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Abstract. The time-differential-perturbed γ-γ angular-correlation technique (TDPAC) with ion-implanted
181Hf tracers has been applied to study the hyperfine interactions of 181Ta impurities in the cubic bixbyite
structure of Er2O3 and Gd2O3. The TDPAC experiments were performed in air in the temperature range
300–1073 K (in the case of Er2O3) and 300–1173 K (in the case of Gd2O3). Three electrical-quadrupole
interactions were found in each oxide in the whole studied temperature range. Two of them were attributed
to the electric-field gradients (EFG) acting on 181Ta probes substitutionally located on the two nonequiv-
alent free-of-defects cation sites of the bixbyite structure. The EFG results are compared with predictions
of the point-charge model and discussed together with previous results obtained with the probes 111Cd
and 181Ta in other isomorphous sesquioxides. The temperature dependence of the hyperfine parameters
for both oxides is also discussed in terms of dilatometric expansion data.

PACS. 61.72.Ww Doping and impurity implantation in other materials – 76.80.+y Mössbauer effect; other
gamma-ray spectroscopy – 71.70.Jp Nuclear states and interactions

1 Introduction

In the last years, the time-differential γ-γ perturbed-
angular-correlation (TDPAC) technique has been increas-
ingly applied in the solid-semiconductor research being
nowadays widely recognised as a powerful tool for the
study of different properties of semiconductors and insula-
tors [1]. To take advantage of the possibilities of the tech-
nique, the parameters that characterise hyperfine interac-
tions of adequate probes suitably located in the system
under study should be determined.

The technique is based on the observation of the influ-
ence of extranuclear fields on the correlation between the
emission directions of two successive gamma-radiations
emitted during a nuclear-decay cascade. The method re-
quires, in the case of metal oxides, the introduction of
an adequate radioactive probe (generally an impurity) in
substitutional cation sites of the lattice. When the inter-
est is focused in the electric-field gradient (EFG) tensor
it can be determined, if the nuclear-quadrupole moment
of the intermediate level of the cascade is known, through
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the measurement of the nuclear-quadrupole frequency ωQ
and the asymmetry parameter η.

A large number of experimental EFG’s measured with
the TDPAC technique at the site of the 111Cd impurity
in binary oxides has been the object of different analysis
in order to obtain semiempirical models that can describe
the different contributions to the EFG at the impurity
sites [2–7].

To study the influence of the electronic configuration
of the impurity probe-atom itself on the EFG it is essential
to perform TDPAC measurements with different probes in
isomorphous crystal structures. In TDPAC experiments
the most commonly used radioactive probe, apart from
the already mentioned 111Cd, is 181Ta, which has quite
a different electronic configuration from that of cadmium.
Hence, the extension of the systematic analysis made with
111Cd to this second probe looks of great interest [8–11].
With this purpose, in 1994, we started a systematic study
of one of the binary oxides group, i.e., the bixbyites, using
181Ta as probe [12]. This group was the subject of several
investigations using 111Cd as probe [13] and presents a
particular interest since its crystalline structure has two
nonequivalent sites for cations with quite different coordi-
nation symmetry.
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In this context, we performed TDPAC experiments in
two sesquioxides that crystallise in the bixbyite struc-
ture, namely in 181Hf(→181Ta)-implanted Er2O3 and
Gd2O3 in the temperature range 300–1073 K (Er2O3)
and 300–1173 K (Gd2O3), focusing attention to probe-
atoms substitutionally located at both nonequivalent free-
of-defects cationic sites of the structure. These results,
along with those obtained for the rest of the 181Ta-
bixbyite systematics, enable us to discuss the possible de-
pendences of the EFG on the electronic configuration of
the probes and on their coordination geometry with the
oxygen nearest-neighbour (NN) atoms through the com-
parison with point-charge model (PCM) predictions and
with the 111Cd systematics in bixbyites.

The experimental procedure as well as a brief descrip-
tion of the TDPAC technique and the general characteris-
tics of the bixbyite structure related with the contribution
to the EFG are described in Section 2. In Section 3 we
present the experimental results and in Section 4 we dis-
cuss the assignment of the interactions, its temperature
dependence, and some trends that come out from their
comparison to previous data and theoretical predictions.
Finally, in Section 5 we summarise and present our con-
clusions.

2 Experimental

2.1 Basic principles of the TDPAC technique,
experimental setup and data reduction

As the TDPAC technique and its applications has been
reviewed extensively in the literature (see for example
Refs. [14–16]), only a brief description of the method and
the experimental setup used in these experiments will be
given here. The TDPAC spectroscopy reflects the local
electronic environment of an adequate probe nucleus, in-
troduced in the system under study, via the hyperfine in-
teraction with external electric-field gradients. The EFG
results from the charge density distribution that in turn
depends on the electronic characteristics of the atomic
surroundings and on the nature of chemical bonds. The
EFG is usually characterised by the nuclear-quadrupole
frequency ωQ = eQVZZ/40~ and the asymmetry param-
eter η = (VY Y − VXX)/VZZ , where Vii are the principal
components of the EFG tensor arbitrarily named in order
that |VXX | < |VY Y | < |VZZ |. The quadrupole frequency
ωQ gives information about the strength of the EFG, while
an asymmetry parameter η > 0 reflects a deviation from
axial symmetry (η = 0).

