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Abstract 

 
The NaCr(P2O7) sample was synthesized using the solid-state reaction method. X-ray 

diffractogram and Rietveld refinement confirmed the formation of a monoclinic structure with the 

P21/a space group. The morphology and homogeneity of the chemical composition were identified 

through Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray analysis (EDX). The 

optical absorption spectrum was measured in the wavelength range of 200 nm to 833 nm at room 

temperature. The direct optical band gap of the NaCr(P2O7) material was estimated to be 2.9 eV. 

The Urbach energy of the NaCr(P2O7) material was determined to be 0.44 eV. The absorption 

spectrum of NaCr(P2O7) sample shows the presence of interference dip on the lowest energy band 

4T2g(
4F). This interference results from the interaction via spin-orbit coupling between states 2Eg(

2G) 

and 4T2g(
4F) with different multiplicities of spins. We have analyzed this phenomenon through the 

Neuhauser model based on coupled potential energy surfaces. From the Neuhauser results, the 

electronic structure of Cr3+ (3d3) ions in NaCr(P2O7) sample was determined. Thus, a reliable 

calculation of Racah and crystal-field parameters has been obtained, leading to a good agreement 

between both experimental and theoretical energy levels. We employed the coupled potential energy 

surface model to study the coupling between states that have different multiplicities of spin and 

demonstrate the impact of spin-orbit interactions. 

 

Keywords: NaCr(P2O7) material; Neuhauser model, crystal structure; Optical band-gap; crystal 

field theory. 
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1. Introduction 

Recently, many investigations on transition metal phosphates have been performed. These 

compounds, which contain MO6 octahedra and PO4 tetrahedra, demonstrate a variety of structural 

compositions. One of specific area of interest are sodium diphosphate ceramics with the chemical 

formula NaM(P2O7), where M represents transition metals (Cr, Al, Fe, Y, Co …) [1-3]. Among 

these materials, NaCr(P2O7) has many uses as ceramic, ferroelectric, electric, solid electrolyte, 

catalyst, and nonlinear optical material [4-7]. Despite extensive research across various domains, 

there has been limited exploration specifically focused on the optical properties of NaCrP2O7. 

Despite extensive research across various domains, there has been limited exploration specifically 

focused on the optical properties of NaCrP2O7. This material could be interesting owing to the 

presence of the metallic element Chromium (Cr) which can enhance its optical properties [8,9]. The 

chromium exhibits an octahedral environment and is present in smaller amounts than phosphorus. 

The objective of this article is to explore various aspects. Initially, our focus will be on the 

preparation and on the structural examination of the NaCrP2O7 compound. Subsequently, we aim to 

present significant optical parameters: the band gap energy (Eg) and Urbach energy (Eu). In addition, 

we employ the Neuhauser model to study the feature seen in the absorption band of Cr3+ ions. This 

study is performed to demonstrate the origin of interference dips that appear in the absorption 

spectrum. Lastly, an investigation based on crystal field theory, employing Racah tensor algebraic 

methods, was carried out for the Cr3+(3d3) within an Oh site symmetry. It is noteworthy that a limited 

number of studies have employed crystal field theory for a thorough and systematic examination of 

the absorption spectra of the mentioned compound. 

 

2. Experimental details 

To produce NaCrP2O7 compound a solid-state procedure was used at high temperatures. In a 

mortar, the components (Na2CO3, Cr2O3, and NH2- H4PO4) were mixed and ground in conformity 

with the chemical transformation: 

Na2CO3 +Cr2O3 + (4 NH4H2PO4) → 2NaCrP2O7 + 4NH3 +6H2O+ CO2(1) 

In the first time, they were heated slowly at 573 K for 9 h to eliminate NH3, H2O, and CO2, and their 

stoichiometric quantities were measured. After being calcined, the powder was transformed into 

cylindrical pieces and heated for 11 hours at 973 K. To evaluate phase purity, XRD patterns were 

obtained and refined with the assistance of a Phillips powder diffractometer PW 1710. The 

measurements encompassed a broad spectrum of Bragg angles from 10° to 100°, employing copper 

CuKα radiation (λ = 1.5405 Å). In addition, samples were analyzed using a Zeiss EVO LS15 
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Scanning Electron Microscope (SEM) coupled with Energy Dispersive X-ray Spectroscopy (EDX) 

for detailed imaging and elemental analysis. The absorbance and reflectance spectra were obtained 

by utilizing a Perkin Elmer Lambda 1050 spectrophotometer at ambient temperature, covering the 

wavelength range from 200 to 833 nm. 

 

3. Results and discussion  

3.1. Structural and morphological studies 

The crystal structure of the NaCrP2O7 was analyzed based on powder X-ray diffraction 

(XRD) data. The results of (XRD) pattern of our sample taken at room temperature in the 2θ range 

(10-100) with a step width of 0.02 is shown in Figure 1. The XRD refinement were also performed 

by Rietveld refinement using Fullprof software [10]. All the reflection peaks are indexed in the 

monoclinic system with P21/a space group. Peaks corresponding to NaCrP2O7 are indicated, 

confirming the presence of the desired phase. The unit cell dimensions are a = 13.031(2) Å, b = 

22.539(5) Å, c = 5.927(5)Å, and β =91.633(7)°. The reliability factors Rwp and Rp was found at 6.4 

and 7.3 respectively. The goodness-of-fit (chi-square factor χ) is 3.6, this result shows a good quality 

of fit. 

