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Abstract: New Gd>*- and Mn?*-co-doped calcium molybdato-tungstates with the chemical formula
of Cay_3yyMny0xGd(M0Oy)1 - 3x(WO4)3, (labeled later as CaMnGdMoWO), where O denotes
vacant sites in the crystal lattice, 0 < x < 0.2500 and y = 0.0200 as well as 0 < y < 0.0667 and x = 0.1667
were successfully synthesized by high-temperature solid-state reaction method and combustion
route. Obtained ceramic materials crystallize in scheelite-type structure with space group I4;/a.
Morphological features and grain sizes of powders under study were investigated by SEM technique.
Spectroscopic studies within the UV-vis spectral range were carried out to estimate the direct band
gap (Eg) and Urbach energy (Ey) of obtained powders. EPR studies confirmed the existence of
two types of magnetic objects, i.e., Mn?* and Gd>" ions, and significant antiferromagnetic (AFM)
interactions among them.

Keywords: scheelites; calcium molybdate; Mn?* and Gd** ions; UV-vis spectroscopy; EPR spectroscopy

1. Introduction

Divalent metal molybdates and tungstates with the chemical formula of AMo(W)Oy4
form a wide and important family of inorganic materials that have high potential appli-
cations in many fields such as electronics and optoelectronics [1-6]. They are used as
phosphors, lasers matrices, and scintillator detectors [1-6]. These compounds with rela-
tively large cations (ionic radius of A2t >099 A, eg., Ca?*, Sr?*, Ba%*, and Pb2+) exist in
scheelite-type structure (tetragonal symmetry, space group 14, /a; Z = 4) where molybde-
num or tungsten ions adopt a tetrahedral coordination, while divalent metal ions represent
an eight-coordinated position (Figure 1) [7,8]. Due to high thermal stability as well as a
relatively low cost of fabrication scheelite-type ceramic molybdates and tungstates are
excellent hosts for d- and f-electron ions.

Rare earth (RE®")-doped molybdates and tungstates have been used extensively
mainly in optoelectronics as efficient phosphors, lasers, and scintillators [6,9,10]. The
development of wireless communication technologies observed for many years (5G telecom-
munication and IoT technology) has also resulted in growing interest in advanced ceramic
dielectric materials which are usually complex oxide systems. Doped scheelite-type molyb-
dates and tungstates turned out to be excellent microwave dielectrics that could be used in
the production of resonators, filters, and antennas [4,11,12].

Gadolinium, one of the rare earth metal families, plays an important role in chemistry
and biomedicine. It can be applied simultaneously to magnetic resonance imaging (MRI),
X-ray computed tomography (CT), and neutron capture therapy for cancers. Gadolinium
ion (Gd**) has tremendous importance, because of its high spin magnetic moment due to
seven unpaired electrons (3S;/,). Therefore, materials doped with Gd** ions can be applied
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in magnetic resonance imaging [13]. A very high X-ray absorption coefficient of Gd>* is
responsible for the application of these materials in X-ray computed tomography [13-18].
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Figure 1. Structure of CaMoOy (CaZ*—blue circles; M06+—ye110w circles; O* —red circles).

Our research group has been conducting studies on new doped micro- and nano-
materials of scheelite-type structure for many years [19-21]. We demonstrated that the
substitution of such divalent ions as Ca?* or Pb%* in Cd(Pb)Mo(W)Oy by trivalent RE>*
ones leads to the formation of vacant sites in these matrices (denoted as 0) what is very well
observed by many spectroscopic techniques. Above mentioned RE3*-doped scheelite mate-
rials revealed very strong luminescence both in visible and NIR spectral ranges that could
be suitable for ultra-short pulses lasers and efficient phosphors [22,23]. Dielectric studies of
Gd>*-doped scheelite-type molybdates and molybdato-tungstates provided much impor-
tant information on their properties and potential applications [22,23]. These materials are
insulators with a residual electrical n-type conduction not extending 2-10~° S/m and a di-
rect (or indirect) band gap energy higher than 3 eV [24-27]. The chemical compatibilities of
Gd>*-doped micro- and nanomaterials with metallic aluminium and silver as intrinsic elec-
trodes make them suitable for LTCC (Low-Temperature Co-fired Ceramic) technology [26].
Some of them, e.g., Pby_3,0,Gd»(M0O4)1_3,(WO4)3, where 0 < x < 0.1774 exhibit elec-
trical relaxation processes [26,27]. These properties of scheelite-type materials lead to the
conclusion that they are very good candidates for the fabrication of lossless capacitors.

Doping is a common procedure to optimize materials for specific industrial applica-
tions. The combination of several dopants (called also co-doping) is a very promising way
of enhancing many properties of materials such as photoluminescence, and magnetic and
dielectric properties.
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For this reason, in this work, we have obtained new Gd3*- and Mn2+—co—doped
scheelite-type calcium molybdato-tungstates using two different synthesis methods. Their
structure, morphological features, and thermal stability were systematically investigated
and analyzed. The optical and magnetic properties of these materials were compared as a
function of both dopant’s concentration.

