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ABSTRACT

AgPb,B,V30;, (B=Mg, Zn) ceramics with low sintering temperature were synthesized via the
conventional solid-state reaction route. Rietveld refinements of the X-ray diffraction patterns confirm
cubic symmetry with space group Ia 3d. The number of observed vibrational modes and those
predicted by group theoretical calculations also confirm the Ia 3d space group. At the optimum
sintering temperature of 750°C/4h, AgPb,Mg,V30:, has a relative permittivity of 23.3+ 0.2,
unloaded quality factor (Q, x f) of 26,900 + 500 GHz (f = 7.57 GHz) and temperature coefficient
of resonant frequency of 19.3 + 1 ppm/°C, while AgPb,Zn,V3;0,, has the corresponding values of

This article has been accepted for publication and undergone full peer review but has not been
through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1111/JACE.16991

This article is protected by copyright. All rights reserved



https://doi.org/10.1111/JACE.16991
https://doi.org/10.1111/JACE.16991
https://doi.org/10.1111/JACE.16991
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjace.16991&domain=pdf&date_stamp=2019-12-31

26.4 + 0.2, 28,400 + 500 GHz(f =7.21 GHz) and -18.4 + 1 ppm/°C at 590°C/4h. Microwave
dielectric properties of a few reported garnets and Pb,AgB,Vs;0:, (B=Mg, Zn) ceramics were
correlated with their intrinsic characteristics such as the Raman shifts as well as width of A3 Raman
bands. Higher quality factor were obtained for lower full width at half-maxima (FWHMs) values of
A,y modes. The increase in B-site bond valence contributes to high @, x fand low |t with the
substitution of Zn?* by Mg?*. Further, the high ionic polarizability and unit cell volume with

Zn2*substitution contribute to increased relative permittivity.
Keywords: crystal structure, Raman spectra, garnet, microwave dielectric properties, bond valence

1. INTRODUCTION

Modern communication systems demand newly developed microwave dielectric materials for
fabricating filters, resonators, dielectric substrates, oscillators, antennas, guided wave circuits, etc.
because of their compactness, light weight, thermal stability, low cost of production, better efficiency,
and adaptability to microwave integrated circuits. These types materials have immense applications in
the fields of mobile phones, radars, satellite broadcasting, global positioning system, etc. A
microwave dielectric ceramic should possess some stringent properties such as (i) high unloaded
quality factor (Q,, x f) for better selectivity, (ii) high relative permittivity (e,) for miniaturization,(iii)
zero temperature coefficient of the resonant frequency (t¢) for temperature stability and (iv) low
sintering temperature. The development of materials that combine all the above-mentioned properties
has become a key challenge for the electronic industry.'-8

Literature provides many dielectric materials with excellent microwave properties, which
include Li,O, TeO,, Mo0Os, P,0s, and Bi,O3%6-rich compounds and silicate ceramic materials such as
Zn,Si0y4, Al,SiOs, M@,SiO,, SrAlLSIO;, etc. 1720 Even though Si- and Al-containing compounds
show better dielectric properties ,their high sintering temperature (>1300°C) preclude their
applications in microwave circuits. Recently, materials containing V°* ions are studied owing to their
applications in a wide range of areas such as catalysis, phosphors, biochemistry, electrochemistry
etc.2"> Vanadium-containing compounds are also considered useful for future microwave

