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Abstract: Co doped bismuth magnesium tantalate with a pyrochlore structure (sp. gr. Fd-3m) was
synthesized for the first time using the standard ceramic method. Single phase Bi;Mg;_CoxTayOg
samples were found to be formed when x < 0.7 in the X-ray phase analysis. However, with a
higher cobalt content in the samples, the impurity phase 3-BiTaOy (sp. gr. P-1) is detected, and its
amount is proportional to the degree of cobalt doping. The formation of solid solutions is evidenced
by a uniform increase in the unit cell parameter of the Co,Mg co doped bismuth tantalate phase
with an increase in the content of cobalt ions in the samples from 10.5412(8) (x = 0.3) to 10.5499(8)
A (x = 0.7). The samples exhibit a porous microstructure consisting of chaotically oriented and
partially fused elongated grains measuring 1-2 pum. The dependence of the ceramic grain size on the
n(Mg)/n(Co) ratio was not determined. X-ray spectroscopy (ear dge X-ray bsorption ine tructure
(NEXAFS) and X-ray photoelectron spectroscopy (XPS)) was used to study the charge state of ions in
BisMgj_xCoxTapOg. The NEXAFS and XPS data showed that doping with cobalt and magnesium did
not change the bismuth and tantalum oxidation states in pyrochlore; in particular, the ions maintained
their oxidation states of Bi(+3), Mg(+2) and Ta(+5). The energy position of the peaks of the Ta4f-,
Ta5p-, Tadd spectra had a characteristic shift towards lower energies compared to the binding energy
in pentavalent tantalum oxide Ta;Os. A shift towards lower energies is characteristic of a decrease in
the effective positive charge; in particular, for the Ta4f and Ta4d spectra we presented, this energy
shift was AE = 0.65 eV, and in the region of the Ta4d edge—0.55 eV. This in turn allowed for us to
assume that tantalum atoms have the same effective charge +(5-5). The oxidation state of cobalt ions
was predominantly 2+ and partially 3+, according to NEXAFS spectroscopy data.

Keywords: pyrochlore; co doping; BiTaOy4; XPS; NEXAFS

1. Introduction

Synthetic pyrochlores represent a significant group of materials that are in demand
in various technological applications due to a wide range of practically useful properties,
such as metallic and ionic conductivity, superconducting and ferroelectric properties [1,2].
They may also be characterized by ferro- and antiferromagnetism, magnetoresistance and
spin glass state [3,4]. Synthetic pyrochlores have found application in solid-state devices
as thin-film resistors, as thermistors and communication elements, and are promising as
photocatalysts and components of ceramic molds for radioactive waste.

Complex oxides with a pyrochlore structure may be promising as a dielectric layer in
multilayer ceramic capacitors, tunable microwave dielectric components, resonators and
microwave devices due to their good dielectric properties that are tunable by the electric
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field. They are distinguished by a low sintering temperature and chemical compatibility
with low-melting silver and copper conductors [5-7]. Traditionally, the crystal structure of
oxygen-containing pyrochlores is described by the general formula A;B,Oy5. It contains
two interpenetrating and weakly interacting A,O’ sublattices with an anti-cristobalite
structure and a B,Oq4 sublattice [8,9]. The octahedrons of the B,Og4 basic structure form a
vertex-bound tetrahedral framework, the voids of which contain two large cations A and
an additional atom O for each formula unit of the (BOs3), framework. Relatively small
B cations (Ti(IV), Ta(V), Nb(V)) are placed in the oxygen octahedra, while large A ions
(Bi(I1I), Pb(1I), TI(I)) are located in a polyhedron of eight oxygen atoms of the A,O and
B,Og sublattices. The wide range of cation substitutions in the A and B crystallographic
positions is due to the structural flexibility of pyrochlores caused by the tolerance of
the AO sublattice to the formation of cationic and oxygen vacancies. Therefore, along
with traditional A,B,O; pyrochlores such as A3*;B*",0; and A%*,B*,0;, which cationic
sublattices are homogeneous and filled with ions of the same chemical nature, mixed
A,BB’O7 pyrochlores with a BOg sublattice filled with different valence ions B and B” have
also been found [8]. The concept of tolerance factor based on the ratio of cationic radii of
ions of AyO and B,Og sublattices is widely used to describe the stability of the formed
compositions. According to [8], the range of rA/rB = 1.46-1.80 values for A3*,B*,0; and
1.40-2.20 for A%*,B%*,0; limits the stability of binary pyrochlores. The proposed criterion
has proved to be excellent for evaluating the preservation of the pyrochlore structural type
for binary oxide pyrochlores formed in 3+/4+ or 2+/5+ stoichiometry. Meanwhile, for
mixed pyrochlores, the stability criterion has an indirect application and does not give an
understanding of the maximum capacity of dopants in the pyrochlore cationic sublattices.
Generally, the concentration fields of mixed pyrochlores formation are currently determined
experimentally, as has been done for pyrochlores in Bi;O3-MO,—Ta(Nb),0O5 (M-Co, Ni, Mn,
Fe, Cu, Zn) systems [10-12]. The mixed placement cation in two non-equivalent cationic
sublattices is due to the doping of pyrochlores with heterovalent and disproportionate ions
of transition 3D elements (Zn%*, Mn?*, Co?*, Cu®*). This substitution of 3D-element ions
causes tension in the octahedral framework. This doping type results in the formation of a
sublattice of partially vacant A cations mixed with other cations in the pyrochlore structure,
resulting in the appearance of relaxation properties in the ceramics [13,14].

