
Substitutional Ta-doping in Y2O3

semiconductor by sol-gel synthesis:

experimental and theoretical studies

Diego Richard
1,4,5

, Mario Rentería
2

and Artur Wilson Carbonari
3

1 Centro NanoMat/DETEMA, Facultad de Química, Universidad de la República (UdelaR), CC 1157,
Montevideo, Uruguay
2 Departamento de Física and Instituto de Física La Plata (IFLP, CONICET), Facultad de Ciencias Exactas,
Universidad Nacional de La Plata, CC 67, (1900) La Plata, Argentina
3 Instituto de Pesquisas Energéticas e Nucleares, Universidade de São Paulo, 05508-000 São Paulo, SP,
Brazil

E-mail: richard@fisica.unlp.edu.ar, renteria@fisica.unlp.edu.ar and carbonar@ipen.br

Received 13 March 2017, revised 18 June 2017
Accepted for publication 20 June 2017
Published 24 July 2017

Abstract

The Pechini sol-gel method has been employed for the synthesis of pure and
(
181Hf→)

181Ta-doped Y2O3 nanopowders. We performed a structural characterization from the
micro to the subnanoscopic scale by means of scanning electron microscopy, energy dispersive
x-ray spectroscopy, x-ray diffraction, and time-differential perturbed γ–γ angular correlation
(PAC) spectroscopy. The results show the formation of the cubic bixbyite structure after a
thermal treatment at 1473 K. For the synthesized 181Ta-doped Y2O3, the PAC experiments
demonstrate that the impurities are mainly located at both substitutional cationic sites of the
bixbyite structure. The experimental investigation was complemented by performing first-
principles electronic structure calculations for Ta atoms localized at the two cationic sites of the
Y2O3 semiconductor structure, which allow the study of the structural and electronic
modifications induced in the host system when the impurities are introduced. These calculations
confirm that the measured electric-field gradients for the synthesized 181Ta-doped Y2O3

correspond to double-ionized impurities located at substitutional defect-free cationic sites of the
bixbyite host structure and indicate the site occupancy preference for 181Hf(→181Ta) doping. The
behaviour of the site preference of 181Ta impurities with temperature is also discussed. In
addition to an extensive structural and electronic characterization of pure and Ta-doped Y2O3

semiconductor, our results demonstrate that the Pechini sol-gel process is an affordable and
effective way to successfully synthesize these PAC substitutional doped samples.

Keywords: impurities in semiconductors, oxide materials, sol-gel processes, hyperfine
interactions, computer simulations, perturbed angular correlations

(Some figures may appear in colour only in the online journal)

1. Introduction

The study of doped semiconductor oxides has grown in the
past years due to their many potential technological applica-
tions in current highly relevant topics, such as spintronics
[1, 2], gas sensors [3–7], photocatalysis [8, 9] or fuel cells for
renewable energies [10]. In this sense, the characterization
and modelling of properties related to the inclusion of

Semiconductor Science and Technology

Semicond. Sci. Technol. 32 (2017) 085010 (11pp) https://doi.org/10.1088/1361-6641/aa7a74

4 On leave from Departamento de Física and Instituto de Física La Plata
(IFLP, CONICET), Facultad de Ciencias Exactas, Universidad Nacional de
La Plata, Argentina.
5 Author to whom any correspondence should be addressed.

0268-1242/17/085010+11$33.00 © 2017 IOP Publishing Ltd Printed in the UK1



impurities in an oxide nowadays are of an important and
increasing interest. Among the preparation methods for this
type of doped system, the synthesis by a wide variety of sol-
gel processing methods has gained attention (see, for exam-
ple, [11–15]).

