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We studied the hyperfine interactions ¥fTa in In,05 by means of perturbed-angular-correlati®hC)
measurements. We prepared thin films of indium sesquioxide with different degrees of initial amorphism and
implanted them witht®Hf. Chemically prepared indium-sesquioxide powder samples were also made starting
from neutron-irradiated HfGl which provides the'®'Hf PAC probes. PAC experiments were performed on
each sample at room temperature, after each step of annealing programs at increasing temperatures up to the
full crystallization of the samples. The results indicate that the PAC probe occupies preferentially the axially
symmetric cation site. Point-charge-model calculations were performed. The calculated asymmetry parameters
7 were compared with those obtained 1#'Hf PAC experiments performed also on other binary oxides,
showing that the symmetry of the electric-field-gradiéBEG) tensor at*®'Ta cation sites in binary oxides is
mainly determined by the nearest-neighbor oxygen-ion distribution around the probe. Comparisons of the
experimental results in bixbyites obtained for both PAC prob&€d and8'Ta, show that the local EFG in
bixbyites, are strongly dependent on the geometry of the sites and the electronic configuration of the probes.
[S0163-182697)01021-7

I. INTRODUCTION In ion surrounded by six oxygen ions at the corners of a
distorted cube, leaving two corners on the same diagonal
In recent years the development of methods for electronfree. In siteC the cube is more distorted and the six oxygen
density calculation in solids led to reliable predictions ofions leave two corners of a face diagonal free. Point-charge
electric-field gradient{EFG) in crystal lattice sites.But, model (PCM) calculations yield asymmetry parameteys
when the interest is focused on the EFG at the site of dilutedf 0.0 and#: from 0.7 to 1.0.
impurities, a good enough theoretical approximation is not One interesting result in the study of the behavior of
yet available that, at the same time, differentiates the contrithe EFG in cation lattice sites in bixbyites is obtained when
butions that give rise to the EFG in a solid. This is the casehe relation of the quadrupole frequency corresponding
for first-principles methods, which in addition imply a con- to each site is displayed as a function of the host lattice
siderable volume of calculation. In these concerns, the largeonstant. The ratiowg/wg , using***Cd as probe, has been
number of experimental data of EFG measured at the site afisplayed in thea range 0.584—1.091 nm, i.e., from Sc to
the PAC impurity**!Cd in binary oxidegsee, for example, Sm sesquioxides. The obtained straight line accounts for a
Refs. 2 and Bhas been object of analysis, in which investi- regular dependence. This figure, shown in Ref. 7, includes
gators search for empirical correlatichs. the results reported in that work fdf'Ta probes in Yb, Y
Now, in PAC experiments, the second most commonlyand Dy sesquioxides as well as those fos@n, taken from
used radioactive probe §'Hf, which decays t0'®'Ta. Tan-  Ref. 6. These results lie on the same straight line, except for
talum has a quite different electronic configuration from thatin ,0,, which clearly departs from it. Therefore, at least in
of cadmium and is a donor impurity in the majority of the the region ranging from 1.043 nm for Yb sesquioxide to
binary oxides. The question of charge compensation bet.065 nm for Dy sesquioxide, these results appear to show
comes more important in the case of the hafnium probe duthat both probes experience the same EFG relative strength
to the high oxidation state of T2. So, the extension of the between site€ andD.
mentioned analysis to this PAC impurity looks of interest. The criteria used in the fits of Ref. 6 yield a 3:1 ratio
With that purpose, some time ago, we started a systematizetween the fitted intensities of the hyperfine interactions
study of one of the binary oxide group, i.e., the bixbyites,(hi) associated to each cation site of the@y crystal lat-
using *¥'Ta as probe atorfi’ This group is quite interesting, tice. However, other fits could be obtained by using twio
since it includes rare and non-rare-earth cations and exhibithiat had almost the sam@. According to these fits, the ratio
two inequivalent crystallographic sites for them, calléd of the quadrupole frequencies lies on the mentioned straight
and D, with relative abundance 3:1. In effect, the cationsline but the higher intensity corresponds to thieproduced
form a nearly cubic, face-centered crystal lattice, in whichby the probes located in the axially symmetric cation site,
six out of the eight tetrahedral sites are occupied by oxygemhich is a minority in the crystal lattice.
ions. SiteD is axially symmetric and can be described as an Once we accept the inversion of the relative intensities,
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the question arises whether it is caused by the initial degree Theoretical functions of the form55°G,(t), A3 being
of amorphism of the implanted sample or by the way inthe effective anisotropy of the cascade @Bsi(t) the per-
which the replacement of the cations by the hafnium probesurbation factor
depending on the value of the lattice constant, takes place. In
order to address this question a few experiments on samples
with quite different initial state of amorphism were per-
formed, i.e., radioactive hafnium was incorporated into a
mixture of indium and hafnium chloride as described in Secg|qed with the time resolution curve, were fitted to the ex-
1B 1 (completely amorphous sampleand implanted in & erimentalR(t) asymmetry ratio. We denotefd the relative
film with a major degree of crystallization than that of Ref. 6. 5 tions of nuclei that experience a given perturbation. The
Both samples were fully crystallized before the PAC mea-;, frequencies are related to the quadrupole frequangy
surements. . ) =eQV,/40h by w,=gn(7) wq. Theg, andS,, coefficients

