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Graphical abstract 

 

 

Specific heat versus temperature (K). Lower inset: zero-field data with the fitting 

result. Upper inset: specific  heat versus temperature at different magnetic fields 

near Schottky anomaly in (a) NFO and (b) NFNO.   
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ABSTRACT 

Polycrystalline NdFeO3 (NFO) and NdFe0.5Ni0.5O3 (NFNO) compounds were 

synthesized by standard solid state reaction route and were characterized to 

understand their structural, electrical, magnetic and thermal properties, and 

electronic structure. Rietveld refinements of the x-ray diffraction pattern confirm 

the single phase nature of both these compounds with orthorhombic structure 

having space group Pbnm. The temperature dependent resistivity follows the 

variable range hopping (VRH) model. From this model, the parameters such as 

density of states (DOS) at Fermi level N(EF), hopping distance Rh, hopping energy 

Eh etc were calculated. Electrical, magnetic and specific heat [��(�)] of NFO and 

NFNO compounds were systematically studied in the temperature range of 2 to 

300K to understand the  spin reorientation transition, magnetic intersection and 

magnetic inversion anomalies. NFO and NFNO exhibit an interesting 

phenomenon of spin reversal at low temperatures. The magnetic behaviour at low 

temperatures and fields is explained  based on the competition among magnetic 
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moments of rare earth (Nd) and transition metal ions (Fe/Ni). At low magnetic 

field (500 Oe), the zero field cooled (ZFC) and field cooled (FC) branches 

intersect at low temperatures TX of 8.75K and 17.05K for NFO, and NFNO 

respectively. Below TX, the magnetization is negative. FC curve crosses the M=0 

axis at 4.7K for NFO, and 5.2K for NFNO. The spin reorientation transitions are 

observed in the temperature range of 100-200K for NFO and NFNO samples with 

a transition of Fe
3+

/Ni
3+

 magnetic moments from  ��(�	, ��)-type ordering (at high 

temperatures) to �(��, �	)- type ordering (at low temperatures). The isothermal 

hysteresis loops show a decrease of magnetization and increase of coercivity with 

the increase in temperature and complements magnetization versus temperature. 

The Schottky and crossing point anomalies and the effect of applied magnetic 

field over them at low temperatures of these compounds were also investigated. In 

addition to the above properties and anomalies,  the thermal anomalies of NFO 

and NFNO instigated by the spin reorientation were also discussed. 

 

*Corresponding authors:sajadphysics@gmail.com, ikram@nitsri.net,   

 Cell No: +91-8717000375 

Key words:  

spin  reversals, magnetic intersection, spin reorientation, orthoferrites. 
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I. INTRODUCTION 

Perovskite-type rare-earth transition metal oxides (RTMO) with 

stoichiometric chemical formula of RFeO3 (RFO, where R is a rare-earth ion) are 

commonly called as orthoferrites and RNiO3 (RNO)  called orthonicklates are 

model compounds in solid state physics and these remain at the central focus of 

many research studies over few last decades. These compounds are important to 

understand the interplay between lattice, charge and spin degrees of freedom. 

Being strongly correlated electron system, RFO exhibits unusual but interesting 

functional properties such as catalytic [1, 2] gas sensitivity [3], dielectric [4, 5], 

magnetic [6], and magnetoelectric [7] properties. Spin reorientation in phase 

transition is another important characteristics of orthoferrites, in which direction of 

the easy axis of magnetization changes from one crystal axis to another[8, 9]. The 

type of reorientation transition that happens in orthoferrites is according to the 

sequence ��(�	, ��) →��(�	�, �	�)→ �(��, �	) . This characteristic of RFO 

renders them potential materials in modern technologies, such as laser induced, 

ultrafast spin reorientation [10, 11]. Below Neel temperature (TN), out of the two 

major subsystems of RFO, the Fe ion subsystem orders into a canted 

antiferromagnetic (AFM) structure with antiferromagnetic moment G along the a 

(=x) axis of crystal and a weak ferromagnetic (FM) moment F due to spin 

cantedness known as canted moment along the c (=z) axis of crystal. The other 

subsystem of rare-earth ion is paramagnetic but because of polarization acquires 

some magnetization of moment m in the molecular field of Fe ions subsystem [12]. 

The total magnetization of the system is M=F+m. So, the significant property of 

the Nd subsystem is the magnetic anisotropy of paramagnetic susceptibility to the 

molecular field,  ����� ���� , insinuate as a key factor for spin-reorientation [13-17]. 

The reorientation is due to the continuous rotation of vector F and vector G in the 
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(a,c) plane over the temperature range [T2-T1] such that T2<T1<TN. Temperatures 

T1 and T2 indicate two second order phase transitions. 

The studies of the RTMOs have revealed many interesting aspects. In particular, 

the substitution of homovalent transition metal ions leads to many distinctive 

changes in the system. In the case of LaFeO3 and PrFeO3, the Ni substitution leads 

to quite unusual properties like the insulator–metal transition, ferromagnetic to 

paramagnetic transition, etc. The structural, magnetic and electronic studies of Ni-

doped LaFeO3 as well as Ni-doped PrFeO3 have shown many remarkable aspects 

concerning the semiconducting ferromagnetic behaviour. The Ni substitution 

stabilizes the magnetic structure by reducing the asymmetry in hysteresis [3, 4]. 

These investigations on homovalent, Ni
3+

, substitutions at the Fe
3+

 site reveal the 

new magnetic behaviour of the ensemble and may cause spin reorientation. The 

Fe
3+

 and Ni
3+ 

states may lead to new magnetic interactions between each other due 

to the interplay with the intrinsic magnetic behavior of the rare earth sublattices at 

low temperatures. 

