PHYSICAL REVIEW X 15, 041035 (2025)

Entanglement Randomness and Gapped Itinerant Carriers
in a Frustrated Quantum Magnet

Yuangi Lyu (5 7#)®,""" Luke Pritchard Cairns®," Josue Rodriguez®,"* Chunxiao Liu (X #4%)®,'

Kenneth Ng (% F#)®,' John Singleton®,” and James G. Analytis®">*>*

lDepartment of Physics, University of California, Berkeley, California 94720, USA
*Materials Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
*National High Magnetic Field Laboratory, Los Alamos National Laboratory,
Los Alamos, New Mexico 87545, USA
*CIFAR Quantum Materials, Toronto, Ontario M5G IM1, Canada
SKavli Energy NanoScience Institute, Berkeley, California 94720, USA

® (Received 29 April 2025; revised 19 September 2025; accepted 16 October 2025; published 21 November 2025)

The quantum spin liquid is a state manifesting extraordinary many-body entanglement, and the material
NaYbSe, is thought to be one of the most promising candidates for its realization. Through low-
temperature heat capacity and thermal conductivity measurements, we identify an apparent contradiction
familiar to many quantum spin liquid candidates: While entropy is stored by apparently gapless excitations,
the itinerant carriers of entropy are gapped. By studying the compositional series NaYb,Lu;_,Se, across a
percolation transition of the magnetic lattice, we suggest that this contradiction can be resolved by the
presence of entanglement scales of random sizes. Moreover, as we truncate the scale of entanglement by
magnetic dilution, we show that the itinerant magnetic entropy carrier in NaYbSe, does not arise from a
uniform globally entangled spin ground state but rather materializes through the stochastic propagation of
boundaries between locally entangled spin objects.

DOI: 10.1103/tx6t-gbxy

I. INTRODUCTION

Quantum entanglement is a many-body state that cannot
be separated into the product of its single particle con-
stituents. One simple example of an entangled spin ground
state is a singlet dimer, formed when two S = 1/2 spins
interact through an antiferromagnetic (AFM) Heisenberg
exchange interaction. A quantum spin liquid (QSL) is a
ground state of unparalleled many-body entanglement
where all spins in a connected lattice are entangled together
[1]. Among many interesting theoretical properties, such a
system could manifest excitations known as spinons with
anyonic statistics beyond the fermions and bosons char-
acterizing the standard model [2]. The realization of this
state, however, is usually precluded by the onset of long-
range order, which is often favored energetically [3] and,
consequently, the ground state in almost every case [1,4].
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In this case, the wave function is effectively collapsed into
a frozen configuration of spins that spontaneously break
the underlying symmetry of the lattice. The many-body
entangled state can be brought back into favor—at least in
numerical simulations—when strong geometric frustration
suppresses conventional ordering, thus allowing a QSL to
form within a very specific parameter space of interaction
strengths [4-6].

The experimental observation of such an exotic state has
proven challenging and controversial. At the root of these
controversies is the tendency to insist on characterizing a
magnetic system either as long-range ordered (LRO) or as a
many-body entangled QSL. We argue that this binary
characterization is artificial and that a more accurate
description depends on the length scale considered. The
scale of entanglement will be limited by material disorder;
lattice disorder and randomness not only release the geo-
metric frustration locally, but also induce decoherence and
collapse long-range entanglement via an “ordering due to
disorder” mechanism [7]. In the past decade, it has been
shown both numerically [8,9] and analytically [10] that the
interplay between entanglement and the randomness
among the exchange interactions would stabilize—instead
of a QSL—a valence bond glass (VBG) as the ground state.
In lieu of long-range entanglement involving all spins as in
a QSL, a VBG consists mostly of tiled spin-singlet dimers,
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as well as the occasional single orphan spins and locally
entangled larger-than-dimer clusters scattered among the
dimer tilings [9]. This state permits short-range order and
entanglement to coexist over different length scales. The
question of present interest is how the length scale of
entanglement evolves between that of the dimer, the
randomness of the VBG, and ultimately one that could
host a quantum spin liquid.

