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We have carried out dielectric and transport mea-
surements in NdFe; ,Mn,O; (0 < x < 1) series of
compounds and studied the variation of activation
energy due to change in Mn concentration. Despite
similar ionic radii in Mn* and Fe’*, large variation is
observed in the lattice parameters and a crossover
from dynamic to static Jahn-Teller distortion is
discernible. The Fe/Mn-O-Fe/Mn bond angle on ab
plane shows anomalous change with doping. With
increase in Mn content, the bond angle decreases
till x = 0.6; beyond this, it starts rising until x = 0.8
and again falls after that. A similar trend is observed
in activation energies estimated from both transport
and dielectric relaxation by assuming small polaron
hopping (SPH) model. Impedance spectroscopy
measurements delineates grain and grain boundary
contributions separately both of which follow SPH
model. Frequency variation of dielectric constant is
in agreement with modified Debye law from which
relaxation dispersion is estimated.
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1 Introduction

The giant magnetoresistance and magnetodielectric effect
have attracted considerable research interest during last
few years mainly because of their applicability in electronic
switches, sensors, actuators and memory devices'~7. Ma-
terials with coupled magnetic and electric order parame-
ters resulting extra degree of freedom hold prospects for
new generation memory devices. In particular, magneto-
electric multiferroics have an edge®®. Unfortunately, in
most reported materials, the coupling is either very weak
or appears at low temperature which poses a challenge
to their applicability at room temperature. Besides mul-
tiferroics, other materials also offer a choice with optimum
magnetic and electric order parameter coupling at room
temperature. Systems with electric properties related to
structural changes and associated magnetic properties ap-
pear interesting. Rare earth orthoferrites RFeOs are well
known for their high Neel temperature (Ty ~ 620 K ) and
spin reorientation in the low temperature region %13, In
RFeO; perovskites, Fe’* [3d°] has electronic configura-
tion 13,e; with both the e, orbitals namely 3x* —r?/3y* — 12
and y*> — 72/x*> — 7* filled. These have half-filled d orbitals
and adopt G-type antiferromagnetic structure arising from
strong Fe3*-O-Fe3* antiferromagnetic coupling in all direc-
tions in accordance with Goodenough-Kanamori rule. In
RMnO3 manganites, Mn3>* [3d*] has electronic configura-
tion tg’geél, in high spin and is Jahn-Teller distorted in the
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crystal field of MnOg octahedra. Kanamori'4 showed that
static cooperative Jahn-Teller distortion gives rise to three
different Mn-O bond lengths, long (/), middle (m) and
short (s). To minimize the elastic energy, Goodenough!°
proposed cooperative orbital ordering for LaMnOs. Stag-
gered orbital ordering, where / and s bonds alternate on
(001) plane and all m bonds are along [001] direction, has
been observed in neutron diffraction study in LaMnO; 1617,
This is expected to be present in all RMnO3 with larger size
cation (R) and also in NdMnO3. Whereas the #,, orbitals
are half filled, on (001) or ab plane, the 3x> — r?/3y? — r?
of e, orbitals are alternately filled and y* —z%/x> —z* of
that are empty. As a result, Mn**-O-Mn** bonds con-
sist of different types of exchange interaction along differ-
ent directions. Along c axis, e, orbitals with their empty
y* —z%/x* —7* orbitals, lead to €) — O — ¢} anti exchange in-
teraction in accordance with Goodenough-Kanamori rule.
Moreover, 13, — O — 13, interaction exists which is antiferro-
magnetic causing the resultant interaction along ¢ axis also
to be antiferromagnetic. On the ab plane, the coupling be-
tween half filled 3x*> — r?/3y? — r?> and empty x> — 72 /y* — 2°
yields e} — O — €2 coupling which is ferromagnetic whereas,
the tgg —-0— tgg coupling is antiferromagnetic. For larger
size of R cation, the former dominates the ab plane and
the system adopts A-type antiferromagnetic structure 1618,
Since Fe?* and Mn3* have similar ionic radii, Mn3* sub-
stitution in B site of NdFeO3 will not result in structural
distortion. But, since orthoferrites and manganites have
different magnetic interactions, magnetic interaction in
NdFeOs; is likely to be modified with Mn doping. As an
example, the orbital ordering in 50% doped FeMn system
has been predicted!?. Two out of four nearest neighbor
Fe/Mn-O-Mn/Fe (e;, —-0- eg) interactions are ferromag-
netic on ab plane, and the other two are antiferromagnetic
(e — O —e,). This is considerably different from both pure
orthoferrites and manganites where all four interactions on
ab plane are antiferromagnetic and ferromagnetic respec-
tively for large R cation as well as Nd. Competition be-
tween ferromagnetic and antiferromagnetic interactions on
ab plane is expected in mixed Fe-Mn systems and the mag-
netism varies with doping concentration. While we studied
only the electric properties of a magnetic system, there are
few other reports?%2! which relate changes in structural
and electric properties with magnetic structure. The study
of structural changes and associated electric properties is
considered significant as they are mediated by changes in
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magnetic interaction in NdFeO3; with Mn doping.

