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●Geometric frustration

2

Triangular lattice magnets
1. Introduction and Motivation

●Quantum fluctuations: long-range entangled QSLs  

Ψ=RVB:

Anderson 1973

● Fractional excitations with Anyonic statistics Wen 1990



How to identify QSLs?
● Inelastic neutron scattering

QSL → broad continuum  

LRO → sharp dispersion Willsher, Jin, Knolle PRB 2024

Scheie et al., Nature Physics 2024 3

1. Introduction and Motivation



How to identify QSLs?
● Raman scattering

→ measure spinon DOS

Knolle, G.-W. Chern et al. 2014 
Nasu, Knolle et al., Nature Physics 2016
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1. Introduction and Motivation
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ing exhibit CID. MgF2 is also a rutile-structure fluoride, but
it does not exhibit any magnetic ordering. It showed a similar
differential scattering pattern. An isotropic glass sample was
used to check for instrumental artifacts and none were found.

To explain the CID spectra of the phonons we looked
carefully at the effects of birefringence in the crystal on the
scattered intensity. Light propagating along the c axis will
experience an isotropic index of refraction so that no change
in the polarization occurs as it moves through the sample. A
slight misalignment results in distinct indices of refraction
parallel and perpendicular to the plane containing the c axis.
As a result, circularly polarized light becomes elliptically
polarized as it moves through the sample. The changes in
polarization affect the relative amplitude of the x and y com-
ponents of the incident light. The crucial point is that
changes of Ix and Iy are different for left and right circular
polarization so that any scattering that depends on only one
of these terms will exhibit a CID spectrum. This result per-
mits a very sensitive tool for aligning the samples for ROA
measurements so that intrinsic birefringence effects can be
eliminated.

Raman optical activity of magnons in FeF2

Figure 6 presents the conventional Raman and ROA
spectrum of the one-magnon line of FeF2 in an applied mag-
netic field. The modest applied field, B!0.6 T, is too small
to observe the splitting of the magnon branches within the
magnon linewidth using conventional !linearly polarized
light" Raman techniques. However, the magnon line exhibits
a clear CID spectrum. To determine the energy difference
between the two branches we fit the data using offset Gauss-
ian line shapes to describe the one magnon scattering peak.
In this manner we can calculate the energy difference as a
function of temperature. Figure 7 shows the temperature de-
pendence of the frequency splitting between the two magnon
branches in FeF2 . As the temperature increases, the energy
splitting between the branches decreases, while the linewidth
increases resulting in a larger uncertainty for the energy split-
ting between the branches.

Theoretically,28 the energy splitting between the two
branches is given by

#$!T ""2%g&B#J' !(H !5"

where H is the applied magnetic field along the crystal c
axis, ' ! is the parallel susceptibility per spin site, &B is the
Bohr magneton, J is the dominant nearest neighbor ex-
change, and g is the Lande g factor. At low temperatures, ' !

is nearly zero, so

#$!T"0 ""2g&BH !6"

whereas at temperatures near TN , ' !"g&B /2J so:

#$!T"TN""g&BH . !7"

This theory predicts that the splitting between the branches
should change by a factor of two when going from low tem-
perature to the phase transition temperature. Using param-

FIG. 5. The ROA spectrum of FeF2 at 4 K. The presence of a CID spectrum
in the B1g phonon mode indicates a misalignment of the incident laser and
the crystalline c axis.

FIG. 6. The low-temperature ROA spectrum of FeF2 in the presence of an
applied magnetic field. The upper trace shows the conventional Raman spec-
trum. The lower trace is the measured CID spectrum.

FIG. 7. The temperature dependence of the magnon branch splitting ob-
tained from ROA measurements in FeF2 . The theoretical points are calcu-
lated using applied fields of 0.59 !filled diamonds" and 0.55 T !filled
circles". The error bars on the theoretical points derive largely from the
uncertainty in the applied magnetic field strength.

790 Low Temp. Phys. 31 (8–9), August–September 2005 Hoffman et al.
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● Probe of QSL excitations

→ thermal broadening

Question: 
Is there a more direct probe of the spinon topology?

Devereaux, Hackl, Rev Mod. Phys. (2007) 
Hoffman et al., Low Temp. Phys. 31, 786 (2005)



Triangular lattice QSLs
● A stable critical spin-disordered phase 
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2. U(1) Dirac QSL
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● New candidate materials

Bag, Xu, …, Haravifard PRL 2024

YbZn2GaO5

Scheie, …, Tennant, arXiv:2406.17773



Effective Description I
● Oth order parton mean-field theory 
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2. U(1) Dirac QSL

Xiao-Gang Wen PRB 2002

spin to fermion mapping  →

bond singlet decoupling  → with 

staggered pi-flux Ansatz

→ 4 Dirac cones for spinous (2 valley x 2 spin) Iqbal et al. PRB 2016



Effective Description II
● 1st order parton mean-field theory 

2. U(1) Dirac QSL

Song, …, He, Nature Comm 2018

local U(1) gauge redundancy &

● Analyse stability w.r.t. gapless phase fluctuations 
<latexit sha1_base64="YNIVuLUuWggajK3eraSDYKD62do="></latexit>
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→ monopole can tunnel 2  fluxπ

● Novel type of excitation

→ continuum at K-point

→ 2+1D analog of Luttinger liquid Seifert, Willsher, … Knolle Nature Comm 2024

→ strongly coupled CFT
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Effective Description III
Key Questions:  
What is the scale of universal low-energy physics? 
What about non-universal finite frequency response?