Our subject is NaYbSe,, a prime candidate for QSL
physics on account of its exemplary properties: Yb** ions
of effective spin-1/2 form 2D equilateral triangular lattices
where the [J,/J,—the ratio between nearest-neighbor
(NN) and next-NN exchange strengths—is calculated to
favor a QSL ground state [11-16]. The experimental
verification of a QSL in NaYbSe,, however, has yielded
conflicting results, similar to the situation for most other
QSL candidates [11,17,18]. On the one hand, the key
signature of spinons in a gapless U(1) QSL—unusual
fermionic thermodynamics in an electrical insulator—
appears evident in the heat capacity as a large
Sommerfeld coefficient (7-linear behavior) [19], and
inelastic neutron scattering (INS) detects a continuum
indicative of a spinon Fermi surface [11]. On the other
hand, this same excitation is absent in the thermal con-
ductivity, and the INS data simultaneously exhibit peaks
corresponding to short-range 120°-AFM order [11]. The
coexistence of short-range order and entanglement in INS
suggests a mixing of various entanglement length scales,
which is in contrast with the clear numerical predictions
where a uniform phase—either long-range entanglement or
AFM order—prevails as the ground state [6]; real-world
spatial disorders and randomness, therefore, must play a
significant role in determining the length scales of the
entanglement and the corresponding spin ground state.

In this study, we conduct heat capacity and thermal
conductivity measurements on the composition series of
NaYb,Lu,_,Se,, where nonmagnetic Lu** ions are uni-
formly distributed with the Yb3*, connecting through
a magnetic percolation transition [20]. While we cannot
control the intrinsic randomness in the NaYbSe,, the
introduction of Lu** ions adds tunable artificial disorder
and dilutes the once-fully-connected triangular magnetic
lattice. This allows us to impose spatial constraints on spin-
spin entanglement and tip the intricate balance between
randomness and entanglement—separating the excitations
originating within regions of long-range entanglement from
those produced by short-range interactions.

With this approach, we are able to draw several key
conclusions from our data. In heat capacity, a peak at
around 2 K is observed in all compounds; the majority of
entropy is released through this peak, demonstrating the
population dominance of the dimer throughout the com-
position series. A much broader shoulder feature rises at
lower temperatures for near-unitary x—in accordance with
the enhanced formation of locally entangled large clusters

when magnetic dilution and spatial interruptions are
minimal. These two features, along with their population
evolutions, suggest that a VBG is the ground state.
Meanwhile, a gapped magnetic entropy carrier can be
identified in the thermal conductivity: It emerges sharply
around the percolation transition of the magnetic lattice and
remains dominant at higher x—proving its itinerant nature
and magnetic origin. Surprisingly, the population of these
carriers peaks around the percolation transition, confirming
that it cannot arise from any long-range entangled objects
but rather from short-range connectivity. We propose that
this carrier arises from the non-spin-carrying low-energy
excitations of VBG, which emerge at the boundaries
between different spin features. Given that randomness
and disorder are ubiquitous, our discovery could help
explain similar behaviors and controversies common to
many other QSL candidates.

II. RESULTS
A. Heat capacity

Shown in Fig. 1 is the zero-field magnetic heat capacity
of the compositional series NaYb,Lu;_,.Se,. In the
x = 0.05 compound, the heat capacity peak is almost
entirely attributable to isolated dimers collapsing into their
respective singlet ground states. The position of the peak,
thus, defines the energy scale of interaction, and the data
are fit well by a Heisenberg model with J/kz ~ 6.1 K.
(Included in Supplemental Material [21] are more sophis-
ticated attempts to constrain the spin Hamiltonian through
modeling the heat capacity and magnetization of
NaYby osLug95Se,. Supplemental Material [21] also cites
Refs. [19,22-31].)

With increasing x—or density of the magnetic Yb3+—
the probability for an isolated spin decreases. The heat
capacity correspondingly releases more entropy, following
the predicted population of connected spins (Fig. 1 inset)
and the expectation that isolated spins do not release
entropy without an external field. The agreement between
the measured entropy release and predicted population of
connected spins further confirms that the mixture of Lu**
and Yb3* in our composition series is spatially uniform. By
x > 0.4, almost all spins are connected to neighboring
magnetic sites and the released entropy saturates.

In terms of the shape of the heat capacity curves, all
measurements for x < 0.5 appear qualitatively similar to
the dimer peak in NaYbgysLuyosSe,, and all can be fit
through a simple dimer model with the energy levels being
continuously broadened with increasing Yb** ion density.
However, it is important to note that a collection of small
clusters—including entangled objects larger than a dimer,
with concentrations according to x (see Supplemental
Material [21])—can describe the data equally well.
Regardless, at the opposite end of the series (x = 1), the
data appear qualitatively different, and a broad feature is
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FIG. 1. Magnetic heat capacity of NaYb,Lu,_,Se, at zero field.

