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A B S T R A C T   

Recent experiments on the optical characterization of transition metal ions doped Na2ZnP2O7 host lattice, show 
promise as luminescent materials. A detailed study using ab-initio DFT-based calculations to understand how the 
properties of the Na2ZnP2O7 host lattice are affected by the Fe dopants is carried out. The GGA and GGA + U 
functionals were used to determine the electronic and optical properties of the host lattice and Fe ion doped 
Na2ZnP2O7.. Full structural geometric optimization was performed for pristine Na2ZnP2O7 host lattice, super-cell 
and Fe doped super-cell. The computed electronic band structure, density of states, and dielectric functions for 
the pristine and doped crystal structure reveal changes due to the Fe dopant ion, which induces various states 
within the band gap of Na2ZnP2O7 lattice. The total magnetic moment of the host lattice is found to be zero, 
which implies nonmagnetic behavior as shown by the spin-polarized band structure, while the spin-polarized 
band structure of the Fe-doped Na2ZnP2O7 structure shows a ferromagnetic character. This study provides 
new clues about the diphosphate compounds with transition metal dopant ions.   

1. Introduction 

The diphosphate compounds have a chemical formula AREP2O7 (A 
= alkali metal, RE = rare earth metal). This class of materials possess a 
wide band gap, which provide host for rare earth and transition metal 
ions. Also, multiple defects level can be incorporated in their forbidden 
gap, trapping electrons and holes and causing radiative recombination 
[1,2]. The wide band Na2ZnP2O7 compound have sparked significant 
interest with considerable attention focused on the development of 
luminescent materials. This is due to their exceptional adaptability, 
charge, and the local environment symmetry, which allows for the se-
lective tuning of properties. The large number of AREP2O7 compounds 
as well as the possibilitiy of isomorphic substitution makes thempo-
tentially applicable in optical amplification, optical data storage, white 
light-emitting diodes (w-LEDs), solid-state laser materials, 
up-conversion, gamma, X-ray scintillators, etc. [3–9]. Furthermore, the 

diphosphate-based compounds have several advantages for industrial 
use; they are strong candidates for immobilizing hosts for nuclear waste 
[10], have high catalytic performance [11], as well as other relevant 
industrial applications [12–15]. 

Fundamentally, these AREP2O7 compounds are very important 
sources of light. These compounds are appropriate for doping with 
multiple lanthanide and metal ions leading to changes in the electronic 
and optical properties [16]. This results in improvement of their appli-
cability in lighting and display devices. Experimental investigations 
have been carried out on the photo-physical properties of AREP2O7 
compound by doping with various lanthanide and metals ions as acti-
vators. These ions have a specific optical characteristic when introduced 
into a host lattice and opens the path for the future growth of optical 
amplifiers and phosphors. The optical impact of lanthanide ions is takes 
advantage of electronic transitions possible due to the partially filled 3d 
and 4f energy shells of transition metal and rare-earth ions [17,18]. 
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Currently, there are efforts by various researchers on the 
photon-electron conversion efficiency to replace traditional renewable 
energy approaches, such as the application of a solid-state perovskite 
device constructed by the mesoporous architecture [19], Shahid Hussain 
et al. [20,21] used the X-ray technique to conduct a thorough exami-
nation of these porous structures, and their results suggest possible uses 
as electrocatalysts and energy storage systems. 

In the last few decades, several studies have been published on the 
changes and effect of different properties of diphosphates-based com-
pounds when doped with different lanthanide and metals ions [7,22,23]. 
According to our understanding, theoretical studies of crystal structure 
engineering and solid comprehension of electronic band structures of 
the diphosphates host lattice, and the effects of dopant atoms on the 
stability, structural, electronics and optical properties have a long way 
to go in terms of the technological applications. To the best of our 
knowledge, no theoretical study on the Fe doped diphosphates com-
pounds have been performed to date. The aim of this paper is to provide 
a deeper understanding of the electronic and optical features attributed 
to Fe dopants ions in the Na2ZnP2O7 host lattice. Thus, we employed ab 
initio technique based on density functional theory (DFT) to explore the 
atomic structures, formation energies, electronic structures and optical 
properties of the Fe-doped Na2ZnP2O7 host lattice. To overcome the 
limitation of standard density functional leading to the underestimation 
of the band gap, the Generalized Gradient Approximation (GGA) with a 
Hubbard U approach is employed, which can provide a better descrip-
tion by computing the Hubbard U parameter [24]. 