2. U(1) Dirac QSL

● Study stability w.r.t. to gapped longitudinal fluctuations 

→ dynamical structure factor within RPA approximation  

→ no free parameters (fully self-consistent) 8



INS Response
3. Results U(1) DSL

● Sharp ‘spinon exciton’ coexisting with broad continua

DMRG

VMC

classical

RPA

Almost quantitative agreement  
with state-of the art numerics ! 

Phase diagram
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● Comparison to numerical methods

→ sharp mode at K point in tDMRG

→ ‘gapped spin wave’ in QSL

Drescher, …, Pollmann, PRB 2023

● RPA accounts almost quantitatively for VMC Ferrari, Becca, PRX 2019

3. Results U(1) DSL
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INS Response



Comparison to experiment

Scheie et al., Nature Physics 2024

→ Minimum at M point but is it gapless?

[Thanks to Allen Scheie!]

3. Results U(1) DSL
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Chiral QSL
● TRS breaking gaps Dirac cones

Wietek, Läuchli PRB 2017

→ Chern bands akin to FQHE

● Phase diagram 

→ stable CSL phase

4. Results chiral DSL

→ non-coplanar orders

Kalmeyer, Laughlin PRL 1987 
Comment: Kivelson & Rokhsar



Chiral QSL
● Sharp mode at M point within self-consistent RPA scheme

→ Condensation at M leads to tetrahedral orders

4. Results chiral DSL
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Raman scattering 
● Coupling of EM field to charged electrons:

5. Raman Circular Dichroism
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→ Raman vertex:

● Leudon-Fleury mechanism in Mott insulators
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→ Raman vertex as light-induced exchange 

with LMC:

Fleury, Leudon PR 1968



Raman scattering 
● Raman response from basic Kubo formula 
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● Raman scattering in QSL probes spinon DOS

What about topology of spinon bands? 

5. Raman Circular Dichroism



Quantum Geometry
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● Quantum Geometric Tensor of single particle excitations
<latexit sha1_base64="+wyYG1FkiqaZeL6dK+wzi1Jf3Lk="></latexit>
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2
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Berry curvatureQuantum geometry

Review: Yu, Bernevig, Queiroz, Rossi, Törmä, Yung arXiv:2501.00098

● For quadratic spinon (and magnon) Hamiltonians:   
<latexit sha1_base64="I8r9YheDWy3jOiC4PF+Bd+z0SxE="></latexit>
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→ determines light-matter coupling in electronic systems
Topp, Eckhardt, Kennes, Sentef, Törmä, PRB 104, 064306 (2021)

Boström, Parvini, McIver, Rubio, Kusminskiy, Sentef, PRL 130 (2023)

5. Raman Circular Dichroism



Circular Dichroism 
● Probes TRS symmetry breaking
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Spectrometer
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Sample

● RCD probes quantum geometry of spinons
<latexit sha1_base64="S7XOh8nzbDs+y9yJ7KsifsDchNc="></latexit>
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Circular Dichroism 
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Summary 

● Self-consistent RPA for dynamical response 

→ sharp modes and continua

6. Summary

→ quantitative phase diagrams  
    (no free parameter)
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Josef Willsher, Knolle, arXiv:2503.13831

Peng Rao, Moessner, Knolle, arXiv:2503.10330

● Many open directions 

→ include fluctuations beyond pMFT
→ other non-equilibrium optical probes

● Raman circular dichroism  
→ probes Quantum Geometry of spinons

Eduard Koller, …, Knolle arXiv:2503.14091
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Thank you! 
Josef Willsher, Knolle, arXiv:2503.13831

Eduard Koller, Valentin Leeb, Natalia Perkins, Knolle arXiv:2503.14091



Chiral Kitaev QSL
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Monopole versus Spinons
● Full theory with transverse gauge field fluctuations missing 

● bond-correlations couple to phonons 

→ singlet monopole at K/2 couples to bond-dimer correlations

⟨DoDr⟩c ∝ ⟨Φ0Φr⟩ ∝ r−2ΔΦ

K/2

Seifert, Willsher, … Knolle Nature Comm 2024Ferrari, Willsher, … Knolle arXiv:2410.16376

ΔΦ = 1.20

3. Results U(1) DSL
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Monopoles versus Spinons
● Triplet monopole at K  

K M

Dupuis, Paranjabe, Witczak-Krempa PRB 2019

3. Results U(1) DSL

⟨SoSr⟩c ∝ ⟨Φ0Φr⟩ ∝ r−2ΔΦ

●Gauge field coupled to critical boson 
Heisenberg-Gross-Neveu theory

F. Ferrari [unpublished]

→ couple continuum to spinons
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Unreasonable Effectiveness of RPA
5. Results Kitaev QSL

● Benchmark with only known exact results in 2D - Kitaev QSL

→ interactions mimik Z2 flux excitations!

Knolle, Kovrizhin, Chalker, Moessner PRL 2014
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Kitaev QSL in a field 
● Phase diagram of extended Kitaev model and field-induced QSL

5. Results Kitaev QSL
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