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ARTICLE INFO ABSTRACT

The Pechini-type sol-gel (PSG) process has been used for the preparation of doped oxides due to its capability to
overcome most of the difficulties that frequently occur by using other producing methods. In this work we
analyze the case of samples of pure and In-doped yttria (Y»-O3) prepared by the PSG process. We experimentally
characterize the synthesized samples by x-ray diffraction, micro-Raman spectroscopy, electrochemical im-
pedance spectroscopy (EIS), and time-differential perturbed y-y angular correlation (PAC) spectroscopy, and we
compare these results with those obtained starting from commercial oxide powders. We found that the PSG
process can be used to successfully produce doped yttria in the cubic phase, with the impurities substitutionally
located at the cationic sites of the structure. By the proposed PSG route, the inclusion of impurities does not
affect the particle size nor the resistivity. However, when we compare the PSG samples with other samples
produced from commercial powder, we found that the first have lower resistivities at grain interiors. On the
other hand, PAC spectroscopy in ' In(—'!'Cd)-doped yttria allows the study of the dynamic hyperfine inter-
actions observed by the radioactive ''Cd impurity-probe, which can be used to “sense” the host electron
availability near the impurities after the electron-capture decay of *'In. Differences between PAC spectra for
PSG samples and the commercial powder suggest that the PSG process introduces additional donor defects into
the yttria electronic structure, which is consistent with the lower resistivity observed in the PSG samples by EIS
spectroscopy.
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1. Introduction

Yttrium oxide (yttria, Y»03) is a traditional luminescent material
which has been continuously studied for its potential technological
applications. Nowadays, the use of pure and doped yttria is considered
to enhance different properties in current technological devices [1-9].

In the last years, different sol-gel routes for producing pure and
doped Y03 have been studied in detail [10-24]. The applicability of
these processes is extensive, and their diversified uses in material sci-
ence have been demonstrated [25,26]. Among them, the Pechini sol-gel
(PSG) method uses common metal salts (nitrates, chlorides, acetates,
etc.) as precursors, citric acid as chelating ligand of the metal ions, and
a polyhydroxy alcohol (such as polyethylene glycol) as a cross-linking
agent to form a polymeric resin on molecular level. This process seems
to be versatile and practical in the preparation of doped nanopowders
and ceramic thin films, because it reduces the segregation of metal ions,

ensures the compositional homogeneity of the samples, and also for its
low cost and low heat-treatment temperatures. Thus, the PSG method
can overcome most of the disadvantages that other methods present,
especially the physical ones (such as solid-state reaction, thermal dif-
fusion, and ion implantation) [27,28]. Nevertheless, the samples ob-
tained by the PSG process may present different characteristics and
properties compared to those samples obtained from commercial
powders or other methods. So, exhaustive studies are of paramount
importance in order to develop a processing method that controls the
sample properties and to improve the material performance for a given
research field. In this sense, current investigations generally focus on
the sample structure and morphology [11,15,21,23,29,30] using the
most conventional experimental techniques [25].