NdFeO3 (NFO) and NdNiO3 (NNO) are two end members of RTMO family 

conform to orthorhombically distorted perovskite structure with ���� − ���� 

space group possessing four formula units per elementary cell [18-19]. NFO in 

which Fe is in +3 valence state and prefers high spin state (3� :	#$% &$). It is 

insulator at room temperature and contains three different elemental exchange 

interactions. The Fe-Fe superexchange interaction is strong one that causes long 

range AFM ordering below TN=690K [20]. Nd-Fe is intermediate interaction 

results in spin-reorientation transition (SRT)[21] and polarization of Nd
3+

 ion 

moments below 25K [11]. Nd-Nd interactions is the weakest of all the three, 

instigates long range AFM ordering of Nd
3+

 magnetic moments at 1.5K [22]. NNO 

in which Ni is in +3 valence state and prefers low spin state (3�':	#$� &$�) [23] in 
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contrast to NFO is metallic at room temperature. It undergoes metal-insulator 

transition (TMI) and antiferromagnetic-paramagnetic transition (TN, called Neel 

temperature) at the same temperature of 200K (TMI=TN=200K) [24-25] and 

exhibits metal-semiconductor transition at 130K [26]. However, below TMI NNO is 

considered to be band insulator with a charge ordered ground state [27].  The 

ordering of Ni moments takes place in such a way so that in quadrupled magnetic 

unit cell (includes 6-Ni ions) each Ni ion coupled ferromagnetically to three 

nearest neighbors and antiferromagnetically to the other three [28-30]. Magnetic 

ordering of Nd
3+

 ions take place in the NNO around 0.77K [24]. Thus NFO and 

NNO are electrically and magnetically different species of same family. The 

coalescence of NFO and NNO develops a new hybrid compound with distinctive 

and interesting electric and magnetic regimes around spin reversal spin 

reorientation and other magnetic anomalies. 

Nd orthoferrite possesses orthorhombically distorted type perovskite type structure 

with Pbnm  space group. In this ferrite there are three major magnetic interactions: 

Fe–Fe, Nd–Fe and Nd–Nd [18]. These competing exchange interactions determine 

their fascinating magnetic properties and lead to a numerous applications. 

Mossbauer studies of the RNi0.98Fe0.02O3 (R=Lu, Y, Tl) where 2 percent Fe is 

substituted at Ni site have provided independent evidence for the presence of two 

different Ni sites [31]. The spin reorientation phenomenon has been observed in 

various Nd–Fe-based compounds including intermetallic compounds such as 

Nd2Fe14B[32], NdDyFe14B[ 33] and NFO [34].  

Present study focuses on the electronic, electrical and magnetic structures of NFO 

and NdFe0.5Ni0.5O3 (NFNO). Nd
3+

 ion subsystem is paramagnetic with small m and 

Fe
3+

ion subsystem is antiferromagnetic with small F due to spin canting with an 

angle of 2.8 mrad below TN[35-36]. So one expects a spin-glass-like behavior of 
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NFO below TN and observe how this behavior evolves in NFNO when it is 

replaced half of Fe by Ni ions in the unit cell. It also focuses to explore the spin 

reversal, spin reorientation, magnetic intersection and other anomalies and the 

phenomenon arise in behavior of NFO and the effect of 50 percent Ni substitution 

at Fe-site over the anomalies and investigate corresponding electrical transport and 

thermal properties which are scarcely found in literature. In this study,  we also 

attempt to highlight the room temperature electronic structure and the correlation 

between electronic structure, electric, magnetic and thermal properties of NFO and 

NFNO orthoferrites which may provide some new information and further 

understanding of underlying physical mechanism. 

II. Experimental details: 

 Polycrystalline samples of NFO and NFNO were synthesized by standard 

solid state reaction technique using the stoichiometric amounts of high purity (˃ 

99.99%) compounds of Nd2O3, Fe2O3 and NiO obtained from Sigma Aldrich [37]. 

All chemicals were mixed in high purity acetone and ground in an agate mortar to 

get a homogenous mixture. This mixture was heated at 900 
0
C for 12 h. Heating 

and cooling rates for samples in programmable furnace were maintained at 4 
0
C/min during sintering at all temperatures. The mixture was again ground 

thoroughly and heated at 1200
0
C for 12 h. After this heat treatment, disc-shaped 

pellets of 10 mm diameter and 2mm thickness from the mixed powder were 

prepared in a cylindrical die under a pressure of 5 tons/in
2
 using hydraulic press. 

These were then finally sintered at 1300
0
C for 24h. The phase purity of sintered 

pellets was studied at room temperature using Bruker D8 X-ray diffractometer with 

Cu Kα radiation for 20≤2θ≤80 degrees with a scanning step of 0.02. The 

Mössbauer spectra were analysed by least-squares fitting using the 

NORMOS/SITE program developed by Brand [38]. Temperature dependent 

resistivity was measured from 5-300 K temperature using two probe resistivity 

method with a Keithley 6430 Sourcemeter and LakeShore 340 temperature 

controller. Magnetization and specific heat measurements were carried out in the 

temperature range of 1.8-300K using a physical property measurement system 
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(Quantum design, Model-6000).The zero-field cooling (ZFC) and field cooling 

(FC) curves were performed under an applied field of 500 Oe and 10kOe. 

Magnetic field hysteresis loops were traced at specific temperatures between 5K 

and 300K. All these magnetic and electrical measurements were done at IUC, 

Indore. 

