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The electron paramagnetic resonance (EPR) parameters and local structures for Cu2+ in (100-2x)TeO2−xAg2O−xWO3 (TAW) (7.5 ≤ x ≤
30 mol%) glasses are quantitatively studied for distinct modifier concentrationsx. The octahedral Cu2+ centers are subject to the medium
tetragonal elongations of about 2% along the C4 axis due to the Jahn-Teller effect. By utilizing only three adjusted coefficientsa, b, andω,
the quantities (Dq, k, τ , andκ) can be suitably characterized by the Fourier type functions, which reasonably account for the experimental
concentration dependences of the d-d transition bands and EPR parameters. The calculation results are discussed, and the mechanisms of
the above concentration dependences of these quantities are illustrated by the modifications of the local structures and the electron cloud
distribution around the Cu2+ dopant with the variations of the concentrationx.
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1. Introduction

Tellurite silver (TeO2-Ag2O) glasses exhibit useful dielec-
tric [1], electrical [2], structural [3], thermal and Raman
[4] and non-linear optical properties [5,6]. Similarly, tellu-
rite tungsten (TeO2-WO3) glasses can provide unique elec-
trical [7], linear optical [8], and luminescent properties for
green laser [9] as well as efficient radiation shielding appli-
cations [10-12]. Thus, it is expected that a combination of the
above glasses as tellurite silver tungsten (TeO2-Ag2O-WO3

or TAW) systems may enhance the above properties and ap-
plications with two modifiers Ag2O and WO3. In general, the
above aspects of TAW glasses can be strongly relied on the
local structures of the network of the glass systems, and they
can be efficiently analyzed by means of the electron param-
agnetic resonance (EPR) technique. As a popular dopant in
oxide glasses, Cu2+ is widely used to probe the local struc-
tural properties due to the prominent EPR signals record-
able at room temperature. Recently, d-d transition optical
absorption and EPR experiments were performed for (100-
2x)TeO2−xAg2O−xWO3(7.5 ≤ x ≤ 30 mol %) glasses with
1 mol % CuO dopants [13]. The measured EPR parameters
(g factorsg‖ andg⊥ and hyperfine structure constantsA‖)
were analyzed for the various WO3 or Ag2O concentrations
by using the simpleg formulas and some adjustable bond-
ing parametersα2, β2

1 , andβ2 (which are largely higher than
unity) [13]. However, the defect structure around impurity
Cu2+ in TAW glasses and its concentration dependence has
not been theoretically obtained up to now. So, the concentra-
tion variations of the EPR parameters and local structures in
the vicinity of the copper dopants in TAW glasses, as well as

their mechanisms, need to be further studied uniformly.
This article aims to perform theoretical calculations of

the EPR parameters and local structures for Cu2+ in TAW
glasses at distinct WO3 or Ag2O concentrations x based on
the perturbation formulas ofg factors and hyperfine structure
constants for a 3d9 ion in tetragonally elongated octahedra.
And the features of EPR parameters and local environments
around the copper dopants are also analyzed because of the
modifications of the local crystal-field strength and electron
cloud distributions with the increase of the modifier concen-
tration.

2. Theory and calculation

In the light of the observed g factors (2 < g⊥ < g‖ [13])
for Cu2+ in TAW glasses at all concentrations x, the impuri-
ties Cu2+ are expected to locate at suitable octahedral sites,
with the octahedral [CuO6]10− clusters showing the tetrag-
onal elongation distortions due to the Jahn-Teller effect [14-
18]. For a tetragonally elongated 3d9 cluster, the original
lower two-fold orbitally degenerated irreducible representa-
tion2Eg of cubic symmetry may be separated into two orbital
singlets2B1g and 2A1g, the former being the new ground
state. The original upper three-fold orbitally degenerated rep-
resentation2T2g can split into an orbital doublet2Eg and an
orbital singlet2B2g [16-18].

To study the EPR parameters and local structures for
TAW:Cu2+ glasses, the perturbation formulas of these pa-
rameters for tetragonally elongated octahedral3d9 clusters
can be adopted here. Thus, we have [19,20]:
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Here,gs(≈ 2.0023) is the pure sping; valuek, ζ, and
P are, respectively, the orbital reduction factor, the spin-orbit
coupling coefficient, and the dipolar hyperfine coupling pa-
rameter of the 3d9 ion in glasses, in terms of the relation-
ships,ζ = kζ0 andP = kP0 with the corresponding free-ion
valuesζ0 andP0 represents the core polarization constant,
characteristic of the Fermi contact interactions related to the
isotropic central ion 3d-3s (4s) orbital admixtures.H denotes
the reduction factor related to the anisotropic central ion 3d-
3s (4s) orbital admixtures due to the tetragonal elongation
distortion [21].