In this work we present a comparative study that goes beyond these
established techniques, to include an analysis of the electronic and
hyperfine properties that emerge in doped yttria through the PSG
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process, and we compare these properties to those of samples produced
from commercial powders. To this purpose, we consider a character-
ization that involves the use of the electrochemical impedance spec-
troscopy (EIS) and the time-differential perturbed y-y angular correla-
tion (PAC) spectroscopy, in addition to x-ray diffraction (XRD) and
micro-Raman spectroscopy. In particular, the PAC spectroscopy allows
the determination of the electric field gradient (EFG) tensor at a
radioactive probe-nucleus, a quantity which is highly sensitive to small
changes in the electronic charge density close to that nucleus, which is
usually an extremely diluted impurity in the system under study. For
this reason, the EFG can be used as a powerful tool to investigate
structural and electronic properties locally [31,32]. In a recent paper
[21], it has been shown that the PSG method can be used to produce
yttria doped with the PAC probe '®'Ta, doping the samples with the
radioactive parent nucleus 8'Hf(—'81Ta). In that case, the hyperfine
interactions in the PAC spectra reflected that the impurities occupy the
two cationic sites of the cubic Y,03 host structure (the bixbyite struc-
ture). In the present study we will extend these findings to the case of In
impurities, using the PSG process to introduce the PAC probe
(*'In—)'"11cd into the yttria host structure. Unlike the case of 181T,.
doped yttria, for the ***Cd probe nucleus it is expected the presence of
time-dependent (dynamic) hyperfine interactions after the electron-
capture decay of 1115 [31,33]. The observation of these type of time-
dependent interactions is linked to the electron availability and mobi-
lity close to the probe nucleus, and depend on defects and temperature
[34]. In particular, they are suited to sense charge mobility in low
conductive materials, far below the detection limit of other experi-
mental techniques [35]. So, we will use the PAC spectroscopy to ana-
lyze the obtained In-doped Y,Os; samples both structurally and elec-
tronically.

The organization of this paper is as follows. In Section 2 we describe
the sample preparation, and we briefly describe the PAC technique
considering the purposes of our investigation. In Section 3 we present
and discuss the obtained results. Finally, in Section 4 we give our
conclusions.

2. Experimental details
2.1. Sample preparation

The starting materials were Y503 and In,O; powders (99.99%,
Aldrich) and other chemicals and reagents of analytical grade. In order
to prepare 1% at. In-doped yttria, stoichiometric amounts of the oxides
were dissolved in 12 ml of hydrochloric acid. The resulting solution was
mixed with 3 ml of citric acid (1.7 M) and a few drops of ethylene
glycol. The mixture was stirred and heated in open flask at about 400 K
to promote polymerization, until dried, and then it was calcined for
12 h at 723 K to form the oxide. The resulting powder was pressed at
about 60 kN into a pellet %2 inch diameter and thermally treated again
for 12 h at 1473 K. The resulting pellets were about 2 mm thickness (we
called this sample PSGdoped). A “pure” (undoped) Y,03; sample was
also prepared by the PSG method, following the same procedure as
before but without including the In,O; powder (PSGpure). After pre-
paration, these pellets were characterized by XRD, and micro-Raman
and EIS spectroscopies.

In order to compare the results obtained from these samples pro-
cessed by the PSG method, we also prepared a reference pellet from the
commercial Y03 powder, following the same thermal treatment than
that mentioned above for the sol-gel powder pellet (COMpure).

On the other hand, to study the doped yttria by PAC spectroscopy
we prepared three ''In-doped Y,03 samples. To this purpose, we re-
peated the PSG process described above to synthesize Y,03 (PSGpure
case), but adding about 4 ul of ''InCl; during the polymerization stage
(activity below 100 pCi). By this way we obtained a radioactive pellet,
called PSGpoly. The other two PAC samples were prepared by thermal
diffusion, by dropping the same amount of '''InCl; as before on the
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Y03 pellets PSGpure and COMpure. In each case, the diffusion process
was promoted by a thermal treatment in air of 1 h at 525 K followed by
12 h at 1473 K. The resulting radioactive samples were called
PSGthermal and COMthermal, respectively.

2.2. Instrumentation

The resulting non-radioactive samples PSGpure, PSGdoped, and
COMpure were characterized at room temperature by XRD (Rigaku
Ultima IV, Cu Ka radiation), micro-Raman spectroscopy (WITec
Alpha300RA, A = 532 nm), and EIS spectroscopy (Gamry Inst. Ref.
3000).

The PAC measurements were performed on the radioactive samples
PSGpoly, PSGthermal, and COM thermal, using the equipment de-
scribed in Ref. [36]. The corresponding spectra were measured at dif-
ferent temperatures T in the range room temperature - 923 K.

