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Perturbed-angular-correlation study of the electric-field gradient in 181Hf-doped
and implanted indium sesquioxide
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~Received 31 July 1996; revised manuscript received 30 January 1997!

We studied the hyperfine interactions of181Ta in In2O3 by means of perturbed-angular-correlation~PAC!
measurements. We prepared thin films of indium sesquioxide with different degrees of initial amorphism and
implanted them with181Hf. Chemically prepared indium-sesquioxide powder samples were also made starting
from neutron-irradiated HfCl4, which provides the181Hf 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
h were compared with those obtained in181Hf PAC experiments performed also on other binary oxides,
showing that the symmetry of the electric-field-gradient~EFG! tensor at181Ta 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 probes,111Cd and181Ta, show that the local EFG in
bixbyites, are strongly dependent on the geometry of the sites and the electronic configuration of the probes.
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I. INTRODUCTION

In recent years the development of methods for electr
density calculation in solids led to reliable predictions
electric-field gradients~EFG! in crystal lattice sites.1 But,
when the interest is focused on the EFG at the site of dilu
impurities, a good enough theoretical approximation is
yet available that, at the same time, differentiates the con
butions that give rise to the EFG in a solid. This is the ca
for first-principles methods, which in addition imply a co
siderable volume of calculation. In these concerns, the la
number of experimental data of EFG measured at the sit
the PAC impurity 111Cd in binary oxides~see, for example
Refs. 2 and 3! has been object of analysis, in which inves
gators search for empirical correlations.4,5

Now, in PAC experiments, the second most commo
used radioactive probe is181Hf, which decays to181Ta. Tan-
talum has a quite different electronic configuration from th
of cadmium and is a donor impurity in the majority of th
binary oxides. The question of charge compensation
comes more important in the case of the hafnium probe
to the high oxidation state of Ta15. So, the extension of the
mentioned analysis to this PAC impurity looks of intere
With that purpose, some time ago, we started a system
study of one of the binary oxide group, i.e., the bixbyite
using 181Ta as probe atom.6,7 This group is quite interesting
since it includes rare and non-rare-earth cations and exh
two inequivalent crystallographic sites for them, calledC
and D, with relative abundance 3:1. In effect, the catio
form a nearly cubic, face-centered crystal lattice, in wh
six out of the eight tetrahedral sites are occupied by oxy
ions. SiteD is axially symmetric and can be described as
550163-1829/97/55~21!/14200~8!/$10.00
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In ion surrounded by six oxygen ions at the corners o
distorted cube, leaving two corners on the same diago
free. In siteC the cube is more distorted and the six oxyg
ions leave two corners of a face diagonal free. Point-cha
model ~PCM! calculations yield asymmetry parametershD

of 0.0 andhC from 0.7 to 1.0.
One interesting result in the study of the behavior

the EFG in cation lattice sites in bixbyites is obtained wh
the relation of the quadrupole frequency correspond
to each site is displayed as a function of the host latt
constanta. The ratiovQ

C/vQ
D , using 111Cd as probe, has bee

displayed in thea range 0.584–1.091 nm, i.e., from Sc
Sm sesquioxides. The obtained straight line accounts fo
regular dependence. This figure, shown in Ref. 7, inclu
the results reported in that work for181Ta probes in Yb, Y
and Dy sesquioxides as well as those for In2O3 taken from
Ref. 6. These results lie on the same straight line, excep
In2O3, which clearly departs from it. Therefore, at least
the region ranging from 1.043 nm for Yb sesquioxide
1.065 nm for Dy sesquioxide, these results appear to s
that both probes experience the same EFG relative stre
between sitesC andD.

The criteria used in the fits of Ref. 6 yield a 3:1 rat
between the fitted intensities of the hyperfine interactio
~hi! associated to each cation site of the In2O3 crystal lat-
tice. However, other fits could be obtained by using twohi
that had almost the samex2. According to these fits, the ratio
of the quadrupole frequencies lies on the mentioned stra
line but the higher intensity corresponds to thehi produced
by the probes located in the axially symmetric cation s
which is a minority in the crystal lattice.

