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a b s t r a c t

The effect of co-doping on the structural and dielectric properties of the La0.50R0.50FeO3 orthoferrites for a
full number of substitutions (R ¼ CeeLu) has been experimentally and theoretically studied using X-ray
diffraction, SEM, EDS, and dielectric spectroscopy methods. The La0.50R0.50FeO3 ceramics with R ¼ Nd,
Sm, Gd, Dy, and Er, prepared by a solid-state reaction method under cold pressing at high pressure
P ¼ 4 GPa, have been taken as a basis. Structural parameters in the La0.50R0.50FeO3 orthoferrites have been
obtained using Rietveld refinement of X-ray experimental data with their further approximation by
linear dependence. Monotonic change in crystal lattice parameters, orthorhombic distortion degree,
global instability index, and Goldschmidt tolerance factor have been observed for all samples doped by
different R-cations. With increase in the radius of R-cation, a growth in an average grain size has been
detected. The investigation of dielectric properties in a wide frequency range of 10�1e1010 Hz and their
theoretical description with determining main mechanisms of dielectric polarization made it possible to
establish regularities among a type of doping R-cation, crystal-chemical parameters and dielectric
properties. The studied ceramic La0.50R0.50FeO3 samples demonstrate colossal dielectric constant ~ 104

and relatively small dielectric loss tangent in a low-frequency range. The obtained results can be useful
for further application of orthoferrite-based materials as sensor and switching devices.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction switches [8]. The presence of multiferroic properties in the ortho-
Orthoferrites of RFeO3, where R is rare-earth (RE) cation, have
been the objects of scientific research for a long time due to the
presence of unique physical properties [1e4]. These materials have
found practical application as components of solid fuel elements
[5], gas sensors [6], catalytic converters [7], and high-speed
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ferrites has been detected recently [5,9], where the electric and
magnetic ordered structures coexist. This makes it possible to
create multifunctional elements of electronic circuits based on
them. Promising materials for obtaining multiferroic properties are
double orthoferrites of R11-xR2xFeO3 (0 < x < 0.5; R1, R2 ¼ LaeLu),
which simultaneously include two types of cations in a RE sub-
lattice. The equal oxidation states of La3þ and R3þ during cation
substitution do not cause a change in valence, which ensures the
fulfillment of the electroneutrality condition in the obtained com-
positions. Smaller ions of R3þ with respect to the ionic radius of
La3þ increase the distortion of the crystal lattice, which leads to a
change in the structurally sensitive physical properties of the
compositions. Now, a relatively small number of papers are known,
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where structure and physical properties are studied in LaFeO3
materials doped by different cations of Ce [5], Pr [10], Nd [11,12], Sm
[11e13], Eu [14], Gd [12,15], Tb [16], Dy [17], Ho [18], Er [19], and Lu
[20,21]. However, there is no data about simultaneous studying of
structural and dielectric properties of R11-xR2xFeO3 orthoferrites for
a full number of substitutions from La to Lu prepared at the same
chemical conditions. In addition, the reasons for observation of the
wide variety of physical properties in double orthoferrites are both
the use of different preparation methods and variability of their
synthesis conditions.

Thus, in this work, experimental and theoretical investigations
of the mutual influence of various RE cations on the structural,
microstructural and dielectric properties of the orthoferrite
La0.5R0.5FeO3 ceramics obtained by cold pressing at high pressure
(4 GPa) have been discussed comprehensively.

2. Experimental section

The polycrystalline La0.5R0.5FeO3 samples were synthesized by a
solid-state reaction route [22]. The initial R2O3 (R ¼ La
(purity � 99.5%); Er, Dy, Gd, Sm, and Nd (� 99.9%)), and Fe2O3 (�
99.5%) powders (Sigma Aldrich Chemicals) were mixed in a dried
agate mortar for 5 h and then with ethanol for 2 h. The obtained
mixture was preliminary synthesized at a temperature of
850 ± 50 �C in a ceramic vessel in air for 5 h. The heating rate was
10 K/min. After grinding and repeated synthesizing under the same
conditions, X-ray diffraction studies of the obtained mixture for
controlling the phase composition were carried out, afterwards the
samples were finally synthesized under cold pressing at high
pressure P¼ 4.00 ± 0.04 GPa for a short time of 1 min [23]. Creation
of working pressure from atmospheric to 4 GPa was for 3 s.