2. Theoretical approach and computational method 

In the present study, we have carried out DFT calculations with spin 
polarization expanded in plane-wave Quantum ESPRESSO package [25] 
with both ultra-soft [26] and norm-conserving Vanderbilt [27] pseu-
dopotentials to describe electron-ion interactions [28] executed on 
pristine and various ions doped Na2ZnP2O7. The valence electrons for 
the considered elements are Na: 3s1, Zn: 4s23d10, P: 3s23p3, O: 2s22p4, 
and Fe: 4s23d6. We applied the exchange correlation GGA-PBE func-
tional [29] for the structural optimization and energetic properties in 
the ground state. The kinetic energy cutoff was set at58 Ry and 580 Ry 
for the charge density. The convergence criteria were set to 1. × 10− 8 eV 
for the total energy calculations. 

The crystal structure and stability were determined, followed by the 
electronic and optical properties of the host lattice and various ions 
doped Na2ZnP2O7 computed using GGA-PBE + U functional [24]. We 
used the linear response approach indicated by Cococcioni et al. [30] to 
calculate the Hubbard U parameter added on the O 2p as well as the 3d 
and 4f of dopants orbitals in a self-consistent trend as implanted in 
Quantum-Espresso package with respect to staying away from empirical 
estimation, the obtained values U = 4.81, 3.38 and 7.1, to treat, 
respectively, O 2p, Fe 3d and Zn 3d orbitals. 

The full structural optimization of the Na2ZnP2O7 compound with 48 
atoms in the unit cell as presented in Fig. 1 was carried out employing 
the Broyden–Fletcher–Goldfarb-Shanno (BFGS) method [31] and a 
Monkhorst-Pack [32] grid of 6 × 6 × 4. The significant component of the 
Hellmann-Feynman forces acting on single atom was set to be lower than 
1. × 10− 8 eV/Å for energy convergence criteria. The electronic and 
optical properties were computed by using denser Monkhorst-Pack grid 
of 10 × 10 × 8. 

To model the doped systems, we considered a 2 × 2 × 1 supercell 
from the Na2ZnP2O7 primitive cell as presented in Fig. 1 with 192 atoms 
(Na = P = 32 atoms, Zn = 16 atoms and O = 112 atoms, the amount of 
doping is 6.25% for both systems). In this study, the one Fe atom was 
used to substitutionally replace Zn atom in the Na2ZnP2O7 supercell. For 
the one Fe atom replacing Zn atom, there are 16 different possible 
configurations, and crystal structure optimization was ran for each 
configuration with the structure having the lowest formation energy 
determined as the best doping positions amongst all possible 

configurations. A 1 × 1 × 2 Monkhorst-Pack grid was used for the k- 
point to sample reduced Brillouin zone (BZ) for the total energy and 
atomic relaxation calculations incorporating the same as primitive cell 
convergence criteria. 

3. Results and discussion 

3.1. Structural properties and energetic 

The crystal structure of the Na2ZnP2O7 host lattice consists of 48 
atoms with four formula units per cell, crystallized in a tetragonal 
structure with the space group P42/mnm (136) as depicted in Fig. 1(a). 
The host lattice has ZnO4 tetrahedral linking corners with four similar 
P2O7 and Na atom placed between the layers [33] containing seven 
nonequivalent atoms, two Na atoms (Na1 and Na2), one zinc atom 
(Zn1), one phosphorus atom (P1) and three oxygen atoms (O1, O2 and 
O3). The corresponding Wyckoff positions are 4f, 4g, 4d, 8j, 4e, 8j, and 
16k.A basic agreement of the atomic positions with available theoretical 
and experimental results are found as shown in Table 1. Full geometrical 
optimization was performed for the Na2ZnP2O7 host lattice, 
Na32Zn16P32O112 super-cell and Na2Zn0.937Fe0.0625P2O7 doped 
super-cell. An overall agreement of the calculated crystal parameters (a, 
c) of the host Na2ZnP2O7 tetragonal structure with available theoretical 
and experimental results [23,33,34] is found as illustrated in Table 2. 

