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Abstract

The potential for the practical application of bismuth ferrite (BFO) in information storage, microelectronic, and spintronic
devices and in medical sensors of various purpose is limited by the presence of a spin cycloid. Its destruction, including
destruction due to doping with rare earth elements and the transfer of BFO to a nanoscale state, contributes to the occurrence
of ferromagnetism and the manifestation of the magnetoelectric effect. The study was aimed at the synthesis of bismuth
ferrite nanopowder doped with erbium ions.

By spray pyrolysis at a temperature of 760 °C, we synthesised BFO samples with a nominal degree of doping with erbium
ions from 0.05 to 0.20. The data of X-ray diffraction analysis show that there is a small amount of Bi,.FeO,, and Bi,Fe,O,
in the doped samples. The shift of the BFO reflections on diffraction patterns towards larger 26 angles is representative of
the incorporation of erbium ions into the crystal lattice of BiFeO,. The morphological characteristics of the samples were
determined using transmission electron microscopy. According to the data of electron probe X-Ray microanalysis, the real
composition of the doped Er Bi, FeO,samples is very close to the nominal.

The particles of Er Bi, FeO, powders synthesised by spray pyrolysis have a nearly spherical shape, the particle-size
distribution is in the range of 5-300 nm, the predominant number of particles have a size in the range of 50-200 nm, and
the agglomeration is weak. The decrease in the crystal lattice parameters and the unit cell volume of Er Bi, FeO, and an
increase in the degree of doping with erbium ions confirm the incorporation of Er* into the BFO crystal lattice to the
bismuth position.
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1. Introduction

Among multiferroic materials, bismuth ferrite
BiFeO, is particularly interesting. The symmetry
of the BFO crystal allows the presence of the linear
magnetoelectric effect and weak ferromagnetism at
room temperature [1-5]. However, bismuth ferrite
in bulk state is characterised by a spin cycloid in
its magnetic structure, with the period of 62 nm.
It completely eliminates the weak ferromagnetism
of BFO and prevents the appearance of the linear
magnetoelectric effect. The inhomogeneity of the
magnetoelectric interaction leads to the induction
of spatial spin modulation of spontaneous electric
polarisation. In the first approximation, the degree
of rhombohedral distortion of the cell, the ¢c/aratio,
can be a criterion for the degree of polarisation.
To destroy the spin cycloid, it is necessary to
decrease the ¢/aratio, thereby reducing the degree
of polarisation, which results in a change in the
spin structure [6-11]. The synthesis of BFO by the
solid-phase method is a rather challenging task,
since the Bi,0,-Fe,O, system is characterised by
the formation of 3 intermediate phases: Bi,.FeO,,,
BiFeO,,and Bi,Fe,O,; single-phase BiFeO, exists in
avery narrow range of compositions, temperature,
and pressure [12-16]. A decrease in the impurity
content in BFO requires long-term heat treatment,
which is accompanied by an increase in the particle
size of the target product. Unlike the solid-phase
method, the synthesis of nanopowders by spray
pyrolysis of aerosols has such advantages as
sufficiently high productivity, purity of the target
product, the ability to control morphology, and
low energy consumption. Therefore, the study was
aimed at the synthesis of BiFeO, by spray pyrolysis
with different degrees of doping with Er*>* ions.

2. Experimental

In this work, crystalline hydrates of
Fe(NO,),-9H,0 (p.a. TU 6-09-02-553-
96), Bi(NO,),-5H,0 (p.a. CAS 10035-06-0),
Er,(SeO,),-8H,0 (pur. TU 1083-63), tartaric acid
C,H.,O, (GOST 5817-77), and nitric acid HNO,
(GOST 4461-77) were used as precursors. The
samples were synthesised by the spray pyrolysis
method similar to the procedure described in [17].
During the synthesis of erbium-doped bismuth
ferrite, the concentration values of bismuth
and erbium ions were calculated using the
stoichiometric ratio: Er® : Bi*> : Fe>*=x:(1-x) : 1,

94

2021;23(1): 93-100

Original articles

where x = 0.05, 0.10, 0.15, 0.20 is the nominal
doping degree.

In accordance with this ratio, crystalline
hydrates of erbium selenate, iron nitrate, and
bismuth nitrate were dissolved in nitric acid.
Tartaric acid C,H,O,, taken at the rate of 3 moles
of acid per 2 moles of metal ions, was dissolved
in distilled water and added to a solution of metal
nitrates. To carry out the synthesis, a laboratory
spray pyrolysis unit was assembled (Fig. 1). The
prepared solution was placed in a dispersant,
where it was transformed into an aerosol with a
particle size of 0.8 to 2.0 ym and was transferred
by an air flow into the reaction chamber of an
MTP-2M furnace, the hottest part of which was
heated to 760 °C. The temperature was controlled
by an OVEN TRM1-Shch1.U.R thermostat with an
error of = 1 °C. The flow rate was 9 1/h. Aerosol
particles were in the reaction zone for about 0.6
s. Influenced by the high temperature, the aerosol
pyrolytically decomposed with the formation of
the target product. The particles were collected by
passing the gas through a glass of distilled water,
then they were filtered off, and dried in air.

