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Abstract Keywords
The powders of Ca;-,xBi.xMo,-xGex0, solid solutions were synthesized calcium molybdate
by the conventional solid state method and investigated by X-ray pow- bismuth molybdate
der diffraction and Raman spectroscopy. The Ca;-»Bi>Mo0;:-xGexO, microwave dielectrics

compositions crystallize in scheelite structure (sp. gr. I4./a) at
0 <x< 0.4, but traces of bismuth germanates are detected by scanning
electron microscopy. The x = 0.5 composition contains several phases
with BiVO,- type structures. Raman spectroscopy detected the defor-
mation of [BO,]*” polyhedra and changes in B-O bond length (B = Mo,
Ge). The energy gaps were calculated from the diffuse scattering spec-
tra by the Kubelka-Munk method. Energy gap (Z;) values decrease
with x from 3.29 eV to 2.91 eV, probably due to 6s? electrons of bis-
muth in the valence band and changes of the conductivity band by elec-
trons of germanium. Such values of E; can provide photocatalytical
activity of powders under UV and visible light. The electrodynamic pa-
rameters of the ceramic sample of Ca;-»xBi»xMo;-xGexO, were measured
by the transmission line method. The average permittivity increases
with x from ~10 to ~18 which correlates with theoretical €, Vo and
total polarizability of samples. An increase in the concentration of bis-
muth and germanium leads to the additional resonant peaks in the

Raman spectroscopy

energy gap

Received: 18.07.22

spectra of €, S;; and S,;. These resonant peaks can be probably caused Revised: 04.08.22
by the appearance of irregular structural domains of Bi atoms or in- Accepted: 04.08.22
duced by the increased size of grains in the ceramic samples. Available online: 23.08.22
1. Introduction parent compound CaMoO4 showed a relatively low permit-

tivity and a high quality factor (er = 11.7, @f= 55.000,
Scheelite-type compounds include several groups of com- ¢ = _gg ppm/°C) [3]. Doping of CaMoO,4 modifies its phys-
plex oxides with general formulae ABO4. Not distorted jca] and chemical properties. For example, the isolated elec-
scheelite type compounds crystallize in a tetragonal struc-  tron pair of bismuth provides a significant polarizability of
ture with a space group /4:/a. Such compounds attracted pj jons because doping by Bi3* ions leads to the increase in
much attention in the recent decades due to their multi- ¢ [7-8] and at the same time - the decrease of the energy

functional applications as microwave dielectric materials gap [9]. Thus, doping by Bi ions is a good instrument for

(i.e. the materials for wireless communication) [1-4], pig-  regulating such parameters of the material. Substitution of
ments and photocatalysts [5, 6], etc. CaMoO4-based com-  p2+ by A3* ions in ABO, can be realized in the following

pounds also crystallize in the scheelite-type structure. The ays: (i) formation of additional interstitial oxygen posi-

tion [10], (ii) formation of cationic vacancies [9], (iii)
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codoping by A* [11] or by B*3--*5 [3]. The last way results in
solid solutions with the general formulae
A:-xBixB:-xMexO4 in the case of Me = B*5 or those with the
general formulae A;-2xBi2xBi-xMexOy, in the case of Me = B*4.
A;-4BixB:-xMexO, compositions are relatively well investi-
gated in the case of M = V [3, 6-9], while A1-2xBizxBi-xMexO4
compositions still have not been characterized well. How-
ever, similar coordination of ions and ionic radii
(reazt, = 112, rgzr = 117 A, rypoer = 0414, rgear = 0394
[12]) suggest existence of Cai-2xBi>xMo01-xGexO4 solid solutions.
Bismuth germanates were also reported to be photocatalysts

[13] and dielectrics [14]; therefore,
Cai-2xBi2xMo01-xGexO4 solid solutions are expected to show sim-
ilar characteristics. In the present paper,

Cai-2xBi=xMo:1-xGexO4 were synthesized and their structural fea-
tures and microwave dielectric properties were investigated.

2. Experimental

The compositions of the general formula Ca;-2xBizxM0:1-xGexO4
(0.025 £ x< 0.5) series were synthesized by a conventional
solid state method [9, 15] from CaCOs (99.0%, Reakhim),
Bi2O3 (99.9%, Merck), GeO2 (99.99%, Lanhit) and MoO;
(99.5%, Reakhim) in the range of 600-900 °C.

