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Thermochemical reduction of yttria-stabilized-zirconia crystals: Optical and electron microscopy
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Thermochemical reduction~TCR! at high temperatures has been performed on yttria-stabilized zirconia
~YSZ!, undoped and doped with Ni:Er, Co, or Pr. Investigations were carried out using optical absorption,
luminescence, and analytical electron microscopy. After TCR, undoped crystals show an extinction band
centered at about 1.8 eV which is attributed to Mie scattering from precipitates with an average size of 10 nm,
as observed by analytical transmission electron microscopy. In crystals codoped with Ni:Er, TCR induced a
broad extinction band centered at 1.3 eV beginning at 1600 K. Metallic Ni colloids contributing to Mie
scattering have an average size of 100 nm. Similarly, in Co-doped crystals a broad band at 0.9 eV, emerging
at 1750 K, was attributed to metallic colloids observed to have an average dimension of 200 nm. In all cases,
the precipitate distribution is very inhomogeneous. These results agree qualitatively with the predictions of the
Mie theory for the extinction bands associated with metal colloids embedded in the matrix. Electron micro-
scope observations indicate that the degradation of the optical properties experienced by previously reduced
YSZ crystals during oxidation at elevated temperatures is a bulk effect probably related to cavities and
dislocations.@S0163-1829~98!01421-0#
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I. INTRODUCTION

Zirconia ~ZrO2) has three polymorphs: the monoclini
tetragonal, and cubic structures. The monoclinic phas
stable up to about 1373 K, where it transforms to the tetr
onal phase; at about 2643 K the crystal adopts the cu
fluorite structure. At room temperature, only the monoclin
form is stable. Addition of heterovalent cations~mainly
Ca21 and Y31) stabilizes the cubic polymorph. Cubic yttri
stabilized zirconia~YSZ! is an ionic conductor over a wid
range of oxygen partial pressures at elevated temperat
This ionic conduction occurs via oxygen-ion hoppin
through anion vacancies created to preserve electrical
trality when Y31 is added.1

Undoped YSZ single crystals are transparent in the
grown state. After either thermochemical reduction~TCR!
~Refs. 2–6! or electroreduction2,6 they become colored. Op
tical absorption measurements in the former show5,6 that ~1!
the absorption edge shifts towards higher energies,~2! a
strong broad band centered at 2.64 eV~470! nm, ~3! a shoul-
der peaking at 3.3 eV~375! nm, and~4! a weak band at 1.8
eV ~700! nm. These absorption bands have previously b
assigned to electrons trapped at oxygen vacancies neare
Zr cations and to oxygen ions with trapped holes adjacen
yttria cations.5 The brown coloration induced by TCR wa
not observed in Pr31-doped yttria stabilized zirconia reduce
at temperatures as high as 1873 K.6,7 In general, it is found
that TCR at sufficiently high temperatures causes precip
tion of metal impurities which results in broad extinctio
bands attributed to Mie scattering from precipitates.8–16Even
in undoped oxide crystals, precipitation of inherently pres
impurities, such as iron, was observed.13,14 A necessary con-
dition for the colloid formation is the presence of a hig
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concentration of oxygen vacancies. Therefore TCR crea
precipitates by increasing vacancy concentrations. The
cancies first associate themselves with impurity ions a
then cluster to form precipitates, therefore, impurity preci
tates should not be uncommon. Nevertheless, with the ex
tion of ZrN precipitates in cubic zirconia deformed in com
pression in argon at elevated temperatures,17 identification of
impurity precipitates has not been reported in YSZ.

In this paper, optical absorption and analytical transm
sion electron microscopy~TEM! have been used to chara
terize defects in YSZ crystals, both undoped and doped w
different impurities ~Ni-Er, Co, and Pr! before and after
TCR. Nickel or cobalt doped crystals were chosen beca
precipitation of both ions was previously observed in oth
oxides and the precipitates were well characterized.9–12,16

Metallic colloids are also identified in YSZ. The condition
for colloid formation and thermal stability are investigate
Oxidation of TCR crystals produces a degradation of th
optical properties; the crystal becomes translucent and ex
its a white coloration. Oxidized crystals were also inves
gated by scanning electron microscopy~SEM!.

