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Spin-orbit coupling + correlations in iridates: 1 hole

=J'+

spin up, 1,=0

isospin up

spin down, |,=1
G. Jackeli and G. Khaliullin, PRL 102, 017205 (2009)
¢ Three ta, orbitals, two spins

* Spin-orbit coupling: j =3 and j = 2
quartet

® Doublet has one hole
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Spin-orbital Kitaev model

@ o g B

RN ® 90° bond angle: Anisotropic couplings crucial

VALY >é< ® honeycomb = spin liquid

R ® variations thereon ...

o I P >Q< ® such bonds in AslrO3, a-RuCls, HsLilryOg

H=Jx> 3 SIS]+In Y SiS;+T> S (s08)+5787) + ...
7 (il (3.9) 7 (il

G. Jackeli and G. Khaliullin, PRL 102, 017205 (2009); J. Chaloupka, G. Jackeli,
and G. Khaliullin, PRL 105, 027204 (2010)
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isospin up spin up, 1,=0 spin down, I,=1

J.G. Rau et al., PRL 112,
077204 (2014)



Spin-orbital Kitaev model

@ s (b)
ERa ® 90° bond angle: Anisotropic couplings crucial
VLV >é< ® honeycomb = spin liquid = ‘f +
R ® variations thereon ... ospinp Pnup 20 spindown, 11
o I P >@< ® such bonds in AslrO3, a-RuCls, HsLilryOg
H=Jx> 3 SIS]+In Y SiS;+T> S (s08)+5787) + ...
7 (il (3.9) 7 (il

G. Jackeli and G. Khaliullin, PRL 102, 017205 (2009); J. Chaloupka, G. Jackeli,
and G. Khaliullin, PRL 105, 027204 (2010)

J.G. Rau et al., PRL 112,
077204 (2014)

j= % on many 3D and 2D lattices: well undestood and robust for square-lattice SrolrOy
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Two holes with SOC

A > Jy: j-j coupling
® two holesin j =
j= % filled

® band insulator

1
2 1

o Jy affects j = %
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Two holes with SOC: jj vs. LS

@ ®) @
A > Jg: j-j coupling I=ts=1/2 g T\l Jus 2L Jg > A L-S coupling
- 84— —2
® two holesin j = % — | 2 sp ® two holes have S, = 1 and
i = 3 filled o ne Liot = 1
J = 2 e 1 tot —
3 0
® band insulator 2 ® ) acts on degenerate 3P
o Jy affects j = % i=1p HEle ol ol e ) prefers J =0
Ju=0,A=0 Ju=0 Ju<A||A<Ju A=0
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Two holes with SOC: jj vs. LS

@ ) ©
A > Jg: j-j coupling I=ts=1/2 g T\l Jus 2L Jg > A L-S coupling
o — —o
® two holesin j = % — | 2 sp ® two holes have S, = 1 and
i = 3 filled o ne Liot = 1
J = 2 e 1 tot —
3 0
® band insulator 2 ® ) acts on degenerate 3P
o Jy affects j =3 =2 b3 -e- o0 e )\ prefers J =0
Ju=0,A=0 Ju=0 Ju<A||A<Ju A=0
(@ o1 Jrs = 0 scenario
® jonic ground state Jpg =0
v 4 g€

® superexchange can

® induce triplet on both ions
120 e let triplet and singlet exchange places

) e triplet = three flavors of hard-core bosons
G. Khaliullin, PRL

111, 197201 (2013) ® a bit like coupled singlet dimers
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Two holes with SOC: jj vs. LS

@ ) ©
A > Jg: j-j coupling I=ts=1/2 g T\l Jus 2L Jg > A L-S coupling
o — —o
® two holesin j = % — | 2 sp ® two holes have S, = 1 and
i = 3 filled o ne Liot = 1
J = 2 e 1 tot —
5 0
® band insulator 2 ® ) acts on degenerate 3P
o Jy affects j =3 =2 b3 -e- o0 e )\ prefers J =0
Ju=0,A=0 Ju=0 Ju<A||A<Ju A=0
(@ o1 Jrs = 0 scenario
® jonic ground state Jpg =0
v 4 g€

Why would we want this?
® superexchange can

® induce triplet on both ions
120 e let triplet and singlet exchange places

) e triplet = three flavors of hard-core bosons
G. Khaliullin, PRL

111, 197201 (2013) ® a bit like coupled singlet dimers
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Two holes with SOC: jj vs. LS