III. RESULTS AND DISCUSSION 

A. Structural studies  

The type of crystal structure and phase formation of NFO and NFNO oxides were 

investigated using the X-ray diffraction studies. Analysis of XRD pattern for both 

these compounds was performed with Rietveld refinement using FULLPROF 

code. Figures 1(a-b) show the fitted Rietveld refined pattern for these oxides and 

are in good agreement with the calculated profile with the goodness of fit �2≈1.05 

and 1.10. The ‘goodness of fit’ parameter of samples represent better fitting with 

the reference model. It suggests that the NFNO contains no impurity phases and 

possesses orthorhombic structure with Pbnm space group.  It also shows that there 

is no symmetry breaking in the perovskite structure of NFO even when a fifty 

percentage of Fe ions are replaced by Ni. However, a decrease in unit cell volume 

is found in NFNO due to Ni doping at Fe-site. Lattice parameters, unit cell volume 

and other structural parameters like the pattern R factor (Rp) and weighted pattern 

R factor (Rwp) are listed in Table I. The decrease in unit cell volume may possibly 

be due to presence of Ni in +3 valence state  which possess small ionic radii 

compared to ionic radii of Fe
3+

[39].The same charge state of ions in NFO is 

consistent with reported ones [40]. A small shift in peaks towards higher 2) values 

has been observed which depicts the contraction of lattice responsible for distortion 

of Fe/NiO6 octahedra. The presence of all elements corresponding to pristine 

sample, NFO shows Nd, Fe and O and to Ni doped samples, NFNO shows Nd, Fe, 

Ni and O are confirmed from EDX pattern as shown in Fig.2. 
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B. Mössbauer Studies: 

To account for local environment of Fe ions and electronic phenomenon involved 

in the bulk samples the Mössbauer spectra of NFO and NFNO samples is carried 

out. Fig. 3 shows the room temperature Mössbauer spectra of NFO and NFNO 

samples, in the absence of the magnetic field. The Mössbauer spectra of 
57

Fe probe 

reflect the structural and the chemical factors which help in characterizing both 

their local environment and electronic phenomena as well involved in the bulk. All 

these orthoferrites under Mössbauer studies yield simple Zeeman split sextet below 

the TN and an unsplit line above TN in agreement with the existence of only one 

type of crystallographic site of Fe [41]. The Mössbauer spectrum of NFO shows a 

simple 6-line spectra (sextet), whereas in the spectrum of NFNO the 6-line split 

disappears and is fitted only with a single quadrupole doublet which reveals the 

paramagnetic behaviour. The values of  parameters measured by the Mössbauer 

effect are given in the Table II.  In perovskite NFO, Fe sub lattice is almost simple 

cubic therefore the replacement of B-site Fe by Ni decreases the total number of 

Fe-O-Fe exchange channels. On 50 percent Ni substitutions at Fe-sites of NFO, 

isomer shift (IS) in NFNO shows almost of one-third of a decrease. Generally, IS 

is negatively proportional to the s-electron density ⍴+(0) at the nucleus therefore 

the decrease in IS in NFNO is simply suggestive of a decrease in volume with Ni 

substitution. The decrease in volume with Ni substitution is in agreement with 

results obtained from XRD analysis.  Taking into consideration the +3 state of Fe, 

the IS values can be influenced due to chemical factor corresponding to the 

covalency of Fe
3+

-O bond, which depends upon the inductive effect of  Ni
3+

-O 

bond and a geometric  factor, which depends on Fe
3+

-O and Ni
3+

-O bond distances. 

The ⍴+(0) at the Fe nucleus can develop a significant change due to the mechanism 

called overlap distortion effect where the Fe inner ns-shells (n=1-3) overlap with 

O−2p/ wave functions. It is due to this overlap distortion effect where the Pauli 

exclusion principle forces the electrons to keep out of the overlap region to 

enhance ⍴+(0) value and thus reduces the IS value. In NFNO, the Fe-O distance 

decreases and the overlap distortion effect plays the role in the reduction of the IS 

value. Besides the decrease in IS value due to overlap distortion effect, an increase 

of Ni 3d and 4s orbitals population also influences on the IS value in the opposite 

direction [42]. The quadrupole splitting (QS) value (-0.005) calculated for NFO is 

similar to the value calculated earlier by Eibschutz et al [41]. However, QS value 
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increases in NFNO. Breakdown of magnetically ordered state to paramagnetic state 

from NFO to NFNO are convincing evidences that the magnetic transition is 

connected with a substantial change in the electronic structures of these oxides. 

Based on spin cross over model, it can be inferred that the spectra in this range 

present the features of charge transfer, charge fluctuations and also possibly as a 

precursor to closure of the ligand-metal interband gap. The charge fluctuations of 

the type d1 →	d12�L take place, where n=5 and L is the hole in O 2p band. So the 

charge fluctuations occur between the Fe-sites of low spin (LS) ferric like (d
5
) and 

LS ferrous like (d
6
). This valence equilibrium condition is supposed to stem from a 

small charge transfer (CT) gap 	Δ = K7T. The CT gap lowers if there is an increase 

in both the O-2p and Fe-3d (Hubbard) bandwidths. So,  Ni ion induced decrease of 

inter atomic distances of Fe-O ions due to smaller ionic radii of Ni or changes in 

the super exchanges angle is expected to  lead to a reduction of CT gap. The higher 

value of QS in Ni doped NFNO are due to d
5
 electronic configuration which has 

one unpaired electron in the t:	level. Therefore the factors which are responsible 

for transition from the magnetic to paramagnetic state include volume reduction, 

super-exchange angle and above all the spin crossover. This result of magnetic 

transition will be further put to test in magnetization variation with applied field 

measurements discussed in the next section of this paper.  

C. Magnetic Measurements: 

The temperature dependence of the magnetic behavior observed from ZFC and FC 

curves for NFO and NFNO compounds under an applied magnetic field of 10 kOe 

is shown in Fig. 4(a-b). It has been found that these compounds obey Curie-Weiss 

law   � = �/(� − è), where C is Curie constant and è is Weiss constant, below the 

Neel temperature (TN), while above TN the sample behaves like a normal 

paramagnet obeying the Curie law [43]. So the essential feature is the Curie-Weiss 

contribution of the paramagnetic component is due the Nd ions. At higher 

magnetic fields (10kOe) the paramagnetic contribution of Nd ions becomes 

prominent and both ZFC and FC curves merge and are almost reversible. However, 

an increase in magnetization is observed at low temperatures in both the 
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compounds, which are exhibiting weak FM behavior within AFM exchange 

interaction. It may be noted that there is almost no trace of bifurcation between 

ZFC and FC curves at high and low temperatures. However, from the insets of Fig. 