2. Results and Discussion
2.1. X-ray Diffraction Studies of CaMnGdMoWO Materials

Powder XRD patterns of CaMoO; and CaMnGdMoWO samples with different Gd>*
ions content, i.e., when 0 < x < 0.2500 and y = 0.0200 as well as with different Mn2* concen-
tration, i.e.,, when 0 <y < 0.0667 and x = 0.1667 obtained by solid-state reaction method
and combustion route are shown in Figure 2a—f. The XRD studies revealed that these pat-
terns consisted of diffraction peaks that can be attributed to scheelite-type framework only.
No other phases, i.e., initial reactants, metal oxides, and other gadolinium tungstates or
molybdates were observed in CaMnGdMoWO ceramics after their synthesis. The observed
diffraction lines attributed to scheelite-type structure shifted slightly towards a lower 20
angle with increasing Gd>* content (Figure 2b,f) or a higher 2@ angle with increasing
Mn?* concentration (Figure 2d). In order to show the changes in the position of diffraction
peaks, the enlarged portion of XRD patterns from 28 to 29.5° 20 with the (112) and (103)
diffraction lines are presented in Figure 2b,d,f. All registered diffraction peaks were success-
fully indexed to pure tetragonal scheelite-type structure with space group I4;/a (No. 88,
CaMoO;—]JCPDs No. 04-013-6763). Table 1 shows the calculated lattice parameters of
CaMo0Qy and doped samples. To observe the changes of unit cell parameters clearly, cell
constants (4 and c), lattice parameter ratio c¢/a as well as the volume of unit cell (V) of CaM-
nGdMoWO materials obtained by solid-state reaction method and combustion route as a
function of Gd3* concentration are shown in Figure 3a,b, and Figure 4a,b, respectively. The
observed changes of 7 and c lattice parameters are not identical (Figures 3a and 4a). Initially,
when Gd®* content is relatively low, the a parameter increases up to 5.23958(6) A (x = 0.1430,
synthesis by solid state reaction) or 5.2374740(8) A (x = 0.1667, combustion) and then, its
value decreases and then increases again with further increasing content of gadolinium
ions. The c parameter shows a different relationship, i.e., for low Gd3* ions concentrations
its value decreases to 11.4173(7) A (x = 0.0839, solid-state reaction method) or 11.4188(9) A
(x = 0.0455, combustion). With a further increase of Gd**-doping, the value of ¢ parameter
increased and then decreased (high-temperature sintering) or only increased (combustion
route). Generally, the unit cell volume tends to increase with increasing Gd3* ion concentra-
tion, i.e., practically within the whole homogeneity range of CaMnGdMoWO solid solution
an expansion of crystal lattice is observed (Figures 3b and 4b). This is not typical behavior
because bigger Ca®* ions in the CaMoOj, matrix were simultaneously substituted by much
smaller Gd>* and Mn2* ones (ionic radius of Ca* (1.12 A) > ionic radius of Gd®* (1.053 A) >
ionic radius of Mn%* (0.96 A) for CN = 8) [28]. In scheelite-type divalent metal molybdates
and tungstates with the chemical formula of AMo(W)Oy (A =Ca, Sr, Ba, and Pb) Mob+
and W®" ions are tetrahedrally coordinated by oxygen ones and their ionic radii are very
similar, i.e., they are 0.41 and 0.42 A, respectively [28]. Therefore, a substitution of Mob*
ions with W®* ones in scheelite-type structure does not cause significant changes in both
lattice parameters of materials. The crystal lattice expansion observed for CaMnGdMoWO
materials when Gd3* ions concentration was increasing is probably caused by a strong
defect of their structure, i.e., when three crystallographic positions of calcium ions are
occupied by two Gd** ones only and an appearance of cationic vacants takes place. An
analogous phenomenon in other doped materials, e.g., RE3*-doped CdMoOj (RE = Eu,
Dy) [23,24], Eu®* and Mn?*-co-doped calcium molybdato-tungstates [29] have already
observed. The lattice parameter ratio c/a was also calculated. This parameter evidently
changes nonlinearly with increasing of Gd3* ions concentration (Figures 3b and 4b, Ta-
ble 1). This means that in the whole homogeneity range of solid solution under study, the
deformation of tetragonal scheelite cell of CaMnGdMoWO materials is observed.
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Figure 2. XRD patterns of CaMoO,4 and CaMnGdMoWO samples when 0 < x < 0.2500 and y = 0.0020
(a,b)—solid-state reaction method; (e f)—combustion route; when 0 <y < 0.0667 and x = 0.1667

(c,d)—solid- state reaction method.
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Figure 3. Variation of a and c unit cell parameters (a) as well as volume of unit cell (V) and lattice
parameter ratio c¢/a (b) of CaMnGdMoWO samples obtained by high-temperature sintering as a
function of x value.
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Figure 4. Variation of 2 and c unit cell parameters (a) as well as the volume of unit cell (V) and lattice

parameter ratio c/a (b) of CaMnGdMoWO samples obtained by combustion route as a function
of x value.

Moreover, we have found that the lattice parameters (both a and c) as well as the
volume of a tetragonal unit cell of CaMnGdMoWO ceramics decrease with increasing Mn?*
concentration when Gd3* ions content in these samples is constant (x = 0.1667, Table 1).
Contrary to the materials with a constant of Mn?* concentration (y = 0.0200) and variable
Gd3* ions content (0 < x < 0.2500), calculated lattice parameters and volume of unit cell
obey the Vegard’s law, i.e., they are nearly linear functions of y concentration parameter.

The density of Gd** and Mn?*-co-doped calcium molybdato-tungstates increases
linearly with the increase of both dopant’s content (Table 1).

2.2. Thermal Stability and Morphology of CaMnGdMoWO Solid Solution

Our earlier studies showed that both calcium scheelites, i.e., CaMoOy (powellite) and
CaWOy (scheelite) melt congruently at 1480 and 1590 °C, respectively [30]. The melting
points of Gd3* and Mn?*-co-doped calcium molybdato-tungstates are lower than the
melting point of calcium molybdate and they gradually decreased with both increasing of
Gd>** and Mn?* ions contents. These temperatures were determined as: 1430 °C (x = 0.0050
and y = 0.0200), 1290 °C (x = 0.1667 and y = 0.0200), 1260 °C (x = 0.2500 and y = 0.0200), and
1260 °C (x = 0.1667 and y = 0.0667).



