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We introduce the rare-earth delafossite compound T1YbSe,—extending the search for quantum spin liquids in
frustrated triangular lattice magnets. While the dc magnetization suggests magnetic exchange interactions on the
order of several kelvin, the zero-field ac magnetization and heat capacity measurements reveal no signs of long-
range magnetic order down to 20 mK, indicating a quantum-disordered ground state. We observe a spin-freezing
transition near ~30 mK at zero field that is suppressed by an applied magnetic field of ~0.02 T. A broad anomaly
in the heat capacity measurements between 2 and 5 K is indicative of short-range spin correlations. Below
350 mK, we observe a robust linear temperature dependence of the heat capacity, accompanied by the complete
absence of long-range order at low fields. We propose that a phenomenological theory, based on the interplay
between spinons and thermally excited gauge flux excitations, can account for the linear temperature dependence
of the heat capacity, and could be widely applicable to similar critical quantum spin liquid candidate materials.
The results establish the low-temperature, low-field regime of TIYbSe, as a prime candidate for field-tunable
triangular quantum spin liquid behavior and highlight the importance of thermally excited gauge field excitations.
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Introduction. Quantum spin liquids (QSLs) are exotic
states of matter sought after in low-dimensional frustrated
magnets with potential applications ranging from quantum
memory to topologically protected qubits [1-16]. The two-
dimensional (2D) triangular lattice stands out as Anderson’s
original proposal for a simple QSL platform [2,17-19],
promising a variety of interesting states. However, proving
such a QSL ground state experimentally is a challenging
task [3,20]. While the absence of long-range order (LRO)
down to subkelvin temperatures often hints at QSL behav-
ior, alternative scenarios—such as disorder [21], spin glass
[22], random singlet phases [23], eminuscent phases [24],
or ultralow-temperature ordering [25]—complicate definitive
identification. Thus, a comprehensive set of bulk measure-
ments is essential to disentangle these possibilities and
establish the true nature of the ground state.
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Recently, the rare-earth triangular lattice compounds have
gained attention [20,28-39]. Especially, the Yb’'-based
delafossites (AYbX,, with A = monovalent cation; X = O,
S, Se, or Te) offer an ideal 2D triangular lattice geometry of
effective spin-1/2 states of Yb>' ions. These systems offer
tunable interlayer and intralayer interactions via A- or X -site
substitution [40,41]. Recently, some candidates of the family
AYbX, have already been shown to exhibit proximate QSL
phases [9,30-35,42—48]. Interestingly, NaYbSe; and KYbSe;
have exhibited signatures of proximity to the quantum critical
point (QCP) separating the LRO from QSL phases, as fine-
tuning the A-site cation enables control over the J,/J; ratio
[26,27].

In this work, we explore TIYbSe;, a recent member of the
delafossite family where thallium, a non-alkali metal, occu-
pies the A site [49], and establish it as a prime QSL candidate.
We report the millikelvin temperature thermodynamic and
magnetic properties of TIYbSe, using dc/ac magnetization
and heat capacity measurements down to 20 mK. We find
no evidence of magnetic LRO down to the lowest tempera-
ture. Both the heat capacity studies and the lattice constants
place this compound between NaYbSe, and KYbSe; in the
J»/Jy phase diagram [Fig. 1(d)] near the QCP leading to
the QSL phase, where quantum fluctuations are strongest.
We observe a frequency-dependent spin-freezing anomaly
near 30 mK, an effect not previously explored in any mem-
ber of this family. Importantly, we find that the magnetic
heat capacity exhibits a robust linear-in-7' dependence below
350 mK.

