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Abstract. According to X-ray powder phase analysis, Bi2MgxMn1−xTa2O9.5−∆ (x=0.3;0.5;0.7) samples
synthesized using ceramic technology contain the main phase of cubic pyrochlore (space group Fd-3m)
and the impurity phase BiTaO4 of the triclinic modification (sp. Gr. P-1), the content of which is
proportional to the degree of doping with manganese. The unit cell parameter of the pyrochlore phase
increases uniformly with increasing index x(Mg) from 10.4970(8) at x=0.3 to 10.5248(8) Å (x=0.7),
obeying the Vegard rule. The electronic state of all ions included in Bi2MgxMn1−xTa2O9.5−∆ was
studied using X-ray spectroscopy. According to NEXAFS and XPS data, it was established that doping
with magnesium does not change the oxidation state of bismuth and tantalum in pyrochlore. Meanwhile,
in the Ta4f−, Bi4f7/2 and Bi4f5/2 spectra of the samples, an energy shift of the absorption bands towards
lower energies is observed, which is typical for bismuth and tantalum ions with an effective charge of
(+3-δ) and (+5-δ), caused by the distribution of manganese(II) and magnesium(II) ions in the position
of bismuth and tantalum. According to NEXAFS and XPS spectroscopy, manganese ions in the samples
have oxidation states predominantly +2 and +3, the proportion of which increases with increasing
manganese content in the samples.
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Due to their excellent dielectric properties, the ability to regulate dielectric properties by
an electric field, low sintering temperature and chemical compatibility with low-melting Ag,
Cu conductors, oxide pyrochlores are promising as dielectrics for multilayer ceramic capacitors,
tunable microwave dielectric components, resonators, devices for microwave applications [1–4].
Materials based on pyrochlores are used in solid-state devices as thin-film resistors, thermistors
and communication elements, photocatalysts, and are used as components of ceramic molds for
radioactive waste. The formula of oxide pyrochlores A2B2O7 describes a large family of com-
pounds isostructural with the mineral pyrochlore. In the crystal structure of pyrochlore, two
cationic sublattices with the anticristobalite structure A2O’ and the octahedral B2O6 are dis-
tinguished [5]. The positions of cations A with octaoxygen coordination are occupied by large
ions (Ca2+, Bi3+). The three-dimensional framework of B2O6 is formed by [BO6] octahedra con-
nected at the vertices, in the positions of which cations with a smaller ionic radius (Ti4+, Ta5+)
are located. There are known cases of mixed pyrochlores with three or more types of cations
located at two nonequivalent cation positions A and B. These include pyrochlores based on bis-
muth tantalate, doped with ions of 3d elements [6,7]. Such doping options lead to the formation
of a pyrochlore structure deficient in cations A, as is typical for bismuth-containing pyrochlores
and is the reason for the relaxation properties of oxide ceramics. Currently, almost all py-
rochlores based on bismuth tentalate containing 3d ions (Cr,Fe,Co,Ni,Cu,Zn) are known and
studied. Due to their excellent dielectric properties, such pyrochlores are promising as multilayer
ceramic capacitors, resistors, resonators, sensors and microwave filters [3, 4]. As shown in [8],
iron-containing pyrochlores Bi3.36Fe2.08+xTa2.56−xO14.56−x (−0.32 6 x 6 0.48) exhibit moderate
values of dielectric constant ε ∼ 78−92 and dielectric loss tangent δ ∼ 10−1 at 30 ◦C and 1MHz.
Magnesium-containing pyrochlores Bi3+5/2xMg2−xTa3−3/2xO14−x (0.12 6 x 6 0.22) are charac-
terized by comparable values of ε ∼ 70−85 and low dielectric loss tangent δ ∼ 10−3 at 1 MHz and
30 ◦C [9]. For pyrochlore Bi1.5ZnTa1.5O7, the dielectric constant is close to 58 [10]. We have not
found any information on manganese-containing pyrochlores based on bismuth tantalate. There
is one known work devoted to the study of analog pyrochlores in the Bi2O3-Mn2O3-Nb2O5