Bismuth-containing pyrochlores are promising for use in multilayer ceramic capacitors,
resistors, resonators, microwave sensors and filters, electrocatalysts and photocatalysts,
due to their excellent dielectric properties. Currently, complex oxides with a pyrochlore
structure based on bismuth tantalate and niobate, doped with 3D ions, are being actively
studied [15-20]. Cobalt-containing pyrochlores based on bismuth tantalate have not been
studied enough. There is one known work [17] which shows that pyrochlore of the
composition Bij 49Cog gTa; 4O7 o contains heterovalent cobalt ions Co(Il) and Co(Ill). Similar
cobalt pyrochlores based on bismuth niobate have been extensively researched over a wide
range of concentrations for the Bi;O3-CoO-Nb,Os5 system [12]. The research indicates that
single-phase pyrochlores have a Bi-deficient stoichiometry, in which Co(II) ions occupy
8% to 25% of the A positions. The paramagnetic atoms exhibit a weak antiferromagnetic
exchange, while cobalt atoms have an effective charge of +(2,2), indicating the presence of
dissociated cobalt ions. In this study, we synthesized a complex Co,Mg co doped tantalate
pyrochlore and investigated the effect of magnesium ions on the electronic state of ions in
the pyrochlore composition, including cobalt ions, using X-ray spectroscopy.

2. Experimental Part

Samples of Bi;Mg;_CoxTapyOg (x < 1.0) were synthesized using oxides of MgO, Bi, O3,
Co0 and Ta;Os via the solid-phase reaction method. The oxides were finely ground and
mixed with stoichiometric proportions and pressed into disk-shaped compacts (10 mm
diameter, 3-4 mm thickness). High-temperature treatment of the samples was carried out
sequentially at 650 °C (15 h), 850 °C (15 h), 950 °C (15 h) and 1050 °C (15 h). At each stage
of the synthesis, the samples were finely ground into powder and compacted in the form
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of disks for close contact of the ceramic grains. X-ray phase analysis of the samples was
carried out using a Shimadzu 6000 X-ray diffractometer (SHIMADZU CORPORATION,
Kyoto, Japan) (CuK« radiation). The unit cell parameters of the samples were calculated
using the software package CSD-4 [21]. The microstructure of the synthesized samples was
studied using scanning electron microscopy (SEM). The local chemical composition of the
samples was studied by energy dispersive X-ray (EDX) spectroscopy using a Tescan VEGA
3LMN scanning electron microscope (Kohoutovice, Czech Republic) and an INCA Energy
450 energy dispersive spectrometer (Oxford Instruments, Abingdon, UK), respectively.
X-ray photoelectron spectra (XPS) were obtained using the equipment of the resource
center of the Science Park of St. Petersburg State University (St. Petersburg, Russia)
“Physical methods of surface research”. XPS analysis was carried out on a Thermo Scientific
ESCALAB 250Xi X-ray spectrometer (Waltham, MA, USA). An X-ray tube with AlK«
radiation (1486.6 eV) was used as a source of ionizing radiation. The ion—electronic charge
compensation system ensured the neutralization of the electrical charge of the samples.
All absorption bands in the spectra were calibrated relative to the Cls peak, in which the
energy position corresponds to an energy of 284.6 eV. The ESCALAB 250Xi spectrometer
software, (Thermo Fisher Scientific, Great Britain, Avantage v5.9925) made it possible to
process the experimental data of the samples. Studies of the samples using the near-edge
X-ray absorption fine structure (NEXAFS) method were carried out at the NanoFES station
of the synchrotron radiation source KISS, Kurchatov Institute (Moscow). NEXAFS spectra
were acquired in total electron yield (TEY) mode with an energy resolution of 0.5 eV.

