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Quantum spin liquid (QSL) phases exist in theory, but real candidate QSL materials are often extraordi-
narily sensitive to structural defects which disrupt the ground state. Here, we investigate candidate triangular
QSL material, YbCu1.14Se2, and discover the absence of magnetic order, but also no compelling evidence
of a QSL ground state due to significant structural disorder. We instead look at the results through a lens
of a two-dimensional (2D) random singlet phase. We are able to match thermodynamic measurements using
a phenomenological model of a distribution of singlet formation. YbCu1.14Se2 behaves strikingly similar to
other disordered triangular lattice materials, suggesting universal behavior of random singlet formation in 2D
frustrated systems.
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I. INTRODUCTION

In 1973, Anderson predicted the ground state of the
nearest-neighbor spin = 1

2 Heisenberg triangular lattice an-
tiferromagnet to be a quantum spin liquid (QSL) [1]: a
unique phase of matter where magnetic frustration produces
a long-range entangled state with exotic gauge fields and no
magnetic order [2–5]. Anderson’s prediction was later verified
numerically: although the nearest neighbor does magnetically
order, the triangular lattice Heisenberg antiferromagnet does
indeed form a QSL with a weak second-neighbor exchange
[6–10]. Over the last few decades there has been an intense
search for experimental realizations [3,11]. However, despite
many candidate compounds, the QSL state in most materi-
als is controversial because of defects and disorder disrupt
the ground state [11,12]. This obviously confounds the ex-
perimental search for QSLs, but it also raises an interesting
question: What kind of state are “failed QSLs” where disor-
der in triangular lattices produces a fluctuating ground state
without magnetic order?

One of the most famous triangular QSL candidates is
YbMgGaO4 [13–18]. This compound has a two-dimensional
(2D) triangular lattice of magnetic Yb ions with intrinsic site
disorder in an adjacent nonmagnetic layer [15], no magnetic
ordering transition [14], and sublinear low-temperature spe-
cific heat [14,16]. Although originally interpreted to be a QSL
[13–15], subsequent studies showed substantial exchange ran-
domness [19], frequency-dependent glass freezing around
100 mK [20], and no QSL quasiparticles in thermal conduc-
tivity [16] (though this remains controversial [18]). This led
to a reinterpretation of YbMgGaO4 as a magnetic disordered
ground state [21,22]. And yet, YbMgGaO4 is not simply a
spin glass as it has substantial quantum fluctuations [13,14]
and no residual entropy in its ground state [14]. What sort of
phase then does YbMgGaO4 form, and how universal is it?

A proposed answer to this question is a 2D version of a
random singlet phase [23,24], where a disordered exchange
landscape produces a frozen network of spin singlets (with
corresponding singlet quantum fluctuations) [22]. Similarly
to the QSL phase, there is strong entanglement and no static
magnetism [25], but without the key feature of exotic col-
lective quasiparticle excitations. The random singlet phase
has been proposed as the ground state of a disordered spin
liquid in antiferromagnetic Heisenberg triangular, kagome,
honeycomb, and square lattices [22,26–32].

Subsequent to YbMgGaO4, the AYbSe2 (A = Na,K,Cs) se-
ries has emerged as promising QSL candidates [33–37]. Here
we sought to investigate the related compound YbCuxSe2,
wherein x = 1 and Cu is substituted for the alkali-metal ion
in attempt to lower the insulating gap, potentially driving
the material closer to a metal having a QSL ground state.
This form of YbCuxSe2 has Yb3+ ions in octahedral Se en-
vironments arranged in a perfect 2D triangular lattice pattern
just like the AYbSe2 series (and unrelated to zigzag chain
YbCuS2 which belongs to space group P212121 [38,39]). Our
synthesis resulted in consistently off-stoichiometric crystals
of YbCuxSe2, where x = 1.14 which remain semiconducting
despite the excess Cu (see Appendix C). We observe evidence
of a spin disordered ground state with sublinear specific heat
and a visible freezing transition at Tf = 0.1 K in AC sus-
ceptibility. This behavior is strikingly similar to YbMgGaO4
and matches theoretical quantum simulations of disordered
triangular magnets, suggesting possible universal behavior of
disordered QSL materials.

II. EXPERIMENTS AND RESULTS

A. Synthesis

We synthesized single crystals of YbCu1.14Se2 using the
self-flux technique [40]. We loaded Yb (Ames Laboratory,
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FIG. 1. (a), (b) Crystal structure of YbCu1.14Se2 obtained from
SC-XRD measurements. The magnetic Yb ions sit at the corners
of the unit cell, forming a triangular lattice. The copper position is
shown as a partially filled sphere representing its partial occupancy.
(c), (d) 0kl and hk0 precession images. There are no deviations from
the expected Bragg peak positions for a hexagonal P lattice (yellow
circles), indicating that the Cu vacancies are not ordered.

>99.9%), Cu (99.999%), and Se (99.999%) pieces in a 1:1:20
ratio into an alumina crucible and sealed everything under
vacuum in a quartz ampule. The reagents were slowly heated
to 850 ◦C, held at 850 ◦C for 8 h, and slow cooled at 2 ◦C/h
to 600 ◦C. The ampule was then inverted, and the flux was
removed via centrifugation. The resultant platelike crystals
were up to 1 mm on a side and 0.2 mm thick. Scanning
electron microscope measurements reveal pristine surfaces
mostly free of residual Se flux, and energy dispersive x-ray
data yield a stoichiometry of YbCu1.1(2)Se1.8(3).

