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Abstract: Novel quantum materials offer the opportunity to expand next-generation computers, high-
precision sensors, and new energy technologies. Among the most important factors influencing the
development of quantum materials research is the ability of inorganic and materials chemists to grow
high-quality single crystals. Here, the synthesis, structure characterization and magnetic properties of
Na2Cu3(SeO3)4 are reported. It exhibits a novel two-dimensional (2D) structure with isolated layers
of Cu nets. Single crystals of Na2Cu3(SeO3)4 were grown using a low-temperature hydrothermal
method. Single-crystal X-ray diffraction reveals that Na2Cu3(SeO3)4 crystallizes in the monoclinic
crystal system and has space group symmetry of P21/n (No.14) with a unit cell of a = 8.1704(4) Å,
b = 5.1659(2) Å, c = 14.7406(6) Å, β = 100.86(2), V = 611.01(5) Å3 and Z = 2. Na2Cu3(SeO3)4 comprises
a 2D Cu-O-Cu lattice containing two unique copper sites, a CuO6 octahedra and a CuO5 square
pyramid. The SeO3 groups bridge the 2D Cu-O-Cu layers isolating the neighboring Cu-O-Cu
layers, thereby enhancing their 2D nature. Magnetic properties were determined by measuring the
magnetic susceptibility of an array of randomly oriented single crystals of Na2Cu3(SeO3)4. The
temperature-dependent magnetic measurement shows an antiferromagnetic transition at TN = 4 K.
These results suggest the fruitfulness of hydrothermal synthesis in achieving novel quantum materials
and encourage future work on the chemistry of transition metal selenite.

Keywords: hydrothermal synthesis; crystal structure; copper(II); antiferromagnetism; two-dimensional
structure

1. Introduction

The pursuit of quantum materials (QMs) is driven both by a fundamental interest in
their exotic physics and by the imminent practicality of their emergent properties, which
may usher in a new era of quantum device designs [1–3]. The scientific interest is largely
driven by the potential to isolate new forms of matter that are predicted to host novel
physical properties among the nonclassical phases, including those of quantum spin liquids
(QSLs), emergent topological states, spin–orbit coupled metals, Dirac semi-metals, Weyl
semi-metals, topological Mott insulators, and topological axion insulators [3–6]. One of the
most important factors influencing the development of quantum materials research is that
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of the ability of inorganic and materials chemists to grow high-quality single crystals [3].
However, attempts to synthesize and design novel quantum materials merely through
thermally coupling the target ingredients has proven to be somewhat difficult. Therefore,
as materials chemists, our target is to develop new synthetic tools to grow high-quality
bulk single crystals composed of novel quantum materials [7–9].

Over the last decades, two-dimensional (2D) magnetic materials with the spin state of
S = 1/2 have gained attention as one such class of materials since they can exhibit exotic
quantum properties such as that of the quantum spin liquid state [10]. The combination
of an S = 1/2 center and the confinement of a 2D lattice highly enhances the potential for
exotic magnetic states by creating strong magnetic frustration that can prevent a long-range
magnetic order. Quantum fluctuations can arise through specific 2D lattice arrangements
of the magnetic ions that, due to their geometry, prevent the simultaneous satisfaction of all
the local antiferromagnetic magnetic interactions, thereby leading to massively degenerate
ground states (geometric frustration). Common examples of such lattices are those of 2D
triangular and Kagome magnetic lattices. At the other end of the spectrum are 2D honey-
comb magnetic lattices. In honeycomb magnetic lattices, the magnetic frustration arises
from competing interactions rather than geometric constraints [11,12]. This provides an
alternate route to a quantum spin liquid state through the well-known resonating valence
state proposed by Anderson as a potential explanation for high-temperature superconduc-
tivity [11]. Therefore, our main interest is to find 2D magnetic lattices built of S = 1/2 ions
to enhance the quantum fluctuation and perform detailed theoretical and experimental
investigations of their physical properties [11–14].

