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Equilateral triangular lattices (TLs) with antiferromagnetic interactions are ideal templates for inducing
magnetic frustration, offering a platform to explore exotic quantum spin states that are crucial for ad-
vancing quantum science and technology. However, few examples meet these structural criteria, and even
fewer realize these fascinating physical properties. We report four novel equilateral TL magnets realized
through a crystal-symmetry-protected molecular-brick strategy. By deliberately selecting a high-symmetry
nonmagnetic structural template and incorporating magnetic molecular building blocks, magnetic ions
are geometrically constrained by three-fold rotational symmetry within the a-b plane, enforcing an ideal
equilateral TL and turning on magnetism in a nonmagnetic structural template. Magnetic susceptibility
and specific heat measurements reveal a long-range magnetic ordering in BaCoBe,(BO3),F, around 180
mK, while BaNiBe,(BO3),F, remains disordered at 140 mK. Furthermore, crystal orbital Hamilton popu-
lation analysis shows that different molecular bricks exhibit distinct bonding characteristics, resulting in
diverse magnetic properties. Our results demonstrate that the molecular-brick chemical strategy offers

valuable insights into the investigation of geometrically frustrated magnets.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Geometrically frustrated magnets (GFMs) are pivotal in ex-
ploring exotic quantum magnetism due to the highly macro-
scopic degeneracy and strong quantum fluctuations [1,2]. Geo-
metric frustration—arising from lattice geometry and competing
antiferromagnetic (AFM) interactions—gives rise to a variety of
novel quantum phenomena, including quantum spin liquid (QSL)
[3], spin supersolid [4], spin nematic state [5], and magnetization
plateau [6]. Such exotic behaviors have been discovered not only
in two-dimensional (2D) frustrated lattices, such as the triangu-
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lar and Kagome lattices, but also in three-dimensional (3D) frus-
trated frameworks, including the pyrochlore [7], hyperkagome [8],
and trillium lattices [9], which have enabled a more profound un-
derstanding of exotic physical properties and potential applications
in quantum computing [10]. As one of the typical GFMs, equilateral
triangular lattice antiferromagnets (ETLAFs) are proposed to have
a QSL state in theory [11]. Subsequently, emergent quantum phe-
nomena, including QSL and quantum phase transitions, have been
experimentally observed in the aforementioned TL magnetic sys-
tem [12]. For example, 1/3, 2/3, etc. magnetization plateaus have
been discovered in 3d transition metal-contained materials, such
as Cs,CuBr4 [13], Ba3CoSb,0g [14], and Ba3NiSb,0g [15]. Due to
significant quantum fluctuations, TL magnets with small quantum
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spin numbers, such as YbMgGaO, (pseudospin S.g=1/2) [16], and
BasNiSb,0g (S=1) [17,18] have been proposed as QSL candidates.
A Co2*-based ETLAF, Na,BaCo(PQ,),, was recently identified as a
spin supersolid candidate with a giant magnetocaloric effect (MCE),
bridging unconventional quantum phenomena with potential ap-
plications in millikelvin-level magnetic refrigeration [4].

However, the fabrication of 2D ETLAFs is hindered by struc-
tural disorder, lattice distortion, and interlayer correlations. For in-
stance, YbMgGaO,4 was first proposed as a QSL candidate, and fur-
ther studies show that the interplay of Mg2t/Ga3* site disorder
remains debatable [19]. From the structural point of view, crystal
symmetries, coordination environments, and polyhedral connectiv-
ity are crucial components of material structure. Materials exhibit
distinct magnetism across different structural dimensions, arising
from the combined influence of exchange interactions, crystal elec-
tric field (CEF) effects, spin-orbit coupling (SOC), and quantum
fluctuation [20-22]. Hence, designing ETLAFs free from structural
disorder and establishing these ideas in real materials remains ex-
citing and challenging for the chemistry and material science com-
munities.