system [7]. The authors of the article found that a significant concentration region of bismuth-
deficient manganese-containing pyrochlores is formed in the system, in which 14 – 30% of the
A-positions are occupied by Mn2+ ions. As the authors of [7] showed, X-ray powder diffraction
data confirmed that all Bi-Mn-Nb-O pyrochlores form with structural displacements, as found
for the analogous pyrochlores with Mn replaced by Zn, Fe, or Co. According to [7], the displacive
disorder is crystallographically analogous to that reported for Bi1.5Zn0.92Nb1.5O6.92, which has a
similar concentration of small B-type ions on the A-sites. EELS spectra of manganese-containing
pyrochlores showed the presence of Mn2+ and Mn3+ ions. Manganese in high-temperature ce-
ramics can have a complex ionic composition, affecting the physicochemical properties of the
ceramics. The ionic state of manganese is influenced by many variable factors, among which the
symmetry and strength of the crystal field, the nature of the ligands, distortions and the size
of the coordination polyhedron are particularly prominent. Studies have shown that the com-
bined use of X-ray spectroscopy methods (XPS, NEXAFS) makes it possible to most accurately
determine the ionic composition of complex oxides [11]. As part of our work, we studied the
electronic state of manganese ions in Mg and Mn codoped bismuth tantalate pyrochlores using
NEXAFS and XPS spectroscopy. The influence of the degree of substitution of Ta(V) ions on
the proportion of oxidized manganese ions in pyrochlores has been established.
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1. Materials and methods

Bi2MgxMn1−xTa2O9.5−∆ (x=0.3,0.5,0.7) samples were synthesized using the solid-phase re-
action method from the oxides MgO, Bi2O3, Mn2O3, Ta2O5. A finely ground and homogeneous
stoichiometric mixture of oxides was pressed into disc-shaped compacts (diameter 10 mm, thick-
ness 3 – 4 mm) using a hand press. High-temperature treatment of the samples was carried out
in stages, at temperatures of 650, 850, 950, 1050 ◦C for 15 hours at each calcination stage. The
phase composition was determined by X-ray phase analysis using a Shimadzu 6000 X-ray diffrac-
tometer (CuKα radiation). The microstructure and local elemental composition of the samples
were studied using scanning electron microscopy and energy-dispersive X-ray spectroscopy (elec-
tron scanning microscope Tescan VEGA 3LMN, energy dispersion spectrometer INCA Energy
450). XPS studies were carried out using the equipment of the resource center of the Science
Park of St. Petersburg State University "Physical methods of surface research." XPS analysis
was performed on a Thermo Scientific ESCALAB 250Xi X-ray spectrometer. An X-ray tube with
AlKα radiation (1486.6 eV) was used as a source of ionizing radiation. To neutralize the sample
charge in the experiments, an ion-electronic charge compensation system was used. All peaks
were calibrated relative to the C1s peak at 284.6 eV. Processing of experimental data was carried
out using the software of the ESCALAB 250Xi spectrometer. The samples were studied using
NEXAFS spectroscopy at the NanoPES station of the KISS synchrotron source at the Kurchatov
Institute (Moscow) [11]. NEXAFS spectra were obtained by recording the total electron yield
(TEY) with an energy resolution of 0.5 eV.