One approach that has proven fruitful recently is to synthesize novel 2D quantum
materials using the high-pressure hydrothermal synthesis method [15]. Hydrothermal
synthesis offers a powerful and promising strategy of controlling the structures and of
thus controlling the corresponding desired properties. Hydrothermal synthesis can be
performed in two different methods. One of these uses well-known, commercially available
metal autoclaves (“digestion vessels”) that are lined with inert fluoropolymers. These
autoclaves are simple and convenient to use and can easily contain solutions that are acidic,
basic or strongly oxidizing. However, the primary limitation to these autoclaves is their
temperature limit since the fluoropolymer starts to melt at T > 245 ◦C. The second method
employs high-pressure synthesis that can be performed at temperatures well above 245 ◦C
using the Inconel 718 Tuttle cold-seal autoclave, which can stand an internal pressure of
1–3 kbar and temperatures of up to 700 ◦C [15]. This method has been very successful in
growing larger crystals of both transition metal-based and rare earth-based oxide materials.
Moreover, the high-temperature (T ~700 ◦C) hydrothermal technique also has the capability
of producing larger single crystals that can be used for neutron scattering studies that allow
us to determine many of the details of the magnetic behavior of the target materials. Our
group has extensively used both of these methods to grow novel magnetic materials [16–19].

The hydrothermal synthesis of transition metal-based oxyanions has huge potential for
making novel materials since the pressure (external stimulus) can stabilize the metastable
phases that cannot be otherwise achieved by using traditional solid-state synthesis [16–19].
Moreover, many oxyanion tetrahedra are stable and magnetically silent, and they display
an enormous range of chemical bonding modes [20,21]. Therefore, many different struc-
tures can be achieved. We successfully employed the hydrothermal method to synthesize
numerous first-row transition metal structures with [VO4]3−, [MoO4]2−, [AsO4]3− and
[GeO4]4− compounds using the high-temperature hydrothermal method [22–25]. Recently
we undertook a project to explore the magnetism of transition metal-based selenium(IV)
structures [26,27]. Although a wide range of metal selenites have been reported, [28,29] the
investigation of the magnetic properties of transition metal selenium(IV) oxyanions has
been very limited, and only a handful of reports are available in the literature. Furthermore,
selenium can adapt [SeO3]2− and [Se2O5]2− oxyanion configurations, which can form a
high number of different structural arrangements in extended solid structures providing a
rich and diverse crystal chemistry [30–32].
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Therefore, we now extend our hydrothermal synthesis to explore selenite (SeO3
2−)-

based transition metal compounds and perform detailed physical property character-
izations and magnetic structure determinations using neutron diffraction in order to
search for novel magnetic ground states. The [SeO3]2− group has an active lone pair,
which can give rise to acentric crystal structures with interesting magnetic properties
such as skyrmions [33]. The compounds of TM3(SeO3)3 H2O (TM = Mn, Co, Ni) and
Na2Co3(SeO3)2(OH) are two recent examples where we performed comprehensive mag-
netic and neutron diffraction studies [26,27]. TM3(SeO3)3 H2O (TM = Mn, Co, Ni) structures
are three-dimensional (3D) bulk materials with low-dimensional magnetic lattices and
behave like low-dimensional systems as well. The compound of Na2Co3(SeO3)2(OH) is
an overall two-dimensional structure with a one-dimensional (1D) Co-O-Co sawtooth
magnetic lattice. Recently, Zhong et al. and Liu et al. reported the hydrothermal synthesis
and detailed physical property characterizations of two new cobalt(II) selenites, which
were Co2SeO3(OH)2 and BaCo2(SeO3)3 3H2O, respectively [34,35]. Both of these com-
pounds comprised bulk 3D crystal structures with interesting magnetic properties. The
K2M(SeO3)2, M = Co, Ni series is another interesting addition to the transition metal-based
selenite compounds [36,37]. These compounds have a perfect 2D triangular magnetic lattice
and display strongly frustrated magnetism. In 2020, Zhong et al. also reported another
cobalt(II) selenite, namely that of K2Co2(SeO3)3, which comprises Co2+-dimers made from
a face-sharing CoO6 octahedra [38]. These dimers are arranged in a 2D geometrically
frustrated triangular lattice. In this system, no long-range magnetic ordering was observed
down to 0.35 K, thereby suggesting that the system is magnetically frustrated. It is thus
of interest to synthesize and study the physical properties of new transition metal-based
selenite structures to search for low-dimensional, magnetically frustrated systems.

