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Llenw dannozo uccnedosanus cocmoAnNa 8 U3yueHuu 6UAHUA KAMUOHHBIX 3AMEU|eHUT HA
opmuposanue paz Aypusuniuyca npu paziuuHvIX MEMREPAMypPax mepmoodpadbomKu 8 ycioeusx
meepooghaznozo cunmesa. H3zyueno pazooopazosanue heppomumanamos eucmyma 1aHmanouod co
cmpyxkmypou ¢paz Aypusunnuyca cocmasa Ln;BisFeTisO1s, 20e Ln = Th, Ho, Er, Yb. Iloyuenusie
00pazyvl oxapaKxmepu308anvl MEMOOAMU PEHM2EHOECKOU OuPpaKyuu, UHGPaKpacHoli CHeKMpPoCKo-
nuu, oupepenyuaIbHO-MEPMUYECKO20 U MEPMOZPACUMEMPUUECKO20 AHANU3A, KPOME MO20, U3Y-
YeH ux neMeHmuulii cocmas. B evidpannom pesrcume cunmesa 8vla61eHHO NPEUMYULECEEHHOE
thopmuposanue ¢hazvt co cmpykmypoit nupoxnopa 60 6cem U3y4eHHOM pAOY, 34 UCKTIOUeHUEM 00-
pasua, cooepircauieco kamuonovl ummepoua(lll), ¢ komopom cocywiecmeyrom hazol nupoxaI0pHo20
muna u cioucmozo nepoeckuma co cmpykmypoii Aypusunnuyca. Ocnosnasn 6o écex oopasuyax paza
RUPOXNIOPHO20 Muna Kpucmaiiusyemcsa 6 Kybuueckoil cumzonuu. Ilokazano, umo 6 oopasyax
Ln;BisFeTis01s, 20e Ln = Th, Ho, Er napamempovt Kpucmaiiu4eckoii pewemKku ymMeHbuaomcs,
66U0y CHUMICeHUA Kamuonnoz2o paouyca uonoeé Ln(IIl). Oonaxo 6 nocrednem oopasye uzyueHHozo
paoa Yb;:BisFeTi;O15 oannaa zaxonomepnocme napywmaemcs ééudy pacnpeoenenus uornog Yb(III)
Medxcoy pazamu neposckuma u RUpoxIopa. YCmanosieHOo, UMO NPoAsIAOWUecs 6 00pazyax
Ln;BisFeTis01s, 20e Ln = Th, Ho, Er, o6pamumsie mepmoihghexnor mozym ovimes ommuecenst K ha-
3080MY nepexooy muna nopaooK-6ecnopa0oK 6 nupoxiopHou cmpykmype. Ilpu uzyuenuu memnepa-
mypHo2o nosedenus 0gyxgasnozo oopazua Yb:BizFeTizO1s évtasnenst 06a oopamumvix pazoswvix ne-
pexooa: mepmodghghekm ¢ HU3KOU UHMEHCUBHOCHIbIO XAPAKMEPU3YEM USMEHEHUA 8 CMPYKmype nu-
POXI0pHO20 muna, a 60j1ee UHMEHCUBHBLIL MEPMOIPhexm ModCHO omHecmu K cezHemodieKmpuye-
cKoMmy hazoeomy nepexooy 6 cmpykmype c10ucHo20 nepoeckuma cemeiicmea Aypugunnuyca.
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The purpose of this study was to investigate the effect of cation substitutions on the for-
mation of Aurivillius phases at various annealing temperatures using solid-state synthesis. The
phase formation of lanthanide bismuth ferrotitanates with the Aurivillius phase structure
Ln,BisFeTis015, where Ln = Thb, Ho, Er, Yb, has been studied. The obtained samples were charac-
terized by X-ray diffraction, infrared spectroscopy, differential thermal and thermogravimetric
analysis, and their elemental composition was studied. The predominant formation of a phase with
a pyrochlore structure was revealed in the entire series studied in the chosen synthesis conditions.
The exception was the sample containing ytterbium(l11) cations, in which phases of the pyrochlore
type and layered perovskite with the Aurivillius structure coexist. The main pyrochlore-type phase
in all samples crystallizes in the cubic syngony. It is shown that in the Ln;BisFeTisO15 samples,
where Ln = Th, Ho, Er, the crystal lattice parameters decrease due to a decrease in the cationic
radius of the Ln(I11) ions. However, in the last sample of the studied series Yh.BisFeTizO1s, this
pattern is violated because of Yb(I11) ions distribution between the perovskite and pyrochlore
phases. It has been established that the thermal effects observed in the samples Ln;BisFeTi3O;s,
where Ln = Tb, Ho, Er, can be attributed to an order-disorder phase transition in the pyrochlore
structure. When studying the temperature behavior of a two-phase sample of Yb,BisFeTi3O1s, two
reversible phase transitions were revealed: a low-intensity thermal effect characterizes changes in
the pyrochlore-type structure, and a more intense thermal effect can be attributed to a ferroelectric
phase transition in the structure of a layered perovskite of the Aurivillius family.