In the above expressions, the energy separationsE1 and
E2 stand for the separations between the excited2B2g and
2Eg states and the ground2B1g state, which can be written in
terms of the cubic crystal-field parameterDq and the tetrag-
onal crystal-field parametersDs andDt [17,18]:

E1 = 10Dq,

E2 = 10Dq − 3Ds + 5Dt. (2)

From the local structural properties of the studied
[CuO6]10− clusters, the tetragonal crystal-field parameters
can be determined from the superposition model [21-22]:
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Here the superscriptst2(≈ 3) and t4(≈ 5) are the
power-law exponents [21]. With the reference distanceR0,

and are the intrinsic parameters, satisfying the relationships
Ā4(R0) ≈ (3/4)Dq and the ratioĀ2(R0)/Ā4(R0) ≈ 9−12
for octahedral 3dn groups [23-25]. And we takēA2(R0) ≈
9Ā4(R0) here. For convenience, the defect structure near
the impurity Cu2+ can be characterized as two longer ax-
ial copper-oxygen bonds and four shorter planar ones, corre-
sponding to a relative tetragonal elongation ratioτ and the
positive g anisotropy∆g(= g‖ − g⊥). Thus, the copper-
oxygen distances parallel and perpendicular to the C4 axis
can be written in terms of the reference distanceR0 and the
relative tetragonal elongation ratioτ as:

R‖R(1 + 2τ), R⊥R(1− τ). (4)

Now the measured d-d transition absorption bandsE −
1(= Exy) in Ref. [13] at various concentrationsx are fitted
in this section. Since 1)E1 (or 10Dq) shows the overall in-
crease from 12376 cm−1 for 7.5 mol % to 12484 cm−1 for
30 mol % and medium fluctuations withx and 2) the mea-
suredg‖ andA‖ also exhibit sine / cosine like variations ofx
(see Fig. 3 of Ref. [13]). For convenience, the Fourier type
function can be adopted to describe the above concentration
variation of the cubic field parameter:

Dq = Dq0{1 + a cos(ωx) + b sin(ωx)}. (5)

Here the adjustable coefficientsa, b, andω can be deter-
mined by fitting the experimental d-d transition bands. The
reference valueDq0 ≈ 1240 cm−1 may be obtained from
the optical spectral measurements for Cu2+ in various oxide
glasses [15]. By fitting the theoreticalE1 to the experimental
data at various concentrationsx [13], the optimal quantities
in Eq. (5) are obtained as:

a ≈ −0.0112, b ≈ 0.0082, ω ≈ 1898. (6)

The corresponding d-d transition bandsE1 are calculated
as 12393, 12546, 12394, and 12429 cm−1, which are compa-
rable with the experimental values [13].

In the light of the perturbation formulas of EPR parame-
ters in Eq. (1) and the expressions of the energy denominators
in Eq. (2), similar but less significant fluctuations of orbital
reduction factork thanDq can be expected because of the
whole increasingg factors (especiallyg‖) and moderate fluc-
tuations withx. For convenience, a factor (-1/3) is added to
the terms except 1 in the square bracket of Eq. (5). Then, the
concentration dependence of the orbital reduction factor can
be similarly expressed as the Fourier type function:

k = k0

{
1− [a cos(ωx)− b sin(ωx)]

3

}
(7)

Here the reference valuek0 ≈ 0.812 is obtained from the
optical spectral analysis for Cu2+ in some oxide glasses [15].
Utilizing Eq. (7), k ≈ 0.805, 0.811, 0.820 and 0.804 are
calculated forx = 7.5, 15, 22.5 and 30 mol %, respectively.
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The above values are qualitatively consistent with the aver-
ages (∼ 0.81 − 0.82 [13] ) of the fitted bonding parameters
α2 andβ12 in the previous studies and can be regarded as
reasonable.

