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Investigations on the EPR Parameters of KMgF3:Cr
+
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The electron paramagnetic resonance parameters (i.e., g factor, hyper�ne structure constant and superhyper-
�ne parameters) of KMgF3:Cr

+ are theoretically investigated from the perturbation formulae of these parameters
for an octahedral 3d5 cluster. As for the calculations of g factor and hyper�ne structure constant, both the
contributions from the crystal-�eld and charge transfer mechanisms are included based on the cluster approach.
The metal to ligand charge transfer contribution to the g-shift ∆g (≈ g − 2.0023) is the same (negative) in sign
and much larger in magnitude as compared to the crystal-�eld one. The conventional argument that the charge
transfer contributions to zero-�eld splittings are negligible for 3d5 ions in �uorides is no longer suitable for ∆g
analysis of KMgF3:Cr

+ due to the dominant second-order charge transfer perturbation term. The charge transfer
contribution to hyper�ne structure constant exhibits the same sign and about 4% of the crystal-�eld one. The
unpaired spin densities of the �uorine 2s, 2pσ and 2pπ orbitals are quantitatively acquired from the relationships
with the relevant molecular orbital coe�cients using the uniform model. The present treatments are superior to
the previous calculations of directly �tting the experimental superhyper�ne parameters.
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1. Introduction

Fluoroperovskite KMgF3 containing chromium show
unique luminescence [1], thermoluminescence [2], opti-
cal [3], thermal conductivity [4], and other physical prop-
erties [5] as well as promising applications in optical
components [6] and ceramic science and technology [7].
Normally, the above properties may be closely corre-
lated to the structure and electronic properties of the
Cr dopants in the host materials, which may be conve-
niently investigated by means of the electron paramag-
netic resonance (EPR) and electron nuclear double res-
onance (ENDOR) techniques. On the other hand, 3d5

con�guration is usually regarded as a model system in
the transition-metal group due to the half-�lled 3d sub-
-shell and the orbital non-degenerate 6A1g ground state
of high spin S = 5/2 [8�10]. Unlike more conventional
Mn2+ and Fe3+, Cr+ (3d5) is relatively scarce. It is also
rare as compared to various high valence states (+n, with
n = 2�5) of chromium and seldom studied. So, studies on
Cr+ in crystals would be of scienti�c and practical impor-
tance. For example, the EPR and ENDOR experiments
were carried out for Cr+ doped KMgF3, and the EPR
parameters (g factor, hyper�ne structure constant A and
superhyper�ne parameters A′ and B′) were measured for
53Cr+�F− combination [11, 12].
Until now, however, these experimental results have

not been theoretically explained, only the superhyper�ne
parameters were tentatively analyzed by directly �tting
the unpaired spin densities to the experimental superhy-
per�ne parameters [13]. So, the obtained unpaired spin
densities fs and fσ − fπ were not quantitatively corre-
lated with chemical bonding between the central ion and
ligands but simply taken as the adjustable parameters.
Moreover, no uniform theoretical investigations for the
g factor and the hyper�ne structure constant have been

made yet. In order to overcome the above shortcomings
of the previous studies [13] and to study the EPR spec-
tra for KMgF3:Cr+ to a better extent, further theoretical
analyses of the EPR parameters are of signi�cance. It is
noted that not only the crystal-�eld mechanism related
to the antibonding orbitals but also the charge trans-
fer mechanism related to the bonding (and non-bonding)
orbitals may induce contributions to the EPR parame-
ters [14]. Because of the very small (≈ 10−3 [11]) g-shift
∆g (≈ g − gs, where gs ≈ 2.0023 is the spin-only value)
for KMgF3:Cr+ due to the non-degenerate 6A1g ground
state, the charge transfer mechanism can amount obvious
importance in ∆g despite of weak covalency.
In this work, the improved perturbation formulae of

the EPR parameters are adopted for an octahedral 3d5

cluster. In the treatments of g factor and hyper�ne struc-
ture constant, both the crystal-�eld and charge transfer
contributions are uniformly included from the cluster ap-
proach. As for superhyper�ne parameters, the unpaired
spin densities for the �uorine 2s and 2p orbitals are quan-
titatively acquired using the theoretical formulae associ-
ated with the relevant molecular orbital coe�cients from
the cluster approach. The results are discussed.

