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Abstract 

Employing perturbation theory and the superposition model, the splitting parameters for the zero field of Mn2+ 

doped crystals of K2SO4 are obtained. When the local distortion is included in the computation, the determined 

parameters fairly match the experimental ones. Theoretical evidence corroborates the experimental finding that 

the Mn2+ ion substitutes at the K+ site in K2SO4. The optical spectra of the system are computed by 

diagonalizing the complete Hamiltonian in the coupling scheme of the intermediate crystal field, using the 

crystal field parameters obtained from the superposition model and the crystal field analysis program.  The 

calculated and experimental band locations agree fairly well. Consequently, the results of the experiment are 

confirmed by the theoretical analysis.   
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splitting.  

----------------------------------------------------------------------------------------------------------------------------- ---------- 

Date of Submission: 06-06-2025                                                                            Date of acceptance: 16-06-2025 

----------------------------------------------------------------------------------------------------------------------------- ---------- 

 

I. Introduction 

        The method of electron paramagnetic resonance (EPR) can be used to ascertain the transition metal 

ions' energies as they go through Zeeman transitions. Mn2+ ion is the most studied transition ion since, even at 

room temperature, it emits the EPR signal. This ion has 3d5 electronic configuration and its ground state is 6S5/2. 

The paramagentism of this ion can be attributed to only the electron spin because the ion has zero angular 

momentum. The small structural changes of the crystal [1-3] show sensitiveness to the zero field splitting of this 

ion in crystals. 

For use in EPR [4-6] and optical spectroscopy [7-8], the parameters for zero field splitting (ZFS) and 

crystal field (CF) can be semi-empirically modeled using the superposition model (SPM). In [9], the spin 

Hamiltonian (SH) along with other Hamiltonians is discussed. The parameters of the crystal field (CF) are often 

found utilizing SPM and the point-charge model [10] even if the exchange charge model (ECM) is a useful 

technique as well for analysing the effects of crystal fields in single crystals incorporated with rare earth and 

transition ions [11]. In this study, we used SPM to calculate the ZFS parameters and the CF parameters. SPM 

was suggested [12] for CF based on the assumptions: (1) An algebraic total of the crystal's other ions' 

contributions can be used to determine the paramagnetic ion's CF. All the significant contributions to the 

conservation of free energy from each paramagnetic ion have axial symmetry with respect to their position 

vector when the ion is in the chosen coordinate system's origin. (3) The CF contributions of just nearby or 

coordinated ions are to be taken into account. (4) Across various host crystals, contributions to CF from a 

solitary ion (ligand) can be transmitted. The axial symmetry assumption, however (2) permits the transformation 

of one coordinate system into another, the first assumption provides support for the applicability of 

superposition principle in characterising the CF. Nonetheless, a more limited version of assumption (3) is 

sometimes utilised, when solely the closest neighbour ions are occupied. According to the final ligand 

transferability assumption (4), the only factors influencing the contributions of one ion to CF are its character 

and separation from the paramagnetic ion. In order to perform an SPM analysis on the CF, it is essential to 

obtain a stable polar coordinate system (RL, θL, ΦL) for each ligand or ion from the host crystal's X-ray data. 

When transition metal ions are doped, ionic size, ionic charge, and inter-ionic bonding mismatches will 

probably result in some degree of local distortion. To find the fitted values of the SPM power-law exponents and 

the intrinsic parameters, a non-linear or linear least-square fit may be performed on an adequate quantity of CF 

parameters. Mn2+ and Fe3+ experimental spin-Hamiltonian parameters in CaO and MgO crystals have been 

critically analysed [13]. For the EPR data, it gives the SPM parameters' exact values and demonstrates that the 

superposition principle is satisfied by the CF for 3d ions. A strict lattice relaxation model was utilised [14] to 

ascertain sets of SPM intrinsic parameters based on dependable ligand distances for the oxides of alkali earth.  
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For Fe3+ and Mn2+ doped MgO, CaO, and SrO (R0 = 2.0 Å): 2b  = (-1552±48) ×10-4 cm-1 and (-6440±113) ×10-

4 cm-1, respectively, with a fixed t2 = 16 for both ions.  For both Fe3+ and Mn2+, the values of 4b  are 9.9±0.8 

×10-4 cm-1, with a fixed t4 of 16±4 for each ion. The fitted values for Mn2+ and Fe3+, respectively, were 17.7 and 

14.4 for the separate fitting of t2. 

