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Here, we report the possible origin of natural and magnetic field induced polar order near room temperature
(RT) in PrFe1/2Cr1/2O3. The temperature-dependent Raman spectroscopy (RS) and synchrotron x-ray diffraction
experiments disregard any change in the structure at low temperatures, which is not compatible with the
emergence of natural ferroelectricity in this sample. Further, inelastic neutron scattering, neutron Compton
scattering, neutron resonance transmission analysis and magnetic field-dependent RS experiments, suggest an
increase in the delocalization of Pr3+ ions in PrFe1/2Cr1/2O3 with respect to the parent compound PrFeO3. The
evaluation of the present results reveals that more delocalized Pr3+ ions and strong spin-phonon coupling in
PrFe1/2Cr1/2O3 seem to be a driving force for the observed natural and magnetic field induced switchable polar
order in PrFe1/2Cr1/2O3. The present results provide a significant contribution in understanding the ferroelectric
polarization and progress in the search for RT magnetodielectric materials.
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I. INTRODUCTION

In recent times, magnetodielectric materials have gained
huge attention from the research community by virtue of
various interesting fundamental properties and possible ap-
plications [1,2]. The mutual coupling between magnetic
(electric) and ferroelectric (magnetization) orders offer an
opportunity to write down the magnetic information with the
application of a very small electric field [1,3,4]. Hence, maxi-
mizing the mentioned coupling between electric and magnetic
parameters has great importance in technological applications
[5]. However, there are only a limited number of materials
present which possess strong magneto-electric coupling near
room temperature (RT) to be useful for practical applications
[5]. Thus, searching for materials that exhibit such a coupling
has become the need of the day, which increases the possi-
bility of designing RT-based devices [5]. The development of
silicon-based tiny integrated circuits has opened an avenue for
research in the direction of exploring materials for various
electronic applications [6,7]. Nowadays, research is focused
on developing tiny as well as energy-efficient electronic
devices and replacing the conventional electronic circuit ele-
ments. The efforts are now being made to develop spin-based
electronic devices, and in these directions, perovskite oxides
are of great interest [4,6–9]. Among these perovskite ox-
ides, rare earth orthochromites (RCrO3, R = rare earth atom)
and orthoferrites (RFeO3) have been investigated for several
decades due to their remarkable potential applications as well
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as underlying physics [10–13]. These perovskite oxides have
been proposed for various applications in spintronics devices
[14], chemical sensors [15], magneto-electric devices [3,5], as
well as ultrafast magneto-optical storage devices [16,17]. The
importance of these materials now enormously exceeds the
applications predicted at the start of the multiferroics rebirth
at the turn of this century.

Over the following decades, there has been an exces-
sive increase in understanding the fundamental physics of
ferroelectrics, which in turn has significantly contributed to
optimizing materials for device applications [5,8,18]. There
are several centrosymmetric materials which exhibit natural
polar order because of a certain type of magnetic ordering
[13,19]. Among various centrosymmetric materials, the or-
thorhombic maganites have been thoroughly investigated in
which ferroelectricity appears due to cycloidal spin struc-
ture appearing at magnetic ordering temperature [20,21].
Recently, orthochromites with magnetic rare earth ions have
been explored from this perspective, and it is reported
that ferroelectricity below Néel’s temperature (TN1) is at-
tributed to the magnetic interactions between Cr and rare
earth ions, and the similar mechanism is known to be re-
sponsible for the ferroelectricity in rare earth orthoferrites
[22]. Recently, in SmFeO3, ferroelectric features have been
reported <TN1 (670 K) [23], which is completely surpris-
ing, as it would require R ion moments to order at very
low temperature (<15 K). Therefore, the exchange striction
mechanism cannot solely explain the cause of polarization
observed at high temperatures. Also, according to the inverse
Dzyaloshinskii-Moriya interaction model for canted antifer-
romagnetic systems, there is zero net polarization because
of cancellation of local polarization resulting from alter-
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nate arrangement of pairs of canted spins [24,25]. It can be
mentioned here that R and Fe3+ ions exhibit anisotropic inter-
actions, and it may induce net dipole moments in these oxides.
More importantly, recent research on SmFeO3 samples re-
vealed that there exists spontaneous electric polarization at
173 K [25]. Bhadram et al. [10] reported that the spin-phonon
coupling (SPC) plays an important role in stabilizing the
polar order in RFe/CrO3 oxides. First-principles calculations
carried out on these systems suggested that there might be
occurrence of electric polarization along the b axis, where
the exchange striction mechanism is attributed to the polar
displacement of the oxygen ions associated with the proposed
ferroelectricity [26] Of particular interest is the possibility of
having magnetically driven improper ferroelectricity [27,28],
as in the much-studied families of rare earth orthochromites
and orthoferrites, yet the mechanisms behind such effects
remain to be understood in detail. The observation of such
contradictory results gives rise to arguments to the occurrence
of intrinsic ferroelectricity in these systems. Therefore, there
has been an intense debate on the exact origin of ferroelectric
order in these oxides. Hence, the probing of local structure is
very important to understand the observed class of ferroelec-
tricity in these materials.

In this paper, we focus on the PrFe1/2Cr1/2O3 ceramic and
its end members, i.e., PrFeO3 and PrCrO3, which crystallize
in orthorhombic structure with space group Pnma [10,22,29],
Significant efforts have been made by various research groups
to understand the multiferroic properties of these compounds
[19,25,29–31]; however, the origin of the natural and mag-
netic field induced polar order in these samples is still not
clear. Further, it is worth noting that the magnetic order-
ing temperature in these orthoferrite oxides can be tuned to
RT with doping, and the strength of magneto-dielectric cou-
pling is maximum around transition temperature [1,4]. The
magnetic ordering temperature (TN1) for the parent PrFeO3

sample is 700 K, and for PrFe1/2Cr1/2O3, TN1 is near RT
[32]. Therefore, it could be possible to tune the orientations
of spins by applying a very small magnetic field by means
of magnetostriction. Thus, inclusion of Cr3+ ions at Fe3+

sites in orthoferrites would scale the possibility of magne-
todielectric coupling for designing RT-based devices [5,32].
Further, the ever-increasing demand of high-performance and
multitasking micro-electronic devices that can store and share
information in an easier and faster way has motivated scien-
tists to search for materials with multifunctional properties for
reading, writing, and data sharing processes [6,28]. Up to now,
BiFeO3 and related systems are the only known compounds
which simultaneously possess such characteristics. In this pa-
per, we show that another family of materials, namely, mixed
Fe-Cr-based rare earth materials (PrFe1/2Cr1/2O3), can also
exhibit such desired features.

Herein, we report the origin of natural and magnetic field
induced polar order <TN1, and it has been reported that the
anomalies in the low-frequency modes related to Pr ion mo-
tion and the presence of SPC support the suggestion that the
coupling between 4 f -3d moments play an important role in
inducing switchable electric polarization. The derived data
demonstrate an increased magnitude of delocalization of Pr3+

ions in the presence of Cr in the lattice at RT, which seems to
be one of the important contributing factors for the observed

ferroelectric behavior in PrFe1/2Cr1/2O3. Further, inelastic
neutron scattering (INS), neutron Compton scattering (NCS),
neutron resonance transmission analysis (NRTA), and mag-
netic field-dependent Raman spectroscopy (RS) experiments
support an increase in the delocalization of Pr3+ ions in
PrFe1/2Cr1/2O3 with respect to the parent sample PrFeO3.

