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We combine thermodynamic, electron spin resonance (ESR), and muon spin-relaxation (1 SR) measurements
with density functional theory (DFT) and classical Monte Carlo calculations toward understanding a disorder-
driven behavior of the 3D coupled frustrated cubic lattice LuzSbsMn,0,4 with s = 5/2. The classical Monte
Carlo calculations based on exchange interactions extracted from DFT predict that Lu;SbsMn, 0,4 undergoes
a transition to magnetic ordering. In sharp contrast, our specific heat measurements evince a weak magnetic
anomaly at 0.5 K while SR detects neither long-range magnetic order nor spin freezing down to 0.3 K. For
temperatures above 2 K, our ac susceptibility, magnetization, and specific heat data obey temperature-magnetic
field scalings, indicative of the formation of 3D random singlets. The development of multiple ESR lines
with decreasing temperature below 80 K supports the notion of inhomogeneous magnetism. Our results extend

random-singlet physics to 3D frustrated classical magnets with a large spin number s = 5/2.

DOI: 10.1103/PhysRevB.107.214404

I. INTRODUCTION

Random singlets (RSs) offer a conceptual framework for
describing the low-energy state of disordered quantum mag-
nets. When strong quenched disorder or exchange randomness
is present in spin systems, disordered quantum spin liquids
(QSLs), valence-bond-glass, and random-singlet states can
emerge by promoting quantum fluctuations against magnetic
ordering [1-15]. The RS state comprises a random network
of a minor fraction of intrinsic orphan spins and a majority
of singlet dimers and resonating clusters with a broad distri-
bution of energies. Experimental signatures of the RS state
include power-law dependencies of magnetization, magnetic
susceptibility, and specific heat, which emulates the low-
energy power-law density of states p(E) ~ E~* [10,11].

Singularly, the RS state is universal for a broad class of
spin chains subject to quenched disorder and is described
by an infinite-randomness fixed point (IRFP) with an infi-
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nite dynamic exponent [16,17]. In higher dimensions, it has
been numerically established that the RS state possibly with
a finite-randomness fixed point (FRFP) can be stabilized for
various 2D and 3D frustrated magnets, such as the triangular,
kagome, J; — J, square, and pyrochlore lattice [5—13]. No-
tably, a recent study of Heisenberg spin chains with competing
J1 — J, interactions revealed a phase transition from the so-
called unfrustrated RS with IRFP to the frustrated RS state
with increasing frustration J,/J; [18]. The frustrated RS state
is characterized by gapless excitations and may have a FRFP,
which resembles the higher-dimensional RS states reported in
frustrated 2D and 3D quantum magnets.

Experimental instances of higher-dimensional RS en-
compass triangular lattices YbMgGaO,, Sc,Ga,CuO7, and
Y,CuTiOg, square lattice Sr,CuTe;_,W,Og, pyrochlore lat-
tice LuyMo,05N,, and Kitaev honeycomb lattices Cu,IrO3
and « — Ru;_,Ir,Cl; [19-30]. However, all RS candidate ma-
terials hitherto reported have been limited to geometrically or
exchange-frustrated magnets with small spin numbers. Given
that this liquid-like state contradicts the conventional wisdom
that quenched randomness in magnetic insulators brings about
spin freezing or spin glass, it is of paramount significance

©2023 American Physical Society
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to investigate whether RS physics can be extended to 3D
classical frustrated magnets with a large spin number.

In this paper, we report the magnetic properties of spin-
5/2 3D frustrated antiferromagnet LuzSb3;Mn;0O14, in which
Mn?* (s = 5/2) ions are arranged on a frustrated cubic lat-
tice [31]. Our numerical calculations and specific heat show
an indication that the studied compound is weakly ordered.
However, the temperature and magnetic field scalings of ther-
modynamic data allude to the presence of RS in this classical
frustrated antiferromagnet.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Lu3Sb;Mn,0O;4 and its non-
magnetic counterpart Lu3Sb;Zn,O;4 were synthesized by
the solid-state reaction method. Stoichiometric amounts of
Lu,03, Sb,05, MnCO3, and ZnO were thoroughly ground and
then calcinated at 1200°C for Lu3zSbsMn,O,4 and at 1300°C
for Lu3Sb3;Zn,0y4 for 48 h. The phase purity of the samples
was examined using powder x-ray diffraction (XRD) at room
temperature. We refined the XRD data using the FullProf
software.

