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Triangular-lattice compounds serve as a prototypical example of geometrically frustrated systems and can host
a variety of quantum states, among which quantum spin liquids (QSLs) are particularly intriguing. However,
structural disorder is often present in real QSL candidates and it may drive the system into a spin-glass
state. Here, we have successfully grown the single crystals of a new triangular-lattice rare-earth compound
K2CsYb(PO4)2. X-ray diffractions confirm high phase purity with no detectable structural disorder. The dc
magnetic susceptibility measurements reveal dominant magnetic anisotropy, with a stronger response in the
ab plane than along the c axis. Notably, no phase transition or spin freezing is observed, as further corroborated
by ac susceptibility measurements down to 400 mK. Moreover, specific heat measurements down to 50 mK
show no hint of long-range magnetic order either, but only an anomaly that can be well fitted by a two-level
Schottky function due to the splitting of the Kramers doublet ground state. Collectively, these findings point to a
spin disordered ground state consistent with QSL behaviors. To gain deeper insight into the underlying physics,
first-principles calculations based on density functional theory are carried out, suggesting a strong spin-orbit
entangled ground state characterized by an effective spin Jeff = 1/2. Our work establishes K2CsYb(PO4)2 as a
pristine platform for exploring novel quantum states in a perfect triangular-lattice system.

DOI: 10.1103/jzd6-5354

I. INTRODUCTION

Geometrical frustration provides a fundamental mecha-
nism for introducing quantum fluctuations into a magnetic
system, which can give rise to a variety of quantum states
[1–3]. Especially in triangular-lattice rare-earth compounds,
the spin-orbit entangled nature of 4 f electrons often results in
anisotropic spin interactions that further enhance these fluc-
tuations and may bring a quantum disordered state known
as quantum spin liquids (QSLs) [4–7]. This novel state re-
mains a topical issue in modern condensed matter physics due
to the relevance to high-temperature superconductivity [8,9]
and potential applications in topological quantum computa-
tion [10,11]. To gain deeper insight into the QSL physics,
the search for real QSL materials has become an ongoing
task since Anderson proposed the prototype of the resonating
valence bond model [12–14].
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Among the triangular-lattice rare-earth materials,
ytterbium-based compounds stand out as the promising
QSL candidates [4,15–17], since their small effective
spin Jeff = 1/2 favors a dynamically fluctuating ground
state [4,5,15]. A notable example is the triangular-lattice
antiferromagnet YbMgGaO4, which has garnered substantial
attention in recent years due to the possible realization
of a gapless QSL [4,18–20]. This claim is supported by
multiple experimental observations, including the power-law
temperature dependence of magnetic specific heat [18,20],
persistent spin dynamics at subkelvin temperatures evidenced
by muon spin relaxation (μSR) spectra [21,22], and
spin excitation continuum captured in neutron scattering
spectra [19,20]. However, further investigations of thermal
conductivity fail to probe the itinerant spinons expected
in a QSL [23]. Instead, the ac magnetic susceptibility
measurements directly reveal a spin-glass transition near
0.1 K [24], casting doubt on the initial scenario of a QSL.
Regarding the discrepancy among these findings, a vigorous
debate is ongoing. The crux of the matter lies in whether the
observed spin-liquid-like behaviors originate from intrinsic
quantum fluctuations or from structural disorder caused by
Mg2+/Ga3+ site mixing [24–28]. Such a problem is actually
ubiquitous in other QSL candidates [13,14,29,30]. For
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instance in the well-known herbertsmithite ZnCu3(OH)6Cl2,
antisite disorder between Cu2+ and Zn2+ ions is significant
and it may contribute to the low-energy magnetic excitations
[31,32], complicating the interpretation of its intrinsic ground
state upon an ideal kagome framework [33–35].

Motivated by the disorder problem in real QSL candi-
dates, the new class of ytterbium-based compounds AYbCh2

(A = alkali metal, Ch = chalcogen) have emerged as a
promising alternative [36–41]. The significant difference in
ionic radii between alkali-metal ions and Yb3+ effectively
preclude structural disorder in these materials [15]. Never-
theless, considering the challenge in preparing high-quality
and large-sized single crystals, especially for the oxygen-
and sulfur-containing members within this category [7,15,37],
further exploration of new ytterbium-based triangular-lattice
compounds that are both free from disorder and accessible in
the single-crystals form has become a vital step toward well
understanding the novel quantum states inherent in geometri-
cally frustrated systems.