applications because of their high Q factor, appropriate relative permittivity, low cost, and low
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sintering temperatures. Wang et al.?6 reported the microwave dielectric properties of BVO, (B=La,
Ce) ceramics as e.=14.2 and 12.3, Q, X f = 48,197 and 41,460 GHz and 7y = —37.9 and —34.4
ppm/°C, respectively, for LaVO, and CeVO,. Li et al.?’ reported that CasC04Vs5950,4—0.1TiO,
ceramic has a relative permittivity of 13.7, Q, X f=19,159 GHzand 7y = 0 ppm/°C. At the
optimum sintering temperature of 875 °C, CasMn, (VO4)s ceramic showed a relative permittivity of
11.2, Q, x f = 33,800 GHz, and 7y = —70 ppm/°C.?® Further, a few AgO-rich compounds have
been recently reported with excellent microwave properties with low sintering temperature. Zhou et
al.?? reported that (Na; »Agog)MoO, ceramic sintered at 410 °C possesses a relative permittivity of 8.1,
quality factor of 44,800 GHz and temperature coefficient of the resonant frequency of — 82 ppm/°C.
Moreover, recently various vanadate-based garnet materials have been studied as new rare
earth-free dielectric materials. These garnets have the general composition A3B,C30;,, which
provides three different sites (A, B and C) for a wide variety of cation substitutions. Whereas the C
ions are surrounded by four oxygen ions to form CO, tetrahedra, the B-site ions form octahedral
coordination with the oxygen atoms. The corner-shared tetrahedra and octahedra form dodecahedra,
where the A-site ions are located®. These structures can include a wide variety of chemical
substitutions, which include A,'REM,V30,5, A'5M4V0,4 and AlA,'"M,V301, (Al=alkali metals and
Ag, A= alkali earth metals; RE= Sc, Y and lanthanides, M=Mg, Zn)3!. Fang et al. reported that
NaCa;Mg,V30;, sintered at 915 °C/4h has a relative permittivity =10, Q,, x f = 50,600 GHz and ¢
= —47 ppm/°C.*?Another compound LiCasMgV301,, has a relative permittivity =10, Q, X f =
74,700 GHz and 7y = —61 ppm/°C.* Yao et al. studied CasMg4(VO,)s sintered at 800 °C, which
was found to have relative permittivity = 9.2, Q,, X f = 53,300 GHz and 7y = —80 ppm/°C.3* Also
recently Cheng et al.3> reported two garnet compounds AgCa,B,V301,(B=Mg, Zn) with &, =10.3
and 11.2,Q,, X f =43,000 and 26,930 GHz and and 7y = —69 and -95 ppm/°C respectively. More
recently, we reported two ceramic compounds, NaPb,B,V30;, (B=Mg,Zn) with ¢, =20.6 and 22.4,
unloaded quality factor (Q, X f) = 22,800 (f=7.7 GHz) and 7900 (f=7.4 GHz) and temperature
coefficient of the resonant frequency = +25.1 and — 6 ppm/°C, respectively®¢. In 2006, lishi et al.3’
reported a series of novel garnets including Pb,AgB,V30;, (B=Mg, Zn),but their microwave dielectric
properties have not been investigated so far. While considering the better dielectric properties of

NaPb,B,V301, (B=Mg, Zn) ceramics at low sintering temperatures and also the similar ionic radii of
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Na* (1.18 A) and Ag ™ (1.28 A) for same co-ordination number (CN) =8, it was reasonable to study
the microwave dielectric properties of Pb,AgB,V3;0:,(B=Mg, Zn) (hereafter called APMVO and
APZVO) ceramics. It was also worth to investigate the correlation between microwave dielectric
properties and structural characteristics such as Raman shifts and width of Raman bands for all the
reported garnet compounds. Further, for APMVO and APZVO, correlations between microwave

dielectric properties, bond valence and packing fraction were also studied.
2. EXPERIMENTAL

Material Synthesis and Characterization

High-density samples were synthesized through a conventional solid-state reaction route using
high-purity powders of Ag,CO; (Sigma Aldrich, 99.5%), ZnO, MgO, PbO and NH4VO; (Sigma
Aldrich >99%). First, MgO was heated at 900°C/2h to remove the moisture in the sample. Then the
reagents were ball-milled using ceria-stabilized zirconia balls in acetone medium for 24 h. After
drying, the uniform mixture was placed in an alumina crucible and calcined at 625 and 550°C for 4h
respectively, for APMVO and APZVO. For dielectric measurements, the calcined powders were
ground and mixed with 5wt% PVA solution. Then the slurries were dried and pressed into cylindrical
pellets with a diameter of 10 mm and thickness of about 2 and 5 mm for radio and microwave
frequency dielectric measurements respectively. The density of the pellets was measured using the
Archimedes method. The green pellets were sintered at the optimum sintering temperatures of 750
°C/4h and 590 °C/4h for APMVO and APZVO respectively. The microstructures were studied using a

pellet of 1 mm thickness polished and etched 25 °C below their optimum sintering temperature.

