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Abstract 

The electrical transport properties of oxide materials are largely dictated by electron-phonon interactions, which often lead to the 

formation of polarons, significantly influencing the conduction mechanism. In the case of the ferromagnetic orthorhombic perovskite 

oxide Pr2FeMnO6, the material exhibits insulating behaviour at room temperature, with a resistivity of approximately 4.1 × 103 Ω·m. 

As the temperature decreases, the resistivity increases markedly, reaching 73.47 × 103 Ω·m at 122 K, with a pronounced rise occurring 

below 160 K. To elucidate the conduction mechanism, the Variable Range Hopping (VRH) model is applied. This model describes 

electron hopping between non-nearest neighbour sites, which becomes favourable when the thermal energy is insufficient for nearest-

neighbour hopping. Instead, electrons preferentially hop to sites with lower potential differences. The temperature dependence of 

resistivity is well-described by the VRH model, confirming its applicability in this system. In addition to electrical transport, the 

structural and magnetic properties of Pr2FeMnO6 have also been investigated. Notably, the material exhibits a magnetization reversal 

at low temperatures, further enriching its magnetic behaviour and potential applications. 
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Introduction 

Perovskite oxides have become a focal point in materials 

science research because of their exceptional versatility and 

diverse range of physical properties, including 

superconductivity, ferroelectricity, magnetoresistance, and 

catalytic functionality [1, 2]. These properties arise from 

their characteristic crystal structure, typically represented 

as, where and are cations of different sizes and is an anion, 

often oxygen. Substitutions at the sites provide immense 

tunability in their structural, electronic, and magnetic 

characteristics, making perovskites ideal candidates for 

technological applications such as sensors, spintronics, and 

energy storage devices [3]. Among the various physical 

properties of perovskite oxides, their electrical transport 

behavior has been the subject of extensive study. The 

conduction mechanism in these materials is predominantly 

governed by the interactions between electrons and 

phonons, often leading to the formation of polarons. These 

quasiparticles, arising due to the coupling of charge carriers 

with lattice vibrations, play a critical role in determining the 

transport characteristics. Depending on the specific material 

and its structural and electronic configuration, different 

conduction mechanisms may dominate. These include: 

Band Conduction: In materials with sufficient carrier 

density and delocalized electronic states, conduction occurs 

through band-like motion [4].  In systems with localized 

states, carriers hop between these states, overcoming energy 

barriers [5]. This mechanism is often described by the small 

polaron hopping model, with resistivity expressed as: 

Variable Range Hopping (VRH): In disordered systems at 

low temperatures, electron hopping between non-nearest 

neighbours becomes dominant. These mechanisms 

highlight the interplay between the structural disorder, 

carrier localization, and thermal activation in oxides, 

leading to diverse electrical transport behaviours. This 

study focuses on understanding the conduction mechanisms 

in the ferromagnetic perovskite oxide, which exhibits 

insulating behaviour at room temperature and shows a 

temperature-dependent resistivity consistent with the VRH 

model [6]. The insights gained contribute to the broader 

understanding of electron-phonon interactions and transport 
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processes in perovskite oxides, offering valuable 

implications for their potential applications in advanced 

technologies [7]. 

Method  

The polycrystalline powder was synthesized using the 

modified auto-combustion method. Precursors (Pr 

(NO3)36H2O, Fe (NO3)26H2O, and Mn(NO3)24H2O) were 

dissolved in stoichiometric ratios in distilled water. The 

solutions were mixed in a 1000 ml beaker in equal weights. 

The citric acid in appropriate amounts, was added to the 

mixture and stirred continuously. The colloid was 

combusted in air at 250 °C for 2 hours to produce 

precursors. Pre-calcination was done at 600 °C for 2 hours 

to remove all organic materials and nitrates. Calcination is 

done in the temperature range of 800-900°C for 12 hours 

with intermediate grinding. A PANalytical X’Pert powder 

diffractometer was used for structural analysis.   Rietveld 

refinement was performed using GSAS software. 

Microstructural images were recorded using a JEOL JSM-

5600LV Scanning Electron Microscope (SEM). Physical 

Property Measurement System (PPMS, Quantum Design 

Dynacool) used for electrical and magnetic measurements. 

