

* |s entropy a limiting factor for Seebeck coefficient?



Insights from impurity model

Kanamori impurity with NRG [S and L SU(2) symmetries]
7 -3

]_ i} I I T I
J[T_‘!Tirnp — E(Ef — SJ)ﬁrd(i'\'Td — 1] — 2JS° — 7L2 L F_l — 30 ("‘eff - 2= (C) |
Distinct scales for screening of S and L -
—6F
ol 20 .o o \E_'u 3 -
< H150 | T e T —
0.8 — - o —8t
| T ol
061 :
< 10} .
0.410 — TP ..
—11— - T}s{pin \\:
0.2 19 i | | |
-8 -6 -4 =2
Y logyo(/)
logyo(T) 5. -
Horvat, Zitko, Mravlje PRB’16
. . O_kada, Yosida, _PTP’73,
Suppression of (both) T, with J Yin, Haule, Kotliar PRB'12

Similar results for Kanamori, Dworin-Narath,Kondo-Kanamori,



Atom In a medium : quantum
iImpurity problem

« Kondo effect

Resistance/Resistance{T=0 Celsius) x 10000

A (from W.J. de Haas and G.J. van den Bery,
Physica vol. 3, page 440, 1936)

300 -

Low temperattre resistivity of
Au

L1 = Temperature T (K)




Kondo effect

 |nfrared slavery

e Screening of magnetic moments — renormalized
metallic response

Pauli C)

Susceptibility i

X . ! HA \
Tk \ ' AN v
i X ~ 1 / T (

, Impurit Conduction
Curie b

High T - weak coupling Low T - strong coupling

Spin Electron

Susceptibility Spin

o
9




« Also bulk : high temperatures, local moments
Low teperatures ; renormalized quasiparticles

O—« Material

(crystalllne sohd)j
A h__f WS
T Y Y Ty - -
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Ferromagnetic Kondo effect,

H = Z ERC‘E-R(rChr + }W{(O)(?W(O) ) §}‘ .

infrared freedom

ko

5

4 F
o

D." _ & 3}
gD) | —2g,In(D/D) | 5 ,|
1}
Free moments at 0>'

low temperatures. 1

Not a Fermi liquid

=

" 1/(1+log10(x))
-1/(1-log10(x))

0.1 02030405060.70809 1
temperature



RG flow

Suppressed quadrupole

Suppressed Jls,Jgs JI>> Jg, JIs >> Jgs Realistic ;: from S-W
8 ) G T T 3 _
|\ |
6\ 4 14 | --
N\ 2o i _
= 40y \ [ N I | | | waem
\-\ 0.0 0.2 04 06 0.9 —
. (a) : 0
0.0 0.2 0.4 0.6 0 00 01 02 03 04 05 000 005 010 0.15 0.20 0.25
logyo(T/Txk) logyo(T/Tx) logyo(T'/Tk)

 Even starting with J_=J ,(suppressing J=dg terms) running of J
faster (due to larger SU(3) symmetry)

» Splitting between J, J, and J,, J . becomes smaller as T is
decreased — dynamic establishing of SU(3) symmetry



NRG results

e Hund’'s metal —

e LowT-FL

e at intermediate T : screened orbitals and fluctuating
spins .

_________________
LT
____________
----------




Other ruthenates

 LDA+DMFT succesfully describes also other
ruthenates

- FM in SrRuQ, and paramagnetism with larger
renormalizations in CaRuO,

. . .
» Optics in CaRuO, 0% g ——
i 2107
B |
I = 10tk
_ - — Cubi
2 10° L== oOrtho *
—  Cubic b E-- Orth0+FL R
= 107
; — Allen . 107 103107 107 10°
-1
2 10 Smgle -band FL w (eV) E
® i
i | === Ortho
i fm mexp.I'=20
1| @ eexp.T=30K N
1072 e
Dang, JM, Georges, Millis, PRB’15 S MR~ SUSESENVNIL SN L
10” 107 107 10 10

Dang, JM, Georges, Millis, PRL'15 o (eV)



Returning to materials worlds ...

