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This paper systematically investigates the local distortion and electron paramagnetic resonance (EPR) parameter

for CdCl2:V2+ and CsMgX3:V2+ (X=Cl, Br) systems on the basis of the complete energy matrix, in which not only

the contributions due to the spin–orbit coupling of the central ions but also that of the ligands are considered. To

describe the difference of overlapping between d-orbits and p orbit, two spin–orbit coupling coefficients are introduced.

By simulating the crystal field parameter and EPR parameter, the local distortion parameters are studied and the

relationships between the EPR parameter and the spin–orbit coupling coefficients as well as divergent parameter are

discussed. These results show that the local structures exhibit compression distortion for CdCl2:V2+ and elongation

distortions for CsMgX3:V2+ (X=Cl, Br), respectively. It notes that the empirical formula R ≈ RH + (ri − rh)/2 is

not suitable for CdCl2:V2+ and CsMgX3:V2+ (X=Cl, Br) systems. The contributions of ligand to spin–orbit coupling

interaction cannot be neglected for strong covalent systems, especially for V2+ doped in CsMgBr3:V2+.
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1. Introduction

The transition-metal (TM) ions, especially the

3dn configuration ions, are often regarded as impurity

ions which are extensively applied in various promis-

ing systems such as laser crystal, catalyzers, photo-

electric basic materials and high-temperature super-

conductive materials. As we know, the electromag-

netic property of the TM ions in crystals is strongly

influenced by both the TM ions and their ligand ions.

In Van Vleck’s simple crystal field theory, generally,

only the d-orbit electrons of the TM ions are handled

in terms of quantum theory, the surrounding of ligand

ions, however, are regarded as the classical mechani-

cal systems. The theory of Van Vleck, in which the

spin–orbit (s.o.) coupling interaction is only related

with the central ion, has been proved to be applicable

only to the description of the electron paramagnetic

resonance (EPR) and optical spectra for the typical

ionic crystals.[1−3] However, since both the s.o. cou-

pling and covalent effect increase with the increasing

atomic number of the ligand ions, the contributions

to EPR from the s.o. coupling of the ligand ions are

expected to increase with increasing covalent effect

(such as ζ0p (F−) = 220 cm−1, ζ0p (Cl−) = 587 cm−1,

ζ0p (Br−) = 2460 cm−1 and ζ0p (I−) = 5060 cm−1).

Therefore, the one s.o. coupling parameter model will

not be considered as a reasonable one when the atomic

number of the ligand ions takes on a large value. A

two-s.o. coupling parameter model (in which not only

the contribution of s.o. coupling of central ions, but

also that of ligands are included) should be used. So,

with regard to the strong covalent system, just as that

remarked by Sugano et al, [4], two s.o. coupling coef-

ficients ζ and ζ ′ should be simultaneously introduced

to describe the difference of overlapping between d-

orbits |t2g⟩ and |eg⟩ of central ions with the p orbit of

the ligands.

In view of this, on the basis of the theory of high

order perturbation including two s.o. coupling co-

efficients ζ and ζ ′, there has been much interest in

the theoretical investigation of EPR parameters (D,

g∥, g⊥) for a covalent system. Vicaro et al.[5] gave

a theory of the EPR parameter for d4/d6 TM clus-
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ters with tetragonal symmetry and interpreted the

EPR parameter of Cr2+ in GaAs. Du et al.[6,7] in-

vestigated the EPR parameters for RX:V2+ (R=Na,

K, Rb; X=Cl, Br, I), Al2O3:Cr
3+ and CsMgX3:Cr

3+

(X=Br, I) systems, etc., and established the formu-

lae of EPR parameters for d3 configuration ions in the

trigonal ligand field. Furthermore, the local distortion

parameters and EPR parameters are also analysed by

Zheng and Wu et al.[8−11] based on these formulae for

CdCl2:V
2+ and CsMgX3:V

2+ (X=Cl, Br, I) systems.