Once we accept the inversion of the relative intensiti
14 200 © 1997 The American Physical Society
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the question arises whether it is caused by the initial deg
of amorphism of the implanted sample or by the way
which the replacement of the cations by the hafnium prob
depending on the value of the lattice constant, takes plac
order to address this question a few experiments on sam
with quite different initial state of amorphism were pe
formed, i.e., radioactive hafnium was incorporated into
mixture of indium and hafnium chloride as described in S
II B 1 ~completely amorphous sample!, and implanted in a
film with a major degree of crystallization than that of Ref.
Both samples were fully crystallized before the PAC me
surements.

All the results we will present here, independently fro
the initial amorphism of the sample and the number ofhi
proposed to each fit, clearly show an inversion of the po
lation of the cation sitesC andD in In 2O3: the ratio be-
tween populations of sitesC andD is 1:2 or more distant
from the stoichiometric relation 3:1. According to these
sults the relation between the quadrupole frequencies in
oxide lie on the straight line defined in Ref. 7. The expe
mental EFG tensors measured by PAC using181Ta as a
probe isotope, for In2O3 and other binary oxides, are com
pared to PCM calculations including contributions from
ther the whole lattice or just the first nearest-neighbor~NN!
oxygen ions. These results show that the EFG symmetr
181Ta sites in bixbyites could be mainly determined by t
NN oxygen-ion distribution around the probe. The local EF
at 111Cd and 181Ta cation sites in bixbyites appear to b
strongly correlated with both the geometry of the sites a
the electronic configuration of the probe atom.

II. EXPERIMENTAL

A. Measurement technique and data reduction

The PAC technique is based on the determination of
influence of extra-nuclear fields on the correlation betwe
emission directions of two successive radiations emitted d
ing a nuclear-decay cascade. A complete description of
technique can be found in the literature.8 We made use of the
well-known 133–482 keVg-g cascade in181Ta, produced
after theb2 nuclear decay of the181Hf→181Ta isotope. A
conventional fast-slow coincidence system with four Ba2
detectors in a coplanar 90° arrangement, with a time res
tion of 0.9 ns, was used for data acquisition. Eight coin
dence spectra,Ci j (t), four taken between detectors pos
tioned with 180° symmetry and four of eight possible w
90° symmetry, were simultaneously recorded in a 4
memory multichannel analyzer.Ci j (t) is the number of
events in which the firstg ray enters detectori and, after a
time t, the second enters detectorj . The spectra, correcte
for accidental counts, were combined to obtain

W~180°,t !5@C13~ t !1C31~ t !#
1/2@C24~ t !1C42~ t !#

1/2 ~1!

and

W~90°,t !5@C12~ t !1C21~ t !#
1/2@C34~ t !1C43~ t !#

1/2. ~2!

Finally, the asymmetry ratioR(t) becomes

R~ t !5
2@W~180°,t !2W~90°,t !#

W~180°,t !12W~90°,t !
'A22

expG22~ t !. ~3!
e
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Theoretical functions of the formA22
expG22(t), A22

exp being
the effective anisotropy of the cascade andG22(t) the per-
turbation factor

G22~ t !5(
i
f iFS20,i1 (

n51

3

S2n,icos~vnit !e
2dvnitG , ~4!

folded with the time resolution curve, were fitted to the e
perimentalR(t) asymmetry ratio. We denotedf i the relative
fractions of nuclei that experience a given perturbation. T
vn frequencies are related to the quadrupole frequencyvQ
5eQVzz/40\ byvn5gn(h)vQ . Thegn andS2n coefficients
are known functions9 of the axial-asymmetry parameterh,
and the exponential functions in Eq.~4! account for a Lorent-
zian frequency distribution of relative widthd aroundvn .

B. Sample preparation and measurements

1. Sample I: Chemically prepared In2O3 „
181Hf) powder sample.

To obtain the 181Hf-doped indium-sesquioxide, HfCl4
with natural-isotopic-abundance hafnium was neutron irra

FIG. 1. PAC spectra~left! and Fourier spectra~right! measured
at RT on: ~a! chemically prepared In2O3(

181Hf! annealed 1 h at
1303 K, ~b! 181Hf-implanted ‘‘crystalline’’ In2O3 thin film an-
nealed 1 h at1273 K and~c! 181Hf-implanted amorphous In2O3

thin film annealed 1 h at1273 K ~Ref. 6!.
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TABLE I. Hyperfine parameters obtained from least-squares fits of Eq.~4! to the spectra taken on th
different samples displayed in Fig. 1.

