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RIXS:

Orbital and Magnetic excitations in
quasi-2D and 1D antiferromagnets

Cu oxides & Fe pnictides
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RIXS spectrum of Sr.CuO3 spin chain
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Spinons in Sr.CuO3
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RIXS magnon dispersion of Sr,CuO,Cl,
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Magnetic L-edge RIXS on 8% doped La,,Sr,CuO,
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Energy loss (eV)

Related to presence of paramagnon
e-h continuum?

— . Guarise, Piazza, Berger, Giannini, Schmitt, Rennow,
Benjamin, Klich & Demler Sawatzky, JvdB, Altenfeld, Eremin & Grioni,
PRL 112, 247002 (2014) Nat. Comm., in press (2014)
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- ¢ Spin excitations ' 9
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[~ Spin excitations P

0,0)->(1.1) A\

-0.4 0.2 0.0
Energy transfer (eV)

Zhou, Huang, Monney, Dai, Strocov, Wang,
Chen, Zhang, Dai, Patthey, JvdB, Ding &
Schmitt, Nat. Comm. 4, 1470 (2013)
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Magnetic RIXS on Ba, (K, ,e,As,

T T T T
- ¢ Spin excitations ' 9

0,0)-> (1,00 X

para- /\_

magnon itations i
(0,0) N1
t
e s

-0.4 0.2 0.0
Energy transfer (eV)
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$

iy H

0.5, 0)

0.0)
qy -transfer (r.l.u.)

.
(0.35,0.3

dispersing paramagnon

Significant
softening

Zhou, Huang, Monney, Dai, Strocov, Wang,
Chen, Zhang, Dai, Patthey, JvdB, Ding &
Schmitt, Nat. Comm. 4, 1470 (2013)
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RIXS sensistive to elementary magnetic excitations of
(for example) Cu oxides and Fe pnictides
-k i w <

and can directly probe their dispersions
y._3 M ar

Magnons and spinons in low dimensional magnets
observed in RIXS.

A - S WV L

Paramagnon present in (heavily) doped cuprates and in
Ba, (K, JFe,As,




Magnetic Iridium Oxides

Sr,Ir0,: equivalent of cuprate La,Cu0,

Jackeli & Khaliullin, PRL 102,017205 (2009)

B.J. Kim, Ohsumi, Komesu, Sakai, Morita,
Takagi, Arima, Science 323, 1329 (2009)
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Magnetic Iridium Oxides

Sr,Ir0,: equivalent of cuprate La,Cu0,

Jackeli & Khaliullin, PRL 102,017205 (2009)

B.J. Kim, Ohsumi, Komesu, Sakai, Morita,
Takagi, Arima, Science 323, 1329 (2009)

t,y°: single hole s=1/2 in 3-fold
degenerate [=1 state

quartet

J =32 —

N2

3
J. =12 —1—
" doublet

J=L+S
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Direct RIXS on Sr,IrO,

e-h continuum
(optically allowed)
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Magnon dispersion
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Direct RIXS on Sr,IrO,

W/

~ o-pol 7

~ N

(0)  (0,0) (re,m)

2,/ 2)(7:;0)

() (/2,1/2)0,00  (@,0) q

Ament, Khaliullin & JvdB
PRB 84, 020403 (2011)

e-h continuum
(optically allowed)

spin-orbit quartet
exciton
(optically
forbidden)
3IN2
magnons doublet

Intensity

Jungho Kim,! D. Casa,! M. H. Upton,! T. Gog,' Young-June Kim,?
J. F. Mitchell,® M. van Veenendaal,!* M. Daghofer, ° J. van den Brink,’
G. Khaliullin,® B. J. Kim®* pRL 108, 177003 (2012)
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RIXS determines orbital energies + magnetic interactions
directly

Can J / orbital energies be calculated
from first principles?

