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The star lattice, which can be visualized as a honeycomb network with each vertex replaced by a triangle,
provides a rare platform for realizing exotic quantum states such as quantum spin liquids and disorder-driven
random-singlet (RS) states. Herein, we investigate the ground-state properties of the three-dimensional (3D)
stuffed hyper-star lattice Li,Cu,(MoQy);, which exhibits a crossover from short-range spin correlations to a
disorder-driven RS-like state below 7* ~ 15.8 K. Thermodynamic and microscopic measurements capture this
crossover through a change in the power-law behavior of various observables, from ~T°%% for T > T* to
~T~9% for T < T*. Upon further cooling, a quasifrozen state emerges near 7y = 0.32 K, likely associated
with weakly coupled spin chains within the hyper-star spin network. Our results underscore the crucial role of
orphan spins and weak residual interactions in stabilizing a disorder-driven quantum-disordered state in three

dimensions.
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I. INTRODUCTION

Quantum spin systems provide an ideal platform for ex-
ploring exotic many-body quantum phenomena driven by
strong quantum fluctuations that go beyond the conventional
Landau paradigm of symmetry-breaking states [1,2]. One
prominent example of a quantum spin-disorder ground state
is the random-singlet (RS) state. Initially established in one-
dimensional (1D) spin chains, the RS state emerges when
quenched exchange randomness drives the system toward a
disorder-dominated fixed point [3,4]. In this regime, spins
pair into singlets over a broad distribution of energy scales,
forming a hierarchy of correlated singlets without breaking
any global symmetry [3]. Experimentally, this manifests as
a universal power-law scaling in thermodynamic quantities,
predicted by renormalization group theory for infinitely disor-
dered systems [5,6].

In recent years, the search for RS states in higher-
dimensional frustrated systems has gained renewed interest,
particularly in the presence of quenched disorder arising
from bond randomness or site dilution [7,8]. For instance,
several two-dimensional (2D) disorder-induced RS states
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have been reported, including the square-lattice compound
Sr,CuTe;_ W,0O¢ [9,10] and the triangular-lattice system
Y,CuTiOg [11]. Similar to their 1D counterparts, these 2D
RS analogs are characterized by a power-law low-energy den-
sity of states, D(E) o< E~*, which gives rise to power-law
dependencies in physical observables [12—14]. However, the
realization of RS phenomenology in three-dimensional (3D)
systems remains scarce. Theoretical studies suggest that in
three dimensions, lattice vacancies not only lead to bond
randomness but also generate emergent quasispins, localized
magnetic moments associated with vacancy sites that coexist
with the intrinsic bulk spins [15]. Upon increasing vacancy
concentration, the density of these quasispins grows and ulti-
mately drives the system into a quantum disorder state [15].

The RS state exists in subtle competition with the quantum
spin liquid (QSL) state. While a QSL is characterized by long-
range quantum entanglement and fractionalized, deconfined
excitations (e.g., spinons) [16—19], the higher-dimensional RS
state comprises a random network of short-range entangled
singlets and emergent quasispins. Because both states lack
conventional long-range order and can give rise to similar ex-
perimental signatures, distinguishing between them remains a
central challenge in modern condensed matter physics [20].
Systematic investigations of frustrated magnets in the pres-
ence of quenched disorder or site dilution are therefore crucial
for elucidating the distinct physical behaviors of these two
quantum-disordered states.

©2026 American Physical Society
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In this context, the star lattice, derived from a honeycomb
lattice with each vertex replaced by a triangle, has emerged as
a promising platform for frustration-driven quantum disorder
states [21]. Unlike the bipartite honeycomb lattice, the star lat-
tice is nonbipartite with coordination number z = 3, holding
potential for hosting richer ground states than kagome systems
[22]. While theoretical studies predict a variety of quantum
phases on the pristine star lattice [23-26], the introduction
of bond randomness or vacancies is expected to promote RS
phenomenology manifested by a power-law magnetic suscep-
tibility,  (T) ~ T¢ ™~ with «/(T) — 0as T — 0 [13].

Motivated by this interplay between disorder and critical
spin correlations, we investigate the ground-state proper-
ties and spin dynamics of Li,Cu;(MoQOy)s, a stuffed 3D
hyper-star lattice compound. Thermodynamic and local-
probe resonance measurements establish Li,Cu;(MoQOy)s as
a rare 3D frustrated magnet where Li-Cu site mixing in-
duces a multistage development of spin correlations. At the
higher-temperature regime, dominated by 3D random an-
tiferromagnetic correlations, exhibits a broad heat-capacity
maximum and power-law (~ 7925) behavior in both the
muon spin relaxation rate and electron spin resonance (ESR)
linewidth down to T* & 15.8 K. Below T*, emergent qua-
sispins produce low-temperature power laws (~7 ~°%) in
magnetic susceptibility, magnetic specific heat divided by
temperature, and zero-field muon spin relaxation, indicative
of the formation of an RS-like state. Eventually, a quasifrozen
state emerges below Ty = 0.32 K, likely linked to weakly
coupled spin chains at the centers of the 3D hyper-star-lattice
polygons.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Li;Cu;(M00O4); (LCMO) were
synthesized by a standard solid-state reaction route. High-
purity precursor powders of Li,CO3, CuO, and MoOs3 (with
purity of 99.95%) were weighed in stoichiometric propor-
tions, thoroughly mixed, and finely ground using an agate
mortar to ensure homogeneity. Prior to weighing, all reagents
were preheated in air at 100 °C for 24 h to remove residual
moisture. The homogenized mixture was initially calcined
in air at 450°C for 48 h in a ceramic crucible. To obtain a
single-phase compound, the calcined powder was subjected
to successive sintering steps at 500 °C and 550 °C for 48 h
each, with intermediate grindings to enhance phase purity. To
confirm the phase purity and crystal structure, synchrotron
x-ray diffraction (XRD) measurements were performed at the
09A beamline of NSRRC, Taiwan, at 120 K. The diffraction
patterns were analyzed using the Rietveld refinement with the
GSAS software package [27].