A!I 'the results we will present here, independently from are known functior’sof the axial-asymmetry parameter
the initial amorphism of the sample and the numbenof .4 the exponential functions in E@) account for a Lorent-

prqposed to eac_h fit, _clearly ShOW. an inversion of _the POPUZjan frequency distribution of relative widt arounde, .
lation of the cation site€€ and D in In,O5: the ratio be-

tween populations of site€ andD is 1:2 or more distant

from the stoichiometric relation 3:1. According to these re-
sults the relation between the quadrupole frequencies in thig, sample I: Chemically prepared 505 (38'Hf) powder sample.
oxide lie on the straight line defined in Ref. 7. The experi-
mental EFG tensors measured by PAC usifi§Ta as a

probe isotope, for 1pO5 and other binary oxides, are com-
pared to PCM calculations including contributions from ei-

3
Gzz<t)=2 fi szo,-+n§l SoniCOS wpit)e~2enit | (4)

B. Sample preparation and measurements

To obtain the ¥®Hf-doped indium-sesquioxide, HfGI
with natural-isotopic-abundance hafnium was neutron irradi-

ther the whole lattice or just the first nearest-neighthti) =
oxygen ions. These results show that the EFG symmetry ¢ 'g
181T3 sites in bixbyites could be mainly determined by the 3 site C
NN oxygen-ion distribution around the probe. The local EFG R(t) < |
at ''Cd and '®'Ta cation sites in bixbyites appear to be _j ;5. S 0.03: | site D
strongly correlated with both the geometry of the sites anc = I |
the electronic configuration of the probe atom. S i ’
-0.10; = 0.02{ |
, (a) Y i
Il. EXPERIMENTAL NI | “ ‘% “ !
A. Measurement techni d data reducti 0051 T LA yf 001y 1
. que and data reduction ”',‘ m,lﬂ.‘{,ﬁuu‘ y wmf ‘
The PAC technique is based on the determination of the '/ VAR
influence of extra-nuclear fields on the correlation betweer "4 15 20 30 40 50 4
emission directions of two successive radiations emitted dur
ing a nuclear-decay cascade. A complete description of thi g 151 (b) 0.041 |
technique can be found in the literatdré/e made use of the
well-known 133-482 keVy-y cascade in*®Ta, produced 9104 » | 4 & ‘
after the 3~ nuclear decay of thé®Hf—8'Ta isotope. A Lo f ﬂ, 0.02.
conventional fast-slow coincidence system with four BaF _9.05]  , &, f\“l fﬁl “ Wl‘
detectors in a coplanar 90° arrangement, with a time resolt ool A \9% ‘ ‘@ N
tion of 0.9 ns, was used for data acquisition. Eight coinci- .00+ ¢ : ¥ U L 0.00ke
dence spectraC;;(t), four taken between detectors posi- 0 10 20 30 40 50
tioned with 180° symmetry and four of eight possible with 0.04] -
90° symmetry, were simultaneously recorded in a 4-K -0.15; (¢)
memory multichannel analyzelCj;(t) is the number of 0 10_‘4
events in which the firsy ray enters detectdrand, after a B L P 0.021
time t, the second enters detectorThe spectra, corrected  _g5] ' {0 'M m ’
for accidental counts, were combined to obtain | ;,j '\/4 ’«ﬁ w '!lﬂ “H i
0.004/ vV \ ¥ ' VEERNEY BN A
W(180° 1) =[Cad(t) + Car(t) "4 Cas ) + Cas)]¥* () ¢ 1o 30 30 w05 YO T
and t (ns) w (Grad/s)

