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Abstract

Gd-substituted LaFeO; polycrystalline samples were prepared by the co-precipitation method. A detailed investigation of the
structural, magnetic, and electrical properties of the La;_,Gd,FeO; system was performed. The differences of the ionic radius and
the electron configuration between Gd and La cause the distortion of the crystal structure. We have related it to the development
of the magnetic and electrical properties. In addition, we provide the effect of the microstructure. The systematic variation of the
octahedral-site tilting have been deduced by XRD, IR, and magnetic properties.

Keywords Perovskite - XRD - IR - Hysteresis loop - AC electrical properties

Introduction

LaFeO; with a typical ABOs-type perovskite structure has
gained great attention due to its broad applications in catalysis
[1], chemical sensoring [2], and magnetic materials [3—5], and
as an electrode in fuel cells [6] due to its ability to exhibit
ferroelectric and ferromagnetic properties [7]. In this regard,
many researchers attempt to improve its magnetic property by
the replacement of La with different rare earth ions R [7-10].
This replacement induced the distortion of the structure and
the reduction of the particle size [10].

The distortions of the perovskite structure with respect to
the ideally cubic stable perovskite [11, 12] can be estimated by
calculating the tolerance factor (£), 1= (ra +70)/V/2 (g + ro).
Here, 5 and rg are the cation radii with nine and six coordi-
nation numbers, respectively, and 7o = 0.138 nm is the oxygen
anion radius in sixfold coordination [13]. The condition ¢ < 1
is realized by cooperative rotations of the BOg/2 octahedra
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that vary the B-O-B bond angle () to be less than 180°.
This angle can be modified by isovalent chemical substitu-
tions on the A sites of ions of different ionic radii. Smaller
A-site cations reduce to give a smaller bond angle . When
this angle reduces, the orbital overlap integral over the B-O-B
bonding array is therefore reduced by a factor of cosp [14].
Zhou and Goodenough [14] have studied the development of
the octahedral-site distortion as a function of ionic radius in
RFeO; systems, and they found that the octahedral-site distor-
tion is intrinsic to orthorhombic perovskites and is strongly
bias orbital ordering and spin ordering in compounds that
have the same structure. They conclude that the maximum
octahedral-site distortion is at an intermediate ionic radius like
that of Gd>* ion, i.e., the maximum octahedral-site distortion
is due to GdFeO; and the minimum is due to La FeOs.

The magnetic ordering of the iron ions in both LaFeO; and
GdFeO; essentially yield an A-type antiferromagnet [15, 16].
Each Fe** ion is surrounded by six O®~ ions arranged in FeOg
octahedra. The O%" is the common apex of the two adjacent
octahedral acting as a superexchange interaction bond.
According to the Dzyaloshinskii-Moriya antisymmetric ex-
change mechanism [15, 16], each Fe’* magnetic moment is
arranged not totally antiparallel to the moments of all six
nearest Fe>* neighbors but normally canting at a small angle
0, where ¢ =180° — . This arrangement of Fe** magnetic
moments leads to the occurrence of weak ferromagnetism in
the orthoferrite.

The conductivity in ferrites occurs as a result of electron
hopping between Fe’* and Fe”* ion states on the octahedral
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sites. The FeOg octahedra which share corners infinitely in all
three dimensions are building units of RFeO3; compound. The
Fe—Fe distance is short which facilitates electron hopping
from Fe’* to Fe’" between octahedral sites in this system.
This hopping may be according to the double potential well
models. The hopping from site to site may extend throughout
the bulk, the sites forming an interconnected network through
which the charges may flow. Some jumps are easier because
of the small distance between sites. Moreover, the easier
jumps contribute to dielectric relaxation whereas the more
difficult jumps contribute to conduction [17]. By increasing
frequency, the conductivity increases as a result of the
pumping force caused by the applied frequency which helps
in transferring the charge carriers between the different con-
duction states.

