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Oxygen vacancy trapping in tetragonal ZrO, studied by *4n/Cd perturbed angular correlation
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Perturbed angular correlatiofiPAC) spectroscopy using dilutt*in/Cd as the probe atom was used to
measure the average electric field gradi@®G) at Cd in high-temperature tetragonal zirconia, both nondoped
and lightly doped with niobium or yttrium. The time-average EFG is reduced and strongly temperature depen-
dent when oxygen vacancies are present—an effect attributed to a reduction of the average EFG when a
vacancy is trapped at Cd. The doping and temperature dependence of the average EFG indicate that oxygen
vacancies are trapped at first-neighbor positions to Cd with binding energy3).6¥ and at second neighbor
positions to Y with binding energy 0.28) eV. The average EFG when a vacancy is trapped by Cd is found
to be zero. Samples were produced by precipitation from Zs@@Utions to which a few parts per 16*inCl
was added. Y- or Nb-doped samples had Y/Zr or Nb/Zr ratios up to 0.005. Calcining at 800 °C followed by a
1400 °C anneal produced good quality tetragonal phase powders with oxygen vacancy to oxygen ion ratios
between 0 and 1500 ppm, depending on doping. The tetragonal phase could be supercooled for measurement
to 1000 °C or lower.

. INTRODUCTION based on a better understanding of the interaction &f Cd
with random lattice imperfections and®Y with oxygen va-
Perturbed angular correlatioPAC), in common with  cancies.
Mossbauer spectroscopy, nuclear magnetic resonance, and
other techniques of nuclear solid-state physics, measures the
electric and magnetic hyperfine interactions of probe nuclei Il. EXPERIMENTAL DETAILS
in condensed matter. Thus the probe atom can be used to
measure the characteristics of the electric field gradient
(EFG) of the material in which it is immersed. For zirconia, = The samples were made by precipitation from high-purity
1814f/Ta PAC has been used to obtain information aboutor Y- or Nb-doped ZrOGlsolutions to which a few parts per
phases, lattice distortior? or the mobility of oxygen 10°(ppb) of radioactivein were added as InCl solution.
vacancies:* *in/Cd PAC is particularly well suited for use %n has a half-life of 2.8 days, and it is possible to gather
as a probe of oxygen vacancy properties because of theseful PAC data for only three or four half-lives before
strong attractive electrostatic interaction between thé"Cd samples become too weak to be useful. Consequently, it is
probe ion and an oxygen vacancy. At high temperaturepossible to make no more than a dozen or so PAC measure-
1Yn/Cd PAC frequencies are found to be strongly dependentents before it is necessary to make a fresh sample.
on temperature and the concentration of oxygen The Y-doped solutions were prepared by adding a solu-
vacancies:’ Such frequency dependence is unusual; ndion of yttrium nitrate, prepared by dissolving high-purity
such dependence is observed witfHf/Ta PAC® The un-  yttrium metal chips in excess nitric acid solution, to a zirco-
usual behavior occurs because the average EFG at the @ilm oxychloride solution. Such solutions are clear and in-
probe ion is reduced when an oxygen vacancy is trapped, ardkfinitely stable. The niobium solutions were made by add-
vacancy motion is rapid enough that only the time-averagéng an oxalic acid solution of niobium hydroxide cake
frequency is observed. This time-average EFG and the olprepared by hydrolyzing niobium pentachloride, to a zirco-
served quadrupole frequency become small when the oxygemium oxychloride solution. Such solutions are clear but may
vacancy trapping probability becomes large. slowly develop a fine precipitate on the time scale of months.
The analysis of PAC spectra is very complicated whenOnly clear, water-white solutions are converted to PAC
modest local variations of the sample environment can maskamples. These are prepared by addition of the metal-bearing
the interactions of interest. Typical environmental effects in-solutions (concentration 20 g ZrOgper 1 after mixing
clude interactions with random dopants or impurities as wellwith a few drops of'*inCl solution to a large excess of
as strain and extended defects. Previous studies in our labammonium hydroxide, insuring thorough coprecipitation.
ratory and others have been limited by inability to makeAfter filtering, the resulting precipitate was then calcined at
reproducible samples of controlled vacancy concentration800 °C and annealed at 1400 °C. Microstructure and crystal-
and uniform distribution of oxygen vacancies. The presentization kinetics of zirconia are known to depend on process-
report includes results from PAC measurements of highering conditions®® The annealing treatment prior to measure-
quality samples as well as a reexamination of prior dataments resulted in fine white powders with grain sizes of