2. Results and discussion

2.1. Phase composition of the Bi2MgxMn1−xTa2O9.5−∆

Based on X-ray powder phase analysis, it was established that samples of the composition
Bi2MgxMn1−xTa2O9.5−∆ (x = 0.3-0.7) are two-phase (Fig. 1). In addition to the main cubic
phase, they contain bismuth orthotantalate BiTaO4 of the triclinic modification (space group
P-1) as an impurity [12]. Analysis of the reflection extinctions of the cubic phase established
that the symmetry of the crystal structure is cubic with space group Fd-3m [5] and corresponds
to the structure of cubic pyrochlore. The amount of bismuth orthotantalate is proportional
to the content of manganese ions and varies from 7.9 (x(Mn)=0.3) to 23.8 wt.% (x(Mn)=0.7).
The proportionality of the amount of impurity to the manganese content in the samples can
mean the distribution of some manganese ions in the bismuth position, and magnesium ions in
the octahedral positions of tantalum(V), as shown earlier using the example of solid solutions
Bi2MgxM1−xTa2O9.5−∆ (M-Ni,Cr, Fe) [13–15]. The appearance of impurities in the samples may
be associated with the placement of Mn(II) ions not only in the octahedral sublattice of tanta-
lum(V), but also in the bismuth(III) sublattice, which is due to the larger sizes of Mn(II) ions
than those of Mg(II), similar behavior was observed for cobalt(II) ions [16]. Apparently, when
doped with large manganese ions, most of them are distributed into the octahedral sublattice of
tantalum(V), creating oxygen vacancies and thereby causing stress in the octahedral framework
as a whole. In order to relieve stress in the crystal structure, some manganese(II) ions are placed
in the bismuth(III) position. The system responds to this placement by creating vacancies in the
bismuth sublattice by releasing a bismuth orthotantalate phase as an impurity. The amount of
bismuth orthotantalate impurity is equivalent to the number of 3d ions located in the bismuth
position [16]. The unit cell parameter of cubic pyrochlore in Bi2MgxMn1−xTa2O9.5−∆ decreases
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uniformly with an increase in the content of manganese ions (and a decrease in magnesium ions) in
the samples from 10.5248(8) (x(Mn)=0.3) to 10.4970(8) Å (x( Mn)=0.7), despite the fact that the
ionic radius of magnesium(II) is smaller than the radius of Mn(II) ions (R(Mg(II))c.n-6=0.72 Å,
R(Mn(II))c.n-6=0.83 Å), but more than tantalum(V) ions (R(Ta(V))c.n-6=0.64 Å) [17]. The
increase in the unit cell parameter with an increase in magnesium ions can be explained by the
fact that with increasing magnesium content the amount of impurity decreases, which means
the pyrochlore cell parameter is higher, and also by the fact that Mn(II) ions can occupy bis-
muth(III) positions, the ionic radius of which less than bismuth(III) ions (R(Bi(III))c.n-8=1.17 Å,
R(Mn(II))c.n-8=0.90 Å) [17], and do not make a significant contribution to the cell parameter.
In this regard, the cell parameter increases due to the distribution of large magnesium(II) ions
into the octahedral positions of tantalum(V).

Fig. 1. X-ray powder diffraction patterns of Bi2MgxMn1−xTa2O9.5−∆ samples with varying
index x(Mn)

2.2. XPS and NEXAFS spectra of the Bi2MgxMn1−xTa2O9.5−∆

The obtained XPS spectra of magnesium bismuth tantalate Bi2MgxMn1−xTa2O9.5−∆ are
presented in Fig. 2. The energy position of the details of the spectra are presented in Tab. 1.
For comparison, the spectra of the original oxides used in the synthesis of the samples are given.
Fig. 2 shows XPS spectra in a wide energy range and spectral dependences in the region of the
Bi5d-, Ta4f-, Ta4d- and Mn2p-ionization thresholds of the studied samples. The figures also show
the results of decomposing the spectral dependences into individual peaks, which were modeled
by Gaussian-Lorentzian curves, and the background lines by the Shirley or smart approximation.
When analyzing the Survey XPS spectrum, one can note the presence of a C1s peak associated
with the presence of contaminants on the surface, which cannot be removed from the surface
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of the sample. In this regard, a contribution to the intensity of the O1s peak from surface
contaminants is possible. Thus, to analyze the surface composition of samples, which manifests
itself in XPS spectra, it is possible only on the basis of analysis of the spectra of bismuth,
tantalum and manganese.

Fig. 2. Survey XPS spectra of Bi2Mg0.5Mn0.5Ta2O9.5−∆ and Bi2MgTa2O9 (a), Bi4f spectra
of bismuth atoms (b), Mg1s spectra (c), XPS spectra of tantalum and bismuth atoms (d),
Ta4d- spectra (e), Mn2p spectra (f). For comparison, the spectra of MnO [18], Mn2O3 [19] and
MnO2 [20] are given

It should be noted that doping with manganese atoms practically does not change the spectral
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characteristics of bismuth, tantalum and magnesium atoms (Fig. 2b-2e). When comparing the
XPS Bi4f spectra of the sample under study and Bi2O3 oxide (Fig. 2b), it can be noted that the
energy position and width of the peaks in the spectrum of the sample correlate with the corre-
sponding spectra of Bi2O3 oxide. It is interesting to note that for the Bi2Mg0.5Mn0.5Ta2O9.5−∆