II. EXPERIMENTAL DETAILS

A. Sample preparation by Sol-Gel method

The PrFeO3 and PrFe1/2Cr1/2O3 samples were synthe-
sized by the wet chemical method [33,34]. The synthesis
process involved the formation of an aqueous solution of
precursors by dissolving praseodymium nitrate hexahydrate
Pr(NO3)3.6H2O (99.99%, Sigma Aldrich), iron nitrate
[Fe(NO3)3.9H2O (99.99%, Sigma Aldrich)], and chromium
nitrate [Cr(NO3)3.9H2O (99.99%, Sigma Aldrich)]. The re-
sulting solution was mixed in an equimolar mixture of citric
acid and ethylene glycol under continuous stirring and heating
at 70 °C until a gel is formed, and the prepared gel was heated
in a muffle furnace for 12 h at 1200 °C.

B. Sample characterization techniques

1. Structural characterization

The structural phase purity of the prepared sample
was confirmed by performing synchrotron x-ray diffraction
(SXRD) at Indus-2 Indian Synchrotron Radiation Source at
Beamline BL-12 using a Huber 5020 diffractometer. The
beam energy used for the measurements was 15 keV. The
x-ray wavelength used in this paper was 0.756 Å and was pre-
cisely calibrated by measuring the XRD pattern of the NIST
LaB6 standard sample. The SXRD data have been refined
by considering the space group Pnma [12]. The one-to-one
comparison of experimental data with the fitted data clearly
suggests the phase purity of the prepared sample.

2. Magnetic measurements

To understand the magnetic ordering temperature and
spin reorientation (SR) temperature in PrFe1/2Cr1/2O3,
temperature-dependent (TD) direct current magnetization
measurements were carried out using the magnetic property
measurement system (MPMS, Quantum Design, USA) in
500 Oe magnetic field and temperature ranging from 5 to
310 K [35].

3. TD Raman experiments

The TD vibrational properties of the prepared samples
were investigated by using a LABRAM HR dispersive spec-
trometer equipped with a 633 nm excitation laser source
with a grating of 1800 grooves/mm [35–39]. Further, a 50×
magnification glass-compensating objective was used, and the
beam power was kept <1 mW outside the cryostat to reduce
the local heating in the illuminated spot. However, during this
study, several different settings, integration times, and power
densities were used with no significant change in the general
appearance of the data. The TD Raman measurements were
carried out using the THMS600 stage from Linkam, having
an accuracy of the order of 0.1 K [12]. The block diagram
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of the major components of the Raman spectrometer setup is
depicted in Fig. S01 (see Supplemental Material [40]).

4. Inelastic, deep inelastic (Compton) neutron
scattering and NRTA

NCS and NRTA measurements were performed at VESU-
VIO [41–44], whereas INS experiments were done at TOSCA
[45–50], both inverted geometry spectrometers located at
the ISIS Neutron and Muon Spallation Source at the STFC
Rutherford Appleton Laboratory in Harwell, Oxfordshire,
UK. The VESUVIO measurements of the PrFeO3 and
PrFe1/2Cr1/2O3 samples were carried out at T = 300 and
10 K, whereas the TOSCA measurements [46–48,50,51] were
at T = 10 K. The layouts of the VESUVIO and TOSCA
spectrometers installed at the ISIS Pulsed Neutron and Muon
Source are depicted in Figs. S02 and S03, respectively (see
Supplemental Material [40]). The powder samples were kept
in flat aluminum cells. The cells were assembled out of two
flat (one front and one backside) walls, each of a cross-section
of 64 cm2, fully exposed to the incident VESUVIO neutron
beam when placed perpendicular to its direction. The gen-
eral setup of VESUVIO was described elsewhere [41–43,50].
The isotopic mass-resolved NCS spectra were recorded in
the neutron time-of-flight (TOF) domain by detectors placed
at scattering angles between 130 ° and 170 ° (referred to as
the backscattering regime) [41–44]. The raw NCS data were
corrected for multiple scattering effects in a self-consistent
manner according to the established and widely used protocol
[44]. During all subsequent steps of the NCS data correction
protocol, the technique of stoichiometric fixing was applied,
whereby the ratios of the integral scattering intensities of
peaks present in the NCS spectra recorded in the TOF domain
were constrained to be equal to the ratios of the products of the
total bound scattering cross-sections and the number of moles
of the respective nuclei per formula unit of the compound
under consideration [44]. The stoichiometric fixing technique
allowed for reliable fitting of the widths of the recoil peaks
present in the NCS spectra despite their partial overlapping in
the signals recorded in the TOF domain.

The NRTA experiments were performed concurrently with
the NCS using the same sample and container. Such a global
approach has already been demonstrated to be the optimal
strategy in modelling nuclear quantum effects in heavyweight
atomic species, largely avoiding systematic errors in the
global data analysis due to instrument calibration or temper-
ature differences [41]. The NRTA data were acquired using
the incident and transmitted beam lithium-glass monitors. The
data were corrected for the background from the empty instru-
ment and fitted with the convolution of the energy resolution
and Doppler-broadened Breit-Wigner formula.

5. TD dielectric measurement

The TD dielectric experiment was performed by using a
precision impedance analyzer (Wynne Kerr 65120B) with an
oscillator voltage of ±1 V [52]. To perform the dielectric mea-
surements, the obtained powdered samples were pelletized to
circular pellets at high pressure of ∼20 ton. These pellets
were sintered in air at 1200 °C for 24 h and then coated with
silver paint on both sides to make a parallel plate capacitor.

The general TD dielectric setup is described in Fig. S04 (see
Supplemental Material [40]).

III. RESULTS AND DISCUSSION

A. TD polarization measurements

An important goal of this paper is to understand the ori-
gin of natural and magnetic field induced polar order in
PrFe1/2Cr1/2O3. To realize this in the first part, we reproduced
the TD polarization data, and the same has been depicted in
Fig. S05 (see Supplemental Material [40]). Visible changes
can be observed <280 K in PrFe1/2Cr1/2O3, which might be
due to the presence of a net dipole moment in the sample.
The observed values of polarization are very small, but similar
polarization values as a function of temperature have been
reported for these samples in the literature [10,13,27,30,31].
It is important here to note that the observed natural polar-
ization may have an extrinsic origin, but keeping in view the
various reports published [10,13,19,27,30,31], we presumed
that the observed polarization has an intrinsic origin. Further,
Muniraju [53] explained the observed polar order in terms
of distortion of the R3+ ion due to the R-Cr exchange field.
Bhadram et al. [10] reported that the presence of spin-lattice
coupling plays a critical role in persuading the ferroelectric
polarization. Therefore, the probing of the local structure
of these compounds could be very important to understand
the observed class of ferroelectricity in these materials. The
SXRD experiments (see Supplemental Material [40] Fig. S06)
carried out on the prepared samples are best fitted by the
centrosymmetric Pnma space group, which is not compatible
with the emergence of natural ferroelectricity in this sample,
and the observed polar order cannot be explained in terms of
displacement of Fe/Cr ions or a noncentrosymmetric structure
as in the case of classical ferroelectric materials [37]. It is
worth mentioning here that the presence of P-E hysteresis loop
in these samples gives an indication of the nonzero macro-
scopic polarization in the sample, which therefore lacks the
center of inversion [19], which is not consistent with the XRD
results since the XRD measurements probe the average values
of lattice parameters, which implies that the diffraction signal
from a coherently scattered region from the grains and global
symmetry appears to be centrosymmetric [19,22,54]. Also,
the diffraction signal from a coherently scattered region from
the grain, which is very close to 150 nm for PrFe1/2Cr1/2O3,
and the lattice parameters were averaged out over ∼350+ unit
cells, and hence, global symmetry appears to be centrosym-
metric [54]. Thus, the signature of noncentrosymmetry could
be absent in SXRD experiments.