- -

t \

1

Fig. 1. The layout of the spray pyrolysis unit: 1 — com-
pressor, 2 — dispersant, 3 - MTP-2M furnace, 4 — a glass
of distilled water to collect the nanopowder

The phase composition of the synthesised
powders BiFeO,, BiFeO,:Er**(5 %), and
BiFeO,:Er* (10 %) was determined by X-ray
diffraction analysis (XRD), using a RIGAKU
SmartLab III X-ray diffractometer with a Co
anode (A = 1.79030 nm). The measurement was
performed with a step of 0.010. To study the
phase composition of BiFeO,:Er*(15 %) and
BiFeO,:Er**(20 %) by XRD, we used an Empyrean
B.V. X-ray diffractometer with a Cu anode
(A = 1.54060 nm). The scanning was performed
within a 26 angle range of 10 to 80° with a step of
0.0200. The size of the coherent scattering regions
(CSR) based on the XRD data of the synthesised
bismuth ferrite samples was calculated using the
Scherrer formula [18]:
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kxA
Dy = 9’
B,y X COS
where: D, —average particle size, A, k- correction

factor (for cubic and orthorhombic structure
k=0.9), A - X-ray tube wavelength, 6 — the position
of the peak maximum, deg., B, , — intrinsic phys-
ical broadening of the diffraction maximum, rad.

The quantitative elemental composition
of the synthesised samples was determined by
electron probe X-Ray microanalysis (EPXMA,
scanning electron microscope JEOL-6510LV with
a Bruker energy dispersive microanalysis system).

The size and morphology of BFO powder
particles were determined using the results
of transmission electron microscopy (TEM,
Carl Zeiss Libra-120 transmission electron
microscope).

For a semi-quantitative assessment of the
content of impurity phases in the synthesised
BFO nanopowders, we conducted a semi-
quantitative analysis of the diffraction patterns
by the corundum number method using the
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formula:
I;(Tla)(
RIR,
(Dk = max
I i

2, RIR,

where: o, — mass fraction of phase k, I, ™~ inten-
sity of the largest reflection of phase k, RIR, -
corundum number of phase k, [™* — intensity
values of the largest reflections of i-phases, RIR, -
corundum number of i- phases.

3. Results and discussion

The data of X-ray phase analysis (Figs. 2 and
3) shows that the synthesised samples are mainly
bismuth orthoferrite BiFeO, (card number 73-0548)
[19]. However, there are single reflections of the
Bi,.FeO,, and Bi,Fe,O, phases (card numbers 46-
0416,72-1832). A semi-quantitative assessment of
the content of impurity phases in the synthesised
samples by the corundum number method
demonstrates a tendency for the increase in the
amount of Bi,.FeO, and Bi,Fe,O, with an increase

Fig. 2. X-ray diffraction patterns of the samples of BiFeO, (1), BiFeO,:Er**(5 %) (2), and BiFeO,:Er**(10 %) (3).
The reflections of the BiFeO, reference sample are indicated by the dotted line (card number 73-0548)

Fig. 3. X-ray diffraction pattern of the BiFeO,:Er*"(15%) (4) sample and X-ray diffraction pattern of the
BiFeO,:Er*"(20 %) (5) sample. The reflections of the BiFeO, reference sample are indicated by the dotted line

(card number 73-0548)
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in the degree of doping of BFO with Er**ions (Table
1), which may be associated with an increase in
distortions of the crystal lattice of bismuth ferrite.
When the diffraction patterns recorded using
the same diffractometer are superposed (Fig. 2
and Fig. 3, respectively), we can see a shift of the
reflections of erbium-doped BFO samples toward
larger 26 angles compared to the undoped BiFeO,
sample. It indicates a distortion of the crystal
lattice caused by the incorporation of an ion with
a smaller ionic radius to the position of an ion
with a larger ionic radius [20]. Since the Er3*ion
radius is 0.089 nm, and the Bi** and Fe3"ion radii
are 0.120 nm and 0.064 nm, respectively [21], it
can be assumed that erbium is incorporated into
the ferrite lattice to the position of bismuth. This
is confirmed by a decrease in the parameters of
the crystal lattice and the unit cell volume in
relation to an increase in the degree of doping of
bismuth ferrite with erbium ions (Table 2).