In this work, we report the successful synthesis and
comprehensive characterizations of a new triangular-lattice
compound, K2CsYb(PO4)2. X-ray diffraction (XRD) reveals
the high phase purity and a disorder-free triangular frame-
work. Magnetic anisotropy is evident from the dc magnetic
susceptibility results, where larger susceptibility in the ab
plane (||) than that along the c axis (⊥) is characteristic of
easy-plane type. A fit to the low-temperature data yields the
Curie-Weiss temperature �|| = −0.03 K and �⊥ = −0.71 K
for these two directions, respectively, indicating the dominant
antiferromagnetic interactions. The extracted Landé factors
g|| = 3.00 and g⊥ = 1.99 agree well with that of g|| = 2.85 and
g⊥ = 1.83 derived from the isothermal field dependent magne-
tization data. Remarkably, no phase transition or spin freezing
is detected down to 1.8 K, as confirmed by the ac suscep-
tibility extending to 400 mK. Ultralow-temperature specific
heat measurements down to 50 mK reveal no λ-shaped peak
indicative of a phase transition, but show a Schottky anomaly
that is well described by a two-level system. Further first-
principles calculations based on density functional theory
establish a spin-orbit entangled ground state with an effective
spin Jeff = 1/2, suggesting the intriguing quantum magnetism
in this new compound.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

Polycrystalline samples of K2CsYb(PO4)2 were synthe-
sized via the conventional solid-state reaction method. The
raw materials K2CO3 (99.99%), Cs2CO3 (99.99%), Yb2O3

(99.99%), and (NH4)2HPO4 (99.99%) were dried before
weighing and were thoroughly ground in a stoichiometric pro-
portion. Then the well-mixed precursors were loaded into an
alumina crucible and heated at 800 ◦C in air for 96 h, with an
intermediate grinding to ensure phase purity. High-quality sin-
gle crystals were grown by the high-temperature flux method
through spontaneous crystallization, so the obtained crystals
exhibit a mirrorlike cleaved surface with the largest edge up
to 1 cm, as shown in the left inset of Fig. 1(d).

XRD data of polycrystalline samples were collected at
room temperature in an x-ray diffractometer (SmartLab SE,
Rigaku) using the Cu-Kα edge with a wavelength of 1.54 Å,
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FIG. 1. (a) Schematic crystal structure of K2CsYb(PO4)2.
(b) Top view of the magnetic triangular layer consisting of YbO6

octahedra. (c) Rietveld refinement results of room-temperature XRD
data for K2CsYb(PO4)2. Red circles, black solid line, and green ticks
indicate the measured data points, calculated results upon Rietveld
refinements, and Bragg peak positions, respectively. Blue solid line
represents the difference between the experiments and calculations.
(d) XRD data taken on the (00L) crystal surface. Left, middle, and
right insets show a photograph of transparent K2CsYb(PO4)2 sin-
gle crystals, the single-crystal XRD pattern of the (HK0) reflection
plane, and the x-ray Laue pattern of the (00L) plane, respectively.

while the cleaved surface of a single crystal was identified
as the (00L) plane by another x-ray diffractometer (D8 Ad-
vance Eco, Bruker) with the same setting parameters. Rietveld
refinements on the XRD data were performed by GSAS
software. Single-crystal XRD data were collected at room
temperature in an x-ray diffractometer (XtaLAB Synergy-R,
Rigaku) using Mo-Kα radiation with a wavelength of 0.71 Å.
The observed reflections were indexed and integrated us-
ing the data reduction program CRYSALISPRO. An x-ray