During our previous investigation, we designed a series of
deep-UV optical materials, BaM(II)Be,(BO3),F, (M=Zn, Mg, Ca,
Cd) [23-25], derived from the structural motif of Sr,Be;B,0;
(SBBO, P6c2). Given the high transparency in the deep-UV, d° or
d'® transition metals were selected to maintain wide band gaps
and optical transparency in the deep-UV region. High crystallo-
graphic symmetry was not a prerequisite for achieving the tar-
geted optical functionality. In contrast, the present study is mo-
tivated by an entirely different objective: The realization of an
ideal equilateral TL capable of hosting geometrical magnetic frus-
tration. When magnetic ions with unpaired electrons are intro-
duced into the high-symmetry space group of SBBO-type mo-
tifs, it is not merely chemical substitution of similar cations but
activating a new collective degree of freedom, spin, within a
symmetry-protected lattice geometry. Herein, a molecular-brick
chemical strategy is successfully applied to explore equilateral TL
quantum magnets. It refers to a chemical design based on high-
symmetry structural motifs with 3-fold or 6-fold rotation sym-
metry. The nonmagnetic BO3 and BeOsF units, along with non-
magnetic cations, act as building blocks, analogous to toy bricks,
that link the magnetic centers to form a 2D frustrated mag-
netic lattice [26]. With all the above in mind, four novel equilat-
eral TL magnets, BaCOBE2(BO3 )2F2 (BCBF), BaNi862(BO3 )2F2 (BNBF),
SrCoBe,(BO3),F, (SCBF), and SrNiBe,(BO3),F, (SNBF), have been
rationally designed via molecular-brick chemical strategy and syn-
thesized by a high-temperature flux method. Given their structural
similarities, we focused on the magnetism and specific heat stud-
ies of BCBF and BNBF as representative compounds. Easy-plane
anisotropic magnetic characteristics are found in all four materials
with no detectable magnetic ordering down to 1.8 K. Further alter-
nating current (AC) magnetic susceptibilities and thermodynamic
measurements confirmed the long-range magnetic ordering (LRO)
for the BCBF (180 mK). Intriguingly, the LRO was ruled out in the
case of BNBF down to the millikelvin range based on the direct
current (DC) magnetic susceptibilities (400 mK) and specific heat
(140 mK) measurements. The different magnetic pictures of these
TL magnets primarily arise from the intricate interplay between
the CEF, SOC, electron configurations of magnetic ions, and the
competition among different exchange interactions. Our results in-
dicate that the newly developed equilateral TL 3d transition metal-
based fluorides are promising candidates for exploring frustrated
magnetism.

The functionalities and research appeal of materials primarily
arise from the fundamental characteristics of their crystal struc-
tures. Initially, a classical deep-UV nonlinear optical (NLO) mate-
rial, SBBO [27], was selected as a structural template for the unique
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crystal symmetry based on the molecular-brick strategy (Fig. 1A).
Due to its noncentrosymmetric (NCS) space group (P6¢c2) and the
perfectly coplanar configuration of its BO3 groups, SBBO has long
been considered a promising NLO material for achieving deep-
UV (A < 200 nm) lasers through frequency doubling techniques
[27,28]. In recent years, SBBO has been regarded as an excellent
structural template for the development of novel NLO materials,
such as K;Al,B,07 [29], and NaCaBe;B,0gF [30]. Despite extensive
exploration of SBBO in optical materials over the past decades, its
potential to host highly symmetric magnetic sublattices has been
largely overlooked. Structurally, two unique Sr atoms in the SBBO
are fully fixed on the equilateral TL planes due to the six-fold ro-
tation symmetry. This also makes SBBO an excellent template for
exploring novel equilateral TL quantum magnets. Firstly, the high
symmetry of the SBBO crystal structure can stabilize the equilateral
TL. Next, magnetism can be systematically introduced into this TL
by incorporating 3d transition metal ions such as Co%?* and Ni%*,
which possess relatively small quantum spin numbers. Our ap-
proach is fundamentally different from straightforward cation re-
placement. The targeted introduction of magnetic ions is guided by
crystallographic symmetry constraints rather than by simple chem-
ical similarity. Finally, the structural template can be further opti-
mized by introducing complementary cations (e.g., Ba?t) and an-
ions (e.g., F") to maintain electroneutrality. Building on these ideas,
a series of novel TL magnets, BCBF, BNBF, SCBF, and SNBF, has
been designed using the SBBO structural template and a molecular-
brick chemical strategy. We believe our work not only expands
the application scope of SBBO-type templates but also provides
a general strategy for designing new quantum magnetic mate-
rials based on well-established structural motifs. These materi-
als were synthesized in millimeter-sized single-crystal form via a
high-temperature flux method (Fig. 1B). Then, their crystal struc-
tures were determined by single-crystal X-ray diffraction (SC-XRD),
revealing 2D structural features similar to those of the mother
structure of SBBO. Considering the isomorphic structure of BCBF,
BNBF, SCBF, and SNBF, the crystal structure of BNBF, refined at 100
K, is discussed here as a representative (Figs. 1C and D). It is crys-
tallized in a trigonal crystal system with a centrosymmetric (CS)
space group P3 (No. 147). Each atom has only one unique position
in the asymmetric unit of BNBF. Their coordination environments
are depicted in Fig. S1 (Supporting information). Notably, the small
sizes of BO3 and BeOsF make them good linkages for constructing
the TL within the crystal structure. For the magnetic part, the Ni2*
ions are in NiOg octahedral form with d(Ni—0)=2.09 A. The NiOg
octahedra are bridged with BO5 triangles and BeOsF tetrahedra via
corner-sharing, further constructing a Ni-based TL in the a-b plane.
The neighboring TLs are well-separated by non-magnetic BaOgFg
polyhedra with the nearest inter-plane distance (diner =7.62 A)
significantly larger than that in the TL planes (diy,=4.58 A) for
BNBF (Fig. 1E). The magnetic TLs follow an A-A-A eclipsed stacking
form along the crystallographic c-axis for all four materials. Scan-
ning transmission electron microscopy (STEM) characterization fur-
ther corroborates the structural features determined by SC-XRD. A
BNBF sample with approximate dimensions of 5x 5 x 2 um? and
a thickness below 100 nm is prepared for analysis (Figs. 1F and
G). Within the (210) plane, an enlarged High-Angle Annular Dark-
Field (HAADF)-STEM image of BNBF was directly compared with
its corresponding structural model and simulated image. The ex-
cellent agreement between experimental observations and theo-
retical projections further validates the accuracy of the structural
model (Figs. 1H and I). Further structural analysis, such as the po-
tential O/F disorder, will rely on neutron scattering experiments
using 1'B-based crystals. Similarly, the magnetic framework, crys-
tal structure, and polyhedral view of BCBF, SCBF, and SNBF are pre-
sented in Figs. S2-S4 (Supporting information), respectively. Addi-
tionally, the structural information for the above materials is pro-
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Fig. 1. Structural design and validation. (A) Structural evolution from SBBO to BNBF and BCBF. (B) The topography of single crystals of BCBF (upper left), BNBF (upper right),
SCBF (bottom left), and SNBF (bottom right). (C) Unit cell of BNBF. (D) The triangular layer of magnetic NiOg octahedral in the a-b plane. (E) The magnetic frameworks with
different interplane and intraplane distances. (F) STEM sample topography. (G) HAADF-STEM image of the BNBF (210) crystal plane, with annotated regions showing electron
beam damage and the selected area for FFT pattern analysis. (H) FFT pattern of the BNBF [210] crystal orientation from (G). (I) Enlarged HAADF-STEM image of BNBF, along