Based on the calculated host lattice, a large super cell of 192 atoms 
was optimized to study the presence of Fe dopants ions in the host lattice 
Na2Zn1-xFexP2O7 as shown in Fig. 1. From the optimized lattice con-
stants of the doped compound presented in Table 2, it is observed that 
the Fe doped Na2ZnP2O7 host lattice results in small volume increase, 

Fig. 1. Optimized crystals structures of (a) pure Na2ZnP2O7 host lattice and (b) 
Fe-doped Na2ZnP2O7 using GGA-PBE. 
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attributed to the ionic radii of Zn being close to the Fe. Also little change 
in the lattice parameters and no significant major lattice distortion are 
apparent after Fe doping at Zn site in Na2ZnP2O7 host lattice. 

The formation energy is an important criterion to confirm the rela-
tive stability of a compound and for dopants in the host lattice, the 
formation energies per atom of each system is calculated through the 
following equations [17]: 

Ef
Na2ZnP2O7

=Et
Na2ZnP2O7

− (μNa + μZn + μP + μO) (1)  

Ef
A = Et

doped − Et
perfect + (μZn − μA) (2)  

Where Et
Na2ZnP2O7 

is the total energy of the pure Na2ZnP2O7 host lattice, 
and μNa, μZn, μP and μO are the chemical potential of Na, Zn, P and O2 

molecule, respectively. Ef
A is the formation energy of each corresponding 

system under consideration, this energy (Ef
A) is the amount of energy 

required to substitutionally replace the Zn ion with the dopant ion. The 
lower the formation energy, the easier it is for the dopants atom to be 
incorporated into the Na2ZnP2O7 host lattice. Et

doped and Et
perfect are the 

total energy of the doped and perfect undoped supercell, respectively. μA 
denotes the chemical potential of the corresponding dopant ion. 

The calculated formation energy of the undoped and all doped sys-
tems is presented in Table 2. The formation energy of the pure 
Na2ZnP2O7 host lattice and Fe doped Na2ZnP2O7 are found to be nega-
tive. This means that the formation of this Na2ZnP2O7 host lattice is 
possible from its elemental constituents and Fe-doped Na2ZnP2O7 is 
feasible to realize. 

3.2. Electronic properties 

The electronic band structure and density of states (DOS) of a com-
pound is highly significant because it is provided important information 
about the nature of the compound, i.e., conductor, semiconductor, 
insulator, and the possible inter-electronic state transitions [35,36]. 

3.2.1. The band structure of pure and Fe-doped Na2ZnP2O7 
To examining the band gap of the pure Na2ZnP2O7 host lattice, we 

computed the electronic band structure by using the GGA-PBE + U 
approximation. The Hubbard U parameter was applied on O-2p and Zn- 
3d states of the pure Na2ZnP2O7 host lattice. Fig. 2 shows both the 
valence band maximum (VBM) and the conduction band minimum 

(CBM) are situated at the Γ point (Γv→Γc) of the BZ, which confirms the 
direct band gap nature of the pure Na2ZnP2O7 host lattice. The 
computed band gap value of the host lattice is about 5.7 eV, which 
agrees with our previous theoretical studies [33]. There is no experi-
mental data on the electronic band gap of the Na2ZnP2O7 compound 
available in the literature. The calculated band gap value implies that 
the Na2ZnP2O7 compound has a wide band gap, and it can appropriately 
accommodate both the ground and excited states of the impurity energy 
levels within the band gap for use as a luminescent host lattice. Fig. 2 
shows that the conduction band states exhibit pronounced dispersion 
along all paths in the BZ, whereas the valence band states are relatively 
flat, especially at the top of the valence band. This indicates that the 
holes have very limited mobility. 