The nonmagnetic contribution has been subtracted, assuming it is
identical to the NaLuSe, heat capacity in all cases [20]. The solid
line shows a fit to a Heisenberg model with 7 /kp = 6.1 K for the
x = 0.05 compound, as described in the main text and Supple-
mental Material [21]. Inset: Left axis: the integrated entropy
release from electronic spins of the Yb3* between 0.5 and 30 K,
plotted as a fraction of the anticipated entropy release according
to the number of J = 1/2 spins—In(2) per spin. Right axis: the
probability that a Yb** ion will have at least one Yb3* nearest
neighbor and, therefore, is not isolated (see Supplemental
Material [21] for details). It is plotted on a different scale
compared to the left axis and not a fit of the data.

observed at approximately 1 K, which turns into a shoulder
feature with increased dilution (x = 0.75-0.9) before
becoming unobservable below x = 0.5. The position and
breadth of this feature suggests that it originates from a
magnetic structure with a broad energy spectrum, in
contrast to the single energy level (J) associated with
the dimer singlet formation. Importantly, the heat capacity
contribution from this broad hump is absorbed into the
common feature as the system is diluted, as the length scale
of connectivity decreases. Given that the length scale of spin
correlations is bounded by the continuity of the magnetic
lattice—which is rapidly truncated by dilution—this obser-
vation suggests the shoulder feature arises from clusters of
short-range entangled spins.

B. Thermal conductivity

Shown in Fig. 2(a) is the zero-field longitudinal thermal
conductivity for each compound in the compositional
series. NalLuSe, matches the anticipated behavior of a

nonmagnetic insulator, with a single 723 power law below
500 mK. This suppression from the anticipated 7° phonon
behavior is consistent with the thermal conductivity mea-
sured in a variety of other nonmagnetic insulators and
compounds of similar structure [10,32,33] and is discussed
in Supplemental Material [21]. The full magnetic com-
pound NaYbSe, shows markedly different behavior in the
same temperature range, with a thermal conductivity of a
significantly smaller magnitude and a bumplike curvature
at a low temperature that does not conform to any single
power law.

When an external magnetic field of yoH = 7 T is applied
parallel to the ¢ axis, as shown in Fig. 3, the thermal
conductivity of NaYbSe, is suppressed and, notably, the
bumplike curvature disappears, leaving behind a simple
power law that can be attributed entirely to phonons. This
implies that the bumplike curvature arises from some
additional magnetic contribution that is suppressed by
the application of the field. We, thus, model the zero-field
thermal conductivity as a combination of a phonon power
law x,, and a gapped magnetic itinerant entropy carrier
Kmag,> following Ref. [17]:

A
K = Kph t Kmag = AphTa + Amag €xp <_ ﬁ) : (1)
B

We fit this model—with added consideration on spatial
dimensionality of the magnetic carrier in the expression
for Kye,—to the thermal conductivity of NaYbSe,. See
Supplemental Material [21] for details, which includes
Refs. [34-36]. The gap is extracted to be A/kz ~ 270mK.
The fitted phonon contribution has an exponent « that
is similar both to that of NaYbSe, at yoH =7 T and
NaLuSe,, which further justifies our model. Application of
even larger fields, however, would cause the thermal
conductivity to rise as the spins become polarized and
the phonon scattering is consequently reduced, as has been
observed in previous studies on NaYbSe, [37] and related
compounds [38,39].

Applying Eq. (1) to all thermal conductivity results, we
obtain the fit parameters, shown in Figs. 2(b)-2(d). A table
of all optimal fit parameters and their uncertainties can be
found in Supplemental Material [21]. For clarity, we
describe separately the main trends observed in each fitting
parameter.

(i) Apy [Fig. 2(c)] decreases exponentially with increas-
ing density of magnetic Yb> sites. This suppression
is dramatic—an order-of-magnitude decrease for
all temperatures below 1 K, showing very strong
phonon scattering that could be linked to lattice
disorder [40]. However, the exponential trend is quite
peculiar—if it is the mixing of the Yb** and Lu**
that generates such defects, the end members should
be effectively less disordered than the mixed com-
pounds. The systematic decrease with x suggests the
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FIG. 2.