B. X-ray diffraction

We performed single crystal x-ray diffraction (SC-XRD)
on a 45 µm × 35 µm × 5 µm sample of YbCu1.14Se2. The unit
cell was found to be P-3m1 (#164) with lattice parameters a =
4.0209(3) Å and c = 6.4492(12) Å, shown in Fig. 1(a). The
refinement reveals that the magnetic Yb ions form a triangular
lattice which lies between polyhedral layers of nonmagnetic
Cu and Se, shown in Fig. 1(b).

Copper occupies the 2d Wyckoff position, as shown in
Fig. 1(a), therefore the “ideal,” i.e., stoichiometric, version
of this compound should have nonordered 50% occupation
of the Cu site [41]. We find that the occupancy of Cu is
56.6% ± 0.7%, slightly above the expected value of 50%,
giving the compound a stoichiometry of YbCu1.14Se2. The
∼57% occupancy was confirmed in multiple samples, each
with refinement residuals <5%, and is consistent with other
similar compounds in this series [42,43]. The Yb and Se
sites are fully occupied, and all occupations measured are
consistent with the EDX measurements, within error. All of
the observed diffraction peaks correspond to the predicted
Bragg positions of the unit cell, represented by yellow circles

TABLE I. Atomic positions, isotropic displacement parameters,
and occupancies of YbCu1.14Se2.

Atom x y z Occ. Uiso

Yb 0 0 0 1 0.0129(2)
Se 1/3 2/3 0.75406(12) 1 0.0216(7)
Cu 1/3 2/3 0.3802(3) 0.566(7) 0.0108(2)

in Figs. 1(c) and 1(d), indicating that the Cu vacancies are not
ordered. Atomic positions, isotropic displacement parameters,
occupancies, and refinement details are presented in Table I.
Details about the refinement can be found in Table II. The
full crystallographic information file can be found at the Cam-
bridge Structural Database (CSD 2544411).

C. Bulk measurements

1. Magnetic susceptibility

We measured the temperature-dependent susceptibility of
YbCu1.14Se2 in a Quantum Design MPMS between 2 and
350 K in a 0.1-T in-plane magnetic field using a 0.2-mg
crystal. Data are shown in Fig. 2. The susceptibility diverges
at low temperatures consistent with a Kramers doublet ground
state. The inverse susceptibility [Fig. 2(b)] shows a nonlinear-
ity that is almost certainly due to crystal electric field effects
[44]. Comparison to KYbSe2, which has a similar bend in
susceptibility at slightly higher temperatures from a 17-meV
crystal electric field (CEF) mode [35,45], suggests ∼10 meV
separating the first excited CEF level from the ground state
doublet in YbCu1.14Se2.

Fitting a Curie-Weiss law to the susceptibility T > 200 K
gives an effective moment of 4.48(3) μB, close to the free
Yb3+ moment of 4.54 μB. Fitting the susceptibility T <

8 K gives an effective moment of 2.94(3) μB and a Weiss
temperature �W = −17.2(5) K, indicating antiferromagnetic
exchange within the ground state doublet. Note, however,
the magnitude of the low temperature �W should be taken
cautiously, as the Weiss temperature comes from a mean
field model that is only valid at high temperatures. Never-
theless, the overall sign of the exchange should be reliable.
Meanwhile, the high-temperature fit gives �W = −54(4) K,

TABLE II. Single-crystal refinement data for YbCu1.14Se2.

Temperature 295 K
Formula weight (g/mol) 403.40
Space group, Z P-3m1, 1
a (Å) 4.0209(3)
c (Å) 6.4492(12)
V (Å3) 90.30(2)
Extinction coefficient 0.138(7)
Wavelength (Å) 0.71073
θ range (deg) 3.159-30.418
No. reflections, Rint 3541, 0.0553
No. independent reflections 131
No. parameters 11
R1, wR2 0.0135, 0.0332
GooF 1.095
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FIG. 2. YbCu1.14Se2 magnetic susceptibility as a function of
temperature. (a) Shows the susceptibility, and (b) shows inverse sus-
ceptibility with Curie-Weiss fits to high- and low-temperature data.
The nonlinearity in χ−1 is due to crystal electric field effects.

but because CEF effects dominate this does not meaningfully
indicate the magnitude or sign of magnetic exchange [44].

2. Specific heat

We performed specific heat measurements at zero field
using a quasiadiabatic thermal relaxation technique in two
different cryostats. First, we collected specific heat data from
10 to 0.4 K in a Quantum Design Physical Property Mea-
surement System (PPMS) cryostat equipped with a 3He insert.
Second, we collected specific heat data between 2 K and
30 mK in an Oxford dilution refrigerator. The combined data
are shown in Fig. 3. The specific heat between 100 mK
and 10 K shows no clear anomaly indicative of magnetic

order, and besides a nuclear Schottky anomaly below 100 mK
(which may not indicate static electronic magnetism because
of Yb’s substantial quadrupolar nuclear hyperfine interaction
[47]), is largely featureless. In Figs. 3(b) and 3(c) we model
and subtract the nuclear Schottky anomaly [48] and plot C/T
and the integrated entropy �S = ∫

dT C
T . The C/T plot shows

sublinear specific heat from 100 mK up to 5 K, revealed
primarily by the negative slope in Fig. 3(b) for T > 0.2 K
(for T < 0.2 K the behavior is ambiguous, see Appendix E).
Meanwhile, the integrated entropy between 100 mK and 10 K
is around 80% R ln(2). Above 8 K the phonon contribution
becomes significant, as indicated by the specific heat in non-
magnetic LuCuSe2 [46], making it difficult to experimentally
discern whether the magnetic entropy converges to R ln(2),
though our theoretical models below indicate this is the case.