with its corresponding structural model and simulated image.

vided in Tables S1 and S2 (Supporting information). The ultraviolet
absorption edges of BCBF, BNBF, SCBF, and SNBF are approximately
242, 217, 231, and 212 nm, respectively (Fig. S7 in Supporting in-
formation), indicating insulating behavior for these materials.
Given the differences in electron configuration (Fig. 2A), BCBF
and BNBF were selected for detailed characterization of magnetic
properties. For the bulk magnetic properties, averaged (ave) DC
magnetic susceptibilities (x) of BCBF were measured based on a
polycrystalline sample with the applied field B=0.2 T over the
temperature range of 1.8-300 K. The inverse magnetic suscepti-
bility (x') versus the T curve could be fitted well by the Curie-
Weiss (CW) law 1/x = (T — ®)/C at both high-temperature (HT)

and low-temperature (LT) regimes. The values for the effective mo-
ment e, Curie constant C, and Weiss temperature & have been
summarized in Table S3 (Supporting information). From the stan-
dard CW fitting in the HT regime (100-300 K, Fig. 2B), the substan-
tial negative CW temperature ®&,,.=-43.39 K could be obtained,
and the effective moment plog=5.70 pg/Co®* is much larger than
that from the spin-only value g,/S(S+1)=3.87 for S=3/2 with
g=2, which suggests large orbital contributions in BCBF. Given
that Co?* in BCBF adopts octahedral coordination with a (tpg)°(eg)?
configuration, corresponding to a spin state of S=3/2 and an ef-
fective orbital moment L = 1. Specifically, when the strength of SOC
is sufficiently large, it effectively couples the orbital (L) and spin
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Fig. 2. Electron configurations, isotropic, and anisotropic magnetic properties. (A) The electron configurations of Co?* and Ni**. Temperature-dependent magnetic suscepti-
bility x, and inverse susceptibility, 1/x, with applied field B=0.2 T of polycrystalline samples (B) BCBF and (E) BNBF. Magnetization M(B) of polycrystalline samples (C) BCBF
and (F) BNBF measured at 1.8 K. The insets C and F show M(B) curve zoom in -0.5 T to 0.5 T. Magnetization M(B) along crystallographic a* and c axes of a single crystal of
(D) BCBF and (G) BNBF at 1.8 K. The insets in (D) and (G) show temperature-dependent magnetic susceptibility x with applied field B=0.2 T along crystallographic a* and

¢ axes of single crystals of BCBF and BNBF, respectively.

