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Motivation and Methodology

Noncoplanar ordered phases on 
the kagome lattice
Gapless chiral spin liquid on the 
kagome lattice

✡ Frustrated magnetism on the Kagome lattice
✡ Ordered phases and classical phase diagrams
✡ Parton Construction and Variational Monte Carlo (VMC)
✡ Example: Quantum spin liquids on the kagome lattice



Mott Insulators, Frustrated Magnetism and 
Quantum Spin Liquids (QSL)

✡ Absence of magnetic order up to                      ; 

✡ Fractionalized excitations, e.g.: Spinons, S=1/2;

✡ Gapless (emergent fermions coupled to gauge fields) and gapped (topological 

ground state degeneracy).

Th: P. Coleman, Introduction to many-
body physics (2015)

Th: Anderson, Mater. Res. Bull. 8, 153 (1973) | Savary, 
Balents, Rep Prog. Phys. 2017 Anderson, Science 235, 1196 
(1987)
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Frustrated magnetism on the Kagome lattice

Exp: P. Khuntia, et 
al, Nat. Phys. 16, 
469–474 (2020).

Exp: E. Kermarrec, et al, 
Phys. Rev. B 90, 205103 
(2014)

Herbertsmithite

Kapellasite

4



Kapellasite: a candidate for a GQSL?

✡ Polymorphous to Herberthismithite (U(1) QSL e J1>0);
✡ Gapless spin liquid (                      );
✡ Short-range magnetic correlations of cuboc-2 type 
✡ up to                 . 

Exp: Fåk, Phys. Rev. Lett. 109, 037208T (2012)

✡ Weak O-H-Cl 
coupling between 
Kagome planes.
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✡ Bragg peaks (cuboc-2); 
✡ Continuum of excitations (spinons);
✡ Curie-Weiss Law (                                                               )

Exp: Fåk et al, Phys. Rev. Lett. 
109, 037208T (2012)

6Kapellasite: a candidate for a GQSL?

HTSE



Modified Heisenberg model 

✡ Staggered chirality;
✡ Noncoplanar phases and CSLs;
✡ Amplified near the Mott transition;
✡ Floquet engineering.

Th: Claassen et al , Nat. Com. v.8, 1192 (2017) | Quito et al, Phys. Rev. 
Let. 126, 177201 (2021) | Cookmeyer et al Phys. Rev. Lett. 127, 087201 
(2021) | Szasz et al Phys. Rev. X 10, 021042 (2020)
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Classical Phases: Gradient descent and SSSF (    classical)

✡ Accesible experimentally through 
inelastic neutron scattering data (INS).

8

Chollet, Deep Learning with Python (2021)

SSSF



Classical Phases: Gradient descent and SSSF (    classical) 9



Parton Construction and Gutzwiller Projection (S = 1/2)

Abrikosov 
Fermions

Pauli matrices

SpinComplex 
fermions

MFT decoupling

Single-occupancy 
constraint (local)
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Parton Construction and Gutzwiller Projection
✡ Ansatz described by a Slater determinant for a singlet state (Stot=0), with spin ½ excitations.

✡ The occupancy can be imposed exactly through Variational Monte Carlo or MPS, by using 
the Gutzwiller projection:

Gros, Ann. Phys. 189, 53 (1989) /  
Zou, Y., et al Rev. Mod. Phys. 89, 
025003 (2017). / Gutzwiller, M., 
Phys. Rev. A 137, A1726 (1964)
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Parton construction and VMC 13

Statistical average 
of local operator

Probability 
distribution

Configurations

AFM Heisenberg chain

Markov Chain - > Equilibrium



QSLs on the Kagome lattice (Heis. model J1)

✡ CSL
✡ Uniform RVB with spinon Fermi 

surface.
✡ U(1) Dirac QSL 
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M. B. Hastings, Phys. Rev. B 63, 
014413 (2000) | Y. Ran, M. 
Hermele, P. A. Lee, and X.-G. 
Wen, Phys. Rev. Lett. 98, 117205 
(2007). | Y.-C. He, M. P. Zaletel, 
M. Oshikawa, and F. Pollmann, 
Phys. Rev. X 7, 031020 (2017)

MFT
Herbertsmithite

(Stable)? 