Studies of microstructure and chemical composition were per-
formed using FEI Magellan 400 scanning electron microscope
(SEM) with energy dispersive X-ray spectroscopy (EDS) module.
The survey was carried out in a high vacuum mode using a
“through-lens” (TLD) detector at an accelerating voltages of
5e10 kV and high beam currents of 0.20e0.40 nA with magnifi-
cation up to 65 000 �. The size of grains was determined from
analysis of SEM images within clear and defined grain boundaries
using Nano Measure 1.2.5 software [24]. The type and parameters
of crystal lattice were determined based on the full-profile analysis
of the obtained diffraction patterns using DRON-3M diffractometer
in CuKa radiation at room temperature. The diffraction reflection
patterns were recorded in the 2 theta-omega mode (scanning pitch
of 0.02�, time at a point of 2 s). The analysis and refinement of X-ray
datawere performed by Rietveld method using JANA2006 software
[25]. Lattice parameters and X-ray density were determined with
an accuracy ±0.0001 Å and ±0.01 g/cm3, respectively.

The frequency dependences of relative dielectric constant ε1(f)
and loss tangent tand(f) were measured via dielectric spectroscopy
[26] within low-frequency (LF) f ¼ 1e106 Hz and ultra-high-
frequency (HF) f ¼ 8.15e12.05 GHz ranges at room temperature.
An accuracy of determination of ε1(f) and tand(f) does not exceed 3
and 5% for LF, and 5 and 15% for ultra-HF ranges, respectively. The
ε1(f) and tand(f) measurements in the LF range [27] were carried out
using graphite powder rubbed homogeneously over the entire
surface on both sides of the cylindrical samples (d ¼ 8 mm and
h ¼ 2e3 mm).

3. Results and discussion

3.1. Structural properties

According to X-ray diffraction data, the single-phase La0.5R0.5-
FeO3 samples crystallize in an orthorhombic structure with a Pbnm
space group (No. 62). The absence of traces of the initial oxides
indicates their complete polymorphic transformation. The results
of a full-profile analysis of X-ray patterns are shown in Fig. 1(aee).
The high degree of fitting between the model and experimental X-
ray patterns is confirmed by the goodness of fit (GOF) and/or Chi
squared c2 values, which are related as GOF2 ¼ c2 ¼ (Rwp/Rexp)2

[28], where Rexp and Rwp are expected and weighted profile R fac-
tors. The lattice parameters and unit cell volumes are presented in
Table 1. The obtained lattice parameters are in good agreement
with the literature data [5,10e21]. A trend of a change in the lattice
parameters remains depending on the type of substituting cations.
A slight difference in the lattice parameters obtained by us and
various authors is due to the use of different chemical methods for
the synthesis of samples.

Using a linear dependence y ¼ k$x þm for approximation of the
experimental data (Table 1) and ionic radii, x ¼ r, for R-cations [29],
the crystal lattice parameters for the full-doped La0.5R0.5FeO3
samples with R ¼ CeeLu can be calculated. The fitting parameters
and approximation results are shown in Fig. 2 and in Table S1 of
Supplementary material (SM).

The dependences of the lattice parameters on the type of R-
cation are consistent with the results obtained for the Eu0.2R0.8FeO3
orthoferrites [30]. The decrease in the degree of octahedral
distortion S ¼ 2$(bea)/(bþa) [31], observed with an increase in
values of the radii of substituting R-cations, is due to a systematic
increase in values of a and b lattice parameters in relation to a slight
decrease in the values of bea. The obtained data indicate that the
distortion increases with decrease in the radius of the substituted
R-cation.

Additionally, independent studies of structural distortions, such
as: crystal lattice parameters (a, b, c), unit cell volume (V), ortho-
rhombic distortion degree (S), and the ratio of the crystal lattice
parameters (c/a) depending on the values of ionic radii for the
La0.5R0.5FeO3 (R ¼ CeeLu) were conducted using SPuDS software
[32]. The data obtained are presented in SM (see Fig. S1).