@ ) ©
A > Jg: j-j coupling I=ts=1/2 g T\l Jus 2L Jg > A L-S coupling
o — —o
® two holesin j = % — | 2 sp ® two holes have S, = 1 and
i = 3 filled o ne Liot = 1
J = 2 e 1 tot —
5 0
® band insulator 2 ® ) acts on degenerate 3P
o Jy affects j =3 =2 b3 -e- o0 e )\ prefers J =0
Ju=0,A=0 Ju=0 Ju<A||A<Ju A=0
(@ o1 Jrs = 0 scenario
v . . ® jonic ground state Jyg =0

Why would we want this?
® superexchange can

® induce triplet on both ions ) )
J=0 ® let triplet and singlet exchange places Where r:lght this be
o e triplet = three flavors of hard-core bosons relevant?
G. Khaliullin, PRL

111, 197201 (2013) ® a bit like coupled singlet dimers
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Boson Kitaev-Heisenberg model

Two-triplon terms: cr,Ci,cr ~ 1
HA Y o 75 (107, - e/IT) + B c)
b0 (4.9

+KZ Z (za ja_CKTZTaT]TaJ'_H C)

@ (i5) e

+T Z Z (1[3 ]W_CFT15T7T7+H'C')

aF#B#y (i,5) |l
aFty
® Three- and four-triplon terms present
e Perturbation theory for Jyunq = 0:
e only tviaoxygen: 0 < J=—-K, I'=0
e onlydirectt: 0<J < K, I'=0
o I' it

®  JHund promotes FM coupling J <0
Maria DaghoferCF'Mé l?nb d?t’Stuttgart Ed ria Terle PRB 95 014409 (2017)

iversit cltcnlcn’\agnetlsm inty

G. Khaliullin, PRL 111, 197201
(2013)



Classical Phase diagram on honeycomb

§ § § % % g e center: large SOC suppresses
5 i triplons
® rim: strong superexchange
overcomes SOC

o J=Acos«
3330

o K =2Asina
% o

® Ordered phases are those of classical Kitaev-Heisenberg(-I") model.

® Non-magnetic region for dominant A
e Transition driven by 717" terms
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Quantum Phase diagram from ED

1 13

0.8
0.6

A

0.4
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J=Acosa, K =2Asina

Large A > A: more classical than j =
model
D. Gotfryd et al., PRB 95, 024426 (2017)

Keeps perfect symmetry a — « + 180
15t-order phase transitions at K = —.J

1

2



Quantum Phase diagram from ED

o J=Acosa, K =2Asina
1

® Large A > A: more classical than j = 3
model
D. Gotfryd et al., PRB 95, 024426 (2017)

e Keeps perfect symmetry a — « + 180

e 15"-order phase transitions at K = —.J

Regime without magnetic order at J ~ 0:

magnetic correlations strictly short range at Kitaev point Q Q Q_4
no other order found

gapped: lower energy than dimer coverings £ < —K/2 Q Q

non degenerate: order by disorder

P. S. Anisimov, F. Aust, G. Khaliullin, M. Daghofer, PRL 122, 177201 (2019); J. Chaloupka and G. Khaliullin,
arXiv:1910.00074
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Excitations of the J = 0 regime

H :/\Zni*“ +J Z (T,Tfj — cizfjfj + H. c.)

2 (i,9)

+ KZ Z (TiT,aTj,a — e T, T, +H. c.)

i,at j,a
a (ij)]la

i bt
DD (Ti,ﬁTjﬁ -l T, +H. C') ;
B (i)l
aFy

stick to A > J, K,T' = no magnetic order
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Excitations of the J = 0 regime

H:Azniya+J2(ﬁfj—c\/Jﬁifi+H. c.)
DD (m o~ GREST S+ H. c.)

o (i)l
T Y Y (T, - aE )
a#i#“f i,5)[lex

stick to A > J, K,I' = no magnetic order

band structure for triplons:

® once a triplon has been created, it can hop
® bands are here topologically trivial
non-trivial intersite-dimer triplons known

J. Romhanyi et al., Nat. Commun. 6, 6805 (2015); P. A. McClarty et al., Nat. Phys. 13, 736 (2017);
D.G. Joshi and A.P.Schnyder, PBB 96 220405 (2017); 100, 020407 (2019)
Maria Daghofer, FMQ, Universitat Stuttgart: Excltonlcmagnetlsm 'in to