It is reported in the literature that the observed polar
order may have a magnetic origin [27,28]. Recently, these
samples have been explored from this perspective, and it is
reported that ferroelectricity below Néel’s temperature (TN1)
is attributed to the magnetic interactions between Cr and
rare earth ions, and the similar mechanism is known to be
responsible for the ferroelectricity in rare earth orthoferrites
[22]. Therefore, to get more insight into this phenomenon,
TD magnetization measurements were performed and will be
elaborated in detail in the next sections.
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FIG. 1. Temperature dependence of the direct current magne-
tization variation for polycrystalline PrFe1/2Cr1/2O3. Insets corre-
sponding to TN1 and TN2 represent the magnetic transition and spin
reorientation temperature. Low temperature ascribed as TN3 is due to
the ordering of Pr3+ ions.

B. TD magnetization measurements

Figure 1 represents the TD magnetization under the field
cooled and zero-field cooling mode with H = 500 Oe. It can
be seen from the figure that PrFe1/2Cr1/2O3 exhibits three
obvious magnetic transitions at temperatures TN1 = 280 K,
TN2 = 160 K, and TN3 = 10 K. The possible origin of these
magnetic transitions may arise due to the presence of several
magnetic interactions like Pr-O-(Fe/Cr), Pr-O-Pr, Fe-O-Cr,
Cr-O-Cr, or Fe-O-Fe. It should be noted here that, in PrCrO3,
Pr-O-Pr and Cr-O-Cr interactions take place at <10 and
160 K, respectively, whereas in PrFeO3, Fe-O-Fe and Pr-O-Pr
interactions take place at 700 and <10 K, respectively [55].
The possible reasons for the increase in the magnetization
values at 280 K followed by SR (160 K) will be discussed
in detail.

The observed decrease in Néel temperature (TN1) and in-
crease in SR transition temperature (TN2; with respect to
PrFeO3; TN1 = 700 K) with the inclusion of Cr3+ at the Fe3+

site is attributed to the weakening of the Fe(Cr)-O-Fe(Cr)
antiferromagnetic exchange interaction. Also, we relate the
changes in TN1 to the enhancement of ferromagnetic interac-
tion of adjacent Cr3+ moments through t2g-eg hybridization
due to structural distortion [29]. The weakening of Fe/Cr-
O-Fe/Cr superexchange interactions with the inclusion of
Cr3+ ions could be better described by the Goodenough-
Kanamori (GK) rule [56,57] in terms of interactions between
two adjacent transition metal ions with virtual charge trans-
fer. According to the GK rule, the outermost shell electronic
configuration for Cr3+ and Fe3+ are t3e0 and t3e2, respec-
tively. In the case of orthoferrites, the σ bonding of half-filled
eg

2-O-eg
2 orbitals and π bonding of half-filled t2g

3-O-t2g
3

orbitals interact through superexchange interaction and are
antiferromagnetic in nature, which satisfies Hund’s rule [30].
Hence, it can be concluded from here that the overlapping of
these (t2g-eg) orbitals does not give rise to any extra magnetic
phase component to the overall superexchange interaction.

On the contrary, in the case of orthochromates, t2g-eg hy-
bridization gives an additional ferromagnetic component to
the existing antiferromagnetic interaction. Due to the presence
of antiferromagnetic and ferromagnetic interactions and inter-
play between them through t2g-eg hybridization, the strength
of ferromagnetic interaction increases, and antiferromagnetic
interaction decreases with the inclusion of Cr in PrFeO3,
which seems to be responsible for the decrease in TN1 with
respect to PrFeO3.

In addition to this, the observed variation in TN1 is consis-
tent with the molecular field theory. According to this theory,
the correlation between TN and J is defined as [58]

J

k
= 3TN

2zS(S + 1)
, (1)

where k is Boltzmann’s constant, z is the nearest neighbor’s
number, i.e., six for RFeO3, J is the strength of superexchange
interaction between nearest-neighbor ions, S = 5

2 and 3
2 for

Fe3+ and Cr3+ ions, respectively. The calculated value of J
for PrFeO3 (18.42 K) is greater than PrCrO3 (9.43 K), which
indicates the dilution of strength of superexchange interaction
with the inclusions of Cr doping and results in the decrement
of the values of TN1. It can be mentioned here that the antifer-
romagnetic ordering temperature for PrFeO3 is ∼700 K [55],
and with the incorporation of 50% Cr doping, TN1 reaches
near RT. Hence, Cr3+ could be the best choice to replace
Fe3+ to achieve superior magnetic properties. The advantage
of Cr3+ substitution at the Fe3+ site is that TN1 can be achieved
near RT, which scales the possibility of magneto-dielectric
coupling and developing RT-based magnetodielectric devices
[32,55].

Apart from TN1, there is a peak in M-T data assigned as
TN2, which corresponds to the SR transition. Such transitions
in the RFe1−xCrxO3 (R = rare earth atom) system arise due to
complex exchange interactions between R3+ and Fe3+/Cr3+

ions [55]. It is worth noting here that TN2 for the parent RFeO3

is of the order of 50 K; however, with the inclusion of Cr
doping [55], it systematically scales up to 150 K. The SR
transition in PrFeO3 takes place due to the domination of
Pr3+-Fe3+ interactions over the antiferromagnetic Fe3+-Fe3+

interactions. The inclusion of Cr3+ ions at the Fe3+ site dilutes
the Fe3+-Fe3+ interactions, and Pr3+-Fe3+/Cr3+ interaction
enhances, which may result in an increase in TN2 for Cr-
substituted samples [22,32]. Walling et al. [59] explained the
energy level diagram for a similar sample of HoFeO3, and
they reported that the ground-state pair (accidental doublet)
of energy levels of Ho3+ is split by an energy difference of
>80 cm−1 below the next higher level, and the anisotropic
nature of the g factor pertinent to accidental doublet plays
a crucial role in deciding the magnetism in these materials
[19]. It also has been established that a low g factor would
lead to an Ising axis for the rare earth moments in the ab
plane at an angle of ±63 ° with respect to the orthorhombic
a axis [60]. Therefore, with the application of magnetic field
Zeeman splitting takes place, which can split the accidental
doublet and escalate the energy of the system parallel to the
ab plane. Hence, the origin of TN2 can be explained in terms of
the minimum energy configuration of spins which participate
in the complex magnetic interactions. The SR transition ob-
served in these samples is attributed to the transformation of
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FIG. 2. (a) The Raman shift for the B2g (7) mode and Fe-O symmetric stretching Raman mode as a function of temperature. (b) The
variation of the Raman line width for B2g (1) mode fitted by the Balkanski model. The deviation from normal anharmonic behavior suggests
the presence of strong spin-phonon coupling/magneto-elastic coupling.

high-temperature T4 (GxAyFz ) phase (high energy due to Zee-
man splitting of accidental doublet) to T2 (FxCyGz ) phase (low
energy due to rotation of Fe3+ moments toward the c axis by
90 °) observed at low temperatures [22,59]. Apart from the TN1

and TN2, the transition TN3 at low temperatures is clearly vis-
ible from Fig. 1. In the case of orthoferrites/orthochromites,
this transition is basically attributed to the magnetic order-
ing of rare earth atoms and is reported in the literature with
details [11–14]. It is well accepted that, around the magnetic
transition region, the alignment of spins produces strain in the
material due to magnetostriction, which causes a distortion in
the lattice, and thus, magnetic ordering couples with phonon
modes [32,55]. To confirm the same, TD Raman scattering
experiments were carried out and will be elaborated in detail
in the following sections.

C. TD Raman measurements

It is well established that RS can be employed as a mi-
croscopic tool to examine the variations in the structure,
electron-phonon coupling, SPC, presence of defects, orbital
mediated charge transfer, etc. [12,37,54,61]. The group theory
analysis for the Pnma space group suggests the 24 Raman
active modes with four formula unit per unit cell ascribed
as [12]

7Ag + 5B1g + 7B2g + 5B3g.