W(90°,t) =[C15(t) + Cps(t) ¥ Cas(t) + Caa() ]2 (2)
Finally, the asymmetry rati®(t) becomes

~ 2[W(180° t)—W(90° )]

R()= W(180° 1)+ 2W(90° 1) ©)

~ASGo(1).

FIG. 1. PAC spectrdleft) and Fourier spectré&ight) measured
at RT on:(a) chemically prepared O5(*®Hf) anneald 1 h at
1303 K, (b) ®Hf-implanted “crystalline” In,0 thin film an-
neale 1 h at1273 K and(c) ®Hf-implanted amorphous O,
thin film anneald 1 h at1273 K (Ref. 6.
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TABLE I. Hyperfine parameters obtained from least-squares fits of(&icfo the spectra taken on the
different samples displayed in Fig. 1.

Sample Hyperfine interaction  f (%) wq (Mrad/g 7 o (%)
Chemically prepared hiy 45, 146.2, 0.149, 0.8,
hi, 355 110.7g 0.6 9,
his 12, 163.9% 0.05; 1.9,
hiy 8, 161, 0.84, 3
Crystalline film hi, 61, 147.0, 0.1505 0.4,
hi, 9, 115.3; 0.54, 0.99
his 25,5 164.3 0.14, 2.05
hiy, 5, 157, 0.84, 0.1
Amorphous film hi, 61, 146.5, 0.157, 1.1,
hi, 853 107.5 0.75, 0,
his 19 164, 0.18; 3
hiy 12, 158, 0.66; 3

ated to obtain'™®Hf from the reaction'®Hf(n,y) ¥Hf with  8Hf * ions into the annealed samples with energies of 150

cross sectiowr,=13.0 b for thermal neutrons. Then, 560 mg keV and a dose of 1§ ions/cn?. After implantation, the

of indium and 15 mg of the irradiated Hf¢lwere dissolved films received a series of isochrond h) annealing treat-

in HNO,. This solution was dropped into NH(OH) at a  ments in air between 674 and 1273 K, in 100 K steps. The

rate of approximately 0.6 ml/min. The yellow gel precipitate initial vivid yellow film turned into a pale yellow after 973

was washed three times with water, then dried and calcinel, and became fully transparent after the 1273 K treatment.

at 1373 K for a couple of hours. After calcination, the yellow PAC measurements were performed at RT in air after

powder turn into a pale green-blue powder. The final Hfimplantation and after each annealing treatment. The com-

concentration was about 1 at. % of In. plete crystallization and radiation damage annealing was
PAC measurements at room temperaiRe&) in air were  reached after the 1173 K thermal treatment. No change in the

taken on the “as prepared” sample immediately after thehyperfine interaction parameters was found after this anneal-

1373 K thermal treatment and after a 10 day series of 24-ng.

PAC measurements at increasing temperatures in the range Below we refer to sample | as the “chemical” sample and

446-1303 K. The PAC spectra taken at these temperaturés sample 1l as the “crystalline” one.

showed that the quadrupole frequencies decrease with tem-

perature as found also in the implanted thin-film samples. IIl. RESULTS AND PAC SPECTRA ANALYSIS