Magnetic measurements, including dc magnetic suscepti-
bility and isothermal magnetization, were carried out using
a superconducting quantum interference device vibrating-
sample magnetometer (SQUID VSM, Quantum Design,
USA) in the temperature range of 2-300 K under magnetic
fields up to 9 T. In addition, ac magnetic susceptibilities were
measured by the SQUID VSM in the temperature range of
2-10 K at low frequencies (<950 Hz). For measurements in
the lower-temperature range of 0.05—4 K, ac magnetic suscep-
tibility was measured using a physical property measurement

system (PPMS, Quantum Design, USA) equipped with a di-
lution refrigerator insert.

Pulsed-field magnetization measurements at 0.5 K were
performed at the Institute for Materials Research, Japan, using
pulsed magnetic fields with the induction method employing a
pickup coil device and a 3He cryostat. Specific-heat measure-
ments were recorded using a standard relaxation method in a
PPMS in the temperature range 0.2 K < 7 < 300 K in several
magnetic fieldsup to 9 T.

ESR experiments were conducted at RIKEN using a
conventional X-band spectrometer (JEOL, JES-RE3X; f =
9.12 GHz). A continuous-flow “He cryostat was employed to
maintain precise temperature control in the range of 3.8-60 K.

Muon spin relaxation («SR) measurements were con-
ducted at the M20 beamline of TRIUMF (Vancouver, Canada)
under zero-field (ZF), longitudinal-field (LF), and weak-
transverse-field (wTF) conditions. About 0.5 g of powder
samples was enclosed in a 2.5 um Mylar envelope (sample
area ~1.3 x 1.3 cm?) and further wrapped in 50 um Scotch
aluminum tape to minimize background signals from the cop-
per holder. The assembly was fixed onto a copper fork sample
stick and cooled using a “He flow cryostat, providing stable
temperature control between 2 and 120 K. The time evolution
of the muon spin asymmetry was analyzed using the MUSRFIT
software package [28].

Density functional theory (DFT) calculations were per-
formed using the OPENMX code within the generalized
gradient approximation of Perdew-Burke-Ernzerhof (GGA-
PBE) exchange-correlation functional [29], incorporating
an on-sitt Hubbard U =6eV to account for Cu 3d
correlations. The self-consistent results were subsequently
used in the Jyx code to evaluate the exchange cou-
pling parameters JSGA through the Green’s function based
Liechtenstein approach [30].

II1. RESULTS

A. Rietveld refinement and crystal structure

To confirm the phase purity and crystal structure of the
polycrystalline samples of LCMO, Rietveld refinement of the
synchrotron XRD data was performed using the GSAS soft-
ware [27]. Figure 1(a) presents the refinement profile, which
confirms the absence of any detectable secondary phase. The
initial atomic coordinates for the refinement were taken from
the previous structural report [31,32], and the refined atomic
positions are consistent with that report, as summarized in
Table I. These results indicate that the present compound
crystallizes in the monoclinic space group P2 /c with lattice
parameters a = 10.47 A, b=5.01 A, c =20.37 A, o=y =
90°, and B = 120.94°.

The crystal structure viewed along the b axis is shown
in Fig. 1(b). The Cu atoms occupy four inequivalent sites,
highlighted in different colors, and partially share sites with
LiT ions owing to the similar ionic radii of Li* and Cu* ions.
The refined occupancies indicate that the Cu>* ions occupy
30%, 46%, 49%, and 80% of the Cul, Cu2, Cu3, and Cud
sites, respectively (Table I). Such unavoidable site mixing has
also been observed in related RS candidate Li;CuTeOg [33].
Minor deviations from nominal stoichiometry in the refined
Cu and Li occupancies are attributed to the high scattering
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FIG. 1. (a) Synchrotron XRD pattern at 120 K together with the Rietveld refinement. Experimental data are shown as filled circles, the
calculated profile as a black line, and their difference (obs—calc) as a blue line. The Bragg peak positions are marked by olive vertical bars.
(b) Schematic of the 3D version of a distorted stuffed hyper-star lattice of Cu®* ions projected along the b axis. The Cul, Cu2, and Cu3 sites
are interconnected via O ions, forming superexchange pathways of the type Cu—O—Cu. In contrast, the Cu4 site resides at the center of the
polygons and is nearly isolated from the other Cu sites. (c) The dashed region in (b) is shown with the b axis perpendicular to the ac plane,
highlighting a distorted triangular spin network of Cu>" ions formed by the Cul, Cu2, and Cu3 sites. These units are vertically connected by
intertriangular bonds, generating zigzag chains of Cu ions running along the b axis. An example of a Cu3 chain is shown; similar chains are
also formed by the Cul and Cu2 sites. In contrast, the Cu4 sites form a linear chain of Cu?" ions.

contrast between Li and the heavier Mo and Cu ions, which
places these values within the uncertainty of the synchrotron
x-ray refinement. Among the Cu sites, Cu2, Cu3, and Cu4
are coordinated by CuQOg octahedra, whereas the Cul site
forms a distorted CuOs pyramid. The Cul, Cu2, and Cu3
sites are interconnected through bridging oxygen atoms via
Cu—O—Cu superexchange pathways [Fig. 1(b)]. In contrast,

TABLE 1. Atomic coordinates of Li,Cu,(MoQ,); from a Ri-
etveld refinement of synchrotron x-ray diffraction data at 120 K.
(x* =4.57, space group: P2,/c, a=1047A, b=5.01A, ¢c=
20.37A, 0 = y=90°, and B = 120.94°.)

Atom  Wyckoff position X y z Occ.
Mo, 4e 0.315 0.713  0.344 1
Mo, 4e 0.871 0.718  0.344 1
Mos 4e 0.692 1.224 0442 1
Cuy 4e 0.074 0206  0.323  0.30
Li; 4e 0.074 0206 0323  0.70
Cu, 4e 0.953 0.751  0.525 046
Li, 4e 0.953 0.751  0.525  0.54
Cus 4e 0.598 0752  0.525 049
Lis 4e 0.598 0.752  0.525 051
Cuy 4e 0.499 0.888  0.249  0.80
Liy 4e 0.499 0.888  0.249  0.20
O, 4e 0.915 0916  0.425 1
0O, 4e 0.436 0913 0425 1
O3 4e 0.258 0430 0.374 1
Oy 4e 0.682 0.642  0.294 1
Os 4e 0.407 0.639  0.294 1
O¢ 4e 09912 0432 0374 1
(0] 4e 0.164 0931  0.288 1
Os 4e 0.759 0.955  0.509 1
Oy 4e 0.596 1.13 0.346 1
Oy 4e 0912 0931  0.289 1
O 4e 0.846 1.428  0.460 1
O, 4e 0.574 1426 0.460 1

the Cu4 sites are relatively isolated from the other three
and primarily linked through the Cu4—O—-Cu4 superexchange
path.