Discussion 

Structural Properties 

The X-ray diffraction (XRD) measurements were 

performed over a 2 range of 10° to 90°. The diffraction 

pattern was analyzed using the Rietveld refinement method, 

and the simulated patterns are presented in figure 1(a). The 

refinement confirmed the orthorhombic structure with the 

pbnm space group. The refinement yielded a good fit, with 

reliability factors, and. Scanning Electron Microscopy 

(SEM) images of the sintered pellet, recorded at a 

magnification of 15,000× and an accelerating voltage of 10 

kV, are shown in figure 1(b). These images reveal that the 

sample exhibits a homogeneous microstructure [8]. 

Magnetic properties 

The magnetic measurements in the temperature range of 2–

380 K were carried out for various external magnetic field 

strengths according to the measurement protocols. The FC 

magnetization exhibited a sign reversal, becoming negative 

below a specific temperature when the applied field was 20 

Oe, 1000 Oe (figure 2) and 1 kOe. For ZFC magnetization 

at 20 Oe, a similar sign reversal was observed at low 

temperatures, but this phenomenon diminished as the 

external field strength increased. At 10 kOe, the FC 

magnetization remained positive across the entire 

temperature range(figure 3) [8, 9]. 

 

Figure 1: (a) XRD pattern of PFMO derived from Rietveld 

refinement within the 2𝛉 range of 10° to 90°, and (b) SEM image 

of the sintered PFMO pellet captured at 10 kV with a 

magnification of x15000. 

 
Figure 2: Dc magnetization measured at (a) 20 Oe, (b) 200Oe, 

(c) 1000Oe (d) and 10KOe at 2-380K. 
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In the FC process, as the temperature decreases, the 

magnetization also reduces. Upon further cooling, it sharply 

drops and becomes negative below a specific temperature 

known as the compensation temperature (Tcomp). The M-T 

data at 20 Oe reveals a bifurcation between FC and ZFC 

magnetization at 213 K, where the magnetization becomes 

negative. As the applied magnetic field increases, the ZFC 

magnetization no longer shows a sign reversal, while the FC 

magnetization continues to exhibit negative values up to 1 

kOe. Beyond this field strength, no sign reversal in 

magnetization is observed (Fig. 3(d)). The negative 

magnetization in different materials can be influenced by 

various factors, including artifacts like the trapped field 

from the superconducting magnet in the PPMS. To rule out 

such artifacts, the sign reversal of magnetization was 

verified through an FC field polarity test. For this test, FC 

measurements were conducted twice under magnetic fields 

of opposite polarity So we have measured variation of 

magnetization with temperature under FC conditions for 

applied fields of ±500 Oe. When the sample was cooled 

from 380 K to 2 K under an external field of +500 Oe, the 

magnetization gradually increased, reaching a peak at 174 

K. Subsequently, it decreased, crossing zero at Tcomp  = 57 

K, and became negative, indicating that the magnetization 

direction opposed the applied field. Conversely, when a 

field of -500 Oe was applied, the magnetization showed a 

mirror-image behavior: it was negative at high temperatures 

but became positive below Tcomp. This observation 

confirms that the negative magnetization in the material is 

not caused by the trapped field in the PPMS-VSM. Below 

the compensation temperature, negative magnetization is 

observed, especially at low magnetic fields, due to 

interactions between Fe ions and the paramagnetic 

contributions of Pr and Mn ions. [10]. 

 

Figure 3: DC magnetization measured at 10KOe in the 

temperature range of 2-380K. 

Electrical Properties 

Materials are generally classified into three categories-

conductors, semiconductors, and insulators-depending on 

their behavior in response to an electric field. The concept 

of energy bands, which defines the range of energies an 

electron can occupy, is fundamental to understanding a 

material's electrical conductivity. These energy bands 

include the conduction band and the valence band In 

insulators, the valence band is fully occupied, while the 

conduction band remains empty, separated by a significant 

energy gap [11]. In contrast, conductors allow an electric 

current to pass through effortlessly because their conduction 

band overlaps with the valence band, effectively 

eliminating any band gap. Semiconductors occupy an 

intermediate position, with their electrical conductivity 

falling between that of insulators and conductors. In 

semiconductors, the valence band is almost full, and the 

conduction band is nearly empty, with a relatively small 

energy gap of about 1 eV. Their band structure and atomic 

interactions largely influence the electrical behavior of 

these materials [12, 13]. 

