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The canted G-type antiferromagnet PrFe0.5Mn0.5O2.95 shows an enhanced Jahn-Teller (JT)
distortion below 150 K (T*). The resistivity of the grains can be described by variable range
hopping between the localized states, and there is a dominant grain boundary contribution to dc
resistivity, below T*. Above T*, the total dc resistivity follows small polaron hopping (SPH)
conduction. A giant dielectric response is observed, and it can be ascribed to Maxwell-Wagner
polarization and SPH mechanism. Despite the low concentration of JT active Mn3þ ions, our
C 2013
result indicates an important role of JT effect on physical properties of PrFe0.5Mn0.5O2.95. V
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4821190]
Over past few years, materials exhibiting a colossal
dielectric constant (CDC), e0 > 103, have gained a great
attention due to their application in memory devices based
on capacitive elements.1 Many transition-metal oxides show
very high magnitude of dielectric constant and have
immense potential applications in the development of new
capacitance-based energy storage devices. Among the various perovskite oxides, DyMnO3 and Sr2TiMnO6, colossal
dielectric constant has been realized through hopping charge
transport and Maxwell-Wagner (MW) effect.2,3
PrFeO3 exhibits colossal dielectric constant with e0  104
(Ref. 4) and also has G-type antiferromagnetic structure with
TN ¼ 707 K.5 In PrFeO3, Fe3þ is orbitally non-degenerate and
the distortion in the FeO6 octahedra is driven entirely by the
ionic-size effect,6 whereas in PrMnO3, Mn3þ is a Jahn-Teller
(JT) ion and the distortion in MnO6 is due to JT distortion and
octahedra tilting. In PrMnO3, a small canting below Neel temperature (TN ¼ 99 K) arises from the canting of the A-type
antiferromagnetic (AFM) structure due to DzyaloshinskiiMoriya (DM) interaction, which is generated by a buckling of
the orthorhombic oxygen octahedra. Moreover, in REMnO3
(RE ¼ La, Pr, Dy, Ho,…), the splitting of Mn 3d states due to
crystal field effects leads to an eg doublet and t2g triplet, and
this degeneracy usually lifted by orbital–lattice interaction is
known as cooperative JT effect. The coupling between JT
phonons and eg electrons could make the carriers localized
and even generate related polarons. Since the ionic radii and
charge of Fe3þ and Mn3þ are similar, doping Mn3þ for Fe3þ
in PrFeO3 will bring disorder in the system, and it will also
lead to different magnetic ordering temperatures of the transition metal ions Fe3þ and Mn3þ through various kinds of magnetic interactions (such as Fe3þ-O-Fe3þ, Fe3þ-O-Mn3þ, and
Mn3þ-O-Mn3þ). One may expect ferroelectricity at these
ordering temperatures, and its origin is attributed to disordered
cations of non-equivalent spins at the B-sites and/or MW
a)
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relaxation.7 Along with JT effect from Mn3þ ions, the disorder
also leads to localization, and charge carriers hopping between
these localized states are also responsible for conductivity.
In this study, we present temperature dependent neutron
diffraction studies, electrical resistivity, and impedance spectroscopy of polycrystalline PrFe0.5Mn0.5O2.95 (PFMO). A
quantitative analysis of dielectric relaxation and localized
charge carriers migration behaviour over a temperature range
of 100 K to 300 K is performed. A possible correlation
between JT distortions and the behaviour of hopping conduction has been identified, through neutron diffraction results.
PFMO sample was prepared by solid state reaction.8
Neutron diffraction data were recorded on a multi position
sensitive detector (PSD) based powder diffractometer
(k ¼ 1.2443 Å) at Dhruva reactor, Bhabha Atomic Research
Centre, Mumbai. Rietveld refinement of the neutron diffraction
patterns were carried out using FULLPROF program.9 Dielectric
characteristics and dc conductivity were studied using Janis optical cryostat with Agilent 4294A Precision LCR meter and
Keithley 617 electrometer, respectively. Differential scanning
calorimetry (DSC) measurements were made on a Netzsch
DSC 204 F1 Phoenix with the heating rate of 20 K/min.