The volume values, calculated using SPuDS software, are
approximately 2e4% higher than the values determined experi-
mentally. However, the dynamics of their behavior depending on
the type of R-cation is similar to the experimental data. The unit cell
volume VCalc and VExp of the samples decreases in the series of
substituting cations from Ce3þ to Lu3þ. This is due to the 4f-
compression effect caused by the size factor [33]. According to the
calculated results, an increase in the volume of crystal lattice with
an increase in radii of the substituted R3þ-cations is accompanied
by a multidirectional change in the values of structural distortions S
and ratio (c/a). The value of the orthorhombic deformation S de-
creases and a slight increase in the value of the c/a ratio is noted
that is consistent with the results of experimental study. The
calculated values of the global instability index (GII) and tolerance
factor (t) (see Fig. 3) indicate a high stability of the crystal lattices of
the La0.5R0.5FeO3 samples. Even in the least stable lattice of the
La0.5Lu0.5FeO3 composition, the GII index does not exceed 0.15 u.v.,
and the value of t factor varies from 0.89 to 0.83, which is slightly
less than the lower boundary value of the interval 0.87 < t < 0.99 for
the Pbnm lattice [32].

According to SEM data, the microstructure of the La0.5R0.5FeO3

(R ¼ Er, Dy, Gd, Sm, Nd) ceramics was studied for both external
(outside) and internal (inside) surfaces (see Fig. 4). For any case,
there are no appreciable traces of impurities or phase segregations
on the surface and at the grain boundaries that additionally con-
firms a complete polymorphic transformation of initial oxides. For
an external (outside) surface (see Fig. 4 (a), (c), (e), (g), (i)), an
absence of clearly defined microstructure may be related to the
preparation method of the La0.5R0.5FeO3 ceramics synthesized un-
der high P ¼ 4 GPa as it was shown for EuxBi1-xFeO3 ceramics [23].



Fig. 1. X-ray patterns obtained at room temperature for the La0.5Er0.5FeO3 (a), La0.5Dy0.5FeO3 (b), La0.5Gd0.5FeO3 (c), La0.5Sm0.5FeO3 (d), and La0.5Nd0.5FeO3 (e) samples.
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For internal (inside) surface (see Fig. 4 (b), (d), (f), (h), (j)), the
microstructure is well developed with high densification and well
connected grains which grow from 133 nm for Er3þ to 570 nm for
Nd3þ with an increase in the radius of R-cation. Usually, smaller
grain size is ascribed to lower diffusion across the grain boundary
during the sintering process [34]. In a first stage, the densification
process occurs and then further grain growth is observed. Both
processes are generally controlled by grain boundary diffusion
rather than bulk diffusion. As it has been shown in Ref. [35], a
similar grain size dependence of the radius of R-cation is observed
for BaCe0.9Ln0.1O3 ceramics with Ln ¼ La, Nd, Sm, Gd, Tb, and Yb. It
has been noted that, according to the space charge model [36], an
enrichment of the trivalent dopant (in a sequence of La / Yb) at
the grain boundary region generates a concentration gradient



Table 1
Lattice parameters (Å), unit cell volume (Å3), GOF and c2, as well as X-ray density (g/cm3) for the La0.5R0.5FeO3 (R ¼ Er, Dy, Gd, Sm, Nd) samples obtained by the Rietveld
refinement of X-ray patterns.

Composition dx(g/cm3) Structural parameters and criteria of fit

a(Å) b(Å) c(Å) V(Å3) GOF c2 Rexp (%) Rwp (%)

La0.5Er0.5FeO3 7.32 5.3496 5.5543 7.8525 233.32 1.15 1.32 16.57 23.44
La0.5Dy0.5FeO3 7.21 5.3306 5.6338 7.8163 234.74 1.05 1.10 14.66 19.95
La0.5Gd0.5FeO3 7.12 5.3529 5.6575 7.7680 235.25 1.12 1.25 13.80 20.17
La0.5Sm0.5FeO3 6.98 5.4238 5.5992 7.7875 236.50 1.17 1.37 14.55 21.38
La0.5Nd0.5FeO3 6.85 5.4494 5.5655 7.8481 238.02 1.14 1.30 18.87 25.97

Fig. 2. Experimental (Exp) and calculated (Calc) dependences of the crystal lattice parameters (a, b, c), unit cell volume (V), orthorhombic distortion degree (S), and the ratio of the
crystal lattice parameters (c/a) on the radius of R-cation.

