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ABSTRACT

Dilute indium dopants in cerium oxides and YBa_.Cu30_ have been studied by

_In/Cd Perturbed An_ular Correlation (PAC) spectroscopy. By controlling oxygen

vacancy concentrationin _he cerium oxides through doping or h_gh-tempera_ure

vacuum annealing,we have found tha_ indium alwaysforms a defectcomplex unless

the sample [s doped to reduce greatly the oxygen vacancy concentration. Three

different vacancy-associated complexes are found with concentraions that depend

on doping and oxygen stoichiometry. Another defect complex occurs in samples

having negligible vacancy concentrati.0n. At low temperatures, evidence is found
of interaction wi_h an electronic hole trapped by _Cd after the radioactive decay

of the _In parent. In YBa_CuaO., the indium substitutes preferentially at the Y

site but has measurable probability of substitution in at least one of the two copper

sites. A symmetry daange near 650 °C is consistent with the well-documented

orthorhombic/tetragonal transit, ion for samples in air or oxygen.

I.INTRODUCTION

Perturbed Angular Correlation (PAC) spectrosc._py is an excellent techniq_,e for

investigating a number o[ important properties of electronic ceramics. _-_ \Ve ltave

used rain/Cd PAC to probe the structure and stability of indium donor-oxygen

defect complexes in cerium oxide and have begun a study of microscopic structure of

YBaeCuaO,. Cerium oxide has large ionic conductivity at high temperature and has

g:eat potential for technological applic&dons. YBa=CuaOx is • 90 K superconductor.
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Ce02 is the stable oxide of cerium in air, Tile oxygen concentraLior_ can be

decreased bv annealing in a reduced oxygen pressure at high temperature. Such
material has a subst-antia[ electronic and ionic conductivity. _-_ Ceria is or'ten dop,:d

with trivalent (usually rare-earth/or ,tivalent (C_. SI_.) cations. The cationic char,_.e

dilferencc is cornpensm.ed largely i)yoxygen1 vacallcies, so sucit nm_et'ii._is are iligi_-

temperature ionic conductors but have small electronlc conductivity. _-8 The inter-

action of dopants with oxygen defects is an important topic. Out: work probes

complexes of (trivalent) indium dopants with oxygen defects.

CeO= has the cubic fluorite structure, so the electric field gradient {efg) at the Ce

position in a perfect crystal will be zero. If the 111Cd nucleus is substituted at- a _e

site with no nearby defects, then the ltlCd PAC spectrum should be unperturbed.

We have investigated a number of ceria samples in which the oxygen vacancy con-

centration is controlled by doping or high-temperature annealing. Measurements

have been made on samples held at, temperatures ranging from 10 K to 1400 K, and

only near the highest temperatures in this range is the PAC spectrum unperturbed.

At 1.ower temperatures, we find a variety of interactions and can identify at least

four well-defined defect-associated sites. At temperat-ures below .500 K. we always

find evidence for "aftereffects" of _,he _llln electron capture decay.

t*lIn/'Cd PAC in YBa,.Cu_Ox has no_ been a straightforward e,:perim,entai ii_-

vestigation. A number of groups have attempted PAC measurements 9-t't and have

: obtained non-reproducible spectra whose interpretal:ion has been controversial, ts

: Although the indium solubility in YBa2CuaO_ is approximately 3% per formula

• weight, 16 it has proven extraordinarily dimcult to synthesize samples in which the

; majority of the ltlIn tracer is ,:tis:-:olvc,i ':1 }_igh-qualitv 'fBa_C_t_O_. ._[,,_r ,,i '}..,

common synthesis methods produce material in which the majority of t.he tllIn is

dissolved in phases other than YBa:Cu.30_. We have recently developed a repro-

ducible method for making samplc.s in which the majority of t,he lltIil is dissoiv,_,I

in YBa_Cu30._. We find tha_ indium substitutes predominanth' at l:he h" site i,_lt

_ also has a substantial probability ,.)f sTlbstitution in a.t least one of tl_e copper .sil<s.

