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Itinerant and topological excitations in a
honeycomb spiral spin liquid candidate

Yuqian Zhao1,4, Xuping Yao 2,4, Xun Chen1, Zongtang Wan1, Zhaohua Ma1,
Xiaochen Hong3 & Yuesheng Li 1

The frustrated insulating magnet can stabilize a spiral spin liquid, arising from
cooperative fluctuations among a subextensively degenerate manifold of
spiral configurations, with ground-state wave vectors forming a continuous
contour or surface in reciprocal space. The atomic-mixing-free honeycomb
antiferromagnet GdZnPO has recently emerged as a promising spiral spin-
liquid candidate, hosting nontrivial topological excitations. Despite growing
interest, the transport and topological properties of spiral spin liquids remain
largely unexplored experimentally. Here, we report transport measurements
on high-quality, electrically insulating GdZnPO single crystals. We observe a
giant low-temperature magnetic thermal conductivity down to ~ 50 mK,
described by κm

xx � κ0 + κ1T , where both κ0 and κ1 are positive constants
associatedwith excitations along andoff the spiral contour in reciprocal space,
respectively. This behavior parallels the magnetic specific heat, underscoring
the presence of mobile low-energy excitations intrinsic to the putative spiral
spin liquid. Furthermore, the observed positive thermal Hall effect confirms
the topological nature of at least some of these excitations. Our findings
provide key insights into the itinerant and topological properties of low-lying
spin excitations in the spiral spin-liquid candidate.

In strongly correlated magnets, frustration can give rise to exotic
phases suchas spin liquids, characterizedby fractionalized excitations,
long-range entanglements, and topological order1,2. These phases hold
potential for applications in topological quantum computation3,
spintronics devices4,5, and understanding high-temperature
superconductivity6. Notably, some frustrated magnets with large
spin quantum numbers (S) can stabilize spiral spin liquids (SSLs). The
SSL emerges from cooperative fluctuations among subextensively
degenerate spiral configurations, with ground-state wave vectors (QG)
forming a continuous contour or surface in reciprocal space for two-
(2D) or three-dimensional (3D) systems7,8. For instance, the SSL is
predicted to stabilize in the easy-plane (D ≥0) frustrated honeycomb-
lattice model H= J1

P
hj0, j1iSj0 � Sj1 + J2

P
hhj0, j2iiSj0 � Sj2 +D

P
j0ðSzj0Þ

2�
μ0HgμB

P
j0S

z
j0, where J1 and J2 are the first- and second-nearest-

neighbor Heisenberg couplings, H is the applied magnetic field along

the z axis, and g is the g factor9–14. This SSL is predicted to remain
stable down to very low temperatures14, withQG forming a continuous
contour around the Γ{0, 0} point for 1/2 > ∣J2/J1∣ > 1/6, or around the
K{1/3, 1/3} point for ∣J2/J1∣ > 1/2.

Recently, the honeycomb antiferromagnet GdZnPO emerged as a
promising candidate for realizing the above prototypical model
experimentally (see Fig. 1), with S = 7/2, J1 ~ −0.39K, J2 ~ 0.57K,
D ~ 0.30 K, and g ~ 215. With J2/J1 ~ −1.5, QG is expected to form a
degenerate spiral contour around the K point below the crossover
temperature T* ~ 2 K, accompanied by low-energy topological excita-
tions on the sublattices15. These excitations, including spin and
momentum vortices, offer potential for applications in anti-
ferromagnetic spintronics without magnetic field leakage4,5, topologi-
cally protected memory and logic operations16, fracton gauge
theory17–19, and beyond. Moreover, the spiral contour’s approximate
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U(1) symmetry inmomentum space15,20may enrich symmetry-breaking
states, such as unidirectional spin-density waves21, making SSLs pro-
mising platforms for exploring related phenomena like unidirectional
pair-density waves. However, the transport and topological properties
of SSLs remain largely unexplored experimentally.