From Eq. (1), the anisotropy∆g(= g‖ − g⊥) is relevant
to the denominatorE2 of g⊥, which correlates closely with
the tetragonal crystal-field parametersDs andDt and hence
with the relative tetragonal elongation ratioτ . From the over-
all decreasing (from 0.278 at 7.5 mol % to 0.255 at 30 mol
%) tendency and the slight fluctuations of the measured∆g
with x [13], the relative elongation ratio can be expressed by
the following Fourier type function:

τ ≈ τ0

{
1− [a cos(ωx)− b sin(ωx)]

5

}
(8)

whereτ0 is the reference value of the relative elongation ratio.
Inputting the above values and the spin-orbit coupling coeffi-
cientζ0(≈ 829 cm−1 [30]) for free Cu2+ into theg formulas
and matching the theoretical∆g to the observed results, we
haveτ0 ≈ 1.45%. The corresponding tetragonal elongation
ratiosτ ≈ 1.78%, 2.11%, 2.44% and 2.77% are obtained for
x = 7.5, 15, 22.5 and 30 mol %, respectively. The theoret-
ical g factors (Cal.b) for various concentrations x are shown
in Table I. For comparison, the calculatedg factors (Cal.a)
based on the simpleg formulas and the fitted bonding param-
etersα2, β12 andβ2 as well as the orbital reduction factor
K2 = 0.77 in the previous analysis [13] are also collected in
Table I.

From Eq. (1), hyperfine structure constants depend
mainly upon the isotropic contributions from the core polar-
ization constantκ0 and the anisotropic ones related to reduc-
tion factorH or g-shifts. Because of absence of the perpen-
dicular components ofA factors in Ref. [13], the concen-
tration variations ofA‖ may be attributed to the related con-
centration variations of the core polarization constantκ and
orbital reduction factork as well as the g-shifts (gi−gs, with
i = ‖ and⊥). Thus, the concentration dependence of the
core polarization constant can be similarly expressed as the
Fourier type function:

κ = κ0

{
1− [a cos(ωx)− b sin(ωx)]

3

}
. (9)

Hereκ0 is the reference value, which is usually taken as
the expectation value 0.3 for 3d transition-metal ions in crys-
tals [26]. The above expression yieldsκ ≈ 0.301, 0.289,
0.311 and 0.298 forx = 7.5, 15, 22.5 and 30 mol %, re-
spectively. The reduction factor can be fixed as 0.81 (i.e.,
about 20% reduction from the ideal value of unity in the ab-
sence of tetragonal elongation distortion) for the sake of re-
duction in the number of adjustable parameters. Substitut-
ing these values and the dipolar hyperfine coupling parame-
ter P0(≈ 402 × 10−4 cm−1 [27]) for a free Cu2+ ion into
Eq. (1), the concentration dependences of hyperfine struc-
ture constants (Cal.b) are obtained and compared with the
experimental data in Table I.

3. Results and discussion

Table I displays that the calculated EPR parameters based on
the above Fourier type functions of cubic field parameter, or-
bital reduction factor, relative tetragonal elongation ratio, and
core polarization constant with concentrationx by using only
three adjustable coefficients (a, b, andω) for Cu2+ in TAW
glasses show reasonable agreement with the observed results.
Thus, the previous EPR results for the studied systems are
suitably interpreted uniformly. Several points may be dis-
cussed here.

(1) The concentration variations of the d-d transition op-
tical spectra reflect the modifications of the local crystal-field
strength of the Cu2+ centers with the concentration varia-
tions of the modifier induced NBOs and the difference in field
strength between Ag+/W6+ and Te4+ cations. First, the in-
creases of the concentration of WO3 bring forward increasing
NBOs with much higher polarizability, which mainly acts as
the ligands of the Cu2+ dopants and leads to the fluctuations
of the local crystal-fields. Second, when Te4+ is gradually
replaced by W6+ with higher field strength, the original Te-
O-Te linkages in the glass network are partially substituted
by the new Te-O-W or W-O-W ones through some TeO4

units transforming into TeO3 ones, as indicated by the 460
- 490 cm−1 bands in the IR measurements [13]. Third, the
strength of the Cu-O bonds in the [CuO6]10− groups may be
enhanced, because of the increasing density of TAG glasses

TABLE I. The concentration variations ofg factors and hyperfine structure constants (in10−4 cm−1) for Cu2+ in TAW glasses.

x (mol%) g‖ g⊥ A‖ A⊥

Cal.a Cal.b Expt. [13] Cal.a Cal. b Expt.[13] Cal.b Expt. [13] Cal.b Expt.

