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An integrated theoretical and numerical 
approach to understand modern 
experiments on quantum magnetism
 

Zi Yang Meng (孟子楊)    1,2  , Cristian D. Batista    3,4   &  
Shiliang Li (李世亮)    5,6 

In recent decades, the study of quantum magnets, which feature 
unconventional behaviour such as exotic quantum phase transitions and 
quantum spin liquids, and unconventional magnetic states of matter, 
has made remarkable progress. However, each of the three foundational 
pillars—numerical simulations, analytical methods and, to a lesser extent, 
materials synthesis and experiments—often tends to view itself as the 
primary driver of the field. Even though the need for collaboration among 
theory, numerics and experiment to understand the complex phases of 
quantum magnets is well established, in our view there remains a persistent 
perception from experts in one area that the other two serve merely as 
supporting tools, primarily useful for validating the dominant ideas of one 
speciality, and less relevant to shaping the underlying scientific narrative. 
In this Perspective, we advocate for a different, more integrated approach 
to overcome the challenges faced by quantum magnetism researchers. 
We argue that this alternative mindset has already started to advance the 
understanding of several important quantum magnetic models and their 
materials realizations.

Quantum magnets have long been a focus for condensed matter 
research. Theoretical models of spins on a lattice have provided many 
important physical insights, including predictions of non-trivial quan-
tum effects such as topological order. Substantial experimental efforts 
have subsequently been dedicated to identifying materials that exhibit 
such phenomena. These efforts have led to advances on multiple fronts, 
from the development of new theoretical frameworks to substantial 
progress in numerical algorithms, simulation techniques, materials 
synthesis and experimental probes.

Over time, the sophistication and complexity of analytical, numeri-
cal and experimental methods has continued to grow. Although in the 
past each of these approaches to studying quantum magnetism could 
be pursued independently, substantial advances in understanding 

now increasingly depend on a combination of experimental and 
theoretical insights.

This Perspective aims to highlight the growing need for the field of 
quantum magnetism to pursue an integrated research approach—one 
that strengthens the synergy among theory, numerical simulation and 
experiment—and to advocate for a broader appreciation of how such 
cross-disciplinary collaboration accelerates discovery.

The value of this integrated approach is especially evident in the 
collective effort to identify and understand exotic phases, including 
evidence of quantum spin liquids, where quantum fluctuations destroy 
magnetic order. These phases are expected to exhibit fractionalization, 
whereby new quasiparticles emerge that carry parts of the fundamen-
tal electronic degrees of freedom, such as separate particles carrying 
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Second, model extraction becomes less reliable, as many 
spin-liquid candidates in higher dimensions are governed by complex 
Hamiltonians with multiple competing interactions. Even with the most 
advanced ab initio methods10–12, the resulting parameter estimates 
often carry substantial uncertainties.

Third, the analytical and numerical methods used to probe dynami-
cal properties are generally uncontrolled in the absence of small param-
eters, or they suffer from systematic limitations. Field-theoretical 
approaches offer valuable qualitative insights into the long-wavelength 
behaviour of magnetic systems, but often rely on idealized or over-
simplified models. By contrast, the determination of realistic lattice 
Hamiltonians requires a close integration of theory with experimental 
data, complemented when possible by advanced ab initio analysis.

Even with a lattice Hamiltonian to hand, numerical schemes face 
challenges. For example, tensor-network methods suffer from an expo-
nential growth of entanglement, and, except in special cases, QMC sim-
ulations are afflicted by the minus-sign problem, in which samples with 
negative weight make it difficult to perform a convergent calculation.

Faced with such difficulties, we believe that progress in quantum 
magnetism requires much closer collaboration between disciplines. 
As the following examples demonstrate, intensive collaborative efforts 
involving analytical theory, numerics and experiment has led to sub-
stantial experimental and theoretical advances in several important 
quantum magnetic models. We argue that further integration and 
collaboration is not only essential for quantum magnetism, but also 
pivotal for advancing the broader field of quantum many-body physics.

Triangular-lattice quantum Ising magnets
The triangular-lattice quantum Ising (TLI) material TmMgGaO4 
(TMGO) is, due to its Ising character, a rare case in two dimen-
sions where unbiased, large-scale QMC and thermal tensor renor-
malization group (TRG) can be performed, which enables very 
close connections between numerical and specific-heat and 
inelastic-neutron-scattering measurements13.

