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SroRuO4 - one of the best studied TMO
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* huge high-quality crystals _ Spin-Orbit Hund, Hopping Coulomb, Bandwidth
* investigated with many experimental techniques
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Rich physics:
* Hund’s physics, spin-orbit coupling
« van-Hove singularity close to E
« Fermiliquid (T¢ ~ 25 K)
 superconductor (T, ~ 1.5 K)
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“Looks” simple:
e quasi-2D tetragonal structure
* well defined low-energy subspace
* no structural or magnetic transitions
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Fermi surface basics

* 4 electrons in Ru-tyg shell
* dyy yield a quasi 2D y-sheet

* dxzyz have directional hopping
along x/y yielding the a/p sheets
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A. Damascelli, PRL 85, 5194 (2000)
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High-resolution laser-ARPES Fermi surface
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Fermi surface reveals enhancement of spin-orbit coupling (SOC)

Cannot be explained by tuning
L‘ crystal-field splitting
‘ Enhanced-SOC theoretically predicted
Liu et al. PRL 101, 026408 (2008),

Zhang et al. PRL 116, 106402 (2016),
Kim et al. PRL 120, 126401 (2018)

DFT+Aprr+AA

Extract SOC from Fermi surface splitting:
AE —-z;ﬁﬁ|‘:{’_,.-'")'—" Ak = X fy
T AL ARQP JARPFTHAorr — 205(20) meV
/ — ik~ A"y Aprr = 100 meV
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Using energy splitting at I: C. N. Veenstra, et al., PRL 112, 127002 (2014)



Non-interacting reference Hamiltonian
Y = an. N
1) DFT without SOC (Wien2k, GGA-PBE) 5
2) Construct Hamiltonian J7PFT from ol - e
maximally-localized Wannier functions “BET (GGA PBE)
for the three-orbital tog subspace 5 ;— DFT (Wannier90)
3) Add static SOC: g 0 0 0 A i 1
0 g —B= 2= 0 0
HSOC 0 B g -2 00
0 2 Bew . @ D s
é"j?ﬁ 0 0 0 £ BF ‘%
= S 0 0 = e o
4) Use Appr =100 meV and Aper+AA = 200 meV

Software packages:




Quasiparticle dispersion along several angular cuts
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Self-energy in band basis (v = {a, B, y})

GoL(w,k) = [w+p—e, (k)] 6 — o (w, k)

v

. . . . . /
Quasiparticle dispersion: det [(w — 2, (k) §pur — 2, (w, k)] = 0
. . v _ ! . ; .
Assume diagonal self-energy: w — &y (kpax(w)) = T, (w, ) ko (W) ... maximum of dispersion
I M > ? . X
EF - -_-:- . H . .- -_'-\.-‘ " _-_' ;- . :E.-\..‘
A S . 120 _-'-_?.": ¥is y band i % = fa, "?}:';T., BTSE
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' . o o Wy A aband “ee.t%
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Self-energy in orbital basis (m = {xy, xz, yz})

Work in orbital basis |xm (k)) (i.e. Wannier functions )

Extract self-energy with: det [(w — 2 (W, 6))Omm — H&m(k)] = 0

(c) 150 :':. i 150 * '. "-u: . 4
T e s % Xy
] RARE G, — .
[ e o 45° Collapse of self-energies
1004 BRI,
2 . h';,"’.i

E R ?‘??‘ Direct experimental justification
HE [« el BY of “locality ansatz” a la DMFT
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Angular dependence of orbital content of quasiparticles

Y (w, k) = Z Uy (B) e (w0, k) Uprnr (B) = Z Un (k) Zn(w) Unor (K)

with matrix elements Ui (B} = {Oxn (B) [ (K))

reflecting the orbital-content  |U,,,, (k) |*.

w/o SOC SOC
M r

M
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Ansatz made by DMFT

¥, (w, k) gains k-dependence
due to k-dependence of U,,,,, (k)
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Comparison to DMFT

Electronic origin of
self-energy “kinks”
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Excellent agreement
up to 30 meV
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Discrepancies at ]
higher energies? 4 : , —
45 90

