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The local structure of the Cu2+ center in mixed alkali cadmium phosphate (10Li2O-10Na2O-20CdO-59.5P2O5) glass is theoretically in-
vestigated from the optical spectral data and high-order perturbation formulas of the electron paramagnetic resonance (EPR) parameters
(g-factorsg‖, g⊥ and the hyperfine structure constantsA‖, A⊥) for a 3d9 ion in a tetragonally elongated octahedron. In these formulas, the
ligand orbital and spin-orbit coupling contributions are taken into account based on the cluster approach in view of moderate covalency. The
required crystal-field parameters are determined by the superposition model. According to the calculations, the impurity-ligand distances
parallel and perpendicular to the C4 axis of [CuO6]10− cluster are found to be, respectively,R‖ ≈ 2.051 Å andR⊥ ≈ 2.029 Å due to
Jahn-Teller effect. Based on the above local structure data, the optical spectra are satisfactorily interpreted. The signs ofA‖ andA⊥ for the
Cu2+ center are suggested in the discussion.
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1. Introduction

Mixed-alkali effect in glasses has received much attention
with respect to its technological and theoretical interests in
describing the physics and chemistry of glasses which are
of the potential applications in the development of new tun-
able solid-state lasers, solar-energy converters, and fiber-
optic communication devices [1-3]. It is well known that
the transition metal ions are conveniently applied as probes
to provide useful information about the local structures of
glasses, due to their sensitive response to surrounding ac-
tions. For example, Cu2+ ion (3d9) with one 3d hole is nor-
mally treated as a model system of specific significance, [4]
containing a single ground state and a single excited state
under ideal octahedral crystal field and is frequently applied
as probes in the EPR experiments [5-9] Giridharet al., per-
formed the EPR experiments and optical absorption studies
for Cu2+ ion in mixed alkali cadmium phosphate glasses, [8]
and the EPR parameters (the anisotropicg factorsg‖ andg⊥
and the hyperfine structure constantsA‖ andA⊥) were also
measured for the center [8]. However, until now, the local
structure of the impurity center in the glasses has not been ob-
tained, except that the observed EPR results were tentatively
assigned to the tetragonally elongated Cu2+ center. In addi-
tion, the optical spectra were not interpreted. Since the mi-
croscopic information about the local structure and the EPR
behaviors (particularly theg factors) for Cu2+ in mixed alkali
cadmium phosphate glasses would be helpful to understand
the nature and symmetry of the glasses, theoretical studies on
the above EPR results are of fundamental and practical sig-
nificance. In this work, the EPR parameters of Cu2+ center in
mixed alkali cadmium phosphate (10Li2O-10Na2O-20CdO-
59.5P2O5, LiNaCdP hereafter) glass are theoretically inves-
tigated by using the high order perturbation formulas of these

parameters for a 3d9 (Cu2+) ion under tetragonally elongated
octahedra. In these formulas, the ligand orbital contributions
are considered and the energy separations are correlated with
the local structure. Thus, the optical spectra can be inter-
preted and hence information of the local structure for the
impurity ion Cu2+ obtained on the basis of the EPR analysis.
The results are discussed.

2. Calculation

When the impurity Cu2+ ions are doped into mixed al-
kali cadmium phosphate glasses, they prefer to occupy the
Cd2+ site due to the same charge and form the octahedral
[CuO6]10− clusters [8]. For a Cu2+ ion under octahedral
symmetry, there are only two energy levels,i.e., one lower
orbital doublet2Eg and another higher orbital triplet2T2g.
Then, the two-fold orbital degeneracy of2Eg ground state
can be canceled by the Jahn-Teller effect via vibrational in-
teractions, which always correlates to the removal of the de-
generacy of energy levels and results in lower symmetry and
energy [10-12] The doped Cu2+ ions are found to occur in
tetragonally elongated along certain direction (C4 axis of the
systems) and lead to the local tetragonal point symmetry [8].
For Cu2+ (3d9) ion in tetragonally elongated octahedra, the
lower 2Eg level would be split into2B1g and2A1g, with the
former being lowest [4]. Meanwhile, the upper2T2g energy
level would be separated into2B2g and 2Eg. According to
the high order perturbation theory and considering the con-
tributions from the ligand orbital and spin-orbit coupling in-
teractions due to covalency effect between the central ion and
ligand ions, the high-order perturbation formulas of the EPR
parameters for a 3d9 ion in tetragonally elongated octahedra
can be established from the cluster approach [13,14,15]
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A‖ = p(−κ− 4/7) + p′[(g‖ − ge) + 3(g⊥ − ge)/7]

