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Condensed matter systems

* Large number of interacting . 0

degrees of freedom

lattice

e Symmetry of the underlying
lattice (230 space groups)

e Spontaneous breaking of the
symmetry by electronic order “More is different”

e Emergent physics




Elementary excitations in solids
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And more exotic particles..
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Resonant inelastic x-ray scattering
(RIXS)

photon-in

photon-out

Pros

e Sensitive to spin, orbital,
charge excitations

e Sensitive to “hidden” orders

e Can measure up to
hexadecapole (2% pole)

e Can measure tiny crystals/thin
films

Cons

e Difficult to calculate the
scattering cross section

 Energy resolution not as
good as neutron scattering

e Difficult to get beamtime
(not many user facilities)



Outline

e Short introduction to RIXS
e Applications to:
1. Spin waves
2. Excitons
3. Fractional excitations
4. Spin nematic
e Other interesting theoretical proposals to measure:
5. Majorana fermions

6. Gauge fields



Resonant inelastic x-ray scattering
RIXS
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RIXS process
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RIXS process
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RIXS process
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RIXS process
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RIXS process
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RIXS process
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RIXS process
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RIXS process
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RIXS process
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Spin waves (or magnons)
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Spin waves (or magnons)
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Spin waves (or magnons)
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Spin waves (or magnons)
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Spin waves (or magnons)
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RIXS operators for tog orbital systems

Ei€o0 —
RS =T

“fast collision approximation”
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RIXS operators for tog orbital systems

Energy levels in cubic symmetry
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RIXS measures (pseudo) spin-spin correlations

“Spin-Orbit Mott insulator”
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Magnetic excitations in Sra2lrOa4
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Fit to Heisenberg model
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Very similar spin dynamics
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Our RIXS data on Sr,IrO,
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Superconductivity in Sr2lrO4 upon carrier doping?



Spin-orbit exciton




Magnetic excitations in Sra2lrOa4
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Spin-orbital waves
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One-hole propagation
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One-hole propagation

hopping via superexchange process

RIXS final state
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One-hole propagation

one-hole propagation in Sr2CuO2Cl>
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Fractional excitations
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Spin-charge separation
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Spin-charge separation Spin-orbital separation
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Spin-charge separation Spin-orbital separation
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Spin hematic

Fermi surface
Liquid crystal anisotropic distortions

spin nematic



Spin hematic

Sz=+1

H=J) 8;-Sj+E» SZ.

(1) : Sz=0

breaks rotational symmetry but preserves time-reversal symmetry
<S>=0 and <S%>z0



4d Mott insulator Ca,RuQO,

 Metal-to-insulator transition at T=360 K

e (m,m) antiferromagnetic below Ty=110 K

* d*low-spin configuration, nominally S=1




4d Mott insulator Ca>RuQOqy

 Metal-to-insulator transition at T=360 K

« (m,m) antiferromagnetic below Ty=110 K

* d*low-spin configuration, nominally S=1
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Anomalous dispersion
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Intesntiy (arb. unit)

Intesntiy (arb. unit)

Magnetic order by exciton
condensation
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Higgs amplitude mode
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Magnetic order suppressed

CRO on LSAO
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Theory of NMR 1/7; relaxation in a quantum spin nematic in an applied magnetic field
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Spin nematic?
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RIXS operators for tog orbital systems
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“fast collision approximation”
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Verifying spin nematic using RXS
unquenched orbital angular momentum

“fast collision approximation”

1 /
RQ = Z 60:6(,1 Qaa — 5 Z(Eaéﬁ 2 6/36(;) Qaﬂ

a>f

Ry = 5(e x €)-N.

Rg = jlaxy(exe; + €y€)) + aze€.]1S;

cubic limit compression
+ 3bxyl(exe, — €,€,)(S; — §3) A=0 A”"T
+ (éxe; + Eyé;)(sxsy + S'ywa)] |
+iblleye +ee)$5.+5:5) (AT e
| i xy |
=+ (Gzé; + Gxéé)(gz Sx .3 Sx Sz)]a : I8 j; : })
i | ot B
Ry = 3cxyl(€y€, — €,€,)8, + (€,€; — €x€.)S,] 0 S —

+ %cz(exe; — €y€0)S;.

BJK & G. Khaliullin PRB (2017)



Verifying spin nematic using
RXS

order parameter grows around T=300 K

Xy quadrupole

C. Dietl, BJK (unpublished)
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Recent theoretical proposals



Majorana fermions in Kitaev spin liquid

Spins fractionalize into Majorana fermions and emergent gauge fluxes

INS: dominated by static flux excitations
Raman scattering: two Majorana excitations but only at g=0
RIXS: Majorana (SC channel) and flux excitations (NSC channel)
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Halasz, Perkins, van den Brink, PRL (2016)
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Gauge fields

3d

1

(a) T/ 1h\B T T 1Rl g o
T3-Sites X (cis(‘] )spcip)(tieci Ce)(tejcﬁcj)(,jicjci)(Cip",p’s’c's')

= tr{J* (I} tiotejtji tr{xe x; i}
= N*t;t4;1ji[2iSe - (S; x Si) + -1, 9)

In a U(1) spin liquid, spin chirality translates into
~ (1|b(AK,Aw)b(0,0)]1) + - - -
where b is effective magnetic field associated with the emergent gauge boson

W.-H. Ko and P A. Lee, PRB (2011)



Summary

e RIXS is a powerful tool sensitive to charge, spin, and
orbital degrees of freedom.

e As such, it is useful for measuring spin-wave (magnon)
dispersions, but can also be used to detect more exotic
particles not readily measured by conventional probes.
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