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Abstract

Relevance. The development of materials with excellent dielectric properties is crucial for modern
telecommunications. The value of this study lies in the importance of examining these properties in the context
of expanding possibilities for high-frequency applications in modern telecommunication technologies, including
4G and 5G communication.

Purpose. The purpose of this study is to investigate the crystal structure of the compound BaMnV,0, and its
dielectric properties.
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Methodology. To achieve the set purpose, methods of analysis, experimentation, comparison, and computer
modelling were used. Within this study, the material of low-temperature co-fired ceramics (LTCC) was
thoroughly examined, known for its high efficiency as moisture protection.

Results. A structural model for the compound BaMnV,0, was proposed and investigated. In particular, it was
found that the radius of Mn?* (0.75 A) is almost identical to the radius of Zn?* (0.68 A), confirming the
similarity of the crystal structures of BaMnV,0, and BaZnV,0,. The main results showed that pyrovanadate has
a monoclinic symmetry and has a spatial symmetry group P121/c1 (14), characterised by lattice parameters:
a=5.6221(5) A, b=15.271(1) A, ¢ =9.7109(8) A, B = 123.702(3)°. The divergence factor was 9.05, indicating
the model’s correspondence to experimental data. Additionally, the density of the compound was calculated,
amounting to 4.2699 g/cm>.

Conclusions. Experimental data confirmed the presence of interatomic distances within 1.33-3.47 A. The
minimum interatomic distance in the compound structure is 1.33 A between oxygen (O5) and vanadium (V2)
atoms. The maximum interatomic distance is 3.47 A observed between oxygen (O1) and (0O2) atoms. With
characteristics such as low dielectric permittivity (er~8.9) and a high quality factor coefficient (Quxf 31362
GHz), the compound BaMnV, 0, exhibits excellent microwave dielectric properties. The practical value of the
obtained results lies in the potential development and improvement of materials with high dielectric properties,
such as BaMnV,0,, for their application in telecommunication technologies, contributing to the development of
more compact and reliable components for electronics
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Introduction

Since 2013, there has been a rapid development of
cellular communication, which requires materials
with exceptional dielectric characteristics. Properties
such as high quality factor, low temperature coeffi-
cient of resonant frequency, and excellent relative
dielectric permittivity are critical for the further de-
velopment of this area. In this context, low-temper-
ature co-fired ceramics (LTCC) emerge as one of the
promising materials. The ability to sinter at tempera-
tures below 1000°C and the use of more readily avail-
able materials, such as copper, make LTCC technolo-
gy particularly attractive. In addition, ceramics offer
cost-effectiveness and ease of manufacturing devices,
moisture tightness, and reliability even under signifi-
cant temperature fluctuations. For instance, in radar
systems, active phased array antennas consisting of
receiver-transmitter modules are employed for opti-
misation and size reduction. L.O. Roman [1] notes
that the miniaturisation of such devices led to the
adoption of LTCC multilayer board technology.

It is essential to highlight that this technology also
allows for the creation of complex multilayer boards.
O.A. Nemyrovych [2] mentions that during LTCC tech-
nology, metallisation occurs through screen printing
on an unfired ceramic sheet. The sheets are assem-
bled into a stack, rolled on rollers, and sintered at
temperatures up to 950°C, allowing the use of materi-
als like silver or copper. The thickness of the resulting
conductors is approximately 10 micrometres, roughly
corresponding to three skin depths at 1 GHz. LTCC
technology is particularly suitable for manufacturing

planar high-Q inductors, resonators, and planar re-
sistors. In the work of D.I. Varvaruk [3], the PBA 313
01/2 is investigated, representing an edge cascade
for a Bluetooth communication system. It utilises ball
grid array (BGA) connectors, and all individual com-
ponents are located on one side of the board. This
board is manufactured using LTCC technology and
consists of 6 layers of this ceramic and 7 metal lay-
ers, confirming the possibility of creating multilayer
boards. Moreover, Ye.M. Yashchyshyn [4] indicates
that the advantages of LTCC include the ability for
three-dimensional system integration, high control
of technological parameters to ensure high repeata-
bility, flexibility regarding the number of layers and
types of materials, achieving minimal line and gap
widths (on the order of 50 microns), the possibility
of integrating passive and distributed elements, and
mounting integrated circuits.

Many materials are considered for potential use
in LTCC. However, vanadates attract special atten-
tion because they exhibit important properties that
can be useful for high-frequency applications. For
example, T.M. Hrychanovska & I.Yu. Protsenko [5]
note that VO, films undergo a phase transition with
increasing temperature, accompanied by a signifi-
cant decrease in specific resistance. This property
allows their use as thermoresistors for effective ther-
mal protection at high temperatures. According to
S.V. Khalameida et al. [6], the use of a V,O, wet gel
and hydrothermal treatment allowed obtaining mag-
nesium pyro- and orthovanadates. Samples obtained
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by microwave-assisted hydrothermal treatment are
characterised by a high specific surface area and a
developed porous structure.

Pyrovanadates are known for their complex crys-
talline structure, including atoms of chemical ele-
ments arranged in a specific lattice. These character-
istics of the crystalline structure influence its physical
and electronic properties and determine the magnetic
and dielectric characteristics of the compound. How-
ever, information about the crystalline structure of
BaMnV,0, is not yet fully revealed, and the param-
eters of the lattice microstructure remain unknown.
Therefore, the analysis of LTCC ceramic properties,
including its crystalline structure, is especially rele-
vant and crucial for developing modern telecommu-
nications technologies. The purpose of this study is to
analyse the crystalline structure and dielectric char-
acteristics of the BaMnV,0, compound. The high di-
electric permittivity under certain conditions and fre-
quencies makes the compound an interesting material
for use in telecommunications technologies, where
having materials with high dielectric properties for
manufacturing resonators, filters, and other compo-
nents is crucial.