Sample Hyperfine interaction f ~%! vQ ~Mrad/s! h d ~%!

Chemically prepared hi1 452 146.22 0.1497 0.81
hi2 358 110.78 0.69 91
hi3 122 163.96 0.057 1.97
hi4 81 1612 0.842 31

Crystalline film hi1 612 147.01 0.1506 0.41
hi2 92 115.37 0.542 0.99
hi3 253 164.35 0.142 2.05
hi4 51 1571 0.842 0.18

Amorphous film hi1 614 146.52 0.1577 1.12
hi2 83 107.56 0.752 01
hi3 196 1641 0.183 31
hi4 122 1582 0.663 31
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at
ated to obtain181Hf from the reaction180Hf~n,g) 181Hf with
cross sectionsg513.0 b for thermal neutrons. Then, 560 m
of indium and 15 mg of the irradiated HfCl4 were dissolved
in HNO3. This solution was dropped into NH4 ~OH! at a
rate of approximately 0.6 ml/min. The yellow gel precipita
was washed three times with water, then dried and calci
at 1373 K for a couple of hours. After calcination, the yello
powder turn into a pale green-blue powder. The final
concentration was about 1 at. % of In.

PAC measurements at room temperature~RT! in air were
taken on the ‘‘as prepared’’ sample immediately after
1373 K thermal treatment and after a 10 day series of 2
PAC measurements at increasing temperatures in the r
446–1303 K. The PAC spectra taken at these temperat
showed that the quadrupole frequencies decrease with
perature as found also in the implanted thin-film samp
The last spectrum taken at RT was essentially equal to
‘‘as prepared’’ sample spectrum, showing the reversibility
the process involved.

2. Sample II: 181Hf-implanted In2O3 thin film.

An In-O thin film was prepared by thermal evaporation
high-purity In (5N) onto a rectangular alumina substrate,
a vacuum chamber where, after air evacuation, a flux of p
oxygen was introduced and kept at a pressure of about3
1023 Torr. The rectangular plate was kept at about 300
and the thickness of the film was estimated to be 200
After this procedure, the film received a thermal treatmen
1 h in air at 673 K, in order to obtain a more crystallin
In 2O3 film than that used in Ref. 6. With this annealing, t
color of the film changed from black to vivid yellow. W
used a not completely crystallized target since it is w
known that thermal annealing treatments and phase tra
tions in oxides, following ion implantation, favor the re
placement of host cations by PAC probes. In effect, when
impurity-implanted oxide reach its final crystalline phase a
the radiation damage has been annealed, most of the pr
are found on substitutional defect-free sites~see, for ex-
ample, Refs. 10–12!.

The ion accelerator facility of the Institut fu¨r Strahlen-
und Kernphysik~ISKP, Bonn! was then used to implan
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181Hf 1 ions into the annealed samples with energies of 1
keV and a dose of 1013 ions/cm2. After implantation, the
films received a series of isochronal~1 h! annealing treat-
ments in air between 674 and 1273 K, in 100 K steps. T
initial vivid yellow film turned into a pale yellow after 973
K, and became fully transparent after the 1273 K treatme

PAC measurements were performed at RT in air a
implantation and after each annealing treatment. The c
plete crystallization and radiation damage annealing w
reached after the 1173 K thermal treatment. No change in
hyperfine interaction parameters was found after this ann
ing.

Below we refer to sample I as the ‘‘chemical’’ sample a
to sample II as the ‘‘crystalline’’ one.

III. RESULTS AND PAC SPECTRA ANALYSIS

Figure 1 shows the experimentalR(t) and Fourier spectra
left and right, respectively, for181Ta in the chemically pre-
pared In2O3 powder sample @Fig. 1~a!#, in the
181Hf-implanted ‘‘crystalline’’ thin film @Fig. 1~b!# and in the
181Hf-implanted amorphous thin film@Fig. 1~c!# from Ref. 6,
all taken at RT in air after the 1303 K thermal anneali
treatment in the case of the ‘‘chemical’’ sample and the 12
K treatment in the case of the films. At this point, all th
samples have the highest fraction of probe nuclei locate
well defined sites in the In2O3 lattice, as can be seen from
the nearly undampenedR(t) spectra. A model that represen
up to four well defined hyperfine interactions~hi! was
needed to reproduce the experimental spectra. Full line
Fig. 1 show the very good agreement between the exp
mental results and theG22(t) values obtained by least
squares fits of Eq.~4! to the data. The corresponding fitte
parameters are shown in Table I. Let us now analyze se
rately the results obtained for each sample.

