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Lattice effects in spin-orbit Mott insulators

a Introduction
- spin-lattice coupling

a SrIrO,

- magnhetic anisotropy
- magnetoacoustic waves

- spin nematic transition
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NO ORBITAL DEGENERACY (e.g. cuprates)

Lattice vibrations modulate the exchange values J(R)

H=J(R) (S;S)  J(R)=J(1+a6R)

* Magnetostriction

e Spin-Peierls ...



SPIN-ORBIT ENTANGLED MAGNETS:

Lattice affects very symmetry properties
of the spin Hamiltonians



SPIN-ORBIT ENTANGLED MAGNETS

isotropic anisotropic
Heisenberg Ising
oo Yoy
J S;+ 8 JS;S;
Magnetic order Kitaev spin liquid

Jackeli, GKh (2009)



Bond-directional nature of the orbital interactions

isotropic anisotropic
Heisenberg Ising
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Magnetic order Kitaev spin liquid
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Spin-orbit multiplets of TM ions
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Large orbital contribution fo magnetic moments



Spin-orbit multiplets of TM ions
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Jahn-Teller versus spin-orbit
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Jahn-Teller versus spin-orbit
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No orbital degeneracy left

shape modulation, new
exchange terms + phonons

,pseudo-JT effect”



spin-orbit gap

J=0 compounds (d* Ru)

—J=1 exchange —J=1

Interacting singlet-triplet models

BEC of spin-orbit excitons (J ~ A)

GKh (PRL 2013)



Spin-orbit triplons T,, , are ,orbitally-colored"




Bond-dependent triplon 7., T, ,7T- interactions

a
(A) hopping via oxygen \+::
bond-dependent ,XY* } P e————
b
a

(B) direct overlap .

bond-dependent ,ISING®
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Bosonic Kitaev model Y

i
x-bond: T/ T, + TiL T} / <
yy

hopping pair-géneration

Chaloupka, GKh (2019)

1) Extensive number of conserved quantities
2) Nonmagnetic ground state, no BEC as in Kitaev model
3) NN-only spin correlations, finite spin gap

4) However, no gapless Majoranas

9) Magnetic field: topological triplon bands (Daghofer et al. 2019)



J=0 Ru honeycomb lattice

AgsLiRu,O4 Takayama et al. (2022)

- No magnetic LRO

- Spin gap

- Structural transition
under pressure

/

triplon gap | versus | spin-lattice

Critical coupling =» dimerisation



Kramers J=1/2 ions (d° Ir)
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Magnetism: predominantly of orbital origin



SrLIrQ,
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Layered perovskite, tetragonal Quasi-2D, J_,~10000 J,
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Energy (eV)

Spin-waves: iridates vs cuprates

350 T

Sr,IrO,
T\~240 K

La,CuQj,
T\~320 K

J. Kim et al. (2012) Coldea et al.(2001)

Quasi-2D spin one-half Heisenberg



Doped Sr,IrQO, : single-band FS

~Fermi-arcs” low doping

,hormal® FS
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B.J. Kim et al. (2014)




Sr,lrO,

- quantum spins 1/2
- single-band FS
- strong AF

~ two D



P.W. Anderson (1987)

RVB theory for high T,

- quantum spins 1/2
- single-band FS

- strong AF

~ two D

Sr,.IrO, possesses all these ingredients...



Problems with magnetism .

Symmetry dictated spin Hamiltonian:

1. Predicts wrong magnetic pattern
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moments along Ir-Ir bond

2. Fails to explain metamagnetic tr.

3. Fails to explain the magnon gaps ...
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Spin-only Hamiltonian description
of Sr,IrO, is insufficient
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Pseudospin-lattice coupling

Huimei Liu, GKh (2019)
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Phonons modulate the orbital
shape of the Kramers doublet

4

New terms in the Hamiltonian



H

Spin-lattice coupling Hamiltonian
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xy-distortion xy-quadrupole x2-y?

Linear coupling to distortions ‘
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Easy axis along b axis as observed



Spin-lattice coupling
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metamagnetic transition,
in-plane anisotropy

Porras et al. (2019)

spin-flop transition
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spin-flop transition

Huimei Liu, GKh (2019)



In-plane magnon gap in Sr,IrO,

Cooper et al. (2016)

Raman data: Wap ~ 2.3 meV Gretarsson et al. (2017)

Theory: Wab = 85/ JI'q
/

~ 3 ueV I = 916(1)

/

~ 104

expected orthorhombic distortion



Giant stress response of terahertz magnons
in a spin-orbit Mott insulator

Hun-Ho Kim', Kentaro Ueda®'?, Suguru Nakata®’, Peter Wochner',
Andrew Mackenzie @ 34, Clifford Hicks ®>®, Giniyat Khaliullin®", Huimei Liu®
Bernhard Keimer®' ' & Matteo Minola®'

nature communications
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Magnetoacoustic waves:

Elementary excitations with mixed magnon-phonon
character



Spin-lattice coupling

HY e =g161 (SPSY—S885%) + goea (SESE+SPS)

Co/ndenSSd \ f

phonon magnon

linear magnon-phonon coupling



Magnon-phonon mixing in Sr,IrO,

I,/T,

v/v
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. PaN:
Magnetoacoustic wave A

E>0
spin wave
sound wave €<0

Exciting AF magnons by ultrasound or vice versa

Terahertz magnonics



Life above Ty

Spin-quadrupole (.nematic") transition

C2 (4
orthorhombic tetragonal
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HY o= g161(SFSY+5YST)
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Quadrupole (bare) suscept.: x@
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Two distinct phase transitions are expected
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magnetic  quadrupole/structural
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- Anomalies in elastic properties, sound velocity
- Spin quadrupole response: central peak (Raman)
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Beyond Sr,IrO,:

e.g. Kitaev materials

>> Vph



Magnon-phonon anticrossing

Energy (meV)




Magnetic intensity of the magnetoelastic waves

Energy ( meV )

I K72



SPIN-ORBIT ENTANGLED MAGNETS
Direct link between magnetic moments and lattice

O

* Lattice control of magnetic order and excitations

 Excitations with mixed spin and phonon character

— implications for spin & heat transport

Spin-only models are insufficient to describe the data
— implications for ,,spin-liquid“ materials?

Kitaev + phonons: Perkins et al.
Hermanns et al.
Seifert et al.



