PHYSICAL REVIEW B

VOLUME 40, NUMBER 10

1 OCTOBER 1989

EPR study of electron traps in x-ray-irradiated yttria-stabilized zirconia
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Single crystals of yttria-stabilized zirconia (12 mol % of Y,0;) have been x-ray irradiated at room
temperature. The electron paramagnetic resonance spectrum of the filled electron traps is analyzed
in terms of a single oxygen vacancy type of defect with its symmetry axis along the {111) direction.
The angular dependence of the linewidth and the asymmetry of the line shape are attributed to the
disordered rearrangements of the anion sublattice surrounding the oxygen vacancy. This affects the
local crystal fields and the directions of the symmetry axis of the defects.

I. INTRODUCTION

The cubic fluorite phase is stabilized in ZrO, down to
room temperature by the presence of trivalent yttrium
ions in cation sites. The addition of substitutional hetero-
valent ions produces a large concentration of oxygen va-
cancies that is responsible for the ionic conductivity of
this material.! The study of the structure of these oxygen
vacancies and their dependence on the composition and
treatment of the material is important for many techno-
logical applications (e.g., fuel cells, oxygen sensors, oxy-
gen pumps).

It is known that hydrogen-reducing treatments or
current flows or ionizing irradiation fill electron traps
connected with the oxygen vacancies. There are many
studies of their electrical and optical properties while
only a small number of investigations of their structure
have been carried out with electron paramagnetic reso-
nance (EPR) spectroscopy.

One of the main features of the oxygen sublattice is the
disordered relaxations of the anion positions around the
oxygen vacancies, as observed in neutron,’ electron,® and
x-ray diffraction* studies. Some consequences of this dis-
order have been observed in optical spectra where the ab-
sorption and emission bands of intrinsic defects®>~’ or lo-
cal microprobes, such as Er*t and Eu®*,%° are anoma-
lously broadened. The disordered rearrangement of the
oxygens around the vacancies creates crystal fields at the
cation positions, slightly different from site to site, and
results in inhomogeneous broadening of the spectral
bands. Evidence of these features have not been reported
from EPR until now.

In this paper we present the results of EPR measure-
ments performed on oriented single crystals of x-ray irra-
diated yttria-stabilized zirconia (YSZ). The data are ana-
lyzed in terms of a single paramagnetic defect with local
axial symmetry in four equally probable orientations with
respect to the crystal axis, as already proposed.!®” !> The
refinement of the experimental conditions allowed us to
detect some features of the signal that may be interpreted
as evidence of small deviations from the previously cited
axial (111) symmetry of the defects, perhaps due to the
effect of the disordered rearrangements of the oxygens.
On the basis of these data and also to explain the angular
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dependence of the linewidth, we propose a model of elec-
tron trapping near an oxygen vacancy somewhat different
from an F center, that is the attribution suggested up to
now.

II. EXPERIMENTAL DETAILS

Single crystals of ZrO,-12 mol % Y,0; from Ceres
Corporation were oriented and cut along (100) direc-
tions with the aid of an x-ray diffractometer. One of the
as-received crystals was taken as a reference sample while
another was x-ray irradiated at room temperature (120
sec, W target, 20 mA, 38 kV). The perfectly transparent
appearance of the as-received crystals changed to a
slightly smoky coloration after irradiation. The sample,
whose dimensions are 1X1X8 mm?®, was mounted on a
goniometer by using two types of sample holder that al-
lowed the direction of the rotation axis to be fixed paral-
lel to a (100) direction or orthogonal to a {111) direc-
tion. In Fig. 1 the relations between crystal axis, rotation
axis, and magnetic-field direction are shown for the two
experimental configurations. EPR measurements (X-
band) were performed at 150 K and room temperature.
No differences were found except for a decreasing area

(@) (b)

FIG. 1. Unit cell of YSZ together with the magnetic-field
direction and the axis around which the crystal is rotated for
the two adopted experimental configurations. In (a) the four
possible orientations of the defect axis are indicated by the num-
bered arrows.
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with increasing temperature, according to the Boltzmann
factor. Different microwave powers, up to about 300
mW, were employed to verify the absence of saturation
effects. The modulation intensity was kept at suitably
low values (3X 10~ 2 mT in the narrower-linewidth condi-
tion).