The last spectrum taken at RT was essentially equal to the ] )

“as prepared” sample spectrum, showing the reversibility of ~Figure 1 shows the experimenf(t) and Fourier spectra,

the process involved. left and right, respectively, for®Ta in the chemically pre-
pared In,O; powder sample [Fig. @], in the
2. sample 1I: ®Hf-implanted In,0; thin film. 181Hf-implanted “crystalline” thin film[Fig. 1(b)] and in the

o , 1811f-implanted amorphous thin filfFig. 1(c)] from Ref. 6,
An In-O thin film was prepared by thermal evaporation OfaII taken at RT in air after the 1303 K thermal annealing

high-purity In (5N) onto a rectangular alumina substrate, ineaiment in the case of the “chemical” sample and the 1273
a vacuum chamber where, after air evacuation, a flux of pUrg yreatment in the case of the films. At this point, all the
oxygen was introduced and kept at a pressure of aboxit 2 55y hje5 have the highest fraction of probe nuclei located in
10 Torr..The rectangulgr plate was kept at about 300 K| defined sites in the lyO 5 lattice, as can be seen from
and thg thickness of the.fllm was estimated to be 200 n he nearly undampend®(t) spectra. A model that represents
After.thls_ procedure, t_he film recelved_athermal treatment o b to four well defined hyperfine interaction®i) was

1 hin ar at 673 K, in or_der to obta!n a more cry§taII|ne needed to reproduce the experimental spectra. Full lines in
In,O; film than that used in Ref. 6. With this annealing, the Fig. 1 show the very good agreement between the experi-
color of the film changed from black to vivid yellow. We oo ociits and th&,,(t) values obtained by least-
used a not completely crystallized target since it is weIISquares fits of Eq(4) to the data. The corresponding fitted

known that thermal annealing treatments and phase ransi; o meters are shown in Table I. Let us now analyze sepa-
tions in oxides, following ion implantation, favor the re- rately the results obtained for each sample
placement of host cations by PAC probes. In effect, when an '

impurity-implanted oxide reach its final crystalline phase and ,

the radiation damage has been annealed, most of the probes A. Chemically prepared In;05 (**Hf)

are found on substitutional defect-free sitesee, for ex- Figure 2 shows two fitted Fourier specifall lines) su-

ample, Refs. 10-12 perimposed to those corresponding to the experimental data
The ion accelerator facility of the Instituf fuStrahlen-  (dotted line$. These data were taken at RT after the sample

und Kernphysik(ISKP, Bonn was then used to implant underwent a program of 24 h thermal treatments in air at
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FIG. 2. Fitted spectra with twgnarrow line and four (wide
line) hyperfine interactions superimposed to the experimental Fou-
rier spectrum taken on the “chemical” sample at RT after the an-
nealing at 1373 K(dotted lines.

temperatures from 446 to 1303 K in approximately 100 K
steps(10 days of cumulative annealipépllowing an initial

2-h treatment at 1373 K. Full lines correspond to Fourier
spectra obtained from fits with twgarrow line and four
(wide line) hyperfine interactions. It is clear that, while the fit
with four hi reproduces quite well the experimental data, the
other fit not only has a low quality but even cannot reproduce
some of the experimental peaks. To emphasize this assertion
Fig. 3 shows separately the result for each of the four inter-
actions proposed. Each one corresponds to peaks in the ex-
perimental spectrum, all them being necessary. The fitted
parameters of the four components are displayed in Table I.
It can be mentioned that fits on a spectrum taken immedi-
ately after the initial treatment at 1373 K yield the same
parameters. The strongly populated (hi; andhi,) corre-
spond to the peaks pointed out in the Fourier spectrum in

R(t)

0.2
0.1{

0.04

) 20 40
t (ns)

FIG. 4. PAC spectra measured at RT on tHéHf-implanted

“crystalline” In ,O5 thin film after each of the followig 1 h an-

g
=<}
3

nealing treatments, reflecting different degrees of crystallinity in the
sample:(a) as implanted, after the initial 673 K treatme(t) 673
K, (c) 773 K, (d) 873 K, (e) 973 K, (f) 1073 K,(g) 1173 K, and(h)
1273 K.