In this paper, we report the hydrothermal synthesis of Na2Cu3(SeO3)4 single crystals
using the mild hydrothermal method. The new Na2Cu3(SeO3)4 structure contains a 2D Cu-
O-Cu lattice made from edge-shared CuO6 and CuO5 polyhedra. The SeO3 groups separate
the layers in this 2D Cu-O-Cu lattice by reducing the dimensionality of the structure with
the non-magnetic Na ions occupying the space between the Cu-O-Se layers. The magnetic
properties of the system were studied using multiple experimental methods including mag-
netic susceptibility and isothermal magnetization. Magnetic susceptibility measurements
reveal the presence of an antiferromagnetic transition at TN = 4 K, and the Na2Cu3(SeO3)4
compound exhibits a novel 2D spin lattice with exciting magnetic properties.

2. Experimental Section
2.1. Hydrothermal Synthesis of Na2Cu3(SeO3)4

The synthesis of Na2Cu3(SeO3)4 was carried out using a hydrothermal method at
low temperatures. A typical reaction was performed using the 2:3:4 stoichiometric ratio of
NaHCO3 (Thermo Scientific Chemicals, 99.7%), Cu(CH3COO)2 (Thermo Scientific Chem-
icals, 99%) and SeO2 (Thermo Scientific Chemicals, 99.8%). A 0.8 g mixture of reactants
was loaded into a Teflon-lined stainless steel autoclave, which was then well-sealed with
8 mL of de-ionized water. The reaction mixture was heated at 220 ◦C for 14 days. After the
reaction, columnar green crystals (1 mm, Figure 1) were recovered using suction filtration
by washing them with de-ionized water and acetone. The final product of the reaction
contained equal amounts of CuSeO3 2H2O (blue column crystals) and Na2Cu3(SeO3)4. All
attempts to make the pure phase of Na2Cu3(SeO3)4 using different stoichiometric ratios
were unsuccessful.
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formed using a Bruker Quest D8 single-crystal X-ray diffractometer. The data were col-
lected at room temperature utilizing Mo Kα radiation, λ = 0.71073 Å. The crystal diffrac-
tion images were collected using ϕ and ω scans. The diffractometer was equipped with an 
Incoatec IµS source using the APEX3 software suite for data setup, collection and pro-
cessing [39]. The structure was resolved using intrinsic phasing and full-matrix least-
square methods with refinement on F2. Structure refinements were performed using the 
SHELXTL software suite [40]. All atoms were first refined with isotropic displacement pa-
rameters, which were then converted to anisotropic displacement parameters and allowed 
to refine. Additionally, energy-dispersive spectroscopy analysis (EDS) was performed us-
ing a Hitachi S-3400 scanning electron microscope equipped with an OXFORD EDX mi-
croprobe to confirm the elemental composition of single-crystal samples. The unit cell pa-
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Table 1. Crystallographic data of Na2Cu3(SeO3)4 determined through single-crystal X-ray diffraction. 

Empirical Formula Na2Cu3(SeO3)4 
formula weight (g/mol) 744.44 
crystal system monoclinic 
crystal dimensions, mm 0.02 × 0.02 × 0.02 
space group, Z P21/n (no.14), 2 
T, K 298 
a, Å 8.1704(4) 
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Figure 1. Partial polyhedral view of Na2Cu3(SeO3)4 projected along the b-axis showing packing of
Cu-O-Se 2D layers. The Na ions reside between the Cu-O-Se layers. Hydrothermally grown single
crystals of Na2Cu3(SeO3)4 are shown on the top left-hand corner.