2. Theoretical formulae and calculations

According to Ref. [13], cubic point symmetry can be
maintained when Mg2+ in KMgF3 is replaced by a diva-
lent iron-group impurity. In particular, chromium would
dissolve almost entirely in the divalent state and yield
Cr+ and Cr3+ on cubic Mg2+ sites with nearly equal con-
centrations under X-ray irradiation at room temperature.
On the other hand, the probability of charge compensa-
tion (e.g., O2− or K+ vacancies for Cr+ or Cr3+ substi-
tution) would be small at very low temperature (4 K)
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of ENDOR measurements [11, 12] and can be neglected.
So, Cr+ may occupy the host Mg2+ site and conserve
original Oh symmetry in KMgF3. For a 3d5 ion under
a perfect octahedron, the system shows the orbital non-
-degenerate 6A1g ground state with high spin S = 5/2
[8, 9]. According to the extensive EPR investigations for
3d5 ions in compounds, combination of the spin�orbit
coupling and orbital angular momentum interactions is
normally regarded as the dominant origin of g-shift ∆g
and zero-�eld splittings [15, 16]. Importantly, the metal
to ligand charge transfer contribution is expected due to
the low valence state of Cr+ in the Cr+�F− combina-
tion, and this contribution may be signi�cant because of
the delicious ∆g and should be taken into account in the
EPR studies for KMgF3:Cr+.

2.1. The perturbation formulae of g factor
and hyper�ne structure constant

For the studied system the metal to ligand charge
transfer mechanism should be considered. Thus, the
nine-electron wave functions containing the anti-bonding
orbitals ea, the non-bonding orbitals tn2 and the bonding
orbitals eb are adopted here. The ground state 6A1g is
expressed as follows:
|6A1

5
2a1〉 = [ξ+η+ζ+θ+ε+|θ+θtε+ε−]. (1)

In the square bracket on the right hand of the above
expression, the letters (ξ, η, ζ and θ, ε) in the left col-
umn are the tn2 and ea orbitals and those (θ and ε) in
the right column are the eb ones. For the metal to
ligand charge transfer, there is only one excited state
(tn2 )3(ea)1(tb2)1(eb)4 (or 6Tn1 ) having non-zero spin�orbit
coupling interaction with the ground 6A1g state. The z
component of the charge transfer excited state 6Tn1 with
the highest MS = 5/2 can be expressed as
|6Tn1 5

2z〉 = [ξ+η+ζ+θ+|ζ+θ+θ−ε+ε−]. (2)
From the cluster approach [17], the one-electron basis

functions for an octahedral 3d5 cluster may be written in
terms of the LCAO�MO orbitals

ψxt = (Nx
t )1/2(ϕt − λxt χpt),

ψxe = (Nx
e )1/2(ϕe − λxeχpe − λxsχs). (3)

Here the superscript x (= a and b) stand for the anti-
-bonding and bonding orbitals, respectively. ϕγ (γ = e
and t denote the irreducible representations Eg and T2g
of the Oh group) are the pure impurity 3d orbitals. χpγ
and χs are the pure �uorine 2p-and 2s-orbitals. Nγ and
λγ (or λs) are, respectively, the normalization factors and
the orbital admixture coe�cients.
Utilizing the perturbation procedure [16], the improved

formulae for g factor and hyper�ne structure constant can
be obtained as follows:

∆g = ∆gCF + ∆gCT,

∆gCF = −5ζ ′2CF(1/E2
1 + 1/E2

3)/6− ζ2CF/E
2
2

− 8ζ ′CFζCF[1/(E1E2) + 1/(E2E3)],

∆gCT = −8ζ ′CTk
′
CT/(5En),

A = ACF +ACT,

ACF = −P ′CF

{
5ζ ′2CF(1/E2

1 + 1/E2
3)/6 + ζ2CF/E

2
2

+ 8ζ ′CFζCF[1/(E1E2) + 1/(E2E3)]
}
− κPCF,

ACT = 8P ′CTk
′
CTζ

′
CT/(5En)− κPCT/4. (4)

In the above expressions, the denominators Ei (i =
1�3) are the energy separations between the crystal-�eld
excited 4T1g, 4T2g and 2T2g and the ground 6A1g states.
They are normally obtained in terms of the cubic �eld
parameter Dq and the Racah parameters B and C for
the 3d5 ion in crystals [18, 19]:

E1 ≈ 10B + 6C − 10Dq,

E2 ≈ 19B + 7C,

E3 ≈ 10B + 6C + 10Dq. (5)
Here, ζCF, ζCT, ζ ′CF and ζ ′CT are the spin�orbit cou-

pling coe�cients, k′CT is the orbital reduction factor,
and PCF, P ′CF, PCT and P ′CT are the dipolar hyper�ne
structure parameters for the 3d5 ion in crystals. The
subscripts CF and CT stand for the corresponding in-
teractions related to the crystal-�eld and charge transfer
mechanisms, respectively. En is the energy di�erence
between the charge transfer excited 6Tn1 and the ground
6A1g states.
Utilizing the cluster approach [17], the spin�orbit cou-

pling coe�cients and the dipolar hyper�ne structure pa-
rameters for the crystal-�eld mechanism can be expressed
as follows:

ζCF = Na
t [ζ0d + (λat )2ζ0p/2],

ζ ′CF = (Na
t N

a
e )1/2[ζ0d − λat λaeζ0p/2],

PCF = Na
t P0,

P ′CF = (Na
t N

a
e )1/2P0. (6)

Similarly, those for the charge transfer mechanism are
ζ ′CT = (Na

t N
b
e )1/2[(1 + λat − λas)ζ0d − λat λaeζ0p/2],

k′CT = (Na
t N

b
e )1/2[1− λae + λat − 2λatStSe

+ λaeλ
a
tSt/2 +Aλbtλ

a
s/2],

PCT = N b
t P0,

P ′CT = (N b
tN

b
e )1/2P0. (7)

In the above formulae, ζ0d and ζ0p are, respectively, the
spin�orbit coupling coe�cients of the free 3d5 and ligand
ions. P0 is the dipolar hyper�ne structure parameter of
the free 3d5 ion. A denotes the integral R〈χs|∂/∂x|χpx〉
between the ligand 2s and 2p orbitals, with the impurity�
ligand (reference) distance R.
The molecular orbital coe�cients in Eq. (3) can be de-

termined from the cluster approach [17]. One can obtain
the normalization conditions

Nx
t [1 + (λxt )2 − 2λxt St] = 1,

Nx
e [1 + (λxe )2 + (λxs )2 − 2λxeSe − 2λxsSs] = 1 (8)

and the orthogonality relationships
1 + λat λ

b
t − (λat + λbt)St = 0,

1 + λaeλ
b
e + λasλ

b
s − (λae + λbe)Se − (λas + λbs)Ss = 0,

λaeλ
b
s + λasλ

b
e = 0. (9)

Here St, Se and Ss are the group overlap integrals be-
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tween the impurity 3d and the ligand 2p and 2s orbitals.
The following approximation relationships are satis�ed
for the antibonding orbitals [17]:

N2 ≈ (Na
t )2[1 + (λat )2S2

t − 2λatSt],

N2 ≈ (Na
e )2[1 + (λae)2S2

e + (λas)2S2
s −2λaeSe−2λasSs].

