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Iron-containing ceramic materials based on BiNbO, of orthorhombic modification were obtained by solid-phase synthesis.
Solid solutions a-BiNb, Fe O, , were synthesized in the narrow concentration interval of x<0.03. The single-phase structure
of the samples prepared was determined by X-ray diffraction and SEM- analyses. In the electron paramagnetic resonance
(EPR) spectra of BiNb, Fe O, ;, a wide band with the center at g=2.16-2.37 was observed, and a low-intensity signal
with g-factor of about 4.3 was recorded on its low-field wing. Along with the broad spectrum component, a “noise-like”
signal formed by a large number of narrow lines related to the integral signal of ferromagnetic resonance (FMR) and its fine
structure was observed in the magnetic field range of 190-400 mT. Based upon measurements of magnetic susceptibility,
the paramagnetic components and the effective magnetic moment values of iron atoms at different temperatures and for
different concentrations of solid solutions were calculated. The isotherms of the paramagnetic component of the magnetic
susceptibility of iron atoms in BiNb,_Fe O, , were typical of antiferromagnets. The value of the effective magnetic moment
of iron atoms increased with the rise in temperature from 5.84 uB at 90 K to 6.43 uB at 320 K. This can be explained by the
presence of exchange-bonded aggregates of Fe (III) atoms with antiferromagnetic and ferromagnetic types of exchange in the
solid solutions. The magnetic behavior of BiNb, Fe O, ;was investigated by theoretical calculation of magnetic susceptibility
within the framework of the model of diluted solid solutions taking into account the presence of possible types of clusters
of iron atoms. The best agreement between the experimental and calculated data was obtained for the dimer parameters of
J,,=—17cm™and ], =45cm™ for the antiferromagnetic and ferromagnetic types of exchange.
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TBeproda3HBIM CHHTE30M IIOTy4eHBI >Kelle30CofepiKallle KepaMidecKye MaTepyanbl Ha OCHOBe OPTOHMOOaTa BUCMYTa
opropomburdeckoit mopudukanym. Teepabie pactBopsl a-BiNb, Fe O, , momydens! B y3KoM KOHIIEHTPAIMIOHHOM MHTEPBa-
ne x<0.03, ogHO(}a3HOCTD MOTYYEHHBIX IIPENapaToB yCTAHOB/ICHA METOAAMY PeHTreHO(a30BOro ¥ MUKPO30HILOBOTO aHa-
JM30B. B crekTpax 9/leKTpOHHOro ImapaMarHuTHOro pesoHanca (9IIP) TBeppblx pacTBOPOB 3aperucTpuUpOBaHa LIMPOKasL
JIVHUA C HeHTpoM ¢=2.16-2.37, Ha ee HU3KOIIO/IEBOM KpbUIe PUKCUPYeTCS MaIOMHTEHCUBHBIN CUTHAI € g-(hakTopoM ~ 4.3.
Ha ¢one mmpoxoro KOMIIOHEHTa CIEKTpa B AMalla3oHe MarHUTHBIX nojeit 190 -400 MT HabmogaeTcs «IIyMOIIOK0OHBII»
CHTHAJI U3 OOJIBLIOrO KOMMYECTBA Y3KUX JIMHMIL, OTHECEHHBIX K MHTETPaJbHOMY CUTHATy (peppOMarHUTHOIO pe3oHaHca
(OMP) u ero Toukol1 cTpykType. Ha ocHOBaHMM M3MepeHMiT MATHUTHOI BOCIIPUMMYMBOCTY PacCYUTaHbI TapaMarHUTHBIE
COCTaBJIAIONINEe MATHUTHOJ BOCIIPUVMMYMBOCTY ¥ 3Ha4eHM A 9P PeKTUBHBIX MArHUTHBIX MOMEHTOB aTOMOB JKeJle3a IIpI pas-
HBIX TeMIIEPATypax M I PasAMYHBIX KOHIIEHTpALUil TBEPABIX PacTBOPOB. V30TepMbl mapaMarHUTHON COCTaBIIAIOLIEN
MarHUTHOJ BOCIIPMMMYUBOCTY aTOMOB JKe/le3a B TBEPAbIX PacTBOpaxX TUIVYHBI JJIA aHTU(eppOMarHeTHKOB. Bemnunna
3¢ (}eKTVBHOr0O MarHUTHOIO MOMEHTA aTOMOB JKe/le3a, pacCUUTAaHHasg B pe3y/IbraTe SKCTPANONALUY KOHIIEHTPAIIVIOHHBIX
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3aBUCHMOCTEll BEMVYMH MAarHUTHOM BOCHPUMMYMBOCTU Ha OecKOHe4YHOe pasbaBiieHMe TBepAbIX PacTBOPOB BO3pacTaeT
¢ poctoM Temiieparypsl ot 5.84 Mb npu 90 K o 6.43 MbB mipu 320 K, uT0 06yC/10B/I€HO IPUCYTCTBMEM B TBEPBIX PACTBOPAX
06MEHHOCBA3aHHBIX arperaTos 13 aroMoB Fe (III) ¢ aHTugeppoMarHuTHBIM 11 peppoMarHUTHEIM TuHaMu ob6meHa. C Lebio
OMNMCAHNA MarHUTHOTO TIOBEICHMA TBEPAIBIX PACTBOPOB OPTOPOMOMYECKOI MOAVMMUKALVN C YYeTOM HaIN4usA BO3MOXKHBIX
K/IaCTePOB U3 aTOMOB JKeJle3a BBIITOMTHEH TeOPeTUYECKMII pacueT MarHUTHON BOCIIPMMMYMBOCTY B paMKaX MOZIeNN pasbas-
JIEHHOTO TBEePJI0r0 pacTBOpA M COIOCTaB/IeHNe TIOJTyYeHHBIX 3HAYeHNII C 9KCIlepuMeHTanbHbIMI. Hanmyuiee cormacue aKkc-
HePUMEHTAIbHBIX M PACYETHBIX JAHHBIX IOTy4eHO IpU 3HAUEHMAX MapaMeTpa aHTU(EPPOMAaTHUTHOIO 0OMeHa B [uMepax

