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In this work, we adopt the three-order perturbation formulae for g-factors (g‖, g⊥) of d1 ions in the octahedral environment to calculate
the g-factors of W5+ ions in tungsten phosphate glasses containing lithium (P2O5-Li2WO4-Li2O). In the light of the high valence state
of the studied W5+ centers and hence the strong covalency of the studied octahedral [WO6]7− cluster, we consider the contributions to g-
factors from the ligand orbital and spin-orbit (SO) coupling interactions based on the cluster approach. The required tetragonal crystal-field
parameters are calculated from the local structure of W5+ ions based on the superposition model. According to the theoretical calculations,
we find that the octahedral [WO6]7− clusters possess the tetragonally compressed distortion with a shorter W-O bond length (≈ 1.54 Å) and
a longer one (≈ 2.26 Å) along C4 axis and four normal W-O bond length (≈ 1.94 Å) in the perpendicular plane, which infers that the W5+

ions are in the form of tungstyl ions (i.e., WO3+). Based on the local structural data, the theoretical values ofg‖ andg⊥ agree well with the
experimental values.
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1. Introduction

Glass doped with transition metal ions has many excellent
properties (e.g. high refractive index [1–3], low phonon
energy [4, 5], unique non-linear optical properties [6, 7]),
which has attracted great interest of many researchers [8].
Many theoretical and experimental studies show that the
different structures of oxygen coordination polyhedron in
glass network strongly correlated with the excellent prop-
erties of the glasses system [8–10]. As it is known, one
can adopt the electron paramagnetic resonance (EPR) tech-
nique to conveniently study the structures of the glasses
by using probing agents such as the transition metal ions
(e.g. W5+ [8, 11–13], Mo5+ [14–16], VO2+ [17–20],
Cu2+ [17, 21–23], Cr5+ [24–26]). EPR experiments for the
glasses system P2O5-Li2WO4-Li2O were carried out decades
ago [15] and the EPR parameters g-factors (g‖ andg⊥) of the
W5+ ions reduced from W6+ in the formation of the glasses
system P2O5-Li2WO4-Li2O were obtained in the experiment
[15]. From the property of the experimental g-factors (i.e.,
g‖ < g⊥ < ge, ge ≈ 2.0023 is the spin-only value), the
W5+ ion was found to locate at the axially distorted octahe-
dral environment, in which the metallic ion W5+ was in the
form of tungstyl ion WO3+ with a short W-O bond length
[15]. However, up to date, the g-factors of W5+ ions in the
glasses system P2O5-Li2WO4-Li2O have not been satisfac-
torily interpreted and the local structure of the metallic ions
W5+ in the system has not been confirmed in the quantitative
calculation. Considering that the microscopic mechanisms

of the EPR parameters and the local structure of the metal-
lic ion W5+ must be essential to understand the properties of
the P2O5-Li2WO4-Li2O glasses system, further theoretical
investigations on the experimental results of the system are
of great significance.

Here, we apply the three-order perturbation formulae of
g-factors for the d1 ions in the octahedral environment to the-
oretically investigate these factors of the studied W5+ (5d1)
ions. Because of the high valence state of the studied ion, one
can expect significant orbital admixtures between the central
ions and the ligand ions. Thus, the contributions to g-factors
from the ligand orbital and spin-orbit (SO) coupling inter-
actions are included in the perturbation formulae based on
the cluster approach. According to the superposition model
(SPM), the required crystal-field energy separations in these
formulae are calculated from the parameter of the local envi-
ronment around the studied W5+ ions. Thus, information on
the local structure of the metallic ion is confirmed. The theo-
retical results (g‖ andg⊥) present here show good agreement
with the experimental results.