(10)
In these formulae, N denotes the average covalency

factor, characteristic of covalency of the system. Since
the orbital admixture coe�cients decrease with decrease
of the group overlap integrals as the distance R increases,
the proportional relationship λs/λe ≈ Ss/Se can be ap-
proximately adopted for the orbital admixture coe�-
cients and the related group overlap integrals within the
same Eg irreducible representation.

2.2. The formulae of superhyper�ne parameters

It is noted that the unpaired spin densities fs and
fσ − fπ of the ligand F− 2s and 2pσ (or 2pπ) orbitals
were usually treated as adjustable parameters in the pre-
vious calculations [13], instead of being quantitatively
connected with chemical bonding of the central ion and
ligands. However, these quantities are determined from
the uniform theoretical formulae based on the cluster
approach [17]. The superhyper�ne parameters are ex-
pressed as

A′ = As + 2(AD +Aσ −Aπ),

B′ = As − (AD +Aσ −Aπ). (11)
Here As is the isotropic contribution to the superhyper-

�ne parameters, characteristic of the in�uence of the lig-
and 2s orbital. AD and Aσ−Aπ stand for 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 further expressed as follows [20]:

As = fsA
0
s/(2S). (12)

Here A0
s = (8/3)gsgnββn|Ψ(0)|2 ≈ 15000× 10−4 cm−1

and A0
p = gsgnββn〈r−3〉2p ≈ 1072 × 10−4 cm−1 [21] for

the ligand F−.
The electron spin is S = 5/2 of the ground state 6A1g

for Cr+ in KMgF3. fs stands for the unpaired spin den-
sity of the ligand 2s orbital. The anisotropic contribution
from the �uorine 2p orbital is often expressed as [20]:

Aσ −Aπ = A0
p(fσ − fπ)/(2S). (13)

Here fσ and fπ are the unpaired spin densities of the
ligand 2pσ and 2pπ orbitals, respectively. The dipole�
dipole interaction between the electron distribution of
the central ion and the �uorine nucleus can be written
as AD = gβgnβn/R

3, with the g factor of the central
ion. The unpaired spin densities are theoretically in-
volved with the related molecular orbital coe�cients from
the cluster approach

fs ≈ Na
e (λas)2/3,

fσ ≈ Na
e (λae)2/3,

fπ ≈ Na
t (λat )2/4. (14)

Therefore, the unpaired spin densities are quantitatively
determined for the �uorine 2s, 2pσ, and 2pπ orbitals here
in a uniform way.

2.3. Application to KMgF3:Cr
+

Now these formulae are applied to the investigations
of the EPR parameters for KMgF3:Cr+. Normally, the
impurity�ligand distance R in the defect center is dissim-
ilar to the host cation�anion distance RH (≈ 1.994 Å [22])
due to size or/and charge mismatch of the host Mg2+

by the impurity Cr+ [23]. Based on the Hartree�Fock�
Roothann calculations of the 6A1g(t32ge

2
g) ground state for

the octahedral [CrF6]5− cluster, the equilibrium Cr+�F−

distance R was found to be about 2.35 Å [23]. From
the optical spectra for 3d5 ions in �uorides [9], the
cubic �eld parameter Dq ≈ 780 cm−1 and the cova-
lency factor N ≈ 0.96 may be determined. Thus, the
Racah parameters B and C of the studied system can
be obtained from the free-ion values B0 ≈ 830 and
C0 ≈ 3430 cm−1 for Cr+ [19] using the relationships
B ≈ B0N

2 and C ≈ C0N
2 [24]. In view of the

charge transfer level (≈ 8900 cm−1 [25]) for NaCl:Cr+,
the value En ≈ 9300 cm−1 can be estimated for the stud-
ied KMgF3:Cr+ from the spectral chemical series [9, 19].
Utilizing the impurity�ligand distance R and the Slater-
-type self-consistent �eld (SCF) wave functions [26, 27],
the group overlap integrals are calculated: St ≈ 0.0056,
Se ≈ 0.0228, Ss ≈ 0.0183, and A ≈ 1.7439. Then the
molecular orbital coe�cients Nx