The specific heat (Cm) of the generic 2D SSL is unusually large,
following Cm ~C0+C1T at low temperatures, within the spherical
approximation7,8. In the SSL, QG fluctuates along the continuous con-
tour in reciprocal space, in sharp contrast to conventional magnetic
states whereQG adopts discrete values. Analogous to an ideal gas, this
implies the presence of low-temperature spin degrees of freedom
along the spiral contour, giving rise to a finite residual specific heatC0.
Therefore, C0 arises from zero-energy excitations along the degen-
erate continuous contour in the classical limit (S→∞), while the C1T
term reflects low-energy excitations off the contour. To our knowl-
edge, this low-T behavior of Cm ~C0+C1T had not been experimentally
observed in any other compounds until our previous report on the SSL
candidate GdZnPO15. In GdZnPO, measurements reveal

C0 = 0.9−1.4 JK−1/mol andC1 = 1.6−3.4 JK−2/mol below the crossoverfield
μ0Hc ~ 12 T, which separates the putative SSL and the polarized phase
and is analytically given by μ0Hc = S½2D +3J1 + 9J2 + J

2
1 =ð4J2Þ�=ðgμBÞ in

the classical limit (see Fig. 1c). These results support the stability of the
honeycomb SSL down to at least ~ 50mK. ForH ≥Hc, the GdZnPO spin
system becomes nearly fully polarized in a nondegenerate ferromag-
netic phase. The field-induced transition from this ferromagnetic state
(H ≥Hc) to the degenerate SSL (H <Hc) results in a significant entropy
increase, decalescence, and a giant magnetocaloric effect–exceeding
other knownmaterials–underscoringGdZnPO’s potential formagnetic
cooling applications down to ~ 36mK22.

Despite extensive efforts23–45, magnetic insulators with large
thermal conductivity in the low-temperature limit remain exception-
ally rare. GdZnPO single crystals are transparent insulators with no
evident atomic-mixing disorder15,46,47. At low temperatures, the
observed giant magnetic specific heat (Cm)

15 reflects a high density of
low-energy spin excitations, which can lead to significant magnetic
thermal conductivity κm

xx � Cmλmvm
3NAV0

, provided the mean free path (λm)
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Fig. 1 | Lattice structure and magnetic specific heat of GdZnPO. a Crystal
structure showingmagnetic GdO layers separated by nonmagnetic ZnP layers, with
an average interlayer distance dinter = c/3 (~10.2Å). The first- and second-nearest-
neighbor exchanges J1 and J2 are indicated. Thin lines denote the unit cell.
b Honeycomb lattice of Gd3+ ions. Inset: coordinate system for spin components
and thermal transport. c Magnetic specific heat Cm of sample SH1 in selected

magnetic fields (μ0H) applied along the c axis. Colored lines are linear fits
Cm ~C0+C1T below the temperature where Cm begins to exhibit linear behavior:
below0.7 K for μ0H < 11T, below0.15 K atμ0H = 11 T, below0.2 K at μ0H = 11.5 T, and
below 0.12 K at μ0H = 12 T. The fitted parameters C0 and C1 are shown in Fig. 3f.
Crossover temperature T* is marked, and error bars, 1σ s.e.
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and velocity (vm) remain nonzero. Here, V0 = 67.6Å3 represents the
volume per formula. Consequently, GdZnPO may serve as a rare
example of an insulator that supports mobile unconventional spin
excitations at low temperatures, offering an excellent platform for
investigating the transport and topological properties of a 2D SSL
candidate.

In this work, we conducted comprehensive transport measure-
ments onfive independentGdZnPO single-crystal samples. The sample
with higher crystal quality exhibited reduced electric conductivity but
enhanced thermal conductivity, indicating a nonzero intrinsic κm

xx in
the low-temperature limit. At low temperatures, the behavior
κm
xx � κ1T + κ0 is clearly observed in the highest-quality crystals. This

behavior aligns well with the giant magnetic specific heat,
Cm ~C1T +C0, suggesting the presence of mobile, high-density spin
excitations in GdZnPO. Additionally, a positive thermal Hall effect is
observed, supporting the emergence of nonzero Chern numbers. Our
findings suggest the itinerant and topological nature of low-lying
excitations in the putative SSL, motivating further study.

