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APRESENTACAO

A publicacdo intitulada “Ciéncia e Tecnologia para o Desenvolvimento
Ambiental, Cultural e Socioeconémico” faz uma coletanea de resultados cientificos, em
diferentes areas do conhecimento, exemplificando um modelo para a abordagem dos
problemas relacionados ao desenvolvimento ambiental, cultural e socioeconémico da
sociedade atual.

A obra se justifica ao apresentar caminhos para se atingir solugdes positivas
frente as grandes e variadas dificuldades que estamos observando nas ultimas décadas,
decorrentes de acdes comerciais, do desejo de consumo e ao fato que as fontes sao
finitas, porém os desejos humanos nao. Estas acdes comerciais levam a destruicéo
ambiental, massificagcdo cultural e a problemas socioeconémicos devido a diferenca de
renda e ao aumento da frequéncia de desastres ambientais, os quais geram grandes
prejuizos financeiros e humanos.

A obra se inicia relatando o estado da arte sobre o consumo ético, avanca para
a descricdo da vulnerabilidade e do emprego sustentavel de ecossistemas. Destaca a
funcao dos processos de educacao, peca fundamental para a evolugcao sustentavel de
qualquer sociedade e a importancia da interrelacéo entre os municipios de diferentes
paises para a busca de objetivos comuns.

Na continuidade temos exemplos de resultados cientificos positivos para o uso
de tecnologias em diferentes areas do conhecimento, desde o uso de micro-organismos
e sementes para a producao de Oleos e energia, tratamentos e recuperacao de residuos
de minerais e propostas cientificas avancadas nas areas de separacgao liquido-liquido,
magneto eletrénica e varistores. A obra também ilustra as consequéncias das acoes
negativas praticadas pela agao humana. Cabe destacar que se estas agdes ndo forem
evitadas, corrigidas e/ou readequadas as consequéncias dos desastres ambientais,
com reflexos negativos em todas as areas, poderao se tornar irreversiveis em questao
de décadas.

A importancia deste livro reside ao indicar caminhos para fomentar o
desenvolvimento ambiental, cultural e socioecondémico de forma sustentavel.

Quero externar meus sinceros agradecimentos aos autores dos trabalhos

cientificos e a Editora Artemis, pela organizacao desta obra.

Prof. Dr. Leinig Antonio Perazolli
UNESP - Instituto de Quimica de Araraquara/SP
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CHARACTERIZATIONS

ABSTRACT: The study of multiferroic
crystalline materials is of great technological
and academic interest due to the correlation
between their ferroelectric and ferromagnetic
properties. In this work, ferroic properties
of Nd-modified (A-site substitution) BiFeO,
(BNFO) compounds were studied. Ceramic
compositions of Bi, Nd FeO, (x=0.10and 0.20)
were obtained through a route that included
high-energy ball milling, isostatic pressing (to
obtain the ceramic shape) and sintering in air.
The X-ray diffraction data showed that these
compositions have a distorted perovskite
structure, with relative densities reaching
93%. Dielectric measurements showed a
frequency independent step-like relaxation for
the Bi, Nd ,FeO, composition and indicatives
indications of thermally activated conduction
processes for the Bi,,Nd ,FeO, composition.
Magnetic studies showed a breakdown of the
typical magnetic cycloidal structure of BiFeO,.
KEYWORDS: BiFeO, composites. A-site
substitutions. Ferric properties.

1INTRODUCTION

Multiferroic materials have been the
focus of great research interest since last
decade due to the possibility of coexistence
of two or more ferroic properties in a single
material [1, 2]. As an example, the ability of

reorientingation of spins in the magnetic phase
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and electric dipoles in the ferroelectric phase has opened paths to new technologies
that can explore both electrical and magnetic polarizations to store and manipulate
information [2]. Single-phased materials are the most suitable for the study of the origin
of the magnetoelectric coupling. Among single-phased multiferroics, BiFeO, (BFO)
has been widely studied because the coupling between the ferroelectric and magnetic
orders occurs at room temperature. At room temperature, bulk BFO crystallizes in a
rhombohedrally distorted perovskite structure with R3c space group [3]. Due to the
existence of the 6s? lone pair mechanism in this structure, both Bi®*and Fe®*cations are
displaced along the three fold [111],, polar axis and off-centered with respect to the center
of the oxygen polyhedra, which in turn gives rise to a ferrolectric state with a high Curie
temperature (T, _1103 K). When magnetic ordering occurs, Fe®* magnetic moments have
a G-type canted antiferro- magnetic ordering with an incommensurate space modulated
spiral spin structure, due to partially filled 3d-orbitals [4]. As a result, a residual non-
zero magnetization was observed with an antiferromagnetic ordering Néel transition
temperature at T,, = 643 K [4].