Int. . Mol. Sci. 2022, 23, 15740

6 of 19

Figure 5 shows SEM images of CaMnGdMoWO ceramic materials (x = 0.1667 and
y = 0.0200) obtained by two different routes, i.e., high-temperature sintering (Figure 5a)
and combustion method (Figure 5b). The sample of the solid solution obtained by solid
state reaction method exhibits well-defined and sharp grain boundaries. It suggests that
this material obtained by multi-hour annealing at high temperatures is well-crystallized.
This sample contains irregular spherical-like particles that a grain size ranging from ~5 to
~20 pm. Occasionally, big grains and multi-grain agglomerates reaching ~50 um appear.
The CaMnGdMoWO ceramic material of the same composition obtained by the combustion
method shows a different morphology. It is composed of unform spherical particles with
the average size ranging from ~500 nm to a few micrometers (Figure 5b). The smaller grain
size of CaMnGdMoWO samples (submicro) obtained by the combustion method was also
confirmed by XRD results. Figure 6 shows powder XRD patterns of samples with the same
composition, i.e., when x = 0.2500 and y = 0.0020 but obtained by two different methods.

The diffraction lines observed for all materials obtained by the combustion route are
clearly wider and less intense than the ones registered for samples obtained by long-term
high-temperature sintering. EDS elemental analysis was employed to confirm both the
purity and chemical composition samples under study. EDS spectra (Figure 5) revealed
that only elements which were present in CaMnGdMoWO materials were Ca, Mn, Gd, Mo,
W, and O. No peaks of any contaminations were detected suggesting the high purity of all
obtained samples. All identified elements were evenly distributed throughout the surface
of the samples under study revealing a uniform chemical composition of each material.

Gd Mo W (0]

cal.[mass %] 70 04 19.0 173 33.2 23.1
exp.[mass %] 69 05 19.2 18.0 33.0 224

element Ca Mn

2000+
1500

1000 -
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Figure 5. SEM (secondary electrons) images and EDS elemental analysis of CaMnGdMoWO sam-
ples when x = 0.1667 and y = 0.0200 obtained by high-temperature sintering (a) and combustion
method (b).
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Figure 6. XRD patterns of CaMnGdMoWO samples when x = 0.2500 and y = 0.0020 obtained by
solid-state reaction method (black line) and combustion route (red line) within the range of 2@ from
26.0 to 36.0°.

2.3. Optical Properties of CaMnGdMoWO Ceramic Materials

Measurement of diffuse reflectance with a UV-visible spectrophotometer is the stan-
dard technique in determination of absorption properties of solid materials. In the case
of doped materials, the properties that can potentially be estimated from diffuse re-
flectance are band gap energy, absorption coefficient, and refractive index. These op-
tical properties are very important parameters characterizing materials for optoelectronic
applications, e.g., photocatalysts, efficient lasers, and scintillators as well as in solar cells.
Band gap energy is also the primary factor determining electrical conductivity of solids.

Generally, there are two types of optical transition that can occur at the fundamental
edge of crystalline materials: direct and indirect transitions [31-34]. Both involve the
interaction of an electromagnetic wave with an electron in a valence band, which is raised
across the fundamental gap to a conduction band. However, indirect transitions also
involve simultaneous interaction with lattice vibrations. Thus, the wave vector of the
electron can change in the optical transition, the momentum change being taken or given
up by phonons. According to the literature information, most of divalent metal molybdates
and tungstates with tetragonal scheelite-type structure (e.g., CaMoO4 and CaWQ;,) exhibit
an optical absorption spectrum governed by a direct transition, i.e., an electron located in a
maximum-energy state in a valence band achieves a minimum-energy state in a conduction
band under the same point in the Brillouin zone [31-34].

Optical energy gap (Eg) of CaM0oO, and CaMnGdMoWO materials was determined
by the method proposed by Kubelka and Munk [35] and applied by us in our earlier
studies [24,30,36]. This methodology is based on a transformation of diffuse reflectance
spectra into absorption ones to estimate Eg values. The UV-vis absorption spectra of
CaMoO4 and CaMnGdMoWO ceramics obtained by solid-state reaction as well as com-
bustion methods are shown in Figures 7a and 8a, respectively. The intense and broad
absorption bands within the spectral range of 200-375 nm can be ascribed to 0%~ — W,
0% — Mo®* as well as 0% — Mn?* charge transfer bands [9,11,22-24,29,30]. The trivalent
gadolinium ion, Gd?* has half-filled 4f orbitals (4f” configuration, ground state 8s, /2);
therefore, it is expected that the intensity of absorption bands due to 4f-4f transitions would
be very weak. All of these bands should be observed in the very high-energy part of the
spectrum, i.e., within the UV region (195-310 nm) [20,26]. So, they are covered by CT bands
in the UV-vis spectra of CaMnGdMoWO samples.
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Figure 7. UV-vis absorption spectra of CaMoO,; and CaMnGdMoWO ceramic materials obtained by
solid state reaction method when 0 < x < 0.2500 and y = 0.0200 (a); Plot of (ahv)? vs. photon energy
(hv) of the solid solution sample when x = 0.2000 and y = 0.0200 with determined band gap energy

(Eg) (b).