2 Experimental

The polycrystalline NdFe;_ Mn,O; (0 < x < 1) series
(named as NFMO followed by x value in percent) of com-
pounds were synthesized by conventional solid state reac-
tion method. Stoichiometric ratio of highly pure (99.99%)
precursors Nd,O3;, Fe,O3; and MnO, were mixed thor-
oughly and sintered at 1100 °C and again at 1300 °C for 24
and 60 hours respectively with several intermediate grind-
ing. The fraction of Mn content in each sample was veri-
fied with ICP-AES. Phase purity was checked using powder
X-ray diffraction method in a diffractometer with Cu Ka
source. Rietveld refinement using FullProf software was
carried out on powder X-ray diffraction patterns to refine
the structural parameters of as-grown samples. For pelleti-
zation, a small portion of the powdered sample mixed with
a small amount of PVA, was pressed with 50 Kg/cm? pres-
sure and then sintered at 1350 °C for 12 hours. Two probe
resistivity method was applied to measure the resistivity
of the pelletized samples. Temperature dependent dielec-
tric measurement was done for all the samples at different
frequencies (10 kHz, 20 kHz, 40 kHz, 100 kHz, 200 kHz,
400 kHz, 1 MHz, 2 MHz and 4 MHz) within the tempera-
ture range 300 K to 10 K in a closed cycle refrigerator with
HP4275A LCR Meter. Dielectric response was recorded
using frequency and temperature scans in the frequency
range 100 Hz to 1 MHz at temperatures ranging from 300 K
to 10 K using Agilent 4294A precision impedance analyzer.
The impedance spectroscopic analysis was made using the
software EIS Spectrum Analyser.

3 Results and discussion

3.1 Structural properties

Figure 1 gives the representative Rietveld refined pattern
and the crysral structure of NdFe;sMngsOs. It shows a
distorted orthorhombic structure which refines in Pbnm
space group. Similar structure is observed for other com-
pounds of this series. The ionic radii of Fe3* and Mn3* are
quite similar implying that the structure is not greatly dis-
torted. Despite similar radii of B-site dopants, significant
changes are observed in the lattice parameters with doping
as shown in Fig. 2. The change in lattice parameters is a
direct consequence of Jahn-Teller distortion and orbital or-
dering. As seen from Fig. 2, lattice parameters a and ¢ de-
crease with increase in Mn content while b is invariant till

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 Refinement of powder XRD pattern of NdFey sMng 503.
Inset shows the schematic unit cell of the same compound.
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Fig. 2 Change in lattice parameters with Mn doping. Transfer
from dynamic to static Jahn-Teller distortion is evident at 80%
doping level.