These studies showed that the contributions from s.o.

coupling of ligand ions to EPR parameters in a co-

valent system may not be negligible. Simultaneously,

it is worth while noticing that the advantages of high

order perturbation lie in the fact that the EPR pa-

rameters may be analysed by the expressions of crys-

tal field and s.o. coupling parameter. It possesses

an intuitive and simplified feature. However, the high

order perturbation is just an approximation, and the

empirical formula R ≈ RH + (ri − rh)/2, which has

been employed in previous works, is not suitable for all

the doped systems according to recent studies.[12,13]

Therefore, it should be noted that some uncertainties

may exist in previous conclusions,[8−11] and the local

structure distortion of the TM complex needs to be

determined by using other reliable methods.

Since the method of complete energy matrix is

established in complete d3 configuration space, and

all interactions in Hamiltonian may be taken into ac-

count unambiguously, this method is obviously supe-

rior to the high order perturbation method. Based

on the complete energy matrix (252×252), two-s.o.

coupling parameter model for d5 configuration ions

are introduced, and it has been applied to study the

ground state zero-field splitting (∆E1, ∆E2) of Mn2+

and Fe3+ ions in ZnO (ζ0p(O
2−) = 136–158 cm−1) and

CdSe (ζ0p (Se2+) = 1868 cm−1) crystals.[14,15] In the

present work, by using the two-s.o. coupling parame-

ter model, the complete energy matrix (120×120) for

d3 configuration ions in trigonal ligand field has been

established. The local distortion parameters (∆R,

∆θ) for CdCl2:V
2+ and CsMgX3:V

2+ (X=Cl, Br)

systems are studied and the relationships between the

EPR parameterD and s.o. coupling coefficients (ζ, ζ ′)

as well as divergent parameter ζ2 ((ζ − ζ ′)/2) are dis-

cussed. Our results show that the local structures ex-

hibit compression distortion for CdCl2:V
2+and elon-

gation distortions for CsMgX3:V
2+ (X=Cl, Br), re-

spectively. It is shown that the empirical formula

R ≈ RH+(ri−rh)/2 is also not suitable for CdCl2:V
2+

and CsMgX3:V
2+ (X=Cl, Br) systems. The contribu-

tions of ligand to s.o. coupling interaction should be

considered for the strong covalent systems, especially

for V2+ in CsMgBr3:V
2+.

2. Theoretical methods

2.1.Complete energy matrix for d3 con-

figuration ions

In Sugano et al.’s strong field covalent theory, two

s.o. parameters ζ and ζ ′ are related to the s.o. cou-

pling constants of the 3d electrons in a TM ion (ζ0d)

and the p electrons in a ligand (ζ0p). In the linear

combination of atomic orbitals (LCAO) method, the

molecular-orbital basis can be written as[7]

|γ⟩ =
√
Nγ(

∣∣d0γ⟩− λγ |pγ⟩), (1)

where
∣∣d0⟩ is the d orbital of the central metal ion;

|p⟩ is the p orbital of the ligand ion; the subscript

γ = t2g or eg are the irreducible representations of the

cubic group; Nγ and λγ are the normalization factor

and orbital mixing coefficients, respectively. The two

s.o. coupling coefficients ζ and ζ ′, which are correlated

with the s.o. coupling coefficients of central metal ion

(ζ0d) and its ligand (ζ0p), can be expressed as[7]

ζ = Nt

(
ζ0d +

1

2
λ2
t ζ

0
p

)
,

ζ ′ =
√
NtNe

(
ζ0d − 1

2
λtλeζ

0
p

)
. (2)

The coefficients Nγ and λγ may be estimated by

the approximate relationship[7]

fγ = N2
γ [1− 2λγSdp(γ)+λ2

γS
2
dp(γ)], (3)

and the normalization correlation[7]

Nγ [1− 2λγSdp(γ) + λ2
γ ] = 1, (4)

where Sdp(γ) is the group overlap integral and fγ ≈
(B/B0+C/C0)/2. B, C are the Racah parameters of