The interrelation between the structural constraints and the
magnetic properties of pure LaFeO5; and GdFeOswas investi-
gated [18]. The synthesis of La,_,Gd,FeO; by the self-
combustion method is studied recently in Ref. [19]. In this
work, we study the preparation of La;_,Gd,FeO3 by the co-
precipitation routes. We provide a detailed investigation of the
structural and microstructure of La;_,GdFeOs by studying
XRD, FTIR, and FESEM. We relate the octahedral-site dis-
tortion to the development of the complex magnetic interac-
tions. In addition, we provided measurements of AC conduc-
tivity as well as the real and imaginary parts of the dielectric
constant for the mentioned compound, as a function of tem-
perature and frequency, to unravel the complex sequence of'its
magnetic and electrical properties.

Experimental details
Synthesis

The investigated samples La;_,GdFeO; (0 < x < 1.0)
were prepared by co-precipitation routes. Initial ingredi-
ents of metal nitrate were of high purity (BDH) and were
taken in stoichiometric proportion. The co-precipitating
agent was sodium hydroxide aqueous solution. The pH
value was adjusted to 10 to ensure the formation of com-
plete precipitation. The precipitate was washed with dis-
tilled water many times to remove the residual base. Then
the precipitate was filtered and allowed to dry in a muffle
furnace at 80 °C. All the prepared powders were calcined
at 400 to 1200 °C for 2—4 h at a heating rate of 4 °C/min.
The samples were fired using Lenton furnace UAF 16/5
(England). The prepared samples were checked by the X-
ray diffraction to insure the formation of the required
chemical formula. It was found that this method was ad-
equate to prepare all concentrations of the chemical for-
mula La;_,Gd,FeO; (0 < x < 1.0) with the heat treatment
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as follows: x=0.0 and 1.0 at1200 for 2 h and x=0.2—
0.8 at 1000 °C for 4 h.

Sample characterization

X-ray diffraction patterns were obtained for all samples using
Brucker Weis D8 diffractometer and Cu-Kor (A =1.5406 A)
radiation to assure that the structure of those samples is
formed. The powder diffraction patterns were scanned at a
step of 0.1° and step time 1 s. The average crystallite size
was estimated using Scherrer’s relationship after applying
the correction for instrumental broadening [20].

FTIR spectra were recorded in air at room temperature with
FTIR spectrometer (Spectrometer JASCO, 6300, Japan) over
the range (150650 cm ') with deuterated triglycine sulfate
(DTGS) polyethylene window detector and over the range
(1000400 cm™ ") (using DTGS KBr windows detector). The
transmission spectra were obtained on 1 mg of powdered
sample dispersed in 98 mg of KBr pellet pressed under vacu-
um with the estimated error of + 4 cm ™.

Field emission scanning electron microscope images of
products were imaged with QUANTA FEG250 (Netherlands).

The room temperature magnetic hysteresis of the samples
was traced using vibrating sample magnetometer (Lake Shore
7410, USA).

The ac conductivity as well as the dielectric measurements
of' the samples under investigation were carried out from room
temperature up to 850 K at frequencies ranging from 1 kHz to
5 MHz using LCR Hi Tester (HIOKI model 3531Z Japan).
The sample was inserted between the two cell electrodes. The
temperature of the sample was measured using T-type thermo-
couple connected to temperature controller with the junction
in contact with the sample to avoid any temperature gradient.

Results and discussion
XRD analysis

The values of the tolerance factor are calculated and tabulated
in Table 1. From this table, it is clear that GdFeO5 is more
distorted than the parent compound, i.e., with increasing cat-
ion substitution, the value of the tolerance factor deviates far
from the ideal value and the degree of distortion systematical-
ly increases with increasing Gd content.