II. EXPERIMENTAL PROCEDURE

Single crystals of ZrO2 stabilized with 16 wt. % of Y2O3
were purchased from CERES Corporation~USA!. In this in-
vestigation, undoped crystals and those doped with Ni
Co, and Pr, grown by the skull method were used.

Samples were cut with a diamond saw and polished
optical quality. Powder x-ray diffraction patterns of th
samples were recorded with an X’Pert-MPD Philips diffra
tometer using CuKa radiation. X-ray analysis shows tha
these crystals have a well crystallized cubic fluorite struct
13 439 © 1998 The American Physical Society
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13 440 57B. SAVOINI et al.
with a lattice parameter of 0.5146 nm, in agreement w
previously reported values.18

TCR was performed by placing the samples inside
graphite container surrounded by flowing oxygen-free nit
gen gas inserted in a horizontal furnace. High-tempera
oxidizing treatments were made in flowing oxygen gas.

Optical absorption measurements in the UV-VIS-IR we
made with a Perkin-Elmer Lambda 19. Infrared absorpt
data were taken with a Perkin-Elmer 2000 FT-IR. For hi
resolution emission measurements a Spectra Physics Ar1 la-
ser was used as the excitation source. The emitted light
focused into the entrance slit of a SPEX 1000M monoch
mator and detected with a Hamamatsu R943-02 cooled p
tomultiplier. The spectra were recorded with a Sr400 ga
photon counter or a HP7240 nanovoltmeter.

For transmission electron microscopy, specimens w
first cut into discs of 3 mm and then dimpled to a thickne
below 30mm and argon milled in a liquid-nitrogen-coole
holder with an acceleration voltage of 5 kV and an inciden
angle of 15°. TEM x-ray microanalysis and electron diffra
tion studies of the individual precipitates were carried o
with a JEOL 2000 FX, a JEOL 2000 FX II, and a Philip
CM200 field emission analytical electron microscope op
ated at 200 kV. The latter one was equipped with a berylli
specimen holder. Scanning electron microscopy was
formed with a Philips XL30 scanning electron microscop
The samples were coated with a thin conducting layer
carbon to remove surface charge.

III. EXPERIMENTAL RESULTS

A. Chemical analysis

X-ray fluorescence analyses were made on undoped
crystals and on crystals with the dopants Ni:Er, Co, and
The impurity analysis is given in Table I. All crystals inad
vertently contain iron and copper.

TABLE I. Chemical analyses of undoped and doped YSZ cr
tals.

Element YSZ YSZ: Ni: Er YSZ: Co YSZ:Pr
~ppm! ~ppm! ~ppm! ~ppm!

Bi 194 329 1361 205
Ca 1301 ,1136 1760 1949
Ce 448 ,435 ,380 0
Co 0 0 1021 ,505
Cu ,299 ,374 ,298 ,305
Er ,409 7365 ,430 0
Fe 424 492 514 588
Hf 10286 9738 9421 8765
K 2081 3009 5212 2684
Mn 0 ,268 ,234 ,274
Nd ,324 ,335 ,291 0
Ni 262 473 299 262
Pr ,425 ,438 ,382 743
Y 216 903 204 130 198 804 191 740
Zn 0 0 0 1492
Zr 766 643 771 476 779 592 790 487
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B. Optical absorption and extinction measurements

Thermochemical reduction of YSZ crystals results
changes in the optical absorption spectra. These change
associated with different types of defects. Broad extinct
bands have been related in different oxides to Mie scatte
from precipitates generated during the TCR process.
characterized the optical spectra before and after TCR
undoped and doped crystals.

Undoped YSZ crystals. The optical absorption spectra of
nominally undoped YSZ sample before and after TCR
shown in Fig. 1. In reduced crystals, the absorption ed
shifts towards higher energies and a strong composed b
appears at 2.64 eV~470 nm! with a full width at half maxi-
mum ~FWHM! of about 0.5 eV. This band can be decom
posed in two bands peaking at 2.6 and 2.7 eV.5 This com-
posed band is responsible for the brown coloration of
crystals. In addition, two less intense bands are observe
3.3 eV ~375 nm! and 1.8 eV~688 nm!. Previously, these
absorption bands have been tentatively5 assigned to electron
trapped at oxygen vacancies nearest to Zr cations in trigo
~3.3 eV band! or cubal~2.6 and 1.8 eV! symmetries and to
oxygen ions with trapped holes adjacent to yttria cations~2.7
eV!.