3. Results and Discussion
3.1. Phase Composition of the BiyMg1_CoxTa;0q

The X-ray phase analysis allows us to determine that the samples with the composition
BisMg;_«CoxTaOg (0 < x < 0.7) are single-phase and crystallize in the cubic pyrochlore
structural type (sp. gr. Fd-3m) (Figure 1). When x > 0.7, in addition to the reflections of the
basic cubic phase, reflections of the triclinic modification of bismuth orthotantalate (BiTaOy,
sp. gr. P-1) are observed on the X-ray diagrams of the samples [22]. The cobalt doping
amount is directly proportional to the level of BiTaO4 impurity in the samples, which the
content at x(Co) = 0.7 does not exceed 4 wt.%. The unit cell parameter of cubic pyrochlore in
BipMg1_xCoxTapOg increases uniformly with increasing cobalt ion content from 10.5412(8)
(x = 0.3) t0 10.5499(8) A (x = 0.7). It is important to note that the cell parameter growth is in-
significant with increasing cobalt content despite significantly larger ionic radii of cobalt(II)
and magnesium compared to the radius of tantalum(V) ions (R(Co(H))h'S‘C,n_6 =0.745 A,
RMg(I))cn6 = 0.72 A, R(Ta(V))ens = 0.64 A) [23]. Here, the symbol h.s. (high spin)
denotes the high spin state of the ion, symbol c.n. (coordination number) denotes the
coordination number of the ion. The cell parameter remains relatively constant due to the
presence of cobalt(Il) ions in the bismuth position, which have a larger ionic radius than
that of Co(II) (R(Co(ID)™ S g = 0.9 A, R(Bi(Il)). n.g = 1.17 A) or due to the oxidation of
some cobalt(II) ions to Co(III) with a smaller ionic radius (R(Co(II))™ .6 = 0.545 A). In
all cases, it is assumed that the oxygen polyhedral environment creates a crystal field of
weak to medium strength which leads to a high spin state of cobalt ions. The calculated
unit cell parameters of BixMgj_4CoxTa,Og samples correlate well with the literature data
for the Bi; ¢CopgTa; 6072 (pr. gr. Fd-3m:2, a = 10.5526(2) A z=8 (No. 227) [24] and
Biy.49C00Ta1 407, (a = 10.54051(3) A) [17] compositions.

The calculated cell parameter is much larger than that of nickel pyrochlore based on
bismuth tantalate (2 = 10.5343 A) [18], and on the other hand is closer to that of cobalt
pyrochlores based on bismuth niobate (2 = 10.580-10.556 A) [12]. This similarity of the cell
parameter of BixMg;_,CoxTayOg to niobium pyrochlores can be explained by the close
similarity of the ionic radii of niobium(V) and tantalum(V), and the coincidence of the
charge state of cobalt ions. Meanwhile, the cell parameter for the niobium-containing
analog of Bi;CoNb,Oy, according to [25], is much smaller at 10.510 A. Notably, the unit cell
parameter of the magnesium pyrochlore BiyCoNb,Qy is larger at 10.54607 A [26], compared
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to that of the solid solutions Bi;Mg;_CoxTayOg at x = 0.3 (a = 10.5412(8) A)and x =05
(a =10.5434(8) A). This apparent contradiction can be explained if we assume that a certain
fraction of cobalt(Il) ions is located in the crystallographic positions of bismuth cations 3.
This is favored by the difference in the ionic radii of cobalt(II) (R(Co(I))MS . = 0.745 A)
and magnesium (II) (RMMg(II))cn-6 = 0.72 A), and because some of the cobalt ions are
oxidized to the Co(III) state, which has a much smaller radius than Co(Il). As was shown
earlier [17], the presence of bismuth orthotantalate impurities in the samples can be associ-
ated with the placement of Co(II) ions, not only in the octahedral sublattice of tantalum(V),
but also in the bismuth(Ill) sublattice, which is due to the higher radius of Co(II) ions
than Mg(II). Large cobalt(Il) ions are mainly distributed into the octahedral sublattice of
tantalum(V), creating oxygen vacancies and causing stress in the octahedral framework
due to their low charge and large size.
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Figure 1. X-ray patterns of BiyMg;_xCoxTayOg samples at different values of the x(Co) index.
Asterisks indicate phase reflections of BiTaOy in the X-ray diffraction pattern.