Fig. 3. Dependences of the global instability index (GII) and the Goldschmidt tolerance
factor (t) on the radius of the R-cation calculated using the SPuDS program [32].

I.I. Makoed et al. / Journal of Alloys and Compounds 842 (2020) 1558594
between the grain interior and grain boundary which decreases the
mobility of cations along the grain boundary and, therefore, the
densification and grain growth rate decrease. In our case, it may
also suppose that an increase in the grain size from Er to Ndmay be
ascribed to higher diffusion across the grain boundary during the
sintering process and increasing the mobility of cations along the
grain boundary. However, more in-depth understanding of these
processes occurring in the La0.5R0.5FeO3 ceramics during the sin-
tering process requires additional experimental studies. Addition-
ally, the chemical composition of the La0.5R0.5FeO3 (R ¼ Er, Dy, Gd,
Sm, Nd) samples and their stoichiometric ratio 0.5:0.5:1:3 were
confirmed by EDS data (see Table S2 and Fig. S2).

3.2. Dielectric properties

The dielectric spectra of the samples are shown in Fig. 5. In the
frequency range from 1 to 108 Hz, the real components of the
dielectric constant ε1(u) and the dielectric loss tangent
tandε(u) ¼ ε2(u)/ε1(u) are characterized by a relaxation type. In the
formation of the dielectric response at LF, all possible mechanisms
of dielectric polarization are involved. Their contribution varies
from 104 to 105 at room temperature that is higher than in BaTiO3
[37]. This is mainly due to the migration of charge carriers and their
accumulation on the grain boundaries (see Fig. 4), defect structure
and inhomogeneities that always occur in real polycrystalline
samples [27]. High values of the ε1 component can be also associ-
ated with low porosity, which leads to an increase in the effective
contact area between crystallites (see Fig. 4). Moreover, the colossal
dielectric response in the La0.5R0.5FeO3 compositions depends on
the following factors: (i) the presence of point defects, i.e. anion and
cation vacancies [27,38,39]; (ii) the appearance of different valence
iron ions [27,38,40]; (iii) preparation method of samples
[19,23,27,41]; (iv) pressing pressure [38,41]; and (v) grain
morphology [27,36,38]. It should be also noted that extreme con-
ditions (cold pressing at high pressure P ¼ 4 GPa for a short time of
1 min) used for obtaining ceramic samples should also affect the



Fig. 4. SEM images obtained outside and inside for the La0.5R0.5FeO3 ceramics with R ¼ Er (a) and (b), Dy (c) and (d), Gd (e) and (f), Sm (g) and (h), Nd (i) and (j), respectively.
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colossal dielectric response in the La0.5R0.5FeO3 compositions due
to a possible decrease in porosity, local heating, appearance of
microstresses, and a change in oxygen amount. However, the
confirmation of these factors requires additional experimental
studies on valence state of ions and defect structure.