Published by the American Physical Society
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FIG. 1. Crystal structure and phase diagram. (a) Crystal structure of TIYbSe,, showing the stacking of Yb triangular layers separated by
Tl layers along the ¢ axis. (b) Top view of the Yb triangular lattice in the ab plane, where magnetic interactions are mediated by edge-sharing
YbSes octahedra. (c) A schematic representation highlighting the coexistence of a resonating valence bond state with possible localized
spin freezing in a triangular lattice geometry. (d) Phase diagram showing the position of TIYbSe, in comparison to other triangular lattice
compounds in the AYbSe, family. The phase diagram and position of other compounds are adapted from Refs. [26,27]. The QCP at J,/J; <
0.063 separates the 120° ordered state and the QSL regime. The position of TIYbSe, is estimated from our experimental observations and
lies near the QCP. (e) Temperature-field (H-T) phase diagram of TIYbSe, based on anomalies in the real part of the ac susceptibility [x'(T)
(purple) and x'(H) (dark blue)], magnetization M (H ), and heat capacity C,(T). The black dashed line indicates Zeeman-driven quenching of
free Yb moments. The green star denotes a low-temperature spin-freezing anomaly. The horizontal red dotted line, extracted from zero-field
C,(T), indicates the crossover into the proposed QSL regime, highlighted in red at low fields and temperatures. Field-induced magnetic phases

are labeled as I, I', II, and ITI, with FP denoting the field-polarized state.

This linear heat capacity, also observed earlier in isostruc-
tural NaYbSe, [31,44], remained a conundrum because the
theoretically expected QSL ground state for the J;-J, Heisen-
berg model on the triangular lattice is a critical Dirac QSL
[19,50-52], which is characterized by a quadratic tempera-
ture dependence of the specific heat. This expectation stems
from the density of states (DOS) vanishing linearly in energy
for the critical Dirac QSL, i.e., most simply arising from
a Dirac spectrum of fermionic spinons in a fixed transla-
tionally invariant gauge flux background. However, at any
nonzero temperature, our phenomenological theory shows
that the gauge flux excitations proliferate, thereby acting
as self-generated disorder, leading to a nonvanishing spinon
DOS. Thus, we reconcile a DSL ground state with a linear-in-
temperature heat capacity measured experimentally not only
here for TIYbSe,, but also for many other QSL candidate
materials [18].

Compound and thermodynamic measurements. TIYbSe,
crystallizes in a delafossite-type structure with a trigonal
R3m (No. 166) space group. The structure consists of 2D
triangular layers of edge-sharing, distorted YbSeg octahedra
in the ab plane, separated by TISe¢s layers [Figs. 1(a) and
1(b)]. The Yb-Yb distance in a triangular layer is ~4.08 A.
The unit cell contains three YbSes layers stacked along
the ¢ axis, with an interlayer Yb-Yb distance of ~8.06 A.
Due to the larger ionic radius of TI*, the interlayer Yb-Yb
spacing in TIYbSe, is notably larger than that in most well-
studied delafossites—such as NaYbSe, (~7.3 A), NaYbO,
(~5.85 A), and KYbSe, (~7.93 A) [30,31,33]. This increased
spacing is expected to weaken interlayer magnetic cou-
pling, enhance two-dimensionality, and strengthen quantum
fluctuations—conditions that may favor the emergence of a
QSL ground state.

To investigate the nature and strength of the magnetic
exchange interactions, we performed dc magnetization mea-

surements (see the Supplemental Material [53] for experimen-
tal details, which includes Refs. [19,27,29,31,33,52,54-68]).
The inverse magnetic susceptibility, 1/x (T ), measured under
an applied magnetic field of 0.5 T [Fig. 2(a)], shows a linear
behavior above 150 K, which can be described by the modified
Curie-Weiss (CW) law (see the Supplemental Material [53]).
The deviation from linear behavior below 100 K suggests ther-
mal depopulation of excited crystalline electric field (CEF)
levels. A low-T' CW fit below 5 K yields T-independent sus-
ceptibility xo =~ 6.9 x 1073 emu/(mol Oe), effective moment
ull ~ 2.6up, CW temperature 5%, ~ —13.8K, and a Landé
g factor g >~ 3.0, consistent with a Kramers doublet Joi = 1/2
ground state. The large negative 6y, indicates dominant an-
tiferromagnetic (AFM) exchange, with the nearest-neighbor
exchange coupling estimated as J; >~ 9.2K using fcw =
—3J1/2 [46,69]. Notably, the values of Ocw and J; for
TIYDbSe, are much higher than those of its isostructural coun-
terparts [31,33,34,46], indicating stronger AFM exchange
interactions.