A possible way to study doped systems at the subnano-
scopic level is by means of time-differential perturbed γ–γ

angular correlation (PAC) spectroscopy, which is based on
the interaction of the nuclear moments of a probe nucleus
with the extra-nuclear hyperfine fields. PAC is a hyperfine
technique that measures the angular correlation of two suc-
cessive γ-rays emitted during a nuclear decay cascade.
Among its capabilities, it allows the determination of the
electric-field-gradient (EFG) tensor at a probe-nucleus,
quantity which is an observable with highly localized sensi-
tivity due to its 1/r3 dependence, r being the distance between
the nucleus and the electric charges that originate the EFG
[16]. Regarding doped semiconductor oxides, by using the
PAC technique it is possible to determine the EFG tensor at
the site of a probe atom, which is usually an extremely diluted
impurity in the system under study [17, 18]. Hence, this
technique is a powerful tool that provides an access to the
smallest atomic scale. In particular, its strength lies in the fact
that it focuses on the site where the impurity probe atom is
located, even if the impurities are extremely diluted. Since the
probe is introduced in the host matrix, through this exper-
imental technique we can ‘observe’ the resulting structure
from a very distinctive observation point. Moreover, if we
complement PAC spectroscopy results with those obtained
from other experimental or theoretical methods, we can relate
the subnanoscopic structure to the electronic properties that
arise after the inclusion of impurities.

As mentioned above, the PAC technique requires the use
of radioactive probe nuclei adequately introduced into the
host lattice. In this respect, there are different methods to
prepare samples that are suitable for their study with PAC
spectroscopy. For example, for the most common PAC probe
(
111In→)

111Cd, thermal diffusion [19, 20] and ion implant-
ation [20–24] are frequently used as doping methods, while
for the probe (

181Hf→)
181Ta, ion implantation is a very

effective mechanism to prepare the doped oxides [25].
However, these preparation methods, even if all the involved
facilities are available at the laboratory, constrain a priori the
number and the kind of systems accessible to the PAC
technique. This is true, specially, for the thermal diffusion
method since in many compounds the diffused probe-atom
cannot substitute the desired native atoms due, e.g., to che-
mical reasons. Ion implantation of radioactive isotopes,
besides its high cost, is highly efficient in almost all kinds of
host systems, being the handicap of this method the difficulty
to achieve large doping deepness and high doping rates, and
the radiation damage it produces. For these reasons, in order
to extend the useful range of the PAC spectroscopy, alter-
native and low-cost ways to prepare samples have been
investigated mainly in the last decade. Among them, we can
include those based in solid-state reactions between oxides
[26, 27] or the chemical precipitation method [28]. These
alternative methods have shown their capability to

successfully introduce the 181Ta probe nuclei in a host matrix,
nevertheless, the corresponding PAC experiments usually
need additional supporting evidence to reach a complete
interpretation of the complex spectra they give. Information
of this kind includes parallel control experiments, additional
data obtained from compounds with the same crystal struc-
ture, or an accurate theoretical prediction for the hyperfine
properties [27, 29–31]. Considering all these facts, a current
challenge is to find an affordable and effective way to perform
the PAC probe doping of host structures. In the best scenario,
that doping method should allow us to obtain clean PAC
spectra, and the measured hyperfine interactions should allow
us to draw a model of the system under study.

In the work reported in this paper, we present a study of
the Pechini sol-gel (PSG) method as a way to prepare PAC
doped samples. To this purpose, we considered the original
sol-gel route proposed by Pechini [32]. In particular, by using
this method we will analyse the case of Tantalum-doped
Y2O3. Yttria has been extensively studied due to its potential
application in a wide range of technological devices, which
includes corrosion protective coatings [33], transparent win-
dows [34–36] and lasers [37], among many other applica-
tions. Y2O3 naturally crystallizes in the cubic bixbyite-type
structure (C-type sesquioxide, figure 1(a)), which is char-
acterized by two crystallographic cationic sites corresponding
to the Wyckoff positions 24d with non-centrosymmetric C2

symmetry, and 8b with centrosymmetric C3i [38]. These two
non-equivalent sites, hereafter called C and D, respectively,
are both coordinated with 6 nearest oxygen neighbours
(ONN). The D site is axially symmetric and site C is highly
asymmetric, and their relative abundance is fC:fD = 3:1 [38]