Sr,RuO,

 T.°*=1000K = 0.1eV; A=0.075eV; validates

gualitatively LDA+DMFT without spin-orbit (but
marginally, to be investigated more)

70 — T T 1
60- Sz — LI _

! | 7 : -
50 F\Lx,y — _ |-
40 _\ . C1/y(T)
30 0 2000-
20 _x]ﬂ)\

"IO 1 | 1 | 1 |
0 500 1000 1500 2000

TIK]

xlug/eV]




Quasiparticle resonances




What about LS coupling?



* |L-S coupling not small ~0.1eV
 — not that much smaller than J,

 What are its consequences?



2.0

NRG study :
Kanamori Hamiltonian + LS

1
A = 107625

A= 107520
A= 10-42
A= 10752
A= 10722
A=10"17
A=10"1%
A=10"07
A=10"0%

A =102%
A= 1008




logyo(Tk)

-d*: ruthenates

SrMoO,
0 IA<OI _ _ IA>OI
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Compare with a DMFT study
of Kim et al. ArXiv:1607.05196
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RG picture on relevance of A

e [Al<T, VS. A>T,
Fluctuating Fluctuating
S, L moment S, L moment
-.| TK _.| )\
Screened S Formation of J
or/and L
A
ineffective

T (if 3>0)

(T, - T.°®, for Hund’'s metals, but more generally, first scale at
which either spin/orbit moment is screened)



S

* Bright colors = small Z = strong correlations
« Bars indicate Mott insulator

* Materials placed according to specific heat enh. (if app.)




Consequences

» Existence of RQPs enables rewriting transport a la
Boltzmann

» Shifts thinking from “what is going on with scattering”
to “what is going on with dispersions”

Deng, JM et al, PRL'13
» Success of such HifiKR{fg-avle. PRLLS
explaining optics in terms
of how correlations
affect dispersions

Conductivity (kS cm™?)

1 111 IIII| 1 1 L 11
1071 10°
hew/(2mkgT)

Stricker, JM et al. PRL'14



Large curvature implies small cutoff
(kink) scale (if mass is fixed)

ImY = — Aw? ReY = 2w .Aw + - --

ImY =0 |o| > w.

PHYSICAL REVIEW B 90, 205131 (2014)

Photoemission and DMFT study of electronic correlations in SrMoQOj;: Effects of Hund’s rule
coupling and possible plasmonic sideband

H. Wadati."" J. Mravlje.>** K. Yoshimatsu.? I—[ Kumigashira,® M. Oshima,’ T. Sugiyama.® E. Iken: g ¢ A. Fujimori,’
A. Georges.*® A. Radetinac.” K. S. Takahashi,' M. Kawasaki,":'° and Y. Tokura"
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Quantum oscillations

T (K) T (K)
0 10 20 301 2 3 4
i ' | ' T ' T
j I j I j B . ./-:{L_ 20
225 7 CaRuO, #D10 7 L '
- CaRuO, #D10 . ol B |
200 | i (M) 7T
| D _,r")l 1 |
i i 25 —— 9 rd — 41.5
175 | - i i 7
- y Egh 20 / -+ .
150 | i B / l 110
I | : 151 i 1 i
=125 . R - ]
= 7 i 1
g - . 10 ﬁf - 7S :
3100 | 1M w4 - S 05
a N i 174 4/ i
75 4 (@) L (b) ]
s 1L oL ""H"'é'lﬂﬂ
50 B AL 0 50 T.:-'E {Kﬂd] 0 5 10 T (Ki]
og | (a) B B(T) 15 20 25 30 35
i 1 -n,_‘r - T T T | T T T I 'l T '+
0 | | | | | B T (a) CaRuO, #D12 #Da1 (I
0 100 200 300 %‘ 30 |- " l"ul A | A
— - I .
7K Sof VWAl
: , 30 LR-580 R-17a | I|||||
Schneider, ..., Gegenwart, PRL'14 " T = 50 mK T=somKk || | -
R i R T I TR R ISR SR R
0,09 0,08 0,07 0,086 0,05 0,04 0,03