The 1.8 eV band is very broad with a FWHM of 1.2 eV
The FWHM of this magnitude is more consistent with e
tinction from precipitates than from electronic transition
Indeed, TEM observations show that small precipitates
present in reduced crystals~Sec. III D 1!. The formation of
this band was investigated by reducing a YSZ crystal for
min at increasing temperatures with increments of 50 K. T
increase in extinction coefficient at 1.8 eV versus tempe
ture is plotted as curve A in Fig. 2. A threshold temperatu
for the band formation was found to be'1425 K. The ther-
mal stability of this band, using a sample previously reduc
at 1673 K for 15 min, is demonstrated in Fig. 3. The sam
was isochronally annealed for 15 min interval in flowin
oxygen. After the anneal at 1100 K, the band at 2.64 eV
significantly decreased~Fig. 3!. This different behavior sug-
gests that both bands may have a different origin. At'1173
K, before the loss of the extinction at 1.8 eV starts to occ
the sample begins to turn white and becomes translucen
broad band covering the visible spectrum and extending
the infrared region emerges~Fig. 3!. After the anneal at 1373
K, the sample became completely white and the 1.8 and 2

FIG. 1. Optical absorption spectra of an undoped YSZ crys
before and after TCR at 1680 K for 15 min.
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57 13 441THERMOCHEMICAL REDUCTION OF YTTRIA- . . .
eV bands could not be distinguished. The sample degra
tion will be characterized by TEM and SEM in Secs. III D
and III D 3.

YSZ:Ni:Er.The absorption spectrum of an as-grown YS
crystal codoped with Ni and Er is shown in Fig. 4. Fiv
groups of narrow absorption bands at about 3.29, 2.40, 1
1.58, and 0.81 eV associated to Er31 are apparent.19 Nickel-
absorption bands are expected to appear at 2.9 and 2.
~Refs. 20,21! but are hardly visible because the nickel co
centration was too low. After TCR at 1823 K for 1 h, th
Er31 absorption bands and the same broad band at 3.3
observed in reduced undoped crystals are present. The in
sity of the Er31 bands remains almost unchanged~Fig. 4!. In
addition, a broad extinction covering the visible spectru
and extending into the infrared region appears. As a re
the samples acquire a dark coloration. This band is cent
in the vicinity of 1.3 eV with a FWHM of about 1.2 eV
Earlier studies have shown that TCR on nickel-doped M
or Al 2O3 crystals resulted in broad extinction bands whi
were due to Mie scattering from nickel metallic precipitate
with extinction bands centered at about 2.2 and 2.1
respectively.9–11,16In the following section, we will provide
evidence that the dark coloration is due to Mie scatter
from Ni-rich precipitates.

Optical absorption measurements were used to mon
the presence of nickel colloids. One sample was subjecte

FIG. 3. Optical absorption spectra of an undoped YSZ cry
after TCR and subsequent anneals in flowing oxygen at increasi
higher temperatures.

FIG. 2. Absorption coefficient versus temperature after isoch
nal anneals:~a! 1.8 eV band in undoped YSZ crystals,~b! 1.3 eV
band in YSZ:Ni:Er, and~c! 0.9 eV band in YSZ:Co. The points o
curve A are displaced upward to avoid overlapping of the th
curves.
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isochronal TCR treatments from 1273 to 1823 K for 15 m
each. Selected optical spectra are shown in Fig. 5. The l
est curve represents a virgin crystal. The broad band at
eV appeared after 1450 K. The broad band at 1.3 eV a
seemed to grow with temperature. The enormously la
FWHM indicates that it too is due to Mie scattering fro
colloids. The increase in extinction coefficient at 1.3 eV
plotted as a function of the incubating temperature as cu
B in Fig. 2. A threshold temperature was about 1600 K.