FS angle 6 (deg)

angular-dependent Z

@ 29 K (TgL ~ 25 K):
1/Zyy =55
1 / sz/yz = 33

E-Er (meV)
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Other successes of DMFT for SroRuOg4
s (eV) Susceptibility
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PRL 113, 087404 (2014)
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Overview

* High-resolution laser-ARPES reveals quasiparticle physics
of SroRuO4 with unprecedented accuracy

* Enhancement (by factor of ~ 2) of spin-orbit coupling
by electronic correlations confirmed

* Momentum independent ansatz (DMFT) for self-energy of
each orbital works well

* Angular dependence of quasiparticle properties largely explained
by angular dependence of orbital content (controlled by spin-orbit)
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Hall coefficient signhals orbital differentiation in the Hund's metal Sr,RuO4
MZ, J. Mravlje, M. Aichhorn, O. Parcollet, A. Georges

arXiv:1902.05503




Hall coefficient Ry . f
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— signature of multi band/orbital nature
— interplay of electron and hole-like Fermi surface sheets
— scattering rates strongly T and Fermi surface sheet dependent

Experiments: N. Shirakawa et al., JPSJ 64, 1072-1075 (1995), —= FLATIRON
A. P. Mackenzie et al., PRB 54, 7425, (1996), L. M. Galvin et al., PRB 63, 161102 (2001) \\ NSTITUTE
Earlier theoretical works: C. Noce, et al. PRB 59, 2659 (1999), T o ooyt !

I. Mazin, et al., PRB 61, 5223 (2000), C. Noce, et al. PRB 62, 9884 (2000)



Scattering rate ratios

Boltzmann transport theory:
e constant isotropic scattering time approx.
Oy = Oy, ~T=1/nand o, ~ 7

yy

does not depend on n

— Ry =

« orbital-dependent scattering rates nxy and nNxz = Ny
— Ry, depends on ratio & = nyy / Nxz/yz

« Ry monotonically increases ratios

| m— ‘\\u
« SOC essential for Ry >0 -2 \

w/o SOC socC B

. . M r M xzlyz
* T-dependence of scattering rate ratios =3 : : . : ;
to explain the experiments? g : 2 i B!nwy t 3 G
= Fxy 'z

BoltzTraP2 software package: Boltz N~ FLATIRON

G. K. Madsen et al.,, CPC 175, 67 (2006) Trap2 N Lol LY
G. K. Madsen et al., CPC 231, 140 (2018) ra G s




Inelastic electron-electron scattering

3.5
* Nxy > Nxzlyz 30
 orbital-differentiated coherence-incoherence crossover '
e ¢ strongly T-dependent
mr 2.5
Crossover from incoherent electrons to coherent Fermi liquid
J. Mravlje, et al.,PRL 106, 096401 (2011), 2.0
X. Deng, et al., PRL, 116, 256401 (2016)
1.5 = : :
05 0 100 200 300
' T (K)

o
o

— turns Ry positive with zero crossing at 120 K

In FL ratio ¢ is independent of T:
Why does Ry turn negative again at low T?
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The full picture 0.50

0.25 1
Inelastic scattering from 0.00 +-
DMFT @ 29 K: o
@)
Nxy = 9.5 meV ‘;é -0.25-
rlleyz = 19 meV o
é_0.50' ,’/ 6“ 0.5 T(K)
St l m\ s Ny
Add isotropic impurity scattering: RIS E 0.0 i ererapiny P VO
= -1.00-"/ L -051 * S
= S_jof gpomepon | -
-1.25- € _45 ; . '
\ 0 100 200
Dominates Ry at: ~ high-T  low-T TS0 TS T 50 75 100 125 180 175 200 225
T (K)
Experiment:

Sign-changes are signature of 2 cross-overs:
* coherent-to-incoherent regime
* inelastic-to-elastic scattering

Well separated temperature scales in clean samples.

L.M. Galvin et al., PRB 63, 161102 (2001)
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Ingredients for T-dependence of Ry,

* Fermi surface sheets of different or mixed orbital character

* T and orbital dependent scattering rates

* Balanced electron/hole contributions — sign-changes can emerge

Other Hund’s metals:
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R. Perry, et al., Phys. B 284, 1469 (2000); J. P. Sun, et al., PRL 118, 147004 (2017); O. Heyer, et al., PRB 84, 064512 (2011)
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