J,,,=—17 cm™!, beppomarautHoro J, =45 cm.

um

Knrouesbie cmoBa: MarHUTHas BOCIpUUMUMBOCTD, DIIP, sxeneso, BiNbO,.

1. Introduction

Bismuth orthoniobate attracts the researchers’ attention
due to its catalytic [1] and microwave dielectric properties
[2]. Due to the relatively low temperature of synthesis,
bismuth orthoniobate and its solid solutions are promising
as a dielectric interface in monolithic capacitors and EMC
filters for super-high frequency equipment [3]. To optimize
the electrophysical properties of bismuth orthoniobate
based ceramics, the BiNbO, composition is widely but
inconsistently modified by means of an iso- and heterovalent
substitution of niobium and bismuth atoms by the ones of
transition elements [4-16], whereas little attention is paid
to the chemical structure of the complex oxides. The present
paper demonstrates the possibility of synthesizing iron-
containing solid solutions BiNb, Fe O, , of orthorhombic
modification and reports the results of the studies on the
electron state and nature of the exchange interactions
between paramagnetic atoms in the solid solutions by the
techniques of magnetic dilution and electron paramagnetic
resonance (EPR).

The current study was carried out in order to find
out the effects of characteristics of crystal structure of
bismuth orthoniobate of orthorhombic modification on the
distribution and nature of the exchange interactions between
paramagnetic atoms in the solid solutions. In this case, iron-
containing solid solutions are useful model materials for
studies for several reasons, one of which is the possibility
of the most precise calculations of exchange interactions in
the clusters of Fe(III) paramagnetic atoms in crystal fields
of octahedral symmetry (term °A ) within the frame of the
Heisenberg-Dirac-van Vleck model (HDVV model) [17].

As it was mentioned above, the solid solutions of
bismuth orthoniobate of the low-temperature orthorhombic
modification (a-BiNbO,) were studied here. The crystal
structure of a-BiNbO, (Pnna, a=0.4980 nm, b=1.1709 nm,
c=0.5675 nm) belongs to the class of pseudo-layered
structures. Corrugated layers parallel to the crystal plane
(ac) are formed by niobium-oxygen octahedra connected
to each other at equatorial vertices. The axial planes of these
octahedra are inclined and shifted with respect to each other,
and neighboring niobium atoms are bonded via oxygen
atoms by bonds making an angle 120° [18-19]. Bismuth
orthoniobate crystallizes in the rhombic crystal system at
the temperature of synthesis, which does not exceed 1020°C.
At higher temperatures, a reconstructive phase transition
to a triclinic modification (B-BiNbO,, space group P-I,
a=0.771 nm, b=0.555 nm, ¢=0.797 nm, a=89°, =775,
y=387°) occurs.