3. Ultra-low-temperature susceptibility

Finally, we measured the ultra-low-temperature magnetic
susceptibility using a custom-built ac susceptometer at SCM1
of National High Magnetic Field Laboratory in Tallahassee,
Florida. The susceptometer comprises a solenoidal coil that
generates the ac excitation magnetic field and a pair of op-
positely wound sensing coils positioned inside the solenoid.
These sensing coils are designed to have equal but opposite
mutual inductance, so that when connected in series, their
induced voltages cancel, yielding a net zero signal in the
absence of a sample. We placed a hexagon-shaped crystal,
approximately 1 mm in its longest dimension, at the center
of one of the sensing coils. The presence of the sample alters
the magnetic flux, inducing a net voltage across the sensing
coils that is proportional to the ac magnetic susceptibility. For
more details, see Ref. [49]. Both the ac excitation field and
the external dc magnetic field were applied along the in-plane
direction. The data are shown in Fig. 4.

In the zero-field temperature-dependent susceptibility,
there is a symmetric frequency-dependent peak at Tf ≈ 0.1 K
which is characteristic spin-glass freezing behavior [50]. We
find that the peak changes with applied field, shifting to higher
temperatures and broadening, shown in Fig. 6 in Appendix B.

Schottky

Schottky

Schottky

m
ag

FIG. 3. Zero-field heat capacity of YbCu1.14Se2. (a) Shows the total measured temperature-dependent heat capacity (Cnuc + Cmag + Cphon)
along with a modeled nuclear Schottky anomaly CSchottky and low-temperature electronic power law, and the specific heat from nonmagnetic
analog LuYbSe2 [46] as an estimate of the phonon contribution Cphon. (b) Shows C/T with the nuclear Schottky upturn subtracted (effectively
giving Cmag + Cphon) alongside the singlet-distribution model in Appendix E. The black line in (b) is the singlet-distribution model and the
green data show the LuCuSe2 Cphon phonon background (which was added to the model specific heat). (c) Shows the integrated magnetic
entropy (with the low-temperature nuclear Schottky upturn and phonon contribution subtracted).
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FIG. 4. Dilution refrigerator susceptibility of YbCu1.14Se2.
(a) Shows the zero-field temperature-dependent susceptibility, show-
ing a frequency-dependent symmetric peak indicating a glass-
freezing transition around 80 mK. (b) Shows the field-dependent
susceptibility (offset vertically for clarity) at different temperatures.
The absence of a sudden dip in susceptibility suggests YbCu1.14Se2

does not have a 1
3 magnetization plateau like AYbX2 compounds.

In the constant temperature field-dependent susceptibility, the
susceptibility curves are largely featureless. Importantly, there
is no dip in susceptibility from a 1

3 magnetization plateau
observed in other Yb delafossites around 3–5 T [33,36,51].
This plateau is a key feature of the 2D Heisenberg triangular
lattice model [52,53], and is present in most of the delafos-
site candidates for triangular QSL physics [33,36,37,45], but
disappears upon doping nonmagnetic sites into the lattice
[54]. Its absence in YbCu1.14Se2 therefore signals a significant
departure from the ideal 2D triangular Heisenberg model.

III. DISCUSSION

The SC-XRD results indicate a well-ordered triangular lat-
tice of Yb ions with a significant amount of disorder on the
Cu site: the Cu occupation is not the expected 50%. The lack
of ordering of Cu vacancies is consistent with previous x-ray
diffraction measurements, where Cu occupancy was freely re-
fined to be 1.08 [43] (per unit cell, or 54% occupied) as well as
reports of exactly 50% copper occupation [55]. However, the
related compound DyCuxSe2 has a reported Cu occupancy of
57%, matching our refined value remarkably well [42]. Impor-
tantly, the disorder on the nonmagnetic Cu itself is separated
from the Yb site with Se, shown in Fig. 1(a). The disordered
crystalline environment provides bond disorder which would
create a distribution of magnetic exchanges, similar to that in
YbZnGaO4 and YbMgGaO4 [20,22].

FIG. 5. Calculated specific heat for distributions of singlets.
(a) Shows the relative distribution w(�) of singlet-triplet gaps �

for a triangular (red), square (blue), and Dirac-delta function (green)
distribution. (b) Shows the numerically computed heat capacity via
Eq. (2), shown over the nuclear Schottky and phonon-subtracted
experimental data from Fig. 3.