As shown in Fig. 1a, ab initio analysis of the experimental data 
indicates that TMGO is an Ising-type triangular antiferromagnet14. 
Each Tm3+ ion carries a total spin–orbit moment of 6, but the crystal 
electric field selects a non-Kramers ground-state doublet as the effec-
tive magnetic degree of freedom. Because the crystal-field gap between 
second and third levels is about 400 K (ref. 15), the magnetic ion can 
be regarded as an effective spin-1/2 moment. The local trigonal crystal 
field induces an energy splitting Δ within the doublet, which acts as an 
intrinsic transverse field on the effective spin 1/2 (ref. 14).

Therefore, Tm3+ ions contribute highly anisotropic Ising-type 
moments with Jz = ±6 along the c axis out of the two-dimensional plane 
of the triangular lattice, with an effective out-of-plane g factor gzz ≈ 13.2 
(ref. 13). The material is thence described by the TLI model

HTLI = J1 ∑
⟨i, j⟩

Szi S
z
j + J2 ∑

⟨⟨i, j⟩⟩
Szi S

z
j −∑

i
(ΔSxi + hSzi ) , (1)

where Sx,y,zi  are the spin operators at site i, the nearest-neighbour 
(next-nearest-neighbour) coupling is J1 (J2), Δ is the energy splitting 
between the two lowest non-Kramers Φ± levels, and h = HzgzzμB, with H 
being the z component of the external magnetic field and μB the 
Bohr magneton.

The generic phase diagram of the TLI model (Fig. 1b) is well estab-
lished in the field-theoretical and numerical literature16,17. It includes 
a clock-ordered phase (see Fig. 1a) that breaks the C6 symmetry of the 
triangular lattice for transverse field values below a critical threshold  
Δ < Δc and below a Berezinskii–Kosterlitz–Thouless (BKT) transition tem-
perature TL. Above the clock-ordered phase, in the temperature range 
TL < T < TU, there exists a critical region characterized by power-law 
spin–spin correlations and an emergent XY symmetry.

To connect the generic physics of the model to the specific mate-
rial TMGO, it is crucial to determine the corresponding TLI model 

only charge or spin, or even a fraction of them. These fractionalized 
quasiparticles interact among themselves via emergent gauge fields. 
A major challenge in the search for spin liquids lies in the absence of 
definitive experimental ‘smoking gun’ evidence. There have been 
many efforts to identify clear signatures for fractionalization but very 
often subsequent research found that they can also be mimicked by 
other less exotic effects such as disorder. Recent progress has instead 
relied on the indirect identification of spin-liquid behaviour through 
quantitative predictions of dynamical properties measured using 
spectroscopic probes, such as electron spin resonance, scanning tun-
nelling microscopy and inelastic neutron scattering.

Success in one dimension
The study of quasi-one-dimensional magnets has been an important 
success story for quantum magnetism, and one where independent 
theoretical and experimental efforts could make substantial pro-
gress. Early field-theoretical work predicted that the constraints of 
one-dimensional motion mean that the concept of interacting single 
particles breaks down and is replaced with a so-called Luttinger liquid 
with fractionalized excitations1.

The Luttinger liquid concept was validated by comparing the-
oretical predictions for the dynamical spin structure factor with 
inelastic-neutron-scattering data on long spin chains2,3. A combina-
tion of numerical methods with analytical theoretical insights about 
integrable systems enabled an accurate reproduction of the scattering 
continuum, including its energy and momentum dependence under 
different applied magnetic fields.

It is instructive to examine the key factors that enabled the success-
ful discovery and characterization of magnetic Luttinger liquids. The 
first crucial element was the ability to synthesize quasi-one-dimensional 
spin systems with an exceptionally low degree of disorder, providing 
clean experimental platforms where intrinsic quantum effects are not 
masked by extrinsic factors4,5.

Second, accurate spin Hamiltonians for theoretical modelling 
could be constructed because many spin-1/2 chain materials are well 
described by a nearest-neighbour antiferromagnetic Heisenberg 
model. This meant that the appropriate model parameters could 
be easily determined by comparing experimental observation in 
inelastic-neutron-scattering measurements and model calculations 
with ab initio methods as well as field theories.

A third important factor was the availability of powerful theoreti-
cal tools for computing dynamical spin correlation functions on long 
chains. These included both analytical methods such as the Bethe 
ansatz, and numerical techniques such as quantum Monte Carlo 
(QMC)6, as well as time-evolution extensions of the density matrix 
renormalization group (DMRG)7. By minimizing both the uncertainty 
in the underlying spin Hamiltonian and the errors in approximating its 
dynamics, it became possible to unambiguously reveal the fractional-
ized nature of the elementary excitations.

