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ABSTRACT

The NdCrOj; perovskite nanoparticles have been successfully synthesized using
sol-gel auto-combustion process. Structural and morphological characteriza-
tions of the material have been performed at room temperature using XRD and
SEM, respectively. Frequency- and temperature-dependent dielectric measure-
ments have been performed in the range of 1 Hz-10 MHz and RT — 300 °C,
respectively. The dielectric constant is found to be in the order of ¢ > 10° at
room temperature, indicating the colossal dielectric constant behaviour. Ferro-
electric phase transition temperature has increased with an increase in fre-
quency, suggesting that the material is a relaxor ferroelectric nature.
Temperature- and field-dependent magnetization measurements have been
carried out in the temperature range (5-400 K) and field up to 5 T. M-T curve
exhibited a diamagnetic-like behaviour in low temperature and low fields. Two
magnetic transitions were found at Ty (223 K) and Tn, (33 K) which corre-
spond to para to weak ferromagnetic transition and Nd>' spin ordering,
respectively. Hysteresis loop noticed weak ferromagnetism.
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electric field to switch magnetic properties and vice
versa. Some of perovskite materials may exhibit these
properties in which magnetization is induced due to

Introduction

The common regulatory of electricity and magnetism

optimistic over multiferroic materials have shown
ferroic order-like ferromagnetism or antiferromag-
netism and ferroelectricity at the same time [1]. Such
materials may be useful in energy-efficient logic,
memory and sensing technology by applying an
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an applied electric field without conducting the flow
of current, and therefore, this mechanism might be
greatly interesting. For the improvement in multi-
functional devices, materials should have strong
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coupling between magnetic and electrical orders at
room temperature.

In ABOj; perovskite ceramic compounds, A-site
(3") cation (rare earth) influences the physical prop-
erties over steric effects, and B-site (31) cation (tran-
sition metal) with its size, valence and spin performs
the main role in electric, magnetic and multiferroic
properties [2]. The magnetic strength interactions
between the A-A-, A-B-, B-B-site cations were fre-
quently found in ABO; materials and are increasing
in order, respectively, which depends on the electron
configuration, the bonding strength, the bond lengths
and the bond angles [3]. The strength of the magnetic
interactions depends on substitution of rare earth,
transition metal cations in their A-, B-site cation
positions, respectively. Generally, ortho-chromites
show antiferromagnetic behaviour with Neel tem-
perature (Ty) in the range 218-282 K [4]. The mag-
neto-electrical materials have sustained in an
improvement in industrial applications. In recent
years, RCrO; (R =La, Pr, Sm, Nd, Gd, Dy, Er)
materials have shown potential multiferroic proper-
ties; the magnetic ordering of 3d spins of transition
metal ions and 4f moments of rare earth ions also
play a vital role in magneto-electric coupling through
lattice distortion. However, these materials have
shown promising applications such as ferroelectric,
random access memory, multilayer ceramic capaci-
tors and magnetic field sensors [5].

Recently, the authors have studied structural,
morphological and electrical properties of GdCrO;,
ErCrO; perovskite materials. All these compounds
have indicated the orthorhombic symmetry, and
particle size is below 100 nm [6, 7]. The dielectric
constant values of LaCrO;, GdCrOs; and ErCrO;
perovskite nanoparticles have been estimated at
room temperature, 100 Hz, using impedance spec-
troscopy and have found to be in the order of 3 x 10°
[5], 10° [6] and 4 x 10° [7]. The present dielectric
constant study of NdCrO; compound at RT, 100 Hz,
has showed in the order of 10°. The RCrO; materials
have exhibited high electrical conductivity, high
densification, high temperature durability in reduc-
ing atmosphere and good physical and chemical
stability which are the required properties for SOFC
applications [8, 9]. From this study, the authors have
concluded that NdCrO3 material is also a potential
candidate for colossal dielectric capacitor and SOFC
applications.
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Researchers have used various synthesis tech-
niques to prepare ABO;-type perovskite materials.
These include solid-state reaction, co-precipitation,
solution-gel, hydrothermal, sol-gel,
citrate-gel, sol-gel auto-combustion methods; among
these techniques, the authors have adapted sol-gel
auto-combustion technique to prepare NdCrO3 per-
ovskite compound, due to numerous advantages; for
example, it makes homogeneity of a compound and
reduced the impurity; therefore, single-phase forma-
tion has been confirmed. In addition, controlling the
particle size in nanoscale, resulting nano particles
were produced [6, 7]. Nanoparticles of compound
have more effect on their structural, electrical and
magnetic properties, and they have shown enhanced
properties than the micro-, millisize particles of
compound. The nanoparticles of grain boundaries are
closer (i.e. very less gaps are found between grain
boundaries) than the micro-, millisize particles of the
compound. While taking the measurements in the
presence of different fields (electrical/magnetic),
temperatures and frequencies, the nanoparticles of
material can give exact physical and chemical prop-
erties than the other size of the particles of material.
Moreover, if we repeat the measurements on same
nanoparticle compound, we can achieve the same
previous results, but in the case of micro-, millisize
particles of compound we may not achieve the same
results.

