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The local lattice distortion at the trigonal Cr3+ center in BiI3 is theoretically studied by the per-
turbation formulas of the EPR parameters for a 3d3 ion in trigonal symmetry, based on the cluster
approach. In these formulas the contributions from the s-orbitals of the ligands, which were often ig-
nored, are taken into account. It is found that the local angle β (between the direction of the impurity-
ligand bonding R and the C3 axis) in the impurity center is smaller than the host angle βH in the pure
crystal. The calculated EPR parameters are improved compared to those in absence of the ligand
s-orbital contributions. The local lattice distortion obtained in this work is discussed.

Key words: Electron Paramagnetic Resonance; Crystal- and Ligand-Field Theory; Cr3+; BiI3.

1. Introduction

Belonging to layered-type semiconductors, BiI3 has
widely been studied as to band edge shift, exciton tran-
sition, optical properties as well as influence of tran-
sition metal ions (e. g., Mn2+ and Cr3+) on exciton
spectra [1 – 8]. In addition, electron paramagnetic res-
onance (EPR) experiments were carried out on this
material doped with Cr3+, and the EPR parameters
(zero-field splitting and g factors) were measured for
a trigonal Cr3+ impurity center in BiI3 (and also other
halides) [9]. Based on the compact (second-order per-
turbation) formula of the g factor in cubic approach,
the experimental g factors were clearly illustrated by
considering the spin-orbit coupling coefficient of the
ligand, which contributes significantly to the g fac-
tors [9]. However, in the treatments the host metal-
ligand angle βH (≈ 57.5◦) was adopted, and the local
lattice distortion of the impurity center was not taken
into account. In fact, since the radius of the impurity
Cr3+ is much smaller than that of the host Bi3+, the
impurity-ligand distance R and bonding angle β in the
impurity center may be different from those in the host.
Therefore the local lattice distortion due to size mis-
match substitution should be considered.
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In order to acquire local structure information which
may be helpful to understand the properties of this
material and to make a satisfactory interpretation of
the EPR parameters, in this work the s-orbitals of
the ligands are introduced in the single-electron wave-
functions of the octahedral 3d3 cluster with trigonal
symmetry. Then the improved theoretical model and
formulas including the ligand s-orbital contributions
based on the cluster approach are applied to the studied
BiI3:Cr3+.

2. Calculations

BiI3 has a layered-type structure of the space
group R3̄ [9, 10]. When the impurity Cr3+ is doped
into the lattice of BiI3, it may substitute the host Bi3+

ion and conserve the local trigonal symmetry. For a
Cr3+(3d3) ion in octahedral trigonal symmetry, the per-
turbation formulas of the EPR parameters were ob-
tained, based on the strong cubic field approximation
and the cluster approach [11, 12], by means of the Mac-
farlane perturbation loop method [13, 14]. Thus, the
formulas of the zero-field splitting and the g shifts ∆g‖
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and ∆g⊥ are expressed as [12, 15]

D = (2/9)ζ ′2V (1/E1
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where gs = 2.0023 is the spin only value. ζ and ζ ′ are
the spin-orbit coupling coefficients, and k and k ′ are the
orbital reduction factors. B (or C) is (are) the Racah pa-
rameter(s) for the 3d3 ion in crystals. V and V ′ are the
trigonal field parameters. The energy denominators E i

can be expressed in terms of the cubic field parameter
Dq and the Racah parameters [13, 14]:

E1 = 10Dq, E2 = 15B+ 5C,

E3 = 10Dq+ 9B+ 3C, E4 = 10Dq+ 12B,

E5 = 20Dq+ 3B.