The Raman spectrum pertinent to PrFe1/2Cr1/2O3 as a
function of temperature is depicted in Fig. S07 (see Supple-
mental Material [40]). The detailed analysis of the Raman
modes has been done in our recent publication [12] and is not
discussed here. It is now well accepted that RS has the poten-
tial to investigate the structural changes and magnetic ordering
with temperature [4,37]. The nonappearance/disappearance of
any Raman mode in TD Raman spectra indicates the absence
of any structural symmetry in the temperature range 90–
350 K. Further, to get more insight into the effect of magnetic
ordering temperature and spin-reorientation temperature on
the phonon modes, Raman shift and full width at half maxima
(FWHM) have been plotted and are depicted in Figs. 2(a) and
2(b). The anomalous behavior in Raman mode position and
FWHM around TN1 and TN2 has been observed, which could
be attributed to the presence of very high SPC across these

temperatures. Granado et al. [62] discussed the variation of
Raman shift with temperature, and the shift is attributed to the
factors ascribed below:

w(T ) − w(0) = �wlattice + �wsp−ph + �wanharmonic ,

where w(0) corresponds to the Raman shift at 0 K, �wlattice

gives the involvement of lattice volume contribution, �wsp−ph

is the SPC contribution, and �wanharmonic represents the an-
harmonic terms contribution. Since the �wlattice denotes the
contribution from the lattice volume due to thermal excita-
tion of atoms and it deals with isotropic change in volume,
it is not applicable here. This term represents the involve-
ment of the change of the ionic binding energies due to
the lattice expansion/contraction to the Raman shift and can
be approximated by the Gruneisen law [62]: ( �wα

wα
)lattice =

γα ( �V
V ). This equation is applicable for cubic crystals or for

isotropically expanded lattices, and hence, it is not applicable
here. Thus, the contribution due to �wlattice is considered
negligible.

Further, the anharmonic term contribution has been esti-
mated by the Balkanski model expressed as [4,12]

T (T ) = T (0) + A

[
1 + �

1

exp
( hωi

2πkT

) − 1

]
, (2)

where T (0) is the Raman FWHM at 0 K, and A (anharmonic
coefficient) represents the contribution due to higher-order
terms for three phonon processes. The dependency of Raman
line width with temperature has been fitted by using the Balka-
nski model, and from the estimated values of A (6 cm−1) (for
T < 280 K), it can be concluded that the anharmonic term
contribution is negligible, which is consistent with the earlier
reported literature [4,12]. The deviation of Raman FWHM of
B2g (1) with temperature can be seen from Fig. 2(b), which
suggests the presence of strong SPC around the magnetic
transition temperature regions. Apart from this, the deviation
of experimental data from the fitted Balkanski model [63] data
<TN1 indicates the presence of a dominating factor other than
anharmonicity. Hence, it seems that the primary contributing
factor for the anomalies observed in the TD Raman shift and
FWHM is due to the presence of SPC, which may have a di-
rect correlation with the observed magnetodielectric coupling.
It is reported in the literature that the contribution of SPC in
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FIG. 3. The variation of Raman spectra as a function of
the applied magnetic field. The inset of the figure represents
the spin-phonon coupling induced magneto-expansion effect with the
application of a magnetic field.

polarization (P) can be given as P = �ZM(T )/w(T )2, where
w is the frequency of the phonon mode, M is the magneti-
zation, and �Z is the effective charge [19]. This term arises
due to the significant scattering experiments and could be very
useful to understand the natural and magnetic field induced
polar order, and this will be elaborated in detail in Sec. III D.

D. Effect of applied magnetic field on Raman line
shapes at 290 K

To identify the intrinsic origin of magnetodielectric cou-
pling, magnetic field-dependent Raman measurements have
been carried out at 290 K. The detailed analysis of phonon
modes assigned for the orthorhombic structure with space
group Pnma was presented in our recent publications [37,64].
It is now well established that the samples which expe-
rience tensile strain undergo a redshift of Raman modes,
which in the case of the system under investigation is fur-
ther attributed to the increase in the Fe/Cr-O bond length.
The Raman mode arising ∼690 cm-1 is related to symmet-
ric stretching of the Fe/Cr-O bonds, whereas the soft Ag

modes at lower wave number have a direct connection with
the octahedral tilting. Figure 3 represents the magnetic field-
dependent Raman spectra. It can be clearly seen that Raman
spectra for PrFe1/2Cr1/2O3 are highly affected by the applied
small magnetic field. However, no significant changes have
been observed for the parent PrFeO3 sample (see Fig. S08 in
Supplemental Material [40]), which reveals that SPC plays a
crucial role in the observed magnetodielectric coupling. The
Raman mode attributed to symmetric stretching vibrations of
FeO6 octahedra (690 cm-1 mode) shows the softening behav-
ior or magneto-expansion with the field, which reveals that
the Fe/Cr-O bond length is strongly affected by the magnetic
field. In addition to this, the enhancement in the intensity of
symmetric stretching vibrational mode (690 cm−1 mode) can

be seen from Fig. 3, which could be explained in terms of
enhancement in the superexchange magnetic interactions by
charge transfer from Cr3+ (d3) to Fe3+ (d5) ions [37]. Further,
the soft Ag modes at lower wave number also show similar
behavior, which could be attributed to the variation in the
octahedral tilts with the magnetic field [34]. The variation of
Raman shift as a function of applied magnetic field (H) for
PrFe1/2Cr1/2O3 at RT is tabulated in Table I. The systematic
redshifting of the Raman modes with the application of mag-
netic field can be clearly seen from Table I, suggesting the
magneto-expansion caused by the applied magnetic field.

Apart from this, the B2g (1) Raman mode arising
∼160 cm−1 is related to the displacement of Pr3+ ions
[32]. It is clear from the figure that a Raman spectrum
for PrFe1/2Cr1/2O3 is highly affected by the applied small
magnetic field (100–200 Gauss), which is an indirect signa-
ture of magneto-dielectric coupling even at RT. It should be
noted here that the signature of magneto-dielectric coupling
is completely missed in PrFeO3, as depicted in Fig. S08
(see Supplemental Material [40]). Hence, it can be concluded
that Pr3+ ions in PrFeO3 are highly localized, whereas with
the inclusion of Cr substitution, Pr3+ ions get delocalized
and would contribute significantly to magneto-dielectric cou-
pling. The distortion of the Pr3+ ion due to the Pr-Fe/Cr
exchange field seems to be responsible for the displacement
of the Pr3+ ion, i.e., the polyhedral formed around the Pr3+

ion is no longer centrosymmetric and results in producing
a local dipole. Hence, it seems that the anomalies in the
low-frequency modes related to the Pr ion motion and the
presence of SPC supports the claim that the coupling between
4 f -3d moments plays a vital role in inducing switchable
electric polarization. Many mechanisms for overcoming the
contraindication between the d0-ness that favors ferroelec-
tricity and the dn occupation required for magnetism have
been identified over the last decades [8,65]. In the case of
ferroelectric materials such as BaTiO3 or SrTiO3, the ferro-
electricity can be understood in terms of centered distortion
of TiO6 octahedra around Ti4+ ions. The Ti4+ ions play an
important role in deciding the ferroelectric behavior, whereas
the importance of the present investigations lies in the fact that
R site ions (Pr3+ ions) play an important role in deciding the
ferroelectric behavior in orthoferrites/orthochromates.

On the other hand, the origin of SPC induced magne-
todielectric coupling has been explained in terms of rotation
of spin-coupled Fe orbitals under the influence of the mag-
netic field. The application of magnetic field aligns or rotates
magnetic moments associated with sublattices; hence, read-
justment/rerotation of already rotated/adjusted orbitals can
take place (as strong spin-orbital coupling in such correlated
systems is quite known), which may result in a change in
orthorhombic strain or in cell volume (i.e., expansion or
contraction of material), and hence in capacitance (or ε′) ac-
cording to the relation C = ε0ε

′ A
d [3], where ε0 is the dielectric

permittivity of free space, ε′ is the dielectric permittivity or di-
electric constant of the material filled between the electrodes,
d is the thickness of material, and A is the area of the contact
plates. Hence, as a final remark, this paper reveals that the
intrinsic magnetodielectric effect can be realized in strongly
correlated compounds that contract/expand in response to
an externally applied magnetic field. These results are in
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TABLE I. The variation of Raman mode as a function of applied magnetic field (H ) for PrFe1/2Cr1/2O3 at RT.