Although the YbCu1.14Se2 susceptibility indicates a well-
defined local Yb3+ spin, heat capacity shows no clear
magnetic ordering transition (no spike or discontinuity that
is unambiguous). Meanwhile, the sublinear specific heat be-
tween 0.5 and 5 K shows a manifestly nonmagnon behavior.
A sublinear specific heat is neither consistent with a 2D
bosonic magnon dispersion (which in the low-T limit predicts
C ∝ T 2 for gapless linear modes or C ∝ eT if gapped) nor
with a Fermi surface (which regardless of dimensionality pre-
dicts C ∝ T as T → 0) [56]. Sublinear specific heat has been
observed in exchange-disordered magnets like Li4CuTeO6

[57] and YbMgGaO4 [16]; furthermore, theoretical calcu-
lations of a strongly disordered 2D triangular Heisenberg
antiferromagnet predicts a slightly sublinear specific heat
[22,58], and a bond-disordered Kitaev magnet also theoreti-
cally has sublinear low-temperature specific heat [59]. This
suggests perhaps a universal feature of disordered frustrated
systems.

The specific heat in Fig. 3 shows a power law C ∝ T 0.95(1)

up to 1 K, but above T = 1 K the behavior is sublinear but
not power law (Fig. 8 in Appendix E). To describe this be-
havior, we build a phenomenological specific heat model by
summing over a distribution of S = 1

2 singlet heat capacities
of a system of disordered quantum singlets. We begin with the
equation for specific heat of a generic multilevel system

C(T ) = 1

ZkBT 2

[ ∑
i

E2
i e

−Ei
kBT − 1

Z

( ∑
i

Eie
−Ei
kBT

)2]
, (1)

where Ei are the energy levels (for singlet-triplet gap �, E =
{0,�,�,�}) and Z is the partition function [56]. We then
compute the specific heat for a distribution w(�) of different
� values weighted corresponding to the relative abundance of
singlets with that splitting:

C(T )sum =
∫

w(�)C�i (T ) d�, (2)

where Eq. (1) is divided by 2 to get the specific heat per
spin rather than per dimer. Examples of three different w(�)
distributions are shown in Fig. 5: a square distribution, a
triangular distribution, and a delta function (all singlet-triplet
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gaps identical). Note that
∫

w(�) d� = 1 (for further details,
see Appendix E).

One peculiarity about the Eqs. (1) and (2) model is that the
T → 0 C/T behavior matches the functional form of w(�) as
� → 0. In Appendix E we show that that this relationship is
rigorous, and that

lim
T →0

Csum

T
∝ w(u0kBT ), (3)

where w(u0kBT ) is the singlet distribution function with �

replaced by a factor of T (and u0 = 3.55978 . . . ). This means
that the low-T C/T can be read directly as the low-� distri-
bution of singlets.

Following the triangular low-T C/T in Fig. 5(b), we find
that a triangular distribution of singlet gaps matches the data
very well, which is plotted in Fig. 5 [and also in Fig. 3(b)
with a nonmagnetic LuCuSe2 specific heat subtracted as a
phonon contribution]. The mean fitted singlet-triplet gap is
〈�〉 = 1.20 meV = 13.9 K, which corroborates the energy
scale from the low-temperature Weiss fit. This suggests a
triangular distribution of singlet-triplet gaps: the density of
spin pairs linearly decreases with the magnitude of the pair-
ing. In this linear distribution, 2.8% of singlets have � >

3 meV splitting, and nearly half (47%) of singlets have � <

1 meV splitting. This is essentially the picture of random
singlet formation, where the strong coupling in a random
exchange model produces a small number of strong singlets,
but as singlet pairs grow increasingly separated, the split-
ting grows increasingly numerous and weak. This simple toy
model neglects many-body effects beyond pairwise singlet
formation, but shows that the sublinear specific heat is con-
sistent with a distribution of singlet pairing from Cu vacancy
disorder.

The ac susceptibility measurements indicate a spin freez-
ing temperature of ∼0.1 K, similar to disordered triangular
YbMgGaO4 and YbZnGaO4 [20]. This frequency-dependent
peak has been observed in other triangular Yb compounds
[51,60,61], and can be generically interpreted as an energy
scale below which the spins are frozen, which, due to the
distribution of exchange energies, depends on the frequency
probed. The freezing energy scale here (Tf ∼ 0.1 K) is very
small compared with a 17.2(5)-K Weiss temperature (or the
mean singlet-triplet splitting from heat capacity 〈�〉/kB =
13.9 K), which suggests strong quantum dynamics above the
freezing temperature.

Occam’s razor would suggest that disorder destroys the
possible QSL state in YbCu1.14Se2. However, the facts that
(i) Tf is two orders of magnitude below the ∼10 K exchange
energy scale from the Weiss temperature and specific heat
fitted 〈�〉, and (ii) that the majority of R ln(2) magnetic en-
tropy is recovered above Tf , together indicate a significant
amount of magnetic correlation buildup that is not glasslike.
Thus, it could be that above a certain energy scale, there
are substantial quantum dynamics and correlations present.
Indeed, recent exact diagonalization simulations of a strongly
disordered 2D triangular lattice reveal a nontrivial amount of
quantum entanglement depth in the ground state [25]. That is,
the entanglement is not simply distributed pairwise, but forms
a nontrivial longer-ranged structure. This behavior is remi-
niscent of 2D square lattice random singlet phases [26,62–

65], but here we add the additional ingredient of a frustrated
lattice geometry, which can enhance the entanglement in the
system.

