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Compounds with the pyrochlore structure are attracting inexhaustible interest of scientists due to the manifestation of a wide
range of practically useful properties, including dielectric, photocatalytic and magnetic ones. The present work reports on
the results of the study by NEXAFS spectroscopy and the static magnetic susceptibility of the electron state and the character
of interatomic interactions of iron atoms in Fe-doped of multicomponent bismuth niobate pyrochlore (sp.gr. Fd-3m).
Iron-containing solid solutions of the Bi,MgNb, , Fe, O, ; (x<0.06) composition with the pyrochlore structure were
synthesized by the solid-phase method. The lattice constant of dilute solid solutions changes insignificantly with increasing
iron content and is close to the parameter of bismuth-magnesium niobate. According to X-ray spectroscopy and magnetic
susceptibility data, iron atoms are distributed mainly in the octahedral positions of niobium (V) and are in the dominant
amount in the Fe(III) charge state in the form of monomers and highly nuclear exchange-bound clusters with predominantly
antiferromagnetic exchange. The parameters of exchange interactions in clusters and the distribution of paramagnetic iron
atoms are calculated depending on the concentration of Bi, MgNb, | Fe, O, , solid solutions. The best agreement between the

experimental and calculated values of the paramagnetic componzeﬁt ozf ‘die8 magnetic susceptibility for Bi MgNb,  Fe, O,
solid solutions was achieved at the following values of the antiferromagnetic exchange parameters in dimers J, =-25 cm™,
in trimers J,_=-14 cm™ and tetramers Jow="9 cm™ and ferromagnetic exchange in dimers — J i =20 cm™, in trimers
J., =16 cm™ and tetramers J =11 cm™.
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CoenyHeHNMA €O CTPYKTYpPOl IMPOXIOpa BbBI3BIBAIOT HEWCCAKAEMBbII MHTEpPeC YYeHbIX B CBA3M C IIPOSB/ICHNEM
IIPOKOTO CIEKTpa IPAaKTUYeCK) IIONe3HBIX CBOJCTB, Cpefyl KOTOPBIX JU9NeKTpudeckue, (OTOKATAIUTIUYECKUE,
MarHUTHBle. B IpepcTaBieHHON paboTe IIOKa3aHbl pe3ylbraThl ucclefoBaHusa Merogamyu NEXAFS m crarmdyeckoit
MarHUTHOJ BOCIPUVMMYMBOCTY 3/IEKTPOHHOTO COCTOSIHMSA M XapaKTepa Me>KaTOMHBIX B3aMMOJENCTBUII aTOMOB JKerle3a
B CJIOKHOM HMoOaTe BUCMyTa cO CTpyKTypoil mmpoxyiopa (up.rp. Fd-3m). TBepmodasHbIM MeTOZOM CHHTE3MpPOBaHBI
KernesocofiepyKalime TBepble pacTBophl cocrasa Bi MgNb, | Fe, O, ; (x<0.06) co cTpykTypoii nupoxnopa. [Tocrosnnas
pelIeTKy pa30aBlIeHHBIX TBEPAbIX PacTBOPOB HE3HAYMTETbHO M3MEHAETCSA C POCTOM COfepKaHmA dKelme3a M O1m3ka
napaMeTpy Huobara BUCMyTa-Maruys. I1o JaHHBIM pEeHTTeHOBCKO CIIEKTPOCKOIINY M MAaTHUTHON BOCIIPMMMYMBOCTY aTOMBI
XKejesa pacIpefeAoTcs MPEeUMYLIeCTBEHHO B OKTaspudeckue mo3uuuy Huobus (V) u B JOMMHUPYIOLIeM KOTMYeCTBe
HaxonATcs B 3apanoBoM coctosgauu Fe (III) B popme MOHOMEPOB U BHICOKOHYK/IEAPHBIX OOMEHHOCBA3aHHBIX KJIACTEPOB
IIPEeUMYIIeCTBEHHO C aHTM(EepPOMAaTHUTHBIM TUIIOM 0OMeHa. IIpoBefieH pacueT mapaMeTpoB OOMEHHBIX B3aMMOJIeIICTBIIA
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B KJacTepax M paclpefie/IeHNs MapaMarHUTHBIX aTOMOB >K€/le3a B 3aBUCUMMOCTY OT KOHIEHTPALMM TBEPABIX PACTBOPOB
Bi,MgNb, , Fe, O, .. Hamnyumee cormacue skcrnepiMMeHTaTbHBIX M PACYETHBIX 3HAYEHWIT TTAPAMATHUTHOM COCTAB/IAIONIEl
MarHUTHOW BOCHPMUMYMBOCTM IS TBepibIX pacTBopos Bi MgNb,  Fe O, ; MOCTUTHYTO TPy ClefyIOMUX 3HAYEHUAX
— -1 —__ -1 —_ -1
mapaMeTpoB aHTU(EPPOMATHUTHOTO OOMeHA B IMMepPax J = —25CM ", BTpUMepax ]TPMM— 14 cm™ uTeTpamepax ]mp— 9cm