 

 

Figure 1. The X-Ray Diffraction (XRD) pattern of the synthesized sample (black) and Rietveld 

refinement for the NaCrP2O7 sample overlaid with the standard reference pattern for the 

NaCrP2O7 phase (red, JCPDS no. 96-154-1856). 
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The structure of this compound is shown in Figure 2. In this structure, the Cr3+ site is 

octahedral coordination (Oh point group) and it is surrounded by O ligands.  

 

 

Figure 2. Unit cell of NaCrP2O7 as drawn with the Vesta software [11] 

 

The surface morphology, size distribution and elemental composition of NaCrP2O7 were 

characterized using a Scanning Electron Microscope (SEM) coupled with Energy Dispersive X-ray 

Spectroscopy (EDX). To identify the size and shape of the particles and to perform a morphological 

study of NaCrP2O7, we use the Scanning Electron Microscope (SEM) observations. Figure 3 

illustrates the grain size distribution histogram of NaCrP2O7 and the inset shows the (SEM) 

micrograph of the named compound. According to this Figure, the particle size extends from 0.5 to 

4 μm on the histogram, with an average size of 1.72 μm indicating the formation of micrometric 

particles. This small size of the particle indicates the success of micro-particle synthesis [12].  
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Figure 3. Histogram of grain size distribution of NaCrP2O7. The inset corresponds to SEM image 

with an average size around 1.72 μm 

 

Figure 4 shows the EDX spectrum of NaCrP2O7. This spectrum shows the presence of the 

peak C which is associated to the emission of the carbon ribbon used during the measurement. We 

observe that P and O are the main components, while Na and Cr are present in low amounts. Table 

1 presents the outcomes of the quantitative EDX spectrum analysis of the elements present in 

NaCrP2O7. 

 

Figure 4. The quantitative analysis of the compositional elements presents in NaCrP2O7 using 

EDX 
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Table 1: The elements present in NaCrP2O7 and their percentage of occupation.  

Spectrum 

label 
EDX Spectrum (%) 

C 9.75 

Na 11.08 

P 51.35 

Cr 27.82 

Total 100.00 

 

3.2. Determination of the optical band gap (Eg) and the Urbach (Eu) energies 

The determination of Eg band gap is obtained firstly through the Marotti method. Figure 5 

represents their reflectance curve versus . The value of Eg is determined from the maximum of the 

curve dR/d [13]. We found a band-gap energy at 3.15 eV (see the inset of Figure 5). 

 

 
Figure 5. Curve of the reflectance versus λ. The inset of this figure illustrates the evolution of the 

dR/dλ versus λ. 

 

In the following, the value of Eg for NaCrP2O7 is found by the use of the Tauc method based 

on the well-known quadratic equation [14]: 

𝜶𝒉𝝂 = 𝑨(𝒉𝝂 − 𝑬𝒈)𝒏                                                                                                                     (1) 
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Where h is the Planck constant, ν is the photon’s frequency, Eg is the band gap energy and A is a 

constant. In this equation, the exponent value n depends on the nature of the band gap which is 1/2 

for an allowed direct band gap and has the value 2 for an allowed indirect bandgap [15]. Figure 6 

shows the plot of (αhν)2 and (αhν)1/2 against photon energy (hν). From this plot, we found the optical 

energy band gap for direct transition Egd at 2.9 eV and indirect transition Egi at 2.3 eV. 

 

 
Figure 6. The evolution of (αhν)1/2and (αhν)2against (hν). 

 

To confirm the nature of the optical band gap (direct or indirect), we rearrange Equation 

(1) and we obtain the following relation: 

𝑳𝒏(𝜶𝒉𝝂) = 𝑳𝒏𝑨 + 𝒏 𝑳𝒏(𝒉𝝂 − 𝑬𝒈)                                                           (2) 

Figure 7 shows the evolution of Ln(αhν) against Ln(hν-2.9) for NaCrP2O7. This curve demonstrates 

a straight line whose slope gives the power factor (n = 0.48), which is close to 0.5. This value 

indicates that our sample belongs to the wide optical band gap semiconductor range and has a direct 

band gap transition. This obtained value is close to the value obtained by Marotti method. 
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Figure 7. Evolution of Ln(αhν) against Ln(hν-2.9) for NaCrP2O7. 