TM ion in studied crystal[16−18] and B0, C0 are the

free ion parameters. For V2+ ion, B0 ≈ 766 cm−1

and C0 ≈ 2855 cm−1.[19] From Eqs. (2), (3), (4), the

values of Nγ , λγ , ζ and ζ ′ may be obtained and the

results for V2+ ions in CdCl2 and CsMgX3 (X=Cl,

Br) crystals are collected in Table 1.
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Table 1. The impurity-ligand distances, group overlap integrals, the crystal field parameters, Racah parameters,

LCAO coefficients, s.o. coupling coefficients, divergent parameter for V2+ in CdCl2 and CsMgX3 (X=Cl, Br)

crystals, (1 Å=0.1 nm).

compounds R/Å Sdpe Sdpt Dq/cm−1 B/cm−1 C/cm−1 fγ Nt

CdCl2 2.5495 0.0688 0.0225 920 642 2430 0.8446 0.9254

CsMgCl3 2.5216 0.0729 0.0243 975 613 2370 0.8152 0.9103

CsMgBr3 2.6668 0.0698 0.0220 895 603 2320 0.7999 0.9014

Ne λt λe ζ/cm−1 ζ′/cm−1 ζ2/cm−1

0.9403 0.3073 0.3298 180.19 128.03 26.0165

0.9273 0.3392 0.3623 182.76 120.29 31.235

0.9185 0.3535 0.3758 289.05 3.315 142.868

The perturbation Hamiltonian for dn configura-

tion ions in ligand field can be expressed as

Ĥ = Ĥee + ĤLF + ĤSO

=
∑
i<j

e2

ri,j
+
∑
i

Vi +
∑
i

ζ0d(ri)l̂i · ŝi

+
∑
j

ζ0p(rj)l̂j · ŝj , (5)

where Ĥee, ĤLF and ĤSO are the electron–electron

repulsion interaction, the ligand field interaction and

the s.o. coupling interaction, respectively. The corre-

sponding 120×120 energy matrix for a d3 configura-

tion ion has been constructed. The matrix elements

are the functions of the Racah parameters B, C, the

s.o. coupling coefficients ζ and ζ ′, and the ligand field

parameters Bkq. In the trigonal ligand field, the B20,

B40 and Bc
43 may be expressed as:[20]

B20 =
1

2

∑
τ

G2(τ)(3 cos
2 θτ − 1), (6)

B40 =
1

8

∑
τ

G4(τ)(35 cos
4 θτ − 30 cos2 θτ + 3), (7)

Bc
43 =

√
35

4

∑
τ

G4(τ) sin
3 θτ cos θτ (8)

with

G2(τ) = −eqτG
2(τ), G4(τ) = −eqτG

4(τ),

Gk(τ) =

∫ Rτ

0

R2
3d(r)r

2 rk

Rk+1
τ

dr

+

∫ ∞

Rτ

R2
3d(r)r

2 Rk
τ

rk+1
dr, (9)

where τ and qτ represent the τ -th ligand and its ef-

fective charge respectively, the Rτ and θτ are the V–

X (X=Cl, Br) distance and the angle between V–X

and C3 axis, respectively. By using the Van Vleck

approximation[21] and taking the point-dipole model,

the G2(τ), G4(τ) can be written as

G2(τ) =
A2

R3
τ

, G4(τ) =
A4

R5
τ

(10)

with

A4 = −eqτ ⟨r4⟩
(
1 +

5µ

eRτ

)
,

A2 = −eqτ ⟨r2⟩
(
1 +

3µ

eRτ

)
,

A2/A4 = ⟨r2⟩
(
1 +

3µ

eRτ

)/
⟨r4⟩

(
1 +

5µ

eRτ

)
, (11)

