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Quantum antiferromagnet bluebellite comprising a maple-leaf lattice made of spin-1/2 Cu®* ions
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Spin-1/2 maple-leaf lattice antiferromagnets are expected to show interesting phenomena originating from
frustration effects and quantum fluctuations. We report the hydrothermal synthesis of a powder sample of
bluebellite CuglO3(OH)(Cl as a first potential candidate. Magnetization and heat capacity measurements
reveal moderate frustration with a Curie-Weiss temperature of —35 K, and a magnetic transition at 7y = 17 K.
Surprisingly, the magnetic susceptibility and heat capacity above Ty are well reproduced by the Bonner-Fisher
model, which suggests that a one-dimensional spin correlation with a magnetic interaction of 25 K occurs in the
apparently two-dimensional lattice. This emergent one-dimensionality cannot be explained by orbital ordering or
dimensional reduction due to geometrical frustration. We believe that there is an unknown mechanism to cause
one-dimensionality in the spin-1/2 maple-leaf lattice antiferromagnet.
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I. INTRODUCTION

Over several decades, quantum spin frustrated magnets
have attracted much attention from theorists and experi-
mentalists searching for exotic states of matter such as the
resonating valence bond state and spin liquids [1-4]. Synthetic
copper minerals are candidates for such models. For example,
compounds containing Cu* ions with spin-1/2 in the kagome
net, such as herbertsmithite Cu3;Zn(OH);Cl [5,6], volborthite
Cu;3V,07(0OH); - 3H,0 [7,8], vesignieite BaCu3V,05(0OH),
[9,10], and engelhauptite KCu3V,07(OH),Cl [11] have been
extensively studied. These kagome copper minerals have crys-
tal structures based on layered hydroxides M(OH),. The
magnetic ions M are arranged in a triangular lattice, and 1/4
of them are periodically depleted or replaced by nonmagnetic
ions to form a kagome lattice.

There are other ways to generate characteristic frustrated
lattices from a triangular lattice via periodic depletions. For
example, a honeycomb lattice can be attained by a 1/3 de-
pletion, and a maple-leaf lattice (MLL) can be attained by a
1/7 depletion [12-14]. As depicted in Fig. 1, all the lattice
points in an MLL are equivalent, and each has five neighbors,
similar to a natural maple leaf. When one type of magnetic ion
is placed on the lattice points of the MLL, there are three kinds
of magnetic interactions between them: Jy, J;, and J, for the
dimer, triangle, and hexagon, respectively. The ground state of
the MLL antiferromagnet was predicted to have classical six-
sublattice long-range order (LRO), even for quantum models
[12,13]. However, more detailed theoretical investigations
have shown that the S = 1/2 MLL antiferromagnet exhibits
a quantum dimer singlet state without LRO for J;/J > 1.45
(J = Jp = J;) [14]. Furthermore, a 1/3 plateau state may ap-
pear in the magnetization process for J;/J > 1.07, and 1/3
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and 2/3 plateaus may appear for J;/J > 3 [14]. Thus, the
MLL antiferromagnet is a potentially fascinating platform for
the study of quantum frustrated magnetism, similar to kagome
antiferromagnets.

Unlike kagome antiferromagnets, there is a limited number
of candidates for the MLL antiferromagnet, so that experi-
mental studies have been limited. The magnetic properties
associated with the chirality of the J; triangle have been re-
ported for classical spin systems containing Mn** (S = 3/2)
[15-17]. For S = 1/2, several natural copper minerals may
be candidates. Magnetization measurements have been per-
formed on spangolite CugAl(SO4)(OH),Cl5 - 3H,0 [18], but
the data are obscured by the presence of impurity spins in
a sample from natural mineral. In order to study the intrin-
sic magnetism of MLL antiferromagnets, a purified synthetic
mineral is necessary. In this study, we successfully synthe-
sized polycrystalline samples of bluebellite CuglO3(OH);(Cl
as a candidate for the spin-1/2 MLL antiferromagnet by a
hydrothermal method.

Bluebellite was discovered in 1983 in the Blue Bell Mine
in the Mojave Desert, California. The crystal structure of
bluebellite is based on a layered hydroxide M (OH), structure
containing Cu®>* and nonmagnetic I°* ions in a 6:1 ratio in
the two-dimensional (2D) triangular lattice plane forming an
S = 1/2 MLL (Fig. 2) [19]. Previous structural analysis using
a natural mineral sample showed that the Cu?* and I°* ions
are perfectly ordered without intersite mixing.