A⊥ = P (−κ + 2/7) + p′[11(g⊥ − ge)/14] (1)

Here,ge ≈ 2.0023 is the spin-only value,P andP ′ are
the dipolar hyperfine constant related to the interaction within
t2g states and the interaction betweent2g andeg states.κ is
the core polarization constant.E1 andE2 are the energy sep-
arations between the excited2B2g, 2Eg and the ground2B1g

states, they can be expressed in terms of the cubic field pa-
rameterDq and the tetragonal field parametersDs andDt.
Thus, we have:

E1 = E(2B2)− E(2B1) = 10Dq

E2 = E(2E)− E(2B1) = 10Dq − 3Ds + 5Dt (2)

Based on the cluster approach, the spin-orbit coupling co-
efficientsζ andζ ′ and the orbital reduction factorsk′ andk
and the dipolar hyperfine structure parametersP andP ′ in
the formulas of EPR parameters can be expressed as: [13,16]

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]

P = NtP0

P ′ = (NtNe)1/2P0 (3)

In above formulas,ζd andζp are, respectively the spin-
orbit coupling coefficients of the free 3d9 and ligand ions.
P0(≈ 388× 10−4 cm−1 [17]) is the dipolar hyperfine struc-
ture parameter of free Cu2+ ion. A denotes the integral
R〈ns|∂/∂y|npy〉, whereR is the impurity-ligand distance of
the present system.Nγ andλγ (or λs) are the normaliza-
tion factors and the orbital mixing coefficients for the cubic
irreducible representationsγ(= eg or t2g). They can be
determined from the approximate relationships: [13,16]

N2 = N2
t [1 + λ2

t S
2
dpt− 2λtSdpt]

N2=N2
e [1+λ2

eS
2
dpe+λ2

sS
2
ds−2λeSdpe−2λsSds] (4)

And the normalization: [13,16]

Nt(1− 2λtSdpt + λ2
t ) = 1

Ne(1− 2λeSdpe − 2λsSds + λ2
e + λ2

s) = 1 (5)

HereN is the average covalency factor, characteristic of
the covalency effect of the central ion in crystals.Sdpγ (and
Sds) are the group overlap integrals. In general, the orbital
mixing coefficients increase with increasing the group over-
lap integrals, and one can approximately adopt proportional-
ity relationshipλe/Sdpe ≈ λs/Ss between the orbital mixing
coefficients and the related group overlap integrals within the
same irreducible representationeg.

As mentioned before, the Jahn-Teller Cu2+ ion can suf-
fer the Jahn-Teller effect via stretching the two Cu2+O2−

bonds along the C4 axial direction and then lead to the local
tetragonal point symmetry. So, the parallel and perpendicu-
lar Cu2+-O2− bond lengths can be given in terms of the ref-
erence distanceR and the elongation∆Z along the C4 axis
as: R‖ = R + ∆Z andR⊥ = R −∆Z (see Fig. 1). Thus,
the cubic and tetragonal field parameters (Dq, Ds andDt)
can be determined from the superposition model18 and the
geometrical relationship of the studied impurity Cu2+ cen-
ter: [13-15]

FIGURE 1. The local structure of Cu2+ in LiNaCdP glass.
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TABLE I. The group overlap (andA) integrals, the molecular orbital coefficientsNγ andλγ andλs for Cu2+ center in LiNaCdP glass.