When a structure of a band gap is parabolic, the absorption coefficient and optical
band of materials can be determined using the Tauc relation [37-39]:

ahv = A(hv — Eg)" 1)

where o is a linear absorption coefficient of a material, & is the Plank constant, v is the
light frequency, A is a proportionally coefficient characteristic of each material, and 7 is
a constant associated with electron transition type [37-39]. For materials with a direct
band gap n = % [31-34,37-39]. The values of the optical band gap of CaMnGdMoWO
samples were obtained by extrapolating a linear part of (xhv)? curve of each material to
the photon energy axis as it is shown in Figure 7 b and Figure 8 b [24,29-33,36]. The
determined Eg values are given in Table 1. Figure 9a,b shows the variation of Eg values
with Gd>* ions concentration (when y = 0.0200) of materials under study. It was observed
that the optical band gap of CaMnGdMoWO samples decreased when Gd** concentration
increased up to x = 0.2222 (solid state reaction method) or x = 0.1667 (combustion synthesis)
and it reached the lowest values, i.e., 3.45 and 3.98 eV, respectively, whereby, the Eq
values values determined for the materials with smaller grain size were clearly higher.
We have already observed an analogous relationship for other nano- and micromaterials,
ie., Ca;_yMnyMoO;, and Ca;_,Mn,(M0O4)o 50(WO4)g 50 solid solutions [30]. For example,
the direct band gap estimated for Cag 95Mng gsM0oO4 and Cag 95sMng 05(M0oO4)g50(WO4)o.50
microcrystals was 3.76 and 3.85 eV, respectively [30]. Analogous materials obtained by
the combustion method showed a much higher E¢ values value, i.e., Mn2+—doped calcium
molybdate—4.18 eV and Mn?*-doped calcium molybdato-tungstate—4.07 eV [30].
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Figure 8. UV-vis absorption spectra of CaMoO, and CaMnGdMoWO ceramic materials obtained by
combustion method when 0 < x < 0.2500 and y = 0.0200 (a); Plot of (achv)? vs. photon energy (hv) of
the solid solution sample when x = 0.2000 and y = 0.0200 with determined band gap energy (Eg) (b).

The systematic decrease of the optical band with Gd**-doping is attributed to struc-
tural disorders and one-site fluctuations, which arise due to the substitution of W®* for
Mo®", Mn?* and Gd3* ions for Ca?* ones. This last replacement is non-equivalent and goes

according to the equation:
3Ca** - 2Gd* + 0 €

where 0 means vacant sites in cationic sublattice. Furthermore, there is a quite significant
electronegativity difference between Ca (1.00), Gd (1.20), and Mn (1.55) as well as between
Mo (2.16) and W (2.36). The differences in values electronegativity moved the valance
band towards the conduction band and lead to a decrease in band gap with doping. For
the CaMnGdMoWO materials with big Gd3* ions concentration, i.e., when x > 0.2222
(samples obtained by high-temperature sintering) and x > 0.1667 (materials obtained by
combustion method), direct band gap systematically increases. This means that defects
in the CaMnGdMoWO crystal lattice are ordered. This structure is rearranged so as to be
stable and regular. On the other hand, the band gap values determined for CaMnGdMoWO
samples, in which the Mn?* ions concentration changed, non-linearly decreased with
increasing concentration of these ions (Figure 9c).
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route (b).

Hybridization properties of doping materials cause lattice strain and its defects, e.g.,
Mn 34 electrons in CaMnGdMoWO can hybridize with O 2p electrons and form intermedi-
ate states between valance and conduction bands. Band tails show a strong dependence on
the localized states related to disorder in crystalline materials. The disorder is visible from
the tailing of band edges and is estimated by Urbach energy (Ey;) [40—-46]:

n=u exp<hv)
= K _
Ey

where « is an experimentally determined absorption coefficient and &g is a constant charac-
teristic of the material. Due to the correlation of the band gap to the tailing of band edges,
Eg values reduce as Ey; values increase. Hence, these are complementary to each other. The
Urbach energy is estimated by plotting In(«) vs. hv and fitting the linear portion of the
curve with a straight line [40-46]. The reciprocal of the slope of this linear region yields
the Eyy value. The Urbach energy values determined for CaMoO, and CaMnGdMoWO
samples are collected in Table 1. Figure 9a—c shows Ey; variation as a function of Gd** (x)
or Mn?* (y) concentration. As is clearly seen from these figures, the optical band gap values
change opposite to the degree of disorder in the structure of CaMnGdMoWO materials.
As a result, both a decrease in the optical band gap and the broadening of the Urbach tail
occurred. The lowest value of Eg (3.45 eV) was observed when the Urbach energy reached
its highest value, i.e., 541 meV for CaMnGdMoWO sample when x = 0.2222 and y = 0.0200.

®)
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2.4. EPR Spectra of CaMnGAdMoWO Materials

Samples of CaMnGdMoWO solid solution were also investigated in the electron
paramagnetic resonance (EPR) experiment. Considering the doping metallic ions and
the used synthesis method, CaMnGdMoWO samples were divided into the following
three groups:

- obtained using solid-state reaction method (fixed Mn2* contribution, i.e., y = 0.0200),
- obtained using solid sta-te reaction method (fixed Gd3* contribution, i.e., x = 0.1667)

and,
- obtained using combustion synthesis (fixed Mn?* contribution, i.e., y = 0.0200).