2. Calculations

2.1. The local structure and energy level splitting for
W5+ in the P2O5-Li 2WO4-Li 2O glasses system

In Ref. [15], the obtained EPR spectra characterized by the
major signal can be ascribed to the W5+ ion reduced from
the W6+ ion in the formation of the glasses system. Based
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FIGURE 1. (Color online) Local structure of the octahedral
[WO6]7− cluster with tetragonally compressed distortion in P2O5-
Li2WO4-Li2O glasses. The W5+ ions are in the form of tungstyl
ions WO3+ with a short W-O bond lengthR‖ (described by the
green solid line) and a long oneR′‖ (shown by red solid line) along
the C4 axis and four normal perpendicular W-O bond lengthR⊥
(shown by the blue solid line).

on the featureg‖ < g⊥ < ge of the experimental g-factors,
one can assume that these W5+ ions are coordinated by six
oxygen ligands forming the octahedral environment. As ob-
served in other glasses [8, 12, 13], the metallic ion W5+

should be very close to one of the two oxygen ligands along
the C4 axis leading to the axially compressed distortion octa-
hedron (see Fig. 1). Therefore, the shorter axial bond length
R‖ and the longer axial bond lengthR′‖ as well as the four
normal W-O bond lengthR⊥ in the perpendicular plane can
be expressed by the reference lengthRand the relative tetrag-
onal compression ratioρ:

R‖ ≈ R(1− ρ), R′‖ ≈ R(1 + ρ),

R⊥ ≈ R(1 + ρ2/2). (1)

For the free d1 ions, the d-orbital is five-fold degenerate.
In cubic crystal field, the quintuple degeneracy is partially
relieved and the octahedral d1 cluster exhibits two energy
levels2Eg (|dz2〉, |dx2−y2〉) and2T2g(|dxy〉, |dyz〉, |dxz〉), as
shown in Fig. 2. The original lower orbital triplet2T2g in
cubic crystal-field would split into an orbital doublet2Eg

(|dyz〉, |dxz〉) and an orbital single2B2g (|dxy〉) due to the
tetragonally compressed distortion with the latter being low-
est [27]. Meanwhile, the original upper orbital doublet2Eg

would split into two orbital singlets2B1g (|dx2−y2〉) and2A1g

(|dz2〉). According to crystal field theory [27], the Hamilto-
nian matrices for d1 ion in the tetragonally compressed octa-
hedron can be expressed by the cubic crystal-field parameter
(CF) Dq, the tetragonal CF parameters Ds and Dt,

〈dz2 |V |dz2〉 = 6Dq − 2Ds − 6Dt,

〈dx2−y2 |V |dx2−y2〉 = 6Dq + 2Ds −Dt,

FIGURE 2. (Color online) Crystal-field energy splitting of d1 ion
in an octahedral environment with the tetragonally compressed dis-
tortion.

〈dxz|V |dxz〉 = 〈dyz|V |dyz〉 = −4Dq −Ds + 4Dt,

〈dxy|V |dxy〉 = −4Dq + 2Ds −Dt. (2)

Here,V denotes the crystal field potential energy of the d1

electron. Thus, the energy differencesEi (i=1,2,3, see Fig. 2)
between the excited2Eg, 2B1g, 2A1g and the ground state
2B2g can be calculated [28–30]:

E1 = 5Dt − 3Ds, E2 = 10Dq,

E3 = 10Dq − 4Ds − 5Dt. (3)

According to the superposition model [31] and the lo-
cal geometrical relationship (see Fig. 1), the tetragonal CF
parameters Ds and Dt can be written as follows:

Ds=(2/7)Ā2(R)[2(R/R⊥)t2−(R/R‖)t2−(R/R′‖)
t2 ],

Dt=−(8/21)Ā4(R)[2(R/R⊥)t4

−(R/R‖)t4−(R/R′‖)
t4 ], (4)

whereĀ2(R) and Ā4(R) are the intrinsic parameters with
the reference lengthR [31]. The radiosĀ4(R)/Dq ≈ 3/4,
Ā2(R)/Ā4(R) ≈ 10.8 have been proved to be valid for
dn ions in octahedral crystal-field environments for many
glasses systems [9,32,33]. They can be reasonably applied in
the present work.t2 (≈ 3) andt4 (≈ 5) are the power-law ex-
ponents [31]. According to the optical absorption spectra of
the similar [WO6]7− cluster in some tungstate glasses [13],
one can obtainDq ≈ 2500 cm−1. Thus, only the parameter
ρ is unknown in Eq. (4).