The isothermal magnetization M (H) measured at 1.4 K
[Fig. 2(b)] saturates near Hgy >~ 22 T, indicating strong AFM
coupling. A finite slope beyond saturation reflects Van Vleck
contributions, typical for Yb>* systems. A linear fit in the
high-field range (32-35 T) yields a saturation moment Mg, =~
1.4ug, consistent with a Jer = 1/2 ground state and g~
2.8. Using the relation ugHsye = 9JesrJ1kp/upg, the exchange
coupling is estimated as J; ~ 9.2 K, in excellent agreement
with the value from the low-T CW analysis. The plateau
near Mgy /3 corresponds to the up-up-down (UUD) spin
configuration—a hallmark of triangular lattice antiferromag-
nets (TLAFs) [2,70-72].

To further understand the low-7 magnetism and field
effects in T1YbSe,, we performed ac susceptibility mea-
surements (see the Supplemental Material [53]). The real
part, x'(T), measured at 137 Hz under zero field, ex-
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FIG. 2. Ac and dc magnetization. (a) Temperature-dependent inverse dc magnetic susceptibility (1/x (7)) at 0.5 T, with a modified CW fit
in the high-T region. Inset: Low-7" CW fit. (b) Isothermal magnetization M (H ) measured at 1.4 K, showing saturation near Hy, =~ 22 T. The
red dashed line represents a linear fit in the high-field region, yielding My, ~ 1.4ug per Yb>". The green curve represents the magnetization
after subtracting the linear high-field slope from the raw M (H) data. A magnetization plateau near Mg, /3, characteristic of the up-up-down
configuration in triangular lattice antiferromagnets, is clearly visible. (c) Real part of ac susceptibility x’(T) at low fields (0-3 T); purple
arrows mark broad maxima due to Zeeman splitting. The light gray-shaded region marks the spin-freezing regime. (d) x'(7) at high fields
(3.5-14 T), where the system is in a magnetically ordered state. Curves are vertically offset for clarity (nonuniformly); original plots with no
vertical offset data are provided in the Supplemental Material [53]. Purple arrows mark transition temperatures. (e¢) Field-dependent x'(H) data
measured at various temperatures, with phase boundaries denoted by dotted black lines. The inset highlights the low-field behavior, showing a
rapid suppression of x’ with increasing temperature. (f) x'(7) measured at different frequencies in the 20-50 mK range at zero field reveals
a frequency-dependent spin-freezing anomaly (y axis starts at origin). The red arrow marks the shift in the freezing temperature (7;) with
frequency (v). Inset: 7t vs In(v), with a linear fit shown by the red dashed line.

hibits a sharp peak around ~37mK [Fig. 2(c)], which
shifts to higher temperatures with increasing frequency
(v) [Fig. 2(f)]—a hallmark of spin freezing. An empirical
linear extrapolation of In(v) versus freezing temperature (7t)
to 1 Hz yields a spin-freezing transition temperature of
29.5(2) mK [Fig. 2(f), inset]. The corresponding Mydosh
parameter [73,74], 6Ty = AT; /Ty Alog,,(v) > 0.1, is consid-
erably larger than the values typically reported for canonical
spin glasses (~0.005-0.01) and cluster glasses [74,75], con-
sistent with spin freezing associated with weakly interacting
or nearly noninteracting magnetic entities rather than a con-
ventional spin-glass state. Applying a small magnetic field
of ~0.02T suppresses the zero-field peak in x'(T'), consis-
tent with the energy (temperature) scale of the spin-freezing
transition.