The behavior of YbCu1.14Se2 is strikingly similar to
YbMgGaO4: intrinsic disorder in a nonmagnetic layer adja-
cent to magnetic Yb ions [15], no magnetic ordering transition
[14], sublinear specific heat [14,16], and frequency-dependent
glass freezing around 100 mK [20]. This suggests a possible
universal behavior of disordered triangular lattice magnets.

This universality may extend beyond Yb triangular lattices.
Empirically, many frustrated magnets show extreme sensitiv-
ity to disorder: compare triangular κ-(BEDT-TTF)2Cu2(CN)3

[66], triangular Cs2CuCl3 [67], kagome herbertsmithite
[68], pyrochlore Yb2Ti2O7 [69], and frustrated square
Sr2CuTe1−xWxO6 [70]. Rather than characterize them as in-
dependent disordered or glassy states, they may be in a
class of 2D random singlet-forming states. The addition of
YbCu1.14Se2 to this family reinforces the generality of these
features, and calls for a generic explanation of exchange-
disordered quantum spin liquids.

IV. SUMMARY AND CONCLUSION

We synthesized the 2D triangular YbCu1.14Se2 and showed
that it has ideal 2D planes of magnetic Yb with intrinsic
Cu disorder between planes. Magnetic susceptibility and heat
capacity show no magnetic order and evidence of spin-glass
freezing, putatively driven by the distribution of magnetic
exchanges from the disordered crystal structure.

The large difference between the Weiss temperature and
spin freezing temperature Tf , as well as the significant
magnetic entropy recovered above Tf , indicate substantial
correlations above the freezing temperature. The sublinear
specific heat is also reminiscent of the disordered triangular
Yb magnet YbMgGaO4, which shows some very nontriv-
ial quantum behaviors. Thus, despite the glassy features,
YbCu1.14Se2 appears to show strong quantum behavior and
is a candidate for studying 2D random singlet physics in a
frustrated lattice.

The abundance of failed QSL candidate materials opens
the following question: Are disordered triangular spin liquids
2D random singlet phases? Magnetic frustration is a crucial
component for enhancing both the QSL and random singlet
phases. But where disorder destroys the QSL, it provides
the environment for singlet pairing. Here, we show that 2D
materials which have failed to show QSL behavior due to
lattice disorder still show strong quantum behavior, and may
have a universality class of their own.
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APPENDIX A: SC-XRD REFINEMENT DETAILS

We collected the data for crystal structure refinement using
a Bruker D8 VENTURE KAPPA single crystal x-ray diffrac-
tometer with an IµS 3.0 microfocus source (Mo Kα λ =
0.71073 Å), a HELIOS optics monochromator, and a PHO-
TON II CPAD detector. We integrated the data with SAINT
V8.41 and a multiscan absorption correction was applied.
Initial structural models were obtained via intrinsic phasing
methods in SHELXT 2018/2 and refined by full-matrix least-
squares methods against F2 using SHELXL-2019/2 [72].

APPENDIX B: AC SUSCEPTIBILITY IN FIELD

We performed dilution refrigerator AC susceptibility mea-
surements as a function of temperature in the same manner
described above using an ac frequency of 219 Hz and field
applied in the plane. The measurement protocol was to first
sweep the field up to 18 T at a particular temperature, increase
the temperature, then sweep down the field down to 0 T. Data
are shown in Fig. 6. The H = 0 plot is the same as in Fig. 2(a)
and shows the Tf 	 0.1 K spin freezing. With increasing field,
the bump moves up in temperature and broadens, shown in the
inset of Fig. 6. At H = 0.2 T, the susceptibility has a signifi-
cant linear portion plus a broad peak whereas by H = 0.5 T,
the curve is mostly flat with just a bump at Tf . At H = 0.2 T,
the bump is centered at 377(1) mK and at H = 0.5 T it has

FIG. 6. Susceptibility measurements at low temperature with
applied field. The ac frequency was fixed to f = 219 Hz and the
magnetic field was applied in the plane. The inset shows a zoomed-in
view of the H = 0.2 and 0.5 T measurements with the transition
temperature marked.

FIG. 7. (a) Resistance versus temperature of YbCu1.14Se2 and
(b) the resulting Arrhenius plot fit showing semiconducting behavior.

reached 542(2) mK, obtained by fitting the broad peaks with
Gaussian functions. The linear portion of the H = 0.2 T data
was subtracted off before fitting with the Gaussian function to
obtain the center value.

APPENDIX C: RESISTIVITY IN ZERO FIELD

Since Cu was chosen to push this material closer to a
metallic state, and since there is an excess of Cu in the samples
measured here, it is important to verify that the material re-
mains insulating. We performed resistance measurements on
YbCu1.14Se2 and observe semiconducting behavior from 236
to 300 K [Fig. 7(a)]. The Arrhenius fit taken from these data
gives a gap value of 307.35(54) meV [Fig. 7(b)]. Such behav-
ior is consistent with other compositions of YbCuxSe2, which
also show semiconducting behavior with resistivity [43].

