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Abstract 

The electron paramagnetic resonance (EPR) parameters (g factor, the hyperfine structure constant A 

and the super hyperfine parameters A’ and B’) for Mn2+ in the fluoroperovskites ABF3 (A =K and Cs; 

B = Zn, Mg, Cd and Ca) are theoretically investigated from the perturbation formulas of these 

parameters for a 3d5ion under ideal octahedra. In the above treatments, not only the crystal-field 

mechanism but also the charge transfer mechanism is considered uniformly on the basis of the cluster 

approach. The theoretical EPR parameters are in good agreement with the experimental data. The 

charge transfer contribution to the g-shift ∆g (≈g−gs, where gs≈2.0023 is the spin-only value) is 

opposite (positive) in sign and comparable in magnitude to the crystal-field one. Nevertheless, the 

charge transfer contribution to the hyperfine structure constant shows the same sign and about 10% that 

of the crystal-field one. 

So, the conventional argument that the charge transfer contributions to the zero-field splittings are 

negligible for 3d5 ions under low symmetrically distorted fluorine octahedra is proved no longer valid 

for the ∆ganalysis of ABF3:Mn2+ in view of the dominant second-order charge transfer perturbation 

terms. The unpaired spin densities of the fluorine 2s, 2p σand 2p πorbitals are determined from the 

quantitativedependences upon the related molecular orbital coefficients, rather than obtained by fitting 

the observed super hyperfine parameters in the previous works. 
 

Keywords: Electron paramagnetic resonance (EPR), Fluoroperovskites and crystal- field 
 

1. Introduction 

Fluoroperovskites ABF3 (A =K, Cs and B = Zn, Mg, Cd, Ca) doped with Mn2+ show unique 

photo and thermo stimulated luminescence, mechanoluminescent, dielectric, optical and 

structure properties. Usually, the dopedMn2+impurities may play an important role in the 

above properties. It is known that electron paramagnetic resonance (EPR) is a useful tool to 

investigate the electronic states and energy levels for transition-metal ions in crystals. Mn2+ 

(3d5) can be regarded as a model system with halffilled3d sub-shell, corresponding to the 

orbital non-degenerate6A1g ground state of high spin S = 5/2 [8, 9]. The EPR experiments were 

carried out on Mn2+ doped KZnF3, KMgF3, KCdF3, KCaF3 andCsCdF3, and the EPR 

parameters (g factor, the hyperfine structure constant A and the super hyperfine parameters 

A’ and B’) were also measured for the cubic Mn2+ centers. Up to now, however, the above 

EPR results have not been satisfactorily explained, although the super hyperfine parameters 

were tentatively analyzed by fitting the ligand unpaired spin densities for Mn2+ in KMgF3, 

KCdF3 and KCaF3. Nevertheless, the obtained unpaired spin densities fs and 𝑓𝜎−𝑓𝜋were not 

correlated quantitatively with the chemical bonding between the central ion and ligand 

orbitals buttaken as adjustable parameters. In addition, the g factors and the hyperfine 

structure constants of these centers have not been theoretically treated yet. So, further 

theoretical analyses on the EPR parameters are of fundamental significance.  

As regards the previous studies of the EPR parameters for3d5 ions in crystals, the 

perturbation formulas of these parameters were established from the cluster approach, by 

including the ligand orbital and spin–orbit coupling contributions under the crystal-field 

mechanism. In fact, besides the normally considered crystal-field mechanism related to the 

anti-bonding orbitals, the charge transfer mechanism related to the bonding (and non-

bonding) orbitals also brings forward important contributions to the EPR parameters. Despite 

of weak covalency, Mn2+ in the fluoroperovskites exhibits the delicate (∼10–4) g-shift ∆g 

(≈g−gs, where gs≈2.0023 is the spin-only value), and thus omission of the charge transfer 

contribution may induce obvious relative deviation of ∆g. 
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In order to study the EPR spectra of the Mn2+centers in the fluoroperovskites and to clarify the role of the charge transfer 

mechanism, the improved perturbation formulas of the EPR parameters are established in this work for an octahedral 

3d5cluster. In these formulas, both the crystal-field and charge transfer contributions are considered in a uniform way using the 

cluster approach. In the analysis of the super hyperfine parameters, the related molecular orbital coefficients due to the 

covalency between the 3d orbitals of Mn2+ and the 2s (and 2p) orbitals of the ligands are theoretically and uniformly 

determined from the cluster approach. 