X-ray powder diffraction data were obtained using a
Bruker Advance D8 diffractometer with a VANTEC1 detec-
tor (Ni filtered Cu Ka radiation, 6/6 geometry) in the Ural-
M center of the Institute of Metallurgy. The data were col-
lected in the 260 range of 5-80°, in the steps of 0.02° with
an effective scan time of 200 s per step. Calculated X-ray
density of each sample was compared with the pycnometric
density of powder and the geometrical density of ceramic
samples. The morphology of the obtained powders was
studied using a TESCAN VEGA3 SBH scanning electron mi-
croscope (SEM); secondary electron and backscattered elec-
tron images were obtained.

Raman spectra were obtained for the Cai-2xBixMoi-
xGex04 series with a Horiba LabRam HR800 Evolution spec-
trometer including Edge filters and equipped with an Olym-
pus BX-FM confocal microscope (50xobjective, numerical
aperture = 0.7) and a He-Ne laser (radiation wavelength
633 nm) and 1800 gr/mm grating. The spectral resolution
was about 1 cm™ and the spatial lateral resolution was
about 2 pm. The spectra were fitted using a Gaussian-Lo-
rentzian model. The UV-Vis spectra were obtained in the
range 350-1100 nm using a Thermo Scientific Evolution
300 spectrophotometer equipped with an integrating
sphere. Energy gaps for direct inter-band transitions were
calculated through the linear approximation of the Ku-
belka-Munk function [16]. General increasing trends with
increasing x-value are seen in the FWHM values (Figure S3)
indicating a variation in the length of Mo-O bonds. How-
ever, the Raman spectra of Ca;-2xBi>xMo01-xGexO4 were ana-
lyzed by traditional fitting and analysis of FWHM and by
the analysis of the autocorrelation function (AAF). The au-
tocorrelation function Corr(a,w”) proposed by Salje et al.
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[17] is a way of parametrizing effective line widths in vi-
brational spectra to examine trends in similar samples.
Corr(a,w”) was calculated using Equation 1,

Corr(a,0') = ffow a(w + w)a(w)dw, (1)

where a(w) is the primary spectrum and a(w + ® ') is arep-
lica of the spectrum shifted by w'. The key parameter of AAF
is the Acorr parameter. The Acorr is an approximation of
the o parameter of the Gaussian function, which is calcu-
lated from the Corr(a, w'). By [17] it was calculated by fol-
lowing method: (1) the background was subtracted from the
a(w) initial spectrum, the Corrn(a,w’) was calculated and
normalized; (2) the Corr(a,w’) peak apexes were approxi-
mated by the Gaussian function; (3) the Acorr parameter
was determined by extrapolating the o function to Aw'= 0
point using second-order polynomials. In the present work
we used a modified Gaussian function. The Acorris the av-
erage estimate of the FWHM of the peaks present in the an-
alyzed part of the spectrum. In the present work Acorrwas
calculated over three frequency ranges: 50-250 cm™,
250-550 cm™* and 700-1000 cm™.

The electrodynamic parameters of the ceramic sample
were measured by the transmission line method (Figure 1)
using a vector network analyzer R&S ZVA50 [18]. A wave-
guide line of the WR9O type was used; the frequency range
was from 8 to 12 GHz. Calculation of complex permittivity
was carried out using specialized software [19]. The error
in determining the permittivity is primarily determined by
the basic error in measuring the modulus and phase of the
transmission and reflection coefficient, S.: and Su1, respec-
tively. An additional source of error is the non-ideal match-
ing of the used elements of the transmission line on the
amount of insertion loss. The electrodynamic properties of
ceramic samples can be described by the coefficient of full
reflection Si; and the transfer coefficient S.: measured by a
vector network analyzer. Using these parameters, we had
the possibilities for calculating the coefficient of reflection
(I and the coefficient of attenuation of electromagnetic
waves in material (2), from which, using the NRW mathe-
matical model [20], we were able to calculate the complex
permittivity of the sample under study.