2.2. Single-Crystal X-ray Diffraction

Before determining the single-crystal structure of Na2Cu3(SeO3)4, single crystals were
sonicated in water and acetone to remove any surface impurities. The SXRD was performed
using a Bruker Quest D8 single-crystal X-ray diffractometer. The data were collected at
room temperature utilizing Mo Kα radiation, λ = 0.71073 Å. The crystal diffraction images
were collected using ϕ and ω scans. The diffractometer was equipped with an Incoatec
IµS source using the APEX3 software suite for data setup, collection and processing [39].
The structure was resolved using intrinsic phasing and full-matrix least-square methods
with refinement on F2. Structure refinements were performed using the SHELXTL software
suite [40]. All atoms were first refined with isotropic displacement parameters, which were
then converted to anisotropic displacement parameters and allowed to refine. Additionally,
energy-dispersive spectroscopy analysis (EDS) was performed using a Hitachi S-3400
scanning electron microscope equipped with an OXFORD EDX microprobe to confirm the
elemental composition of single-crystal samples. The unit cell parameters and selected
bond distances and angles of Na2Cu3(SeO3)4 are displayed in Tables 1 and 2, respectively.
The fractional atomic coordinates and equivalent isotropic displacement parameters are
shown in Table 3.

Table 1. Crystallographic data of Na2Cu3(SeO3)4 determined through single-crystal X-ray diffraction.

Empirical Formula Na2Cu3(SeO3)4

formula weight (g/mol) 744.44

crystal system monoclinic

crystal dimensions, mm 0.02 × 0.02 × 0.02

space group, Z P21/n (no.14), 2
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Table 1. Cont.

Empirical Formula Na2Cu3(SeO3)4

T, K 298

a, Å 8.1704(4)

b, Å 5.1659(2)

c, Å 14.7406(6)

β, ◦ 100.86(2)

volume, Å3 611.01(5)

D(calc), g/cm3) 4.046

µ (Mo Kα), mm−1 17.218

F(000) 682

Tmax, Tmin 1.0000, 0.6887

2θ range 2.66-30.48

reflections collected 25336

data/restraints/parameters 1866/0/97

final R [I > 2σ(I)] R1, Rw2 0.0216, 0.0525

final R (all data) R1, Rw2 0.0295, 0.0525

GoF 1.023

largest diff. peak/hole, e/Å3 1.216/−0.939

Table 2. Selected bond distances (Å) and angles (◦) of Na2Cu3(SeO3)4.

Cu(1)O6 Cu(2)O5

Cu(1)-O(1) × 2 1.956(2) Cu(2)-O(1) 2.002(2)

Cu(1)-O(2) × 2 1.971(2) Cu(2)-O(3) 1.963(2)

Cu(1)-O(3) × 2 2.436(2) Cu(2)-O(4) 1.994(2)

Cu(2)-O(4) 2.392(2)

Cu(2)-O(5) 1.924(2)

Se(1)O3 Se(2)O3

Se(1)-O(2) 1.682(2) Se(2)-O(1) 1.642(2)

Se(1)-O(4) 1.722(2) Se(2)-O(3) 1.726(2)

Se(1)-O(5) 1.686(2) Se(2)-O(6) 1.760(2)

Cu(1)-O(1)-Cu(2) 137.3(2) Cu(1)· · ·Cu(2) 3.476(2)

Cu(1)-O(3)-Cu(2) 103.9(1) Cu(1)· · ·Cu(2) 3.686(2)

Cu(2)-O(4)-Cu(2) 120.7(3) Cu(2)· · ·Cu(2) 3.816(2)
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Table 3. Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters
(Å2) of Na2Cu3(SeO3)4.

