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“Electronic Structure
Theory” at CPHT:

Correlated materials
A. van Roekeghem

from first principles (now: permanent
researcher at CEA

Cyril Martins
(now: MdC at
Toulouse U.)

S. Backes, J.Steinbauer, BenjaminLenz, A. Galler,S. Bhandary, S.Panda, M. Turtulici

(now MdC inJussieu) Also: A. Subedi, L. Pourovskii



Spectral properties... cfPina’s

Talk !
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’ Electron
S analyzer
hv ,,Q/CI"

Ekin’ 9’ ¢

.y
St ? /

¥ X

Can we calculate spectral functions from first
principles ?



Intuitive definition:

Spectral function: A(k,w) describes electron
addition and removal processes.
=> Photoemission and inverse photoemission

Electron addition/removal spectra

Z A
Electron
analyzer
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NB. Formal definitionin language of Green’s  pijsclaimer: neglect matrix element effects.
functions: A(k,w)=-1/mt G(k,w)




example: CeSF — an f-electron pigment

Ce: 411 configuration,
paramagnetic



Example :
CeSF — an f-electron pigment

(cf. Rhodia’s Neolor series)

B LS — -
N Spectral function (*) )
N total f-only f-electrons in CeFS
| s & 5 5 5
RN by e remain “atomic-like” i.e.
n 0 A | localized on the atomic sites
§ ———
g 71 | ’ * do no form bands
4 * no Bloch states ...
b_ => “Mott insulator”
5 | |+ Spectral feature: multiplets ...
/’(,\%,_: [ | Ce: 411 configuration,
> < paramagnetic
\ r 7 R M 7 R Calculated colour of CeSF:
Tomczak, Pourosvkii, Vaugier, Georges, Biermann, PNAS (2013) -

(*) calculated from Density Functional + Dynamical Mean Field Theory



example: CeSF — an f-electron pigment

DFT-LDA Kohn-Sham

\’\/ —" N Band structure
Y

5 ?
W

Energy(eV)
=

Ce: 411 configuration,
paramagnetic

Tomczak, Pourosvkii, Vaugier, Georges, Biermann, PNAS (2013)



example: CeSF — an f-electron pigment

DFT-LDA Kohn-Sham

/ —" N Band structure

Ce: 411 configuration,
paramagnetic

Tomczak, Pourosvkii, Vaugier, Georges, Biermann, PNAS (2013)



Correlated materials ... 3d

Examples: transition metal or rare-earth compounds

(partially filled d- or f-shells), low-d systems ...

transition

61

actinide

4f

5t

> ';n%n r'.a
| UUS UUO ‘\_I__/'

P NESAS) L e

rare earth

Radial wav e function ( n,l) has
n-l -1 nodes

=> Spatial extension of 3d and
4f small.




Most challenging regime is in between
the two (band and atomic) limits !

Local fluctuations:
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Correlated electron materials:
(z Oe_
(™

. . . . ¢ N G/‘O

a simple single-particle picture ¢®ge Voouom g

. A

Coulomb interactions invalidate

o’
Correlated materials >

... display collective behavior of the electrons (beyond
single-particle picture), emergent properties

... are characterized by various competing energy
scales, competing instabilities

... are extremely sensitive with respect to external
parameters

... need theoretical treatment beyond band theory



First Principles Calculations for Correlated Materials

Calculate properties of materials with strong electronic
Coulomb correlations

- ground- and excited state properties (spectra, optics,
correlation functions ...)

- beyond the single-particle picture (“beyond mean
field”)

- finite temperatures

- from first principles, i.e. without adjust

—>Strategy: combine techniques from( many-body theory
& first principles electronic structure~theories

Here: Dynamical Mean Field Theory
(DMFT)



Dynamical Mean Field Theory

Dynamical mean-
field theory (DMFT):

Includes local dynamical
quantum fluctuations in a
many-body way

AA R AN RN N N NN N NN NN N NN N NN NN NN NN NN NN NN NANNNY
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13 (1996)

atom

More technically speaking:
DMFT approximates dynamical orbital- and momentum- \/ﬁ
dependent many-body self-energy by a momentum-independen Qq,wm,sfwf o

self-energy, calculated from a self-consistent effective local
qguantum impurity problem

both




2"d example:

Sr21rO4

unj exjoads pejenofe)

$) uono

(Aa/sejcq

kx (7/a) kx (7/a)

Combined Density Functional Theory + Dynamical Mean
Field Theory for Sr21rO4 and Sr2RhO4

Non-local correlations in Sr2lrO4

Spectral properties of doped Sr21rO4 — a simple picture
for the pseudo-gap

(A9/s91e18)
uopounj jeajoads paje[nofe)
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Sr2lrO4: K2NiF4-structure
(cf. La2Cu04, Sr2(Rh/Ru)04)

Ideal double perovskite
structure
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J. Matsuno H.Takagi et al, PRL (2015)

= insulating behavior at all measured temperatures (up to ~ 500K).