Raman mode Raman shift with H = 0 Gauss Raman shift with H = 100 Gauss Raman shift with H = 200 Gauss

B2g (7) 690.62 ± 0.35 685.49 ± 0.35 681.43 ± 0.35
Ag (7) 446.45 ± 0.35 442.69 ± 0.35 435.55 ± 0.35
B2g (5) 432.52 ± 0.35 429.55 ± 0.35 426.62 ± 0.35
Ag (3) 200.47 ± 0.35 194.26 ± 0.35 191.45 ± 0.35
B2g (1) 151.72 ± 0.35 146.52 ± 0.35 143.39 ± 0.35

excellent agreement with the results published by Rajeswaran
et al. [13,22], where polarization is changing systematically
with the strength of the applied magnetic field. Therefore,
it can be concluded that, at low temperatures, the Pr atomic
displacement has a significant contribution to the observed
polar order. These results have been predicted theoretically
by various research groups that the delocalizing nature of the
A site ions in ABO3 perovskites could be responsible for
the origin of natural polar order, and these results can be an
indirect experimental proof of earlier predicated theoretical
results [66,67].

E. Possible origin of Pr atoms delocalization as a function of
temperature and its role in natural and field induced polar order

To understand the possible origin of delocalization of Pr
atoms and its role in the natural and magnetic field induced
polar order, the magnetic field-dependent Raman scattering
experiments as a function of temperature were performed by
applying a very small magnetic field (30 Gauss) [68]. It is
worth mentioning here that the applied magnetic field was so
small that it does not lead to any change in the Raman spectra
at RT. The corresponding Raman spectrum at 90 K with the
application of the magnetic field is depicted in Figs. 4(a)
and 4(b). It is evident from the figure that the visible Raman
shift of the order of 2cm−1 in the low wave number Raman
mode (160 cm−1) has been observed at 90 K, whereas no
significant changes in all other Raman modes corresponding
to Fe (>440 cm-1) vibrations have been observed, as is clear
from the Fig. 4(b). It is important to note here that the Raman
modes <440 cm-1 are attributed to the heavier Pr atom vibra-
tions [12], and the deviation of only these modes with applied
magnetic field reveals that the large values of �ε (a detailed
discussion is given in Sec. III.9) at low temperatures have
a direct relationship with the displacement of Pr atoms. Im-
portantly, in this context, the polarization (P) is proportional
to the displacement of the soft B2g (1) mode [69] (i.e., P =
T w160, where T is a constant of proportionality, and w160
is the Raman shift of the particular mode). This qualitative
relation would lead to the following simplified expression for
the magnetic field induced polarization relation [58,69]:

P(H ) − P(0)

P(0)
∝ W (H ) − W (0)

W (0)
. (3)

To get further insight, the TD Raman shift for B2g (1) mode
attributed to the displacements of Pr sublattices and the Ag (7)
mode was plotted without and with a small magnetic field.
Both spectra are plotted in Figs. 4(c) and 4(d), respectively.
It is clear from Fig. 4(c) that �w (the difference between
Raman shifts with and without magnetic field) decreases

systematically with increase in temperature, and at RT, it
almost vanishes, suggesting a strong magnetodielectric cou-
pling at low temperatures [59]. Also, no significant changes
have been observed in the Raman shift corresponding to Fe vi-
brations [Ag (7)] with the application of magnetic field, which
suggests that the Fe atoms do not contribute significantly
to the field induced polar order even at low temperatures.
Thus, the softening of the low wave number Raman modes
with magnetic field in PrFe1/2Cr1/2O3 demonstrates the mag-
netic field induced electric polarization by stress-mediated
magnetodielectric coupling [68], which is consistent with the
variation of �w and �ε (estimated from TD dielectric mea-
surements), as shown in Fig. 4(e).

Further, the contribution due to Pr atom displacement in
the natural polar order can be explained as follows: The ac-
tual lattice symmetry of the sample is lower than the usually
assumed Pnma due to presence of undetected distortion. The
Pr ions in the Pbnm structure are not lying at the center of
symmetry; their point group is Cs not D2h. These Pr ions
lie in the mirror plane perpendicular to the c axis, and the
coordinates of Pr ions in the ab plane are not fixed. Thus,
Pr atoms might be displaced to produce a local dipole [23].
However, Pr ions could be opposite and cancel the dipoles
in the Pbnm symmetry. If the real symmetry of the lattice
(and consequently the point symmetry of the Pr ion) would
be lower, these contributions would not cancel and could give
ferroelectric polarization below magnetic transition tempera-
ture. Such a small noncentrosymmetry cannot be probed using
XRD experiments due to their limitation of probing the global
structure [54].

Therefore, the importance of these results are (i) contribu-
tion of Pr3+ ions in the natural and magnetic field induced
polar order; (ii) to use Raman scattering as an alternative
tool to probe these polar orders; and (iii) the changes in the
Fe-O bond length (>30 Gauss) signify that Fe atoms are also
playing a role in the magnetic field induced polar order, and
for H < 30 Gauss, the role of Pr3+ ion displacement becomes
more important. These results show excellent conformance
with the NCS and NRTA, as discussed in detail in the fol-
lowing sections.

F. INS, NCS, and NRTA analysis

To shed more light on the delocalization of the Pr3+

ions, isotopic mass-resolved NCS, augmented with NRTA, as
well as INS experiments were performed on PrFe1/2Cr1/2O3

and PrFeO3. An example of a mass-resolved NCS spectrum
recorded in the TOF domain for PrFe1/2Cr1/2O3 and PrFeO3

at T = 10 K is shown in Figs. 5(a) and 5(b), respectively.
As routinely applied for the analysis of the NCS spectra of
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FIG. 4. The low-temperature Raman spectra (90 K) related to (a) Pr atomic vibrations and (b) Fe atomic vibrations recorded with and
without the application of a very small magnetic field (30 Gauss). The Raman shift at 90 K with the magnetic field applied is maximized
for heavier Pr atomic vibrations, suggesting the involvement of Pr atomic displacements in observed polar order. (c) and (d) The variation of
Raman shift as a function of temperature for B2g (1) and Ag (7) modes with the application of the magnetic field. The changes of the Raman
shift of B2g Raman mode with the application of magnetic field reveal that the field induced polar order at low temperatures has a direct
relationship with the displacement of Pr atoms. (e) The variation of �w (variation in Raman shift with the application of magnetic field) vs
�ε (variation in dielectric constant due to the presence of hyperfine interactions).

samples composed of heavyweight nuclei [44], the total neu-
tronic responses of both samples were fitted with underlying
Gaussian nuclear momentum distributions convolved with the
isotopic mass-dependent resolution functions. As mentioned
in Sec. II B 4, the technique of stoichiometric fixing [40] was
applied in fitting NCS spectra, which allowed for reliable

fitting of the widths of the recoil peaks despite their par-
tial overlapping in the signals recorded in the TOF domain
[see Figs. 5(a) and 5(b)]. Following the rule of thumb on
the inverted-geometry NCS spectrometers, the recoil peaks
appear centered at increasing values of the TOF for the in-
creasing masses of individual nuclear species.
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FIG. 5. Neutron Compton scattering (NCS) spectrum for (a) Cr-
substituted PrFeO3 and (b) PrFeO3, both recorded at 10 K. Black
points show the sum (over all backward scattering detectors) of the
recorded data. A solid red curve indicates the sum (over all backward
scattering detectors) of the fits of the recorded data. The sum of the
fits is dissected into sums (over all backward detectors) of fits to
individual recoil lines of Pr (solid green line), Fe (solid navy blue
line), Cr (solid orange line), aluminum sample container (magenta),
and O (solid blue line). (c) Inelastic neutron scattering (INS) spectra
of Cr-substituted PrFeO3 (solid blue line) and PrFeO3 (solid black
line). The contribution from the sample aluminum container has been
subtracted, and the resultant spectra were normalized/scaled in such
a way that the integrated area between 10 and 4000 cm−1 is equal
to 1.