 

2. Theory and calculations 

When a Mn2+ (3d5) ion is doped into the fluoroperovskites, it may occupy substitutionally the divalent cation B2+sites and 

conserve the original cubic (Oh) symmetry. For a 3d5ion in regular octahedra, it exhibits the orbital non-degenerate 6A1gground 

state of high spin. From the studies of the EPR spectra for 3d5ions in crystals, the combination of the spin–orbit coupling and 

orbital angular momentum interactions is regarded as the dominant origin of zero-field splitting and g-shift ∆g. Despite of 

weak covalency of the studied [MnF6]4−clusters, the spin–orbit coupling coefficient (≈220cm–1) of the ligand F− is comparable 

with that (≈347cm–1) of the impurity Mn2+, and thus the ligand orbital and spin–orbit coupling contributions may be significant 

and should be considered in view of the delicate ∆g. More importantly, apart from the normally considered crystal-field 

mechanism related to the anti-bonding orbitals, the charge transfer mechanism related to the bonding (and non-bonding) 

orbitals can yield obvious contributions to the EPR parameters. Thus, the improved formulas of the g factor and the hyperfine 

structure constant are derived using the similar perturbation procedure in Refs. As follows: 

 

𝑔 = 𝑔𝑠 + ∆ 𝑔 CF + ∆𝑔 𝐶𝑇  
 

 

∆𝑔 𝐶𝐹 = −5𝜁 𝐶𝐹  2,(1/𝐸1
2 + 1/𝐸3

2)/6 − 𝜁 𝐶𝐹
2 𝐸2

2 − 8𝜁 𝐶𝐹
′ 𝜁 𝐶𝐹[1/(𝐸1𝐸2) + 1/(𝐸2𝐸3)] 

 

∆𝑔 𝐶𝑇 = 8𝜁′𝑘
𝐶𝑇′ /(5𝐸𝑛) 

 

𝐴 = 𝐴𝐶𝐹 + 𝐴𝐶𝑇 

 

𝐴𝐶𝐹 = −𝑃𝐶𝐹
′ {5𝜁 𝐶𝐹

2′
(1/𝐸1

2 + 1/𝐸3
2)/6 + 𝜁 𝐶𝐹

2 /𝐸2
2 + 8𝜁 𝐶𝐹′𝜁 𝐶𝐹[1/(𝐸1𝐸2) + 1/(𝐸2𝐸3)]} − 𝑘𝑃𝐶𝐹  

 

 𝐴𝐶𝑇 = 8𝑃𝐶𝑇
′ ′𝑘𝐶𝑇

′ 𝜁𝐶𝑇
′

/(5𝐸𝑛) − 𝑘𝑃 𝐶𝑇/4                    (1) 

 

Where, the denominators Ei (i= 1–3) are the energy separations between the crystal-field excited 4T1g, 4T2g and 2T2gand the 

ground 6A1g states. They can be expressed in terms of the cubic field parameter Dq and the Racah parameters Band Cfor the 

3d5 ion in crystals: E1≈10B+6C−10Dq, E2≈19B+7C and E3≈10B+6C−10Dq. 𝜁CF, 𝜁CT, 𝜁CF,’𝜁CT,’are the spin–orbit coupling 

coefficients, kCT’s the orbital reduction factor, and PCF, PCF’PCT and PCT’ are the dipolar hyperfine structure parameters of the 

3d5 ion in crystals. Here the subscripts CF and CT denote the corresponding interactions related to the crystal field and charge 

transfer mechanisms, respectively. Enis the energy difference between the charge transfer excited 6Tn
1and the ground 6A1g 

states, which can be obtained from the relationshipEn≈30,000 [𝜒(L) − 𝜒(M)] cm−1. Here 𝜒(L) and 𝜒(M) are the optical electro 

negativities of ligand and 3dn ions, respectively. 