In this paper, the authors have explained detailed
structural, electrical and magnetic properties of the
NdCrO; nanoparticles to understand the magnetic
and electric properties.

precursor,

Experimental procedure

Polycrystalline powder of NdCrO; perovskite com-
pound has been prepared using sol-gel auto-com-
bustion technique. The required chemicals for
synthesis are presented in Table 1. For making
NdCrO; we have taken 1:1:3 molar ratio of stoi-
chiometric amounts of Nd,Os;, Cr(NOj3);-9H,O and
citric acid which were taken separately. Nd,O5; was
converted to neodymium nitrate using HNOj3. Dou-
ble distilled water has been used to dissolve the
stoichiometric amount of raw materials individually
and mixed using magnetic stirrer for homogeneous
solution, and then, NH; was added to keep the PH
value of mixed solution at 7. This mixed solution was
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Table 1 Chemicals used to

synthesize NdCrO; perovskite Chemical name Molecular weight Purity (%) Grade Make
;ye;o;;gel auto-combustion Nd,O3 336.477 99.99 - Indian rare earth
HNO; 63.01 69 AR SD Fine
Cr(NO3);5-9H,0 400.15 98 GR LOBA
CsHgO7-H,O 210.14 99.5 GR MARK
NH; 17.03 25 AR SD Fine
C,HeO, 62.07 99 AR SD Fine

stirred and simultaneously heated (at 150 °C) until
the initial amount of solution becomes 1/3; then,
ethylene glycol has been added as a fuel to the 1/3 of
the initial solution. After few minutes, magnetic bead
was removed from the dried gel and the string was
stopped, but the heating temperature slowly
increased until the resulting gel combusted. The
combusted powder was collected and calcined at
750 °C for 4 h. Calcined powder was ground for 4 h
to get homogenous nanoparticles. The obtained
powder was pelletized under uniaxial pressing. Sin-
tering process is essential in polycrystalline ceramic
material, that effect on grain growth and densifica-
tion [10]. Hence, these pellets have sintered at 900 °C
temperature for 4 h. Finally, these sintered pellets
have been used for measurements.

SHIMADZU XRD-7000 X-ray diffractometer (XRD)
has been used to characterize the phase and the
crystallographic structure of the NdCrO; perovskite.
Microstructure and the grain size distribution of
NdCrO; sintered pellet have been studied using a
scanning electron microscopy (SEM) ZISS EVO-18.
Experimental density of NdCrOj; has been calculated
using the Archimedes principle, and also the mass
and the volume of the pellets were measured and
compared with theoretical density. The SOLAR-
TRON SI1260 model impedance analyser has been
used to carry out dielectric and impedance spectro-
scopic measurements. The silver-coated surfaces
were used as electrodes for the dielectric measure-
ments. The MPMS SQUID magnetometer has been
used to carry out magnetic measurements. For the
magnetic measurements, the dimension of the pellet
should be a rectangle shape to avoid correction.

Results and discussion
Structural and morphological analysis

Rietveld refinement software has been used to refine
the XRD pattern of the sintered pellet of NdCrO; for
15 cycles which is shown in Fig. 1. The evaluated
lattice parameters and refinement parameters are
given in Table 2. The average crystalline size has
been calculated using Debye Scherer formula and
was found to be 32 nm.

0.94 « A
D =
fcost

where D is the average crystalline size; 4, X-ray wave
length (1.54 A°®); f, full width at half maxima; 6, Bragg
angle.