EPR spectra of different samples were observed, including their evolution as a function
of temperature within a temperature range of 80-300 K. Figure 10a shows resonance results
for samples with fixed Mn?* doping and varied gadolinium ions content, denoted by the
x parameter. As can be seen, EPR spectra revealed the existence of multi-line agreement
of manganese signal centered at c.a. 340 mT. This signal is clearly visible for samples
with lower gadolinium ions content (x = 0.0050), where only six narrow lines of Mn?*
paramagnetic ions appear (the lowest spectrum in Figure 10a). Such a signal is characteristic
for the condition of well-resolved hyperfine structure of manganese ions with the nuclear
spin I = 5/2.
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Figure 10. EPR spectra of CaMnGdMoWO samples with varied Gd3* doping obtained by solid
state reaction method (a); Temperature variation of I'T product, where I- integral intensity of EPR
signal (b).

With increasing of Gd** doping, manganese signal starts to be disturbed, and finally,
when gadolinium ions content exceeds x = 0.1430, only a wide gadolinium signal is observed
near 340 mT magnetic field position (upper spectrum in Figure 10a).

Changes in the observed EPR signal is caused by the coexistence of magnetic Mn?*
with Gd3* ions. This circumstance leads to perturbation of Mn?2+ arrangement, where
responsible magnetic centers no more fulfill the simple model of well-isolated ions. With
increasing of gadolinium ions content, the overall EPR signal should be described rather as
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a combination of gadolinium and manganese magnetic arrangement with complex mutual
interactions. At least, if gadolinium ions doping exceeds some level (in our case x > 0.1430)
only a wide resonance line of Gd>* ions is observed, as a result of the crystal field (fine)
interaction of S = 7/2 electronic spin of gadolinium.

But influence of Gd** ions on the Mn?* magnetic system originates not only from the
paramagnetic nature of three-valent gadolinium ions. As we mentioned in our previous
work, where comparable scheelites Caj 3y —yMny0xEuzx(M0O4)1-3:(WOy)3x were stud-
ied [29], disturbance of Mn?* is visible also under coexistence with non-magnetic Eu®* ions.
This mechanism was explained by charge non-equilibrium between di- and three-valent
ions where the creation of additional electronic vacancies (Ox) takes place. An increasing
number of electronic vacancies have an influence on nominally isolated manganese ions,
leading to the creation of complex magnetic arrangements. Disturbance of the magnetic
system is reflected in the evolution of the Mn?* EPR spectra where, at a significantly high x
value, only a wide overleaped resonance line is observed. Thus, as we believe, a similar
mechanism is responsible for the evolution of manganese resonance signal in present ma-
terials. Overleaping of the manganese line leads to circumstances, where the gadolinium
EPR signal dominates in the overall spectrum at a high x value.

As mentioned, CaMnGdMoWO samples were further investigated as a function of
temperature. EPR signal decreases with increasing of temperature according to Curie-Weiss
law: I= CAT-8), where I is the integral intensity of the resonance signal. Calculated values of
the 6 parameter are negative in all cases, indicating an antiferromagnetic (AFM) interaction
among responsible magnetic centers: Mn?* and Gd>*. The negative sign of magnetic
interactions could be visible in a graph with the relation of I-T product as a function
of temperature (Figure 10b). These diagrams show positive loop inclination between
calculated values, for different manganese ions doping, which confirms the domination of
AFM interactions among responsible ions.

Detailed calculations of 6 parameter values are not presented, as being uncertain due
to the mixing contribution of two different magnetic ions, but generally, § parameter rather
does not exceed a range of teens Kelvin’s, which indicates a not so strong (moderate) power
of magnetic interactions in CaMnGdMoWO materials.

If gadolinium ions” contribution exceed some level, the overall EPR signal consists of
only a symmetric wide line ascribed to Gd** ions. Such a situation was clearly observed
in the second group of GAMNGdMoWO materials, i.e., samples with fixed gadolinium
ions content when x = 0.1667. The spectra shown in Figure 11a revealed the wide EPR line
only, independent] of the variation of Mn?*-doping. Only for the sample with the smallest
manganese concentration, i.e., when y = 0.0066, the trace of the Mn?* signal is hardly visible
in the spectrum (inset in Figure 11a).

Among presented three spectra the signal for y = 0.0667 seems to possess most symmet-
ric shape. For this line detailed analysis of its shape has proceeded. Usually, symmetric EPR
lines are successfully described by the Lorentzian function. In our case best results were
obtained with using a small modification of the Lorentzian line known as the Dysonian
function. According to this attitude, the resonance mechanism includes not only microwave
absorption, but also some contribution to the dispersion process. As one can see, presented
in Figure 11b simulated Dysonian line truly reflects the experimental line shape.

Figure 12a shows the calculated I- T product as a function of temperature for second
group of CaMnGdMoWO samples with varied manganese ions doping. Positive loops,
confirming domination of the AFM character of magnetic interaction among responsible
magnetic ions, similarly as for group of samples with established manganese ions doping.