Fig. 1(@). Two weakly populatedhi (hi; andhi,) were also
needed, to account for the rest of the peaks.

B. ®!Hf-implanted In ,O thin films
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FIG. 3. Each of the four hyperfine interactions fitted in the spec

trum shown in Fig. 2 are displayed separately. The relative intens

ties of eachhi have been taken into account.

Different experiments were performed in this case. Figure
4 shows the experimental PAC results obtained on the “crys-
talline” sample. This figure shows the complete series of
PAC spectra taken on this film at RT after bdch annealing
treatment indicated in the caption. This plot displays the evo-
lution of the R(t) pattern that characterizes different stages
of crystallization(suggested by the removal of the damping
of the spectrpand probe occupation of both cationic sites.
'Figure 5 shows the PAC spectra taken at RT on the sample
ipf Ref. 6 after each step of a similar program of annealing
treatments. This sequence, not shown in Ref. 6, reflects the
difference in the sample preparation. The similarity between
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FIG. 5. PAC spectra measured at RT on tféHf-implanted
amorphous g0 thin film (Ref. 6 after each of the following 1 h
annealing treatmentga) as implanted, immediately after evapora-
tion, (b) 473 K, (c) 573 K, (d) 673 K, (e) 773 K, (f) 873 K, (g) 973

K, (h) 1273 K, (i) 1373 K, and(j) 1473 K.

the first spectrum in Fig. 4 and the spectra labét®and(d)
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FIG. 6. Evolution of the hyperfine parametess , 7, andd for
hi, andhi, obtained with the film samplgsee textas function of
the annealing treatment temperature. Black triangbite D) and
circles(site C) denote data coming from the “crystalline” sample ;
open trianglegsite D) and circles(sitesC) data coming from the
amorphous sample.

cal” sample. The smoothness of the Fourier spectra, as Figs.
1(b) and Xc) show, makes it difficult to correlate eath
component with the peaks in the spectra.

IV. DISCUSSION

In Table | we showed a consistent set of hyperfine param-
eters that fits the PAC patterns of the three samples studied.
We will center our discussion on the assignment of the hy-
perfine interactions that present the higher intensity and are
associated to site€ and D in the bixbyite structure of
In,O3. Since according to our assignment the relative popu-
lation of probes in siteC will be lower than that of sit®,
we will discuss this briefly in terms of the crystal chemistry

in Fig. 5 confirms the major initial degree of crystallization of the bixbyites, i.e., in terms of the local charge density and

of the “crystalline” sample.

the size of the sites. Then we will give some possible inter-

The full lines in Figs. 4 and 5 represent the results of thepretation for the other twdi we fitted. Finally, we will
least-squares fits with four hyperfine interactions. Figure 8nake use of the whole set df*Ta PAC measurements in

shows the behavior of the values @f,, », andJ resulting
for hi; andhi, as function of the annealing temperature.

binary oxides in order to study a possible correlation be-
tween the experimental asymmetry parameterand the

The results obtained in the experiments with the films aresymmetry of the nearest-neighbor oxygen ions around the
less defined than those obtained in the case of the “chemit®'Ta nucleus. The EFG results at both'Cd and 8'Ta
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potential at each site in h©O, considering the ionic contri-
bution up to the nearest-neighbor cations, yields a higher
positive potential for sitd (6.62 n\) compared to that ob-
tained for siteC (6.33 nV), resulting in theD site being a
less attractive environment for a positive ion. If only the NN
oxygen ions are considered, the results show again that site
C represents a more attractive environment for a cation. This
rule also applies to all the bixbyites.