sample there is a slight shift in the absorption bands of Bi5d3/2, Bi5d5/2, Bi4f7/2 and Bi4f5/2 com-
pared to Bi2MgTa2O9 to lower energies (from 164.12 eV (Bi2Mg0.5Mn0.5Ta2O9.5−∆) to 164.35
eV Bi2MgTa2O9), which means a decrease in the effective charge of bismuth ions. Apparently,
the shift of the peaks is associated with the placement of a certain proportion of divalent ions,
for example, manganese(II), in the bismuth position, as shown by X-ray phase analysis. The
energy positions of the peaks in the XPS Mg1s spectra shown in Fig. 2c is typical for the di-
valent magnesium atom [21]. When considering the spectra of tantalum atoms (Fig. 2d, 2e),
it should be noted that the shape of the peaks clearly indicates that all tantalum atoms are in
the same charge state (there is no splitting or distortion of the peaks), but at the same time
the energy position of the peaks has a characteristic shift in side of lower energies compared
to the binding energy in pentavalent tantalum oxide Ta2O5. A shift towards lower energies is
characteristic of a decrease in the effective positive charge; in particular, for the Ta4f and Ta5p
spectra we presented, this energy shift is ∆E=0.7 eV, and in the region of the Ta4d edge - 1 eV.
This in turn allows us to assume that tantalum atoms have the same effective charge +(5-δ),
which we observed in similar spectra of tantalum in bismuth tantalates doped with Cr, Fe, Co,
Ni, Cu atoms [13–16, 22]. Let’s move on to consider the Mn2p spectra presented in Fig. 1f.
Comparison of the spectra of the composite with the spectra of the oxides MnO [18], Mn2O3 [19]
and MnO2 [20] known from the literature shows that the spectrum of Bi2Mg0.5Mn0.5Ta2O9.5−∆

correlates well with the spectrum of MnO, while the spectra of Mn2O3 and MnO2 has a shift
towards higher energies. All this suggests that magnesium atoms are mainly in the Mn+2 charge
state in this composite.

Fig. 3. NEXAFS Mn2p spectra in Bi2Mg0.5Mn0.5Ta2O9.5−∆, Bi2Mg0.3Mn0.7Ta2O9.5−∆,
in MnO, Mn2O3 and MnO2 oxides (a); decomposition of the XPS Mn2p spectrum of
Bi2Mg0.5Mn0.5Ta2O9.5−∆ into individual components (b)

Let us move on to consider the NEXAFS Mn2p spectra of the Bi2Mg0.5Mn0.5Ta2O9.5−∆ and
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Bi2Mg0.3Mn0.7Ta2O9.5−∆ composites presented in Fig. 3a. When comparing the spectra of the
composites with the spectra of the oxides we obtained, it can be noted that the shape of the
spectra and the energy position of the main peaks (a-c) in all of the given spectra of the composite
coincide well with the spectra of MnO. This suggests that the manganese atoms in the studied
samples mainly have a charge state of +2. It should be noted that the c band, which can be
identified as a separate peak in the spectrum of MnO, is visible in the spectra of the composites
as an influx. In addition, in the spectra of composites, compared to the spectrum of MnO, the
relative intensity of the b bands also increases. Beam c coincides in energy position with a broad
band in the spectrum of MnO2, and bands a and b correlate well with the corresponding features
in the spectra of Mn2O3, but with different intensities. This suggests that the manganese atoms
in the composites are both in the charge state +2 and partially +3/+4.

To clarify this conclusion, we attempted to decompose the XPS Mn2p spectra of the
Bi2Mg0.5Mn0.5Ta2O9.5−∆ sample into individual components, using the spectra of the oxides
presented in Fig. 3b. The decomposition was carried out according to the following procedure:
(1) background lines obtained using the Shirley approximation were subtracted from the spectra,
(2) “background-free” XPS spectra obtained in this way were normalized by area by one value (in
this case, 1 was taken), (3) a model spectrum was constructed as the sum of the XPS spectra of
MnO, Mn2O3 and MnO2 with the corresponding coefficients α, β and γ (α+β+γ = 1), the value
of which was varied to achieve maximum agreement with the spectrum of the composite. The
Fisher F-criterion was taken as a criterion for optimal agreement for the considered intensities
of the XPS spectra of the composite and the model spectrum. The results of optimal modeling
are presented in Fig. 3, for which α = 0.77, β = 0.23 and γ = 0 (Fisher’s F test is 0.9998).
The data obtained in this way suggests that in the structure of the Bi2Mg0.5Mn0.5Ta2O9.5−∆