Apparently, to relieve the stress of the octahedral framework, a certain fraction of
cobalt(II) ions is distributed into the crystallographic positions of bismuth(III). This distri-
bution requires vacancies in the bismuth sublattice. It can be assumed that vacancies are
formed as a result of the formation of bismuth orthotantalate as an impurity phase [17,24].
In most cases, the amount of bismuth orthotantalate is equivalent to the number of 3D
ions distributed at the bismuth ion position. In our case, most likely, cobalt(ll) ions can be
distributed in the bismuth position due to the larger ionic radius of cobalt(II) ions compared
to magnesium(Il) ions. The need to distribute cobalt in the bismuth position increases
with increasing cobalt content in solid solutions, for which the index x(Co) is responsible.
Indeed, at x(Co) = 0.7, we observe an impurity phase —BiTaOj in the X-ray diffraction
patterns of the samples.

According to SEM data (Figure 2), the microstructure of the sample is porous, with
partially fused and randomly located elongated grains 1-2 pum in size. As can be seen from
the microphotographs, the dependence of the ceramic grain size on the n(Co)/n(Mg) ratio
has not been reliably established. We can only state that with an increase in cobalt content,
the ceramic grains stick together into larger aggregates, which will lead to an increase in the
density of the ceramic as a whole. Local chemical analyses of the samples by EDS show that
the experimental qualitative and quantitative composition corresponded to the expected
chemical composition (Figure 2).
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Figure 2. SEM microphotographs of the Bi;Mg;_,CoxTaOg at x(Co) = 0.3-0.7.

3.2. NEXAFS and XPS of the BiyMgi_xCoxTay Oy

Figure 3a—f presents XPS Bi5d-, Ta4f-, Ta4d-, Mgls-, Co2p- and survey spectra of
Co,Mg co doped bismuth tantalates with varying Co/Mg ratio, as well as absorption
spectra of metal oxide precursors, which were used in the synthesis of Bi;Mg;_,CoxTaOg
samples. The Mgls-spectrum also includes the results of decomposition into separate
peaks modeled by Gauss-Lorentzian curves, and the background lines modeled by Shirley-
or smart-approximation. Table 1 displays the energy positions of the spectra details of
BiyMgp 5C0p5TapO9, BiMgTayOg and BipCoTayOg. The XPS survey spectra (Figure 3a)
exhibit a Cls peak associated with the presence of irremovable surface contamination on
the samples. The presence of organic surface contaminants can contribute to the intensity of
the Ols peak and affect the reliability of the signal intensity analysis. Therefore, the surface
composition of the samples was interpreted based on XPS spectra of bismuth, tantalum
and cobalt atoms.

Table 1. The peak energy positions in the XPS spectra of BioyMg(5Cog5TaxOg, BixMgTayOg and
BizCOTazOt;.

Energy Position (eV)

Peak Bi, Mg 5C0o.5Ta, 0o Bi,MgTa, 00 Bi,CoTa, 0o
Bidfy» 159.05 159.03 158.85
Bidfs,» 164.38 164.35 164.16
Bi5ds ) 26.08 26.11 25.93
Bi5d3 ) 28.98 29.08 28.84
Tadf; , 25.59 25.66 25.46
Tadfs/» 27.49 27.56 27.36
Tadds 230.08 229.78 230.05
Tadds,, 241.02 241.44 241.05

Mgls 1302.64 1303.19
Co2p3/> 780.64 780.39
Co2p1 7 796.43 796.18

Co2ps, sat 785.94 786.01

Co2py , sat 801.73 801.80
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Figure 3. Survey (a), Bi 4f (b) and Ta 4f (c) XPS spectra of BipMgp5Cop5TaxOg, BiyMgTaOg,
BiyCoTayOg and TapOs and BiyO3 oxides; Mg 1s (d), Ta 4d and Bi 5d (e); Co 2p XPS spectra of

BipMgg 5Cog5TayOg, Bi;CoTayOg and Co304, CoO oxides (f).