In order to derive the spin–orbit coupling coefficients, the orbital reduction factor and the dipolar hyperfine structure 

parameters, the nine-electron wave functions containing the anti-bonding orbitals ea, the non-bonding orbitals tn
2and the 

bonding orbitals eb are adopted here. Thus, the ground 6A1 state is expressed as: 

 

| 6𝐴1
5

2
𝑎1 ≥ [𝜉 +𝜂 +𝜁 +𝜃 +𝜀+|𝜃 +𝜃 −𝜀+𝜀−

  ]|                   (2) 

 

In the square bracket on the right side of Eq. (2), the letters 𝜉, 𝜂, 𝜁and𝜃, on the left column are tn
2 and ea orbitals and those 

(𝜃and ε) on the right column are eb orbitals. There is only one excited configuration (tn
2)4(ea) 2(eb) 3(or 6Tn

2) having the non-

zero spin–orbitcoupling interactions with the ground state 6A1g. Therefore, the zcomponent of 6Tn
2 charge transfer excited state 

with the highest MS = 5/2 can be given as: 

 

| 6𝑇1 𝑛
5

2
𝑍 ≥ [𝜉 +𝜂 +𝜁 +𝜁 −𝜃 +𝜀+| 𝜃+𝜃−𝜀+]                   (3) 

 

From the cluster approach, the one-electron basis functions of the octahedral 3d5 cluster can be expressed in terms of the 

LCAOMO orbitals: 

 

Ψ𝑡
𝑋 = (𝑁𝑡

𝑋) 1/2(𝜙 𝑡 − 𝜆𝑡
𝑋𝜒 𝑝𝑡), 

𝜓𝑒
𝑋 = (𝑁𝑒

𝑋) 1/2(𝜑 𝑒 − 𝜆𝑒
𝑋𝜒 𝑝𝑒 − 𝜆𝑆

𝑋𝜒𝑠)                    (4) 

 

Here the superscript x (=a or b) denotes the anti-bonding or bonding orbitals. 𝜑𝛾(𝛾 = 𝑒)And t stands for the irreducible 

representations Eg and T2g of the Oh group) are the pure 3d orbitals of the central ion. 𝜒𝑝𝛾  and 𝜒𝑠 are the 2p- and 2s-orbitals of 
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the ligands. 𝑁𝛾And 𝜆𝛾(or𝜆𝑆) are, respectively, the normalization factors and the orbital admixture coefficients. From Eq. (4), 

one can obtain the normalization conditions 

 

𝑁𝑡
𝑋[1 + (𝜆𝑡

𝑋) 2 − 2𝜆𝑡
𝑋𝑆𝑡] = 1, 

𝑁𝑒
𝑋[1 + (𝜆𝑒

𝑋) 2 + (𝜆𝑠
𝑋) 2 − 2𝜆𝑒

𝑋𝑆𝑒 − 2𝜆𝑠
𝑋𝑆𝑆] = 1,                  (5) 

 

And the orthogonality relationships 

 

1 + 𝜆𝑡
𝑎𝜆𝑡

𝑏 − (𝜆𝑡
𝑎 + 𝜆𝑡

𝑏)𝑆𝑡 = 0, 
1 + 𝜆𝑒

𝑎𝜆𝑒
𝑏 + 𝜆𝑠

𝑎𝜆𝑠
𝑏 − (𝜆𝑒

𝑎 + 𝜆𝑒
𝑏)𝑆𝑒 − (𝜆𝑆

𝑎 + 𝜆𝑠
𝑏)𝑆𝑠 = 0,                 (6) 

𝜆𝑒
𝑎𝜆𝑠

𝑏 + 𝜆𝑠
𝑎𝜆𝑒

𝑏 = 0 
 

Here St, Se and Ss are the group overlaps integrals between the 3d-orbitals of the central ion and the 2p- and 2s-orbitals of the 

ligands. In addition, the following approximation relationships are satisfied for the anti-bonding orbitals: 

 

𝑁2 ≈ (𝑁𝑡
𝑎) 2[1 + (𝜆𝑡

𝑎) 2𝑆𝑡
2 − 2𝜆 𝑡

𝑎𝑆𝑡], 
𝑁2 ≈ (𝑁𝑡

𝑎) 2[1 + (𝜆𝑒
𝑎) 2𝑆𝑒

2 + (𝜆 𝑠
𝑎) 2𝑆𝑆

2 − 2𝜆 𝑒
𝑎𝑒𝑎𝑆𝑒 − 2𝜆 𝑠

𝑎𝑆𝑠] 
 