The phase purity and crystal structure of the synthesized compounds were investigated by X-ray
Diffractometer (XRD) using Cu Ka radiation (/= 1.5406 A) in a Bruker D8 Advance Diffractometer.
Rietveld refinements of the XRD patterns of the compounds were carried out using the Topas 4.2
software. The room temperature Raman spectra were recorded using a LABRAM HR 800 Raman
spectrometer with excitation wavelength of 514.5 nm in the spectral range from 100 to 1000 cm™! and
having spectral resolution of 1 cm™!. Before fitted with the lorentzian function the raw Raman data

were first corrected using the Bose—Einstein thermal population factor given as:

—hc)_, 99
Lreq = Iobt[1 — exp ( KT )](190_19)4 (1)
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Where I,.4,1,5: indicate the reduced and obtained Raman intensity. The term h, ¢,9, 9, K, T represent
the Planck’s constant, velocity of light, Raman shift, wave number corresponds to the excitation wave
length, Boltzmann constant and temperature in Kelvin scale 3. The Lorentzian function used to fit

the Raman data was given as follows :

w

2A

Where yo, A, 9cand w corresponds to the offset, area, center and FWHM values. The infrared
reflectivity spectra of the compounds were measured using a JASCOFTIR 6800 spectrometer at room
temperature. Fourier transform infrared (FTIR) data were obtained in the attenuated total reflection
(ATR) mode with a resolution of 1 cm.The surface morphology of the compounds was analyzed
using a scanning electron microscope (ZEISS EVO 18). Radio frequency dielectric measurements
were carried out using an LCR meter (HIOKI 6582) and the microwave dielectric properties were
measured using a vector network analyzer (ROHDE & SCHWARZ, ZV-Z135). The TEg; mode
cavity method was adopted to find out the relative permittivity and unloaded quality factor of the
compounds. The temperature coefficient of the resonant frequency (z;) was calculated by noting the

variations ofthe TE;5 mode frequency in the temperature range 25-85°C, using the following

formula:
_fes —fs 6
Tf = 60 % fs x 10 3)

where fgsand f,5 are the resonant frequencies at 85 and 25 °C, respectively.

3. RESULTS AND DISCUSSION

3.1 Crystal structure

Figure S1 shows the XRD patterns of APMVO and APZVO ceramics calcined at 625 and 550 °C,
respectively. Both compounds show a cubic garnet structure with the space group Ia 3d. All
reflections are well matched with the ICDD file N0.00-024-1104. The absence of any additional
reflections confirmed the single-phase nature of the compounds. In order to study the crystal structure
in detail, Rietveld refinements of the XRD patterns of the compounds were carried out, which are

shown in Figures 1 and 2. The refinement of the XRD patterns of the samples showed good reliability
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factors and y? values. The obtained refinement parameters are Rp=3.88%, Rwp=5.63% and goodness
of fit =1.94 for APMVO, Rp=4.45%, Rwp=5.97% and goodness of fit =1.24 for APZVO. The refined
crystallographic parameters are listed in Table S1.The unit cell volumes were 2081and 2090A3 for
B=Mg, Zn which indicates the increase in the lattice parameter and unit cell volume with the
substitution of Zn?* for Mg? * (rwe?*=0.72A, r=*+=0.74A). In the garnet structure of APMVO and
APZVO, owing to the similar ionic radius of Pb (1.29A) and Ag (1.28 A), both atoms occupy the
same 24c Wyckoff position, where they are coordinated dodecahedraly with oxygen atoms. The
Mg/Zn atoms are located in the 16a sites with octahedral point symmetry (S¢) and the V atom
occupies the 24d site with tetrahedral point symmetry (S4). The oxygen atoms occupy in the 96h site,
only by knowing the positions of oxygen atoms the crystal structure can be determined. All the other
cations are occupied in their fixed positions. The position of oxygen in a garnet structure can be

deduced using the following equations3*:36:39;
(

x = 0.0278 r(A) +0.0123 (B) — 0.0482 r(C) +0.0141
) y= —0.0237r(A) +0.0200r(B) +0.03217(C) +0.0523 (4)
z= —0.01027(A) + 0.0305r(B) — 0.0217r(C) + 0.6519

Herg x, y, and z represent the 96h site atomic position of an O atom. A, B and Care the ionic radii of

the ions (expressed in A). The calculated atomic position (x, y, z) for O in APMVO are
(0.0415,0.0476 and 0.6530), whereas for APZVO the parameters are (0.0418,0.0480 and 0.6536).
Table 1 and 2 show the obtained atomic coordinates for oxygen from Rietveld refinements, which
almost match the theoretical values.