Materials and Methods

To achieve the purpose of this study, various meth-
ods were employed, including analysis, comparison,
experimental investigations, and computer modelling.
All measurements and analyses were conducted under
specialised laboratory conditions, where necessary
temperature and humidity parameters were ensured.
The obtained results underwent further scrutiny, and
their reliability was subjected to additional verifica-
tion and analysis.

The analysis method allowed for a detailed exam-
ination and breakdown of experimental and compu-
tational data to reveal the peculiarities of the crystal-
line structure of the BaMnV,0, compound. During the
comparative analysis, properties of BaMnV,0, were
juxtaposed with other materials exhibiting high die-
lectric characteristics, providing insights into its po-
tential applications. For the experiments, BaMnV,0,
samples were prepared according to detailed proto-
cols, involving synthesis and purification to obtain
pure material for further investigations. Experimen-
tal measurements of dielectric properties and oth-
er physical parameters of the BaMnV,0, compound
provided specific data for analysis and justification
of material properties. For the analysis, the diffrac-
tion spectrum of the compound was utilised using the
PDF-2 No. 044-0245 database, containing theoreti-
cal and experimental data of powder diffractograms
collected under conditions of radiation on a copper
filter with Bregg-Brentano geometry [7]. The spec-
trum was analysed using the HighScore Plus 3.0 pro-
gramme (Netherlands) to ensure its correspondence

to a single-phase state of the BaMnV,0, compound.
Indexing of the diffraction spectrum was performed to
determine the crystalline structure of the BaMnV,0,
compound. The built-in TREOR module in this pro-
gramme was used to index the diffraction spectrum.
Furthermore, using the structural model for the B-Ba-
ZnV,0, phase, refinement of microstructural parame-
ters was conducted using the Rietveld method and the
HighScore Plus 3.0 programme. Key characteristics of
the crystal structure of pyrovanadate were obtained.

Using computer modelling allowed for a detailed
analysis of the crystalline structure and properties of
BaMnV,0, using modern computational technologies.
The combination of these diverse methods provided a
comprehensive understanding of the BaMnV,0, com-
pound, including its crystalline structure and physical
characteristics. Specific protocols for result analysis
were developed for each of the methods used. This in-
cluded processing diffraction patterns, phase identifi-
cation, determination of crystalline structure parame-
ters, and more. To confirm the reliability and accuracy
of the obtained results, series of repeated experiments
were conducted, and the obtained data were compared
with literature sources. Considering the large amount
of data, a statistical analysis was performed to confirm
the results and determine the degree of their deviation.

The study paid special attention to the analysis of
the crystalline structure and physical properties of the
BaMnV,0, compound. The combination of methods,
including X-ray structural analysis, computer model-
ling, and other spectroscopic and physical methods,
provided an opportunity to gain a comprehensive un-
derstanding of the crystalline structure and physical
properties of the BaMnV,0, compound.

Results

It follows from the literature that vanadates have sat-
isfactory microwave dielectric properties and can be
used as microwave LTCC ceramics [8]. Microwave
dielectric ceramics are an important class of materi-
als for the production of electronic devices, especially
high-frequency and microwave devices. It is charac-
terised by high permittivity and low losses, which al-
low effectively using these materials for transmitting
signals in the high-frequency range. In addition, it is
important to note that vanadates can be integrated
into LTCC technology. This means that they can be
used as components of the material used for the man-
ufacture of microwave devices by co-heating at low
temperatures.

BaMnV,0, is also a promising material for use
in LTCC technology. Given that the radius Mn?*
(r=0.75 A) is close to Zn?** (r = 0.68 A), a crystal
structure similar to the BaZnV,0, compound should
be expected [6]. This similarity in crystal structures
is due to the close values of the sizes of Mn?" and
Zn?* atoms, which leads to similar ways of ordering



them in the crystal lattice of both compounds. This
pyrovanadate has two polymorphic modifications,
i.e. it can exist in two different crystal structures un-
der the same temperature and pressure conditions.
Crystal structure of low-temperature B-BaZnV,0O,
crystallises in monoclinic syngony, spatial symmetry
group (PGS) P2, /n, grid parameters a = 5.573 A",
b =15.175 A% c = 7.429 A° B = 96.45° The data

Crystal structure of barium manganese vanadate BaMnV,0,,

show that there is a certain degree of irregularity
in the crystal lattice, but simultaneously, there is a
plane of symmetry. The microstructural parameters
are shown in Table 1 and indicate small-scale fea-
tures of the material’s crystal structure. Small-scale
features indicate details and relationships between
atoms or other components in the crystal structure
of a material.

Table 1. Microstructural parameters of f-BaZnV,0,

Chom Wyl xa b ac |

-0.2830(1) 0.28596(3) 0.4471(7)
Zn 4e -0.2077(2) 0.05006(6) 0.3676(1)
V1 4e -0.2525(2) 0.36597(8) 0.6654(2)
V2 4e -0.2052(2) 0.56203(8) 0.7105(2)
0O1 4e -0.246(1) 0.2824(4) 0.5224(8)
02 4e -0.256(1) 0.4716(4) 0.5530(8)
03 4e -0.229(1) 0.6604(4) 0.617(1)
04 4e 0.077(1) 0.5527(4) 0.8214(9)
05 4e -0.414(1) 0.5542(4) 0.8681(8)
06 4e -0.494(1) 0.3553(4) 0.7904(9)
07 4e 0.005(1) 0.3609(4) 0.8099(9)

Source: compiled by the authors

The structure of B-BaZnV was taken as the initial
model of the crystal structure,O,. Selection of the in-
itial model of the B-BaZnV,0, crystal structure in the
examination of BaMnV,0, is based on several reasons.
First, both compounds have the same composition and
arrangement of atoms, which may indicate the similar-
ity of their crystal structures. Secondly, the ability to
use an already examined model simplifies the analysis
and comparison of the properties of a new compound.
Furthermore, if p-BaZnV,0, was the subject of previ-
ous research, the availability of known data facilitates
the analysis of BaMnV,0,. In addition, the affinity of
the components Ba, Mn, V, Zn, and O emphasised
the similarity of the structures of these compounds.