γ and λxγ are acquired for
the antibonding and bonding orbitals from Eqs. (6)�(8).
Utilizing Eqs. (9) and (10) and the free-ion values ζ0d ≈

230 cm−1 [19] and P0 ≈ −29.5× 10−4 cm−1 [28] for Cr+

and ζ0p ≈ 220 cm−1 [29] for the ligand F−, the spin�
orbit coupling coe�cients, the orbital reduction factors,
and the dipolar hyper�ne structure parameters related
to the crystal-�eld and charge transfer mechanisms are
determined and given in Table I. The core polarization
constant in hyper�ne structure constant can be taken as
κ ≈ 0.7 [30] for the studied system.

TABLE I

The normalization factors and the orbital admixture coef-
�cients, the spin�orbit coupling coe�cients (in cm−1), the
orbital reduction factors and the dipolar hyper�ne structure
parameters (in 10−4 cm−1) related to the crystal-�eld and
charge transfer mechanisms for KMgF3:Cr

+.

Na
t Na

e Nb
t Nb

e λa
t λa

e λa
s λb

t λb
e λb

s

0.959 0.965 0.147 0.159 0.210 0.173 0.162 −2.407 −1.744 −1.407
ζCF ζ′CF ζ′CT kCF k′CF k′CT PCF P ′

CF PCT P ′
CT

226 218 100 0.982 0.968 0.303 −28 −28 −4 −5

Substituting these values into Eq. (4), the g factor
and the hyper�ne structure constant are calculated for
KMgF3:Cr+ and shown in Table II. The unpaired spin
densities fi (i = σ, π, s) and hence the isotropic contribu-
tion As and the anisotropic contributions Aσ − Aπ and
AD to the superhyper�ne parameters are calculated from
Eqs. (12)�(14). Thus the resultant A′ and B′ are calcu-
lated from Eq. (11) and given in Table II. In order to
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TABLE II

The g-shift ∆g, hyper�ne structure constant
(in 10−4 cm−1) and superhyper�ne parameters
(in 10−4 cm−1) for KMgF3:Cr

+.

∆g A A′ B′

calc. a −0.0010 19.943 24.3 16.8

calc. b −0.0025 20.721 24.2 16.1

expt.
[11, 12]

−0.0018(5) 20.754(3) 23.0(5) 17.5(5)

a Calculations of g factor and hyper�ne structure con-
stant based on only the crystal-�eld contributions and
those of superhyper�ne parameters by directly �tting
the unpaired spin densities in the previous work [13].
b Calculations of g factor and hyper�ne structure con-
stant based on inclusion of both the crystal-�eld and
charge transfer contributions and those of superhyper-
�ne parameters based on the uniform formulae in this
work.

clarify importance of the charge transfer contributions,
the theoretical g factor and hyper�ne structure constant
containing merely the crystal-�eld contributions are ob-
tained and shown in Table II. The superhyper�ne param-
eters (calc. a) obtained by directly �tting the unpaired
spin densities in the previous work [13] are also collected
in Table II.

3. Discussion

Table II reveals that the EPR parameters (calc. b) con-
taining both the crystal-�eld and charge transfer con-
tributions for KMgF3:Cr+ are in reasonable agreement
with the experimental data, while those (calc. a) for the
g-shifts and the hyper�ne structure constants including
only the crystal-�eld contributions are not. This means
that the improved g and A formulae involving both the
crystal-�eld and charge transfer contributions can be re-
garded as more suitable and should be adopted here.
Meanwhile, the superhyper�ne parameters based on the
unpaired spin densities determined from the uniform the-
oretical model and formulae in this work are also superior
to those acquired from directly �tting the experimental
superhyper�ne parameters in the previous work [13].
1) The charge transfer mechanism involved here is the