where µ is the electric dipole moment of a ligand

ion. The values of ⟨r2⟩ = 2.565 a.u. and ⟨r4⟩ =

13.1132 a.u. for V2+ ion are obtained from the semi-

empirical radial wave function.[22] According to the

cell parameters: a0 = 3.60 Å, c0 = 5.83 Å for VCl2,

a0 = 3.768 Å, c0 = 6.18 Å for VBr2 and atomic

arrangement: V = (0, 0, 0), X = ±( 13 ,
2
3 ,

1
4 ), the

structure parameters can be determined, those are

R0 = 2.55 Å, θ0 = 54.6◦ for VCl2 and R0 = 2.688 Å,

θ0 = 54.618◦ for VBr2, respectively. Taking qτ = −e

for X− (X=Cl, Br), then we can get the dipoles

µCl = 0.796eRτ and µBr = 0.9683eRτ on the basis of

the structure parameters and optical spectra of pure

VCl2 and VBr2 crystals,[23] and the results are listed

in Table 2. The values of A2 and A4, which are asso-

ciated with dipole µ, can also be obtained by Eq. (9).

Those values will be employed in the following calcu-

lation.
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Table 2. The calculated and observed optical spectra of

VX2 (X=Cl, Br), all units in cm−1.

transition site

VCl2 VBr2

µCl = 0.796eRτ µBr = 0.9683eRτ

Calc. Obs.[23] Calc. Obs.[23]

4A2 → 4E 9173 9200 8583 8600

4A1 9234 8637

2E 11715 11700 11405 11400

2E 12341 12200 12016 12000

2A2 12379 12049

4A2 14365 14270 13537 13330

4E 14439 13600

2A1 16240 16100 16221 15800

2E 16324 16294

1A1 19029 18520 18193 17180

2E 20880 20790 19990

2A1 20950 20052

2.2. EPR parameters for d3 configura-

tion ions

The EPR spectra of d3 configuration ions V2+ in

a trigonal ligand field can be analysed by employing

the spin Hamiltonian:[24]

ĤS = µBg∥HzSz + µBg⊥(HxSx +HySy)

+ D

[
S2
z − 1

3
S(S + 1)

]
. (12)

In the absence of the external magnetic field, the

ground state 4A2 is split into two spin doublets
∣∣±1

2

⟩
and

∣∣± 3
2

⟩
.

E

(
± 3

2

)
= D, E

(
± 1

2

)
= −D. (13)

The ground state splitting ∆E can be expressed as

∆E = E

(
± 3

2

)
− E

(
± 1

2

)
= 2D. (14)

The value of ∆E, which is associated with the local

structure of the TM complex, may be obtained by di-

agonalizing the complete energy matrix of the Hamil-

tonian in Eq. (5).

3. Calculation and analysis

3.1.Calculation of the local distortion

parameters for trigonal V2+ centres

The CsMgX3 (X=Cl, Br) and CdCl2 are

favourable and important ionic crystals. The per-

ovskite CsMgX3 (X=Cl, Br), which exhibits a lin-

ear array of (MgX6)
4− octahedra sharing opposite

faces along the hexagonal c-axis, are important mag-

netic and luminescent materials.[11,25] The CdCl2
is a typical layered ionic crystal in which a Cd2+

plane is sandwiched between two halogen–ion planes

and has extensively practical applications in low-

dimensional magnetism, spectroscopy, and fluores-

cence mechanisms.[26,27] When V2+ ions are doped

into CdCl2 and CsMgX3 (X=Cl, Br) crystals, they

will be coordinated by six halogen ions sitting at the

vertices and the local symmetry of (VX6)
4− clusters

belongs to the space group D3d. Owing to the differ-

ence of ionic radius and mass between the impurity ion

V2+ and the replaced ions, it is expected that the local

structures of (VX6)
4− clusters will display compres-

sion or elongation distortions in the doped systems.

For the CdCl2:V
2+ system, we can predict that the

local lattice structure around V2+ ion will exhibit a

compression distortion along C3-axis because the ra-

dius of V2+ ion (r = 0.88 Å) is smaller than that of

Cd2+ (r = 0.97 Å) ion.[28] Correspondingly, we can

also assume that there is an elongation distortion for

CsMgX3:V
2+ (X=Cl, Br) systems, since the radius

of V2+ ion is distinctly larger than that of Mg2+ ion

(r = 0.66 Å).[28] For quantitative calculation, we in-

troduce two local distortion parameters ∆R and ∆θ

(see Fig. 1) to describe the trigonal distortion. Then

the local structure parameters R and θ can be ex-

pressed as

Fig. 1. The local distortion for CdCl2:V2+ and

CsMgX3:V2+ (X=Cl, Br) systems with D3d symmetry,

R0 and θ0 are the structure parameters of host crystals.