A. Sample-making procedure
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about 300 nm. Room-temperature x-ray diffraction measureyith o= /%(7]2+3) and 8= \80(1— )/ .
ments of well-annealed samples detected no other phases be-|t ihe EEG has precisely tetragonal symmetpyequals 0

sides monoclinic zirconia. and w,=6nwg . Although the site symmetry in ZrQs te-

Samples V,Vith nehgligible vclslcancy conc'entra'.[iﬁn .car|1 b‘:‘Eragonal, few sites actually have this symmetry, since struc-
made by doping with pentavalent Nb. Doping with trivalenty .| gefects and impurities give rise to a slight distortion of

Y creates oxygen vacancies to preserve electrical neutralityy, tetragonal symmetry, causingto be nonzero

Thus doping with 0.1 at% Y will create 250 ppm OXygen  rpa paif.jife of the intermediate state B¥Cd is about 85
vacancies. Note that the Y concentration refers to total meteH 12 A temperatures above about 1000°C, movement of

at.oms in the sample, whereas oxygen vacanpies are countg ygen vacancies is so fast that the PAC frequencies are
with respect to the ”“mbf.” of oxygen atoms in the sample.yotermined by the time-average EFG. For the case of an
Using pure ZrOGJ solutions, i.e., neither doped by Y nor o 4en vacancy trapped by a Cd probe atom, the complex of
Nb, resulted in samples which were invariably doped by 'm'probe atom and vacancy (0df) can have several orienta-
purities, which we were unable to eliminate entirely. In thetions and only the averaged EFG over all orientations

following paragraphs these unintentionally doped sample?vzzval_> is relevant for PAC. Also, since a vacancy traps and

are, for brevity, called “nondoped.” The vacancy Conc.emra'detraps many times during the lifetime of the intermediate
tion of approximately 150 ppm in nondoped samples is preg, .o ¢ thelticy probe atom, only a time-weighted average
sumably caused by transition metal and other impurity dop-Of (Ve aNdV the EF’G of a vacancy-free lattice, is
ants present in our stock solutions and introduced during thgbserz\;é?j Iff is tﬁél?r’action of time a vacancy is trapped' by
sample-making process. This accidental doping by impuritiesél Cd ion .the observed EEG can be written as
is equivalent to approximately 600 ppm yttrium and is ap- '
proximately the same in all samples.

All measured samples contain at least several hundred —(1—
ppm of dopants or impurities, and the concentration of in- (V2= (1= F)Vazat H{Vzzrao, @
trinsic oxygen vacancies is completely negligifieThere-  or, more conveniently, the observed quadrupole frequency
fore the concentration of oxygen vacancies can safely béwg) iS

assumed to be independent of temperature.

B. 1in/Cd PAC in t-Zr0, (0)=(1-Hogiat f{wgvad- 4

Oxygen vacancies are effectively doubly positively charged
and therefore attracted by the divalent Cd probe atoms,

surements were carried out with the 171-245 key/cas- ; . : .
cade of1ICd. In nonmagnetic materials, such as zirconia,wh'Ch are effectively doubly negatively charged. This results