(see figures 1(b) and (c)).
In the last decade, different sol-gel routes for synthesiz-

ing pure Y2O3 have been studied in detail [39–42], showing
that these kinds of methods are a rapid and an easy way for
preparing this oxide. On the other hand, PAC experiments
using the (

111In→)
111Cd probe in samples prepared by the

PSG method were recently reported. In this respect, two kind
of samples were investigated: those prepared by the PSG
method followed by the thermal diffusion process of the PAC
probe [14, 43], and those in which the radioactive probe was
incorporated during the PSG preparation of the oxide
[44, 45]. In the present paper, we will extend these investi-
gations to study the case of the semiconductor oxide Y2O3

doped with the probe (
181Hf→)

181Ta. To our knowledge, this
is the first time where the sol-gel processing is considered for
synthesizing PAC samples with this probe. Therefore, in what
follows we present a study of the effectiveness and efficiency
of the PSG method to synthesize pure and Ta-doped Y2O3.
To this purpose, we used scanning electron microscopy
(SEM), energy dispersive x-ray spectroscopy (EDS), x-ray
diffraction (XRD), and PAC spectroscopy. These techniques
allow the characterization of the oxides at three different
scales, the micro, the crystal, and the subnanoscopic struc-
tures. The existence of previous EFG measurements in the
Y2O3:

181Ta sample prepared by implantation of 181Hf ions
[25] gives an ideal frame to evaluate the sol-gel processing.
Finally, in order to obtain a complete study of the hyperfine
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properties in these systems, we present first-principles pre-
dictions of the EFG at Ta impurities localized at both defect-
free cationic sites of the host oxide. For this purpose, we used
the augmented plane waves plus local orbitals (APW+lo)
method, which is based on density functional theory (DFT)
[46]. With this approach, we analysed the role of the impu-
rities in the structural and electronic properties of the doped
system, and how the EFG depends on the local structure and
the impurity ionization state. The combination of experiment
and theory enabled us to obtain a more complete description
of the hyperfine properties observed through the PAC tech-
nique in the (

181Hf→)
181Ta-doped sample prepared by the

PSG method.
This paper is organized as follows. In section 2 we briefly

describe the PAC technique according to the purposes of our
investigation and we describe the sample preparation. In
section 3 we present and discuss the experimental results, we
briefly outline the way we applied the APW+lo approach and
we present and discuss the theoretical predictions of this
method. Finally, in section 4 we present our conclusions.

2. Experimental details

2.1. The PAC technique

During a PAC experiment it is determined the perturbation
caused by the extra-nuclear fields on the correlation between
the emission directions of two successive γ-radiations emitted
during the decay of a radioactive probe nucleus. When the
probe is surrounded by a charge distribution with non cubic
symmetry, an EFG is generated at its site, which can be
measured through its interaction with the nuclear quadrupole
moment Q of the intermediate nuclear level of the probe’s γ–
γ cascade [16].

In order to perform the PAC experiments presented in
this paper, we employed the probe nucleus 181Ta. We made
use of the 133–482 keV γ–γ decay cascade produced after the
β− nuclear decay of the 181Hf isotope, which has a half-life of
42.39 days. The PAC experiments were performed using four
lutetium oxyorthosilicate scintillation crystal detectors in a
coplanar arrangement at 90° angle to each other [47]. The
PAC experimental function, R(t), is derived from the simul-
taneously measured coincidence spectra, for the detectors
positioned at 180° and 90°. The measured R(t) spectra were
analysed with the usual models for multiple site nuclear-
electric-quadrupole interactions, as done in previous experi-
ments for (

181Hf→)
181Ta-doped commercial Y2O3 powder

prepared by ion implantation [25]. To this purpose, we con-
sidered a perturbation factor valid for static nuclear-electric-
quadrupole interactions, polycrystalline samples, and spin
I = 5/2+ of the intermediate nuclear level:

R t A G t A f S S
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where A22
exp is the effective anisotropy of the γ–γ cascade, and

