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NdFeO3 is an important candidate materials for gas sensors and intermediate-temperature solid oxide fuel cells (IT-SOFC). 

However, its low conductivity prohibits its applications. In this study, we report that the doping of Ca by replacing partial 

Nd can effectively increase its conductivity. Through the electronic structure analysis of Nd1-xCaxFeO3 (x=0.00, 0.25, 0.50, 

0.75 or 1.00) based on the first-principles density functional theory calculations, it is found the hole states introduced by 

Ca substitution appear just above the Fermi level, which implies a high mobility of electrons/holes along the Fe-O-Fe 

bonding network. Specifically, it becomes easier to form O vacancies after Ca doping. Since the diffusion of O anions 

occurs through a vacancy hopping mechanism, the ion conductivity is also improved. These findings help us to gain 

an in-depth understanding of the colossal increased conductivity of Ca doped NdFeO3 and turn the electronic 

conduction for their practical application as gas sensor and IT-SOFC.  

 

Introduction 

The perovskite type oxides with the chemical formula ABO3 

(where A is an alkaline-earth or a rare-earth metal and B is a 

transition metal) represent a particularly interesting class of 

materials due to their dielectric,1, 2 magnetic,3 magneto-

optical,4, 5 multiferric,6-8 catalytic,9-11 and gas-sensitive 

properties.12, 13 The large variety of properties displayed by 

ABO3 is due to the ability of the exceptional tolerance of their 

framework to accommodate different cations and defects.14 In 

the regular perovskite lattice, the smaller B ions are placed in 

the center of BO6 octahedra, which are corner-connected to 

form a three-dimensional (3-D) B-O framework. Each A cation 

is located in the center of a distorted cubooctahedral pocket 

with twelve O anions at the vertices, which is enclosed by eight 

[BO6] octahedral.15  

As one of rare earth orthoferrites, NdFeO3 and its derivates 

have attracted great attentions because they are important 

candidates as gas sensors and cathode materials for 

intermediate-temperature solid oxide fuel cells (IT-SOFCs) due 

to their good chemical, thermal and mechanical stability.16, 17 

As gas sensors, their electrical properties change in response 

to the introduction of sensor into some gas phase. For 

example, as a p-type semiconductor, their resistance increases 

when they are exposed to the surrounding gas like ethanol, 

acetone, carbon monoxide or hydrocarbon. The sensitivity of 

gas sensors is the most important parameter to represent their 

performance, which is defined as the ratio of the electrical 

resistance in sample gases (Rg) to that in air (Ra). Therefore, 

the high resistance of NdFeO3 is a serious drawback, because it 

can reduce the sensitivity and consume high power. On the 

other hand, when NdFeO3 acts as a cathode material of IT-

SOFC, the high mixed ionic and electronic conductivity is also 

needed. Therefore, the improvement of conductivity of 

NdFeO3 is highly desired for their practical applications. 

Previously, the doping strategy has been successfully adopted 

to modulate the conductivity of perovskite. Colossal resistance 

switching and band gap modulation in a perovskite SmNiO3 

have been reported by doping with donor elements such as Li 

and Mg.18 A reversible resistivity modulation greater than 

eight orders of magnitude was demonstrated at room 

temperature. Alkaline-earth doped LaCoO3 has been found to 

be promising as conductive oxide alternative of standard 

metals for electrodes. A maximum electrical conductivity, σ = 

4.4 × 103 S cm−1, was achieved in La0.6Sr0.4CoO3.19 For NdxCa1-

xFeO3-σ (x=0.00, 0.25, 0.50, 0.75 or 1.00) system, a resistivity 

modulation greater than four orders of magnitude was 

demonstrate at room temperature by Ca doping strategy.20 

Nd0.6Ca0.4FeO3-σ has been reported to exhibit fairly high 

electrical conductivity, over 100 S cm-1 at T > 650 ℃.21 Thus, by 

a careful doping of lower-valence cations in the A site, the 
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manipulation of electronic properties of rare earth transition 

metal oxides materials is in principle possible for their specific 

applications. However, the roles of lower-valence cations at 

the A site and O vacancies in the modulation of conductivities 

are still unclear. In order to understand the colossally 

increased conductivity of Ca doped NdFeO3, fundamental 

insight into the electronic structure and defect chemistry is 

needed. While magnetic properties and electronic structures 

of NdFeO3 have been analysed through accurate first principles 

calculations based on density functional theory,22, 23 there is no 

theoretical study focusing on the properties of doped NdFeO3 

without or with O vacancies. Herein, the structural and 

electronic properties of Nd1-xCaxFeO3-δ (x=0.00, 0.25, 0.50, 0.75 

or 1.00, δ=0.00 or 0.25) have been investigated using the first 

principles method. Our results demonstrate that both 

electron-deficient A-site dopants and O vacancies can improve 

their conductivity. The comparative data suggest that the 

influence of O vacancies is stronger. Furthermore, the 

substitution of Nd by Ca can also benefit the improvement of 

ionic conductivity through the formation of O vacancies. 