PAC allows the measurement of the hyperfine interactiod! the formation of (CtiVg) complexes with a binding en-
between the nuclear quadrupole moméntof the | =5/2 erngCq. Thg cpncentraﬂon of free vacancies is controlled
intermediate state of thery cascade and the EFG at the PY the dissociation of the (Cif;) complex, i.e.,

robe site. The EFG causes a perturbation of the angular . R
Sistribution of the radiationy, relaﬁive toy,. This pertur-g (Cd'Vg) > Cd'+ V. ®)
bation can b_e descri.bed_ by the “pertu_rbation fact@’z"(t'). The number of orientationd\q of these (CHVy) com-
For a static interaction in polycrystalline samples, it is ex-plexes(i.e., N=8 for a nearest-neighbor position of the oxy-
pressed ds gen vacancy andN=24 for a second neighbprand their
binding energyQcq4 determine then the concentrations of
these complexe§Cd’'Vy], free Cd atomg Cd’] and free
oxygen vacanciepVg] by a mass-action equatibh

1Yn decays by electron capture 16'Cd. The PAC mea-

3
Go(t) =Syt nzl Soncog wpt)exp— Sw,t), (1)

where the transition frequencies, between the sublevels of [Cd'][Vol/[Cd'Vs]= Nc‘dl exp(— Qcq/KT). (6)
the intermediate nuclear state are functions of the quadrupo
interaction frequency,wo=€QV,/41(21-1)A, and the

asymmetry parameteny=(V,,—V,,)/V,,, V; being the

components of the diagonalized EFG tensor. For a Lorentz- _ A S ,
ian line shape the broadening of the transition frequensjgs f=lCdVol/([CdVolHICd])
is described bys, which represents the distribution width 1 -1

ﬁ/e can then write the fractiohof Cd atoms which have a
vacancy trapped as

around the mean value of the EFG. = INCe O~ Qua/kT+1 ), (7)
Frauenfelder and Stefféhgive the dependence of the od
transition frequencies, on wg and » as wherec=[Vg] is the concentration of free oxygen vacan-
cies. We emphasize thatis the free vacancy concentration,
0= 2‘/§an sin 1 arccosB], not the total vacancy concentration. While Cd is present only

at the ppb level and the effect of (Ody) complexes on the
free vacancy concentration can therefore be neglected, the
effect of dopants, e.g., ('Wg) complexes, has to be consid-
ered for Y-doped samples. Kilnat al'* have shown that
w3=2V3awq sin 3(mw+arccosB)], (2)  bound complexes can significantly affect the population of

wy=2V3awq sin 3(m—arccosB) ],
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free vacancies, especially at lower temperatures. For sampleghere Ny and Qy denote the number of orientations and
with an yttrium concentrationy , a fractionfy of all vacan-  binding enthalpy of a (YVg) complex, respectively. The
cies is trapped at any time by Y ions, and the total vacancyactor of 3 arises from counting Y atoms with respect to

2

concentratiorc,y is given by metal atoms, whereas oxygen vacancies are counted with
1 respect to oxygen atoms.
c . .
Ctot:1 f —c| 1+ ZNycyexp(Qy /kT) |, ®) Combining Egs.(4), (7), and (8) permits the measured
—ly