III. RESULTS

The as-received crystals do not exhibit any EPR signal,
contrary to that observed in an early work'® and probably
due to accidental impurities present in the samples.

The EPR spectrum of the irradiated crystal consists of
two signals when the magnetic field direction varies in a
{100} crystalline plane, while it is composed of four sig-
nals when the magnetic field is rotated in a {221} plane.
The observed angular variation of the spectra is what one
should expect in the case of paramagnetic defects with
their axis of symmetry along any of the four (111) direc-
tions, with g, =1.989 and g, =1.852 as principal values of
the g tensor. The calculated curves (see Fig. 2) reproduce
the angular behavior of the EPR lines within the experi-
mental error (the crystal orientation is accurate within a
few degrees). It should be noted that curve 2 in Fig. 2(b)
is always superimposed on the other lines resulting in a
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FIG. 2. Angular dependence of the g values of the EPR sig-
nals observed in x-ray-irradiated YSZ. The magnetic field lies
(a) in a {100} plane, (b) in a {221} plane. The curves are labeled
according to the four possible defect axis orientations indicated
in Fig. 1.
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distorted signal. Also, the ratios between the signal areas
correspond to a fourfold multiplicity of defects, a single
line being due to about a fourth of the total spin concen-
tration, estimated to be 10'7 cm ™3 from a comparison
with the Varian standard pitch sample.

The observed spectra have a variable linewidth, whose
angular dependence has a 7 periodicity. The maximum
width is detected when the magnetic field is directed or-
thogonally to the {111) axis, resulting in Gaussian sym-
metric lines about 6 mT in width (AB;). Decreasing the
angle between B and a {111) direction, the line shape be-
comes more and more asymmetric. This is particularly
evident when the magnetic field lies in a {111 ) direction
and the EPR signal reaches a minimum of 0.7 mT for the
linewidth (AB). Generally, an asymmetry of the EPR
signal is associated with an angular distribution of aniso-
tropic paramagnetic centers that, in the case of complete-
ly random orientations, gives rise to powder patterns.
We tried to simulate the experimental asymmetry allow-
ing an angular distribution of the directions of the defect
axis, limited to a few degrees around the (111) direc-
tions. The good fit (see Fig. 3) indicates a detectable devi-
ation of the symmetry axis of the defects from the {111)
directions, with a distribution of angles between 0° and
4°+2°, the uncertainty deriving from the limits in the ac-
curacy of the crystal orientation. The line shape is inter-
mediate between a pure Lorentzian function and a pure
Gaussian. No hyperfine structure (HFS) has been detect-
ed.

IV. DISCUSSION

A. Anisotropy of the g tensor

The axiality of the defect is accounted for by supposing
that the EPR center experiences an axial crystal field.
Two cases may occur, both giving the correct angular
dependence of the g value but possessing other discrim-
inating features.

(a) The unpaired spin may be in an anion site, at an ox-
ygen vacancy, whose crystal field is given by three zir-
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FIG. 3. EPR derivative signal of x-ray-irradiated YSZ for
B||{111) axis. The experimental asymmetric line shape (solid
line) is simulated (crosses) under the assumption of small devia-
tions (0 < 8°) of the defect axis from the { 111) crystal directions
and a spread of the g, value (see text).



6520

conium ions and one yttrium ion. The electronic wave
function of such an F* center should be a linear com-
bination of the atomic orbitals of the surrounding cat-
ions!? (primarily 4p, 4d, and 5s wave functions of Zr and
Y atoms).