APPENDIX D: NUCLEAR SCHOTTKY MODEL

We modeled the nuclear Schottky anomaly using Eq. (1)
and energy levels defined by a linear Zeeman splitting

Hzeeman = a〈Jz〉Iz, (D1)

where Jz and Iz are the electronic and nuclear spin operators
and a is a coupling constant taken from Ref. [47]. We com-
puted the specific heat from the of the I = 5

2 and I = 7
2 of

171Yb and 173Yb nuclei, with their natural abundance ratios of
14.2% and 16.1% respectively [73] to get the nuclear Schot-
tky anomaly in the main text. We assumed a uniform static
electronic moment 〈Jz〉 which fitted to a value of 0.779(9) μB,
which in principle corresponds to the root-mean-squared
(RMS) static electronic moment [48]; however, the substan-
tial nuclear quadrupole coupling of Yb will also produce an
energy splitting which produces a nuclear Schottky anomaly
even with zero 〈Jz〉 [47], so this is not necessarily a reliable
measure of the RMS static electronic moment. Nevertheless,
this procedure matches the nuclear Schottky anomaly well
and allows us to isolate the electronic heat capacity at low
temperatures.

APPENDIX E: SINGLET-DISTRIBUTION SPECIFIC
HEAT MODEL

Despite the fact that the T < 1 K data roughly follow a
T 0.95(1) power law, above 1 K the behavior strongly devi-
ates from power-law behavior. Figure 8 shows the zero-field
YbCu1.14Se2 specific heat fitted to a power law, which pro-
vides a poor match. Figure 9 shows the specific heat data

134427-6
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FIG. 8. YbCu1.14Se2 zero-field magnetic specific heat (nuclear
Schottky Cnuc and phonon Cphon contributions subtracted) fitted to a
power law for 0.5 K < T < 5 K (red line) and fitted to T < 1 K
(black dashed line, from Fig. 3(a)). As is evident from the fit, the
trend of the data is linear in C/T vs T , which does not follow a
power law.

focusing on the low-temperature behavior. This highlights the
inexact fit of the T n power law below T = 0.2 K. The small
hump between 0.1 and 0.2 K may be a real feature of the
density of states, as the system approaches the glass freez-
ing transition temperature from susceptibility and correlations
extend beyond pairwise singlets. However, above T = 0.2 K
(where the nuclear Schottky anomaly is essentially negligi-
ble) the specific heat becomes featureless and monotonically
decreasing with a negative slope in C/T . To better describe
the specific heat over its full temperature range, we build a
phenomenological model of disordered quantum singlets as
described in the main text.

Remarkably, the specific heat computed from the triangular
w(�) distribution matches the linear C/T vs T data extremely
well between 1 and 5 K. There is no physical reason why
the distribution must be triangular, but we do note that this

FIG. 10. Calculated specific heat for triangular distributions of
singlets, showing how the range of singlet distribution determines
the T → 0 slope of the computed specific heat.

vaguely matches the expectation for random singlets, where
a small number of singlets have strong pairing (large �) and
a large number of singlets have weak pairing (small �). See
the schematic in Fig. 13(a). The negative slope of the C/T
vs T curve is determined by the singlet distribution range in
energy, shown in Fig. 10. Fitting the range of the triangular
distribution yields a best-fit maximum gap of 3.611(7) meV
(the one free parameter in this model). When plotted atop a
phenomenological T 3 Debye phonon contribution [56], the
model matches the data up to 10 K, as shown in Fig. 3.
The calculated specific heat has no residual entropy as it by
construction converges to R ln(2). This indicates that there is
in fact no residual magnetic entropy in YbCu1.14Se2, despite
the disordered exchange and glass freezing.

T → 0 behavior of C/T

Figures 5 and 10 show a correspondence between w(�)
and the low-T functional form of C/T . We can mathemati-
cally show this relationship to be generic. Considering Eq. (1)
for a dimer singlet with triplet gap �, we simplify the equa-
tion to be

C(�, T ) = 3e
�

kBT �2

2(3 + e
�

kBT )2kBT 2
. (E1)

Schottky

Schottky

Schottky

Schottky

FIG. 9. YbCu1.14Se2 zero-field total specific heat from Fig. 3 (Cnuc + Cmag + Cphon), plotted in a log-log plot and the fitted power law (which
fails above T = 1 K, see Fig. 8) (a) and with a closeup of C/T < 0.5 K, (b) (Cmag + Cphon). The plot in (b) shows significant noise in the data
where the nuclear Schottky has been subtracted. There is also a “hump” in the data at 0.15 K potentially indicating correlations beyond the
random singlet model. (c) Shows the full temperature range of specific heat with and without the nuclear Schottky contribution Cnuc, showing
that the sublinear specific heat above T = 0.5 K does not depend on how the nuclear Schottky anomaly is treated.
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FIG. 11. Calculated specific heat from Eq. (E1) as a function
of � for various temperatures T . As T → 0, the function becomes
sharper and narrower, and can be approximated by a Dirac delta
function (E2).

The functional form of this equation is shown in Fig. 11.
In the limit that T → 0, Eq. (E1) becomes sharper and nar-
rower and can be approximated as a Dirac delta function
in �. The integral of C(�, T )/T over � is a constant A =∫ ∞

0 d�C(�, T )/T = 1.93938 R kB where R is the gas con-
stant and kB is the Boltzmann constant. Meanwhile, the peak
center in C(�, T )/T in T is found at T = �

u0kB
where u0 =

3.559780297 . . . (a transcendental numerical root). Thus, in
the T → 0 limit we can write

lim
T →0

C(�, T )/T = A δ(u0kBT − �). (E2)

Inserting into Eq. (2) and carrying out the integral then gives

lim
T →0

C(T )sum

T
= A w(u0kBT ), (E3)

where the constants A and u0 are defined above.