A. Chemically prepared In2O3 „
181Hf …

Figure 2 shows two fitted Fourier spectra~full lines! su-
perimposed to those corresponding to the experimental
~dotted lines!. These data were taken at RT after the sam
underwent a program of 24 h thermal treatments in air
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temperatures from 446 to 1303 K in approximately 100
steps~10 days of cumulative annealing! following an initial
2-h treatment at 1373 K. Full lines correspond to Four
spectra obtained from fits with two~narrow line! and four
~wide line! hyperfine interactions. It is clear that, while the
with four hi reproduces quite well the experimental data,
other fit not only has a low quality but even cannot reprodu
some of the experimental peaks. To emphasize this asse
Fig. 3 shows separately the result for each of the four in
actions proposed. Each one corresponds to peaks in the
perimental spectrum, all them being necessary. The fi
parameters of the four components are displayed in Tab
It can be mentioned that fits on a spectrum taken imme
ately after the initial treatment at 1373 K yield the sam
parameters. The strongly populatedhi ~hi 1 andhi 2! corre-
spond to the peaks pointed out in the Fourier spectrum

FIG. 2. Fitted spectra with two~narrow line! and four ~wide
line! hyperfine interactions superimposed to the experimental F
rier spectrum taken on the ‘‘chemical’’ sample at RT after the
nealing at 1373 K~dotted lines!.

FIG. 3. Each of the four hyperfine interactions fitted in the sp
trum shown in Fig. 2 are displayed separately. The relative inte
ties of eachhi have been taken into account.
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Fig. 1~a!. Two weakly populatedhi ~hi 3 andhi 4! were also
needed, to account for the rest of the peaks.

B. 181Hf-implanted In 2O3 thin films

Different experiments were performed in this case. Fig
4 shows the experimental PAC results obtained on the ‘‘cr
talline’’ sample. This figure shows the complete series
PAC spectra taken on this film at RT after each 1 h annealing
treatment indicated in the caption. This plot displays the e
lution of theR(t) pattern that characterizes different stag
of crystallization~suggested by the removal of the dampi
of the spectra! and probe occupation of both cationic site
Figure 5 shows the PAC spectra taken at RT on the sam
of Ref. 6 after each step of a similar program of anneal
treatments. This sequence, not shown in Ref. 6, reflects
difference in the sample preparation. The similarity betwe

u-
-

-
i-

FIG. 4. PAC spectra measured at RT on the181Hf-implanted
‘‘crystalline’’ In 2O3 thin film after each of the following 1 h an-
nealing treatments, reflecting different degrees of crystallinity in
sample:~a! as implanted, after the initial 673 K treatment,~b! 673
K, ~c! 773 K, ~d! 873 K, ~e! 973 K, ~f! 1073 K,~g! 1173 K, and~h!
1273 K.
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the first spectrum in Fig. 4 and the spectra labeled~c! and~d!
in Fig. 5 confirms the major initial degree of crystallizatio
of the ‘‘crystalline’’ sample.

The full lines in Figs. 4 and 5 represent the results of t
least-squares fits with four hyperfine interactions. Figure
shows the behavior of the values ofvQ , h, andd resulting
for hi1 andhi2 as function of the annealing temperature.

The results obtained in the experiments with the films
less defined than those obtained in the case of the ‘‘che

FIG. 5. PAC spectra measured at RT on the181Hf-implanted
amorphous In2O3 thin film ~Ref. 6! after each of the following 1 h
annealing treatments:~a! 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.
e
6

e
i-

cal’’ sample. The smoothness of the Fourier spectra, as F
1~b! and 1~c! show, makes it difficult to correlate eachhi
component with the peaks in the spectra.