Density functional theory (DFT)

Of limited use for d/f electrons

In strict sense a ground state theory

DFT+ (LDA+U, LDA+DMFT)

Not ab initio, parameters ad hoc, not always
well-known or sometimes not well-defined

Hybrid uncorrelated - correlated approach
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QC: wavefunction-based correlation methods

Finite embedded clusters

Fully ab initio for ground 2 °; Y
and excited states
F u{ly correlatet?: %0 oo
multi-configuration
wave-functions et 00 @
o
Heavy machinery °° ¢ oo
008,
QV° o8
Excellent for systems ' 8 (1Y
with localized electrons .0‘:.:L 248 o R

Our scheme: direct-space multireference Cl, finite embedded clusters

The infinite solid-state environment: one-electron embedding potential

@ simplest: point-charge array
@ more advanced: based on prior periodic Hartree-Fock



Virtual orbitals,
empty in MCSCF
(e.g., Cu 4p etc.)

Active orbitals,

all occupations allowed

(e.g., Cu 3d orbitals)
- multiconfiguration
self-consistent-field - single + double
wavefunction _ excitations on top
Inactive, of MCSCF
filled in MCSCF - 2p-3d correlation,

etc.
(e.g., CulstoO 2p)




tetravalent iridates

quasi-0D Sr3lrCuOs
quasi-1D postperovskite CalrO3
quasi-2D perovskite Sr2lrO4 and BazlrO4
honeycomb: A2lrOs, A=Na/Li
2D/3D
hyper-honeycomb: B-Li2lrO3

3D pyrochlore Y2Ir.07



quasi-2D iridates: Sr2lrO4 and Ba2zlrO4

Sr2lrOy

@

Elongated octahedra
distortion 3.8%
Rotation of octahedra 11°



quasi-2D iridates: Sr2lrO4 and Ba2zlrO4

Sr2lrOy

@

Elongated octahedra
distortion 3.8%
Rotation of octahedra 11°

BaxIrO4

Elongated octahedra
distortion 6.6%

No rotation of octahedra



dd excitations of Sr2lrO4 and BazlrO4

Hole config. Rel. Energy (eV)
SralrOg4 BaslIrOy4

t3g (+50C)
j=1/2 0 0
j=3/2 0.65-0.81 0.69-0.82

thg — €g 2.8-5.9 2.0-5.0
Op—Ird 3.0-6.0 1.7-4.5

Katukuri, Stoll, JvdB & Hozoi
PRB 85, 220402(R) (2012)



dd excitations of Sr2lrO4 and BazlrO4

Hole config. Rel. Energy (eV)
SralrOg4 BaslIrOy4

t3g (+50C)
j=1/2 0 0
j=3/2 0.65-0.81 0.69-0.82

thg — €g 2.8-5.9 2.0-5.0
Op—Ird 3.0-6.0 1.7-4.5

Katukuri, Stoll, JvdB & Hozoi
PRB 85, 220402(R) (2012)

RIXS? for SrplrO4

(@) s E=11217eV
$E=11214eV
C Q=(0,0,33) ]
Pe 4
%
f §
J ‘,“ R 2® -
"‘! '," \'\"" et
L }«*x».f
-u:ocf;. - —

-2 0 2 4 6 8
Enerqy Loss [eV]

Asoc = 28 (eV)

SrolrO4 =~ 0.46
BasIrO4 =~ 0.43

Ishii, Jarrige, Yoshida, Ikeuchi, Mizuki,
Ohashi, Takayama, Matsuno & Takagi
PRB 83, 115121 (2011)
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large spin-orbit coupling
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Tetragonal distortion &
large spin-orbit coupling
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CF splittings in Sr2lrO4 and BazIrO4

Table 4. Relative Energies (meV) for the Split Ir 2T,,g(t,,g‘c’)
States in Sr,IrO, and Ba,IrO,”

hole orbital
Sr,Ir0O,
CASSCF
MRCI
Ba,IrO,
CASSCF
MRCI

“SOC is not accounted for.

xz/yz xy
0 —120
0 —18$
0 70
0 65

Katukuri, Stoll, JvdB & Hozoi
PRB 85, 224002(R) (2012)

Katukuri, Roszeitis, Yushankhai,
Mitrushchenkov, Stoll, van Veenendaal, Fulde,
JvdB & Hozoi, Inorg. Chem. 53, 4833 (2014)
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CF splittings in Sr2lrO4 and BazIrO4

Table 4. Relative Energies (meV) for the Split Ir 2T,,g(tzg‘c’)
States in Sr,IrO, and Ba,IrO,”

hole orbital xz/yz xy
CASSCF 0 -120
MRCI 0
CASSCF 0 70
MRCI CoD) s Oeff >0

“SOC is not accounted for.