As aresult of the conducted analysis of the structur-
al characteristics of the BaMnV,0, compound, it was
established to crystallise in monoclinic syngony and

have a P121/cl spatial symmetry group [14]. Mon-
oclinic syngony indicates that the crystal structure of
the compound has irregularity, which manifests itself
in the form of uneven sides and angles in a parallel-
ogram that restricts the base region. In this case, the
main axes of the crystal are not mutually perpendicu-
lar, and therefore, the connection exhibits symmetry
with respect to only one plane. In the BaMnV,0, crys-
tal lattice, the plane of symmetry inequalities is pres-
ent, as in f-BaZnV,0,. The specific lattice parameters
are: a=5.6221(5)A0, b=15.271(1)A0, ¢ =9.7109(8)
A0 at B = 123.702(3)0. The specified lattice parame-
ters (a, b, ¢, and B) determine the geometric dimen-
sions and angles between the lattice vectors. The val-
ues a, b, and c represent the lengths of the axes, and
determines the angle between a and c. Table 2 shows
the microstructural parameters for detailed analysis.

Table 2. BaMnV,0, microstructural parameters

Bal 4e 1 0.403(2) 0.2068(4) 0.6468(8)
V1 4e 1 0.930(3) 0.1236(9) 0.130(2)
V2 4e 1 0.954(4) 0.948(1) 0.240(2)
Mnl 4e 1 0.595(4) 0.442(1) 0.874(2)
01 4e 1 0.81(1) 0.220(3) 0.079(4)
02 4e 1 0.84(1) 0.823(4) 0.724(7)
03 4e 1 0.92(1) 0.855(3) 0.107(5)
04 4e 1 0.73(1) 0.960(3) 0.276(5)
05 4e 1 0.825(8) 0.523(3) 0.570(5)
06 4e 1 -0.107(9) 0.190(3) 0.311(4)
o7 4e 1 0.825(9) 0.103(3) 0.340(3)

Source: compiled by the authors
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Important experimental data for the character-
isation of crystalline materials are the values of in-
terplanetary distances. Interplanetary distances in-
dicate the distances between atoms and molecules
located on different planes of the crystal lattice [9].
The intensity, i.e. the strength of the diffraction sig-
nal that is recorded during the crystal examination,
also depends on the structural features of the crys-
tal, such as the position of atoms and their inter-

planetary distances. The divergence factor (R-fac-
tor) is 9.05, and the calculated density is 4.2699 g/
cm?. If the interplanetary distances differ by 0.03A ,
the diffraction lines are taken as one. The values of
interplanar distances and intensities calculated us-
ing this model are shown in Table 3. This position
was considered when analysing the crystal struc-
ture, and according to these data, the BaMnV,0,
structure is represented.

Table 3. Values of interplanar distances and intensities calculated for the structure of the BaMnV,0, compound

20, 20,,,, d., d,y Lea Lobs H K L
11.5723 | 11.574(5) | 7.64064 7.63951 4.46 3.16 0 2 0
13.3377 | 13.344(4) | 6.63302 6.62968 2.87 4.17 0 1 -1
16.7107 - 5.301 - 0.21 - 0 2 -1
16.7107 - 5.301 - 0.21 - 0 2 1
16.853 - 5.25656 - 0.08 - 1 1 -1
18.9506 | 18.957(5) | 4.67918 4.67769 1.12 3.18 1 0 0
19.6453 | 19.650(6) | 4.51526 4.51408 5.99 3.06 1 2 -1
19.8285 | 19.839(6) | 4.47395 4.47163 2.17 3.03 1 1 0
20.8258 - 4.2619 - 0.8 - 1 0 -2
21.1981 21.19(1) 4.18788 4.18901 1.24 1.06 0 3 -1
21.6308 | 21.619(4) | 4.10508 4.10738 5.05 4.23 1 1 -2
22.2635 | 22.263(2) | 3.98983 3.98994 15.34 13.12 1 2 0
23.2727 | 23.266(5) | 3.81905 3.82015 0.21 3.05 0 4 0
23.6007 | 23.610(8) 3.7667 3.76525 2.1 1.83 1 3 -1
23.891 23.892(2) | 3.72159 3.72138 16.5 15.85 1 2 -2
24.1616 |24.1646(6) | 3.68052 3.68007 64.23 66.81 0 0 2
24.8641 |24.8607(5)| 3.5781 3.57858 45.96 88.96 0 1 -2
25.8398 | 25.845(4) | 3.44516 3.44451 6.34 4.14 1 3 0
26.269 - 3.38984 - 1.86 - 0 4 -1
26.269 - 3.38984 - 1.86 - 0 4 1
26.8685 - 3.31555 - 0.26 - 0 2 -2
26.8685 - 3.31555 - 0.26 - 0 2 2
27.267 27.264(1) | 3.26799 3.26834 23.26 17.78 1 3 -2
28.2674 | 28.277(1) | 3.15457 3.1535 100 99.98 1 4 -1
28.2908 | 28.279(1) | 3.15201 3.15325 89.19 100 1 1 1
29.933 ]29.9314(8)| 2.98271 2.98287 22.35 38.38 0 3 -2
30.1852 | 30.184(1) | 2.95837 2.95847 15.33 19.83 1 4 0
30.8755 |30.8743(9)| 2.89378 2.89389 33.11 30.7 1 1 -3
31.4309 - 2.8439 - 3.42 - 1 4 -2
31.9536 |31.9486(9)| 2.79856 2.79899 29.52 28.9 2 0 -2
32.8753 | 32.892(2) | 2.72218 2.72086 9.27 8.24 1 3 1
33.7987 | 33.782(4) | 2.64988 2.65113 0.65 4.22 0 4 -2
35.1563 35.2(1) 2.5506 2.55051 16.78 9.58 1 3 -3
35.1795 35.18(7) 2.54898 2.54864 0.36 9.47 2 2 -1
35.8705 - 2.50144 - 0.06 - 2 1 -3
36.463 36.478(3) | 2.46214 2.46118 5.07 6.2 1 4 1
37.0835 | 37.111(2) | 2.42236 2.4206 3.33 11.92 0 1 -3
37.347 37.357(1) | 2.40587 2.40527 10.02 22.98 0 6 -1
38.5105 38.5(1) 2.33582 2.33571 0.36 5.52 0 2 -3
38.5587 38.55(4) 2.33301 2.33359 11.01 5.51 1 4 -3
38.5875 38.60(4) 2.33133 2.33041 0.75 3.53 1 0 2
38.8313 38.82(1) 2.31725 2.31781 0.52 2.54 1 6 -1
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Table 3. Continued