(a) Zero-field longitudinal thermal conductivity of NaYb,Lu;_.Se,. The solid lines are fits with model described in

the main text. The annotated red lines are fits of full thermal conductivity and phonon contributions of NaYbSe,, respectively.
(b)—(d) The evolution of fit parameters. The data are fitted using a nonlinear least squares algorithm, and the uncertainties (full
lengths of error bars) are obtained as the square roots of optimal fit covariance. To avoid comparing A, of different units, we plot the
integrated kp,p, from 0 to 500 mK instead of Ap,. The annotated gray solid line is an exponential fit of the integrated k,, with respect to
X; ¢ is a fitting parameter. The red dotted line is a spline to act as a guide to the eye. The percolation threshold is shown as a purple
dashed line at x = 0.5. The purple shaded region (x > x.) represents the composition where the magnetic Yb>* lattice is connected.
Broadening of the percolation transition is expected in experimental observations due to finite-size effects. (e) Extracted thermal
conductivity kp,, of the magnetic entropy carriers. (f) Zero-field thermal conductivity of NaYb,Lu,_,Se, plotted against 1/T on a

log scale.
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strong phonon scattering observed here must be
intrinsic to the introduction of Yb** ions.

a [Fig. 2(b)] stays relatively constant within fitting
uncertainty. This suggests that the phonon scattering
evident in Ay, is relatively broadband and nonreso-
nant with a specific energy scale (for instance, it
cannot be due to interactions with the crystal field
energy levels or a single exchange interaction
strength). We discuss the possible nature of such
phonon scattering in the next section.

Amag [Fig. 2(c)]—the amplitude of the magnetic
contribution—is nonzero only for x > 0.4, a value
that is very close to the percolation threshold of the
triangular lattice (which theoretically occurs at
xc = 0.5), above which the Yb** lattice becomes
connected. This onset of A,,, around the percolation
threshold, hence, proves that part of the spin
excitation must be itinerant. Perhaps the most strik-
ing feature is that A, appears to peak near the
percolation transition where the connected Yb3*
lattice is highly disordered: The corresponding
magnetic carrier seems to prefer a disordered mag-
netic lattice over a pristine one.
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(iv) A [Fig. 2(d)] shows a slight decreasing trend with
increasing x. This suggests the origin of the gap is
independent of the long-range lattice order but rather
linked to some local properties—at the scale of
dimer formation.

The extracted thermal conductivity of the magnetic
itinerant carriers kp,, is plotted in Fig. 2(e), wherein its
exponential nature is evident as a downward curvature.
This is obtained by subtracting the smooth temperature
power law corresponding to ky, from the raw measured
total thermal conductivity, so as not to introduce any
artificial smoothing. Overall, the data show excellent
agreement with the model down to the lowest measured
temperatures. For smaller values of x, however, the meas-
urement and fitting uncertainties appear larger due to
heightened phonon contributions compared to the magnetic
contribution. To further illustrate the exponential nature, we
plot in Fig. 2(f) the total thermal conductivities x against
inverse temperature 1/7 on logarithmic scale. Even with
the contribution from phonons included, the traces all
straighten at low temperatures as the magnetic contribu-
tions grow comparatively stronger.

ITI. DISCUSSION

A. Phonon scattering and quenched randomness

While NaYbSe, and NalLuSe, share almost identical
structure, lattice constants [20], and molecular weight,
as plotted in Fig. 5, the phonon thermal conductivity &
in NalLuSe, is approximately 20 times that of NaYbSe,
below 500 mK. Furthermore, the parameter A, which
measures the phonon contribution to the thermal conduc-
tivity, decreases exponentially with increasing x. Such
broadband scattering in temperature is unlikely to be
caused by resonant scatterings between phonons and any
magnetic transitions—consistent with the comparably
small change in total thermal conductivity of NaYbSe,
when an external field is applied (Fig. 3). Rather, the
increased phonon scattering must arise intrinsically from
the interaction between individual Yb’* ions and the
lattice. Strong spin-charge coupling—a key feature of
many prominent QSL candidates—has been observed to
induce strong quenched randomness [8,41,42]. While the
exact microscopic form of spin-charge interaction can vary
among materials, its effect on phonon thermal conductivity
can be modeled straightforwardly through the Debye-
Callaway model [40,43]. From this, a broadband reduction
in the mean free path of phonons is expected at low
temperatures (see Supplemental Material [21] for details,
which includes Refs. [44-48]), and—as plotted in Fig. 5
our simulation of this effect describes the measured data
well. This strong phonon scattering is also observed in the
related system YbMgGaO,, whose phonon thermal con-
ductivity is about one-fourth that of the nonmagnetic
LuMgGaO, [38]—we include a discussion of their thermal

conductivity in Supplemental Material [21], which includes
Ref. [49]. The important point for the present argument is
that quenched randomness is likely intrinsic to the Yb**
lattice and decreases precipitously as the lattice is diluted of
Yb* ions.