It is natural to ask why the same approach has not achieved 
the same success in the search for spin liquids in two- and 
three-dimensional materials. Some challenges already emerge in the 
one-dimensional case8,9. Even the well-understood material realiza-
tions of Luttinger liquids are quasi-one-dimensional magnets that 
develop long-range magnetic order at sufficiently low temperatures4,5. 
As a result, the low-energy part of the inelastic-neutron-scattering 
spectrum features more conventional magnon excitations rather than 
the continuum of fractionalized excitations predicted by idealized 
field-theoretic models.

In higher-dimensional materials, all three key ingredients that ena-
bled progress in one dimension become much more challenging. First, 
the synthesis of low-disorder materials is more difficult, and two- and 
three-dimensional quantum spin liquids appear to be more sensitive to 
disorder. This makes it harder to realize clean experimental platforms 
where intrinsic quantum spin-liquid behaviour can be isolated.

http://www.nature.com/naturephysics
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parameters—in particular, the ratio Δ/J1. The availability of large-scale 
QMC and TRG calculations meant that numerical simulations of the spe-
cific heat and neutron-scattering spectrum could be quantitatively com-
pared with experimental data (Fig. 1b inset and 1c). These comparisons 
were then used to precisely determine the model parameters of TMGO13.

The extracted parameters placed TMGO in a region of the phase 
diagram with accessible clock and BKT phases, with Δ/J1 = 0.54. In con-
trast, simple mean-field calculations of the model estimated Δ/J1 = 1.36 
(ref. 18) and would place the material in the disordered paramagnetic 
phase as Δ > Δc ≈ 0.8J1, the location of the quantum critical point. This 
suggests that the analytic mean-field treatment fails to capture quan-
tum fluctuations intrinsic to the quantum TLI model and the material 
itself. The unbiased quantum many-body TRG+QMC scheme is neces-
sary to explain the observed inelastic-neutron-scattering spectrum.

Furthermore, the QMC simulations of the TLI model in equation 
(1), for Hamiltonian parameters determined in ref. 13, quantitatively 
predicted the existence of a BKT phase between the high-temperature 
disordered phase and a low-temperature antiferromagnetic phase. 
This predicted phase was later measured and confirmed using nuclear 
magnetic resonance (NMR)19.

Comparisons between the observed NMR signal (Fig. 1d) and 
predictions using QMC (Fig. 1e) demonstrate that the numerical data 
match NMR experiments.

This TLI case study underscores the power of combining experi-
mental input with controlled many-body methods to refine and validate 
microscopic models. Theoretical insights into the BKT phase, together 
with numerical methods for comparison with specific heat and inelastic 
neutron scattering, provide a coherent framework for interpreting the 
data. The experimentally guided numerical analysis then produced a 

prediction for the magnetic-field range of the finite-temperature BKT 
phase, leading to its observation using NMR. These elements converge 
to yield the complete phase diagram shown in Fig. 1f.

Triangular-lattice Heisenberg antiferromagnets
A longer-standing and more fundamental problem in quantum magnet-
ism that highlights the need for a balanced and collaborative approach 
is the triangular-lattice Heisenberg antiferromagnet (TLHAF). The 
geometric frustration inherent to the lattice led to the proposal of the 
resonating valence bond spin-liquid state20 over 50 years ago.

Although the nature of the TLHAF ground state remained a topic 
of debate for many years21, a sequence of numerical works22–24 has 
provided evidence in favour of 120° long-range magnetic order with a 
relatively small ordered moment (41% of the full moment)24. The reduc-
tion of the ordered moment indicates strong quantum fluctuations, 
which, in a semiclassical treatment, are reflected by large corrections 
to the magnetic excitation spectrum, including extensive decay of 
magnon excitations across much of the Brillouin zone25,26.

In line with the proposal of a non-classical resonating valence bond 
state, early studies of the low-temperature properties of the TLHAF 
based on effective quantum field theories suggested the need for 
alternative descriptions beyond the semiclassical approach27,28. This 
was further supported by numerical work29–34 on an extended model 
that includes J1 and J2 exchange interactions. These results indicate 
that a non-zero J2 leads to a continuous quantum phase transition into 
a spin-liquid state at the quantum critical point J2/J1 ≈ 0.06, as depicted 
in the phase diagram in Fig. 2a.