G t22 ( ) is the perturbation factor. fi is the fraction of nuclei that
experiences a given perturbation. The interaction frequencies
ωn are related to the nuclear-quadrupole frequency ωQ =

eQVzz/40 by ωn = gn(η)ωQ, where Q is the nuclear-quad-
rupole moment of the 5/2+ state of the probe 181Ta. The gn
and S2n coefficients are known functions of the asymmetry
parameter η = (Vxx−Vyy)/Vzz, with Vii the principal EFG
tensor components ordered following the convention
|Vxx|< |Vyy|< |Vzz|. Finally, δ is the relative width of a Lor-
entzian frequency distribution around ωn. The exponential
functions stand for the ‘static’ damping of the spectra due to
the slightly different static (time-independent) EFGs that the
probes located in equivalent crystal sites observe because of
the different distortions in their far surroundings.

2.2. Sample preparation

Pure Y2O3 samples were prepared using the PSG method
[32]. The starting materials were Y2O3 powder (Aldrich), and
Y and Hf metal powders (Alfa products), each one with purity
better than 99.9%. In addition, we made use of different
reagents of analytical grade, which were used without further
purification. In order to prepare 500 mg of Y2O3, the

Figure 1. (a) Y2O3 bixbyite crystal structure. The large green and
blue spheres represent the cationic sites D and C, respectively, and
the small red spheres stand for oxygen atoms. (b), (c) Y coordination
with its nearest oxygen neighbours (ONNs) at sites D and C,
respectively. The upper and lower polyhedra in (a) show these ONN
octahedral arrangements (for interpretation of the colour references
in this figure legend, the reader is referred to the online version of
this article).
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corresponding stoichiometric amount of yttrium metal was
dissolved in hydrochloric acid diluted in deionized water. The
resulting solution was mixed with citric acid and a few drops
of ethylene glycol. This mixture was stirred and heated in an
open flask at about 400 K to promote the polymerization, until
the gel formation. This precursor gel was maintained under
heating until the excess water had substantially evaporated,
and then it was calcined for 12 h at 723 K to form the oxide.
The resulting powder was pressed into a pellet and thermally
treated again for 1 h at 523 K and 12 h at 1473 K. During this
annealing procedure, the furnace heating rates were
5 K min−1 and 3 K min−1 to reach the 523 and 1473 K
temperature steps, respectively. After preparation, a piece of
the pellet was characterized by SEM, EDS and XRD. In order
to compare the results obtained for the sample synthesized by
the PSG method, we also prepared a pellet of commercial
Y2O3 powder, following the same thermal treatment than that
mentioned above for the sol-gel powder pellet.

To synthesize the radioactive Ta-doped sample,
Y2O3:

181Ta, we first irradiated 0.2 mg of Hf metal with
thermal neutrons at the IEA-R1 research reactor at IPEN for
about 60 h. Then, it was dissolved in a drop of hydrofluoric
acid, and the resulting 181HfF4 was added to the preparation
during the polymerization stage described above. The final
impurity concentration of the resulting 181Hf(→181Ta)-doped
sample was below 0.1 at% of Y (activity below 100 μCi).
This sample was studied by PAC spectroscopy, after the same
pelletization and annealing process as the one detailed for the
pure Y2O3.

3. Results and discussion

3.1. Experimental results

3.1.1. Pure Y2O3. In figures 2(a) and (b) we present the SEM
micrographs for the Y2O3 pellets prepared by the PSG
method and from the commercial powder. These images show
that both powders are highly agglomerated. The pellets are
composed of nano-sized particles, which present sizes that
start ranging from about 200 nm, with a mean size of about
400 nm. A distinctive feature is that the PSG sample presents
spherical micropores (of about 400 nm diameter), which give
to the pellet a foamy aspect at this scale. These micropores are
attributed to the combustion of the organics used during the
synthesis. The EDS measurements of figure 2(c) show the
same contribution of the Y-L and O-K peaks to the x-ray
emission spectra in both samples. The Au peaks in those
spectra are due to Au coating of the samples, and the minor C
peaks result from the carbon adhesive tape used to mount the
samples to the SEM stub. The obtained EDS spectra suggest
that synthesized PSG sample has the same relative abundance
of Y and O than the commercial sesquioxide.