quadrupole interaction frequency to be expressed as

wq Iat_<wQ vac>
(UNcCiop[ 1+ 3NyCyexp(Qy /KT) Jexp( — Qeq/kT) +1

(wg)=wq La— 9

With Eq. (9), the binding enthalpie®c4andQy, as well as  quencywg than the Nb-doped sample.
the number of orientations of the (Ods) and (Y'Vg) Figure 2 shows that lowering the temperature greatly low-
complexes, can be determined from PAC spectra taken overs the quadrupole interaction frequency for samples contain-
a temperature range from samples with controlled vacancing oxygen vacanciegondoped and Y dopgdwhereasnq
concentrations. Provided that the fraction of time a Cd probshows a slight increase for the vacancy-free Nb-doped
atom has a vacancy trapped is the same as in thermal eq@iample. For a given temperature it is also evident that the
librium, Eq. (9) is correct. Strictly speaking, however, this is higher the vacancy concentration, or Y-doping level, the
only an approximation sinc&*Cd*" probe ions are created lower the quadrupole interaction frequency.
by decay of**in®" ions, and it therefore takes a finite time A few tenths of a percent of Nb doping is sufficient to
for the concentration of “free”probe atoms to come into compensate all the oxygen vacancies associated with the un-
thermal equilibrium with the (C8/5) complexes, as implied avoidable impurities mentioned above. In such sufficiently
by Egs.(4) and(5). The jump rate of oxygen atoms,can be ~ Nb-doped samples, the observed quadrupole interaction fre-
estimated from the Debye frequeney, and the activation duency is the quadrupole interaction frequency of the
enthalpy for hoppingQ=0.5e\?, to be aboutr~ vy exp vacancy-free lattic@q o, Which shows a small dependence
(—Q/KT), which should be several orders of magnitudeOn temperature. Such small EFG temperature dependences
smaller than the lifetime of the intermediate state'bcd ~ are common and attributable to such things as thermal ex-
(85 n9 for temperatures above 1000 °C. Hence it can pePansion, atomic vibrational amplitude changes wiifretc 8
safely assumed that the PAC spectra give information about linear fit to the temperature dependenceugf gives
the equilibrium fraction of Cd probe ions forming (Gf)
complexes. In order to analyze spectra taken at lower tem- _ _ —4
peratures, we have developed more sophisticated stochastic? (1) =6.751)Mrad/s=4.127) X 10"" Mradi(s K)><('1I'c.))
models that include in one model the effects of a trapped
vacancy hopping around the Cd probe ion as well as trappin% o _ _ .
and detrapping® At high temperatures, where the jump ratesAttributing the lower quadrupole interaction frequencies of
rare fast, as described in this paragraph, the stochastic mofiondoped and Y-doped samples to the effect of "{f)
els give the same temperature dependence for the timgomplexes, as discussed in Sec. || B above, the temperature
average EFG as discussed in this paper. dependence of the observed quadrupole interaction frequen-
Random static defects cause a distributionyadndV,,.  cies could be fitted to Eq9) using Eg.(10). A numerical
Therefore the average of will be nonzero. Hence a static analysis yieldedQcq=0.62(3) eV for the binding enthalpy
broadening of the observed transition frequencigs w,,  Of an oxygen vacancy to a Cd ion aigy=7.8(3) for the
and w3 will occur. This broadening of the transition frequen- number of possible orientations of the (G4}). The number
cies leads also to a broadening of the quadrupole interactiodf equivalent sites at which a vacancy can be trapped by a Cd
frequencywq, but not to a change of the averagewj, at  ion is therefore approximately equal to the number of first-
least as long ag; is small®t’ neighbor trap positions. For the binding enthalpy of a va-
cancy to an Y ion, the fit gav€,=0.28(5) eV with Ny
=23.2(10), so that the number of sites for a vacancy trapped
by an Y ion is, within experimental uncertainty, equal to 24,
Figure 1 shows PAC spectra of a Nb-doped sample and the number of second-neighbor trap sites. The fitting results
0.1at.% Y-doped sample together with their Fourier transalso gave the average EFG over all possible orientations of a
forms. While samples doped with pentavalent Nb containCd-ion—vacancy pair (C¥g) as(wq a9 =0(1) Mrad/s.
only a negligible amount of vacancies, the Y-doped sample For Nb-doped samples an increase in Nb concentration
contains about 400 ppm oxygen vacancies, 250 ppm tfrom several hundred ppm to 5000 ppm caused the asymme-
charge compensate for the Y and about 150 ppm due to thiey parameters to increase from about 0.06 up to 0.22. As
unavoidable impurities mentioned above. The Y-dopedmentioned in the previous section, an increasirig accom-
sample clearly shows a lower quadrupole interaction frepanied by an increased linewidth of the transition frequen-

Ill. EXPERIMENTAL RESULTS
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FIG. 1. PAC spectra of Nb- and Y-doped tetragonal zirconia samples at 1200 °C and their Fourier transforms.

