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We report a systematic investigation of the growth of high-quality hexagonal perovskite BasCuNbzO;,
single crystals using the flux method. The optimal growth involved using the tetragonal phase BaCug 33-
Nbg 6,05 as the precursor, with 20 g CuO as the flux, a cooling rate of 1 °C h™* between 1350 °C and 1100
°C, and a cooling rate of 2 °C h™* from 1100 °C to 930 °C. The magnetic properties along the ab-plane
and the perpendicular direction are thoroughly studied. Fitting the inverse magnetic susceptibility data from
2 K to 300 K with the modified Curie-Weiss (CW) law yields a Weiss temperature (fcw) of —1.14 K, indicating
the presence of antiferromagnetic correlations in the ground state between Cu?* ions via superexchange
interactions. Furthermore, the specific heat data of BasCuNbzO;, align well with the Debye-Einstein
phonon model, allowing us to estimate the Debye temperature of 199 K and the average phonon velocity
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1. Introduction

Hexagonal perovskite oxides have garnered increasing
attention due to their rich physicochemical properties and
potential applications."™ Their crystal structures are of the
hexagonal perovskite type, characterized by the stacking of
BOg¢ octahedra along the c-axis in different arrangements,
with the B-site typically occupied by a transition metal. For
instance, Xu et al first reported the synthesis of two-
dimensional triangular frustrated Ba;CoNb,O, single crystals*
and quasi-one-dimensional SrsCos0;5 single crystals doped
with different amounts of Fe elements.” Li et al. synthesized a
hexagonal perovskite oxide (2H, 6H, and 10H)-BaCo,¢Rug ;-
O35 with different [BaO;] layers in a unit cell and
systematically explored its electrocatalytic oxygen evolution
performance.® Although 8H-hexagonal perovskite oxides are
relatively common, as seen in systems like BagTi;Ta,0,4,” Bay-
LiM;O;, (M = Nb and Ta),®® BagTizNbO,,,'""" Ba,Nas-
RuO;,,"> and BagMnNbgO,;,"® 8H-hexagonal perovskites
containing copper atoms are very rare. It is also worth noting
that, in addition to the detailed study of the magnetism of
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BagMnNbO,4, which confirmed a 120° ordering ground state
below the antiferromagnetic transition temperature Ty = 1.45
K,'* research on the other 8H-hexagonal perovskite materials
often focuses primarily on their crystal structure, with limited
studies on their magnetic properties."?

The 8H-hexagonal perovskite structure requires a high
coordination number between ions, with the size and charge of
the A-site and B-site ions needing to meet specific conditions.
Copper ions are prone to redox reactions, especially the
conversion between Cu®* (S = 1/2) and Cu* (non-magnetic § =
0). This redox behavior can lead to structural instability or phase
transition, further limiting the stability of copper-containing
compounds in the 8H-hexagonal perovskite oxides. As a typical
example of 8H-hexagonal perovskite oxides, Ba,;CuNbz;O,,
crystallizes in the P6s/mmc space group, and the Nb1Og
octahedron along the c-axis shares corners with the face-sharing
(Nb2/Cu)Og octahedron, as illustrated in Fig. 1(a). Furthermore,
the structural projection onto the ab-plane reveals that Nb1
atoms form a honeycomb structure, while Nb2/Cu atoms
arrange in a triangular lattice, as shown in Fig. 1(b). Since
Kumada et al. first synthesized Ba,CuNb;O;, polycrystalline
powders,”” there have been no reports on their physical
properties, nor have any single crystal studies been published to
date. If Cu forms a perfect triangular lattice system in this
system, the presence of geometric frustration could lead to the
system exhibiting a spin liquid or quantum spin liquid ground
state.'® However, the random occupation of Nb2 and Cu atoms
in Ba,CuNb;O,, disrupts the perfect triangular lattice structure,
similar to the site mixing of Mg>" and Ga®* in YbMgGaO,,"”"*
yet the magnetic ground state of Ba,CuNb;O;, remains an
interesting subject for further exploration.
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Fig. 1

In this study, we conducted a comprehensive investigation
of the growth of Ba,CuNb;0,, single crystals using the flux
method, thereby identifying the optimal synthesis route. We
also examined the magnetism of the Ba,CuNb;O;, single
crystal both along and perpendicular to the ab-plane. Our
results confirm that its ground state is antiferromagnetic.
The specific heat behavior of Ba,CuNb;O;, is in good
agreement with that of the Debye-Einstein phonon model,
and furthermore, it can be concluded that the average
phonon velocity is 2014.98 m s™".

