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Abstract

The electron paramagnetic resonance (EPR)g factorsg// andg⊥ and the local structure for the trigonal Zr3+ center in X-ray irradiated
yttria-stabilized zirconia (YSZ) are theoretically investigated from the perturbation formulas of theg factors for a 4d1 ion in trigonally distorted
octahedra. Based on the studies, in this trigonal center (characterized as [ZrO]9− cluster associated with two oxygen vacanciesV along the
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1 1 1] axis), the O2− ions in the ligand triangles are found to displace towards the neighbouringVO by about 0.42̊A due to the electrostat
ttraction of theVO. The above displacement is comparable with that (≈0.36Å) obtained from neutron diffraction measurements and t
≈0.24–0.37̊A) based on the optical spectral analysis and crystal-field calculations in the previous works. Particularly, partial que
he spin-orbit (SO) coupling interaction (i.e.,γ(SO)≈ 0.44) due to the dynamic Jahn–Teller effect (DJTE) and its influence on theg factors
hich were ignored by the previous authors, are taken into account in the present work. The validity of the results is discussed.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Yttria-stabilized zirconia (YSZ) is a solid solution of wide
ange applications due to the remarkable mechanic, ther-
al, electrical and optical properties. Recently, investigations
ave been reported on YSZ as electrolyte in solid oxide fuel
ell (SOFC)[1–4], high-Tc superconductor thin film sub-
trates[5–7], as well as the properties of optical absorption
nd upconversion luminescence[8–10], large room temper-
ture magnetoresistance in YSZ doped La0.67Ba0.33MnO3
omposite[11]. Particularly, studies on the paramagnetic de-
ects in YSZ due to X-ray irradiation have been carried out by
eans of electron paramagnetic resonance (EPR) and optical
bsorption techniques[12–16]. For example, the EPRg fac-

orsg// ≈ 1.989,g⊥ ≈ 1.852 and absorption band (370 nm)
ere measured for the electron-type trigonally distorted oc-

ahedral defect (T-center), which were attributed to the hexa-

∗ Corresponding author.
E-mail address:wushaoyi@netease.com (S.-Y. Wu).

coordinated Zr3+ ion (i.e., the original Zr4+ ion capturing an
electron due to X-ray irradiation), midway between two o
gen vacancies (VO) at the opposite ends of the coordina
cube (seeFig. 1) [12,14,16].

To investigate the observedg factors, the simple pertu
bation formulas of theg factors for a d1 ion in trigonally
distorted octahedra[12,14] were adopted, with the cub
crystal-field splitting∆ (=10Dq) or the trigonal splittingδ
of the2T2 state estimated from other similar systems. L
on, Azzoni et al.[17,18]carried out the studies on the def
structure and crystal-field properties of trigonal six-fo
coordinated Zr3+ center in YSZ, by proposing the displa
ments of about 0.24–0.37̊A for the oxygen ligands toward
theVO along the [1 0 0] directions. However, there seems
some imperfectness in their investigations. (i) The param
Dq (or δ) was adjusted or taken from other systems. In a
tion, only one splitting (Dq or δ) was included in the simp
perturbation formulas[12,14]. (ii) The local structure of th
Zr3+ defect center was not involved in the studies of theg fac-
tors. (iii) Most important, the authors neglected the reduc
925-8388/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2004.07.022



S.-Y. Wu et al. / Journal of Alloys and Compounds 388 (2005) 168–171 169

(or quenching) of the spin-orbit (SO) coupling interaction due
to the dynamic Jahn–Teller effect (DJTE) for the [ZrO6]9−
cluster, which has been pointed out by many works for 3d1

or 3d3 configuration in trigonally distorted environments
[19–22]. Instead, a reduction (ζ ≈ 0.5ζ0) for the SO coupling
coefficient was attributed to considerable covalency effect of
Zr3+ O2− bonding in[14]. Nevertheless, such covalency for
the [ZrO6]9− cluster in YSZ seems too strong to be regarded
as suitable. On the other hand, the above covalency effect was
not taken into account in the crystal-field studies[14,17].

In order to make further investigations on theg factors
and the defect structure for the above trigonal Zr3+ center in
X-ray irradiated YSZ, theoretical studies on theg factors and
optical absorption band are carried out in this paper based
on the improved perturbation formulas of theg factors for a
4d1 ion in trigonally distorted octahedra. In these formulas,
the contributions to theg factors from both the cubic and
trigonal splittings are considered, which are calculated from
the generalized crystal-field model and the local structural
parameters of the studied system. Based on the studies, the
displacements of the oxygen ligands due to the twoVO and
the reduction effect of the SO coupling coefficient due to
the DJTE are also determined. The validity of the results is
discussed.
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Fig. 1. The local structure of the trigonal Zr3+ center in X-ray irradiated
YSZ. The Zr3+ is formed by the original Zr4+ capturing an electron on irra-
diation, associated with twoVO along the [1 1 1] (or C3) axis. The O2− ions
in the ligand triangles undergo a displacement�X towards the neighbouring
VO along the [1 0 0] directions.