In this structure, each oxygen atom is shared by one VO, tetrahedra, one MgO¢/ZnOg octahedron and
two equivalent dodecahedra. The insets of Figures 1 and 2 show the polyhedral representation of the
crystal structure of APMVO and APZVO, where Agtand Pb%* randomly occupy the eight-
coordinated A site, which is a three-dimensional network formed via the corner-sharing of tetrahedra
and octahedra. The six-coordinated B sites are occupied by Mg? * and Zn? ™ ions, and V° * is occupy
the four-coordinated C sites. Table S2 shows the distance between the cations and the oxygen anions.
The bonds V-0 in the [VO,] tetrahedra and B-O in the [BOg] octahedra increase slightly with the
substitution of Zn? * for Mg?* ions. A similar behavior, i.e., increase in bond length of the tetrahedra

and octahedra with the substitution of Zn?* for Mg?*, was also reported in systems including
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CasMy (VOy)e (M = Zn and Mg)*° and LiCazMV301, (M = Zn and Mg),3! which is due to the larger
ionic radius of Zn2* ion.
3.2 Density and Micro structural Analysis

Figure 3 shows the dependence of the relative density and bulk density of APMVO and
APZVO ceramics as a function of the sintering temperature. The theoretical (calculated) density of
APMVO and APZVO is 5.81 and 6.33 g/cms3, respectively. As the sintering temperature is increased
from 675 to 750 °C, the bulk density also increases from 5.30 to 5.59 g/cm3, and thereafter decreases
to 5.48 g/cm? at 775 °C. APZVO also shows a similar trend of variation from 5.62 to 5.99 g/cm? when
the temperature is increased from 560 to 590 °C, and then decreases to 5.78 g/cm3 at 600 °C. At the
optimum sintering temperature of 750°C, APMVO shows the maximum bulk density of 5.59 g/cm?
with the percentage density of 96.3 + 0.1, while APZVO possess bulk density of 5.99 g/cm? with 94.6
+ 0.1 of percentage density at its optimum temperature of 590°C. Usually, ceramics containing Zn% *
ions are sintered at lower temperatures compared to those containing Mg? * ions.31:35.36
The microstructures of APMVO and APZVO sintered at the optimum sintering temperatures of 750
and 590 °C, respectively are shown in Figure 4. Both compounds show a dense and homogeneous
microstructure with less porosity, which confirms its high density at the optimum sintering
temperature. The average grain size is about 3.1 (+ 0.2 ) and about 3.9 ( + 0.4) um for APMVO and
APZVO, respectively. Moreover, the low melting nature of the compounds is evident from the larger
grains possessed by the compounds. Especially in the case of APZVO, at its optimum sintering
temperature it shows a decreased quality factor, which indicates the low melting nature of the

compound.

3.3 Vibrational Spectra

Figures S2 and S3 show the Raman and FTIR spectra of the calcined compounds at room
temperature. According to factor group analysis, a garnet structure has 98 vibrational modes at the
Brillouin zone center, of which 55 are silent modes and one is an acoustic mode. The remaining are

25 Raman-active and 17 IR-active vibrations.4143

Tiotal= 3A1g+5A2g+8Eg+14T1g+14T2g+5A1u+5A2u+ 10Eu+ |8T1u+ 16T2u (5)
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I-‘acousticz Tlu

The 25 Raman active bands are 3A;,+8E,+14T,,, Where A;4,E, and Tg represents the internal modes,
translational modes and rotatory modes respectively. The IR-active bands are represented by one type
of symmetry, namely T,. Figure 5 shows the deconvoluted Raman spectra of APMVO and APZVO
ceramics. In a typical garnet structure, the Raman-active vibrational modes are divided into external
and internal modes. The external modes are due to the translational motion of the cations, and the
internal vibrations are associated with the vibrations of the [VO,]* tetrahedra. The modes with
maximum intensity correspond to the stretching and bending vibrations of the VO, group, which are
denoted as A;,.% The modes below 250 cm~* are mainly related to the external translational motion of
Ag*/ Pb* and (Mg®* /Zn?*) — O bonds. The internal bending vibrations of [V0,4]* lie between 300
and 600 cm=, whereas the modes above 600 cm correspond to the symmetric and asymmetric

stretching of the [V04]* group, which linearly depends on the lattice parameter 3644