This work reports the crystal and magnetic properties of
bluebellite. Magnetic susceptibility shows that it is an antifer-
romagnet with § = 1/2 and a Weiss temperature of —35.6 K.
The magnetic susceptibility and heat capacity reveal magnetic
ordering at 7y = 17 K. Both the temperature dependencies
in magnetic susceptibility and heat capacity above Ty are
well reproduced by the S = 1/2 Heisenberg chain model
with J ~ 25 K in spite of the apparent two-dimensionality in
magnetic couplings in the MLL. Moreover, a large 7-linear
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FIG. 1. Maple-leaf lattice with the three types of magnetic in-
teraction Jy, Ji, and J, for the dimers, triangles, and hexagons,
respectively.

term is observed in heat capacity above Ty, which is con-
sistent with a one-dimensional (1D) spinon excitation with
J = 25.9K. Furthermore, the observed nonlinear increase in
the magnetization process is similar to that observed in quan-
tum spin chains. These observations strongly suggest that 1D
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FIG. 2. (a) Powder x-ray diffraction pattern for synthetic blue-
bellite. The observed intensity, calculated intensity based on Rietveld
analysis, and their difference are represented by red dots, black lines,
and blue lines, respectively. The inset shows the crystal structure
of bluebellite viewed along the layers visualized using the VESTA
program [21]. (b) Arrangement of atoms in a layer. (c) Arrangement
of spin-carrying Cu-3d (x>—y?) orbitals. Blue and red lobes represent
the d(x*—y?) orbitals on the Cul and Cu2 sites, respectively. Five
types of nearest-neighbor interaction are shown:J; (blue), Ji, (red),
Ja (black), Jy1(green), and Jj, (pink).

TABLE 1. Crystallographic parameters for synthetic bluebel-
lite (space group R3) determined by Rietveld analysis of powder
XRD data obtained at room temperature. The atomic coordinates
and isotropic thermal displacement parameter B are given for each
atom. The refinement converged with small reliable parameters of
Ry, =2.901% and S = 1.3004. The obtained lattice parameters are
a=8.3056(2) A and ¢ = 13.2194(3) A.

Atom  Site x y z B (A?)
Cul  9b 04578(9)  0.3867(9) 0.2901(10)  1.18(5)
Cu2  9b 0.0261(6)  0.2404(9) 0.2747(11)  0.84(5)
I 3a 0 0 0.6050(11)  0.824(4)
Ol  9» 04178(29) 0.1834(27)  0.2212(11) 0.22(9)
02 3a 0 0 0.2666(11)  0.60(7)
03 9b 02571(35) 0.445526)  0.1999(11) 0.45(10)
04 9» 0204321) 0.1939(22)  0.3573(12) 0.66(11)
05 9b 04521(31) 0.1683(37) —0.0044(10) 0.82(12)
ol 3a 0 0 0.0998(11)  1.50(14)

spin correlations emerge in the 2D MLL of bluebellite owing
to frustration and quantum effects.

II. EXPERIMENT

A polycrystalline bluebellite sample was prepared using
the hydrothermal method. 0.3 g of Cu(OH),, 0.3 g of CuCl, -
2H,0, and 0.1 g of KIO4 were added to a polytetrafluoroethy-
lene beaker of 30 ml volume. The beaker was placed in a
stainless-steel vessel filled with 15 ml of H,O and heated at
150°C for 8 h. A dark cyan-colored powder was obtained
after rinsing with distilled water several times and drying
at 110°C. The obtained sample was characterized by pow-
der x-ray diffraction (XRD) using a Cu-Ko radiation. The
cell parameters and crystal structure were refined by the Ri-
etveld method using the RIETAN-FP version 2.16 software [20].
The temperature dependence of magnetization was measured
under magnetic fields up to 7 T in a magnetic property mea-
surement system (MPMS; Quantum Design). The temperature
dependence of heat capacity was measured by a conventional
relaxation method in a physical property measurement sys-
tem (PPMS; Quantum Design). Magnetization curves up to
approximately 60 T were measured by the induction method
in a multilayer pulsed magnet at the International Mega Gauss
Science Laboratory in Institute for Solid State Physics.

