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ABSTRACT 
 

Density Functional Theory (DFT) is employed to study the various optical properties of pseudo-cubic LaNiO3. As LaNiO3 is a 
strongly correlated material, conventional DFT like LDA or GGA and even GW approximation fail to describe, we have 
examined the optical spectra of this compound using GGA(PBE)+U approach. The advantage of incorporating Hubbard U in 
this approach is to take the strong electronic correlation in the system into account. The optical spectra of this compound are 
found to be consisted of the Drude peak and some high energy peaks. While the Drude peak reflects the dominant free carrier 
contributions at the low energy region, the high energy peaks originate from the inter-band transitions within the system. We 
have also studied the remarkable changes in the optical properties in Fe doped LaNiO3 (LaNi1-xFexO3), in order to probe related 
properties, corresponding to their applications in solid-oxide fuel cells. Our calculations have revealed that even 25% of Fe 
doping is adequate to trigger a first order metal to insulator transition in LaNiO3. The optical spectra of LaNi1-xFexO3 
compounds are calculated using the hybrid functional HSE and the doping-induced metal to insulator transition in LaNiO3 is 
attributed to the altered crystal environment and electronic configuration of the compound. Copyright © 2016 VBRI Press. 
 

Keywords: DFT; optical conductivity; doping; density of states; metal insulator transition. 
 

Introduction  

Materials exhibiting metal-insulator transitions (MIT) are 
of immense importance in the field of condensed matter 
physics due to their applications in Mottronics and non-

volatile memory devices [1-6]. Change in electrical 
properties in some systems is often accompanied by a 
transition in the magnetic state also. MIT is generally seen 
in transition metal oxides and doped semiconductors        

[7-10]. The area of Mottronics which is considered to be 
one of the toughest challenges in the twenty first century 
relies on such systems which are prone to this kind of first 
order transitions. It has been observed that generally 
correlated materials have the tendency to undergo such 
MIT. In these materials the complex correlation between 
the structure and the electronic interactions trigger huge 
change in their physical properties when subjected to strain, 
pressure, doping, electric field, variation in temperature etc. 
which can change the carrier concentration within the 

compounds [1, 7]. Depending on the difference in 
resistivity in the two different phases (metallic and 
insulating), these materials are also used in switching 
devices and selectors in the array-type memory devices. 
Rare-earth nickelates (RNiO3) is such a series of 

compounds where correlation plays a major role [11, 12]. 
The first member of this series namely LaNiO3 has recently 
become very popular due to its metallic nature, while rests 

of the members of the series are insulators [12]. The 
importance of LaNiO3 lies in its potential use in all the 
above mentioned fields, including its application as 
electrodes because of its metal-like behavior at room 

temperature [13]. Being the only conducting material in the 

series, although it never undergoes any MIT when 
subjected to temperature variation, a first order transition 
from metallic to an insulating state can still be obtained in 
this system by varying other parameters like strain, doping, 

oxygen-vacancy etc. [13-19]. The detailed understanding of 
this kind of transitions is necessary for its use in 
Mottronics, switching devices and for other suitable 
applications. Here we report the systematic theoretical 
investigation of the correlated metal LaNiO3 we carried out 
using the density functional theory, and investigate how 
MIT can occur in the system as a function of appropriate 
substitution of Ni atom by Fe atoms. The changes in the 
optical spectra of LaNiO3 due to the change in Ni content is 
analyzed and the various applications of Fe doped LaNiO3 
are discussed thereof. 
 

Theory and computational details 

LaNiO3 is known to have a pseudo-cubic crystal structure 

with a small rhombohedral distortion [12]. In the cubic unit 
cell, the Ni atom occupies the body center position whereas 
the La and O atoms are at the corner and the face-center 
positions respectively. The structure optimization of cubic 
LaNiO3 is carried out using the conjugant gradient 
algorithm, with force convergence of 0.01 eV/Å and energy 
convergence of 10-5eV. A 520 eV plane wave cut off with a 
5 × 5 × 5 k-mesh, centered at the Gamma point, is used to 
optimize the unit cell of LaNiO3. The Gaussian scheme for 
Brillouin zone integration is used with a smearing width of 
0.1 eV. All our DFT calculations are carried out using the 
MedeA-VASP (Vienna ab initio simulation package) 