IV. DISCUSSION

In Table I we showed a consistent set of hyperfine para
eters that fits the PAC patterns of the three samples stud
We will center our discussion on the assignment of the
perfine interactions that present the higher intensity and
associated to sitesC and D in the bixbyite structure of
In 2O3. Since according to our assignment the relative po
lation of probes in siteC will be lower than that of siteD,
we will discuss this briefly in terms of the crystal chemist
of the bixbyites, i.e., in terms of the local charge density a
the size of the sites. Then we will give some possible int
pretation for the other twohi we fitted. Finally, we will
make use of the whole set of181Ta PAC measurements i
binary oxides in order to study a possible correlation b
tween the experimental asymmetry parameterh and the
symmetry of the nearest-neighbor oxygen ions around
181Ta nucleus. The EFG results at both111Cd and 181Ta

FIG. 6. Evolution of the hyperfine parametersvQ , h, andd for
hi1 andhi2 obtained with the film samples~see text! as function of
the annealing treatment temperature. Black triangles~site D) and
circles~siteC) denote data coming from the ‘‘crystalline’’ sample
open triangles~siteD) and circles~sitesC) data coming from the
amorphous sample.
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cation sites in bixbyites will be compiled and studied in the
frame of the semiempirical model we developed fo
111Cd,4 in order to extract information about the influence o
the electronic configuration of the probe atoms on the loc
electric-field gradient in these compounds.

Let us discuss first the assignment ofhi1 and hi2 that
amount more than 70% of the total intensity. According t
the symmetry of the two sites we expectvQ(D).vQ(C)
andhD,hC . So, if we assignhi1 to siteD andhi2 to site
C, both conditions are fulfilled. Furthermore, the ratio of the
quadrupole frequencies of these two interactions is coinc
dent with that found for the corresponding interactions o
111Cd in In2O3 and both lie on the same straight line shown
sin Fig. 7. This should confirm the existence of a regula
dependence of this ratio on the lattice parametera. We will
return to this point at the end of this section.

The well definedhi assigned to siteD was found in all
the samples. This shows the total crystallization of th
samples. However, some features of the evolution of thehi
of site C show that the process of crystallization in each
sample in the microsurroundings of this site is not exactl
the same. In effect, comparing the EFG distributiond for the
two films ~see Fig. 6! we can see thatdC for the amorphous
film is always smaller than that corresponding to the ‘‘crys
talline’’ film along the crystallization process. This fact sup
ports the idea that the doping of the impurity prior to the
crystallization of siteC, which exhibits a difficulty to be
populated by181Hf ions, probably favored the complete crys-
tallization of the neighborhood of the site. This situation
could be hindered in the ‘‘chemical’’ sample by the defect
originated in the higher level of impurities it has.

As we mentioned above, the main fraction of tracers i
the PAC experiment is located in the axially symmetric ca
ion environment in bixbyites. Considering the crystal chem
istry of the bixbyites, i.e. the local charge density and th
sizes of the sites, with and without the impurity, some pos
sible explanations arise. The evaluation of the electrosta

FIG. 7. Ratio of the quadrupole frequencies of siteC to that of
site D in bixbyites coming from PAC measurements using111Cd
~open triangles! and 181Ta ~black squares! as probes. Solid line:
linear fit to all the data. The errors in the111Cd and181Ta data are
less than 0.01 and 0.008, respectively, and are largely included
the size of the symbols. Note that in the case of In2O3 the results
for both probes are coincident.
r

l

i-
f

r

e

y

-

n
-
-
e
-
ic

potential at each site in In2O3, considering the ionic contri-
bution up to the nearest-neighbor cations, yields a hig
positive potential for siteD ~6.62 nV! 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 N
oxygen ions are considered, the results show again that
C represents a more attractive environment for a cation. T
rule also applies to all the bixbyites.