about 50% Mn content and decreases slightly till x = 70%.
After this, b increases with Mn doping. In compounds
with x < 80% O-orthorhombic structure is observed with
a < ¢/+/2 < b that transforms to O’-orthorhombic structure
with ¢/v/2 < a < b'* for x > 80%. With increase of Mn con-
tent, the system becomes more Jahn-Teller distorted and,
for x > 80% or higher, the system displays static Jahn-Teller
distortion. Similar behavior was reported for other B-site
doped compounds as well 2921,

Bond angles and bond lengths also show significant depen-
dence on Mn content. The variation of average Fe/Mn-
O bond length on ab plane Fe/Mn-O-Fe/Mn (TM-O-TM)

This journal is © The Royal Society of Chemistry [year]

bond angle is shown in Fig. 3. With increase in Mn dop-
ing, a minimum and maximum are observed in TM-O-TM
at x = 60% and 80% respectively. TM-O-TM decreases till
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Fig. 3 Mn/Fe-O-Mn/Fe bond angle in ab plane and average
Mn/Fe-O bond length.

x = 60% beyond which an abrupt increase in bond angle is
observed reaching a maximum at x = 80%. On further in-
creasing the Mn content, bond angle shows slight decrease
A similar but complementary behavior is observed in the
evolution of Fe/Mn-O bond length with doping. The bonc
length gradually increases till x = 40%, and then, starts to
decrease until a minimum value is reached for x = 80%
when it sharply increases for Mn contents greater than
80%. The variation of bond length is related to the change
in TM-O-TM bond angle. Decrease in bond angle resultc
in elongation of the average Fe/Mn-O bond lengths in av
plane. Similar GdFeO; type distortion is seen in perovskite
structure where TM-O-TM deviates from 180°.

3.2 Transport properties

The transport properties of NdFe; ,Mn,O; series has been
studied using two-probe resistivity measurement. It is seen
that the resistivity of the samples decrease exponentially
with increasing Mn content in the system. A small oxy-
gen nonstoichiometry is commonly seen in perovskite ox-
ides2224,

process of the compounds after they are annealed at high

Oxygen vacancies appear during the cooling

temperature,2>~28, This, in turn, causes few Mn3* ions to
be transformed to Mn** to maintain charge neutrality. Ir
this situation, double exchange (DE) interaction is possible
within Mn?*-O-Mn** clusters where the transfer of charge
carriers occurs easily from one site to another. For samples
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with low Mn content, there may be no or few small clusters
of Mn**-O-Mn**. Hopping of charge carriers among Mn?>*-
O-Mn** clusters is hindered by the majority of Fe3* ions?*
and the resistivity becomes very high. When Mn content
is less than 20%, the resistivity is beyond the instrument
range (> 100MQ). All samples show insulating behavior
where resistivity increases as the temperature is decreased.
When Mn content increases, Mn clusters grow in size and
the transport of the charge carriers within the system is
easier. Hence, the resistivity of the system decreases for
higher Mn content. In NdMnOs3, the resistivity can be mea-
sured up to the lowest temperature of about 160 K which
is shown in Fig. 4. In mixed valence transition metal per-
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Fig. 4 Resistivity of NDMnOj3. Inset shows the fitting of
resistivity using SPH model.

ovskite oxides, there are experimental evidences of small
polarons?7-2?. In the present study, the resistivity was fitted
with small polaron hopping (SPH) model. For SPH model,
the temperature dependent resistivity is expressed as:

p = poT exp(E,/kpT) (€8]

where, E, is the activation energy of small polarons to hop
to their nearest neighboring sites and kg is the Boltzmann
constant. Using Eq. 1, the activation energies of all the
samples were calculated. The variation of E, with Mn con-
tent is shown in Fig. 5. It is noticed that this trend is
quite similar to the change in Mn/Fe-O-Mn/Fe bond angle
on ab plane with Mn content. With increasing Mn con-
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Fig. 5 Change of activation energy with Mn doping calculated
from resistivity masurement with SPH model.