Isochronal annealing in flowing oxygen was performed
a sample previously reduced at 1573 K for 75 min~Fig. 6!.
Two observations were noted:~a! loss of the extinction band
at 1.3 eV began to occur at'1200 K, and~b! the sample
became translucent and turned white. After annealing
1373 K, the sample turned completely white and the stabi
of the colloid band at 1.3 eV could not be discerned.

YSZ:Co.Thermochemical reduction was performed on
YSZ:Co sample at 1823 K for 1 h. Figure 7 shows the sp
tra before and after TCR. In the as-grown crystal, thed→d
transitions of Co21 ions are apparent in the visible regio
~also see inset in Fig. 7!.21,22After TCR, the two bands at 3.3
and 2.64 eV present in thermochemically reduced undo
crystals are also observed. In addition, a broad extinc
band~FWHM51.2 eV! in the infrared is observed at'0.9
eV ~Fig. 7!. The Co21 intensities have decreased, indicatin
that some Co21 ions have precipitated. The band at 0.9 eV
attributed to the Co colloid. The amount of cobalt colloi
was monitored by optical absorption measurements. O

l
ly

FIG. 4. Optical absorption spectra of a YSZ:Ni:Er crystal befo
and after TCR at 1823 K for 1 h.

FIG. 5. Optical absorption spectra of a YSZ:Ni:Er crystal befo
and after TCR at increasingly higher temperatures.
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13 442 57B. SAVOINI et al.
sample was reduced isochronally at increasing temperat
between 1273 and 1823 K for 15 min each. The increas
absorption coefficient at 0.9 eV is plotted as a function of
incubating temperature as curve C in Fig. 2. The thresh
temperature was' 1750 K. The thermal stability of the pre
cipitates could not be determined because of the sample
radation in oxidizing atmospheres already mentioned for
doped crystals and YSZ:Ni:Er. TEM characterization
cobalt precipitates will be performed in Sec. III D 1.

YSZ:Pr. TCR was performed on a Pr-doped crystal
1600 K for 30 min. The spectra before and after TCR
shown in Fig. 8. In thermochemically reduced crystals n
ther the brown coloration nor absorption edge shift is o
served. Only the absorption band at 3.3 and the extinctio
1.8 eV are present. The Pr31 absorption coefficients~not
shown in the figure! do not significantly change with TCR
The presence of the broad band centered at about 1.8
without the 2.64 band indicates that the two bands do
necessarily have the same origin and gives further suppo
the previously mentioned idea that the former band is as
ciated to extinction from precipitates.

C. Lifetime luminescence measurements

Large ions such as Er and Pr are not expected to pre
tate at temperatures of'1800 K. Indeed, confirmation wa
provided by TEM~next section!. The lifetime of the Pr31

luminescence critically depends on the distances am

FIG. 6. Optical absorption spectra of a YSZ:Ni:Er crystal befo
and after TCR and subsequent anneals in flowing oxygen at incr
ingly higher temperatures.

FIG. 7. Optical absorption spectra of a YSZ:Co crystal bef
and after TCR at 1823 K for 1 h.
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Pr31 ions dispersed in the matrix. Therefore it provides
formation on Pr31 ion association and possible changes
local concentration. Lifetime luminescence experime
were performed in YSZ:Pr crystals, before and after TCR
determine any concentration change experienced by
praseodymium substitutional impurity during TCR. The
were excited at 2.7 eV. The decay of the induced lumin
cence at 2.0 eV was recorded before and after TCR. Ne
exponential decays were found with lifetime values of~177
610! and ~162615! ms, respectively. The lifetime did no
significantly change. These results indicate that the conc
tration of the substitutional praseodymium dispersed in
matrix remained practically constant, hence neith
praseodymium precipitates nor very small praseodymi
clusters are expected to be formed in significant amou
during TCR.

D. Transmission electron microscopy

Optical absorption and luminescence experiments in
cated that TCR selectively causes precipitates in crys
doped with lighter impurities, such as in Ni:Er or Co. Tran
mission electron microscopy observations were perform

s-

e

FIG. 8. Optical absorption spectra of a YSZ:Pr crystal befo
and after TCR at 1600 K for 30 min.