2.3. The PAC spectroscopy

The PAC technique consists in the determination of the perturbation
generated by extra-nuclear fields on the correlation between the
emission directions of two successive y radiations (y; and y5) emitted
during the decay of a radioactive probe-nucleus. The studied pertur-
bation occurs during the lifetime of the intermediate state of the y;-y»
cascade. Using PAC, the EFG at a probe-nucleus can be determined
through its interaction with the nuclear quadrupole moment Q [37].

The measured spin-rotation curve or R(t) spectrum can be written as
R(t) = A22G22(t), where A,, is the experimental anisotropy of the y;-v»
cascade and Ga,(t) is the perturbation factor.

The PAC experiments presented in this paper were performed using
the 171-245 keV y;-y, cascade of 11Cd, produced after the electron-
capture (EC) nuclear decay of the parent nuclide *'In, which has a half-
life of 2.8 days. As mentioned above, for '*'In(—''*Cd)-doped yttria it
is expected the presence of time-dependent (“dynamic”) hyperfine in-
teractions due to the observation of the electronic relaxation of the
111cd probe atom following the EC decay of ''In. Almost all the
electron holes produced by Auger processes following the EC diffuse in
the valence band before the time-window of the PAC measurement but,
depending on the electric character (conducting or insulating) of the
host, some of them may be trapped close to the '''Cd atom. Fast
transitions among different ionization charge states of the Cd impurity
will produce fluctuating EFGs giving rise to a time-dependent interac-
tion. Therefore, to analyze each contribution to the PAC spectrum we
considered the effective time-dependent perturbation factor [34]:

Gu() = [fe™ + A = f)]1G (V) @

where the parameter f; weights the dynamic interaction, i.e. the frac-
tion of probe-nuclei that senses always a fluctuating EFG, and A is the
effective relaxation constant of the dynamic interaction [34,38]. The
terms between square brackets modulate the “static” perturbation
factor G,,°(t), which for the case under consideration (nuclear-electric-
quadrupole interactions in polycrystalline samples and spin I = 5/2+
of the sensitive level of the ''Cd probe-nucleus) takes the form [34].

3
GH (1) = S + 3 San () c0S (@, () 1)en0) .
n=1

where the coefficients S, and the interaction frequencies w,, are known
functions of the asymmetry parameter n= (Vy—V,,)/V,,, with V; the
principal EFG tensor components ordered according to the convention
[Vix| < |Vyy| < |Vy,|. The w, frequencies are proportional to the nuclear
quadrupole frequency wg = eQV,,/40h. Finally, § stands for the half-
width at half-maximum of the frequency distribution function around
®,, which takes into account slightly different environments (and
hence, EFGs) around a given probe site. In the scenario proposed by eq.
(1), (1-fy is the fraction of probes that senses always a “static” EFG
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Fig. 1. XRD diffraction patterns for the different samples, and expected peaks
for the yttria bixbyite structure.

related with the static perturbation factor of eq. (2).
3. Results and discussion
3.1. X-ray diffraction

In Fig. 1 we present the XRD patterns corresponding to the PSGpure,
PSGdoped, and COMpure samples. These patterns confirm the presence
of the cubic bixbyite structure (space group Ia3) in the three samples as
a single phase. In each case, in order to obtain the lattice parameter a
and the crystalline size domain D we performed a Rietveld refinement
analysis [39]. For the sample PSGpure we determined a = 10.6054 (5)
Aand D = 145 (3) nm, for PSGdoped a = 10.6066 (4) AandD = 146
(2) nm, whereas for COMpure a = 10.6067 (5) AandD = 167 (4) nm.
As can be seen, the very small differences between these lattice para-
meter values determined by Rietveld refinement are consistent with the
slightly shifts of the XRD pattern observed in Fig. 1: higher a produces
an XRD pattern shifted to smaller angles. In all these cases the D values
are near below the limit of application of the refinement method due to
the instrumental peak width, so they could be possibly slightly under-
estimated. Nevertheless, our results show that the PSG method suc-
cessfully synthesize the oxide, with the same crystal structure than the
commercial sample. On the other hand, although the presence of 1% In
dopant in the host Y,0j3 structure could not be evidenced by means of
XRD analysis, the absence of other crystalline impurities suggests that
including a small amount of In,O3 as starting material does not produce
any significant change at this scale. Finally, the obtained lattice para-
meter values are within the range found in the literature for several
different yttria samples at similar conditions (in the range
10.598-10.616 A [40-44]).