Atom Wyckoff x y z Ueq

Na(1) 4e 0.9306(2) 0.5284(5) 0.2397(3) 0.01690(3)

Cu(1) 2c 0.5000 0 0.5000 0.01027(5)

Cu(2) 4e 0.3191(2) 0.5281(1) 0.3447(3) 0.00971(3)

Se(1) 4e 0.1053(5) 0.0115(3) 0.3856(3) 0.01148(4)

Se(2) 4e 0.6623(6) 0.4853(2) 0.4101(3) 0.01176(6)

O(1) 4e 0.4902(3) 0.2805(2) 0.4100(3) 0.01192(2)

O(2) 4e 0.2555(7) −0.0353(4) 0.4790(5) 0.02284(5)

O(3) 4e 0.5260(6) 0.7310(5) 0.3677(5) 0.01101(3)

O(4) 4e 0.1762(1) −0.1664(2) 0.3019(2) 0.01294(3)

O(5) 4e 0.1268(2) 0.3197(2) 0.3518(3) 0.01166(3)

O(6) 4e 0.7326(5) 0.3840(5) 0.3190(5) 0.02812(4)

2.3. Magnetic Property Characterization

A quantum design magnetic property measurement system (MPMS) was used to
measure temperature- and field-dependent magnetic susceptibility. Here, single crystals
of Na2Cu3(SeO4)4 were randomly packed using GE varnish. The temperature-dependent
magnetization measurements were carried out using 16.5 mg of crystals from 2 to 350 K in
an applied magnetic field of up to 50 kOe. Additionally, magnetization data were collected
in both zero-field-cooled (ZFC) and field-cooled (FC) modes in an applied field of 10 kOe.
The ZFC measurement was performed by cooling the sample from 350 K to 2 K without
applying any external field. Upon reaching 2 K, a 10 kOe magnetic field was applied,
and magnetization was measured while warming to 350 K. For the FC measurement, the
sample was cooled from 350 K to 2 K in an applied magnetic field of 10 kOe while collecting
magnetization data. The isothermal magnetization measurements were performed between
2 and 100 K up to a 60 kOe magnetic field.

3. Results and Discussion
3.1. Synthesis and Crystal Structure of Na2Cu3(SeO3)4

The synthetic approach to Na2Cu3(SeO3)4 single crystals was drawn from recent the
synthesis of other transition metal selenites possessing low-dimensional structural features.
In general, synthesis was performed using the readily available soluble transition metal
halides, acetates and selenium(IV) oxide. In addition, an alkali carbonate or bicarbonate
was used in the reaction because they can sometimes be the primary structural building
block between the transition metal selenite layers or chains. In the present study, water was
used as the mineralizer/reaction medium. Two major products were observed in the reac-
tion, namely CuSeO3 2H2O and Na2Cu3(SeO3)4. The CuSeO3 2H2O structure was reported
previously with some preliminary magnetic measurements [41]. The Na2Cu3(SeO3)4 is a
new addition to the collection of transition metal selenite structures. Additional synthetic
work was performed using different chemical sources of copper and different stoichio-
metric ratios to achieve the phase-pure reaction of Na2Cu3(SeO3)4, but all these reactions
formed either unidentified polycrystalline phases or CuSeO3 2H2O single crystals [41].
In most of these cases, CuSeO3 2H2O forms larger single crystals that are 2–5 mm. Thus,
growing larger single crystals or the pure powder phase of Na2Cu3(SeO3)4 was unsuc-
cessful, which unfortunately currently prevents magnetic structure characterization using
neutron scattering.

