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CHAPTER A: Neutron Scattering in QSL Research
Neutron scattering: Unique advantages for neutron
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CHAPTER A: Neutron Scattering in QSL Research
Neutron scattering: Magnon and spinon

EXAMPLE: Neutron scattering in 1 dimensional systems
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Classical picture: Spin Wave
A coherent precession of the local spin expectations value around
the field caused by incident neutron.

Quasiparticle: Magnon (S=1, charge free)
Neutron (S=1/2) - Neutron scattering: neutron flip (S=1 process)
Single spin flip 2 two domain walls bound together:

E(p) = wm(k)

M. Mourigal et al., Nat. Phys. 9, 435 (2013).



CHAPTER A: Neutron Scattering in QSL Research
Neutron scattering: Magnon and spinon

EXAMPLE: Neutron scattering in 1 dimensional systems

Individual spinon
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Quasiparticle: Spinon (§=1/2, charge free)
Two domain walls propagating separately (spinon excitations)
Spinons have to be created by pairs 2> Confined spinon pairs

E(p) = ws(k) + ws(p — k)
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M. Mourigal et al., Nat. Phys. 9, 435 (2013).



CHAPTER A: Neutron Scattering in QSL Research
Neutron scattering: Magnon and spinon

EXAMPLE: Neutron scattering in 1 dimensional systems

Energy transfer (meV)
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Peaked at specific wave vectors

Momentum transfer (h, =1/2, 1/2)

Magnon (S=1):

E(p) = wm(k)
Sharp dispersive excitations
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Spinon ($=1/2) :

E(p) = ws(k) + ws(p — k)
Continuum along k and E
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Covering a large range of Brillouin zone

M. Mourigal et al., Nat. Phys. 9, 435 (2013).
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CHAPTER A: Neutron Scattering in QSL Research
Neutron scattering: Magnon and spinon

EXAMPLE: Neutron scattering in 2 dimensional systems

Different kind of models including RVB

RULE A: Spinons have to be created in pairs.
RULE B: Two spinons can propagate separately.

- Continuum
L. Balents, Nature 464, 199 (2010).



CHAPTER A: Neutron Scattering in QSL Research
QSL candidates: Looking for high-dimensional QSL

)
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Triangle Kagome Honeycomb
et al. et al.
Pyrochlore Hyperkagome
Ce,Sn,0,
Pr7r-0 Na,Ir;Oq4
2127
Yb,Ti,O, PbCuTe,O4
ot al et al.

Lack of promising QSL candidate. Lack of sizable crystals for neutron scattering.



CHAPTER A: Neutron Scattering in QSL Research
Honeycomb lattice: a-RuCl;

[K,-K,0]
Intensity (arb. units)

[K,-K,0]

A. Banerjee et al., Science 356, 1055 (2017).



CHAPTER A: Neutron Scattering in QSL Research
Kagome lattice: Herbertsmithite- ZnCu,;(OH) ,Cl,
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CHAPTER A: Neutron Scattering in QSL Research
Kagome lattice: Herbertsmithite- ZnCu,;(OH) ,Cl,

DISADVANTAGES: Site-mixing of Cu?* and Zn?*

- Site-mixing up to 15%
Comparable ion size of Cu?* and Zn2*:
Cu?* (6-coordinate, octahedral): 87 pm
In?* (6-coordinate, octahedral): 88 pm
- Small DM interaction and easy-axis

exchange anisotropy

T.-H. Han et al,, Phys. Rev. B 94, 060409(R) (2016).



CHAPTER A: Neutron Scattering in QSL Research
Kagome lattice: Herbertsmithite- ZnCu;(OH) (Cl,

DISADVANTAGES: complete E-K relationship undecided

haw (meV)

hw (meV)

2_ .
B E;=5.12 meV

0 1 . | o

J~17 meV. However, high energy data lacked.
T.-H. Han et al,, Nature 492, 406 (2012).

Topological States and Phase Transitions in Strongly Correlated Systems: Spinon Excitation in YoMgGaO,



CHAPTER A: Neutron Scattering in QSL Research
Quasi-triangular lattice: Ca,,Cr,O,4

- Distorted Kagome lattice

- Strong FM interaction but dominant
AFM correlations

- FM layer coupled with AFM layer:
Frustrated unit

C. Balz et al., Nat. Phys. 12, 942 (2016).



CHAPTER A: Neutron Scattering in QSL Research
Quasi-triangular lattice: Ca,,Cr,O,4
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C. Balz et al., Nat. Phys. 12, 942 (2016).



CHAPTER A: Neutron Scattering in QSL Research
Quasi-triangular lattice: Ca,,Cr,O,4

a 5B Inelastic neutron scattering, £ = 0.25 meV b Nearest-neighbour dimers
25[
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Complete E-K relationship lacked.
Complex magnetism need more research. C. Balz et al,, Nat. Phys. 12, 942 (2016).



CHAPTER A: Neutron Scattering in QSL Research
Distorted triangular lattice: Cs,CuCl,
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AlYB

—0.5 0

b

Spinon detected, but
turns to be 1T dimensional
behavior afterwards.