u GpeppomaruuTHOro obmena B iumepax — J =20 cMm™', B tpumepax /=16 cMm™' 1 TeTpamepax J ey =11 M

TpUM

KnroueBble cmoBa: MarHUTHbBIE CBOIICTBA, MMPOXJIOP, Kene3o, NEXAFS.

1. Introduction composition of the samples was monitored using X-ray
phase analysis (DRON-4-13 X-ray diffractometer, Cu,_
Compounds with the pyrochlore structure are attracting emission) and scanning electron microscopy (Tescan VEGA
inexhaustible interest of scientists in connection with 3LMN electron scanning microscope, INCA Energy 450
the manifestation of a wide range of practically useful energy dispersion spectrometer). The unit cell parameters
properties, such as photocatalytic, dielectric, electrooptical of the preparations were calculated using the CSD software
and piezoelectric properties [1-5]. In the cubic structure package [18]. The magnetic susceptibility of solid solutions
of pyrochlore (general formula A B,O, sp.gr. Fd-3m), was measured by the Faraday method in the temperature
large eight-coordinated A cations (Bi, Pb, Nd, Sm, Eu) and range 77-400 K (at 16 fixed values) and at magnetic field
relatively small octahedral B cations (Ru, Ir, Ta, Nb, Ti, Zr, strengths of 7240, 6330, 5230 and 3640 Oe. The accuracy of
Sn, Hf, Sb, Te) are located [3,6]. The structure contains relative measurements was 2%. Samples of solid solutions
two interpenetrating weakly interacting sublattices A )O" were studied by X-ray absorption spectroscopy (NEXAFS —
and B,O,. The B,O, sublattice consists of [BO,] octahedra Near Edge X-ray Absorption Fine Structure) using
connected at the vertex of the angle; the A O' sublattice synchrotron radiation from the BESSY II storage device
has an anticristobalite structure and is formed by [O'A,]  (Berlin, Germany). NEXAFS spectra were obtained by the
tetrahedra. Triple pyrochlores containing transition metals Total electron yield (TEY) mode [19].
are of particular interest [7-10]. The advantage of bismuth-

containing ternary pyrochlores is associated with the 3. Results and discussion
possibility of replacing Bi** cations in A-positions with small
C cations (Mg, Cu, Ni, Cr). 3.1. X-ray phase analysis and microstructure

As a result, the same ions can occupy two nonequivalent

positions A and B. This feature of the distribution of cations The formation of solid solutions of the composition
of transition elements in bismuth niobate with a pyrochlore = Bi,MgNb, , Fe, O, , (x<0.06) was established by XRD and
structure was noted in [8,9]. Complex bismuth-containing electron scanning microscopy (Figs. 1a,b).

