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1. Why core-level excitation to study material properties (low-energy excitations)?
2. Why DFT (+many-body theory) is needed for simulating core-level excitations?

Note. Our Interest is NOT element dependence of the core binding energies
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Calc. LDA+DMFT Anderson model

A. Hariki et al.,

PRB 96, 045111 (2017)
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X-ray photoemission spectroscopies and DFT theory

e) Photoelectron w,k

Material
X-ray photoemission spectroscopy:
X-ray

- Valence-band XPS (ARPES)
Win, Kin

directly measure the low-energy states

- Core-level XPS
Site/element specific excitation

XPS spectrum in LaNiO3z K. Yamagami et al., Appl. Phys. Lett. 118, 161601 (2021)
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X-ray photoemission spectroscopies and DFT theory
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Material
X-ray photoemission spectroscopy:
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X-ray photoemission spectroscopies and DFT theory

DFT calculation; indispensable for understanding the material dependence
of the valence electronic structure (valence spectra, i.e. valence band PES)

VOLUME 53, NUMBER 24 PHYSICAL REVIEW LETTERS 10 DECEMBER 1984

NiO (LDA, WlenZK) DenSity of states Magnitude and Origin of the Band Gap in NiO

G. A. Sawatzky® and J. W. Allen
Xerox Palo Alto Research Center, Palo Alto, California 94304
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X-ray photoemission spectroscopies and DFT theory

Hubbard model (Kinetic energy + On-site Coulomb repulsion)

Hubbard term  Hyypbard = Z Unymy G. Kotliar and D. Vollhardt, Physics Today 57 (2004)
i : solved by dynamical mean-field theory (DMFT)
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X-ray photoemission spectroscopies and DFT theory

Hubbard model (Kinetic energy + On-site Coulomb repulsion)

Valence-band photoemission spectroscopy in d' compounds
Phys. Rev. Lett. 93, 156402 (2004)

A. Sekiyama et al.,
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X-ray photoemission spectroscopies and DFT theory

Hubbard model with ligand orbitals included (dp model)

Hubbard term  Hpupbara = Z Uniyny, CT insulator EF
i A i
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X-ray photoemission spectroscopies and DFT theory

Zaanen-Sawatzky-Allen diagram

J. Zaanen, G. A. Sawatzky, J. W. Allen, PRL 55, 418 (1985) A. E. Bocquet et al., PRB 53, 1161 (1996)
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Both correlated d states and
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Dynamical mean-field theory (DMFT)

Ref. A. Georges et al., RMP 68, 13 (1996), G. Kotliar et al., RMP. 78, 865 (2006)

‘ Lattice model ‘

Impurity Hopping
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Dynamical mean-field theory (DMFT)

Ref. A. Georges et al., RMP 68, 13 (1996), G. Kotliar et al., RMP. 78, 865 (2006)
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Dynamical mean-field theory (DMFT)

Ref. A. Georges et al., RMP 68, 13 (1996), G. Kotliar et al., RMP. 78, 865 (2006)
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Impurity Hopping
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e-
K ‘ Extension of DMFT to recover k-dependence
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Ref. G. Rohrenger et al., Rev. Mod. Phys. 90, 025003 (2018)
T. Maier et al., Rev. Mod. Phys. 77, 1027 (2005)



DFT + Dynamical mean-field theory (DMFT)

NiO (LDA, Wien2 K) There are different implementations, see e.g.
50 7

3 \/ K. Haule et al., Phys. Rev. Lett. 115, 256402 (2015)
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DFT + Dynamical mean-field theory (DMFT)

NiO (LDA, Wien2K)

There are different implementations, see e.g.

] K. Haule et al., Phys. Rev. Lett. 115, 256402 (2015)

dp space (Ni 3d + O 2p) P /\\/
v Both low- and high-energy physics | * J\\Q% v Computationally cheap, simple
can be captured, incl. cases where so % Ligand p not included (explicitly)
ligands (non-interacting bands) are iZ / % (Covent bonding information
directly involved jz < >§ encoded in the low-energy band)
® The double-counting correction 40 3
must be properly determined 19000W

Geff =P GKSP "

Tight-binding model from the target bands (d-only, dp) via wannier function

wannier90: A tool for obtaining maximally-localised Wannier functions
YW= LI A. A. Mostofi, et al., Comput. Phys. Commun. 178, 685 (2008)
with % V .
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(Localized) Wannier functions I Bloch bands
= basis for tight-binding model

The k-dependent phase (unitary
matrix) is often chosen to minimize
the spread of Wannier functions.
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DFT + Dynamical mean-field theory (DMFT)