Results
Toward intrinsic transport properties
Figure 1 a shows the crystal structure of GdZnPO15,46,47. The first-
nearest-neighbor coupling, J1 (with ∣Gd-Gd∣1 ~ 3.7Å), and the second-
nearest-neighbor coupling, J2 (with ∣Gd-Gd∣2 = a ~ 3.9Å), are mediated
by Gd-O-Gd exchanges within the magnetic GdO layers. These mag-
netic layers are well separated by nonmagnetic ZnP layers, with an
average interlayer distance of dinter ~ 10.2Å, indicating negligible
interlayer coupling. The magnetic Gd3+ ions form a J1-J2 frustrated
quasi-2D honeycomb lattice (Fig. 1b). Because of the zero orbital
quantum number (L =0) and negligible spin-orbit coupling of Gd3+,
interaction anisotropy, such as Dzyaloshinsky-Moriya (DM) aniso-
tropy, is expected tobeminimal. This is confirmedby themeasured g=
2.01(2)15, closely matching the free electron value ( ge = 2.0023). The
maximumDM interaction strength is estimated to be about (∣g − ge∣/ge)
J2 ~ 1.4%J2 (~ 0.01 K)48 in GdZnPO.

Because thermal conductivity is highly sensitive to crystal quality,
we first measured the low-temperature thermal conductivity of four
randomly selected crystals (SupplementaryNote 1 andSupplementary
Figs. 1−6), followed by Laue x-ray diffraction (XRD) at 300K and
electrical resistivity below 300K, to identify the intrinsic transport
properties of GdZnPO. Fig. 2a shows the zero-field longitudinal ther-
mal conductivity (κxx) data for samples TC1-TC4. The measured κxx/T
vs. T curves are broadly similar across all investigated samples. How-
ever, sample TC4 exhibits a downturn below ~ 0.3 K, contrasting with
the behavior of the other samples. Such low-temperature suppression
of κxx /T has also been reported in variousmagnetic systems, including
PbCuTe2O6

42, YbMgGaO4
27, Na2Co2TeO6

25, and Cu(C6H5COO)2⋅3H2O
43.

This phenomenon has been attributed to spin gap opening, many-
body localization, and/or disorder effects that suppress the transport
of spin excitations25,27,42,43. Laue XRDmeasurementswere conducted to
assess the crystallinity of each sample. Sample TC4 exhibits

significantly broader reflections than the other samples, as shown in
Fig. 2c and the raw Laue XRD patterns in Supplementary Fig. 3, indi-
cating a smaller average grain size. Crystal grain boundaries and other
structural imperfections likely scatter quasi-particles, reducing their
mean free path and thereby suppressing the thermal conductivity at
low temperatures.

The electric resistivity (ρe
xx) data measured for the four samples

are presented in Fig. 2b. As the temperature decreases below 300K,
ρe
xx (≥ 300Ωm) increases, approximately following the Arrhenius law,

ρe
xx = ρe

1 exp(Δe /T), where ρe
1 and Δe denote the high-temperature

resistivity limit and the thermally activated gap, respectively. Below
~ 90K (for sample TC4) to 200K (for sample TC3), the resistances
(~ 0.7−1.4MΩ at 300K) exceeded the measurement range (≤ 6MΩ) of
the physical property measurement system (PPMS). The gap Δe is
roughly proportional to the low-temperature κxx/T, while inversely
correlated with the full width at half maximum (FWHM) of Laue XRD
reflections (see Fig. 2c). In insulating materials, crystal imperfections
can introduce charge carriers and impair electrical insulation44,49.

Consequently, higher-quality GdZnPO crystals with sharper Laue
XRD reflections exhibit improved electrical insulation (with larger Δe)
and enhanced low-temperature thermal conductivity. A similar trend
has also been reported in the electrically insulating magnet 1T-TaS244.
These observations firmly establish the intrinsic low-temperature
properties of GdZnPO: (1) electrical insulation and (2) the presence of
itinerant magnetic excitations. Notably, the high-quality sample TC3
shows a large κxx/T value of ~ 160mWK−2 m−1 at 70mK and 0T (the
phonon contribution ≤ 6mWK−2 m−1 is negligible, see below), exceed-
ing that of most other known electrically insulating magnets.