This equation explicitly shows how in the T → 0 limit,
C/T ∝ w(u0kbT ) where w(�) is the distribution of singlets.
This explains why the functional form of w(�) matches the
low-T C/T .

Figure 12 compares Eq. (E3) to (E1) for a variety of w(�)
distributions and shows that up to an appreciable T , Eq. (E3) is
accurate. [Note that we have only carried out this analysis for
smoothly varying w(�) near � → 0; if this is not the case, the
assumptions behind treating Eq. (E1) as a Dirac delta function
may break down.] This implies that one can directly read
the distribution of singlets from the low-T behavior of C/T .
For YbCu1.14Se2, the singlet distribution is clearly triangular
(or something close to triangular) with a negative slope in
w(�).

Interestingly, for the power-law distributions w(�) = �−1

and w(�) = �1/2, Eq. (E3) perfectly matches Eq. (E1) up
to higher temperatures. This would imply a universal scal-
ing collapse in C for power law w(�), as observed in
Ref. [74].

APPENDIX F: SUSCEPTIBILITY FROM SINGLET
DISTRIBUTION MODEL

The singlet distribution model can also be used to com-
pute susceptibility. The equation for dimer susceptibility with
singlet-triplet gap � and at magnetic field h is given by

χ (�, T, h) = 4μ2

kBT
e−�/kBT 1

Z

(
2 cosh

(
2μh

kBT

)

− e−�/kBT

Z
2 sinh2

(
2μh

kBT

))
, (F1)

where μ is the effective moment size of the spins and Z is the
partition function [this is a straightforward calculation from
χ (T ) = kBT ∂2 ln Z

∂h2 ]. We can sum over a distribution in the
same way as Eq. (2) summed over heat capacity. In Fig. 13
we compute the susceptibility of distributions of dimers from
the main text. Just as with C/T , the low-temperature limit of
susceptibility follows the same trend as the distribution: the

(E1)
(E3)

(E1)
(E3)

(E1)
(E3)

(E1)
(E3)

(E1)
(E3)

(E1)
(E3)

FIG. 12. Calculated specific heat for six distributions of singlets (a)–(f), comparing the computed heat (g)–(l) from both Eqs. (E1) and (E3).
If T is small compared to the energy scale of the distribution, the correspondence is near perfect. Interestingly, for the power-law distributions
in (e) and (f), the correspondence seems to hold up to higher temperatures as well.
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FIG. 13. Calculated susceptibility for different distributions of
singlets at μ0H = 0.1 T, compared to experimental YbCu1.14Se2

susceptibility.

triangular distribution gives linear χ as T → 0, the square
distribution gives a flat χ as T → 0, and the delta function
gives χ = 0 as T → 0. (As an aside, this highlights how a
power-law distribution of singlet splitting leads to the scaling
collapse in Refs. [22,74].) Unlike heat capacity, however, it
is not as straightforward to compare to the experimental data
because the crystal electric fields cause the effective moment
to change as a function of temperature, and having the correct
moment (slope in χ−1) at low temperatures causes the model
to have too small susceptibility at high temperatures, which is
seen in Fig. 13.

Absent a reliable CEF model, we merely focus on the
lowest-temperature behavior (T < 5 K). The triangular distri-
bution matches the experimental data much better than a flat
distribution or a delta function distribution, though the overall
size of the moment was scaled as a free parameter. This con-
firms that the triangular distribution of singlets is a reasonable
approximation to the magnetic state in YbCu1.14Se2.

et al.
et al.

FIG. 14. Specific heat for YbCuxSe2 from this study and from
Ref. [46] alongside LuCuSe2 data from Ref. [46]. The low-
temperature data do not match, indicating differences in the magnetic
density of states from competing synthesis methods.

APPENDIX G: SAMPLE-DEPENDENT SPECIFIC HEAT

In the final stages of manuscript preparation, Ref. [46]
appeared which also reports the basic properties of YbCuSe2.
In Fig. 14 we plot the heat capacity from Ref. [46] compared
with the data in this study. The discrepancy is quite dramatic,
with Ref. [46] following much more of a power law. This
indicates a noticeable difference in the magnetic density of
states from different synthesis processes, and highlights that
sample quality and stoichiometry have substantial effects on
the collective magnetism.

[1] P. W. Anderson, Resonating valence bonds: A new kind of
insulator? Mater. Res. Bull. 8, 153 (1973).

[2] L. Savary and L. Balents, Quantum spin liquids: a review, Rep.
Prog. Phys. 80, 016502 (2017).

[3] C. Broholm, R. Cava, S. Kivelson, D. Nocera, M. Norman,
and T. Senthil, Quantum spin liquids, Science 367, eaay0668
(2020).

[4] Y. Li, P. Gegenwart, and A. A. Tsirlin, Spin liquids in geomet-
rically perfect triangular antiferromagnets, J. Phys.: Condens.
Matter 32, 224004 (2020).