NiO (LDA, Wien2 K) There are different implementations, see e.g.
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DFT + Dynamical mean-field theory (DMFT)

Q1. How to determine the interacting part Non-interacting — Interacting

of the Hamiltonian

DFT based routes
v/ Constrained LDA, Constrained RPA

F. Aryasetiawan et al., Phys. Rev. B 70, 195104 (2004)

Experimental routes
v/ Fitting various spectroscopic experiment

Screened interaction W

F. Aryasetiawan et al., Phys. Rev. B 70, 195104 (2004) Polarisation: P= Pd + Pr

40 . , . . I

T Julich Autumn School on Correlated Electrons (2011)
https://www.cond-mat.de/events/correl11/manuscripts/aryasetiawan.pdf

30 Paramagnetic Ni

20

7 The Constrained RPA Method for Calculating
the Hubbard U from First-Principles
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F. Aryasetiawan,' T. Miyake,?? and R. Sakuma'

! Graduate School of Advanced Integration Science
Chiba University, Japan

2 Nanosystem Research Institute, AIST, Japan

60 3 Japan Science and Technology Agency, CREST
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Fully screened Coulomb interaction W =[] — Wde]_lwd

Screened Coulomb
interaction in effective model



Intensity (arb. units)

Intensity (arb. units)

PHYSICAL REVIEW RESEARCH 6, 033068 (2024)
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CaCuzRu 0q;: A High-Kondo-Temperature Transition-Metal Oxide
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Photon-energy dependent PES

(@) CaCu,Ru,0,, D |
Valence band A:
1.2keV ,
200eV /\—
c |
1(I)OeV 1 1 I/IN
14 12 10 8 6 4 2 0
Binding energy (eV)
(b) LDA+DMFT D
Cud o
Ru d & :
(0]
{p t27[\ \
T T T T T T T T T T T T T T T
(c) LDA+DMFT Cu3d 300K |
Xy yz :
zX .
X2-y? I
14 12 10 8 6 4 2 0

Energy (eV)

c(Mb)

Photoionization cross-section

Experimental magnetic susceptibility

T T T T T T T T T T T T
] '.‘ CaCu,Ru,0,,
60 Kobayashi et al. [11] L
] — Krimmel et al. [12]
50 Kato et al. [21] B
% ] - Cheng et al. [22]
£ 404 CaCu,Ti,0,, L
> .
I il Shimakawa
) et al. [23]
30 2
% ] - ==-Cu? (x3)
= 20 A -
10 - Tl -
0 | L | L | L | L | L |

0O 100 200 300 400 500 600 700
Temperature (K)

101 |
~ 015 Er
S ] —
B 1073 L

| I E
] I ~F
— T

0 I1(|)0 200 300 4(|)0I 3
Energy (eV) ' [
|

— T T T T — T
0 1000 2000 3000 4000 5000 6000 7000

Energy (eV)

Cu Spin Susceptibility (us2/eV)

Kondo state

Cuz*: S=1/2

CaCusRu4012

Local moment

1000 1500
Temperature (K)

2000 2500

v’ Different elements (orbital) have different

photoionization cross-sections

v/ DMFT is capable of many-body physics (Kondo effect)

In complex correlated materials



DFT + Dynamical mean-field theory (DMFT)

Q1. How to determine the interacting part Non-interacting — Interacting

of the Hamiltonian

DFT based routes
v/ Constrained LDA, Constrained RPA

F. Aryasetiawan et al., Phys. Rev. B 70, 195104 (2004)

Experimental routes
v/ Fitting various spectroscopic experiment

Q2. How to determine double-counting correction?

DFT routes
v Ansatz for energy functional incl. U Exact double-counting
Ref. Double counting in LDA + DMFT — The example of NiO K. Haule, Phys. Rev. Lett. 115, 196403 (2015)

M. Karolak et al., J. Electron Spectrosc. Relat. Phenom. 181 (2010) 11-15

Experimental routes
Refs.

V Flttlng Valence-band phOtoemISSIOn SpeCtra A. Marino, A. Hariki et al., Phys. Rev. Research 6, 033068 (2024)

measured with different photon energies (Cross-section) o Taegan A Harii ool Shys. Rew X 12011017 6022y

Q3. How to solve the impurity Anderson model?

D C DCore
e integrated DMFT software for Correlated electrons

v Development of various numerically-reliable impurity solver
(e.g. continuous time quantum Monte-Carlo solver)



Kondo Dynamics by RIXS: CePds3 Lﬂatccifnhmnuﬁ:tgzg (2022)

e Archetypal Kondo lattice

® Teon~130K, Tk~600K 4f wannier basis (from LDA with SOC)
® N~0.75 (from XAS) with Wien2K and wannier90
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Kondo Dynamics by RIXS: CePds3 Lﬂatccifnhmnuﬁ:tgzg (2022)
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Core-level x-ray spectroscopiesrs
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(Hund’s multiplet, crystal field, and more ...)