20, 20, d., dg,, L Lps H K L
38.9206 | 38.950(5) | 2.31214 2.31049 2.74 9.56 2 1 0
39.0525 | 39.071(4) | 2.30464 2.3036 12.96 11.68 1 1 2
39.9081 | 39.927(7) | 2.25718 2.25616 0.01 2.12 2 4 -2

40.861 40.821(2) | 2.20671 2.2088 2.32 8.28 2 4 -1
41.561 41.538(5) | 2.17115 2.17232 2.28 3.22 1 0 -4
41.9985 | 41.991(3) | 2.14954 2.14989 2.88 6.16 1 1 -4
42.593 42.587(1) 2.1209 2.1212 2.98 15.92 1 5 -3
42.8215 | 42.815(3) | 2.11011 2.11041 9.66 8.79 2 1 -4
43.2112 43.2(1) 2.09198 2.09297 2.74 6.23 0 7 1
43.2895 43.2(1) 2.08838 2.0918 0.7 6.22 1 2 -4
43.8265 43.81(6) 2.06403 2.0648 5.92 11.25 0 4 -3
43.8394 43.84(5) 2.06345 2.0633 0.4 10.4 2 5 -2
45.3733 45.4(1) 1.99719 1.99787 0.43 9.68 1 6 1
45.3754 45.38(6) 1.9971 1.99672 14.34 9.38 1 3 -4
46.1501 | 46.156(3) | 1.96536 1.96513 0.04 5.21 2 3 -4
46.5094 | 46.509(4) | 1.95102 1.95103 0.9 4.18 2 5 -3
47.4955 | 47.501(6) | 1.91279 1.91259 5.44 9.45 0 5 -3
47.5903 47.54(2) 1.9092 1.91124 2.55 4 0 8 0
49.1616 | 49.159(8) | 1.85179 1.85188 0.01 6.18 3 1 -3
49.2685 49.25(2) 1.84802 1.84853 0.42 3.01 0 8 -1
49.4989 | 49.501(1) | 1.83995 1.83990 16.11 28.86 0 0 4
50.4662 50(1) 1.80693 1.807 2.23 7.04 1 8 -1
50.4805 50(1) 1.80645 1.80699 3.1 7.04 1 7 1
51.0418 51.04(9) 1.7879 1.78791 3.47 5.42 1 1 3
51.6071 51.07(9) 1.76963 1.78686 0.19 5.42 1 5 -4
51.6547 51.6(1) 1.76812 1.76867 0.11 1.24 3 0 -4
51.6701 51.7(3) 1.76763 1.76745 1.48 1.13 1 8 0
52.1158 | 52.102(5) | 1.75355 1.75397 1.29 3.2 1 7 -3
52.8668 | 52.846(5) 1.7304 1.73103 0.73 3.15 0 3 -4
53.1268 | 53.139(4) | 1.72254 1.72217 0.09 4.13 3 2 -4
53.1345 | 54.717(4) | 1.72231 1.67619 0.25 4.06 2 6 0
54.928 54.928(3) | 1.67024 1.67023 1.3 6.05 3 3 -4
55.3854 | 55.343(7) | 1.65752 1.65868 0.12 5.94 0 4 -4
55.3854 55.5(1) 1.65752 1.65442 0.12 3.41 0 4 4
55.5197 55.54(7) 1.65383 1.65333 2.84 3.41 2 7 -3
56.1183 | 56.129(4) 1.6376 1.63732 3.03 4.03 2 5 1
56.3901 | 56.388(2) | 1.63035 1.6304 1.78 8.09 0 7 -3
57.0776 57.10(4) 1.61233 1.61182 0.01 1.25 1 3 -5
57.1508 57.18(1) 1.61044 1.60961 4.32 2.88 2 0 2
57.5574 | 57.520(5) | 1.60003 1.60099 2.02 4.95 2 4 -5
57.7379 57.71(9) 1.59546 1.59616 0.5 3.46 2 7 0
57.7448 57.75(4) 1.59528 1.59524 0.07 3.16 1 9 0
58.4963 | 58.507(5) | 1.57657 1.5763 0.28 3.15 1 9 -2

Source: compiled by the authors

However, not all lines meet this criterion. Lines
that do not meet this criterion are shown in bold in
Table 3. As can be seen from the calculation table,
such diffraction lines have a low intensity and, there-
fore, may not be detected in the diffraction spec-
trum. All observed strong lines coincide with the lines

calculated using this structural model. In addition,
the discrepancy factor is less than 10% and is 9.05%.
The R-factor is one of the criteria used to evaluate
the suitability of a structural model for experimental
data [10]. It indicates a correspondence between the
measured data and those obtained using the model.
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A low R-factor (less than 10%) indicates that the
structural model correctly describes the experimental
data, so it can be assumed that the proposed structur-
al model of the crystal structure of a given compound

is correct. Ultimately, Zn and Mn are similar in their
properties and can have a similar structure for the
BaZnV,0, compound. Table 4 shows the interatomic
distances for the BaMnV,0, structural model.