4d1 ion in crystals.E1 is the energy difference between the
ground state2A1 and the original2E state of cubic case, and
E2 is that between2A1 and the excited state2E due to trigonal
splitting of the cubic2T2 state[23,24]. They can be written
in terms of the cubic field parameterDq and the trigonal field
parameterV as[9,16]

E1 = 10Dq, E2 = V (2)

The parametersDq andV can be calculated from the local
geometrical relationship (seeFig. 1) of the impurity center,
by using the generalized crystal-field model[22,25–27]:

Dq =
2∑

j=1

− 3

8
√

2
sin3 βj cosβj eq

〈
r4

〉
Rj

5
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2∑
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. Calculations

In X-ray irradiated YSZ, the Zr3+ center was observed a
ttributed to the original Zr4+ capturing an electron on irr
iation, associated with twoVO along the [1 1 1] (or C3) axis

12,14,16], i.e., the trigonal (D3d) [ZrO6]9− cluster. Since th
ffective charge of theVO is positive, the oxygen ions in th

igand triangles near theVO may be expected to shift towar
he latter along the [1 0 0] directions by an amount�X due
o the electrostatic attraction. Thus, the local structure o
enter can be characterized by the displacement�X of the

igands (seeFig. 1).
For a 4d1(Zr3+) ion in trigonally distorted octahedra,

rbital triplet2T2 of cubic case would be split into an orbi
oublet2E and a singlet2A1, with the2A1 lying lowest[23].

n the simple perturbation formulas of theg factors used i
12,14], the contributions from the cubic and trigonal fi
plittings∆ andδ were not included completely. By usi
he perturbation procedure similar to that of Abragam e
23], the improved perturbation formulas of theg factorsg//

ndg⊥ for a 4d1 ion under octahedral trigonal symmetry c
e derived[24]:

// = gs − (gs + k)
ζ2

E2
2

,

g⊥ = gs − 2k
ζ

E2
− 4k

ζ

E1
− (gs − 2k)

ζ2

(2E2
2)

, (1)

heregs (=2.0023) is the spin-only value.k is the orbita
eduction factor, andζ the SO coupling coefficient for th
hereq (=−2e) is the effective charge of the oxygen liga
n view of the overlap between the central metal ion
he ligand orbitals[22,25–27], the SO coupling coefficientζ
nd the expectation values〈rn〉 in crystals can be reasonab
xpressed in terms of the average reduction factorN (≈k1/2)
23,28,29]:
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ζ ≈ 500N2 cm−1, 〈r2〉 ≈ 3.857N2 a.u.,

〈r4〉 ≈ 29.389N2 a.u. (4)

FromFig. 1, the local structural parametersRj andβj can
be determined from the corresponding effective impurity-
ligand distanceR0 and angleβ0 (in absence of perturbation
due to theVO) and the displacement�X. For the Zr4+ site
in YSZ, the Zr4+ O2− distance is about

√
3a/4 (≈2.226Å

[16,17]), and the angleβ0 of the Zr4+ O2− bond related to
the C3 axis is about 70.53◦.

In the above formulas, only the average reduction factor
N and the displacement�X are unknown. Substituting these
values intoEqs. (1)–(3)and fitting the calculated optical ab-
sorption band (orDq) and theg factors to the observed values,
we have

N ≈ 0.983, ∆X ≈ 0.42Å. (6)

The corresponding results are shown inTable 1. One can
find that the theoreticalDq shows reasonable agreement with
the observed result. However, the calculatedg factors are in-
consistent with the experimental data, regardless of the values
of N and�X. Even though one adopts significant covalency
effect (i.e.,k = N2 ≈ 0.5) suggested in[14], the theoretical
results are still in poor agreement with experiment by adjust-
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on the aboveγ(SO) and neglecting of the displacement of the
oxygen ligands (i.e.,�X = 0) are also shown inTable 1.

3. Discussions

From Table 1, one can find that the theoreticalDq and
g factors based on the displacement�X andγ(SO) in Eqs.
(6) and (7)are in better agreement than those obtained in
[12,14,17]and those based on the perturbation formulas of
present work and neglecting of�X or γ(SO) with the ob-
served values. There are several points that may be discussed
here.

(1) The validity of the adjustable parameters inEqs. (6) and
(7)can be illustrated as follows: (i) The average reduction
factorN (≈0.983, ork≈ 0.967) is close to unit, suggest-
ing that the covalency effect for the Zr3+ O2− bonds
in YSZ is weak. For the isoelectronic (4d1) Mo5+ O2−
bonds in CaWO4, the orbital reduction factork ≈ 0.85
was obtained[28]. Considering that the Zr3+ has lower
valence state, the largerk or weaker covalency effect for
the Zr3+ O2− bonds in this work can be regarded as rea-
sonable. Therefore, the Zr3+ O2− bonds in YSZ may
be mainly ionic. (ii) The displacement�X (≈0.42Å)
of the oxygen ligands towards theVO obtained in this
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ng the�X. So, it seems that the optical absorption ang
actors cannot be satisfactorily explained in the schem
tatic crystal-field theory.