Sy

input transmission

NN ceramic sample V\N\ ="

reflection In transmission
z—\/\lv line
S1 1

Figure 1 Diagram of EMW passage through the sample: wave falling
on the surface of the sample, reflected and transmitted wave.
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3. Results and Discussion

3.1. Synthesis

The X-ray diffraction patterns of representative composi-
tions in the Cai-2xBi>xMo0:-xGexO4 systems are shown in Fig-
ure 2. In the compositional range 0 <x < 0.4 the patterns of
Cai-2xBiaxMo0:-xGexO4 can be indexed using a tetragonal
scheelite model in the space group /4./a, with trace
amounts of bismuth germanate or oxide phases (total quan-
tity of impurity <1.4 wt.%, see Figure S1 and Table S1).
XPRD patterns of the x = 0.45 composition also contain re-
flections from bismuth germanate or germanium oxides
phases. The BiMo0o.5sGeo.s04 (X = 0.5 composition) is a mix-
ture of complex oxides with bismuth vanadates-type struc-
tures. SEM (Figure 3) shows the presence of trace amounts
of bismuth germanates. A similar situation was observed
for Ca:-xBixMo0:-xVxO, series, where compositions were re-
ported to be «basically single phase with a tetragonal crys-
tal structure» in the range of 0.1<x<0.9 [6], while a small
amounts of Bi»O3 or BiVO, were detected [6, 20]. In these
work, the authors indicated that a small quantity of the im-
purity phase could not significantly modify the physico-
chemical properties of the CaMoO4-based solid solutions.
So, we were following the same approach when we de-
scribed physicochemical properties of Cai-2xBi2xMo01-xGexO4.

SEM HV: 30.0 kV 0 mm
View field: 100 pm Det: SE, BSE
SEM MAG: 2.60 kx SM: RESOLUTION

WD: 14.99 mm
Det: SE, BSE
SM: RESOLUTION

SEM HV: 30.0 kv
View field: 100 pm
SEM MAG: 2.80 kx
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The compositional dependence of unit cell parameters is
shown in Table 1. The values of X-ray density are close to
the pycnometric density of powder samples. The geomet-
rical density of ceramics is ~60-63% of the theoretical X-
ray density. The porosity is relatively high (Table 1) but it
slowly decreases with x.

Ca,,Bi, Mo, ,Ge O,
| x=0.5

A JU_J |
x=0.2
[ . Au T NN

x=0.1

x=0.4

-

10 20 30 40 50 60 70 80
20, °
Figure 2 Detail of X-ray diffraction patterns of selected composi-
tions of the Ca,-,,Bi,,Mo,_,Ge, O, systems.

VEGA3 TESCAN|

Figure3. SEM images of fracture surfaces of a ceramic pellet of x = 0.1 composition (a, b) and x = 0.2 composition (c, d): secondary
electrons imaging (a, c); backscattering electrons (BSE) imaging (b, d); EDX-mapping + BSE of x = 0.2 composition, Ge-rich areas are

detected (e).
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Table 1 Unit cell parameters, unit cell volume, density values and E; values of Ca;-,,Bi,,Mo,_,Ge, O, compositions.
X-Ray Density of powders, Geometrical density of
X a A G A v, A3 density, +0.02g/cm? ceramic samples, g/cm? E, eV
g/cm? and percentage of X-Ray and porosity%%
density
0.05 5.2242 11.4679 312.98 4.58 4.54/99.1 2.70/41 3.29
0.10 5.2242 11.4934 313.67 4.90 4.83/98.5 2.72/45 3.23
0.15 5.2245 11.5165 314.35 5.22 5.16/98.9 2.87/45 3.16
0.20 5.2245 11.5331 314.80 5.55 5.46/98.4 3.24/42 3.11
0.25 5.2238 11.5500 315.18 5.87 5.78/98.4 3.53/40 3.04
0.30 5.2229 11.5694 315.59 6.20 6.08/98.1 3.83/38 3.01
0.35 5.2213 11.5843 315.89 6.52 6.42/98.4 4.03/38 2.94
0.40 5.2190 11.6085 316.20 6.84 6.86/100 4.28/37 2.92

3.2. Vibrational spectroscopic studies

The examples of Raman spectra of Cai-2xBi2xMo0:-xGexO4 are
shown in Figure 4. Ca;-2xBixMo0:1-xGexO,4 ceramics are te-
tragonal scheelite solid solutions, whose structure is simi-
lar to that of CaMoO,. Therefore, Ca:-2xBi2xMo:-xGexO4 and
CaMoO, have similar vibrational spectra. The vibration
modes in CaMoO, include internal modes, which corre-
spond to vibrations inside the [MoO,4]*" tetrahedra, and ex-
ternal modes that are assigned to lattice vibrations. As a
result of crystal field effects and Davydov splitting, the de-
generacy of the [MoO4]*  vibrations corresponding to Td
symmetry in free space is resolved.