Keywords: phase formation, pyrochlore structure, Aurivillius phase, phase transitions

INTRODUCTION pacitors, converters, LEDs, microelectromechanical
systems, and memory devices [1, 2].

The environmental side of the issue is also be-
coming an urgent task for researchers. At some stage
of the development of ferroelectricity, most devices
were made from lead-containing ceramics, such as lead

Currently, ferroelectrics are a large group of
popular functional materials. Ferroelectric oxide ce-
ramics can be applied in many devices such as sensors,
optical processors, filters, resonators, multilayer ca-
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zirconate titanate and its solid solutions, due to their
high performance. However, waste from the use of
these compounds can cause serious environmental
problems. Therefore, currently there is an increasing
necessity to develop lead-free ferroelectric ceramics to
minimize environmental pollution [3]. Perovskite-like,
layered and pyrochlore phases can become the basis for
such materials due to the stability of the structure and
extensive possibilities for modification [2, 4-20].

Aurivillius phases have a layered structure
consisting of alternating charged layers [Bi,02]*" and
perovskite-like blocks containing m quantity of layers
[Am-le03m+l]27 [21].

BisFeTiszO1s belongs to the Aurivillius phases
with m = 4, which have an orthorhombic type of unit
cell distortion. It is known that one of the options to
modify the composition of BisFeTizO1s to improve the
electrical characteristics and magnetic properties is the
substitution of rare earth cations in the bismuth posi-
tion, due to the proximity of the cation radii of Bi** and
Ln3*. Analysis of known literature sources, as well as
the results of our previous studies, allow us to identify
the following trends in the sequence of lanthanides La—
Pr—Nd-Sm-Gd-Dy. In this sequence, the ionic radius
of rare earth elements decreases, and therefore the vol-
ume of the unit cell of the resulting phases based on
BisFeTi;O15 decreases. The temperature of electrical
disorder also tends to decrease [4, 5, 8, 13, 15, 28]. It
is necessary to lower this temperature due to the appli-
cation requirements of devices using these compounds.
We assume that the introduction of heavy lanthanides
will also continue this trend. Tb, Er, Ho and Yb were
chosen in this study due to the lack of information on
their influence on the properties of BisFeTizO1s. Nu-
merous publications report that rare earth cations, par-
tially replacing bismuth cations, do not disrupt the lay-
ered perovskite-like structure of the BisFeTi;O1s5 phase.
However, an improvement in ferroelectric properties is
observed only at a certain concentration of dopants.
An excess of rare earth ions suppresses these proper-
ties [4-10, 12, 14, 19].

The structure of pyrochlore with the general
formula A;B>0- has a cubic unit cell and consists of
two interpenetrating sublattices: A2O with a tetrahedral
environment [OA4] and B>Os, consisting of octahedra
[BOs]. The range of properties of pyrochlores that are
interesting to study includes piezoelectricity, ferro-
magnetism, ionic conductivity, and the ability to be ac-
tive in photocatalysis. Similar to perovskites, to vary
the composition of these compounds without disturb-
ing the structural type of pyrochlore, various dopants
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are used due to the “flexibility” of the crystal lattice
[12, 22-24].