However, BFO has some drawbacks that need to be addressed to further explore
the coupling between its ferroic orders, such as conductivity issues and undesired
parasitic phases (in polycrystal processing case), which cause the experimentally reduced
remnant polarization and the low (or absent) net magnetization. These issues cause BFO
to show a weak experimental magnetoelectric response. In the search for a solution to
these problems, chemical substitution on the Bi®* cationic site has been exploited using
the partial replacement by rare earth cations such as La®*, Nd®*, Eu®*and Ho®* in order to
help eliminate undesired phases, promote structural phase transformations and improve
the magnetic and ferroelectric properties [5, 6]. In fact, the replacement of larger Bi* ions
(considering Shannon’s 12-fold co-ordination ionic radii for Bi®* ion = 1.40 A) by smaller Nd®*
ions (considering Shannon’s 12-fold co-ordination ionic radii for Nd®* ion = 1.27 A) in BFO
can effectively modulate the crystal structure parameters and the Goldschmidt tolerance
factor (t), improving the conditions for the emergence of ferroelectricity and breaking the
cycloidal magnetic structure that gives rise to a weak ferromagnetic state [6]. Thus, in this
work the partial cationic replacement of Bi** by Nd®" in the BiFeO, crystal structure was
studied, i. e., Bi, Nd FeO, (BNFO) compositions (x = 0.1 and 0.2) were obtained. As a two-
step synthesis route, BNFO ceramic bodies were obtained by using high-energy ball-milling
and conventional sintering. The obtained samples were characterized by X-ray diffraction
(followed by a structural refinement using the Rietveld method) and by measurements of
dielectric permitivity and loss tangent as a function of temperature and frequency and

magnetic measurements as a function of applied magnetic field at room temperature.
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2 EXPERIMENTAL

In order to synthesize the Bi,_Nd FeO, compositions, analytical grade Fe,O,
(Sigma-Aldrich), Bi,O, (Vetec) and Nd,O, (Sigma-aldrich) oxide powders were used. The
precursor powders were stoichiometrically mixed to achieve the desired compositions (x
= 0. and 0.2). The mixed powders were placed in a 125 ml hardened steel grinding vessel
charged with 20 hardened steel balls and then milled in a Retsch PM 100 high-energy
planetary ball-mill in dry air atmosphere. The oxides/ball mass ratio (1:10), the mill speed
(250 RPM) and processing time (1 h) were kept constant for all the samples. The resulting
powders were uniaxially cold- pressed in a disc shape (10 mm in diameter and 1 mm thick)
and then isostatically pressed at 120 MPa during 30 minutes. Subsequently, the samples
were subjected to sintering processes using different temperatures for each sample, i. e.,
830°C for x= 0.1 and 850 °C for x= 0.2, during 1 h.

The X-ray diffraction (XRD) analyses were performed using a Shimadzu XRD-
7000 diffractometer with Cu K_ radiation. To confirm the formation of the desired phases,
the XRD patterns were subjected to a structural refinement using the Rietveld method in
the FullProf program [71].

Figure 1. Two-phase model, with R3c and Pbnm space groups, obtained from the Rietveld refinements of X-ray

diffraction patterns for a) Bi ,Nd FeO, and b) Bi,,Nd, ,FeO, compositions. Insets: the most intense XRD peaks
showing the experimental and theoretical results for the studied structural models.
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The dielectric measurements as a function of temperature (T = 50 to 400 K) and
frequency (f = 100 to 1 MHz) were carried out in an Agilent E4980 LCR meter. A cryostat
(Sumitomo cryogenics) and a temperature controller (Lake Shore 331) were used to keep
a constant heating/cooling rate of 2 K/min during the measurements.

The study of the magnetic properties of the obtained compositions was performed

in a homemade vibrating sample magnetometer (VSM) at room temperature.

3 RESULTS AND DISCUSSION

The XRD results for Bi ,Nd,,FeO, and Bi ,Nd, ,FeO, compositions are shown
in Figure 1. In order to study the structural changes promoted by Nd substitution in the
perovskite A-site, Rietveld refinements were conducted using three different models: a
rhombohedral model (R3¢ space group), an orthorhombic model (Pbnm space group) and
a two-phase model (R3c+Pbnm space groups). Table 1 shows the structural parameters
obtained in the Rietveld refinements. As can be seen from Figure 1 and Table 1, the best
agreement between experimental and theoretical results was obtained using the two-
phase model for both Bi,,Nd,,FeO, and Bi, ,Nd,,FeO, compositions. Therefore, the Nd
substitution in A-site promoted a structural distortion best understood as a mixing among

rhombohedral and orthorhombic symmetries.