These calculations do not include the possible effect of
a Mcg Sm the charge excess of the #f impurity on the local charge

. 181, _density at site€€ andD. However, it is possible to evaluate
in a very simple way whether the charge state of the impurity
0.0 — — introduces or not any difference when it replaces an In ion of
10.0 10.5 11.0 sitesC or D. Considering the empirical expression proposed
Lattice parameter (/‘1’) by Brown and W& for calculating cation-oxygen bond va-
lences:
FIG. 7. Ratio of the quadrupole frequencies of $it¢o that of RN
site D in bixbyites coming from PAC measurements usit¢Cd S=— (5)
(open triangles and ®Ta (black squaresas probes. Solid line: Ry

linear fit to all the data. The errors in tHéCd and*8'Ta data are whereS andR are the bond valence and bond lenath of
less than 0.01 and 0.008, respectively, and are largely included in gth ot a

the size of the symbols. Note that in the case gfQn the results Catlon-qugen bond in a certain CaFlon-OXygen. C'“Stsef’ we
for both probes are coincident. can estimate the bond valence at si@snd D with In

and H** as central atoms. In E¢5), R, andN are empiri-
cation sites in bixbyites will be compiled and studied in thecal parameters related to the central cation properties
frame of the semiempirical model we developed for(namely electronic configuration and oxidation state of the
111Ccd4 in order to extract information about the influence of central atom Using the empirical parameters for’ih and
the electronic configuration of the probe atoms on the locaHf** reported in Ref. 13 and the atomic positions quoted in
electric-field gradient in these compounds. Ref. 14 for In,O4, the bond valence calculated with E§)

Let us discuss first the assignment hoif, and hi, that  should generate also a more attractive potential atCsitean
amount more than 70% of the total intensity. According tothat of siteD when In** is considered as the central atom.
the symmetry of the two sites we expesg(D)>wq(C) However, the difference between the electrostatic potential at
and 75< 5c. So, if we assigrhil to siteD andhi2 to site  these sites is smaller in approximately 30% when &Hbn
C, both conditions are fulfilled. Furthermore, the ratio of thereplaces the In ion. This fact could favor the preferential
quadrupole frequencies of these two interactions is coincioccupancy of siteD; especially if another additional effect
dent with that found for the corresponding interactions ofsuch as cation sizes contributes in the same way. It seems
11cd in In,04 and both lie on the same straight line shownthat this is what occurs for sesquioxides with lattice param-
sin Fig. 7. This should confirm the existence of a regulareters smaller than that of Dy sesquioxide. Figure 8 plots the
dependence of this ratio on the lattice paramateWe will ~ cation-oxygen distances for sit€sandD, for all the bixby-
return to this point at the end of this section. ites measured with'!Cd, as function of the lattice parameter

The well definechi assigned to sit®® was found in all ~ a. In these structures, the length of the six bonds at[3ite
the samples. This shows the total crystallization of theis equal, while siteC presents three pairs of different bond
samples. However, some features of the evolution ofithe lengths. Figure 8 shows that & becomes smaller the
of site C show that the process of crystallization in eachavailable size in sit® becomes larger with respect to that of
sample in the microsurroundings of this site is not exactlysite C. The horizontal straight lines in this figure represent
the same. In effect, comparing the EFG distributibfor the  the seven cation-oxygen bond lengths of the Hf ion in
two films (see Fig. & we can see tha. for the amorphous m-HfO,, the natural and stable phase of hafnium oxXiik.
film is always smaller than that corresponding to the “crys-is clear that for bixbyites with lattice parameter smaller than
talline” film along the crystallization process. This fact sup- that of Yb sesquioxide the available space in €itbecomes
ports the idea that the doping of the impurity prior to thesmaller than the ideal mean space for Hf in its oxide. This
crystallization of siteC, which exhibits a difficulty to be can be the reason why an inversion in the lattice sites popu-
populated by'®'Hf ions, probably favored the complete crys- lation has only been seen inJ@; [preliminary PAC results
tallization of the neighborhood of the site. This situation show the same behavior in 825(*%'Ta) (Ref. 16].
could be hindered in the “chemical” sample by the defects The low EFG distribution ohi; andhi, (6<4%) could
originated in the higher level of impurities it has. merit some comments about their possible origins, although