The single-crystal structures were characterized using the SXRD measurements at
room temperature. The Na2Cu3(SeO3)4 structure represents a new structure type with
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unique 2D layers, which crystalizes in a monoclinic crystal system, with a P21/n (No.14)
space group with the unit cell parameters of a = 8.1704(4) Å, b = 5.1659(2) Å, c = 14.7406(6) Å,
β = 100.86(2), V = 611.01(5) Å3 and Z = 2, as depicted in Table 1. To understand its magnetic
behavior, it is important to understand its structural aspects in some detail. The structure
comprises one unique Na (4e), two Cu (4e and 2c), two Se (4e) and six oxygen atoms (4e),
as shown in Table 3. As depicted in Figure 1, Na2Cu3(SeO3)4 forms a 2D structure that is
made from CuOn (n = 5, 6) polyhedra and SeO3 units. The sodium ions occupy the gaps
between the Cu-O-Se layers, while the two Cu sites form two different polyhedra, Cu(1)O6
octahedra and a Cu(2)O5 square pyramid, respectively. Figure 2a displays the connectivity
between the Cu(1)O6 octahedra and Cu(2)O5 square pyramid (shown in two different
colors for clarity) on the ac-plane where they form 2D layers of Cu-O-Cu. The connectivity
between the Cu(1)O6 and Cu(2)O5 units can be simplified as forming 1D chains along the
[111] direction. Within the chains, two Cu(2)O5 units connect through O(2) forming dimers,
and each dimer is connected with two Cu(1)O6 octahedra on opposite sides of the dimer.
The Cu(1) and Cu(2) octahedra then form a 2D lattice made from squares of Cu centers
where each square is made from two Cu(1) and two Cu(2) centers, as shown in Figure 2b.
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Figure 2. (a) Partial polyhedral view of the 2D Cu-O-Cu magnetic lattice on the bc-plane. (b) Nearest
neighbor interactions between the Cu(1) and Cu(2) centers. The unequal J1, J2 and J3 exchange
interactions are shown using a solid pink line. The Cu(1)–Cu(2), J1; Cu(1)–Cu(2), J2; and Cu(2)–Cu(2),
J3 distances are 3.476, 3.686 and 3.817 Å, respectively.

Figure 3a shows the local connectivity of Cu(1)O6 with Cu(2)O5 units. As shown in
Figure 3a, each Cu(1)O6 unit is connected with four Cu(1)O5 units through two equatorial
oxygens, O(1), and two axial oxygens, O(3). Each Cu(2)O5 unit is connected with two
additional Cu(2)O5 units and two Cu(1)O6 units, as shown in Figure 3b. It is interesting
to note that the apex oxygen, O(4), of one Cu(2)O5 square pyramid is connected with the
base of another Cu(2)O5 square pyramid creating a Cu(2)-O-Cu(2) chain along the b-axis,
as shown in Figure 3b. The 2D Cu-O-Cu layers are decorated by the [SeO3] groups in each
side of the layer. The apical Se(1)O3 group is connected with one Cu(1)O6 unit and three
Cu(1)O5 units, while the Se(2)O3 group connects with two Cu(1)O6 units and one Cu(2)O5
unit, as shown in Figure 3c,d.