Core-level x-ray spectroscopies

) Many peaks ??
NIO|
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_
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Atomic radial function
(from atomic Hartree-Fock calc.)

The origin of the satellite?
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Ni 3d orbital —
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Core-level x-ray spectroscopies

Hubbard model with ligands included (dp model)

X_ray e- HHubbard = Z UniTnil

o igand e
. Core-hole potential

. N_.: Number of electrons
; In 2p core levels

Core hole ‘
(test charge)

S 0
------------------------------------------------------------------

potential U
2p3/2 _@_ Y LHB

3d ................. gd
—()— &, o EF
% A Core-hole €, : screened




Core-level x-ray spectroscopies

Hubbard model with ligands included (dp model)

dn+1 + dn—l

Metal - metal charge transfer : d" + d" —
. information on d bands (near Fermi energy)
.

‘\. . =Core-noie poential :
3
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Core-level x-ray spectroscopies

O dn
Core hole =
(test charge)

Initial state:
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| W)

Fermi golden rule

X-ray transition (dipole)
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Core-level x-ray spectroscopies

NiO Two peaks ??
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Multiplet ligand-field calculation (Cluster model)

MOs cluster model (since 1980’s)
X-ray ®

f%\ ,/.. % Only nearest-neighboring ligands (no translational symmetry)
./ O: Ni % Many adjustable parameters (fitted to reproduce the experimental data)

O: 0

® Cluster model from DFT

PHYSICAL REVIEW B 85, 165113 (2012)

S

Multiplet ligand-field theory using Wannier orbitals

M. W. Haverkort,! M. Zwierzycki,? and O. K. Andersen'
'"Max Planck Institute for Solid State Research, Heisenbergstrafe 1, 70569 Stuttgart, Germany
2Institute of Molecular Physics, Polish Academy of Sciences, M. Smoluchowskiego 17, 60-179 Poznan, Poland
(Received 21 November 2011; revised manuscript received 7 March 2012; published 9 April 2012)
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v’ Eliminate (most of) adjustable parameters

v’ All local interactions explicitly (incl. core orbitals at the excited site)
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Local interaction: Coulomb interaction (valence-valence)

Coulomb interaction between 3d electrons

Hyy 2y = Z F*(3d,3d) Z | fM(dw\dw,, dwdw,) — fH(dw,dw,, dw,dws)|(do) (dw,) (dw,)(dw;)
k=24 0 <WH,W3<Wy

FO omitted direct exchange
(monopole part)

here, W = (ml,ms)

+00 -k (orbital, and spin magnetic
F*is Slater integral : F*(3d,3d) = 62/ rirgdridryRag(r1) R34 (r2) 455 quantum number)
0 r>

- FO. F2 F* allowed for 3d-3d interactions

(" ) .
U=F, : Hubbard parameter Calculated from atomic Hartree Fock method,
F,+ F, constrained random phase approximation etc
= : Hund’s parameter _ _ _ _
. 14 y . In reality, screening must be taken into account

Angular part of the integral:

FF(wiws, w3wa) = Gy imasOmay.mas Z(—)q<l1mu|C§|lgm53><l2m12|Cﬁq|l4ml4>

g

. . | N , Lk IN( 1 kU
Calculated by CG coefficients (3j symbols) : (Im|Cy|I'm’y = (=)"/(21+ D)Q2I' + 1) (O 0 O) (_m g m



Local interaction: Coulomb interaction (core-valence)

Coulomb interaction between 2p (core) and 3d (valence) electrons 3d -T—Tf

2p-3d
multiplet

1 1 St
Hy, 34 = Z [(pa)lda)z — pa)3da)4> — <pa)1da)2 — da)4pa)3>] (pw)) (pwy)dw,) (dwy) 2Pz —S——
IROINONON 12 12 2p12
direct exchange Atomic radial function
(from atomic Hartree-Fock calc.)
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Core-level x-ray spectroscopies
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Core hole
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Quantum embedding approach to core-level spectroscopies

Fermi golden rule

0 X-ray transition (dipole)
F(Ep) = ) |{fIT|8)|*8(E; — Ef — E,)
f
Er=w—¢—- 0,
O B ¢

g : Kinetic energy of PE

_ @ : Photon energy
Quantum embedding

* : DFT + DMFT wore orbitals and fhelr Inferaction Ineludec
Anderson model Hpoyver—am + Heore + He

core ore—valence

e- . spin-orbit coupling
K i . core-valence Coulomb multiplet
(Monopole part is adjusted to fit
da” the experimental spectrum)
Bath