Methods and computational details 

All density functional theory (DFT) computations were 

performed using the Vienna ab initio simulation package 

(VASP) based on the projector augmented wave (PAW) 

method.24  Here, the 4f electrons of Nd atoms were kept 

frozen as core electrons with 11 valence electrons 

(5s25p65d16s2), and the valence configurations are 3s23p64s2, 

3d74s1 and 2s22p4 for Ca, Fe and O, respectively. A plane-wave 

basis set was employed to expand the smooth part of wave 

functions with a kinetic energy cut-off of 520 eV. For the 

electron-electron exchange and correlation interactions, the 

Perdew- Burke-Ernzerhof type functional (PBE),25 a form of the 

general gradient approximation (GGA), was used throughout 

the calculations with the consideration of spin-polarization. 

Due to insufficient consideration of the on-site Columbic 

repulsion between the Fe d electrons, GGA-DFT may fail to 

describe the electronic structure of the NdFeO3. To overcome 

this shortcoming, the GGA+U approach was used.26 Following 

previous studies, we chose U-J = 5.0 eV for the Fe atom.22  
We performed Brillouin-zone integrations using a (6 × 6 × 4) 

Monkhorst-Pack k-point grid for the supercell of orthorhombic 

NdxCa1-xFeO3-δ (x=0.00, 0.25, 0.50, 0.75 or 1.00; δ=0.00, 0.25). 

As shown in Fig. 1, the Nd (or Ca) cation is surrounded by 12 O 

ions, whereas the Fe cation is embedded in an O octahedron.28 

Two adjacent octahedra are connected by one O ion, which 

provides the superexchange bond between the two Fe ions.29 
Herein, a G-type antiferromagnetic state was assumed, in 

which each Fe ion has six nearest neighbour Fe ions with the 

antiparallel magnetic moments (see Fig. S1).23 In the geometry 

optimization, all atoms were allowed to relax. All residual 

forces were smaller than 0.005 eV/Å after the geometries  

 

 
Fig. 1 a) Top view and b) side view of NdFeO3 orthorhombic unit cell. c) 

Nd/Ca arrangements for x=0.00, 0.25, 0.50, 0.75, 1.00 of Nd1-xCaxFeO3 in our 

DFT calculation. Structures are visualized with VESTA.27 

 

were fully optimized, and the computed total energy was 

converged within 10-5eV. 

To understand the doping effect on the formation of a high 

concentration of charge-compensating O vacancies,30 the O 

vacancy formation energy (ΔEVo) was calculated as:  

ΔEVo = Edefective - Eperfect + 1/2 Eo2                                                    (1)        

The Edefective and Eperfect are the energies of the systems with 

(one neutral O atom removed) and without (perfect) the O 

vacancies, respectively. The Eo2 is referenced to the ground 

state of an optimized O2 molecule calculated at the same level 

of theory. We neglected the contributions from the finite 

temperature entropies including the vibrations of crystalline 

lattice and O2 (and the rotations and translations of O2) as well 

as configurational entropy for simplicity. As the temperature 

rises, it is expected to lower the free energy of formation of 

vacancies.31 

Results and discussion 

Previous experiments have demonstrated that the doping of 

Ca2+ cations can significantly reduce the resistance of 

NdFeO3.20 To understand the origin of this colossal reduction 

of resistance, first-principles theoretical analysis of the 

electronic structure of the NdxCa1-xFeO3 (x=0.00, 0.25, 0.50, 

0.75 or 1.00) was conducted. First, we have validated the 

computational parameters by comparing their magnetic 

properties of antiferromagnetic NdFeO3 with GGA and GGA+U 

methods. It is found that the magnetic moment of Fe is 

0.05±0.03 μB based on the GGA results, in contrast to the 

experimental data (3.845 μB).32 Using GGA+U method, the 

local magnetic moments on Fe are 4.087 μB in the high spin 

state, which agrees well with the experimental data. Thus, U-J 

= 5.0 eV for Fe atoms has been used in the subsequent 

calculations to analyse their structural and electronic 

properties.  

The substitutions of Nd3+ cations by low-valence Ca2+ cations 

with different mole fraction of Ca2+ are illustrated in Fig. 1c. 