We have observed t,he orthorhomt,ic/telragonal phase transition in samples }lca_c,i

in flowing oxTgen and report, preliminary ,]at.a here.

II. RESULTS OF CeO2 EXPERI;17ENTS

We have performed measurements overa wide temperature range on pure a.lld

lightly-doped CeO2 samples containing trace levels (of order i0 -_ per formula ,,veigh_)

of t_*In. Samples were made by ammonium precipitation from cerium ammonium
nitrate solutions of the desired cation stoichiometry, t_In in HC1 solution, obtainc, d

,'o[nrnccciailv /'rc)in New England ";_clcar l)_pont, was stirred into l tic sol_tti_ll ',1:',

prior to precipitation. Samples were calcined at, 1500 °C or higher for 6 hours prior

to measurement. This preparation method resulted in oxide grains of order 10 mi-

crona diameter. Samples calcined below 1200 °C had much smaller grains and a

significant probabihty that the '_In was not dissolved in the bulk.
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Figure 1' _11Cd PAC exp,_rimental -42G= spectra for cerium oxide doped with 500
ppm Nb per formula weight.

The PAC measurements were carried out using a 4-detector spectrometer with
BaF= scintillator detectors. The apparatus is similar to one described previously, lr

Figure 1 shows the experimental A_O=(t) PAC spectra for a typical ceria sam-
ple doped with Nb, a pentavalent cation introduced to reduce the oxygen vacancy
concentration to negligible levels. Below 175 K, the spectra are typical of an "af-
tereffects" interaction, is G=(t) decavs rapidly with time due to interaction between
the Cd nucleus and an electronic hole metastably trapped after the electron capture

decay of the l_tIn parent. This interaction is not understood in detail, and we model
it bv a single exponential. The model is heuristic and fits the data well but not per-
fect,l'.'. In ail cases, the experimental Ge(t) does not decay exactly" to zero, although
the "hard core" remaining a_ long time is small and may be an experimental artifact.

We have made only cursory measurements below room temperature, so this

region remains to be explored in future work. :kt and above room temperature, _v,:
find that a small fraction of the Cd nuclei are subject to a weU-defined interaction

with a large, asvmmetric electric field gradient (efg). The relative fraction of s_lc}_
sites decreases with temperature a_d becomes negligible at temperatures of order

t000 K. "The interaction frequencies are reproducible from sample to sample, but t,tte
relative fraction is not. We do not presently understand how this static interaction
arises. The PAC spectrum due to the remaining t_Cd nuclei can be well fitted by an
exponential and a constant. The fractional weights of the exponential, constant, and
static interaction contributions to the spectrum are shown in Fig. 2. Tl_e damping

rate of the exponential is shown in Fig. 3(a).
It is reasonable to assume that the exponential and constant terms arise from

n_clc'i in s_bst, it_tional ceril_m positions in which the escape time for tl_e trapp,',t
"at'tcrctfccts'" ttule is or' _)rder _ala)secoi_ds. lt is straightforward to st_uw''_'__l,l_a_il_

such a case G=(g) is given by:

r ,k_

a=(t) - ,. + ,\, +-----e-<_'+'l'_+a, (_)

provided G=(t) is well-approximated by a single exponentiM when the hole escape
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Fiyure 2: Fractions of la) exponential, (b) constant, andtc)static inter_ctlon models
used to fit the spectra of Nb-doped ceria at elevated temperatures.
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Figure 3' (a) Damping rate of the exponential model for Nb-doped ceria. (b) Expo-

nential decay rate ,\, for tllCd PAC spectrum in presence of trapped "aftereffects"

hole, and (c) escape rate r of the hole. Within this model A=+ r = A, where A= and

r are defined by Eq. 1 in text.
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Figure4: _tICd PAC experimental,42Go.spectraforundoped ceriumo:dde.

rate r becomes very small. The rates ,\_ and r are shown in Figs. 3(b) and (c).