(S) angular momentum into a new quantum number, the total an-
gular momentum J, J=L+S. Under strong SOC, the energy lev-
els of electrons are split not primarily by their original spin and
orbital components but rather by the new ] component. For the
given Co%* configuration, with L=1 and S=3/2, SOC can lead to
different J states; however, in an octahedral crystal-field environ-
ment, the lowest-energy state typically corresponds to effective
pseudospin-1/2. It can be treated as an effective pseudospin-1/2
Kramers doublet TL magnet at low temperatures due to the inter-
play of SOC and CEF (Fig. 2A) [31]. Linear LT (1.8-20 K) CW fit-
ting gives a small negative CW temperature G, =-0.08 K and
Uer=3.93 pp/Co?t. The small negative @, from LT CW fitting
implies weak AFM interactions in BCBF. The slope change in the
x~1(T) curve of BCBF reflects a temperature-driven crossover, from
a high-temperature regime where multiple CEF levels contribute
to the effective moment, to a low-temperature regime dominated
by the lowest Kramers doublet. The hysteresis loop was not ob-
served in the isothermal magnetization M(B) curve of BCBF (Fig.
2C). To further reveal the anisotropic magnetic behaviors of BCBF,
the isothermal magnetization M(B) curves are measured at 1.8 K of
a single crystal with the magnetic field along the crystallographic
a* and c axes of BCBF (Fig. 2D). Field-dependent magnetizations
are nearly isotropic for the field in the a-b plane (Fig. S9B in Sup-
porting information) with an approximately 2.81 pg/Co?* satura-
tion moment along the crystallographic a* axis (Fig. 2D), which is
significantly larger than that of B//c (1.69 pg/Co?"). From the x(T)

curves of BCBF with B//c and B//a*, easy-plane magnetic anisotropy
with x4 > ¥ could be found in the magnetic susceptibility curves
of BCBF in the LT range (inset of Fig. 2D and Fig. S9A in Support-
ing information). A similar easy-plane magnetic anisotropy is also
observed in other Co-based TL magnets [32].

With Ni2*+ ([Ar]3d®) as the magnetic ion, the integer spin S=1
TL system is likely to exhibit distinct magnetic behavior (Fig. 2A).
The temperature dependencies of x and its inverse, x!, for BNBF
are displayed in Fig. 2E. Upon cooling, no clear, sharp peak is ob-
served in the x(T) curve above 1.8 K based on a polycrystalline
sample. CW fitting is performed based on the linear behavior of
X! above 100 K, which gives pug=3.21 pg/Ni2* and O =-3.56
K. The value of pg; for BNBF is similar to other Ni>*-based frus-
trated magnets [33] and slightly larger than the ideal value of 2.83
up expected for S=1. The negative CW temperature implies the
predominant AFM coupling in the magnetic Ni2* of BNBF. No hys-
teresis loop was observed in the M(B) curve of BNBF (Fig. 2F). Ex-
amining the M(B) curves along diverse directions reveals that mag-
netization is virtually indistinguishable along the a and a* axes
(Fig. S9D in Supporting information). As seen from the M(B) data at
a higher field along the direction of a*-axis, the magnetic moment
begins to flatten around 10 T, and Mmax = 2.14 pg/Ni2* at 14 T (Fig.
2G). Similar to BCBF, the easy-plane anisotropic magnetic behav-
ior is found for BNBF. Interestingly, as shown in Fig. 2G inset and
Fig. S9C (Supporting information), no sharp anomaly could be ob-
served with fields in two orientations (B//a* and B//c), but a broad
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hump can be observed in the x(T) curve with the maximum value
around Tpax =8.26 K with B//c. It is worth mentioning that the LRO
was not captured down to 1.8 K with a magnetic field along all
three directions, which suggests the potentially interesting, frus-
trated magnetism in BNBF. The broad maximum at Tpax=8.26 K
for B//c is most likely associated with the development of short-
range AFM correlations. In BNBF, the Ni** ions interact antifer-
romagnetically on a TL, where geometrical frustration suppresses
LRO and favors strong short-range spin correlations, which nat-
urally give rise to such broad maxima. Similar x(T) humps are
commonly observed in other Ni2t-based TL magnets, including
6HB-Ba3NiSb,0g and NiGa,S4 [34]. Another possible contribution
comes from the single-ion anisotropy of S=1 Ni2*. A sizable easy-
plane (D > 0) anisotropy can split the S=1 triplet into a nonmag-
netic singlet ground state and a doublet excited state. This mecha-
nism suppresses the magnetic response at low temperatures and
naturally produces a broad x(T) maximum, as observed in sys-
tems such as the one-dimensional Ni**-based compound NiCl,-
4SC(NH;), [35]. To conclusively determine the magnetic ground
state, further measurements, such as neutron scattering or electron
paramagnetic resonance, will be highly valuable, as they can dis-
tinguish between short-range order, singlet-based magnetism, or
more unconventional frustrated states.