Triplons non-trivial in magnetic field

..‘y z /l//l
M V6 (T, —T! ig; (TF T, —Tt T P
G = —1 ( gz ],I) + 1gg ( dytiz T Tihz j,y) 4€f 5%—
, + ; Wy m/
e ——
> K
<5 ~<
= P
? A @M 2;81___ <
< =1
D T ———sse
r K
ky
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Two kinds of Edge States

states at A states at A + K

® on edge sites, green flavor can't hop ® due to Chern number of bands

* topological of a different sort - ® crosses nontrivial band gap

G. van Miert et al., 2D Mat. 4, 015023

(2017); D. G. Joshi and A. P. Schnyder,

PRB 100, 020407 (2019) - A+K
® related to Su-Shrieffer-Heeger (SSH)

chain; BaQCUSi206C|2?

K. Nawa et al., Nat. Comm., 10, 2096

(2019)

e dissipationless transport?

left =
right =
left, z =
right, z —

® does not cross gap

® shifted with onsite energy 0 i 1 2
y/ﬂ
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Nontrivial triplon topology very robust

T B

e J=cosa
e K =sina
° h=(1,1,1)-h
P. S. Anisimov, F. Aust, G.

Khaliullin, M. Daghofer, PRL
122, 177201 (2019)

0 60 90 120 150 180

{-1,3,-2} — {-1,3,—2,2,-3,1}, {2,-5} — Cl+2 = 2, Cg = —5, C4 = 57 C5+6 = -2
[2,0] — Cl+2 =2, 03+4 =0, [1,-1,0] — Cl =1, 02 =—1, C3+4 =0
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Where might J =0 / J =1 be relevant?

Ir based double perovskites
* spin-orbit coupling (SOC) large for Ir
e |r far apart

® likely nonmagnetic
K. Pajskr et al., PRB 93, 035129 (2016), S. Fuchs et al., PRL 120, 237204 (2018)

from G. Cau et al., PRL 112,

056402 (2014) ) () ©
i=1,5=1/2 Ji.g2 Jii|| Jrs 2851y,
ps— —
® very strong onsite singlet Pp— —! Zgj_l’
. . . 1
® superexchange too weak to mix in triplet . 0
® Picture applicable, but maybe a bit too robust
i=1/2 i 80
Ju=0,A=0 Ju=0 Ju<A||A<Ju A=0
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Where might this be relevant?

CasRu0y
e AFM order
e excitations well explained with J = 0/J = 1 scenario

® Esp. maximum at (0,0) rater than minimum

Maria Daghofer, FMQ, Universitat Stuttgart: Excitonicmagnetism in t%n systems

(42,0)  (Y,%) (1,0 (0,0) (Va,V2)
60 . 20
a
50 ]
g 2 LS 15
S aw b o g
B Tl
5 a0 4 10
& IE d
w
5
10+ i
t 0

a
(2,22 (10) (1) 0,0) (.0)

from A. Jain et al., Nat. Phys. 13, 633
(2017)



Where might this be relevant? (s0) v (0 00 osw

60 20
a
80 4
_ s 18
CBQRUO4 E 4 b o ‘
° AFM order 5 il
e excitations well explained with J = 0/J = 1 scenario ol 1re
® Esp. maximum at (0,0) rater than minimum o | o
(w242 (n,0) () (0,0) (x,0)

from A. Jain et al., Nat. Phys. 13, 633

(2017)

Spin-and-Orbital vs. Spinorbital
e correlations enhance SOC —

shows up in superexchange
G. Zhang and E. Pavarini PRB 95,
075145 (2017)

e OTOH: spin and orbital also decent description
T. Mizokawa et al., PRL 87, 077202 (2001); M. Cuoco et al.,
PRB 74, 195124 (2006)

® ab-initio treatment: strong orbital polarization —
spin S = 1 good description
G. Zhang and E. Pavarini PRB 95, 075145 (2017); D. Sutter
et al., Nat. Comm. 8, 15176 (2017)

Maria Daghofer, FMQ, Universitat Stuttgart: Excitonicmagnetism in t%n systems 13



Strongly correlated ¢;;, model with SOC

® Model studies: investigation of excitonic vs. 'normal spin’ magnetism
e Variational cluster approach applied to model for electrons
e Exact-diagonalization spectra of Kugel-Khomskii-type model for spins and orbitals
e CazRuOy:
e parameters from DFT (hopping, crystal field) and experiment (interactions, SOC)
® one-particle spectra do not really show SOC, magnetic spectra do
® excitonic despite orbital polarization