2. Experiment

The samples of bismuth orthoniobate solid solutions of the
orthorhombic modification were synthesized by means of a
standard ceramic technique using step-by-step burning of
bismuth (III), niobium (V) and iron (III) oxides of “puriss.
spec” grade at temperatures 650°C, 750°C, 850°C and
950°C for 50 hours. The phase composition of the specimen
under investigation was controlled by scanning electron
microscopy (microscope Tescan VEGA 3LMN and energy
dispersive spectrometer INCA Energy 450) and X-ray phase
analysis (DRON-4-13, Cu, -radiation), the parameters of
the lattice cell of solid solutions were calculated using CSD
software package [20]. The numerical determination of iron
content in the samples of solid solutions was carried out by
means of atomic emission spectroscopy (SPECTRO CIROS
spectrometer with inductively-coupled plasma).

The measurements of magnetic susceptibility were
performed by the Faraday method within the range of
temperatures 77 K-400 K at 16 fixed temperature values and
magnetic field strength values of 7240 Oe, 6330 Oe, 5230 Oe
and 3640 Oe.

The EPR spectra were recorded with an X-band
radiospectrometer SE/X 2547 (RadioPAN) in the Shared
Services Center “Geonauka” at the Komi Scientific Center
of the Ural Branch of the Russian Academy of Sciences. The
spectra recording was done with a rectangular resonator
(RX102, mode TE 102) at room temperature as a first-order
derivative at high-frequency modulation 100 MHz with
amplitude 0.25 mT and microwave field strength 35 mW. To
calibrate the amplification of the equipment, an EPR signal
from a miniature reference sample (anthracite, singlet line
with g =2.0032, ABpp=0.5 mT) was used. For each sample
the spectrum was recorded within the range of magnetic
fields 0-700 mT, and the lines of the reference standard with
scanning 5 mT were recorded separately. The samples spectra
were adjusted to equal values of the reference standard
intensity and normalized to the equal test charge.

3. Results and discussion

Iron-containing solid solutions BiNbO, were obtained
within the narrow concentration interval at x<0.03. The
single-phase condition of the specimen obtained was proved
by the X-ray phase and microprobe analyses (Fig. S1a (see
supplementary material)). The samples of solid solutions
are porous compacts composed of sintered crystal grains
of the size below 2-3 um (Fig. S1b). Using the method of
energy dispersive X-ray spectroscopy, it was proved that the
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chemical composition of the samples corresponded to the
theoretically preassigned one (Fig. Slc). The parameters
of the lattice cell of the solid solutions are close to those
of bismuth orthoniobate: ¢=0.5674 nm, b=1.1706 nm,
a=0.4978 nm (x=0.003) and ¢=0.5677 nm, b=1.1701 nm,
a=0.4978 nm (x=0.03), that is caused by the narrow
concentration interval of existence of solid solutions and
isomorphous substitution of niobium (V) atoms by similar-
sized iron (III) cations in the octahedral site (R(Nb**) =0.064;
R(Fe™®)=0.0645 nm) [21].

Basing on the measurements of magnetic susceptability
of the solid solutions, the paramagnetic components of
magnetic susceptability y*“(Fe) and values of effective
magnetic moments y,(Fe) of iron atoms at different
temperatures for different concentrations of solid solutions
of bismuth orthoniobate were calculated. The isotherms of
paramagnetic component of magnetic susceptibility of iron
atoms in the solid solutions are typical of antiferromagnets
(Fig. 1a).

The effective magnetic moment of iron atoms calculated
by an extrapolation of the concentration dependencies of
x““(Fe) to an infinite dilution of the solid solutions increases
with temperature (Table 1) from 5.84 pB at 90 K up to 6.43 uB
at 320 K (a-BiNbO,).

The temperature dependence and higher values of
the magnetic moment of iron atoms as compared to the
spin values of Fe(III) (‘ueﬂ=5.92 uB, term 6A1g) and Fe(II)
(4,;=4.9 uB, °T, ) are due to the exchange interactions of
antiferromagnetic or ferromagnetic types in the clusters of
Fe(III) atoms. The decrease in magnetic susceptibility of iron
atoms with the increase in concentration of solid solutions
is associated with the dominance of antiferromagnetic
interactions between paramagnetic atoms in the clusters.
This assumption is also confirmed by a downshift of
temperature dependencies of the effective magnetic moment
of paramagnetic atoms with an increase in iron concentration
in solid solutions (Fig. 1b).

In the EPR spectra of BiNb, Fe O, ; (0.003<x<0.03)
samples, a wide line of a Gaussian shape with the center at
g=2.16-2.37 and width ABpp=130-160 mT was recorded.
In its low-field part, a low intensity signal with g~4.3
(Fig. 2a), typical of Fe** ions in the crystal field of octahedral
symmetry with the maximum orthorhombic distortion
E/D=1/3,is present [22]. The wide component of the spectra
originates from iron (III) ions and their clusters in less
distorted octahedral cation sites in the structure of bismuth
orthoniobate. The appearance of a set of signals with g~4.3
and g~ 2.2 in the EPR spectrum suggests an inequivalence of
cation sites of iron atoms in the structure of solid solutions.