dc and ac magnetic susceptibilities and isothermal magne-
tization were measured using a VSM-SQUID (superconduct-
ing quantum interference device) magnetometer (MPMS3,
Quantum Design). The dc magnetic susceptibility was mea-
sured in a temperature range of 7 =2 — 300 K and in an
external field of 0.1 T. Isothermal magnetization curves were
recorded up to 14 T in the T = 2 — 20 K temperature range.
ac susceptibility measurements were performed in a fre-
quency range v = 10 — 400 Hz in an ac field of 3 Oe and zero
dc magnetic field as well as in a field range of uoH = 0.01 —
5 T at a fixed frequency v = 10 Hz. High-field magnetization
experiments were conducted at the Dresden High Magnetic
Field Laboratory using a nondestructive pulsed magnet. An
induction method with a pick-up coil was employed to de-
tect the magnetic moment. The high-field magnetization data
recorded in the uoH =0 — 58 T range at T = 2.5 K were
scaled to the isothermal magnetization obtained by SQUID in
the low-field range of yoH =0—-14TatT =2.5K.

The specific heat was measured using a standard adia-
batic heat-pulse method in a dilution refrigerator (Kelvinox
MX100, Oxford) with a home-built calorimeter. A magnetic
field was applied using a 15-T superconducting magnet.
We subtracted the addenda contribution from all presented
data, which was always less than 1.5% of the sample heat
capacity.

High-frequency ESR experiments were performed at
v = 240 GHz with a quasioptical heterodyne spectrometer
(National High Magnetic Field Laboratory in Tallahassee,
Florida, USA). The temperature was varied in the 7 =2 —
200 K range using a liquid helium cryostat. Polycrystalline
samples were packed with a Teflon tube and then mounted
on a small cavity. To record the ESR spectra, we swept an
external magnetic field using a 12 T superconducting magnet
at a fixed frequency.

For zero-field (ZF) and longitudinal-field (LF) muon spin
relaxation (4 SR) experiments, we exploited the ARGUS and
HiFi spectrometers at the ISIS Neutron and Muon source,
Rutherford Appleton Laboratory, United Kingdom. Polycrys-

talline samples were packed with silver foil and then mounted
on the sample holder. ZF-uSR spectra were measured from
T =2 to 650 K with a Variox He4 cryostat and oven heater
and from T =0.3 to 2.5 K with a Heliox He3 cryostat.
LF-uSR spectra were recorded in an external magnetic field
moH =0.01 —1 T at T = 0.3 (300) K using the ARGUS
(HiFi) spectrometer. Because we utilized two spectrometers,
ARGUS and HIFI, to cover different temperature ranges, the
baseline correction for the SR spectra was made at 300 K.
The detector efficiency parameter between forward and back-
ward detectors was determined by applying a weak transverse
field of 20 G at 300 K for both spectrometers. All obtained
uSR data were analyzed using the WiMDA software [32].
The ©SR spectra were plotted as the muon spin polarization
by normalizing the theoretically obtained asymmetry value at
t = 0 from the fittings.

To compute magnetic exchange interactions, we first
performed first-principles density functional theory (DFT)
calculations using OPENMX code [33,34]. Double-zeta-
single-polarization numerical atomic orbitals were used for
each element as our basis set. Perdew-Burke-Ernzerhof gen-
eralized gradient approximation of the exchange-correlation
functional (PBE) was employed [35] and 400 Ry of the real-
space grid was adopted to solve Poisson’s equation using
fast-Fourier transform and to sample electrostatic potential
and exchange-correlation functional. 9 x 9 x 9 k-grid was
used to sample the total energy. Electron correlations were
treated via a simplified rotationally-invariant flavor of the
DFT + U formalism, where we varied the strength of the on-
site Coulomb parameter Ueg from 2 to 5 eV at Mn d orbitals.
We computed magnetic exchange interactions using Jx code
[36,37] in the presence of a Néel-type antiferromagnetic order
in the entire range of U.gr. We confirmed the local character of
Mn moments as the electronic structure of the system showed
no significant difference upon enforcing ferromagnetism. The
heat bath method was used for classical Monte Carlo simu-
lations. The spin-exchange interactions were taken from the
values from the DFT + U calculation with U, = 3 eV. The
simulation has been carried out with periodic boundary con-
ditions of 12 x 12 x 6 unit cells containing 5184 spin sites.
For each temperature and magnetic field, we made 30 000
measurements.