Katukuri, Stoll, JvdB & Hozoi . Kaukuri, Roszeitis, Yushankhai,
PRB 85, 224002(R) (2012) Mitrushchenkov, Stoll, van Veenendaal, Fulde,
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CF splittings in Sr2lrO4 and BazIrO4

Table 4. Relative Energies (meV) for the Split Ir 2ng(t,,g‘c’)
States in Sr,IrO, and Ba,IrO,”

hole orbital xz/yz xy
CASSCF 0 120 s
MRCI 0 eff
CASSCE 0 70
MRCI CoD) s Oeff >0

“SOC is not accounted for.

Katukuri, Stoll, JvdB & Hozoi . Kaukuri, Roszeitis, Yushankhai,
PRB 85, 224002(R) (2012) Mitrushchenkov, Stoll, van Veenendaal, Fulde,
2 JvdB & Hozoi, Inorg. Chem. 53, 4833 (2014)



CF splittings in Sr2lrO4 and BazIrO4

Table 4. Relative Energies (meV) for the Split Ir 2ng(t,,g‘c’)
States in Sr,IrO, and Ba,IrO,”

hole orbital xz/yz xy
CASSCF 0 120 s
MRCI 0 eff
CASSCE 0 70
MRCI CoD) s Oeff >0

“SOC is not accounted for.

Negative splitting for Sr214

Katukuri, Stoll, JvdB & Hozoi . Kaukuri, Roszeitis, Yushankhai,
PRB 85, 224002(R) (2012) Mitrushchenkov, Stoll, van Veenendaal, Fulde,
2 JvdB & Hozoi, Inorg. Chem. 53, 4833 (2014)



Super-exchange J in Sr2lrO4 and BazlrO4

® Two active Ir sites




Super-exchange J in Sr2lrO4 and BazlrO4

® Two active Ir sites

® Small splittings between triplet states
(< 3meV), Heisenberg model appropriate

J(meV)<0— FM SrlrO4 BazlrO4

CASSCF -19.2 15.4
CASSCF+S0C 28.8 35.7
SDCI+SOC 51.3 58.0
Experiment! 60

With SOC, J is not so sensitive to the Ir-O-Ir angle

Katukuri, Stoll, JvdB & Hozoi Jungho Kim, Casa, Upton, Gog, Y-J Kim, Mitchell,
PRB 85, 224002(R) (2012) Veenendaal, Daghofer, JvdB, Khaliullin & B.J. Kim
PRL 108, 177003 (2012)



Magnetic interactions in Sr2lrO4 and BazlrO4

My = JS;-§;+D-8;x§;+8, T-§; +ps Y h-&-Sx
p—y

J D | Iy I

47.8 +11.9 0.42 -0.84 0.42

Bogdanov, Romhanyi, Katukuri, Yushankhai,
Kataev, Buchner, JvdB & Hozoi, unpublished
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My = JS;-§;+D-8;x§;+8, T-§; +ps Y h-&-Sx

k=i,j
J D Tz Tyy I..

47.8 +11.9 0.42 -0.84 0.42

Number of states CASSCF MRCI
gL g gL gl

Sr2IrO4 (Aty, = —155meV):
1D (3 KD’s with SOC) 1.67 2.25 1.60 2.35
5D, 2Q, 1S (27 KD’s) 1.81 227 1.76 2.31
BaglrO4 (A, =65meV):
1D (3 KD’S) 2.00 1.61 2.01 1.60
5D, 2Q, 1S (27 KD’s) 209 177 210 1.76

Bogdanov, Romhanyi, Katukuri, Yushankhai,
Kataev, Buchner, JvdB & Hozoi, unpublished