Table 1  Tolerance factor (z) of the structure La;_,GdFeOs;
00<x<1.0

X 0.0 0.2 0.4 0.6 0.8 1.0

t 0.9024 0.8949 0.8873 0.8797 0.8721 0.8645
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Figure 1 shows X-ray diffraction patterns for La,
—<Gd, FeO3; (0.0 < x < 1.0). The preliminary investigation
analysis of the patterns shows that the diffraction line of
La; Gd,FeO; (0 < x < 0.4) is well indexed with (74-
2263) JCPDS card number with the space group Pbnm
(62), while La;_ GdyFeO5 (0.6 < x < 1.0) are completely
matched with JCPDS card number (00-047-0067) with the
same space group (62). Hexagonal phase of La,O; and
GdsFe,Fe;0g, is detected as a minor secondary phase
for the concentration x=0.0 and 0.8 respectively. The
diffraction patterns show a slight shift in the peak position
toward higher 26 and the appearance of a number of
planes with increasing Gd concentration. This suggests
that progressive substitution of La** ions by Gd** leads
to the contraction of the unit cell of LaFeOs. This is re-
lated to the difference in ionic radii between Gd**
(1.03 A) and La®* (1.16 A). The appearance of a number
of planes as Gd>* ions increase can be explained by the
fact that the atomic scattering factor of the Gdgy4 is larger
than that of Las; [21].

The cell parameters «, b, and ¢ and the unit cell volume
are calculated according to one card (no. 00-047-0067)
and tabulated in Table 2. Obviously, from Table 2, the
lattice constants a and c are slightly decreasing, while b
increases continuously on increasing Gd concentration.
One can calculate the cell distortion d (the departure from
the ideal cubic cell) given by the following equation:
d=[[((a/V2) = ap)* +((B/V2 ) —ap)*+(c/2 = ap)*]
104]/321[,2 [22], where a, is the lattice parameter of the
ideal cubic perovskite calculated from the equation a-
p= (a/V2 +b/\V/2 +c/2)/3. The variation of the cell dis-
tortion factor versus the concentration of the substituted
Gd*" is represented in Table 2. The cell distortion factor
increases with increasing the Gd**substitution. Such

experimental results agree with the calculated values of
the tolerance factor.

From Table 2, one can observe that a and b parameters are
diverging with increasing the Gd** ion substitution. This diver-
gence can be expressed by calculating the spontaneous ortho-
rhombic strain (s) which is given by the following formula: s =
2 x(b — a)/(b+ a) [23].The obtained results given in Table 2
confirm that the distortion is continuously increasing with Gd
content. The increase of strain parameter s clearly indicates that
the tilting of FeOg octahedra is increased and implies significant
deviations of the Fe-O-Fe bond angle ¢ within the ab plane
from 180°. However, the variation of the distortion determined
from XRD patterns is systematic like the theoretical one.

Finally, the estimated average crystallite size using
Scherrer’s relationship with Gd concentration is presented in
Fig. 2. It is clear from the figure that the highest value of the
crystallite size is found to be x=0.0 and 1.0. This can be
attributed to the increase in the sintering temperature
(1200 °C) for x=0.0 and 1.0. It is well known that normally
the increase in annealing temperature facilitates the grain
growth. The crystallite sizes is found to decrease with increas-
ing the Gd** ion up to 0.4. The results are as the previously
mentioned in Refs. [8—10]. This is attributed to that the radius
of G&** (1.01 A) is smaller than that of La®* (1.16 A) as the
result of the shrinkage of unit cell. At higher ratio of Gd**, a
clear increase of grain sizes is due to the fact that the Gd** ions
accelerate the grain growth [24]. This fact is confirmed by the
study similar to the previously published Ref. [19].

FTIR

The infrared spectra for La;_GdFeOs3 (0.0 < x < 1.0) are
shown in Fig. 3. The FTIR spectra that we obtain for com-
pounds are quite similar to those reported elsewhere [18, 19].

Fig. 1 XRD patterns of La, 700
_«GdFeO; at different 650 -
concentrations (x=0, 0.2, 0.4, 600 -

0.6,0.8,1.0)

Intensitycounts

* La203
- $Gd ,Fe ,Fe O,
g x =0.