III. RESULTS AND DISCUSSION

A. Structural analysis and spin topology

Figure 1(a) presents the crystal structure of LuzSbsMn,O 4
(R3m), where Mn*" triangular layers are stacked by alternat-
ing Lu and Sb kagome layers. We recall that Lu3Sb;Mn,014
is derived from tripod kagome materials RE3;Mg,Sb3;0 4
(RE = rare earth) that consist of Kagome planes of magnetic
rare-earth ions separated by triangular planes of nonmagnetic
Mg?* ions [38]. The crystal structure contains the two dif-
ferent crystallographic sites of Mn(1) and Mn(2): Mn(1)Og
hexagonal pyramids and Mn(2)Og octahedra. All the Mn?*
ions are not connected to each other through corner- and
edge-sharing of metal-oxygen polyhedra, and hence, magnetic
interactions between Mn>* ions occur via Mn-O-O-Mn super-
super exchange paths.
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FIG. 1. (a) Crystal structure of LuzSb;Mn,O,4 consisting of Mn(1)Og hexagonal bipyramids and Mn(2)Og octahedra. The red, blue,
and green balls stand for Mn(1), Mn(2), and O atoms, respectively. The Lu and Sb atoms are omitted for clarity. (b) Rietveld refinement
of the XRD powder pattern of Lu;SbsMn,0,4. The red open circles, the solid black line, the solid blue line, and the green vertical dashes
denote the experimental, calculated, difference curve, and Bragg peaks, respectively. (c) The solid lines depict the super-super exchange paths
Mn-O-O-Mn, which form a three-dimensional frustrated lattice. (d) 3D frustrated cubic model composed of an edge coupling J; and two

different face diagonal interactions J,; and J,.

The powder XRD pattern of LuzSb;Mn,014 measured at
room temperature is shown in Fig. 1(b). The lattice parameters
extracted from the Rietveld refinements are a = 7.33243(6)
A, b =7.33243(6) A, and ¢ = 17.2894(8) A. The goodness
of fit obtained by the residual refinement factors in the fit-
ting range of 5° < 20 < 150° is Ry, = 3.52%, Ry, = 4.87%,
and x? = 5.78. The atomic coordinates with Wyckoff posi-
tions are summarized for Lu3SbsMn, 0,4 and its nonmagnetic
counterpart in Table I. The degree of antisite mixing is less
than 1%. This observation is consistent with prior findings on
isostructural compounds RE3;SbsMn,;04 (RE = La, Pr, and
Nd), which show 1:3 cation ordering of Mn(1)/RE in the 3a
site and Mn(2)/Sb in the 3b site due to the large difference in
cation size [31].

Shown in Fig. 1(c) is the sketch of super-super exchange
paths between Mn>* ions. We performed DFT calculations
for high-spin 3d> Mn>* ions to quantitatively estimate the
strength of exchange interactions. Using a reasonable strength
of the on-site Coulomb interaction parameter U. = 3 eV at
Mn sites, we obtain J; = 1.25 K for the nearest-neighbor
Mn(1)-Mn(2) interaction [black line in Fig. 1(c)] and J;; =
0.8 K and J;; = 0.2 K for the next-nearest neighbor Mn(1)-
Mn(1) and Mn(2)-Mn(2) interactions [blue and red lines in
Fig. 1(c)], respectively. The interlayer interaction is an order
of Jiner = 0.8 K. The resulting spin topology is depicted in
Fig. 1(d). Neglecting the interlayer interaction, the cubic
lattice with J; running along the edges and J;; (i =1, 2)

along the face diagonals can be first treated as a 3D Shastry-
Sutherland model with s =5/2 [39-41]. The Curie-Weiss
(CW) temperature estimated from these calculated exchange
interactions yields @%“W = —37 K, which is in reasonable
agreement with the experimental value of Ocw = —43.48 K
[see Fig. 2(c)]. Noteworthy is that a 3D generalized Shastry-
Sutherland lattice in a mean-field limit can host a valence
bond crystal in addition to a Néel ordered state, depending
on the relative strengths of J; and J;; [39,40]. As far as we
know, however, the precise phase diagram of s =5/2 3D
Shastry-Sutherland antiferromagnet with interlayer couplings
is not determined. Instead, our classical Monte Carlo simu-
lations, based on the exchange parameters derived from the
DFT calculations, reveal that the studied compound lies on a
magnetically ordered side [see the calculated specific heat in
Fig. 4(a) below] in the absence of perturbation and quenched
disorder. This is not unexpected because the face diagonal
interactions Jy; are comparable in strength to the interlayer
interaction.

