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Fig. 1. Schematic illustrations of three fundamental pictures of triangular-lattice quantum magnetism: (a) Geometrical frustration

on the triangular lattice, for nearest-neighbor antiferromagnetic interactions, three spins cannot simultaneously minimize the en-
ergy of all bonds on a single elementary triangle; (b) the 120° three-sublattice ordered state in the classical-spin limit; (c) schematic
of valence bonds and spinons on the triangular lattice. Purple ellipses denote singlet valence-bond pairs formed by two spins, includ-
ing both nearest-neighbor and longer-range pairings; the two unpaired spins (black arrows) are spinons—a prototypical fractional-

ized excitation. Anderson’s resonating valence bond (RVB) state can be understood as a quantum superposition of a large number

of such valence-bond configurations; the figure shows only one specific configuration and the spinon excitations it hosts.
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Fig. 2. Crystal structure and crystal-field disorder characterization of YbMgGaOy4: (a), (b) Crystal structure of YbMgGaO, and
schematic of the Yb3+ triangular lattice in the ab plane; the inset defines the coordinate system for the spin components (adap-
ted from Ref. [21] with permission); (c), (d) INS spectra of YbMgGaO, and LuMgGaO, at 5 K; (e) energy spectrum integrated over
4A7 < QI <6 A™!, with three Yb3™ crystal-field excitations marked by dashed lines; (f) zoom-in of the high-energy crystal-
field excitations. The pronounced broadening of crystal-field excitations in YbMgGaO, indicates a distribution of local crystal-field
parameters, providing direct evidence for crystal-field randomness arising from Mg/Ga site mixing (adapted from Ref. [13] with per-

mission).
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Fig. 3. Wave-vector dependence of low-energy continuum excitations in YbMgGaO, and comparison with the nearest-neighbor RVB
model (from Ref. [63], open access): (a), (b) Reciprocal-space intensity distributions measured at 35 K and 0.1 K, respectively, un-
der 0 T; (c)-(e) wave-vector dependence of the scattering intensity along different high-symmetry directions within 0.5 <
E < 1.5 meV, where symbols denote experimental data and solid lines show results from the nearest-neighbor RVB model; (f) dis-
tribution of |F(Q)|? in reciprocal space calculated from the nearest-neighbor RVB model. Black solid lines mark the Brillouin zone

boundaries, and magenta solid lines indicate the high-symmetry directions and special reciprocal points.
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Fig. 4. Typical crystal structures and representative phase diagram of the ARFEChy family (adapted with permission from
Ref. [19]): (a) Schematics of the a-NaFeOo-type structure (space group R3m) and the 3-RbScO,-type structure (space group
P63/mmec), both featuring layered stacking; (b) the REChg octahedron formed by RE and Ch ions; (c) the ideal triangular lat-
tice of RE ions within a layer, where 8o (a =1,2,3) denote the primitive vectors along the three nearest-neighbor bond direc-
tions, which can be used to describe bond-dependent anisotropic exchange; (d) magnetic field-temperature phase diagram of NaYbS,
with the magnetic field applied in the ab plane, determined from specific heat, torque, and DC/AC magnetic susceptibility meas-
urements. The diagram includes regions of quantum spin liquid (QSL), 120° order, up-up-down (UUD), oblique phase, and field-

polarized ferromagnetic (FM) phase (adapted with permission from Ref. [19]; data from Ref. [69]).
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Fig. 5. Effective tuning of the AYbSe, family from the ordered to the quantum-disordered side: (a) Ji-Ja exchange on the Yb3t
triangular lattice; (b) schematic phase diagram versus J2/Jp , showing CsYbSe,, KYDbSe,, and NaYbSe, evolving from the 120°
ordered side toward the quantum spin liquid (QSL) regime (adapted with permission from Ref. [55]); (c) 120° antiferromagnetic or-
der; (d), (e) elastic neutron scattering and low-energy INS of KYbSe, at 0.3 K, indicating 120° long-range order (adapted with per-
mission from Ref. [19]; data from Ref. [54]); (f) short-range RVB correlations in the QSL phase; (g), (h) elastic neutron scattering
and low-energy INS of NaYbSe, at 40 mK, showing the absence of magnetic Bragg peaks and a broad continuum, consistent with a

quantum-disordered ground state (adapted with permission from Ref. [19]; data from Ref. [83]).
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SPECIAL TOPIC — Quantum magnetism

Quantum spin liquid ground states in rare-earth
triangular-lattice spin systems’

XIE MingtaiV?  ZHANG ZhengV? ZHANG Qingming "?
1) (Beijing National Laboratory for Condensed Matter Physics, Institute of Physics,
Chinese Academy of Sciences, Beijing 100190, China)

2) (School of Physical Science and Technology, Lanzhou University, Lanzhou 730000, China)

( Received 20 April 2026; revised manuscript received 18 May 2026 )

Abstract

Quantum spin liquids (QSLs) are exotic quantum many-body states in frustrated magnets that evade
conventional magnetic order down to absolute zero temperature, featuring long-range quantum entanglement,
fractionalized excitations, and emergent gauge structures. The triangular lattice serves as a canonical platform
for studying QSLs; however, the simplest spin-1/2 nearest-neighbor Heisenberg triangular-lattice
antiferromagnet possesses a 120° Néel ordered ground state rather than a spin liquid. Realizing QSLs in real
triangular-lattice materials therefore relies on additional mechanisms such as next-nearest-neighbor exchange,
XXZ exchange anisotropy, and bond-dependent anisotropic interactions induced by strong spin-orbit coupling.
This article reviews the theoretical foundations, candidate materials, and recent experimental progress on rare-
earth triangular-lattice QSLs, with a focus on Yb3*-based compounds whose effective pseudospin-1/2 description
and high-quality single-crystal availability make them the most extensively studied systems to date. We first
examine YbMgGaQ,, where inelastic neutron scattering revealed broad continuum excitations suggestive of
fractionalization, but Mg?>*/Ga®*" site disorder and spin-glass-like behavior in the sister compound YbZnGaO,
have cast doubt on its intrinsic QSL candidacy. We then turn to the NaYbChs (Ch = O, S, Se) family, which
eliminates such mixed-valence disorder at the structural level. Thermodynamic and local-probe measurements
consistently show the absence of long-range order and spin freezing; single-crystal inelastic neutron scattering on
NaYbSe, has identified spinon-type continuum excitations in a structurally clean setting. The chemical
substitution O—S—Se provides a clean tuning pathway across different exchange regimes. Comparisons with
magnetically ordered analogues KYbO,, KYDbSe,, and CsYbSe, through spin-wave fitting supply quantitative
constraints on the effective Hamiltonians. Current evidence indicates that the NaYbChs family represents one of

the most promising rare-earth triangular-lattice QSL candidate platforms to date.
Keywords: quantum spin liquid, triangular lattice, rare-earth magnets
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