7.5 2.352 2.356 2.352(1) 2.105 2.099 2.103(1) −121.7 −124(0.5) −0.7 −
15 2.357 2.357 2.358(1) 2.083 2.089 2.083(1) −116.2 −113(0.5) 2.9 −

22.5 2.362 2.369 2.362(1) 2.088 2.088 2.088(1) −119.5 −118(0.5) −3.2 −
30 2.358 2.355 2.357(1) 2.077 2.086 2.079(1) −116.3 −114(0.5) −0.1 −

aCalculatedg factors based on the simpleg formulas using the adjustable bonding parametersα2, β2
1 , andβ2 as well as the orbital reduction factorK2 = 0.77

in the previous work [13].
bCalculations based on the uniform perturbation formulas of the EPR parameters and the concentration dependences of the relevant quantities in this work.
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with x [13]. This point can also be illustrated by the blue
shifts of the IR bands in 650- 680 and 730-780 cm−1 re-
gions, which reflects enhancing stretching vibrations of TeO3

units [13]. Thus, the overall increasing d-d transition bands
with some fluctuations for Cu2+ in TAW glasses can be un-
derstood.

(2) The features ofg factors can be briefly analyzed here.
The overall slightly increasingg‖ is attributed to the com-
bined effects of the moderately increasingk at two middle
concentrations and the quiveringly increasingDq, and the
former effect is slightly stronger. The highestg‖ at 22.5
mol% is mainly attributable to the biggestk and the moderate
increase ofDq at this concentration. On the other hand, the
slightly decreasingg⊥ can be ascribed to the increasing rela-
tive elongation ratioτ and hence the increasing magnitude of
the negative tetragonal crystal-field parameterDs, leading to
the increasing denominatorE2. Further, the whole increasing
anisotropy∆g (related to the nearly unchangingg‖ and the
slightly decreasingg⊥) is consistent with the increasing rel-
ative elongation ratioτ . Finally, although the theoreticalg‖
andg⊥ (Cal. a) based on the simpleg formulas and the fitted
bonding parametersα2, β12 andβ2 (which were even largely
higher than unity) and the orbital reduction factorK2 = 0.77
in Ref. [13] show good agreement with the experimental
data. Present calculations can be regarded as an improvement
to the previous studies given the inclusion of the detailed lo-
cal structures around the Cu2+ dopants, adoption of fewer ad-
justable parameters, and uniform treatments of bothg factors
and hyperfine structure constants. Interestingly, the present
orbital reduction factorsk(≈ 0.805, 0.811, 0.820 and 0.804)
from Eq. (7) show largely consistent tendency with the aver-
ages (≈ 0.809, 0.823, 0.824 and 0.821 [13]) of the fittedα2

andβ12 at 7.5, 15, 22.5 and 30 mol%, respectively, and the
same maximum at 22.5 mol%. So, present calculations can
be regarded as suitable in physics, which conformably reveal
the overall weakening covalency with the weakest covalency
of the copper-oxygen bonds at 22.5 mol %. Physically, the
concentration dependence of covalency can be ascribed to the
modification of the electronic cloud distribution around the
copper dopants. For example, the electronic cloud density
around oxygen ions at the middle concentrations (especially
22.5%) can be enhanced and lead to the significant decline
of the Cu2+−O2− orbital admixtures, yielding the weakest
covalency and highestk.

(3) The studied Cu2+ centers in TAG glasses exhibit the
tetragonal elongations of about2−3% due to the Jahn-Teller
effect. Interestingly, analogous moderate tetragonal elonga-
tion ratios (≈ 3% and 4%) were also found for Cu2+ in
xLi2O·(30−x)·K2O·70B2O3 (0 ≤ x ≤ 25 mol %) [28] or
40MgO·(10−x)PbF2·50SiO2−xCuO (0.1 ≤ x ≤ 1.0 mol %)
[29] and (70−x)Bi−2O3−xLi2O-30(ZnO-B2O3) (0 ≤ x ≤
20 mol %) glasses [30]. The nearly linearly increasing rel-
ative elongation ratiosτ (from 1.78 to 2.77 mol%) can re-

flect the moderate tetragonal elongations around the copper
dopants in TAW glasses. The increasing tendency of the rel-
ative elongation can be ascribed to the enhancing vibrational
interactions due to the strengthened copper-oxygen bonding
(i.e., the increasingDq) with increasingx. Thus, the relative
tetragonal elongation ratio and its concentration dependence
obtained in this work by analyzing theg anisotropy for Cu2+

in TAW glasses can be regarded as reasonable.
(4) The magnitude of hyperfine structure constantA‖