Table 4. Interatomic distances of the BaMnV,0, compound structural model

Bal V1 V2 Mn1
-06 2.77(3) -02 1.47(6) - 05 1.33(4) -07 1.63(6)
- 06 2.78(5) -0l 1.58(4) - 04 1.47(7) - 04 2.07(6)
-02 2.80(6) -06 2.00(5) -03 1.79(5) -02 2.77(8)
- 02 2.83(8) -07 2.26(5) -07 2.76(5) - 06 2.87(6)
- 04 2.84(5) - 05 2.30(4) Vi 2.83(2) V2 2.91(2)
-o1 2.88(6) -03 2.68(6) ~Mnl 2.91(2) V1 3.27(2)
=03 2.99(4) V2 2.83(2) -07 3.29(4) V2 3.31(3)
-01 3.19(3) -05 3.18(5) - Mnl 3.31(3) =05 3.31(3)
-01 3.25(6) - Mnl 3.27(2) - 04 3.32(4)
-07 3.27(4) - 04 3.28(6) “Mnl 3.45(3)
-03 3.30(5)

. o/ .0 . o0 /| 04 |
-V1 1.58(4) V1 1.47(6) -V2 1.79(5) -V2 1.47(7)
-06 1.88(6) -06 1.7(1) =05 1.92(6) ~Mnl 2.07(6)
-02 1.89(6) -0l 1.89(6) -06 2.67(6) -05 2.18(8)
~Bal 2.88(6) -o7 2.5(1) Vi 2.68(6) -07 2.24(7)
-07 2.88(6) - Mnl 2.77(8) - 04 2.79(8) -03 2.79(8)
-06 3.00(7) ~Bal 2.80(6) ~Bal 2.99(4) - Bal 2.84(5)
-03 3.02(8) -Bal 2.83(8) -01 3.02(8) -07 3.04(4)
-03 3.10(5) -03 3.03(9) - 02 3.03(9) -05 3.07(5)
“Bal 3.19(3) -03 3.19(9) -0l 3.10(5) Vi 3.28(6)
~Bal 3.25(6) -0l 3.47(7) -02 3.19(9) “Mnl 3.32(4)
-07 3.47(6) ~Bal 3.30(5)
=02 3.47(7)

05 06 07
V2 1.33(4) -07 1.45(7) =06 1.45(7)
-03 1.92(6) -02 1.7(1) ~Mnl 1.63(6)
- 04 2.18(8) -0l 1.88(6) - 04 2.24(7)
V1 2.30(4) V1 2.00(5) V1 2.26(5)
=05 2.93(7) -03 2.67(6) -02 2.5(1)
-07 3.06(6) ~Bal 2.77(3) -2 2.76(5)
- 04 3.07(5) “Bal 2.78(5) -0l 2.88(6)
V1 3.18(5) ~Mnl 2.87(6) - 04 3.04(4)
-05 3.22(6) -0l 3.00(7) -05 3.06(6)
~Mnl 3.31(3) ~Bal 3.27(4)

-v2 3.29(4)

-0l 3.47(6)

Source: compiled by the authors

Minimum interatomic distance is 1.33A° O5-V2.
Maximum interatomic distance is 3.47A° O1-02. Inter-
atomic distances are key crystal structure parameters
and determine atoms’ relative position in the crystal
lattice. In crystal lattices, the atoms are arranged in an
ordered manner, forming various structural elements,
such as cubes, tetrahedra, and octahedra [11]. The
distances between these structural elements deter-
mine interatomic distances. For example, interatomic

distances indicate the distances between atoms for
metal crystal lattices. In the context of the BaMnV,0,,
interatomic distances indicate the distances between
barium (Ba), manganese (Mn), vanadium (V), and
oxygen (O) atoms in the crystal lattice. The intera-
tomic distances between these atoms affect the elec-
tronic structure and, consequently, the conductivity
of the compound. These distances are important for
understanding the properties of a material, such as



magnetic, electronic, and dielectric, because of their
effect on electron motion. In addition, interatomic dis-
tances indicate possible interactions between atoms in
a compound that affect its properties and behaviour
under various conditions.

In metals, electrons in the outer shell of atoms,
known as “free electrons”, can separate from atoms
and move freely along the crystal lattice. If the in-
teratomic distances in the metal crystal decrease, the
electrons will have less space to move. This can in-
crease the effective concentration of free charge car-
riers since the electrons will interact more with each
other. As a result, the conductivity of the material
may increase. In contrast, if the interatomic distances
increase, the electrons will have more space to move.
This can lead to a decrease in the effective concen-
tration of free charge carriers and, accordingly, to
a decrease in conductivity. According to this, if the
interatomic distances in BaMnV,0,, the electrons in
the manganese and vanadium sublattices decrease,
they will have less space to move. This can lead to an
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increase in the effective concentration of free charge
carriers, which will make the material a better con-
ductor. In contrast, if the interatomic distances in-
crease, the electrons will have more space to move.
This can lead to a decrease in the effective concen-
tration of free charge carriers and, accordingly, to a
decrease in conductivity [12].