Magnetic interactions in Sr2lrO4 and BazlrO4

My = JS;-§;+D-8;x§;+8, T-§; +ps Y h-&-Sx

k=i,j
J an; Fyy Fzz

47.8 +11.9 0.42 -0.84 0.42

Number of states CASSCF MRCI
gL gl

Sr2IrO4 (Aty, = —155meV):
1D (3 KD’s with SOC) 1.67 2.35
5D, 2Q, 1S (27 KD’s) 1.81 2.31
B, =65meV):
1D (3 KD’s) 2.00 1.60
5D, 2Q, 1S (27 KD’s) 2.09 1.76

Bogdanov, Romhanyi, Katukuri, Yushankhai,
Kataev, Buchner, JvdB & Hozoi, unpublished



Magnetic interactions in Sr2lrO4 and BazlrO4

My = JS;-§;+D-8;x§;+8, T-§; +ps Y h-&-Sx

k=i,j
J D Tz Tyy I..
47.8 +11.9 0.42 -0.84 0.42
Number of states CASSCF MRCI
gL 8| gL g

Sr2IrO4 (Aty, = —155meV):
1D (3 KD’s with SOC) 1.67 225 1.60 2.35 C, o
5D, 2Q, 1S (27 KD’s) 181 227 176 2.31 R Ca

Ay, =65meV): compresed elongated
1D (3 KD’s) 200 161 201 1.60

< <2< > <2<
5D, 2Q, 1S (27 KD’s) 209 177 (210 1.76) 6<0, g=2<g, 6>0, g=2<g,

Bogdanov, Romhanyi, Katukuri, Yushankhai,
Kataev, Buchner, JvdB & Hozoi, unpublished




Magnetic interactions in Sr2lrO4 and BazlrO4

My = JS;-§;+D-8;x§;+8, T-§; +ps Y h-&-Sx

k=i, j
J D j S Ty [P

47.8 +11.9 0.42 -0.84 0.42

Number of states CASSCF MRCI
g1 g gL gl

Ay, = —155meV):
1D (3 KD’s with SOC) 1.67 225 1.60 235 c, -
5D, 2Q, 1S (27 KD’s) 181 227 176 2.31 R Cs
Ay, =65meV): compresed elongated

1D (3 KD’s) 200 1.61 201 160
< <2< > <2<
5D, 2Q, 1S (27 KD’s) 200 177 (2.10 1.76) 6<0, g=2<g, 6>0, gr2<g,

Bogdanov, Romhanyi, Katukuri, Yushankhai,
Kataev, Buchner, JvdB & Hozoi, unpublished




Magnetic interactions in Sr2lrO4 and BazlrO4

My = JS;-§;+D-8;x§;+8, T-§; +ps Y h-&-Sx

k=i,j
J D j S Ty [P

47.8 +11.9 0.42 -0.84 0.42

Number of states CASSCF MRCI
g1 gl gL g

Ay, = —155meV):
1D (3 KD’s with SOC) 167 225 1.60 2.35 c, -
5D, 2Q, 1S (27 KD’s) 181 227 (176 2.31 R Cs
Ay, =65meV): compresed elongated

1D (3 KD’s) 200 1.61 201 160
< <2< > <2<
5D, 2Q, 1S (27 KD’s) 200 177 (2.10 1.76) 6<0, g=2<g, 6>0, gr2<g,

Bogdanov, Romhanyi, Katukuri, Yushankhai,
Kataev, Buchner, JvdB & Hozoi, unpublished




Longer range crystal fields in Sr2lrO4 and BazIlrO4

\ ESR on Sr214
V2 (GHZ 10
ESR intensity (arb. u.) (@) 49436(‘(" — (b)
307 ¢ 372.3| N . 30
L o 1
N glcaca il gl=2 P
| o<loxg L
20} | 0 v WDGD//// 20
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Bogdanov, Romhanyi, Katukuri, Yushankhai, Kataev, Buchner, JvdB & Hozoi, unpublished