tent, E, decreases till x = 60%, then rises. Beyond x = 80%,
it decreases slowly. Mn3* (3d*) has an electronic con-
figuration (tgge;) of half-filled 1, orbital and one empty
e, orbital while Fe>* (3d®) has half-filled #,, and e, or-
bitals with electronic configuration (tggeé). This results in
stronger antiferrimagnetic interaction between Fe-O-Fe as
compared to Mn-O-Fe antiferromagnetic interactions. As
Mn content increases, the antiferromagnetic interactions in
the system weakens. According to Goodenough-Kanamori-
Anderson rule, superexchange antiferromagnetic interac-
tion becomes stronger when the TM-O-TM bond angle ap-
proaches 180°1%30-32 " Thjs is reflected in Fig. 3 where
bond angle decreases as the antiferromagnetic interaction
of the system becomes weaker with increasing Mn content.
From Fig. 2, one can deduce that there is no cooperative
Jahn-Teller distortion and hence no orbital ordering in the
system at Mn compositions less than 80%. In this situa-
tion, the system avails G-type antiferromagnetic ordering2°
which is observed in pure orthoferrite perovskites. Antifer-
romagnetic exchange interaction restricts electron transfer
between two sites and, as it becomes weaker, the activa-
tion energy of the system decreases. G-type antiferromag-
netic system leads to Dzyaloshinskii Moriya (DM) interac-
tion which, in turn, causes spin canting and reduces the
bond angle. Incorporation of Jahn-Teller active Mn3* ions
strengthens the Jahn-Teller distortion. For a threshold Mn
content, it is considered that the system will facilitate or-

This journal is © The Royal Society of Chemistry [year]
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bital ordering among Mn rich clusters which is likely to fa-
vor A-type antiferromagnetic ordering. This process weak-
ens the DM interaction as this is not favored in A-type anti-
ferromagnetic ordering. Hence, the increase of bond angle
for compounds beyond 60% Mn content can be attributed
to gradual disappearance of the DM interaction. The acti-
vation energy increases as a consequence. Spin canting oc-
curs since the probability of electron transfer between the
two sites is large. When the Mn content is more than 80%,
staggered orbital ordering occurs as a result of static Jahn-
Teller distortion. This is clear in Fig. 2. In this case, A-type
antiferromagnetic ordering is preferable and, on ab plane,
e;, -0-— eg ferromagnetic interaction becomes strong. The
overall antiferromagnetic interaction is weak as related by
the gradual decrease of bond angle and activation energy

beyond Mn composition of 80%.

3.3 Dielectric properties

Dielectric properties of all samples are compared to ana-
lyze the change with doping. When AC field is applied to
a system, the polarization does not follow the field imme-
diately. The lag between the change in polarization and
electric field makes permittivity become a complex func-
tion as,

e=¢+ie" 2)

where, €’ is the real part and ¢” is the imaginary part of
the permittivity. The phase difference § between the ap-
plied field E and the electric displacement vector D is given
by tand =¢" /¢’

The real part of dielectric constant €.(= €/g) of all the
samples at a particular frequency of 1 MHz (out of mea-
surements made at nine different frequencies for each sam-
ple) is shown in Fig. 6. In all samples, on cooling, the
decrease in g/ is followed by a plateau region and a peak
in €/ as well as in tand. The peak positions are frequency
dependent which shift to high temperature with increasing
frequency. This is characteristic of thermally activated re-
laxation in the system. The measured value of € depends
on many experimental factors such as, preparation condi-
tion and environment, pelletization pressure etc. which
have an impact on grain and grain boundaries and even on
sample electrode interfaces. Hence, it is difficult to obtain
consistency in absolute values of &/ with different doping
levels at a fixed temperature. But the noticeable feature

This journal is © The Royal Society of Chemistry [year]
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is the temperature at which the peak in €’ and tané oc-
curs. This moves to low temperatures with increasing Mn
content (except NdMnO3 for which it is equal to that of
x =90%). It was already reckoned that Mn-O-Fe or Mn-O-
Mn bond strengths are weaker than Fe-O-Fe bond strength.
The weaker the bond, the easier it is for polarons to hop
and follow the applied AC field up to low temperature even
when the thermal energy is less. The activation energy of
the relaxation is given by the Arrhenius equation,

f = fO exp(_Ea/kBT) 3

where, T corresponds to the position of maxima of tan§ at
frequency f and fy is the pre-exponential term. As stated
above, the system follows SPH model and is seen to better
follow the equation

f =7 exp(~Ea/ksT) )

which can be shown to be valid for our system?’.