Figure 2a shows the SEM microstructure of
NdCrO; sintered pellet. It has seen that the grain size,
grain distribution and certain amount of voids have
uniform throughout the surface. The average grain
size was found to be order of 80 nm. The density of

1300 O
1200 ] = O Observed
1100 ] NdCrO, Calculated
1000 —— Difference
900 | Bragg Position

800
700
600
500
400
300 f
2004 ¥
100

0

Intensity (arbitrary units)

-100

-200 1
-300:1r“‘r~“,‘Lf,d'- > 4
-400

T ' T A | . T Y T L T . T . T b T L T b T *
20 25 30 35 40 45 50 55 60 65 70 75 80
26 (degrees)

Figure 1 XRD Rietveld refinement of sintered pellet of NdCrO,
perovskite compound.
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Table 2 Lattice parameters and Rietveld refinement parameters of NdCrOj; sintered pellet

Perovskite Structure Lattice parameters (A°) V = a*b*c Rietveld refinement parameters
a b c RP RWP REXP Xz GOF
NdCrO; Orthorhombic (Pbnm) 5.422 5.479 7.693 228.585 7.9 9.7 8.4 1.4 1.2
Figure 2 a Scanning electron b) ookfg T T T T T T T
microscopy (SEM) 15
microstructure and b EDEX 8.0k 4 i
spectrum of sintered pellet of i
NdCrOj; (inset b shows EDEX -.'g 6.0k -
spectrum exported from INCA 3 1
software as as.emsa file). O 4.0k y
1 k=]
2.0k UZU 353 i
Z St
\J Nd MZ253
0.0 f f T T T T T f
0 1 2 3 4 5 6 7 8 9 10
X-ray energy (keV)
2.0x10°
the pellet has been calculated and was found to be Ca BT
around 94%. Figure 2b shows the EDEX spectrum of NdCrO3 —e—50°C
NdCrO; sintered pellet and Nd, Cr, O elements, st d +75°‘§
suggesting that the NdCrO; synthesized compound ' “ ¥ ; 12202
has no impurity elements. 1 —<—150°C
- 1.0xic* I\ —»—175°C
. . . w U —e—200°C
Dielectric analysis " :\ D
) ) 22 —e-250°C
The real part of the dielectric constant (¢') and o —o—275°C
dielectric loss (tan §) have been calculated from the . 300°C
impedance data using the following relation [11]
/ Z"t 0.0 20a4d

T DnfAen (27 + 27)

/

tanézﬁ

where “t” is the thickness of the pellet, “A” is the
surface area of the pellet, ¢ = 8.85 x 10'2 F/m, real
part of impedance (Z'), imaginary part of impedance
(Z").

Frequency variation dielectric constant (&) of
NdCrOs at various temperatures is shown in Fig. 3. It
has been found that dielectric constant (¢') decreases
with rising frequency for all given temperatures. The
dielectric constant (&) was found to be high value in
the low frequency region and is decreasing with a
rising frequency which is due to the space charge
polarization, which leads to the high dielectric con-
stant and expressive frequency dispersion in the low

@ Springer
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Figure 3 Frequency dependence of the dielectric constant (¢') of
NdCrO; at different temperatures.

frequency region [12-14]. The dielectric constant (&)
was found to be increased with increasing tempera-
ture. This suggests that the thermally activated nat-
ure of the dielectric relaxation exists in this material
[14]. It is also observed that the dielectric constant is
in the order of ¢ > 10° indicating the colossal beha-
viour. Generally, ferroelectric and relaxor ferroelec-
tric materials show high dielectric constant (¢ > 10%)
[6].

Frequency-dependent dielectric loss (tan §) of
NdCrO; perovskite ceramic compound at different
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temperatures is shown in Fig. 4. It shows that
dielectric loss (tan ¢) decreases with rising frequency
at a given temperature. The dielectric loss (tan 9)
increases with increasing temperature below the
175 °C in the low frequency region and is due strong
space charge polarization, more electron exchange
between Cr’*-Cr’* through the grain boundary in
the direction of applied electric field which leads to
partial polarization, and therefore, dielectric loss
increased [15]. Beyond 175 °C, dielectric loss (tan ¢)
decreases with increasing temperature which may be
due to weak space charge polarization in the material
[16]. The high value of dielectric loss (tan J) observed
in the low frequency region corresponds to a low
conductivity of the grain boundary. In the high fre-
quency region, loss is constant, which indicates a
high conductivity of grain [17].

Figure 5 shows temperature-dependent dielectric
constant of NdCrOj at various frequencies. It is seen
that the dielectric constant is increased with increas-
ing the temperature up to 178 °C at 100 Hz due to
increase in drift mobility of charge carriers with an
increase in temperature [18], which corresponds to
the polar bonds created by displacement of Cr*
(space charge polarization) causing the increase in
dielectric constant [19]. Further increasing the tem-
perature dielectric constant decreased, suggesting
dielectric anomaly, i.e. a ferroelectric phase transition
at 178 °C at 100 Hz. It is clearly seen that the transi-
tion temperature increased with increasing frequency
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Figure 4 Frequency dependence of the dielectric loss (tan J) of
NdCrO; at different temperatures.
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Figure 5 Temperature-dependent dielectric constant of NdCrO3
at various frequencies.