The group theoretical analysis predicts that 26 modes
are possible in the case of tetragonal scheelite-structured
compounds in the space group /4;/a, which are distributed
as irreducible representations [1, 22-23]:
I'=3Ag+ 5Bz + 5Fz + 5Au+ 3Bu + 5Eu, of which the Ag B
and E; vibrations are Raman active, whereas the Ay, By and
Ey vibrations are infrared active. In this study, 13 vibra-
tional modes are observed for the end member CaMoO,, in
good agreement with the previous experimental and calcu-
lated results for this composition [1, 22-23]. According to
the previous studies on CaMoO4-based systems, the peaks
at low frequencies (modes 1-6 in Figure 4) correspond to
the external modes of O-Mo-0 and Ca-O bands [22-23].
The modes at medium and high frequencies are associated
with the internal vibrations (modes 7-12). The Mo-0O bend-
ing modes are located at medium frequencies (v and vy,
modes 6-10) and the Mo-O stretching modes are detected
at high frequencies (v: and vz, modes 11-13) [22-23].

The incorporation of bismuth and germanium into
CaMoO, leads to a broadening of the peaks in the Raman
spectrum and the appearance of additional modes, viz.:
mode-14 at 80-97 cm™, mode-15 at 451-455 cm™}, mode-16
at 740-770 cm™, mode-17 at 890-900 cm™ and mode-13 at
80-97 cm™. Guo et al. assumed that the additional modes
(at ~770-780, 820-880 and 910-930 cm™) in the Raman
spectrum of Cai-3sBi»x®xMo00, indicated inequivalent Mo-O
distances in distorted MoO, tetrahedra [23]. Similarly, in
this work the additional mode-16 and mode-17 can be asso-
ciated with distorted MoO, tetrahedra. According to the cal-
culations on virtual crystals of BiMoO,4 and ®Mo00, in [24],

the EFz; mode-14 (80-97 cm™) can be described as the lattice
mode and mode-15 can be described as the Bg v, vibration
of MoO,. The additional mode-17 at 910-930 cm™ can be
also ascribed to a short bond vibration in distorted or sym-
metrical MoO,4 tetrahedra. For example, such a mode was
previously observed at ~929 cm™ for SrMoO,4 at high pres-
sure (12 GPa) in [25] where SrMoO4 had a distorted scheel-
ite structure. Similar mode, in fact, was observed by Guo et
al. [23] as can be seen in Figure 1 therein (the fitting was
imperfect in the range of 900-1000 cm™).

General increase of full width at half maximum (FWHM)
with increasing x-value is seen, indicating a variation in the
length of Mo-0 bonds. However, the Raman spectra are ra-
ther complex due to the intensive overlap of spectral lines
observed in Figure 5a and FWHM vs x curves can not be
plotted correctly. The compositional variation of some
modes is shown in Figure 5b. Kanamori et al. [26] suggested
that increase in the cation mass causes the vibrational fre-
quencies of ‘external’ (lattice) modes to decrease in ABO,
crystals. Generally, we observed this trend and deviation
from trends indicated a closeness of solid solutions ranges.
The analysis of the autocorrelation function (AAF) was car-
ried out in over three frequency ranges (50-250 cm™, 250-
550 cm™ and 700-1000 cm™, covering the lattice modes,
V2 + v4 and Vi + V3 + Vg4, respectively).