—— singlet
— doublet,

| o

**' (:)"5}-""

Maria Daghofer, FMQ, Universitat Stuttgart: Excitonicmagnetism in t%n systems 14



to; model on 2D square lattice

® Hopping (nearest neighbors or DFT derived)

o t _ t t
Hyin = ’52, Ciay,0Cjayo ~ b Cioz,0C 22,0 T Ciyz.oCyzo |

(i,4),0 (,5) 2.0 (B0 lly.o

e tetragonal crystal field Hx = —-A Zi,a N ay.o
® spin-orbit coupling

S t
Hsoc = CZ li - 5 = 9 Z Z €aBrTo0'Ci,8,0Ciry.0"
i

1 o,B,y
o0’

¢ onsite Coulomb and Hund's coupling

U’
Hint =U ZniaTni(LL + 7 Z Z Moo MiBe
[N 1,0 a#f
+(U' = T1) 32D niaotipe = Ju Y (Clagiarl g Cinr = ClarclaiCipyCist)
o a>[f i,a#B
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Variational Cluster Approximation

e Get free energy and one-particle Green function (GF) for small cluster — self energy 2
® Plug ¥ into GF of big system — GF and grand potential of big system
e Find optimal cluster self-energy (‘self-energy approach’)
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Variational Cluster Approximation

e Get free energy and one-particle Green function (GF) for small cluster — self energy 2
® Plug ¥ into GF of big system — GF and grand potential of big system
e Find optimal cluster self-energy (‘self-energy approach’)

Symmetry-breaking field: A’ ", A;eiQF:
® one-particle operator A;, e.g. S7, LY, N oy

* G=1(0,0), (m,), (r,0), (0,7) strongly
restricted by cluster
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Variational Cluster Approximation

e Get free energy and one-particle Green function (GF) for small cluster — self energy 2
® Plug ¥ into GF of big system — GF and grand potential of big system
e Find optimal cluster self-energy (‘self-energy approach’)

0.000 [ T
\

(o]
—0.001 | 6\0 o@

----- H g H H B H H o
R

..... - - { —0.002 |

""" nnn —0.003 |

----- H : h H H N Y . —0.004 |-

O

Qopt — eyt

e 0z 04 06 08 1o 12 14 16
Symmetry-breaking field: h'>", A;e/@f M
[Fstripy Se, stripy orb_ TAFM S., FO oy WAFM 25: + L. PM|

® one-particle operator A;, e.g. S7, LY, N oy

* G=1(0,0), (m,), (r,0), (0,7) strongly
restricted by cluster

* important: Q and in-plane () vs.
out-of-plane (z)

/2

e less important: «in S;"” + ol

7 16
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SOC ( reduces onsite degeneracy: Jy s =0/ Js = 1 order

1.0

0.0
00 02 04 06 08 10 12 14

¢/t

stripy ¢

param.  Mcheckerboard 25, + L.

T
1600 02 04 06 08 10 12 14 16

o/t
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complex stripy pattern:

out of nine-fold L =1, S=1
degeneracy

fits M. Cuoco et al., PRB 74, 195124
(2006)




SOC ( reduces onsite degeneracy: Jy s =0/ Js = 1 order

expectation values

stripy mcheckerboard S.
param.  Mcheckerboard 25, + L.
0.0 T
00 02 04 06 08 1.0 12 14 1600 02 04 06 08 10 1.2 14 16
ot o
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complex stripy pattern:

out of nine-fold L =1, S=1

degeneracy I
fits M. Cuoco et al., PRB 74, 195124

(2006)

(excitonic) checkerboard AFM: |
¢ reduces degeneracy *



SOC ( reduces onsite degeneracy: Jy s =0/ Js = 1 order

expectation values

stripy mcheckerboard S.
param.  Mcheckerboard 25, + L.
0.0 T
00 02 04 06 08 1.0 12 14 1600 02 04 06 08 10 1.2 14 16
ot o
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complex stripy pattern:

out of nine-fold L =1, S=1

degeneracy I
fits M. Cuoco et al., PRB 74, 195124

(2006)

(excitonic) checkerboard AFM: |
¢ reduces degeneracy *

PM: ¢ wins, J = 0 state



SOC ( reduces onsite degeneracy: Jy s =0/ Js = 1 order

expectation values

stripy 1 checkerboard S.
param.  Mcheckerboard 25, + L.