(2)

In the general treatments of the cluster approach, the
contributions of the s-orbitals of ligands are often ig-
nored [9, 11 – 15]. To achieve further investigations of
the EPR parameters, the above contributions are con-
sidered here. Thus, the total single electron wavefunc-
tion containing the contributions from the s-orbitals of
ligands are expressed as

ψt = Nt
1/2(ϕt −λtχpt),

ψe = Ne
1/2(ϕe −λeχpe −λsχs),

(3)

where ϕγ (γ = e and t indicate the irreducible repre-
sentations of the Oh group) are the d-orbitals of the
central 3d3 ion. χpγ and χs denote the p- and s-orbitals
of the ligands. Nγ and λγ (or λs) are the normalization

factors and the orbital admixture coefficients, respec-
tively. Based on the semiempirical method [11, 12], we
have the approximate relationships

ft = Nt
2[1+ λt

2Sdpt
2 −2λtSdpt],

fe = Ne
2[1+ λe

2Sdpe
2 + λs

2Sds
2

−2λeSdpe −2λsSds],

(4)

and the normalization conditions

Nt(1−2λtSdpt + λt
2) = 1,

Ne(1−2λeSdpe −2λsSds + λe
2 + λs

2) = 1.
(5)

Here Sdpγ (and Sds) are the group overlap integrals.
Generally speaking, the admixture coefficients in-
crease with increasing the group overlap integrals, and
one can approximately adopt a proportional relation-
ship between the admixture coefficients and the re-
lated group overlap integrals, i. e., λe/Sdpe ≈ λs/Sds
within the same irreducible representation eg. The co-
valency factor fγ is often determined from the ratio of
the Racah parameters for the 3d3 ion in a crystal to
those in free state, i. e., fγ ≈ (B/B0 +C/C0)/2.

From the cluster approach including the ligand s-
orbital contributions, the spin-orbit coupling coeffi-
cients ζ , ζ ′ and the orbital reduction factors k, k ′ for
the 3d3 octahedral cluster are written as

ζ = Nt(ζd
0 + λt

2ζp
0/2),

ζ ′ = (NtNe)1/2(ζd
0 −λtλeζp

0/2),

k = Nt(1+ λt
2/2),

k′ = (NtNe)1/2[1−λt(λe + λsA)/2],

(6)

where ζd
0 and ζp

0 are the spin-orbit coupling coeffi-
cients of the free 3d3 and the ligand ions, respectively.

A denotes the integral R〈ns| ∂
∂y
|npy〉, where R stands for

the impurity-ligand distance in the studied system. Ob-
viously, when taking Sds = λs = 0 and A = 0, the lig-
and s-orbital contributions vanish and then the above
formulas are reduced to those in absence of the above
contributions [11 – 15].

According to the superposition model [16], the trig-
onal field parameters V and V ′ for the Cr3+ center in
BiI3 can be written as

V = (18/7)Ā2(R)(3cos2 β −1)

+ (40/21)Ā4(R)(35cos4 β −30cos2 β + 3)

+ (40
√

2/3)Ā4(R)sin3 β cosβ ,
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V = (−6
√

2/7)Ā2(R)(3cos2 β −1)

+ (10
√

2/21)Ā4(R)(35cos4 β −30cos2 β + 3)
+ (20/3)Ā4(R)sin3 β cosβ , (7)

where β is the angle between the impurity-ligand bond
and the C3 axis. The magnitude of trigonal distortion
can be characterized by the difference δβ (= β − β0,
where β0 ≈ 54.736◦ is the bonding angle in cubic
symmetry). Ā2(R) and Ā4(R) are the intrinsic para-
meters with the reference bonding length or impurity-
ligand distance R. For 3dn ions in octahedra, Ā4(R) ≈
(3/4)Dq [16] and Ā2(R)/Ā4(R) ≈ 9 ∼ 12 are valid
in many crystals [17 – 19]. Here we take Ā2(R) ≈
12Ā4(R). Therefore, the trigonal distortion (or local
structure) is related to the trigonal field parameters and
hence to the EPR parameters (particularly zero-field
splitting) of the studied impurity center.

Since the ionic radius ri (≈ 0.63 Å [20]) of the
impurity Cr3+ is much smaller than the radius rh
(≈ 0.95 Å [20]) of the host Bi3+, the impurity-ligand
distance R and the impurity-ligand bonding angle β
in the impurity center may be dissimilar to the corre-
sponding distance RH (≈ 3.115 Å [10]) and angle βH
(≈ 57.5◦ [9]) in the host crystal. The distance R can
be approximately calculated from the empirical for-
mula R ≈ RH +(ri− rh)/2 [21, 22]. Thus, we have R ≈
2.955 Å. From the distance R and the Slater-type SCF
functions [23, 24], the related integrals are obtained,
i. e., Sdpt ≈ 0.0117, Sdpe ≈ 0.0415, Sds ≈ 0.0212, A ≈
1.1269.