Longer range crystal fields in Sr2lrO4 and BazlrO4

Aq

el

Bogdanov, Romhanyi, Katukuri, Yushankhai, Kataev, Buchner, JvdB & Hozoi, unpublished



Longer range crystal fields in Sr2lrO4 and BazIlrO4

0.6;° €V)
0>0
0.3
-O._.5ji 0 0.5 1
Ag (e)
0 <0 &3
2 {4-2Aq}H+ {2+Aq}+ | Sr2IrO4 -
°0” @TM OA Ba,lrQ, —=—

Bogdanov, Romhanyi, Katukuri, Yushankhai, Kataev, Buchner, JvdB & Hozoi, unpublished
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Bogdanov, Romhanyi, Katukuri, Yushankhai, Kataev, Buchner, JvdB & Hozoi, unpublished



Longer range crystal fields in Sr2lrO4 and BazIlrO4

0.6;° €V)
0>0
0.3
-O._.5ji 0 0.5 1
Ag (e)
0 <0 &3
2 {4-2Aq}H+ {2+Aq}+ | Sr2IrO4 -
°0” @TM OA Ba,lrQ, —=—

Highly charged It*" causes strong longe range CF
This CF counter-acts 0 of oxygen cage

Causes level inversion in less-elongated Sr214

Bogdanov, Romhanyi, Katukuri, Yushankhai, Kataev, Buchner, JvdB & Hozoi, unpublished



More iridates ...

honeycomb A:Ir0; pyrochlore AxIr207




pyrochlore Y2Ir.07

Jmol

Hozoi, Gretarsson, Clancy, Jeon, Lee, K.H.
Kim, Yushankhai, Fulde, Y.-J. Kim & JvdB
PRB 89, 115111 (2014)
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yrochlore Y2Ir.O7
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pyrochlore Y2Ir.07

% v lowres. |

Intensity (arb. units)

Energy Loss (eV)
E 1 E2 t,‘}ge;,
Sm,Ir,0; 0.61 091 3.41-4.75
Eu,Ir, 0, 0.60 (0.59) 0.91 (0.95) 3.39-4.72 (3.70)
Lu,Ir, O, 0.57 0.92 3.49-4.88
Y,Ir,0 0.58 (0.53) 0.94 (0.98) 3.48-4.84 (3.90)

Hozoi, Gretarsson, Clancy, Jeon, Lee, K.H.
Kim, Yushankhai, Fulde, Y.-J. Kim & JvdB
PRB 89, 115111 (2014)



pyrochlore Y2Ir.07

T T T T
Y,Ir,0 v low res. |
E
5
z
g
K|
0¢ 0 1 2 3 4 5
Energy Loss (eV) b
E, E, 1.e;
SmyIr, 0, 0.61 091 3.414.75 .
Eu,Ir,0 0.60(0.59)  091(0.95)  3.39-4.72(3.70) Undistorted
Lu,Ir, 0, 0.57 092 3.49-4.88 Octahedron
Y,Ir,0, 0.58 (0.53) 0.94 (0.98) 3.48-4.84 (3.90) 5 5
E, E,
Egzoiﬁ,{ Gftﬁflfop’l: C}znc;;E Jeo]%’ Le;c, Ké—}l3 Eu,Ir,0, 0.67 0.89
im, Yushankhai, Fulde, Y.-J. Kim & Jvi Y,Ir,0, 0.66 0.90

PRB 89, 115111 (2014)




pyrochlore Y2Ir.07

v low res. |

o low res. |
o high res.

Intensity (arb. units)

O

Energy Loss (eV)

oY coordination causes non-cubic crystal

field ) Undistorted

e J=3/2 states split also when IrQOs Octahedron
octahedron is undistorted 70 £0
1 2
Hozoi, Gretarsson, Clancy, Jeon, Lee, K.H. Eu,Ir, 0, 0.67 0.89
Kim, Yushankhai, Fulde, Y.-J. Kim & JvdB Y,Ir,0; 0.66 0.90

PRB 89, 115111 (2014)
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Superconductivity in FeSe: orbitals set the stage
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Orbital nematicity in FeSe
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