FIG. 9. Micrograph of a copper-rich precipitate showing mo´
and lattice fringes.
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57 13 443THERMOCHEMICAL REDUCTION OF YTTRIA- . . .
for verification. Also, undoped crystals were studied to d
termine whether inherently present impurities form preci
tates and whether the 1.8 eV band is related to these pre
tates. In general, precipitates were not found in as-gro
YSZ crystals, either doped or undoped. On the other ha
TCR crystals contain precipitates which were inhomo
neously distributed. Areas with a high concentration of p
cipitates were separated by regions which were almost
from precipitates. In addition, dislocation, dislocation loop
and voids were imaged.

1. Precipitates

YSZ undoped crystals.After TCR, small precipitates with
an average size of'10 nm were imaged. Figure 9 shows
precipitate imaged under multibeam conditions. Moire´ and
lattice fringes could be observed. X-ray microanalysis us
the small convergent probe show that the precipitates are
in copper. These observations indicate that the 1.8 eV b
observed in the absorption spectra could be due to Mie s
tering from Cu-rich precipitates.

YSZ:Ni:Er.Figure 10 shows an electron micrograph fro
a region containing precipitates in a TCR Ni:Er-doped Y
specimen. The black spots are due to precipitates. The a
age size was determined to be 100 nm. High magnifica
micrographs showed that the shape of the precipitates
not always well defined~Fig. 11!. Also, voids are often ob-
served near or associated with the precipitates.

FIG. 10. Transmission electron micrograph showing the Ni p
cipitates in a YSZ:Ni:Er specimen.

FIG. 11. Transmission electron micrograph of a Ni precipit
with a poorly defined shape in a YSZ:Ni:Er specimen. On the ri
side two voids are also observed.
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The structure of the precipitates was investigated by
crodiffraction techniques. Figure 12 shows a microdiffra
tion pattern obtained from a precipitate embedded in the
trix. It therefore contained matrix as well as precipita
reflections. Using the YSZ matrix spots as an internal c
bration, the precipitate reflections were found to correspo
to a fcc crystal structure with a lattice constant ofa 053.55
Å, which suggests bulk fcc nickel. Microdiffraction pattern
also showed that the precipitates were incoherent.

X-ray microanalysis was also performed on precipitat
Figure 13 shows a typical x-ray fluorescence spectrum
hibiting a NiK a line at 7.47 keV, a NiK b line at 8.26 keV,
and a NiL line at 0.85 keV. TCR of the YSZ system con
taining both a small ion~Ni! and a large ion~Er! results only
in precipitation of the lighter ions.

YSZ:Co.Electron microscopy studies of YSZ:Co crysta
after TCR showed the presence of precipitates. These
cipitates had an average size of about 200 nm~Fig. 14!.
Microdiffraction patterns indicate that the reflections asso
ated with the precipitates correspond to a fcc cobalt in thb

-

t

FIG. 12. Microdiffraction pattern from a fcc nickel precipitate
a YSZ:Ni:Er specimen.

FIG. 13. Energy-dispersive x-ray fluorescence spectrum fro
Ni precipitate showing the NiKa , Ni Kb , and Ni L lines ~dotted
line! and from the matrix~solid line!. The Cua,b lines are produced
at the microscope specimen holder.
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13 444 57B. SAVOINI et al.
phase with a lattice constant of 3.56 Å; the precipitates w
incoherent~Fig. 15!. X-ray microanalysis identified cobalt a
the precipitates. Figure 16 shows a typical x-ray fluoresce
spectrum exhibiting a CoK a line at 6.93 keV and CoKb line
at 7.65 keV.

FIG. 14. High magnification transmission electron microgra
showing a Co precipitate in a YSZ:Co specimen.