cies w,. The spectra of various Nb-doped samples, whichdoped samples; is below 0.06 and for 0.1- at. % Y-doped
were effectively free of oxygen vacancies, were fitted tosamples below 0.16. With increasing Y content the asymme-
Lorentzian line shapes. As can be seen in Fig. 3, an increasgy parametery increased up top=0.21 for 0.5- at. %

of n correlates with an increase in the spectral linewidth ofY-doped samples at 1400 °C. In generaljncreased with
the transition frequencies. The observed quadrupole interadecreasing temperature, an effect which was most pro-
tion frequencies are independent of linewidth. For the nonnounced for highly Y-doped samples.
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FIG. 2. Quadrupole interaction frequencigg for a Nb-doped,
nondoped, and Y-doped sample with 0, 180, 440, 760, 1020, ancesulting from fits to a Lorentzian line shape, for various Nb-doped
1430 ppm oxygen vacancies, respectively. The solid lines show fitsamples plotted vs the asymmetry paramejelhe increase of
with 7 does not affect the value efg, which is independent of.

to Eq.(9).
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IV. DISCUSSION Rivaset al® used®Hf/Ta PAC to determine the activation
enthalpy of the PAC damping to b®,=0.50(4) eV in
Y-doped tetragonal zirconidY-TZP). Gardneret al* had
PAC measurements of tetragonal zirconia samples witkarlier used'®Hf/Ta PAC to find the activation enthalpy of
oxygen vacancy concentrations ranging from 0 to 1400 ppnpAC damping in Y-doped cubic zirconia to be @peV.
show a clear reduction of the quadrupole interaction freBoth authors identify this activation enthalpy as the activa-
quencywq with decreasing temperature and increasing vation enthalpy of oxygen vacancy motiothopping. The
cancy concentration. This reductiona)g is attributed to the large difference is surprising, since one might expect oxygen
trapping of oxygen vacancies by Cd probe ions. During a/acancy hopping to have similar activation enthalpies in
fractionf of the lifetime of the intermediate state, a Cd probethese to similar lattices. Neither is directly related to the
atom has an oxygen vacancy trapped. As a result of the fagkesent study, however, which gives no direct information on
motion of oxygen atoms, the measured quadrupole interagzacancy hopping enthalpy. However, furttétin/Cd PAC
tion frequency corresponds to the average EFG for the variyork that includes careful line shape analysis with stochastic

ous sites among which the vacancy jumps, as given by Edmodels® should eventually provide information on vacancy
(4). Numerical analysis of the PAC spectra shows that theyopping.

EFG averaged over the orientations of a (Zg) complex is
zero within experimental accuracy. This indicates that sig-
nificant lattice relaxation takes place around a vacancy. One
scenario consistent with this observation is that the lattice is Static broadening of!'In/Cd PAC frequencies is small
cubic in a substantial volume around an oxygen vacancyfor nondoped and very lightly doped samples. The magni-
Although not the only explanation for our observation, it is atude of the line broadening is larger for a given impurity
tempting speculation because it gives a very simple picturelensity than what was observed ByHf/Ta PAC? This sen-

of why large vacancy densities, whether introduced by catiorsitivity may indicate that the local environment of Cd is

or anion dopind® or depletion of oxygen® are accompanied more easily polarized by small lattice distortions than that of
by a stabilization of the high-temperature cubic phase. Ta and enhances the effects of line broadening.