software [20]. For LaNiO3 we have calculated the optical 
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properties e.g., optical conductivity, reflectivity, dielectric 
function, absorption index etc. to examine its metallic 
nature as well as the strong electron correlation it 
possesses. The optical properties of LaNiO3 are calculated 
using different exchange functional to find out which one 
describes the correlated system most accurately. We have 
computed the density of states and all other optical 
constants of cubic LaNiO3 using both the general DFT 
functional like local density approximation (LDA), 
generalized gradient approximation (GGA-PBE) and the 
DFT+U methods. These approaches differ in their ways of 
calculating the exchange-correlation energies. LDA is the 
simplest form of DFT calculation which takes the electron 
density around any point to be varying very slowly and 
considers the electron density at that point only. This 
approximation works well in case of homogeneous electron 
gas but fails in the real scenario, because electron density in 
any atom or molecule varies greatly as a function of 
position. This error is partially removed in the GGA 
approach which is a non-local method in the sense that, for 
each point a gradient is taken, and hence a small positional 

extent beyond that point of interest is considered [21]. 
However neither of these two methods is able to deal with 
strongly correlated system, as the Hamiltonian in both the 
cases do not incorporate the Hubbard U term. On the 
contrary, the DFT+U approach is the one which 
appropriately describes the electronic correlation in a 
system by taking an effective U which in turn includes both 

the Hubbard U and the Hund’s coupling J [22]. However 
we have gone beyond DFT+U and used GW approximation 
(GWA) also, with Hubbard U. Standard GWA is carried 
out with our earlier GGA+U wave functions as the starting 
point. GWA is considered to be more precise compared to 
the early approaches and has been applied earlier to LaMO3 

(M=Ti~Cu) perovskites [23]. A comparison between the 
results obtained from these different approaches showed 
that the correlated metal LaNiO3 is accurately described by 
the GGA+U approach which provides the best platform for 
dealing with a correlated material. It treats the effective 
electron interaction Ueff to be U-J to reproduce the correct 
ground states. We have taken the value of Ueff to be 3 eV 
and used the structural informations given in an earlier 

report to start our DFT calculations [24]. On the other 
hand, for the doped LaNiO3 compounds, the hybrid 
functional HSE is found out to be an accurate method to 
describe the insulating states and the metal-insulator 

transitions [25]. First, super-cells are created from the 
parent LaNiO3 and then appropriate substitutions of Ni by 
Fe atoms are made. It is observed that LDA, and GGA 
approaches fail to reproduce the insulating ground states of 
the doped LaNiO3 compounds as they are unable to capture 
the band gaps in those compounds. Hence we have tried the 
hybrid functional method within DFT to address the Fe 
doped LaNiO3 using HSE functional. The core idea of this 
approach lies in the concept of mixing a certain fraction of 
the DFT exchange and correlation term with the Hatree-
Fock terms, which improves the accuracy of the results 
remarkably. In case of hybrid functional DFT, as the PBE0 
approximation is computationally expensive to treat the 
long range exchange interaction in a metal, we have used 
the HSE functional which treats it in the short range level 
and is more effective in describing the energy gap in an 

insulator and a metal-insulator transition [26]. The detailed 
prescriptions for calculating different optical constants are 
discussed below in much detail.  

All the optical constants are calculated from the 

complex dielectric function (). The imaginary part i of the 

dielectric function  is calculated first, using the relation 

following [27], 
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where, Ψk
c, Ek

c, and Ψk
v, Ek

v, denote the wave functions and 
energies of conduction and valence bands respectively, e, 
ω, ε0, and V are the electronic charge, frequency, dielectric 
constant in vacuum and the unit cell volume respectively, 
and the vector u here describes the polarization of the 
incident electric field. From the imaginary part of the 
dielectric function, the real part εr is extracted using the 
Kramers-Kroning transformation. The complex dielectric 
function can be expressed in terms of εr and the real part of 

the optical conductivity  as follows [27], 
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Reflectivity and the absorption index are also calculated 

using the refractive index n and the extinction coefficient k 

which in turn are calculated from dielectric function . The 

reflectivity R and the absorption coefficient  in terms of n 

and k are defined as [28], 
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In all the cases both the low frequency region ωτ≪1 and 