Upon further increasing field, a broad maximum appears
[Fig. 2(c)] that shifts linearly, consistent with Zeeman split-
ting AE = 2uggJesrH of isolated Yb3 (o = 1/2) moments,
such as those at grain boundaries of the polycrystalline sam-
ple. This aligns with the M (H) data at 1.8 K, indicating that

~3% of the moments remain as free spins (see the Supple-
mental Material [53]). A similar behavior was reported in
NaYbO, with ~7% free spins [33]. With increasing magnetic
field beyond 3.5 T, TIYbSe, enters a magnetically ordered
state [Fig. 2(d)]. The ac susceptibility signal decreased with
increasing dc field, as the dc field acts as a bias that aligns
magnetic moments and thereby suppresses their response to
the small oscillating ac field [76]. As a result, anomalies in
x'(T) above 12 T lie beyond the resolution. The x'(H) curves
at different temperatures [Fig. 2(e)] cross near ~3.5 T, where
the system enters into an ordered state, followed by a peak
at ~5.5T and a dip at ~8 T——corresponding to the Mg, /3
plateau in M(H) [Fig. 2(b)]. Beyond 8 T, x'(H) recovers,
marking a high-field boundary.

The temperature-field (H-T) phase diagram constructed
from x'(T), x'(H), and M(H) measurements is shown in
Fig. 1(e). As the magnetic field increases, the system enters
a field-induced magnetic LRO regime comprising multiple
distinct phases. At low fields, the system transitions through
phases I and I’, followed by phase II, centered around 6.3—
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FIG. 3. Specific heat capacity. (a) Zero-field specific heat, C,(T'), of TIYbSe, measured down to 70 mK, overlaid with the phonon
contribution Cp, (T') from nonmagnetic TILuSe,. Inset: Magnetic heat capacity Cy, /R showing two broad maxima near 7; ~ 2K and 7;, >~ 5K.
(b) Zero-field heat capacity after subtracting Cp,(T'): C/T vs T (left y axis) and magnetic entropy Sy, vs T (right y axis). The solid black line
on C, /T serves as a guide to the eye and indicates low-7 linearity. The dotted line marks R In 2 (right y axis). (¢) Comparison of the magnetic
specific heat Cy,, of TIYbSe, with KYbSe, and NaYbSe,, plotted as C, /(T /J1) vs (T /J1). The KYbSe, data are adapted from Ref. [27], while
the NaYbSe, data are adapted from Refs. [27,31]. TIYbSe; lies between the two at low 7" and shows a pronounced linear component.

9.3 T, and then into phase III, which extends up to the
saturation field of ~22T. Phases I and I’ likely correspond
to 120° or oblique (Y-coplanar) spin structures, and phase
IT is attributed to the UUD configuration, as evidenced by
the suppression of x’(H) [Fig. 2(e)] and the magnetization
plateau at My, /3 [Fig. 2(b)]. Phase III has been proposed to
correspond to a 2 : 1 canted phase [77].

To investigate the nature of the quantum disordered ground
state in T1YbSe,, we measured the zero-field specific heat
Co(T') down to 70 mK [Fig. 3(a)], along with that of the non-
magnetic analog TlLuSe, to estimate the phonon background
Con(T'). The magnetic contribution, Cp,(T'), was obtained by
subtracting Cyn(7T') and the low-T nuclear Schottky term
Cnue(T), extracted via fitting (discussed below). The Ci,(T)
shows no sign of magnetic LRO, consistent with ac suscepti-
bility results. Instead, a broad maximum is observed between
2 and 5 K [inset, Fig. 3(a)], characteristic of low-dimensional
frustrated systems and indicative of a crossover into a QSL
regime [57,78].