The spin-polarized band structure (see Fig. 3(a) for spin-up and Fig. 3 
(b) for spin-down) of incorporating of Fe ion Na2ZnP2O7 host lattice is 
presented. The presence of one Fe ion substitutionally replacing the Zn 
ion shifts the Fermi level (EF) from the top of the VB to the bottom of the 
CB. This shift of the EF shows the n-type doping nature of Fe in 
Na2ZnP2O7 lattice. is effectively affected by incorporating impurity 
states below the conduction band because of the Fe doping, it can be 
seen in Fig. 3. In the spin up case, nearly flat bands of the Fe 3d states are 
obtained in the host’s band gap with the energy state being about 0.42 
eV above the VBM. This implies a high degree of localization of these 
states around the Fe ions. The Fe 3d states within the band gap of 
Na2ZnP2O7 reveals itself in the optical behavior as well. Thus, the im-
purity energy levels act as the acceptor to spatially separate the photo- 
generated electrons from holes and favor the photon absorption. From 
Fig. 3(b), the spin down case, there is a formation of an impurity state 
between the band-gap regions. The Fe 3d impurity states appear within 
the Na2ZnP2O7 band gap. The lowest state is about 2.4 eV above the top 
of the VB and two uppermost impurity states located at about 0.5 eV 
below the CBM. The impurity states above the VBM as well as below the 

Table 1 
The calculated GGA-PBE atomic positions of Na2ZnP2O7 compound. Theoretical and experimental values are included for comparison.  

Atom Wyckoff site Present Other calc [33]. X-ray diffraction [9]   

x y z x y z x y z 
Na1 4f 0.694 0.694 0.5 0.688 0.688 0.5 0.697 0.697 0.5 
Na2 4g 0.645 0.645 0 0.649 0.649 0 0.639 0.639 0 
Zn1 4d 0 0.5 0.25 0 0.5 0.25 0 0.5 0.25 
P1 8j 0.138 0.138 0.288 0.14 0.14 0.291 0.133 0.133 0.209 
O1 4e 0.136 0.136 0.345 0.138 0.138 0.357 0.132 0.132 0.354 
O2 8j 0.08 0.30 0.143 0.081 0.309 0.138 0.086 0.303 0.152 
O3 16k 0.5 0.5 0.643 0.5 0.5 0.642 0.538 0.538 0.660  

Table 2 
The computed lattice constants a and c (in Å), volume V (in Å3) and formation 
energy Ef (in eV/atom) of the Na2ZnP2O7 host and Fe ions doped Na2ZnP2O7 
lattice using GGA-PBE compared to other theoretical and experimental studies.  

Compound Ref. a c V Ef 

Na2ZnP2O7 Present 7.82 10.40 635.98 − 15.85  
Other calc [33]. 7.75 10.20 612.63   
Expt [23]. 7.74 10.50 629.20   
Expt [34]. 7.74 10.42 625.40  

Na2Zn0.937Fe0.0625P2O7  7.77 10.44 632.10 − 0.28  

Fig. 2. The electronic band structure of pure Na2ZnP2O7 host lattice calculated 
via GGA-PBE + U. The horizontal dashed line indicates the Fermi level, which is 
set at the valence band maximum. 
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CBM simultaneously could serve as electron-hole recombination centers; 
therefore Fe-doped Na2ZnP2O7 will enhance visible light photocatalytic 
activity. 

3.2.2. The density of states of pure and Fe-doped Na2ZnP2O7 
To explore the individual orbital contribution in the band structure 

of pure Na2ZnP2O7 host lattice, the total and partial densities of states 
(TDOS and PDOS) for Na, Zn, P and O atoms are calculating using GGA- 
PBE + U, as illustrated in Fig. 4. It is seen from the TDOS that the valence 
band ranges from − 8 to 0 eV of Na2ZnP2O7 host is completely occupied, 
which consist mainly of the O 2p and Zn 3d states and a minor contri-
bution of the mixed states P-3p and Na-3p, whereas the VBM closet to the 
Fermi level is formed by the O 2p states. The conduction band ranges 
from 5.7 to 14 eV has significant contribution from P-3p and Na-3p states 
with a minor contribution from the 3s and 3p states of P, O and Zn, which 
arises owing to the consequences of hybridization. 