The spectral parameters Dq, B and C can be ac-
quired from optical spectra of the similar trigonal
[CrI6]3− cluster in CsMgI3 [12]. Thus, we have Dq ≈
1028 cm−1, B ≈ 465 cm−1 and C ≈ 1740 cm−1 here.
By using (4) and (5) and the free-ion parameters B 0 ≈
1030 cm−1 and C0 ≈ 3850 cm−1 [25] for Cr3+, the
parameters fγ ≈ 0.452 and hence Nt ≈ 0.678, Ne ≈
0.695, λt ≈ 0.702 and λe ≈ 0.633 can be calculated.
From the free-ion values ζd

0 ≈ 273 cm−1 [25] for
Cr3+ and ζp

0 ≈ 5060 cm−1 for I− [26], the parame-
ters ζ ≈ 1029 cm−1, ζ ′ ≈ −583 cm−1, k ≈ 0.844 and
k′ ≈ 0.446 are calculated from (6).

Substituting these parameters (as well as the host
angle βH) into (1), the EPR parameters for the stud-
ied Cr3+ center are calculated and given in Table 1.
Obviously, these results do not show good agreement
with the experimental data, particularly, the theoretical
D has the wrong (positive) sign and is about two or-
ders in magnitude larger than the observed value, even
in consideration of the significant uncertainty (∼ 2◦) in

Table 1. EPR parameters of the trigonal Cr3+ center in BiI3.

D (10−4 cm−1) ∆g‖ ∆g⊥
Calc.a 174490 0.0637 0.0447
Calc.b −567 0.0797 0.0797
Calc.c −500 0.0577 0.0577
Expt. [9] −500 (20) 0.0557 (100) 0.0557 (100)
a Calculations based on the host angle βH and inclusion of the con-
tributions from the s-orbitals of the ligands.
b Calculations based on the local angle β in (8) and neglecting of the
contributions from the s-orbitals of the ligands (i. e., similar to the
treatments in [11, 12]).
c Calculations based on the local angle β in (8) and inclusion of the
contributions from the s-orbitals of the ligands.

βH [9]. This means that the trigonal distortion based
on the host angle βH is somewhat too large to be suit-
able for the analysis of the EPR parameters. Therefore,
local lattice distortion around the impurity ion in the
Cr3+ center may be introduced here. By fitting the cal-
culated D to the observed result, one can obtain the
local angle

β ≈ 54.73◦. (8)

Thus, the local angle for the impurity center is much
smaller than that in the host, i. e., the corresponding
lattice (angular) distortion ∆β (= β − βH) is −2.77◦.
The calculated EPR parameters are shown in Table 1.
For comparisons, the calculated results based on in-
clusion of ligand s-orbital contributions and the host
angle βH, and those on the local angle and neglecting
of the contributions from the s-orbitals of the ligands
(i. e., Sds = λs = 0 and A = 0, similar to the treatments
in [11, 12]) are also given in Table 1.

3. Discussion

According to Table 1, theoretical EPR parameters
for the studied system including the ligand s-orbital
contributions and the local lattice (angular) distortion
∆β show better agreement than those in absence of
ligand s-orbital contributions or lattice distortion with
the observed values. This reveals that the theoretical
model and the parameters adopted in this work may be
regarded as suitable.