1/B(1m



2
X /eV]

20

15

10

:E 70

T - 5 - & -
o ".‘I: [— Kondo_]
o Lrd vl

., I710 100 1000
~I . e T[K] x
i II:I I
I
— theory Khnight shift 7
I ... Xy _

I e XZ a)

] ] ] | ]

TIK]

OO .100I200I300I400I500I600

2000 . —

- b).

>

L

NE:Q )

iy

ot D §

X |% theory &

év < ymitf’op |

2 -|:| 101 ’
o LML Rul
0 100 200 300

T[K]



#1:42 [,./7. ,.-I’SrzRuI]-d_su_Ul,E_IJBAB_Beta_EB LB, r‘lun/transpurt_naufltnt_,june_2813fdusl_t23,dat]
#1:82 [..7..FSr2Ruld_suw_U1,5_10,48_Beta_48.0. . runftransport_naxent_ june_2813/dos_t2g, dat]
$1:82 [,./../5r2Ruld_sw_U1,5_J8,48_Beta_108.8.run/transport_naxent_ june_2813/dos_t2g.dat]
#1:82 [,./../Sr2Ruld_sw_U1,5_J0,48_Beta_208.0,.run/transport_mnaxent_ june_20137/dos_t2g . dat]
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article part of the spectra;

J/U=1/6

#1282 [U2,5/Akw_up.dat]
#1142 [U3.5/Akw_up.dat]
#1282 [v4a,08/Akuw_up,.dat]
#1:42 [U4,5/Akw_up.dat]

#1342 [US/Akw_up.dat]




LDA+DMFT on Sr,RuO,

* Data in close agreement with experimental ones!
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0.01 0.1 1 0.01 0.1 1

e L S SN g(m}_Eﬂ'e ZJ’ f(&)- f{8+ﬁw)
- T=29K -

Tk x Ti‘vak(E}v:A (& +fiew).
chi
% L
2E
& F
B[
2l
5 L
O
107! 10° 10* 102 107! 10° 10! 10°

Hw/(2nkgT) Hew/(2nkgT)

T g r , \ week ending
PRL 113, 087404 (2014) PHYSICAL REVIEW LETTERS 22 AUGUST 2014

Optical Response of Sr,RuQ, Reveals Universal Fermi-Liquid Scaling
and Quasiparticles Beyond Landau Theory

D. Stricker,' J. Mravlje,” C. Berthod,' R. Fittipaldi,” A. Vecchione,” A. Georges,*>' and D. van der Marel'



Energy (eV)

Spectral function

* Renormalized Landau QP below ~0.1eV

* Broad strongly dispersing « resilient » QPs
* Abrupt increase of dispersion at +0.1eV

_-.:"_:l_ —————

I (100) (110) I (101) ZI  (111) (011) T
D. Stricker et al., submitted

Deng et al. PRL'13



NRG study of LS coupling in
iImpurity problem

L, C s
Himp = EH — 3Ju)Na(Ng — 1) —

LT
— 92Jy4S? — 7HL2 A Z 1, -,

e ang. momentum J=L+S ; L=1, S=1: 3" Hund's rule- J=2,0

 A>0 - small J2(d* -ruthenates), A< 0 — large J?(d? -molybdates)

T— A=10-02 = ‘ | - =2 (2+1)
—_— A= 1042
U VT e - J2=1 (1+1)+ 1(1+1)
—_— O\ = 107225 o0 ,,’ -
3= A=10"17 - t 0
— A=10"1% ! d ]
2 \ — 10~0-75 - ’,’ II II l' ’: i
\:)\1:;%?9 —————— -0 ' /
T i e =0




	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
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73