II1. RESULTS

A. Crystal structure

Figure 2(a) shows a powder XRD pattern for the sample.
All of the peaks are indexed to a hexagonal unit cell with
a = 8.3066(2) A and ¢ = 13.2211(4) A based on the R3 space
group reported for a natural mineral [19]. The Rietveld analy-
sis converged well with the crystal structure shown in Fig. 2(b)
and the structural parameters listed in Table I; contributions
from H atoms were ignored in the structural refinement. As
reported previously, site mixing between Cu and I ions was
not detected within the experimental error [19].

As mentioned in the Introduction, all of the magnetic ions
in the MLL are identical to their five nearest neighbors and
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TABLE II. Cu-X (X = OH, O, Cl) bond lengths in bluebellite @) T T -

obtained from the powder XRD data. Curie-tail Bluebellite
.8 HoH = 50 mT{ 1000
Bond Length (A) Short/long T 8 o M/H T
Cul-O1H 2073) Short 5 O-M/H - Curietail | <
Cul-O1H 1.88(3) Short E4 \, BEfit ~1 5
Cul-03 2.42(4) Long £ N[J=240@) K _~7 b
Cul-O4H 2.16(2) Short ° 7 {500 3
Cul-O5H 1.89(4) Short 2 | J=2421(6) K g o
Cul-Cl 2.68(2) Long T _,' i N ‘_ £
Cu2-O1H 1.86(2) Short s - o
Cu2-O2H 2.02(2) Short , b = -34.7(2) K
Cu2-03 2.102) Long CW fit  Hest = 1.966(2)ug
| |

Cu2-0O4H 2.03(3) Short 0 0
Cu2-O4H 2.17(3) Long 0 100 200 300
Cu2-O5H 2.09(3) Short 6.5 8

there are three different interaction paths. However, the space
group of bluebellite is R3 without inversion symmetry, differ-
ent from the ideal MLL (R3), so that there are two Cu sites,
each of which forms a set of equilateral triangles with a differ-
ent bond distance. In Fig. 2, these are depicted by blue and red
triangles for sites Cul and Cu2, respectively. As a result, there
are five types of bonds with different magnetic interactions:
Ji1 (blue) and Jy, (red) represent the Cul-Cul and Cu2-Cu2
interactions on the corresponding triangles, respectively, and
Ja (black), Jy,; (green), and Jy, (pink) represent the Cul-Cu2
interactions, as shown in Fig. 2(c). Note that the J,; and J;»
bonds appear alternately along the distorted hexagon.

Each Cu®t ion is surrounded by six anions: one Cl, one
O, and four OH ions for Cul and one O and five OH ions
for Cu2. For Cul, the bonds are long for the Cl and O ions
at the trans positions, and short for the four lateral OH ions.
This produces 4-short—2-long type coordination with a large
Jahn-Teller distortion (Table II). In contrast, for Cu2, the O3
and O4H at the trans positions are located slightly further
from Cu2, with the others ions closer. Therefore, it is likely
that, for both Cul and Cu2, the d(x* — yz) orbitals that extend
toward the closest OH ions have the highest energy and thus
carry spin-1/2. The arrangement of the d (x> — y?) orbitals in
the MLL layer derived from the crystal structure is shown in
Fig. 2(c). Note that all superexchange interactions occur via
OH~ ions located between two lobes of nearby orbitals; the CI
ion above the blue Cul triangle and the O?~ ion surrounding
the I°* ion do not participate.

B. Physical properties

The temperature dependencies of magnetic susceptibility
M/H and its inverse H/M are shown in Fig. 3(a). A Curie-
Weiss (CW) fit of the H/M curve in the 200-300 K range
yields a Weiss temperature of 6y = —34.7(2)K and an
effective magnetic moment g of 1.966(2) ug. The nega-
tive Oy value indicates that the interaction between Cu’*
spins is predominantly antiferromagnetic, and the ¢ value
suggests an S = 1/2 spin system with a Landé g factor of
g = 2.27, which is enhanced by the spin-orbit interaction
[22] and is comparable to those of other copper miner-
als [5-11]. The average magnetic interaction J is given by
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FIG. 3. (a) Temperature dependence of the magnetic susceptibil-
ity M/H and its inverse for a polycrystalline sample of bluebellite
measured under an applied magnetic field of 50 mT. The M/H data
after the subtraction of the low-temperature Curie-tail contribution
are also shown. The dashed lines on the M/H and H/M data represent
fits to the Bonner-Fisher (BF) [23] and Curie-Weiss (CW) models,
respectively. (b) Temperature dependencies of M/H measured at
magnetic fields of 0.05, 1, 3, and 7 T. Magnetic ordering is observed
at Ty = 17K, where the derivative of the M/H curve at 1 T shows a
peak and field dependence starts to appear. The inset shows the M-H
curve (red) and its derivative (blue) measured at 1.8 K. The black
arrows indicate spin flop transitions at 1.7 T.