Strongly T-dependent gap.

—> Electronic configuration: 5d5

=> not a band insulator.



Sr2lrO4: Magnetism

Temperature 4

Paramagnetic e Our focus |

Insulator

240 F =P rrrrrrraiaaaasasssasaaaaaas
Insulator BEIOW 24OK
canted Canted AFM
antiferromagnetic
Weak ferromagnetic

moment in ab-plane



From 3d to 4d to 5d ...

21 | F23 25 76 27 28
Sc [ITi ||V || Cr n|{{Fe [|Co|INi||CullZn 3d
:}&ﬁ m::f et '3t ﬁ‘_us P45 ki %7 %,s et 3410 “x;,m
96 47.88 50.94 00 54.94 55.85 93 58.69 & 39
30 40 41 42 43 44 45 46
[Y Zr Nl‘? Mg Tc R}; Rg P(& Ago Cgo 4d
Zad! T4g? 4 24 el 15 Dy 4d' Eadd)
57 73 74 75 76 77 78 80
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—Weaker
correlations
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From 3d to 4d to 5d ...

§1c Ti %} Cr 25n F"i: EZ) lilsi CullZn| 3d
30 P40 |F41 |2 ([ (% |F.& | [4
[Y Zr ||Nb|[Mo|| Tc IE{U Rh || Pd Cd ad
57* | :i %3 | 74 75 (7)6 | 77 | 78 80
é?:l I gff;ﬁ n‘?:n“ 244 ééj E._sté }i‘u’ Eﬂ'isﬁ 'ﬁé;:al;du '%1 5d
Cobalt (z= 27) leo ~0.06 eV Atomic number
Rhodium (Z=45) (50 ~0.19 eV increases
Iridium (Z=77) (0704 eV .
—> stronger spin-

orbit coupling




Crystal field and spin-orbit:
Ir in octahedral symmetry
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ﬁ
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week ending

PRL 101, 076402 (2008) PHYSICAL REVIEW LETTERS 15 AUGUST 2008

Novel Jeer = 1/2 Mott State Induced by Relativistic Spin-Orbit Coupling in Sr; IrQy

B.J. Kim,' Hosub Jin,' S.J. Moon,” J.-Y. Kim,” B.-G. Park.” C.S. Leem,” Jagjun Yu,"! T.W. Noh,” C. Kim,” S.-1. Oh,’
1.-H. Park,™** V. Durairaj,® G. Cao.® and E. Rotenberg’

(c) (d)

R Ul
I;WI i, Qgﬂ%
'J’[_.f= 3/2 band '

J = 3/2 band

J ¢ band split due to SO Joqr= 1/2 Mott ground state

Phase-Sensitive Observation of a
Spin-Orbital Mott State in Sr,Ir0Q,

B. J. Kim,“** H. Ohsumi,” T. Komesu,” 5. Sakai, ™" T. Morita,’” H. Takagi,™** T. Arima*®

RIXS => “Jeff=1/2" state




K2 i . .
DFT part [— S \72 —+ VKS(I') u',*k{r) = Enk'tr""'k(l‘)

within the Local Density Approximation (LDA)

AVARYVAR T

4 bands crossthe Fermilevel:

a metallic Kohn-Sham band structure
Ir 5d
} J:eff = 1/2
Jetr = 3/2
Used as a starting pointfor LDA+DMFT
calculations.
O 2p

Martins et al, Phys. Rev. Lett. 107, 266404 (2011)
(see also: Arita et al, Phys. Rev. Lett. 108, 086403 (2012),
Zhang et al., Phys Rev Lett. 2013,
Moutenet et al, Phys Rev B 2018) 23




DFT part

Interfacing

v

P (k) =) |wg ) (Wi |-

Wannier-like orbitals obtained

me(

with a projection scheme

Aichhorn et al, Phys Rev B 80, 085101 (2009)

Martins et al., Phys. Rev. Lett. 107, 266404 (2011)