2.2. Perturbation formulae of g-factors

In the light of the high valence state of the metallic W5+ ion
in [WO6]7− cluster, one can expect the strong covalency ef-
fect and hence the obvious mixings between the orbitals of
the ligand O2− and the central W5+ ions. Thus, the contri-
butions to EPR parameters (g‖, g⊥) from the ligand orbital
and SO coupling interactions become significant, which has
been proved in many theoretical works [13]. For the W5+

ion in the tetragonally compressed octahedral environment,
the high-order perturbation formulae of g-factors including
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TABLE I. (ζ, ζ′) (in cm−1), Nγ , (λγ , λs) and (k, k′) for W5+ ion in P2O5-Li2WO4-Li2O glasses.

Nt Ne λt λe λs ζ ζ ′ k k′

0.6708 0.7180 0.7334 0.5878 0.4720 2457 2339 0.8512 0.3898

the above contributions can be derived on the basis of the
cluster approach [34–36]:

g‖=ge−8k′ζ ′/E2−2kζ2/E2
1 − 4k′ζζ ′/E1E2 − 2ζ2/E2

1 ,

g⊥ = ge − 2kζ/E1 + kζ2/E2
1 − 2kζ ′2/E1E2

+ 2κ′ζ ′ζ/E1E2 − 4ζ ′/E2
2 − ζ2/E2

1 . (5)

Here, energy separationsE1 andE2 corresponding to d-d
transitions are given in Eq. (3).ζ andζ ′ are the SO coupling
coefficients,k andk′ are the orbital reduction factors charac-
terizing the degree of covalency between the central W5+ and
the ligands O2− in present glasses system. These quantities
(ζ, ζ ′, k, k′) can be derived from the cluster approach [9,35]:

ζ = Nt

(
ζd + λ2

t ζp/2
)
,

ζ ′ = (NtNe)1/2 (ζd − λtλeζp/2) ,

k = Nt

(
1 + λ2

t /2
)
,

k′ = (NtNe)1/2 [1− λt (λe + λsA) /2] . (6)

The subscriptγ = e andt denote the irreducible repre-
sentations T2g and Eg of the Oh group, respectively.Nγ-is
the normalization factor.λγ or (λs)is the orbital mixing co-
efficients. ζd andζp are the SO coupling coefficients of the
metal and ligand ions in free state, respectively. Based on
the cluster approach, these molecular orbital parameters are
calculated by using the covalency factorN , the group over-
lap integrals (Sdpt, Sdpe, Sds) and the integralA. Here, the
overlap integralsSdpt andSdpe involve the W(d) orbital and
the O(2p) orbitals with the sameT2g andEg symmetries, re-
spectively. Also,Sds involves the W(d) and the O(2s) or-
bitals with the sameA1g symmetry. A denotes the integral
R 〈ns |∂/∂y|npy〉with the impurity-ligand distanceR of the
studied system. More information can be found in the litera-
tures [28,35,37,38].

2.3. Calculated results of the g-factors for W5+ ions in
P2O5-Li 2WO4-Li 2O glasses system

For the octahedral cluster [WO6]7− in some tungsten phos-
phate glasses [12], the average bond length is about 1.9
Å, which can be reasonably taken as the reference length
in this work. Utilizing the lengthR (≈ 1.9Å [12]) and
the Slater-type SCF functions, the group overlap integrals
Sdpt ≈ 0.03211, Sdpe ≈ 0.09075, Sds ≈ 0.07287 and the
integralA ≈ 1.2371 are determined. From the free-ion val-
uesζd ≈ 3500 cm−1 [36, 39] for W5+ andζp ≈ 151 cm−1

[9,28] for O2−, the SO coupling coefficients(ζ, ζ ′) and the

TABLE II. The g-factors for W5+ ion in P2O5-Li2WO4-Li2O
glasses.

