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Abstract—The structural and dielectric properties of Bi, 3oGd 5 _ ,La FeO; (x = 0—0.20) samples are stud-
ied by means of X-ray diffraction and dielectric spectroscopy. Room-temperature dielectric functions are
examined experimentally at 1—10'" Hz. The dielectric properties are characterized theoretically using the
Debye model with Cole—Cole and Cole—Davidson distributions of relaxation times. Correlations between
structural parameters and dielectric properties are established.
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Multiferroics are multifunctional materials that
feature magnetic and electric ordering and are thus
promising for application in modern spintronic
devices [1]. Bismuth ferrite BiFeO; (BFO) holds a
unique position among multiferroics, since ferroelec-
tric and magnetic phases with high ordering tempera-
tures (7. = 1083 K, Ty = 673 K) coexist in it [2]. Bulk
ceramic BFO samples exhibit antiferromagnetic prop-
erties due to a spatial spin-modulated structure with a
period of 62 nm. The collapse of this structure estab-
lishes conditions for the emergence of a weak ferro-
magnetic moment and the magnetoelectric effect [3].
Different ways of suppressing the spin cycloid have
been tested. One of these is to replace bismuth ions
with isovalent cations of the lanthanide group (rare
earths). Structural transformations induced by this
substitution alter the physical parameters. The physi-
cal characteristics of complex ceramics based on bis-
muth ferrite are therefore of interest. The aim of this
work was to examine the structural and dielectric
properties of ceramic Bi 40Gd, 5, _,La,FeO; (x = 0—
0.20) samples.

The samples were synthesized via solid-phase reac-
tions using the ceramic processing technology in [4].
The choice of substituting cations was due to the con-
siderable difference between their magnetic moments
and radii. This system is of interest in the context of high

specific magnetization values found in Bi, _,Gd,FeO,
[5], and because cation La*" has a zero magnetic
moment; the variation of magnetic properties of the
Bi, 30Gd, 5 _ .La, FeOj; system is therefore governed by
the magnetic properties of Gd3*, since the radii of cat-
ions La** (1.16 A) and Bi** (1.17 A) are close [6]. It is
also important that the electronic polarizability values
of lanthanum and gadolinium cations differ consider-
ably [7].

According to X-ray data, the isovalent replacing of
Gd*" with La*" ions in Bi,g,Gdg,,_,La FeO; is
accompanied by a structural phase transition from the
rhombohedral structure (R3c) to the orthorhombic
one (Pnma) at x = 0.05.

Figure 1 shows that Bi, 4Gd, ,, _La,FeO; multi-
ferroics exhibit ferroelectric properties. Open ferro-
electric hysteresis loops were obtained for all three
compositions. Saturation is not observed in the probed
range of electric fields (from —100 to +100 kV/cm).
Bi, 3oLa, ,0FeO; has the greatest remanent polariza-
tion (1.12 uC/cm?). Co-doping bismuth ferrite with
La and Gd cations has an adverse effect on its ferro-
electric properties: the residual polarization falls by
94% and 83% relative to that in Bi, g)La,,,FeO; and
Bi, 30Gd, ,0FeO;, respectively. The coercive field
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Fig. 1. Ferroelectric hysteresis loops P(F) of

Bi( 0Gdg 59 — xLa,FeO5 (x =0, 0.15, 0.20) multiferroics.

strength depends weakly on the degree of substitution
and varies from 30 to 50 kV/cm.

Figure 2 presents the dielectric properties of the
samples measured via dielectric spectroscopy [8].
Static permittivity €, changes from 70 to 100 as the
degree of substitution increases. The strongest disper-
sion of the real component of complex permittivity
e* =g, + ig, (i.e., the highest rate of its reduction with

an increase in frequency) is seen in the 10’—10° Hz
range. The high-frequency permittivity limit (€yp)
determined at a frequency of 12 GHz varies from 10
(x=0) to 25 (x=10.05). Dielectric loss tangent tan 8, =
€,/¢, falls monotonically with an increase in frequency
and is independent of frequency in the (1—1.3) x 10° Hz
range. At room temperature, a steady-state €, value,
which may be considered a contribution established
via electron and ion polarizations, is not achieved up
to 10 GHz. This is because the relaxation mechanisms
of dielectric polarization are still active in this fre-
quency range. The obtained high-frequency limits
exceed the values that could be associated with elastic
electron and ion mechanisms.

