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The EPR g factors of Cr3+ in NaCrS2 and NaCrSe2 crystals are calculated from the high-order
perturbation formulas based on the one-spin-orbit (SO)-coupling-parameter (i. e., the SO-coupling-
parameter of the central 3dn ion) as well as the two-SO-coupling-parameter (i. e., the SO-coupling-
parameter of the 3dn ion and that of ligands) models for 3dn ions in cubic octahedral sites. The
calculated results (in particular for NaCrSe2) based on the two-SO-coupling-parameter model are
closer to the observed values than those based on the one-SO-coupling-parameter model, suggesting
that for calculations of the g factor of 3dn ions in covalent crystals the two-SO-coupling-parameter
model is preferable to the one-SO-coupling-parameter model. The reasonableness of the calculated
results from the two-SO-coupling-parameter model is discussed.
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1. Introduction

When a 3dn ion enters a crystal, the g factor should
shift from the free-ion value ge (≈ 2.0023) [1 – 3]. The
change of g factor is due to the interactions of ex-
cited states with the ground state via spin-orbit (SO)-
coupling [1 – 3]. In the conventional crystal-field the-
ory [1 – 5], for simplicity, only the contribution to the
g factor due to the SO-coupling of central 3d n ion is
considered. The method is therefore called one-SO-
coupling-parameter model. The model is only suit-
able for 3dn ions in the ionic crystals, where the in-
teraction between the SO-coupling-parameter of a 3d n

ion and that of a ligands via covalence effects can
be neglected. However, since both the SO-coupling-
parameter of ligands and the covalence of 3d n clus-
ters in crystals increase with increasing atomic number
of the ligand ion [6], the contribution to the g factor
from the SO-coupling-parameter of ligands via the co-
valence effect should be taken into account. Thus, the
two-SO-coupling-parameter model based on the clus-
ter approach was developed [7 – 12]. In this model, the
contributions to g factors from both the SO-coupling-
parameter of a 3dn ion and that of ligands are included,
and so it is suitable for a 3dn ion in covalence crystals.
Many studies of g factors for 3dn ions in MX6 (where
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X = Cl−, Br−, I−, the VIIA group ligands) [7 – 9] and
in ML4 (where L = S2−, Se2−, Te2−, the VIA group lig-
ands) [11 – 12] have been made to analyze the relative
importance of the contributions to g factors from the
SO-coupling-parameter of ligands and the covalence
of 3dn clusters. However, for 3dn ions in ML6, the oc-
tahedral clusters with VIA group ligand ions, fewer
studies exist. Isotropic g factors of the magnetic semi-
conductors NaCrS2 and NaCrSe2 were reported [13].
Cr3+ ions in both crystals occupy octahedral sites, and
(CrL6)9− (L = S, Se) clusters are formed in these crys-
tals [14]. They are suitable examples for the study. In
this paper, we study the g factors for both crystals by
means of high-order perturbation formulas based on
two- and also one-SO-coupling-parameter models.

2. Calculation

According to the two-SO-coupling-parameter
model [7 – 9], the admixture of SO-coupling-para-
meters between the d electrons of 3dn ions and the
p electrons of ligands via the covalence effect will be
considered. So, the zero-order wave functions should
be combined with the one-electron wave function of
the molecular orbitals which are a linear combination
of d orbitals |dγ〉 of 3dn ions and p orbitals |pγ〉 of
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ligand ions. Thus, for 3dn ions in octahedral clusters,
the molecular orbitals can be expressed as [7 – 9]

|Ψγ〉 = N1/2
γ (|dγ〉−λγ |pγ〉), (1)

in which the subscript γ = t2g or eg stands for the
irreducible representation of Oh symmetry. Nγ and
λγ are the normalization factors and the orbital mix-
ing coefficients, respectively. Thus, two SO-coupling-
parameters ζ and ζ ′, which describe, respectively, the
SO-coupling between two t2g terms and that between
t2g and eg terms, can be written as [7 – 9]

ζ = Nt(ζ 0
d + λ 2

t ζ 0
p /2),

ζ ′ = N1/2
t N1/2

e (ζ 0
d −λtλeζ 0

p /2),
(2)

where ζ 0
d and ζ 0

p are, respectively, the SO-coupling-
parameters of the 3dn ion and the ligand ion in the free
state.