These studies prompted a series of inelastic-neutron-scattering 
experiments35–38 on the quasi-two-dimensional nearest-neighbour 
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Fig. 1 | Triangular lattice Ising magnet TMGO. a, The Tm3+ ions have an energy 
splitting Δ between the two lowest non-Kramers electronic energy levels, labelled 
Φ±. These two levels constitute an effective spin-1/2 triangular-lattice Ising model 
on the triangular lattice, with nearest-neighbour and next-nearest-neighbour 
coupling parameters J1 and J2, respectively. An illustration of spin structure 
in the low-temperature clock phase of TMGO is provided, where the spin-up 
and spin-down arrows are along the out-of-plane magnetic easy c axis and the 
horizontal arrow illustrates spins in a superposition of spin-up and spin-down 
states. b, Schematic phase diagram of TLI model, as a function of temperature 
T and Δ normalized by J1. The quantum critical point on the horizontal axis (red 
circle) has emergent spin XY symmetry, which extends into a BKT phase at finite 
T (blue region). The vertical arrowed line along Δ/J1 = 0.54 represents the relevant 
parameter range for TMGO, with two BKT transitions at TL (orange circle) and 
TU (blue circle). The inset shows specific-heat (Cm) measurements and their 
comparison with the exponential TRG (XTRG) computations for the triangular-
lattice Ising model. This comparison was used to determine the optimal set of 
model parameters for QMC calculations13. c, QMC-calculated spin spectrum at 
T = 0.5 K (ref. 13). The computed spectrum agrees well with the experimental 

inelastic-neutron-scattering results taken from ref. 18, whose peak positions are 
shown as the green dotted line. d, NMR measurements of the 69Ga spin relaxation 
rate 1/69T1 versus T measured under in-plane magnetic fields H of 3 T and 1 T.  
A plateau feature, characterizing the anticipated BKT phase, is observed between 
TL ≈ 0.9 K and TU ≈ 1.9 K (ref. 19). e, QMC-computed 1/T1 data from the dynamical 
spin–spin correlation function with contributions from all momentum points in 
the Brillouin zone (left scale) and from momenta in the vicinity of the K’ Brillouin 
zone point (right scale)19. f, Experimental phase diagram of the material under an 
applied magnetic field. The solid vertical line illustrates the BKT phase between 
TU and TL, while the red arrow indicates the antiferromagnetic (AFM) clock order 
regime17. The temperatures corresponding to the maximum of the Cm/T (T*) and 
the maximum of dM/dH (T″), where M is the material magnetization, and the 
Curie–Weiss temperature θCW, all collapse to the same phase boundary between 
the BKT-like regime and the AFM phase19. PM, paramagnetic. Panels reproduced 
from: a, ref. 13 under a Creative Commons license CC BY 4.0; f, ref. 19 under a 
Creative Commons license CC BY 4.0. Panels adapted from: b,c, ref. 13 under 
a Creative Commons license CC BY 4.0; d,e, ref. 19 under a Creative Commons 
license CC BY 4.0.
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TLHAF Ba3CoSb2O9, shown in Fig. 2b, which revealed an anomalous scat-
tering continuum and a strong renormalization of the single-magnon 
dispersion, confirming the expected breakdown of the semiclassi-
cal expansion due to proximity to the quantum critical point. In this 
regime, magnons should be described as bound states of two fractional-
ized spinons, which are the relevant quasiparticles in a spin-liquid state. 
At higher energies, the scattering continuum continuously evolves into 
the two-spinon continuum expected in a spin-liquid phase.

Large-N parton approaches for studying spin-liquid phases, where 
N denotes the number of parton flavours, are well suited to account for 
the continuum scattering in ordered phases close to a fractionalized 

phase, because their mean-field starting point corresponds to a free 
spinon gas. The Schwinger boson formalism27,28,39 offers a natural 
framework where spinons, coupled through emergent gauge fields, 
are treated as bosons. This allows for a unified description of both 
ordered and spin-liquid phases. In this picture, long-range magnetic 
order arises from spontaneous condensation of the Schwinger bosons 
and magnon modes are obtained as two-spinon bound states induced 
by fluctuations of the gauge fields40.

Because Schwinger boson theory is formulated on the lattice, it 
captures both short- and long-wavelength limits, enabling a compre-
hensive description of inelastic-neutron-scattering data. A comparison 
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with recent experiments38,41 (which is reproduced in Fig. 2c) confirms 
that these calculations can accurately reproduce the magnon dis-
persion of Ba3CoSb2O9, as well as the structure of the anomalous 
scattering continuum.