Several mechanisms of dielectric polarization can
be active in ionic oxide crystals at low (relative to opti-
cal) frequencies f < 10'° Hz: electron jumps between
identical crystallographic positions occupied by same-
type ions of different valence; interlayer and intergrain
polarization associated with the migration of weakly
bound carriers and their accumulation at structural
nonuniformities, defects, and grain boundaries; ther-
mal ion polarization; orientation polarization of per-
manent dipoles; and polarization associated with the
relaxation of walls of ferroelectric domains. The reso-
nance frequencies of polarization mechanisms related
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Fig. 2. Frequency dependences of the real permittivity
component of the Bij gyGd g _ yLa,FeO; (x = 0—-0.20)
samples. Solid curves represent model spectra.

to elastic displacements of electrons and ions fall
within the infrared and optical spectral regions.

The following relations characterize the model
spectra of € components that agree fairly well with
experimental data [9, 10]:

(e — eqp)[1 + (01) “sin(may/2)]

=eyp +
o (D) sin( 10/2) + (1) 0
i (&1 — enpD)[1 + (07,) sin( n\’/2)] L 9
1+ 2(oty)sin(ay/2) + (w1,)” g0
_ (gq — &np)(01) “cos(m1a/2)
11+ 2(01) Ssin(a2) + (o) o

(&1 = Enp)(©T,) cOS( JTY/Z ) o,
1+ 2(01,)sin(my/2) + (01,)" £,

By "

Here, ¢ is static permittivity and €y is its high-fre-
quency limit. Parameter o characterizes the distribu-
tions of relaxation times T, which in the first approxi-
mation are determined from condition ®,,T = 1
(where m,,,, is the frequency corresponding to the
tand, maximum). The second and third terms are
mathematical expressions characterizing the Debye
model with Cole—Cole and Cole—Davidson distribu-
tions of relaxation times [9, 10], respectively, and
model the relaxation behavior of dielectric functions
in different frequency intervals.
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Fig. 3. Concentration dependences of the real component
of permittivity and the dielectric loss tangent of the
Bij g0Gdg 59 — xLa,FeO3 (x = 0—0.20) samples.

The second term in (1) is associated with the jump
mechanism of electron exchange between Fe?™ and
Fe3*, which is active in the range of 10° to 10°® Hz
[11—13]. The emergence of aliovalent iron ions was
confirmed by XPS data in [14]. The third term in (1)
characterizes the high-frequency relaxation mecha-
nism of dielectric polarization. Its nature has not been
established conclusively. The probable mechanism of
dielectric polarization in the 10’—10° Hz range is the
displacement of walls of ferroelectric domains [12].
The behavior of permittivity in this frequency interval
can also be interpreted within the model of improper
ferroelectric polarization associated with the produc-
tion of electric dipoles due to the displacement of ions
under the influence of an external electric field.

In the low-frequency limit, which is characterized
by the last term in (1), large tand, values are estab-
lished by the contributions from quasi-free current
carriers to dielectric polarization; i.e., dielectric losses
are related to conductivity in accordance with the
Maxwell—Wagner and Koops models [15, 16]. Expres-
sions (1) and (2) allow us to obtain model spectra that
differ from experimental ones by a value lower than the
experimental error over the range of frequencies. The
concentration dependences of components of permit-
tivity and dielectric loss tangents measured at the
boundaries of the studied intervals are shown Fig. 3.
The values of €; increase somewhat in the 0.10 < x <
0.20 range. The nonmonotonic behavior of €, at x =
0.05 is attributable to the structural phase transition.
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Fig. 4. Concentration dependences of the real component
of permittivity and the dielectric loss tangent of the
Bij 0Gd jgLag joFeO3 sample measured after additional
annealing. Solid curves represent model spectra.

Magnetic interactions are also likely to affect the
dielectric properties [4].

To examine the effect the conditions of synthesis
have on the dielectric functions (see Fig. 4), the sam-
ples were subjected to isothermal (¢ = 730°C) anneal-
ing in air for 18 h. It is likely that the increase in the
number of Fe?* cations observed after annealing was
accompanied by the growth of vacancy-type defects
[14]. The presence of such defects led to pinning of the
walls of ferroelectric and magnetic domains and thus
to suppression of the contribution associated with the
displacement of domain walls. At the same time,
dielectric losses grew in the 10*—10° Hz range, and the
distribution of relaxation times T narrowed. Relative
permittivity €, and dielectric loss tangent tand, for the
Bi, 30Gd, ;oLag cFeO; samples increased by 23 and
79% in the low-frequency limit after annealing (see
Figs. 3 and 4).
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