035157-2



MAGNETIC ANISOTROPY AND SPIN-DISORDERED … PHYSICAL REVIEW B 113, 035157 (2026)

backscattering Laue (Photonic Science) pattern was taken
with the beam perpendicular to the cleavage plane. The dc
magnetic susceptibility was measured on a piece of single
crystal with the field applied parallel and perpendicular to
the ab plane, respectively, over the temperature range of 1.8–
350 K in a Quantum Design physical property measurement
system (PPMS, Dynacool) equipped with a vibrating sample
magnetometer option. The ac susceptibility data were ob-
tained in a Quantum Design magnetic property measurement
system with a He3 insert for temperature ranging from 0.4
to 3 K and for driving frequencies from 50 to 1000 Hz.
Ultralow-temperature specific heat was measured by the re-
laxation method in a PPMS Dynacool equipped with a dilution
refrigerator, which allows for measurements down to 50 mK.
The optical diffuse reflectance spectra were obtained at room
temperature in a UV-Vis-NIR spectrometer (Cary 5000, Agi-
lent) with wavelengths from 200 to 2000 nm.

The first-principles calculations were performed using the
Vienna Ab initio Simulation Package (VASP) [42] based on
density functional theory. The projector augmented wave
method was employed to describe the effect of core electrons
[43]. The exchange-correlation functional was treated within
the generalized gradient approximation of Perdew-Burke-
Ernzerhof [44]. The energy cutoff for the plane-wave basis
set was set to 520 eV, and a �-centered 9 × 9 × 4 Monkhorst-
Pack k-point mesh was used for the Brillouin zone sampling.
The experimentally determined crystal structure was adopted
in our calculations.

III. RESULTS

A. Crystal structure and x-ray diffraction

Figures 1(a) and 1(b) illustrate the schematics of the crystal
structure and a magnetic triangular layer of K2CsYb(PO4)2,
respectively. It crystallizes in the space group P3̄m1, isostruc-
tural to our recently synthesized rare-earth compounds
Rb3Yb(VO4)2 and Cs3Yb(VO4)2 [17]. The magnetic layers
are composed of edge-sharing YbO6 octahedra and are di-
rectly stacked with an AAA sequence along the c axis, in
contrast with the ABC arrangement commonly observed in
ytterbium-based QSL candidates, such as YbMgGaO4 and the
AYbCh2 family [15,18]. Nonmagnetic ions of alkali metals
fully occupy the interlayer sites, effectively suppressing the
magnetic exchange interactions along the c axis.

We firstly collected the XRD data at room temperature
for polycrystalline samples of K2CsYb(PO4)2, and the results
along with the Rietveld refinements are shown in Fig. 1(c).
There is an excellent agreement between the experimen-
tal and calculated results, with no impurity phase detected
in the sample. The refinements yield the lattice parameters
a = b= 5.61406(12) Å, c = 7.97402(24) Å, and α = β = 90◦,
γ = 120◦. From this result, we calculate the ratio of interlayer-
to-intralayer distance (dinter/dintra) for the nearest-neighbor
Yb3+ ions to be 1.42. This value is a bit larger than that of 1.32
determined in another QSL candidate Na2BaCo(PO4)2 [45],
which also features AAA-stacked triangular magnetic layers,
suggesting the enhanced two-dimensional magnetic isola-
tion in K2CsYb(PO4)2. The final refinement parameters are
Rp ≈ 6.56%, Rwp ≈ 8.82%, and χ2 ≈ 2.57. These low values
demonstrate the goodness of fitting and high phase purity of

TABLE I. Refined structural parameters upon both powder
and single-crystal XRD data collected at room temperature for
K2CsYb(PO4)2.

Sample type Atom Site x y z Occ. Uiso (Å2)