In the crystal structure of the BaMnV,0, com-
pound, two Ba+2 arrangements are observed, each of
which has special bonds with oxygen and vanadium
atoms and different configurations of Mn atoms. In
Figure 1, Ba+2 is bound to four oxygen atoms O1, O2,
04, 06, and in another modification, the atom has a
different arrangement of O1, 02, 02, and 03. 04, O6.
The Vanadium atom also has two locations. V1 forms
triangular bonds with oxygen atoms O1, O6. Anoth-
er arrangement of V2 forms an irregular tetrahedron
with oxygen atoms 03, O4, and O5. Two Mn atoms
form triangular bonds with oxygen atoms 04, O7, the
other arrangement of the manganese atom has a bond
with the oxygen atom O7.

Figure 1. Image of the crystal structure of the BaMnV,0, compound

Source: compiled by the authors

In further analysis of the crystal structure of the
BaMnV,0,, this structure affects the electronic and
electrical properties of the material. For example, the
arrangement of Ba*? atoms and their bonds with oxy-
gen and vanadium atoms can determine the efficiency
of charge transfer in a material. It is also important
to consider that different configurations of Mn atoms
can affect the magnetic properties of the compound.
The arrangement of Ba*? atoms and their bonds with
oxygen and vanadium atoms can affect the efficien-
cy of charge transfer in a material through two main
mechanisms: changes in the valence or degree of ion-
isation of atoms and changes in the electronic struc-
ture. In the specific case of a BaMnV,0, compound,
the arrangement of Ba*? atoms affects the location
and structure of charge carriers in the material. This
leads to a change in its electrical conductivity.

As for Min atoms, their different configurations can
affect the magnetic properties of the compound. The
orientation and spin structures of the atoms determine
the magnetic properties of a material. Changes in the
crystal structure and arrangement of Mn atoms lead to
changes in magnetic properties, such as magnetic sus-
ceptibility, magnetic separation coefficient, and spin
resonance frequency. These aspects of magnetic prop-
erties may be the subject of additional experiments
to understand better the physical mechanisms that
determine the magnetic behaviour of the BaMnV,0,
compound. The application of BaMnV,0, in LTCC ce-
ramics can open up new opportunities for the produc-
tion of high-frequency devices with excellent stability
and efficiency. BaMnV,0, shows substantial potential
for application in LTCC due to its satisfactory micro-
wave dielectric properties. The main characteristics of
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the compound, such as its low permittivity (er ~ 8.9),
high quality factor (Quxf 31362 GHz) and excellent
thermal stability, make it an attractive candidate for
use in the manufacture of microwave devices.
However, on the dielectric characteristics of BaMn-
V,0,, various factors can influence understanding,
which is important for optimising the characteristics
of the material. For example, changes in the crystal
structure. Since the permittivity of a material depends
on the internal lattice and the location of atoms, any
changes in the crystal structure can affect the dielectric
properties. The presence of impurities or irregularities
in the crystal structure can affect the conductivity and
dielectric properties. If defects in the crystal structure
(for example, gaps in the lattice, inconsistencies in the
atomic arrangement) or impurities are present, the
conductivity and dielectric properties are changed.
Defects can be charged, which also affects electrical
behaviour. In addition, microscopic features such as
grain boundaries and inclusions also change electri-
cal behaviour. Dielectric properties often change with
temperature changes. Thermal exposure can lead to
changes in the crystal structure and dielectric pa-
rameters. As the temperature rises, the atoms move
and change their position in the lattice, affecting the
electrical properties. Material processing also plays
an important role in the manufacture of devices [13].
In many cases, LTCC ceramics are used to make
RF electronics components, and BaMnV,0, can be an
important material for optimising such devices. This
material can be particularly valuable for developing
new telecommunications and microwave technologies
components, where low losses and high frequency sta-
bility are critical factors. The results obtained create
prospects for further research and possible implemen-
tation of BaMnV,0, in the telecommunications tech-

7
nology industry, including modern 5G networks.

Discussion

LTCC ceramic is an important material in modern
technologies for the production of microwave appli-
ances. It allows manufacturing devices with high die-
lectric properties and low signal loss at high frequen-
cies. However, the use of LTCC ceramics has some
drawbacks. One of the main disadvantages is the
physico-chemical incompatibility of many thick-film
materials with LTCC sheets, which makes them diffi-
cult to use simultaneously. In the study by H. Birol et
al. [14], it is indicated that chemical problems occur
due to the interaction of the glass phase in the tape and
thick films, while physical problems are usually asso-
ciated with the discrepancy between the shrinkage of
the tape and the paste for screen printing. This is ob-
served microscopically and macroscopically in chem-
ical diffusion (using microscopy and spectroscopic
analysis) or deformed structures (warping, stratifica-
tion, twisting), respectively. In addition, deformations

such as warping, conductor inflating, and peeling can
occur during the ceramic sintering process. This clear-
ly affects the quality of devices manufactured using
this technology. In addition, the compatibility of LTCC
materials with other components of electronic devices
can cause certain difficulties. Since they can have dif-
ferent thermal expansion coefficients, this can cause
mechanical stresses and affect the reliability of the de-
vice in general.