 

When impurities are present in semiconductors, phonon interaction often leads to the 

formation of a band tailing within the band gap. The Urbach energy is a parameter that characterizes 

the disorder in a sample. It represents the transitions between localized states of the conduction band 

and extended states of the valence band. The disorder named Eu is calculated by using the following 

relation where B designates a constant (the band tailing parameter) [16]: 

       𝜶(𝒉𝝂) = 𝑩 𝒆𝒙𝒑(
𝒉𝝂−𝑬𝒈

𝑬𝒖
)                                                                                                            (3) 

By plotting the Ln(α) curve versus hv photon energy, one can determine the Urbach energy. As 

shown in Figure 8, we calculate it by taking the reciprocal of the slope of the linear portion of the 

curve. The Urbach energy defines the amount of disorder in the semiconductor. We find Eu= 0.44eV.  

This value represents 15.17 % of the band gap energy and confirms the presence of the localized 

states’ density in this compound. 
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Figure 8. Curve of Ln(α) against hν to determine the Urbach energy for the NaCrP2O7 compound. 

 

4. Study of the absorption spectrum of Cr3+ in NaCrP2O7 phosphate 

containing interference dip 

First series transition metal ions with the electronic configuration 3dn are sensitive to their 

surroundings. The strong interaction is thus evident in the 3d3 electrons, which are strongly 

influenced by the vibrations found in the host matrix. 

This behavior manifests itself in the optical spectrum through the broad optical absorption bands. 

Figure 9 illustrates the optical absorption spectrum of Cr3+ in NaCrP2O7 recorded at ambient 

temperature. The spectrum indicates two broad bands attributed to the spin allowed transitions from 

ground state 4A2g(
4F) to the excited states 4T2g(

4F) and 4T1g(
4F). In addition to that, we remark the 

presence of an interference dip on the broad band 4T2g(
4F) and caused by the superposition of the 

spin forbidden transitions 4A2g(
4F) → 2Eg(2G). The examination of this spectrum has a lengthy and 

disputed historical analysis [17-19]. 
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Figure 9. Absorption spectrum of NaCrP2O7 phosphate and result of the interference dips fitting. 

 

 

The origin of the interference dip is the interaction between states with different 

multiplicities of spins. The usual diabatic Hamiltonians are used to describe the total electron-

nuclear Hamiltonian for the coupled state [20]: 

 

𝐻 =  
𝑝2

2𝑚
+ [

1

2
 𝑚𝜔𝐹

2𝑥2 + 𝜀𝐹 𝛾

𝛾
1

2
 𝑚𝜔𝐴

2(𝑥 − 𝑥𝐴)2 + 𝜀𝐴

]                                               (4) 

 

where m is the mass of the oscillator, A and F are the allowed and forbidden state frequencies, x 

is the vibrational coordinate, xA is the shift of the vibrational coordinate minimum upon excitation, 

A and F are the allowed and forbidden state minimum potential energy, and  is the coupling 

constant between the two states. The system under examination is depicted in Figure 10, together 

with the potential energy surfaces for the ground and excited states that result in the dips.  
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Figure 10. The potential energy surfaces that represent the diabatic (bold lines) and adiabatic 

(dashed lines) model for (CrO6)
3-, as described by Equation (4). The allowed state (4T2g) is labelled 

"A" and the forbidden state (2Eg) is labelled "F". The transitions from the ground state 4A2g to the 

excited states 4T2g and 2Eg are shown by the arrows. 

In the following, we will be employing the Neuhauser method which serves two primary 

purposes: on the one hand to have a precise reading of the 4T2g(
4F) and 2Eg(

2G) levels and on the 

other hand to have parameters for tracing the potential energy surfaces which explains the origin of 

this dip. A concise recapitulation of the method proposed by Neuhauser et al. [20] and Bussièreet 

al. [21] is provided. In general, the following analytical expression describes the profile of the 

absorption spectrum with one or two interference dips (m = 1 or 2): 

 

𝜎(𝜔) =  −
1

𝜋
 𝐼𝑚 [

𝛽

1−(𝛾1
2𝛼1+𝛾2

2𝛼2)𝛽
]                                                                                                   (5) 

 

Where γ1 and γ2 are the coupling constants of both forbidden state α1 and α2 with the allowed one. 

ω is the frequency, β is the spectrum without coupling, The α and β equations are: 

𝛽 =  
1

𝜔−Δ+𝑖√𝜔0𝜆𝑒
                                                                                                                             (6) 

𝛼𝑚 =  
1

𝜔−𝜀𝐹,𝑚+𝑖Γ𝑚
     𝑚 = 1, 𝑜𝑟 2                                                                                                  (7) 
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The width of individual vibronic lines is determined by Γm, a phenomenological damping factor, 

where Δ is the maximum of the absorption band without coupling and εF,m are the energies of each 

forbidden state. The width of the allowed band is denoted by √𝜔0𝜆𝑒, where λe = Δ - εA and ω0 is 

the metal-ligand band's stretching frequency. 