In the above expressions, Nis the average covalency factor, characteristic of the covalency (or orbital admixtures) between the 

impurity and ligand ions. Since the orbital admixture coefficients and the group overlap integrals have the consistent 

dependence upon the impurity–ligand distance R, one can approximately adopt the proportional relationship 𝜆𝑠/𝜆𝑒 ≈ 𝑆𝑠/𝑆𝑒Se 

for the orbital admixture coefficients and the related group overlaps integrals within the same Eg irreducible representation. 

Applying the cluster approach, the spin–orbit coupling coefficients and the dipolar hyperfine structure parameters for the 

crystal-field mechanism can be expressed as follows: 

 

𝜁 𝐶𝐹 = 𝑁𝑡
𝑎[𝜁𝑑

0 + (𝜆𝑡
𝑎) 2𝜁𝑝

0/2], 𝜁𝐶𝐹
′ = (𝑁𝑡

𝑎𝑁𝑒
𝑎) 1/2[𝜁𝑑

0 − 𝜆𝑡
𝑎𝜆𝑒

𝑎𝜁𝑝
0/2]              (8) 

𝑃𝐶𝐹 = 𝑁𝑡
𝑎𝑃0, 𝑃𝐶𝐹

′ = (𝑁𝑡
𝑎𝑁𝑒

𝑎) 1/2𝑃0 
 

Similarly, those for the charge transfer mechanism are 

 

𝜁𝐶𝑇
′ = (𝑁𝑡

𝑎𝑁𝑒
𝑏) 1/2[(1 + 𝜆𝑡

𝑎 − 𝜆𝑠
𝑎)𝜁𝑑

0 − 𝜆𝑡
𝑎𝜆𝑒

𝑎𝜁𝑝
0/2],  

 

𝑘𝐶𝑇
′ = (𝑁𝑡

𝑎𝑁𝑒
𝑏) 1/2[(1 − 𝜆𝑒

𝑎 + 𝜆𝑡
𝑎 − 2𝜆𝑡

𝑎𝑆𝑡𝑆𝑒 + 𝜆𝑒
𝑎𝜆𝑡

𝑎𝑆𝑡/2 + 𝐴𝜆𝑡
𝑏𝜆𝑠

𝑎/2],             (9) 

 

𝑃𝐶𝑇 = 𝑁𝑡
𝑏𝑃0, 

 

𝑃𝐶𝑇
′ = (𝑁𝑡

𝑏𝑁𝑒
𝑏) 1/2𝑃0 

 

Here 𝜁𝑑
0and 𝜁𝑝

0are, respectively, the spin–orbit coupling coefficients of the free 3d5 and ligand ions. P0 is the dipolar hyperfine 

structure parameter of the free 3d5 ion. The value A denotes the integral 𝑅 < 𝜒𝑆|𝜕/𝜕𝑋|𝜒𝑃𝑋 >between the ligand 2s and 2p 

orbitals, with, the impurity-ligand distance R. 

In the previous treatments of the super hyperfine parameters, the unpaired spin densities fs and f𝜎– f𝜋of the ligand 2s and 2p 

𝜎(or 2p𝜋) 

 
Table 1: The basic parameters for calculating the spectral parameters, the unpaired spin densities fi (in %), the group overlap integrals and 

the LCAO coefficients related to both crystal-field and charge transfer mechanisms for Mn2+ in the fluoroperovskites. 
 