The last part of our investigations concerned the group of samples obtained by combus-
tion method, with fixed Mn?* content (y = 0.0200) and varied gadolinium ions contribution
(x). EPR spectra of two samples with: x = 0.0455 ((3) line) and x = 0.2000 ((1) line) are
presented in Figure 12b. As could be seen, with increasing Gd** content, the magnetic
structure of present materials is modified, where the EPR signal of Mn?* ions is signifi-
cantly overleaped by a wide gadolinium line. It could be explained by the increasing role of
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exchange interactions between two magnetic centers: tetrahedral Mn?* and dodecahedral
Gd3* ions taking place via an oxygen bridge. Thus, at higher Gd** concentrations, the
manganese ions are affected by the environment, and could not be treated as isolated

particles anymore.
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Figure 11. EPR spectra of CaMnGdMoWO samples with fixed Gd** content x = 0.1667 obtained by
solid state reaction method (a); EPR spectrum of CaMnGdMoWO sample with y = 0.0667 and its

simulation by Dysonian function (b).
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Figure 12. Temperature variation of I'T product of CaMnGdMoWO materials when x = 0.1667 (a);

room temperature EPR signal of CaMnGdMoWO samples when y = 0.0200 obtained by solid state
reaction ((1) and (3) line) and combustion ((2) and (4) line) methods (b).
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Figure 12b additionally presents EPR spectra of samples synthesized by solid state
reaction method. Comparing samples with similar x parameters one can conclude that
EPR signals are almost unchanged, in respect to the synthesis method. As we reported
in earlier work [30], synthesis during high-temperature sintering or combustion method
modifies the magnetic properties of scheelites, which is expressed with changes in the
EPR spectra. For Caj_,MnyMoO4 nanomaterials, combusted at 450 °C we observed
relatively well-resolved manganese EPR lines. According to us, it was connected with a
low size of grains in these materials, where the skin effect prevent the development of the
magnetic interaction along the structure, allowing the maintenance Mn?* ions as isolated
centers with visible fine structure. On the other hand, EPR signal of combusted samples:
CayMny(MoO4)0.50(WO4)o.50 was significantly overleaped, compared to a similar one
obtained by solid—solid reaction. As these samples were synthesized at a combustion
temperature 900 °C, we proposed an explanation with a mechanism, where a higher
temperature process prefers the creation of manganese-enriched areas embedded in the
matrix deprived of these ions. Thus, we observed that the EPR signal originates from a
dense Mn?* system, being far from an isolated ion model.

If we suppose, that the shape of EPR spectra is caused by competition between grain
size and temperature of the thermal process, in the present case both mentioned factors
lead to a specific equilibrium, where no changes in EPR spectra are observed (Figure 12b).
It means, that relatively high combustion temperature (900 °C) in CaMnGdMoWO sam-
ples caused similar Mn?* ions distribution in low grain materials, as in higher grains
CaMnGdMoWO obtained by solid—solid reaction at a lower temperature. A similar weak
influence of the thermal process on the EPR spectra wasobserved in our previous studies
on Pby_3,0,Gdy(M00O4)1_3:(WO4)3x (0 < x < 0.1774) scheelite structures [47].

3. Materials and Methods
3.1. Synthesis of CaMnGdMoWO Solid Solution

Microcrystalline samples of the new solid solution were obtained by two-step synthesis.
In both steps, a high-temperature solid-state reaction between appropriate reactants was
applied. The following initial materials were used in the first step of synthesis: calcium
carbonate (CaCO3), manganese oxide (MnO), molybdenum oxide (MoQO3), gadolinium
oxide (Gd,0O3), and tungsten oxide (WO3) (all raw materials of high-purity grade min.
99.95%, Alfa Aesar and without thermal pre-treatment). Calcium molybdate (CaMoOy),
manganese molybdate (MnMoOQy), and gadolinium tungstate (Gdz(WO4)3) were obtained
analogously to our previous studies [26,29]. In the next step, two series of ternary mixtures
comprising CaMoQO4, MnMoOy, and Gdy(WO,); were prepared, i.e., when MnMoO;,
concentration was constant and equaled 3.00 mol% (v = 0.0200) and gadolinium tungstate
was variable and ranged from 0.50 (x = 0.0050) to 50.00 mol% (x = 0.2500). The initial
MnMoQy4/Gdr(WQy)3/CaMoO,4 mixtures of the second series contained constant amount
of Gdy(WOQy)3, i.e., 25.00 mol% (x = 0.1667), and the content of MnMoQO, varied from
1.00 (y = 0.0066) to 10.00 mol% (v = 0.0667). The composition of all prepared mixtures
is given in Table 1 (Appendix A). They were sintered in corundum crucibles, in several
12 h heating stages, in air atmosphere, and at temperatures ranging from 900 to max.
1160 °C. After each sintering period, the mixtures were slowly cooled down to ambient
temperature, weighed, homogenized in a porcelain mortar, and examined using the X-ray
diffraction (XRD) method. A slight mass loss (not higher than 0.09%) was observed for
each initial mixture during its heating. This observation clearly shows that the synthesis of
new CaMnGdMoWO solid solution runs practically without mass change. This process
can be described according to the general equation:

(1 —3x — y) CaMoO4 + X Gdz(WO4)3 +y MHMOO4 = (4)
Cal—3x—yMnyDdeZX(MOO4)1—3x(WO4)3x

The formula of each obtained sample is shown in Table 1.
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Some samples of CaMnGdMoWO solid solution were synthesized via the combustion
method [27]. As precursors in this synthesis, the following high-purity reactants were used:
Gd;03, MnO, CaCO3, ammonium molybdate (NH)sMo70,4-1.36 H,O, Alfa Aeasar),
ammonium tungstate (NH4)10W12HO47-3.45 HyO, Alfa Aeasar) and citric acid (as fuel,
CeHgO7-HyO, Alfa Aeasar) [27]. The Gd, Mn, and Ca precursors as well as fuel were
dissolved on heating in an aqueous solution of nitric acid (1:1). Next, ammonia solution
was slowly added, and pH was made to ~5. Appropriate amounts of Mo and W precursors
were dissolved in hot water in a separate beaker. The obtained solutions were mixed
together and heated at 110 °C to completely evaporate water. In the next step, the obtained
gel was heated carefully at 300 °C. During combustion synthesis the gel burned out with
rapid evolution of a large quantity of fume, yielding voluminous powder. Finally, the
as-burnt powder was heated at 900 °C for 2 h [27].