The ∆R and ∆θ represent the local distortion parameters.

R = R0 +∆R,

θ = θ0 +∆θ, (15)
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where R0 = 2.6567 Å is the Cd–Cl bond length and

θ0 = 56.79◦ is the angle between Cd–Cl bond and C3-

axis for CdCl2 crystal,[29] R0 = 2.496 Å, θ0 = 51.73◦

for CsMgCl3 crystal and R0 = 2.662 Å, θ0 = 52.44◦

for CsMgBr3 crystal.[30] In order to determine the lo-

cal distortion parameters ∆R and ∆θ of V2+ ions in

different (VX6)
4− clusters, the corresponding Racah

parameters B, C and the s.o. coupling coefficients ζ

and ζ ′ listed in Table 1 are used. By diagonalizing

the complete energy matrix, the crystal field param-

eter Dq (10Dq corresponds to 4T2 → 4A2) and EPR

parameter D can be simulated as the functions of the

local distortion parameters (∆R, ∆θ). The theoretical

values are listed in Tables 3 and 4.

Table 3. Comparison of optical spectra between the theoretical and experimental values for V2+ ions in CdCl2 crys-

tal, as well as the pure VX2 (X=Cl, Br) crystals with CdCl2:V2+ and CsMgX3 (X=Cl, Br) systems, respectively,

all units in cm−1.

transition site
CdCl2 CsMgCl3 CsMgBr3

Calc. Obs.[31] Calc. VCl
[23]
2 Calc. VBr

[23]
2

4A2 → 4E 9121 9000 9702 9200 8700 8600

4A1 9265 9764 9126

2E 11619 11530 11398 11700 10390 11400

2E 12124 11810 11983 12200 10801 12000

2A2 12233 12020 12105

2A1 16491 16250 16458 16100 15929 15800

2E 16724 16540 16934

Table 4. The local distortion parameters (∆R, ∆θ) and EPR parameter D of the octahedral (VX6)4− (X=Cl,

Br) clusters for CdCl2:V2+ and CsMgX3:V2+ (X=Cl, Br) systems calculated from different methods.

compounds
∆R/Å ∆θ/(◦) D/m−1

Calc. Obs.[32,33]

CsMgCl3:V2+ aCalc. –0.0850 ±0.0961

bCalc. –0.0869

cCalc. 0.11 3.52 –0.0985

dCalc. 0.0296 3.09401 –0.0961

eCalc. 0.0256 2.8718 –0.0961

CsMgBr3:V2+ cCalc. 0.11 5.43 0.1306 ±0.1320

eCalc. 0.0048 7.3955 0.1320

CdCl2:V2+ bCalc. –0.2086 –0.2077

cCalc. –0.045 –1.14 –0.2077

dCalc. –0.1149 –1.3111 –0.2077

eCalc. –0.1072 –1.6562 –0.2077

a Calculated by using the crystal field theory.[8]

b Calculated from the high order perturbation based on the one-s.o. coupling parameter model.[34,35]

c Calculated from the high order perturbation based on the two-s.o. coupling parameter model.[9,10]

d Calculated from the complete energy matrix based on the one-s.o. coupling parameter model.

e Calculated from the complete energy matrix based on the two-s.o. coupling parameter model.

From Tables 3 and 4, we can clearly see that the

experimental data of the crystal field parameter Dq

and EPR parameter D can be satisfactorily simulated

by using the local distortion parameters ∆R and ∆θ.