Most importantly, the superexchange pathways among the
Cul, Cu2, and Cu3 sites form a distorted 3D star lattice.
In an ideal 2D star lattice, the network can be viewed as
a honeycomb lattice in which each vertex is replaced by a
triangle, and these triangular motifs are connected by dimer
bonds branching from each vertex (see Refs. [21,22,24,34]).
For a perfect 2D star lattice, the dimer bond lies flat within
the plane of the triangular motifs. In contrast, in our system
the dimer bonds are tilted out of the plane [e.g., J& and J2,
in Fig. 1(c)], forming finite angles with the triangles. This
deviation converts the planar dimer coupling into a zigzag
chain, thereby yielding a 3D hyper-star lattice.

Figure 1(c) illustrates this spin network, where two trian-
gular motifs are connected by a zigzag chain that mediates
intertriangle coupling. For clarity, only the Cu3 sites are
shown; however, the Cul and Cu2 sites form similar zigzag
chains running parallel to the b axis. On the other hand, the
centers of the polygons constituting the hyper-star lattice are
occupied by the Cu4 site, which forms an isolated chain of
Cu4 ions, as depicted in Fig. 1(c), yielding a stuffed hyper-star
lattice.

The resulting spin topology of the title compound can thus
be regarded as a combination of two subsystems: a distorted
hyper-star lattice and a uniform Cu4 spin chain located at the
centers of the hyper-star lattice polygons. The bond angles
and bond lengths for these sublattices are summarized in
Table II. Approximate exchange interactions are inferred from
structurally analogous compounds reported previously (fourth
column of Table II).

Although calculating the exchange interactions in such sys-
tems is quite challenging due to site mixing, the Goodenough-
Kanamori-Anderson rules together with the comparison with
similar bonding geometries reveal that the intratriangular in-
teractions Ji, J», and J3 [Fig. 1(c)] with an order of magnitude
of 60-90 K are significantly larger than those of the remaining
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TABLE II. Cu-Cu distances, Cu—O—Cu bond angles, and corresponding exchange interactions denoted as J for Li,Cu,(MoOQy);. Although
the absolute exchange values are not calculated, their expected magnitudes are compared with those reported for Cu-based compounds with

bonding geometries.

Bond length (A) Bond angle (deg) J Expected range of J (comparative notes)

Cul-Cu2 =3.22 Cul-07-Cu2 = 106.3 Ji YCu3(OH)s 5Bras: /Cu-O-Cu = 112° — 116°,J ~ 60 K, dey_cy ~ 3.3 A [35].
Cul-Cu3 =3.22 Cul-03-Cu3 = 106.5 J3

Cu2-Cu3 =3.71 Cu2-08-Cu3 = 120.6 J YCu3(OH)Cl3: /Cu— O — Cu = 117.8°,J = 87 K, dey_cu ~ 3.37 A [36].
Cu4—Cu4 = 2.50 Cu4-09-Cu4 = 73.5-75 Jy

Cul-Cul = 3.60 Cul-O7-Cul = 101.4 Ji Cu,CI(OH);: ZCu — O — Cu = 97.84°, J ~ 1.3 K, dey_ca ~ 3.01 A [37].
Cu2—Cu2 = 3.05 Cu2-011-Cu2 = 94.5 J3

Cu2—Cu2 = 3.09 Cu2-011-Cu2 = 94.5 I K,Cu3(MoOy),: ZCu — O — Cu = 90.36°, J = 4.176 K, dey_ca ~ 3.11 A [38].
Cu3-Cu3 =3.05 Cu3-012-Cu3 =959 JE

Cu3-Cu3 = 3.08 Cu3-012-Cu3 = 94.4 VAN

exchange couplings. On the other hand, the intertriangular
interactions Jy; and Ji3 are weak ferromagnetic [Fig. 1(c)].
In the absence of Li-Cu site mixing, our system may host a
trimerized valence-bond crystal [26]. On the other hand, the
Cu4 chain is expected to host only weak interactions, arising
primarily from a competition between direct exchange across
the shortest Cu4-Cu4 separation and Cu4-O-Cu4 superex-
change, while the remaining couplings are likely mediated
only through superexchange pathways. Thus the Cu4 subsys-
tem may constitute weakly coupled ferromagnetic chains.

B. Magnetic susceptibility

Figure 2(a) shows the temperature dependence of the mag-
netic susceptibility x (7), measured at uoH = 0.5 T down to

2 K. Upon lowering the temperature, x (7") increases mono-
tonically, without any clear signature of long-range magnetic
ordering. The low-temperature upturn is attributed to contri-
butions from weakly coupled spins or orphan spins arising
from magnetic-site vacancies in LCMO [39]. This interpre-
tation is further supported by the nonlinear behavior of the
isothermal magnetization at low temperatures, as discussed
below.

To determine the dominant magnetic exchange interac-
tions, the temperature dependence of the inverse magnetic
susceptibility 1/x(T) is plotted in Fig. 2(b) after subtract-
ing the total diamagnetic contribution from all ions, x4, =
—2.3 x 1072 cm?/mol [40]. The high-temperature linear re-
gion of 1/x(T) follows a Curie-Weiss (CW) law, x =
xvv + C/(T — Ocw), where yyv = 1.78 x 104 cm3/m01 is
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FIG. 2. (a) Temperature-dependent magnetic susceptibility x (7') of Li;Cuy(MoOy); at uoH = 0.5 T. (b) Temperature dependence of the
inverse magnetic susceptibility after subtracting the diamagnetic contribution. The high-temperature Curie-Weiss fit is shown by a red line.
(c) Log-log plot of x(T') at various magnetic fields. The dashed vertical line (black) indicates the position of 7* = 15.8 K. Above and below
T*, x(T) follows a power-law behavior, as indicated by the dashed lines (purple). (d) Isothermal magnetization at various temperatures. (e)
High-field magnetization data decomposed into intrinsic magnetization M, and orphan-spin contribution M, using Eq. (1), as described in
the text. (f) Real part of the ac magnetic susceptibility at various frequencies in the low-temperature range. The inset shows the data above 2 K

for lower frequencies.
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the temperature-independent Van Vleck susceptibility, C =
0.54 cm? K/mol is the Curie constant, and fcw = —85.76 K
is the CW temperature. The large negative value of Ocw indi-
cates dominant antiferromagnetic interactions in LCMO. The
effective magnetic moment was estimated as jef = +/8C =
2.07up, corresponding to s = 1/2 moment with a Landé g
factor of 2.39. Below 80 K, the experimental data deviate from
the CW behavior, implying the development of antiferromag-
netic spin correlations, as further supported by the magnetic
specific heat discussed in Sec. III C.