In transition metal oxides, the conduction band is 

predominantly composed of oxygen 2p orbitals and metal d 

orbitals. The transport properties in these materials are 

influenced by the directional properties of the p and d 

orbitals and the Coulomb interactions within the d orbitals. 

The outer d electrons play a key role in determining the 

electrical behavior of these compounds. Metal oxides with 

disordered double perovskite structures are usually 

insulators, where the hopping of charge carriers governs the 

conduction mechanism [14]. 

In insulators, the movement of electrons is slow, leading to 

distortions in the surrounding lattice. These distortions 

create quantized lattice structures known as polarons, which 

facilitate conduction through hopping. This hopping 

mechanism can involve either electrons or polarons and 

varies across different materials (figure 4). There are three 

primary mechanisms for polaron hopping, each illustrated 

in figures 5 and 6. The first mechanism is thermally assisted 

tunneling, where carriers transition from a lower energy 

state to a higher one with the aid of thermal energy. The 

second mechanism is temperature-independent tunneling, 

where carriers move between states of equal energy without 

being influenced by temperature. The third mechanism 

involves carriers transitioning from a higher energy state to 

a lower one, accompanied by photon emission. figure 5 

highlights the three mechanisms of polaron hopping, 

labeled as (i), (ii), and (iii). Specifically, the mechanisms are 

as follows: (i) thermally assisted tunnelling, where carriers 

hop from a lower energy state to a higher energy state, (ii) 

temperature-independent tunnelling, where carriers hop 

between states of equal energy, and (iii) temperature-

independent tunnelling, where carriers move from a higher 

energy state to a lower energy state, accompanied by photon 

emission [15]. Several models describe the hopping 
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conduction mechanism, including the Arrhenius thermal 

activation conduction or bandgap model (TAC), nearest-

neighbour hopping or small polaron hopping (NNH/SPH), 

and Mott's variable range hopping model (Mott-VRH). In 

the Arrhenius TAC model, the resistivity follows the 

Arrhenius law: A

0

B

E

k
ρ = ρ exp

T

 
 
 

 where is a constant, EA is 

the activation energy. 

 

Figure 4: Polaron formation and conduction happening in 

peovskite structure. 

VRH follows the equation, 

1/ 4

0

0

T
ρ = ρ exp

T

 
 
 

 where ρ0 and 

T0 are constants. The equation , 
F 3

B 0

24
N(E ) =

πk T ε
  , 

representing the density of localized charge carriers, where 

ε is the percolation length of the localized wave function. 

At higher temperatures, sufficient thermal energy enables 

nearest-neighbour hopping of small polarons between 

localized donor and acceptor sites. The NN-SPH model is 

represented by an equation where A
B

B

ρ
E

A= exp
T

k T
k

 
 
 

. 

Figure 6 illustrates the VRH and NN-SPH mechanisms[16]. 

 

Figure 5: Electron /polaron hopping in insulating materials. 

 

Figure 6: Mott's Variable range hopping polarons in 

perovskite materials. 

In certain instances, the conduction process involves the 

combined contribution of both variable range hopping 

(VRH) and small polaron hopping (SPH) mechanisms. This 

cooperative behaviour, referred to as variable range 

hopping of small polarons (VR-SPH), can be 

mathematically described by integrating the respective 

equations for these two mechanisms. 

1/4

0A

B

TE
BTρ = exp +

T Tk

  
       

where B is a constant. 