B. Magnetic susceptibility and magnetization

Figure 2(a) presents the 7' dependence of the static mag-
netic susceptibility x(7) of LuzSbsMn,O;4 measured at
woH = 0.1 T in the zero-field-cooled (ZFC) and field-cooled
(FC) process. No difference between the ZFC and FC y (T')
excludes the occurrence of spin freezing or spin glass. The

TABLE 1. Atomic parameters of LuzSb;Mn, 0,4 and Lu3Sb3Zn, 0,4 obtained from the Rietveld refinement in the R3m space group.

Lll3 Sb}MHgOM

LLI3Sb3Zl'12014

Atom Wyckoff site X y Z X y z
Mnl 3a 0 0 0 0 0 0
Mn2/Zn2 3b(18g) 0 0 172 0 0 0360(6)
Sb 9d 1/2 0 1/2 1/2 0 1/2

Lu 9e 1/2 0 0 1/2 0 0

(0] 6¢ 0 0 0.3956(1) 0 0 0.3968(5)
02 18h 0.5352(2) -0.5352(2) 0.1333(1) 0.5475(5) —0.5475(5) 0.156(6)
03 18h 0.1437(3) -0.1437(3) —-0.064(0) 0.1614(5) -0.1614(5) —0.0405(5)
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FIG. 2. (a) Temperature dependence of the dc magnetic susceptibility x (7') of LuzSbsMn,0,4 in an external field of uoH = 0.1 T. The
solid blue line depicts the low-temperature power-law fit. (b) ac magnetic susceptibility vs temperature with three different frequency v =
100 Hz, 200 Hz, and 1000 Hz. (c) Inverse magnetic susceptibility 1/ (T) plotted with the Curie-Weiss model fit (blue line). (d) High-field
magnetization measured up to 58 T at T = 2.5 K on a log-log plot. The solid red lines present a power-law increase of the magnetization.
The inset presents the magnetization curve in a linear scale. (¢) Real component of the ac susceptibility x’(7) as a function of temperature
and magnetic fields measured in v = 100 Hz and an oscillating field of 10 Oe. The solid line represents a 7~°7® dependence. (f) Scaling of
TO78 " with uoH /ksT on a log-log scale. (g) Magnetization curves M (H) at various temperatures. (h) Log-log scaled plot of T%?2M (H) with
,bL()H / kB T.
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FIG. 3. (a) Time evolution of ZF-uSR spectra at selected temperatures 7 = 0.3, 2, and 650 K. The solid lines are fits as described in the
main text. The inset plots the representative LF-SR spectra taken at 7 = 0.3 K and uoH = 0 and 0.37 T. (b) Temperature dependence of
the muon spin-relaxation rates A,(7") and A,(7T"). The solid lines are fittings to the power-law behavior. (c) Thermal evolution of the high-
frequency ESR spectra measured at v = 240 GHz. The dashed lines are a guide to the eye. (d) Resonance field as a function of temperature.
(e) Peak-to-peak width vs temperature. The solid lines represent power-law dependencies.
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FIG. 4. (a) Temperature and field dependencies of the magnetic specific heat C,(T") calculated by classical Monte Carlo simulations. The
magnetic parameters used for the simulations are determined by DFT calculations. (b) Temperature dependence of the magnetic specific heat
Cn(T) at selected magnetic fields uoH =0, 3,5,7,and9 T. C,(T) is obtained by subtracting the lattice contribution of the nonmagnetic
isostructural compound Lu;Sb;Zn, 04 from the total specific heat. (c) Field and temperature dependence of the magnetic entropy S, (7). The
horizontal dashed line marks the expected total entropy change RIn6 for the spin s = 5/2 system. (d) Scaling plot of B®**C, /T vs kgT /uoH.

lacking spin-glass transition is further corroborated by the
in-phase component of the ac susceptibility x’(7"), which does
not show any frequency dependence, as shown in Fig. 2(b).
Instead, x(T) exhibits a power-law increase x(7)~ T %
(oty & 0.78) without any apparent saturation or kink for 7 <
20 K. The CW fit of 1/x(T) in the T = 30 — 300 K range
yields the effective magnetic moment e = 5.77 up and the
CW temperature Ocw = —43.48 K, as shown in Fig. 2(c).
The experimental pes is close to the theoretical spin-only
value of 5.82 up expected for Mn>* (s = 5/2) ions with the
g factor g = 1.97 [determined by electron spin resonance in
Fig. 3(c)]. The moderate negative ®cw suggests dominant
antiferromagnetic exchange interactions between Mn>* spins.