The main contribution to the different orbitals of the atoms in the 
calculated bands structure for spin up and spin down can be explained 
considering the TDOS and PDOS as shown in Fig. 5. We observed in 
Fig. 5(a) that the TDOS has a valence band of about 10 eV in width, 
namely from − 16 to − 6 eV and consists of three sub-bands. The lower 
bands from about − 15.5 eV to − 14.5 eV is formed by the O and P 2p 
states, and the middle bands is from about − 13 eV to − 11 eV is formed 
by the Zn 3d states with minor contribution of O 2p states, whereas the 
upper states from approximately − 11 eV to − 6 eV is due to the O 2p 
states. The conduction band, which is about 4 eV wide, is composed of 
the P 3p and Na 3p states, to which the Zn 3d and O 2p states have a small 
contribution. From the PDOS, the impurity states in the band gap are 
mainly composed of Fe 3d states. 

To study the local and total magnetic moment of the Fe-doped 
Na2ZnP2O7 host lattice, spin polarized DFT calculations with GGA + U 
functional were employed. The total magnetic moment of the 
Na2ZnP2O7 host lattice is found to be zero. The non-magnetic behavior is 
verified from the spin-polarized band structure, which shows that the 

spin up and spin down configuration are symmetric. Thus, the ground 
state of the host is non-magnetic, while the profile of the spin-polarized 
band structure of the Fe-doped Na2ZnP2O7 host (see Figs. 2 and 3) shows 
ferromagnetic character. From PDOS, we can see that the electronic 
state has a significant impact on magnetic characteristics. We found that 
the s-states of Fe have a little effect, whereas the 3d states of Fe 
contribute significantly to magnetism. It is further observed that the 
total magnetic moments of the Fe-doped Na2ZnP2O7 host lattice is 
approximately 4μB, and the magnetic moment per single Fe atom was 
about 3.3825μB . The highest magnetic moment in all super-cells is 
related to the Fe atom, which accounts for around 85% of the total 
magnetic moments observed. 

The variation of the band structure for the pristine Na2ZnP2O7 host 
lattice and Fe doped structure signifies charge transfer. Theoretical 
calculation for the 3D charge density difference (CDD) as presented in 
Fig. 6 was carried out to provide visual evidence of charge transfer. The 
3D charge density difference was plotted by subtracting the charge 
density of the doped supercell from that of the perfect supercell. Electron 
depletion and accumulation occurred on the FeO4 tetrahedral site due to 
the Fe dopant ions in the defect supercell. The yellow color represents 
positive electronic densities which accept electrons, and the cyan color 
represents negative densities which donate electrons. Accumulated 
negative and positive charges, respectively is indicative of the strong 
bond formation with some covalent character. 

3.2.3. The optical properties of pure and Fe-doped Na2ZnP2O7 
The optical properties of diphosphates-based compound are calcu-

lated, which is applied to understand the luminescent and photo-
catalytic materials. The diphosphates-based compound is important for 
optoelectronic devices. When photons are absorbed or emitted, electron 
transitions between occupied and unoccupied states can occur, consid-
ering single-particle excitations and Plasmon’s. To evaluate the optical 
properties of pristine Na2ZnP2O7 lattice and the influence of the Fe 
dopants on the optical behavior of Na2ZnP2O7 host lattice. The complex 

Fig. 3. The electronic band structure for (a) spin up and (b) spin down of Fe-doped Na2ZnP2O7 calculated via GGA-PBE + U. The horizontal dashed line indicates the 
Fermi level, which is set at the zero level. 
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dielectric function of a solid is calculated as given in equation (3): 

ε(ω)= ε1 (ω) + iε2 (ω) (3) 

The real (ε1 ) and imaginary parts (ε2 ) both parts are connected by 
the Kramers-Kronig formula [37,38]. The refractive index n(E), the 
extinction coefficient K(E), the absorption coefficient α(E), the reflec-
tivity R(E), and the energy-loss spectrum L(E) formulae are presented 
below [17,39]. 

n(E)=

⎡

⎣

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ε1 (E)2
+ ε2 (E)2

√

+ ε1 (E)
2

⎤

⎦

1
2

(4)  

k(E)=

⎡

⎣

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ε1 (E)2
+ ε2 (E)2

√

− ε1 (E)
2

⎤

⎦

1
2

(5)  

α(E)= 2ωk(E) (6)  

R(E)=
[n(E) − 1]2k(E)2

[n(E) + 1]2k(E)2 (7)  

L(E)=
ε2 (E)

ε1 (E)2
+ ε2 (E)2 (8) 

In this section, the optical properties of pristine and Fe doped 
Na2ZnP2O7 were investigated using the DFT + U approach. The 

tetragonal symmetry is used for the Na2ZnP2O7 host lattice, the com-
ponents εx and εz dielectric function in the x and z directions, respec-
tively, are employed to compute the dielectric tensor. 