To further elucidate the magnetic ground states of
BaMBe,(BO3),F; (M=Co, Ni), the AC susceptibility (x’), DC
susceptibility, and specific heat (Cp) were measured down to
millikelvin temperatures. As depicted in Fig. 3A, the zero-field Cp
manifests a A-like peak around 180 mK for BCBF, which indicates
an LRO and aligns well with the sharp peak around 180 mK in the
AC susceptibility curve (Fig. 3G). For the thermodynamics study,
zero-field and field-dependent specific heat for both materials
were measured with B//c. Considering the absence of an isostruc-
tural non-magnetic reference compound, a two-Debye model
fitting was applied to estimate the phonon contribution to the
specific heat of BCBF (see Supporting information for details). It
appears that the primary contribution to magnetic entropy during
0 T conditions comes from the integral of magnetic specific heat
Cm/T below 4 K. Magnetic entropy Sy, is estimated by integrating
the magnetic specific heat Cy/T, approaching RIn2 at 4 K in zero
magnetic field, suggesting an effective total angular momentum
pseudospin-1/2 system for BCBF (Figs. 3B and C). When a small
magnetic field, B=0.5 T, is applied, the LRO is suppressed and
shifts to higher temperatures with increasing the fields. This broad
feature might be attributed to field-induced short-range spin
correlations or a Schottky-like contribution arising from Zeeman
splitting, which is also observed in other Co2t-based TL antiferro-
magnets [36,37]. Considering the application of NayBaCo(PQOy4), in
adiabatic demagnetization refrigeration (ADR), we further investi-
gated the MCE of a structurally related cobalt-based compound,
BCBF. Our calculations show that BCBF exhibits a substantial
magnetic entropy change (-ASp) of 15.35 ] kg'! K1 near 0.87 K
under an applied magnetic field of 3 T (Fig. S11 in Suppoorting
information), highlighting its promise for ADR application in the
sub-Kelvin temperature regime.

Interestingly, very different magnetic features are observed in
BNBF with the integer spin number S=1. As shown in Fig. 3D,
the zero-field heat capacity Cp(T) displays a broad hump cen-
tered around 4.65 K, with no indication of LRO down to 140
mK. The broad hump in Fig. 3D changed with external magnetic
fields, which might be related to the short-range correlation or
the Schottky-like contributions. Further experiments, such as muon
spin rotation (SR), nuclear magnetic resonance (NMR), and in-
elastic neutron scattering, will help to map the physical picture of
these two Ni-based TL antiferromagnets. To study the evolution of
this broad hump, we examine the variation of Cy/T between 1.8
K and 30 K under different magnetic fields, displayed in Fig. 3E.
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Cm was obtained by subtracting the phonon contributions of BNBF
from the modified Debye model fitting (Fig. 3D). A closer exami-
nation of the C(T) data under varying magnetic fields reveals a
broad anomaly at 3.65 K for B=0 T, which shifts to a lower tem-
perature as the magnetic field increases. The calculated magnetic

T
entropy, Sm, was evaluated via Sy, = f(Cy/T)dT (see Supporting in-
0

formation for details). At B=0 T, the S, of BNBF equals 8.52 ]
mol! K1 (Fig. 3F), closely approximating the constant RIn(25+1)
value for an S=1 system. No frequency-dependent behavior was
observed around the broad anomaly at 3.65 K in the specific heat
or Tmax =8.26 K in the x(T) curve with Blc (Fig. 3H). The zero-
field-cooling (ZFC) and field-cooling (FC) magnetic susceptibility
along the a axis reveal no bifurcation down to 0.4 K (Fig. 3I), fur-
ther excluding the presence of spin freezing or ferromagnetic or-
dering down to 0.4 K. To quantify the magnetic frustration, the
spin frustration of BNBF was evaluated via f=|®|/Ty, which gives
a minimum f=25. Although the substantial frustration parame-
ter suggests geometrical frustration and suppressed LRO, definitive
confirmation must await more direct probing methods.

From the viewpoint of structural chemistry, the geometries of
triangles, stacking forms of TL layers, polyhedral connectivity of
magnetic ions, and spacer/bridging units are critical components
for fabricating TL materials, directly influencing their magnetic
properties. Geometrically, triangles can be classified into several
common types based on their angles and side lengths (Fig. 4A).
In equilateral TLs, the equivalence of nearest-neighbor (NN) spin
interactions leads to a highly degenerate classical ground state,
making geometrical frustration inherent to the system. In quan-
tum magnets, this frustration, together with quantum fluctuations,
can even stabilize exotic disordered states such as QSL. By contrast,
lattice distortions break the symmetry of the triangular geometry,
introducing inequivalent spin couplings. This partial lifting of the
ground-state degeneracy tends to relieve frustration and often fa-
vors the development of LRO. Typically, the stacking patterns of
TL could be classified based on arrangements of the neighboring
TL layers, generating different fashions such as AAA, ABAB, AABB,
and ABCABC stacking forms (Fig. 4B). Depending on the bridging
units (BO3, PO4, NbOg, and SbOg) and diverse polyhedral connec-
tivity (corner-, edge-, or face-sharing), the distance between mag-
netic ions in the TL (dj,,), therefore, varies across materials (Fig.
4C). Notably, the distance of magnetic ions between the adjacent
TL (dinter), Which is closely associated with NN interlayer exchange
couplings (J;), could be tuned by spacers such as nonmagnetic
cations and bridging units (Fig. 4D). Recently, Jin, et al. reported
a pyroxene-based quantum magnet and elucidated the important
role of center cations’ electron configurations in magnetic exchange
interactions [38].