2-Theta(degree)
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Table 2 Unit cell parameters,

volume, cell distortion factor, and Unit cell parameters Volume (A)? Cell distortion Spontaneous
spontaneous orthorhombic strain factor orthorhombic strain
of La,_ Gd,FeO, x a(A) b @A) c(d)

0.0 5.5423 5.5587 7.8512 2414 0.015 0.0030

0.2 5.4880 5.5621 7.8267 239.7 0.306 0.0134

0.4 5.4411 5.5640 7.8110 2377 0.863 0.0224

0.6 5.3888 5.5850 7.7846 2358 2.150 0.0358

0.8 5.3307 5.5960 7.7658 234.1 3.974 0.0486

1.0 5.3598 5.6012 7.6692 2294 3.504 0.0441

By considering Fig. 3, one can identify three regions ac-
cording to many references [25, 26]. The IR spectroscopic
results are summarized in Table 3. The first region at the
higher frequency, which is designated as ¢ corresponds to
the stretching mode which involves the internal motion of a
change in length of the Fe—O bond in the FeO¢ octahedral.
The second region lies in the range 500-200 cm™ " designated
as , and corresponds to the bending mode which is sensitive
to a change in the Fe-O—Fe bond angle in the FeOg4 octahe-
dral. Several peaks are present in this region. As Gd increases
(at x = 1), the phonon structures are broader and less resolved,
probably due to increasing the disorder present in this sample.
In addition, there is a shift of the {, band to higher frequency as
Gd concentration increases that reflects a decreasing of the
bond length and angle of Fe—O-Fe. It indicates that the in-
creasing of distortion of the Fe—~O-Fe bond angle is observed
as Gd cation increases. From Table 3, it is obvious that the
increasing frequency for either ¢ band or 4, band is not sys-
tematic. This result is confirmed by Fig. 4.

Generally, the prediction of increasing frequency for either
band means that the force constant for such band increases.
The increase of force constant is due to decrease of the bond
length. This means that a change in length of the Fe—O bond in
the FeOg octahedra is not systematically depending on

160
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j: \\._/°/°
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Crystallite size (nm)

00 02 04 06 08 10

Gd concentration
Fig.2 Estimated crystallite size from XRD for La;_,GdFeO3 (x=0,0.2,
0.4, 0.6, 0.8, 1.0) with the heat treatment as follows: x=0.0 and 1.0 at

1200 °C for 2 h and x=0.2-0.8 1000 °C for 4 h as a function in Gd
concentration (x)
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concentration of Gd and is not related to the decrease in the
lattice parameters with Gd content. The local lattice distortion
however can modify the average lattice constant. The local
changes of the bond angles and bond lengths are adjusted
without involving large-scale diffusion of cations in the mate-
rial. As is seen through the results of the lattice parameters
coming from X-ray diffraction data, the changes result as a
local adjustment of bond angles and bond lengths without
involving large-scale diffusion of cations in the material, and
it causes lattice volume shrinkage as the concentration of Gd
increases [18, 27].

It is very important to mention that the major reason behind
splitting (several peaks) of v}, bands may be the strong elec-
tron—phonon interaction in all ferrites. This splitting was also
observed in the same range for spinel structure in the ferrite
materials [28, 29]. This may account for the nature of the
octahedral site in the ferrite materials. The Fe—Fe distance is
short in spinel and perovskite structure which facilitates elec-
tron hopping from Fe’* to Fe’" between octahedral sites.
Hence, the activation energy for the hopping mechanism is
less than the thermal energy at room temperature and the hop-
ping process can be characterized by a hopping time ¢, = 3.5 X
107 s at 300°K [30, 31]. Moreover, the interaction time in
the IR absorption process is of the order of magnitude of
hopping time.

The third region below 200 cm 'which is designated as
is the contribution of Fe-O bond of octahedral with lantha-
nides displacement [32].

However, the intensity ratio of § band to |, band is found to
reverse as the doping Gd ions increase. One can assume in a
rough approximation that these changes are mainly due to
variations in angles of the abovementioned rotations and to a
lesser extent to changes in Fe—O distances. This observation
was noticed by others [27]. It is clear that these three trans-
mission spectra which are present in all investigated samples
are much less broader and better resolved as La content in-
creases probably due to decreasing the disorder present in this
sample. This line broadening can make difficult or even im-
possible the experimental detection of some lines with small
oscillator strength.
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Fig. 3 Infrared transmission
spectra of La;_,GdyFeO; (x=0,
0.2, 0.4, 1.0) in the range (650—
150 cm ™) (using DTGS
polyethylene windows detector)

% T

Finally, we conclude that the increase of distortion can be
detected by the variation of the |, band.