0.0 T
00 02 04 06 08 1.0 12 14 1600 02 04 06 08 10 12 14 16
¢/t ot

e grey symbols: no symmetry breaking
J = 0 stabilized by ¢, soon dominates

® black symbols: optimized order
weight shifted into J =1

e J =2 unimportant
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complex stripy pattern:

out of nine-fold L =1, S=1
degeneracy

fits M. Cuoco et al., PRB 74, 195124
(2006)

(excitonic) checkerboard AFM:
¢ reduces degeneracy

PM: ¢ wins, J = 0 state



L-S to j-j: correlated to uncorrelated

Mt

[Fstripy Sa. stripy orb TAFM 5., FO xy WAFM25: +L: | PM]|

SOC A\ > Jy Hund coupling: j-j
better
white: Jy =0, red: Jg =U/3
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L-S to j-j: correlated to uncorrelated

%
% 25 T T T T T T T T
'T; (a) A =1.67t (b) A= 5t (c) A= 10t
& 15
3]
Z 1.0
2] g
2 Z
= g
- 0.5
s
g
0.0
density
At 15 . . . . . . . . .
*0) (mm) (00) (10) (m0) (mm) (0,0) (m0) (m.0) (m,7) (00) (m0) (0.7)
[Fstripy S, stripy otb_[TAFM S, FO ay WAFM 25: + L= _[PM] path path path

correlated bands split by Jy

SOC A > Jy Hund coupling: j-j
j-j: like non-interacting bands; both holes in j = %

better
white: Jg =0, red: Jy =U/3
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L-S to j-j: correlated to uncorrelated

%
% 25 T T T T T T T T
% (a) A = 1.67¢ (b) A= 5t (c) A= 10t
& 15
[}
= 10
7 E
2 E
= 5
> 0.5
a
8
0.0
density
Mt 15 L ) L " L . " L A
0 (mm) (00) (1.0) (r0) (mx) (00) (m0) (m.0) (m,7) (00) (m.0) (07)
[Fstripy S stripy orb_[AFM S-, FO oy WAFM 25-+ L= | PM| path path path

correlated bands split by Jg

SOC A > Jy Hund coupling: j-j
j-j: like non-interacting bands; both holes in j = %

better
white: Jg =0, red: Jy =U/3

Sticking to correlated L-S regime here.
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Crystal field vs. spin-orbit

@ =2
L=1/ N
S=1": é‘\
¢=01
A=0

o
<

I
—

—— singlet
— doublet,

(=1l-a, A=«
0 1@

b

—_ |
~
Il
o

o

coupling

* A = 0: excitonic limit with J =0/J =1
e ( ~0: Spin-1 with doubly occ. xy
e CayRuQ,4 somewhere in between

® structural transition: zy almost doubly
occupied (DFT+DMFT, ARPES)
® Neutrons clearly show spin-orbit coupling

(42,0)  (%%) (1,0) 0,0 (%2,%)
60 + 20
a
50 o
. . _ e = LA 15
® Where in between is CasRuQ,4? Il 2 '\
e Orbitally polarized S = 1 with some spin-orbit 5 ™
. 20
corrections? “ s
10 4
e Excitonic with some crystal-field corrections? 0 . 0
(n2,2/2)  (x,0) (1) (0,0) (w,0)
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A. Jain et al., Nat. Phys. 13, 633 (2017)



SOC in the presence of a Strong Crystal Field

1.0 15

(/ta:

WAFM Sy AFM J, BWAFM M,
WAFM 25, + L, WAFM S, + S, param.

1 CayRuOy
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e SOC ¢ =0: one hole on zz, one in yz =

polarized S =1 with nﬁy =0, ”Zz/yz =1
° (& t: pretty polarized with n!, ~ 0.2,
h ~
nxz/yz ~ 0.9

20



SOC in the presence of a Strong Crystal Field

0.5 1.0 15
. (/ta:

WAFM Sy AFM J, BWAFM M,
WAFM 25, + L, WAFM S, + S, param.