The absorption spectrum is fitted by: 

𝑅𝑒[𝜎(𝜔)] = −
𝐴

𝜋

−√𝜔0𝜆𝑒−∑
Γ𝑖𝛾𝑖

2

(𝜔−𝜀𝐹,𝑖)
2

+Γ𝑖
2

𝑖

(𝜔−Δ)2+𝜔0𝜆

[1−∑
𝛾𝑖

2((𝜔−Δ)(𝜔−𝜀𝐹,𝑖)−Γ𝑖√𝜔0𝜆𝑒)

((𝜔−𝜀𝐹,𝑖)
2

+Γ𝑖
2)((𝜔−Δ)2+𝜔0𝜆𝑒)

𝑖 ]2+[∑
𝛾𝑖

2((𝜔−𝜀𝐹,𝑖)√𝜔0𝜆𝑒+(𝜔−Δ)Γ𝑖)

((𝜔−𝜀𝐹,𝑖)
2

+Γ𝑖
2)((𝜔−Δ)2+𝜔0𝜆𝑒)

𝑖 ]2

                 (8) 

Equation (8) was programmed in the Origin software and the parameters were optimized to obtain 

the best possible agreement with the experimental spectrum. We applied the Equation (8) only for 

one interference dip as it is observed on the 4T2g(
4F) band of Figure 9. The energies of 4T2g(

4F) and 

2Eg(
2G) are crucial to identify the position of the dip. After the software calculates these energies, 

the coupling and damping become essential variables in the fitting process. The best fitting, is 

obtained by the interplay between γ and Γ parameters. The optimal fit's parameter values are 

presented in Table 2. It is clear that the calculation duplicates very well with the absorption spectrum 

and the dip is effectively replicated by the use of the analytical equation (Equation (8)). It's crucial 

to emphasize that the energy of the doublet state (εF = 2Eg(2G)), is found in the depth of dip and not 

at the maximum of the peak. The value of the parameter Δ=E(4T2g(
4F)) represents the energy at the 

maximum of broad band which is approximately at its center. The Γ parameter translates the depth 

of the dips. The coupling constant between 2E(2G) and 4T2(
4F) has a value of γ = 275 cm-1. The γ 

parameter is related to the S-O coupling constant by γ = - 56  [19] thus giving  = 251 cm-1. 

Table 2: Fitting parameters in cm-1 with Equation (8) for the calculation of the absorption spectra 

of Cr3+ in NaCrP2O7. 

band 4A2g → 4T2g(
4F) 

∆ 15342 

√𝜔0𝜆𝑒
* 2050 

𝜆𝑒 6618 

F(2Eg(
2G)) 14710 

Г 260 

 275 
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*o = 635 cm-1 (totally symmetric Cr-O stretching mode of CrO6
3-) [22,23] 

 

4.1. Identification of the absorption spectrum by Crystal field study of the Cr3+ in NaCrP2O7 

Crystal Field Theory (CFT) describes the electronic structure and properties of transition metal 

complexes. This theory is particularly applicable to coordination compounds, where a central metal 

ion is surrounded by a set of ligands (atoms or molecules that coordinate to the metal) and the 

interaction between them is treated as purely electrostatic. The ligands, which are typically 

negatively charged, create a crystal field around the metal ion by influencing the distribution of its 

d-electrons. The interaction with ligands causes the degenerate d orbitals of the metal ion to split in 

energy. Crystal Field Theory is a useful tool for predicting and explaining the observed colours, 

magnetic properties, and electronic spectra of transition metal complexes [24-25].  

The energy levels of Cr3+ ions in NaCrP2O7 phosphate are calculated using the following total 

Hamiltonian [26-30]: 

H = H0 + Hee(B,C) + HTrees(α)+ HCF(Dq)+  HSO(ζ)                                                                       (9) 

In Equation (9), the total Hamiltonian H involves the Hamiltonian configuration H0, the 

electron-electron repulsion term Hee, which is expressed as a function of the Racah parameters B 

and C [31-33]. The resulting Hamiltonian Hee, for Cr3+ in a 3d3 configuration, provides the 2S+1L 

terms, known as the Russell-Saunders terms, including two quartet terms (4F and 4P) and six doublet 

terms (2H, 2G, 2F, and 2P). The HTrees Hamiltonian includes the Trees correctionand is dependent on 

the structure fine αTree parameter [34,35]. In the case of octahedral symmetry (Oh), the crystal field 

Hamiltonian (HCF) is given by [36,37]: 

𝐇𝐂𝐅 = 𝟐𝟏𝑫𝒒 [𝐂𝟎
(𝟒)

 + √
𝟓

𝟏𝟒
(𝐂𝟎

(𝟒)
+ 𝐂−𝟒

(𝟒)
)]                                                                                  (10) 

The parameter Dq signifies the ligand field splitting in the crystal field Hamiltonian HCF and it is 

commonly used in describing the structure of transition metal ions. The Racah tensor algebraic 

methods, as referenced in [38], are employed for numerical calculations of the matrix elements of 

Cq
k operators. In the crystal field theory, the splitting of the d orbitals in a transition metal complex 

gives rise to characteristic absorption bands in the optical spectrum. By examining these spectra, 

the values of parameters B, C, and Dq can be deduced. These parameters are crucial for 

understanding the electronic properties of the system. The spin–orbit coupling Hamiltonian HSO 

depends on ζ parameter which represents the strength of the interaction between the electron's spin 

and its orbital motion within an atom. The αTree and ζ parameters are calculated from the equations 

[28-29]: 

αTrees =N4α0 and ζ = N2ζ0                                                                                                                                                                     (11) 
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where the parameter N describes the average reduction factor due to covalency [28] is defined as 

follows: 

𝐍𝟐 =
𝟏

𝟐
(√

𝑩

𝑩𝟎
+ √

𝑪

𝑪𝟎
)                                                                                                                     (12) 

The free ion Cr3+ parameters B0, C0, α0 and ζ0are illustrated in Table 3 [31-33]. 