Notably, related compounds such as NaYbO, and
NaYDbSe; exhibit similar broad maxima arising from a super-
position of two broad peaks, suggesting two distinct exchange
energy scales [31,33]. Such double maxima in C,(T) have
been theoretically predicted for 2D triangular and kagome an-
tiferromagnets with fully frustrated disordered ground states
[79,80] and observed experimentally in several TLAF systems
[31,33,81,82]. For spin-1/2 TLAFs, the two crossover temper-
atures are expected at 7;/J = 0.2 and T, /J = 0.55 [83]. With
J >~ 9.2 K, the observed maxima in TIYbSe, fall near these
theoretical values. The peak value Ci** >~ 0.23R also agrees
with predictions for fully frustrated TLAFs [84,85].

The zero-field C/T after subtracting the phonon part
is shown in Fig. 3(b) (left y axis). Below 300 mK, an
upturn appears due to a nuclear Schottky contribution—
typical for Yb-based systems [31,86]. The low-T data
(T < 350mK) were fitted using C(T) = a/T? + yT?, where
the first term captures the nuclear Schottky contribution
(Chue) and the second term reflects the intrinsic magnetic
part (Cp). The fit yields o = 4.468(75) x 107* T K/mol,

y = 0.62(1) J/(mol K?), and b = 1.01(1). For a U (1) Dirac
spin liquid, the magnetic heat capacity is expected to follow
a T? dependence. However, a pure T? fit fails to describe
the observed behavior [see Fig. S4(c) in the Supplemental
Material [53]]. The magnetic entropy Sy,, obtained by inte-
grating Cy, /T from 70 mK, recovers ~98% of RIn2 by 20 K
[Fig. 3(b)], suggesting a Kramers doublet ground state with
effective spin 1/2 for Yb**. Additionally, only 2% of the total
magnetic entropy remains below 70 mK, which provides a
bound to the maximum entropy released at the spin-freezing
regime.

Interestingly, the low-T magnetic heat capacity of TIYbSe,
lies between those of KYbSe, and NaYbSe, [27], as shown
in Fig. 3(c), placing it between the two in the J,/J; phase
diagram [Fig. 1(d)]. Using J; = 9.2 K, this provides an initial
estimate of J, between 0.58 and 0.64 meV. Combined with the
absence of 120° magnetic order in the low-field regime below
2 T and down to 20 mK, these findings suggest that TIYbSe,
lies closer to the QCP than other delafossite candidates. This
trend in heat capacity faithfully reflects the distances Yb-Yb
within the triangular layer, which increase from 4.06 A in
NaYbSe, to 4.08 A in TIYbSe,, 4.11 A in KYbSe,, and
4.15 A in CsYbSe,. This structural trend further supports the
placement of T1YbSe; in the phase diagram and highlights
Yb-Yb spacing as a useful indicator for bulk thermodynamic
behavior and proximity to a QSL state. Notably, the key re-
sults presented here—such as the observation of spin freezing
at ultralow temperatures and linear-in-7 specific heat—were
obtained under zero field, meaning they are independent of
the crystallographic field direction. As such, measurements on
polycrystalline and single-crystalline samples are expected to
yield similar results.

Thermal flux proliferation. The near-linear T dependence
(b ~ 1) of magnetic specific heat Cy,(T), along with the
absence of magnetic LRO down to 20 mK, suggests a non-
vanishing DOS at low energy in the QSL phase [5]. Such
linear-in-T specific heat arises naturally in a QSL with a
spinon Fermi surface, but no microscopic models and mech-
anisms are known that stabilize a spinon Fermi surface state
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FIG. 4. Results from the phenomenological theory. (a) Fermionic
spinon DOS as a function of temperature. The temperature sets the
density of excited gauge fluxes; see inset for an illustration of a flux
configuration. (b) Rescaled magnetic specific heat presented as C,,/T
(red box, left axis) and C,, (teal box, right axis) from importance sam-
pling for the effective theory, overlaid on the C, /T data measured
from T1YbSe, (gray dots, left axis). The horizontal dashed line is
the eye-guiding line emphasizing the constant C,,/T from the theory.
The inset shows a local flux variation with phase angle 6 on top of
the staggered flux configurations of the ground-state Dirac QSL.