Cala Calb Calc Expd

g‖ 1.4142 1.7106 1.5949 1.5932-1.6015

g⊥ 1.8114 1.7331 1.7321 1.7321-1.7398
aTheoretical results based on Eqs. (5)-(7) but neglecting the ligand contri-

butions. bTheoretical results based on Eqs. (6), (7) and the second-order

perturbation formulae (i.e., the formulae of g-factors include only the first

two terms in Eq. (5)).cTheoretical results based on Eqs. (5)-(7) including

the ligand contributions.dRef. [15].

orbital reduction factors(k, k′) are determined as the cova-
lency factorN is known. By inserting the relevant quantities
(E1, E2, ζ, ζ ′) into the formulae of g-factors (Eq. (5)) and
fitting the theoretical g-factors to the experimental results,N
andρ are determined:

N ≈ 0.655; ρ ≈ 0.1915. (7)

The corresponding calculated results (Nγ , λγ , λs, ζ, ζ ′,
k, k′) are collected in Table I and the corresponding g-factors
(g‖, g⊥) are gathered in Table II. For the convenience of com-
parison and discussion, the calculated results (Cala) based
on the relative compression ratioρ without the ligand orbital
and SO coupling contributions (i.e., ζ = ζ ′ = Nζd and
k = k′ = N ) are collected in Table II. The calculated re-
sults (Calb) based on the second-order perturbation formulae
including the ligand contributions are also shown in Table II.

3. Discussion

From Table II, one can find that the theoretical g-factors
(Calc) based on the three-order perturbation formulae of
these factors ford1 ions in the tetragonally compressed oc-
tahedral environment including the contributions from the
ligand orbital and SO coupling interactions as well as the
relative tetragonal compression ratioρ are in good agree-
ment with the experimental results reported in Ref. [15].
Therefore, the experimental EPR spectra are satisfactorily ex-
plained and the local structure is quantitatively confirmed.

(1) Based on the relative compression ratioρ(≈ 0.1915)
and the reference lengthR(≈ 1.9Å [15]), one can ob-
tain the local structural data for the studied cluster
[WO6]7− including the very short W-O bond length
R‖(≈ 1.54Å) and the long oneR′‖ (≈ 2.26Å) along the
C4 axis and the four normal perpendicular W-O bond
lengthR⊥ (≈ 1.94Å), which infers a tetragonal com-
pression distortion along the C4 axis (see Fig. 1). This
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FIGURE 3. (Color online)g‖ andg⊥ as functions of the relative compression ratioρ and the ratioĀ2(R)/Ā4(R) are shown in Panels a)
and b), respectively. In the two panels, the three black curves from left to right represent 99.5%, 100% and 100.5% of the corresponding
experimental values, respectively.

may suitably explain the observed property (g‖ <
g⊥ < ge) of g-factors. Similar tetragonally com-
pressed distortions of the octahedral W5+ centers are
also found in other tungstate phosphate glasses (e.g.
R⊥ ≈ 1.6Å, R′‖ ≈ 2.2Å, R⊥ ≈ 1.9 Å) [12] by EPR
analysis. Many theoretical works demonstrate that the
similar distortions may be ascribed to the Jahn-Teller
effect which may modify the immediate local environ-
ment by stretching or shrinking the metal-ligand bond
lengths [8, 9, 28, 40, 41]. Thus, the local environment
around the W5+ ion confirmed in this work is suitable.