It is important to note that doping the compounds with cobalt and magnesium ions
did not significantly affect the spectral characteristics of tantalum, bismuth and magnesium
ions. Analysis of XPS Bi4f and Bi5d spectra of solid solutions and bismuth (III) oxide
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(Figure 3b,c) shows that the energy position and peak width in the spectra of all samples
are nearly identical and correlate well with the corresponding spectra of Bi,O3 oxide. The
energy position of the peaks in XPS Mgls spectra (Figure 3d) indicates the presence of
divalent magnesium ions [27]. Based on the above, it was concluded that the oxidation
state of bismuth and magnesium ions is 3+ and 2+, respectively. Analysis of the XPS Bi5d
spectra of the samples revealed a shift of the bands to a low-energy field. It is interesting
to note that in the XPS spectra of Bi5d (Figure 3c), the shift of the Bi5ds,, and Bi5d3,,
absorption bands towards the lower energy is maximal for Bi;CoTap,Og (Bi5d5,, peak
position—25.93 eV) sample compared to Bi;MgTa,Og (Bi5d5,, peak position—26.11 eV)
and Bi;Mgp 5Cog 5TapOg (Bi5d5,, peak position—26.08 eV) samples; this indicates that the
effective charge of bismuth ions decreased. The decrease in the effective charge of bismuth
ions can be explained by the distribution of divalent dopant ions into the crystallographic
positions of bismuth.

The largest energy shift is observed for the cobalt composition, while the smallest shift
is observed for the magnesium composition, indicating that cobalt ions are more likely
to be placed in the bismuth position. The intermediate values of the energy positions for
Bi5d3/, and Bi5d5,, absorption bands in XPS Bi5d spectra of BipMgp 5Cog 5TayOg support
this conclusion. The conclusion that tantalum ions have the same oxidation state was
made on the basis of the undistorted and simple shape of the peaks in the absorption
spectra of tantalum. Meanwhile, analysis of the XPS Ta4f, Ta5p and Ta4d spectra of
BipMg 5Cop 5TayOg samples (Figure 3c,e) showed that the energy positions of the peaks
shifted towards lower energies compared to the binding energy in tantalum(V) oxide.
The energy shift of the bands in the Ta4f and Ta4d spectra to the low-energy region is
AE =0.65 eV and AE = 0.55 eV, respectively. The observed shift of the bands indicates that
tantalum ions have a lower effective charge +(5-6), which may be due to the placement of
a certain fraction of heterovalent cobalt and magnesium ions in the octahedral positions
of tantalum(V). It is appropriate to note that we observed the effect in the XPS Ta4f and
Ta4d spectra of pyrochlores based on bismuth tantalate doped with Cr, Fe, Co, Ni and Cu
atoms [18,24]. We explain the energy shift of the bands in the Ta4d and Ta5p spectra of the
BiyMg( 5C005TayOg, BixMgTa,Og and Bi;CoTay;Og samples in a similar way, namely with
the replacement of octahedrally coordinated tantalum(V) ions by heterovalent cobalt and
magnesium ions. In this case, the BipMgTa,Og composition has the lowest energy position
of the Ta4ds,, band at 229.78 eV, which is associated with the lowest effective charge of
tantalum ions. XRD analysis shows that only magnesium ions are placed at the tantalum(V)
position in BiyMgTa,Oy, reducing its effective charge. In this case, the energy shift of the
absorption bands for Bi;Mgp 5Cog 5TayOg and Bi;CoTa;Og samples will be smaller than that
observed by the XPS due to the ability of cobalt ions to occupy the bismuth position and
have a variable oxidation state other than 2+. This information can be used to analyze the
shift of the absorption bands of bismuth(IlI) and tantalum(V) ions to qualitatively evaluate
the distribution of dopant ions.