In numerous articles on the properties of doped
BisFeTi3015 and Bi>Ti.Oz, researchers pay more atten-
tion to the magnetic properties of the resulting com-
pounds [1, 4, 8-9, 12, 25, 26]. Thus, information on the
effect of cation substitutions on the electrical proper-
ties of these phases is of interest for studying and es-
tablishing correlations between composition and prop-
erties. The purpose of this work was to identify the di-
rection of phase formation and possibility of obtaining
compounds with a layered perovskite structure of the
Ln2BisFeTizO1s composition as well as to study their
electrical properties.

EXPERIMENTAL PART

The objects of study Ln,BisFeTi;015 (Ln=Tb,
Ho, Er, Yb) (LnBFT) were obtained from extra pure
oxides of bismuth(I1l), iron(l1I), titanium(IV) and ox-
ides of the corresponding lanthanides Ln(l1l), taken in
stoichiometric quantities.

The following research methods were used to
characterize the properties of the obtained compounds.
The phase composition of LnBFT samples was deter-
mined using X-ray phase analysis (XRD: DRON-7,
ACuKo = 1.54056 A), and the crystal lattice parameters
were refined using standard software. IR spectroscopic
analysis (Nicolet 6700, 4000-50 cm™, ATR (Pike), di-
amond) was used to confirm the XRD data on the struc-
ture and symmetry of the synthesized compounds. The
method of differential thermal and thermogravimetric
analysis (DTA/TG: TA Instruments SDT Q-600, AT =
= 293-1373 K, v = 10 deg/min) was used to study the
process of interaction of initial compounds and changes
occurring in the resulting samples. The elemental com-
position of the samples was analyzed using a DFS-8
spectrograph and a MORS-6 spectra recorder (graphite
electrodes, direct current I = 15 A, sample weight 50 mg).
To study the electrical characteristics of ceramics, the
dielectric spectroscopy method was used (HP 4284A,
AT =300 — 1300 K, f =100 Hz — 1 MHz (1 V), Ag
electrodes).

The annealing temperature regime was chosen
based on literature data and DTA/TG results of the in-
itial stoichiometric mixtures. A number of thermal ef-
fects appear on the DTA curves of unannealed mix-
tures of all samples, which suggests that the interaction
process is multistage with the formation of various in-
termediate phases. In order to study phase formation
for the synthesis of Ln,BisFeTizO1s, the following heat
treatment temperatures were chosen: T: = 1073 K,
T,=1173K, T3 =1273 K, T, = 1373 K. Annealing was
carried out in a muffle furnace for 6 h at each stage of
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the synthesis. Between stages, the mixtures were re-
mixed with ethanol for better homogenization and
formed in tablets 1cm diameter and 2mm thickness.

RESULTS AND DISCUSSION

X-ray phase analysis (XRD)

According to XRD results all LnBFT samples
are multiphase after two synthesis stages T; = 1073 K
and T, = 1173 K. The samples contain the following
phases: Bi5FeTi3015, BiFEO3, BizFe409, Bi1xTiOx.

With an increase in the heat treatment temper-
ature T; = 1273 K in the diffraction patterns of the ob-
tained LnBFT samples (Ln = Tb, Er) the most intense
reflections belong to the pyrochlore phase Bi,Ti>Oy,
and the reflections of the Aurivillius phase BisFeTizO1s
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have low intensity, i.e. this phase is present in listed
above samples only in trace amounts (Fig. 1a). In
LnBFT samples containing holmium Ho®*" and ytter-
bium Yb3* cations the Aurivillius phase is the main but
not the single.