As we mentioned above, the main fraction of tracers inthey represent just 20—30 % of the total intensity and do not
the PAC experiment is located in the axially symmetric cat-satisfy the same arguments used to ass$ignand hi, to
ion environment in bixbyites. Considering the crystal chem-probes located in regular lattice sites.
istry of the bixbyites, i.e. the local charge density and the A possible configuration in agreement with these results is
sizes of the sites, with and without the impurity, some pos-obtained when &8'Ta probe in siteD has a Hf ion located
sible explanations arise. The evaluation of the electrostatias next-near neighbdNNN). If the Hf concentration rises
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oxygen ions are considered in the calculation of Wheten-

245 sor. This value is closer to the experimental asymmetry pa-
°< 540 —e— Site D Hoe Euﬁ‘ rameter»&® than the valuend" predicted by the complete
—a—Site C, D&A lattice con.trlbu.tlon._ All the gxperllmental EFG-tensor results
2.35 Site C Er ® at 18'Ta sites in binary oxides, in those cases whet&
230 —0— 518 Ly A ®" O + 7 show also a similarity between™® and 7. A pos-

sible explanation based on the contribution of the local elec-
trons in the neigborhood of the probe is the following. From
a systematic study of the EFG &t'Cd in binary oxides we
know that the strength of the lattice and NN contributions to
the V,, component of the EFG tensor in binary oxides have
the same order of magnitude, but they are both negligible
compared to the local contributid:*” This behavior also
applies to the case of th€'Ta PAC probé? Therefore, the
similarity between »®** and n“lﬁfould imply that the
——— 7 7T electric-field-gradient symmetry at-Ta in binary oxides is

>8 100 102 104 106 108 110 mainly determined by the symmetry of the nearest-neighbor
oxygen-ion distribution, which imposes its symmetry on the
local electron distribution around the probe atom.

FIG. 8. Cati bond lenath of all the bixbvit d The results obtained in the present work fop@y show
, © ~-anon-oxygen bond 'ength of al Ine bIXbyIes MeasureGy i the ration¢;/ wg for both *1Cd and*®*Ta probe nuclei

with *XCd as function of the lattice parameter of each sesquioxide, incident Zia. 7 displ This is true in th ¢
Only the minimun and maximun cation-oxygen distances for site?'€ colnciaent, as F1g. ISplays. This IS frue in the range o

C are shown for simplicity. The horizontal dotted lines representthe_ lattice parametea corrgsponding f_romlln to Dy Sequi'
the seven Hf-O bond lengths in-HfO . oxides. The slope of the lines shown in Fig. 7 clearly differs

from the mean value of 0.5 predicted by the PCM for that
] ~ ratio in all the bixbyites. This is not surprising since the
up to around 1 at.% of In, as is the case of the chemicalocal EFG contribution is not included in that calculation. In
sample, this situation leaves about, at least, 5% of the probge frame of the semiempirical model we developed to de-
ions with this type of defect. A certain lack of homogeneity scripe the different contributions to the EFGICd cation
in the samples preparation could produce zones with a majQjjtes in binary oxide4? the quadrupole frequency measured

density of Hf ions. In effect, this type of defect configuration 4 sjtei with a certainprobe can be described as
gives rise to only two inequivalent EFG, depending on which