In Fig. 5(a), these are the recoil peak of the oxygen, alu-
minum sample container, chromium [absent for PrFeO3—see
Fig. 5(b)], iron, and praseodymium, all Doppler broadened
by their respective nuclear momentum distributions. The
widths (standard deviations), denoted as σ , of the Gaussian
nuclear momentum distributions underlying the Doppler-
broadened recoil peaks of individual nuclear species present
in PrFe1/2Cr1/2O3 and PrFeO3 are listed in Table II.

As can be clearly seen in Table II, the values of the
widths of momentum distributions of Pr in PrFe1/2Cr1/2O3

are smaller than PrFeO3, both at T = 10 and 300 K. By virtue
of the uncertainty principle, the narrower the momentum dis-
tribution, the more a given species is delocalized in space
[42–44]. Thus, the Pr3+ ions seem to be more delocalized
in space in PrFe1/2Cr1/2O3 than their counterparts in PrFeO3,
and this delocalization seems to be more markedly manifested
at T = 10 K than RT. Interestingly, an inverse trend is visible
in the case of the Fe3+ ions, also more manifested at T = 10 K
than RT. For oxygen, no marked differences are observed
between both compounds at both temperatures.

Moreover, a more careful inspection reveals quite marked
and important differences between the two compounds.
Firstly, as a rule of thumb according to the classical limit
of quantum mechanics, the heavier the nuclear species un-
der consideration, the more “classical or localized in space”
it should be. Thus, an expected natural progression of the
widths of nuclear momentum distributions at any given con-
stant temperature should be such that the heavier the species,
the wider its momentum distribution gets. Conversely, the
widths of nuclear momentum distributions should be approxi-
mately equal for two nuclear species of equal masses at the
same temperature in the classical limit. As can be seen by
inspection of the results listed for T = 300 K for both com-
pounds, this trend is approximately fulfilled at 300 K, where,
as expected, the nuclear quantum effects for heavyweight
nuclei start to cease, and the momentum distributions become
more and more similar to Maxwell-Boltzmann distributions
of classical noninteracting particles subject to no confinement
[41–44]. However, at T = 10 K, a completely different picture
emerges. The Pr nuclei, whose mass is approximately three
times higher than the mass of the Fe nuclei, have the momen-
tum distribution width that is ∼50% narrower than that of iron
and even lower than the width of the momentum distribution
of the approximately ten times lighter oxygen nucleus. Inter-
estingly, the same trend is visible in the case of chromium
nuclei, for which the mass difference with respect to oxygen
and iron is not so dramatic as in the case of praseodymium,
however. To provide a degree of quantitation to these trends,
an observable referred to as the quantum excess (QE) of
the nuclear kinetic energy [41–44] has been introduced. The
QE = Equant/Ecl measures the “quantumness” of a given nu-
clear species of mass M. QE is defined as the ratio of the
nuclear kinetic energy Equant = 3h̄2σ 2/2M measured in an
NCS experiment to Ecl, which is the nuclear kinetic energy of
a classical nucleus subject to no confining potential (and thus
given by the Maxwell-Boltzmann distribution) Ecl = 3

2 kT.
The values of the QE calculated for all nuclear species present
in PrFe1/2Cr1/2O3 and PrFeO3 are listed in Table III.
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TABLE II. The widths (standard deviations), denoted as σ , of the Gaussian nuclear momentum distributions underlying the Doppler-
broadened recoil peaks of individual nuclear species present in PrFe1/2Cr1/2O3 and PrFeO3 (see text for details).

Sample σ (Pr)(Å-1) σ (Fe)(Å-1) σ (Cr)(Å-1) σ (O)(Å-1)

PrFe1/2Cr1/2O3 T = 10 K 5.9 ± 0.1 10.3 ± 0.5 4.1 ± 0.3 8.9 ± 0.5
PrFe1/2Cr1/2O3 T = 300 K 30 ± 2 21 ± 2 18 ± 2 11 ± 1
PrFeO3 T = 10 K 6.2 ± 0.1 7.9 ± 0.5 9.0 ± 0.5
PrFeO3 T = 300 K 34 ± 2 19 ± 2 11 ± 1

As can be clearly seen from the inspection of Table III, the
value of the QE of praseodymium in PrFe1/2Cr1/2O3 is closer
to unity than the QE value for Pr in PrFeO3, both at T = 10
and 300 K. A value of QE closer to unity signifies a more
classical character of an atomic species, whereby it resembles
more a nucleus that is unconfined or not subject to any local
binding potential and thus delocalized [42]. Moreover, the
praseodymium seems to be much more classical (unconfined)
in PrFe1/2Cr1/2O3 at T = 10 K than the three times lighter
iron nucleus and ∼10 times lighter oxygen nucleus.

The picture of the increased degree of delocalization of
the Pr3+ ion in PrFe1/2Cr1/2O3 compared with its counterpart
in PrFeO3 emerging from the analysis of the NCS data is
further corroborated by the INS results on PrFe1/2Cr1/2O3 and
PrFeO3 obtained at T = 10 K [see Fig. 5(c)]. To understand
this result, it is worth noting that the nuclear kinetic energy can
be interpreted as the first moment of the Boltzmann population
factor-weighted partial (atom projected) vibrational density
of states (apVDOS) [41–44]. For a constant temperature ex-
periment, this interpretation means that the nuclear kinetic
energy of a nucleus is roughly given by the value of the
center of the gravity of a region of a vibrational spectrum
that is dominated by the partial apVDOS of this nucleus.
The detailed analysis of phonon modes for an orthorhombic
structure with space group Pnma [37,64] reveals two main
modes related to the apVDOS of the A3+ ions, the Ag (2) and
B2g (1) modes. The main atomic motion is of the type of A(z)
out of plane and A(x) motion, for the first and second modes,
respectively [32]. In the case of HoCrO3 and HoCr0.5Fe0.5O3

[32], the first mode is in the region of 140 cm−1 and the second
one in the region of 160 cm−1. The closest vibrational peaks
present in the INS spectrum of PrFe1/2Cr1/2O3 and PrFeO3

obtained at T = 10 K are visible at ∼ 135 and ∼185 cm−1,
respectively [see Fig. 5(c)]. Thus, for the assessment of the
center of gravity (CoG) of the apVDOS of praseodymium in
PrFe1/2Cr1/2O3 and PrFeO3, a spectral region between 120
and 240 cm−1 was chosen. The apVDOS of praseodymium
was obtained from the total inelastic structure factor S(Q,ω),
recorded at TOSCA, applying the procedure by Colognesi

et al. [70]. In this procedure, an approximation is made
that S(Q,ω) in a chosen frequency range can approximate
the self-structure factor S(A)

S (Q, ω) pertaining to nucleus A.
This assumption rests on several approximations. Firstly, the
harmonic lattice approximation is assumed. Secondly, it is
assumed that the contributions from multiple scattering to
S(Q,ω) are negligible. Finally, the inelastic structure factor,
measured in an experiment, is assumed to have negligible
multiphonon contributions, and thus, S(A)

S (Q, ω) is effectively
related only to the single-phonon transitions, from which an
apVDOS can be extracted in a straightforward manner. In the
zeroth iteration of this procedure, an apVDOS of a nucleus
A, Z (1)

A (ω), can be related to S(A)
S (Q, ω) using the following

formula:

CZ (1)
A (w) = 4M

h

ω

Q2
TSC(ω)

[
coth

(
h̄ω

2kT

)
+ 1

]−1

× exp

[ 〈u2〉(0)
A Q2

TSC(ω)

3

]
CS(A)

S [QTSC(ω), ω].