In the frequency range from 103 to 106 Hz, the dispersion region
ε1 is supposed to be associated with the valence change of iron ions
as it was shown for a similar Bi1-xLaxFeO3-d metal oxide using XPS
method [27], i.e. with an electron hopping process between
Fe2þ4Fe3þ ions occupying octahedral positions in the orthoferrite
structure. An appearance of different valence iron ions Fe2þ/Fe3þ is
associated with the availability of point defects of the vacancy type
(cation V(c) and anion V(a) vacancies) in ABO3 perovskite structure,
and with a preparation method [27,38]. According to the estab-
lished defect formation mechanism [27,33,38,42], the appearance
of V(a) vacancies occurs upon heating of the samples and is caused
by thermal dissociation of oxygen. The appearance of V(c) vacancies
occurs upon cooling of the samples and is due to the greater
mobility of the cation sublattice. As a result of the cyclic tempera-
ture changes during synthesis of the samples, a real structure of
orthoferrites becomes imperfect and may contain V(a) and V(c) va-
cancies, the concentrations of which strongly depend on sintering
temperature and synthesis conditions. In our case, the poly-
crystalline La0.5R0.5FeO3 samples were synthesized at a medium
temperature of 850 ± 50 �C close to a temperature of tsynth ¼ 850 �C
for Bi1-xLaxFeO3-d [27], where the main contribution in an appear-
ance of different valence iron ions was determined by V(a) va-
cancies. Therefore, taking into account an electroneutrality
condition, the molar formula of a real orthoferrite can be written as
½La3þ0:50R3þ0:50�AfFe3þ1�2dFe

2þ
2d gBO2�

3�dV
ðaÞ
d , where the concentration of

Fe2þ ions increases with a decrease in the amount of oxygen “O3-d”,
i.e. with an increase in the concentration of V(a) vacancies. In ideal
case, without any point defects and in course of isovalent substi-
tution of La3þ for R3þ ions, the molar formula will be
½La3þ0:50R3þ0:50�AfFe3þ1:00gBO2�

3:00, where there are no different valence
iron ions.

As the frequency increases, a decrease in the dielectric constant
is due to a decrease in the number of dipoles capable of following
the rapid changes in the polarity of the applied alternating electric
field. With further increase in the frequency, the values of ε1
decrease and are quasi-stable 17e24 at 108 Hz due to elastic elec-
tron and ion polarizations. Above this frequency f > 108 Hz up to
1011 Hz, all samples demonstrate a frequency-independent
behavior of dielectric functions.

The model spectra of the ε* ¼ ε1þiε2 components, which are in
good agreement with the experimental data (see Fig. 5), can be
described by the relations [27,43]:

ε1 ¼ εhf þ
�
εs � εhf

��
1þ ðutÞ1�a sinðpa=2Þ�

1þ 2ðutÞ1�a sinðpa=2Þ þ ðutÞ2ð1�aÞ

þ
�
εs1 � εhf 1

�
½1þ ðut2Þg sinðpg=2Þ�

1þ 2ðut2Þsinðpg=2Þ þ ðut2Þ2g
þ s1

εoub1
; (1)

ε2 ¼
�
εs � εhf

�
ðutÞ1�a cosðpa=2Þ

1þ 2ðutÞ1�a sinðpa=2Þ þ ðutÞ2ð1�aÞ

þ
�
εs1 � εhf1

�
ðut2Þg cosðpg=2Þ

1þ 2ðut2Þsinðpg=2Þ þ ðut2Þ2g
þ s2

εoub2
; (2)

where εs is the static dielectric constant, εhf is the HF dielectric
constant, ε0 is the vacuum permittivity, and s is the conductivity.
The a, b, and g parameters characterize the distributions of the
relaxation times t determined in the first approximation from the
conditionumax$t¼ 1, whereumax is the frequency corresponding to
the maximum of tandε. The second and third terms in Eq. (1) are
mathematical expressions describing the Debye model in different
frequency intervals with the Cole-Cole and Cole-Davidson distri-
butions of the relaxation times [44,45], respectively.

The second term in Eq. (1) can be related to the electron hopping
mechanism between the Fe2þ4Fe3þ ions, which is in the fre-
quency range from 104 to 107 Hz [46]. The third term in Eq. (1)
describes the HF relaxation mechanism of the dielectric polariza-
tion, the nature of which has not been finally clarified. A possible
mechanism of the dielectric polarization in a frequency range <
104 Hz is a motion of the walls of the magnetic domains [47] or/and
a ferroelectric polarization [48,49]. In the LF limit, which is
described by the last term in Eqs. (1) and (2), the large values of
tandε are due to the contributions of quasi-free carriers of the
electric current to the dielectric polarization, i.e. the dielectric
losses are related to the conductivity and accumulation of electric
charge on the intercrystalline boundaries, inhomogeneities, and
structural defects within a framework of the Maxwell-Wagner and
Koops models [50]. The simulation results and model parameters
are shown in Fig. 5 and Table S2.