These calculations do not include the possible effect
the charge excess of the Hf41 impurity on the local charge
density at sitesC andD. However, it is possible to evaluat
in a very simple way whether the charge state of the impu
introduces or not any difference when it replaces an In ion
sitesC or D. Considering the empirical expression propos
by Brown and Wu13 for calculating cation-oxygen bond va
lences:

S5
R

R1

2N

, ~5!

whereS andR are the bond valence and bond length o
cation-oxygen bond in a certain cation-oxygen cluster,
can estimate the bond valence at sitesC andD with In 31

and Hf41 as central atoms. In Eq.~5!, R1 andN are empiri-
cal parameters related to the central cation proper
~namely electronic configuration and oxidation state of
central atom!. Using the empirical parameters for In31 and
Hf 41 reported in Ref. 13 and the atomic positions quoted
Ref. 14 for In2O3, the bond valence calculated with Eq.~5!
should generate also a more attractive potential at siteC than
that of siteD when In31 is considered as the central atom
However, the difference between the electrostatic potentia
these sites is smaller in approximately 30% when a Hf41 ion
replaces the In ion. This fact could favor the preferent
occupancy of siteD; especially if another additional effec
such as cation sizes contributes in the same way. It se
that this is what occurs for sesquioxides with lattice para
eters smaller than that of Dy sesquioxide. Figure 8 plots
cation-oxygen distances for sitesC andD, for all the bixby-
ites measured with111Cd, as function of the lattice paramete
a. In these structures, the length of the six bonds at siteD
is equal, while siteC presents three pairs of different bon
lengths. Figure 8 shows that asa becomes smaller the
available size in siteD becomes larger with respect to that
site C. The horizontal straight lines in this figure represe
the seven cation-oxygen bond lengths of the Hf ion
m-HfO2, the natural and stable phase of hafnium oxide.15 It
is clear that for bixbyites with lattice parameter smaller th
that of Yb sesquioxide the available space in siteC becomes
smaller than the ideal mean space for Hf in its oxide. T
can be the reason why an inversion in the lattice sites po
lation has only been seen in In2O3 @preliminary PAC results
show the same behavior in Sc2O3(

181Ta! ~Ref. 16!#.
The low EFG distribution ofhi3 andhi4 (d,4%) could

merit some comments about their possible origins, altho
they represent just 20–30 % of the total intensity and do
satisfy the same arguments used to assignhi1 and hi2 to
probes located in regular lattice sites.

A possible configuration in agreement with these result
obtained when a181Ta probe in siteD has a Hf ion located
as next-near neighbor~NNN!. If the Hf concentration rises

in
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up to around 1 at.% of In, as is the case of the chemic
sample, this situation leaves about, at least, 5% of the pro
ions with this type of defect. A certain lack of homogeneity
in the samples preparation could produce zones with a ma
density of Hf ions. In effect, this type of defect configuration
gives rise to only two inequivalent EFG, depending on whic
of the 12 NNN ions is replaced. Predictions within the PCM
for these NNN configurations, taking into acount the whol
lattice, reproduce almost exactly the hyperfine paramete
displayed in Table I forhi3 andhi4, i.e., not only the abso-
lute values ofh but also the relative strength between the
EFG at 181Ta in siteD, with and without the defect. The
calculations of the EFG tensor for this type of defect aroun
the asymmetric siteC predict six different quadrupole fre-
quencies that should give rise to a quadrupole frequency d
tribution of about 10–15 %, in excellent agreement with th
distribution dC found for siteC in the ‘‘chemical’’ sample
~see Table I!. Therefore, the presence of Hf impurities as
NNN of a Ta ion in siteD yield two additional interactions
hi3 andhi4, while a similar situation around siteC contrib-
utes to a larger quadrupole frequency distribution ofhi2.
This distribution could be hindering the complete crystalli
zation of siteC in the mentioned sample.

The asymmetric siteC in bixbyites is one of the few cases
among the binary oxides where the PCM prediction of th
asymmetry parameter arising from the NN oxygen contribu
tion, hNN, and from the whole lattice,h latt, are not equal.
Therefore, these crystallographic site is a good candidate
check the assumption that the EFG symmetry in181Ta cation
sites is correlated with the symmetry of the nearest-neighb
oxygen ions. The PCM predicts for In2O3 an asymmetry
parameterhD

latt50.0 andhC
latt50.84 for the lattice contribu-

tion, in overall agreement with the values shown in Table
The asymmetry parameter prediction for siteC in In 2O3

becomes smaller (hC
NN50.55) if only the nearest-neighbor

FIG. 8. Cation-oxygen bond length of all the bixbyites measure
with 111Cd as function of the lattice parameter of each sesquioxid
Only the minimun and maximun cation-oxygen distances for sit
C are shown for simplicity. The horizontal dotted lines represen
the seven Hf-O bond lengths inm-HfO2.
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oxygen ions are considered in the calculation of theVi j ten-
sor. This value is closer to the experimental asymmetry
rameterhC

exp than the valuehC
latt predicted by the complete

lattice contribution. All the experimental EFG-tensor resu
at 181Ta sites in binary oxides, in those cases wherehNN

