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Abstract

The electron paramagnetic resonance (E@R)ctorsg,, andg, and the local structure for the trigonal*Zrcenter in X-ray irradiated
yttria-stabilized zirconia (YSZ) are theoretically investigated from the perturbation formulasgfttiers for a 4dion in trigonally distorted
octahedra. Based on the studies, in this trigonal center (characterized gF{ZrlDster associated with two oxygen vacansigsalong the
[111] axis), the &~ ions in the ligand triangles are found to displace towards the neighbovgimy about 0.4 due to the electrostatic
attraction of theVo. The above displacement is comparable with thal.B&&) obtained from neutron diffraction measurements and those
(20.24—0.37&) based on the optical spectral analysis and crystal-field calculations in the previous works. Particularly, partial quenching of
the spin-orbit (SO) coupling interaction (i.e(SO)~ 0.44) due to the dynamic Jahn-Teller effect (DJTE) and its influence apftetors,
which 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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1. Introduction coordinated Z* ion (i.e., the original Zt* ion capturing an
electron due to X-ray irradiation), midway between two oxy-
Yttria-stabilized zirconia (YSZ) is a solid solution of wide gen Vacancie%) at the Opposite ends of the coordinated
range applications due to the remarkable mechanic, ther-cube (se€ig. 1) [12,14,16]
mal, electrical and optical properties. Recently, investigations  To investigate the observeglfactors, the simple pertur-
have been reported on YSZ as electrolyte in solid oxide fuel pation formulas of they factors for a d ion in trigonally
cell (SOFC)[1-4], high-T; superconductor thin film sub-  distorted octahedrfl2,14] were adopted, with the cubic
strateg5-7], as well as the properties of optical absorption crystal-field splittingA (=10Dg) or the trigonal splittings
and upconversion luminesceni@-10], large room temper-  of the 2T, state estimated from other similar systems. Later
ature magnetoresistance in YSZ dopea ¢Aa033MnO3 on, Azzoni et al[17,18]carried out the studies on the defect
compositg11]. Particularly, studies on the paramagnetic de- structure and crystal-field properties of trigonal six-fold-
fectsin YSZ due to X-ray irradiation have been carried outby coordinated Z center in YSZ, by proposing the displace-
means of electron paramagnetic resonance (EPR) and opticaments of about 0.24—0.3¥for the oxygen ligands towards
absorption techniqug42-16} For example, the EPRfac- theVo along the [1 0 0] directions. However, there seems to be
torsg,, ~ 1.989,9, ~ 1.852 and absorption band (370nm) some imperfectnessin their investigations. (i) The parameters
were measured for the electron-type trigonally distorted oc- Dq (or 8) was adjusted or taken from other systems. In addi-
tahedral defecfT-center), which were attributed to the hexa- tion, only one splitting Dq or §) was included in the simple
perturbation formulagl2,14] (ii) The local structure of the
* Corresponding author. Zr3+ defect center was not involved in the studies ofglfec-
E-mail addresswushaoyi@netease.com (S.-Y. Wu). tors. (iii) Most important, the authors neglected the reduction
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(or quenching) of the spin-orbit (SO) coupling interaction due
to the dynamic Jahn-Teller effect (DJTE) for the [£i®
cluster, which has been pointed out by many works fdr 3d
or 3 configuration in trigonally distorted environments
[19-22] Instead, a reductior & 0.5¢¢) for the SO coupling
coefficient was attributed to considerable covalency effect of
Zr3*—0?~ bonding in[14]. Nevertheless, such covalency for
the [ZrGs]%~ cluster in YSZ seems too strong to be regarded
as suitable. On the other hand, the above covalency effect way
not taken into account in the crystal-field studi#4,17]

In order to make further investigations on thdactors
and the defect structure for the above trigondiZeenter in
X-ray irradiated YSZ, theoretical studies on thfactors and
optical absorption band are carried out in this paper based
on the improved perturbation formulas of théactors for a
ad! ion in trigonally distorted octahedra. In these formulas,
the contributions to the 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, th
displacements of the oxygen ligands due to the Ygoand
the reduction effect of the SO coupling coefficient due to
the DJTE are also determined. The validity of the results is
discussed.

2. Calculations

In X-ray irradiated YSZ, the Zr* center was observed and
attributed to the original 2t capturing an electron on irra-
diation, associated with twdp along the [1 1 1] (or ) axis
[12,14,16]i.e., the trigonal (By) [ZrOe]°~ cluster. Since the
effective charge of th¥g is positive, the oxygen ions in the
ligand triangles near théo may be expected to shift towards
the latter along the [1 0 0] directions by an amowi due
to the electrostatic attraction. Thus, the local structure of this
center can be characterized by the displacemetf the
ligands (sed-ig. 1).

For a 4d(zr3") ion in trigonally distorted octahedra, its
orbital triplet?T, of cubic case would be split into an orbital
doublet’E and a singletA1, with the?A lying lowest[23].