Further annealing at T4 = 1373 K leads to the
completion of phase formation in the sample contain-
ing Er®* cations. The diffraction pattern shows only re-
flections that belong to the pyrochlore phase (Fig. 1b).
The remaining samples of the studied series are two-
phase and, in addition to the main phase with the pyro-
chlore structure, contain a trace amounts of Aurivillius
phase in case of samples with Th** and Ho**, and more
significant quantity in case of YbBFT sample.
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Fig. 1. Diffraction patterns of LnBFT after annealing at: a) T3=1272 K, b) T4=1373 K (* — Aurivillius phase)
Puc. 1. Iudpakrorpammer o6pasnoB LnBFT mocine o6xwura npu: a) Ts=1272 K, b) T4=1373 K (* — ¢da3a Aypusniiyca)

According to emission analysis data for sam-
ples of the entire LnBFT series after all synthesis
stages, the intensity of lines related to bismuth(I11) cat-
ions remains the same. This indicates the absence of
significant losses of bismuth(lll) oxide during high-
temperature synthesis [5].

For the main phase with the pyrochlore type in
LnBFT samples, crystallized in a cubic system, the
crystal lattice parameters were refined after annealing
at T,=1373 K (Table). It has been established that with
increasing atomic number Ln = Thb, Ho, Er a linear de-
crease in the unit cell volume occurs due to a decrease
in the radius of the Ln®" because of the f-compression.

However, the unit cell parameters of pyro-
chlore in YbBFT sample deviate from a linear correla-
tion. In YbBFT, the pyrochlore and layered perovskite

ChemChemTech. 2025. V. 68. N 1

phases coexist in almost equal proportions. Presuma-
bly, Yb3* ions are distributed unevenly between the
two phases, being localized predominantly in the Au-
rivillius phase.

Table
Unit cell parameters of the pyroclore phase LnBFT
T4=1373 K
Tabnuya. IlapamMeTpsbl JIeMeHTaPHOI siueliku ¢a3bl co
CTPYKTYpOii nmupoxsopa oopasuos LNBFT T4 = 1373 K

Cation Ln®* a, A v, A3
The* 20,310+0,007 8378+8
Ho®* 20,251+0,007 8304+8
Er3* 20,212+0,006 8257+7
Yb¥ 20,417+0,007 851048
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IR spectroscopy

In the IR spectra of layered perovskites bands
characteristic of symmetric and asymmetric stretching
vibrations of Me-O bond in MOs octahedra appear in
the range 900-650 cm, while bands related to bending
vibrations in octahedra MOs and [Bi>O2]*" groups oc-
cur in the range 650-200 cm™ [27]. A fragment of the
pyrochlore crystal structure, similar to the perovskite
structure, is the MeOg octahedra. Accordingly, absorp-
tion bands of Me-O bonds vibrations in MeOs of the
pyrochlore structure also appear in the range 900-
200 cm™. In addition, a decrease in the number of
bands in the IR spectrum indicates an increase in the
symmetry of the crystal lattice.

According to the results of IR spectroscopic
analysis of LnBFT samples after T3 = 1273 K, in the
spectra of HOBFT and YbBFT containing the Auriv-
illius phase as the main phase two absorption bands ap-
pear in the frequency range 900-550 cm, characteris-
tic of stretching vibrations of the Me-O bond (Me =
= Ti(IV), Fe(lll)) in MeOg octahedra of the crystal
structure. The presence of a shoulder on the high-fre-
quency slope of the 750-550 cm™ band indicates an or-
thorhombic distortion of the unit cell. A decrease in the
intensity of the band in the range 900-750 cm™ for
TbBFT and ErBFT indicates a decrease in the content
of the perovskite-like phase in the sample, which is
consistent with the results of diffraction studies.

After annealing at T, = 1373 K, the IR spectra
of all samples of the studied series contain a band in
the range 750-550 cm™*. Based on the XRD results, it
was established that in LnBFT (Ln = Tb, Er, Ho) after
T4 = 1373 K the main phase is the pyrochlore phase,
and the layered perovskite phase is contained in trace
amounts. In the IR spectra of LnBFT (Ln=Tb, Er, Ho)
the absorption band in the range 900-750 cm™ has low
intensity or almost absent. Unlike the other studied
samples of the series, YbBFT contains a significant
amount of the Aurivillius phase, which is reflected in
the IR-spectrum by the appearance of two absorption
bands in the range 900-550 cm™.