Figure 11. illustrates the Stark levels obtained by splitting of the energy levels of free Cr3+ions with 

a 3d3 configuration in a crystal field with octahedral Oh site symmetry. 

 

 
Figure 11. Energy levels of the Cr3+(3d3) ion under the effect of a crystal field of Oh symmetry 

and spin-orbit coupling. 

 

The theoretical calculation of the energies for Cr3+ ions in NaCrP2O7 phosphate are obtained 

by diagonalizing the Hamiltonian of Equation (9). It consists of a 120x120 matrix in the free ion 

eigenstates {|L S MLMS〉} within the quartet terms (4F ground state and 4P excited state) and doublet 
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excited terms (2H, 2G, 2F, Da

2
, Db

2
and 2P). For diagonalization, we use a specialized code 

developed in our laboratorybased on maple software. The computed energies agree very well with 

Yeung et al.'s results [39], validating and ensuring consistency with our computational approach. 

The calculated energies obtained after diagonalization are in the form of analytical equations and 

are expressed in function of the B, C, Dq , and ζ parameters. The crystal-field parameter Dq is 

determined based on the absorption energy of the quartet excited state 4T2g(
4F). The Racah 

parameters B and C are calculated based on the observed quartet 4T1g(
4F) and doublet 2Eg(

2G) 

excited states, respectively. The values of parameters and ζ are calculated from Equation (11) and 

(12). By inputting the relevant parametersB, C, Dq , and ζ into our package computer, we simulate 

the electronic structure and energy levels of Cr3+ ions in NaCrP2O7 phosphate. The calculated 

parameters, listed in Table 3, allow us to deduce the theoretical energy levels of Cr3+(3d3) in Oh site 

symmetry (Table 4). Our computational approach, implemented in the developed software package, 

yields excellent agreement between the calculated stark energy levels and their experimental 

counterparts. 

The Racah parameters B and C experience a reduction relative to their values for free ions, 

a consequence of covalency effects. With increasing covalency in the host matrix, electrons are 

distributed somewhat over the ligands, resulting in a decrease in electron-electron repulsion, a 

phenomenon referred to as the nephelauxetic effect. Table 3 illustrates the values of the ratio βB = 

B/B0 and βC = C/C0, offering a quantitative measure of the extent of reduction for both parameters. 

 

Table 3: Crystal field, Racah, trees, spin-orbit coupling and nephelauxetic effect parameters values 

for Cr3+ in NaCrP2O7. 

 

Dq (cm-1) 1534 

B (cm-1) 648 

C (cm-1) 3311 

α (cm-1) 22.58 

ζ (cm-1) 237.37 

Dq/B 2.36 

C/B 5.1 

βB 0.705 

βC 0.801 

B0 (cm-1)[26-27] 918 

C0(cm-1)[26-27] 4133 

α0[26-27] 30 

ζ0[26-27] 275 
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Table 4: Experimental and calculated energies (cm-1) of Cr3+ in NaCrP2O7. 

 

Oh Eobs 
Ecal* 

[this work] 

Ea
cal* 

[this work] 
4A2g(4F) 0 0 0 
2Eg(2G) 14710 14709 14742(4) 

2T1g(2G)  15268 
15245(2) 

15267.12(4) 

4T2g(4F) 15342 15340 

15267.97(2) 

15380(4) 

15582(4) 

15614(2) 

4T1g(4F) 21729 21728 

21470(2) 

21521(4) 

218657(4) 

21677(2) 

2T2g(2G) - 21839 
22010(4) 

22178(2) 
2A1g(2G) - 27865 28058(2) 

2T1g(2P) - 29906 
30125(2) 

30175(4) 

2T1g(2H) - 30303 
30391(2) 

30572(4) 
2Eg(2H) - 32037 32159(4) 

4T1g(4P) - 34011 

33878(4) 

33884(4) 

34910(2) 

33941(2) 

2T1g(2H) - 34786 
34878(2) 

34968(4) 

2T2g(2H) - 39475 
39388(2) 

39463(4) 
2A2g(2F) - 40824 40836(2) 

2T2g( Da

2
) - 45268 

45545(2) 

45656(4) 

2T2g(2F) - 46989 
47012(2) 

47147(4) 
2Eg( Da

2
) - 48958 48996(4) 

2T1g(2F) - 51664 
51617(2) 

51739(4) 