Following these findings, efforts to find TLHAF quantum spin 
liquids42–44 have compared inelastic-neutron-scattering data from a 
series of Yb delafossites, AYbSe2 (A being an alkali metal), with tunable 
J2/J1 ratios, with state-of-the-art calculations of the dynamical spin struc-
ture factor using both DMRG and Schwinger boson calculations (see 
Fig. 2d). Access to these state-of-the-art computational methods—and 
their agreement with observations—plays a crucial role in interpreting 
complicated neutron-scattering spectra. Here again, advanced analytic 
theory and the large-scale quantum many-body simulation work with 
experiments in an integrated manner.

One such study44 recently reported that NaYbSe2 exhibits no 
detectable phase transition down to the base temperature of the 
experiment. Unfortunately, it would be premature to draw definitive 
conclusions about the ground state, as the mobility of Na ions can 
introduce structural and magnetic disorder45, potentially obscuring 
intrinsic quantum behaviour.

However, if a robust realization of a spin liquid is confirmed, there 
remains the challenge of identifying its character among many compet-
ing theoretical scenarios. The observation of a low-energy spin gap in 
the inelastic-neutron-scattering spectrum would rule out a gapless 
𝕌𝕌𝕌1) Dirac quantum spin liquid29,32. Nonetheless, several distinct gapped 
phases have been proposed for the triangular lattice: a resonating 
valence bond (gapped ℤ2) spin liquid46–48, a valence bond crystal49,50 
and a chiral quantum spin liquid51.

Both the chiral quantum spin liquid and the valence bond crystal 
break discrete symmetries—time-reversal and lattice symmetries, 
respectively—and therefore must exhibit finite-temperature phase 
transitions to restore these symmetries at higher temperature. In 

contrast, the ℤ2 spin liquid preserves all symmetries and does not 
undergo such a transition. The characteristic of the 𝕌𝕌𝕌1) Dirac quantum 
spin liquid, on the other hand, is a gapless continuum at the K and M 
points of the Brillouin zone.

This rational approach—combining high-resolution inelastic- 
neutron-scattering measurements with advanced numerical and ana-
lytical techniques—is proving highly effective in guiding the search for 
extreme quantum states of matter, such as spin liquids. In particular, 
it provides direct evidence for the proximity to, or presence of, frac-
tionalization, which is essential for identifying and characterizing 
these phases.

As well as providing support for experimental claims of spin-liquid 
behaviour, numerical calculations are also increasingly playing a 
role in ruling out spin-liquid candidates. For example, the combina-
tion of ground-state phase diagram calculations using DMRG34 and 
ultralow-temperature alternating-current susceptibility measure-
ments52 revealed that YbZnGaO4, previously proposed as a triangular- 
lattice spin-liquid candidate, is in fact in a spin-glass state.

Kagome-lattice Heisenberg antiferromagnets
One of the most challenging issues in frustrated quantum magnetism 
is understanding the kagome-lattice Heisenberg antiferromagnet. 
This model has been a long-term candidate quantum spin liquid53. 
Despite extensive theoretical modelling, large-scale simulations, and 
experimental investigations, however, no consensus has emerged 
on whether any specific material definitively realizes a quantum 
spin-liquid state, and if so which kind, even for the simplest model 
with only nearest-neighbour exchange interactions.

This debate extends to key kagome quantum spin-liquid can-
didates, such as herbertsmithite and Cu3Zn(OH)6FBr54–56. However, 
progress is hindered by intrinsic magnetic impurities from a small 
percentage of Cu2+ ions on non-magnetic sites. It is complicated to 
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Fig. 3 | Kagome-lattice antiferromagnet YCu3-Br. a, The structure of a kagome 
layer in YCu3-Br, consisting of [CuO4Br2] octahedra62. b, Optimized local 
structures for supercells containing symmetric (s) and non-symmetric (n) 
environments obtained from density functional theory calculations11. Y3+ ions 
reside at hexagonal centres but occupy two non-equivalent sites, one within and 
one displaced from the kagome planes. This positional distinction arises because 
some of the Br− ions connecting Y3+ along the out-of-plane c axis are substituted 
by (OH)−, which is polar and pulls the connected Y3+ ion out of the kagome plane. 
The different valences and ion sizes between Y3+ and Cu2+ help eliminate weakly 
correlated magnetic impurities often observed in herbertsmithite and related 
compounds due to partial substitution of Cu2+ ions on non-magnetic ions53. c,d, 
Intensity contour plots of the inelastic-neutron-scattering results in the [H, K] 
zone at 0.2 meV (c) and as a function of energy, E, and momentum, along the 