By use of the molecular orbitals and Macfarlane’s
perturbation-loop method [4, 5], the high-order pertur-
bation formula of the g factor based on the two-SO-
coupling-parameter model for a 3d3 ion in octahedral
clusters can be expressed as [8]

g = 0.0023−8k′ζ ′/(3E1)

−2ζ (2k′ζ − kζ ′ + 2geζ ′)/9E2
1)

+ 4(k−2ge)ζ ′2/9E2
3 −2ζ 2(k + ge)/(3E2

2)
−4ζζ ′k′/(3E1E2)+ 4ζζ ′k′/(9E1E2)

+ 4ζζ ′k′/(3E2E3),

(3)

where the zero-order energy denominations E i

are [4, 5]

E1 = ∆ = 10Dq, E2 = 15B+ 5C,

E3 = ∆ + 9B+ 3C.
(4)

The orbital reduction factors k and k ′ are given as

k = Nt(1−2λtSdp(t2g)+ λ 2
t /2),

k′ = N1/2
t N1/2

e (1−λtSdp(t2g)−λeSdp(eg)−λtλe/2)
(5)

[note: since Sdp(γ) is small, in [8 – 10] the terms in-
cluding Sdp(γ) in (5) are neglected].

In the above formulas, the molecular orbital coeffi-
cients Nγ and λγ are estimated from the normalization
relationship

Nγ [1−2λγSdp(γ)+ λ 2
γ ] = 1 (6)

and the approximate conditions [7 – 9]

β ≈ N2
γ [1−2λγSdp(γ)+ λ 2

γ Sdp(γ)], (7)

in which β ≈ (B/B0 + C/C0)/2 is the ratio of the
Racah parameters for a 3dn ion in the crystal to those
for the free ion. Sdp(γ) is the group overlap integral. In
the above formulas, if we take λγ = 0 and Nγ = β 1/2,
the admixtures of the orbitals of ligands to those of 3d n

ions are not considered. The above formulas based on
the two-SO-coupling-parameter model become those
based on the one-SO-coupling-parameter model.

The Racah parameters and cubic field parameter Dq
for the studied system can be obtained from its opti-
cal spectra. For NaCrS2 crystal, from its optical spec-
tra [15] we have

B ≈ 440 cm−1, C ≈ 2080 cm−1,

Dq ≈ 1400 cm−1.
(8)

For the free Cr3+ ion, B0 ≈ 1030 cm−1 and C0 ≈
3850 cm−1 [1]; thus we have β = 0.484 for NaCrS2.
For NaCrSe2 crystal, to our knowledge no optical spec-
tra were reported. We estimate reasonably the optical
spectra parameters as follows: According to the linear
trends aiding the interpretation and prediction of opti-
cal spectra of 3dn ions [16], we have

P(NaCrS2)
P(NaCrSe2)

≈ P(ZnS : V2+)
P(ZnSe : V2+)

, (9)

where P = Dq or β . Thus, from the optical spectral
parameters of the isoelectronic 3dn ion V2+ in ZnS
and ZnSe [17] (note: the optical spectra of Cr3+ ion
in ZnS and ZnSe were not reported completely), we
have Dq(ZnS : V2+)≈ 500 cm−1, Dq(ZnSe : V2+)≈
460 cm−1, β (ZnS : V2+) ≈ 0.65, β (ZnSe : V2+) ≈
0.59. Thus, we obtain for NaCrSe2

Dq ≈ 1288 cm−1, β ≈ 0.439. (10)

Since the NaCrSe2 crystal has the stronger covalence
and larger metal-ligand distance than NaCrS2, the
smaller values of Dq and β in NaCrSe2 than those in
NaCrS2 can be understood.

The group overlap integrals Sdp(γ) are calcu-
lated with the Slater-type SCF functions [18, 19]
and the metal-ligand distance R. For NaCrS2, R ≈
2.44 Å [14, 15], we obtain Sdp(eg) ≈ 0.0776 and
Sdp(t2g) ≈ 0.0301; and for NaCrSe2, R ≈ 2.56 Å [14],
we obtain Sdp(eg) ≈ 0.0757 and Sdp(t2g) ≈ 0.0279.
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Table 1. The molecular orbital coefficients, the SO-coupling-
parameters and the orbital reduction factors in NaCrS2 and
NaCrSe2 crystals.