3.2. Micro-Raman spectroscopy

The room temperature non-resonant Raman spectra are presented in
Fig. 2. At first sight, the spectra for the three samples have similar
features: a primary strong band at 390 cm ™! followed by many sec-
ondary peaks with intensities of 5% or below compared to that of the
primary band. A closer look to the spectra reveals that the two samples
processed by the PSG method (PSGpure and PSGdoped) have practi-
cally the same spectra, while the spectrum corresponding the COMpure
presents sharper secondary peaks, especially for the high frequency
modes (above 500 cm ~1). We used confocal Raman mapping to analyze
the microscale spatial distribution of such modes. As example, in Fig. 3
we present for the PSGpure and COMpure samples the 2D Raman
images generated by selecting the 390 and 1070 cm™! peaks, as
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Fig. 2. Raman spectra for the different samples.

representatives of the different spectral regions. By performing this
analysis, we checked that PSG samples exhibit a fine-grained, homo-
geneous microstructure, and confirmed that no segregated phase is
observed.

Regarding the observed modes, although for the space group of the
bixbyite structure there are expected 22 Raman active modes, 4A;+ 4E,
+14T,, in previous experimental investigations a smaller number of
peaks have been observed in the Raman spectra [45,46]. In this sense,
different calculation methods support the assignment of the strong band
at 390 cm ™' to A+ T, modes and the high frequency Raman peaks to
oxygen displacement modes [45,47-49]. In our case, the measured
spectra presented in Fig. 2 are in good agreement with those previous
studies and confirm that the samples have the same overall structural
properties. In particular, we found that the PSGdoped sample has
practically the same spectrum than the PSGpure one, which suggests
that through the PSG process In dopants enter into the bixbyite host
lattice without producing detectable changes to the crystalline struc-
ture.

3.3. Electrochemical impedance spectroscopy

Impedance spectra in the range 50 Hz-1 MHz were taken for the
resulting pellets using stainless steel electrodes and DC bias voltages
between 1 and 8 V. In Fig. 4 we present the Nyquist plots, expressed as
the imaginary impedance (-Z;,qg) as a function of real impedance (Zeq),
measured for DC bias of 5 V as a representative example of the obtained
results. As can be seen, for the three samples we obtained a fraction of
the semicircle-like branch. In Fig. 4a it can be best appreciated the
differences at low frequencies, for higher values of Z,.,, where the
PSGpure and PSGdoped samples have a more open arc in the Nyquist
plot compared to that of the COMpure sample. On the other hand,
Fig. 4b shows that at high frequencies, for lower values of Z,..y, this
situation is inverted, and the COMpure sample has the arc with the
highest radius. Similar features are observed for all the considered DC
bias voltages.

We analyzed these impedance data by fitting to the equivalent
electrical circuit showed in the inset of Fig. 4a, which consists of two R-
CPE circuits connected in series, each of which are composed by a re-
sistance connected in parallel to a constant phase element (CPE). Each
CPE element represents a non-ideal capacitor, and its impedance can be
expressed as:

Zepe = [(0)* Yol ™,

where Y is the capacitance and a an exponent that equals unity when
the element behaves as an ideal capacitor. In the proposed model, one
parallel R-CPE pair stands for the grain interiors contribution to the
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(d) COMpure Ea 070 cm-