For x=0.5, we have considered three types of Ca substitution in  
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Fig. 2 Total density of states (TDOS) and partial density of states (PDOS) of 

Nd1-xCaxFeO3 (x=0.00, 0.25, 0.50, 0.75, 1.00). The vertical dashed lines 

represent the position of the Fermi level. 

 

 
Fig. 3 Charge densities of a) the valence band maximum and b) the 

conduction band minimum of Nd1-xCaxFeO3 (x=0.00, 0.25, 0.50, 0.75, 1.00). 

 

the theoretical study. Their Nd/Ca arrangement and total density 

of states were calculated (See Fig. S2). While their TDOS were 

similar, their total energy is -142.19eV, -142.47eV and -142.51eV for 

model a), b) and c), respectively. So We present the model which 

has the lowest total energy. For clarity, we only show the 

arrangements of Nd and Ca from the supercell structures. 

After the doping of Ca2+ cations, the axial Fe-O bond lengths 

are slightly affected with a maximum deviation of about 0.07 Å 

(see Fig. S3). The effect of doping on the equatorial Fe-O bond 

length is much stronger with the maximum deviation as 0.35 Å 

(see Fig. S4). At the same time, the doping of Ca2+ changes the 

axial O-Fe-O bond angles (see Fig. S5), and the equatorial O-Fe-

O bond angles substantially (see Fig. S6). These structural 

modifications indicate that the doping of Ca2+ has greater 

impacts on the atoms along the equatorial directions. 

Since the electronic conductivity of semiconductors is strongly 

dependent on the band gap,33 the total density of states 

(TDOS) and partial density of states (PDOS) of Nd1-xCaxFeO3 

(x=0.00, 0.25, 0.50, 0.75 or 1.00) were calculated based on the 

optimized structures (See Fig. 2, S7). The highest occupied 

state is defined as the Fermi energy, which is set to zero. As 

shown in Fig. 2, the band gap energy of orthorhombic NdFeO3  

Table 1. Energy gap (Eg) of Nd1-xCaxFeO3 (x=0.00, 0.25, 0.50, 0.75, 1.00) 

x  0.00 0.25 0.50 0.75 1.00 

 
Eg(eV) 

 
1.87 

 
1.53 

 
0.73 

 
0.67      

 
0.20 

 

is 1.87eV. The PDOS images of Fe 3d and O 2p states are also 

shown in Fig. 2, because they can provide more details about 

the contribution of composition to band structures. Since the 

3d orbitals of Fe3+ ions are half-filled ( ↑↑ 23

2 gg
et ), the spin-up 

bands are located below the Fermi energy level and the spin-

down states are above the Fermi energy level. Their valance 

band edge is a complex of O 2p and Fe 3d state, which 

weakens the localized nature of Fe 3d electrons, whereas the 

conduction band edge is dominated by the Fe 3d state. Such 

analysis can also be supported from the charge densities of the 

valence band maximum and the conduction band minimum of 

NdFeO3. From Fig. 3, the charge densities of the valence band 

maximum are around Fe and O atoms. On the other hand, the 

charge densities of the conduction band minimum are just 

around Fe atoms in NdFeO3. The ligand-metal charge transfer 

can take place from the hybridization orbital of Fe 3d and O 2p 

to the unoccupied Fe 3d orbital by visible light or heat. Our 

calculation results agree with O K-edge X-ray absorption 

spectroscopy, which estimates hybridization of transition 

metal and oxygen state.34 For x=0.25, 0.50, 0.75, the holes 

introduced by Ca substitution appear just above the Fermi 

level. It can be also seen that their charge densities of the 

conduction band minimum are around Fe and O atoms, which 

is different from NdFeO3. With more Ca doping, the band gap 

energies become smaller (See Table 1). Thus, the GGA+U 

method correctly predicts P-type semi-conductivity for these 

Ca doped NdFeO3. The octahedral surroundings of the Fe ions 

can cause their 3d levels to split into t2g and eg sublevels while 

O 2p orbitals split 2pπ and 2pδ orbitals. The δ-bonds (eg-pδ-eg 

bonds) resulting from the 3d eg orbitals of Fe cations and the 

2pδ orbitals of O2- and the π-bonds (t2g-pπ-t2g bonds) are 

formed with the 3d t2g orbitals of Fe ions and the 2pπ of O 

ions.35 The PDOS images of O 2p, Fe t2g and Fe eg are shown in 

Fig. S8. The bands, which are not fully populated and have 

empty states just above the Fermi level, imply a high mobility 

of electrons/holes along the Fe-O-Fe bonding network. 