FIG. 15. Microdiffraction pattern from a fcc cobalt precipitate
a YSZ:Co specimen.
re

ce

2. Cavities and dislocations

Electron microscopy observations indicated that in all
specimens which were thermochemically reduced, voids
inhomogeneously distributed. The presence of precipita
was attended by dislocations and cavities. As indicated
lier, oxidation of TCR crystals induces translucency which
higher temperatures becomes opaque white. TEM reve
that the translucency is attended by cavities whose con
tration increases dramatically at oxidization temperatu
above 1273 K. Figure 17 shows a micrograph illustrati
both cavities and dislocations. In oxidized samples the s
and concentration of precipitates is much smaller, as
pected. Electron diffraction patterns indicated that after o
dation of a previously reduced crystal, the crystalline str
ture of the sample is still cubic fluorite with a lattice consta
in agreement with the 0.5146 nm value determined by x-
diffraction patterns in as-grown crystals. The translucen
induced by the oxidation is attributed to cavities, and
changes at the sample surface.

3. Surface characterization

To characterize the region near the crystal surface, sc
ning electron microscopy was performed in as-grown,
duced, and subsequently oxidized samples. The opera
electron energy was 15 keV. The samples were imaged in

FIG. 16. Energy-dispersive x-ray fluorescence spectrum fro
Co precipitate showing the CoKa and CoKb lines~dotted line! and
from the matrix~solid line!. The Cua,b lines are produced at the
microscope specimen holder.

FIG. 17. Transmission electron micrograph showing cavit
and dislocations in a YSZ:Ni:Er specimen after TCR and sub
quent oxidation.
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57 13 445THERMOCHEMICAL REDUCTION OF YTTRIA- . . .
emissive electron mode, that is, with secondary and ba
scattered electrons. Figure 18~a! illustrates a micrograph o
an as-grown crystal. The crystal surface appears smooth
only remarkable features are the straight lines running ac
the surface. These lines are scratches produced during
mechanical polishing with emery paper. After TCR at 18
K for 15 min, the sample surface appears dramatically
graded: a high density of cavities was observed, mainly
lowing the polishing scratching lines@Fig. 18~b!#. After oxi-
dation at 1373 K for 15 min, regions with a granul
morphology appeared; the particle size was of the order
mm @Fig. 18~c!#. When the crystals were abraded to remo
the surface region and polished to optical quality, the sam
exhibits long fracture lines and a high density of homog
neously distributed small cracks separated by smooth sur
regions@Fig. 18~d!#. The smooth regions increase in size
the surface removal progresses and the concentration of
face cracks decreased; however, the cracks did not disap
The polished sample does not recover its transparency
still looks white. The same results were obtained for dop
crystals.

IV. DISCUSSION AND CONCLUSIONS

According to the Mie theory,23,24 the extinction coeffi-
cient due to a dilute concentrationN of spherical particles of
radius R and volumeV embedded in a dielectric medium
with a homogeneous distribution is given by

g5
6pNV

l8
Im(

n51

`

~21!nS an2pn

2a3 D , ~1!

where l8 is the wavelength of the light in the matrix an
a52p (R/l8). The quantitiesa and p are the electric and
magnetic multipoles of ordern which are functions of the
colloid radii and of the dielectric constant of both the pa
ticles and the matrix.

For small colloids~R,10 nm!, using only the first term in
Eq. ~1!, the extinction maximum occurs at a wavelengthl
given by

lm5
2pc

vp
~e012m0

2!. ~2!

Here c is the vacuum speed of light,vp the plasma fre-
quency of the metal,e0'1 the static dielectric constant o
the metal, andm0

2 the real part of the dielectric constant
the matrix.

Equation~2! indicates that the position of the maximum
independent of the colloid radius, and for colloids made
different metals in the same matrix, depends only on
plasma frequency. For nickel and cobalt precipitates, th
frequencies are almost identical:vp~Ni!52.41031016 s21

and vp~Co!52.40631016 s21. Therefore, the extinction
bands due to nickel and cobalt precipitates should pea
nearly the same wavelength. Using the same argument
extinction band due to copper precipitates should peak
longer wavelengths, becausevp~Cu!51.64231016 s21.