Along with the broad spectrum component, a “noise-
like” signal formed by a large number of narrow lines
is observed in the magnetic field range of 190-400 mT.
It can easily be separated by subtracting the corresponding
smoothed spectrum from the EPR spectra (Fig. 2b,c). The
position of the narrow lines changes when tilting the test-
tube even at a slight angle, and repeated recording of the
spectrum without changing the test-tube position reproduces
the lines completely that indicates their “non-noise” nature.
The noise intensity, as is seen in Fig. 2b, is much lower than
the absorption signal. According to [22], narrow “noise-like”

anisotropic lines on the background of the broad spectrum
component can be related to the integral signal of FMR and
its fine structure emerging due to magnetization jumps of
finely dispersed ferromagnetic particles. The coexistence
of paramagnetic and ferromagnetic phases in a nominally
one-phase ceramics was detected in [23] in single-crystal
La,_Pb ,MnO, by EPR method in the form of an integrated
signal of FMR and the fine structure. The presence of the
ferromagnetic phase in the BiNb, Fe O, ; samples can be
inferred by the dependence of values of specific magnetic
susceptibility of solid solutions on magnetic field strength.
However, the analysis of the results of magnetic susceptibility
measurements showed that, for the whole series of the solid
solutions, no correlation between the susceptibility and
magnetic field strength was observed. It follows from this fact
that if the presence of the ferromagnetic phase in the samples
is assumed, its contribution to the magnetic susceptibility
value is minor.
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Fig. 1. Isotherms of the paramagnetic component of magnetic
susceptibility of iron-containing solid solutions at 90 K (1), 140 K (2),
200 K (3), 260 K (4) and 320 K (5) (a); temperature dependences
of the magnetic moment of iron atoms in BiNb, Fe O, ; at
x=0.003 (1), 0.007 (2), 0.02 (3) and 0.03 (4) (b).

Table 1. Effective magnetic moment of iron atoms in BiNb, Fe O,
atx—>0.

T,K 90 140 200 260 320

5.84 6.01 6.16 6.31 6.43

#,5(Fe), uB
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The integral intensity of the line with g-factor ~4.3 does
not change significantly, a slight line broadening with an
increase in the index x from 0.015 to 0.020 is observed. The
g-factor of the integral component of FMR, after the initial
jump from 2.25 to 2.37 at the change of x from 0.003 to 0.005,
monotonously decreases down to 2.16 with a further increase
of the iron content. The integral intensity of this component
fluctuates between 90 and 140 a.u. The increase in the
intensity of the line with g-factor ~2.2 with the increase in
the iron content in the solid solutions shows that iron atoms
prefer minimally distorted positions.

Theoretical calculations of magnetic susceptibility and
comparison of the data obtained with experimental ones
were carried out to describe the magnetic behavior of the
solid solutions. The calculations of the dependencies of
x"*(Fe) on the concentration of the solid solutions were
done within the framework of the model of diluted solid
solution, according to which the magnetic susceptibility is
defined as a sum of contributions from single paramagnetic
atoms and their exchange-bonded aggregates. The formula
for calculating the paramagnetic component of magnetic
susceptibility of iron atoms is given by a sum of contributions
of magnetic susceptibility of monomers and dimers with
antiferromagnetic and ferromagnetic types of interaction:

para _ _ mon __ _dim(a) dim(f)
Xeale (Fe) - (1 Areamy — Areamy )ZFe(llI)-Fe(llI) +
dim(a) , dim(a) mon mon ( 1 )
+ Ageairy X Fe(itn)-Fe(mn + ey Areqimy?

mon dim(a) .
where ey and Aryq, —are ratios of monomers and

antiferromagnetically-coupled dimers of iron (III),

mren A0d gt} o are magnetic susceptibilities of
Fe(III)-O-Fe(III) dimers with antiferro- and ferromagnetic
types of exchange, yiitL . — magnetic susceptibility of
Fe(IIT) monomers.

Magnetic  susceptibility of dimers consisting of
paramagnetic atoms was calculated using the Heisenberg-
Dirac-van Vleck model [17], the calculation technique is
given in [24, 25]. The experimental and theoretical values
of magnetic susceptibility of the solid solutions are given
in Table 2. The best agreement of experimental data with
the calculated ones for the solid solutions BiNb,_Fe O, ; is
obtained for the parameter of antiferromagnetic exchange
J,,=—17 cm™ and ferromagnetic exchange J, =45 cm™
in dimers. The distribution of monomers and dimers of
iron (III) atoms with antiferro- and ferromagnetic types of
exchange is shown in Fig. 3.