In figure 3 we present the XRD measurements. The
diffraction patterns confirm the presence of the cubic bixbyite

structure (space group Ia3) as single phase in both samples.
From the analysis by Rietveld refinement we obtained the
values for the lattice parameter a and the size of the crystallite

D [48]. For the sample prepared by the PSG method the
parameters were determined as a = 1.06260(2) nm and
D = 177(2) nm, whereas for that coming from the commercial
powder these parameters were found to be a = 1.06249(4) nm
and D = 64.5(5) nm. The measurements of the lattice
parameter are in good agreement with that corresponding to
yttria single crystal (a = 1.05981 (7) nm) [38]. Also, the
observed morphology of the PSG sample, with the presence
of micropores, is similar to that previously observed for Y2O3

powders synthesized by other sol-gel routes that use citric
acid as chelating agent [39, 49, 50]. Therefore, although the
micro structural morphology of both samples is different, we

Figure 2. SEM images of (a) commercial and (b) PSG Y2O3

samples. In (c), EDS spectra of both samples are shown.
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showed that the used sol-gel processing method could
successfully synthesize cubic Y2O3.

3.1.2. PAC spectra in Y2O3:
181Ta. In figure 4 we present

three representative R(t) spectra for the Y2O3:
181Ta PSG

sample, and their corresponding Fourier transformed spectra
measured at different temperatures T in the range 273–923 K.
The solid lines in the PAC spectra are the best least-squares
fits of equation (1) to the experimental data. The solid lines in
the Fourier spectra are the Fourier transformation of the R(t)

fits. Three hyperfine interactions were necessary to account
for the experimental spectra. These interactions are very well-
defined, being δ < 5% in all cases. Figure 5 shows the fitted

population factor fi and the |Vzz| and η parameters as a
function of T (we used Q = 2.35(6) b [51] to obtain |Vzz| from
the nuclear quadrupole frequencies ωQ). Two of the measured
hyperfine interactions were associated to the 181Ta probes
located at substitutional cationic sites C and D of the cubic
bixbyite structure. We tentatively assigned these hyperfine
interactions considering their values of fi and asymmetry
parameter η: the most populated interaction with η ≈ 0.5
corresponds to probes located at the highly asymmetric site C,
and the interaction with η ≈ 0 corresponds to impurities
located at the axially symmetric site D. According to this
interaction assignment, the fC:fD ratio ranges from 8 to 3.4
within the measuring temperature interval. At T = 923 K this
ratio is close to 3, which corresponds to the case of both
cationic sites occupied by the 181Ta probe with equal
probability. In addition, we observe that |Vzz| slightly
decreases with increasing T (see figure 5), which is a
common behaviour for the case of substitutional PAC probes
(see, for example, [52]). These two interactions contribute in
80% or more to the total R(t) spectrum, depending on T. At
room temperature, they are characterized by the parameters
|Vzz

C| = 13.77(6) × 1021 V m−2, ηC
= 0.535(7), |Vzz

D| = 24.4
(1) × 1021 V m−2, and ηD

= 0 (this last parameter was kept
fixed during the fitting procedure). We found that our results
are in very good agreement with those previously obtained in
181Hf(→181Ta)-implanted Y2O3, where |Vzz

C| = 13.06(3) ×
1021 V m−2, ηC

= 0.536(4), |Vzz
D| = 22.86(7) × 1021 V m−2,

and ηD
= 0.04(4) [25]. The presence of the third interaction in

our measurements is associated to the location of 181Ta in an
additional probe specific complex. This is suggested by the
nearly continuous values of its |Vzz| and η parameters, and the
increasing of f3 with increasing T, in a reversible way (see

Figure 3. XRD diffraction patterns of (a) commercial and (b) PSG
Y2O3 samples. All diffraction peaks are indexed as cubic bixbyite

Y2O3.

Figure 4. R(t) spectra for Y2O3:
181Ta PSG sample (left) and their

Fourier transformed spectra (right) taken at representative measuring
temperatures.