the high frequency region ωτ≫1 are extensively studied to 
analyze the exact  ground state of the material as these two 
regions carry the signatures of two distinct conduction 
mechanisms within a solid. While the low frequency region 
is dominated by free carriers which are in abundance in a 
metal, the high frequency region is dominated by inter-band 
electronic transitions typical of a dielectric material. As in 

the limit τ≪1, both n and k become sufficiently large, 
hence in a metal, 
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In other words, a metal is characterized by its behavior 
as a perfect reflector and huge absorption coefficient in the 
low frequency region.  
 

Results and discussion 

Fig. 1 shows the calculated density of states for pure 
LaNiO3 in different approaches. While LDA, GGA-PBE  
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and GGA+U approaches yield more or less similar results, 
the GW+U differ from rest of them. LaNiO3 is known to be 
a correlated metal with a quarterly-filled eg band. 
 

(a)

(b)

 
 
Fig. 1. Density of states for cubic LaNiO3 using different DFT methods. 
 

In all the cases in Fig. 1 except the GW+U method, the 
position of the Fermi level clearly reveal the metallic nature 
of the system by finite density of states at the Fermi level. 
Our GW+U results match well with the earlier GW+U 

calculations applied on other perovskites [23]. However the 
above comparison indicates that as GW+U approach relies 
on the starting wave functions which are more localized 
than the other approaches, it is appropriate for describing 
those systems which are on the verge of electron 
localization. In case of LaNiO3, GGA+U method seems to 
be the most accurate one to describe the metallic state 
retaining the electron correlation within the system. Hence 
regarding all the optical constants calculations afterwards, 
comparisons are made between LDA, GGA-PBE and 
GGA+U approaches only. The DOS of LaNiO3 clearly 
show that there is a substantial hybridization between Ni 3d 
and O 2p orbitals, which corroborates the metallic ground 
state of the system. The real and imaginary parts of the 

complex dielectric function  are calculated for cubic 
LaNiO3 using different DFT functional and they are shown 

in Fig. 2. Both εr and εi follow the general trend of a metal 
which can be well explained by the classical Drude theory. 
With increase in energy, εr increases while εi decreases, and 
finally they reach zero in the high energy region, as 
expected in a metal. Our DFT results of the dielectric 
function of LaNiO3 are in excellent agreement with 
previously reported theoretical and experimental results 

[29-31]. 

Fig. 3(a) shows the optical conductivity of LaNiO3 in 
LDA, GGA-PBE and GGA+U approaches. Following the 

general trend, LDA overestimates the results and produces 
peaks with much higher intensities than the other 
approaches.  

 

 
 
Fig. 2. Real and imaginary parts of the dielectric function of LaNiO3 in 
different approaches. 

 
While GGA-PBE and GGA+U methods yield more or 

less similar results in the low frequency region, they differ 
significantly in the high frequency region. Comparison of 
our theoretical results with experiments identifies GGA+U 
method to be the most relevant one to describe the 
correlated and metallic ground state of LaNiO3. In all the 
cases, optical conductivity shows a distinct Drude peak 
which is typical of a metal and hence proves the metallic 
nature of LaNiO3. Apart from the Drude peak, the optical 
conductivity has several peaks at higher energies starting 
from 1.5 eV. A careful analysis of the density of states of 
LaNiO3 shows that these peaks owe their origin from 
different inter-band electronic transitions in the system. Our 
result is in excellent agreement with an earlier optical 

spectroscopic study of LaNiO3 [32]. The most pronounced 
peak, situated at 1.5 eV originates from the electronic 
transitions between O 2p and Ni 3d states. While the peak 
at 4.2 eV is due to the transition between Ni 3d to La 4f and 
La 5d states, the high energy excitations at 5-5.5 eV are 
attributed to the transitions between O 2p and La 5d 
orbitals. The presence of both the Drude-peak which carries 
the signature of intra-band transitions and several inter-
band transitions peaks gives rise to the complex conduction 
mechanism within the system. Refractive index n is also 
calculated using different approaches and is shown in     