As mentioned before, the contributions of the DJTE in
ZrO6]9− cluster, which may lead to significant reduction
uenching of the SO coupling interaction, should be ta

nto account[19–22]. Thus, an additional reduction fac
(SO) can be introduced for the SO coupling coefficien
q. (4), i.e.,ζ ≈ 500�(SO)N2 cm−1. By fitting the calculate
factors to the observed values, one can obtain

(SO)≈ 0.44. (7)

The corresponding theoretical results are shown inTable 1.
or comparison, the calculated results of theg factors and th
ptical absorption band by the previous works[12,14,17]are
ollected inTable 1. In addition, the theoretical values bas

able 1
he optical absorption band (in cm−1) and the EPRg factors for the trigon

Cal.a Cal.b Cal.c

(=10Dq) 20000 – 26052

// 1.998 2.0023 1.995

⊥ 1.107 1.853 1.815
a Calculations based on the simple perturbation formulas of theg factor
b Calculations based on the simple perturbation formulas of theg factor
c Calculations based on crystal-field approach and the strong cova
d Calculations based on the improved perturbation formulasEq. (1), the

ue to the DJTE in present work.
e Calculations based on the improved perturbation formulasEq. (1), the

n present work.
f Calculations based on the improved perturbation formulasEq. (1), the

ork.
center in X-ray irradiated YSZ

Cal.d Cal.e Cal.f Expt. [12,16,18]

27022 14024 27022 27027
1.943 1.999 1.991 1.989 (4)
1.660 1.876 1.851 1.852 (28)

.

.
eduction (ζ ≈ 0.5ζ0) of SO coupling coefficient in[17].
cement�X and neglecting of the reduction of the SO coupling coeffic

on of the SO coupling coefficient due to the DJTE and neglecting of th�X

d the reduction of the SO coupling coefficient due to the DJTE in pr

work is also comparable with that (≈0.36Å) obtained
from neutron diffraction measurements[30], and thos
(≈0.24–0.37̊A) obtained from the optical spectral an
ysis and crystal-field calculations in the previous wo
[17,18]. Considering the strong electrostatic attrac
between the oxygen ions in ligand triangles and the n
estVO, the large displacement�Xcan be understood (s
Fig. 1). (iii) The significant reduction of the SO coupli
coefficient due to the DJTE is described byγ(SO) ≈
0.44, whose contributions to theg factors cannot be sa
isfactorily accounted for on the basis of covalent bo
ing [20,24]. This value is much larger than that (≈0.075)
for the trigonal [Ti(H2O)6]3+ cluster in methylammo
nium aluminum alum[19], where the SO coupling c
efficient (ζ0 ≈ 154 cm−1 [23]) is much smaller for th
free Ti3+ ion. Thus, the weak SO coupling interact
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in this system cannot depress the DJTE, which may be-
come very strong. As a result, the SO coupling inter-
action is almost completely quenched in [Ti(H2O)6]3+.
However, for the much larger SO coupling coefficient
(ζ0 ≈ 500 cm−1 [23]) of Zr3+ in the studied [ZrO6]9−
cluster, the DJTE may not be strong enough and then
the SO coupling interaction is only partially quenched
[20]. Therefore, the larger value ofγ(SO) for YSZ:Zr3+
obtained in this work can be understood.

(2) When the displacement�X is neglected (see Cal.e in
Table 1), the theoretical results are not as good as those
including it, particularly, theDq is only about half of the
observed value. This means that the estimated crystal-
field strength based on the originalR0 (≈2.226Å) is too
small. Thus, as the oxygen ions undergo the shift�X
towards theVO, the impurity-ligand bonding length de-
creases toRj (≈2.012Å) so as to increase the value ofDq
(seeEq. (3)). Therefore, the observed optical absorption
band (≈27027 cm−1) may be attributed to the six oxygen
ligands suffering a large displacement�X. In addition,
incomplete consideration of the contributions to theg
factors from cubic and trigonal field splittings (∆ andδ)
in the simple perturbation formulas of the previous works
[12,14,17]leads to the theoreticalg factors which do not
show good agreement with the experimental results (see
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In summary, the EPRg factors and the local structure for
the trigonal Zr3+ center in X-ray irradiated YSZ are theoret-
ically investigated on the basis of the improved perturbation
formulas for theg factors. The contributions to theg factors
from the reduction of the SO coupling coefficient due to the
DJTE and the displacement of the ligands due to theVO are
also analyzed.
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