Hosts R Sdpt Sdpe Sds A Dq N 𝝀𝝅
𝒂   𝝀𝝈

𝒂 

KZnF3 2.056 0.0123 0.0432 0.0348 1.5257 858 0.853 0.420 0.342 

KMgF3 2.064 0.0119 0.0421 0.0339 1.5317 843 0.855 0.417 0.339 

KCdF3 2.082 0.0111 0.0398 0.0320 1.5450 822 0.856 0.415 0.337 

KCaF3 2.093 0.0106 0.0384 0.0309 1.5532 800 0.856 0.415 0.337 

CsCdF3 2.147 0.0086 0.0322 0.0259 1.5933 740 0.860 0.407 0.328 

Hosts 𝝀𝒔
𝒂 𝝀𝝅

𝒃  𝝀𝝈
𝒃 𝝀𝒔

𝒃 𝑵𝒕
𝒂 𝑵𝒆

𝒂 𝑵𝒕
𝒃 𝑵𝒆

𝒃 𝜻cf 

KZnF3 0.132 –1.201 –1.128 –0.909 0.857 0.874 0.412 0.332 0.412 

KMgF3 0.126 –1.211 –1.152 –0.927 0.859 0.876 0.408 0.322 0.408 

KCdF3 0.135 –1.216 –1.126 –0.906 0.860 0.875 0.406 0.332 0.406 

KCaF3 0.135 –1.216 –1.126 –0.906 0.860 0.875 0.405 0.331 0.405 

CsCdF3 0.143 –1.237 –1.116 –0.898 0.863 0.875 0.397 0.334 0.397 

Hosts 𝜻CF’ 𝜻CT’ kCT’ PCF PCF’ PCT’ Pct’ fs (%) (f𝝈𝒇𝝅)(%) 

KZnF3 287 247 0.511 160 162 69 77 0.59 –0.39 

KMgF3 288 244 0.506 161 162 68 76 0.57 –0.39 

KCdF3 288 245 0.508 161 162 69 76 0.53 –0.40 

KCaF3 288 245 0.508 161 162 69 76 0.53 –0.40 

CsCdF3 288 244 0.504 161 163 68 74 0.52 –0.44 
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Orbital’s were usually taken as adjustable parameters, instead of being correlated quantitatively with the chemical bonding 

between the central ion and ligand orbitals. In order to improve the above treatments, the cluster approach is applied here to 

establish the uniform expressions of these parameters. Thus, the super hyperfine parameters can be written as: 

 

𝐴′ = 𝐴𝑆 + 2(𝐴𝐷 + 𝐴𝜎 − 𝐴𝜋),                     (10) 

 

𝐵′ = 𝐴𝑆 − (𝐴𝐷 + 𝐴𝜎 − 𝐴𝜋) 

 

Here As is the isotropic contribution to the super hyperfine parameters, charactering the influence of the ligand 2s orbital. AD 

and 𝐴𝜎 − 𝐴𝜋denote the anisotropic contributions from the dipole dipole interaction between the electron of the central ion and 

ligand nucleus and that from the ligand 2p orbital, respectively. The isotropic part can be expanded as follows. 

 

𝐴𝑆 =
𝑓𝑠𝐴𝑠 0

2𝑆
                          (11) 

 

With A0
s=(8/3)gsgn𝛽𝛽 𝑛|Ψ(0)| 2 ≈1.5000 cm−1 and  

 

A0
p=gsgn𝛽𝛽 𝑛〈𝑟−3〉 2𝑝 ≈1.1072 cm−1.  

 

The electron spin is S= 5/2for the ground 6A1g state of Mn2+ in the fluoroperovskites. Fs stand for the density of unpaired spin 

of the ligand 2s orbital. The anisotropic contribution from the fluorine 2p orbital is usually written as. 

 

𝐴𝜎 − 𝐴𝜋 =
𝐴𝑃

0 (𝑓𝜎−𝑓𝜋)

2𝑆
                       (12) 

 

Here 𝑓𝜎and 𝑓𝜋are the unpaired spin densities of the ligand 2p𝜎and 2p𝜋orbitals, respectively. The dipole-dipole interaction 

between the electron distribution of the central ion and the fluorine ligand nucleus can be expressed as AD = g 𝛽gn 𝛽n/R3, with 

the g factor of the central ion. In the above expressions, the ligand unpaired spin densities can be quantitatively connected with 

the relevant molecular orbital coefficients based on the cluster approach. 