Fig. 6 shows the dependences of the model parameters on the
type of substitution R-cation for the La0.50R0.50FeO3 (R ¼ Er, Gd, Sm,
Nd). As it can be seen, almost linear dependences are obtained for
all model parameters. An assumption about a linear behaviour of
the model parameters is indirectly confirmed by the change in the
lattice parameters and unit cell volume calculated for the
La0.50R0.50FeO3 (see Fig. 2), as well as other data for RE orthoferrites
[51] and double orthoferrites Eu0.80R0.20FeO3 [30]. In all cases, a
monotonic decrease in the crystal lattices from La to Lu depending
on the type of R-cation is observed. A slight difference in lattice
parameters is associated with various synthesis conditions used in
papers.

While approximation of the data presented in Fig. 6 by a linear
dependence y ¼ k$x þ m (x ¼ r is the radius of the R-cation), the
parameters of the model spectra for the La0.50R0.50FeO3 samples
(R ¼ LueCe) can be recalculated (see Fig. 7).

The presence of different valence Fe3þ and Fe2þ cations occu-
pying equivalent crystallographic positions leads to the formation
of dipoles, the rotation and displacement of which causes orien-
tational polarization. The inertia of this mechanism leads to a
decrease in polarization with an increase in a frequency of the
external electric field. At high frequencies, the values of the
dielectric loss tangent decrease from 0.01 to 0.001, depending on
the composition (see Fig. 7(a)). The dispersion of losses in the range
from 105 to 107 Hz demonstrates the relaxation behavior. In the LF
limit, high-resistance grain boundaries obstruct the polarization
processes associated with the movement of charges, and, as a
result, the dielectric losses increase. As grain size decreases (see
Fig. 4), the dielectric loss tangent tandε increases in a sequence of Ce
/ Lu (see Fig. 7(a)). At the same time, the decrease in the grain size
causes an increase in the dielectric constant ε1 within the LF limit
(see Fig. 7(b)) due to accumulation of electric charge on the grain
boundaries. A similar behaviour of dielectric constant and dielectric
loss tangent depending on the grain size was observed for the Fe-
based Bi1-xLaxFeO3-d (0 � x � 0.5) ceramics [27]. The frequency
dependences of the dielectric constant (see Fig. 7(b)) have the form
which is typical for polydisperse compounds with Debye relaxa-
tion. This can be explained using the ColeeCole diagrams (see
Fig. 8) due to the presence of dielectric polarization mechanisms
with a distribution of relaxation times [45]. As can be seen from
Fig. 8 (straight lines in LF range), this diagram is typical for di-
electrics which have losses associated with the migration of quasi-
free electric charge carriers and described by the last terms in Eqs.



Fig. 5. Experimental (points) and model (dashed lines) frequency dependences of the real dielectric components ε1 and the dielectric loss tangent tand
ε
of the La0.50R0.50FeO3

samples with R ¼ Er (a), Gd (b), Sm (c), Nd (d).

Fig. 6. Dependences of the model parameters on the type of R-cation for the La0.50R0.50FeO3 (R ¼ Nd, Sm, Gd, Er) orthoferrites.
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(1) and (2). In the general case, this contribution depends on the
grain size, since it is associated with the migration of charges inside
the grains and with their accumulation at the grain boundaries. As
grain size reduces with a decrease in radius of R-cation (see Fig. 4),
the dielectric losses increase (a raise in the tilt angle of straight lines
in Fig. 8) due to an increase in the intergranular area. This contri-
bution prevails in LF range and can mask other polarization
mechanisms. In the HF limit, the semicircles are displaced
depending on the type of R-cation and are decreased with an in-
crease in the grain size, which confirms a decrease in dielectric
losses due to migration of quasi-free charge carriers inside homo-
geneously larger grains. In an ideal dielectric material without any
losses, the “radius” of the semicircle is defined as half the difference
(εs - εhf), and the center of the semicircle at one relaxation time is on



Fig. 7. Model spectra of the dielectric loss tangent (a) and dielectric constant (b) for the La0.50R0.50FeO3 (R ¼ CeeLu).