3.2. Characterization of Methods

Powder X-ray diffraction patterns of all samples were recorded within the 10-100°
20 range with the scanning step 0.013° on an EMPYREAN II diffractometer (PANalytical,
Almelo, The Netherlands) using CuKa; » radiation (A = 1.5418 A). Next, XRD patterns were
analyzed by HighScore Plus 4.0 software, and lattice parameters were calculated using
POWDER 2.0 software [48,49]. Density of each sample was measured on a Quantachrome
Instruments Ultrapycnometer (model Ultrapyc 1200 e, Boynton Beach, FL, USA) using
nitrogen (purity 99.99%) as a picnometric gas.

Simultaneous TG and DTA measurements (the results not presented here) of ammo-
nium molybdate and tungstate were carried out on a TA Instruments thermoanalyzer
(model SDT 2960, USA) at the heating rate of 10 deg min~!, and in the temperature range
from 25 to 700 °C (the air flow 110 mL h~!). The mass of each sample for DTA-TG mea-
surements was ~30 mg. The mass losses recorded on TG curves and connected with the
dehydration processes of both hydrates allowed a precise determination of the number of
water molecules in Mo and W precursors.

Melting point of some CaMnGdMoWO samples was determined using a pyrometric
method. The samples of the solid solution when x = 0.0050; 0.1667; 0.2500 and y = 0.0200
as well as x = 0.1667 and y = 0.0667, previously pressed into pellets using a hydraulic
press at 15 MPa, were heated in a resistance furnace. Their image and temperature were
continuously recorded by a pyrometer Raytek (model RAYMMIMHSF2V) during the
gradual rise of temperature in a furnace. The melting point of each sample was determined
at this temperature when its image of pellets disappeared in a camera. This moment
indicated that the pellet had melted.

UV-vis diffuse reflectance spectra were recorded within the range of 200-1000 nm
using a JASCO-V670 spectrophotometer (JASCO Europe S.R.L., Cremella, Italy) equipped
with an integrating sphere.

Grain size and morphology of some CaMnGdMoWO materials as well as their ele-
mental composition were examined using field emission scanning electron microscopy
(FE-SEM) Hitachi SU-70 (Hitachi, Naka, Japan) microscope and NORAN™ System 7 of
Thermo Fisher Scientific (Madison, WI, USA) equipped with UltraDry energy dispersive X-
ray detector), respectively. SEM analysis was performed at an accelerating voltage of 10kV
and secondary electron images were acquired. The samples under study were coated with
a palladium—gold alloy thin film using the thermal evaporation PVD method (evaporator
JEOL JEE-4X (JEOL, Tokyo, Japan) to provide electric conductivity.

EPR spectra of doped materials were recorded on a conventional X-band Bruker
ELEXSYS E 500 CW-spectrometer operating at 9.5 GHz with 100 kHz magnetic field
modulation. The first derivative of the absorption spectra has been recorded as a function
of the applied magnetic field. Temperature dependence of the EPR spectra of solid solutions
under study in the 78-300 K temperature range was recorded using Oxford Instruments
ESP helium-flow cryostat.
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4. Conclusions

In this study, new Caj 3y ,Mny0xGd2¢(M0O4)1 —3,(WO4)3, solid solution (x = 0.0050;
0.0098; 0.0283; 0.0455; 0.0839; 0.1430; 0.1667; 0.2000; 0.2222; 0.2500 when y = 0.0200 as well
as y = 0.0066; 0.0333; 0.0667 when x = 0.1667) was synthesized using solid state reaction
method and combustion route. XRD analysis identified that new ceramic materials tend
to crystallize in tetragonal scheelite-type structure (space group I4, /a) within the whole
homogeneity of solid solution. Unexpectedly, both lattice parameters (2 and c) changed
nonlinearly (usually increased) with increasing Gd**-doping when Mn?* ions content in
the samples was constant. Expansion of the unit cell volume was observed practically
within a whole homogeneity concentration range of solid solution. New ceramics melt
in air and their melting point decreased as Gd>* as well as Mn?* ions concentrations
increased. Applying of combustion method made it possible to obtain CaMnGdMoWO
powders with a submicro grain size, i.e., from ~500 nm to max. a few micrometers. All
materials are insulators and their direct band gap nonlinearly changed with the increase
of both doping ions’ concentrations. The UV-vis studies revealed a structural disorder in
CaMnGdMoWO samples that was confirmed by an increase of Urbach energy with Gd**
and Mn?*-substitution.

EPR spectra of CaMnGdMoWO materials confirmed the existence of two types of mag-
netic objects, i.e., MnZ* and Gd3* ions. The fine structure of six well-resolved manganese
ions was observed only in samples with very low gadolinium ions contents. Under these
circumstances manganese ions occupy a central position in MoO; tetrahedra. Increasing
concentration of Gd3* ions in the dodecahedral position disturbs the Mn?* arrangement,
which means that manganese should not be treated as well-isolated ions, and MoOj tetra-
hedra are significantly distorted. The fine structure of Mn?* starts to be overleaped by
complex dipolar and exchange interactions thus, as a result, only a wide gadolinium ions
resonance line is visible in EPR spectra at higher Gd*>* contents.

The temperature dependence of the EPR signal intensity fulfills the Curie-Weiss
relation, indicating significant antiferromagnetic (AFM) interactions among responsible
ions. Detailed analysis is difficult due to the combined coexistence of two different magnetic
Mn?*and Gd3* ions in this case. But the general domination of AFM interactions is proved
and similar results were reported earlier, where Mn?* ions were embedded in comparable
scheelite materials.