The bond distances and angles of the Na2Cu3(SeO3)4 structure are of interest in the
unique 2D structure. The Cu-O bond distances of Cu(1)O6 range from 1.956(2) to 2.436(2) Å,
thereby adopting a highly distorted CuO6 octahedron. Similarly, the Cu(2)O5 units are
also have a highly distorted nature, with Cu-O bond lengths ranging from 1.924(2) to
2.392(2) Å. The average Cu-O bond lengths of CuO6 and CuO5 are 2.121 and 2.055 Å,
respectively. These average bond distances agree well with the sum of the Shannon crystal
radii for six coordinated Cu2+O6 (2.13 Å) units and five coordinated Cu2+O5 (2.05 Å)
units, respectively [40]. The average Se(1)-O and Se(2)-O distances are 1.696 and 1.709 Å,
respectively, which are comparable with the Shannon crystal radii for three coordinated
Se+4O3 (1.86 Å) units [40]. Since each Cu(1)O6 unit is surrounded by four Cu(2)O5 units
(Figure 2), Cu(1) has the four nearest neighbor Cu(2) atoms. Since Cu(1) and Cu(2) connect
through different oxygen atoms, two different exchange parameters are created, J1 (3.476 Å)
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and J2 (3.686 Å), as highlighted in Figure 2b. Additionally, Cu(2) forms dimers with the
Cu(2)−Cu(2) distances of 3.817 Å, J3. The corner-sharing bond angles between Cu(1)O6
and Cu(2)O5 are 137.3(2) and 103.9(1)◦ for Cu(1)−O(1)−Cu(2) and Cu(1)−O(3)−Cu(2),
respectively. The corner-sharing bond between the Cu(2)O5 in the dimer, Cu(2)-O(4)-Cu(2),
is 120.7(3)◦. This wide variety of bond distances and angles is due to the lower symmetry
of the structure. Additionally, the presence of different CuO5 and CuO6 geometries in
Na2Cu3(SeO3)4 introduces additional variables. Given the diversity of bond distances,
angles and multiple superexchange pathways of the Na2Cu3(SeO3)4 structure, complex
magnetic interactions can be expected. In this way, the Na2Cu3(SeO3)4 structure is fairly
complex, even though it has a simple 2D Cu magnetic lattice.
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3.2. Magnetic Properties of Na2Cu3(SeO3)4

The temperature-dependent magnetization of χ = M/H of Na2Cu3(SeO3)4 was mea-
sured using a collection of single crystals arranged in random orientations. The magnetic
susceptibility data were collected in the form of FC and ZFC modes between 2 and 350 K,
and the FC-ZFC curves exhibited the same magnetic behavior. Figure 4a displays the
magnetic susceptibility and inverse magnetic susceptibility with an applied field of 10 kOe.
The magnetic susceptibility curve at 10 kOe exhibits a sharp upturn at lower temperature
potentially, thereby indicating ferromagnetic-type behavior (Figure 4a). However, at a lower
field of H < 10 kOe, the magnetic susceptibility displayed a peak at 4 K, likely indicating
long-range antiferromagnetic behavior with TN = 4 K. The Curie–Weiss fit was performed
in the temperature range of 150–350 K and resulted in θCW = −196 K and the effective
magnetic moment of 2.18 µB/Cu. The effective magnetic moment was slightly higher than
the ideal spin-only moment of Cu2+ (S = 1/2) being 1.73 µB. This may be due to the orbital
contribution of Cu2+ in the distorted CuO6 and CuO5 environment. Similar higher values
have been observed in 2D Cu magnetic systems such as BaAg2Cu(VO4)2, Cu5(VO4)2(OH)4
and Cu5O2(SeO3)2Cl2 [42–45]. The negative and unusually large θCW indicates the strong
antiferromagnetic interactions between the Cu centers within the 2D magnetic lattice. The
empirical magnetic frustration was calculated using f = |θCW|/TN ~ 54, which supports
the strong magnetic frustration in the Na2Cu3(SeO3)4 magnetic lattice. Similar high values
have been observed for other copper complexes such as Cu13(VO4)4(OH)10F4 (f = 21),
Cu5O2(SeO3)2Cl2 (f = 7) and Cu5V2O10 (f = 13). Strong frustration is considered to be
present in materials with f > 10. The magnetic frustration of Na2Cu3(SeO3)4 may occur as a
result of competitive interactions between crystallographically distinct Cu sites within the
2D magnetic lattice, as exemplified in Figure 2b. However, in order to confirm the origin
of the magnetic frustration of Na2Cu3(SeO3)4, detailed theoretical and inelastic neutron
scattering studies will be necessary. A detailed theoretical investigation has been performed
on frustrated the square-lattice antiferromagnets of Ba2CuTeO6 and Ba2CuWO6. Magnetic
frustration in these compounds results from the competition between the nearest-neighbor
interaction, J1, and the next-nearest-neighbor interaction, J2, and a quantum spin liquid
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state is predicted for J2/J1 = 0.5 [45–49]. It is noteworthy to mention that Cu5V2O10 ex-
hibits an unusually high effective magnetic moment (2.49 µB) and that θCW = −263 K with
the frustration index being around f = 13. Moreover, Cu5V2O10 also possesses zigzag
chains that are made from highly distorted CuO6 octahedra and CuO5 trigonal bipyramids.
One of the most remarkable features of both Cu5V2O10 and Na2Cu3(SeO3)4 is that they
consist of Cu squares made from copper ions through the cross-connection between the
CuO6 and CuO5 units. The magnetic properties of Cu5V2O10 are highly anisotropic, and
we expect that Na2Cu3(SeO3)4 could be the same. Figure 4b shows the temperature de-
pendence of the magnetic susceptibility to be below 15 K when collected under various
magnetic fields of H = 0.1–50 kOe. At 0.1 and 0.5 kOe, the magnetic susceptibility exhibits
a sharp peak at around 4 K. At 1 kOe, the peak becomes broader and moves to a lower
temperature. A further increase in the magnetic field pushes the transition to a lower
temperature while also suppressing the clear downturn suggesting a gradual development
of a ferromagnetic/ferrimagnetic phase. This behavior was also observed for the isother-
mal magnetization data. Figure 4c shows the isothermal magnetization data collected
across tthe temperatures of 2–50 K. At 2 K, the isothermal magnetization exhibits a rapid
increase with the applied field and reaches saturation at a relatively lower magnetic field of
H = 10 kOe. The isothermal magnetization at 2 K reaches a saturation value of 0.3 µB/Cu
at 10 kOe. This is much smaller compared with the full moment of Cu2+ with S = 1/2. This
type of behavior was also observed for Cu5(VO4)2(OH)4, which was explained as a 1/5
magnetization plateau [44]. Above TN, the magnetization follows a curvature behavior,
which confirms the establishment of the ferromagnetic-like phase at higher fields. Similar
M-H behavior has also been reported for Cu5(VO4)2(OH)4 and BaAg2Cu(VO4)2, which sug-
gests that these structures behave like antiferromagnets at lower fields but that sufficiently
high magnetic fields can stabilize the ferromagnetic phase above the TN [50,51]. Specific
heat measurements under different applied magnetic fields would further confirm this
exotic behavior.
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4. Conclusions