By using a Lorentzian function, 12 and 15 Raman-active bands can be fitted for APMVO and
APZVO respectively, out of the 25 modes predicted by factor group analysis. Generally, the 17 IR-
active vibrational modes consist of 3 asymmetric bends ( v,), 3 asymmetric stretching modes
corresponding to the tetrahedra (v3), 1 symmetric bend (v,), 2 translations and 2 rotations of the
tetrahedra (R), 3 translations arising from the dodecahedra site (T;), and 3 translations from the
octahedral cations (T,).*> There are 12 and 14 IR-active bands observed for APMVO and APZVO
respectively. Table S4 provides the detailed IR band assignments of APMVO and APZVO ceramics.
Even though the Raman and IR spectra show fewer bands compared to theoretical predictions, the
presence of characteristic bands of the garnet structure further confirms the symmetry of the
compounds. The change in net polarizability, overlapping of bands, low resolving power of the
instrument, polycrystalline nature of samples, etc. may be responsible for the reduced number of

Raman-and IR-active bands found in these compounds.

3.4 Microwave Dielectric Properties

The variations in microwave dielectric properties (g, and Q,, x f) of APMVO and APZVO ceramics

with sintering temperature are shown in Figures 6 and 7, respectively. The relative permittivity of
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both compounds increases up to their optimum sintering temperature, whereas beyond that
temperature it decreases, similar to the variation of density. At the optimum sintering temperature,
APMVO has a relative permittivity of 22.2 + 0.2, and APZVO about 24.4 + 0.2. The porosity-
corrected relative permittivity is calculated using the Bosman and Havingas as follows “6:

EBosman = €m(1 + 1.5P) (6)

p= ( 1— pmea)

Ptheo,

where € and e,are the porosity-corrected and measured relative permittivity respectively, and P is the

fractional porosity. The porosity-corrected permittivities are listed in Table 3.

The dependence of Q, X f with sintering temperature is same as that of relative permittivity and
density. However, in the case of APZVO, at its optimum sintering temperature, it shows a slightly
decreased Q, x f. Both intrinsic and extrinsic factors contribute to microwave dielectric loss. The
microwave dielectric losses due to substitution, impurity, secondary phases, cavity, oxygen vacancies,
poor density and grain sizes, etc. come under the category of extrinsic losses, while the losses arising
from the variations occurring in lattice vibration modes and crystal structure are called intrinsic
dielectric losses.*” In our case, even though APZVO shows a higher density at its optimum sintering
temperature, its Q,, x f is slightly lower, which could be attributed to its low melting nature.

3.5 Structural Characteristics and Microwave Dielectric Properties in Garnet Systems

The physical properties of materials depend on their crystal structure and bonding. In order to
identify new compounds in the garnet system with excellent microwave dielectric properties, a closer
analysis of the correlation between the structure and microwave dielectric properties of existing
compounds is required. Hence, using available data from the literature about garnet-based systems,

correlations between the crystal structures, bonding, and dielectric properties are established.

The relative permittivity of a compound is mainly influenced by its density, molar volume, and micro
structural polarizability of the constituent ions.*8-4% In the present study, all the compounds have
>94% of the theoretical density. So, the factors that affect the relative permittivity are intrinsic ones.
Here, the Shannon additive rules were used to calculate the theoretical ionic polarizability as well as

This article is protected by copyright. All rights reserved



the relative permittivity in order to understand the influence of crystal structure on the relative

permittivity. In the case of Pb,AgB,V30;, ceramics, the values were obtained as follows:
Atheo= @(Pb2AgB,V3015,)
= a (Ag® ) +2a (Pb? T) +2a (B? ) + 30 (V° ) +120. (02 7)

where o (Ag® ™), o (Pb?*), o (Mg?*), a (Zn?*), a (V°T) and a (0%7) are 2.25, 6.58, 1.33, 2.09,
2.92 and 2.01, respectively.?2%0 It was found that, in the case of APMVO,ay,., is about 50.93, while
that of APZVO is about 52.47. The corresponding theoretical permittivity of single-phase compounds

can be calculated using the Clausius-Mossotti equation as follows:

8map + 3V,
& = 3y, ~inap (")
1. e—1
QAobser = vag +2 (8)

where apis the theoretical polarizability and V,, is the molar volume of the compound. The
theoretical polarizabilities of some reported garnets were also calculated using the Shannon additive
rule. Figure S6 shows the variation of relative permittivity as a function of theoretical polarizability of
some garnet compounds. It is generally accepted that, as theoretical polarizability increases, the
relative permittivity also increases, which is also evident from the graph. The permittivity calculated
using ap is about 14.63 and 16.83 for APMVO and APZVO, respectively. The observed polarizability
corresponding to the measured relative permittivity is about 54.42 and 55.33 for APMVO and
APZVO, respectively. Table 3 shows the observed and theoretical values of a for the compounds.
The “rattling” or “compressed” cation with high or low polarizability, the influence of dipolar
impurities present in the compounds, etc. are the factors that cause the variation in the measured and

calculated polarizability.>!

The Raman shift and FWHM are the two important parameters through which the crystal
structure and microwave dielectric properties can be correlated. Raman shift is related to the unit cell
volume, while FWHM is related to the degree of cation ordering.>? The equation connecting the
Raman shift and V — 0 bond length has the form 9 = 21349 exp(~ 191768 in which 9 is the Raman
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shift and R is the bond length (i.e., V — 0).52 The decrease in Raman shift is attributed to the increase
in the bond length. In this work, the sharp and intense bands at around 817 cm~ for APMVO and 812
cm-! for APZVO correspond to the stretching modes of the VO, groups, respectively. The substitution
of the larger Zn?* ions for smaller Mg?* ions increases the unit cell volume, which further affects the
inter atomic distance between the V-0 tetrahedra. This result in higher ionic polarizability, and the
vibrational modes shift toward the lower frequency side. The variation of relative permittivity with
the Raman shift for some reported garnet compounds are plotted in Figure 8. It can be concluded that,
generally for garnet systems, the vibrational Raman band shows a red shift with the increase in unit
cell volume, which is attributed to the increase in bond length. A similar correlation between relative
permittivity and Raman shift has also been observed in other systems, as reported by Wu et al.>! in
Li,MgsBOg (B=Ti, Sn, Zr) and Zhang et al. in Ba[Mg_/3ZrxTap1-x/3]O03.>*

Figure 9 shows the variation of Q,, x f as the function of FWHM of symmetric stretching mode (A1)
of compounds having the garnet structure. In general, garnet compounds with the lowest FWHM give
the highest quality factor. Generally, FWHM is inversely related to the life time of the phonons,
which indicates that a narrower band corresponds to a longer life time of the phonons and fewer
interactions. As a result, the dielectric loss decreases and the quality factor increases. For example,
the FWHMSs of the (V — 0) stretching vibration for APMVO and APZVO are given in Table 3.
APZVO shows the lowest FWHM for the symmetric stretching modes and the highest Q,, x f value
compared to APMVO. It shows an inverse relation between the FWHM and the Q factor. A similar
inverse relation between Q, x f and FWHM of lattice vibration modes was reported by Wu et al. in
Li,MgsBOg (B=Ti, Sn, Zr) ceramics.>® So, here the Raman shift and FWHM of the maximum-
intensity bands are correlated with the microwave dielectric properties such as relative permittivity
and quality factor for some reported garnet system. From this, it can be found that for compounds
with high relative permittivity, the shift of vibrational band should be toward the lower frequency
region in the Raman spectra, and also for better quality factor, the FWHM of A;q; mode should be

minimum.

Another parameter that influences the quality factor of materials is its packing fraction. Kim et

al.® have summarized the correlation between the Q factor and the packing fraction of structures.
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Here, each ion in the crystal structure can be regarded as a rigid sphere. Packing fraction is defined as
the ratio of the volume of ions in different sites to the total unit cell volume. The above authors
reported that the increase in packing fraction could reduce the lattice vibrations, which results in high
Qy X f. The packing fractions for Pb,AgB,V3;01, (B=Mg, Zn) can be calculated as follows:

volume of the packing ions

Packing fraction (%) =

volume of primitive unitcell

_volumeofthe packing ions

volume of unitcell

= gﬂ[(n\y) S+ 2(rpyz+)>+ 2(rp2+ )%+ 3(rys+)*+12 (roz-)°] X Z 9)

The packing fraction increases as the unit cell volume decreases. Here, the observed a negative

correlation between the packing fraction and Q, x f implies that packing fraction is not the only

factor that influences the quality factor of the material.