Potassium Sulfate (PS) is an inorganic compound with the chemical formula K2SO4. As a chemical 

compound, it is observed to be odorless, hard, and has a saline like- taste. Potassium sulfate is orthorhombic 

D2h
16 at room temperature; when the temperature is higher than 583 ℃, it gradually transforms into trigonal D3d

3. 

Potassium sulfate is mainly used as fertilizer and applied to some chlorine-avoiding crops like tobacco, citrus, 

grapes, tea, flax, potatoes, vegetables, etc. Potassium sulfate is also an important chemical raw material, which 

can be used to prepare potassium alum, potassium water glass, potassium carbonate and potassium persulfate, 

etc. It is also used as a drug (slow release agent). It is a component of gunpowder that is used in artillery and 

acts as a flash suppressant. Potassium sulfate is used in making lubricants and dyes and because it is hard and 

soluble in water, as a substitute for soda in soda blasting. It is used in animal feed and in pyrotechnics for 

creating a purple flame [15]. The natural sources of Potassium Sulfate are minerals like Kainite, Schonite, 

Leonite, Langbeinite, Polyhalite, and Aphthitalite [16]. Single crystals of undoped potassium sulfate and those 

doped with Mg2+, Zn2+, Cu2+, and Mn2+ ions have had their electrical conductivity measured. The lower 

symmetry of K2SO4 is responsible for the lower defect formation energy in comparison to high symmetry cubic 

systems, while the presence of divalent ions raises the cation migration energy. 

Over a temperature range of 300–145 K, a detailed EPR study of the Mn2+ ion in single crystals of 

K2SO4 has been conducted [17]. It is proposed to replace β-K+ with Mn2+, which is linked to β-K+ vacancies that 

are first-, second-, and third-neighbor related. Analysis and reporting of parameters have been done for the room 

temperature spectra. A probable phase change is indicated by the studied variation in the fine-structure spread 

with temperature, which is around 143K (-130°C). 

In the current study, the ZFS parameters D and E are calculated for the Mn2+ ion in PS at substitutional 

β-K+ site at 300 K using CF parameters estimated from SPM and perturbation equations [18]. The aim is to find 

the location of Mn2+ ion and the distortion taking place in the crystal. The results found for the Mn2+ ion at 

substitutional β-K+ site in PS crystal with local distortion yield reasonable match with the experimental values. 

Additional objective of the study seeks to obtain the extent to which CF theory and SPM analysis can be applied 

to Mn2+ ions in PS crystals in order to create an SPM parameter database. Molecular nanomagnet (MNM) 

design and computer modeling of their magnetic and spectroscopic characteristics will be determined by this. 

SMMs, or single-molecule magnets, [19], single-chain magnets (SCM) [20], and single ion magnets (SIM) [21] 

are currently included in the transition ion-based MNM class. The above systems have drawn large attention 

because of the noteworthy magnetic characteristics of MNM, for instance, magnetization's macroscopic 

quantum tunneling and potential uses in quantum computing and high-density information storage [19, 20]. 

There have been numerous synthesized SCM or SMM systems with Mn2+and Cr3+ ions [22]. The parameters of 

the model established in this case may be used for ZFS parameter calculations for Mn2+ ions at similar sites in 

MNM, since model calculations for simpler crystal systems can serve as a foundation for more complex ones. 

The modeling employed in this work can be extended to explore crystals of scientific and industrial interest in 

numerous other ion-host systems.      

  

II. Crystal Structure 

Detailed structure of K2SO4 was determined by Ogg [23]. The atoms of sulfur are arranged on 

reflection planes, which are the SO4 group's symmetry planes. The SO4 group has two oxygen atoms on the 

plane and the other two equally spaced from it. Layers of atoms spaced a/2 apart and parallel to (100) make up 

the structure. The coordinate origin, denoted by the center of the unit, is the reflection planes (100)1/4 and (100)-

1/4. The K+ ions in the crystal are divided into two groups, designated as α and β. For the two sets of potassium 

ions in the structure, there are differences in their oxygen environments. The dimensions of unit cell at room 

temperature are 5.731 Å for a, 10.008 Å for b, and 7.424 Å for c. At room temperature, the crystal's symmetry is 

orthorhombic, and its space group is D2h
16 [23]. The crystal structure of potassium sulfate with symmetry 

adopted axis system (SAAS) is depicted in Fig. 1. 
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Fig. 1. K2SO4 crystal structure with symmetry-adopted axis system (SAAS) at 300 K. 