2T2g( Db

2
) - 66633 

66494(4) 

66683(2) 
2Eg( Db

2
) - 68314 68337(4) 
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For Cr3+, the value of k is 0.21 [40], the nature of the bonding is evaluated by the following 

expression [41]: 

𝒉 = [
𝑩𝟎−𝑩

𝑩𝟎𝒌
]                                                                                                                                     (13) 

 

The greater value of h = 1.4 suggests that there is more d-electron delocalization, which suggests 

that ionic bonding is the main type of interaction between Cr3+ and its ligands. The current study 

indicates that there is a covalent interaction between Cr3+ and the ligands since the value of h is less 

than 1. From the Racah parameters B and C of Table 3 (C/B=5.2), we draw the Tanabe-Sugano 

diagram for Cr3+ ion in an octahedral site symmetry (Figure 12). It displays the overall behavior of 

Cr3+ ion energy levels in terms of Dq/B as a function of local field strength. The case for Cr3+ in 

NaCrP2O7 phosphate is shown by the vertical line that corresponds to the Dq/B value found by our 

theoretical computation.  

 

 
Figure 12. Tanabe Sugano diagram for Cr3+ ion in NaCrP2O7 with C/B=5.2.  The vertical line for 

Dq/B=2.36 represents the case of Cr3+. 
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We note from this figure that for the computed parameters Dq, B, and C, the electronic 

states of different multiplicities of spins 2Eg (
2G) and 4T2g (

4F) close in energy can couple and 

exchange part of their own character. By spin orbit coupling, the 2Eg(
2G) and 4T2g(

4F) excited states 

are separated into E1, E2, and G states (Figure 13). The mixture of the character between the 2Eg(
2G) 

and 4T2g(
4F) excited states can only be achieved when the symmetry of the two states under spin 

orbit coupling is identical (symmetry G). The forbidden transition 4A2g(
4F)→ 2Eg(

2G)acquires some 

of the permitted character of the spin-allowed transition4A2g(
4F)→ 2T2g(

4F)and gains in intensity 

which is lower compared to the allowed transition. 
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Figure 13. Splitting of Stark levels 4T2g (
4F) and 2Eg (

2G) under spin-orbit coupling of Cr3+ in 

NaCrP2O7 phosphate. Spin-allowed transition is indicated by solid arrows. Under spin-orbit 

coupling, pairs of interacting levels are connected by dot-point arrows. 

 

4.2.The interpretation of the forbidden transition of Cr3+ in NaCrP2O7 with an 

octahedral site symmetry 

In complexes with an inversion symmetry centre, one very efficient way to increase electron-

dipole intensity during d-d transitions is via vibronic origin. Odd-parity vibrational modes are 

always linked to vibronic origins. The selection rules for the Oh point group are shown in Table 5. 

This Table indicates that the intensity of the spectra in Figure 9 by vibronic mechanisms that involve 

enabling modes of ungraded parity (a1u, a2u, t1u, t2u, and eu).  

Concerning the octahedron CrO6 octahedron, by eliminating the translation and rotation 

modes we have 15 internal vibration modes [8]: 

 

Γvib= a1g + eg + t2g + 2t1u + t2u                                                                                             (14) 

 

The t1u mode is active in infrared spectroscopy and the a1g, eg and t2g active modes are in 

Raman spectroscopy [8]. The t2u mode is inactive in both spectroscopies [8]. The observation of the 

d-d transitions can then be explained through vibronic coupling with the infrared active t1u symmetry 

mode. The observed vibration mode at 635 cm-1 on the Raman spectrum of NaCrP2O7 [22] is 

assigned to Cr-O symmetric stretching mode (a1g). This assignment is obtained by comparison with 

the work [23]. 

 

Table 5: Selection rules for Cr3+ d-d electronic transitions in Oh site symmetry for inNaCrP2O7 

phosphate. 

Electronic transition Oh Electric dipole allowed with Γu vibration 

⟨Γ𝑖|𝑇1𝑢|Γ𝑓⟩Γ𝑢 =  𝐴1𝑔 
4A2g → 4T2g a1u, t1u, t2u, eu 

4A2g → 4T1g a2u, t1u, t2u, eu 

 

A coupling between two close states with different multiplicities of spins can lead to the 

emergence of an additional absorption band corresponding to the forbidden transition. These two 

bands are not the result of a simple sum but are intrinsically linked, giving rise to the appearance of 

interference that Fano first highlighted in atomic spectroscopy [17-20]. Coupling can occur when 
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the molecule deviates from the Born-Oppenheimer approximation. In this case, the two potential 

wells of the excited states are no longer independent of each other. If the nuclei move rapidly, it 

becomes impossible to transition from one well to the other. In this diabatic approach, the 

phenomena are described by a potential well scheme similar to what we have seen so far (solid line 

wells in Figure 10). When the nuclei move slowly, the system can transit from one well to another 

(considering a non-zero coupling). The crossing between the two wells is no longer 'sealed' as in the 

diabatic case. The coupling leads to two new wells, or adiabatic wells, whose characteristics are 

mixed. This approach is represented by the dashed wells in Figure 10. The higher the coupling, the 

more energetically separated these two wells become. 