[H, 0] direction60 (d). r.l.u., reciprocal lattice units. e, Schematic illustration 
of the 3J model used for classical spin-wave calculations12, which introduces 
three different nearest-neighbour coupling constants between sites. Note that 
the unit cell of this model is three times larger than that of the kagome lattice, 
as represented by the black hexagon. f, The static spin structure factor S(Q) 
obtained from DMRG calculations as described in the text. The green hexagons 
depict the kagome Brillouin zone. g,h, Spin excitations from DMRG calculations 
(g) and inelastic-neutron-scattering measurements (h)65. The inset in h illustrates 
high-symmetry points in the kagome Brillouin zone. The colour bars in c, d, g, and 
h indicate intensity in arbitrary units. Panels reproduced with permission from: a, 
ref. 62, Elsevier; c,d, ref. 60, Springer Nature; e, ref. 12 under a Creative Commons 
license CC BY 4.0. Panels adapted with permission from: b, ref. 11, American 
Physical Society; f–h, ref. 65, American Physical Society.
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disentangle impurity effects from the intrinsic low-energy excitations 
that would reflect spin-liquid behaviour57,58.

Beyond impurity effects, direct comparisons between theory 
and experiment remain difficult, as real materials typically include 
additional, non-Heisenberg interactions beyond the theoretical ideal 
modes, and their high-energy spin excitations are rarely observed 
due to the weak signal of the broad excitations, adding complexity to 
theoretical calculations.

Following advances in material synthesis and experimental meth-
ods, possible evidence for gapless, linearly dispersing Dirac spinons has 
been identified in YCu3(OH)6Br2[Br1−x(OH)x] (YCu3-Br)59–61. The YCu3-Br 
structure consists of ideal kagome planes formed by Cu2+ ions, each of 
which is surrounded by four equatorial O− and two apical Br− (B1) anions, 
forming a [CuO4Br2] octahedron, shown in Fig. 3a ref. 62.

These developments offer a fresh direction to address long-standing 
questions in the study of kagome Heisenberg antiferromagnets.

Many studies of YCu3-Br have demonstrated the absence of mag-
netic ordering down to 50 mK (refs. 59,62). Evidence for Dirac spinons 
emerged in specific-heat results, which display a T2 dependence at zero 
field and an additional linear term at high magnetic fields59. These 
behaviours align with mean-field predictions for a 𝕌𝕌𝕌1) Dirac quantum 
spin liquid63. Raman spectra further reveal broad magnetic excitations 
at high energies, attributed to one pair and two pairs of spinon–antis-
pinon excitations61. The sublinear power-law dependence of the Raman 
susceptibility on energy also suggests Dirac spinons at high energies.

More compelling evidence arises from inelastic neutron 
scattering60, which shows a conical spin continuum at low energies 
(Fig. 3c,d). The width of these spin excitations demonstrates a precise 
linear dependence on energy, consistent with a Dirac spinon cone 
centred at or near zero energy. Notably, the estimated spinon veloc-
ity accurately reproduces the low-temperature specific heat without 
further parameter adjustments.

These features differ markedly from semiclassical spin-wave 
calculations, where introducing strong randomness to generate a 
continuum-like spectra broadens low-energy spin excitations and 
reduces their central intensity64. Crucially, a damped spin-wave 
model cannot account for the substantial intensity observed in 
neutron-scattering spectra at the two-dimensional kagome Brillouin 
zone point (1/3, 0) due to the structure-factor constraints65.

Although YCu3-Br possesses an ideal Cu2+ kagome lattice, the loca-
tion of its spin excitations in momentum space, as measured by neutron 
scattering, cannot be reproduced by conventional Heisenberg models. 
This discrepancy arises from the distorted local structure (Fig. 3b), 
which generates two distinct hexagonal structures. Consequently, 
three different nearest exchange interactions emerge.

The observed quantum-spin-liquid-like behaviour emerges when 
the proportion of one of these structures reaches around two-thirds 
(ref. 66). Furthermore, the sharp low-energy spin excitations of YCu3-Br 
demonstrate that the two local structures are not randomly distributed.