In the simple perturbation formulas of tigefactors used in
[12,14] the contributions from the cubic and trigonal field
splittings A and§ were not included completely. By using
the perturbation procedure similar to that of Abragam et al.
[23], the improved perturbation formulas of théactorsg,,
andg; for a 4d" ion under octahedral trigonal symmetry can
be derived24]:
2
g/ =8s— (gs+ k)=,
=
2
A=

(2E5)
wheregs (=2.0023) is the spin-only valué is the orbital
reduction factor, ang the SO coupling coefficient for the

g1 = gs— 2k — Bk — (g5—
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Fig. 1. The local structure of the trigonal % center in X-ray irradiated
SZ. The ZP* is formed by the original Z¥* capturing an electron on irra-
iation, associated with twdg along the [1 1 1] (or €) axis. The &~ ions

in the ligand triangles undergo a displacemadttowards the neighbouring

Vo along the [10 0] directions.

4d' ion in crystals E; is the energy difference between the
ground statéA; and the originafE state of cubic case, and
E, is that betweeRA | and the excited staf& due to trigonal
splitting of the cubicT, state[23,24] They can be written
in terms of the cubic field parametey and the trigonal field
parametel as[9,16]

Eq = 10Dq, E>2=V (2)
The parameter®q andV can be calculated from the local
geometrical relationship (sdgg. 1) of the impurity center,
by using the generalized crystal-field moiz2,25-27]

Dq = EZ _ 3 sin® B, cos -eq—<r4>
5 82 PicosPi®dps:
V—EZ: 9(3 cof B; 1eq—<r2> 5(35 coé B;
—j=l ( ,31_ ) (14R3)+ ( /3/
30cod B +3 q—(r4>
—30 cos B; + 3)e (42Rj5)
+5\/§ S||"|3 IBJ COSﬁJ QQW N (3)

whereq (=—2e) is the effective charge of the oxygen ligand.
In view of the overlap between the central metal ion and
the ligand orbital§22,25-27] the SO coupling coefficiert
and the expectation valuég') in crystals can be reasonably
expressed in terms of the average reduction fagteek/?)
[23,28,29]
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¢~ 500N%2cm™, (%) ~ 3.857N° a.u.,

r"y ~ 29.389N? a.u. (4)

FromFig. 1, the local structural parameteRg andg; can
be determined from the corresponding effective impurity-
ligand distancdry and anglesp (in absence of perturbation
due to theVp) and the displacememtX. For the Zf+ site
in YSZ, the Zf*—02~ distance is abouy/3a/4 (~2.226A
[16,17)), and the anglgy of the ZF+—0?~ bond related to
the G axis is about 70.53

In the above formulas, only the average reduction factor
N and the displacememrtX are unknown. Substituting these
values intoEgs. (1)—(3)and fitting the calculated optical ab-
sorption band (0dbq) and theg factors to the observed values,
we have

N~0983  AX~042A. (6)

The corresponding results are showrTable 1 One can
find that the theoreticd), shows reasonable agreement with
the observed result. However, the calculajddctors are in-

consistentwith the experimental data, regardless of the values

of NandAX. Even though one adopts significant covalency
effect (i.e..k = N2 ~ 0.5) suggested ifiL4], the theoretical
results are still in poor agreement with experiment by adjust-
ing the AX. So, it seems that the optical absorption and
factors cannot be satisfactorily explained in the scheme of
static crystal-field theory.

As mentioned before, the contributions of the DJTE in the
[2rOe]°~ cluster, which may lead to significant reduction or
quenching of the SO coupling interaction, should be taken
into account{19-22] Thus, an additional reduction factor
y(SO) can be introduced for the SO coupling coefficient in
Eq. (4)i.e.,z ~500vy(SO)N? cmL. By fitting the calculated
g factors to the observed values, one can obtain

Y(SO)~ 0.44, @)

The corresponding theoretical results are showialie 1
For comparison, the calculated results ofgtiactors and the
optical absorption band by the previous wopk®,14,17]are
collected inTable 1 In addition, the theoretical values based

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

on the above/(SO) and neglecting of the displacement of the
oxygen ligands (i.e. AX = 0) are also shown ifiable 1

3. Discussions

From Table 1 one can find that the theoretica}, and
g factors based on the displacemeyX and y(SO) inEqs.
(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 @X or y(SO) with the ob-
served values. There are several points that may be discussed
here.