A single normal coordinate Q is used for the model of coupled potential energy surfaces in 

order to study the coupling between spin different multiplicity states. Owing to the characteristics 

of the electronic transition, which correspond to the intra-configuration d-d excitation, the doublet 

2Eg(
2G) and the ground 4A2g(

4F) (Q = 0 Å) states share the same vibrational frequency and position 

of the potential energy minimum [25]. With the amount ΔQ, the 4T2g(
4F) state is shifted to longer 

metal-ligand bond distances, because the metal-ligand antibonding molecular orbitals are populated 

by d-d excitation [25]. The magnitude of the displacements ΔQ is determined from the width of the 

4T2g(
4F) band of the experimental spectrum. Without spin-orbit coupling, the potentials for the 

excited states 2Eg(
2G) and 4T2g(

4F) are as follows: 

 

V(2Eg) = V1 =  
1

2
(kQ2) + E(2Eg)                                                                           (15-a) 

V(4T2g) = V3 =  
1

2
(k(Q –∆Q1 )

2) + E(4T2g)                                                           (15-b) 

 

where E(2Eg) and E(4T2g) are the energies of the potential minimum for the 2Eg(
2G), and 4T2g(

4F) 

states, respectively, and k is the frequency observed on the Raman spectrum of NaCrP2O7 assigned 

to Cr-O symmetric stretching mode (a1g). 

The quartet 4T2g(
4F) and the doublet 2Eg excited levels divided into (G, E1 and E2) states if 

we consider the spin-orbit coupling, as Figure 13 shows. The uncoupled (diabatic) potentials, 

resulting in the absence of spin-orbit coupling are illustrated in Figure 14.a For the sake of 

simplification, Figure 14.b only displays the derivative states that have G irreducible 

representations.  

The curves obtained from Equation (15) cannot describe the spin forbidden transition 

4A2g(
4F) → 2Eg(

2G) detected in the absorption spectrum (Figure 9). Table 6 lists the spectroscopic 
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parameters that were employed to compute the G diabatic potential energy curves that emerged from 

the 2Eg(
2G) and 4T2g(

4F) excited states. 

 

  

 

Table 6: The spectroscopic parameters derived from the 2Eg(
2G) and 4T2g(

4F) excited states. 

Parameters NaCrP2O7 

k(cm-1) 635 

ΔQ (4T2g) (Å) 1.86 

λ (cm-1) /3 = 79.12 

γ(cm-1) −3𝜆√6/5 = –259 

E00 G(2Eg) 14742(4) 

E00 E1(
4T2g) 12551(2) 

E00 G(4T2g)  12664(4) 

E00 E2(
4T2g) 12866(4) 

E00 G(4T2g)  12898(2) 

 

Doublet excited state G(2Eg) can interact with the 2G(4T2g), E1(
4T2g) and E2(

4T2g) states. 

According to this analysis, the doublet states receive most of their intensities from the allowed 

quartet transitions and the spin forbidden transition 4T2g(
4F)→2Eg(

2G) can arise from the interaction 

of the 3d3 electrons of Cr3+ with the NaCrP2O7 host matrix. The observed spin-forbidden transitions 

between the 4A2g(
4F) ground state and the 2Eg(

2G), excited state are caused by the interaction 

between the same symmetry levels (G) derived from electronic states of different multiplicities [8]. 

Effectively, a constant with a magnitude proportional to the spin-orbit coupling λ(−3𝜆√6/5) [42] 

are considered to mix the characters of the 4T2g(
4F), and 2Eg(

2G)diabatic potentials. In this situation, 

the coupled potentials' matrix (adiabatic potentials) 2x2 is expressed in the following: 

 

V(2Eg, 4T2g) =(
V(4T2𝑔) −3𝜆√6/5

−3𝜆√6/5 V(2E𝑔)
)                                                                                                 (16) 

The diagonals Terms in Equation (16) represent the equations of the diabatic potential energy wells 

and are therefore identical to those of Equation (15). The diabatic/adiabatic approach will 

considerably modify the appearance of the theoretical absorption spectrum and the appearance of 

observed forbidden transitions experimentally, such as the band corresponding to states 4T1g(
4F) and 
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2Eg of the Figure 9, will appear in the calculation. The adiabatic potentials state surfaces, obtained 

from Equation (16) and from the spectroscopic parameters shown in Table 6, are depicted in Figure 

14.c. The spin-forbidden 4A2g(
4F) → 2Eg(

2G) transitions are caused by the adiabatic excited state 

potential energy curves V+ and V-, which are produced when the spin-orbit coupling between 

4T2g(
4F) and 2Eg(

2G) is taken into account. 
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Figure 14. a) Diabatic potential curves for uncoupled states b) We present only the G states 

emerging from 2Eg,
 4T2gfor simplicity c) The adiabatic potentials energy curves emerging from the 

2Eg(
2G) and 4T2g(

4F) electronic states. 