Sdpt Sdpe Sds A Nt Ne λt λe λs

0.0091 0.0296 0.0238 1.3342 0.863 0.874 0.407 0.326 0.264

Dq = 4Ā4(R)/3

Ds = (4/7)Ā2(R)[(R/R‖)t2 − (R/R⊥)t2]

Dt = (16/21)Ā4(R)[(R/R‖)t4 − (R/R⊥)t4] (6)

Heret2(≈ 3) andt4(≈ 5) are the power-law exponents,
Ā2(R) andĀ4(R) are the intrinsic parameters with the refer-
ence bonding lengthR, here we estimate reasonably the ref-
erence distanceR(≈ 2.04Å) for the Cu2+ center to be close
to the sum of ionic radii of Cu2+ and O2− ions [19], due to
the electrostatic attraction between two ions [20,21,22]. For
3dn ions in octahedra, the relationship̄A2(R) ≈ 10 Ā4(R)
is proved to be valid and is reasonably applied here [14,23].

From the distanceR and the Slater-type SCF func-
tions, [24,25] the group overlap integralsSdpt, Sdpe, and
Sds and the integralA are calculated and shown in Table I.
Then, the molecular orbital coefficientsNγ andλγ can be
obtained from Eq. (4), Eq. (5) and the covalency factor
N(≈ 0.86) which can be determined from the relationship:
N2 ≈ 1 − h(L)k(M) (here the parameterh(L)(≈ 1) is
the characteristic of the ligand O2− and k(M) (≈ 0.26)
is the characteristic of the central metal ion Cu2+) [26,27].
The calculated results are also shown in Table I. The spin-
orbit coupling coefficientsζ andζ ′ and the orbital reduction
factorsk and k′ can be determined from Eq. (3) and the
corresponding free-ion valuesζd(Cu2+)≈ 829 cm−1, [11]
ζp(O2−)≈ 151 cm−1, [16] they are collected in Table II.

In the formulas of the hyperfine structure constants, the
core polarization constantk can be determined from the rela-
tionship:k ≈ −2χ/(3〈r−3〉), [16,17,26] hereχ is the char-
acteristic of the density of unpaired spins at the nucleus of the
central ion and〈r−3〉 is the expectation value of inverse cube
of the 3d radial wave function. From the data〈r−3〉 ≈ 8.252
a.u. [4] andχ ≈ −3.40 a.u. [17] for Cu2+ in some oxides,
one can estimatek ≈ 0.275 for the studied system which
is close to the expectation value (≈ 0.3) for the 3dn ions in
crystals [11,12,17] and can be regarded as reasonable.

Thus, there are only two unknown parameters, the tetrag-
onal elongation∆Z and the intrinsic parameter̄A4(R) in the
formulas of the EPR parameters. Substituting the related val-
ues into Eq. (1) and fitting the theoretical results to the ex-
perimental data, we have:

∆Z ≈ 0.011 Å, Ā4(R) ≈ 857 cm−1 (7)

Accordingly, the parallel and perpendicular Cu-O dis-
tanceR‖ andR⊥ in the [CuO6]10− cluster are 2.051̊A and

TABLE II. Spin-orbit coupling coefficients (in cm−1), the orbital
reduction factors and the dipolar hyperfine structure parameters for
Cu2+ center in LiNaCdP glass.

ζ ζ′ k k′ P (10−4cm−1) P ′(10−4cm−1)

726 711 0.935 0.749 337 339

TABLE III. The optical spectral band positions (in cm−1) and EPR
parameters (A constants are in units of 10−4 cm−1) for Cu2+ ions
in LiNaCdP glass.

2B1g→2B2g
2B1g→2Eg g‖ g⊥ A‖ A⊥

Cala – – 2.450 2.110 -117 32

Calb 11427 12071 2.439 2.096 -123 28

Exptc 11425 12045 2.441 2.088 121 25
aCalculation based on the elongation∆Z and neglecting the ligand contri-

butions.
bCalculation based on the elongation∆Z and inclusion of the ligand contri-

butions.
cReference 8.

2.029Å respectively. The corresponding theoretical results
of the optical absorption bands and the EPR parameters are
shown in Table III. For comparison, the theoretical results
based on the elongation∆Z in Eq. (7) and neglecting the
ligand contributions (i.e., ζ = ζ = N ζd andk = k′ = N )
are also collected in Table III.