Fig. 3. 2D Raman mapping for the 390 and 1070 cm~* peaks in the (a, b) PSGpure and the (¢, d) COMpure samples.

total impedance, whereas the other pair stands for the grain boundaries
contribution. We define Ry and Ry as the resistance for each con-
tribution, respectively, from which we can determine the corresponding
resistivities p by considering the pellet diameter and thickness. In this
respect, in a typical Nyquist plot, the grain interior is associated with
the high frequency region (near the Nyquist plot origin, Fig. 4b), while
the electrical transport through the grain boundaries is related to the
lower frequencies (the open arc part and beyond, Fig. 4a). These as-
signments are in agreement with previous works [15,50-52]. In the
present case, the inversion of impedance arc behavior from lower
(Fig. 4a) to higher frequency region (Fig. 4b) is indicating that PSG
samples have lower grain interior resistivity but higher grain boundary
resistivity than COM samples. This could be associated to the enhanced

homogeneity of grain interiors but lower crystallinity of PSG samples
compared to COM samples. So, from the least-squares fits of the model
to the impedance data (solid lines in Fig. 4a) we determined the dif-
ferent contributions to the total impedance. In Fig. 5 we plot the p re-
sults (in log scale) against the DC bias voltage. According to literature,
typical values of the resistivities in yttria samples ranges between 107
and 10° Qmm, and broadly depend on the sample structure, composi-
tion, particle size and impurities [14,15,50]. So, our results are in a
general agreement with these previous measurements. As can be seen in
Fig. 5, for the PSG processed samples the grain interior contribution
(pg) is about two orders of magnitude lower than the grain boundary
contribution (pg), being each contribution in the same order for both
samples (PSGpure and PSGdoped). In particular, we found that pg; for
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Fig. 4. (a) Nyquist plots data for impedance curves collected for the different samples with DC bias = 5 V. The solid lines are the least-squares fits of the proposed
equivalent circuit shown in the inset. (b) Zoom of the plot for the low-impedance regime at high frequencies.
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Fig. 5. Resistivity (p) values for the different samples at their grain interiors
(filled symbols) and grain boundaries (hollow symbols) as a function of the
applied DC bias voltage.

these samples are practically the same, which means that In doping of
the host structure does not affect the resistivity, but only for a slight
decrease in pg, with increasing DC voltage. On the other hand, for the
COMpure sample the difference between p,; and pg, is lower (of one
order of magnitude) compared to that of the PSG samples. Considering
that all samples have nearly the same crystalline size domain, as ob-
served by XRD, these obtained results for the resistivities suggest that it
is the PSG process itself (and not the In doping or a grain size effect)
which defines the differences in p values comparing to those of the
COMpure sample. According to these results, the PSG samples have
better conductivities at grain interiors than the pellet produced directly
from commercial powder. Finally, from the fits we also determined the
CPE parameters, with Y, values in the range 40-60x10~'? F% and the a
exponent takes values in the range 0.9-1.

3.4. PAC spectroscopy

In Fig. 6 we present representative R(t) spectra for the three
radioactive ''In-doped Y,O5 samples, measured at a temperature T in
the range 273-973 K. As can be seen, for each sample the spectrum
taken at room temperature presents a strong damping compared to that
of higher temperatures, being this damping reversible with tempera-
ture. In particular, a close inspection of the COMthermal sample
(Fig. 6¢) shows a strong damping in the first 50 ns and a rather constant
amplitude of the rest o the spectra. This behavior reflects the presence
of time-dependent dynamic hyperfine interactions at the **'Cd probe
sites related with the EC decay after-effects [34,54-56]. On the other
hand, we observe that while the PAC spectrum at 973K for the COM-
thermal sample still exhibits some degree of damping, the R(t) is
practically undampened for the PSGpoly and PSGthermal samples at
this high temperature (see Fig. 6a and b). In order to quantitatively
analyze such differences, we fitted the R(t) spectra using the pertur-
bation factor presented in Section 2.3. To this purpose, considering the
obtained structural results and previous PAC measurements on doped
bixbyites [21,53-56], we proposed two hyperfine interactions, called C
and D, in a relation 3:1. These two hyperfine interactions are associated
to the (}''In—)''Cd probes located at substitutional defect-free ca-
tionic sites C and D of the cubic bixbyite structure, being the population
ratio of such interactions in agreement with the relative abundance of
the cationic sites in the bixbyite structure [32,40,56]. We found that
these interactions are enough to account for the experimental spectra.
In this sense, the solid lines in the PAC spectra of Fig. 6 are the best
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least-squares fits of egs. (1) and (2) to the experimental data.