Figure 7 (a) presents the resistivity (ρ) with temperature 

(122–300 K). At room temperature, PFMO exhibits 

insulating behaviour with a resistivity of approximately 

4.1x103Ωm, which is aligned with previous reports. As the 

temperature decreases, the resistivity increases, reaching 

73.47 x103 Ωm at 122 K.  A sharp rise in ρ is observed 

below 160 K, consistent with earlier reports. The resistivity 

in the temperature range of 2–300 K, as depicted in figure 

7, adheres to the VRH model, The ln ρ vs. 1/T1/4 plot is 

shown in figure 7 (b).  Parameters obtained after fitting (Red 

Line), T0 = 0.866X109 K and ρ0 = 40.42103 Ωm. N(EF) = 1 

7.57x10-25 ev-1m-3. Activation energy EA (
1/ 3

4 4
0

4

B
A

k
E T T=  

)is calculated and observed as varying from 0.13 to 0.26 eV 

for 122 K to 300 K [6].     

Disorder-induced localization of charge carriers in 

transition metal oxides plays a crucial role in determining 

the hopping conduction mechanism, as described by Mott’s 

theory [17]. In Pr2FeMnO6, Fe/Mn site disorder and oxygen 

vacancies significantly influence the density of localized 

states near the Fermi level, affecting electrical transport. 

Cationic disorder at the Fe/Mn sites disrupts hybridization 

between B-site transition metals and oxygen, reducing the 

effective hopping integral and favouring polaronic 

conduction [18]. Similarly, oxygen vacancies act as electron 

donors, introducing localized states that facilitate hopping 

transport, as observed in La1-xSrxMnO3 [19]. Our resistivity  
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Figure 7: (a) Temperature-dependent resistivity, and (b) 

resistivity fitted using the VRH model. 

data follows the Mott VRH model, indicating that charge 

carriers hop between localized states at different energy 

levels. The extracted hopping parameters, such as 

localization length and density of states near the Fermi 

level, align with previous reports on perovskite oxides 

exhibiting polaronic conduction. These findings suggest 

that disorder-induced localization in Pr2FeMnO6 is a 

dominant factor in its transport behaviour [20].Our analysis 

provides a broader understanding of how structural disorder 

impacts VRH conduction, reinforcing the significance of 

disorder-driven transport mechanisms in Pr2FeMnO6.     

Many double perovskites, such as La2NiMnO6 ,Gd2NiMnO6 

and Sm2FeMoO₆, exhibit polaronic transport, but the degree 

of disorder and electron-phonon coupling varies 

significantly across different systems [21, 22]. In 

La2NiMnO6, the transport mechanism is influenced by 

Ni/Mn cation ordering, which determines the balance 

between metallic and insulating phases. In contrast, 

Sr2FeMoO6 displays a unique interplay between spin-

polarized transport and disorder-driven localization, which 

differs from the strong polaronic hopping seen in 

Pr2FeMnO6. Our study demonstrates that in Pr2FeMnO6, 

Fe/Mn site disorder and oxygen vacancies play a dominant 

role in the VRH mechanism, making its conduction 

behaviour distinct from these related systems. Unlike La1-

xSrxMnO3, where hole doping tunes the transport from 

insulating to metallic Pr2FeMnO6 remains insulating due to 

stronger carrier localization effects. The activation energy 

and hopping parameters extracted from our data also 

suggest stronger electron localization than in many 

previously studied perovskites, reinforcing the novelty of 

our findings. This comparative analysis places our results 

within the broader context of perovskite transport studies 

and further validates the distinct nature of VRH conduction 

in Pr2FeMnO6.                                                                 

Conclusion and Future Prospective 

The double perovskite PFMO was synthesized using the 

citrate-gel combustion method. This compound adopts an 

orthorhombic crystal structure belonging to the Pbnm space 

group. Below the compensation temperature, negative 

magnetization is observed, especially at low magnetic 

fields, due to interactions between Fe ions and the 

paramagnetic contributions of Pr and Mn ions. The anomaly 

associated with the compensation temperature is examined 

using established theoretical models. Electrical transport 

studies indicate that PFMO behaves as a semiconductor, 

with its conduction governed by the VRH mechanism. The 

resistivity data within the 122–300 K temperature range 

conform to the VRH model, while the density of charge 

carrier states confirms the dominance of localized states in 

transport properties. These findings emphasize the 

material's semiconducting nature and offer important 

insights into its charge transport behavior.   
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