Low-spin 2D magnetic lattices have attracted considerable interest since they are often
predicted and shown to exhibit complex magnetic behavior. The combination of a transition
metal magnetic lattice with the SeO3 oxyanion group as a bridging unit provides a rich
field of study in this regard and allows for significant tunability both to the structure and
to the magnetic ion. In this study, we report the synthesis and magnetic data of a new
material with an unusual 2D Cu2+ (S = ½) magnetic lattice, namely that of Na2Cu3(SeO3)4,
which is made from two unique CuO6 and CuO5 units. Due to the presence of two
different geometries of Cu–O polyhedra in the magnetic lattice, multiple nearest-neighbor
interactions are expected. The preliminary magnetic properties were examined using a
randomly oriented single-crystal sample, which reveal an antiferromagnetic transition
at TN = 4 K. However, isothermal magnetization data suggested that at a lower applied
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field Na2Cu3(SeO3)4 becomes ferromagnetic. In addition, a very high f = |θCW|/TN ~ 54
value suggests significant magnetic frustration. The high degree of frustration in the 2D
S = 1/2 material along with the complex field dependence of the magnetic behavior implies
that an unusual magnetic structure exists in this new material. Our work highlights the
complexity of structure formation between the Cu2+ magnetic ions and the SeO3 groups.
Future anisotropic magnetic measurements, neutron diffraction and theoretical study will
elucidate the detailed magnetism of this novel 2D Na2Cu3(SeO3)4. We hope our work will
inspire the further synthetic, structural and magnetic studies of the transition metal-based
selenite compounds.
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