Þh latt, show also a similarity betweenhexp andhNN. A pos-
sible explanation based on the contribution of the local el
trons in the neigborhood of the probe is the following. Fro
a systematic study of the EFG at111Cd in binary oxides we
know that the strength of the lattice and NN contributions
theVzz component of the EFG tensor in binary oxides ha
the same order of magnitude, but they are both neglig
compared to the local contribution.4,5,17 This behavior also
applies to the case of the181Ta PAC probe.18 Therefore, the
similarity betweenhexp and hNN could imply that the
electric-field-gradient symmetry at181Ta in binary oxides is
mainly determined by the symmetry of the nearest-neigh
oxygen-ion distribution, which imposes its symmetry on t
local electron distribution around the probe atom.

The results obtained in the present work for In2O3 show
that the ratiovQ

C/vQ
D for both 111Cd and181Ta probe nuclei

are coincident, as Fig. 7 displays. This is true in the range
the lattice parametera corresponding from In to Dy sesqu
oxides. The slope of the lines shown in Fig. 7 clearly diffe
from the mean value of 0.5 predicted by the PCM for th
ratio in all the bixbyites.7. This is not surprising since the
local EFG contribution is not included in that calculation.
the frame of the semiempirical model we developed to
scribe the different contributions to the EFG at111Cd cation
sites in binary oxides,4,5 the quadrupole frequency measur
at sitei with a certainprobecan be described as

vQ
probe~Site i !}~12m!Site i ,probe~12g`!probeVzz

lattice~Site i !,
~6!

where g` is the Sternheimer factor19 of the probe and
Vzz
lattice(Site i ) is the EFG lattice contribution at sitei . The

antishielding factor~1-m) is attributed to the local EFG pro
duced by semicore and valence electrons of the probe a
and its nearest neighbors. In Refs. 4,5 the dependence o
m factor with the geometry of the site was clearly shown.
Ref. 18 a similar empirical correlation with a different slop
showed that this factor could depend also on the probe u
If Eq. ~6! is applied to describe the ratiovQ

C/vQ
D shown in

Fig. 7, the coincidence of the data for both probes appear
show that the ratio (12m)SiteC/(12m)SiteD does not depend
on the probe used. This statement is not true. In effect,
experimental ratiovQ

Ta(Site i )/vQ
Cd(Site i ) yields values for

In 2O3 that do not depend on the site considered. This is a
verified for Yb, Y, and Dy sesquioxides, as previous
shown in Ref. 7. But, in these cases, the experimental r
also show that the ratio (12m)Ta,Sitei /(12m)Cd,SiteiÞ1.
This means that the factorm does not depend only on th
geometry of the site but also on the electronic configurat
of the probe. The apparent contradiction could be resolv
the antishielding factorm could be factorized in two parts
one which depends mainly on the geometry of the sites
another that depends on the electronic configuration of
probes~like the core antishielding factorg` does!.
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We characterized the hyperfine interactions of181Ta in
In 2O3 in samples prepared by different methods. The res
indicate that in all the cases the hafnium probes locate p
erentially at the less abundant crystallographic site of the
inequivalent cation sites in bixbyites. This result seems to
independent of the initial state of amorphism of the samp
The available space in the lattice for the Ta probes seem
play an essential role for this preference.

Point-charge model calculations were performed with
spect to the asymmetry parameterh for both cation sites in
In 2O3. The values predicted by just the contribution of t
nearest-neighbor oxygen ions agree much better with the
periment than those obtained when all the crystal lattice
considered. This fact coincides with a tendency found
PAC measurements with181Ta in other binary oxides and
could imply that the electric-field-gradient symmetry
r
.
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181Ta sites in binary oxides is mainly determined by t
nearest-neighbor oxygen-ion distribution around the pro
In particular, the local electric-field-gradient contribution
111Cd and 181Ta sites in bixbyites shows a strong depe
dence on the geometry of the site and the electronic confi
ration of the probes.
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