Microstructure

The surface morphology of La; GdFeO; (x=0.0, 0.2,
0.4, 1.0) has been analyzed by FESEM images as given
in Fig. 5. Evidently, the micrograph of LaFeO; particles
shows agglomerated grains with different shapes and sizes
as depicted in Fig. 5a. They exhibit non-uniform diame-
ters and some particles appear as plate-like structure. The
mean particle size of LaFeO3 sample is estimated to be
between 100 and 250 nm. The non-homogeneity of that
sample can be arisen from intra-granular porosity (grain
boundary pores), whereas intra-granular is mainly attrib-
uted to segregation of secondary phases toward grain
boundaries. Therefore, the lack of secondary phases
(3.5% of LayO3) through XRD patterns was considered
as an evidence for the intra-granular pores type.
However, the particle size for x=(0.2, 0.4, and 1.0) tends
to form rather homogeneous cluster aggregates. They ex-
hibit regular shape morphology and uniform diameters.
Apparently, the behavior of particle size of Gd-
substituted LaFeO; samples are in good agreement with
the calculated crystallite size given by XRD analysis, i.c.,
the lowest particle size is also observed for x=0.4.

T
600

T T T
500 400 200

Wave number(cm”

)

Magnetic properties

The room temperature M—H hysteresis loops of the prepared
La;_,Gd,FeO3 (x=0.0, 0.2, 0.4, 0.6, and 1.0) are shown in
Fig. 6. As shown from the figure, the hysteresis loops do not
show a normal (s-shape) type of ferromagnetic behavior (ex-
cept for x=0), i.e., the hysteresis curves do not show satura-
tion. Additionally, its total magnetization (M) is composed of
two parts: paramagnetic component (linear contribution) and
weak ferromagnetic component (loop). In this case, the spon-
taneous magnetization (M;*) could be obtained by extrapolat-
ing the linear portion of the M—H curves to H=0. The para-
magnetic contribution is clearly increasing with paramagnetic
ion (Gd: 4f", spin only, s =7/2) doping to the substitution of
diamagnetic ions (La: 4°, spin only, s = 0) and the weak fer-
romagnetic is slightly decreasing.

All the calculated and measured parameters for hysteresis
loops are tabulated in Table 4. In this context, it is clear that the
ferromagnetic contribution (M*) decreases as Gd** ions in-
crease. As was mentioned before in X-ray analysis, the
substituted ion of La** ions for Gd** ions will increase the
strain and increase the tilting of the FeOg4 octahedral, which
would lead to the decrease of Fe—O—Fe bond angle .
Granted, the decrease of the in-plane a b, Fe-O—Fe bond an-
gles from 180° (from 168.5° for LaFeOs to 147.8° for
GdFeO;) as determined from Rietveld analysis, and X-ray
diffraction data [18] causes the decrease of its superexchange

Table 3 1R bands for La;

GdFeO3; 0.0 <x < 1.0 x us (em ™) Uy (em ™) Ues (cm )
0.0 620- 587- 557 436-398- 336- 288 174
02 568 405-361-345-209-286-278- 243- 216- 204 177-169- 160
04 565 411-355-292 174
1.0 632-565 467-347-295 173-163
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Fig. 4 Values of v band at
different concentration of Gd 562 4 - -
(values are taken from infrared 1
transmission spectra in the range 560 +
(1000-400 cm ') (using DTGS 1 -
KBr windows detector) » 558
S 4
556
554 - @
552 4
0 0.2 0.4 0.6 0.8 1.0

interactions. As a consequence, the ferromagnetic contribu-
tion will be weakened but it will not alter the antiferromagnet-
ic coupling along antiferromagnetic axis along c. This fact is
clearly confirmed by the linear evolution of the loops from
LaFeO; to GdFeO3. Any other Fe—Fe coupling is very much
smaller [33]. The fact that magnetic couplings of the type Fe—
Gd and Gd—Gd are at least two orders of magnitude below the
Fe—Fe coupling is also confirmed.