Figure 5. Temperature dependence of the hyperfine parameters for
Y2O3:

181Ta PSG sample.
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figure 5). Hence, considering this information, our
assumption of 181Ta nuclei mainly located at cationic sites
of the bixbyite structure is well justified. This result would
confirm that the PSG process is an effective method to
synthesize also the PAC sample with the probes located at
free-of-defect cationic sites of the host structure.

3.2. Computational approach

3.2.1. Method of calculation. We used the WIEN2k
implementation [46] of the APW+lo method to perform
self-consistent electronic structure calculations from first-
principles to study the structural and electronic properties that
appear when Y2O3 is doped with Ta. To this purpose, we
considered the 40-atom bixbyite unit cell and we replaced one
Y atom belonging to site C or D by a Ta atom. We called the
resulting systems Y2O3:Ta(C) and Y2O3:Ta(D), respectively.
The resultant impurity cationic concentration is 1:16. The
exchange and correlation energy was treated considering the
local density approximation (LDA) [53] and the Wu and
Cohen parameterization of the generalized gradient
approximation (WCGGA) [54]. We used muffin-tin radii
(RMT) of 1.0 Å for Y and Ta atoms, and 0.9 Å for O atoms,
and a value of 7 for the RKmax parameter, which determines
the number of the basis functions. The integration in the
reciprocal space was performed using the tetrahedron method,
taking up to 100 k points in the Brillouin zone. The validity of
the choice of these parameters was checked by performing
additional calculations for other values of RMT, RKmax, and
the k-point sampling.

We used the APW+lo method to calculate the density of
electronic states (DOS) of the pure and Ta-doped Y2O3

systems, as well as the structural modifications induced by the
presence of the impurity. To do this, we started using the cell
with its lattice parameter fixed at the experimental value
(a = 1.05981 nm). This initial structure was called unrelaxed

structure. The forces on the atoms were calculated self-
consistently, and the atoms were displaced until the forces
were below a tolerance value of 0.025 eV Å−1. The resulting
structure after this procedure was called relaxed structure. In
each step of the self-consistent calculation, we determined the
diagonal elements of the EFG tensor at the Ta site directly
from the V2M harmonic coefficients of the potential [55, 56].

Since the Ta5+ atom is a nominal double donor impurity
in Y2

3+O3
2-, we expect that it will introduce donor-like states in

the band gap of the semiconductor´s DOS. Therefore, to treat
the possible ionization states of the impurity, we removed
none, one, or two electrons from the unit cell, and
compensated the positive charge with a negative homoge-
neous charge background.

The described first-principles procedure is similar to that
we previously employed in the study of the EFG in other
bixbyites [29, 57, 58]. Our interest for this modelling of the
doped system remains in the actual treatment of the Ta atom
as an impurity located at substitutional defect-free cationic
sites C and D of the Y2O3 bixbyite host structure. In
particular, the APW+lo method allows us to calculate the
EFGs for the Ta atom located at each cationic site, and to

contrast them with the ‘observed’ EFGs by the 181Ta probe in
the PAC experiments.

3.2.2. APW+lo results. In figure 6 we present the total DOS
for the pure and Ta-doped systems, calculated with the LDA
approximation for the relaxed structures. We plot the DOS
corresponding to the pristine crystal (figure 6(a)), and we
compare it with that of Y2O3:Ta(C) and Y2O3:Ta(D)

(figures 6(b) and (c), respectively). For each DOS, we
indicate the most significant orbital contributions. The
WCGGA approximation predicts similar DOSs. As can be
seen, for pure Y2O3 the valence band is dominated by the
O-2p states, with a minor admixture of Y-4p and Y-4d
orbitals, and the conduction band shows a predominantly
Y-4d character, with a smaller contribution of O-2p states.
Both bands are separated by a forbidden band gap of
about 4.5 eV.

The presence of the Ta atom produces the appearance of
impurity donor states near the conduction band bottom,
mainly with Ta-5d character. For Y2O3:Ta(C), these states are
practically located on the conduction band bottom (see the
inset in figure 6(b)), while for Y2O3:Ta(D) these states form a
well-defined deep donor level about 0.5 eV below the
conduction band minimum (figure 6(c)).