2. Characterization section

The single crystal structure and elemental composition were
characterized at 298 K using X-ray diffraction (XRD, Rigaku
SmartLab SE diffractometer), energy-dispersive spectroscopy
(EDS, JEOL JSM-6700F), X-ray fluorescence (XRF, XRF-1800), and
X-ray photoelectron spectroscopy (XPS, ESCALAB250Xi).
Magnetization measurements were performed with a magnetic
property measurement system (MPMS3, Quantum Design),
while the specific heat was measured using the relaxation
method on a physical property measurement system (PPMS,
Quantum Design). In particular, in the measurement process of
the direct current magnetic susceptibility (y) of field-cooling
(FC) the temperature rise test is adopted, namely the field
cooled warming (FCW) process. In the single crystal XRD
characterization, the tested single crystal is millimeter-sized,
and the sample used for magnetic and specific heat
measurements is taken from the single crystal shown in the
upper right corner of Fig. 5(a), with a mass of 6.52 mg.

3. Synthesis steps of Ba;CuNbzO,,
single crystals
3.1 Synthesis of polycrystalline precursors

We first fully ground BaCO; (SCR, 99%), CuO (SCR, 99%),
and Nb,Os (SCR, 99%) in a molar ratio of 3:1:1, and then
transferred the mixture to an Al,O; crucible and calcined it at
1200 °C for 48 hours. From the XRD patterns in Fig. 2, we
can observe that the main phase of the product is BaCug 33-
Nby 6,03 with the P4/mmm space group, along with some
impurity phase BasNb,O;533, unreacted Nb,Os and BaO
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(a) Crystal structure of Ba;CuNb3zO,. (b) Projection of the crystal structure onto the ab-plane.

formed after the high-temperature decomposition of BaCOj;.
Our next step is to use these polycrystalline powders to
prepare single crystals via the flux method. In addition, from
the perspective of single crystal growth, a small amount of
the impure phase in the polycrystalline powder does not
significantly affect the final crystal quality, as the type and
proportion of the flux, along with the reaction temperature,
are the key factors.’

3.2 Exploration of the best method for single crystal synthesis

3.2.1 Method I. The BaCu,;3Nby6;0; polycrystalline
powder was weighted to 5 g and mixed with 10 g of CuO as a
flux. The mixture was thoroughly ground for about half an
hour and then transferred into a 50 ml Al,O; crucible. The
Al,O; crucible, sealed with a high-temperature ceramic
sealant, was placed into a muffle furnace. It was heated to
1350 °C and held for 1 hour, then cooled down to 1100 °C at
a rate of 1 °C h™", further cooled to 930 °C at 2 °C h™, and
finally, the muffle furnace power was turned off. At room
temperature, the sealed Al,O; crucible was broken open,
revealing that the entire crucible had turned brown, with no

*: BagNb,O,5 55 (P-3m1)
*: BaO (Fm-3m)
*: Nb,O; (P2 (3))

Intensity (a.u.)

* % *

BaCuy 55Nby, ¢,05: JCPDS00-049-0453

10 20 30 40 50 60 70 80
26 (degree)
Fig. 2 XRD patterns of the obtained polycrystalline samples.
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single crystals formed, as shown in Fig. 3(a). To further
determine the crystal structure of the final product, the
material was scraped from the crucible wall using a blade
and then XRD testing was performed.

The XRD results show that the synthesized product
contains our target compound, the hexagonal perovskite Ba,-
CuNb;0,,, along with an additional phase of BaNb,O, with
the Pmma space group. Moreover, the product also contains a
small amount of BaNb;Og¢ with the R3m space group. This
suggests that during the process of single crystal growth, the
crystal system of the obtained product may differ from that
of the raw material. At 1350 °C, which is above the melting
point of CuO, the mixture must be in a molten state, and as
the temperature gradually decreases, the different elements
can recombine to form new phases. Although no single
crystal was obtained via method I, the target hexagonal
crystal system Ba,CuNb;O;, is synthesized, and additionally,
the remaining product adhered to the crucible is very small,
so in the improved method, the amount of the CuO flux
should be increased.