Spectra qualitatively similar to those of Fig. 1 are found for samples containing

more than 300 ppm Nb, PAC spectra from _mdoped eerie are shown in Iri-o, ?, Th,..'

spectrum at low temperature ims a substantial aftereffects behavior, bu_ aimosr,
half the t_Cd nuclei are subject to a static interaction with a moderate-magnitude

axiallv-svmmetric efg. :\t 200 °C' aftereffects are negligible, and the ft'action of C,,i

nuclei subject to the s_atic interaction is 100% within experimental uncertainb'. \\'e

speculate that the t_tIn parent, is associated with a strongly-bound oxygen vacancy

complex and t.hat the probal)ilit\" of trappin_ a hole after train dccav is _,ppro:,:-

imately 50%. Thus, at low temperature, approximately 50% of the spectrum, is

affected by the aftereffect interaction, but above 200 °C the hole escape rate is fast

enough that its interaction with the t_Cd nucleus has negligible effect on the PAC

spectrum.

Figure 5 shows the Fourier transform of the 200 °C A2G_(t) spectrum. This

figure shows a frequency triplet with frequencies having ratios 1:2'3, the signature

of a q.uMrupolax interaction with an axially-symmetric efg. At higher temperatures,

the frequencies broaden, and the ,4_G_,(t) spectrum shows clearly that the efg is no
lon,z,-r .slatic ,.,n l}_{: Tin_{: scal_: ,:)l"tilt, i:ltern_ediate state lit'e'Iiu_'. \V,, }_,_'.,',.:.::.:',',-

ined two possibilities for the time-dependence. One possibility is that the oxygen

I vacancy escapes at high temperature. The second possibility is that the complex|

remains bound but that its symmetry axis direction changes due to thermal excite-|
I tion. Detailed analysis, to be described in a later paper, clearly demonstrates that
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Figure 6: Single fitting parameter w vs. I/T, The fitting model is described in
Ref. 21,

the experimental data disagree qualitatively with _he first possibility but can be
quantitatively explained by the second,

The random axis-reorientation hypothesis can be described accurately by a mo,ici
developed bF' Evenson et (II.al":_ \Ve assume that the efg tensor remains constant
apart from t'andom axis reoric,it.ztLi,Jii ,:LLrate w. Data below 300 _C arc ,.veil-
represented by the "slow" limit (w/coq small) of the model, whereas data above
_00 °C are accurately described hv the "fast" limit. The single fitting parameter w

is shown vs. 1/T in Fig. 6. The activation energy for the axis-reorientation process
is 0.6(0.2) eV. Figure 7 shows the (a) fractional weight, (b) the damping rate of
the exponential decay used to approximate the "aftereffects" spectrum, and (c) the
interaction frefl_lencies-,,'l and _.':.

In Fig. _(,a) we show _hc P.\C spcctruin at 23 °C tbr an undoped ceria sallipie
that had been annealed for 30 minutes in a mechanical pump vacuum at 900 °C and

in 8(b) tor a sample annealed at t000 °C. After annealing, these samples were sealed
in order tc keep the oxygen vacancy concentration constant. In addition to the site
seen in undoped ceria (referred to aa site A), two additional sites (B and C) are
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found. We tentativelyattributesitesB and C to the presenceofadditionaloxygen

vacanciesbound to the originalsite-Acomplex. The microscopicstructuregivin_

rise to these spectra has not been established unambiguously. \Ve have speculated _
that site .'\ has a missing oxygen atom next to tile indium atom and that the indillm

atom of site C has two neighboring oxygen vacancies forming a Bevan cluster. -'a

We find that PAC spectra are not strongly affected by minor contamination by

,rare-earth impurities that are commonly found in cerium oxides. We have used

both a very high purity stock solution (cation impurities fewer than 20 ppm} and
a commercial solution containing approximately 300 ppm rare-earth contaminants,

No differences were found. It is interesting to note that approximately 300 ppm Nb

is required to change the spectra from those of Fig. 4 to those of Fig, 1.
We have also carried out measurements of PAC spectra on samples doped with

as much as 1% per formula weight of yttrium or indium. Samples doped with more

than 0.4% yttrium have measureable contributions from sites of types B and C. Ali

In-doped samples have spectra identical to those of pure ceria. These findings imply
that indittm doe_ not introduce free oxygen vacancies and should therefore not yield

materials with large ionic conductivity. To our knowledge, the ionic conductivity of

indium-doped ceria has not been measured.