 

𝑓𝑠 ≈ 𝑁𝑒
𝑎(𝜆𝑠

𝑎) 2/3, 𝑓 𝜎 ≈ 𝑁𝑒
𝑎(𝜆 𝑒

𝑎) 2/3, 𝑓𝜋 ≈ 𝑁𝑡
𝑎((𝜆𝑡

𝑎) 2/4               (13) 

 

It is noted that in the previous works the unpaired spin densities for the ligand 2s, 2p 𝜎and 2p 𝜋orbitals were simply 

determined by fitting the experimental super hyperfine parameters. Instead, they are quantitatively and uniformly calculated 

from the cluster approach in this work. 

Now the above formulas are applied to the studies of the EPR parameters for Mn2+ in KZnF3, KMgF3, KCdF3, KCaF3 and 

CsCdF3. 

The impurity-ligand distances R in the defect centers are usually different from the cation–anion distances RH in the hosts due 

to the size mismatching substitution of the cations B2+ by the impurity Mn2+. Fortunately, the empirical formula R≈RH + 

(ri−rh)/2 has been proved valid for an impurity ion in crystals by the studies of experimental super hyperfine parameters, 

extended X ray absorption fine structure (EXAFS) measurements. Here, ri and rh are the ionic radii of the impurity and host 

ions, respectively. According to the data RH≈2.026, 1.994, 2.167, 2.188 and 2.232 ˚A for KZnF3, KMgF3, KCdF3, KCaF3 and 

CsCdF3 and ri≈0.80 ˚A for Mn2+and rh≈0.74, 0.66, 0.97 and 0.99 ˚A for Mg2+, Zn2+, Cd2+ and Ca2+, respectively, the distances 

R are obtained and shown in Table 1for these systems.  

From the optical spectra for Mn2+ in KZnF3, KMgF3 and KCaF3, the cubic field parameters Dq and the covalency factors N can 

be determined. Meanwhile, the spectral parameters for the Mn2+ centers in KCdF3 and CsCdF3 may be reasonably estimated 

from the relationship Dq∝R−5and the tendency that the covalency factor increases slightly with increasing the distance R. 

These values are shown in Table 1. Thus, the Racah parameters Band C for the studied Mn2+ centers can be obtained from the 

free-ion values B0≈960 and C0≈3325cm−1for Mn2+ and the relationships B≈B0N2 and C≈C0N2. From the extrapolated values 

𝜒(Mn2+)≈1.6 and 𝜒(F−)≈3.2, the charge transfer levels En are calculated for the studied systems. Utilizing the impurity–ligand 

distances R and the Slater-type self consistent field (SCF) wave functions, the group overlaps integrals St, Se, Ss and the integral 

A are calculated and collected in Table 1.  

The molecular orbital coefficients 𝑁𝛾
𝜒

and 𝜆𝛾
𝜒

 are acquired for the anti-bonding and bonding orbitals from Eqs. (5)-(7). 

Applying Eqs. (8) and (9) and the free-ion values 𝜁d
0≈ 347 cm−1and P0≈187×10−4 cm−1 for Mn2+ and 𝜁p

0p ≈ 220 cm−1for F−, the 

spin–orbit coupling coefficients, the orbital reduction factor and the dipolar hyperfine structure parameters related to 

thecrystal-field and charge transfer mechanisms are determined and given in Table 1. The core polarization constant in the 

formulas of the hyperfine structure constant is usually expressed as k≈−2𝜒/(3〈𝑟−3〉), where 𝜒is characteristic of the density of 

unpaired spins at the nucleus of the central ion and 〈𝑟−3〉 is the expectation value of the inverse cube of the Mn2+ 3d radial 

wave function. By using 〈𝑟−3〉 4.25 a.u. for Mn2+ and 𝜒≈−3.10−−3.18 a.u. for Mn2+in the fluoroperovskites, one can 

approximately obtain k≈0.51 for these systems here. Substituting these values into Eq. (1), the g factors and the hyperfine 

structure constants of the Mn2+ centers are calculated and shown in Table 2. The unpaired spin densities 𝑓𝑖(𝑖 = 𝜎, 𝜋, 𝑠)as well 

as the isotropic contributions As and the anisotropic contributions 𝐴𝜎 − 𝐴𝜋and AD to the super hyperfine parameters are 

acquired from Eqs. (11)–(13), and thus the resultant A’ and B’ are obtained from Eq. (10). In order to clarify the importance of 

the charge transfer contributions, the theoretical g and A factors containing only the crystal-field contributions and the super 
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hyperfine parameters based on fitting the unpaired spin densities for Mn2+in KMgF3, KCdF3 and KCaF3 in the previous works 

are also collected in Table 1. 