3.2.2 Method II. To obtain high-quality single crystals of Ba,-
CuNb;0,,, we made slight adjustments to synthesis method I,
increasing the CuO flux to 15 g while keeping the other reaction
conditions unchanged. It is noteworthy that we successfully
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(a) The crucible and the product obtained using method I. (b) XRD results of the product after thorough grinding.

synthesized sheet-like single crystals of Ba,CuNb;O;, using
method II, with approximate dimensions of (1.5-2.0) mm x
(0.6-1.0) mm x (0.3-0.4) mm (inset of Fig. 4(b)), which has never
been reported before. The single crystal X-ray diffraction results
show that its surface corresponds to the (00l) crystal system
(Fig. 4(b)), meaning that the surface of the sheetlike single
crystal is the ab-plane.

Furthermore, to assess the quality of the crystals, we
ground the obtained single crystals into powder and
performed XRD characterization, as shown in Fig. 4(a). The
results show that a small amount of BaNb;Og is still in the
Ba,CuNb;0;, single crystals, due to the gradual growth of the
crystal nucleus during the crystallization process of Ba,-
CuNb;0,,, which partially encapsulated and generated the
formed BaNb;Os. Additionally, compared to method I, the
product synthesized using method II does not contain the
BaNb,Og phase. Interestingly, by simply adjusting the content
of the CuO flux, we can not only obtain single crystals but
also further reduce the amount of the impurity phase.

3.2.3 Method III. We chose to continue to increase the
mass of the CuO flux to 20 g, and the rest of the growth
conditions were the same as in method I, which is referred to
here as method III. Interestingly, the ab-plane of the single
crystal Ba,CuNb;O;, we obtained is hexagonal, which is

(a) (b)
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Fig. 4

(a) Powder XRD pattern of the Ba;CuNbzO;, sample synthesized by method Il. (b) The (00!) diffraction pattern of the Ba4CuNbzOj, single

crystal. Inset: Photograph of single crystals, with each small grid representing 1 mm. The blue star represents the sample holder silicon wafer

signal.
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Fig. 5 (a) Photograph of the BajCuNbsO;, single crystal, with each small grid representing 1 mm. (b) The (00() diffraction pattern of the

BasCuNbszOj; single crystal. (c) Powder XRD pattern of Ba;CuNbzO;,. (d) EDS spectrum and elemental mapping (inset).

consistent with the sixfold symmetry of the crystal structure,
and the size of the largest single crystal is about 3.0 mm x
3.0 mm x 0.5 mm (Fig. 5(a)). Furthermore, the XRD results of
the Ba,CuNb;0;, single crystal show only sharp (00/) peaks
in the range of 10-80°, confirming its very high crystallinity
(Fig. 5(b)). The high-quality single crystals of Ba,CuNbz;O;,
were fully ground and tested by XRD, and the results
confirmed that the obtained phase is pure. As shown in
Fig. 5(c), the XRD refinement results show that the unit cell
parameters of Ba,CuNb;0;,, belonging to the P6;/mmc space
group, are @ = b = 5.7830(4) A and ¢ = 18.9289(6) A, and the
detailed refinement parameters are presented in Table 1.

The EDS analysis clearly shows the presence of the
elements Ba, Cu, Nb, and O, while the C element originates
from the conductive carbon glue (Fig. 5(d)). Additionally, the
EDS mapping reveals that Ba, Cu, Nb, and O are uniformly
distributed across the tested area (inset of Fig. 5(d)). The EDS
results indicate that the ratio of Cu and Nb elements is close
to 1:3, but the Ba content is significantly higher, likely due
to the presence of residual BaCO; or BaO attached on the
surface (Fig. S1T). Furthermore, we ground the Ba,CuNb;0;,
single crystals into polycrystalline powder with a mass of
about 25 mg and performed XRF testing (Fig. S1f). The
results showed that the ratio of Ba, Cu and Nb is 4:1.85:
2.38, which is similar to the results given by Kumada et al.*
However, in order to maintain consistency with the previous
work,"” we still used the expression form Ba,CuNb;O;,
throughout the full text. In the chemical formula Ba,CuNb;-
0;,, Ba ions have a +2 valence state, and Nb ions are +5. To