B. Valence bond glass

Quenched lattice disorder translates into randomness
in the exchange parameters. A number of previous studies
[8-10,50] have shown both numerically and analytically
that the same (or very similar) random-bond-strength
Hamiltonian will yield a VBG ground state. This is
characterized by a distribution of entangled objects of
mostly spin singlets tiled around larger-than-dimer
entangled clusters and orphan spins. The effect of dilution
x will only enhance the randomness of the exchange,
stabilizing the VBG ground state [8] and spin-glass
physics, in general [7,51,52].

The coexistence of both dimers and clusters is vivid in
the heat capacity data of NaYbSe,, which exhibits an initial
peak at the same temperature that dimers form, followed
by a broad shoulder feature at lower temperatures corre-
sponding to the formation of larger clusters. As the addition
of Lu*" ions breaks up the fully connected magnetic
lattice, the length scale of spin-spin entanglement becomes
physically bounded. Consequently, a sharp decrease in
the population of the clusters—which are more space
sensitive—is observed as a rapid shrinking of the shoulder
feature with decreasing x, leaving just an engorged dimer
peak as the system is diluted. We illustrate the change in
the ratios between dimers and clusters (akin to the VBG
proposal) with different compositions in Fig. 4, with the
measured heat capacities plotted alongside.

C. Itinerant magnetic entropy carrier

The existence of an itinerant magnetic entropy carrier is
evident in thermal conductivity from a comparison of the
in-field and zero-field traces of NaYbSe,, as well as the
emergence of the bumplike curvature near the percolation
threshold. Intriguingly, the highest population of the
itinerant magnetic carrier—the maximum of A, in
Fig. 2(c)—appears near the percolation transition, where
the population of locally entangled clusters is compara-
tively small. The itinerant magnetic entropy carrier is,
therefore, unlikely to be a result of the entangled clusters,
since these would be maximized at x = 1, while the
itinerant magnetic carriers are minimized—a direct illus-
tration that the degrees of freedom that store heat differ
from those that carry it. On the contrary, the itinerant
magnetic carrier seems to prefer a connected but disordered
magnetic lattice wherein entangled clusters are minimized
and tiled dimers are the dominant magnetic feature.

This is consistent with the VBG picture whereby the
majority of magnetic excitations (frozen dimers and
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FIG. 4. Left: Illustration of configurations of entangled spins at
different compositions and magnetic site dilutions, where the red
circles are orphan spins, blue ovals are spin-singlet dimers, and
purple regions are locally entangled clusters. The unshaded nodes
are Lu* ions, whose position is assigned randomly according to
the expected composition. Right: The corresponding magnetic
heat capacities of each composition. The heat capacity of x = 0.5
(NaYbgsLug5Se,) is plotted as the orange points in each for
comparison.

clusters) are limited by their physical size and are not
itinerant [10]. However, this leaves open the question of the
underlying nature of the magnetic carrier. Motivated by
exact diagonalization studies of the low-energy excitations
of the VBG in Ref. [9], we suggest an intuitive picture of
“entanglement retiling,” which offers two mechanisms of
itinerant magnetic entropy carriers. In the first case, as
illustrated in Fig. 5, table row I, a series of correlated dimers
flip along an existing domain wall like dominoes; the
flipping terminates at orphan spins [9,10]. In the second
case, as illustrated in Fig. 5, table row II, a cluster expands
by absorbing nearby dimers and orphan spins [9]. Both
processes allow entropy to travel without a spin flip by
shifting the boundary of correlated or entangled regions in a
one-dimensional fashion. This mechanism also explains the
preference of this carrier to lattice disorder, since intuitively
the disorder should encourage the creation of boundaries
in the form of dimer tiling domains and cluster boundaries.

A more detailed modeling of the thermal conductivity is
included in Supplemental Material [21].