4(a-b), these curves are slightly separated out from each other over the temperature 

range from 10-40K for NFO and 20-75K for NFNO. This bifurcation may be the 

representation of magnetically disordered state (MDS) or spin-glass like behavior 

resulted from the heterogeneous mixture of F and AF order instead of individual F 

or AF order. Similar interpretation was reported for Pr based orthoferrites[44]. The 

MDS in the NFO happens in between polarization temperature of Nd
3+

 ions and 

spin reorientation transition (SRT) of NFO. The disordered state stays over wide 

temperature range in NFNO compared to NFO and is attributed to the size disorder 

introduced by substitution of Ni in place of Fe ions and formation of intricate 

interaction between Ni
3+

 and Nd
3+

. The mismatch of ionic radii of Fe/Ni ions 

causes Fe/NiO6 octahedra distortion which results in uncompensated magnetic 

moment at two magnetic sublattices in NFNO. The possible reason may be due a 

decrease in magnetic moment of NFNO. ZFC and FC cycles of NFO and NFNO 

under an applied magnetic field of 500 Oe are shown in Fig. 4(c-d). There is strong 

divergence of ZFC and FC branches and existence of MDS or spin-glass like 

behavior. The behaviour of ZFC branch observed in M-T measurement is entirely 

inverse to FC branch and develop mirror image and produce thermal hysteresis 

below 40K and 75K for NFO and NFNO respectively. This type of thermal 

hysteresis possibly signify a first-order phase transition [45-46]. At lower fields, 

the paramagnetic component due to Nd ions is relatively less predominant and is 

seen only in the ZFC curve. At low magnetic field (500Oe), the ZFC and FC 

branches intersect at low temperatures and are observed at temperature 

(intersecting temperature, Tx) of 8.75K and 17.05K for NFO and NFNO 

respectively. Below TX magnetization is negative. Under low magnetic field (500 
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Oe) at TX ZFC and FC branches meet at a single point. It is that point where spins 

loss their sense to the external applied field. TX increases in the Ni substituted 

sample and is related with the impact of paramagnetic Nd
3+

 ions, whose magnitude 

becomes more prominent at lower temperatures. FC curve crosses the M=0 axis at 

temperature (crossing temperature, T+) 4.7K for NFO and 5.2K for NFNO. At 

temperatures just above T+, curves almost intersect with each other but do not 

cross. The magnetization peaks happens at 42K in NFO and at 44K in NFNO 

where one expect strong ferromagnetic response of both the compounds. Fig.5 (a-

c) shows the magnetization loops at 5K, 50K and 300K for NFO and NFNO. These 

temperatures were chosen based on their magnetic responses. At 300K, the FM 

component is increased within antiferromagnetic (AFM) exchange interaction and 

coercive field (Hc) of NFO is maximum reaches to a value of 3004 Oe. At 50K, 

these compounds exhibit MDS the Hc of NFO attains a value of 1428 Oe. At low 

temperature (5K) Hc (307 Oe) of NFO decreases rapidly due to sufficiently large 

susceptibility of Nd (÷�� (�) ∼ 1/�) until magnetization becomes fully reversible 

in the paramagnetic state, the total moment of the material reverse its sign (Spin 

reversal) and is in consistence with results shown in Fig. 4.For comparison 

purpose, the coercivity and retentivity of NFO and NFNO are given in table III. 

From M-H behavior of materials we conclude that these involve a transition of 

unsaturated FM state at room temperature to paramagnetic state at lower 

temperature (5K). Also, Ni substitution at Fe-site provide a means to mold the 

magnetic behavior with a transition of magnetic properties. 

Fig. 4 (e and f) shows the inverse susceptibility as a function of temperature 

obtained for NFO and NFNO samples respectively. The Curie–Weiss constant è is 

obtained as the intersecting point of extrapolation of high temperature region of ÷@� AB	�  plots. The value of è is -374K for NFO and -301K for NFNO. The 
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decrease in è with Ni substitution represents the fall in negative molecular field 

with the decrease in AFM frustration. The AFM frustration gives rise to weak 

ferromagnetic component which arises from the canted–AFM spin arrangement of 

Fe
3+

 magnetic moments in the transition metal ion magnetic sub lattice [47]. The 

hysteresis loops shown in Fig.5 also show that the materials are in weak 

ferromagnetic state and magnetization is gradually decreasing with the 

enhancement of Ni substitution, whereas magnetic anisotropy is reduced 

substantially. From these observations, one can infer that these systems show 

potential for spin driven devices. From the results of linear fitting of  ÷@� AB	� 

curves total effective magnetic moment (ìDEE) in NFO and NFNO are calculated to 

be 5.347ìF for NFO and 5.054ìF.  The calculated values of  ìDEEdeduce that Fe ions 

are in +3 high spin state whereas Ni ions are presumed to be in +3 low spin state. 

This is also confirmed from the XRD studies of NFO and NFNO. 

The magnetic behavior of these oxides can be understood in analogy to a 

classical ferrimagnetic system which contains two networks (rare-earth and 

transition-metal sub-lattices) coupled antiferromagnetically and possessing 

uncompensated magnetic moments. The only difference with these systems is that, 

out of two networks, one of the networks is composed of paramagnetic spins with 

1/T type Curie-Weiss thermal dependence. Therefore, with varying temperature 

there is competition between two networks, reaching a point where the magnetic 

moments cross M=0 axis and are fully compensated. This becomes negative if the 

magnetic moment of rare-earth is sufficiently large compared to transition-metal 

(TM) moments. According to this model, these systems are composed of Fe/Ni 

ferromagnetic sub lattice and a negatively polarized Nd sub lattice. After ZFC 

process, on warming, Nd based sub lattice behaves as a canted structured system. 