Fig. 5 FESEM of La;_,Gd,FeOs
ax=0.0,bx=02,¢cx=04,d a
x=1.0 for the scale 1 um

@ Springer

Gd concentration

The coercive field has been noticed in the range of 48—
880 Oe. From a closer look at Table 4, one can find that the
coercive field H, has the same trend with total magnetization
(M) except for LaFeOs. The values of H, refer to the strength
of the magnetic field required to reduce the magnetization of
the magnetic sample to zero after the saturation magnetization
has been reached. A large value of H, for LaFeO; could be
attributed to the increase of intra-granular porosity due to the
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Fig. 6 M-H hysteresis loops of
the La;_,GdFeO; samples
prepared by co-precipitation
method at different concentrations
x=0,0.2,04,0.6,1.0)

secondary phase. The porosity has an important role in mag-
netization process because the pores work as a generator of a

Table 4 Magnetic parameters for
La;_,GdFeO5;x=0,02,04,
0.6, 1.0

Magnetization (emu/g)

Magnetization(emu/g)

Magnetization (emu/g)

0.34

0.2

0.1

X=0

0.0

-0.1

-0.2

-20000 -10000

0 10000 20000

Magnetic Field (Oe)

0.4

0.3
0.2
0.14

x=0.4

0.0
-0.14
-0.24
-0.34

4

-6000 -4000 -2000

0 2000 4000 6000

Magnetic field (Oe)

w

x=1

A4

24

-20000 -10000

0 10000 20000

Magnetic Field ( Oe )

0.34

0.2

0.14

0.0

-0.14

-0.24

Magnetization(emu/g)

-0.34

-6000 -4000 -2000

0

2000 4000 6000

Magnetic Field (Oe)

1.5

1.04

x=0.6

0.0

-0.54

-1.04

Magnetization (emu/g)

-20000 -10000

0

10000 20000

Magnetic Field ( Oe)

demagnetization field [34]. As the porosity increases, a higher
field is needed to push the domain wall. On the other hand, the

X M (emu/g) M* (emu/g) M, (emu/g) H, (Oe) Crystallite size (nm)
0.0 0.30 0.130 70.6E-3 833.0 146

0.2 0.27 0.100 10.7E-3 48.2 70

0.4 0.33 0.080 13.7E-3 66.7 30

0.6 1.44 0.024 35.6E-3 150.3 38

1.0 2.17 0.03 69.6E-3 216.8 143

M is composed of two parts: paramagnetic component (linear contribution) and weak ferromagnetic component
(loops)
Mg*which was obtained by extrapolating the linear portion of the M—H curves to /=0
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average particle size of this sample is also large. This can be
understood by the fact that as the particle contains many
grains, the magneto crystalline anisotropy is averaged over
many grains and various orientation. The large anisotropy
leads to an increase in coercivity with increasing particle size
[35].

From Table 4, it is observed that the remanence M, is in the
range (10-70 emu/g). The remanence M, also has the same
tend with total magnetization (M;) except for LaFeO5; and
GdFeO;. The large value of remanence M, for LaFeO; and
GdFeOs; could be attributed to the effect inter-granular poros-
ity (pores trapped within the grains). Inter-granular porosity is
directly proportional to the grain size growth which arises
mainly from the increasing of the temperature of the annealing
process.

Electrical properties

Figure 7 depicts the change of AC conductivity In (o) with the
reciprocal of the absolute temperature as a function of fre-
quency ranging from 1 kHz to 5 MHz for La;_,Gd,FeO;
(x=0, 0.2, 0.4, 1). It is clear that the trend of In (o) versus
1000/T for all investigated samples is nearly the same.
Ordinarily in ferrite material, the increase in conductivity with
increasing temperature may be related to the increase in the
drift mobility of the charge carriers, which are localized at ions
or vacant sites. From Fig. 7a—d, one can distinguish three