It is found that the signs of the distortion parame-

ters ∆R and ∆θ of CdCl2:V
2+ system are negative,

which implies a compression distortion. In contrast,

the positive signs of ∆R and ∆θ indicate an elon-

gation distortion for CsMgX3:V
2+ (X=Cl, Br) sys-

tems. These two calculated results are in accordance

with our above prediction. Although the optical spec-

tra for CsMgX3:V
2+ (X=Cl, Br) systems have not
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been reported so far, it can be predicted by our the-

oretical calculation. It will provide powerful help for

the further experimental measurement. Besides, we

also find that the calculated data of optical spectra

for CdCl2:V
2+and CsMgX3:V

2+ (X=Cl, Br) systems

are approximately in agreement with the optical spec-

tra of pure VX2 (X=Cl, Br) crystals, respectively.

It may be attributed to the fact that VCl2 crystal

and CdCl2:V
2+ and CsMgCl3:V

2+ systems have the

similar (VCl6)
4− cluster, as well as VBr2 crystal and

CsMgBr3:V
2+ system. Of course, our theoretical re-

sults need to be verified by further experiments.

From Table 4, for CdCl2:V
2+ and CsMgCl3:V

2+

systems, we find that the local distortion parameters

obtained with the one-s.o. coupling parameter model

are close to those calculated by using the two-s.o. cou-

pling parameter model. However, for CsMgBr3:V
2+

system, the local distortion parameters cannot be ob-

tained by means of the one-s.o. coupling parameter

model, it indicates that the one-s.o. coupling param-

eter model could not give reasonable interpretation.

Furthermore, the comparison based on the methods

of the complete energy matrix and high order pertur-

bation is also shown, it is noted that the local distor-

tion parameters ∆R and ∆θ are different using the

two different methods. On the basis of the EPR cal-

culation, this difference may be ascribed to that of the

empirical formula R ≈ RH + (ri − rh)/2 in previous

calculations, which is induced from the given doped

systems,[36] and is not suitable for the CdCl2:V
2+ and

CsMgX3:V
2+ (X=Cl, Br) systems. Of course, in or-

der to detailedly clarify the local distortion, more care-

ful experiments especially electron nuclear double res-

onance (ENDOR) are required.

3.2.The relationships between the s.o.

coupling coefficients ζ and ζ′ and

EPR parameter D

As mentioned above, the s.o. coupling coeffi-

cients ζ and ζ ′ are introduced by Sugano et al. for

a strong covalent system. From Table 1, we note

that the values of ζ and ζ ′ show the following order:

ζ(Cl−) < ζ(Br−), ζ ′(Cl−) > ζ ′(Br−). Furthermore,

by adjusting the corresponding parameters, the rela-

tionships of D vs. ζ and D vs. ζ ′ are shown in Fig. 2.

It is remarked that according to the high order per-

turbation formula, D is directly linearly related to ζ [7]

and directly proportional to the square of ζ ′,[7] respec-

tively. But, our results show that the function ofD vs.

ζ is not a strictly linear relation, as well as D vs. ζ ′ is

not a strictly quadratic relation. This difference may

be due to the fact that the complete energy matrix

method involves all microstates of the d3 configura-

tion, whereas the high order perturbation method is

only considered as a part of the microstates of the d3

configuration.

Fig. 2. The relationships between (ζ, ζ′) and D for CdCl2:V2+ and CsMgX3:V2+ (X=Cl, Br) systems.

3.3.The influence of divergent parameter ζ2 on EPR parameter D

In the classical crystal field theory, in general, the influence of the ligands on the central metal ion is simply

treated as the reduction of the s.o. coupling coefficient ζ, ζ < ζ0, where ζ0 is the s.o. coupling coefficient of
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the free TM ion. This method may be understood as the average covalent theory[4,37−39] and it is available

only for the system with the negligible s.o. coupling contribution of the ligands. Usually, the splitting of the

d-orbit in the ligand field and the different covalent effects between the sub-orbitals should be introduced in the

calculation. To clarity in physics, two-s.o. parameters ζ1 and ζ2 are also introduced:

ζ1 = (ζ + ζ ′)/2, ζ2 = (ζ − ζ ′)/2. (16)