Rietveld refinement of the neutron diffraction data of
PFMO from 300 K to 5 K indicates that PFMO has orthorhombic structure (Pnma) with spin structure as C2: Cx Gy
Fz, in Bertaut’s notation,9 which has a net ferromagnetic
moment along z–direction, and the spin component along
x-direction (Cx) is found to be negligibly small. The typical
refinement pattern and detailed information of refinement for
PFMO at 300 K and 5 K are available online (see Figures
1(a) and 1(b) in supplementary material).10 Canted antiferromagnetic behaviour can arise due to DM interaction as well
as single ion anisotropy.11,12 The observed oxygen nonstoichiometry in PFMO is 0.05. Since PFMO was annealed
at high temperature, the oxygen vacancies in PFMO are inevitable due to the lack of absorption during cooling process
after annealing the sample,13 leading to heterovalent Mn/Fe
ions to keep the system electrically neutral.
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FIG. 1. Temperature variation of (a) lattice parameters and (b) Mn/Fe-O
bond lengths. The solid lines are guides to the eye.

Figure 1(a) shows the temperature variation of lattice parameters of PFMO. On lowering temperature, the observed
expansion of lattice parameter "a" and contraction of "b" are
attributed to JT distortion and octahedral tilting (GdFeO3 type
tilting),14 whereas steady decrease in c indicates enhancement
of the octahedral tilting distortion.15 Figure 1(b) exhibits the
temperature variation of Mn/Fe-O bond lengths in the Mn/FeO octahedra. The long (Mn/Fe-O21) and medium (Mn/Fe-O22)
bond lengths of Mn/Fe-O bonds are predominantly in the ac
plane, whereas the short (Mn-O11) bond length of Mn/Fe-O
bonds are along b-axis. While lowering temperature, the apical
Mn/Fe–O11 bond length shows almost linear temperature dependence, whereas the equatorial Mn/Fe-O bond lengths
diverge below room temperature and converge around 150 K,
then again it diverges below 150 K, as shown in Figure 1(b),
indicating the variation of octahedral distortion in the equatorial
(ac) plane with temperature. The relative difference between
apical and equatorial Mn/Fe–O bond lengths gives an indication of the possible octahedral JT distortion and its evolution
with temperature. In order to understand the local structural
change, the magnitude
of JT distortion (DJT) can be expressed
P
as DJT ¼ 61 n¼1;6 ½ðdn  hdiÞ=hdiÞ2 , where dn (d) is the
individual (average) Mn/Fe–O bond length shown in Figure
2(b).16 The value of DJT is small compared to that of PrMnO317
(43.1  104) and is close to that of Y0.15Ca0.85MnO316 owing
to the low concentration of JT active Mn3þ ions. Around 150 K
(T*), there is an anomalous change of slope, and below 150 K,
DJT is slightly enhanced in PFMO. Moreover, a change in slope
is observed in the temperature variation of the lattice parameters of PFMO around T* as shown in Figure 1(a).
Above 160 K, the electrical resistivity data of PFMO
could be fitted very well with small polaron hopping (SPH)
model (Figure 2(a)), q/T ¼ qa exp(Ep/kBT), where qa is the
pre-exponential factor, kB is the Boltzmann constant, and
Ep ¼ WH þ WD/2 is the activation energy, WH and WD are
hopping and disorder energies. The estimated activation
energy is 0.20 eV and the plot acquires curvature towards
higher resistivity below 160 K. The activation energy is similar to those found in materials in which electronic transport
occurs by means of hopping between localized states as
a consequence of the formation of small polaron, which
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FIG. 2. (a) Plot of ln (q/T) vs. 1000/T for PFMO. (b) Temperature variation
of JT distortion (DJT) of PFMO. (c) DSC scan heating at 20 K min1.

contains oxygen vacancies and/or JT type electron-phonon
interactions.18,19 The deviation from small polaron model fit
(Figure 2(a)) indicates that a different kind of conduction
occurs below and above 160 K.
Since JT distortion shows an anomalous behaviour
around T* and resistivity data show a deviation from SPH
around 160 K, DSC has been performed. An exothermic
peak is observed at 156 K (Figure 2(c)) during heating process, close to the anomaly found in neutron diffraction and
resistivity data.
Figures 3(a) and 3(b) (and 3(c)) show the temperature dependence of the dielectric constant e0 (with e0 > 104 at 300 K)

FIG. 3. Temperature dependence of (a) e0 at various frequencies, (b) tan d at
various frequencies, (c) tan d at three lowest frequencies (1 kHz, 5 kHz, and
10 kHz). (d) Least squares fitting of the experimental data at 10 kHz with
help of Gaussian peak and an exponential background. (e) Arrhenius plot of
tan d relaxation frequency (the solid curves through data points are the fitting results). (f) Plot of log (fe0 ) against log (f) for PFMO at number of fixed
temperatures.