U +Jn +Ji 4+ I +Ji2)/S in the mean-field approxima-
tion, and it is calculated to be 27.8 K, where Oy = —
ZJS(S+1)/3withz=5and S =1/2.

In the low-temperature region of Fig. 3(a), the H/M curve
begins to deviate from the CW line below ~70K, and the
M/H curve shows a broad peak at ~30K, suggesting the
development of antiferromagnetic short-range order (SRO).
Interestingly, this broad peak is well reproduced by the
Bonner-Fisher (BF) curve for a spin-1/2 Heisenberg antifer-
romagnetic chain with an intrachain interaction where J =
24.03)K and g = 2.27(3) [23]. This J value is close to the
average J of 27.8 (3) K from the CW fit, and the g values
from the two fits are identical. This fact strongly suggests that
the observed SRO has 1D characteristics. Note that there is
an upturn below 10 K, which is ascribed to a contribution of
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FIG. 4. Temperature dependencies of heat capacity divided by
temperature C/T and magnetic entropy Sp,e for bluebellite. Red cir-
cles (filled and open for uoH = 0 and 7 T, respectively) and dashed
line represent the data and lattice contribution estimated by fitting the
data above 100 K (Cuice /T ), respectively. The black arrow indicates
the magnetic transition temperature 7y. The inset in the top panel
shows a plot of C/T against T? revealing the presence of a large
T-linear contribution in C. Magnetic entropy Sy, approaches RIn2 at
high temperatures. The inset in the bottom panel shows the magnetic
heat capacity Cy,g after the subtraction of Ciygice. The broken line is
a fit to the BF model, which yields J = 25 K.

impurity spins of ~1.5%. A change in the M/H curve after
the subtraction of this additional contribution was minimal,
and a BF fit to the corrected data gave a slightly larger J of
24.21(6) K.

Figure 3(b) shows the M/H curves below 50 K measured
under various magnetic fields. The derivative of the curve at
1 T shows a peak at an inflection point at 17 K. Moreover, a
field dependence appears below this temperature. In contrast,
the isothermal magnetization curve at 1.8 K in the inset of
Fig. 3(b) shows small increases at uoH = £+ 1.7T, as evi-
denced by the peaks in its derivative dM/dH, suggesting the
occurrence of spin-flop transitions. Thus, the magnetic field
dependence of M/H below 17 K is due to a spin-flop transi-
tion. These observations indicate that magnetic LRO occurs
at Ty = 17K. In fact, as shown in Fig. 4, the heat capacity
divided by temperature C/T exhibits a clear A-shaped peak
at 16.9 K under 0 and 7 T fields. Therefore, in bluebellite,

a second-order magnetic phase transition with bulk nature
occurs at Ty.

A plot of C/T against T? is shown in the inset of Fig. 4,
where C/T varies linearly with T2 over a wide temperature
range from above Ty to approximately 40 K; a large intercept
of y = 0.214(3) Jmol Cu™' K2 is obtained by fitting to the
equation C/T =y + BT?>. In general, a cubic heat capacity
term comes from phonon contributions, whereas a T-linear
term comes from densely populated electronic excitations.
Since bluebellite is an insulator, this 7-linear term must orig-
inate from spins rather than conduction electrons. It is known
that such a 7-linear heat capacity appears from a spinon Fermi
surface. A Tomonaga-Luttinger liquid, which is the ground
state of a 1D spin-1/2 Heisenberg chain [24,25], is one ex-
ample. Another possible origin is the gapless excitation in
the spin glass. However, this is unlikely because no glassy
responses were observed in the magnetic susceptibility, and a
sharp transition to an LRO was observed in the heat capacity.
Considering that the broad peak in the M/H was reproduced
by a BF curve, it is reasonable to assume that the observed
T-linear heat capacity above Ty comes from spin correlations
of the 1D character. In this scenario, the magnetic interaction
J in the chain is given by y = 2R/3J, where R is the gas
constant [23,26]. Thus, we obtain J = 25.9(3) K, which is
close to J = 24.0(3) K from the BF fitting to M/H.