K 2d 0.3333 0.6667 0.2621 1 0.016
Cs 1b 0 0 0.5 1 0.016

Powder Yb 1a 0 0 0 1 0.025
P 2d 0.3333 0.6667 0.7786 1 0.007

O(1) 6i 0.1985 0.8015 0.8246 1 0.019
O(2) 2d 0.3333 0.6667 0.5486 1 0.023

K 2d 0.3333 0.6667 0.2504 1 0.019
Cs 1b 0 0 0.5 1 0.019

Single crystal Yb 1a 0 0 0 1 0.008
P 2d 0.3333 0.6667 0.7723 1 0.007

O(1) 6i 0.1846 0.8155 0.8398 1 0.020
O(2) 2d 0.3333 0.6667 0.5843 1 0.024

our synthesized samples. On the other hand, single-crystal
XRD diffraction was also performed to confirm the structure,
as shown in the middle inset of Fig. 1(d). The comparison
of main structural parameters yielded from both powder and
single-crystal diffractions are summarized in Table I, exhibit-
ing no significant difference between the two datasets. It
is worth noting that the occupancies for different types of
ions are all 1, confirming the structurally disorder-free nature
for this compound. Additionally, we also characterized the
cleaved surface of the single crystals using both an x-ray
diffractemeter and an x-ray backscattering Laue diffractome-
ter. As shown in Fig. 1(d), all the observed peaks are sharp and
can be indexed as (00L) reflections, indicating the high quality
of the measured single crystal. This is further confirmed by the
Laue pattern shown in the right inset of Fig. 1(d). It exhibits
clear and bright spots with a sixfold symmetry, characteristic
of a triangular framework.

B. Magnetic susceptibility

Figure 2(a) depicts the temperature dependence of dc mag-
netic susceptibility (χ ) measured with the fields applied both
parallel and perpendicular to the ab plane. As temperature
decreases from 350 to 1.8 K, the susceptibility increases grad-
ually along both directions, but more rapidly within the ab
plane than along the c axis, suggesting pronounced easy-plane
magnetic anisotropy. Notably, no evidence of long-range
magnetic transition is observed in the measured tempera-
ture range. Furthermore, the absence of bifurcation between
zero-field-cooling (ZFC) and field-cooling (FC) data excludes
a spin-glass state. Figure 2(b) shows the corresponding in-
verse susceptibility data. At high temperatures, it exhibits
a linear behavior and can be well described by the Curie-
Weiss law χ = C/(T − �) above 150 K, where C and �

denote Curie-Weiss constant and Curie-Weiss temperature,
respectively. From this fit, we obtain �|| = −82.39 K and
�⊥ = −47.85 K, with the effective moments μeff = 4.17 and
4.35μB for these two directions, respectively. These values of
the effective moments are close to the expected 4.54μB for
a free Yb3+ ion in a trivial paramagnet [46]. We emphasize
that the high-temperature fitting just reflects the thermally
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FIG. 2. (a) Temperature dependence of dc magnetic susceptibility (χ ) for K2CsYb(PO4)2 single crystals measured along two distinct
directions at a field of 0.1 T. The measurements were performed both at zero-field-cooling (ZFC) and field-cooling (FC) conditions. These
data are corrected by subtracting the Van Vleck paramagnetic susceptibility (χVV) extracted from Fig. 3. The inset shows complete magnetic
loops along two directions at 2 K. (b) Temperature dependence of inverse dc susceptibility obtained from the ZFC data shown in (a). The inset
shows the zoom-in view of low-temperature data. The dashed lines are the fits to high- and low-temperature data with the Curie-Weiss law,
as described in the main text. (c) Temperature dependence of the real part of ac susceptibility (χ ′

ac) with different driving frequencies. In this
measurement, an excitation field of 0.5 Oe was applied in the ab plane.

populated state, where spin correlations are suppressed by
thermal fluctuations. To reveal the intrinsic physics associ-
ated with the ground state, we perform such a fitting to
low-temperature data, as shown in the inset of Fig. 2(b).
It gives rise to �|| = −0.03 K and �⊥ = −0.71 K, with
μeff = 2.60 and 1.72μB, respectively. The negative sign of
Curie-Weiss temperatures suggests dominant antiferromag-
netic interactions between Yb3+ moments albeit with weak
strength, consistent with the absence of hysteresis in the mag-
netic loops, as shown in the inset of Fig. 2(a). To estimate the
superexchange coupling constant J , we adopt the XXZ model
to K2CsYb(PO4)2, which gives J = (4J± + Jzz )/3 [4,47],
where J± = −�||/3 = 0.01 K and Jzz = −2�⊥/3 = 0.47 K.
The resulting J is calculated to be 0.17 K. The reduced
effective moments derived from the low-temperature fitting
indicate the development of spin correlations. Using μeff =
gμB

√
Jeff (Jeff + 1), we further extract Landé factors g|| = 3.00

and g⊥ = 1.99 for these two directions, confirming the nature
of spin anisotropy in the ground state. These parameters are
summarized in Table II. In addition to the dc susceptibility, the
spin disordered behavior of K2CsYb(PO4)2 is corroborated
by ac susceptibility down to the subkelvin temperature of
400 mK. In Fig. 2(c), the real part of ac susceptibility (χ ′

ac)
shows no any anomaly or frequency-dependent peak for the
driving frequencies ranging from 50 to 1000 Hz, further ruling
out the long-range magnetic order or a spin-glass state.