T T T T T T T T T T T
3k L 24 Frequency = 1 MHz
16
(2=}
g
, 08 =
2k +
0.0
“w I 75 150 _ 225 300
T(K)
1kL = NdFeo, NFMO60
o NFMO10 © NFMO70
NEMO2o > NFMO80
v NFMO30 © NFMOS90
NFMO40 © NdMnO,
NFMO50

50 100 150 200 250 300
T (K)

Fig. 6 Dielectric constant of all samples at a fixed frequency 1
MHz. Inset shows tan § for all the samples. The relaxation
temperature decreases monotonically with increasing Mn
content.

The variation of E, with doping is shown in Fig. 7. The
relaxation temperature in systems with x=0, 10 and 20%
is beyond 300 K and hence E, cannot not be measured i1
these. But for all other samples, the activation energy fol-
lows similar trend as is seen earlier in Fig. 5. The values
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are quite close to that obtained from resistivity measure-
ments. It is safe to assume that small polaronic hopping
is responsible for both DC conductivity and dielectric po-
larization. In all samples, f; is of the order of 10'* which
is in between that of free charge (~ 10'® Hz) and lattice
or phononic relaxation (~ 10'> Hz). This is in consonance
with other systems with polaron relaxation2°

(I' T T T T T T T T
0.375} —0—E -
a
—~0.300 (] E
> \
L
o QD
L
0.225} R
—O
\O
0 \
P
0150 1 1 1 1 1 1 1 1
30 40 50 80 90 100

60 70
x (in %)

Fig. 7 Change in activation energy with doping calculated from
dielectric relaxation using SPH model.

3.4 AC conductivity of NFMO50

To elucidate the transport phenomena, temperature depen-
dent AC conductivity and dielectric response data were ob-
tained on half-doped sample in the frequency range, 100
Hz to 1 MHz at the applied field of 500 mV. The AC con-
ductivity is given by

Ouc(@) = gowe” (5)

where, g is the free space permittivity and €” is the imag-
inary part of the dielectric constant. When the charge car-
riers hop between neighboring sites and drift long distance
by hopping among localized states, hopping conduction re-
sults. Unlike DC transport phenomenon which responds
to the applied electric field immediately, hopping charge
transport is a relaxation process and results in current com-
ponent in-phase and out-of-phase to electric field. Below
a certain frequency wy, called the hopping frequency, the
conductivity decreases due to charge accumulation at elec-
trode and grain boundary interface. At low frequencies, the
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hopping mechanism is not perturbed by electric field and
the conduction is due to long range translational motion of
the charge carriers. The conduction is almost independent
of frequency and approximately equal to the DC value. So,
the extrapolation of o, in low frequency region gives the
DC conductivity oy, at a particular temperature.

The frequency dependence of o, at different temperatures
is shown in Fig. 8. The AC conductivity can be explained

"o 160K o 190K

o 170K o 200K
4 180K o 210K

1E-3}

(mho/m)

ac

(¢

1E-4

vvvvv

10° 10°
o (rad/s)

Fig. 8 Dependence of AC conductivity on frequency at different
temperatures and fitting to Jonscher’s power law.

by Jonscher’s power law3? as,
Ouc = o-dc[l + (w/wH)n] (6)

where, n is a dimensionless exponent with 0 <n < 1. As
seen in Fig. 8, the experimental curves are marked by two
regions. (1) A sharp rise region of o, at low frequency
due to grain boundary blocking effect and (2) A region
at higher frequencies corresponding to bulk conductivity,
here, o, does not rise rapidly with frequency?’. The high
frequency region can be fitted by Jonscher’s power law. The
bulk DC conductivity o, at different temperatures is ob-
tained. oy, is seen to follow the SPH model by the expres-
sion,

o
Oye = %exp(—Ea/kBT) (7

where, E, is the activation energy for hopping. The value
of activation energy is found to be 0.22 eV.