on the triangular lattice [19]. In the following, we show how
thermally excited fluxes at finite energy scales above a U(1)
Dirac QSL ground state can generate a finite spinon DOS
at low energy inducing a linear C,,(7"). We note that our
proposed mechanism is the U (1) analog of the enhancement
in low-energy DOS produced by fluctuating Z, fluxes in the
Kitaev spin liquid [65-67,87,88]. There, the low-energy
spinon DOS emerges similarly from the thermal proliferation
of local fluxes.

Following the standard parton mean-field theory, we as-
sume that the fermionic spinons propagate in a staggered
m-flux background, corresponding to J,/J; ~ % with Dirac
spinons at ultralow energy scales [19]. We assume a separa-
tion of scale such that the dynamics of the background gauge
field excitations are decoupled from the spinons—The latter
see a given gauge field configuration as a static background
flux. This can be described by an effective Hamiltonian
H =Y Ey(F)alai+ Y geio0m) L AONS) £, where a]
create matter fermions with energy E. (F) in a given flux
background F and (.}”,Z)T create a local U (1) flux excitation
with a phase angle 6 and gap A(0) [see insets of Figs. 4(a)
and 4(b)]. Note that because of the U (1) nature of the gauge
field local flux excitations are gapless in contrast to the Kitaev
Z, case. We can then perform importance sampling of the
joint flux-fermion distribution. We find that the fermion DOS,
which vanishes linear in energy at zero temperature with-
out local flux excitations, becomes finite once thermal fluxes
proliferate under finite 7' [Fig. 4(a)]. Immediately above the
temperature scale T /J; ~ 1072 at which this DOS becomes
a finite constant, the specific heat capacity follows C, o« T
[Fig. 4(b)], and even quantitatively matches the linear spe-
cific heat observed experimentally in Fig. 3, albeit with a
minor shift in the linear-7" plateau possibly stemming from
the Schottky-peak subtraction partially removing the flux con-
tribution. Indeed, the overall match of the theoretical C,,/T
with the experimental data for J ~ 9.2 K and the amplitude as
the only free parameter is remarkable [Fig. 4(b)]. Thus, the
finite-7 thermodynamics of a zero-temperature U (1) Dirac
spin liquid can be fully consistent with our data; details of

the phenomenological model are given in the Supplemental
Material [53].

Discussion. The powder results presented here are dom-
inated by grains aligned with the abplane—statistically
responsible for roughly two-thirds of the contribution. Also,
a strong magnetic anisotropy in delafossites typically causes
features associated with H||c to appear only at very high
fields, likely beyond the field range accessed in this study [31].
As a result, even though our measurements were performed
on polycrystalline samples with randomly oriented grains, the
field-induced transitions remain sharp—comparable to those
seen in single crystals. Consequently, the use of polycrys-
talline samples does not compromise the accuracy of the
phase diagram, which closely resembles those reported for
related delafossites under ab-plane magnetic fields [31,89].
Importantly, the linear-in-7 trend of the low-temperature
magnetic heat capacity is observed in zero-field measure-
ment, making it independent of field orientation and therefore
unaffected by whether the sample is single crystalline or
polycrystalline.