J. Phys. Cond.. Matt. (2017).

Energy(eV)

The j.4=1/2 stateis almost half-filled with a bandwidth of ~ 1.5 eV

Energy (eV)
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X
Jes=1/2
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Energy (eV)

X
jerr=3/2 | m;[=3/2

Energy (eV)

the j.=3/2 states are almost completely filled.
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M X
jer=3/2 |mj|=1/2



Reduction of Effective Degeneracy by
correlations

At the level of the DFT band structure, Sr21rO4 is not (yet) a single-orbital system:

Sl‘]]I‘D4
Wannier orbitals %, + %} % + %:; % + —j:‘
occupation (LDA + SO) .16 1.98 1.84
charge (LDA + SO+DMFT) 1.02 2.00 1.98
PRL 107, 266404 (2011) PHYSICAL REVIEW LETTERS »3 DECEMBER 2011

Reduced Effective Spin-Orbital Degeneracy and Spin-Orbital Ordering in Paramagnetic
Transition-Metal Oxides: Sr,IrQ,4 versus Sr,RhO,

Cyril Martins,"* Markus Aichhom,™' Loig Vaugier,' and Silke Biermann'-

25









Cluster -DMFT

Martins et al., Phys. Rev. Lett. 107, 266404 (2011)

(2-site cluster)

By taking into accountinter-site (non-local) correlations,
excellentagreementwith experiments

A
0.5

0.0

-0.5

Energy eV

-1.0

Photoemission spectrum at 300 K
In the 1st Brillouin Zone

ARPES by L. Perfetti et al.

Calculated spectral density

3
>
=
()]
c
w

Energy (eV)

T M X

Photoemission spectrum at 300 K
In the 2nd Brillouin Zone

Theory: Keep 3/2 states from DFT+DMFT; Cluster-Hubbard | for % state
C. Martins, B. Lenz, V. Brouet, F. Bertran, L. Perfetti, S.B. PRMat. Rapid 201878
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Sr2irO4 --
Constant energy
maps:
experiment vs.

theory i ] Mea

&

.
w

Calculated spectral functior

n b ¢ -:.:
-2 -1 0 ] 2 -
C. Martins, B. Lenz, V. Brouet, F. Bertran, Kx (/)

L. Perfetti, S.B. PRMat. Rapid (2018)



Doped case:
Sr21rO4 + 10% electron doping

However: U IS
reduced by

metallic
screening!

O

Erergy (eV)

In practice:

“VCA’-like solver (no
bath sites)

[ Q)

r M X r

FIG. 3. Calculated momentum-resolved spectral function
A(k,w + in) of 10% electron-doped Srz2lrOs along the I' —

M — X —T path. ¢, Martins, B. Lenz, V. Brouet, F. Bertran, L. Perfetti, S.B. PRMat. Rapid 2018



Doped case: Comparison to ARPES

(A) Brouet et al. 2015 (B) De la Torre et al. 2015
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Blue-dashed: ARPES from
De la Torre et al. 2015



Doped case: Comparison to ARPES

(A) Brouet et al. 2015 (B) De la Torre et al. 2015
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Blue-dashed: ARPES from
De la Torre et al. 2015 .,



Doped case:
Sr21rO4 + 10% electron doping

—
-

- Erergy (eV)
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[ Q)

r M X r

FIG. 3. Calculated momentum-resolved spectral function
A(k,w + in) of 10% electron-doped Srz2IrOs along the I' —

M — X —T path. ¢, Martins, B. Lenz, V. Brouet, F. Bertran, L. Perfetti, S.B. PRMat. Rapid 2018



Fermi surface of
(Sr,La)2lrO4:

Theoretical
Fermi surface

(Martins, Lenz, Perfetti, Brouet,
ne0. 10 Biermann, Phys. Rev. Mat. Rapid (2018))

De la Torre et al. PRL 2015 See also: Moutenet et al for a QMC
study of the FS within a model for Sr21rO4
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Fermi surface of
(Sr,La)2lrO4:
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Summary

"First principles” calculations of spectral
properties of iridates: Sr2lrO4

‘Reduced effective degeneracy

*Role of non-local correlations:
antiferromagnetic fluctuations crucial
(note: not a statement on range!)

‘Doped case: good agreement with
ARPES!

‘Pseudogap-like features a result of
several effects: antiferro fluctuations, Martins et al., PRL 2011,
filled band coming close ... JPCM 2016, PRM (R) 2018

*“OC-DMFT" a promising cluster scheme
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