pyrochlores are distinguished by their excellent dielectric The calculation of the unit cell parameters showed that
properties [11,12]. Among pyrochlores based on bismuth the lattice constant of Bi,MgNb,  Fe, O, ; dilute solid
oxide, the maximum dielectric constant and the smallest solutions changes slightly with an increase in the iron content
dielectric loss tangent are shown by Bi, Mg, Nb, O, [11-13], a=1.05579 nm (x=0.01) and a=1.05576 nm (x=0.04) and is

4/3 77
Bi,(Zn,_ Ni), Nb, O,  [14], Bi, La Mg Nb, O,  [15], close to the parameter of bismuth-magnesium niobate with

x)2/3 4/3 4/3

Cu-doped Bi,Mg, Nb, O, [16]. They are distinguished by a  pyrochlore structure [13-15]: a=1.056 nm. This change in

relatively low synthesis temperature and chemical inertness the cell parameter may be due to isomorphic substitution

to Ag electrodes [17]. A useful circumstance is the fact that of niobium (V) atoms by close in size high-spin iron atoms

complex bismuth-containing pyrochlores correspond to wide ~ Fe(III) (R(Nb(V))_ ,=0.064 nm, R(Fe(I))_ ,=0.061 nm

regions of homogeneity due to the structural flexibility of (L.S.) and 0.078 nm (H.S.), R(Fe(III))  =0.055 nm (L.S.)

the pyrochlore crystal lattice [7-9]. Being within the same and 0.0645 nm (H.S.)) [20].

structural type and changing the qualitative and quantitative

compositions, one can significantly vary the properties of 3.2. NEXAFS spectroscopy

pyrochlore, which makes it possible to study the effect of the

chemical composition on its physicochemical characteristics. ~To determine the charge state of doped iron atoms by
The presented work shows the results of the study by NEXAFS (near-edge X-ray absorption fine structure)

NEXAFS spectroscopy and the static magnetic susceptibility ~ spectroscopy), Fe, Mg-codoped bismuth niobate pyrochlore

of the electron state and the character of interatomic and iron oxides FeO [21], Fe,O, and Fe O, were investigated.

interactions of iron atoms in Fe-doped multicomponent All measurements were performed by the method of total

cn.—6

bismuth niobate pyrochlore. quantum output (TEY, total electron yield) on the Russian-
German channel of the BESSY-II synchrotron source in
2. Experimental Berlin [19]. Fe2p-absorption spectra are shown in Fig. 2. The

basic spectral features of the investigated samples practically
The synthesis of Bi,MgNb,  Fe, O, ; solid solutions was coincide both in the number and in the energy position of the
carried out by the standard ceramic method from oxides of  basic absorption bands. Moreover, they are almost identical
bismuth (III), niobium (V), magnesium (II) and iron (III) to the Fe2p-spectrum of Fe,O, oxide. Based on this, it can
of special purity grade using stage-by-stage annealing be assumed that iron atoms in magnesium-bismuth niobate
at temperatures of 650, 850, 950 and 1100°C. The phase solid solutions have the charge state of Fe’*. Due to the fact
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30 20, deg. 40

a

Fig. 1. X-ray diffraction patterns of Bi MgNb, , Fe, O,

b

atx=0(1),0.01(2), 0.03(3), 0.06(4) (a); Microphotograph of the Bi MgNb, , Fe, O, ,

(0.06) samples in the mode of secondary and elastically reflected electrons.

that iron cations in iron oxides (II, III) occupy octahedral
positions, we can conclude that iron ions in Fe, Mg-codoped
bismuth niobate pyrochlore also have a coordination equal
to six and point out the tendency of iron ions (III) to occupy
octahedral positions [22,23].