 

The modelling of absorption spectrum of Figure 9 is carried out using the autocorrelation 

function ( )t . This function depicts the dynamic evolution of the wave function from the initial 

state within a potential energy well corresponding to the final state. The Fourier transformation of 

the autocorrelation yields the absorption spectrum, which is the overlap of φ(t) with φ(t=0) [8]: 

𝐼𝑙𝑢𝑚(𝜔) = 𝐶𝜔3 ∫ 𝑒𝑖𝜔𝑡+∞

−∞
{〈⟨𝜑|𝜑(𝑡)⟩〉𝑒−Γ2𝑡2+𝑖

𝐸00
ℏ

𝑡} 𝑑𝑡                                                     (17) 

The evaluation of the autocorrelation function is facilitated by assuming (i) that the potential energy 

wells are harmonic and the force constants are identical for the initial and final states, (ii) that the 

transition dipole moment is constant, and (iii) that the normal coordinates of the two states are 

identical. In this case, the autocorrelation equation takes the following analytical form [8]: 

⟨𝜑|𝜑(𝑡)⟩ = exp (∑ [−
Δ𝑄𝑗

2

2
(1 − 𝑒𝑖𝑘𝑗𝑡

𝑗 ) −
𝑖𝑘𝑗𝑡

2
])                                                                           (18) 

Here, the energy of the origin is denoted by the word E00, the absorption spectrum's frequency is ω, 

and the phenomenological damping factor Γ controls the width of each line in the spectrum. 

Wavenumber units are used for all amounts. The vibrational frequencies of each mode and the 

displacement along the normal coordination Qj of the potential surfaces are denoted by the words kj 
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and
j

Q . Frequency of 635 cm-1 is considered for k. The experimental spectrum is fitted by 

adjusting the parameters E00, Γ, and Q . Table 7 lists the values that were obtained. 

 

Table 7: Parameters used to calculate the Luminescence spectrum shown in Figure 3. 

Parameters values 

E00(
2E(2G)) (cm-1) 14742 

Γ (cm-1) 35 

k1(cm-1), 
1

Q (dim, less) 635, 0 

E00(
4T2g(

4F)) (cm-1) 12664 

Γ (cm-1) 20 

k2(cm-1), 
2

Q (dim, less) 635, 1.86 

 

 

Figure 15. Experimental and calculated absorption spectrum of NaCrP2O7 phosphate with the 

interference dips. 

 

The spectroscopic technique known as electron paramagnetic resonance, or EPR, is used to 

analyze materials that have unpaired electrons. Since chromium ions normally have unpaired 

electrons and exhibit paramagnetic properties, this characterization technique can detect the 

presence of traps by measuring the resonance absorption of electromagnetic radiation by the 
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unpaired electrons in external magnetic fields. Electron Paramagnetic Resonance (EPR) 

spectroscopy measures the characteristic of EPR signal that is produced when unpaired electrons in 

chromium ion 3d orbitals absorb electromagnetic radiation in the presence of a magnetic field.  

Figure 16 depicts the EPR spectrum of the NaCrP2O7 sample at room temperature. The spectrum 

shows a resonance signal centred at g = 1.9225. A recent study by Giada Lorenzi et al. [43] on the 

EPR spectrum of Cr-bearing gahnite (ZnAl2O4) pigment at X and W band frequencies revealed a 

resonance signal at g value of 2.05. From comparison with this reference the EPR signal at 1.9225 

is due to the Cr3+ ions. 

 

 
Figure 16. EPR spectrum and g-factor of NaCrP2O7 at room temperature. 

 

5. Conclusion 

This research delved into the synthesis and characterization of NaCrP2O7 phosphate. The 

XRD analysis confirmed its monoclinic system with a P21/a space group. SEM imaging revealed 

particle sizes ranging from 0.5 to 4 μm, with an average of 1.72 μm, indicating the formation of 

micrometric particles. UV/Vis absorption spectra, analysed using Tauc's law and the calculation of 

Urbach energy, showcased direct transition characteristics, with heightened disorder and defect 

concentration attributed to the presence of Cr3+ ions. Notably, room temperature absorption spectra 

exhibited an interference dip on the broad band 4T2g(
4F), attributed to the superposition of spin 
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forbidden transitions 4A2g(
4F) → 2Eg(

2G), a phenomenon elucidated through the Neuhauser model 

based on coupled potential energy surfaces. This model yielded insights into the electronic structure 

of Cr3+ (3d3) ions in NaCr(P2O7) samples, facilitating the determination of Racah and crystal-field 

parameters and achieving alignment between theoretical and experimental energy levels. The 

absorption spectrum was further analyzed using Fourier transformation of the autocorrelation 

function. Overall, this study contributes to the understanding of NaCrP2O7 phosphate structures and 

highlights the potential of synthesized compounds for practical applications in optoelectronic 

technologies. Additionally, EPR measurements provided valuable insights into various trap types, 

enriching our comprehension of the electronic structure. 
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