 

III. Crystal Field and Zero Field Splitting Parameter Calculations 

       

The analysis of EPR spectra is done with the spin Hamiltonian [5]:               
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where B, µB, g, D and E are the applied magnetic field, Bohr magneton, splitting factor, second rank axial, and 

second rank rhombic ZFS parameters [24–25]. The a, b, and c crystal axes are along the laboratory axes (x, y, 

z). The directions of metal-ligand bonds that are mutually perpendicular are referred to as the local symmetry 

axes of the site or the symmetry adopted axes (SAA). As demonstrated in Fig.1, the axis-Z of SAAS is along the 

crystal axis- c, and (X, Y) are perpendicular to the axis-Z. When Mn2+ ions are doped in K2SO4 crystal, these 

enter the lattice at substitutional β-K+ sites with some local distortion [26].  

                                                                                                                                       

For a 3d5 ion, the spin Hamiltonian can be written as [27], 

ℋ= ℋo +ℋso +ℋss + ℋc                                         (2) 
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qkqCB                                                       (3) 

where Bkq, in Wybourne notation, are the CF parameters and 
)(k

qC are the spherical tensor operators of 

Wybourne. Bkq ≠ 0 in the orthorhombic symmetry crystal field only for k = 2, 4; q = 0, 2, 4. Employing SPM, 

the CF parameters Bkq are calculated [28]. 

        The symmetry of the local field about Mn2+ ions in the K2SO4 crystal is considered to be orthorhombic 

(OR-type I) [5]. In OR-type I symmetry, the ZFS parameters D and E are established as follows [28]: 
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In above Eqns. P = 7B+7C, G = 10B+5C, D’ = 17B+5C. B and C are Racah parameters and  is the spin-orbit 

coupling parameter. With the average covalency parameter N in mind, we get B = N4B0, C = N4 C0,   = N2 0, 

where  0 presents free ion spin-orbit coupling parameter and B0 and C0 Racah parameters for free ion [27, 29]. 

For free Mn2+ ion, B0 = 960 cm-1, C0 = 3325 cm-1 and  0 = 336 cm-1 [5].             

 

 

a, x c, z 

b, y 
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         The parameter N is evaluated from N = (
00 C

C
B

B + )/2 taking Racah parameters (B = 850 cm-1, C 

= 2970 cm-1) obtained from optical analysis of Mn2+ ion in zinc cesium sulphate hexahydrate, the crystal with 

oxygen ligands [30], since there is no optical study of Mn2+ doped K2SO4 reported in literature.  

 

The CF parameters, in terms of co-ordination factor )φ,(θK jjkq  and intrinsic parameter )(RΑ jκ , using SPM 

are found [12, 28] as  

  ),()( jjkqj
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where the ligand's distance from the dn ion is denoted by jR , )(RA 0k  is the intrinsic parameter, R0 is the 

reference distance of the ligand from the metal ion and tk denotes power law exponent. For Mn2+doped crystals, 

t2 = 3 and t4 = 7 are used [28]. Different values are considered in the present calculation as discussed later.  As 

the co-ordination about Mn2+ ion is octahedral for all the sites, 4A is found from the relation [31] 

                                            )(RA 04 = Dq
4

3
                                                      (8) 

From optical study [30], Dq = 790 cm-1. Therefore, ( )04 RA = 592.5 cm-1. For 3d5 ions the 

4

2

A

A
 falls in the 

range 8 - 12 [27, 32-33]. Taking 

4

2

A

A
= 10, 2A = 5925 cm-1.  

 

IV. Results and Discussion 

 

Using SPM, parameters 2A  and 4A  , and the ligand arrangement about Mn2+ ion as indicated in Fig. 