A significantly lower grain size of samples obtained by combustion route is the reason
of maintaining Mn?* ions as being better isolated in structure, compared to samples ob-
tained by solid—solid reactions. On the other hand, a high temperature of combustion could
be the reason for the non-uniform distribution of Mn%* ions, where mutual interactions are
conducive to creating complex magnetic arrangements.
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Appendix A

Table 1. Composition of initial Gda(WO4)3/MnMoO,/CaMoO, mixtures, formula of Caj_3y-,Mny0xGd2,(M00O4)1 -3, (WO4)3, (CaMnGdMoWO) solid solution, a

and c lattice parameters, c/a ratio, experimental density, determined direct band gap energy (Eg) and Urbach energy (Ey;) of obtained materials.

Gd(WO4)3 MnMoO, Formula of CaMnGdMoWO Solid Solution, Lattice Parameters Density Eg [nfeuV]
Content Content Values of x and y Parameters o o [g:ecm—3] [eV]
[mol%] [mol %] a[A] c[A] cla
CaMnGdMoWO when y = 0.0200 (solid state reaction method)

0 0 x=0y=0 CaMoOQy 5.22961(12) 11.4410(4) 2.1877 4.24(2) 3.81 295
0.50 3.00 x = 0.0050 Ca.9650Mn0,0200 J 0.0050Gelo.0100 (M0O4)0.9850(WO4)o.0150 5.22301(9) 11.4310(8) 2.1886 4.32(1) 3.81 296
1.00 3.00 x =0.0098 Ca.9506Mno.0200 [ 0.0098 Gdo.0196 (M0O4)0.9706 (WO4)0.0204 5.22829(4) 11.4300(12) 2.1862 4.33(2) 3.81 297
250 3.00 x=0.0283 Cap 5951 M0 6200 00,0255 G 0566 (M0Os)oo1s (WOs Yo gsse  5.22997(5) 11.4299(6) 2.1855 4.48(1) 3.80 302
5.00 3.00 x = 0.0455 Caos435Mno 02000 0.055G 00910 (M0O3)os63s(WOs)o136s  5:23236(4) 11.4234(7) 2.1832 4.72(1) 3.79 304
10.00 3.00 x=0.0839 Ca.7283Mno 0200 D 0.0839Gdo 1678 M0O4)o7ass (WO Yoos1y  5.23612(6) 11.4173(7) 2.1805 4.99(2) 378 323

20.00 3.00 x=0.1430 Cas510Mnoo200 0 0.1430Gdo 2560 MO )0 5710(WO)oazs0 5.23958(6) 11.4246(8) 2.1804 551(2) 3.70 363
25.00 3.00 x=0.1667 Ca.4709Mng 0200 00 1667 G0 3334 (M0Os3 )0 4900 (WOsYoso01  5.23861(5) 11.4279(5) 21815 5.63(1) 3.64 409
33.33 3.00 x =0.2000 Ca3500M10 6200 0 02000Gdo.4000 (M0O1)o.1000 (WO Yosooo  5.23821(8) 11.4573(9) 2.1873 5.94(1) 3.58 466
40.00 3.00 x=02222 Cap3134Mn0 02000 02220Gdo 444 (M0O1)o 3334 (WO osess  5.23517(7) 11.4513(5) 2.1874 6.38(2) 3.45 541
50.00 3.00 x=0.2500 Ca2300Mno.020000.2500G 0 5000 (M0O1)o2500(WOsJoyse0  5.23567(12) 11.4391(6) 2.1848 6.67(1) 3.70 337
CaMnGdMoWO when y = 0.0200 (combustion method)
x=0,y=0 CaMoOy 5.23076(9) 11.4456(7) 2.1881 4.23(2) 3.96 289
x =0.0455 Cag 8435Mn,0200 0 0.0455 Gd.0910(M0O4)0.8635(WO4)0.1365 5.23004(11) 11.4188(9) 2.1825 4.05(3) 4.15 334
x =0.1667 Cag.a799Mng 0200 0 0.1667Gd 3334 (M0O4 )0 4999 (WO4)0.5001 5.23740(8) 11.4227(7) 2.1841 5.79(3) 3.98 356
x =0.2000 Cap 3800 Mn0,0200 [J 0.2000Gd0.4000 (M0O4)0.4000 (WO4)0.6000 5.23532(9) 11.4440(8) 2.1859 6.05(2) 4.18 342
x=0.2500 Ca.2300Mn0.0200 0 02500Go. 5000 M0Os)o 2500 (WOs)oss00  5.23653(6) 11.4580(9) 2.1881 6.49(3) 427 329
CaMnGdMoWO when x = 0.1667 (solid state reaction method)
25.00 1.00 y =0.0066 Ca.4933Mno 0066 [ 0.1667G d0.3334 (M0O4)0.4999 (WO4 )0 5001 5.24167(6) 11.4309(6) 2.1808 5.86(2) 375 365
25.00 5.00 Y =0.0333 Caos66Mno.0333 00,1667 G0 3334 (M0O1 )0 400 (WOsYosoo1  5.23624(7) 11.4233(7) 2.1816 5.87(3) 3.64 398
25.00 10.00 Y =0.0667 Ca.43:Mno 067 Do.1667Gdo 3331 M0O1)o.as99 (WO Josoor  5.22944(6) 11.4047(8) 2.1809 5.92(1) 3.62 363
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