III. RESULTS OF YBa2CuaO_ EXPERIMENTS

We have tried a variety of sample-making techniques. Diffusion of indium into

previously-synthesized YBa_CuzOx was unsuccessful, The indium was apparently

largely dissolved in non-representative surface lavers or interzranular phases, \Ve

found very good spectra and exr_remely sharp 51"eissner itux exclusion for samples

made by an evaporation method, la'ld Unfortunately, little indium was dissolved

in the majority phase. When samples were synthesized in flowing air or oxygen.
most indium dissolved in Y=BaCuOp, although only a few percent of this phase was

present in our samples. When samples were prepared in a restricted air flow. the
indium dissolved preferentially in some other second phase whose composition wc

have not tried to identify. The P.\C spectrum in this latter case la is characterized by

t'reqttencies -', m ...'_._ 2,.10 × 10s_ -1 Uhrmacher is ties presented credible evideu,'c

tha_ this particular PAC signM arises from indium substituted in an yttrium-copper

oxide phase.
We llave actlieved better success using a sol-gel sample preparat, ic,n method. An

EDTA solution containing Y, Ba, and Cu in ratio 1:2:3 was prepared from high

purity metal nitrates. After stirring in the appropriate amount of UlIn solution,
the mixture was dehydrated and converted to oxides in a ceramic casserole on a

}t,.,tl)late. Sar+npl,:s '.','+'t'es','t+tt.llcsize+l _trt+It:r :_.,,'ariet.v _;f ,:on,+liti¢:,tts at tc.rnlwrat._ir,s

ranging from 900 to 940 °C for times of 15 minutes to 12 b.ours. Some were air-
quenche_i. Others were cooled slowly over a number of hours before being placed in

the PAC spectrometer furnace. In ali ce.sea, most of the indium was dissolved in the

majority YBa_CuaO, phase, but no synthesis condition was found that resulted in

dissolving 100% of the indium tracer.
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In Fig. 9 we show _11Cd PAC spectra for such samples at four different temper-
atures. These data were taken with a spectrometer using four Nai(T1) scintillator
detectors but otherwise similar to the apparatus used for the ceria experiments. In
Fig, 10 we show the frequencies and relative fractions of two ,sites that we identify
tentatively as indium substituted at the Y site and at the Cu-[ site in '(B_,,CuuOx,
Although the exact site identifica,_ion is not certain, it is unambiguously clear that
tile two sites are associated with YBa2CuaOx and not some second phase. We base
this assertion on the behavior at the melting transition. At a temperature near
1000 °C in air and approximately 1030 °C in flowing oxygen, YBa2CuaO= decom-
poses'into Y=BaCuOs and a melt. As seen in Fig. 9, the PAC spectrum changes
substantially above this temperature, with the two YBa=CuaOx sites disappearing
and the Y=BaCuO_ site becoming substantially stronger. We have also observed that
the 240 Mrad signal described above persists well above the YBa?.CuaO,_ decompo-
sition temperature. In such high temperature spectra there is also a substantial
contribution from indium atoms dissolved in the melt where their average efg is
zero and their contribution to G2(t) is unperturbed.

The frequencies and relative fractions of the two YBa2CllaO= sites shown in Fig.
10 both change substantially in the temperature range between 600 and 750 °C where
the structure is known to change from orthorhombic to tetragonal. As expected, the
site symmetries change from slightly asymmetric at low temperature to symmetric
at high temperature. The transition region is still under investigation.

An interesting feature shown in Fig. 10 is that the site occupation probabilities
change substantially above 900 °C. A third site having a very large wl of order
450 × 106s-1 is found near 1000 °C. \Ve suspect that this may be the Cu-2 site, but
further measurements on a higher-resolution spectrometer are required to test this
hypothesis.
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