3.3. Magnetic properties

The paramagnetic components of the magnetic susceptibility
[x*"*(Fe)] and the values of the effective magnetic
moments [y (Fe)] of iron atoms at different temperatures
and for different concentrations of solid solutions have
been calculated based on the measurements of magnetic
susceptibility of the solid solutions. Diamagnetic corrections
in the calculation of the paramagnetic component of
magnetic susceptibility were introduced taking into
account the susceptibility of Bi, MgNb, | Fe, O, , a bismuth
niobate matrix measured in the same temperature range.
The dependence of the paramagnetic susceptibility inverse
value (1/x,P**) on temperature is linear over the entire
temperature range and satisfies the Curie-Weiss law. The
Curie-Weiss constant of the solid solution is negative,
indicating the dominant antiferromagnetic interactions
between paramagnetic atoms. For Bi,MgNb,  Fe O, .
solid solutions it is —11.2 (x=0.005) and -26.7 K (0.06)
and decreases significantly with an increase in the content
of iron atoms. Isotherms of the paramagnetic component
of the magnetic susceptibility of iron atoms are typical for
antiferromagnetics and are shown in Fig. 3 a.

The value of the effective magnetic moment of single
iron atoms, calculated as a result of extrapolation of the
concentration dependencies of [x?**(Fe)] values for infinite
dilution of solid solutions of Bi, MgNb, | Fe, O, ; increases
with a temperature rise from 7.99 uB (90 K) to 8.27 uB (320 K).
For iron atoms (III), the magnetic moment is overestimated
with respect to the pure spin value of Fe(III) (p =5.92 pB,
therm 6Alg) and Fe(II) (p,=4.9 pB, 5ng) atoms. This fact
cannot be caused by either spin-orbital interaction or zero
field effects. Thus, it remains to assume that in highly diluted
solutions with a pyrochlore structure there are metabolically
bound aggregates or clusters of iron atoms with predominantly
ferromagnetic exchange. A decrease in the paramagnetic
component of the magnetic susceptibility of iron atoms with
an increase in the concentration of solid solutions is associated
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Fig. 2. (Color online) NEXAFS Fe2p- spectra of Bi, MgNb, , Fe
(0.06) and iron oxides FeO [31], Fe,O, and Fe,O,.

with the manifestation of antiferromagnetic interactions
between iron atoms. This assumption is also supported by the
temperature dependence of the effective magnetic moment of
iron atoms in solid solutions with different concentrations of
paramagnetic atoms (Fig. 3b).

To clarify the nature of the distribution of iron atoms
in solid solutions and describe metabolic interactions
in clusters depending on the content of paramagnetics,
a theoretical calculation of the susceptibility and the
obtained values were compared with experimental ones. The
experimental dependencies of x**(Fe) on the concentration
of solid solutions were calculated within the framework
of the diluted solid solution model, according to which
the magnetic susceptibility is determined as the sum of
contributions from single paramagnetic atoms and their
exchange-bound aggregates [24]. Taking into account the
values of the effective magnetic moment at infinite dilution,
its temperature dependence, as well as the features of the
crystalline structure of solid solutions, it was assumed that,
at infinite dilution, in the solution, in addition to single iron
atoms (III), there may be present clusters of two, three or
four iron atoms with different types of magnetic exchange.
The formula for calculating the paramagnetic component
of the magnetic susceptibility of iron atoms in this case is
a sum of contributions of the magnetic susceptibility of
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Fig. 3. (Color online) Isotherms of the paramagnetic component of the magnetic susceptibility of the Bi, MgNb
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monomers, dimers, trimers and tetramers with antiferro- and
ferromagnetic type of exchange:

Lone (Fe) = @ Xt + Braanh) Xty *+ Gty Kty +

+ a;reigl(I{)X;rei?I]I(IJ)() + “;::?1(3)%;2?;1(3) +

+ Ay i ket T Freguty Kt 1)
A+ i+ ey e+ ey, + By + ey =1 (2)
Here, aiyt)» drent)s x> iy » Gresy > By and @y ar

the fractions of monomers, dimers, trimers and tetramers of
Fe (III) atoms with ferromagngtic — a}ir_ld antitfrehﬁ(rgmagr_letic
types of interaction, iy, Ly e Lrem > L »
ream > Xreqm @r€ magnetic susceptibilities of monomers,
dimers, trimers and tetramers with ferromagnetic and
antiferromagnetic exchange.
According to the Heisenberg-Dirac-Van-Vleck model
[25], the magnetic susceptibility of tetramers consisting of
paramagnetic atoms was calculated by formula (3):