Fig. 8. ColeeCole diagrams based on the model spectra of the real (ε1) and imaginary
(ε2) components of the complex dielectric constant ε* for the La0.50R0.50FeO3

(R ¼ CeeLu).
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the ε1 axis. In a real dielectric material with several polarization
mechanisms, the semicircle can be deformed and characterized by
the distribution of relaxation times. In such materials, the semi-
circle is asymmetric, and its shape is determined by the coexistence
of various mechanisms of dielectric polarization that can be clearly
seen from Fig. 8 for the studied samples.
3.3. Electrical module analysis

In the LF range, the dielectric constant is masked by the shunting
effect of the composition conductivity. The intensity of electron
exchange is structurally dependent and is determined by the de-
gree of overlap of the electron orbitals of O-2p and Fe-3d, which
correlates with changes in the values of the bond angles of
FeeOeFe and the lengths of the interionic bonds of FeeO, La(R)eO.
As it can be seen from Fig. 9, a relatively small increase in the
lengths of La(R)eO(1,2) and a decrease in the lengths of La(R)e
O(3,4) with a reduce in the radii of the R-cations cause a decrease in
the values of the valence angles, which leads to less overlap of the
electron orbitals. This leads to a decrease in the conductivity. At the
same time, internal structural distortions in the samples associated
with the tilting of the FeO6 octahedra increase, which can lead to an
increase in the ac conductivity, specially, in compositions with a
smaller radius of R-cations. Both mechanisms are interconnected
and effect by the complex way the change in the conductivity,
which in LF range has a shunting effect and makes it difficult to
interpret the results of measured dielectric functions.

While analyzing the LF dielectric response, the behavior of the
M1 ¼ ε1/[(ε1)2þ(ε2)2] and M2 ¼ ε2/[(ε1)2þ(ε2)2] components of the
complex electric module M* ¼M1þi$M2 are considered [52]. These
characteristics reflect the relaxation of the electric field in the
substance. An analysis of the frequency dependences of M1(u) and
M2(u), where u ¼ 2pf, allows to study a difference in the resistivity
of the crystallites. The calculated frequency dependences of M1(u)
and M2(u), as well as the Cole-Cole diagrams are presented in
Figs. 10 and 11.

The values of M1 increase with a rise in the frequency and pass
through an intermediate maximum in the range from 104 to 105 Hz.
At frequencies greater than 108 Hz, theM1 reaches saturation. In the
frequency range 103e108 Hz, two peaks of the M2 reflect two
relaxation processes. The first one (in the LF range) corresponds to
grain-boundary effects, and the second one corresponds to the
movements of quasi-free charge carriers within grains. The data
shown in Fig. 10 demonstrate shifts of the M2 peaks toward LF with
an increase in radius of the R-cation. It testifies a decrease in the
relaxation rates and an increase in relaxation times of both pro-
cesses from t ¼ 1.95$10�4 s (R ¼ Er3þ) to 8.56$10�4 s (R ¼ Nd3þ) in
the LF range and from t ¼ 0.94$10�8 s (R ¼ Er3þ) to
1.63$10�8 s (R ¼ Nd3þ) in the HF range, which can be associated
with an increase in the unit cell volume (see Fig. 2) and a growth in
the grain size of the La0.50R0.50FeO3 samples from 133 nm (R¼ Er3þ)
to 570 nm (R ¼ Nd3þ) (see Fig. 4). The Cole-Cole diagrams (see
Fig. 11) are characterized by the presence of two asymmetric
relaxation peaks. Relatively low values of electrical modules indi-
cate a small contribution of electrodes to the mechanism of elec-
trical conductivity. Local minima in the frequency range 105e106 Hz
and maxima at a frequency of ~ 107 Hz in the spectra tandε(f) (see
Fig. 7(a)) and in the spectra of M2(f) (Fig. 10(b)) practically coincide.
It should be also noted that the same behaviour is observed in the



Fig. 9. Dependences of the crystal and chemical parameters on the radius of the R-cation calculated using the SPuDS program.