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and tan d (tan d for three lowest frequencies) with frequencies, respectively. These curves indicate relaxor-like behaviour. e0 shows a high temperature plateau followed by a rapid
drop when cooling through a critical temperature and has
one plateau at the lower temperature. A relaxation peak in
tan d corresponding to the drop of e0 is observed.20 Both the
tan d peak position and e0 drop temperature shift to higher
temperature with increasing frequency, indicating a thermally activated behaviour. The exponential increasing background in tan d (or in e00 ) indicates that the background is
associated with the hopping conductivity (e00  r/x, where r
is conductivity and x ¼ 2pf is the angular frequency and for
small polaron hopping rT ¼ ra exp(Ep/kBT), where ra is
the pre-exponential factor). In order to extract the peak position in temperature dependence of tan d, a Gaussian
peak superimposed on an exponential increasing background
in a form of a þ be(c/T), with a, b, and c as adjustable
parameters, was used for fitting. The least-square fit for
10 kHz is presented as solid curve, as a representative example, in Figure 3(d). Good agreement between experimental
data and fitting is achieved. According to the thermally activated relaxation, above 158 K (T*), Arrhenius law is
adopted to describe the relationship between the measuring
frequency and peak temperature Tp (Figure 3(e)), as f ¼ fo
exp (Ea/kBT), where f0 is a pre-exponential factor and Ea is
the activation energy. The estimated activation energy Ea is
0.19 eV. The closeness of the values of Ep and Ea may
imply the similar origin corresponding to dc and ac conductivities, viz., similar localized charged carriers and hopping
process. A distinct deviation from Arrhenius plot of ln f vs.
1/Tp at low temperatures (<158 K) indicates that different
kind of conduction occurs below and above 158 K. This
strongly suggests that the dielectric relaxation might originate from hopping conduction. In fact, the localized charge
carriers hopping between spatially fluctuating lattice potentials not only produce conductivity but also give dipolar
effects.21 On the other hand, the frequency dependence of
the dielectric behaviour of this kind of relaxation can be
described by Jonscher’s power law or universal dielectric
response (UDR),22 fe0 ¼ tan(sp/2)r0/e0fs, where r0 and s are
temperature dependent constants and e0 is the electric permittivity of free space. For a given temperature, a straight
line plot with slope s must be obtained in the plot of log (fe0 )
vs. log f, and it is confirmed on the log–log graph in
figure 3(f) wherein good straight lines are observed at high
temperatures. While decreasing temperature, a gradual deviation from straight line behaviour occurs due to the freezing
of charge carriers which reduce the dipolar effects.21
Simultaneously, the freezing process increases the resistivity.
These frozen carriers no longer contribute to the polarization
and the observed dielectric behaviour is mainly due to the
remaining charge carriers and it still obeys the UDR law. At
lower temperatures, the freezing process moves out the
measurable frequency range, the linear behaviour of log (fe0 )
vs. log f appears again, as clearly shown in Figure 3(f). The
UDR behaviour is known to be valid for semiconductors
with hopping localized charge carriers.21
Figures 4(a) and 4(e) show typical complex impedance
spectra of PFMO at 100 K and 300 K. The spectrum is
resolved into two semicircles, and dielectric response could
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FIG. 4. (a) and (e) Nyquist diagram of complex impedance, (b) the equivalent circuit model, (c) and (d) are frequency variation of normalized impedance Z00 /Z00 max and modulus M00 /M00 max at 100 K and 300 K.