As discussed in Sec. IIT A, the system comprises two dis-
tinct spin topologies. To clarify which topology, either the 3D
hyper-star lattice or the Cu4 spin chain, dominates the anti-
ferromagnetic interactions, we performed DFT calculations
accounting for possible Cu-Li site mixing. In these calcula-
tions, Cu4 and Cul sites were assumed to be fully occupied by
Cu?* ions, while Li2 and Li3 sites were occupied by Li* ions
to maintain charge neutrality according to the stoichiometric
formula unit. Using this configuration, DFT calculations with
an on-site Hubbard parameter of U = 6 eV yield an exchange
interaction strength of J; ~ 1.28 K (Cu4-Cu4), correspond-
ing to an approximate CW temperature of 4" ~ —0.64 K
within the mean-field approximation. However, the experi-
mentally observed large negative Ocw = —85.76 K suggests
that the dominant antiferromagnetic exchange originates from
the hyper-star lattice spin topology rather than from the
spin-chain network. The exchange interactions within the
hyper-star lattice were not explicitly calculated, as site mix-
ing and the associated charge-balance constraints among the
Cul, Cu2, and Cu3 sites introduce considerable complexity.
Notwithstanding, we recall that the qualitatively deduced ex-
change interactions of Ji, J», J3 ~ 60-90 K match well with
the CW temperature.

Figure 2(c) displays the temperature dependence of x(7)
at various magnetic fields below 100 K. Upon cooling below
|8cwl, x(T) follows a T~933 power-law behavior down to
T* =15.8 K with weak field dependence. This sub-Curie
x(T) increase alludes to the presence of random exchange
interactions. At lower temperatures, a steeper power-law in-
crease of 779 at 0.5 T signals enhanced RS-like behavior,
possibly due to the increasingly enhanced contribution of
weakly interacting spins, resulting in a broader distribution of
exchange interactions. While x (7') above T* remains nearly
field independent, below T* it shows strong field dependence,
with the exponent evolving from 0.59 at 0.5 T to 0.048 at 9 T,
implying a progressive quenching of weakly coupled RS with
increasing magnetic fields.

To further confirm the existence of randomly interacting
spins in LCMO, the isothermal magnetization M(H) was
measured at several temperatures, as shown in Fig. 2(d).
Above T*, M(H) displays a linear field dependence, consis-
tent with 7 < |6cw|. In contrast, below 7%, the magnetization
deviates from linearity without exhibiting any hysteresis, wit-
nessing the subdominant yet finite contribution of orphan
spins. Throughout this paper, orphan spins in the RS context
collectively refer to weakly coupled paramagnetic or defect
spins and vacancy-induced quasispins.

High-field magnetization measurements up to 35 T were
conducted to examine possible field-induced correlated states
in this magnetic site diluted 3D system [26]. As illustrated in

Fig. 2(e), the magnetization reaches 0.45ug at 31 T, whose
extrapolation yields the expected full saturation value of 1ug
at fields close to 85 T, in accord with |6cw|. Although ideal
2D star lattices are predicted to host field-induced correlated
states, such features are absent in the present system, likely
due to the interplay of 3D exchange interactions and intrinsic
magnetic site disorder [26]. In line with the low-field ob-
servations below T* [Fig. 2(d)], the nonlinear magnetization
M(H) at 0.5 K [Fig. 2(e)] is governed by orphan spins and
its concentration can be determined by using the following
phenomenological model [41,42],

gupioH

M(H) = TowSHB (o | SHBHOT
2 s (T — 63,)

} +A(roH)", (1)

where the first term represents a modified Brillouin function
describing the magnetization of weakly interacting orphan
spins, while the second term captures the power-law field de-
pendence arising from random exchange interactions [3,4,42].
In Eq. (1), norp refers to the number of orphan spins, ug
is the Bohr magneton, g denotes the Landé g factor, and
9(’;1) represents the effective interaction energy scale between
orphan spins, while A and n are fitting parameters. The
solid cyan line in Fig. 2(e) represents the fits obtained using
Eq. (1) assuming g = 2, and the corresponding parameters
yield no, = 9.63(1)%, 6, = —8.52(1) K, n = 0.853(2), and
A = 0.0181(2). The obtained exponent n = 0.853, which is
smaller than 1, reflects the contribution arising from random-
ness in the exchange interactions [4], and may be indicative of
RS-like correlations.

In systems with quenched disorder, spin freezing of-
ten emerges at low temperatures. To inspect whether such
freezing occurs in the present case, we performed frequency-
dependent ac magnetic susceptibility measurements over a
wide temperature range. The data between 2 and 10 K are
shown in the inset of Fig. 2(f). The absence of any frequency
dependence rules out spin freezing down to 2 K. In contrast,
the low-temperature ac magnetic susceptibility data collected
between 0.05 and 3.4 K [Fig. 2(f)] reveal a cusp around
Ty ~0.3 K. With increasing frequency, this cusp shifts to
higher temperatures, indicating that partial spin freezing takes
place.

C. Specific heat

In order to confirm the absence of long-range magnetic
order and probe low-energy magnetic excitations across dif-
ferent energy scales, specific-heat measurements were carried
out down to 0.2 K. Figure 3(a) presents the temperature
dependence of the specific heat at several magnetic fields.
The absence of a A-type anomaly rules out any thermody-
namic phase transition in LCMO down to the lowest measured
temperature.