(1) The validity of the adjustable parametergtigs. (6) and
(7)canbeillustrated as follows: (i) The average reduction
factorN (~0.983, ok ~ 0.967) is close to unit, suggest-
ing that the covalency effect for the #r—-0?~ bonds

in YSZ is weak. For the isoelectronic (YdVio®>+ -0~
bonds in CaWQ@, the orbital reduction factdk ~ 0.85
was obtained28]. Considering that the 2t has lower
valence state, the largkior weaker covalency effect for
the Z*+—0?~ bonds in this work can be regarded as rea-
sonable. Therefore, the ¥r-O%?~ bonds in YSZ may
be mainly ionic. (ii) The displacementX (%0.42,&)

of the oxygen ligands towards th&, obtained in this
work is also comparable with thaM).SG,&) obtained
from neutron diffraction measuremern89], and those
(%0.24—0.37,&) obtained from the optical spectral anal-
ysis and crystal-field calculations in the previous works
[17,18] Considering the strong electrostatic attraction
between the oxygen ions in ligand triangles and the near-
estVp, the large displacementX can be understood (see
Fig. 1). (iii) The significant reduction of the SO coupling
coefficient due to the DJTE is described p{50) ~
0.44, whose contributions to tlggfactors cannot be sat-
isfactorily accounted for on the basis of covalent bond-
ing [20,24] This value is much larger than that@.075)

for the trigonal [Ti(HO)s]3" cluster in methylammo-
nium aluminum aluni19], where the SO coupling co-
efficient o ~ 154 cnt! [23]) is much smaller for the
free TPt ion. Thus, the weak SO coupling interaction

Table 1
The optical absorption band (in crh) and the EPRy factors for the trigonal 2 center in X-ray irradiated YSZ

Cal2 Calb Cal® Cald Cal® Calf Expt.[12,16,18]
A (=10Dg) 20000 - 26052 27022 14024 27022 27027
g/ 1.998 2.0023 1.995 1.943 1.999 1.991 1.989 (4)
*1} 1.107 1.853 1.815 1.660 1.876 1.851 1.852 (28)

a Calculations based on the simple perturbation formulas of faetors in[12].

b Calculations based on the simple perturbation formulas of faetors in[14].

¢ Calculations based on crystal-field approach and the strong covalency redgctidh%o) of SO coupling coefficient ifil7].

d Calculations based on the improved perturbation formikgs(1) the displacemenaX and neglecting of the reduction of the SO coupling coefficient
due to the DJTE in present work.

€ Calculations based on the improved perturbation formitg1) the reduction of the SO coupling coefficient due to the DJTE and neglecting nfXhe
in present work.

f Calculations based on the improved perturbation formikgs(1) the AX and the reduction of the SO coupling coefficient due to the DJTE in present
work.



)

3

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

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®)g]3+.
However, for the much larger SO coupling coefficient
(¢o ~ 500 cnt! [23]) of Zr3t in the studied [Zr@]°~
cluster, the DJTE may not be strong enough and then
the SO coupling interaction is only partially quenched
[20]. Therefore, the larger value ¢{SO) for YSZ:ZP+
obtained in this work can be understood.

When the displacememntX is neglected (see Célin
Table 1), the theoretical results are not as good as those
including it, particularly, théd is only about half of the
observed value. This means that the estimated crystal-
field strength based on the origiriaj (%2.226,&) is too
small. Thus, as the oxygen ions undergo the shiit
towards theVp, the impurity-ligand bonding length de-
creases t&; (~2.012A) so astoincrease the valueldyg
(seekEq. (3). Therefore, the observed optical absorption
band 27027 cntl) may be attributed to the six oxygen
ligands suffering a large displacemetX. In addition,
incomplete consideration of the contributions to the
factors from cubic and trigonal field splitting @nds)

in the simple perturbation formulas of the previous works
[12,14,17]leads to the theoreticglfactors which do not
show good agreement with the experimental results (see
Cal2P:¢ in Table ). Therefore, the improved perturba-
tion formulas of they factors adopted in this work seem
to be more reasonable.

There are some errors in the calculations due to the fol-
lowing: (i) The approximation of the theoretical model
and the calculation formulas (as well as the related pa-
rameters) may bring some errorsto the final results. (i) In
the perturbation formulagg. (1) the magnitudes i,
andg, depend largely upon theterm’dEg (~0.005)and
CIE> + ¢/E1(~0.08), respectively. Then, the higher order
perturbation contributions can be expected to be much
smaller. So, the convergence of the formulas may be re-
garded as valid, under the condition of the strong cubic
and trigonal crystal-fields in this work. (iii) Recent stud-
ies on the oscillator strength of optical transitions for the
Zr3t center in YSZ revealed that local axial distortions
without inversion symmetry account for the experimen-
tal optical absorption and EPR spedit8]. The authors
preferred Gy to the strict g symmetry i.e., the dis-
placements of the oxygen ions in uppa> ~ 0.37&)

and lower ligand trianglesAX; ~ 0.24—0.37&) may

not be equivalenfl6,18] For the sake of reduction of
number of the adjustable parameters, only one displace-
mentAX (i.e., D3g approach) is applied for simplicity in
this work. Considering the above errors, one can approx-
imately estimate thaaX ~ 0.42 + 0.07A for the two
groups of ligands, whichis also in accordance with the re-
sult (~0.36A) of neutron diffraction measuremen89].
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In summary, the EPR factors and the local structure for
the trigonal Z?+ center in X-ray irradiated YSZ are theoret-
ically investigated on the basis of the improved perturbation
formulas for theg factors. The contributions to thefactors
from the reduction of the SO coupling coefficient due to the
DJTE and the displacement of the ligands due tovibare
also analyzed.
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