be assigned to the combined effect of grains (G) at high frequency and grain boundaries (GB) at low frequency. When
an electric current passes through a compound which has inhomogeneous grain/grain boundary interfaces, because of
the different electrical conductivities of two dielectric media,
the charge carriers would be localized and accumulated at
the interfaces under an external ac field. This process could
give rise to MW interfacial relaxation.22,23 The dielectric
response is described by equivalent circuit model (ECM), as
shown in Figure 4(b), which is in the frame of MW model
and it is composed of series of two circuits, one with parallel
GB resistance and a constant phase element and the other
with parallel G resistance, capacitance, and UDR (indicative
of conduction through polaron hopping). The ECM fit with
the experimental data is in good agreement (Figures 4(a) and
4(e)) for 100 K and 300 K. The peaks of normalized impedance Z00 /Z00 max and modulus M00 /M00 max at 300 K do not coincide, but they nearly coincide at 100 K (Figures 4(d) and
4(c)). In general, a high resistance of GB and low capacitance of G results in a peak in the frequency variation of Z00
and M00 .24,25 Since the G and GB have different resistance
and activation energies, their relaxation frequency will have
different temperature dependence. So, normalized Z00 /Z00 max
and modulus M00 /M00 max peaks will either diverge or converge with increasing or decreasing temperature. A dominant
contribution from GB to the total dc resistivity was observed
below T*, whereas above T*, a reduced contribution from
GB with an increased contribution from G occurred, and
around 300 K, nearly equal contribution from G and GB was
observed. In order to check the underlying transport mechanism, the resistances of G and GB were extracted from the
ECM fittings. At T > T*, the resistivity data can be analyzed
with small polaron nearest-neighbour hopping (NNH) with
activation energy 0.15 and 0.18 eV for G and GB, respectively (Figure 5). These values support inhomogeneous character of the sample having low resistive G separated by more
resistive GB.26 At T < T*, the resistivity of G was analyzed
using variable range hopping (VRH) model, with q vs. T dependence q ¼ CT0.5 exp(T0/T)0.25, where C is a temperatureindependent term and T0 is a characteristic Mott
temperature.27–29 The slope of the ln (qT0.5) vs. T0.25
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hopping between heterovalent Mn/Fe ions formed by oxygen
vacancies with different ionic radius may induce lattice
deformation and thus also leading to the formation of
polarons.35,36
In summary, PrFe0.5Mn0.5O2.95 exhibits canted G-type
antiferromagnetic ordering. The high resistivity below T* is
due to Anderson localization of polaronic charge carriers,
ascribed to disorder in the compound, and a dominant contribution from GB to total resistivity. The giant dielectric
behaviour of the compound arising from the MW polarization originates from grains and grain boundary interfaces and
is governed by small polaron NNH conduction. The origin of
the formation of polaron is mainly the JT distortion and also
a contribution from lattice distortion induced by heterovalent
Fe/Mn ions.
FIG. 5. Arrhenius plot of grain and grain boundary resistivity at T > T* and
VRH plot of grain resistivity at T < T* obtained from the fittings of ECM.

curve (Figure 5) in the VRH conduction is used to determine
To which is related to the density of states (DOS) N(eF) at
the Fermi level T0 ¼ 21.2a3/N(eF)kB. By using an estimated
value for the localization length a ¼ 1/a (distance between
two nearest neighbour Mn/Fe ions along b-axis,
a ¼ 3.8707 Å at 100 K) of electrons involved in hopping, the
DOS at the Fermi level is 2.79  1019 eV1 cm3 for G. The
DOS value is of the order of N(eF) in oxide semiconductors.28 The dominant contribution from GB to dc resistivity
and VRH in G below T* leads to a deviation in dc resistivity
from SPH below T* (Figure 2(a)). The change of slope occurs
in dc resistivity around 100 K, as shown in Figure 2(a), may
be associated with the magnetic ordering of Mn ions.7
These results can be qualitatively explained within the
framework of theoretical model of polaronic conduction. In
the polaronic scenario,27 at high temperatures, optical multiphonon process provides sufficient energy to polaron for
hopping between nearest-neighbour localized states, resulting in SPH conduction. While decreasing temperature below
T*, as a consequence of disorder in a crystalline semiconductors/insulators, the hopping carriers are more localized due
to Anderson localization.30 Mott’s VRH sets in G below T*
and the activation energy is essentially due to the disorder
energy. Moreover, the localization of hopping carriers in G
and dominant contribution from GB to dc resistivity leads a
deviation from SPH conduction of dc resistivity below T*.
Generally, a slow moving charge carrier induces lattice
distortion, which acts as a potential well causing selftrapping of charge carrier. The quasiparticle formed by the
charge carrier and its self-induced distortion, known as polaron, is originated from electron-phonon coupling and/or
compositional/structural defects.31–34 While decreasing temperature from room temperature, the JT distortion decreases
slightly and then increases below T*, indicating the polaron
does not have enough activation energy below T* for NNH
due to localization and it follows VRH in G, along with a
dominant contribution from GB to dc resistivity that leads to
a deviation of dc resistivity from SPH conduction. Since the
electron-phonon coupling mediated by JT distortion shows
an anomalous behaviour around T*, it may be the main origin of the formation of polarons. Moreover, the carriers
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