In general, the specific heat C,(T') in magnetic insulators
comprises three contributions, namely, the magnetic, lattice,
and Schottky terms relevant under finite fields. Given the
unavailability of a nonmagnetic analog of LCMO, the lat-
tice contribution was determined by fitting the data [solid red
line in Fig. 3(a)] with a model comprising one Debye and
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FIG. 3. (a) Temperature dependence of the specific heat at several magnetic fields, where the solid red line corresponds to the lattice
contribution. (b) Magnetic entropy as a function of temperature at zero field. The dashed pink horizontal line indicates the expected entropy
RIn2 for an s = 1/2 system. The inset shows the magnetic specific heat as a function of temperature. (c) Log-log plot of the magnetic specific
heat as a function of temperature at various magnetic fields. In zero field, three distinct power-law regimes below the broad maximum are
identified, as indicated in the legend, and separated by dashed vertical lines at 7* = 11.11 K and 7y = 0.32 K.
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where 6p = 180 £ 6 K is the Debye temperature, and 65, =
282 £2 K, 0, =293 £ 4 K, and 6, = 751 = 8 K represent
the Einstein temperatures of three optical phonon modes, with
R being the molar gas constant. To minimize the number of
free parameters, Cp was set to 3, corresponding to the three
acoustic phonon modes. The best fit is obtained with Cg, =
4, Cg, =5, and Cg, = 10, which together account for the 54
optical phonon modes expected from the (3n — 3) branches
for n = 19 atoms in LCMO [43].

After subtracting the lattice contribution, the resulting
magnetic specific heat Cp,o(T) is presented in the inset of
Fig. 3(b). Cinae (T') increases below 70 K and displays a broad
maximum near 40 K, suggesting the presence of short-range
spin correlations arising from antiferromagnetic Heisenberg
interactions in the hyper-star lattice spin network [44]. We
note that a deviation from the CW fit emerges below 80 K,
which coincides with the growth of Cy,e (T') below 70 K. The
change in magnetic entropy was determined by integrating
Cinag(T)/T, as shown in Fig. 3(b). The total entropy recovered
near the CW temperature is ~5.67 J/(mol K), in good agree-
ment with the expected RIn(2S + 1) for an s = 1/2 system.

Figure 3(c) depicts the temperature dependence of Cag(T')
at various magnetic fields after subtracting the Schottky con-
tribution (see the Appendix). The coexistence of distinct
energy scales associated with the two sublattices is partic-
ularly evident in the zero-field data. For instance, below
the broad maximum, Cp,e(T) follows an almost linear 7'+
dependence, terminating near 7* &~ 11.1 K, indicative of low-
energy gapless excitations that persist down to 7*. At lower
temperatures, Cpag(7) evolves into a T30 dependence over
the range 0.32—11.1 K, pointing to the prevailing contributions
of a RS-like state, consistent with x(7) ~ T~%% behavior
below T*. Upon further cooling (I' < 0.32 K), Cyae(T') un-
dergoes a curvature change, approaching a 7'** dependence.

This crossover coincides with the spin-freezing transition ob-
served in the ac magnetic susceptibility at 7y ~ 0.32 K, below
which quasifrozen states manifest through a subquadratic
temperature dependence. As the magnetic field increases,
the subtle low-temperature slope below 0.32 K weakens
progressively, indicating the suppression of the quasifrozen
state while retaining the subquadratic temperature dependence
characteristic of exotic gapless excitations, which persists
evenupto 9 T.

Note that the characteristic temperature 7* identified from
Cinag(T) is slightly lower than that observed in x(7) and
other microscopic experiments (7* = 15.8 K) discussed be-
low. This difference likely arises from the varying sensitivities
of the experimental probes. However, we consider T* =
15.8 K as the reference value derived from microscopic
measurements.

D. Electron spin resonance

To further elucidate the thermal evolution of spin-spin cor-
relations, we performed X-band ESR measurements down to
3.8 K. As shown in Fig. 4(a), the ESR spectra recorded at
various temperatures are well reproduced by a derivative of a
Lorentzian curve. The ESR spectra exhibit pronounced broad-
ening at high temperatures, followed by gradual narrowing
as the temperature decreases. For T > 60 K, the linewidth
becomes too broad to be resolved within the X-band frequency
window.

As the ESR linewidth reflects the combined effects of
spin-spin and spin-lattice relaxation, its temperature evolu-
tion, as captured by the ESR linewidth AH,,(T"), provides
valuable information on the underlying spin dynamics, as
illustrated in Fig. 4(b). Upon lowering the temperature below
60 K, AH,, decreases gradually, following a power-law de-
pendence, AH,, o« T%?°, down to T* = 15.8 K. For T > J,
the ESR linewidth is usually expected to remain temperature
independent. However, the observed anomalous temperature
dependence indicates the influence of spin-spin correlations
and spin-lattice coupling. Furthermore, in transition metal
based compounds, the spin-lattice relaxation contribution to
the ESR linewidth typically leads to either an increase with
temperature (via direct or Raman processes) or a saturation
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FIG. 4. (a) Derivative of the ESR absorption spectra of
Li,Cu,(MoOy); at selected temperatures where the Lorentzian line-
shape fitting is shown by the solid red lines. (b) Temperature
dependence of the ESR linewidth AH,, that shows a crossover in
its power-law dependence across 7* = 15.8 K (dashed vertical line).
(c) Temperature dependence of the g factor, exhibiting a nonmono-
tonic variation.

at low temperatures [45]. The sublinear narrowing observed
here cannot be accounted for by conventional spin-lattice re-
laxation. Instead, it points to the dominant role of spin-spin
relaxation processes, possibly associated with static short-
range order in low-dimensional magnets [46].

Below T*, the linewidth exhibits a further decrease, fol-
lowing a different power-law trend of ~T 1, indicating the
onset of another correlated regime. Unlike the inhomogeneous
broadening commonly observed in RS candidates [47], the
present system exhibits a two-stage power-law narrowing of
the ESR linewidth upon cooling. A similar two-step linewidth
evolution has been reported for the alternating kagome bilayer
compound Ca;oCr;0,5 [48], where it was attributed to the
emergence of two magnetic sublattices with distinct correla-
tion strengths. In the gigahertz frequency window, the spin
dynamics appears to be dominated by exotic spin correlations,
rather than inhomogeneous RS spin dynamics.