DX g (SHS(S'+1)(28 +1)e FT

S Sy Su

8T D > (28 +1)e M

S S, Sy

©)

>

1
S8 _ 2
Xfetr 4

where

E(,8)=-J[S(S"+1)~45,(S,+D)],

S,=S+5,8+S,~1,...,[S,~ S,

8, =5,+5,8,+S,~1,..., [S,~S,],
§'=8,48,, 8,48, -1, .. |S, =S, |

34’

Here, S, and S,, S, and S, — the spin values of the atoms
that form tetramers, in our case S =S =S,=5,=5/2 for the
tetrameter Fe(III)-O-Fe(III)-O-Fe(III)-O-Fe(IIl), S" and §,,
and S,, — values of total spin and intermediate moments,
g — Lande factor for iron (III), ] — exchange parameter,
T — absolute temperature.

The alignment of the calculated and experimental values
is achieved by minimizing the function Zizj(x;f‘k 1),
where Zi — summation by all concentrations;
temperature totaling; ijalc,xfjxl’ — experimental 'and
calculated values of paramagnetic component of magnetic
susceptibility of solid solutions.
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Best agreement of experimental and calculation data for
Bi,MgNb, , Fe, O, ; solid solutions were obtained at the values
of the antiferromagnetic exchange in dimers J, =-25 cm™,
trimersJ . =-14cm™' and tetramers ], =—9 cm™'; ferromagnetic
exchange in dimers — ], =20 cm™, trimers /=16 cm™' and
tetramers ] =11 cm™. The results of a comparison between
the experimental and theoretical values of the magnetic
susceptibilities of solid solution are given in Table 1.

As a result of the studies of iron-containing solid
solutions, it was found that in an infinitely diluted solid
solution, iron atoms (III) are mainly in an aggregate state
and form dimers, trimers and tetramers with antiferro- and
ferromagnetic type of exchange. Apparently, the formation
of clusters of iron atoms (III) in an infinitely diluted solid
solution contributes to the stabilization of the structure
of heterovalent substitution solid solutions by including
oxygen vacancies in the cluster or localization of the
cluster near it. The possibility of ferromagnetic exchange,
which is atypical for iron atoms (III), is due to geometric
distortions in the polyhedral environment of iron atoms
caused by anionic vacancies. The probability of realizing
ferromagnetic exchange is high through cross-exchange
channels, for example, d, ., Lp Ld , clxziy2 p, L py| d,>
dy|p, Lp.|d. h an

[36]. The "formation of Clusters wit
antiferro — and ferromagnetic type of exchange indirectly
indicates the presence of iron atoms (III) in the crystal fields
of different symmetry.

It should be noted that, despite a significant share
of aggregates in an infinitely diluted solution with a
ferromagnetic type of exchange, the exchange as a whole is
of an antiferromagnetic character. This is apparently due to a
more effective overlap of the orbits involved in the exchange
of atoms through the channels of antiferromagnetic exchange,
and relatively small geometric distortions in the structure
of the solid solutions, causing ferromagnetic exchange. The
share of clusters with a ferromagnetic type of exchange
decreases with increasing concentration of solid solutions
due to averaging of local distortions of the structure and the
formation of aggregates mainly with an antiferromagnetic
type of exchange.