Since these low-energy excitations do not necessarily
require a spin flip (singlet to triplet transition), their energy
is not tied to the average nearest-neighbor spin-spin
exchange interaction strength 7 [10]. Instead, the physical
distinction between the ground state and the excited state is
characterized by the bond configuration of the dimers. The
energy difference between the two states is then governed
by the average exchange randomness between the neigh-
boring bonds [10]. This is consistent with the trend of
increasing gap size A in the thermal conductivity as one
approaches the percolation transition and dilution deepens
the random potential [Fig. 2(c)]. (See Supplemental
Material [21] for a more detailed discussion on the
mechanism of the itinerant entropy carrier.)

When an external magnetic field is applied, the orphan
spins and nonsinglet (/. 7 0) clusters become polarized.
This lifting of degeneracies increases the energy differences
among different spin configurations, discourages the mobil-
ity of individual magnetic features including boundaries,
and, consequently, reduces the population of itinerant low-
energy magnetic entropy carriers. In the thermal conduc-
tivity, this manifests as a drastic decrease in the gapped
itinerant magnetic excitations and instead a clean power law
attributable exclusively to phonons (open points in Fig. 3).

The gapped itinerant magnetic excitation—a natural
outcome of the diverse entanglement landscape in a VBG
ground state—provides a self-consistent explanation for the
observed exponential thermal conductivity and unifies its
field, composition, and percolation dependencies. It is worth
mentioning that spin-phonon decoupling or scattering can
lead to a decrease of the thermal conductivity at low
temperatures [39,53-57]. However—as demonstrated in
Supplemental Material [21]—neither can reproduce the
observed exponential behavior. Instead, both generate
power-law dependencies that are incompatible with our
observations [Figs. 2(e) and 2(f)]. In principle, one can fine-
tune either effect—for instance, multiple spin excitations
scattering phonons resonantly at different strengths—to
mimic the exponential behavior as a sum of multiple power
laws, but this approach fails to explain the field or compo-
sition dependence of the thermal conductivity and introdu-
ces additional unsubstantiated fitting parameters.

D. Implications

The above picture suggests a resolution to the dilemma
of how entangled objects that are localized due to
disorder may, nevertheless, have an emergent, itinerant
carrier arising from the motion of their boundaries in
Na¥YbSe,. We establish this by recognizing an apparent
contradiction that arises in many QSL candidates: a large
low-temperature heat capacity that suggests a gapless
excitation but a thermal conductivity that appears gapped
[17,33,38,39,58-63]. In NaYbSe,, both of these aspects
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Top: Ilustrations of the spin configurations in NaYbSe, at different temperatures, following the same color convention as

in Fig. 4. Table: Two types of low-energy excitations that can lead to an itinerant magnetic entropy carrier. In the right column, the
original spin features are overlaid as dashed lines to visually assist the comparison. Right: The ratio of thermal conductivity between
NaLuSe, and NaYbSe,; the open points are the ratio of thermal conductivity of NalLuSe, over the fitted phonon thermal
conductivity kp, in NaYbSe,. The solid line is a simulation of the phonon thermal conductivity ratio given extra scattering due to

quenched disorders in NaYbSe,.

survive until the onset of a magnetic percolation transition
and an itineracy that is, in fact, enhanced by the presence
of disorder with a gap that is significantly smaller than
the exchange interaction. A recent muon spin relaxation
(pSR) study on composition series NaYb;_,Lu, O, further
substantiates our conclusion, as the authors observed
correlated spin excitations for relatively large values of
x, leading to the conclusion that the spin ground state is a
“quantum disordered state that is robust to magnetic
dilution up to the percolation threshold” [64]. Our picture
suggests that INS studies on a similar compositional series
should yield corroborating results and that one would
observe dispersive features even in frustrated quantum
magnets with strong site dilutions.

It is important to point out that decades of research into
QSLs has yielded many promising material candidates,
almost all of which face the same controversy: The entropy
carrying and entropy storing degrees of freedom cannot
be reconciled—at least not when we insist on a binary
characterization of LRO or QSL. However, embracing a
picture where the length scale of entanglement is truncated
extrinsically is both natural and contains explanatory power.
Thermal conductivity measurements as a function of mag-
netic dilution can play an important role in identifying the
mechanism for this truncation and, thereby, help inform future
searches for ever-more-promising QSL candidates. In the
present case, our expectation is that the spin-charge coupling
in NaYbSe, may be too strong to avoid quenched random-
ness, and higher material purity could favor either LRO or a

QSL. Future searches should, therefore, be directed toward
materials where the mechanism for spin-charge coupling is
better understood and in which it can be minimized.
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