3. Discussion

From Table III, one can find that the calculated results (i.e.,
optical absorption spectra and EPR parameters) for Cu2+ in
LiNaCdP glass based on the elongation∆Z and the intrin-
sic parameters̄A4(R) in Eq. (7) show good agreement with
the experimental data. Thus, the optical and EPR spectra for
the impurity Cu2+ in the studied glass are satisfactorily and
uniformly interpreted.

(1) The resultsR‖ ≈ 2.051 Å and R⊥ ≈ 2.029 Å in-
dicate that the studied [CuO6]10− cluster in LiNaCdP
glass shows a tetragonal elongation distortion along the
C4 axis, which is consistent with the ground state2B1g

based on the observed EPR results (g‖ > g⊥ > ge and
|A‖| > |A⊥|). This point is also supported by many
experimental and theoretical EPR studies of Cu2+

in various oxide glasses and crystals [4-6,17,28,29].
Thus, Cu2+ tends to exhibit tetragonal elongation dis-
tortion due to the Jahn-Teller effect under octahedral
environments. In addition, the small value of∆Z is
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also consistent with the slight energy difference∆E
(≈ E2 − E1 ≈ 620 cm−1) between the excited
2Eg and 2B2g states of the studied system based on
Eq. (2) and Eq. (6). So, the tetragonal elongation∆Z
(≈ 0.011 Å) obtained in this work can be regarded as
reasonable. The calculations show that the present the-
oretical model is effective in the explanations of optical
spectra, EPR parameters and local distortion structure
for d9 ions in glasses.

(2) The small covalency factorN(≈ 0.86 < 1) and
moderate orbital admixture coefficients (λt ≈ 0.407,
λe ≈ 0.326 and λs ≈ 0.264) obtained here re-
veal moderate admixture between the metal and lig-
and orbitals of the studied Cu2+ center in LiNaCdP
glass. This point is consistent with the theoretical cal-
culated results (see Cala and Calb) in Table III. The
above results show that the contributions from the lig-
and orbitals and spin-orbit coupling interaction should
be considered in the explanation of the EPR parame-
ters for Cu2+ ions in glasses due to moderate (or sig-
nificant) covalency effect of the studied system, [7]
although the ligand spin-orbit coupling coefficient
(ζp ≈ 151 cm−1) is smaller than that of the central
Cu2+ ion (ζd ≈ 829 cm−1) [16]. In fact, neglecting
the ligand contributions can yield larger spin-orbit cou-
pling coefficients and the orbital reduction factors and
hence lead to larger g factors (see Eq. (1)). In ad-
dition, the agreements between theory and experiment
for the hyperfine structure constants based on neglec-
tion of the ligand contributions are not as good as those
including these contributions. Therefore, the formulas
of the EPR parameters containing the ligand orbital and
spin-orbit coupling contributions seem to be more ap-
plicable than the simple ones in the absence of these
contributions for the investigations on the EPR param-
eters of impurity ions in covalent systems.

(3) From Table III, one can also see that the absolute val-
ues of the hyperfine structure constantsA‖ andA⊥ are
in good agreement with the experimental data and the
sign for the calculatedA‖ is negative, but the observed
value given in Ref. 8 is positive. It should be pointed
out that the signs of hyperfine structure constants for
dn (or fn) ions in crystals cannot be determined solely
from EPR experiments. Therefore, many experiments
give them as absolute ones [4,17,28] The signs sug-
gested here are the same as those for Cu2+ doped in
many glasses and crystals [17,28-30] and can be re-
garded as reasonable.

4. Conclusions

The EPR parameters and the local structure of the tetrago-
nal Cu2+ center in mixed alkali cadmium phosphate glasses
are theoretically investigated from the high-order perturba-
tion formulas for a 3d9 ion in a tetragonally elongated oc-
tahedron. Based on the studies, the oxygen octahedral
around Cu2+ ions are found to suffer the tetragonal distortion
∆R(= R‖−R⊥) of about 0.022̊A due to the Jahn-Teller ef-
fect. The d-d transition optical spectra of the Cu2+ center are
theoretically interpreted. The signs ofA‖ andA⊥ are sug-
gested.
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