 
Table 2: The g-shift Δg, the hyperfine structure constant A (in 10−4 cm−1) and the super hyperfine parameters (in 10−4 cm−1) for Mn2+ in the 

fluoroperovskites. 
 

KZnF3 KMgF3 KCdF3 KCaF3 CsCdF3 

Δg      

Cal.a −0.0032 −0.0032 −0.0030 −0.0032 −0.0030 

Cal.b −0.0002 −0.0003 −0.0001 −0.0002 ∼0 

Expt. [10–12] −0.0002 (5) −0.0002 (5) −0.0008 (5) −0.0003(20) 0.0007(5) 

Cal. −81.49 −81.66 −82.52 −83.16 −83.11 

Cal. −91.00 −91.10 −91.98 −92.70 −92.41 

Expt. [10–12] −90.86 −91.0 (5) −92.6 (9) −93.1 (9) −91.37 

A      

Cal.a  24.0 23.5 23.0  

Cal.b 23.26 22.8 20.4 20.2 19.5 

Expt. [10–12] 24.19(2) 23.9(5) 21.6 21.1 20.1 

B      

Cal.  12.8 11.7 11.5  

Cal. 15.46 14.3 14.1 13.8 13.9 

Expt. [10–12] 15.05(7) 13.8(5) 12.9 12.7 13.5 

 
a Calculations of the g and A factors based on only the crystal-field contributions and those for the super hyperfine parameters 

by fitting the ligand unpaired spin densities in the previous studies for Mn2+ in KMgF3, KCdF3 and KCaF3. 
b Calculations based on inclusion of both the crystal-field and charge transfer contributions  

 

3. Discussions 

From Table 2, one can find that the EPR parameters (Cal. b) for Mn2+ in the fluoroperovskites are in reasonable agreement with 

the experimental data, while those (Cal. a) for the g-shifts and the hyperfine structure constants are not. This means that the 

improved formulas of the g and Afactors including both the crystal field and charge transfer contributions adopted in this work 

can be regarded as suitable. Meanwhile, the super hyperfine parameters are reasonably and uniformly interpreted for all the 

systems. 

1) The charge transfer contributions to the g-shifts are opposite (positive) in sign and comparable in magnitude as compared 

with the crystal-field ones and should be taken into account for the sake of more exact analysis of the EPR spectra forMn2+ 

in the fluoroperovskites. Although the systems show weak covalency, the parameters KCT’ and 𝜁CT′of the charge transfer 

mechanismare comparable with but slightly smaller than those of thecrystal-field one, since the ligand spin–orbit coupling 

coefficient (≈220cm–1) is close to that (≈347cm–1) of the central ion. More importantly, theΔg is delicate (∼10−4) for 3d5 

ions in octahedral (see Table 2 and Eq. (1)), and so omission of the charge transfer contribution would lead to some 

deviation (i.e., one order in magnitude larger than the observed value). From Eq. (1), the correlation of ΔgCT with the 

covalency or the ligand contributions is relatively stronger than ΔgCF because of the dominant second order perturbation 

terms (inversely proportional to the charge transfer level En) in the former and the third-order perturbation terms (inversely 

proportional to the square of the energy separationE1, E2 or E3) in the latter. Interestingly, the charge transfer contributions 

to the g-shifts are largely canceled by the crystal field ones, and thus almost the same g-shifts for all the systems can be 

understood. In the previous studies on the zero-field splitting D and E for 3d5 ions in fluorides of low symmetry, the 

conventional crystal-field formulas are actually suitable approximations and the charge transfer contributions to the zero-

field splitting are normally regarded as negligible. This is attributed to the dominant ionicity of the ligand and the higher 

(third or fourth) order charge transfer perturbation terms arising from the combination of the low symmetrical distortion 

and thespin–orbit coupling interactions. As regards the rarely treatedΔg, however, the above argument is no longer 

conclusive dueto the relatively more important (i.e., second-order perturbation terms) charge transfer contributions. Thus, 

the present calculations reveal that the charge transfer contributions to the g(and A) factors should be taken into account 

for Mn2+ in some fluorides. 