During this procedure Nd moments mostly experiences the effect of external field 
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and obey Curie-Weiss law. During FC process, Fe/Ni moments will order 

ferromagnetically, escalating the local field at the Nd-sites. Based on mean-field 

approximation, the magnetic moment of Nd (MNd) is proportional to the local field 

developed by the moments of Fe/Ni. Under such magnetic environment the total 

magnetization (MT) of the samples is sum of the magnetizations contributed by Fe/ 

Ni sub lattice (MFe+Ni) and Nd sub lattice (MNd) 

GH =	G�� + (GJD2�K) = 	−L ÷�� (GJD2�K) + (GJD2�K) 
GH = (1 − ä ÷��)(GJD2�K), 

Where L is a negative interaction between sublattices and ä takes into account sign 

and magnitude of the magnetic interaction between sublattices. From this 

relationship, one can see that÷�� (�)(∼ �H) becomes sufficiently large at low 

temperatures and the total magnetic moment reverse its sign (magnetic inversion). 

Thus one may construe from the model developed above that three components are 

required to explain this spin reversal. Firstly, the TM sublattice should be 

considered as frozen ferromagnetic state below ordering temperature(above which 

it will produce local field over Nd moments). Secondly, R sublattice should be 

considered paramagnetic with 1/T type magnetization. Finally, both R and TM 

sublattices should be considered as negatively polarized coupled through negative 

exchange interaction (L˂0). 

 The jump in the magnetization branches at high field and intersection at low 

field are the two magnetic anomalies encountered in both NFO and NFNO. This 

seems to be dynamical phenomenon and deserve some attention as it all happens in 

the magnetic surrounding of magnetic inversion. At first sight, it appears to depend 

on the sweep rate of the magnetic field. This kind of dependence is 

comprehensively described for some manganite perovskite systems and 
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intermetallic germanide in literature[48-52]. Nevertheless, both these anomalies 

erupt out from the subtle equilibrium between the magnetic moments of Nd
3+

, Fe
3+

, 

and Ni
3+

 ions. Such kind of anomalies are also present in the high magnetic field 

(10 kOe) data of Pr based orthoferrites published elsewhere[53].Magnetization 

jump at low temperatures in high magnetic field (10kOe) and reduction of 

difference between ZFC and FC in case of NFO and NFNO possibly be due to 

breakdown of AFM ordering and the system becomes paramagnetic at low 

temperature. At low fields (500 Oe), the maximum FC magnetic moment of NFO 

sample in the MDS is 0.34 emu/g at 44K and at high fields (10kOe) it is 2.59 

emu/g at 10K. In case of NFNO, the maximum of FC magnetic moment in MDS is 

0.12 emu/g occurs at 44K at low fields and at high field it is 0.16 emu/g at 19K.So, 

when the magnetic field is increased to 10kOe, the magnetic moment increases but 

the transition temperature decreases and the AFM ordering is broken and system 

behavior becomes paramagnetic. However, on introduction of Ni, the NFNO 

magnetic moment is decreased. It is expected as the spin-only magnetic moments 

of Ni
3+(1.73ìF)is less compared to Fe

3+(5.92ìF) and are consistent with XRD 

results. Secondly, to address magnetization intersection anomaly, one need to 

consider the isotropic, the antisymmetric, and the anisotropic-symmetric exchange 

interactions between different types of magnetic entities, Nd
3+

-Fe
3+

 and Fe
3+

-Fe
3+

 

as outlined above sections. 

 During M-T measurement in FC cycle, the negative magnetization below T+ 

is possibly due to the paramagnetic effect of Nd ions whose magnetic moments are 

spaced in opposite direction to that of canted Fe/Ni ones. Primarily, under low 

applied field (500 Oe) the magnetic moments of Nd
3+

 ions are AF coupled with 

canted F moments of Fe
3+

/Ni
3+

 and as the temperature decreases the Nd
3+

 magnetic 

moments are more and more aligned in the internal field of Fe
3+

/Ni
3+

 moments till 

Page 15 of 40 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



15 

 

a point on temperature scale reaches where total magnetic moment of system 

compensates (M=0). Above this point of temperature scale, further alignment of 

Nd
3+

 magnetic moments (Nd-sublattice) exceeds the canted F component of 

Fe
3+

/Ni
3+

 ions (Fe/Ni-sublattice) yielding a negative magnetization (spin reversal) 

[Fig. 2(c-d)]. However, during ZFC cycle measurement done in warming process, 

polarization of Nd
3+

 ions produce a local field over Fe
3+

/Ni
3+

 ions and is just 

opposite to what happened in FC measurements. Therefore ZFC branch traverse 

almost a mirror image to FC branch during M-T measurements along x-axis under 

low applied fields. Secondly, under high external field (10 kOe) the local field 

from Fe
3+

/Ni
3+

 sub-lattice is vanished which prevent the opposite alignment of 

Nd
3+ 

moments with respect to the weak canted F component of Fe
3+

/Ni
3+

and 

therefore, no negative magnetic moment is noticed [see Fig. 4(a-b)]. Indeed a large 

increase of magnetization begins to develop with a decreasing temperature. 

From the offered magnetic behavior, we conclude that the presented materials 

represent spin reversal and may undergo the spin reorientation that will be further 

discussed in the specific heat studies section of this paper. 

D. Electrical transport measurements: 

 The dc electrical resistivity of NFNO samples were measured as a function 

of temperature (2-300K) and is shown in Fig.6(a). Since NFO exhibited highly 

resistive behavior, 30% Ni doped NFO was selected, (referred as NF3NO) merely 

for confirmation and comparison of its resistive variations as a function of 

temperature with NFNO system. A metal-semiconductor transition was found in 

the measured temperature range. The transition temperature is 56K for NF3NO and 

40K for NFNO [see the inset of Fig. 6(a)]. Another electrical transition is seen at 

108K in case of NF3NOand at 93K in case of NFNO system. So the resistivity of 
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NFNO compound is very high over the temperature range from 40-93K and for 

NFNO it is from 55-108K.One can note that the temperature range for NFNO 

converge with its MDS. Thus, a possible reason for high resistance over this 

temperature range might be a magnetic disorder. The resistivity of NF3NO is 600 

mΩcm and of NFNO is 50 mΩcm near room temperature. 