At low temperatures below 1 K, most of the thermal conductivity
data across various measured fields can be well described by
κxx ~ κ0 + κ1T + KpT3 (Supplementary Fig. 11). Here, the phonon pre-

factor Kp is given by Kp � 4π4kBλpvp
5ZV0Θ

3
D
, where vp =

kBΘD
ℏ ðZV0

6π2 Þ
1
3 (~ 2900m/s)

represents the phonon mean velocity, ΘD ~ 117.5 K is the Debye tem-
perature determined from the specific heat of the nonmagnetic
reference compound YZnPO (Supplementary Note 2 and Supplemen-
tary Fig. 16)50,51, Z = 6 is the number of formulas per unit cell, and λp is
thephononmean freepath. From thefitted values ofKp = 0.023, 0.052,
0.069, and 0.066WK−4 m−1, we obtain λp ~ 4.8, 10.9, 14.5, and 13.8μm
for samples TC1-TC4, respectively—much smaller than the corre-

sponding average sample width W = 2
ffiffiffiffiffiffiffiffiffi
A=π

p
(~ 251, 353, 252, and

258μm), where A denotes the cross-sectional area. Assuming λp =W,
the maximum phonon contribution to κxx/T is calculated as
KpT2 ~ 6mWK−2 m−1 at T = 70mK for sample TC3.

In practice, fitting low-T thermal conductivity data often yields a
λp that is significantly smaller than W33,42,52,53, as summarized in Sup-
plementary Tab. 1. To our knowledge, there is no widely accepted
explanation for this discrepancy. A natural speculation is that it arises
from phonon scattering at grain boundaries or other imperfections
that limit the phononmean free path, despite themacroscopic sample
dimensions. However, other studies—including our previous work on
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high-quality single crystals of α-CoV2O6 using a similar experimental
setup54—have reported a λp comparable toW 55. These suggest that the
crystallinity of the randomly selected samples TC1-TC4 may simply
have been insufficient. In the next section, we identify a higher-quality
GdZnPO crystal, TC5, which exhibits sharp Laue photographs,
improved electrical insulation, and significantly enhanced low-
temperature thermal conductivity.

The average grain sizemaybe roughly estimated from λp (≥4.8μm),
which is usually smaller than W, yet still more than four orders of mag-
nitude larger than the lattice constant a ~ 3.9Å. Theoretically, finite-size
effects in thermodynamic properties become negligible when consider-
ing large spin clusters—on the order of 104 × 104 × 104 sites. Therefore, no
significant sample dependence is expected for the thermodynamic
properties of our GdZnPO crystals. We have measured the low-
temperature specific heat on two additional samples (SH1 and SH2)
with different crystallinity qualities (Supplementary Fig. 9) to examine
possible sample dependence. The specific heat shows negligible sample
dependence, with ∣Cm(SH2)/Cm(SH1)− 1∣≤0.1 at 0 T, which falls well
within the error margins of two independent ultra-low-temperature
measurements. In contrast, thermal transport exhibits evident sample
dependence—likely due to scattering from grain boundaries or other
structural imperfections. For example, κxx(TC5)/κxx(TC4)−1 ~ 20−350
(SupplementaryFig. 10). This is reasonablegiven thatκxx � Cλv

3NAV0
,where

λ is highly sensitive to sample crystallinity. Very similar sample depen-
dence in both specific heat and thermal conductivity had been reported
in several other frustrated magnets, including YbMgGaO4

26,27,56,57 and
Na2BaCo(PO4)2

33,34.

Thermal conductivity of the highest-quality crystal
The thermal conductivity data of sample TC5 are expected to reflect
the intrinsic properties of GdZnPO for the following reasons: (1)
Sample TC5 exhibit sharp Laue photographs (Supplementary Fig. 9),
and a room-temperature resistivity of ρe

xx(300K) ~ 11 kΩm over 26
times higher than those of TC1-TC4 (~0.30−0.42 kΩm, see Fig. 2b). (2)
In the case of GdZnPO, the low-temperature drop in κxx/T is mainly