In a similar material, Y3Cu9(OH)19Cl8 (Y3Cu9-Cl), the two hexagonal 
structures arrange in an ordered pattern, forming a kagome super-
lattice with threefold enlarged unit-cell area64. YCu3-Br and Y3Cu9-Cl 
exhibit identical low-energy magnetic excitation wavevectors despite 
the latter forming an antiferromagnetically ordered phase64, indicating 
that they necessitate comparable theoretical descriptions.

Ab initio density-functional-theory calculations have identi-
fied three distinct nearest-neighbour superexchange interactions in 
Y3Cu9-Cl12. A classical spin-wave analysis of the kagome Heisenberg 
model incorporating these couplings (Fig. 3e), known as the 3J model, 
captures the antiferromagnetic order observed in Y3Cu9-Cl12,64. Yet 
this description departs from the ideal kagome Heisenberg limit, as 
the arrangement of the distortions breaks translational symmetry.

This raises several theoretical and computational challenges. 
Given the similarities between YCu3-Br and Y3Cu9-Cl, there is hope that, 
starting from a common theoretical model of the two compounds,  

ab initio methods, DMRG, QMC and field-theoretical approaches, such as  
Schwinger boson techniques, that account for strong quantum fluctua-
tions may be able to identify a possible transition from antiferromag-
netic order to a quantum spin liquid. This should make it possible to 
track the evolution of fractionalized excitations even when the ground 
state is not a spin liquid, providing essential guidance for experiments.

The freedom to explore theoretical parameter space might also 
make it possible to search for a quantum spin liquid as a stable inter-
mediate phase on the path from the Y3Cu9-Cl structure with hexago-
nal distortions towards the theoretical ideal homogeneous kagome 
Heisenberg antiferromagnet63,67–69. At present, fundamental questions 
remain open and call for systematic exploration.

An initial integrated numerical study of the 3J model—combining 
classical Landau–Lifshitz dynamics with DMRG time evolution—has 
already succeeded in reproducing the static structure factor (Fig. 3f) 
and the high-energy spectral features (Fig. 3g,h) observed experimen-
tally65. The influence of the Dzyaloshinskii–Moriya interaction on the 
low-energy spin excitations has likewise been examined using DMRG, 
and the results capture the enhanced in-plane magnetic fluctuations 
revealed by recent polarized neutron-scattering measurements65.

This agreement reinforces the validity of the 3J model and high-
lights the need for more advanced computational approaches to resolve 
the remaining low-energy excitation spectrum. Intriguingly, similar 
spin-liquid behaviour in specific-heat measurements at zero and finite 
magnetic field has also been reported in LuCu3(OH)6Br2[Br0.33(OH)0.67]  
(LuCu3-Br)70, which shares the same nuclear structure as Y3Cu9-Cl.  
On the other hand, LuCu3-Br does not have the randomness of the two 
local hexagonal structures present in YCu3-Br. This demonstrates that 
randomness or disorder is not a necessary ingredient for realizing 
quantum spin-liquid physics within this family of models.

Discussion
The three examples highlighted here mark recent milestones in quan-
tum magnetism and underscore a common theme: progress emerges 
from a balanced integration of advanced numerical simulations, 
field-theoretical analysis and materials synthesis and characteriza-
tion. This collaborative framework moves beyond the outdated view 
that one pillar—such as predictions from a toy model—drives discovery 
whereas the others merely validate it. Instead, it affirms their equal 
importance in advancing our understanding of quantum materials.

TRG techniques, augmented with state-of-the-art ab initio meth-
ods, now allow simulations of realistic spin model Hamiltonians on 
cylindrical geometries. This capability enables access to thermody-
namic properties, such as magnetic susceptibility and specific heat, for 
quantitative comparisons with experimental data. Furthermore, these 
comparisons with experimental data can be refined into an iterative 
scheme, where optimized model parameters are determined through 
automated, machine-learning-based software, paving the way for more 
precise and efficient model fitting.

Most tensor-network calculations of spectra and thermodynamic 
properties are still performed using a quasi-one-dimensional cylindri-
cal geometry in DMRG, as this is the only setting in which the scaling 
of the needed computational resources with system size can still be 
controlled. However, the limitations of this approach, and the need to 
perform true two-dimensional tensor-network renormalization group 
calculations, have become more and more obvious, if we want to have 
good momentum resolution in the two-dimensional Brillouin zone. 
Achieving this with acceptable accuracy and an affordable computa-
tion burden would enable a much more detailed comparison between 
experiment and model calculations, substantially strengthening the 
integrated approach.