Now the discussion will move forward to the XPS Co2p spectra (Figure 3f) of Bi,Mgy 5
Cop5TapOg and BiyCoTayOg samples. It is important to note that this spectra energy range
includes the peak responsible for the Ta4p; /, absorption band, which can complicate the
cobalt spectra analysis. However, comparing the spectra of the samples with the spectra of
Co0304 and CoO [28] shows that the energy position of the main peaks in all the aforemen-
tioned spectra is practically identical. The XPS Co 2p spectra of the BixMg;_,CoxTayOqg
and CoO exhibit satellite peaks, which are a characteristic feature of 3D atoms in the di-
valent state [29]. This suggests that the cobalt atoms in the BiyMg;_CoxTayOg9 samples
predominantly have a 2+ charge state.

NEXAFS analysis of Co2p spectra of the BipMg;_CoxTayOg samples at x(Co) = 0.5
and 0.7 and cobalt oxides (Figure 4) leads to a similar conclusion about the charge state of
cobalt ions. The spectra of the samples generally correlate with the CoO spectrum, but there
are some differences. The spectrum of CoO has energy maximums at 778, 780 and 781 eV.
Meanwhile, the complex oxides have a broad diffuse absorption spectrum with a character-
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istic peak at 780 eV. The shoulder observed at 781.5 eV may be related to the absorption
band characteristic of Co(IlI) ions, which is also visible in the NEXAFS Co2p-spectrum of
Co304. However, the change in the relative content of Mg/Co atoms in BiyMg;_CoxTapOg
samples makes it difficult to clearly determine the Co(II)/Co(IIl) ions ratio, due to the close
proximity of the absorption spectra centers and insufficient signal resolution. It can be
concluded that the spectra of samples with different x(Co) are a combination of absorption
bands from Co(II) and Co(IIl) ions. No significant differences were observed between the
spectra of BiMg;_CoxTayOy and Bi;CoTapOy, and the influence of magnesium ions on
the oxidation degree of cobalt was not identified. Based on the X-ray spectroscopy data, it
can be concluded that cobalt ions in pyrochlore have a predominantly 2+ oxidation state.

Co2p;),

BizCoTazO9

TEY, a.u.

Bizl\«IgOJC‘oO:?TazO9

Bi)Mg, .Co, ;Ta,0,

CoO
Co304

T T T T T
775 780 785 790
Photon energy, eV

Figure 4. NEXAFS Co2p spectra of BiyMg;_,CoxTayOg and cobalt oxides CoO and Co30y4.

4. Conclusions

The Bi;Mg;_«CoxTapyOg samples crystallize in the pyrochlore structure and are single-
phase up to x < 0.7. A linear increase in the unit cell parameter of the pyrochlore phase with
increasing cobalt content in the samples linearly indicates the formation of solid solutions.
In the XPS spectra of the studied samples of solid solutions, a shift in the absorption bands
of bismuth ions (Bi4f and Bi5d) to the low-energy region of the spectrum was recorded,
which may be due to the placement of a certain fraction of Co(II) ions in the crystallographic
positions of bismuth. According to X-ray spectroscopy data, it was established that the
oxidation degree of bismuth and magnesium ions is (+3-0) and (+2), respectively. The
absorption band in XPS Ta4f and Ta4d spectra shifted to the lower energy region by the
value AE = 0.65 eV, and in the region of the Ta4d edge by the value AE = 0.55 eV relative
to TapOs, indicating that tantalum ions have the oxidation degree Ta(+5-5). The results
indicate that doping pyrochlores with magnesium ions does not significantly oxidize cobalt
ions. Cobalt ions in pyrochlores are primarily in the 2+ oxidation state and to a lesser extent
in the 3+ oxidation state. Data from spectroscopic studies show that atoms of transition 3D
elements can be distributed over two cationic sublattices, while preferring the octahedral
sublattice. The A,O sublattice is more likely to contain heterovalent ions, such as cobalt(Il),
which are disproportionate to the ions of the octahedral sublattice (Ta(V)). It has been
shown that the structure of pyrochlore contains oxidized ions of transition 3D elements,
the proportion of which increases with increasing their total content in the samples. Thus,
stabilization of the structure of pyrochlore during heterovalent doping occurs due to the
oxidation of part of the transition elements and the placement of incommensurate ions into
the sublattice of cations A.
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