This journal is © The Royal Society of Chemistry [year]
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Fig. 9 SPH model fit of o, according to equation 7.

3.5 Impedance spectroscopy of NFMO50

Impedance spectroscopy helps to visualize the grain and
grain boundary effects in relation to the impedance which
has usually has both resistive and reactive (due to ca-
pacitive/inductive effect) components. Both components
are measurable as Z' and Z” respectively. The complex
impedance is then given by,

Z* — Z/ +Z// (8)

For ideal Debye type behavior where there is no interac-
tion among the dipoles, the Z' vs. Z” plot (Nyquist plot)
is a perfect semicircle. In practice, the relaxation deviates
from ideal Debye-type behavior. Moreover, because of the
contributions from different regions -grain, grain boundary
and sample electrode interface, the Nyquist plot becomes
asymmetric. Generally, the number of the semicircles is
equal to the number of relaxation in the system. Ideally,
each relaxation can be represented with one RC equiva-
lent circuit. A series of RC elements are used to represent
(model) more than one relaxation and the impedance for
ideal case is given by,

7" =
(1 +in1C1) * (1 +i(l)R2C2) + (1 +i0)R2C2)

&)

where, o is the angular frequency of the applied AC volt-
age. Due to nonideal behaviour of Z*, constant phase ele-

This journal is © The Royal Society of Chemistry [year]
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ment (CPE) is used instead of ideal capacitor. The complex
impedance of the CPE is given by,

% = Copplia)” 4o
where, Ccpr is the specific capacitance of the CPE and
0.6 <n < 1. By fitting the experimental impedance data
using Eq. 9 with proper R-CPE elements, the correspond-
ing resistance and capacitance values can be deduced. The
high frequency response is generally dominated by the
grain (or bulk), the intermediate frequency by the grain
boundary and lower frequency by the sample electrode in-
terface3*3>. At room temperature, the contribution from
the grain is not clear. But, it becomes more prominent at
lower temperature. In the present study, the Nyquist plot
at different temperatures was modeled with three R-CPE
elements with resistances Ry, R,p, R and CPEs C,,C,, and
Cy. corresponding to the grain, grain boundary and sample
electrode interface respectively along with one series resis-
tance R;. The equivalent circuit and the simulated curves
superimposed over the experimental data at specific tem-
peratures are illustrated in Fig. 10. In practice, Ry, is al

Rg Rgb Rse
LI ==
CPEg CPE gy CPEge
1 M T M T I
& In (Ry/T)
® In (Rgp/T)
—_ 4r — Linear fit
1S
c
O
o
k)
iy 2
170K
—o— 180K
—v— 190K
0 kl L 1 i 1 " Flt 1 N
0 6

2 s 4
Z' (x 10° Ohm)

Fig. 10 Top: The schematic diagram of the equivalent circuit to
model the Nyquist plot. Bortom: The experimentally obtained
Nyquist plots at four different temperatures and the simulated
curves with the equivalent circuit model. Inset shows the SPH
model fitting of grain and grain boundary resistances.

ways greater than R, at a particular temperature which can
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be seen in the inset of Fig. 10. The calculated R, and Ry,
values at different temperatures obey the SPH model,

R=RoTexp(E,/kT) (11)

The activation energy for the grain and grain boundary
can be found separately from the fit of corresponding re-
sistances which are 0.22 €V and 0.27 eV respectively.