Figure 4(c) shows a weakly nonmonotonic temperature
dependence of the g factor (*2.15 — 2.20), exhibiting a shal-
low minimum around 7* and slight upturns at both lower
and higher temperatures. Notably, Cre (T") changes its power-
law behavior around 7%, closely aligning with the g factor
minimum. Throughout the measured temperature range, the
effective g value remains typical of Cu**-based systems with
a quenched orbital moment [49]. In exchange-coupled insulat-
ing magnets, the variation of g on both sides of the minimum
indicates a crossover in spin-spin correlations, consistent with
the changes observed in the linewidth and Cy,e (T') around 7*.

Altogether, the intratriangular spin correlations progres-
sively evolve into a more RS-like state that coexists with
spin-chain correlations as weak residual interactions become
relevant at lower temperatures.

E. Muon spin relaxation

To further investigate the low-energy spin dynamics asso-
ciated with magnetic site dilution, SR measurements were
performed down to 2 K. SR is a highly sensitive local probe,
in which fully polarized positive muons are implanted into the
sample to monitor the microscopic spin dynamics through the
time evolution of the muon spin polarization [50].

Figure 5(a) depicts the time evolution of the normalized
muon spin polarization at various temperatures in ZF. A slow
relaxation is observed between 2 and 120 K; however, the
absence of coherent oscillations indicates the lack of long-
range magnetic order at least down to 2 K. Moreover, no
indication of a “1/3” tail in the ZF asymmetry further rules out
any conventional spin freezing for 7 > 2 K, consistent with
thermodynamic results [51].

The ZF spectra are well modeled by the following polar-
ization function [solid lines in Fig. 5(a)],

P(t) = exp [—1(ozrt)*] exp(—Azpt),

where the Gaussian term accounts for the static nuclear dipo-
lar fields characterized by the relaxation rate ozg, while the
exponential term represents the slow relaxation of electronic
origin with the muon spin relaxation rate Azg. A comparable
muon spin polarization, arising from the combined effects of
nuclear dipolar fields and electronic spins, has been observed
in the Li-Cu site-mixing RS candidate Li;CuTeOg [33].

The estimated Azp is shown in Fig. 5(b) as a function of
temperature. In most 3d transition-metal compounds, the ZF
muon spin relaxation rate of electronic origin provides a mea-
sure of spin-spin correlations. In LCMO, above T* = 15.8 K,
Mzr exhibits only a weak temperature dependence, following
a T%%6 power-law behavior, which signals the persistence of
characteristic spin-spin correlations at elevated temperatures.
Consistently, the ESR linewidth also follows a T7%% depen-
dence above T*. Such weak power-law behavior (Azg ~ 7026
and ESR linewidth ~7%2) is often reported in 1D Luttinger
liquids and 2D frustrated magnets hosting specific spinons
[52], and in LCMO this correlated regime extends down to 7*.

Upon further cooling below T*, Azp begins to increase and
follows a distinct power-law behavior, Azp ~ 7057, Notably,
this growth of Azp(T) is opposite to the ESR linewidth nar-
rowing, highlighting the frequency-dependent spin dynamics.
In the MHz time window, the influence of quenched disorder
and associated localized orphan spin becomes more promi-
nent [15]. These vacancy-induced orphan spins, most likely
originating from Li-Cu site mixing in LCMO, interact with the
surrounding bulk spins in a highly inhomogeneous manner.
As such, slow spin dynamics dominated by vacancy-induced
orphan spins is responsible for the low-temperature power-law
enhancement of Azr [9,20].

Figure 5(c) shows the temperature dependence of the
Gaussian relaxation rate, which remains nearly temperature
independent over the measured temperatures, reflecting the
maximum width of the static nuclear field distribution of about
~2Qe. To confirm that this Gaussian relaxation originates
from nuclear dipolar fields, we performed LF-uSR measure-
ments at 2 K, as shown in Fig. 5(d). Upon increasing the
applied LF beyond the static nuclear field (> 2 Oe), the muon
spin relaxation progressively decouples from the static nuclear
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FIG. 5. (a) Time evolution of normalized muon spin polarization in zero field at three temperatures. (b), (c) Temperature dependence
of the muon spin relaxation rate of electronic origin (Azr) and nuclear origin (ozr). The dashed lines indicate the crossover in spin-spin
correlations across 7* = 15.8 K, highlighting distinct power-law regimes as discussed in the text. (d) Time evolution of normalized muon spin
polarization in several longitudinal fields at 2 K. (e) Time dependence of muon spin asymmetry at a weak-transverse field Hrg = 46 Oe at
several temperatures. (f) Temperature dependence of the transverse relaxation rate extracted from weak transverse-field measurements.

fields. At around 20 Oe (%10 times that of the nuclear field), a
nearly complete decoupling is achieved, leaving only a weak
exponential relaxation component of electronic origin. The
solid lines in Fig. 5(d) represent fits using the simple ex-
ponential polarization function P(¢) r = exp(—ALgt), Which
yield the relaxation rates of A g = 0.013 yts‘l at 20 Oe and
0.0023 us~! at 50 Oe. Notably, even under fields exceeding
the static nuclear field by more than an order of magnitude, a
finite muon spin relaxation persists, evidencing the presence
of slow electronic spin fluctuations at low temperatures.

To further investigate the low-temperature spin dynamics,
we carried out wTF-uSR measurements at several temper-
atures. Figure 5(e) presents the time evolution of the muon
spin asymmetry in an external field of Hrg = 46 Oe, applied
perpendicular to the initial direction of muon spin polariza-
tion. In this geometry, the muon spins precess coherently
around the transverse field Hyp. As the applied field is much
larger than the width of the static nuclear field obtained from
ZF, the observed relaxation beyond the nuclear contribution
must stem from paramagnetic spins, in line with the ZF data
that show no evidence of static electronic fields. As evident
from Fig. 5(e), the full asymmetry (Ag) persists down to 2 K,
confirming the lack of static electronic fields in agreement
with the ZF data. To analyze the wTF spectra, we employed a
damped oscillatory function,

Awrr(t) = Ag cos(y, Hret + ¢)e ™, 3)

in which the muon spins precess at frequency w = y, Htg, ¢
represents the phase shift, and Arg quantifies the relaxation
rate arising from slow spin fluctuations of electronic origin.
The temperature dependence of the transverse relaxation
rate Atg is shown in Fig. 5(f). For T > T*, Arp remains
nearly temperature independent, reflecting the response of

randomly oriented paramagnetic spins. In contrast, a pro-
nounced enhancement appears between 2 and 10 K, indicating
the presence of a crossover regime that may be related to
the correlated orphan spins behavior inferred from the ZF
measurements. A direct comparison reveals that the ZF re-
laxation rate Azr [Fig. 5(b)] is weaker than the transverse
field relaxation rate Arg [Fig. 5(f)]. This is related to the fact
that while the ZF relaxation reflects only dynamic field fluc-
tuations, the transverse relaxation is additionally affected by
inhomogeneous local fields induced by the applied transverse
field. Furthermore, the overall temperature dependence of Atp
(~T %1%y is weaker than that of Azr (~T ~%37), possibly due
to partial quenching of weakly coupled spin dynamics by the
applied transverse field.