Table 1. Structural parameters obtained in the Rietveld refinements for Bi, ;Nd, FeO, and Bi,;Nd, ,FeO,compositions.

BigpgNdpFe0s

structural model space group a(h) b(A) ch x2
rhombohedral R3c 5.5727(5) 13.806(3) 284
orthorhombic anm 5.5661(2) 5.6287(1) 7.8932(1) 28.00
rhomb. 4 orthor. R3c(89.7%) + Pbnm (10.3%) 5.5722(1) 13.808(2) 226
5.5893(1) 5.6429(5) 7.8618(1)
BiggNdg2Fe0s
structural model space group a(h) b(A) ch) x?2
rhombohedral R3c 5.5767(5) 13.815(2) 338
orthorhombic Pbnm 5.5784(2) 5.6363(4) 7.9018(5) 21.05
rhomb. + orthor. R3c(75.5%) + Pbnm (24.5%) 5.5769(1) 13.802(5) 295
5.5784(2) 5.6364(4) 7.8387(1)

Relative density results (the ratio between the total apparent density — obtained
by the Archimedes’ method - and the theoretical density — obtained from the X- ray
diffraction results) confirmed that highly densified ceramics (~ 93% for both samples)
were obtained.

The temperature and frequency dependent relative dielectric permittivity and
loss tangent for Bi, ,Nd ,FeO, and Bi,,Nd,,FeO, compositions are shown in Figure 2. At
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room temperature, the dielectric permittivity for x= 01 (Figure 2a) reaches values close
to 70 (1 kHz). A frequency independent step-like relaxation takes place close to 238 K,
where the dielectric permittivity increases from a lower temperature plateau to a higher
temperature plateau. By increasing the Nd amount to x= 0.2 (Figure 2b), the dielectric
permittivity decreases to 50 (1 kHz) at room temperature. No relaxation could be observed
in the studied temperature range for the Bi, ,Nd ,FeO, composition. The loss tangent
for the Bi ,Nd ,FeO, composition (Figure 2¢) shows frequency dependent peaks in the
same temperature range where the dielectric step takes place. The loss tangent for
the Bi,,Nd,,FeO, com- position (Figure 2d) attained very high values for temperatures
higher than 250 K and all frequencies at least 200 kHz below. This is a clear indication of
thermally activated conduction processes.

Figure 3 shows the magnetization curves obtained from the vibrating sample
magnetometry (VSM) analysis of the Bi (Nd FeO, and Bi,,Nd ,FeO, composi- tions.
Although both samples show a very low magnetization, the behavior is strong enough to

reveal a breakdown in the magnetic cycloidal structure of the BiFeO,.

Figure 2. Dielectric permittivity and loss tangent as a function of temperature and frequency of the Bi,,;Nd,FeO, ((a)
and (c)) and Bi,,Nd, ,FeO, ((b) and (d)) ceramic compositions.
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In this sense, the very low magnetization can be explained as a weak ferromagnetic
behavior due to the Nd substitution in A-site. In addition, a gradual increase in the samples’
magnetization to applied magnetic fields up to 15 kOe can be observed This shows that an

enhancement in the net magnetization takes place when the content of Nd is increased.

Figure 3. Magnetic hysteresis loops, at room temperature, for Bi ,Nd ,FeO, and Bi ,Nd,,FeO, compositions.
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4 CONCLUSIONS

High-energy ball milling and conventional sintering were used to successfully
obtain Bi,,Nd,,FeO, and Bi,,Nd ,FeO, multiferroic ceramic compositions. Both samples
presented a perovskite-like crystal structure with a mixture of rhombohedral and
orthorhombic symmetries. Dielectric measurements showed a frequency independent
step-like relaxation for the Bi /Nd FeO, composition and indications of thermally
activated conduction processes for the Bi,,Nd ,FeO, composition. Magnetic studies
showed a breakdown in the magnetic cycloidal structure typical of BiFeO,. In summary,
this study demonstrates that the effects of A-site cationic substitution influence the
physical properties of Bi, Nd FeO, ceramics.

However, further work, such as temperature dependent magnetic and
magnetodielectric measurements, is necessary to reveal the origin of the step-like

behavior found in the Bi ,Nd, FeO, composition.
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