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Thermodynamic signatures in quantum spin liquids

Does spinon pairing exist ?
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Neutron Scattering

Time-dependent correlator
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How to detect excitations in quantum spin liquids ?

Neutron Scattering: Spin-1 excitations Well-defined dispersion -->
Spinon-Antispinon pair excitations Threshold energy for pair excitations
Scattering continuum CuSO4.5D,0
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Harder to confirm in 2D and 3D

Energy resolution may not be
good enough




Spin flip excitations in Kitaev Model

Define bond fermions Baskaran, Mandal, Shankar (2007) Ground state
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Dynamical Spin Structure Factor

FT.
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Two-flux gap

J. Knolle, D.L.Kovrizhin, ].T.Chalker, R. Moessner, PRL (201 3)



2D nonlinear spectroscopy

| | B(t) = B%é.0(t) + Bhésd(t — 1)
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B, B, L Two pulses delayed by 71

Measure the nonlinear part of the transient magnetization
Mnyr(t) =Map(t) — Ma(t) — Mp(t) t =71+ 7
Nonlinear transient magnetization - nonlinear susceptibilities

Hioy = H — B(t) - M(2)
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o, B,7= 2,2,z case 3rd order susceptibility
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Two flux energy

ER Fermion energy



o, B,7= 2,2,z case 3rd order susceptibility
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2D Nonlinear susceptibility  3rd order susceptibility
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Quantum Spin Ice:
a primer
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Quantum Spin Ice
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J, > J| degenerate perturbation theory

Herr = —Jring ¥ (S1 95 555, S48 + h.c.)
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Banerjee, Isakov, Damle,YBK ’08
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Benton, Sikora, Shannon ’12




Connecting classically degenerate ground states

Heps = Jring ) (S S5 S5 Sy 8555 + h.c.) K ~ = Jring 0 =J1/Jj

O
Hermele, Balents, Fisher ’03

Quantum ground state = massive superposition of classically degenerate states
=> Quantum Spin Liquid



Quantum Electrodynamics
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link on the dual
diamond lattice sites




Quantum Electrodynamics

S?=FE.,., St=&l¢4®, +reA/B [ST,5]=-857
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Hermele, Balents, Fisher (2003)
Savary + Balents (2012)
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Quantum Electrodynamics
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O-flux and T-flux Quantum Spin Ice

m-flux U(1) QSL

0 O-flux U(1) QSL
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M. Hermele, et al. PRB (2004)
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Excitations in the deconfined phase:
U(l) quantum spin liquid (Quantum Spin Ice)
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electric monopoles (spinons)

2ASpinon ™ Jz

magnetic monopoles (visons)

Amon ~ J3 /J?

emergent photons
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Gingras & McClarty (2014)
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“Two” S=1/2 excitations

Spinon-Antispinon pair



Emergent Photons

Hefs = Jying » (S S5 S§S; 84S +he) —> —Kcos(V x A)
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K~ —Jping X —Ji/JH2 Hermele, Balents, Fisher 03




Specific heat data at low temperatures

-o- Gao et al. (scaled) :
¢ this work (scaled) '
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T3 from emergent photons !

Photon velocity comparable
to the estimation from
neutron scattering

CQSI — (.91+0.4 m/S

B.Gao, FDesrochers, ... S.Paschen, YBK, PDai.
arXiv:2404.04207, Nature Physics (2025)



Different routes to QSL:
candidate materials



Candidate Materials (incomplete list)
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Different Routs to Quantum Spin Liquid

1. Geometric Frustration

D. 6. Nocera, Y. S. Lee
P. Mendels

Herbertsmithite ZnCus(OH)sCls

"Tdeal” Kagome lattice

H. Takagi (2007)
Y. Singh, Y. Tokiwa, P. Gegenwart
(2013)

Hyperkagome Na,Ir;Ox

Pyrochlore systems
Quantum spinice Ce2Zr;07

Pengcheng Dai, Bruce Gaulin, Romain
Sibille, Elsa Lhotel, Sylvain Petit ...




Different Routs to Quantum Spin Liquid

2. Frustrating Interactions

H.Takagi, R. Coldeaq,
P. Geggenbart,
YJ Kim, S. Nagler, ...

Kitaev Materials a- Na2IrQOs

Bond-dependent a- RuCls
Intferaction

Longer range interactions .
J1-J2 model NaYbSe:

c O ), . O
art~>b q /%::_C%JO(-\ (\ Na

NaYbSe,




Different Routs to Quantum Spin Liquid
3. Weak Mott Insulator (charge fluctuations)

k-(BEDT-TTF)2Cus(CN)3 K Kanoda M. Yamashita, Organic Material
EtMesSb[Pd(dmit),]2 R. Kato Y. Matsuda, Triangular Lattice
— N

~.
H ~ Hheisenberg + Hring 4 ... /—\ \/

AF Charge fluctuations are important
near the Mott transition even in the
U/t insulating phase
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Metal spin liquid




Fermi liquid behavior Spin liquid behavior ?

Superconductor Magnetic order
CDW Spin Nematic ...
§ 2

i 3
Fermi liquid Spin liquid



Triangular Lattice Ji-)2



AYbSe; A=Cs, K, Na

A. O.Scheie et al, arXiv:2406.1777
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AYbSe; A=Cs, K, Na

Ybt 4fP S=1/2 L=3 J=7)2 A. O. Scheie et al, arXiv:2406.1777
b
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AYbSe; A=Cs, K, Na

Gapped 2351 A. O. Scheie et al, arXiv:2406.1777
S. Sachdev, PRB 1992 b

" Z.Zhu, S.R.White, PRB 2015 (DMRG)
U(Il) Dirac SL <
Y. Igbal et al, PRB 2016 (VMC) ~ S~
S.Hu et al, PRL 2019 (DMRG)

NaYbSez

Valence Bond Solid
U. F. P. Seifert et al, arXiv:2307.12295

Hubbard Model Chiral Spin Liquid
A. Szasz et al, PRX (2020)

B.-B.Chen et al, PRB (2022)

Chiral QSL



Schwinger boson theory

H=J1Y 8 Sj+J2 Y S-S+ Zba 0lsbis Y blubia =1

(47) ((23))

Hyp ~ %ZJZ-:,- — A5 ) €apbiabjp + B Zb bia + h.c.

] a,f

1 1
Ay =3 Y canlbiabis)  By— LY 0lbi
o, e
A =0 U(l) spin liquid Bose condensation leads to magnetic ordering
Only gapped spin liquids are allowed

Aij 70 Z; spin liquid U(1) spin liquid possible only in 3D



Thermodynamic signatures in quantum spin liquids

Does spinon pairing exist ?
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U(1) Spin Liquid
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Theoretical technique J1 (meV) Ja/Jq
Nonlinear spin waves 0.456 £ 0.013 0.043 £ 0.010
Heat capacity 0.429 £+ 0.010 0.037 £ 0.013

A. O. Scheie et al, Nature Physics (2023)
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NaYbSe2 | MPS simulations

No order down to 100 mK
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