Despite some of the shortcomings of LTCC ce-
ramics, intensive research is being conducted to opti-
mise it and find new compounds that can be applied
in electronics and telecommunications technologies.
Among the representatives of LTCC ceramics, a num-
ber of vanadates can be distinguished, the dielectric
properties and crystal structure of which are inten-
sively examined. One of the most interesting alter-
natives is pyrovanadate ceramics, which has already
attracted the attention of researchers for its unique
properties and potential applications in modern tech-
nologies. In the study of Y.T. Huang et al. [16], it was
reported that the results of a study of the dielectric
properties and crystal structure of SrCol-xMgxV,0,
(x = 0-0.09) LTCC ceramics. It is indicated that the
SrCoV,0, compound crystallises in monoclinic syngo-
ny with the spatial symmetry group P21/c (14). Due
to its dielectric properties, this compound is promis-
ing as a microwave dielectric ceramic. Microwave di-
electric ceramics have specific dielectric properties at
high frequencies, especially in the microwave range.
NaCa,V.O,, ceramics manufactured using LTCC tech-
nology (at temperatures of 780-860°C), attracts atten-
tion as a potential candidate for use in the production
of microwave devices. The results, provided in study
by C. Yin et al. [17], demonstrate that the compound
crystallises in triclinic syngony, and has promising
dielectric properties (permittivity er = 9.72, Q-factor
Qxf=51000 GHz, and temperature coefficient of res-
onant frequency tf = -84-10-6 1/°C) and can be used
in multilayer electronic devices.

Authors A.N. Unnimaya et al. [18] reported
the results of the examination of Mg,V,0, ceram-
ics, which show high efficiency in the microwave
range and also demonstrate good chemical com-
patibility. It is indicated that by its properties, the
compound can be used for the fairing designs of
terahertz (THz) antenna arrays. According to ex-
periments of D. Zhou et al. [19], microwave dielec-
tric ceramics (1-x)BiVO,-xTiO, (x = 0.4, 0.5, 0.55,
and 0.60) in low-temperature firing was obtained
by the conventional solid-phase reaction method.
According to the results of the study, ceramics can
be used as a substrate for physically and electrical-
ly small dielectric microstrip antennas. In the study
by E.K. Suresh et al. [20], the dielectric properties
of al6v18061 ceramics (a = Ba, Sr, Ca) were meas-
ured using a vector network analyser, which showed



high-quality coefficients in the absence of load.
Together with 0.4 BaTa,V,0,,-0.6 Ba,BiV,0,, compos-
ite material, potential high-frequency compounds.
Given the importance of microwave ceramics in
modern technologies, especially in the context of 4G
cellular communication and its further development
in 5G, it is important to consider its properties and
potential for optimising and improving high-frequen-
cy signal transmission. Results of the examinations
of the BaMnV,0, LTCC indicate the high potential of
this material as a microwave dielectric ceramic, in
particular, due to its low sintering temperature and
impressive microwave dielectric characteristics, in-
dicating possible use in modern and future commu-
nication systems. Notably, the examined compound
BaMnV,0, fits in with the general trend of pyrovana-
dates in terms of crystal features. Regularities in the
crystal features and dielectric properties of BaMn-
V,0,, consist in their similarity in terms of intera-
tomic distances and the base crystal structure. This
indicates a certain conservatism of the pyrovanadate
group in these aspects. However, it should be consid-
ered that individual differences may occur due to the
influence of valence and the location of atoms in the
structure. In comparison with the results of studies
of other compounds, it can be noted that BaMnV,0,
has close interatomic distances characteristic of py-
rovanadates. The atoms’ arrangement and coordina-
tion are also similar to other vanadates examined.
Additional research, in particular, dielectric studies,
allows a better understanding of the properties of
these compounds and their potential applications.
Common dielectric properties include param-
eters that characterise the ability of a material to
conduct or block the flow of electric charge when
exposed to an electric field. These include charac-
teristics such as permittivity, Q-factor, loss of dielec-
tric properties. The overall dielectric properties of a
material are determined by its chemical composition,
crystal structure, microstructure, and other factors.
In the case of pyrovanadates like BaMnV,O, their
dielectric properties may affect their suitability for
specific applications, particularly in telecommuni-
cations technologies. A study by X. Jiang et al. [21]
showed that microwave dielectric BaMnV,0, LTCC
ceramics have high performance. For example, its
permittivity (er) is about 8.9, and the quality fac-
tor (Quxf) is 31362 GHz. The temperature resist-
ance is also -54.9 ppm/°C at a sintering temperature
of 950°C [22]. These properties make BaMnV,0O,
LTCC a promising material for use in 5G polarisa-
tion converters [23]. Compared to other materials,
BaMnV,0, LTCC is identified to be competitive. For
example, CA,MgSi,O, ceramics have an er of about
5.3, Quxf reaches 60000 GHz, and tf is -15 ppm/°C,
as reported by H. Barsegar-Bafrooei et al. [24]. In
addition, the dielectric properties of ceramics Bil.5
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Mg0.8 Cu0.2 V1.5 O7 and Bil.5 Mg0.2 Cu0.8 V1.5
07 were examined, characterised by low permeabili-
ty and higher losses according to M. Shivalingayya &
R.L. Raibagkar [25].

Summarising, BaMnV,0, LTCC exhibits excellent
microwave dielectric characteristics that can be com-
pared to or even surpass other materials used in 5G
technologies [26; 27]. In particular, the high-tem-
perature modification of BaMnV,0, may have the
potential to solve problems related to high-frequency
bands in telecommunications systems [28]. Further
research is needed to better understand the possibili-
ties and potential applications of the materials under
study. In particular, it is important to investigate the
possibility of optimising the manufacturing process-
es and properties of BaMnV,0, LTCC ceramics. This
will expand the scope of its application and improve
efficiency in telecommunications technologies. It is
also important to consider that a detailed study of
the crystal structure and properties of materials is a
key stage for their successful implementation in mi-
crowave devices and 5G equipment.