In Fig. 7 we show the fitted values for |V,,|, 1, f4, and A parameters
as a function of T for the different samples and probe sites. We used
Q = 0.76 (2) b [57] to obtain |V,,| from the nuclear quadrupole fre-
quency wq. At high temperatures (T > 600 K), for both interactions &
is below 5%, which means that the interactions are well defined and the
static perturbation factor is nearly undampened. The main interaction C
is characterized by a highly asymmetric EFG ( > 0.6), while for the
second interaction D the EFG is axially symmetric (5 = 0). These results
are in agreement with the symmetry of the cationic sites in the bixbyite
structure [40], and support the scenario of impurity probe atoms sub-
stitutionally located at such sites, as proposed above. Considering this
interaction assignment, |V,,€| and |V,,”| are about 4.5 and 8.0 x 10*
Vm ™2, respectively. Regarding the dynamic interactions, at tempera-
tures below 600 K the PAC spectra are strongly dampened. If we con-
sider the main interaction C, we observe that the weight of the dynamic
interaction f; takes values in the range 0.8-1. Near 600 K this parameter
becomes null for the PSGpoly and PSGthermal samples, whereas for
COMthermal is still appreciable and about 0.6, even for higher tem-
peratures than 600 K. On the other hand, we found that for the dynamic
regime the relaxation constant A is below 1 ns~'. Similar results are
observed for the f; and A parameters of the secondary interaction D.
These parameters reflect the behavior of the PAC spectra with tem-
perature described above for Fig. 6. In this sense, the f; vs T curves for
the PSG processed samples (PSGpoly and PSGthermal) show that the
dynamic interactions are suppressed for temperatures above 600 K,
while for the COMthermal sample the EC decay after-effects are ob-
served even at the highest temperature. This result indicates that the
PSG method produces a host structure where the electron availability
detected through the probe's EC decay after-effects changes more sig-
nificantly with T compared to the sample produced from commercial
powder. This is in agreement with the EIS results, and suggests that the
PSG process produces donor defects in the form of additional im-
purities, inhomogeneities, or deviations from the Y,O3 stoichiometry
that influence the electronic behavior in a different way to that ob-
served in the commercial sample. In particular, it promotes a higher
electron availability near the probe nuclei with increasing temperature
and, consequently, the effective time-dependent perturbation factor
becomes static at T greater than 600 K. Note also that the response of
the PAC spectra with T for PSGpoly and PSGthermal samples is prac-
tically the same, which suggests that the electron availability does not
depend on when and how the '''In probe is introduced into the host
structure (i.e., during polymerization stage or at the end through
thermal diffusion).

4. Discussion

The obtained results allow us to present a comprehensive study of
the structural and electronic properties of the samples produced by the
PSG process. Regarding the structural characterization, the experi-
mental techniques considered in this work cover a wide range of scales,
going from the crystallographic structure to the atomic local environ-
ments. In this sense, the XRD and Raman measurements showed that
the PSG process produce nanocrystalline In-doped Y,O3 samples with
the cubic bixbyite structure, and the Raman mapping showed that
pellets are composed of a fine-grained homogeneous powder, as ob-
served in previous studies by scanning electron microscopy [21]. Re-
garding the In impurity localization in the Y503 host structure, the XRD,
Raman and PAC data suggested that impurities are substitutionally
located at the sites C and D of the bixbyite structure. This assumption
was unambiguously supported by the measured hyperfine parameters.
Moreover, the PAC results showed that these sites are free of defects, as
a consequence of the sensitivity of the EFG to detect both structural or
electronic defects. In particular, the EFG values presented in Fig. 7 are
practically the same to those previously reported for '''In-implanted
Y»05 [53] and fit to the EFG systematics constructed considering the