1 CayRuOy
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SOC ¢ = 0: one hole on zz, one in yz =

polarized S = 1 with n}, =0, nZz/yz

¢ ~ t: pretty polarized with n2, ~ 0.2,

h ~
N fyyz ™ 0.9

But: AFM lost at ¢ = 1.5¢

=1

20



SOC in the presence of a Strong Crystal Field

n

expectation

expectation values

0.5 10 15

BAFM S, AFM J, BAFM M, [ Ca;RuO;
WAFM 25, + L, WAFM S, + S, param.
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SOC ¢ = 0: one hole on xz, one in yz =
polarized S = 1 with nﬁy =0, nZZ/yZ =1
¢ ~ t: pretty polarized with n2, ~ 0.2,

h ~
N fyyz ™ 0.9
But: AFM lost at ¢ = 1.5¢

J =0 favored by ¢, but J = 2 remains
PM — AFM: weight from J =0to J =1

20



SOC in the presence of a Strong Crystal Field

expectation values

expectation values

Maria Daghofer, FMQ

WAFM S, AFM J, WAFM M, 1 CayRuO;
0ANMi28 Stutkgart BEXENnZmbghetism m!&aﬁ}’ systems

SOC ¢ = 0: one hole on zz, one in yz =

polarized S = 1 with nﬁy =0, nZZ/yZ =1
¢ ~ t: pretty polarized with n2, ~ 0.2,
h ~
Nz 2 0.9
But: AFM lost at ¢ = 1.5¢

J = 0 favored by ¢, but J = 2 remains
PM — AFM: weight from J =0to J =1

weights in eigenstates of %I_; S+ AL?
only lowest three states relevant
PM — AFM: weight from Sy to Dy /o

20



SOC in the presence of a Strong Crystal Field

expectation values

expectation values

Maria Daghofer, FMQ

WAFM S, AFM J, WAFM M, 1 CayRuO;
0ANMi28 Stutkgart BEXENnZmbghetism m!&aﬁ}’ systems

SOC ¢ = 0: one hole on zz, one in yz =

polarized S = 1 with nﬁy =0, nZZ/yZ =1
¢ ~ t: pretty polarized with n2, ~ 0.2,
h ~
Nz 2 0.9
But: AFM lost at ¢ = 1.5¢

J = 0 favored by ¢, but J = 2 remains
PM — AFM: weight from J =0to J =1

weights in eigenstates of %I_; S+ AL?
only lowest three states relevant
PM — AFM: weight from Sy to Dy /o
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One-particle parameters for Ca;RuQ,

® Wannier projection = get t's
Band Structure Density of States
) and A

suppl. mat. to J. Bertinshaw et al.,
PRL 123, 137204 (2019)

e get SOC(~0.13eV, U = 2eV
and Jg ~ 0.34 eV from
H. Gretarsson et al., PRB 100, 045123

o (2019)
r X s R T 2 %0 10 ® plug into VCA = red/orange
symbols
eryfy(l;) 2t§;\1 (cosky + cosk,) — tNNN cosky cosky, — A,
exz,xz(E) = _ZtEZN cos ky, 6yz,yz(k) tgg\l COs kyv

and euly(lg) = —2t°cos ky,
with tiN ~ 0.2 eV, i = tIiN ~ 0.14 eV, 5] ~ 0.09 eV, t° ~ 0.09 eV

Maria Daghofer, FMQ, Universitat Stuttgart: Excitonicmagnetism in t%n systems
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SOC small correction to n,,,.,,. and ARPES

frequency

() PN~ (b) AFM Sz S, (c) AFM /X S,, A =0
e = e = e —
P = ——=

o

0 w0 00 @0 (0 mn 00 @0 (

w0 () (00) (0 (©m)

Maria Daghofer, FMQ, Universitat Stuttgart: Excitonicmagnetism in t%n systems

0.0

density

VCA: some changes due to (

ARPES discussed without much
reference to SOC

D. Sutter et al., Nat. Comm. 8, 15176
(2017); A. Ktosinski et al.,
arXiv:1910.01605
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SOC small correction to n,,,.,,. and ARPES

() PM  ~ (b) AFM Sz S, (c) AFM /X S,, A =0
10 j’_ e = = 1k / \ e o
—J4 = E_ ,# E‘, | TSNS N )

o

{
g
\
5
L
g

0.0

0 mm (ojp) 0 (m0) () (0:9) =0 (m0) (mm) 00 (=0 0m)

Here, ( seems a small correction rather than

Maria Daghofer, FMQ, Universitat Stuttgart: Excitonicmagnetism in t%n systems

e VCA: some changes due to ¢

® ARPES discussed without much
reference to SOC
D. Sutter et al., Nat. Comm. 8, 15176
(2017); A. Ktosinski et al.,
arXiv:1910.01605

density

a main driver.
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SOC small correction to n,,,.,,. and ARPES

frequency

10 |

o

AR WS

(b) AFM Sz S,

(c) AFM ,/\s,,, =0

r

=

|

0 mm (ojp) 0 (m0) () (0:9) =0 (m0) (mm) 00 (=0 0m)

0.0

density

VCA: some changes due to (

ARPES discussed without much

reference to SOC
D. Sutter et al., Nat. Comm. 8, 15176

(2017); A. Ktosinski et al.,
arXiv:1910.01605

Here, ( seems a small correction rather than a main driver.