Bond valence is another important parameter that is bound up with microwave dielectric

properties such as relative permittivity, Q, X f and temperature coefficient of the resonant frequency.

These parameters can be obtained through the following equations:

V:ZUi j

'Uij—eXp[ b ] (10)

Here, R;; is the bond valence parameter for the cation-oxygen bond found in Brese's report®,d; is the
bond length between the B-site cations and oxygen ions found using the Rietveld refinement, and b is
a universal constant equal to 0.37 A. Table 4 shows the variation of relative permittivity, Q factor, and
7¢ With the bond valence. When Mg? *ions are replaced by Zn?* ions, the bond valence as well as
the bond strength increases slightly. Generally, in oxygen octahedra, when the bond valence between
the cation and anion increases, it will create a more rigid octahedra, resulting in high bond strength.
Also, it causes the decrease of rattling effect in the system, which in-turn decreases the permittivity of

the materials.>” Here, even though APZVO shows decreased rattling with increased bond strength, its
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relative permittivity is slightly higher than that of APMVO. This may be due to the higher
polarizability of Zn? * (2.04 A3) compared to Mg? * (1.32 A3) ions.

The bond valence of B-site cations can also influence the Q,, X f values of the compounds. As the

bond valence increases, the damping constant of the microwave signal decreases because of the
decrease in anharmonic interaction. These results in the lowering of the dielectric loss and better Q,,
x f.58 In this work, we observe that the average B-site bond valence is higher for APZVO (1.933)
than APMVO (1.938). These results in a slightly higher Q, x f value for APZVO (28,400 GHz)
compared to APMVO (26,900 GHz). Similar results on the variation of Q, x f with A-site bond

valence in CaTiOzwere reported by Jimao et al.5’

Another critical parameter determining the thermal stability of a dielectric material is the temperature

coefficient of the resonant frequency (zs).The formula for 7, with the temperature coefficient of

dielectric constant (z,) and linear thermal expansion coefficient («;) is as follows:
Te
5= — [pra] (11)

Here a; can be taken as a constant (~ + 10 ppm/°C) for all ceramic materials. Then, 7, varies in
proportion with the variation in ., which is a function of the structural characteristics such as the
bond valence. The value of 7, for APMVO is 19.3 and that of APZVO is ~18.4. Table S5 shows the
dependence of t; with sintering temperature. The higher value of |t for APMVO compared to

APZVO is attributed to its lower bond valence. As the bond valence increases, the energy required to
recover the structure increases, which results in low |ty values. Similar results have been reported in
AgCa,B,V;0:,(B=Mg,Zn),35(1-x)CaTiOs—x(LigsLags) TiO3,°"and CasZn,_ Mgy, VO Systems. >

4. CONCLUSIONS

The XRD patterns and vibrational spectra of AgPb,B,V30:, (B=Mg, Zn) ceramics confirm the garnet
structure of the compounds belonging to cubic symmetry with the space group Ia 3d. Using Rietveld
analysis, the lattice parameters and bond lengths were obtained. As a general conclusion, the
microwave dielectric properties of previously reported as well as Pb,AgB,V3;0;, (B=Mg, Zn)

ceramics correlate with the corresponding Raman shift and FWHM of the Raman bands. It was
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observed that the vibrational modes of Raman spectra show a red shift with the increase in relative
permittivity. The lowest FWHM of symmetric stretching mode (Ajg) results in the highest quality
factor. Also for APZVO, as the bond valence increases, Q, X f increases and |t decreases because of
the stronger bond between the cation and oxygen ions, which decreases the anharmonic interactions
and increases the energy used to recover the structural distortion caused by oxygen polyhedra.
APZVO shows a higher relative permittivity than APMVO, which is due to its larger ionic
polarizability. As a result, APMVO has a porosity-corrected relative permittivity of 23.3 + 0.2 and, a
high quality factor (Q, x f) of around 26,900 + 500, and a positive temperature coefficient of
resonant frequency of 19.3 + 1 ppm/°C at its optimized sintering temperature. Meanwhile, APZVO
ceramic has a higher relative permittivity of 26.4 + 0.2, unloaded quality factor of 28,400 + 500
GHz, and temperature coefficient of resonant frequency of -18.4 + 1 ppm/°C, which makes it a

promising candidate for future microwave electronic applications.
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Table Captions
Table 1. Crystallographic parameters obtained from Rietveld refinement of the XRD pattern of
APMVO ceramic.