Figure 3(a) presents the results of isothermal field-
dependent magnetization measured in the ab plane at various
temperatures. At 2 K, the magnetization increases linearly

TABLE II. Curie-Weiss temperature (�) and Landé factor (g)
extracted by the Curie-Weiss fitting to low-temperature (LT) and
high-temperature (HT) data.

Directions �LT (K) gLT �HT (K) gHT

ab plane −0.03 3.00 −82.39 1.05
c axis −0.71 1.99 −47.85 1.10

with the applied field increasing to ∼1 T, followed by a
smooth transition into a fully saturated regime above ∼5 T.
The initial linear response reflects the uniform magnetization
of electron moments aligned by the external field. Beyond
1 T, the magnetization gradually deviates from the linear
behavior and is eventually saturated when the field reaches
up to 5 T. The subsequent minor increase at higher fields
is attributed to the extrinsic contribution of Van Vleck para-
magnetic susceptibility (χVV) [18,24]. A linear fit to the
high-field data yields χVV = 7.89×10−3 cm3/mol and the sat-
urated moment Msat = 1.39μB/Yb3+ within the ab plane. For
magnetization along the c axis, the behavior is qualitatively
similar but requires a higher field of ∼8 T to fully polarize
all the magnetic moments, as shown in Fig. 3(b). The fitting
gives χVV = 1.58×10−2 cm3/mol and Msat = 0.84μB/Yb3+

out of the ab plane. These differences in saturation field and
saturated moments along two directions further confirm the
magnetic anisotropy inferred from the temperature depen-
dence of susceptibility shown in Fig. 2(a). As temperature
increases from 2 to 50 K, the magnetization diminishes and
the saturation case vanishes due to the thermal population of
the excited crystalline electric field levels and the suppression
of magnetic couplings between Yb3+ ions. The magnetiza-
tion behaviors along both directions can be quantitatively
described by the function M(H ) = χVVH+gJeff NAμBBJ (H )
[48], where NA is Avogadro constant and BJ is Brillouin
function. It results in the average Landé factors g|| = 2.85
and g⊥ = 1.83 for the in-plane and out-of-plane directions,
respectively. They are in good agreement with g|| = 3.00 and
g⊥ = 1.99 derived from the Curie-Weiss fitting to susceptibil-
ity data, both implying the nature of magnetic anisotropy.

C. Specific heat

To elucidate the ground state of K2CsYb(PO4)2, we
measured the ultralow-temperature specific heat (Cp) down
to 50 mK with the field applied along the c axis. Fig-
ure 4(a) shows the Cp results at various magnetic fields. For
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FIG. 3. (a) and (b) Magnetic-field dependence of the magnetiza-
tion measured at various temperatures with the fields applied parallel
and perpendicular to the ab plane, respectively. The solid lines are
the fits to the data with the combination of Van Vleck contribution
and the Brillouin function, as described in the main text. The dashed
lines denote the linear fits to the magnetization data in the saturated
regime.

comparison, the zero-field specific heat of a nonmagnetic
analog K2CsLu(PO4)2 is also included, which is well de-
scribed by a Debye model as Cp ∝ T 3 and can serve as the
pure phonon background of K2CsYb(PO4)2. At zero field,
K2CsYb(PO4)2 exhibits no sharp λ-type peak indicative of
a phase transition, but rather an upturn below 200 mK,
demonstrating the absence of long-range magnetic order.
When a small field of 0.5 T is applied, a broad peak ap-
pears near 200 mK and shifts to high temperatures with the
increasing fields. The field dependence of this broad peak
confirms its magnetic origin. This behavior is reminiscent of
the Schottky anomaly arising from the Zeeman splitting of a
Kramers doublet ground state, which has been also observed
in other ytterbium-based triangular-lattice compounds, such
as KBaYb(BO3)2 [47], Ba3Yb(BO3)3 [49], Ba6Yb2Ti4O17