The relatively low absolute values of the exchange
parameters are obviously associated with the competition
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Table 1. The results of calculating the distribution of iron atoms in the Bi MgNb, , Fe, O, ; solid solutions.

x tetr () tetr (a) trim () mon dim (f) dim () Xaate / Xenp10°, emu/mol
Fe (I11) Fe (I11) Fe (11I) Fe (111) Fe (11I) Fe (I1I) 140 K 200 K 260 K 320 K
0.005 0.20 0 0.23 0.14 0.26 0.13 51.7 / 48.0 33.9/344 24.5/26.8 18.9/21.9
0.007 0.16 0.03 0.19 0.13 0.22 0.18 44,5/ 38.7 29.6/27.7 21.7/21.5 16.9/17.6
0.010 0.12 0.06 0.17 0.12 0.19 0.21 38.7/35.1 26.1/25.3 19.4/19.8 15.3/16.2
0.015 0.11 0.08 0.15 0.10 0.17 0.24 35.6/32.4 24.2/23.3 18.1/18.2 14.4/14.9
0.020 0.11 0.09 0.14 0.09 0.15 0.26 33.9/33.8 23.2/24.9 17.5/19.8 13.9/14.5
0.030 0.10 0.11 0.12 0.08 0.13 0.28 31.1/29.7 21.5/21.3 16.3/16.6 13.1/13.6
0.040 0.10 0.11 0.11 0.08 0.11 0.29 29.7 128.7 20.7/20.9 15.8/16.5 12.8/13.6
0.060 0.09 0.12 0.09 0.07 0.09 0.32 26.8/26.4 18.9/19.4 14.6/15.3 11.9/12.7
Note: a;‘('lg)), ag, a;j{'l‘l‘lf)), age, alfe“;‘lg)), a;‘;‘(“l;g’ — fractions of dimers, trimers and tetramers from iron (III) atoms with antiferro- and

ferromagnetic type of exchange.

between the antiferro- and ferromagnetic interactions caused
by the pyrochlore structure features, namely, by the nature
of the junction of oxygen octahedrons. In the pyrochlore
structure, the octahedrons are connected by tops, forming
a three-dimensional frame of chains of niobium-oxygen
octahedrons. Within the circuits, the Fe-O-Fe communication
angle is less than 180°, namely 135°, which significantly
reduces p_-d_overlapping on the antiferromagnetic exchange
channels, for example d,, || py"dxy [26]. In addition, the
introduction of iron atoms into the niobium position leads
to local distortions of the octahedron, including in the plane
perpendicular to the axis connecting the two atoms through
oxygen, then the contribution of the second channel of
antiferromagnetic exchange will be significantly reduced
d.|p.[d...

Thus, when replacing niobium atoms, iron atoms (III) are
distributed mainly in octahedral positions of niobium. The
influence of heterovalent substitution affects the clustering
of iron atoms (III). Given the strong distortions of the local
environment caused by oxygen vacancies, antiferromagnetic
and ferromagnetic exchange between iron atoms occurs,
which becomes less significant with increasing concentration
of atoms and averaging distortions of the structure.

4. Conclusions
Iron-containing solid solutions of the Bi MgNb, , Fe O, ;
pyrochlore structure were obtained by the solid phase
synthesis method. The parameter of the unit cell of solid
solutions is close to the constant cell for bismuth-magnesium
niobate. As a result of the NEXAFS-study of solid solutions
and iron oxides, it was found that the main details of the
spectra of solid solutions practically coincide with each
other both in number and in the energy position of the main
absorption bands and are identical to the Fe2p-spectrum
of Fe,O, oxide. Iron (III) cations are distributed mainly in
the octahedral positions of niobium (V) and in a dominant
amount are in the charge state of Fe(IIl) in the form of
monomers and exchange-bound clusters mainly with an
antiferromagnetic type of exchange. As a result of calculating
the parameters of metabolic interactions in clusters and
the distribution of paramagnetic iron atoms depending on
the content of paramagnetic atoms, the presence of high
nuclear clusters with indirect antiferro- and ferromagnetic
types of interaction in heavily diluted solid solutions was
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found. With increasing concentrations of solid solutions,
the nuclearity and the proportion of antiferromagnetically
bound aggregates increase.
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