The magnetic heat capacity Cpye has been estimated by
calculating the lattice heat capacity Ciayice and subtracting it
from the total C. It is known that Cj,gce consists of contribu-
tions from three acoustic phonon branches and (3n-3) optical
phonon branches, where 7 is the number of atoms per formula
unit [27]; n equals 21 for bluebellite. Provided that Ciagice 1S
the sum of Debye- and Einstein-type heat capacities, Cp and
Cg, respectively, the C/T data above 150 K were fitted to the
equation

x*exp(x)

L [T
Giattice = Cp + Cg = 9R(T /6 —————dx
Jatt p+Ce (T'/6p) /(; lexp (1) — 1

3 2 0,
(0i/T)exp(% — 1)
+RZ ool 1) (1

where R is the gas constant, fp is the Debye temperature,
and 6gi are the Einstein temperatures. The best fit shown by
the dashed line in Fig. 4 was obtained assuming three kinds
of Einstein modes: 6p = 161K, 6g; = 257K, 6 = 655K,
Og3 = 971K, ny =18, np =28, and n3 = 14. The Cyae/T
was obtained by subtracting the Ciyice/7 from the experi-
mental data, and the magnetic entropy Sy, Was calculated
by integrating Cpae/7T with respect to 7. The obtained Spyag
above 100 K approaches the total entropy of spin 1/2, RIn2 =
5.76 Tmol! K™!, indicative of the validity of the subtrac-
tion of lattice contributions. The magnetic entropy reaches
1.61Jmol™' K~! at Ty, which is 28% of the total entropy,
indicating that short-range magnetic correlations already de-
veloped above Ty, corresponding to the broad peak in the
magnetic susceptibility. Moreover, as shown in the bottom
inset of Fig. 4, the thus-obtained Cp,,¢ data above Ty is well
reproduced by the BF model with J = 25K [28], which is
reasonably in good agreement with J = 24.0(3) K from the
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FIG. 5. Magnetization curve and its derivative measured at
4.2 K under pulsed magnetic fields up to 61.7 T for bluebellite. The
magnitudes are calibrated to the data measured under static fields up
to 7 T (black circles). The saturated magnetization My, is gS with a
g value of 2.27, which was obtained from the CW fitting.

BF fit to the magnetic susceptibility and J = 25.9(3) K from
the T-linear heat capacity.

Magnetization measurements were performed under
pulsed magnetic fields up to 61.7 T, as shown in Fig. 5.
The magnetization M increases almost linearly below 20 T,
and then increases more rapidly to approximately 80% of the
saturation magnetization Mg, = g5 at 61.7 T. No anomalies
indicating a field-induced phase transition or a magnetization
plateau are observed. Note that such a superlinear increase of
magnetization is often observed in quantum spin chains [29].

IV. DISCUSSION

Bluebellite is an antiferromagnet with an § =1/2 2D
MLL. However, unexpected 1D-like SRO is observed. The
magnetic susceptibility and magnetic heat capacity show
broad peaks at temperatures above Ty that are well reproduced
by the BF model for spin-1/2 Heisenberg antiferromagnetic
chains. In addition, a large T-linear heat capacity is observed,
which suggests the presence of gapless spin excitations, such
as in the Tomonag-Luttinger liquid. The intrachain interaction
is consistently estimated from M/H and C/T data as approxi-
mately 25 K. These facts support that the 1D spin model is a
good solution, although we cannot rule out other spin models.

We have to be careful in concluding the presence of 1D-
like SRO in bluebellite because there are many quantum spin
systems that show similar peaks in magnetic susceptibility
[30]. We point out that the peak tends to be shallower for
2D than 1D systems [31]. An alternative way to explain the
observed peak is to assume a spin-gapped state. In fact, we
could fit the data assuming two gaps of 33.6 and 92.2 K.
However, such a spin-gapped state is not consistent with the
observed T-linear heat capacity without an exponential decay.
It is emphasized that both the magnetic susceptibility and
magnetic heat capacity data above Ty are well reproduced by

the BF model with nearly equal J values of 25 K. Therefore,
we think that there is an emergent 1D spin correlation in the
MLL lattice of bluebellite.