[50], etc.
To further obtain the information associated with the mag-

netic ground state, we extracted the magnetic specific heat
(Cm) of K2CsYb(PO4)2 by subtracting the phonon contribu-
tion using the Cp data of K2CsLu(PO4)2, as shown in Fig. 4(b).
Indeed, there is no sharp peak observed down to 50 mK, con-
firming the absence of long-range magnetic order. The overall
behavior of Cm at different fields is quite similar with that of
Cp except in the high-temperature region, where phonons start

FIG. 4. (a) Ultralow-temperature specific heat (Cp) of
K2CsYb(PO4)2 single crystals measured with the fields applied along
the c axis. A nonmagnetic isostructural compound K2CsLu(PO4)2

is also measured at zero field, of which the specific heat can be
nicely fitted by the Debye model as Cp ∝ T 3. (b) Magnetic specific
heat (Cm) of K2CsYb(PO4)2 after subtracting the lattice contribution
with the nonmagnetic compound K2CsLu(PO4)2. The solid lines
represent the fits with a two-level Schottky function, as described in
the main text. The inset shows the magnetic-field dependence of the
percent of free spins n (left vertical axis) and the energy gap 	 (right
vertical axis). (c) Temperature dependence of magnetic entropy (Sm)
at various fields, which was obtained by integrating Cm/T data. The
dashed lines indicate the value of Rln2, where R is the ideal gas
constant.

to develop and significantly contribute to the total specific heat
above ∼4 K, as shown in Fig. 4(a). The extracted Cm data at
these fields are well fitted by a two-level Schottky function
[47,48],

CSch = nR

(
	

T

)2 e−	/T

(1 + e−	/T )2
, (1)
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where n is the molar fraction of free spins, R is the gas
constant, and 	 is the Zeeman gap within the Kramers doublet
ground state. From this fit, we obtain a series of 	 and n
values, which are plotted as a function of μ0H in the inset
of Fig. 4(b). As can be seen, n is nearly 0.5 at zero field and
rapidly rises to 1 upon application of a small field of 0.5 T,
approaching a saturation case. This indicates that half of the
spins in the ground state remain correlated and they are all
excited to higher energy levels by the applied field, thereby
becoming free spins and contributing to the Schottky specific
heat. Since all the electrons have been populated, higher fields
would not create more free spins. Thus, n remains constant
in the process of the fields increasing from 0.5 to 9 T. For
the gap 	, it increases continuously with the applied fields
and exhibits a good linear behavior. Using the Zeeman effect
relation 	 = gμBμ0H , we obtain the Landé factor g⊥ = 1.72.
This value is in good agreement with that of 1.99 and 1.83
derived from the above dc susceptibility data. The nearly zero
value of 	 at zero field suggests the presence of a doublet
ground state in this system.

Figure 4(c) shows the magnetic entropy (Sm) obtained by
integrating the Cm/T data at various fields. At zero field, Sm

rapidly increases before saturating, reaching a value of 1.17
J mol−1 K−1 above ∼200 mK. This amount represents only
20.3% of Rln2 expected for a Jeff = 1/2 magnetic ground state.
In other words, ∼80% magnetic entropy remains unreleased
below our measurement limit of 50 mK. This is a nontrivial
behavior and is rarely observed in other geometrically frus-
trated ytterbium-based magnets, where there is hardly any
residual entropy at such a low temperature [16,18,24,51].
Once the small external field of 0.5 T is applied on this
material, Sm immediately recovers to the full Rln2 entropy
around 1 K, characteristic of a two-level magnetic system.
As the field continues to increase, the entropy persists, but
the critical temperature where it begins to saturate shifts to a
higher region, suggesting the field-induced broadening of the
spin gap within the Kramers doublet.