What about magnetism?

Maria Daghofer, FMQ, Universitat Stuttgart: Excitonicmagnetism in t%n systems

22



Magnetic Hamiltonian

e VCA: L =1, S =1 valid description (9 states/site)
e 2" order perturbation theory = Kugel-Khomskii-type model H;j=Hgzg+ Hy,+ Hpp

Hgg=Ji; (SiSj - 1) o for T; = o #
Jij =1 CW+in)  Tu(2+t3) T f (1)
®|Ti; T;) (T3 Ty Twresm ~ U0-3im L = B an
o, B#y
- —totgJy
= (8.5, —1 — o a) (B; B - %
(885 -1) [(;; U0 + 27) @ 4V d )
Hyz = Tsth 185 7)(B; \+Z o (20 + (U = ) (55, + 1) @ 8:7) (3 8]
T U3y T - U(U - 3J)H H)\2i2j AT

(3)

Maria Daghofer, FMQ, Universitat Stuttgart: Excitonicmagnetism in t%n systems 23



Magnetic Hamiltonian

e VCA: L =1, S =1 valid description (9 states/site)
e 2" order perturbation theory = Kugel-Khomskii-type model H;j=Hgzg+ Hy,+ Hpp

Hgg=Ji; (SiSj - 1) o for T; = o #
Jij =1 CW+in)  Tu(2+t3) T f (1)
®|Ti; T;) (T3 Ty Twresm ~ U0-3im L = B an
o, B#y
- —totgJy
= (8.5, —1 — o a) (B; B - %
(885 -1) [(;; U0 + 27) @ 4V d )
Hyz = Tsth 185 7)(B; \+Z o (20 + (U = ) (55, + 1) @ 8:7) (3 8]
T U3y T - U(U - 3J)H H)\2i2j AT

(3)
e onsite part: Hio, = %gﬁ + A(L?)?

Maria Daghofer, FMQ, Universitat Stuttgart: Excitonicmagnetism in t%n systems 23



Magnetic excitations spectra

1

arg ! o k
MEh w) = =2 S0l R e

from ED for 8-site cluster, tetragonal 'ab-initio’ parameters (t° = 0)

@ , Mk —
MOkw) =
(v2,m2) PIM k) -
(10) Sy
3
(£ :
(T2,172) A
©00) : A N
0,1 b
0 002 004 006 0.08 0.1
w/eV

Maria Daghofer, FMQ, Universitat Stuttgart: Excitonicmagnetism in tén systems

M (k)| o) -
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Magnetic excitations spectra

1

mﬂia(lzﬂ(ﬁw ) (4)

. 1 .
M(k,w) = —;%<¢0|Ma(—k)

from ED for 8-site cluster, tetragonal 'ab-initio’ parameters (t° = 0)

(a) I Ma(k,w) _ R{:ﬁ,ﬁ] (Ve Va) U‘IOJ (0,0} (Ve,1%) .
LM kw) = -l ]
(TV2,172) :v: Mc(k,(x)) - s wl ’ ....... N | 15
x 0 : -:: % 0 . : \- 10
(L - g =
(2.2 A » °
(0’0) .:' L * EIOIE,JJEJ {x,0) (JjJ) (0,0) im,0) ’
() 2.\
0 002 0.04 0.06 0.08 0.1 from A. Jain et al., Nat. Phys. 13, 633
w/eV (2017)
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Magnetic excitations spectra

M (F ) = ~—S{golM* (~F)

from ED for 8-site cluster, tetragonal 'ab-initio’ parameters (t° = 0)

@ , Mk —
LM kw) =
(V2,12) FMekw -
o) Sk
x B
(o £ :
(T2,172) A
©00) : A N
O,m Sk

0

good agreement, especially max at (0,0), no fitting parameters

Maria Daghofer, FMQ, Universitat Stuttgart: Excitonicmagnetism in t%n systems

0.02 0.04 0.06 0.08 0.1

w/eV

1 N
— M“(k)|¢o
o g0 L (B)lgo)
(12,0)  (%3%) (1,0) (0,0) (12, %)
K :
a
50
P e _
z Tl
5 ¥ |
& =
10
(1]
(n22)  (x,0) (1) (0,0) (,0)

from A. Jain et al., Nat. Phys. 13, 633

(2017)