R. Coldea et al., Phys. Rev. B 86, 1335 (2001).



CHAPTER A: Neutron Scattering in QSL Research
Triangular lattice: YoMgGaO,
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CHAPTER A: Neutron Scattering in QSL Research
Triangular lattice: YoMgGaO,
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CHAPTER A: Neutron Scattering in QSL Research
Triangular lattice: YoMgGaO,

PLOTS: Magnetic susceptibility
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No ordering down to 40 mK in susceptibility,
NMR, USR, heat capacity measurements.



CHAPTER A: Neutron Scattering in QSL Research
Triangular lattice: YoMgGaO,
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Topological States and Phase Transitions in Strongly Correlated Systems: Spinon Excitation in YoMgGaO,
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CHAPTER B: Spin Excitations in YoMgGaO,, with zero field
Neutron source: International collaboration

Helmhol’rz—ien’rrrum Berlin, DE | Oak Ridge N.oﬂour;ol Lab, US




CHAPTER B: Spin Excitations in YoMgGaO, with zero field
Neutron source: Infernational collaboration




CHAPTER B: Spin Excitations in YoMgGaO,, with zero field
Triple axis spectrometer: Example IN22

Monochromator:

Use Bragg peak of
material fo choose @
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CHAPTER B: Spin Excitations in YoMgGaO,, with zero field
Triple axis spectrometer: Example IN22

Neutron guide | Primory shuter | Monachromator changer

| ooyt

Helmhaltz cails Q= kf- ki
Moritor 1 E =E-E
Guide fieldsFlipper coils
Diophrogm
Maritor 2 Specific position in the
Analyser Hilbert space (Q, E) with

different environment (H, T)

Detector




CHAPTER B: Spin Excitations in YoMgGaO, with zero field
Triple axis spectrometer: Example ThALES

Standard mode:

Single detector, measure one posifion in
the Hilbert space every time
ADVANTAGE: high flux, tunable resolution

Flatcone mode:

Multi-channel analyzer-detector system,
measure 31 Q-position with the same energy
transfer at the same time

ADVANTAGE: high measuring efficiency,
large covering range in Q-space



CHAPTER B: Spin Excitations in YoMgGaO, with zero field
Neutron diffraction : Absence of ordering

E=0meV, T=30mK

(H, H,0) (r.l.u.)

No Magnetic peak observed down to 30 mK.

Topological States and Phase Transitions in Strongly Correlated Systems: Spinon Excitation in YoMgGaO,



CHAPTER B: Spin Excitations in YoMgGaO, with zero field
Nevutron diffraction : Absence of ordering
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No spin freezing observed down
to 40 mK in SR measurement

Y. Li et al,, Phys. Rev. Lett. 117, 097201 (2016).



CHAPTER B: Spin Excitations in YoMgGaO, with zero field
Inelastic neutron scattering: Confinuum

PLOTS: Constant energy slices

Increasing Energy

E=15meV
T=70 mK

\
\

A

(-K, K, 0) (r.l.u.)
(Wun -que) Aysuayy

(H, H, 0)(rlu.) (H, H, 0) (r_|.;1.) (H, H, 0) (r.l.u.) (H, H, 0) (r.l.u.) (H, H,0)(rlu.)

Continuum at different energies: SPINON excitations

Topological States and Phase Transitions in Strongly Correlated Systems: Spinon Excitation in YoMgGaO,



CHAPTER B: Spin Excitations in YoMgGaO,, with zero field

Inelastic neutron scattering: Confinuum

PLOTS: Constant energy cuts

(-K, K, 0) (r.l.u.)

(H, H, 0) (r.l.ﬁ.)

60
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« Covering a large range of the Brillouin zone.

« Decreasing with increasing energy.
« Similar shape up to 1.7 meV.



CHAPTER B: Spin Excitations in YoMgGaO, with zero field
Inelastic neutron scattering: Confinuum

PLOTS: Energy-momenta relationship
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CHAPTER B: Spin Excitations in YoMgGaO, with zero field
Inelastic neutron scattering: Continuum

PLOTS: Energy cuts

Intensity (arb. unit)
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CHAPTER B: Spin Excitations in YoMgGaO,, with zero field
Theoretical proposal: Spinon Fermi surface

06 04 -02 0 02 04 06
(H, H, 0) (r.L.u.)

Band structure Fermi surface

Neutron Scattering - AS=1 process 2 particle-hole pair

Large Fermi surface - large density of states at low energy



CHAPTER B: Spin Excitations in YoMgGaO, with zero field
Theoretical proposal: Spinon Fermi surface

PLOTS: Energy-momenta relationship
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CHAPTER B: Spin Excitations in YoMgGaO, with zero field
Theoretical proposal: Spinon Fermi surface

PLOTS: Energy-momenta relationship

Energy (meV)
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CHAPTER B: Spin Excitations in YoMgGaO, with zero field
Theoretical proposal: Spinon Fermi surface

PLOTS: Constant energy slices

> 5
< N
X X
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Data Calculation
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CHAPTER D

CONCLUSIONS

Continuum covering a wide range of Brillouin zone is revealed in
the whole measured energy range.

A clear upper excitation edge is presented at zero field which
can be accounted by the particle-hole excitation of a spinon
Fermi surface.

Our results therefore identify a QSL with spinon Fermi surface in a
spin-1/2 triangular lattice.

Y. Shen et al., Nature 540, 559-562 (2016).
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