Obviously, our experimental findings do not agree w
predictions from Eq.~2!. This disagreement is not surprisin
this equation is not valid for large colloids~R.10 nm!
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FIG. 18. Scanning electron microscope images in the emis
mode for an undoped YSZ sample:~a! as-grown,~b! after TCR at
1823 K for 15 min,~c! subsequent oxidation at 1373 K for 15 min
and ~d! abrasion with emery paper.
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13 446 57B. SAVOINI et al.
which is the present situation. Extinction bands have b
calculated as a function ofR, by using higher terms in the
Mie Eq. ~1!.24–28 The main features are~1! the band half-
width and peak wavelength are functions ofR, the type of
metal and the host crystal,~2! as R increases, the band
become broader and move to longer wavelengths. S
nickel and cobalt have almost the same plasma freque
the peak wavelength is determined by the precipitate s
Experimentally we observed that~a! the dimensions were
'100 and 200 nm for the nickel and cobalt precipitat
respectively, and~b! the corresponding extinction ban
peaks occurred at 1.3 and 0.9 eV, in qualitative agreem
with the theory. For copper precipitates, the situation is
as straightforward. The plasma frequency effect would s
the maximum towards longer wavelengths relative to tha
nickel colloids, but the size effect~10 compared to 100 nm!
would shift the peak to shorter wavelengths. We previou
attributed the extinction band at 1.8 eV to copper colloi
This would indicate that size effect dominates in this cas

It should also be noted that in MgO single crystals, t
nickel and cobalt precipitates have been shown to have
average size of about 50 and 100 nm, respectively, and
corresponding extinction bands are centered at about 2.2
3.7 eV.10,12 The location of the nickel and cobalt extinctio
bands occurs at shorter wavelengths than in YSZ becaus~1!
according to Eq.~2!, the position of the band maximum
moves towards higher wavelengths as the real part of
dielectric constantm0

2 of the matrix increases; for MgO an
YSZ, m0

2 is '3.0 and'4.8, respectively.~2! The sizes of
both Ni and Co precipitates are smaller by a factor of 2
MgO than in YSZ. However, MgO crystals do not satisfy t
assertion that the larger the precipitate size, the shorter
wavelength of the peak band position. Our observations
dicate that the results of the application of the Mie theory
the study of the extinction bands due to large colloids
oxides are only partially valid, probably due to deviatio
effects from the spherical shape, precipitate size distribut
and inhomogeneous distribution of the precipitates.

We shall now address the ability of various impurity io
to aggregate and form precipitates. To begin with, we kn
from x-ray fluorescence analyses~Table I! that YSZ crystals,
including those nominally pure, contain large amounts
.
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different impurities besides those intentionally introduc
during crystal growth; in particular, the iron concentration
of the order of 500 cationic ppm. After TCR at 1823 K on
Ni, Co, or Cu-rich precipitates were identified. No Fe pr
cipitates were observed. In contrast, in two other syste
MgO and MgAl2O4, iron precipitates were formed durin
TCR at' 2000 K, even though the Fe content was sign
cantly smaller.13,14 These observations raise the question
why impurities, such as Fe, do not form precipitates in YS
The answer could be ionic radii. For Cu21, Ni 21, Co21, and
Fe21 the radii are 0.69, 0.72, 0.74, and 0.76 Å, respective
For precipitates to be created, the impurity ions need to
fuse and aggregate with oxygen vacancies. The smaller
ionic radius, the lower the diffusion temperature. This is
deed the case for Ni21 and Co21 ions for which the thresh-
old temperatures for forming precipitates were 1600 a
1750 K, respectively; the higher Co concentration appare
did not lower the threshold temperature sufficiently. T
threshold formation for the 1.8 eV band, which we attribu
to copper precipitates, was'1425 K. Iron precipitates were
not observed, presumably because the temperature wa
sufficiently high; 1850 K was the maximum capability of o
furnace. Precipitation of larger ions, radii such as Er31 ~0.96
Å! and Pr31~1.09 Å! require even higher temperatures. I
deed, luminescence lifetime experiments in Pr-doped crys
show no evidence of Pr precipitation during TCR, indicati
again that the mobility of a large ion such as Pr31 is very
low at 1800 K.

TEM indicates that the translucency and opaque wh
developed during oxidation of TCR crystals is a bulk effe
associated with the buildup of cavities. No phase transit
has been observed.
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