 To examine the thermal conduction of the samples, a fit of the temperature 

dependence of electrical resistivity (ñ) by Arrhenius equationñ = ñTexp	(W/X�), 
where, ñT  is pre-exponential factor, k is Boltzmann constant, W is thermal 

activation energy at high temperatures and T is absolute temperature [54-55]. A 

charge carrier (electron/hole) moves from one localized state to another localized 

state due to exchange energy between the charge carrier and phonon. The electrical 

resistivity versus inverse of temperature of both NFNO and NF3NO are shown in 

Fig.6(b). From this plot one can observe that that the data does not display linear 

behavior at higher temperatures. Nevertheless, one can estimate the values of 

activation energy over the temperature range where data fits well with the above 

model. Above model is not suitable to explain electric transport at higher 

temperatures.  

Since, these compounds show semiconducting behavior at higher 

temperatures, so one can further examine the conduction mechanism by fitting the 

temperature dependent electrical resistivity by Mott variable range hopping (VRH) 

model [54-57] as: 

ñ = ñTexp	(�T/�)�/� 

Where, �T is Mott’s characteristic temperature. The electrical resistivity of 

the samples is plotted as Y�ñ versus (�)@�/� in Fig.4(c). The data of NFNO fits 

well both at lower and higher temperatures. This suggests charge carriers 
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(electrons and holes) can move through localized states due to tunneling processes 

stimulated by phonons possible even at low temperatures. The density of states 

(DOS) available, Z([) clearly favors the hopping conductivity as it increases the 

probability to hop from one to another site. However, for NFNO electrical 

resistivity data deviates around 66K which possibly due to onset of some magnetic 

ordering. The relationship among�T, Z([)and \ (inverse of localization length) is 

given [58] as: 

�T = 18α%XZ([) 
�TofNF3NO is nearly twice of NFNO (see table II) which may be due to 

slight variations of Z([).The mean hopping distance  _�(�)  and hopping energy  [�(�) are given [59] as; 

_�(�) = 38α `�T� a
bc
 

[�(�) = 	 �� X(�%�T)bc. 
The values of _�(�)  and [�(�) have been calculated for NFNO and NF3NO and 

are given in table IV. It is also observed higherZ([) and lower _�  and [�  of 

NFNO at room temperature compared to NF3NO. Because conductivity is 

proportional to hopping distance and enhanced charge carriers concentration at 

Fermi level and hence improved electrical conductivity [59-60] and the values of 

activation energy supports the hoping conductivity in both the samples. Debye 

characteristic temperature (èd ) is twice of temperature at which ln gñHh  versus 

(1/�)plot just deviates from linearity. In our case èd (see table IV) of NFNO is 

greater than NF3NO. From the same plot we have also estimated optical phonon 
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frequency, í�� = Xèd ℎk  ( ℎ  is planks constant) and is higher for NFNO than 

NF3NO and similar is the case with activation energy (W). It suggests that 

incorporation of Ni at Fe site by 50 percent or less in NFO sample tends to 

delocalize the charge carriers and enhance the electrical conductivity. 

In Fig.6 (b), one of the important features emerges out is that the plot consists of 

two straight line portions, hence there are two activation energies for the two 

regions. The possible reason behind the change in the slope may be due to the Neel 

temperatures [61] or to the alteration in the conductivity mechanism [62] due to 

different kind of magnetic ordering. The same is reported here [63] for cobalt 

ferrialuminates. This kind of anomaly believably supports the effect of magnetic 

ordering upon the conduction process. So, the curves exhibit two slopes with a 

transition may correspond to occurrence of SRT. It occurs in NFNO and NF3NO 

at, respectively, 101K and 117K.It proposes that the Ni placement at Fe-site in 

NFO bring SRT to lower value on temperature scale. One of the possible reasons 

may be the lower magnetic moment of Ni
3+ 

ion compared to Fe
3+

 ion. The Ni
3+

 

placement at Fe-site in NFO will reduce the contribution of Fe
3+

 to magnetic 

interaction in NFNO and NFN3O samples. The magnetic exchange interaction of 

Fe-Nd is weaker in NFNO compared to NF3NO and similarly in NF3NO 

compared to NFO. Thus, it results in SRT at lower temperature in NFNO than 

NF3NO. Similar interpretation is lent by Y. Du. et al for DyFeO3 where Dy
3+

ion is 

replaced by zero magnetic moment La
3+

ion [64]. 

Fig. 6(a) (see inset) envisions the higher resistive regime of NFNO between 

14.73K and 95.17K and of NF3NO in the temperature range of 56.51-108.73K. It 

is pertinent to realize that the MDS of NFNO sample stays over the temperature 
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range from 20-75K which lies well within the high resistive regime of the sample. 

Thus, a high resistive regime might be commenced from MSD.  

 The dc resistivity of NdFeO3 as a function of temperature (figure not shown) 

was measured using high resistance measurement set up with Keithley 

Electrometer (6517B). It exhibited semiconductive behavior and there was no  

metal-semiconductor transition. 