Incl. both ligand and
metal 3d bands



Quantum embedding approach to core-level spectroscopies

N iO A. Hariki et al., PRB 96, 045111 (2017)
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Quantum embedding approach to core-level spectroscopies

Hybridization density V2(g) : Key quantity in embedding approach
. hybridization property of 3d orbitals Hybridization density of Ni eg orbital

in the metal site (Impurlty) with the CI’yStal M. Ghiasi, AH et al., Phys. Rev. B 100, 075146 (2019)

o 2 O 2 Cluster model
Local Hamiltonian 1 P
(at embedded site) Local GF N N
A(e) =& — Himp — X(e) — G (e) ? ‘ Incl. Ni (1/2,1/2,0)
o 1
DMFT self-energy 2 0 e
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Note : Coulomb interaction is not included
in V(¢) of the finite-size clusters in figures



Quantum embedding approach to core-level spectroscopies

N iO A. Hariki et al., PRB 96, 045111 (2017)

Quantum embedding
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Metal - metal charge transfer : d" + d" —» d"*' + 4!
. information on d bands (near Fermi energy)

Calc. LDA+DMFT Anderson model
A. Hariki et al., PRB 96, 045111 (2017)
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Ypectroscopies
Metal - metal charge transfer : d" + d" — At 4 gl P P

. information on d bands (near Fermi energy)

Calc. LDA+DMFT Anderson model
A. Hariki et al., PRB 96, 045111 (2017)
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transition metal oxide MnO(001) film
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6% and Carlo Carbone?

Show
more
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Core-Level X-Ray Spectroscopy of Infinite-Layer Nickelate: LDA + DMFT Study

Keisuke Higashi,1 Mathias Winder,2 Jan Kunes$ ,2 and Atsushi Hariki®""
lDepartment of Physics and Electronics,
Osaka Prefecture University 1-1 Gakuen-cho, Nakaku, Sakai, Osaka 599-8531, Japan
*Institute of Solid State Physics, TU Wien, 1040 Vienna, Austria

® (Received 11 May 2021; revised 4 August 2021; accepted 7 September 2021;
published 13 October 2021; corrected 11 November 2021 and 23 November 2021)

Motivated by recent core-level x-ray photoemission spectroscopy, x-ray absorption spectroscopy (XAS),
and resonant inelastic x-ray scattering (RIXS) experiments for the newly discovered superconducting
infinite-layer nickelate, we investigate the core-level spectra of the parent compounds NdNiO, and LaNiO,
using the combination of local density approximation and dynamical mean-field theory (LDA + DMFT).
Adjusting a charge-transfer energy to match the experimental spectra, we determine the optimal model
parameters and discuss the nature of the NdNiO, ground state. We find that self-doping from the Nd 5d
states in the vicinity of the Fermi energy prohibits opening of a Mott-Hubbard gap in NdNiO,. The present
Ni L3 XAS and RIXS calculation for LaNiO, cannot explain the difference from NdNiO, spectra.

Ni 2p Core-level XPS

nature > letters > article

Letter | Published: 28 August 2018
Superconductivity in an infinite-layer nickelate

Danfeng Li &3, Kyuho Lee, Bai Yang Wang, Motoki Osada, Samuel Crossley, Hye Ryoung Lee, Yi Cui,

Yasuyuki Hikita & Harold Y. Hwang &

Nature 572, 624-627 (2019) | Cite this article
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Differences in different core
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1) Absence of Spin-Orbit Couplin

Exp. Ti 1s and 2p HAXPES

First report : J. C. Woicik et al., Phys. Rev. B 101, 245119 (2020)
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2) Absence of Core-Valence Multiplet

Density of States (/eV)

N
T

V 1s and 2p HAXPES in VO

Exp. R. Eguchi et al., Phys. Rev. B 78, 075115 (2008)

Binding Energy (eV)

T. Yamaguchi, AH, et al.,

Phys. Rev. B 109, 205143 (2024)

Cr 1s and 2p HAXPES in CrO:

Cr 2p data: M. Sperlich et al., Phys. Rev. B 87, 235138 (2013)
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2) Absence of Core-Valence Multiplet Phys. Rov. B 109, 205143 (2024)
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Core-level x-ray absorption spectroscopy

Material
X-ray photoemission spectroscopy:

X-ray

- Valence-band XPS (ARPES)
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Core-level x-ray absorption spectroscopy