Fig. 7 show the variation of the real ϵ1(ω) and imaginary ϵ2(ω) part of 
the dielectric function ranging from 0 eV up to 25 eV, which is related to 
the optical response of the compound at all photon energies. The 
absorptive part ϵ2(ω) of dielectric function show that the optical ab-
sorption edge occurred at around 6 eV which is closely related to the 
band gap value obtained in our study, after that there is a broad peak for 
ε2x and ε2z direction at 12 eV and 11 eV, respectively, these peaks 
correspond to the absorption behavior of the electronic band structure of 
the compound which is related to the optical transitions from the 
valence band to the conduction band, that is consistent with our pre-
vious study [33]. Also Fig. 7(b) show an optical anisotropy of these two 
directions over the whole energy range. 

Fig. 7(a) show the variation of the dispersive spectra of the dielectric 
function as the energy stored in compound, the two directions ε1x and ε1z 
increases from the low energy range, then it decays to zero at higher 
energy. This shows that the compound would not interact with high 
energy photons and thus transparent. At the zero-energy limit, the 
magnitude of the dielectric functions, ε1(0) is equal to 2.2. These static 
values are strongly correlated to the semiconductor’s band gap, as dis-
cussed by Penn’s model [33,40]. 

Fig. 7 (right panel) show the calculated real and imaginary parts of 
dielectric function for the Fe-doped Na2ZnP2O7 host lattice. There is a 

Fig. 4. The calculated (a) total densities of states (DOS) and partial densities of 
states (PDOS) of Na2ZnP2O7 host lattice via GGA-PBE + U with contributions of 
the (b) O atoms, (c) Zn atoms, (d) P atoms and (e) Na atoms. 

Fig. 5. The calculated (a) total densities of states (DOS) and partial densities of 
states (PDOS) of Fe-doped Na2ZnP2O7 host lattice via GGA-PBE + U with 
contributions of the (b) Fe atom, (c) O atoms, (d) Zn atoms, (e) Na atoms and (f) 
P atoms. 
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significant difference between Fig. 7 (left panel) and 7 (right panel). This 
difference arises from the change in the electron band structures. The 
peaks in the spectra are attributed to various electronic excitations from 
the occupied states in the valence band to the unoccupied states in the 
conduction band. Compared to the Na2ZnP2O7 host lattice, the peaks in 
the spectra of Fe-doped Na2ZnP2O7 compound shift towards the lower 
energy region from UV to visible and IR regions. Fig. 7(b) shows the 
absorptive part ϵ2(ω) of dielectric function. There is a small absorption 
peak in low energy region at about 2–3 eV. This reveals a new and 
separate pathway for the absorption of photons with energy lower than 
the gap width of the Na2ZnP2O7 host lattice. The maximum value of 
ϵ2(ω) appears to be at 2.38 and 1.6 eV for x and z direction respectively, 

whereas highest peak for host lattice is reached at 3.2 and 4.5 eV for x 
and z direction respectively. The variation of the dispersive spectra of 
the dielectric function versus energies is shown in Fig. 7(a). This shows 
positive values of dispersion across all spectral ranges, whereas the 
dispersion curve of the host lattice shows negative values in the energy 
region 15–18 eV. We found that the magnitude of the dielectric func-
tions ε1(0) of Fe-doped Na2ZnP2O7 is equal to 1.6 and 1.5 eV for x and z 
direction respectively, which is higher compared with the Na2ZnP2O7 
host lattice as shown in Fig. 7(a). 