[5] Y. Zhou, K. Kanoda, and T.-K. Ng, Quantum spin liquid states,
Rev. Mod. Phys. 89, 025003 (2017).

[6] Y. Iqbal, W.-J. Hu, R. Thomale, D. Poilblanc, and F. Becca, Spin
liquid nature in the Heisenberg J1 − J2 triangular antiferromag-
net, Phys. Rev. B 93, 144411 (2016).

[7] C. A. Gallegos, S. Jiang, S. R. White, and A. L. Chernyshev,
Phase diagram of the easy-axis triangular-lattice J1-J2 model,
Phys. Rev. Lett. 134, 196702 (2025).

[8] Z. Zhu and S. R. White, Spin liquid phase of the s = 1
2 J1 − J2

Heisenberg model on the triangular lattice, Phys. Rev. B 92,
041105(R) (2015).

[9] W.-J. Hu, S.-S. Gong, W. Zhu, and D. N. Sheng, Com-
peting spin-liquid states in the spin- 1

2 Heisenberg model

on the triangular lattice, Phys. Rev. B 92, 140403(R)
(2015).

[10] S.-S. Gong, W. Zhu, J.-X. Zhu, D. N. Sheng, and K. Yang,
Global phase diagram and quantum spin liquids in a spin- 1

2
triangular antiferromagnet, Phys. Rev. B 96, 075116 (2017).

[11] J. Knolle and R. Moessner, A field guide to spin liquids, Annu.
Rev. Condens. Matter Phys. 10, 451 (2019).

[12] J. Wen, S.-L. Yu, S. Li, W. Yu, and J.-X. Li, Experimental
identification of quantum spin liquids, npj Quantum Mater. 4,
12 (2019).

[13] Y. Shen, Y.-D. Li, H. Wo, Y. Li, S. Shen, B. Pan, Q. Wang, H.
Walker, P. Steffens, M. Boehm, et al., Evidence for a spinon
Fermi surface in a triangular-lattice quantum-spin-liquid candi-
date, Nature (London) 540, 559 (2016).

[14] J. A. M. Paddison, M. Daum, Z. Dun, G. Ehlers, Y. Liu, M. B.
Stone, H. Zhou, and M. Mourigal, Continuous excitations of the
triangular-lattice quantum spin liquid YbMgGaO4, Nat. Phys.
13, 117 (2017).

[15] Y. Li, H. Liao, Z. Zhang, S. Li, F. Jin, L. Ling, L. Zhang, Y.
Zou, L. Pi, Z. Yang, J. Wang, Z. Wu, and Q. Zhang, Gapless
quantum spin liquid ground state in the two-dimensional spin-
1/2 triangular antiferromagnet YbMgGaO4, Sci. Rep. 5, 16419
(2015).

134427-9

https://doi.org/10.1016/0025-5408(73)90167-0
https://doi.org/10.1088/0034-4885/80/1/016502
https://doi.org/10.1126/science.aay0668
https://doi.org/10.1088/1361-648X/ab724e
https://doi.org/10.1103/RevModPhys.89.025003
https://doi.org/10.1103/PhysRevB.93.144411
https://doi.org/10.1103/PhysRevLett.134.196702
https://doi.org/10.1103/PhysRevB.92.041105
https://doi.org/10.1103/PhysRevB.92.140403
https://doi.org/10.1103/PhysRevB.96.075116
https://doi.org/10.1146/annurev-conmatphys-031218-013401
https://doi.org/10.1038/s41535-019-0151-6
https://doi.org/10.1038/nature20614
https://doi.org/10.1038/nphys3971
https://doi.org/10.1038/srep16419


CAITLIN S. T. KENGLE et al. PHYSICAL REVIEW B 113, 134427 (2026)

[16] Y. Xu, J. Zhang, Y. S. Li, Y. J. Yu, X. C. Hong, Q. M. Zhang,
and S. Y. Li, Absence of magnetic thermal conductivity in the
quantum spin-liquid candidate YbMgGaO4, Phys. Rev. Lett.
117, 267202 (2016).

[17] X. M. Zhang, F. Mahmood, M. Daum, Z. Dun, J. A. M.
Paddison, N. J. Laurita, T. Hong, H. Zhou, N. P. Armitage,
and M. Mourigal, Hierarchy of exchange interactions in the
triangular-lattice spin liquid YbMgGaO4, Phys. Rev. X 8,
031001 (2018).

[18] X. Rao, G. Hussain, Q. Huang, W. Chu, N. Li, X. Zhao, Z.
Dun, E. Choi, T. Asaba, L. Chen, et al., Survival of itinerant
excitations and quantum spin state transitions in YbMgGaO4

with chemical disorder, Nat. Commun. 12, 4949 (2021).
[19] Y. Li, D. Adroja, R. I. Bewley, D. Voneshen, A. A. Tsirlin, P.

Gegenwart, and Q. Zhang, Crystalline electric-field randomness
in the triangular lattice spin-liquid YbMgGaO4, Phys. Rev. Lett.
118, 107202 (2017).

[20] Z. Ma, J. Wang, Z.-Y. Dong, J. Zhang, S. Li, S.-H. Zheng, Y.
Yu, W. Wang, L. Che, K. Ran, S. Bao, Z. Cai, P. Čermák, A.
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