XPS spectrum in LaNiO3 K. Yamagami et al., Appl. Phys. Lett. 118, 161601 (2021)
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Core-level x-ray absorption spectroscopy

Single-band Hubbard model Correlated materials (Mott insulators)
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Core-level x-ray absorption spectroscopy

D. Alders et al., PRB 57, 11623 (1998)

The main peak/part (split, excitonic) in localized e
electron systems can be well captured by [ cperment20MLNO
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Core-level x-ray absorption spectroscopy

D. Alders et al., PRB 57, 11623 (1998)

The main peak/part (split, excitonic) in localized ‘
electron systems can be well captured by | cpermenOMLNO
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Core-level x-ray spectroscopies in solid

Simpler DFT approach (DFT DOS + core-level) works
v . .
for noninteracting (weakly correlated) systems

In intermediate or strong coupling regime

In addition to the unoccupied bands above Er
1. Local core-hole potential needs to be included
2. Fine multiplet interaction needs to be described

' DFT+DMFT embedding approaches
covers the two limits!
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L. Smejkal et al., Phys. Rev. X 12, 040501 (2022)

What is Altermagnet?

Altermagnet: a new class in collinear magnets (w/o spin-orbit coupling)
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L. Smejkal et al., Phys. Rev. X 12, 040501 (2022)

What is Altermagnet?

Altermagnet: a new class in collinear magnets, split from antiferromagnets
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What is Altermagnet? L. Smejkal et al., Phys. Rev. X 12, 040501 (2022)

Altermagnet: a new class in collinear magnets, split from antiferromagnets
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What is Altermagnet?

PHYSICAL REVIEW B 99, 184432 (2019)
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Antiferromagnetism in RuQ, as d-wave Pomeranchuk instability

Ener

1

Kyo-Hoon Ahn,' Atsushi Hariki,> Kwan-Woo Lee,"? and Jan Kune>*
! Division of Display and Semiconductor Physics, Korea University, Sejong 30019, Korea
2Institute of Solid State Physics, TU Wien, 1040 Vienna, Austria wa
3Department of Applied Physics, Graduate School, Korea University, Sejong 30019, Korea
*Institute of Physics, Czech Academy of Sciences, Na Slovance 2, 182 21 Praha 8, Czechia

—
o

gy (eV)

--------------------------------------------------

Ener
o

»
>

g
oo

-10

r x-«~ I' Z R A Z

FIG. 1. (a) DFT+DMFT band structure, the spectral function
, Ayp(w) + A, (w), along the high-symmetry lines in BZ. (b) The spin
GT U\L polarization of the band structure is calculated as A4y (w) — A} (o).
(c) HF band structure: paramagnetic (black) and AFM (4 red; |
blue). The energy is measured from the Fermi level.
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a-MnTe as altermagnet
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X-ray magnetic circular dichroism in altermagnet

X-ray magnetic circular dichroism (XMCD) Optical (electric dipole)
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Theory vs Experiment: Mn L, 3-edge XMCD in a-MnTe

Experiment and Theory
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Theory vs Experiment: Mn L, 3-edge XMCD in a-MnTe
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Theory vs Experiment: Mn L, 3-edge XMCD in a-MnTe

Supplemental Experiment
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Theory vs Experiment: Mn L, 3-edge XMCD in a-MnTe

Experiment and Theory A. Hariki et al., Phys. Rev. Let. 132, 176701 (2024)
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Theory vs Experiment: Mn L, 3-edge XMCD in a-MnTe

Experiment and Theory
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Theory vs Experiment: Mn L, 3-edge XMCD in a-MnTe

Experiment and Theory
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Recent XMCD experiment
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signal as well. Indeed, previous spectroscopic measure-
ments reported an order of magnitude difference between
the magnitude of the predicted, and measured altermag-
netic XMCD signal [27]. Here, we observe a maximum
XMCD contrast of 1.8 + 0.3% of Aax, the maximum
absorption, which agrees well with the predicted XMCD
contrast of 1.8% of Apax [27].
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Origin of XMCD in altermagnetic MnTe

Calc. Mn single-site XMCD
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Origin of XMCD in altermagnetic MnTe

Calc. Mn single-site XMCD
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Altermagnetism is a non-relativistic concept

dual role of SOC in altermagnetism :

- Necessary to observe AHE and magneto-optical effects (XMCD) etc ..
- May cause weak ferromagnetic, non-collinear magnetism

— How to distinguish altermagnetic signal from ferromagnetic one?

Core-level XMCD : Mn 2p SOC : necessary to observe XMCD

Mn 3d SOC : negligible effect on the spectra



X

d

MCD + XMLD = domain imaging
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