(2) It can be seen from Table II that the calculated g-factors
(Calc) based on Eqs. (5), (6) and (7) are more con-
sistent with the experimental results than the calcu-
lated results (Cala) based on Eqs. (5) and (7) with-
out the contributions from the ligand orbital and spin-
orbit coupling interactions. Particularly, the calculated
value of g‖ from the results (Cala) is much smaller
than the experimental value. According to our calcula-
tions, the relative discrepancy between the calculated
results (Cala) and the experimental values are about
11.3% and 4.6% forg‖ andg⊥ respectively, which can
hardly be eliminated by freely adjusting the relative
tetragonal compression ratioρ and the covalency fac-
tor N . In fact, one can expect the strong covalency and
hence the obvious mixings between the metal and lig-
and orbitals because of the high valence state of W5+.
This point is supported by the small covalency factor
N (≈ 0.655 << 1) and the significant mixing coeffi-
cients (λt ≈ 0.7334, λe ≈ 0.5878 andλs ≈ 0.4720)
(see Table I). By comparing the results between Cala

and Calb in Table II, we also find that the contribu-
tions from the ligand orbital and SO coupling inter-
actions are more important than those from the third-
order terms. Therefore, the high-order perturbation
formulae of the g-factors including the ligand contri-
butions seem to be much applicable in the explanations
of these parameters.

(3) The possible errors of the present work may be ana-
lyzed in the following aspects. Firstly, only the con-
tributions from the nearest neighbor oxygen ligands of
the metallic W5+ ion are considered from the cluster
approach. Fortunately, the approach has been proved
to be valid by many theoretical works on EPR parame-
ters [8,9,28,29,32–34,38–40].

Secondly, the empirical relationship̄A2(R)/Ā4(R) ≈
10.8 applied in the calculations of tetragonal CF parameters
may bring some errors to the compression ratioρ and hence
the g-factors (note that the relationship̄A2(R)/Ā4(R) ≈
9 ∼ 12 for dn ions has been proved to be valid in many
theoretical works [29, 31, 33, 40, 42–47]). According to our
calculations, the errors of the final g-factors and the relative
compression ratioρ are estimated not to exceed 1% and 6%
(see Fig. 3) respectively, as the ratiōA2(R)/Ā4(R) changes
by 10% around 10.8. Thirdly, in the calculations of the
group overlap integrals, the reference bonding length of the
studied [WO6]7− cluster is obtained from the similar cluster
with tetragonally compressed distortion in the other tungstate
phosphate glasses. This would introduce small errors into the
integrals and hence bring forward an influence in the calcu-
lated g-factors. However, because of the small integrals, one
can expect the errors arising from the uncertainty of the in-
tegrals must be very small. According to the calculations,
when the integrals change by 10%, the errors of the final
g-factors are estimated not to exceed 1%. Finally, only the
contributions from the crystal-field mechanism are consid-
ered in the calculations of the g-factors, while the contribu-
tions due to the charge-transfer mechanism are not included.
This should lead to some errors in the final g-factors. How-
ever, considering that (i) some adjustable parameters (e.g. the
bonding molecular orbit coefficients, charge-transfer energy
levels [34, 36, 39, 47]) should be introduced in the calcula-
tions if the charge-transfer mechanism is adopted. (ii) Based
on the theoretical studies of the octahedral clusters for the
d1 ions (e.g. V4+ [47, 48], Mo5+ [34, 49], W5+ [36, 39],
Cr5+ [25,47,48]) doping in the crystals or glasses, the contri-
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bution to the g-factors from the charge-transfer mechanism is
much smaller than that from the crystal-field mechanism, ne-
glecting the contribution to g-factors from the charge-transfer
mechanism is acceptable. The theoretical g-factors (Calc)
show good agreement with the experimental values, which
further supports this point.

4. Conclusion

The g-factors (g‖, g⊥) and the local structure for tetrago-
nal W5+ centers in tungsten phosphate glasses containing
lithium (P2O5-Li2WO4-Li2O) are quantitatively investigated
through the three-order perturbation formulae for the d1 ions
in the octahedral environment. In these formulae, the con-
tributions to g-factors from the ligand orbital and SO cou-

pling interactions are taken into account because of the strong
covalency of the studied cluster [WO6]7−. According to
our calculations, the relative tetragonal compression ratioρ
is found to be about 0.1915 due to the Jahn-Teller effect.
Based on the local structural data and the three-order per-
turbation formulae, the theoretical results of g-factors are in
good agreement with the experimental results.
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