Differential thermal analysis (DTA)

The results of studies of the temperature be-
havior of the obtained LnBFT samples after annealing
at T,= 1373 K are presented in Fig. 2. All DTA curves
revealed thermal effects characterizing reversible
structural changes.

Thermal effects in LnBFT samples (Ln = Tb,
Er, Ho) are diffuse, accompanied by significant hyste-
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resis (~100 K) and can be attributed to an order-disor-
der phase transition in the structure of pyrochlore [28].
The occurrence of two reversible thermal effects at
close temperatures in the DTA curve of HoBFT sample
is likely due to the different distribution of substituting
Fe(I11) and Ho(ll1) cations in positions A and B of the
pyrochlore A;B,0; structure.

The ferroelectric phase transition in the
BisFeTisO15 structure appears at ~1023 K (hysteresis
10 K) [28], however, the replacement of 40% of bis-
muth positions by Ln(l11) ions leads to a significant in-
crease in the temperature of this effect [29]. In YbBFT
sample, where the perovskite and pyrochlore phases
coexist, two reversible thermal effects appear. The
thermal effect, related to changes in the structure of py-
rochlore, has low intensity and occurs at a temperature
of 1073 K. A ferroelectric phase transition with a
higher intensity is observed at 1295 K.

______

Temperature Difference (K/mg)

90 90 1000 1050 1100 1150
Temperature (K)

Fig. 2. DTA-curves of LnBFT samples after annealing at T4=1373 K
(solid lines — heating, dotted lines — cooling): 1) TbBFT, 2)
HoBFT, 3) ErBFT
Puc. 2. Kpussie JITA o6pasuos LNBFT mocne oGxura npu

T4=1373 K (crutoiHble IMHUK — HATPEBaHNE, TyHKTHPHBIC JTH-
Huu — oxnaxkaenue): 1) TOBFT, 2) HoBFT, 3) ErBFT

Dielectric spectroscopy

DTA data confirm studies of the temperature
dependence of dielectric constant. Frequency-depend-
ent and frequency-independent anomalies were re-
vealed in the dielectric constant (¢) curves of the ob-
tained LnBFT samples. Frequency-dependent anoma-
lies relate to relaxation processes in ceramics, while
frequency-independent anomalies indicate the temper-
atures of phase transitions (Fig. 3).
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Fig. 3. Temperature dependences of the dielectric constant of

YbBFT ¢(T) after annealing at T4 = 1373 K obtained in the cool-
ing mode at frequencies f: 1) 500 Hz, 2) 1 kHz, 3) 2 kHz,
4) 3 kHz, 5) 5 kHz, 6) 10 kHz, 7) 20 kHz, 8) 30 kHz

Puc. 3. TeMnepaTypHLIe 3aBUCHMOCTH Z[I/IZ)J'IGKTpI/IquKOﬁ IIpOHU-
raemoctH &(T) o6pazna YbBFT nocie o6xkwura npu T4 = 1373 K,
HOJTy4eHHbIE B peXXHUMe OXJIaxaeHus Ha yactorax f: 1) 500 I'm, 2)
1 k[, 3) 2 kI, 4) 3 k[, 5) 5 kI, 6) 10 kI, 7) 20 kI, 8) 30 kI1x

CONCLUSION

It was revealed that heavy lanthanides doping
significantly affects the phase formation of bismuth
ferrotitanates Ln,BisFeTiz015. At 1273 K Aurivillius
phase is formed along with the pyrochlore phase. In-
creasing the annealing temperature (1373K) leads to
predominantly formation of pyrochlore phase with
structure Bi2Ti,Os. It has been established that the tem-
peratures of the phase transitions in the studied samples
are strongly influenced by the introduction of a rare
earth ion.
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