In Fig. 2(d), we show the high-field magnetization M (H)
measured at T = 2.5 K up to 58 T. With increasing field,
M(H) exhibits a steep rise at low fields with a subse-
quent linear-like increase at high fields [see the inset of
Fig. 2(d)]. M(H) approaches the saturation magnetization
Mg = gSup ~ 4.93 up at the saturation field uoHs =~ 45 T,
which is comparable to ®cw = —43.48 K. The low-field in-
crease in M (H ), resembling the Brillouin function, indicates
the presence of orphan-like or weakly correlated spins, which
constitute 16% of the total Mn>* spins. Since our XRD re-
veals that Lu;SbsMn,O4 contains a small amount of anti-site
disorder, Mn?* vacancies and defects can give rise to both
intrinsic orphan spins in the RS state and paramagnetic free
spins in the non-RS state, which are hardly distinguishable
in the static magnetization [42]. As depicted in Fig. 1(d), the
Mn(1)/Mn(2) defects randomize the J;; and J;; interactions.
To inspect the influence of exchange randomness and spin
vacancies on the magnetization behavior, we plot M(H) on
a log-log scale, enabling the identification of its three-stage
increase. Specifically, the magnetization follows a power-law-
like increase, M(H) o< H'~%" with the exponent o, ~ 0 in a
field range of uopH =0 — 1T, o), * 0.6 at uygH =1 - 10T,
and «,, ~ 0.4 at uoH = 10 — 40 T. For magnetic fields above
1 T, the power-law M (H ) with the exponent 0 < ¢, < 1 indi-
cates random magnetism. The extracted exponent is somewhat
smaller than o; ~ 0.78 deduced from y (7).

Exhibited in Fig. 2(e) are the H and T dependencies of
x'(H, T) measured at a fixed frequency v = 100 Hz in var-
ious dc fields of uoH = 0.01 —5 T. With increasing field,
x'(H,T < 30K) is systematically reduced, the freezing out

of weakly coupled spins under an external magnetic field.
Consequently, we are able to single out the broad 7 = 20 K
maximum feature for x'(uoH = 5T, T), concealed by the
sub-Curie increase in the low-field data. In Fig. 2(f), we
showcase the scaling behavior by plotting 7% x’ vs woH /kgT .
Remarkably, the data fall onto a single curve (solid line) with
ay = 0.78 over three orders of magnitude. Further supportive
evidence for the scaling relation is provided by the H and T
dependencies of M(H, T') measured up to uoH = 14 T at var-
ious temperatures T = 2 — 20 K [see Fig. 2(g)]. By plotting
T~ 'M(H) against puoH/kgT in Fig. 2(h), we demonstrate
the data collapse with the scaling exponent o; & 0.78 over
three orders of magnitude. Taken together, the commonly
observed scaling relations of x'(H,T) and M(H,T) with
the complimentary exponent indicate that the studied sys-
tem hosts random singlets and bond-disordered spin states,
as reported in other frustrated magnets subject to quenched
disorder.

C. Muon spin-relaxation and electron spin resonance

To shed light on the ground-state spin dynamics, we turn
to local dynamical probes of spin fluctuations. In Fig. 3(a),
we exhibit presentative ZF-uSR spectra, which show little
variation with temperature. The lack of an oscillatory signal
down to 0.3 K alludes to the absence of long-range magnetic
order. The uSR spectra are well described by the sum of
two simple exponential functions P.(¢) = fexp(—A;t) + (1 —
flexp(—Ast), where A; (Ap) is the fast (slow) muon spin
relaxation rate and f is the fraction of the fast-relaxing com-
ponent. As the temperature decreases to 0.3 K, the fraction
of the fast-relaxing component increases monotonically from
f ~0.55 to 0.78, indicative of a gradual slowing down of
spin correlations. The two components may be related to two
different magnetic environments, alluding to the presence of
inhomogeneous magnetic states. The exponentially decaying
relaxation function implies that the dynamical field is of elec-
tronic origin. This is further supported by the observation that
the muon spin polarization is hardly recovered by the applied
longitudinal field [see the inset of Fig. 3(a)].