An analysis of the experimental results shows that,
in the case of infinite dilution, the Fe(III) atoms are in the
aggregated state in the form of Fe(III)-O-Fe(Ill) dimers
with antiferro- and ferromagnetic types of exchange. The
assumption on the realization of an indirect ferromagnetic
exchange between Fe(III) atoms at 120° angle in the crystal
field of octahedral symmetry does not contradict the magnetic
exchange theory [26]. In this case, the indirect ferromagnetic
exchange between paramagnetic atoms occurs through the

d}_ziy2 1p L dxy

cross-exchange channels, e.g. . Moreover,
geometric distortions of the bond lengths and angles and
anion vacancies formed as a result of heterovalent substitution
contribute to the activation of ferromagnetic exchange. For

0.003
0 100 200 300 400 300 600 B,mT
a
2.0032
x=0.002
4.3
1] 206 4060 @0 B,ml
b
x=0.003 20032
.1
2
I
3
B, mT
235 280 285 310 335
c
Fig. 2. EPR spectra of the solid solutions BiNb,_ Fe O,
of orthorhombic modification (a); EPR spectrum of the
BiNb,,.Fe .0, , sample and ferromagnetic resonance
fine structure obtained by subtracting the corresponding

smoothed spectrum from the EPR spectra (b); a fragment of
ferromagnetic resonance fine structure before (1) and after (2)
tilting the test-tube by about 5° and a repeated independent
recording (3) (c).
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these reasons, the antiferromagnetic type of exchange between
iron (III) atoms through dxtyz lpid. . dxzfyz lp,lld, .
exchange channels is suppressed in highly diluted solid
solutions as evidenced by low values of exchange parameters
indimers], =-17cm™uJ, =45cm™. The possibility of the
realization of the antiferromagnetic exchange between atoms
of a paramagnet can be explained based on the assumption
that iron (III) atoms are located in crystal fields of varying
degrees of distortion. This conclusion is not in contradiction
to the results of EPR studies of the solid solutions, which
show that the EPR spectra contain two types of signals with
g~4.3 and ~2.2 suggesting an inequivalence of cation sites
of iron atoms in the structure of solid solutions. The fraction
of clusters with the ferromagnetic exchange type decreases
with an increase in the solid solution concentration (Fig. 3)
that can be caused by averaging of the local distortions of the
structure and coarsening of the initially formed aggregates
with dominantly antiferromagnetic type of exchange.
Evidently, the formation of exchange-bonded aggregates
in highly diluted solid solutions of bismuth orthoniobate
facilitates the stabilization of the crystal structure by means
of localization of aggregates close to oxygen vacancies, which
reduce the degree of distortion of oxygen neighborhood of
the paramagnet atoms [27].

1 -
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0.6 - .
0.4 -
0.2 -
A
-\‘K‘\‘\ R 2
0 . : , ‘ T w3
0 0.005 0.01 0.015 0.02 0.025 0.03 *

Fig. 3. Dependencies of the fractions, a, of dimers Fe(IIT)-O-Fe(III)
with antiferromagnetic (1) and ferromagnetic (3) types of exchange,
and monomers of Fe(IIT) (2) on the concentration of iron atoms in
BiNb,_Fe O, .

4. Conclusions

The magnetic susceptibility and EPR of the solid solutions
a-BiNb, Fe O, , of orthorhombic modification have been
studied. In the EPR spectra of solid solutions, a wide band
with the center at g=2.16-2.37 was recorded and a low-
intensity signal with g-factor of ~4.3 was observed on its
low-field wing. The two types of signals with g~4.3 and ~2.2
observed in the EPR spectrum suggest an inequivalence of
cation sites of iron atoms in the structure of solid solutions.
The analysis of the results of magnetic susceptibility
measurements has shown that Fe(III) atoms are mostly in
an aggregated state forming Fe(III)-O-Fe(III) dimers with
the antiferro- and ferromagnetic types of exchange. The best
agreement between the experimental and calculated data is
obtained for the dimer parameters of J, =-17 cm™ for the
antiferromagnetic type of exchange and J, =45 cm™ for the
ferromagnetic one.

Supplementary Material. The on-line version of this paper
contains supplementary material (figures) available free of
charge at the journal's Web site (www.lettersonmaterials.com).
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