Nt Ne λt λe ζ ζ ′ k K ′
(cm−1) (cm−1)

NaCrS2 0.7102 0.7357 0.6697 0.6819 252.0 137.1 0.8408 0.5050
NaCrSe2 0.6763 0.7026 0.7203 0.7307 475.7 −112.8 0.8246 0.4559

Table 2. The g factors of the Cr3+ ion in NaCrS2 and
NaCrSe2 crystals.

g(ζd)a g(ζd,ζp)b g (expt.)

NaCrS2 1.977 1.988 1.980 [13], 1.986(1) [21], 1.988(1) [21]
NaCrSe2 1.977 2.011 1.997[13]
a Calculated from the one-SO-coupling-parameter model.
b Calculated from the two-SO-coupling-parameter model.

Substituting the values of Sdp(γ) and β into (6) and (7),
the molecular orbital coefficients Nγ and λγ for NaCrS2
and NaCrSe2 can be calculated. They are shown
in Table 1. Thus, from the SO-coupling-parameters
ζ 0

d (Cr3+) ≈ 273 cm−1 [1], ζ 0
p (S2−) ≈ 365 cm−1,

ζ 0
p (Se2−) ≈ 1659 cm−1 [20] and by use of (2) and (5),

the SO-coupling-parameters ζ , ζ ′ and orbital reduc-
tion factors k, k′ are calculated. They are also shown in
Table 1.

Applying all these parameters to (3), the g factors
for NaCrS2 and NaCrSe2 crystals were calculated. The
results are compared with the experimental values in
Table 2. We also have calculated the g factors for
both crystals with the perturbation formulas based on
the one-SO-coupling-parameter model for comparing
them with those obtained from the two-SO-coupling-
parameter model. The results are also collected in Ta-
ble 2.

3. Discussion

The calculated g(ζd) from the one-SO-coupling-
parameter model for NaCrS2 is close to that for
NaCrSe2, but the calculated g(ζd,ζp) from the two-
SO-coupling-parameter model for NaCrS2 is smaller
than that for NaCrSe2. The experimental results [13]
support the calculated values g(ζd,ζp) (see Table 2),
and so this model is preferable to the one-SO-coupling-
parameter model. In addition, the calculated g(ζ d,ζp)
for both crystals is greater than the calculated g(ζd).

The difference ∆g = g(ζd,ζp)−g(ζd) is caused by the
contribution from the SO-coupling-parameter of the
ligands. The greater the SO-coupling-parameter of the
ligands, the greater its contribution to the g factor and
hence the greater the difference ∆g. So, in our cal-
culations the larger ∆g and hence the larger g(ζd,ζp)
for NaCrSe2 than those for NaCrS2 are reasonable in
physics. It appears that for 3dn clusters having a large
SO-coupling-parameter of ligands, the studies of the
g factor should apply the two-SO-coupling-parameter
model.

The calculated g(ζd,ζp) for both crystals are larger
than the observed values given in [13] (see Table 2).
In our opinion, the calculated g(ζd,ζp) are more rea-
sonable. The causes are as follows: 1) As pointed out
in [13], the observed g factors in [13] have an inher-
ent experimental error near 15% due to an inaccu-
racy in the assignment of the line positions. 2) NaCrS2
and NaCrSe2 have trigonal symmetry [14], the mean
ḡ[= 1

3(g‖ + 2g⊥)] is very close to the g value in cu-
bic approximation. From the studies of EPR lineshifts
caused by dipolar fields in NaCrS2, Elliston [21] ob-
tained at room temperature ḡ ≈ 1.986(3) by sub-
tracting the computed dipolar shifts from the ob-
served shifts at 36 GHz. The ḡ value agrees with ḡ ≈
1.988(1) determined by measuring the EPR lineshifts
at 9.5 GHz, which should reduce the dipolar shifts
but not the ḡ values. These observed ḡ values agree
well with the calculated g(ζd,ζp) and so the g(ζd,ζp)
for NaCrS2 is reasonable. For the NaCrSe2 crystal,
no similar EPR lineshift experiments were reported.
Considering that the calculated g(ζd,ζp) for NaCrS2
is larger than the observed value given in [13], for a
similar NaCrSe2 crystal, the larger calculated g(ζd,ζp)
than the observed value given in [13] can be regarded
as more reasonable. This point remains to be further
checked by experimental studies, in particular, the ex-
periment of EPR lineshifts as made for CrNaS2.
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