(225 °C at 1 MHz), suggesting that the material is
relaxor ferroelctric [1, 20, 21]. The peak becomes
broader with increasing frequency which suggests
the presence of diffuse phase transition (DPT)
[21, 22].

AC and DC conductivity analysis

The AC conductivity (o,) of NdCrO; perovskite
compound has been evaluated by using the formula
[23].

Oac = 2mfepe’ tan o

where f is the applied frequency (Hz); tan J, dielectric
loss; &, dielectric constant in free space
(8.854 x 10712 F/m); ¢, dielectric constant of the
sample.

Figure 6 shows frequency dependence AC con-
ductivity plots of NdCrO; perovskite at various
temperatures. The AC conductivity (o,.) remained
constant (plateau region) at lower frequencies and
increased rapidly with increasing temperature at
higher frequencies; the low and high frequency
region plots follow the universal power law o, o f"
relation [24], where “n” represents the exponential
factor. This kind of behaviour is often seen in mixed
oxide material perovskite ceramic material [6, 24, 25].
The AC conductivity curves of the NdCrO; per-
ovskite ceramic material follow the Jonscher’s power
law [25].

Oac = Ogc + A"

@ Springer
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Figure 6 Frequency dependence AC conductivity (g,.) Plots of
NdCrO; at different temperatures.

where n is the frequency exponent in the range of
0<n<I.

The plateau region of the plot corresponds to the
frequency-independent part related to DC conduc-
tivity (oq4.), and a dispersive region corresponds to
the frequency-dependent part (Aw") which is related
to AC conductivity. The hopping frequency () is
obtained at the point where the slope changes in the
conductivity spectrum. The Jonscher's power law
parameters are evaluated by nonlinear curve fitting
as shown in Fig. 6 and presented in Table 3. The
conductivity increases with an increase in

Table 3 Johnscher’s power law parameters of NdCrOj; sintered
pellet

Temperature (°C) Gde (S/m) A w n

RT 0.0006 4E—7 25924 0.92
50 0.0007 3E-7 39935 0.95
75 0.0011 3E-7 64679 0.96
100 0.0026 2E-7 66231 0.98
125 0.0040 3E-7 64716 0.95
150 0.0074 1E—6 16009 0.88
175 0.0110 2E—7 10191 1.00
200 0.0102 2E—6 4040 0.87
225 0.0080 1E—6 6283 0.96
250 0.0073 2E—-6 6408 0.91
275 0.0085 1E—6 6283 0.95
300 0.0121 8E—7 4084 0.97

@ Springer

J Mater Sci (2019) 54:5595-5604

temperature which reveals the thermally activated
electrical conduction in the material [14, 26-29].

Magnetic analysis

Figure 7a, b shows the temperature-dependent mag-
netization curve (ZFC and FC) of NdCrO; at 0.01 T
and 0.5 T applied field, respectively. In Fig. 7a, MT
curves have shown interesting complex behaviour.
The FC and ZFC curves are nearly symmetric with an
opposite sign at low temperature. The FC magneti-
zation curve is in the positive region from 5 to 400 K
and decreases with increasing temperature. The ZFC
magnetization curve has shown negative values at
low temperatures, and the magnitude decreased with
an increase in temperature. ZFC magnetization sign
changes from positive at high temperature (> 223 K)
to negative at low temperature (<223 K) region
which indicates the transition from paramagnetic to
diamagnetic behaviour. A novel “diamagnetism-like”
behaviour has been observed in the low temperature
region for the first time in NdCrO; perovskite. As
applied magnetic field increases, the negative mag-
netization disappears and it becomes positive at 0.5 T
as shown in Fig. 7b and this kind of behaviour is
observed in PrCrO;, HoCrOs; [30-32]. This kind of
behaviour originates from an antiparallel orientation
of the weak ferromagnetic moments of Cr’* and of
Nd>" ions. It has seen that there exist two magnetic
transitions Ty and T at 223 K and 33 K, respec-
tively. The first transition temperature Tn; (223 K)
corresponds to para magnetism at high temperature
to weak ferromagnetism at low temperature. The
orthorhombic structure of RCrO3 systems at room
temperature has exhibited canted antiferromagnetic
with Cr** magnetic moments with the first transition
Neel temperature (Tyn7) of 112-282 K [1, 32] and
dielectric transition (T.) in the 472-516 K [1]. The
second transition seen at Txp (33 K) is due to anti-
ferromagnetic ordering of spin of the rare earth ion.
The octahedron structure of CrO6 favours the super
exchange interaction between the large spins of Cr’*
ions sandwiched between O°~ ions at lower tem-
peratures resulting in antiparallel spins. Due to the
variation in the orthorhombic structure of NdCrQOs,
the bond angle between Cr-O-Cr deviates slightly
from 180 °C, which results in residual electron spin
originating from the imperfect super exchange
interaction and showing canted antiferromagnetic
below Tny (223 K). The antiferromagnetic exchange
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Figure 7 Temperature-dependent magnetization of NdCrO; at a 0.01 T and b 0.5 T magnetic fields.