observed in sample TC4 (see Fig. 2a), which exhibits broader Laue
patterns and poorer electrical insulation (see above), suggesting that
the suppression is caused by disorder effects. In contrast, sample
TC5 shows no such drop. Instead, its thermal conductivity is well
described by κxx ~ κ0 + κ1T + KpT3 below 1 K, across various magnetic
fields up to 12 T (see Fig. 3a, b). Remarkably, in zero field, sample TC5
even exhibits an unusual upturn in κxx below ~ 0.1 K, which is highly
reproducible. This upturn is suppressed by a small magnetic field
of ~ 0.2 T. A similar phenomenonwas previously reported in the Kitaev
material Na2Co2TeO6, where the low-temperature rise in zero-field κxx/
T was attributed to the recovery of thermal transport by itinerant
excitations at ultra-low temperatures24. (3) From the fits, we obtained a
significantly enhanced Kp ~ 0.94WK−4 m−1 (Fig. 3b), and λp ~ 0.20mm,
which closely matches W =0.21mm, for sample TC5. (4) As shown in
Supplementary Fig. 12d, the fitted κ0 first suddenly increases from
nearly zero at 0 T to a large value at 0.5−0.6T in samples TC1-TC3.
SinceC0 is already significant at 0 T (see Fig. 3f) due to the putative SSL
contour, we attribute this phenomenon to a disorder effect: the exci-
tations along the spiral contour may be scattered by abnormal spin
configurations near the grain boundaries, and a weak applied field
of ~ 0.5 T may suppress this scattering caused by local perturbations
from crystal imperfections. In the highest-quality sample TC5, this
disorder effect is absent (see Fig. 3e), and the field dependence of κ0
resembles that ofC0 (see Fig. 3f), except for the suddendropofC0 near
the crossover field of ~ 12 T, which is discussed later.

The magnetic thermal conductivity, κm
xx � κ0 + κ1T , is also sig-

nificantly enhanced in the highest-quality sample TC5, with
κ0 ~ 0.05−0.28WK−1 m−1 and κ1 ~ 0.25−0.97WK−2 m−1 across 0−12 T (see
Fig. 3e andSupplementary Fig. 12). In conventionally condensed states,
the specific heat (C) and thermal conductivity (κxx) of (quasi-)particles
following Fermi-Dirac or Bose-Einstein statistics exhibit a low-
temperature dependence of ∝ T β or / expð�Δ=TÞ, where β ≥ 1 and
Δ >0. Examples include β = 1 for fermionic systems, β = 2 for 2D anti-
ferromagnetic bosonic systems, and Δ > 0 for gapped systems. This
behavior leads to either a finite constant or a vanishingC/T and κxx/T as
T→0K. Surprisingly, κxx/T measured on the highest-quality GdZnPO
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crystal TC5 exhibits a robust upturn, following κxx/T ~ κ0/T + κ1 + KpT2

below ~ 1 K (see Fig. 3b). Across fields up to 12 T, the magnetic thermal
conductivity, κm

xx � κ0 + κ1T , aligns with the magnetic specific heat
behavior, Cm ~C1T + C0 (Fig. 1c), consistent with the relation κm

xx / Cm.
For excitations along and off the putative SSL contour, we obtained
λm0vm0 ~ 3NAV0κ0/C0 ~ 7.1−150mm2 s−1, and λm1vm1 ~ 3NAV0κ1/
C1 ~ 8.8−70mm2 s−1 for sample TC5, depending on the applied mag-
netic field (see Supplementary Fig. 13)—values significantly smaller
than the phonon parameter λpvp ~ 0.57m2 s−1. Using the meanmagnon
velocity calculated from spin-wave theory for spin excitations off the
SSL contour, vm1 ~ 110ms−1 (Supplementary Note 3 and Supplementary
Figs. 9, 10), we estimated λm1 ~ 0.5μm for the highest-quality sample
TC5 at 0 T—a value more than three orders of magnitude larger than
the lattice constant a ~ 3.9Å, supporting the high mobility of low-
energy spin excitations.

Along the SSL contour, the group velocity vm0 � ∇QG
ω (whereℏω

is the excitation energy) is expected to be small due to ground-state
degeneracy. However, weak quantum fluctuations from S = 7/2 and
perturbations beyond the classical easy-plane frustrated honeycomb
model may slightly lift this degeneracy, resulting in a nonzero vm0 in
GdZnPO. This likely explains why the measured λm0vm0 is nonzero.