To elucidate the structure-properties relationship, physical
properties and structural features of typical Co- and Ni-based
TL oxides are selected and summarized in Table 1. It is worth
mentioning that the quantity and spatial size of spacers and
bridging units are crucial for regulating intralayer and interlayer
distances. The dj,,e of BazCoNb,0g [39], Na,BaCo(VO4), [40],
Na,BaCo(PO,),, and BCBF are found in the range of 7.01-7.65 A.
As a particular example, the number of spacers in BagCoNbgQy4 is
significantly more than that of other materials in Table 1, result-
ing in a large interlayer distance (diy.,) of 18.90 A. In the case of
Ag,Co0, and Ag,NiO,, the octahedral CoOg or NiOg are connected
via simple edge-sharing O atoms to construct TL layers along the
c axis. The close NN distance di,, =2.85-2.92 A implies a rela-
tively large NN coupling J; and further explains LRO at relatively
high temperatures (Ty=175 K for Ag,Co0, [41] and Ty=56 K
for Ag;NiO, [42]). With the relatively large PO4 and NbOg build-
ing blocks as bridging units in the TL plane, the dj, is usually
larger than 4 A, increasing the magnetic exchange coupling paths
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Fig. 3. Ultralow-temperature thermodynamics and magnetic susceptibility. (A, D) Zero-field specific heat, C,, of BCBF (A, blue circles) and BNBF (D, purple circles) from 100
K down to ultralow temperature. The red line is the phonon contributions fit to two Debye mode between 35 K and 100 K in the zero field. The black dot line represents
data extrapolated using the Debye model below 35 K. (B, E) Magnetic specific heat over temperature, Cy,/T, for BCBF and BNBF, was measured under several magnetic fields.
The magnetic entropies (Sm) versus temperature by integrating C,/T of (C) BCBF and (F) BNBE. AC magnetic susceptibilities y’q of (G) BCBF and (H) BNBE. (I) The x(T) curve
with an applied field of B=0.2 T along the crystallographic a axis of a single crystal for BNBF. The blue cycles of the curve represent magnetic susceptibility data (1.8-10 K),
and the pink cycles represent magnetic susceptibility data measured using a >He system (0.4-2 K). The inset shows the x(T) curve (0.4-2 K) under a magnetic field of 0.05 T.
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and weakening the NN magnetic exchange couplings. Here, we in-
troduce the Ry = dijier/dinera Tatio to evaluate the dimensionality of
TL lattice materials. Na,BaCo(PO,4), [36] and its Ni-version are typ-
ical AAA stacking forms with the dj,.. =7.01 A extensively larger
than that of dj,, =5.32 A. The Ry values of BCBF and BNBF were
also evaluated. Both compounds exhibit relatively large Ry val-
ues compared with TL magnets listed in Table 1, highlighting their
2D structural feature. Recent results revealed the spin supersolid
state in the NayBaCo(PO4), [4] and Bose-Einstein condensation of
the two-magnon bound state in Na;BaNi(PO4), [6]. In the case of
BagCoNbgOyy4, the diy, is as large as 18.90 A with Ry = 3.26, mak-
ing it a truly TL magnet free of magnetic exchange couplings be-
tween the TL layers. Preliminary results from polycrystalline sam-
ples rule out the LRO down to 28 mK and suggest promising quan-
tum states for BagCoNbgO-,4 [43-45]. As an exception to regular TL
materials, the magnetic ions are arranged in an AA-BB-CC stacking
pattern in the crystal structure of Ba,NiTeOg [46]. The Ni2t-Nj2+
distances with first-, second-, and third-neighbors are comparable,
so it is considered a buckled honeycomb lattice other than a con-
ventional 2D TL magnet.