interaction between Cr’" spins results in a weak
ferromagnetic configuration. The Cr and Nd sub-
structures, which are uncoupled, experience the
equal magnitude of the external magnetic field in the
ZFC mode of magnetization. The total magnetization
is the result of independent contribution of Nd and
Cr substructures. The Cr’* moments appearing at
Tnp impose a local field over the Nd>* moments
during the FC magnetization mode. The internal field
contribution of Cr substructure and the external
magnetic field due to the cooling in the presence of
the field imposes the field on Nd substructure.
Hence, the magnetization contributions of Nd and Cr
substructures decrease with increase in temperatures
in the FC mode. The second Neel temperature Ty of
33 K results due to Nd>' spin reordering in the
antiferromagnetic arrangement [1, 32]. The novel
magnetization, i.e. diamagnetism-like behaviour, is
seen due to the contribution of two different mag-
netic groups (Cr and the Nd substructures) with
antiferromagnetic and ferromagnetic interactions
resulting from the coexistence and competition
mechanisms. The magneto-crystalline anisotropy
energy and external magnetic field strength compe-
tition affect the contribution to magnetization, which
results due to spins [32]. At lower values of the
measuring fields, the majority of the spins will not be
oriented in the direction of the applied magnetic field
strength. This difference causes from the antiparallel
orientation of the Cr’* weak ferromagnetic moment
and of the Nd*>* moment by Nd**-Cr’* exchange

interaction between FC and ZFC magnetization
modes. As the external applied magnetic field is
increasing, more spins aligned along the direction of
the external magnetic field, and hence, the negative
magnetization disappears as shown in Fig. 7b.

M-H measurements of the NdCrOj; perovskite
compound have been carried out at 5 K and 300 K
shown in Fig. 8a, b, respectively. The hysteresis of
NdCrO; compound seems to be asymmetric, which
corresponds to exchange bias field [32]. The broad-
ening of hysteresis loop seems to be small and has
very weak coercive field (H.) and remanent magne-
tization (M,) values. However, it has not shown sat-
uration up to 0.5 T at 5 K and 300 K. The M-H loop
of NdCrO; nanoparticles shows the weak ferromag-
netic nature at room temperature (300 K), and mag-
netization increases with decreasing the temperature
from 300 K to 5 K. The weak ferromagnetic nature of
the material increased with decreasing the tempera-
ture, due to the generation of residual moment by a
canted spin structure of material [18]. The coercive
field (H) and remanent magnetization (M,) have
been estimated and were found to be 0.112 T,
0.176 emu/g at 5K and 0.003 T, 0.001 emu/g at
300 K, suggesting the weak ferromagnetic behaviour
in the material [21, 33].

@ Springer
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Conclusions

Sol-gel auto-combustion technique has been adapted
to synthesize the NdCrO; perovskite nanoparticles.
The XRD pattern suggested that the sample is single-
phase orthorhombic structure, which belongs to
Pbnm symmetry. The average crystallite size was
calculated and found to be 32 nm. Grains have uni-
formly distributed over the surface, and average
grain size was estimated to be 80 nm. The frequency-
dependent conductivity curve followed the Jon-
scher’s power law. The frequency- and temperature-
dependent dielectric constant exhibited colossal
dielectric constant value which is in the order of
¢ >10°, and is a mandatory condition for giant
capacitors. The frequency-dependent dielectric con-
stant has shown that the material is relaxor ferro-
electric in nature and the ferroelectric transition
temperature increased with the rise in frequency (i.e.
178 °C at 100 Hz and 225 °C at 1 MHz). M-T curves
showed novel “diamagnetic-like behaviour in low
temperature and low field region for the first time in
NdCrO;. M-T curves exhibited two transitions at
223 K and 33 K. The transition Ty; is related to para
to weak ferromagnetic, and the Ty, is due to Nd**
spin ordering. M-H curve suggests that the material
is a weak ferromagnetic.
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