Magnetic low dimensionality of spins is usually mate-
rialized by anisotropic chemical bonding in actual three-
dimensional crystals. However, it can emerge beyond the
topology of the crystal structure owing to anisotropic mag-
netic interactions caused by specific orbital arrangements and
frustration effects. For example, in spinel oxides ZnCr,O4
and ZnV,0,4, magnetic low-dimensionality occurs in three-
dimensional pyrochlore lattices [32,33]. In ZnCr;QOy4, the
frustration effect causes the formation of zero-dimensional
spin hexamers in the pyrochlore lattice in the excited state
[32], while in ZnV;,Qy4, spin chains form owing to orbital
ordering [33]. In contrast, dimensional reductions from 2D
to 1D have been observed in anisotropic triangular lat-
tice antiferromagnets, Cs,CuCly [34-36] and A3ReOsCl,
(A = Ca, Sr, Ba) [37,38]. The one-dimensionalization of
these compounds is caused by the geometric cancelation
of magnetic interactions at the zigzag bonds between the
chains. A further interesting dimensional reduction from
3D to 2D has been observed in a synthetic mineral phar-
macosiderite (H3;O)Fe4(AsO4)3(OH), - 5.5H,0 consisting of
Fe* tetramers arranged in a primitive cubic lattice [39,40].

In the case of bluebellite, however, it seems difficult to
explain the observed 1D magnetism based on these scenarios.
In the orbital arrangement expected from the crystal structure
of bluebellite shown in Fig. 2(c), there are no arrays of chains
of orbitals. Moreover, even assuming that some of the J cou-
plings in the distorted MLL are negligible, it is impossible to
generate 1D chains because of the presence of a threefold rota-
tion axis. Therefore, a novel mechanism is required to explain
the 1D magnetism in bluebellite, which may incorporate both
frustration and quantum effects. Recently, Makuta and Hotta
suggested that the ground state of the S = 1/2 MLL has a 1D
“striped” order, regardless of the ratio of J, based on finite-
size exact diagonalization analysis of the ground states that
constitute the low-energy states in the Heisenberg model [41].
It is explained that these one-dimensional magnetic structures
are stabilized by the propagation of two spinons generated by
the splitting of magnon in a one-dimensional direction along
with the stripe. In this situation, they suggest that weakening
Jy1 strengthens the one-dimensionality. In addition, they have
also found that the calculated x with smaller J;; can be fit-
ted well with the 1D-XXZ spin chain model [41]. A similar
emergence of 1D physics from 2D spins has been discussed
for the distorted Shastry-Sutherland lattice [42]. Thus, it is
plausible that one-dimensionality is hidden in the S = 1/2
MLL antiferromagnet, which will be clarified theoretically in
the future.

It is necessary to accumulate more experimental evi-
dence of 1D magnetism in bluebellite. Inelastic neutron
scattering (INS) experiments are planned to estimate the ex-
change parameters needed to construct a reasonable model
and reveal the nature of low-energy excitations. In ad-
dition, it would be interesting to examine whether 1D
magnetism is also observed in other MLL copper minerals
such as fuettererite Pb3;CusTeOgq(OH);Cls [43], mojaveite
CusTeO4(OH)oCl [19], spangolite CugAl(SO4)(OH),Cl; -
3H,0 [18], and sabelliite Cu,ZnAsO4(OH); [44]. Synthesis
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methods will be established for these minerals so that their
magnetism may be elucidated.

V. SUMMARY

We synthesized the mineral bluebellite as a candidate for
the S = 1/2 MLL antiferromagnet by a hydrothermal method
and investigated its crystal structure and magnetic properties.
Unexpected 1D-like SRO was observed in the magnetic sus-
ceptibility and heat capacity above Ty which are reproduced
by the BF model, the large 7-linear heat capacity, and the

nonlinear growth in the high-field magnetization in spite of
the apparent 2D crystal structure. Our findings demonstrate
that MLL copper minerals provide a promising platform in
the search for novel quantum magnetism.
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