At low temperatures, κxx/T decreases with increasing field and
exhibits a broad hump around 6 T, whileCm/T remains nearly constant
up to ~ 11 T before showing a sharp drop near the crossover field
μ0Hc ~ 12 T in agreement with spin-wave calculations (see Figs. 3c, d,
4b). Since the low-temperature (~ 0.1 K) heat transport is dominated by
spin excitations along the spiral contour, the observed hump in κxx/T
near 6 T and the drop in Cm/T near μ0Hc are mainly governed by the
residual terms κ0 and C0, respectively (Fig. 3e, f).Within a quasiparticle

framework, the distinct field dependencies of κ0 and C0 arise from
variations in the product λm0vm0, which is generally field-dependent.
Even at μ0Hc ~ 12 T, the GdZnPO spin system is not fully polarized, as
indicated by themeasured susceptibility dM/dH remaining larger than
the Van Vleck value ( χkvv = 0.3 cm3/mol)15 at 50mK (Supplementary
Fig. 13), likely due to quantum fluctuations associated with the finite
spin quantum number S = 7/2. As a result, both κ0 and C0 are sig-
nificantly suppressed but remain finite at 12 T (see Fig. 3e, f and Sup-
plementary Fig. 13c, d). The absence of a sharp drop in κ0 suggests a
sudden enhancement in the mean free path and/or group velocity of
the excitations along the spiral contour, i.e., in λm0vm0, likely driven by
quantum fluctuations near μ0Hc (see Supplementary Fig. 13e). In con-
trast, the linear term κ1 (Fig. 3e), and thus λm1vm1, gradually decreases
with increasing field up to 12 T, in rough agreement with the field
dependence of the mean magnon velocity calculated for excitations
off the SSL contour (see Supplementary Fig. 18c). While current mod-
els ofmagnetic thermal transport remain limited, the temperature and
field dependence of Cm is qualitatively captured by spin-wave theory
and Monte Carlo simulations (Fig. 4a, b).

Thermal Hall effect
The thermal Hall effect serves as a powerful probe of spin
excitations58–63. Figure 4c presents the thermal Hall conductivity, κxy/T,
measured on the high-quality GdZnPO sample TC2 with a magnetic
field applied along the c axis. At ~ 1.5 K—well below the representative
phonon Debye temperature ΘD ~ 117.5 K—a clear positive κxy/T is
observed (Fig. 4c), and is expected to significantly exceed the phonon
contribution64. Given that the Zeeman energy associated with ~ 12 T is
only ~ 10 K, much smaller than the phonon energy scale (> 100K), a
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linear field dependence of the phonon thermal Hall conductivity,
κp
xy � aμ0H, is generally expected below 12 T within the linear

response regime, where a is a constant64–66. Through a linear fit to the
measured κxy between ~ 6 and 12 T, the estimated phonon contribu-
tion, aμ0H, remains significantly smaller than κxy across the entire field
range (see Supplementary Fig. 15c). Since GdZnPO is an insulator, the
observed κxy/T is expected to predominantly arise from spin excita-
tions. The residual value of observed κxy/T approaches zero
below ~ 0.8 K (Fig. 4c), supporting a dominate bosonic origin62,63. On
the honeycomb lattice, each unit cell contains two spins (see Fig. 1b),
resulting in two bands. The temperature dependence of κxy/T can be
approximated by the two-flat-band bosonic model63, with the lower
band’s Chern number Cs ~ 1 (Supplementary Fig. 15a), supporting the
topological nature of (at least some) spin excitations in GdZnPO.

As shown in Fig. 4d, κxy/T exhibits a peak at ~ 2.5 T, a feature strik-
ingly similar to that recently observed in the SSL candidate MnSc2S4 at
comparably low temperatures67. In that system, the peak has been
attributed to a magnon thermal Hall effect arising from anti-
ferromagnetic skyrmions at high fields. In GdZnPO, the classical easy-
plane frustrated honeycomb model also supports spin and momentum
vortices with nonzero winding numbers at finite fields15, which may
contribute to the observed thermal Hall effect (see Fig. 4c, d). Possible
origins are further discussed in the next section. An oscillation-like fea-
ture in κxy/T appears at 1.5 K (see Fig. 4d), but no clear periodicity in μ0H,
μ�1
0 H�1 68, or log10(μ0H) is identified (see Supplementary Fig. 15). In

addition, the pattern of κxy/T changes noticeably above ~ 4T at a dif-
ferent temperature (see Fig. 4d), further suggesting that the apparent
oscillations likely stem from ordinary measurement noise.