2714 | CrystEngComm, 2025, 27, 2711-2719

ensure charge balance in the formula, Cu ions must be +1.
However, under the high-temperature conditions of single
crystal growth, some Cu® will be converted into Cu®**. As
shown in Fig. S2, the XPS results show that the ratio of Cu"
to Cu®" is approximately 1.12:1, and it should be noted that
Cu" is non-magnetic (S = 0), while Cu®>" is magnetic (S = 1/2).
3.2.4 Method IV and method V. Among the three synthesis
methods mentioned above, we successfully achieved the first
synthesis of high-quality Ba,CuNb;O;, single crystals by
simply adjusting the CuO flux content. However, to further

Table1 Crystal data and structure refinement for Ba;CuNbzO;,

Parameter Value

Compound Ba,CuNb;0,,

Space group P6;/mmc

a/blA 5.7830(4)

c/A 18.9289(6)

Cell volume/A® 548.23(5)

Rl % 9.22

RE/% 7.04

X 5.01

Atom Wyck. Site xla y/b z/c
Ba1l 2a -3m. 0 0 0

Ba2 2d -6m2 1/3 2/3 3/4
Ba3 4af 3m. 1/3 2/3 0.13488
Nb4 4f 3m. 1/3 2/3 9/16
Nb5 4e 3m. 0 0 0.1829
Cub 4e 3m. 0 0 0.1829
o7 6g .2/m 1/2 0 0

08 6h mm2 0.161 0.322 1/4

09 12k .m. 0.82642 0.65284 0.1187

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 The (00! diffraction patterns of the Ba;CuNb3zO;, single crystal
Ba,CuNbszO;; single crystal, with each small grid representing 1 mm.

optimize the synthesis method, we made additional
improvements based on method III. In method IV, we kept
the CuO flux amount constant at 20 g and adjusted the
cooling rate to 1.5 °C h™" within the temperature range of
1350 °C to 1100 °C. In method V, we further adjusted the
cooling rate in this temperature zone to 3 °C h™*. The Ba,-
CuNb;O,, single crystals synthesized by method IV and
method V are shown in Fig. 6(a) and (b), respectively.
Compared to method III, a slight increase in the cooling rate
to 1.5 °C h™" has little effect on the size and crystal quality of
the Ba,CuNb;O;, single crystal, as shown in Fig. 6(a).
However, when the cooling rate is significantly increased to
3.0 °C h™, the size of the synthesized single crystal is
significantly reduced, and its crystallinity deteriorates. For
Pb,CoWOs single crystal growth, reducing the cooling rate
does not significantly change the crystal morphology, but it
does cause a noticeable shift in the dominant crystal plane
from (111) to (100)."® However, for Pb(Zn,/;;Nb,,3)O3, altering
the cooling rate can significantly influence the hardness of
the generated single crystal and also change its color.*

4. Magnetic properties

We systematically studied the magnetic properties of high-
quality single crystals of Ba,CuNb;O,, synthesized using
method III, as shown in Fig. 7. When the magnetic field is
along the ab-plane, the zero-field-cooling (ZFC) and field-
cooling (FC) magnetic susceptibility (y) gradually increase
with decreasing temperature, and there is no magnetic phase
transition. In addition, the magnetic susceptibility curves for
FC and ZFC almost overlap. When the magnetic field is
perpendicular to the ab-plane, the magnetic susceptibility
behavior is identical to that when the field is applied along
the ab-plane (Fig. 7(b)), which is quite unusual in single
crystal systems, as strong anisotropy is typically observed in
such materials. In a single crystal system, the crystal
structure exhibits anisotropy, and the magnetic ions located
at the lattice points often also exhibit magnetic anisotropy.
For example, in the triangular lattice systems such as Baj-
CoSb,0, (ref. 21 and 22) and Cs,CuCl,*® magnetic
susceptibility anisotropy is observed even within the

This journal is © The Royal Society of Chemistry 2025

synthesized by (a) method IV and (b) method V. Inset: Photograph of the

paramagnetic temperature range. Furthermore, for the spin
liquid candidate material YMgGaO,,>* the Ocw values are
approximately —1.47 K and -2.7 K when the magnetic field is
applied parallel and perpendicular to the c-axis, respectively.
The magnetism in Ba,CuNb;O,, originates from Cu>', and
the isotropic magnetism should be attributed to the
randomness in atomic occupancy between Cu and Nb in the
face-sharing CuO4 and NbOg octahedra.