1, the CF parameters of the Mn2+ ion at the substitutional β-K+  sites are computed. Table 1 provides atomic 

coordinates in K2SO4 single crystal along with bond length R (both with and without distortion) and angles θ, φ 

for sites I, II and III. The CF parameters using Eq. (6) and ZFS parameters from Eqs. (4) & (5) together with 

reference distance R0 are depicted in Table 2.  Table 2 demonstrates that R0 = 0.200 nm is somewhat less than 

the sum of radii of ions (0.223 nm) of Mn2+ = 0.083 nm and O2- = 0.140 nm along with no distortion yield ZFS 

parameters for substitutional octahedral site  to be different from the experimental values [17]. The experimental 

values of ZFS parameters |D| and |E| (in 10-4 cm-1) for sites I, II and III are 558.7, 541.9; 616.7, 522.3; 574.6, 

537.2 respectively. |E|/|D| is found as 0.969, 0.846, and 0.934 being quite larger than the standard value 0.33 

[25].  To have |E|/|D| in the standard range, the S4 transformation was used where the experimental |D| and |E| 

(in 10-4 cm-1) become 1092.3, 8.4; 1091.7, 47.1; 1093, 18.7 with |E|/|D| 0.007, 0.043, 0.017 respectively for site 

I, II and III. Theoretical |E|/|D| with no distortion is also larger than the standard value 0.33 [25]. Therefore, 

local distortion was taken into consideration. Using above value of R0 and local distortion, the ZFS parameters 

for substitutional octahedral sites I, II and III are in good accord with those from the experiment [17]. The 

parameters t2 = 3 and t4 = 7 with transformation S2 for standardization [25] have been used to obtain |E|/|D| ratio 

< 0.33 and calculated ZFS parameters near to experimental values.  
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Table 1.  Atomic coordinates, bond length R (both with and without distortion), and angles θ, φ in K2SO4 single 

crystal (sites I, II and III). 

 
    Position of Mn2+             Ligands                                    Spherical co-ordinates of ligands                      

                                                          x          y           z             R(nm)               θ
0

                φo                                                                               

                                                                     (Å) 

                                                          Without distortion 

  Site : Substitutional           O1      0.250   0.417  0.048      0.10623   R1     87.41   θ1  90.00  φ1 

     Kβ                                   O2      0.250  -0.443  0.317      0.79618   R2     87.72   θ2  90.00  φ2 
   (0.250, 0.317,                   O3       0.037   0.347  0.317      0.26681   R3     83.17   θ3  94.61  φ3                 

    0.000)                              O4       0.537   0.153  0.183      0.26916   R4     86.10   θ4  83.86  φ4 

                                            O5      -0 .037  0.847 -0.317      0.60314   R5      93.01   θ5  92.73   φ5 
                                            O6       0.463  -0.347  0.817      0.90796   R6     84.83   θ6   88.65  φ6 

                                                          With distortion 

         I                                        O1                                         0.18702            88.61         91.50 
                                                  O2                                         0.87618            89.72          92.00 

                                                  O3                                         0.44681            84.67          96.61 

                                                  O4                                         0.34916            94.10          89.86 
                                                  O5                                         0.78814             95.01          92.73 

                                                  O6                                         0.99296             86.83          90.65 

         
       II                                        O1                                           0.18704             88.61          91.50 

                                                  O2                                           0.87618             89.72          92.00 

                                                  O3                                           0.44681             84.67          96.61 
                                                  O4                                           0.34916             94.10          89.86 

                                                  O5                                           0.78814              95.01          92.73 

                                                  O6                                           0.99296              86.83          90.65 
 

 

 
        

 

     III                                         O1                                           0.18699                88.61           91.50 
                                                  O2                                           0.87618                89.72           92.00 

                                                  O3                                           0.44681                84.67           96.61 

                                                  O4                                           0.34916                94.10           89.86 
                                                  O5                                           0.78814                 95.01          92.73 

                                                  O6                                           0.99296                 86.83          90.65 
 

 

 

Table 2.  The Mn2+ doped K2SO4crystal's crystal field and zero field splitting parameters. 