exhibits an overall decreasing rule with slight fluctuations,
yielding a slight decrease at 15 mol%. This can be illustrated
as the competitive influences from the overall decreasingκ,
k, andg⊥− gs under the fixed reduction factorH. The obvi-
ous decline of the magnitude forA‖ at 15 mol% with respect
to the other concentrations is mainly attributed to the sig-
nificant decrease (by 4%) of the core polarization constant.
This point is ascribed to the decrease of the electronic cloud
density around copper arising from the enhancing electronic
cloud of oxygen, leading to the weakest isotropic copper 3d-
3s (4s) admixtures and hence the lowestκ at this concentra-
tion. Normally, the hyperfine structure constants in the EPR
measurements are given as the absolute values [13]. From
present calculations, bothA‖ andA⊥ are negative, because
of the dominant-negative contributions relevant toκ and the
much smaller positive contributions relevant tog-shifts. Of
course, the present calculatedA⊥ with the much smaller
magnitudes remain to be further verified with additional EPR
experiments.

4. Summary

The local structures and EPR parameters for Cu2+ in TAW
glasses at distinct modifier concentrations x are theoretically
investigated using the perturbation formulas of these parame-
ters. Subject to the Jahn-Teller effect, the impurity Cu2+ cen-
ters are found to experience moderate tetragonal elongations
(τ ≈ 1.78 − 2.77 %). Based on merely three adjusted coef-
ficientsa, b, andω, the relevant model parameters (Dq, k, τ ,
andκ) are expressed in terms of the Fourier type functions of
the modifier concentration. The observed concentration vari-
ations of the d-d transition bands and the EPR parameters are
suitably interpreted in a uniform way. And the mechanisms
of the above concentration dependences of these quantities
are illustrated by the modifications of the local structure and
the electron cloud distribution around the Cu2+ dopant with
the concentrationx.

Acknowledgments

This work is financially supported by the Innovation Seedling
Project of Sichuan Province (No.2018100) and a major
project of CDNU (No.CS18ZDZ0511).

Rev. Mex. F́ıs. 67 (1) 1–6



THEORETICAL STUDIES OF THE ELECTRON PARAMAGNETIC RESONANCE PARAMETERS AND LOCAL STRUCTURES. . . 5

1. A. Palui and A. Ghosh, Structure and dielectric properties
of Ag2O-SeO2-TeO2 mixed former glasses,J. Non. Cryst.
Solids. 482 (2018) 230.https://doi.org/10.1016/
JNonCrystSolids.482.230

2. B. V. R. Chowdari and P. Pramoda Kumari, Thermal, elec-
trical and XPS studies of Ag2OTeO2P2O5 glasses,J. Non.
Cryst. Solids. 197 (1996) 31. https://doi.org/10.
1016/JNonCrystSolids.197.31

3. Yasuhiko Iwadate, Mineta Suzuki, Takeo Hattori, Kazuko
Fukushima and Keiji Itoh, Evolution of local structure in
Ag2O-TeO2 glasses with addition of Ag2O analyzed by
pulsed neutron diffraction and Raman spectroscopy,J. Alloys
Compd. 389 (2005) 229.https://doi.org/10.1016/
JAlloysCompd.389.229

4. D. Linda, M. Dutreilh-Colas, D. Hamani, P. Thomas and
A. Kabadou, Temperature dependent structural and spectro-
scopic studies of sodium gallosilicate nitrite sodalite,Mat.
Res. Bull. 45 (2010) 1816.( https://doi.org/10.1016/jMatRes
Bull.45.1816)

5. D. Linda, J.-R. Ducĺere, T. Hayakawa, M. Dutreilh-Colas and
P. Thomas, Optical properties of tellurite glasses elaborated
within the TeO2-Tl2O-Ag2O and TeO2-ZnO-Ag2O ternary
systems,J. Alloys Compd.561 (2013) 151.https://doi.
org/10.1016/JAlloysCompd.561.151

6. K. Kato, T. Hayakawa, and Y. Kasuya, Influence of
Al2O3 incorporation on the third-order nonlinear opti-
cal properties of Ag2O-TeO2 glasses, J. Non. Cryst.
Solids. 431 (2016) 97. https://doi.org/10.1016/
JNonCrystSolids.431.97

7. S. E. Ibrahim, Y. S. Rammah, I. Z. Hager ans R. E.
Mallawany, UV and electrical properties of TeO2-WO3-
Li2O-Nb2O5/Sm2O3/Pr6O11/Er2O3 glasses, J. Non. Cryst.
Solids. 498 (2018) 443.https://doi.org/10.1016/
JNonCrystSolids.498.443

8. M. Reda Zaki, D. Hamani, M. Dutreilh-Colas, J.-R. Duclére,
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