E. Specific heat studies: 

In order to study the thermal anomalies driven by spin reversal in NFO and NFNO, 

zero field specific heat data C (T) for these samples in the temperature range 1.8-

300K have been carried out. The results are shown in Fig. 7 (a-b).Near 1.8K and at 

3.4 K there is a peak of Cp called Schottky anomaly for NFO and NFNO 

respectively (see upper left inset of Fig. 5 (a-b) for 0T). It is known that Schottky 

anomaly in the heat capacity of rare-earth compounds is due to the anisotropy 

(including crystal field and molecular field generated by Fe
3+

/Ni
3+

sublattice) 

splitting of lowest J-term (
4
I9/2) of Nd

3+
[65] paramagnetic ions by internal and 

external magnetic fields. At low temperatures, 3.4K, for NFNO, it is induced by 

antiferromagnetic ordering of Nd
3+

 moments. Above which NFNO is paramagnetic 

in the M-T curves. Near 12K, there is a specific heat minimum (0.796 J mol
-1

K
-1

) 

for NFO due to the interaction between Nd
3+

 and Fe
3+

 ions similar to one reported 

for Er and Tm ortho-ferrites [66] and to the paramagnetic Nd
3+

 ions. However, 

specific heat minimum (1.540 Jmol
-1

K
-1

)  occurs at 13K in case of NFNO may be 

due to the introduction of new weak Nd
3+

-Ni
3+

 type of interactions confirmed by 

Mössbauer studies. The higher value (2 fold increase) of the minimum specific 

heat in case of NFNO compared to NFO may possibly be due to its greater 

molecular weight. 
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A hysteretic magnetization is observed over entire SRT interval (see Fig. 2), which 

is rarely the case with other pure or doped RFeO3 systems. The most commonly 

studied SRT in these systems are the type  Ã�(�	, ��) →Ã�(�	�, �	�)→ Ã(��, �	) 
pictorially shown in the Fig. (8). The Cp(T) in zero field shows a small anomaly in 

the spin reversal region and is not clearly reflected. But as shown in the inset in 

Fig. 7 (c-d), on comparing a zero field Cp/T against temperature, anomaly is 

clearly seen. It is noted that the anomalies corresponding to the spin reversal region 

for NFO and NFNO are characterized by a valley instead of peak possibly may be 

due to magnetic disorder. In case of NFO and NFNO, SRT is observed between 

100 (��) and 200 K (�) [see insets of Fig. 7 (c-d)], with the gradual transition of 

the Fe
3+/

Ni
3+

 magnetic moment ordering from (Gx, Fz)-type of ordering at high 

temperatures to (Gz, Fx)-type ordering at low temperatures via (Gxz, Fxz)-type 

ordering at intermediate temperatures. The SRT observed in electrical transport 

measurements for NFNO is at 101K which is close to ��  and may possibly 

represent  Ã(��, �	) magnetic ordering. 

The bump in the low temperature specific heat data for NFO and NFNO is the 

dominant feature in the measurement. This is attributed to the Schottky anomaly 

due to paramagnetic behavior of Nd
3+ 

ions and this needs further attention.  Taking 

into account of both the lattice (phononic) contribution and a simple Schottky 

effect for a two level system, one can fit the zero field data not only to the standard 

phonon nature but to the equation[67-69]: 

��(�) = â�% +	â � +	â'�' +Z	 ` ∆oF�a
 p & ∆qrs

(1 +	& ∆qrs)t 
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Where â, â ,  and â'  are the phononic specific heat parameters using the low 

frequency expansion of Debye function ��(�) = â�% +	â � +	â'�' [56], N/R is 

the number of free spins with R the universal gas constant. ∆	= 	uìFv is the gap 

value for Zeeman splitting of Nd
3+

 doublet [54-56]. H is the total effective field 

plus the exchange interaction field of the compound. The two level Schottky fitting 

for zero field C(T) is shown in the lower insets in Fig.5(a-b).The fit of NFO is 

nearly perfect with the parameters â = 1.11	w	10@� Jmol
-1

K
-4

, â =−2.32	w	10@x Jmol
-1

K
-6

, â' = 1.96	w	10@�� Jmol
-1

K
-8

, Z = 239.58  Jmol
-1

K
-1

, ∆= 13.38	 meV. For NFNO the parameters â = 1.10	w	10@� Jmol
-1

K
-4

, â =−2.30	w	10@x Jmol
-1

K
-6

, â' = 1.45	w	10@�� Jmol
-1

K
-8

, Z = 240.72  Jmol
-1

K
-1

, ∆= 16.36	meV. The fitting results point out that magnetic specific heat is mainly 

from Schottky anomaly of Nd
3+

 that does not form long-range ordered state at low 

temperatures. The upper left insets of Fig.7 (a-b) show Cp against temperature plot 

at different magnetic fields. From these plots one infers that with an increase in 

magnetic field the thermal anomaly is gradually reduces and shift towards higher 

temperatures. It suggests field induced states are more ordered and making entropy 

to higher temperatures [70]. These insets further show that specific heat at low 

temperatures enhances with increasing magnetic field, suggesting Nd
3+

 might 

undergo a magnetic transition below 1.8K. Such a transition needs to be ratified. 

Using the fitting values of zero field C(T) we calculated internal exchange field (vK{|)  of the compounds and are 115.57T and 141.31T for NFO and NFNO 

respectively. The results }∆�J�~		> ∆�J~/v�J�~K{| > v�J~K{| �  also evidence the 

introduction of Ni strongly polarizes the Nd sublattice by Nd-Ni exchange with the 

symmetry similar to its own magnetic order and thereby reducing the magnetic 

entropy. However, inelastic neutron scattering and muon-spin-relaxation 

experimental data is due to accomplish deep understanding of this phenomenology. 
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From the specific heat data, a spin reorientation transition from Ã�(�	, ��) through Ã�(�	�, �	�) to Ã(��, �	) is observed in the temperature ranges of 100-200K for 

NFO and NFNO and the transition is pictorially represented in Fig. 8. On 

comparing the results obtained from polycrystalline NFO with the single crystal 

NFO existing in literature [71-74] it is observed that the results are comparable to a 

good extent. A SRT is observed in a wide temperature range from 100 to 170 K in 

case of SC NFO and in our case for polycrystalline NFO it is observed in the 

temperature of 100-200K. In our case Schottky anomaly in specific heat 

measurement of polycrystalline NFO is abserved at 1.8K while the same is 

reported for single crystal NFO at 2.4K. Near 12K, we found there is a specific 

heat minimum (0.796 Jmol
-1

K
-1

) for PC NFO and the same is stated in case of 

single crystal NFO at 15 K. No data on the single crystal of NFNO is available in 

literature. 