Therefore, the excess electron density can easily occupy these 

empty states across the Fermi level, which will lead to charge 

delocalization.31 These features are consistent with the high 

electronic conductivity reported in La1-xSrxFeO3.36 For x=1, a 

narrow band gap of 0.2 eV is observed. Furthermore, the 

charge delocalization can be seen from the Bader charge of 

Nd1-xCaxFeO3 (x=0.00, 0.25, 0.50, 0.75 or 1.00). With the 

increase of the Ca mole fraction, the hole densities arise. 

However, the Bader charges of Fe and Nd remain essentially 

unchanged and the Bader charge on O becomes less negative 

by only 0.04 electrons per O atom (see Table 2). The small 

difference indicates holes are delocalized on the entire oxygen 
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Table 2. Magnetic moments μ (μB) and Bader charges q (e) for Nd1-xCaxFeO3 (x=0.00, 0.25, 0.50, 0.75, 1.00) without (M) and with (M*) oxygen vacancy 

 X=0.00  X=0.25  X=0.50  X=0.75  X=1.0  

 M M* M M* M M* M M* M M* 

μFe 4.09 4.06±0.01 3.97±0.09 4.06±0.01 3.84±0.06 4.07 3.51±0.15 4.07±0.01 3.51 3.86±0.22 

μFe’  3.64±0.06  3.82±0.25  3.99±0.01  3.64±0.31  3.62±0.29 

qFe 1.75 1.73 1.75±0.01 1.73±0.01 1.75 1.73 1.76±0.01 1.72±0.01 1.77 1.74±0.03 

qFe’  1.28±0.01  1.45±0.17  1.65±0.01  1.68±0.03  1.69±0.04 

qNd 2.15 2.13±0.02 2.15±0.01 2.11±0.03 2.15 2.13±0.01 2.16 2.12   

qCa   1.58 1.56 1.58 1.56 1.59 1.57±0.01 1.59 1.58±0.01 

qO -1.29 -1.31±0.02 -1.25±0.01 -1.29±0.02 -1.2±0.02 -1.28±0.04 -1.16±0.04 -1.21±0.1 -1.12 -1.19±0.07 
 

 

Table 3. Calculated (DFT+U) formation energies of an oxygen vacancy from 

Nd1-xCaxFeO3(x=0.00, 0.25, 0.50, 0.75, 1.00) 

x  0.00 0.25 0.50 0.75 1.00 

 
ΔEVo (eV) 

 
4.49 

 
2.67 

 
1.07 

 
0.37      

 
0.07 

 

 
Fig. 4 Schematic of the d orbital occupations with and without an O vacancy 

in NdFeO3. 

 

sublattice. The introduction of Ca into NdFeO3, therefore, can 

enhance the electronic conductivity of NdFeO3. 

Since acceptor doping of oxides generally results in the 

formation of charge-compensating O vacancies, we also 

investigated the structural and electronic properties of Nd1-

xCaxFeO2.75 (x=0.00, 0.25, 0.50, 0.75 or 1.00), by removing one 

neutral O atom. For NdFeO3, we considered the two unique O 

vacancies that can be formed: those along axial and equatorial 

Fe-O-Fe bonds (see Fig. S9). The ΔEVo (axial) is 4.54eV and the 

ΔEVo (equatorial) is 4.48eV, calculated through Eq. 1. The main 

reason of favourable Fe-Vo-Fe equatorial configurations is due 

to their much weaker Fe-O bond. This is supported by the 

calculated Fe-O distances, 2.03 Å for the equatorial one and 

2.05 Å for the axial one. The larger distance indicates the 

weaker Fe-O bonds. To this end, only ΔEVo (equatorial) was 

considered for the consequent investigation.  

From Table 3, the ΔEVo decreases with the increase of the mole 

fraction of Ca2+. It suggests that more O vacancies can form 

with the increase of the mole fraction of Ca2+. By the analysis 

of the magnetic moment and Bader charges of Nd1-xCaxFeO2.75 

(x=0.00, 0.25, 0.50, 0.75 or 1.00), the decrease of ΔEVo after 

the doping of Ca can be understood. After the removal of a 

neutral O atom, two electrons are left behind. The most 

significant changes involve the Fe ions adjacent to the O 

vacancy, where a reduction of charge on these ions is 

predicted (see Table 2).37 Fig. 4 shows the electronic states of 

Fe ions before and after O removal. The anti-ferromagnetically  

 
Fig. 5 Total density of states and partial density of states of Nd1-

xCaxFeO2.75(x=0.00, 0.25, 0.50, 0.75, 1.00). The vertical dashed lines 

represent the position of the Fermi level. 