D. First-principles calculations

To gain further insight into the magnetic ground state,
the electronic structure of K2CsYb(PO4)2 was examined via
first-principles calculations based on density functional the-
ory. Figure 5(a) presents the calculated band structures and
densities of states (DOS) for this compound. Near the Fermi
energy, the electronic states are predominantly derived from
the 2F7/2 multiplet of the Yb 4 f orbitals, while those lo-
cated around −1.5 eV arise from the 2F5/2 multiplet. The
energy separation between these multiplets actually reflects
the strong spin-orbit coupling, which splits the f orbitals into
lower-energy 2F5/2 states and higher-energy 2F7/2 states. In an
ideal octahedral crystal field, the 2F7/2 states would be further
split into a �6 doublet, a �7 doublet, and a �8 quartet [52].
However, the trigonal distortion in K2CsYb(PO4)2 lowers the
local point-group symmetry from the cubic symmetry to D3d ,
lifting the degeneracy of the �8 quartet and giving rise to two
Kramers doublets. Consequently, the four doubly degenerate
bands near the Fermi energy are well separated from other
states and exhibit minimal dispersion, demonstrating strong
f -electron localization, as depicted in Fig. 5(b). Additionally,

FIG. 5. (a) The calculated band structures and densities of states
(DOS) in the ground state of K2CsYb(PO4)2. The arrow defines
the band gap at high-symmetry points in the reciprocal space. The
inset shows the diffusion reflectance spectroscopy of K2CsYb(PO4)2

powders measured at room temperature. The solid line denotes a
linear fit to the data. (b) Zoom-in view of the isolated manifold
of four doubly degenerate bands across the Fermi energy and the
associated DOS.

the flat feature of the bands along the �-A direction high-
lights the enhanced two-dimensional nature in this regime,
as justified in the crystal structure part. Notably, the iso-
lated doubly degenerate band at the Fermi level implies that
the magnetic ground state can be effectively described by a
pseudospin Jeff = 1/2 state, consistent with our specific heat
results. It is also worth pointing out that, at the high-symmetry
� point, the calculated band gap of 4.78 eV corresponds to
an electronic transition from the Yb 4 f to 5d states, which
is allowed under dipole selection rules. This agrees well
with the charge gap of 5.08 eV determined from the optical
diffuse reflectance measurements, as shown in the inset of
Fig. 5(a). It thus affirms the reliability of our calculation
results.

IV. DISCUSSIONS

Ytterbium-based triangular-lattice compounds, particu-
larly YbMgGaO4 and the AYbCh2 family, have emerged as
the canonical candidates for realizing the long-sought QSL
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state. However, YbMgGaO4 suffers from severe structural
disorder that complicates the interpretations of its ground
state [14,24–29], while quite a few members of the AYbCh2

family present challenges in growing high-quality single crys-
tals [7,15,37]. In this context, we have successfully prepared
the large single crystals of a new disorder-free compound
K2CsYb(PO4)2. Our band-structure calculations reveal the
strong spin-orbit coupling in this regime, similar to that veri-
fied in YbMgGaO4 and the AYbCh2 family [4,15]. It is crucial
for generating highly anisotropic interactions that enhance
quantum fluctuations and thereby favor the stabilization of
a QSL state [5,53,54]. While the intralayer Yb-Yb distance
in K2CsYb(PO4)2 (∼5.6 Å) is larger than in YbMgGaO4
and AYbCh2 (∼3.4 Å) [15,18], leading to weaker magnetic
interactions (J = 0.17 K), our magnetic susceptibility and spe-
cific heat results both point to a spin-disordered ground state,
which is a significant signature of QSL behaviors. We fully
acknowledge that the extremely weak exchange coupling in
this compound may place it in a regime where the spins
behave as nearly uncorrelated. In this case, the absence of
magnetic order or spin freezing down to 50 mK could indeed
be attributed to the paramagnetic response of individual spins.
However, we also identify subtle features in our data that
may not be fully captured by a simple model of completely
noninteracting spins. On one hand, the fit to Schottky anomaly
in specific heat has yielded the free-spin fraction of n ≈ 0.5 at
zero field, which rapidly rises to 1 upon applying a small field
of 0.5 T, as shown in the inset of Fig. 4(b). This indicates
that half of the spins in the ground state remain correlated
and they are all excited to higher energy levels by the applied
fields, thereby becoming free spins and contributing to the
Schottky specific heat; while in a trivial paramagnetic state
with noninteracting spins, all of them should be free and thus
n will be constant at 1. On the other hand, there is a signif-
icant reduction in the effective magnetic moment extracted
from the low-temperature Curie-Weiss fit to susceptibility
data compared to the high-temperature values. While part of
this reduction originates from crystal field effect [49,55], the
extent of the suppression is indicative of the development
of antiferromagnetic spin correlations, as reported in corre-
lated quantum spin liquid candidates like the AYbCh2 family
[37,38]. Thus, our specific heat and magnetic susceptibility
data both suggest the correlated spin behaviors in the ground
state, despite weak strength of magnetic interactions. Notably,
K2CsYb(PO4)2 exhibits easy-plane magnetic anisotropy, akin
to AYbCh2 [7] but distinct from most reported ytterbium-
based triangular-lattice compounds, such as YbMgGaO4
[4,19], KBaYb(BO3)2 [47,55], Ba3Yb(BO3)3 [49,56], and
YbZn2GaO5 [16,57], which show easy-axis behavior. This
makes K2CsYb(PO4)2 a rare platform for investigating the
intriguing physics of easy-plane magnetism. It is reported
that geometrically frustrated materials universally exhibit two
characteristic energy scales corresponding to two distinguish-
able peaks in specific heat [58]. For K2CsYb(PO4)2, our
ultralow-temperature specific heat measurements reveal no
peak near the energy scale of magnetic interactions, but only a
Schottky anomaly as described in the aforementioned exper-
imental results. We speculate that this Schottky contribution
appears to mask the signature of the very weak magnetic
interactions, leading to the absence of an expected peak. Given