The present PAC results show clearly that an oxygen va- The large line broadening causes the symmetry at differ-
cancy is trapped by a &d ion in a nearest-neighbor site ent sites to be less than axial so that the averagegreater
(Ncg=8) with a binding enthalpy 0Qc4=0.62(3) eV. An than zero. However, the average, is unaffected by line
earlier analysis of PAC studizéwas erroneouggiving Nog ~ broadening. Consequently, the model developed in Sec. I B,
closer to 24 than 8 an@.4 approximately 0.44 e\ The  which ignores line broadening, is valid for fitting the experi-
major error in these previous analyses arose from an ovementalwg results. In prior analyses, wq was taken as pro-
simplified correction for effects of static broadening, as dis-portional tow; and therefore not properly corrected for the
cussed below. The present analysis also includes a correcti@ffect of line broadening.
for effects of trapping of oxygen vacancies by*Yions in One apparent peculiarity noted in Sec. Il is thaend
Y-doped samples and gives additional quantitative result§ne broadening become larger for doped samples as tem-
about (Y'Vg) complexes. These complexes are found toperature is reduced. This is a result of the decreasef
have a binding enthalpy @, =0.28(5) eV with the oxygen With temperature, not any significant change in the EFG con-
vacancy being in a next-nearest-neighbor sMe+24). We  tributions due to impurities and other defects. The ratio of
are aware of no other data on the binding enthalpy othe static EFG broadening to the averagg increases with
(Y'Vg) complexes in tetragonal zirconia, but for cubic zir- decreasing temperature becau_se t.he denominator decreases.
conia Manninget al. found Qy=0.26eV (Ref. 13 using 'he experimental line broadening is proportional to this ra-
tracer diffusion measurements. The unit cell dimensions ofi0, and thex shift is a monotonically increasing function of
tetragonal and cubic zirconia are almost the same and, pafPis ratio. Hence both increase as temperature decreases.
ticularly in view of the lattice relaxation, one might expect

A. Defect properties

B. Static broadening analysis

the binding enthalpies to be similar in the two phases, con- V. SUMMARY AND CONCLUSION
sistent with our results. '
The numerical results dflc;=8 andNy =24 imply that The trapping of oxygen vacancies by Tdand Y** ions

Cd?", which is smaller than Zt, traps oxygen vacancies at in tetragonal zirconia was investigated B¥*In/Cd PAC.
a nearest-neighbor position, wheread"Ywhich is larger  Zirconia samples with oxygen vacancy levels ranging from 0
than Zf*, traps vacancies in a next-nearest-neighbor posito 1500 ppm were produced by doping with either Nb or Y.
tion. An x-ray absorption study by Lét al. also found that PAC spectra of these samples show a decreasing quadrupole
oxygen vacancies in tetragonal zirconia prefer a nextinteraction frequencyy both with decreasing temperature
nearest-neighbor site relative to yttriffhBoth of our results ~ and increasing vacancy concentration. This decreas®iis
on (Y'Vg) and (CdVg) complexes are also in agreement attributed to the formation of (C¥g) complexes, that is,
with expectations based on both experimefitdiand theo-  the trapping of oxygen vacancies BYCd probe atoms. The
retical evidencé? that smaller cations generally favor a trapping and detrapping of vacancies occurs on a time scale
nearest-neighbor site, while larger ones tend to favor a nextwhich is at least two orders of magnitude faster than the
nearest-neighbor site. lifetime of the intermediate state of th&'Cd probe atom. As
The present results complemetit!Hf/Ta PAC results a result, only an average EF&G§) for the possible configu-
where oxygen vacancies are not attracted by the probe atomations of Cd probe atoms, i.e., with and without a trapped
and their movement leads to a damping of the PAC signalvacancy, is observed. This observed average gives the frac-
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tion of Cd probe atoms which have a vacancy trapped. Usingh a nearest-neighbor position with a binding enthalpy of
a simple model, the observed quadrupole interaction freQ.4=0.62(3) eV and that an % ion traps an oxygen va-
quency wg can therefore be written as a function of the cancy in a next-nearest-neighbor position with a binding en-
concentration of free oxygen vacancies, the binding enthalpyhalpy of Qy=0.28(5) eV.

Qcq Of a vacancy to a Cd ion and temperature. Owing to the
trapping of oxygen vacancies by Y, the free vacancy concen-
tration is in turn a function of the total vacancy concentration
(Y conteny, the binding enthalpy)y of a vacancy to an Y The authors thank Dr. J. A. Sommers at Oremet-Wah
ion, and temperature. Using a numerical analysis of the tem€hang, Albany, for providing the ZrOgkolutions. The fi-
perature dependence of, for samples with various doping nancial support of the Alexander von Humboldt Foundation
levels, it was found that a Gd ion traps an oxygen vacancy for N. Mommer is gratefully acknowledged.
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