 

 
Fig. 6 Charge densities of a) the valence band maximum and b) the 

conduction band minimum of Nd1-xCaxFeO2.75 (x=0.00, 0.25, 0.50, 0.75, 1.00). 

 

coupled Fe ions are in the high spin state. Upon the removal of 

a neutral O atom, the excess electrons in Nd1-xCaxFeO2.75 

(x=0.00, 0.25, 0.50, 0.75 or 1.00) can only occupy antiparallel 

spin states, producing a decrease in the magnetic moment of 

Fe ions next to the vacancy (which is defined as Fe’ in Table 2). 

The additional electron-electron repulsion of doubly occupying 

a d-orbital will give rise to the high ΔEVo. After the doping of 

Ca2+, the electron density around the Fe cations adjacent to 
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the O vacancy is reduced. Additionally, the charges on the 

other O anions become more negative, which indicates the 

charge densities created by O vacancies are delocalized. The 

dispersed electrons compensate the holes arising from Ca2+ 

doping. Therefore, the Fe cation remains in the +3 state with 

no additional electron-electron repulsion, which leads to a 

lower ΔEVo. 

Comparing with Fe-O distances after the doping of Ca2+ with 

and without O vacancies, we find that the formation of O 

vacancies causes larger changes of Fe-O distances than those 

only with the doping of Ca (see Fig. S3, 4). The same trend is 

found in Fe-O-Fe angles (see Fig. S5, 6). The TDOS and PDOS of 

Nd1-xCaxFeO2.75 (x=0.00, 0.25, 0.50, 0.75 or 1.00) were also 

investigated (see Fig. 5, S7). For Nd1-xCaxFeO2.75 (x=0.00, 0.25), 

the formation of charge-compensating O vacancies make the 

Fermi level moves towards to conduction band. The DOS of 

NdFeO2.75, Nd0.75Ca0.25FeO2.75 and CaFeO2.75 show a metallic 

behavior. As shown in Fig. 5, new states/bands appear around 

the Fermi level, which are mainly contributed by Fe 3d orbitals 

hybridized with O 2p orbitals. Their valance band edge is a 

complex of O 2p and Fe 3d state, whereas the conduction 

band edge is dominated by the Fe 3d state. It can be also seen 

from their charge densities of the valence band maximum and 

the conduction band minimum (see Fig. 6). For x=0.75, a small 

band gap of 0.47eV is observed. However, we predict 

Nd0.5Ca0.5FeO2.75 has a large resistance with band gap of 

1.47eV for balanced charge, since the O vacancies act as 

electron donors and the doped Ca act as electron acceptors. 

The trend of conductivity of Nd1-xCaxFeO2.75 (x=0.00, 0.25, 0.50, 

0.75 or 1.00) is in qualitatively agreement with the 

experiments results of Yo et al., which found their conductivity 

first increased with Ca substitution then decreased.20 

It has been reported Nd1-xCaxFeO3-σ compounds exhibit the 

characteristic of a mixed ion-electron conductivity.21 The 

diffusion of O anions occurs through a vacancy hopping 

mechanism in perovskite-type transition metal oxides, so their 

ionic conductivity is related to the concentration of O 

vacancies.38 Since the ΔEVO decreases with the increase of the 

mole fraction of Ca2+, the doping of Ca2+ can, therefore, 

improve their ionic conductivities.   

Conclusions 

In summary, our first principles GGA+U results confirmed that 

the resistance of NdFeO3 can be colossally reduced by the 

doping of Ca2+ cations. The structural and electronic analyses 

have been performed to give fundamental insight into the 

conductive properties of Nd1-xCaxFeO3-δ (x=0.00, 0.25, 0.50, 

0.75 or 1.00, δ=0.00 or 0.25). For Nd1-xCaxFeO3 (x=0.00, 0.25, 

0.50, 0.75 or 1.00), the hole states appear just above the Fermi 

level, implying a high mobility of electrons/holes along the Fe-

O-Fe bonding network. Moreover, it has been found it 

becomes easier to form O vacancies with Ca substitution. The 

introduction of O vacancies make Nd1-xCaxFeO2.75 (x=0.00, 0.25, 

1.00) compounds show a metallic behaviour. At the same time, 

we predict Nd0.5Ca0.5FeO2.75 should have a large resistance 

with band gap of 1.47eV for balanced charge. Our calculations 

demonstrate that the introduction of lower-valence cations 

into NdFeO3 can therefore provide an effective way to 

enhance both the electronic and ionic conductivity. These 

findings can help us to improve the conductance of such 

orthoferrities for practical applications, such as sensors, 

electrodes in SOFC.  
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