The simple replacement of a Y atom by a Ta atom (which
we called neutral cell) produces a system with these donor
states completely filled (see shaded areas in figures 6(b) and
(c)). As electrons are removed from the cell, the Fermi level
(EF) is shifted to lower energies. When two electrons are
removed, the donor states become empty, and EF is at the top
of the valence band. This result is in agreement with the

Figure 6. Calculated total DOSs predicted by LDA for (a) pure Y2O3

and (b), (c) Ta-doped Y2O3 (relaxed neutral cell). Shaded areas
indicate occupied energy states. In each case, EF is at the end of the
shaded area. The magnified sector corresponds to the Ta donor level.
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nominal double donor character of Ta5+ in Y2
3+O3

2−. In this
case, the integration of the atom-projected partial DOS for Ta,
Y, and O contributions indicates that only about 0.4 e− of the
removed charge is inside the muffin-tin sphere of the Ta atom.

In table 1 we present the EFG results for the different
structures and charge states of the Y2O3:Ta systems when
using LDA. The WCGGA approximation predicts practically
the same results. The unrelaxed structure is the same of that of
the pure Y2O3, wherein the distances dNN from the Ta atom to
its six nearest oxygen neighbours (ONN) are equal to those
the Y atom has in its own oxide. There are three pairs of dNN

values for site C; on the other hand, the value of dNN is the
same for the six oxygen atoms at site D. In table 1, we present
these dNN values. As can be seen, for the unrelaxed structure
there is a strong dependence of Vzz with the cell charge state
for both sites. For the relaxed structure, the dNN values
decrease, being minimum when two electrons are removed
from the cell.

We found that the relaxation produces Ta-ONN distances
that are in good agreement with those calculated considering
the empirical ionic radii [59] and the coordination of Ta and O
in the bixbyite structure. If we consider the sixfold
coordinated Ta atom, and the fourfold coordinated O atom,
the summation of their ionic radii gives 2.1 Å for the Ta–O
bond-length, which is in the order of magnitude those
obtained for the relaxed structures (see table 1). We suppose
that the relaxation allows the Ta atom to try a locally
reconstruction of the surroundings that it has in its own oxide,
TaO2 (where dNN ≈ 2.02 Å [59, 60]). In addition, when we
relax the structure, we found that for both sites |Vzz| increases
with the successive removal of electrons, while ηC is kept in
the range 0.60–0.71. In particular, we observe that |Vzz

C| and
|Vzz

D|, respectively, reach values 240% and 540% higher than
those corresponding to the neutral cell.

In order to study the origin of the EFG at each impurity
site, we decomposed the non-spherical electron density within
the Ta atomic sphere according to its orbital symmetries. We
found that the total EFGs shown in table 1 are mainly due to
the charge inside the Ta sphere. In each case, the Vzz main
contributions have p and d character. In table 2 we present
these contributions for the relaxed structures. In the case of
the neutral cell, the d-contribution is opposite to the p one and
of the same order of magnitude. When electrons are removed
from the cell, both contributions decrease, but the d one
decreases faster than the p one. For two removed electrons,
the d contribution is below 10% of the total EFG. Because of
this behaviour, the total Vzz of the neutral cell is the smallest

one, while in the charged cases its value is higher, and with a
main contribution of the Ta-5p orbitals. These results show
that the previously mentioned 0.4 electrons that fill the Ta-5d
donor states strongly influence the EFG at the impurity site.

3.2.3. Comparison with experiments. If we compare our
APW+lo predictions of the EFG with the experimental
results, we found an excellent agreement if we consider those
calculations corresponding to the relaxed structures with two
electrons removed from the cell. According to the considered
model, this suggests that experimentally we have the impurity
doubly ionized even at room temperature. This result
confirms that the cationic sites in which the 181Ta probes
are mainly located through the PSG method are free of defects
Y2O3 crystalline sites.