2) The charge transfer contributions ACT to the hyperfine structure constant are the same in sign and about 10% in magnitude 

compared to ACF from the crystal-field contributions. From Eqs. (1) and (9), ACT is sensitively related to the dipolar 

hyperfine structure parameters (PCT and PCT’), the orbital reduction factor kCT’ and the spin–orbit coupling coefficient 

ζCT′(which depends upon the ratio 𝜁𝑃
0/𝜁𝑑

0) of the charge transfer mechanism. Dissimilar to the g factor, the hyperfine 

structure constant is less sensitive to the charge transfer effect because of the dominant isotropic term proportional to the 

core polarization constant k. Even though, inclusion of the charge transfer contributions still brings forward some 

improvements in the calculated A factors. On the whole, the magnitudes of the hyperfine structure constant for Mn2+ in the 

fluoroperovskites obey tiny increasing tendency with the increase of the distance R (or the decrease of the covalency), 

which is consistent with the studies on the relationship between covalency and the magnitude of the A factor. 

3) The unpaired spin densities fs and 𝑓𝜎 − 𝑓𝜋are about 0.5% and−0.4% based on the present calculations, which are not 

faraway from those (≈ 0.5−0.6% and 0.3−0.6%) for KMF3:Mn2+(M=Mg, Ca and Cd) obtained by directly fitting the 

experimental super hyperfine parameters in the previous works and canbe regarded as suitable. The small super hyperfine 

parameters for Mn2+ in the fluoroperovskites can be uniformly described as the weak impurity-ligand orbital admixtures 

(i.e., the loworbital admixture coefficients) and the ligand spin transfers (i.e., the low unpaired spin densities). Moreover, 
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the general tendency of slight decrease of the super hyperfine parameters fromKZnF3:Mn2+ to CsCdF3:Mn2+ is also 

attributable to the declines of the orbital admixtures and the spin transfers with the increaseof R. By establishing the 

quantitative relationships between the unpaired spin densities and the molecular orbital coefficients, the present 

calculations seem more suitable than the previous studies and are applicable to the investigations of the super hyperfine 

parameters for 3d5 ions in other fluorides. 

4) It is noted that there are some errors in the above calculations. The approximations of the theoretical model and the 

formulas may lead to some errors. Importantly, the perturbation calculations are based on the cluster approach where only 

the six nearest neighbour ligands (i.e., [MnF6]4−clusters) are taken into account, while the influence of the rest of the 

lattice is neglected. This would be valid when the clusters are roughly uncoupled with lattice and the electrostatic potential 

generated by the rest of the lattice is approximately flat. However, recent density function theory (DFT) investigations on 

transition-metal ions in the fluoroperovskites reveal that LiBaF3 of the inverted perovskite structure may exhibit different 

shapes of the electrostatic potential due to all ions lying outside of the [MF6]4−clusters (Mdenotes divalent impurity ions) 

and hence different optical and magnetic behaviors’. Therefore, the theoretical study of this work is actually an approach 

to this problem. In order to evaluate the accuracy of the present results and to make more exact investigations of the EPR 

spectra and the electronic states for the Mn2+ centers, one should utilize the more powerful and reliable DFT calculations. 

 

4. Conclusion 

The EPR parameters for Mn2+ in the fluoroperovskites are theoretically investigated from the perturbation formulas containing 

both the crystal-field and charge transfer contributions established here for the first time. The charge transfer contribution to 

the g shiftΔg is positive and comparable to the crystal-field one, while the charge transfer contribution to the hyperfine 

structure constanthas the same sign and about 10% that of the crystal-field one. Importantly, the conventional argument that 

the charge transfer contributions to the zero-field splitting are negligible for 3d5 ions under low symmetrically distorted 

fluorine octahedra is proved no longer valid for the Δg analysis of ABF3:Mn2+ in view of the dominant second-order charge 

transfer perturbation terms. The unpaired spin densities of the fluorine 2 s, 2p𝜎and 2p𝜋orbitals are determined from their 

quantitative relationships with the related molecular orbital coefficients, rather than obtained by fitting the observed super 

hyperfine parameters in the previous works. 
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