The calculated absorption coefficient of pure Na2ZnP2O7 host lattice 
is shown in Fig. 8(a). We notice that the absorption edge rises from about 
6 eV, which corresponds to the direct Γ − Γ transition. The absorption 

Fig. 6. The calculated charge density difference (CDD) of Fe-doped Na2ZnP2O7 host lattice via GGA-PBE + U.  

Fig. 7. The calculated dispersion of the (a) real ϵ1(ω), and (b) imaginary ϵ2(ω) parts of the dielectric function as a function of photon energy of pure Na2ZnP2O7 host 
lattice (left panel) and Fe-doped Na2ZnP2O7 (right panel) using GGA-PBE + U. 
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continues to increase until reaching the maximum at 15 eV, this energy 
range lies within the UV range of the solar spectrum. Thus, this implies 
that there is medium photon absorption in the UV region. The results of 
optical absorption spectra of Fe-doped Na2ZnP2O7 host lattice are 
illustrated in Fig. 8(b). Absorption spectra are assessed by considering 
energy in the range 0–25 eV. This is interpreted as the absorption range 
is very wide, which are from infrared to ultraviolet region. 

These spectra presented as an effect of electrons excitations from 
valence to conduction band [41] and owing to quantum confinement 
effects, which are amplified by doping [42,43]. Quantum confinement 
effect is also responsible of narrower absorption width and the shifting 
of absorption maxima toward region of lower energies as compared to 
Na2ZnP2O7 host lattice, which those phenomena can be ascribed to a red 
shift and considerable band gap reduction. 

Fig. 9(a) shows the behavior of refractive index spectrum as a 
function of the energy of pure Na2ZnP2O7 host lattice. The calculated 
refractive index is obtained with respect to the crystal structure axes of 
the compound. The static index for both x and z direction is n (0) = 1.45, 
which is in good agreement with the literature report [33,44]. The low 
value of the static index is a good indication that pure Na2ZnP2O7host 
lattice is transparent. The calculated refractive index spectrum versus 
energy for Fe doped Na2ZnP2O7host lattice is shown in Fig. 9(b). At zero 
energy, the refractive index n(0) of Fe-doped Na2ZnP2O7 is 0.5 and 0.4 
for x and z direction, respectively, which is lower than the refractive 
index of the pure Na2ZnP2O7 host lattice. 

This is determined to be 1.45; this decrease in the static refractive 
index confirms the decrease in the band gap. This is due to enhanced 

photon scattering by crystal defects caused by the Fe dopants [45]. The 
lowest value of the absorption energy corresponds to the highest value of 
the refractive index. The refractive index starts decreasing when the 
absorption value increases, as seen in Fig. 9(b). 

Fig. 10(a) depicts the extinction coefficient of pure Na2ZnP2O7 host 
lattice which defines the absorption phenomenon in the complex 
refractive index. At an energy that corresponds to the optical band gap, 
the extinction value increases then falls to zero. This threshold is equal 
to 6 eV. 

The extinction coefficient of Fe doped Na2ZnP2O7 host lattice is 
illustrated in Fig. 10(b) with sharp peaks observed at 10 eV and 11 eV for 
x and z directions respectively. This lower energies result in better 
values of absorption and extinction coefficient (K). 

In Fig. 11(a), the calculated reflectivity (R) of pure Na2ZnP2O7 host 
lattice is presented. The reflection coefficient represents the amount of 
energy reflected in relation to the incident energy. The static value of the 
reflection coefficient is 0.15 for both x and z directions. The reflection 
coefficient increases then approaches the maximum values around the 
UV range at 12 eV for both the x and z direction. We showed a maximum 
transmittance (T) (R ≈ 0, T ≈ 1) as the compound is transparent without 
any absorption. The maximum transmittance (T) in pure Na2ZnP2O7 
host lattice is located at 17 eV. 

Fig. 11(b) shows the calculated reflectivity (R) of Fe-doped 
Na2ZnP2O7 host lattice, in which a sharp peak is obtained at lower en-
ergy. The doped structure shows a narrower energy width of reflectivity 
spectrum than the host lattice. The maximum transmittance (T) in Fe- 

Fig. 8. The calculated optical absorption coefficient α(ω) as a function of 
photon energy of (a) pure Na2ZnP2O7 host lattice, and (b) Fe-doped Na2ZnP2O7 
using GGA-PBE + U. 