Benefiting from the compact spatial size of BO; and BeOsF
units, our newly discovered materials, therefore, exhibit relatively
short magnetic distances in the TL plane, measured as 4.60 A in
BCBF, 4.58 A in BNBF, 4.55 A in SCBF, and 4.54 A in SNBF, respec-
tively. Hence, these four materials are successful examples of main-
taining the balance between dj,;, and dj,,. In the case of BCBF,
the ultralow-temperature LRO (180 mK) implies magnetic frustra-
tion. Strikingly, the absence of LRO down to even 140 mK gives
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a frustration index f > 25, making BNBF an ideal TL material for
further interest in exotic quantum spin states. Due to their sim-
ilar structural features, the magnetism of SCBF and SNBF closely
resembles that of the BCBF and BNBF, respectively. The negative
CW temperature Gy =-0.92 K, inferred from the LT CW fitting
of SCBF, implies weak magnetic interactions (Fig. S10A in Support-
ing information). In contrast, the relatively larger CW temperature
(®ave =-1.32 K) of SNBF suggests that AFM interactions dominate
in SNBF (Fig. S10B in Supporting information). As shown in Figs.
S$10C and D (Supporting information), the magnetic hysteresis loop,
typically associated with ferromagnetic behavior, is absent in the
M(B) curves for both SCBF and SNBF. Additionally, easy-plane mag-
netic anisotropy was found for both SCBF and SNBF (Figs. S10E and
F in Supporting information), consistent with the magnetic behav-
iors of BCBF and BNBF. The investigation of ultralow-temperature
magnetic and thermodynamic properties of SCBF and SNBF is on-
going, and the results will be presented in our upcoming paper.
To uncover the role of molecular-bricks, which connect mag-
netic atoms to form a TL, we carried out a comprehensive total
energy and chemical bonding analysis using crystal orbital Hamil-
ton populations (COHP) [54]. As shown in Fig. S12A (Supporting in-
formation), for BazCoNb,0g, Na;BaCo(V0O,),, NayBaCo(POy4),, BCBF,
and BNBF, we constructed nonmagnetic (NM) and four magnetic
states, namely, ferromagnetic (FM), intralayer ferromagnetic while
interlayer antiferromagnetic (AFM1, upper panel of Fig. S12A), in-
tralayer antiferromagnetic interlayer ferromagnetic (AFM2, middle
panel of Fig. S12A), intra- and interlayer antiferromagnetic (AFM3,
down panel of Fig. S12A). Based on our calculations, on one hand,
for BCBF and BNBF, comparable total energies (Fig. S12B and Ta-
ble S4 in Supporting information) and similar COHP profiles (Figs.
S$12C and S15-S17 in Supporting information), especially the van-
ishing antibonding states in the vicinity of Eg, of all four magnetic
configurations impede BCBF and BNBF from forming magnetic or-
dered states. On the other hand, for Ba3CoNb,Og, it’s interesting to
notice that FM and AFM1 exhibit close resemblance, while AFM2
and AFM3 show analogous characteristics to each other, for both
total energy (Fig. S12B and Table S4) and COHP (Fig. S12D in Sup-
porting information). Notice that FM is intralayer FM and inter-
layer FM, labeled as intra-FM/inter-FM, AFM1 is intra-FM/inter-
AFM, AFM2 is intra-AFM/inter-FM, AFM3 is intra-AFM/inter-AFM
(Fig. S12A). With this said, we conclude that it is intra-AFM that
plays the vital role in Co-NbOg bonding optimization and total
energy lowering, while contributions from interlayer magnetic in-
teractions are relatively tiny. Situation for NayBaCo(VO,4), is quite
similar to Ba3CoNb,0q (Figs. S12B and S13, Table S4 in Support-
ing information). For Na;BaCo(PQ,),, the relatively high energy of
AFM2 can also be ascribed to the Co-PO,4 antibonding states at Eg
(Fig. S14 in Supporting information). As anticipated, AFM3, which
is energetically most favorable, adopts the optimal bonding char-
acters. As exemplified by the five compounds mentioned above,
molecular-bricks facilitate a diverse range of bonding characteris-
tics between the bridged magnetic atoms that form the TL, cre-
ating an ideal platform for investigating exotic quantum magnetic
properties (see Supporting information for extended discussion).
Based on our abovementioned experimental and theoretical
analysis of molecular-brick chemical strategy, key elements such
as crystal symmetries, stacking patterns of TL layers, and the
bridging units of magnetic ions are fundamental components of
GFMs. While our present work retains the same structural mo-
tif as previous optical materials, it exhibits a fundamentally dif-
ferent conceptual framework, unique design criteria, and entirely
new physical phenomena. These structural features are closely
linked to the SOC, CEF, electron configurations, and magnetic in-
teractions, etc., in GFMs, all of which significantly influence their
intrinsic magnetism and quantum effects. To extend the struc-
ture evolution in the SBBO-type family, the structural comparison

Easy-axis magnetic anisotropy, successive magnetic phase transitions with an up-up-down phase stabilized even at 27 mK