x=0.0
15 o | I I
[]
. &
O
= <1f ""“ .6 21 26 31
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different behavior of In (o) versus 1000/T which are denoted
by regions (I), (II), and (III). In region (I), a frequency-
dependent and nearly temperature-independent conductivity
is observed. This is associated with a very small frequency-
independent activation energy, reflecting an extrinsic type of
conduction [36]. This means that starting with small thermal
energy given to the system can liberate small number of the
localized charges. At higher temperatures, region (II), the con-
ductivity is frequency and temperature dependent, with a large
frequency-dependent activation energy. It is noticed for the
first part of this region that the conductivity decreases with
increasing temperature; this decrease is a function of the fre-
quency. This is due to the presence of trap centers of charges at
the grain boundaries which are highly defected areas and act
as scattering center for the flow of electrons. Therefore, grain
boundaries are highly resistive [37]. Region (III) is character-
ized by an Arrhenius type behavior but with different slopes,
which is a normal characteristic of semiconductor ferrites. At
the end of this region, the conductivity is frequency
independent.

From the figure, it is noticed that the largest value of Ino is
due to the concentration x =0.4 up to certain temperature
which is different for different frequencies. Then, a decrease
in Ino is observed beyond this temperature until reached to the
smallest values of all concentrations. This indicates that the
conduction mechanism at high temperatures is different from
that at low temperatures. It should be remembered that the x =

x=0.2
I ‘ I | I
0
11\,.;1.6 24 2.6
. s [ = a s x &
2y
E "“*11“;;;;4;:.“ p
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Fig. 7 AC conductivity In (o) versus the reciprocal of the absolute temperature as a function of frequency ranging from 1 kHz to 5 MHz for La;

_.Gd,FeO; x=0, 0.2, 0.4, 1
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Table 5  Activation energy of La; GdFeOs; (x=0, 0.2, 0.4, 1.0) at
1 KHz frequency

x 0.0 0.2 0.4 1.0
Activation energy (eV) 1.23 0.59 1.04 1.42

0.4 has the smallest crystallite size of all concentrations. It is
important to mention that the number of Fe** in octahedra is
constant for all concentrations.

The activation energies calculated from the slope of In (o)
versus 1000/T are listed in Table 5. It is seen from the table that
the values of the activation energy are not systematically de-
pending on concentration of Gd and they are not related to
decrease in the lattice parameters with Gd content. In general,
the value of the activation energy is related to the barrier
height encountered by the hopping electron (inter-ionic dis-
tances in FeOg octahedra). That means that the decrease in the
value of the lattice parameters with increasing Gd is not relat-
ed to the systematic decrease of the inter-ionic distances in
perovskite structure. This is in good agreement with IR anal-
ysis data. However, the energy barriers are of the order of
0.59-1.42 eV.

0.0
e Y
600000 | oo .
S et
. 400000 ,EHI _'? S fddddne
W | s |_I.IJ{[-I_IJ ) - ~
200000 0 oo F

300 400 500 600 700 800
Temp(K")

+1K « 10K « 100K = 1M -5M

0.4
10000
8000
. 6000
¥ 4000
2000

200 390 490 590 690 790
Temp(K)

+1KHz +10KHz -« 100KHz «IMHz - 5MH:z

It is noted that for LaFeO; system, the conductivity o
shows an abrupt jump toward high temperature at
T = 833 K. This is attributed to change in phase transition
which is reported in accordance with the cooperative Jahn—
Teller [38] or orbital-ordering transition [14, 39]. The same
anomaly was seen for LaMnO; at 7' = 747 K [39] and at
T=1100 K for PrMnO; [40]. The authors have reported that
with decreasing ionic radius of rare earth, the anomaly in o,
i.e., transition temperature, is shifted toward higher 7until Nd.
But, with smaller 7, than 4, no such anomaly was observed
up to 1500 K. They concluded that the orbital-ordering state is
extremely stable with small r,. This may explain that we do
not observe this transition temperature for GdFeOs.