It is natural to question whether the linear yT term can
simply arise from the estimated 3% free-spin population.
If we assume that all of the observed linear yT contri-
bution originates from these free spins, the measured y =
0.62 J/(mol K?) over the range 0.07-0.35 K consumes essen-
tially the full 0.03 R In 2 entropy available from a 3% free-spin
fraction. Any free-spin-driven freezing at 0.03 K would also
need to draw from this same finite entropy budget, leaving the
free-spin-only explanation internally inconsistent. Further-
more, a free-spin-generated linear term could naturally extend
from the spin-freezing scale (~30 mK) up to the magnetic en-
ergy scale |J| & 9.2 K, which would imply an entropy release
of ~5.7 J/(mol K), comparable to the full spin entropy R1n 2
and nearly 30 times larger than the 0.173 J/(mol K) available
from the estimated free-spin population. Conversely, a real-
istic free-spin contribution to a linear term over this range
would be limited to 0.173/(9.2 — 0.03) ~ 0.02 J/(mol K?),
far smaller than the measured y. Moreover, a true y T term is
characteristic of intrinsic gapless excitations, whereas dilute
free-spin or defect contributions typically produce nonlinear
specific heat that only mimics linearity over a narrow window
unless the associated energy scales are extremely fine-tuned
[90]. Overall, the linear yT term appears to be a standard
observable of delafossites in the spin-liquid regime; the ex-
cellent agreement of our data with the phenomenological
theory—including the Schottky anomaly—therefore provides
a far more natural explanation.

We have shown that this linear behavior is consistent with
a finite low-energy spinon DOS, which is borne out from the
thermal proliferation of flux excitations of a U (1) Dirac QSL.
Our result establishes linear behavior of the heat capacity not
only as a general feature of delafossites but also as a defining
signature of Dirac QSL physics with thermally excited fluxes.
Comparative analysis of heat capacity data places TIYbSe;
between NaYbSe, and KYbSe; in the J,/J; phase diagram,
suggesting closer proximity to a QCP separating magnetic
order from a spin-liquid regime.

The spin freezing below 30 mK marks a new discov-
ery in the delafossites, which has since also been reported
in NaYbSe, and Cu;14YbSe; [27,91]. The observation of
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the spin-freezing transition at ultralow temperatures further
calls for future studies of similar spin freezing in other
delafossites, and cautions against readily interpreting low-
temperature anomalies as spin gaps. The microscopic origin of
this spin freezing, however, remains unknown. The possibility
of static chemical defects cannot be ruled out [92], arising
perhaps from a low density of selenium vacancies where or-
phan moments produce local pockets of spin freezing, while
the remainder of the lattice retains highly fluctuating spins
down to zero temperature, similar to a scenario proposed
for the Dirac QSL candidate YbZn,GaOs [36]. Within the
U(1) QSL framework, it is also possible to conjecture an
idea of self-generated quantum glassiness in the presence
of slow random fluxes, which act like emergent defects.
Mobile spinons may localize in the presence of thermally
excited flux disorder, akin to the case of the Z, Kitaev QSL
[87,88]. Establishing such mechanisms quantitatively would
be a promising future endeavor requiring careful low-field
millikelvin specific-heat and thermal-conductivity measure-
ments and calculating accompanying dynamical observables.
Any such theory must also account for the constraints that the
transition involves at best ~2% of the total R In 2 entropy and
is suppressed by a very small magnetic field of approximately
0.02T.

Overall, our results establish TIYbSe, as a prime plat-
form for studying triangular lattice QSL physics. Investigating
transport properties and dynamical observables within such
a scenario for U(1) QSLs will be a promising direction for
future studies.

Note added. Curiously, recent measurements of combined
thermal transport and specific heat in Na-based delafossite
brethren compounds provide evidence for a strong
suppression of thermal conductivity interpreted in terms
of random entanglement scales related to dimer propagation
[44,92]. However, here we hypothesize an alternative intrinsic
mechanism: In our picture, fluctuating U (1) fluxes can gen-
erate a linear specific heat without requiring strong extrinsic

defects, while their slow dynamics act as a quasistatic disorder
background for spinons, thereby suppressing the spinon heat
transport, providing a consistent explanation. We expect that
thermal transport measurements on (partly doped) T1YbSe,
will tease apart these possibilities in the future.
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