The physical meanings of ζ1 and ζ2 are the average and divergent contributions of the orbits |t2g⟩, |eg⟩ and
p orbits to the s.o. coupling interaction, respectively. From Eqs. (2) and (16), we have

ζ1 =
1

2
[Nt +

√
NtNe]ζ

0
d +

1

4
[Ntλ

2
t −

√
NtNeλtλe]ζ

0
p,

ζ2 =
1

2
[Nt −

√
NtNe]ζ

0
d +

1

4
[Ntλ

2
t +

√
NtNeλtλe]ζ

0
p. (17)

From Eq. (17), we can clearly see that the divergent parameter ζ2 is related to the s.o. coupling parameter

ζ0p of the ligand. Consequently, the strong covalent system (CsMgBr3:V
2+) with the large value of the s.o.

coefficient (ζ0p(Br
−) = 2460 cm−1) of the ligand induces the large value of the divergent parameter ζ2 (ζ2 =

142.868 cm−1). From Table 1, it is found that ζ2 increases from Cl− to Br− since the covalence and s.o.

coupling parameter ζ0p of ligand ions increase from Cl− to Br−, and the ratio ζ2/ζ =14.44%, 25.97%, 49.43%

can be obtained for CdCl2:V
2+ and CsMgX3:V

2+ (X=Cl, Br) systems, respectively. So, the one-s.o. coupling

parameter model is approximately effective to the studies of EPR parameter for CdCl2:V
2+and CsMgCl3:V

2+

systems, and the two-s.o. coupling parameter model should be adopted for CsMgBr3:V
2+ system. Although

the contributions of chlorine as ligand is less significant than that of bromine ligand, its contributions cannot

also be neglected in rigorous calculation. So, the two-s.o. coupling parameter model should be preferred for

those systems.

At last, the influence of the divergent parameter ζ2 on EPR parameter D is studied, the detailed results

are plotted in Fig. 3. We find that the curve of D vs. ζ2 has an approximately linear relationship. The values

of D will decrease with the increase of ζ2 for CdCl2:V
2+ and CsMgCl3:V

2+ systems. In contrast, the values of

D will increase with the increase of ζ2 for CsMgBr3:V
2+ system.

Fig. 3. The dependence of ζ2 on D for CdCl2:V2+ and CsMgX3:V2+ (X=Cl, Br) systems.

4. Conclusion

By using the complete energy matrix method and taking into account the contributions from the s.o.

coupling of the TM ions as well as those of the ligand ions, we systematically investigated the EPR parameter

and local distortion for CdCl2:V
2+ and CsMgX3:V

2+ (X=Cl, Br) systems and draw the following conclusions.

(i) The local lattice structures for the (VX6)
4− (X=Cl, Br) clusters in CdCl2:V

2+ and CsMgX3:V
2+

(X=Cl, Br) systems are determined. There exists compression distortion (∆R = −0.1072 Å, ∆θ = −1.6562◦)
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for CdCl2:V
2+ system and the elongation distortions (∆R = 0.0256 Å, 2.8718 Å, ∆θ = 0.0048◦, 7.3955◦) for

CsMgX3:V
2+ (X=Cl, Br) systems, respectively. Moreover, the results also show that the empirical formula

R ≈ RH + (ri − rh)/2 is unsuitable for the V2+ in CdCl2 and CsMgX3 (X=Cl, Br) crystals.

(ii) The s.o. coupling coefficients ζ and ζ ′ have an important influence on the EPR parameter D. There is

an approximately linear relation between ζ and D, and an approximately quadratic relation between ζ ′ and D.

(iii) It is worth while noting that there are approximately linear relations between the EPR parameter

D and the divergent parameter ζ2. The values of D will decrease with the increase of ζ2 for CdCl2:V
2+ and

CsMgCl3:V
2+ systems. Contrarily, D will increase with the increase of ζ2 for CsMgBr3:V

2+ system.

(iv) For strong covalent systems, especially for V2+ doped in CsMgBr3:V
2+, the contributions of ligand to

s.o. coupling interaction should be included.
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