Conclusion 

Rietveld analysis of polycrystalline NFO and NFNO orthoferrites show that both 

these compounds belong to orthorhombic structure with space group Pbnm. The Ni 

substitution by 50 percent at Fe-site of NFO changes the ferromagnetic to 

paramagnetic character. The Mossbauer spectra revealed that the isomer shift show 

a decrease along with an increase of quadrupole splitting values with Ni 

substitution at Fe-site due to overlap distortion. The observed magnetization jump 

at low temperatures and higher fields are due to breakdown of AFM ordering. Ni 

substitution also leads to decrease in magnetic moment. Magnetization intersection 

anomaly found in both NFO and NFNO compounds is considered due to the 

isotropic, the antisymmetric, and the anisotropic-symmetric exchange interactions 

leading to different magnetic entities in these compounds. From M-H behavior of 

these materials, a transition of unsaturated FM state at room temperature to 
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paramagnetic state at lower temperature (2K) is observed. Ni substitution at Fe-site 

also provides a means to modify the magnetic behavior with a transition of 

magnetic properties. VRH model fits well at temperatures in and around SRT, 

magnetic inversion and intersection and suggests that charge carriers move through 

localized states due to tunneling processes stimulated by phonons. The DOS and 

activation energy in NFNO favors hopping conductivity. The low temperature 

specific heat anomaly gradually reduces and shifts towards higher temperatures 

with increasing applied magnetic field in both these oxides and taking entropy to 

higher temperatures. It is interesting to observe that the temperature at which 

anomalies (inversion, intersection and Schottky) took place shifts towards higher 

temperature when Ni substitution is halved Fe concentration in NFO. In brief, 

taking into consideration these different anomalies, the Ni substitution at Fe sites 

of the NFO system, showing a transition of electrical and magnetic properties with 

a significant modification in thermal properties, which can be essential features 

applied in the electric and magnetic devices for technological applications. 
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Figure and Table captions: 

Table captions: 

Table I: Orthorhombic structural parameters obtained from XRD analysis 

 

 

 

 

 

 

Table II: Parameters fitted in Mössbauer spectra of NFO and NFNO. 

��B#&� �	(Å) �	(Å) �	(Å) �	}Å�% ���#	�&YY	 A�Y��& 

÷ _� _�� 

NFO 5.4438 5.5788 7.7514 235.408 1.05 8.37 8.82 

NFNO 5.4303 5.5237 7.7158 231.438 1.10 8.50 9.39 
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��B#&� ��&�#���	��## ��	(��/B) ��	(��/B) 
NFO  Sextet 0.3900 - 0.00522 

NFNO Paramagnetic 

Doublet 

0.1385 -0.5014 

 

Table III:  Magnetic parameters obtained from magnetization measurements shown 

in Fig. 5. The Curie–Weiss constant (è) and total effective magnetic moment (ìDEE) obtained from ÷@� AB	�  plots shown in Fig. 5 (e and f). 

 

Table IV: Physical parameters of NdFe0.7Ni0.3O3 and NdFe0.5Ni0.5O3 obtained from 

resistivity measurements 

 

��B#&� èd	(o) W(�&�) í��	(v�) ��(o) Z([)(&�@���@%) _�(��) [�(�&�) 
NF3NO 328.306 115.398 6.840x10

12
 26.649x10

7
 8.601x10

18
 51.806 198.404 

NFNO 279.016 100.179 5.813x10
12

 14.415x10
7
 15.901x10

18
 44.429 170.159 

 

 

 

��B#&� 5o 50o 300o è ìDEE 

��&���#�A�#�	 (�&) _&#&�#�A�#�	 (&��/u) ��&���#�A�#�	 (�&) _&#&�#�A�#�	 (&��/u) ��&���#�A�#�	 (�&) _&#&�#�A�#�	 (&��/u) (K) (ìF) 
NFO -307.367 0.719 -1428.981 0.347 -3004.624 0.381 -374 5.347 

NFNO -617.053 0.716 -1847.718 0.196 -3725.946 0.213 -301 5.050 
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Figure Captions: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Rietveld refined XRD pattern of  (a) NFO and (b) NFNO. 
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Fig.2.EDX of (a) NFO and (b) NFNO. 
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Fig.3. 
57

Fe Mössbauer spectra of NFO and NFNO recorded at room temperature in 

the absence of magnetic field showing magnetic transitions. 
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Fig. 4. Magnetization variation with temperature of (a) NFO at 10kOe, (b) NFNO 

at 10kOe, (c) NFO at 500 Oe and (d) NFNO at 500 Oe. The inset shows the 

temperature dependence of separated part of ZFC and FC in (a) NFO and (b) 

NFNO. Inverse susceptibility variation with temperature of (e) NFO at 10kOe, (f) 

NFNO at 10kOe. 
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Fig. 5. Magnetization variation with applied field of NFO and NFNO samples 

taken at (a) 300K, (b) 50K and (c) 2K. 
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Fig. 6. Resistivity variations of NFNO and NFNO’ with temperature (a) resistivity 

as a function of temperature (b) Fitting by Arrhenius model (c) Fitting by Mott’s 

3D VRH model. Inset in (a) shows temperature dependent resistivity. 
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Fig. 7. Specific heat versus temperature (K) . Lower inset: zero-field data with the 

fitting result. Upper inset: specific  heat versus temperature at different magnetic 

fields near Schottky anomaly in (a) NFO and (b) NFNO.  Specific heat divided by 

temperature versus temperature. Inset: specific heat divided by temperature around 

the spin reorientation temperatures in (c) NFO and (d) NFNO. 
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Fig. 8. The elementary cell of an orthorhombic orthoferrite showing ideal positions 

of Fe or Ni ions, replaced  by Fe (filled green circles), Nd ions (filled black 

circles), and their spin directions for T˂T1 where MNd˃ MFe/Ni (Ã), T˂T1 

where MNd˂ MFe/Ni (Ã), T1˂ T ˂ T2 (Ã�), and T˂ T2 (Ã�). 
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