(4)

Based on this formula, the following procedure was ap-
plied. First, the magnitude of the neutron momentum transfer
along the instrument trajectory QTSC(ω) was approximated
by the recoil equation of hydrogen QTSC(ω) �

√
2MHω/h̄2, a

well-known approximation for an inverse-geometry spectrom-
eter with a final neutron energy value negligible compared to
the measured neutron energy transfer [47]. Then the Debye-
Waller factor exp[〈u2〉(0)

A Q2
TSC(ω)/3] was computed for a

chosen spectral region using as 〈u2〉(0)
A the values of isotropic

displacement parameters Uiso obtained from our XRD study
of PrFe1/2Cr1/2O3 and PrFeO3. The values of Uiso were
0.0154(3) and 0.0146(3) Å2, respectively. It is worth men-
tioning here that the values of Uiso obtained in our XRD
analysis have a direct connection to the amount of delocal-
ization of the Pr3+ ion, and their direct inspection leads to
the conclusion about a greater degree of spatial delocalization
of the Pr3+ ion in PrFe1/2Cr1/2O3 than PrFeO3, independent

TABLE III. The values of the QE variable measuring the “quantumness” of individual nuclear species present in PrFe1/2Cr1/2O3 and
PrFeO3 (see text for details).

Sample QE (Pr) QE (Fe) QE (Cr) QE (O)

PrFe1/2Cr1/2O3 T = 10 K 1.2 ± 0.1 9.2 ± 0.6 1.6 ± 0.4 24 ± 3
PrFe1/2Cr1/2O3 T = 300 K 1.0 ± 0.1 1.5 ± 0.2 1.3 ± 0.2 1.5 ± 0.2
PrFeO3 T = 10 K 1.3 ± 0.1 5.4 ± 0.6 25 ± 3
PrFeO3 T = 300 K 1.3 ± 0.2 1.0 ± 0.2 1.2 ± 0.2
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of the conclusions from the NCS and INS data analysis. Fol-
lowing the evaluation of the Debye-Waller factor, the factor

ω

Q2
TSC(ω)

[coth ( h̄ω
2kT ) + 1]−1 was computed in the entire chosen

spectral region. Finally, the CoG of Z (1)
A (ω) was computed

according to the formula ∫ωZ (1)
A (ω)dω/ ∫ Z (1)

A (ω)dω . It is
worth mentioning here that, by virtue of the calculation of the
CoG, the factor 4M

h̄ , containing the mass of the praseodymium
M and the normalization constant C, becomes redundant as
they cancel out. The values of the nuclear kinetic energy of
praseodymium obtained from the procedure described above
are 4.00 ± 0.05 meV and 3.90 ± 0.05 meV for PrFeO3 and
PrFe1/2Cr1/2O3, respectively. From these values, the values
of the widths of momentum distributions of praseodymium
yield 9.48 ± 0.04 and 9.36 ± 0.04 for Pr in PrFeO3 and
PrFe1/2Cr1/2O3, respectively.

To further corroborate the finding from the analysis of
the XRD, INS, and NCS data, the NRTA was performed
on both systems at T = 10 and 300 K. Before we proceed
to the discussion of the results, it is worth mentioning that
the VESUVIO spectrometer, in its present configuration, is
equipped with the possibility of recording both NRTA (in the
transmission mode) and neutron resonant capture analysis (in
the scattering mode). After a careful analysis of the spectra of
PrFe1/2Cr1/2O3 and PrFeO3 recorded at VESUVIO, a choice
was made to employ the NRTA technique. The reason behind
such a choice was that, in the case of spectra recorded in trans-
mission mode, the Doppler-broadened neutron resonances are
present in NRTA spectra as dips because neutrons have tra-
versed the samples with no interaction with it. In consequence,
unlike in the case of the neutron resonant capture analysis,
the NRTA data are free from the effects of multiple scattering
and scattering followed by resonant absorption, which greatly
simplifies the data analysis and increases the precision and
resolution with which the values of nuclear kinetic energy are
extracted from the Doppler broadening of the absorption reso-
nances. Figure 6 shows the NRTA spectra of Pr141 resonances
of PrFe1/2Cr1/2O3 and PrFeO3 recorded at (a) T = 10 K and
(b) T = 300 K. Bearing in mind that the energy resolution
in NRTA decreases with increasing neutron energy, three res-
onant peaks were selected in the low-energy region of the
resonant neutron absorption spectra. The resonance energies
of these peaks were identified as 218.7, 235,2 and 359.5 eV,
according to the tabulated data deposited in the ENDF/BVII.0
database [71]. Already at first glance, all three peaks present in
the NRTA spectra of PrFe1/2Cr1/2O3 are markedly narrower
(show less Doppler broadening) than the peaks in PrFeO3.
Thus, from the inspection of the raw NRTA data, it is apparent
that the Pr3+ ions in PrFe1/2Cr1/2O3 are less Doppler broad-
ened (more delocalized in space) than their counterparts in
PrFeO3.

The peaks present in the NRTA spectra of Cr-substituted
PrFeO3 and PrFeO3 were fitted globally with the profile
being a convolution of the resolution function and Doppler-
broadened Breit-Wigner resonance curves with the amount
of Doppler broadening (nuclear kinetic energy) as a shared
global parameter. The results of the fits are shown in Fig. 7
and Table IV. In Table IV, according to the procedure already
established in the NRCA work on gold resonances [37], the
values of the nuclear kinetic energy of praseodymium are

FIG. 6. (a) Neutron resonance transmission analysis (NRTA)
spectra of Pr141 resonances of PrFe1/2Cr1/2O3 and PrFeO3

recorded at T = 10 K. (b) NRTA spectra of Pr141 resonances of
PrFe1/2Cr1/2O3 and PrFeO3 recorded at T = 300 K. See text for
details.

expressed in terms of effective temperatures T ∗ a represen-
tation of data that suits very well the calculation of the QE
variable, which can also be defined as QE = T ∗/T , where T
is the thermodynamic temperature. Inspections of Tables III
and IV show that results of the analysis of the NCS data of the
praseodymium are corroborated, both qualitatively and quan-
titatively, by the results of the NRTA data. This is an important
result, considering that the NRTA technique resolves the
praseodymium nuclear species in an isotope-selective manner
and is free of any systematic errors due to peak overlap that is
characteristic of the NCS method.