of the 12 NNN ions is replaced. Predictions within the PCM
for _these NNN configurations, taking into acount the whole pr”’be(Site i)oc(1— p)Site i.probgq 7,Do)probevlzazttiw(Site i),
lattice, reproduce almost exactly the hyperfine parameters (6)
displayed in Table | fohi; andhi,, i.e., not only the abso-
lute values ofn but also the relative strength between the
EFG at '8Ta in site D, with and without the defect. The where y.. is the Sternheimer factbt of the probe and
calculations of the EFG tensor for this type of defect aroundv2™¢(Site i) is the EFG lattice contribution at sife The
the asymmetric sit€ predict six different quadrupole fre- antishielding factof1-u) is attributed to the local EFG pro-
guencies that should give rise to a quadrupole frequency digtuced by semicore and valence electrons of the probe atom
tribution of about 10—15 %, in excellent agreement with theand its nearest neighbors. In Refs. 4,5 the dependence of the
distribution ¢ found for siteC in the “chemical” sample u factor with the geometry of the site was clearly shown. In
(see Table )l Therefore, the presence of Hf impurities as Ref. 18 a similar empirical correlation with a different slope
NNN of a Ta ion in siteD yield two additional interactions showed that this factor could depend also on the probe used.
hiz andhiy,, while a similar situation around si@ contrib-  If Eq. (6) is applied to describe the ratiog/wg shown in
utes to a larger quadrupole frequency distributionhaj. Fig. 7, the coincidence of the data for both probes appears to
This distribution could be hindering the complete crystalli- show that the ratio (% u)S"®¢/(1— 1)5"P does not depend
zation of siteC in the mentioned sample. on the probe used. This statement is not true. In effect, the
The asymmetric sit€ in bixbyites is one of the few cases experimental raticmga(Site i)/wgd(Site i) yields values for
among the binary oxides where the PCM prediction of thein, 0, that do not depend on the site considered. This is also
asymmetry parameter arising from the NN oxygen contribuverified for Yb, Y, and Dy sesquioxides, as previously
tion, »"N, and from the whole latticey, are not equal. shown in Ref. 7. But, in these cases, the experimental ratio
Therefore, these crystallographic site is a good candidate t@ilso show that the ratio (&) @S /(1— p)CdSte£1
check the assumption that the EFG symmetry%Ta cation  This means that the factqr does not depend only on the
sites is correlated with the symmetry of the nearest-neighbageometry of the site but also on the electronic configuration
oxygen ions. The PCM predicts for J0; an asymmetry of the probe. The apparent contradiction could be resolve if
parametery2"=0.0 and7&"=0.84 for the lattice contribu- the antishielding factop. could be factorized in two parts:
tion, in overall agreement with the values shown in Table l.one which depends mainly on the geometry of the sites and
The asymmetry parameter prediction for siiein In,O3;  another that depends on the electronic configuration of the
becomes smaller73"=0.55) if only the nearest-neighbor probes(like the core antishielding factoy., does.
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Cation-Oxygen Bond-Length (A)

[e]
Lattice Parameter (A)
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V. CONCLUSIONS 181Ta sites in binary oxides is mainly determined by the

. o C g . nearest-neighbor oxygen-ion distribution around the probe.
In V(\)/e iﬁhsegra:]ctlzréze:je tgtreegybpe(rj?fr;eerérrl]tter;aé:ttrl]%r:jss B;I']Z :25ult|n particular, the local electric-field-gradient contribution at
2-'3 bies prep y ' 111 and 8%Ta sites in bixbyites shows a strong depen-

|nd|ca_1te that in all the cases the hafmium prqbe§ locate F)re‘(dence on the geometry of the site and the electronic configu-
erentially at the less abundant crystallographic site of the tw

inequivalent cation sites in bixbyites. This result seems to bganon of the probes.

independent of the initial state of amorphism of the sample.
The available space in the lattice for the Ta probes seems to
play an essential role for this preference.

Point-charge model calculations were performed with re- This work was performed within the framework of Pro-
spect to the asymmetry parametgifor both cation sites in grama TENAES of the Consejo Nacional de Investigaciones
In,05. The values predicted by just the contribution of the Cientficas y Tenicas(CONICET), Argentina; partially sup-
nearest-neighbor oxygen ions agree much better with the eyported by Comisin de Investigaciones Ciefitas de la Pro-
periment than those obtained when all the crystal lattice ivincia de Buenos Aire§CICPBA), Fundacio Antorchas,
considered. This fact coincides with a tendency found inArgentina, Kernforschungs Zentrum Karlsruhe, Alexander
PAC measurements with®'Ta in other binary oxides and von Humboldt Stiftung and Volkswagen Werkstiftung, Ger-
could imply that the electric-field-gradient symmetry at many.
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