The temperature-dependent 1/y results indicate that the
modified CW law, y = yo + C/T - Ocw), is valid in the
temperature range of 2 K to 300 K. Here, C is the Curie
constant, and y, represents the temperature-independent
contributions from the core-diamagnetic (originating from both
the sample and the sample holder) and Van Vleck susceptibility
(Fig. 7(c)).>>*® The effective magnetic moment (¢eg) of Cu®" is
fitted to be 1.14 ug, with a Ocw of —1.14 K and a y, value of
-0.00012 emu mol™ Oe™. The negative Ocy indicates the
existence of antiferromagnetic correlation in the system.
Importantly, in the ground state of Ba,CuNb;O;,, magnetic
Cu®" ions can undergo superexchange interactions with the
nearest Cu®>" ions via the Cu**-0-O-(Nb**/Cu")-0-O-Cu**
pathway, leading to the formation of antiferromagnetic
correlations (Fig. $31).>” Certainly, this represents only the most
probable superexchange pathway, and due to the randomness
of the Cu®" position, other possible superexchange pathways are
not discussed in detail.

Notably, the obtained gy = 1.14 up is lower than the
theoretical value of g[S(S + 1)]"* = 1.73 g, (assuming g = 2.0 and
S = 1/2), where the spin-orbit coupling effect is ignored. In
some spin-frustrated systems, the observed magnetic moment
is lower than the theoretical value.>®*® In an antiferromagnetic
system, the frustration parameter is given by f = |6cw|/Tx. For
the Ba,CuNb;O;, single crystal, since the Ty value cannot be
determined from magnetic susceptibility data, estimating the
frustration parameter is challenging. This also requires testing
of the magnetic properties at lower temperatures, such as *He
refrigeration or dilution refrigeration (*He-"He) equipment.
Furthermore, it is important to note that if Cu atoms form a
perfect triangular lattice, as seen in systems like BazCuSb,0s,*
spin frustration is highly likely to occur. In Ba,CuNb;0O;,, Cu
and Nb atoms jointly form a triangular lattice, the random

CrystEngComm, 2025, 27, 2711-2719 | 2715
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Fig. 7 ZFC and FC magnetic susceptibility of the BasCuNbzO;, single crystal for a field (a) along the ab-plane and (b) perpendicular to the
ab-plane. Inset of (b): the four magnetic susceptibility curves in the main figures (a) and (b), reflecting a high degree of overlap. (c) Temperature
dependence of the inverse magnetic susceptibility for a field along the ab-plane. The red line represents the modified Curie-Weiss fitting. (d)
Magnetization curves for a field applied along the ab-plane and perpendicular to the ab-plane. Inset: Magnification of the magnetic moment under
a high magnetic field. (e) Schematic diagram of the measurement geometry for the (f) angular ()-dependent magnetization curve.

occupancy of Cu ions makes geometric frustration unlikely
(Fig. 1(b)). However, the spin frustration may still arise due to
competition between the nearest-neighbor and next-nearest-
neighbor magnetic exchange interactions.>*

To investigate the possible existence of a spin glass or
cluster glass state in the Ba,CuNb;O;, single crystal, we
conducted AC magnetic susceptibility tests (Fig. S4t). The
results show that when the AC magnetic field is applied
along the ab-plane with no DC magnetic field, the Ba,CuNb;-
0O, single crystal exhibits a peak at approximately 25 K with
noticeable frequency dependence. However, since the peak
position remains unchanged with frequency, the presence of
a spin glass or cluster glass state can be ruled out. In fact, a
similar frequency-dependent variation in the peak intensity
has also been observed in La; 5Cay 5(Cog sFey5)IrOq (ref. 33)
and Sre(Coy gFey,)5015,°° though the peak position remains
unchanged, and the underlying physical origin of this

2716 | CrystEngComm, 2025, 27, 2711-2719

behavior requires further investigation. Additionally, as for
whether there is a short-range magnetic correlation, it is still
difficult to give a clear conclusion based on the AC magnetic
susceptibility.