-1BY2(EY 13 (v;: Ay

| 3ED 7,8 (v;: A,B)
,/}10(1/4;3?53)
11 (v E,

6”115»' 12(v,: Bj)/

4,54, B)

CaMoO,

(Cag Big Moy sGey 04

1Ca, Bi, Mo, (Ge,,0,
‘a, ,Biy (Mo, ,Ge, ;0

) MCay ,Biy Mo, (Ge, ,O,

T T
200 400 600 800
Raman shift, cm™

1
1000

Figure 4 Raman spectra of selected compositions in the

Ca,-,;Bi,Mo,_,Ge, O, system.
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Figure 5 Raman spectra of Ca, ,Bio.sM0,.6Geo 40, powder, black crosses are experimental data and solid lines are the Gauss+Lorentz modes
(a); compositional variation of wavenumber of Raman peak in Ca,-,,Bi,,Mo,-,Ge, O, compositions (b); Acorr over three frequency ranges
(50-250 cm™?, 250-550 cm™* and 700-1000 cm™) for Ca,_,,Bi,Mo,_,Ge,0, compositions (c).
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Figure 6 Optical diffuse scattering spectra for selected composi-
tions in the Ca,_.xBi,xMo0,xGexO, system (a) and Tauc plots for the
X == 0.05, 0.15,0.20 and 0.30 compositions (b).

For all wavenumber ranges, the Acorr parameter (i.e.
FWHM values) increases up to x= 0.35-0.4 indicating a
solid solution area (Figure 5c). The x= 0.5 composition
represents a sharp decrease of Acorr, showing an end of the
solid solution formation. Thus, these results are consistent
with the XPRD data.

3.3. Diffuse scattering and energy gap

The optical diffuse scattering spectra of
Cai-2xBi>xMo:-xGexO4 compositions are shown in Figure 6a.

selected

The scattering in the range of ~500-1100 nm is close to
100%. The spectra contain a broad band in the range of
~200-400 nm, which corresponds to electronic transitions
within the molybdate tetrahedra [27]. In the substituted
samples, this absorption band shifts to higher wavelength
(Figure 6a). Band gaps (Fg) were calculated using the Ku-
belka-Munk theory and the Tauc relation (Figure 6b). E;
values decreased linearly with increasing x value (Table 1),
ranging from 3.29 eV to 2.91 eV. Probably, the decrease in
the band gap is provided by additional Bi 6p electrons in the
valence band and changing of the conduction band, which
includes Mo 4d and Ge 4p electrons. Such a band gap de-
crease is favourable for the use of these materials as yellow
pigments or as photocatalysts, as in the case of the
Cai-3xBix®xMo0OQy, series [15].

3.4. Microwave dielectric properties

To the electrodynamic properties of the
Cai-2xBixMo0:1-xGexO4 samples, the measurements were car-

study

ried out on rectangular ceramic plates, the dimensions of
which correspond to the cross section of the waveguide
transmission line used. The frequency dependence of the
permittivity of several samples is shown in Figure 7. The
average value of the permittivity increases with the bis-
muth content. For the composition with low dopant concen-
tration (x<0.15) the permittivity slightly changes in the fre-
quency range of 8-12 GHz. An increase in the concentration
of bismuth and germanium leads to the appearance of res-
onant peaks in the permittivity spectra and S.: permittivity
S2:1 curves (Figure 8).When xincreases, the frequency of the
main peak decreases, and additional peaks appear. The
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mechanisms for the formation of resonant peaks can in-
clude the appearance of structural domains containing only
Bi atoms in the A position. Such domains due to the struc-
tural features of 6s2 isolated electrons, can be easily polar-
ized by an external field of an electromagnetic wave. The
increase in size of such domains is reasonably related to the
increase in the bismuth concentration. Another source of
resonances that appears on the permittivity curve can be a
size of particles. In Figure 3 we can see that the size of par-
ticles increases with x increasing, which can lead to de-
creasing resonant frequency. The dielectric loss tangents
(tan 8) of Cai-2xBi=xMo01-xGexO4 out of the resonant peaks are
0.01-0.07, which are reasonable magnitudes for dielectric
materials. The average values of permittivity in the range
of 8-12 GHz are shown in Figure 9 as €exp. The average per-
mittivity €obs was calculated for polycrystalline data, but the
relatively low sintering temperature leads to high porosity
of ceramic samples, which is consistent with the previous
works [4]. Thus, the dielectric constant in gexp wWas calcu-
lated from eobs by Equation 2:

Eexp = Eobs (1 + 1.5(P/100%)), (2)

where P is the porosity and €exp is the measured dielectric
constant [4]. The values of porosity (P) shown in Table 1
were determined using theoretical (X-ray) and experi-
mental (geometrical) densities of ceramic samples.
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Figure 7 Permittivity spectra for selected compositions in the
Ca,-,;Bi,Mo,_,Ge, O, system.
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Theoretical values of permittivity were calculated using
the Shannon’s suggestion [28] and Clausius-Mosotti equa-
tion. In the case of Cai-2xBi2xMo0:-xGeiO4 system, molecular
polarizability can be estimated from Equation 3:

a(Cai-2xBi2xM01-xGex04) = (1-2x)-a(Caz*)+ 3)
+(2x)-a(Bi3*) + (1-x)-a(Mo®*) + x-a(Ge**) + 40(02"),

where a is the polarizability. The a values for all ions are
3.16, 6.12, 3.28, 1.63 and 2.01 A3 for Ca2?*, Bi3*, Mo®*, Ge4*,
02" ions respectively [4, 28]. Theoretical values of permit-
tivity of Cai-2xBi2xMo01-xGexO4 could be calculated with polar-
izability from the Clausius-Mosotti relation (Equation 4):

3V, + 8ra
3V, — 4na

(4)

€theor =

where Vmn is the molar volume. Molar volumes of
Cai-2xBi>xMo0:-xGexO4 can be calculated with the unit cell pa-
rameters determined from the diffraction pattern and the
values of molar units (2). Vin, €exp and €theor are shown in Fig-
ure 9. As can be seen, the theoretical and experimental values
of permittivity are close. The permittivity increases with x,
which correlated with Vm changes and
a(Cai-2xBiaxMo0:1-xGexO4) due to the bismuth presence. Prob-
ably, the difference between gexp and &teor is caused by struc-

tural distortion, confirmed by Raman spectroscopy, and rel-

increase in

atively low geometrical density of samples.
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Figure 8 The dependences of the reflection coefficient S,; (a) and
transmission coefficient S, (b) on frequency for selected
Ca,-,;Bi,Mo,_,Ge, O, ceramic.
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Figure g Molar volume, observed and calculated permittivity of
Ca,_»,Bi.Mo,_,Ge, 0, compounds.

4. Conclusions

The Cai-2xBi2xMo0:1-xGexO4 complex oxides were synthesized
by the conventional solid state method. X-ray powder dif-
fraction showed that Cai-2xBi.xMo0:-xGexO4 compositions
crystalize in the scheelite structure at 0 <x< 0.4, but traces
of bismuth germanates were detected. Raman spectroscopy
detected the deformation of [BO4]*” polyhedra and changing
of B-O bond length (B = Mo, Ge). Energy gap values calcu-
lated from diffuse scattering spectra decrease with x, prob-
ably, due to electrons of bismuth and germanium. £ values
of Cai-2xBiaxMo01-xGexO4 show adsorption of visible irradia-
tion, and it means that Cai-2xBi=xMo0:-xGexO4 powders have
to be tested as photocatalysts like another CaMoO4-based
compounds.

The electrodynamic parameters of the ceramic samples
of Cai-2xBi2xMo0:-xGexO4 were measured by the transmission
line method. The main effects of bismuth and germanium
doping of CaMoO, are (1) the increase of average permittiv-
ity of dielectric materials from ~10 to ~18 that correlates
with theoretical €, Vmol and total polarizability of samples;
(2) the decrease of melting point with x, which results in
the general simplification of the sintering processes; (3) the
appearance of additional resonant peaks in the spectra of ¢,
S11 and Sz1, which can be used in filtration system of micro-
wave irradiation. Such resonant peaks can be probably
caused by appearance of irregular structural domains of Bi
atoms or induced by the increased size of grains in the ce-
ramic samples. The dielectric loss tangents (tan §) of
Cai-2xBi=xMo1-xGexO4 out of resonant peaks are 0.01-0.07,
which are reasonable magnitudes for dielectric materials.

We suggest that the Cai-2xBi=xMo01-xGexO4 system can
be optimized by synthesizing the powders by wet-chem-
istry methods and forming the dense ceramic from such
powders.

Supplementary materials

Supplementary materials are available.
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