Atom | Site | x y z Occupancy | Bey(A2)
Pbl 24c | 0.37500 | 0.50000 | 0.25000 | 0.6667 0.8998
Agl | 24c | 0.37500 | 0.5000 | 0.25000 | 0.3333 0.9000
Mgl | 16a | 0.50000 | 0.50000 | 0.00000 | 1 0.6125
V1 24d | 0.62500 | 0.50000 | 0.25000 | 1 0.4579
01 96h | 0.04200 | 0.04710 | 0.65290 | 1 0.758
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Table 2. Crystallographic parameters obtained from Rietveld refinement of the XRD pattern of
APZVO.

Atom | Site | x y z Occupancy | B (A?)
Pbl 24c | 0.37500 | 0.50000 | 0.25000 | 0.6667 0.9099
Agl 24c | 0.37500 | 0.50000 | 0.25000 | 0.3333 0.7501
Znl 16a | 0.50000 | 0.50000 | 0.00000 |1 0.6510
V1 24d | 0.62500 | 0.50000 | 0.25000 |1 0.4957
01 96h | 0.04053 | 0.04800 |0.6531 |1 0.758
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Table 3 FWHM of symmetric stretching modes (Aqg), theoretical and observed polarizability, packing
fraction, and microwave dielectric properties.

Sample | Raman | FWHM | oyheor Relative Porosity | oqps | Packing | Qux f Tf

name shift | (cm) permittivity | corrected fraction | (GHz) | (ppm/
(cm') (er) (er) °C)
APMVO 817 285 | 509 | 223+0.2 23.3 544 | 647 | 26,900 | 19.3
+0.2 +500| +1

APZVO 812 242 | 524 | 244+0.2 26.4 55.3 645 | 28,400 | -18.4
+0.2 +500| +1
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Table 4. Bond lengths, bond valence, and microwave dielectric properties of APMVO and APZVO
ceramics.

Compound Octahedral | Bond Bond Bond Porosity- QuXf Tf

bond type | length valence | valence | corrected (GHz) | (ppm/
(dy) in A | paramete | (V) relative °C)
r permittivity
(Rij) ()
AgPb,Mg,V301, Mg-O 2.111(9) 1.693 1933 | 233+ 0.2 | 26,900 | 19.3
+ 500 +1

AgPb,Zn,V301; Zn-0 2.122(1) 1.704 1938 | 264+ 0.2 | 28,400 | -18.4
+500 | *+1
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Figure Captions
Figure 1.Rietveld refinement of X-ray diffraction pattern of APMVO ceramics calcined at 625 °C.
Figure 2.Rietveld refinement of X-ray diffraction pattern of APZVO ceramics calcined at 550 °C.

Figure 3.Dependence of bulk density and relative density on sintering temperature for APMVO and
APZVO ceramics

Figure 4.Microstructures of (a) APMVO and (b) APZVO sintered at 750 and 590 °C, respectively.

Figure 5.Deconvoluted Raman spectra of APMVO and APZVO ceramics calcined at 625 and 550 °C.
Experimental data are in olive colored solid circles, while the fitting curve is the green line. Red line

represents the phonon modes fitted using a Lorentzian function.

Figure 6.Dependence of the relative permittivity and Q,xf on sintering temperature for APMVO

ceramic sintered at 750 °C.

Figure 7.Dependence of the relative permittivity and Q.xf on sintering temperature for APZVO

ceramic sintered at 590 °C.
Figure 8.Variations of relative permittivity with Raman shift for few reported garnet systems.

Figure 9.Variation of Q,xf as a function of FWHM of symmetric stretching mode (Ay4) of reported

garnet compounds.
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