The magnetization curves M(H) measured at 2 K in the
field range of -7 to 7 T show similar behavior for both field
orientations (Fig. 7(d)). At 7 T, the magnetic moments along
the c-axis and the ab-plane are 0.38 up and 0.35 ug,
respectively, as shown in the inset of Fig. 7(d). However, the
slight difference in magnetic moments between the two,
within [(0.38 - 0.35)/0.38] x 100% = 7.89%, may be attributed
to the fact that the spins of Cu ions tend to align in the
ab-plane, indicating easy-plane anisotropy rather than easy-
axis anisotropy.®® Furthermore, we obtained the angle-
dependence of the magnetization curve for a magnetic field
0.1 T along the ab-plane at 10 K, as shown in Fig. 7(e) and (f).
When the magnetic field rotates within the ab-plane, the

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Specific heat of the Ba;CuNb3zO;, single crystal. The red solid
line represents the phonon specific heat contribution fitted using the
Debye-Einstein model.

magnetic moment remains constant, indicating the isotropic
nature of the in-plane magnetism.

5. Specific heat

The specific heat results of the Ba,CuNb;O;, single crystal
show no magnetic phase transition within the temperature
range of 2 K to 200 K (Fig. 8), which is consistent with the
magnetic behavior observed in the magnetic susceptibility
curve. Importantly, our experimental data are well fitted by
the Debye-Einstein model (red solid line in Fig. 8)

Cphonon = CDebye + Cginstein

T 3 (Op/T x4ex
= 3NpR| — ———dx
b (@D) Jo (ex—1)2

3 0\ 2 e@
Ei "
+2_NuR (7) @)

2
=1 er — 1)

which describes the phonon behavior (x = #%w/kgT). Here, o,

R, Op, O, Np and Ng; represent the phonon frequency,
universal gas constant, Debye temperature, Einstein
temperature, the number of acoustic phonon branches, and
the number of optical branches with the same O;,
respectively.>*® The best fitting parameters can be obtained
as Op = 199 K, Og; = 307 K, O, = 510 K, Oz = 2100 K, Np =
3, Ng1 = 2, Ng, = 3, and Ngz = 52. Furthermore, according to

, where N is the number of

1
the formula @ =™ (ﬁn;Ns)s

=3
molecules per mole, s is the number of atoms in each
molecule, and V is the volume of the crystal, and the average
velocity v}, of phonons is calculated to be 2014.98 m s™".

In addition, since the ratio of Nb2 to Cu atoms in the
triangular lattice formed by Nb2/Cu is about 1:2, this
configuration effectively places two non-magnetic Nb2 atoms
and one magnetic Cu atom at the triangular lattice sites. The

This journal is © The Royal Society of Chemistry 2025
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spin exchange interaction is between Cu atoms via O atoms.
The insufficient number of Cu atoms occupying the lattice
sites increases the exchange path, which weakens the
correlation between the Cu atoms (Fig. S31). In geometrically
frustrated systems, such as those with triangular, kagome,
and honeycomb lattices, the introduction of non-magnetic
atoms can often have a significant impact on the spin
exchange interactions between magnetic atoms, thereby

altering the ground state of the system.?”**

Summary

In summary, we thoroughly explored the flux method for
growing Ba,CuNb;O;, single crystals and identified the most
effective synthesis approach. Additionally, we investigated the
magnetic properties of the Ba,CuNb;O;, single crystal, both
parallel and perpendicular to the ab-plane, with the findings
confirming that the material exhibits an antiferromagnetic
ground state. The reduced occupancy of Cu atoms at the
triangular lattice sites extends the exchange path, weakening
the interactions between the Cu atoms in Ba,CuNb;O;,.
Furthermore, the specific heat data of Ba,CuNb;0;, exhibit a
strong correspondence with the Debye-Einstein phonon
model, yielding estimates for the Debye temperature and the
average phonon velocity as 199 K and 2014.98 m s,
respectively.
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