Fig. 9. The calculated dispersion of the refractive index n(ω) as a function of 
photon energy of (a) pure Na2ZnP2O7 host lattice, and (b) Fe-doped Na2ZnP2O7 
using GGA-PBE + U. 
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doped Na2ZnP2O7 host lattice is located at 12 eV, which is lower energy 
than the host lattice, and this indicates that even if the energy is zero, the 
doped host lattice tends to produce radiation. The static values of the 
reflection coefficient are 0.058 (≈6%) and 0.04 (4%) for x and z di-
rections, respectively. 

In Fig. 12, we present the suggested electronic band structure for 
optical transitions in pure Na2ZnP2O7 and Fe-doped Na2ZnP2O7 host 
lattices. New electronic states associated with the Fe 3d orbitals appear 
in the band gap for the Fe-doped Na2ZnP2O7with low Fe (6.25%) con-
centration. The d-d transition energy is 0.42 eV and 2.94 eV for the spin 
up and spin down, respectively. The 3d orbitals split into the doubly 
degenerated eg orbital (the lower state), and the triply degenerated t2g 
orbital (the higher state). In the ground state, all 3d electrons of the Fe 
atoms occupy the eg ground state with their spin moments aligned to 
form the spin-sextet state 6A1. It can be seen that the ground states 4T1 
and first excited state 6A1 in spin down configuration of Fe-doped 
Na2ZnP2O7 is considerably higher in energy as compared to spin up 
configuration. 

4. Conclusion 

The DFT calculations with spin polarization expanded in plane-wave 
Quantum-ESPRESSO package with both ultrasoft and norm-conserving 
Vanderbilt pseudopotentials are used to describe electron-ion in-
teractions on pristine and Fe doped Na2ZnP2O7. We applied the GGA- 
PBE functional for the structural optimization and energetic properties 
to determine the ground state. The electronic and optical properties of 

the host lattice and Fe doped Na2ZnP2O7 were computed using GGA- 
PBE + U functional. Full geometrical optimization was performed for 
Na2ZnP2O7 host lattice, Na32Zn16P32O112 super-cell and Na2Zn0.937-

Fe0.0625P2O7 doped super-cell. An overall agreement of the calculated 
crystal parameters (a, c) of the host Na2ZnP2O7 tetragonal structure with 
available theoretical and experimental results was observed. From the 
optimized lattice constants of doped systems, it is observed that the Fe 

Fig. 10. The calculated extinction index K as a function of photon energy of (a) 
pure Na2ZnP2O7 host lattice, and (b) Fe-doped Na2ZnP2O7 using GGA-PBE + U. 

Fig. 11. The calculated optical reflectivity as a function of photon energy of (a) 
pure Na2ZnP2O7 host lattice, and (b) Fe-doped Na2ZnP2O7 using GGA-PBE + U. 

Fig. 12. The suggested band structures for optical transitions in (a) pure 
Na2ZnP2O7 host, (b) Fe-doped Na2ZnP2O7 in the spin up direction and (c) 
Na2ZnP2O7 in the spin down direction. 
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doped Na2ZnP2O7 host lattice results in small volume increase. This is 
attributed to the close ionic radii of Zn to the Fe. Also, the lattice pa-
rameters show no significant major lattice distortion from Fe doping at 
Zn site in Na2ZnP2O7 host lattice compared to the pristine. The forma-
tion energy of the undoped and all doped systems are calculated. The 
formation energy of the pure Na2ZnP2O7 host lattice is found to be 
negative. This means that the formation of this structure is possibly from 
its elemental constituents and for the Fe-doped Na2ZnP2O7, we found it 
to be thermodynamically favorable. The electronic band structure is 
computed using the GGA-PBE + U approximations for the Na2ZnP2O7 
host. We found that both the maximum of valence band (VBM) and the 
minimum of conduction band (CBM) are situated at the gamma point (Γ 
→ Γ) of the Brillouin zone, which confirms the direct band gap nature of 
the Na2ZnP2O7 host. The computed band gap value of the host lattice is 
about 5.7 eV, which is in consistent with previous theoretical studies. 
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