that this peak has been supposededly located at subkelvin
temperatures due to the extremely weak magnetic interac-
tions, the putative hidden energy scale would be even lower,
likely below our measured temperature of 50 mK. This in-
terpretation is further supported by the substantial residual
entropy (∼80% of Rln2) persisting at 50 mK, indicating the
presence of low-energy degrees of freedom that remain inac-
tivated within our measured temperature window. Thus, the
compressed energy scales and large residual entropy should
align with the physical regime where the lower-energy scale
becomes experimentally inaccessible, while the higher scale is
suppressed by the dominant Schottky effect. In light of these
results, future studies are highly desirable to employ comple-
mentary techniques to further identify its ground state. For
example, μSR is a powerful tool to confirm the behavior of
persistent spin dynamics [21,22], while ultralow-temperature
thermal conductivity measurements may reveal mobile gap-
less excitations characteristic of a QSL [23,27,59]. These
investigations will be particularly valuable given the challenge
posed by the weak magnetic interactions for inelastic neutron
scattering experiments.

Beyond elucidating the ground state of K2CsYb(PO4)2,
we would like to briefly discuss its potential applications
in adiabatic demagnetization refrigeration (ADR). The ADR
technique is based on the magnetocaloric effect, which refers
to the significant changes of adiabatic temperature of matter
in response to the varying external magnetic field [60,61]. A
key parameter for coolants is the characteristic temperature
To, where the specific heat maximum occurs, since this de-
termines the lowest achievable cooling temperature in some
sense. Substantial magnetic entropy release near To enables
efficient heat removal during the demagnetization process.
Remarkably, K2CsYb(PO4)2 exhibits no specific heat maxi-
mum at zero field even down to 50 mK, as shown in Fig. 4.
This means its To should be located below 50 mK, which is
much lower than most of ytterbium-based frustrated magnets
reported [48,61,62]. The calculated residual entropy below
50 mK is up to 80% of Rln2 and is completely released by
applying a small field of 0.5 T. The extremely low operating
temperatures and field sensitivity position K2CsYb(PO4)2 as
an outstanding coolant for subkelvin refrigeration.

V. SUMMARY

In summary, we have successfully prepared the high-
quality single crystals of a new disorder-free triangular-lattice
compound K2CsYb(PO4)2, and conducted a comprehensive
study of its magnetic properties. The magnetic susceptibil-
ity measurements reveal pronounced easy-plane magnetic
anisotropy. Remarkably, no magnetic phase transition or spin
freezing is observed down to 400 mK. Ultralow-temperature
specific heat measurements down to 50 mK confirm the ab-
sence of long-range magnetic order and capture a Schottky
anomaly, which is well described by a two-level function.
Further first-principles calculations suggest a spin-orbit entan-
gled ground state with Jeff = 1/2, hinting at the potential exotic
physics in this system. Our findings establish K2CsYb(PO4)2
as a pristine platform for exploring quantum magnetism free
from the influence of disorder.
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