2021;23(1): 93-100
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The energy dispersive spectra of the synthe-
sised Er Bi, FeO, samples record not only the sig-
nals of Bi, Fe, and O, but also Er (Fig. 4), which
also confirms that erbium ions incorporate into
the BFO lattice. With an increase in the degree of
doping of bismuth ferrite, the intensity of erbi-
um signals in the synthesised samples expected-
ly increases. Nevertheless, the real composition
of the synthesised samples of BiFeO,:Er**(5 %),
BiFeO,:Er**(10 %), and BiFeO,:Er*"(15 %) is slight-
ly different from the nominal (Table 3), which is
explained by the presence of a certain amount of
Bi,.FeO,, and Bi,Fe,O, impurity phases in doped
BFO nanopowders.

The size assessment CSR based on the XRF
data is provided in Table 4. The average CSR of
Er Bi, FeO, sample particles is within the range
of 19 to 27 nm, it slightly raises with an increase
in the nominal degree of BFO doping with Er**
ions from 0.05 to 0.20.

Table 1. The composition of the synthesised samples, calculated by the method of corundum numbers

Samples
Phase, wt.% BiFeO, BiFe()Oz:Er3+ BiFeO%):Er3+ BiFeO%:Er3+ BiFeO%):Er3+
(5 %) (10 %) (15 %) (20 %)
BiFeO, 95.7 % 84.3% 72.6 % 75.4 % 72.1%
Bi,.FeO,, 0.0% 12.0 % 19.1 % 15.7 % 16.4 %
Bi,Fe,O, 4.3 % 3.7% 8.3% 8.9% 11.5%

Table 2 The lattice parameters and unit cell volume of BiFeO, samples: BiFeO,:Er**(5 %), BiFeO,:Er*
(10 %), BiFeO,:Er**(15 %), and BiFeO,:Er*"(20 %), synthesised by spray pyrolysis (calculated for hexagonal

packing)
Lattice Reference sample, BiFeO, BiFeO BiFeO,:Er** | BiFeO,:Er** | BiFeO,:Er*" | BiFeO,:Er**
parameters Card 73-0548 3 (5 %) (10 %) (15 %) (20 %)
a,A 5.58 5.58 5.56 5.55 5.46 5.44
¢, A 13.90 13.85 13.82 13.71 13.67 13.66
V, A 374.81 373.41 370.68 369.09 352.71 350.75

Table 3. Results of the electron probe X-Ray microanalysis for the samples of BiFeO,:Er*'(5 %),

BiFeO,:Er**(10 %), and BiFeO,:Er**(15%)

Nominal composition of samples (N) Er, Bi,,.FeO, Er,,Bi, FeO, Er, Bi  FeO,
Er H 1.00 2.00 3.00
P 1.17 2.24 3.32
Elemental Bi H 19.00 18.00 17.00
composition P 18.07 18.00 15.72
o ’ H 20.00 20.00 20.00
at. % Fe

P 20.09 19.76 20.96
0 H 60.00 60.00 60.00
P 59.83 60.00 60.00

Real composition of samples (R) Er, Bi, o, FeO0, o Er,, Bi,, FeO, Er, Bi,,FeO, .
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Fig. 4. The energy dispersive spectra of the samples: a) BiFeO,:Er** (5 %); b) BiFeO,:Er** (10 %), c¢) BiFeO,:Er**

(15 %), synthesised by spray pyrolysis

Table 4. CSR values of particles of the Er Bi, FeO, samples synthesised by spray pyrolysis

O?iﬁrf:fg:tﬁfn BiFeO, Er,,Bi,, FeO, | Er. Bi  FeO, | Er,,Bi,FeO, | Er Bi FeO,
D, 2242 2242 2242 263 3043
D, 1421 162 162 212 26+3
D, 18%2 18%2 2542 2542 263
D, 18£2 19%2 20£2 2542 2753
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According to the TEM data (Fig. 5), the
Er, .Bi,,FeO, particles have a nearly spherical
shape, the particle size does not exceed 300 nm,
and the predominant fraction of the particles is
in the range of 51-100 nm. For a sample with a
higher degree of doping with Er ,Bi ,FeO,, a
weakly pronounced agglomeration is observed
(Fig. 6). Although the particle size still does not
exceed 300 nm, most of the particles have a size
in the range of 101-200 nm.

4. Conclusions

We determined that spray pyrolysis makes
it possible to synthesise bismuth ferrite
nanopowders with various degrees of doping
with erbium, which are characterised by
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pronounced crystallinity, a low degree of
agglomeration, a nearly spherical shape, and
a predominant particle size within the range
of 50-200 nm. The shift of the reflections of
bismuth ferrite towards larger values of 26
angles, observed in the diffraction patterns, a
decrease in the lattice parameters and the unit
cell volume of Er Bi, FeO, samples, as well as
anincrease in the degree of doping with erbium
ions indicate the incorporation of erbium ions
into the crystal lattice of ferrite at the bismuth
position.
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Fig. 6. TEM images (a) of the Er,  Bi
the histogram of its particle-size distribution (b)

relationships that could have influenced the work
reported in this paper.
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