Finally, we performed additional calculations to under-
stand the experimental fC/fD ratio dependence on T. To this
purpose, we considered from first-principles Hf-doped Y2O3

systems, in order to take into account that 181Hf is the isotope
parent of the 181Ta PAC probe. We applied the same
calculation parameters and convergence criteria as those used
for the Ta-doped systems. For the neutral cell, using LDA
and WCGGA we found that the energy of the Y2O3:Hf(D)

system is about 0.1 eV smaller than that of the Y2O3:Hf(C)
system. These results could explain the evolution with the
measuring temperature of the fC/fD, which ranges from 8 to
3.4. If we assume that the radioactive impurity does not jump
from one site to the other during the 181Hf→181Ta decay, as
everybody usually assumes, our energy calculation suggests a
181Ta preference for site D. Consequently, despite the initial
value fC/fD = 8 is far from the case of both cationic sites
occupied by the probe with equal probability (i.e., fC/fD = 3),
if we consider that increasing temperature promotes ionic
exchange in the sample, we could expect the observed shift to
smaller values of the fC/fD ratio as T increases.

4. Conclusions

In this study, we showed that the PSG method followed by a
thermal treatment at 1473 K successfully synthesizes pure and
181Ta-doped Y2O3 with the cubic bixbyite structure. The
obtained samples were characterized by different exper-
imental techniques. Among them, the SEM micrographs
allowed the comparison of the PSG sample with a commercial
Y2O3 powder pellet subjected to the same thermal process,
and showed that a distinctive feature of the PSG sample is the

Table 2. LDA predictions for the main pp- and dd-contributions to the total largest component of the EFG, Vzz
total

(in units of 1021 V m−2
),

obtained for the different relaxed structures and charge states of the cell.

Y2O3:Ta(C) Y2O3:Ta(D)

Vzz
pp

Vzz
dd

Vzz
total

Vzz
pp

Vzz
dd

Vzz
total

Neutral cell +17.17 −11.74 +5.72 +30.95 −24.48 +5.03
1e− removed −13.56 +7.10 −7.65 +27.60 −12.42 +14.71
2e− removed −13.74 −1.21 −13.71 +24.08 +1.23 +25.94
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presence of micropores. On the other hand, the PAC
spectroscopy using 181Ta impurities as probe-atoms showed
that the impurity mainly locates at substitutional cationic sites
C and D of the bixbyite structure. The measured EFGs at both
sites are in very good agreement with those previously
obtained in a sample prepared by 181Hf ion implantation of
the commercial powder. Our experimental results are also
consistent with the prediction of the well-established 181Ta
EFG systematics for rare-earth bixbyites [18, 26]. In addition,
our experimental interaction assignment is supported by the
APW+lo calculations of the EFG tensor, which confirm that
the cationic sites in which the probes are located in both
experiments ([25] and this work) are free of defects. When a
Ta impurity substitutes the cation of the host structure of this
semiconductor oxide, our calculations show that Ta modifies
the local structure through a shortening of the distances to its
oxygen nearest neighbours. Moreover, it induces the
appearance of Ta-5d donor states in the DOS of the doped
system. We found that the EFG at the Ta site strongly
depends on the degree of occupancy of these donor states, and
that the best agreement between theory and experiment hap-
pens when we consider these states completely unoccupied.
This corresponds to the Ta impurity doubly ionized, in
accordance with the double donor character that Ta has in
Y2O3, and means that the measured EFGs are mainly due to
the Ta-5p charge distribution along the valence band. Cal-
culations also show that the ground state energy for 181Hf
(→

181Ta) occupying D sites is smaller than that for C sites.
This site occupancy preference can explain the behaviour of
the fC/fD fraction site ratio when temperature increases.

In summary, we found that for this studied oxide, the
PSG process is a very effective and rapid route to successfully
synthesize the PAC doped sample with the impurity located at
substitutional defect-free cationic sites of the host structure.
Considering this, we are planning to continue using the PSG
method to study in depth the structural and hyperfine prop-
erties in other doped semiconductors.
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