3.6 Dielectric properties of NFMO50

The relaxation in 50% doped system was studied by inves-
tigating the dielectric properties with both frequency and
temperature variation. €, and tand are plotted as a func-
tion of temperature in Fig. 11. ¢/ (Fig. 11(a)) shows one
relaxation at 150 — 225 K and another one at higher tem-
perature. The sharp step-like decrease of ¢’ and associated
relaxation peak of €’ and tan § shift towards high temper-
ature as frequency is increased is evident in (Fig. 11(b)).
Thus, it is considered thermally activated within this tem-
perature range. The dielectric constant €,(= €/¢&) of a non-
ideal system with interaction among dipoles is given by the
modified Debye relation,

(&rs — Eroo)

T+ (on)e (2

& =€ +ig! =€t
where, 7 is the mean relaxation time, €., is the dielec-
tric constant at very high frequency (in frequency range
10'>~15 Hz where only electronic and atomic polarizations
contribute) and &, is that at static field when polarization
is stable. «a is a constant. For ideal Debye type relaxation,
o =0. a > 0 indicates distribution of relaxation which re-
sults in a broad peak in dielectric loss. The real and imagi-
nary part can be separated from Eq. 12 as follows;

A inh
8; = €0+ (8’) 1— % (13)
2 cosh Bz +cos 5
. Bn’
A i}
8;/ — (‘o’r> S1n 5 o (14)
2 cosh Bz +cos 5~
where, Ag, = &5 — &, z=In(w7), and B = (1 — o). The

variation of real parts of the dielectric constant with fre-
quency is shown in Fig.11 (c). The experimental data is
fitted with Eq. 13 to estimate « and 7 at different tempera-
tures. Since the high frequency region corresponds to con-
tribution from bulk, it is sufficient to fit the high frequency
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region only. The relaxation process develops with temper-
ature and follows the SPH model [Fig. 11(d) ] which can
be expressed as,

3] © 106 Hz © 100 Hz o :
® 1kHz @ 1kHz
A 10kHz 3t A 10kHz o a
100 kHz 100 kHz ° A
24 1 MHz 1 MHz A
a
A
A
A ot

4 Arrhenius
4 SPH

1000/T

Fig. 11 (a) Dielectric constant vs. temperature. (b) tand vs.
temperature showing the peaks associated to the relaxation of
dielectric constant. (c) Dielectric constant vs. frequency and the
fitting using equation 13. (d) Arrhenius and SPH model plot of 7.
T deviates from Arrhenius type behavior and can be better fitted
with SPH model.

T=1Texp(E./kT) (15)

where, the pre-exponential factor 7y is the high tempera-
ture limit of relaxation time and E, is activation energy. ©
clearly deviates from the Arrhenius law 7 = tyexp (E,/kT).
For all temperatures, small value of o (< 0.2) indicates that
the relaxation dispersion is very small as also the dipole-
dipole interaction. The estimated value of the activation
energy (E, = 0.23 €V) is close to that obtained previously.

4 summary

In summary, NdFe;_,Mn,O3; samples were prepared by
solid state reaction. All samples are in pure phase and
show distorted orthorhombic structure with space group
Pbnm. Despite of similar ionic radii of Fe’* and Mn3*,
significant changes in lattice parameters are observed
with Mn doping. The transition from dynamic to static
Jahn-Teller distortion where the staggered orbital order-

This journal is © The Royal Society of Chemistry [year]
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ing is supposed to be present, is seen at about 80% of
Mn doping level. The samples exhibits high resistivity
which decreases with increase in Mn content. The bond
angle and bond length in ab plane and the activation
energies calculated from DC resistivity as well as dielectric
relaxations show drastic changes which are attributed to
gradual weakening of strong Fe-O-Fe antiferromagnetic
superexchange interaction and disappearance of DM inter-
action at certain threshold doping levels. AC conductivity
in 50% doped sample is in conformance to the Jonscher’s
power law. The contributions of grain and grain boundary
are separately visualized with impedance spectroscopy
using an equivalent circuit. Dielectric mean relaxation
time at different temperatures, obtained by fitting the real
part of dielectric constant, are in agreement with the SPH
model.
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