1. The calculated D or g shifts on neglecting the
ligand s-orbital contributions are by about 13% or 38%
larger than those including these contributions, i. e., the
contributions from the spin-orbit coupling of the lig-
and I− seem to be overestimated in the former. In fact,
inclusion of the s-orbitals of the ligand I− decreases
the parameters Ne and λe [see (5)], then reduces the
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Fig. 1. The Variation of the D and g anisotropy versus the
angle β [around the value in (8)].

magnitudes of k′ and ζ ′ [see (6)], and finally leads to
smaller D or g shifts [see (1)]. Thus, improvement of
the calculated zero-field splitting and the g factors can
be achieved by considering the ligand s-orbital contri-
butions. Meanwhile, the previous assumption that the
contributions of the s-orbitals of the ligands are negli-
gible for 3dn ions in octahedra (e. g., KNiF3) [27, 28]
seems not always suitable for a ligand having a much
larger spin-orbit coupling coefficient (e. g., I−), and
then the ligands s-orbital contributions should be con-
sidered in studies of zero-field splitting and g factors.

2. The local lattice distortion, characterized by ∆β ,
leads to good agreement in the EPR parameters be-
tween theory (by including the ligand s-orbital con-
tributions) and experiment. As mentioned before, the
impurity-ligand angle β may be different from the
host βH due to the significant discrepancy between the
ionic radius (≈ 0.63 Å) of the impurity Cr3+ and that
(≈ 0.95 Å) of the replaced Bi3+. Thus the local an-
gle β (or decrease |∆β | in the metal-ligand bonding
angle) can be understood, in consideration of (i) the
relaxation around the smaller Cr3+ replacing the larger
Bi3+ and (ii) the slight modification of the distance
between the sandwich layers which suffer weak van
der Waals interactions. Additionally, the angle β de-
pendences of D and the g anisotropy (∆g‖ −∆g⊥) can
be illustrated in Fig. 1 for the values around 54.73 ◦
in (8). It is found that the D or g anisotropy almost
linearly decreases with the decrease of β . Near the

value (≈ 54.73◦, which is close to that of cubic sym-
metry) in (8), the small trigonal distortion δβ leads
to small trigonal field parameters V and V ′ [see (7)]
and hence small D or g anisotropy [see (1)]. Note that
the g anisotropies based on the angles around β in (8)
are too small to be measured in EPR experiments, and
only an isotropic g factor was observed within the ex-
perimental errors [9]. Interestingly, similar decrease in
the metal-ligand bonding angle due to size mismatch-
ing substitution is also found in the EPR studies on
the trigonal (D3d) Co2+ center in ZnSiF6 ·6H2O crystal
(where the impurity Co2+ is also smaller than the re-
placed Zn2+) [29]. When considering the property of
the trigonal distortion, the ligand octahedron changes
from compression (δβH = βH − β0 ≈ 2.764◦ > 0) in
the host (even in consideration of the uncertainty 2 ◦
in βH [9]) to slight elongation (δβ ≈ −0.006◦ ≤ 0) in
the impurity center. Therefore, the negative value of
zero-field splitting for Cr3+ in the elongated octahe-
dron can be understood, in consideration of the nega-
tive sign of ζ ′ due to the much larger spin-orbital cou-
pling coefficient of I− [see (6)].

3. In the above calculations, only the contributions
from the crystal-field (CF) mechanism (related to the
CF energy levels) are considered, while those from the
charge-transfer (CT) mechanism (related to the CT en-
ergy levels) are ignored. Since the CT levels are usu-
ally far from the 4A2 ground state, their contributions
can be regarded as insignificant. Approximately, the
energy separation between the CT levels and the re-
lated ground state can be estimated from the expres-
sion ECT ≈ 30000 cm−1[χ(L)− χ(M)], where χ(L)
and χ(M) are, respectively, the optical electronegativi-
ties of the ligand and the metal ions [28]. In the studied
system, χ(Cr3+) ≈ 1.8 and χ(I−) ≈ 3.0 [30], yielding
ECT ∼ 36000 cm−1. Based on the recent CT studies on
the g factors for 3d3 ions [31], the contributions from
the CT mechanism are estimated to be about 0.013.
Thus the total g shifts would be slightly larger than
the experimental results, but still better than those in
absence of the ligand s-orbital contributions. So, more
exact studies of the EPR parameters should be applied
to the complete perturbation formulas including both
the CF and CT mechanisms. All the same, the theoret-
ical studies on the local lattice distortion and the EPR
parameters of BiI3:Cr3+ can be regarded as reasonable.
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