Discussion
The existence of nonzero magnetic thermal conductivity in the low-T
limit, κ1, remains a debated topic among various magnetic insulators,

including prominent spin-liquid candidates, as shown in Fig. 523–45. The
triangular-lattice spin-liquid candidate 1T-TaS2 achieves a high repor-
ted value of κ1 ≤ 50mWK−2 m−1 44, though this remains a topic of
debate45. Notably, 1T-TaS2 exhibits a resistivity below 1Ωm down to
0.5 K44, over three orders of magnitude smaller than that of GdZnPO
(Fig. 2b). Similarly, the spin-liquid candidate κ-H3(Cat-EDT-TTF)2 exhi-
bits a comparably high value of κ1 ~ 60mWK−2 m−1 32. Consequently,
GdZnPO emerges as a rare magnetic insulator with remarkably high
intrinsic magnetic thermal conductivity, following κm

xx � κ1T + κ0 in
the low-T limit, with κ1 ~ 970mWK−2 m−1 (see Fig. 3b) and
κ0 ~ 250mWK−1 m−1 (see Fig. 3a) at ~ 0 T from the highest-quality crystal
TC5. The observed thermal conductivity in the low-T limit, κ1, is
exceptionally large compared to the other magnetic insulators (see
Fig. 5).More importantly, the substantial residual thermal conductivity
κ0 (at ~ 0 T), attributed to spin excitations along the putative SSL
contour in GdZnPO, has not been reported in other magnetic insula-
tors to the best of our knowledge. These findings suggest the presence
of intrinsic, mobile, high-density low-energy spin excitations and the
stability of the putative SSL, without order by disorder, down to at
least ~ 0.05 K in GdZnPO.

Because of the strong neutron absorption by Gd atoms, neutron
scattering measurements on GdZnPO remain challenging. Never-
theless, several experimental observations support the emergence of
an SSL in GdZnPO at low temperatures: (1) Low-temperature magne-
tizationmeasurements clearly reveal easy-plane anisotropy. Combined
with the crystal structure and magnetization data, the spin system of
GdZnPO is well described by the S = 7/2 easy-plane J1-J2 honeycomb-
lattice model15. Theoretically, an SSL is stabilized within this model
across a broad parameter range, ∣J2/J1∣ > 1/6, persisting down to very
low temperatures14. Furthermore, the experimentally determined
Hamiltonian yields a crossover field of μ0Hc ~ 12 T and a Curie-Weiss
temperature of θw = −S(S + 1)(J1 + 2J2) ~ −12 K, both of which are in good
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ferromagnetic Cu(C6H5COO)2⋅3H2O
43.
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agreement with the experimental results on GdZnPO (see Fig. 3d, f )15.
(2) Within the spherical approximation, the generic SSL theory pre-
dicts a low-temperature magnetic specific heat of Cm ~C0 +C1T 8—a
distinctive behavior not reported in other spin systems to our knowl-
edge. Experimentally, GdZnPO exhibits this feature at low tempera-
tures up to the crossover field μ0Hc ~ 12 T, see Fig. 1c. (3)Within the SSL
ansatz on the honeycomb lattice, the zero-temperature susceptibility
is theoretically predicted to be constant up to ~ μ0Hc: χkcal =
μ0NAg

2μ2
B=½2D+ 3J1 + 9J2 + J

2
1=ð4J2Þ� + χkvv (~ 4.4 cm3/mol), consistent

with the experimental observations down to 50mK (~ 0.4%∣θw∣, see
Supplementary Figs. 13a, 14a). (4) The giant magnetocaloric effect
observed in GdZnPO is well explained by the determined easy-plane J1-
J2 honeycomb-lattice spin Hamiltonian without tuning parameters22.
(5) As shown in Fig. 3a, b, the temperature dependence of thermal
conductivity closely follows the expected form κxx= κ0 + κ1T + KpT3

below 1 K and up to the crossover field μ0Hc ~ 12 T. Within the quasi-
particle framework, themagnetic thermal conductivity is proportional
to the magnetic specific heat, i.e., κm

xx (~ κ0 + κ1T) ∝Cm. Notably, the
observation of a magnetic contribution κm

xx � κ0 + κ1T is highly dis-
tinctive and, to our knowledge, has not been reported in any other
magnetic compound. This unusual thermal transport behavior further
substantiates the emergence of an SSL in GdZnPO.