16092



D. Richard, et al.

Ceramics International 46 (2020) 16088-16095

. fpsGeoly .. Bpscthemal (Q COMthermal
] T=295K | 3 T=295K
0.17 - 0.1
g 2]
& 0.05 - ©0.05
0 ' 0
] ] T=498K | ]
0.1 0.1 - 0.1
z ] ] [ & ]
& 0.05 - , - €0.05
0 ¥ % 0]
UL L B L R N R
ORI S U N T TN S N T S T T T AT M A A S pga el eraalyes el iy wra bi@igl)
1 T=723K :
0.1 0.1
s z
& 0.05 F! & 0.05
01 : | 0’
] BRI DN DR | ]
0.1 L F 0.1
g ] -. g ]
% 0.05 I8 & 0.05
04 - 0-
L B B B L LA B B S R e I L
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
t (ns) t (ns) t (ns)

Fig. 6. PAC spectra taken at representative measuring temperatures T for the (a) PSGpoly, (b) PSGthermal, and (c) COMthermal samples.

11cd PAC measurements in other oxides isomorphous to Y505 [32].
Also, these values are in agreement with those recently predicted by
first-principles calculations considering a system where the Cd im-
purities are located at the substitutional cationic sites of cubic yttria
[58].

On the other hand, regarding the electronic properties, we found
that for the PSG samples the presence of In impurity atoms in the Y503
structure does not produce significant changes in the EIS spectra.
However, compared to the COMpure pellet, the PSG processing method
produces yttria samples with differences in the impedance spectra, in
both the pure and In-doped case. In particular, we found that the PSG
samples have much better conductivities at grain interiors than the
reference commercial pellet. These differences were confirmed with the
analysis of the dynamic hyperfine interactions observed by PAC spec-
troscopy, using (*''In—)*'*Cd as probe atom. In this sense, PAC spec-
troscopy showed that increasing temperature promotes a higher elec-
tron availability near probes in the PSG samples. We speculate that PSG
process produces structural donor defects additional to the presence of
In impurities. These defects could be related to the subtle differences
between PSG samples and the commercial sample observed in the high
frequency modes of their Raman spectra (see Fig. 2).

In summary, in this study we used PAC spectroscopy as a key
complement to other experimental techniques to relate the subnano-
scopic structure to the electronic properties of the yttria samples. Our
results demonstrate that the PSG process can be used to produce yttria
samples that are electronically different to commercial ones, a fact that
should be considered to analyze the electronic response on samples
produced by this process and other similar sol-gel methods for tech-
nological purposes.

5. Conclusions

We demonstrated that the PSG process successfully produces fine-
grained nanocrystalline In-doped yttria powders. According to our data,
the obtained samples crystallize in the cubic bixbyite structure and the
In impurities are substitutionally located at the cationic sites. The EIS
measurements showed that the PSG samples have better conductivities
at grain interiors than the reference pellet produced from Y,03; com-
mercial powder, and that In doping in the PSG process does not sig-
nificantly affect the resistivity. PAC spectroscopy in the ''In(—'''Cd)-
doped yttria samples supports these results. In particular, the study of
the dynamic hyperfine interactions as a function of measuring tem-
perature showed that, depending on the sample production method,
there is a different response of the electron availability near the im-
purities. These results open a path toward understanding the structural
and electronic properties that the sol-gel processing methods can pro-
vide, and should be considered in future research.
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