(b) The cation site near an anion vacancy may consti-
tute an electron trap subjected to the crystal field of seven
coordinated oxygens. The unpaired spin would be a 4d
electron of a Zr*" in a distorted cubic electric potential.

From the first model, the only one proposed up to now,
one derives two strong conditions to the distribution of
the defects in YSZ: (i) one-to-one correlation between ox-
ygen vacancies and yttrium ions; (ii) oxygen vacancies as
nearest neighbors of the trivalent cations. If one or both
of these conditions are not strictly met, one should ob-
serve an isotropic EPR signal from that percentage of
electrons that are trapped in the tetrahedrally symmetric
environments of four zirconium ions. Actually, points (i)
and (ii) are matters of discussion and precise answers are
not yet available.” 4~ 18

It should be noted that no hyperfine structure has been
detected from °'Zr or from ¥’Y. However, in the first
case (12 at. % abundant °'Zr with I =3), the hyperfine
lines would hardly be observable, their intensity being
about 70 times smaller than the central line of the zero
nuclear-spin isotope. But in the case of interaction be-
tween the spin of the F center and the necessarily asso-
ciated yttrium nuclei, one should observe the EPR signal
split into a doublet, the nuclear spin of the 100% abun-
dant *°Y isotope being I =1.

The second model does not imply the presence of a
trivalent cation near the trapped electron: The anisotro-
py and the axiality of the g value along the {111) direc-
tions are provided by the axial component of crystal field
arising from the presence of an oxygen vacancy near
the eptacoordinated zirconium in a 4d ! electronic config-
uration. The cubic component of the field splits the or-
bital degeneracy, lowering the energy of the I'; doublet
with respect to the I's triplet. The displacements of the
anions surrounding the oxygen vacancy decrease the Zr-
O distances (about 10%) and create an axial distortion of
the cubic field that forces the |3z2—r2) state at the
ground level. In this case the principal values of the g
tensor are'’

g =201+()a/aP171,
(1)
g =[2—6(A/A)][1+(3)A/AP] T,

where A is the spin-orbit coupling constant [about 500
cm ™! for Zr3" (Ref. 19)] and A is the crystal-field energy
splitting. It may be noted that the relations (1) give
g,>g, where g, depends on A/A only to second order,
while g, has a first-order dependence, so that g, <2,
g,=~2—6(A/A),and A=~2X10*cm ™.

B. Anisotropy of the linewidth

The strong angular dependence of the linewidth has
just been observed by other authors,'®!? but never ex-

plained. Generally, such a dependence is expected when

there are directional interactions such as hyperfine or di-
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polar spin-spin interactions. Hyperfine interaction in the
directions between anions and cations is in contradiction
with the observed minimum of broadening and absence of
HFS when the magnetic field is oriented along a (111)
axis. Dipolar interactions are not likely to be responsible
for the effect because of the low concentration of
paramagnetic defects (i.e., about 10'7 cm ™ 3) while the ex-
perimental broadening of a few mT should involve a
higher density of EPR centers with a maximum distance
between them of about twice the lattice parameter
(ap=0.515 nm). Also, the presence of defect clusters, lo-
cally possessing a high density of EPR centers, would not
explain the experimental angular dependence of broaden-
ing that is not compatible with the typical 3 cos’0—1 law
of these interactions.

On the contrary, taking into account the existence of
distortions in the anion lattice around the oxygen vacan-
cy, detected by many authors by using other tech-
niques,?”’ the second model proposed in the preceding
section, involving an oxygen vacancy near a Zr’' may
suggest a possible explanation of the angular dependence
of the linewidth. In fact, the different dependence of the
principal values of the g tensor on the parameter A [see
Eq. (1)] results in a g, value nearly unaffected by varia-
tions of the crystal-field parameter induced by the
different anion environments. In contrast, the g, value is
almost linearly dependent on A/A. Then, if there is a
sufficient spread in the crystal-field values, this will imply
AB, >>AB j and, as a consequence, the linewidth will de-
pend on the spread in the g, value:

AB,=(B,/g,)|Ag,| where Ag, =2.84X1072. )

From this relation the spread of the crystal-field pa-
rameter A may be evaluated:

A=6A/[2—(g,TAg,/2)] from which 8A/A=20% .
(3)

One finds that the observed magnitude of the anion
dislocation (about 0.02 nm along the {100) directions) is
compatible with the supposed spread of A. Remembering
that the predominant cubic field parameter is inversely
proportional to the fifth power of the cation-anion dis-
tance,'® we obtain

8A/A=(R)Y*(R' >—R %) yielding 8A/A=25% ,
@)

where R and R’ are the maximum (about 0.223 nm) and
the minimum (about 0.210 nm) of the Zr-O distance? in
YSZ, respectively.

An expression for the linewidth versus 6 may be ob-
tained from the condition of resonance and the angular
dependence of g:

AB(0)=(g*AB,/B,)[B(8)/g%6)]sin%0 , (5)

where 0 is the angle between the direction of the magnet-
ic field and (111) axis. In Fig. 4 the calculated curve
(curve 1) together with the experimental linewidths are
shown: There is a good agreement except for some
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FIG. 4. Experimental linewidths of the EPR signal vs the an-
gle between B and a (111) axis. The plot of Eq. (5) is also
shown (curve 1) together with the curve that takes into account
the effect of the angular distribution of the defect axis discussed
in the text (curve 2). The curve 3 is the sum of the two contri-
butions.

features around 90° and the absence of data around 45°
(owing to the superposition of signals from different
sites). In the next paragraph, experimental evidence is
presented that may explain these features.

C. Asymmetry of the line shape

The disordered distribution of the rearrangements of
the oxygen positions around the anion vacancies causes
not only a variation of the electric potential at the cation
sites, but also, in general, a change of the direction of the
symmetry axis of the defects. The powderlike feature of
the signals, and particularly of the narrow signal that we
have analyzed for B nearly parallel to a {(111) direction,
may constitute evidence of this fact and represents the
first direct EPR observation of the “glasslike” nature of
the oxygen sublattice in YSZ. It may be noted that the
simulated distribution of the angle between the defect
axis and the {(111) direction of the crystal is the right or-
der of magnitude expected from the ionic displacements
in the cubes of oxygens: The angle formed by the two

EPR STUDY OF ELECTRON TRAPS IN X-RAY-IRRADIATED...

6521

vectors R and R’ connecting the cation and the anion in
the condition of maximum and minimum of the Zr-O dis-
tance is about 4°.

The effects of the deviations of the symmetry axis of
the defects from the (111) directions should contribute
to the line broadening for all the orientations of the mag-
netic field with respect to the crystal axis. The angular
dependence of this source of broadening, following a
sin26-like law, is shown in curve 2 of Fig. 4 where the an-
gle between the (111) directions and the defect axis
varies from —2°to +2°. It may be noted that the behav-
ior of the linewidth around 90° is qualitatively accounted
for by this dependence [in curve 3 of Fig. 4 this effect is
added to the broadening predicted by Eq. (5)].

V. CONCLUSION

The EPR signal of the paramagnetic axial defects ac-
tivated in YSZ after x-ray irradiation have been studied
by considering (i) the anisotropy of the spectra; (ii) the g
values with g > g ; (iii) the absence of hyperfine structure
from #Y; (iv) the linewidth behavior related to inhomo-
geneous broadening (deriving from a spread of only the
g, value) rather than to directional interactions; and (v)
the asymmetry of the signal, particularly evident in the
condition of minimum broadening.

As a result we propose a model that fits many experi-
mental features. It invokes a trapped electron in a 4d!
configuration of the eptacoordinated zirconium ions near
the oxygen vacancies. Surely this assignment needs addi-
tional experimental verifications, but it is surprisingly
compatible with the peculiar behavior of the oxygen sub-
lattice previously never probed by EPR spectroscopy.
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