Magnetic excitations spectra with in-plane anisotropy

e before: fﬂ\l ~0.2eV, thN = nyZN ~0.14 eV, tal\g\m ~ 0.09 eV, A =~ 0.25 eV, t° = 0; finite
t° = 0.09 made spin prefer b = (x — y) direction
* now: add §3(S® — S¥)? to mimic t° and gap at (m, )

Maria Daghofer, FMQ, Universitat Stuttgart: Excitonicmagnetism in t%n systems
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Magnetic excitations spectra with in-plane anisotropy

e before: fff ~0.2eV, thN = fgg\l ~0.14 eV, TWN ~ 0.09 eV, A =~ 0.25 eV, t° = 0; finite
t° = 0.09 made spin prefer b = (x — y) direction

* now: add §3(S® — S¥)? to mimic t° and gap at (m, )

I T T a _ (¥,0) (Yle) (1,0) (0,0) (1e,%)
(b) : . Mbk(w) - ! .
| LM k(@ —— « B |
| ”
(T02,102) | Jk Mck(oo) s wl F e N 1
mo) f - E_® e
e \ B B e 1 [} o
(L 1 ool -
2m2) Ao 0 1T
0.0) ——j% L o . o
J:A‘ (n/f2,2/2) L'(:O] (:(::(] EO:OJ (2,0}
O,m = A
0 002 0.04 0.06 0.08 0.1 from A. Jain et al., Nat. Phys. 13, 633
w/ev (2017)

transverse modes + amplitude mode M?

Maria Daghofer, FMQ, Universitat Stuttgart: Excitonicmagnetism in t%n systems



Max at (0,0) needs

(b)
(2,172)

(10)
x

(L
(2,102)

0,0)

0,m

M) —

A MPk(w) ——
JL M) ---

0 0.02 0.04 0.06 0.08 0.1
w/eV
A =0.25¢V,

h ~ K
Ny ~ 0.25

I ' a
® | Mo —
i 1 MPy(e) ——
w2.m2) 1, MCk(@) ---
o) & 1
= \ K
(L ‘
(T02,172) A
o
om -
0 0.02 0.04 0.06 008 0.1
w/eV
A =0.3¢eV,

some (small) n/,

nZy ~0.18

I ry
I Mg(w) —
®) | X
| ; LM k(@ ==
(102,102) : 1 j M) -
o)
~ \ 5
(T - i‘
(102,102) -
©.0) Ay
0, -
0 002 0.04 006 008 0.1
w/eV
A =0.3¢eV,

nh ~ 5
Mgy & 0.05

e strong orbital polarization (n” ~ 0.88 vs. n* ~0.25)

® quite sensitive to n

h
zy

r2Z,yz

y

e Second-order superexchange model + SOC + A works rather well

Maria Daghofer, FMQ, Universitat Stuttgart: Excitonicmagnetism in tén systems

I a
@®) | Mg(w) —
| e
(172,172) © .-
IR
(o) A
x \ o
(L ——r
(T02,102) =
= A
0,0)
on 1

0 0.02 0.04 0.06 0.08 0.1

w/eV
A =0.75 eV,
nl = 0.02

zy



Thanks

e Pavel Anisimov, Friedemann Aust
® Teresa Feldmaier, Pascal Strobel
® Michael Schmid, Philipp Hansmann

e (many) discussions with Giniyat Khaliullin,
George Jackeli, Hide Takagi

Emmy
Noether-
Programm < 8
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Excitonic antiferromagnetism in d* systems

Triplons of honeycomb J = 0 phase
® nontrivial triplons all over parameter space h
® same ordered magnetic phases as j = %; triplon liquid

P. S. Anisimov, F. Aust, G. Khaliullin, M. Daghofer, PRL 122, 177201 (2019)

Square-lattice models, CagRuOy4

. . . . (b) @ —
® magnetic ordering via weight transfer § Mk —
(TV2,112) (@) -
J=0—>J=1 o A
e valid for magnetic transition even at strong crystal (m";z T
fields/orbital polarization 00 il,
L4 KugeI—Khomskii—Iike model + SOC + A give (0'")0 0.02 0.0; 0.06 0.08 0.1

w/eV

neutron-scattering spectra

T. Feldmaier, P. Strobel, M. Schmid, P. Hansmann, M.

Daghofer, arXiv:1910.13977 Universitit Stuttgart
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