IV. DISCUSSION

Vacancy-induced quenched disorder presents fundamen-
tal challenges in understanding correlated quantum states.
In the present compound, Li-Cu site mixing introduces in-
trinsic disorder that perturbs the exchange network of the
clean hyper-star lattice while largely preserving its frustrated
character.

It is noteworthy that despite the substantial Li-Cu site
mixing, the system does not appear to reside at a magnetic
percolation threshold. Instead, the Cu®** moments form an
extended, randomly connected 3D network that effectively
fragments into low-dimensional magnetic segments. In this
geometry, the primary source of frustration associated with the
ideal triangular plaquettes is mostly suppressed. Nevertheless,
residual frustration may persist due to bond disorder induced
random exchange interactions, which are well established as
a driver of spin frustration in 1D RS systems [53].
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At high temperatures, dominant antiferromagnetic correla-
tions originate from strong yet diluted intratriangle exchange
interactions. Upon cooling, a RS-like state develops through a
distribution of intertriangle exchange couplings and weakly
interacting Cu4 spin chains. Ultimately, the spins undergo
progressive freezing driven by the residual 3D exchange in-
teractions linking the hyper-star lattice and the Cu4 chain
network.

The dominance of antiferromagnetic intratriangle interac-
tions and the emergence of an orphan spins driven RS-like
state are manifested in the x(7') data. In the temperature
range 15-100 K, x(T) remains nearly field independent and
follows a power-law behavior x (T') ~ 79353 consistent with
random magnetism dominated by the magnetic segment cou-
pled by intratriangle antiferromagnetic interactions [54]. At
lower temperatures, however, the growing contribution from
weak residual interactions enhances the magnetic susceptibil-
ity through a distribution of exchange interactions, as reflected
by x(T) ~ T%% below T*. With increasing magnetic field,
the low-temperature susceptibility is drastically modified, as
reflected by the change of the exponent from 0.59 to 0.0488,
implying a gradual polarization of the orphan spins under
applied fields below T*. The spin dynamics arising from
low dimensionally segmented antiferromagnetic interactions
at high temperatures are further corroborated by the broad
maximum in Cpee(T) [55], along with the power-law be-
havior of the ESR linewidth and the zero-field muon spin
relaxation rate above 7, indicating the development of short-
range spin correlations typical of low-dimensional Heisenberg
antiferromagnets [55].

Before discussing further evidence for an intermediate
RS-like state below T, it is worth noting that, despite the
presence of both vacancy and bond disorder, we do not ob-
serve a clear x (T) o< C/T Curie tail at low temperatures. Such
behavior is commonly seen in 1D systems, where it often
originates from extraneous orphan spins [39]. In our case,
the magnetization data indicate that orphan spins do exist,
but they are an intrinsic feature of the site-diluted system
rather than isolated paramagnetic impurities [15,56]. Instead
of producing a simple 1/7 divergence, these orphan spins are
weakly correlated in the random-bond background, forming
singlets of varying energy scales. This redistribution of ex-
change energy suppresses the Curie-like tail and drives the
system toward a RS-like state, characterized by x (T') ~ T ™%,
Cinag(T) ~ T'7, and Azp(T) ~ T~%, where the low-energy
density of states follows D(E) o« E~* [9,12,13,57].

In addition to the power-law behavior of x(7), the mag-
netic specific heat below T* follows Cyag(T)/T ~ 7795
down to Ty = 0.32 K, marking the lowest temperature of
the RS-like state (see Table III). This behavior is further
corroborated microscopically by the muon spin relaxation
rate, Azp ~ T 957, Notably, the exponents derived from both
thermodynamic and microscopic probes lie within a similar
range, offering strong evidence for the emergence of a RS-
like state in the intermediate temperature window between
Ty and T* in zero field. It is worth noting that within the
gigahertz frequency regime, the spin dynamics is dominated
by unconventional spin correlations, whereas the inhomoge-
neous RS-type fluctuations observed at megahertz frequencies
remain unresolved (see Table III).

TABLE III. Temperature-dependent power-law behavior for var-
ious physical quantities in Li,Cuy(MoOy );.

Random singlet

Physical quantity Intratriangle (T > T*) (Tt <T <T"
% (T) T7-0.53 T-059
Cmag(T)/T T0.12 T—O,SO
)\ZF(T) (MHZ) T0A26 T—0.57
AH,(T) (GHz) 7025 7015

Quasifrozen regime: T < Tt, Ciag(T)/T 704

We recall that singlets initially form on the shortest and
strongest bonds, while spins connected by longer or weaker
bonds remain effectively unpaired at higher temperatures.
Upon further lowering the temperature, singlet formation ex-
tends over increasing length scales, resulting in a reduced
fraction of weakly coupled orphanlike local moments that
nevertheless dominate the low-energy magnetic response. Im-
portantly, this implies a thermal redistribution of spectral
weight between orphan-spin and singlet-spin contributions.