composite there are two nonequivalent states of manganese atoms: about 77% of manganese
atoms are in the +2 charge state, and the remaining 23% are in +3. Turning again to the
NEXAFS spectra (Fig. 3a), we can assume that the presence of an intense b band indicates
the presence of Mn3+ ions in the composite. Moreover, with increasing manganese content in
Bi2MgxMn1−xTa2O9.5−∆, (x=0.5 and 0.3), the intensity of this peak increases, which is an in-
dication of an increase in the proportion of Mn3+ ions in the samples and is consistent with the
quantitative assessment of the proportion of manganese ions according to XPS analysis.

Table 1. Energy positions of the components of the XPS spectra of Bi2Mg0.5Mn0.5Ta2O9.5−∆

(1) and Bi2MgTa2O9 (2)

Peak Energy (eV)
1 2

Bi4f7/2 158.80 159.03
Bi4f5/2 164.12 164.35
Bi5d5/2 25.82 26.11
Bi5d3/2 28.72 29.08
Ta4f7/2 25.31 25.66
Ta4f5/2 27.21 27.56
Ta4d5/2 229.49 229.78
Ta4d3/2 240.32 241.44
Mg1s 1302.49 1303.19
Mn2p3/2 640.83
Mn2p1/2 652.39
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Conclusions

The Bi2MgxMn1−xTa2O9.5−∆ composites were synthesized by the solid-phase method and,
according to X-ray diffraction data, contain BiTaO4 impurity, the content of which in the samples
increases with increasing index x(Mn). The unit cell parameter of the pyrochlore phase increases
with increasing magnesium content in the samples. The appearance of bismuth orthotantalate
impurities is associated with the distribution of some manganese ions into the bismuth cation
sublattice. This assumption is confirmed by the energy shift to lower energies of the bismuth
absorption bands (Bi4f7/2 and Bi4f5/2). According to NEXAFS and XPS data, it was estab-
lished that bismuth and magnesium ions are in the charge states Bi(+3-δ), Zn(+2). Based on
the characteristic shift of the absorption band in the Ta4f spectrum to lower energies, it was es-
tablished that tantalum ions have an oxidation state of Ta(+5-δ). It has been shown that doping
pyrochlores with manganese and magnesium ions leads to the oxidation of some manganese ions
to Mn(III), the proportion of which increases with increasing manganese content in the samples.
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NEXAFS и XPS спектры марганецсодержащих
пирохлоров на основе танталата висмута-магния

Надежда А. Жук
Сыктывкарский государственный университет имени Питирима Сорокина
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Аннотация. По данным рентгенофазового анализа, синтезированные по керамической технологии
образцы Bi2MgxMn1−xTa2O9.5−∆ (х=0.3;0.5;0.7) содержат основную фазу кубического пирохлора
(пр.гр. Fd-3m) и примесную фазу BiTaO4 триклинной модификации (пр.гр. P-1), содержание кото-
рой пропорционально степени допирования марганцем. Параметр элементарной ячейки фазы пи-
рохлора равномерно увеличивается с ростом индекса x(Mg) от 10.4970(8) при х=0.3 до 10.5248(8)
Å (х=0.7), подчиняясь правилу Вегарда. Методом рентгеновской спектроскопии исследовано элек-
тронное состояние всех ионов, входящих в состав Bi2MgxMn1−xTa2O9.5−∆. По данным NEXAFS и
XPS установлено, что допирование магнием не изменяет степени окисления висмута и тантала в
пирохлоре. Между тем, в Ta4f−, Bi4f7/2 и Bi4f5/2 спектрах образцов наблюдается энергетический
сдвиг полос поглощения в сторону меньших энергий, что характерно для ионов висмута и танта-
ла с эффективным зарядом (+3-δ) и (+5-δ), обусловленных распределением ионов марганца(II) и
магния(II) в позиции висмута и тантала. По данным NEXAFS и XPS спектроскопии, ионы мар-
ганца в образцах имеют степени окисления преимущественно +2 и +3, доля которых возрастает с
увеличением содержания марганца в образцах.

Ключевые слова: пирохлор, Mg допирование BiTaO4, XPS и NEXAFS спектроскопия.
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