In Fig. 3(b), we plot the muon spin-relaxation rates
M(T) and A»(T) as a function of temperature. On cooling
from 650 K, the fast relaxation component A;(7") increases
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gradually, and then flattens off below 80 K, and finally shows
a power-law increase A;(T) ~ T %2 in the temperature range
of 0.3 K < T < 10 K. On the other hand, the slow relaxation
rate A,(T') displays a steep increase through 100 K and varies
slowly with a power-law dependence A,(T) ~ T %% below
80 K. We can identify two crossover temperatures at 7" =
10 K and T** = 80 K, where spin dynamics shows a marked
change. In the inset of Fig. 3(a), we plot the LF-uSR spectra
measured at 7 = 0.3 K. Remarkably, we do not observe any
decoupling behavior under the 1 T LF, even at T = 300 K
(not shown here). Considering the magnetic energy scale of
Ocw = —43.48 K, the LF-uSR results suggest the presence
of additional relaxation channels, requiring further investiga-
tion for clarification. Taken together, the combined ZF- and
LF-uSR data indicate the presence of two distinct dynami-
cally fluctuating states that govern the spin dynamics of the 3D
s = 5/2 frustrated magnet LuzSbs;Mn;0O4. As the fraction of
the fast relaxation component grows with lowering tempera-
ture, A1 (T") pertains to the thermal evolution of a RS-like state,
while 1, (T) is associated with the development of a weakly
correlated state.

We turn to high-frequency ESR. As shown in Fig. 3(c),
the ESR signal consists of a single Lorentzian profile in
the high-T paramagnetic state. On cooling down through
T** =80 K, two secondary signals are split off from the
primary signal. Eventually, one more ESR signal appears be-
low T* = 10 K. We stress that both £#SR and ESR feature
anomalies at the two characteristic temperatures. Since the
secondary signals shift to higher or lower fields, the newly
emerging ESR lines cannot be attributed to simple defects or
orphan spins. Rather, they may be related to the development
of distinct correlated magnetic states due the combination
of frustrated spin topology and spin vacancies. All the ESR
spectra are fitted to a sum of four powder-averaged Lorentzian
profiles for quantitative analysis of the ESR parameters. The
extracted resonance field Hi.s and the peak-to-peak linewidth
AH,, are plotted in Figs. 3(d) and 3(e). As the temperature
is lowered from 80 K, H..s(T )s of the P1 and P2 absorption
lines shift to lower fields, while those of the P3 and P4 lines
increase towards higher fields. Given that Hy is proportional
to internal magnetic fields, this trend implies that some spins
develop ferromagnetic correlations, while others develop an-
tiferromagnetic correlations. In the temperature range of T =
3 —120 K, AH,,(T) follows a critical power law AHp,
T~ with the exponents of « = 0.18 for P1 and 0.21 for P3.
Besides, we observe a changing exponent from o = 0.89 to
0.05 through 40 K. The critical-like line broadening at low
temperatures may be due to the development of local spin
correlations or spatially random local fields. We recall that a
triangular antiferromagnet Ba3;CuSb,0y with Cu?* /Sb>* dis-
orders shows the critical ESR line broadening that is taken as
a sign of a random singlet state [43]. As such, our ESR results
witness the presence of inhomogeneous magnetic states.

D. Magnetic specific heat and its scaling

We further address the nature of low-lying magnetic exci-
tations. Figure 4(a) presents the calculated magnetic specific
heat C,,,(T, H) based on classical Monte Carlo simulations.
The magnetic parameters used for the simulations were ob-

tained by DFT calculations. The theoretical Cy,,(T', H) shows
magnetic ordering at Ty = 4.65 K in zero field. With in-
creasing field of up to uoH = 9 T, the transition temperature
is slightly reduced. In Fig. 4(b), we plot the experimental
magnetic specific heat C, as a function of temperature under
external magnetic fields of woH =0 —9 T (the incomplete
9 T data due to technical issues). The specific heat of a
nonmagnetic analog Lus;Sb3Zn,O4 was used to subtract a
lattice contribution from the total specific heat. In addition, the
nuclear Schottky anomaly seen in high fields is also subtracted
to extract Cy, (T') (not shown here). The zero-field C,,(T') data
exhibit a maximum at 7 = 0.5 K. On the application of an
external magnetic field, the maximum is rapidly suppressed,
which is rapidly suppressed on the application of an external
magnetic field. This suggests that a minor fraction of spins
is frozen, although this weak magnetic anomaly is hidden to
1SR [see Fig. 3(a)]. In contrast, the higher-T" broad hump fea-
ture becomes enhanced. The broad hump shifts toward higher
temperatures with increasing field, reminiscent of orphan-like
spins. The T =7 K hump of C,(T) at uoH =5—-9 T is
correlated with the 7 = 20 K maximum of x'(uoH = 5T),
which is typical for short-range magnetic order. Overall, we
find a noticeable discrepancy between the theoretical and ex-
perimental C, (T, H). The experimental specific heat reflects
the low-energy landscape modified by quenched disorder, as
evidenced by the appearance of inhomogeneous magnetism in
the ESR data.