Fig. 10. Frequency dependences of the real, M1, (a) and imaginary, M2, (b) components of the complex electric module for the La0.50R0.50FeO3 (R ¼ CeeLu) orthoferrites.
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dependences ε2(f) ¼ ε1(f)$tandε(f). This confirms that the processes
of conduction and relaxation are regulated by the same defects in
the studied samples.

In the formation of the dielectric constant in the HF limit (an
optical range), the ionic and electronic mechanisms of dielectric
polarization are the main. The LF mechanisms of dielectric polari-
zation are eliminated at such high frequencies. An analysis of the
structural data indicates that the lattice parameters of the
La0.50R0.50FeO3 samples are systematically changed due to the 4f-
effect compression. However, structural factors are weakly sensi-
tive to changes in the composition. This allows supposing that
changes in dielectric properties are mainly determined by the dif-
ference in the polarizability of the substituted R-cations and O2�

anions. The dielectric constant decreases while replacement of
lanthanum cations by R-cations in the La0.50R0.50FeO3. The results of
calculation of the electron polarizability a for R-cations [53,54]
indicate their monotonic growth with an increase in ionic radii.
Maximum polarizability is observed for La3þ cations. Taking into
account the additive feature of polarizability, it is possible to
calculate the effective polarizability (aeff) as the half-sum of aLa3þ
and aR3þ for all compositions. The dependence of the dielectric
constant on the type of R-cation calculated in the HF limit as well as
the polarizability of aR3þ and aeff calculated on the basis of the data
[53] are shown in Fig.12. Substitution of La3þ cations with R-cations
from Lu to Ce leads to an increase in aeff, which should increase the
values of the real dielectric components in the HF limit that is in
good agreement with Fig. 6 and Table S3.

4. Conclusions

A solid-state reaction method under cold pressing at high
pressure P ¼ 4 GPa was used to prepare the rare-earth orthoferrite
La0.50R0.50FeO3 ceramics with R¼ Nd, Sm, Gd, Dy, and Er. Structural,
microstructural, and dielectric properties of La0.50R0.50FeO3 ce-
ramics were studied comprehensively. Using a linear law of
approximation for describing experimental data, the crystal-
chemical characteristics and dielectric parameters were deter-
mined for full number of substitutions in the La0.50R0.50FeO3 with
R¼ CeeLu.With a decrease in the radius of R-cation from Ce to Lu, a
decrease in the lattice cell volume, and an increase in orthorhombic
distortion degree, global instability index and Goldschmidt toler-
ance factor are observed. The microstructure of the La0.50R0.50FeO3
ceramics is well developed with high densification and well con-
nected grains, the average size of which grows with an increase in



Fig. 11. Cole-Cole diagrams based on the model spectra of the real (M1) and imaginary
(M2) components of the complex electric module M* for the La0.50R0.50FeO3

(R ¼ CeeLu) orthoferrites.

Fig. 12. Dependences of the experimental (εExp) and calculated (εCalc) dielectric con-
stants in HF limit, as well as polarizability of R-cations (aR3þ ) and (aeff).
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the radius of R-cation. According to dielectric spectroscopy data, the
ceramic La0.50R0.50FeO3 samples demonstrate the colossal values of
dielectric constant and relatively small values of dielectric loss
tangent in a low-frequency limit that is caused by the migration of
weakly coupled (quasi-free) charge carriers and their accumulation
at grain boundaries. With decrease in the radius of R-cation from Ce
to Lu, the components of the complex electric module (M1 and M2)
and dielectric loss tangent (tandε) increase in contrast to decreasing
components of the dielectric constants (εs, εhf, and ε1) in a high-
frequency range. All calculated and defined values on structural
and dielectric characteristics for full number of substitutions in the
La0.50R0.50FeO3 orthoferrites with R¼ CeeLu are in good agreement
with experimental data for the prepared La0.50R0.50FeO3 ceramics
with R ¼ Nd, Sm, Gd, Dy, and Er which were taken as a basis. The
obtained results can be useful for using promising method of
preparation under high pressure to synthesize double rare-earth
orthoferrite-based ceramic materials with colossal dielectric con-
stant at room temperature.
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