metal to ligand charge transfer arising from the low va-
lence state and negativity of Cr+, instead of the con-
ventional ligand to metal charge transfer [15]. As for the
g-shift, the charge transfer contribution is the same (neg-
ative) in sign and much (60%) larger in magnitude than
the crystal-�eld one and should be taken into account in
order to achieve more exact EPR studies for KMgF3:Cr+.
Importantly, the ∆g is relatively small (≈ 10−3) for 3d5

ions in octahedra (see Table II and Eq. (4)), and omis-
sion of the charge transfer contribution would inevitably
lead to the much smaller magnitude of the resultant ∆g
(calc. a). Although the system exhibits weak covalency,
the quantities k′CT and ζ ′CT for the charge transfer mech-
anism are comparable with but smaller than those of the

crystal-�eld ones, since ζ0p (≈ 220 cm−1 for F−) is very
close to ζ0d (≈ 230 cm−1) for Cr+. So, for 3d5 ions in �uo-
rides with comparable ligand spin�orbit coupling interac-
tions, the charge transfer contribution may be signi�cant
(corresponding to the low charge transfer level En) and
thus bring forward obvious in�uence on ∆g. It is noted
that the conventional argument that the charge trans-
fer contributions to zero-�eld splittings are negligible for
3d5 ions under distorted �uorides is no longer suitable for
∆g analysis of KMgF3:Cr+ due to the dominant second-
-order charge transfer perturbation term (see Eq. (4)).
2) As regards hyper�ne structure constant, ACT from

the charge transfer contribution is the same (positive) in
sign and much smaller (characterized by the relative ratio
ACT/ACF ≈ 4%) in magnitude as compared to ACF from
the crystal-�eld one, suggesting that the hyper�ne struc-
ture constant is insensitive to the charge transfer contri-
bution. This can be illustrated by the fact that hyper�ne
structure constant originates mainly from the isotropic
contribution related to the core polarization constant κ
and only depends weakly upon the charge transfer con-
tribution. Even though, inclusion of the charge transfer
contribution could still induce some improvement in the
theoretical hyper�ne structure constant.
3) The present theoretical superhyper�ne parameters

based on the uniform model and formulae (with the un-
paired spin densities quantitatively determined from the
relevant molecular orbital coe�cients) are in reasonable
agreement with the experimental data. Furthermore, the
unpaired spin densities fs ≈ 0.59% and fσ−fπ ≈ −0.12%
obtained from the present calculations are not far from
those (≈ 0.61% and −1.3%) based on directly �tting the
experimental superhyper�ne parameters of the previous
works [13], only fσ − fπ of this work is smaller in magni-
tude than the previous �tting value. Agreement between
the previous theoretical results (calc. a) and the observed
values may be ascribed to the fact that the calculation
errors happen to cancel one another during �tting pro-
cedure to the experimental superhyper�ne parameters in
the previous work [13]. Based on the uniform quanti-
tative relationships between the unpaired spin densities
and the related molecular orbital coe�cients from the
cluster approach, the present treatments can be regarded
as more applicable than the previous studies [13].

4. Conclusion

The g factor and hyper�ne structure constant for
KMgF3:Cr+ are theoretically studied from the perturba-
tion formulae containing both the crystal-�eld and metal
to ligand charge transfer contributions from the cluster
approach in a uniform way. The charge transfer contribu-
tion to ∆g is the same (negative) in sign and much larger
in magnitude as compared to the crystal-�eld one. The
conventional argument that the charge transfer contribu-
tions to zero-�eld splittings are negligible for 3d5 ions in
distorted �uorides is no longer suitable for ∆g analysis
of KMgF3:Cr+ here due to the dominant second-order
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charge transfer perturbation term. The charge transfer
contribution to hyper�ne structure constant exhibits the
same sign and about 4% of the crystal-�eld one. The
unpaired spin densities of the �uorine 2s, 2pσ, and 2pπ
orbitals are quantitatively acquired from the uniform re-
lationships of the relevant molecular orbital coe�cients,
superior to the previous treatments by directly �tting the
experimental superhyper�ne parameters.
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