Easy-axis magnetic anisotropy, magnetic ordering at Ty =0.43 K, spin nematic phase
AFM transition at 13.5 K

Possible easy-axis anisotropy, two-step transitions at Ty, =1.36 K and Ty; =1.10 K

Easy-axis magnetic anisotropy, AFM ordering at Ty =0.15 K, spin supersolid candidate
Up-up-down phase and multiferroicity

Easy-plane magnetic anisotropy, absence of LRO down to 1.8 K
Easy-plane magnetic anisotropy, absence of LRO down to 1.8 K
Easy-plane magnetic anisotropy, magnetic ordered around 0.18 K
Easy-plane magnetic anisotropy, absence of LRO down to 0.05 K

Absence of magnetic order down to 0.35 K

Absence of LRO down to 0.028 K

AFM transition at Ty=17.5 K
AFM transition at Ty =56 K

Magnetic properties

3.02
74
1.32
1.32
1.23
3
23
3
1.23
3.26
1.62
1.61
1.66
1.66

2.
1
1.
1

8.60
8.01
7.01
6.96
7.08
7.07
7.23
7.20
7.14
18.90
7.36
7.29
7.65
7.62

2.85
2.92
5.32
5.28
5.77
5.76
5.86
5.84
5.79
5.79
4.55
4.54
4.60
4.58

A-A-A
A-B-C
A-A-A
A-A-A
A-A-A
A-A-A
“A-
-A-
A-B-A-B
A-A-A
A-A-A
A-A-A
A-A-A
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P3
P3
P3

Space group StaCkmg fashion dintra (A) dinter (A) Rm dinter/dintra
P3

P65 /mmc
P(_ngc
P3m1

P63 /mmc
P3

P3m1
R3m

P3m1
P3m1

, [4,36,37,47] P3m1

» [5,48,49]

Compound

Ag,Co0, [41]
AgyNiO, [42]
Na,BaCo(PO4
Na;BaNi(PO4

Ba3 CoNb, 09
BasNiNb,;0g
Ba3CoSb,0g

6H-A Ba3NiSb,0q [17,51]
6H-B Ba3NiSb,09 [17]
BagCoNbgOy4 [43-45]
Sl‘COBez(BOg)ze*
SrNiBez(B03 )ze*
B&COBEﬂBO;)ze*
BaNiBez(B03 )ze*

* This work.

Comparison of structural features and magnetic properties of typical Co- or Ni-based TL materials.

dinga: The distance between the nearest-neighbor magnetic ions in magnetic layers;

diner: The distance between the magnetic layers.

Table 1
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and physical properties of typical SBBO-type materials are sum-
marized in Fig. S5 and Table S5 (Supporting information), which
verify the importance and tunability of this structural motif (Ta-
ble S5). Our chemical strategy can also be extended to SBBO-type
materials, thereby broadening the family of geometrically frus-
trated materials. Our molecular-brick chemical strategy can be ex-
tended to other magnetic ions with large quantum spin numbers,
such as Mn2* (S=5/2), as exemplified by the synthesized material
BaMnBe,(BO3),F, in our lab, which holds great promise for future
exploration of geometrical frustration and magnetic refrigeration.
Moreover, our molecular-brick strategy can be adapted to various
structural motifs involving TLs, as well as to other geometrically
frustrated lattices, such as the Kagome and pyrochlore lattices, po-
tentially inspiring the discovery of new GFMs and advancing re-
search in the quantum realm.

In conclusion, the molecular-brick chemical strategy enables the
design of equilateral TL magnets through a rational approach, com-
bining crystal symmetry, coordination-chemistry principles, and
magnetic frustration. We have shown the successful structural
design and materials realization of four equilateral TL magnets,
BaMBe,(BO3),F, and SrMBe,(BO3),F, (M=Co or Ni), based on the
selected structural template from a classical NLO crystal. Structural
analysis suggests fully ordered crystal structures for these four TL
magnets, both chemically and positionally. The magnetic frame-
works of the above materials exhibit equilateral TLs in the a-b
plane, following an A-A-A staking pattern along the c-axis. Mag-
netic susceptibility and specific heat measurements indicate long-
range magnetic ordering in BCBF at around 180 mK, whereas it is
absent in BNBF down to 140 mK. Further theoretical analysis re-
veals that the bonding characteristics inherited from the building
blocks are crucial in determining the magnetic spin states of the
TL magnets. Our results suggest that BNBF is an S=1 TL material
for exploring novel quantum magnetism. By repurposing structural
motifs originally developed for deep-UV optical materials to geo-
metrically frustrated materials, we demonstrate a pathway to con-
vert nonmagnetic frameworks into geometrically frustrated mag-
nets. This symmetry-driven chemical strategy goes beyond simple
chemical substitution and opens new avenues for discovering novel
quantum magnetic materials.
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