Figure 8 shows the real part of dielectric constant (¢') for
La;_GdFeO3; (x=0.0,0.2, 0.4, 1) as a function of the applied
frequency ranging from 1 kHz to 5 MHz. From this figure, it is
clear that the general trend at all frequencies is appearance of
two peaks at two different ranges of temperatures. Obviously,
the values of these peaks are decreasing rapidly as the frequen-
cy is increasing. Otherwise, the dielectric constant (¢') is al-
most small and independent of the temperature and frequency
in the first temperature region and the range between the two
peaks. The polarization phenomenon explains directly the be-
havior dielectric of materials. Polarization mechanism of
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Fig. 8 Dielectric constant (¢') for La;_,GdFeOs; (x=0.0, 0.2, 0.4, 1.0) as a function of the applied frequency ranging from 1 kHz to 5 MHz (inset: to

clarify the frequency dependence of the peak near 500 K)
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Fig. 9 Dielectric loss factor (") for La;_,GdsFeOj at different concentrations (x = 0.0, 0.2, 0.4, 1.0) as a function of the applied frequency ranging from
1 kHz to 5 MHz (inset: to clarify the frequency dependence of the peak near 500 K)

ferrites often occurs in a similar way to conductivity mecha-
nism [41]. An applied external electric field causes a polari-
zation by displacing electrons with electronic exchange (Fe**
— Fe’* +¢). To characterize the rapid decrease of dielectric
constant at sufficiently low frequencies [42], we take
Maxwell-Wagner model as a basis. According to Maxwell—
Wagner model, high dielectric constant is due to the polariza-
tion of surface charges. High polarization is due to non-
homogeneous structure of the sample. The dielectric structure
of the sample consists of conducting grains and poorly
conducting grain boundary. Variation of conductivity in the
interface between these regions results in an accumulation of
charges in the grain boundaries. As frequency rises, the
charges cannot follow applied external field and consequently
cannot contribute to polarization [43]. As a result, the dielec-
tric constant becomes smaller after surface charge contribution
loses its effect and gets eliminated [44, 45].

The temperature dependence of the dielectric loss factor
(e" for La; GdFeO; at different concentrations (x=0.0,
0.2, 0.4, 1) as a function of the applied frequency is shown
in Fig. 9. From this figure, it is clear that the general behavior
of the dielectric loss factor (") for all samples at all frequen-
cies with temperature is similar to that of dielectric constant
(e"). Tt can be stated that the sample exhibited two peaks

@ Springer

corresponding to low-and high-temperature regions. Both
peaks shift to higher temperatures as frequencies increase, as
a sign that they are thermally activated. Consequently, each of
relaxation times can be said to decrease with increasing tem-
perature. Thus, the initial relaxation takes a long time, and the
latter takes a short time to occur [46]. It is important to men-
tion that for all ranges of the frequency (1 KHz—5 MHz), a
peak of type Debye-like relaxation is not detectable. The re-
laxation may be partially masked due to the flow of the space
charges through the conducting grains. However, AC mea-
surements (Ino, ¢',and &") for La; Gd,FeO; confirm the as-
sumption that the mechanisms of the conductivity and the
dielectric constant are of the same origin.

Conclusion

We have successfully synthesized polycrystalline samples of
the single phase of the system La;_,GdFeO; of the most of
the concentration range using the co-precipitating method.
The concentration dependence of the lattice constants wit-
nesses the increase of orthorhombicity via stronger tilting as
a result of the decrease of the tolerance factor via the substi-
tution of the larger La by the smaller Gd ions.
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Far-infrared absorption reveals changes in phonon energy
due to a decreasing of the Fe—~O-Fe angle in FeOg4 octahedra
units. Meanwhile, the change in length of the Fe—O bond in
octahedral FeOyg is not systematically depending on concen-
tration of Gd and is not related to decrease in the lattice pa-
rameters with Gd content.

From the magnetization measurements of the doped com-
pounds, we provide clear experimental evidence for an anti-
ferromagnetic contribution of the magnetic ordering of the Fe
moments. The weak ferromagnetic behavior decreases as Gd
ions increase as a result of the decrease of the Fe-O—Fe
superexchange bond angle caused by a distortion of the crystal
structure. The large value of the coercive field and the rema-
nence for some concentration are mainly due to microstructure
effect.

Two peaks in €’ and €” with temperature dependence are
detected. The dielectric constant is independent of frequency
and temperature in the range beyond the relaxation frequency.
Most interestingly, we observe a phase transition at 833 K for
pure LaFeOs;.
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