QSLs on the Kagome lattice (Heis. model J1-J2) 15QSLs on the Kagome lattice (Heis. model J1-J2)



QSLs on the Kagome lattice (Heis. model J1-J2)

Francesco Ferrari, et al. 
Phys. Rev. B 104, 144406 
(2021) | Iaconis, SciPost 
Phys. 4, 003 (2018) 

VMC
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Noncoplanar ordered phases on the 
Kagome lattice

Gapless chiral spin liquid on the Kagome 
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Classical phase diagram for the                    model 17

Classically 
disordered 

region

1st order 
phase 

transition

2nd order 
phase 

transition



Static spin structure factor (SSSF) and ordered phases

FM

cuboc-2

AFMd

FM-stripe

FMd
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C3  lattice 

symmetry

1st BZ
EBZ



Classically disordered region 19



  Cuboc-2 and cuboc-1 phase transition (AFMd)

Octahedral
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  Cuboc-2 and cuboc-1 phase transition (AFMd)

Octahedral
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Gapless chiral spin liquid on the kagome 
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Parton mean-field theory: ansatz 

Bieri et al,  Phys. Rev. B 93, 094437 (2016) | Pereira and Bieri, SciPost Phys. 4, 
004 (2018) | Bauer et al, Phys. Rev. B 99, 035155 (2019)

-
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Parton mean-field theory

✡ Energetic favoring for Case II;
✡ Nodal lines (dashed lines); 
✡ Dirac Cones in   .

MFT parameters
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Majorana, Jx only
Bauer et al, Phys. Rev. B 99, 035155 (2019)



Parton mean-field theory (Instabilities)

✡ Nesting instability of the U(1) CSL 
to ordered phases (Fermi pockets 
in                   and EF  crossing);

✡ Flattening of central band in               
                  (Case I).

24

Krüger and Janssen, 
Phys. Rev. B 104, 165133 
(2021)



Ground state energy (VMC) 25

Case I Case II

Case III



Magnetization and Instabilities 26

✡ SDW ansatz;
✡ Finite-size scaling.



Transition between CSL and ordered phases

✡ Phases with         are adiabatically connected to the ordered phases. 
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VMC results near the CSL 28



Conclusions and outlook
✡ New ordered phases: FMd, AFMd, FM-stripe;
✡ Continuous phase transition between phases 

cuboc-1, cuboc-2, octahedral e AFMd; 
✡ Classically disordered region extended ->

Competitive CSL in the phase diagram;

29

Wietek and  Läuchli, Phys. Rev. B 95, 035141 (2016) | Hickey et al, 
Phys. Rev. B 96, 115115 (2017) | Bose et al, arXiv:2204.10329 (2022) 

✡ AFMd and connection to other ordered phases?

✡ Nature of quantum phase transitions to the GCSL?

✡ Thermal evolution of ordered phases AFMd, FMd 
and FM-stripe (Order by disorder)?

Mondal et al, Jour. of Phys.: Cond. Mat. 33 (50), 505801 (2021)

Pitts et al,  arXiv:2110.11427 (2021)

Main ref: (arXiv:2112.03327)

https://arxiv.org/abs/2112.03327
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Extra slides  1



Iqbal et al, Phys. 
Rev. B 92, 
220404(2015)

Quantum phase diagram of the J1-J2 Heis. model



Benchmark: (A)FM chains weakly coupled

1st BZ

EBZ
AFM Chains

FM Chains



FM, FM-stripe, FMd phase transition



Shermann Morisson e Matrix Determinant Lemma



Haldane-Shastry / AFM Heisenberg Chain



Classical phase diagram for the                    model



Parton Construction and VMC



Parton Construction and Gutzwiller Projection
✡ Spinons coupled 

through a U(1) gauge 
field

MFT ansatz

Wen, Physical 
Review B 
65.16 (2002): 
165113.

Lucile Savary 
and Leon 
Balents (2017) 
Rep. Prog. 
Phys. 80 
016502
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