With access to optimized model parameters, QMC simulations 
can then compute the partition function of fully optimized two- 
dimensional lattice model Hamiltonians and access all dynamical 
and thermodynamic correlation functions with lower computational 
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complexity, and access to both ground-state and finite temperatures 
that is difficult to achieve using tensor-network methods. Until recently, 
QMC methods were limited by their reliance on imaginary-time data in 
the path-integral framework, which cannot be directly compared with 
real-time or frequency-dependent experimental data. However, this 
limitation has been effectively addressed by the stochastic analytic 
continuation technique6, which transforms a laborious search for the 
optimized spectrum in an exponentially large space into a structured, 
importance-sampling Monte Carlo process. This procedure allows QMC 
to yield real-frequency dynamic spectra that can be directly compared 
with inelastic neutron scattering and NMR experimental results13,17,19.

In the future, better lattice models are needed so that QMC simu-
lations can capture the complex physics of real materials, including 
multiple interactions and geometric frustration. Most direct imple-
mentations of these properties with QMC will encounter the minus-sign 
problem, or very long autocorrelation times in the update scheme, 
making calculations intractable. We need to find effective models that 
capture the essential physics of the material and yet remain numerically 
manageable using QMC.

One recent advance in this direction is the ability to directly 
simulate emergent gauge fields coupled to fractionalized excita-
tions on the lattice71. Such simulations can provide valuable insight 
into quantum spin-liquid physics across a range of temperatures 
and magnetic fields, offering a powerful framework for guiding and 
interpreting experiments.

The success of the Schwinger boson formalism in interpreting the 
inelastic-neutron-scattering spectra of Ba3CoSb2O9

38,41 demonstrates 
the continued power of analytical methods. Although parton theo-
ries can capture key features of spectroscopic measurements, going 
beyond mean-field theory is crucial to accurately describe both the 
collective modes and the broad scattering continuum on the magneti-
cally ordered side.

More advanced Schwinger boson calculations already incorporate 
low-order contributions from gauge-field fluctuations40,41. This exten-
sion has led to improved agreement with experimental data, indicating 
that the systematic inclusion of higher-order fluctuation contributions 
is a promising direction for further development. More generally, 
within large-N parton frameworks, incorporating fluctuations beyond 
the mean-field approximation is essential for describing collective 
modes with integer spin and, more broadly, for achieving an accurate 
characterization of dynamical correlations72.

One of the biggest challenges facing the field of quantum mag-
netism, which we have not yet discussed, is the ongoing search for 
Kitaev quantum spin liquids. Following Alexei Kitaev’s exact solution 
of the honeycomb model73, substantial effort has gone into identifying 
materials that might realize this physics74, with candidates including 
various iridates and ruthenates75.

Despite extensive research into these candidate materials, the 
details of the appropriate spin Hamiltonians to capture their behaviour 
remain elusive76,77. This uncertainty stems from multiple factors. For 
example, the theoretically ideal Kitaev interaction is often accompa-
nied by additional anisotropic exchange terms. The magnetism in the 
candidate materials arises from 4d and 5d orbital electrons, whose 
spatial extent introduces further-neighbour couplings. Furthermore, 
there is evidence that accurate modelling of the electronic structure 
may require more careful treatment of the hybridization between 
ligand and metal orbitals than has been performed so far.

Given the large number of symmetry-allowed interaction terms, 
a reliable extraction of the effective spin model requires a multitarget 
approach that synthesizes different experimental observables with 
predictive many-body simulations76,77. As it stands, the Kitaev model 
is a beautiful but abstract example of emergent gauge theories in spin 
systems. Absent a comprehensive strategy anchored in both experi-
ment and computation, it may remain as speculative as the original 
lattice gauge theories of high-energy physics78.

This is where the more integrated approach we advocate in this 
Perspective could improve the situation. Ab initio methods and TRG 
can be iteratively compared with thermodynamic measurements to 
determine the precise model parameters. With access to an effective 
model, more accurate techniques such as QMC can be used to make 
quantitative comparisons with inelastic-neutron-scattering results. 
In this way, the successes achieved in the three examples could be 
replicated to advance the study of Kitaev physics.

We encourage the community to adopt a balanced perspective in 
which advanced numerical simulations, cutting-edge field theory and 
innovative materials synthesis and characterization operate in concert 
rather than in hierarchy. Such integration is essential for uncovering 
deeper insights into quantum systems and, ultimately, for achieving 
the long-sought experimental breakthroughs needed to establish 
quantum spin liquids conclusively.
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