In the ordered phases of the pure easy-plane frustrated honey-
comb model, linear spin-wave bands possess zero Chern numbers,
implying no thermal Hall effect11. Thus, the positive thermal Hall effect
observed in GdZnPO may stem from several factors: (1) The
calculations11 assume perfect SSL ground-state configurations, while
low-energy topological excitations, like spin and momentum vortices,
emerge at low temperatures15, potentially yielding nonzero Chern
numbers for the magnon bands via a fictitious magnetic flux69. These
topological excitationsmay also contribute directly to the thermalHall
effect above ~ 1.2K (Fig. 4c) through a momentum-transfer force70 if
they are mobile. (2) Weak perturbations, such as symmetrically
allowed (Fig. 1a) DM interactions,may induce nonzero Chern numbers
and amagnon thermal Hall effect11. (3) The low-energy structure of the
spiral contour may accommodate other thermal excitations that con-
tribute to thermal Hall transport. (4) While the calculations are
classical11, GdZnPO’s S = 7/2 system exhibits weak quantum
fluctuations.

The putative 2D SSL in the frustrated honeycomb-lattice anti-
ferromagnet GdZnPO has been shown to persist from T* ~ 2 K down
to ~ 0.053 K, confirming its stability with a high density of low-energy
spin excitations at H <Hc

15. This work further demonstrates that these
excitations arenot onlymobile but also at least partially topological, as
evidenced by the observed giant low-temperature thermal con-
ductivity (down to ~ 0.05 K) and positive thermal Hall effect. These
findings provide new avenues for exploring the exotic transport and
topological properties of low-lying excitations in SSL candidates.

Methods
GdZnPO single crystals were grown using the flux method15. Despite
nearly identical synthesis procedures, the crystal sizes, Laue FWHMs,
electric resistivities, and low-temperature thermal conductivities vary
significantly between samples (see Fig. 2). In contrast, the low-
temperature specific heat shows weak sample dependence across all
three measured samples, as shown in Supplementary Fig. 10. The as-
grown oxide single crystals of GdZnPO are very thin (thickness≲0.1
mm) and mechanically fragile. High-resolution measurements of both
thermal conductivity and specific heat require relatively large crystals
—with length ≳ 1mm or mass ≳ 1 mg. Unfortunately, crystals often
broke into smaller fragments during the careful removal of silver paste
(used in thermal conductivity measurements) or GE varnish (used in
specific heat measurements), making it impractical at present to
measure both properties on the sameGdZnPOcrystal. SampleTC3was

confirmed tohave brokenduring the thermal-conductivity experiment
at fields above ~ 6 T due to the torque induced by the easy-plane ani-
sotropy of the spin system, and thus, we failed to collect its higher-
field data.

The as-grown crystals’ longest dimension aligns with the [110]
direction, as determined by Laue XRD, and thermal or electrical cur-
rents were applied along this direction (Fig. 1b). Longitudinal thermal
conductivity and thermal Hall conductivity were measured using
standard four- and five-wire steady-state methods54, respectively, in
magnetic fields up to 12 T along the c axis and temperatures ranging
from 0.05 to 2 K, achieved with a superconducting magnet and a
3He-4He dilution refrigerator (Supplementary Note 1 and Supplemen-
tary Figs. 1−12). We employed a cantilever-based thermal conductivity
setup that was thermally isolated from all supporting components,
with only minor additional heat flow occurring primarily through the
NbTi superconducting leads (13mm in length and 63μm in diameter)
connected to the heater and thermometers (Supplementary Fig. 7c).
The resulting heat-leakage conductance is negligibly small, as detailed
in Supplementary Note 1.

Specific heat down to 43 mK and magnetization down to 50 mK
were also measured in the 3He-4He dilution refrigerator15. Crystal
quality was accessed via the FWHM of Laue XRD reflections measured
under identical conditions. Electrical resistance measurements were
conducted using a PPMS (Quantum Design). Linear spin-wave theory
was employed to simulate the specific heat andmeanmagnon velocity
using the previously determined GdZnPO Hamiltonian15, without
parameter tuning (Supplementary Note 3 and Supplementary Figs. 17,
18). StandardMC simulations of the specific heat were performed on a
2 × 602 cluster with periodic boundary conditions, using the same
Hamiltonian. Each simulation comprised 15,000MC steps at each of
200 temperatures, annealing gradually from 50K to 0.05 K, with
5000 steps allocated for thermalization.

Data availability
The data generated within the main text are provided in the Source
Data.Additional rawdata areavailable fromthe corresponding authors
upon request.
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