The magnetic entropy Sy, (7, H), calculated by integrating
Cn/T, is shown in Fig. 4(c). Sy, (T, H) reaches the theoret-
ically expected value RIn(2s + 1) = 15.44 JK=2/(mol Mn)
for s =5/2 as the temperature is raised to 7 = |Ocw|(=
43.48 K). At zero field, the majority of S, (7', H) is released
below T = 10 K. With increasing field, the low-T Sy, (T, H)
is systematically reduced, while the onset temperature of
the entropy release shifts towards the temperature scale of
Ocw. This indicates a massive pile-up of the low-energy
density of states, which consist of weakly coupled spins and
thus are quickly suppressed by applying an external field.
Lastly, we examine the scaling relation of the C, (T, H) data,
(moH) Cyy /T = F(kgT /uoH ) with a scaling function F. Un-
like x'(H,T) and M(H, T), we find data collapse only in
a limited range with y = 0.22, invalidating the extracted
exponent. This incomplete scaling of C,,(T', H) is not surpris-
ing, given that C,,(T', H) features two energy scales and Mn
vacancies. As shown in Fig. 1(d), the Mn(1)/Mn(2) defects
or vacancies introduce randomness in J;1 and Jy1(# Jz2) ex-
change interactions, while preserving J; — J;; (or J; — Jg2)
frustration. Considering that the clean Lu;Sb;Mn,0O4 com-
pound is situated close to a valence bond solid (VBS) from
a Néel ordered state, a disorder-driven emergent spin lattice
could lead to a broken VBS in favor of a RS state over a spin
glass [44].

IV. CONCLUSIONS

We have performed thermodynamic and local resonance
measurements of Lu3Sb3Mn,0,4 supplemented with DFT
and classical Monte Carlo calculations. Our theoretical mod-
eling unravels that LusSbi;Mn,0O;4 is best described as
a 3D Shastry-Sutherland antiferromagnet with interlayer
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couplings. In the absence of disorder, Lu3Sb3;Mn,0y4 is cal-
culated to undergo a magnetic transition at Ty = 4.65 K.
Contrarily, our specific heat data show a magnetic anomaly
at T =0.5 K, hidden to uSR. The absence of longitudi-
nal field-decoupling confirms the dynamic nature of spin
fluctuations probed by wSR. Quenched disorder turns out
to drive the studied system to an inhomogeneous magnetic
state made of random singlets and a small fraction of frozen
spins.

Further, our #SR and ESR data uncover two crossover
temperatures at 7" = 10 K and 7" = 80 K, where spin
correlations develop a distinct thermal variation. The con-
curring shift of the ESR resonance field and the power-law
increase of the ESR linewidth, together with the weak power-
law increase of the muon spin-relaxation rate, advocate the
development of inhomogeneous, correlated magnetic states.
Notably, we identify scaling collapses of the magnetic-
field- and temperature-dependent yx'(H,T) and M(H,T)
as expected from random singlet physics. The common
exponent extracted from the power-law behaviors sug-
gests the presence of the low-energy power-law density
of states p(E) ~ E~% (ay; = 0.78). However, the incom-
plete C,(T', H) scaling signifies an inhomogeneous magnetic
state.

In Lu3Sb3Mn,014, where quantum fluctuations are sup-
pressed, the quenched disorder is apt to induce spin glass.
In sharp contrast to conventional wisdom, the observed ran-
dom singlet demonstrates that strong disorder can stabilize
a random-singlet state even in a classical frustrated cubic
antiferromagnet. The proximity to spin dimers might be a
prerequisite for achieving random singlets, calling for future
theoretical investigations.
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