To further examine the scenario of the RS state in ap-
plied magnetic fields, Fig. 6 presents the scaling analysis
of x(T), M(H), and Cpae(T ), commonly proposed as hall-
marks of a disorder-induced RS-like state [8,11,14]. In
Fig. 6(a), the scaled form oH" x(T') collapses onto a uni-
versal curve when plotted against 7 /uoH, consistent with
RS scaling behavior. Although the exponent o, = 0.56 is
close to that expected near zero-field condition (o = 0.50
to 0.59), the scaling of T-*M versus woH/T [Fig. 6(b)]
produces a single curve over 2-80 K with a complementary
exponent (o ~ 1 — ). Furthermore, the low-temperature
specific heat measured in various magnetic fields collapses
as woH " Conag(T)/T versus T/uoH, yielding an exponent
oc = 0.25 even lower than that extracted from zero-field
data [Fig. 6(c)]. These observations suggest that, although
scaling collapse is retained under magnetic fields, the expo-
nents differ substantially from their zero-field counterparts. A
similar trend is found in the collapse behavior of thermody-
namic quantities in Y,CuTiOg [11]. Unlike in 1D RS systems,
disorder-driven singlet formation in higher-dimensional frus-
trated magnets is expected to exhibit nonuniversal effective
exponents. Moreover, both the existence and the universality
of a well-defined 3D RS state remain open questions. The
1 T data are intentionally excluded from the scaling plot
in Fig. 6(c), as satisfactory data collapse is observed only
for higher magnetic fields (3—9 T), similar to what has been
reported for the 3D RS candidate LisCuTeOg [33].

Although in the intermediate temperature range the sys-
tem exhibits a RS-like state, at lower temperatures around
Ty = 0.32 K it undergoes spin freezing, as revealed by the ac
magnetic susceptibility measurements. Notably, this freezing
occurs only at very low temperatures, suggesting an ori-
gin in the Cu4 spin chains, where the Cu4—Cu4 coupling
(J4 =1.23 K) drives a quasifrozen state within the dominant
RS background set by the 3D hyper-star lattice spin topology.
Under magnetic fields, however, this quasifrozen contribution
is gradually suppressed, and by 9 T the magnetic specific heat
recovers a quadratic dependence, consistent with low-energy
gapless excitations [58].
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FIG. 6. (a) Magnetic susceptibility x (T') rescaled by magnetic field 1oH* and plotted against T /uoH, showing data collapse onto a
universal-like curve. (b) Isothermal magnetization M multiplied by 77%% as a function of poH/T, demonstrating consistent scaling over a
wide temperature range. (c) Scaled magnetic specific heat poH%*Cpae/T vs T /11oH at selected fields, highlighting collapse onto a common

trend. All panels are presented in a log-log scale.

V. CONCLUSION

In summary, thermodynamic and microscopic measure-
ments identify Li;Cuy(MoQy); as a rare 3D hyper-star lattice,
where Li-Cu site disorder drives a crossover from antiferro-
magnetic short-range correlations at high temperatures to a
RS-like state at low temperatures. The broad maximum in
Cinag(T') and power-law behaviors of the muon relaxation rate
and ESR linewidth (7%2°) above T* ~ 15.8 indicate dominant
short-range correlations characteristic of low-dimensional an-
tiferromagnets. Below 7*, orphan spins with weak random
interactions produce distinct power-law dependences in vari-
ous physical observables (7 ~%%) with comparable exponents,
evidencing a RS-like state. The universal scaling of x(7),
M(H), and Cpae(T') under field supports this scenario, while
varying exponents indicate an intriguing nature of the higher-
dimensional RS state. Upon further cooling, a quasifrozen
state emerges near Ty = 0.32 K, likely from weakly coupled
Cu4 spin chains. Altogether, Li,Cu,(MoOQ,); reveals that site
disorder in a 3D frustrated lattice can intertwine bulk and
orphan spins, giving rise to an extended RS-like quantum-
disordered state beyond two dimensions.
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APPENDIX: SPECIFIC HEAT

Figure 7(a) shows the residual specific heat after subtrac-
tion of the lattice contribution. The zero-field data are free
from any field-induced Schottky contribution, which typi-
cally arises under applied magnetic fields due to Zeeman
splitting of s = 1/2 orphan spins or spin singlets. In zero
field, the data exhibit three distinct power-law regimes in
temperature, reflecting successive changes in spin correlations
upon cooling. With increasing magnetic field, the narrow
low-temperature slope below 0.32 K gradually decreases,
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FIG. 7. (a) Temperature dependence of the residual specific heat
obtained after subtracting the lattice contribution. In zero field, three
distinct power-law regimes are observed, separated by two vertical
lines at 7* = 11.11 K and T; = 0.32 K. (b) Fitting of the Schottky
contribution at several magnetic fields. Inset shows the estimated
energy gap as a function of magnetic field.
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indicating a field-induced suppression of the quasifrozen state
and the emergence of an almost quadratic temperature depen-
dence at 9 T, alluding to the field-induced emergence of exotic
gapless excitations.

In order to subtract the Schottky contribution for H # 0,
the zero-field data C, (0T) were subtracted from the corre-
sponding data at finite fields C,(H # 0). The resulting AC,,/T
data are presented in Fig. 7(b), which were fitted using the
function [Csch (A1) — Csch(A2)]00rp/ T, where 0o, Tepresents
the fraction of orphan spins, and A and A, denote the energy
gaps at finite and zero fields, respectively. The Schottky spe-

exp(z2r)
[1+exP(}jB% 2’
is the Boltzmann constant. A similar procedure to subtract the
Schottky contribution has been previously applied to materials
such as Y,CuTiOg [11] and BazCuSb,Og [60]. As shown in
the inset of Fig. 7(b), A /kg varies linearly with the applied
magnetic field. The linear fit (solid line) yields a g factor
of 2.77, slightly higher than the value typically observed for
Cu* (s = 1/2) ions [11,60]. This discrepancy suggests that

cific heat is given by Cse, (A) = R(,{BAT)2 where kg

the orphan spins are dressed by their coupling to the sur-
rounding RS environment. Thus the extracted gap reflects the
weighted average of the local environment. At higher fields,
the dominance of the high-energy tail of the gap distribution
leads to an apparent g factor that exceeds the ESR value.

On the other hand, A, /kg increases from 0.89 to 1.7 K as
the magnetic field is raised from 1 to 9 T. This gap is present
already in zero field and can be attributed to spin dimers with
varying gaps, which are an essential ingredient of the RS state
[11,60]. After the subtraction of the Schottky contribution
from the residual specific heat, the final magnetic specific heat
[Cmag(T )] is presented in Fig. 3(c).

Note that the fraction of orphan spins estimated from the
Schottky analysis is 3.7%, 7.01%, 8.38%, and 13% for applied
magnetic fields of 1, 3, 5, and 9 T, respectively. The in-
creasing concentration of orphan spins should not be literally
interpreted as these spins are bound to the RS background.
Rather, it reflects that an increasingly larger number of spins
contribute to the observed Schottky behavior with increasing
magnetic field.
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