Conclusions

The diffraction spectrum of the BaMnV,0, compound
was used in this study from the 2009 PDF-2 database
No. 044-0245. The spectrum was captured using cop-
per-filtered radiation with the Breg-Brentano shooting
geometry and was single-phase. The HighScore Plus
3.0 programme (Netherlands) was used to analyse the
crystal structure. The structural model proposed for
BaMnV,0, compound corresponds to the f-BaZnV,0,
type. This compound belongs to a monoclinic syngo-
ny with a spatial symmetry group P121/c1 (14). Us-
ing this model, specific values of the lattice constants
were determined: a = 5.6221(5) A, b = 15.271(1) A,
¢ =19.7109(8) A, and angle p = 123.702(3). The mi-
crostructural parameters that have been determined
provide additional information about the orientation
of crystal grains in the compound. The general trend
of vanadates indicates that the BaMnV,0, compound
exhibits good dielectric properties that can make it at-
tractive for use in telecommunications technologies,
in particular, in microwave devices.

The analysis performed allows understanding
how the crystal structure affects the dielectric prop-
erties of the compound, which is important for its fur-
ther improvement and optimisation. In the course of
the study, LTCC ceramics were considered. Although
the material has its advantages, such as cost-effec-
tive device manufacturing, tightness and mechanical
strength, disadvantages, such as physicochemical
incompatibility with other materials and the pos-
sibility of deformation during sintering, have been
identified. The detected characteristics of BaMnV,0,
open up opportunities for its use in high-frequency
applications, this is an important element of modern
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communication technologies. This opens up broad and improving materials in the telecommunications
prospects for further research in this area. Oppor- and electronics industries.

tunities to use the results also include the devel-

opment of more compact and reliable components Acknowledgements

for electronics and the introduction of BaMnV,0, in  None.

high-frequency applications where good dielectric
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B KOHTEKCTi PO3IIMPEHHS MOXJIUBOCTEH /I BUCOKOYACTOTHUX AOJATKIB Y CydYacHUX TeNeKOMYHiKaI[inHUX
TEXHOJIOTifAX, BKIoYaouu 4G i 5G 3B’130K.

BJIACTUBOCTEH.

MeTogosoria. /ljifa AoCATHEHHA IOCTaBJIEHOI METHM BUKOPUCTOBYBAIHMCA METOAU aHaJli3y, eKCIIepUMEeHTY,
MOPIiBHAHHA | KOMITIOTEPHOTO MOZETIOBAaHHA. Y paMKax JaHOTO JOCTiMKeHHSA OyJ0 peTeJbHO BUBYEHO
MaTepias HU3bKOTEMIEpaTypHOI crnitbHOOGNAaMIOBaNbHOI KepaMiku (LTCC), AKuUil Bif3HAYAETHCS BUCOKOIO
ebEeKTUBHICTIO Y IKOCTi 3aXHUCTY BiJ BOJIOTH.

Pesynbratu. byna 3arpoTOHOBaHA i ZociipkeHa CTPYKTypHa MOZENb JJid CTIOMTyKH BaMnV,0.. 3oxpema,
BUABJIEHO, IO paziyc Mn2?* (0.75 A) maibke imeHTruHMi pagiycy Zn?* (0.68 A), 1o miATBep/Kye MOAIOHICTD
KPUCTaliYHUX CTPYKTYp BaMnV,0, Ta BaZnV,0,. OCHOBHi pesyJbTaTu MOKAa3auM, IO MipOBAHAZAT MAae
MOHOKJIIHHY CHHIOHiI0 Ta Ma€ IpocTopoBy rpymy cumeTpii P121/cl (14), xapaKTepU3ylOuHWCh TaKUMU
rapaMeTpaMH PeIniTKu: a=5.6221(5) A, b=15.271(1) A, ¢c=9.7109(8) A, B=123.702(3)°. ®akTop po36i3KHOCTI
cktaB 9.05, 110 CBiYUTH PO BiAMOBIAHICTh MO/ eKCIIEPUMEHTANTBHUM AaHuM. KpiMm Toro, 6ysa po3paxoBaHa
TYCTHHA CIIOyKH, sIKa CTAHOBUTH 4.2699 r/cM>.

BucHOBKH. 3a I0ITOMOT'00 eKCITepUMEeHTaTbHUX JaHUX OYJI0 MiATBEepAKeHO HAasABHICTh MiXKaTOMHUX BiicTaHel
B Mekax 1.33-3.47 A. MinimapHa MiXKaTOMHa BiCTaHb B CTPYKTYPpi CIIOJyKU CTaHOBUTH 1.33 A mix aTomMamu
kucHio (O5) ta Ba”aziro (V2). MakcuMajbHa MiXKaTOMHa BiZicTaHb cKiazae 3.47 A Ta CIIOCTEepIiraeThcsA MiXK
aromamu kucHio (0O1) ta (02). 3a xapaKTepUCTUKAMU, TAKUMU sIK HU3bKa JieJIeKTpUYHA TPOHUKHICTD (er~8.9)
Ta BUCOKUI koedimieHT sixocti (QuXf 31362 I'Tu), cnonyka BaMnV207 nposBisie BifMiHHI MiKpOXBWIbOBI
JlieJIeKTPUYHI BJIaCTUBOCTI. [IpakTUUHe 3HaUeHHA OTPUMaHUX Pe3y/IbTaTiB MOJIATAE B MOXJINBOCTI PO3BUTKY
Ta BAOCKOHaJIEHHA MaTepiajiB 3 BUCOKUMU JieIeKTPUUHUMU BJIACTUBOCTAMM, TaKuX AK BaMnV207, ana ix
3aCTOCYBaHHsA B TeJIEKOMYHIKallillHUX TEXHOJIOTIAX Ta CIpUse po3poOlli OGLIbII KOMIAKTHUX Ta HaAiHHUX
KOMIIOHEHTIB /I eJIeKTPOHIKU.

KirouoBi ciioBa: peHTreHOCTPYKTYPHUM aHasi3; JieJeKTPUYHI BJIACTUBOCTI; TeoMeTpis 3HWOMKH bper-
BbpenTaHo; MmeToZ PiTBenba; pe3oHaTop