 
                                                                                                                                   ZFS 

                                           CF parameters (cm-1)                                              parameters (10-4cm-1)  

                                                                                                                                                                       
Site              R0(nm)       B20        B22           B40          B42             B44                |D|         |E |            |E|/|D| 

                                                    Without distortion 

Site I 

4

2

A

A
=10       0.200     -44451.2  -54645.9   146395.1  154947.4   209448.9    41.1     17.4    0.422      

                                                     With distortion 
Site I 

4

2

A

A
=10      0.200   -10081.9   8038.363  2866.375  3021.066 6400.365  1092.2     265.6   0.243      

                                                                                                       Exp.     1092.3       8.4      0.007 

Site II 

 

4

2

A

A
=10     0.200   -10079.5   8036.406  2864.366  3018.949 6397.566  1091.6     265.6   0.243       

                                                                                                       Exp.     1091.7       47.1   0.043 

Site III 

4

2

A

A
 =10     0.200   -10085.7   8041.351  2869.444  3024.301 6404.641  1093.2     265.7   0.243       
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                                                                                                       Exp.     1093.2       18.7   0.017 
 

 

The CFA program [34] and kqB  parameters (with distortion) are used to calculate the Mn2+ doped K2SO4 single 

crystals' optical spectra. After diagonalization of the complete Hamiltonian, the positions of the energy bands of 

Mn2+ ion are obtained.  

Table 3 displays the energy band positions for substitutional sites based on experimental and calculation data 

[30]. 

 

 

Table 3. The positions of Energy bands of single crystal of K2SO4 doped Mn2+, both calculated and 

experimental. 

 
 
Transition from          Observed                        Calculated                                                       

     6A1g(S)                    (cm-1)                                                    (cm-1)                   

                                                                                      
                                                        I                           II                  III                                                       

 
   4T1g(G)                  18436      19149, 19159,      19153, 19162,     19144, 19153,    

                                                20268, 20283,      20270, 20285,     20264, 20279,    
                                                21970, 22008       21971, 22010      21968, 22006           
   4T2g(G)                   22815     22467, 22488,      22469, 22490,     22465, 22486,                                                                               

                                                23024, 23037,      23025, 23038,     23023, 23036,    
                                                23127, 23153       23128, 23155      23125, 23151                                                                                                                                                                                                                                                                    
                                                                                                 
   4Eg(G)                    24783     23457, 23472,     23458, 23474,      23455, 23470,   
                                                23662, 23685      23663, 23686       23662, 23684  

  4A1g(G)                  24850     24862, 24865      24862, 24865       24862, 24865 
   4T2g(D)                   28003     27347, 27365,    26602, 26638,       26603, 26638,                    
                                                27835, 27851,     27347, 27365,      27346, 27364,   

                                                28972, 29045      27835, 27852       27834, 27851                        
   4Eg(D)                    29870     29759, 29850,     28971, 29044       28975, 29048,   
                                                30000, 31070      29759, 29850       29759, 29850    
   4T1g(P)                         32435    32351, 32434,      31628, 31805,      31620, 31797,   

                                               32829, 32935,      32354, 32436,      32347, 32429,            
                                               33089, 33244       32831, 32934       32826, 32937 

    4A2g(F)                               36793, 37164        36795, 37165      36791, 37163 
  

     4T1g(F)               41460      40603, 41226,       40603, 41226,     40604, 41226, 

                                               41240, 41510,       41240, 41509,     41241, 41511, 
                                               41535, 41566         41534, 41567     41536, 41564 

  

Table 3 indicates that the calculated and experimental energy band positions agree fairly well. 

Therefore, the theoretical results corroborate the experimental finding [17, 30] that Mn2+ ions enter the K2SO4 

crystal at substitutional octahedral sites.  The model parameters obtained here may be used in ZFS parameter 

evaluations for Mn2+ ions at comparable MNM sites. 

 

V. Conclusions 

Zero field splitting parameters using perturbation theory and the superposition model for K2SO4 single 

crystals doped with Mn2+ ions are evaluated. The ZFS parameters calculated and the experimental values agree 

well. The computed positions of the optical energy bands agree reasonably well with those from the experiment. 

Thus, experimental result is supported by the theoretical finding that Mn2+ ions occupy substitutional sites in 

K2SO4. The model parameters estimated in this study may be used for ZFS parameter calculations for Mn2+ ions 

at comparable locations in molecular nano magnets. The current modeling technique can be extended to explore 

crystals of various scientific and industrial applications. 
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