Fig. 3(b). Similar effect is seen in the reflectivity spectra 

(Fig. 3(c)) of the system also. The low energy spectrum of 
bulk LaNiO3 shows the system is a perfect reflector in the 
visible and IR range, which is the well-known property of a 

metal [28]. In the high energy region again several peaks 
emerge in the spectra showing the onset of inter-band 
electronic transitions. The calculations of the absorption 

spectra are also carried out as shown in Fig. 3(d). The large 
absorption coefficient of LaNiO3 in the low frequency 
region identifies the system as a metal and indicates its 

potential application in infrared detectors [33, 34].  
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Fig. 3. (a) Optical conductivity and (b) refractive index (c) reflectivity 

and (d) absorption coefficient for cubic LaNiO3 in different approaches. 
 

In pure LaNiO3, the Ni ion is trivalent and situated in an 
octahedral environment. When a small amount of Ni is 
substituted by equivalent Fe atoms, there is a considerable 
change in the crystal environment and a huge reduction of 

conductivity like an insulator is observed [35, 36]. The 
change is best demonstrated by the density of states and the 
optical conductivity spectra of the system. The density of 
states for LaNi0.75Fe0.25O3using different approaches, are 

shown in Fig. 4.  
 

 
 

Fig. 4. Density of states for LaNi0.75Fe0.25O3 using different DFT 
functional. 

 

As LDA and GGA-PBE fail to describe the insulating 
ground state of the system, we have gone beyond that to 
adopt the hybrid functional approach, namely HSE. Our 
calculations indicate that substitution of 25 % Ni by Fe is 
enough to trigger the metal to insulator transition in 
LaNiO3. While GGA-PBE approach can not reflect the 
insulating nature, the HSE hybrid functional correctly 
reproduced the insulating state of the system by showing an 

energy gap at the Fermi level (Fig. 4). The magnitude of 

the gap matches well with other available reports [37] and 
clearly indicates the onset of electronic localization within 
the material. The metal to insulator transition from LaNiO3 
to LaNi0.75Fe0.25O3 can be explained from the optical 
conductivity spectra of these two compounds as shown in 

Fig. 3 and 5. While the presence of Drude peak in the 
optical conductivity spectra sows the metallic nature of 
LaNiO3, the absence of Drude peak and the gap feature in 
the optical conductivity spectra of LaNi0.75Fe0.25O3 

demonstrates a metal to insulator transition due to Fe 
substitution. This metal to insulator transition in LaNiO3, 
induced by small amount of Fe doping, can be viewed in 
terms of charge localization and reduced atomic overlaps in 
the material as some of the Ni ions are replaced by Fe ions. 
The differences between the electronic states of Ni and Fe 
ions are vital in analyzing the MIT in LaNi1-xFexO3 
compounds. In case of LaNi1-xFexO3, the difference 
between the electronic spin configurations plays an 
important role in MIT. While Ni3+ ion is in low spin 
configuration (t2g

6eg
1) which prefers delocalization of the 

single d electron, Fe3+ is in high spin state (t2g
3eg

2) which is 
a stable configuration and prone to localization. Hence 
substitution of Ni by Fe reduces the itineracy of electron 
and promotes localization in the system. Apart from that, 
there is a bond length enhancement in the system as Fe3+ 
ions have larger radii compared to the Ni3+ ion. Increase in 
the ionic radii reduces the overlap between orbitals and 
hence promotes the insulating state over the metallic one.  
 

 
 

Fig. 5. Optical conductivity of LaNi0.75Fe0.25O3, obtained within HSE 
method. 
 

Conclusion  

A detailed investigation of the optical properties of bulk 
LaNiO3 is carried out using different DFT functional. 
While conventional DFT methods fail to describe strong 
correlation in a material, GGA+U approach is found to be 
the most appropriate one to describe the correlated metal 
LaNiO3. The Drude peak and the high reflectivity of 
LaNiO3 identify the system as a metal albeit correlated. 
When Ni ion is substituted by Fe ions even by 25 %, a first 
order MIT is observed. This transition is reflected clearly in 
the density of states and the gapped optical conductivity 
spectra of the doped systems. The Fe substitutions induced 
MIT in LaNiO3 is then explained in terms of change in the 
electronic structure and reduction of orbital overlaps in the 
system. 
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