Overall, the main result of the analysis of PrFe1/2Cr1/2O3

and PrFeO3, the chromium induced increased spatial delocal-
ization of the Pr3+ ions, is jointly corroborated by XRD, INS,
NCS, and NRTA methods. Despite the same trend present in
data obtained from the four methods, there are some quanti-
tative differences. First, assuming Gaussian momentum and
position distributions and using the uncertainty principle be-
tween the momentum and position, expressed in our system
of units as [70] 〈u2〉〈p2〉 = 3

4 , one obtains from the values of
Uiso obtained in our XRD analysis the values of the widths
(standard deviations) of momentum distributions

√
〈p2〉

equal to 7.16 and 6.98 Å-1 for PrFeO3 and PrFe1/2Cr1/2O3,
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FIG. 7. Neutron resonance transmission analysis (NRTA) spectra
of Pr141 resonances of PrFe1/2Cr1/2O3 and PrFeO3 recorded at (a)
T = 10 K and (b) T = 300 K together with fits. See text for details.

respectively. These values are larger than the values obtained
from the analysis of the NCS data by ∼1 Å-1 and ∼2.3 Å-1

lower than the values obtained from the analysis of the
INS data. The discrepancy between the values obtained from
the NCS and XRD data analysis is related to the fact that
both methods are sensitive to a completely different type
of atomic motions. Whereas, as discussed above, the NCS
is mostly sensitive to high-frequency atomic vibrations as
it measures the widths of momentum distributions related
to the first moments of apVDOS, the Uiso values obtained
from diffraction data analysis are sensitive to low-frequency
atomic motions, as they are determined by the minus-first
moments of apVDOS [70]. Moreover, the INS method, as im-
plemented at an inverse-geometry spectrometer like TOSCA,
is most sensitive and precise in the case of measuring low- to
medium-frequency atomic motions due to the fact that both
the instrument resolution and the Debye-Waller factor [see
Eq. (4)] deteriorate the quality of an INS spectrum more the
higher the frequency is measured. Thus, the spectral range
between 120 and 240 cm−1, selected for the extraction of the
values of the nuclear kinetic energy of praseodymium, is the
one in which TOSCA spectra are recorded most precisely.
Unlike INS, in the case of NCS, the resolution of the technique

TABLE IV. The values of the effective temperatures T * and
QE variable of the praseodymium in PrFe1/2Cr1/2O3 and PrFeO3

obtained from the NRTA fits (see text for details).

Sample T *(Pr) (K) QE (Pr)

PrFe1/2Cr1/2O3 T = 10 K 12 ± 1 1.2 ± 0.1
PrFe1/2Cr1/2O3 T = 300 K 300 ± 30 1.0 ± 0.1
PrFeO3 T = 10 K 13 ± 1 1.3 ± 0.1
PrFeO3 T = 300 K 390 ± 60 1.3 ± 0.2

does not decrease with increasing energy transfer of neutrons
but rather with the increasing mass of the recoiling nuclear
species. Thus, if it were not for the fact that the protocol
applied to extract the values of nuclear kinetic energies from
the INS data relies on several approximations that are absent
in the data analysis from NCS experiments, it would have
been the INS data that would have given the most precise
estimate of the delocalization of the Pr3+ ion. However, the
fact that the results of the NRTA and NCS data analysis are
identical lets us believe that the quantitative results obtained
by them are the most reliable. Taken together, despite some
numerical inaccuracies and discrepancies between the val-
ues of observables pertaining to the nuclear delocalization
of praseodymium obtained through different techniques, the
qualitative result of the global analysis is significant, as the
same trend is present in all types of data.

G. TD dielectric measurements

The TD dielectric measurements were performed to un-
derstand the presence of magnetodielectric coupling, and the
corresponding results are depicted in Fig. 8(a) at the frequency
of 1 MHz. It can be seen from the figure that, around the mag-
netic ordering temperature, a clear anomaly was observed in
the permittivity data. Moreover, the first derivative of the ε vs
T curve [as depicted in the inset of Fig. 8(a)] confirms that the
anomaly takes place at ∼280 K. The dielectric anomaly in the
form of a cusp around the magnetic transition temperature re-
veals the possibility of observing the magnetodielectric effect
very close to RT. The said cusp-type characteristics were also
observed in GaFeO3 [72] and YMnO3 [21], which have been
explained in terms of the presence of the magnetodielectric
effect. Hence, the observed behavior is attributed to the an-
tiferromagnetic ordering from the superexchange interactions
between the Fe3+/Cr3+ ions. It is worth noting here that, in the
absence of magnetic ordering, the dielectric constant varies
similarly as in the high-temperature region (>280 K). How-
ever, because of the presence of internal hyperfine magnetic
field interactions <280 K, the dielectric permittivity below
this temperature cannot follow the same trend. Therefore, the
variation of low-temperature dielectric constant in the absence
of zero hyperfine magnetic fields can be obtained by extrapo-
lating the high-temperature window region.

The difference �ε between the ε0 (zero field ε in the
low-temperature region) and ε (the experimental value of field
ε in the low-temperature region) would only be the result of
magnetic hyperfine interactions and could be proportional to
the square of magnetization [2], i.e., �ε ≈ M2(T ). The vari-
ation of �ε as a function of M2 is depicted in Fig. 8(b). The
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FIG. 8. (a) The temperature dependence of dielectric constant
variation at 1 MHz. The inset of the figure represents the first deriva-
tive of dielectric constant with temperature. The anomaly near 280 K
is attributed to the presence of magnetodielectric coupling. (b) The
linear variation between the �ε and M2(T ). The deviation of normal
linear behavior could be attributed to internal magnetic hyperfine
interactions.

linear variation of M2 in the temperature window 150–280 K
can be seen from Fig. 8(b); however, this linear dependence
deviates ∼280 K because of magnetodielectric coupling.
These results show excellent consistency with the mag-
netic field-dependent Raman scattering experiments. Hence, it
seems that the present results show a significant contribution
in searching for RT-based magnetodielectric materials.

As far as intrinsic magnetodielectric (MD) coupling is
concerned, ideally, it can be realized in a material with mag-
netically switchable net electric dipole moment, and such
systems are barely formed. Nonetheless, it can be achieved
by making a compound that expands/shrinks in response to
an externally applied magnetic field as the capacitance C is
related to the dimensions of the sample by the following
relation [3]:

C ∝ A/d,

where C is the capacitance of a dielectric material, A the area,
and d is the thickness of the dielectric. The detailed analysis of

FIG. 9. The variation of capacitance as a function of the mag-
netic field.

the expansion of the material with the applied magnetic field
is already discussed in the earlier sections; however, its impact
on the ε′ as a function of the applied magnetic field is depicted
in Fig. 9. It can be seen from the figure that ε′ can be tuned
with the magnetic field, which further could be attributed to
the rotation of spin-coupled Fe/Cr orbitals under the influence
of magnetic field as clear from the magnetic field-dependent
Raman spectral analysis. Further, the magnetocapacitance in
PrFe1/2Cr1/2O3 ∼5 MHz is found to be 5% at 200 Gauss.
The MD coupling percentage has been estimated by using the
given formula [3]:

MC (%) = C(H T ) − C(0 T )

C(0 T )
× 100. (5)

Here, C(0 T ) and C(H T ) are the capacitance of mate-
rial measured at zero and finite magnetic field H Tesla,
respectively. Such a large value of magnetocapacitance is
noteworthy and could have immense potential applications
in data storage devices. This magnetically switchable rota-
tion/retransformation of Fe/Cr orbitals may result in expan-
sion of the material and, hence, may result in an intrinsic MD
effect. Therefore, the MD effect can be realized in strongly
correlated compounds in terms of contraction/expansion in
response to an externally applied magnetic field.

IV. CONCLUSIONS

In summary, the temperature dependence of dielectric,
magnetic, and vibrational properties for PrFe1/2Cr1/2O3 was
examined in detail using different experimental techniques.
The magnetic transition ∼280 K was identified by the mag-
netic measurements, whereas the anomalies in the unit cell
parameters, Raman shift, and dielectric data confirm the
presence of strong magnetodielectric and spin-lattice cou-
pling. The origin of natural and external magnetic field
induced polar order seems to have a direct relationship with
the displacements of Pr atoms and strong SPC, which is
jointly corroborated by the global analysis of the results
of XRD, INS, and NCS experiments, as well as by the
NRTA. The origin of magnetodielectric coupling has been
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explained in terms of rotation of spin-coupled Fe orbitals and
Pr ion displacement under the influence of the magnetic field,
which is corroborated by the magnetic field-dependent Raman
spectral analysis. As a final remark, this paper reveals that the
intrinsic magnetodielectric effect can be realized in strongly
correlated compounds that contract/expand in response to an
externally applied magnetic field, and such materials could
have immense potential application in data storage devices.
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