The hyperfine electric-nuclear-quadrupole interaction
is traced via a γ-γ cascade of a radioactive decay. The
time-modulated probability to detect, at a time t, the sec-
ond γ-ray at an angle θ with respect to the direction of
emission of the first γ-ray is given by [14]:

W (θ, t) = 1 +A22G22(t)P2(cos θ), (1)

where A22 is the anisotropy of the γ-γ cascade that
depends on the nuclear properties only and P2(cos θ)

is the second-order Legendre polynomial. In the case
of pure electric-quadrupole interaction the perturbation
function G22(t) contains all the information of the hyper-
fine interactions between the nuclear-electric-quadrupole
moment eQ and an extra-nuclear EFG.

For polycrystalline samples and a nuclear spin I =
5/2 of the intermediate nuclear level of the cascade, the
perturbation factor G22(t) for static electric-quadrupole
interactions has the form [14]:

G22(t) =
X
i

f i

 
S20,i +
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where f i is the relative fraction of nuclei that experiments
a given perturbation. The ωn frequencies are related to the
quadrupole frequency ωQ by ωn = gn(η)ωQ. The gn and
S2n coefficients are known functions [17] of the asymme-
try parameter η. The exponential functions account for
a Lorentzian frequency distribution of relative width δ
around ωn.

In this work we made use of the well-known
133–482 keV γ-γ cascade in 181Ta produced after the β−

nuclear decay of 181Hf. A conventional fast-fast coinci-
dence system with four BaF2 detectors in a coplanar 90◦
arrangement, with a time resolution of 0.9 ns, was used
for data acquisition. Eight coincidence spectra,Cij(t), four
taken between detectors positioned with 180◦ symmetry
and four of eight possible with 90◦ symmetry, were simul-
taneously recorded in an 8 K-memory multichannel anal-
yser. These coincidence spectra (corrected for accidental
events) were used to generate the experimental asymme-
try ratio R(t) [18]:

R(t) = 2
(C13(t)C24(t))1/2 − (C14(t)C23(t))1/2

(C13(t)C24(t))1/2 + 2 (C14(t)C23(t))1/2

≈ Aexp
22 G22(t), (3)

where Aexp
22 is the effective anisotropy of the cascade for a

given experimental condition. To extract the experimental
hyperfine parameters ωQ and η theoretical functions of
the form Aexp

22 G22(t) (using the expressions of Eq. (2)),
folded with the time-resolution curve, were fitted to the
experimental R(t) asymmetry ratio.

2.2 The Bixbyite structure. Consequences
on the EFG’s and point charge model predictions

Fe, Mn, Sc, In, Tl, Y, and all the rare-earth elements,
under suitable conditions, form a sesquioxide M2O3.
Polymorphism is common and below about 2300 K,
three polymorphous crystallographic structures have been
found: the hexagonal-A, monoclinic-B, and cubic-C form
(bixbyite) [19].

The cubic form takes its name from the mineral
(Fe, Mn)2O3, called bixbyite. In this structure, the cations
form a nearly cubic face-center lattice (space group Ia3)
in which six out of the eight tetrahedral sites are occupied
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by oxygen atoms. The unit cell of the oxide crystal struc-
ture consists of eight such cubes, containing 32 cations and
48 O−2 ions. Two nonequivalent cation sites, called “C”
and “D”, both with 6-fold oxygen coordination, charac-
terise the structure. Their relative abundance in the lat-
tice is fC/fD = 3. Site D is axially symmetric and can
be described as a cation surrounded by six oxygen atoms
at the corners of a distorted cube, leaving two corners of
the same diagonal free. In site C the cube is more dis-
torted and the six oxygen atoms leave free two corners
on a face diagonal. Therefore we expect two clearly dis-
tinguishable hyperfine interactions. That corresponding to
site C will be characterised by ηC 6= 0, while ηD ≈ 0 will
characterised the axially symmetric one corresponding to
site D. According to their relative abundances, the first
one should be present with more intensity.

It is well known that the bonding in these sesquioxides
is mainly ionic [20]. Under such conditions, the PCM [2,12]
should be a good starting model to evaluate the EFG
parameters at the two sites C and D. Using the lattice
parameters and the atomic coordinates coming from the
most accurate X-ray determinations quoted in the litera-
ture [21] and γ∞ = −61.42 [22], the results of the PCM
calculation (using a sphere radius of 20 nm) for both
sites in Er2O3 are: ωC

Q = −10.84 Mrad/s, ηC = 0.72
and ωD

Q = +24.61 Mrad/s, ηD = 0.0. The results for
Gd2O3 are: ωC

Q = −10.32 Mrad/s, ηC = 0.62 and ωD
Q =

+26.81 Mrad/s, ηD = 0.0. According to these results and
the geometry of the two nonequivalent cationic sites we
should expect experimental values close to 0 for ηD and
ηC > 0.6. In addition we should expect ωD

Q
∼= 2ωC

Q.

2.3 Sample preparation and measurements

Commercially-obtained high-purity Er2O3 and Gd2O3

powder samples (Aldrich, 99.99% and 99.9% metallic pu-
rity, respectively) were pressed in circular pellets and sin-
tered in air for 2.5 h at 1273 K. In both cases, X-ray
diffraction analysis of the samples verified that only the
crystalline C-phase was present after the mentioned treat-
ments. The ion accelerator of the Institut für Strahlen-
und Kernphysik (ISKP, Bonn) was then used to implant
181Hf+ ions into the samples with the following energies
and doses: Er2O3, 150 keV and 5×1013 ions/cm2; Gd2O3,
150 keV and 1.3 × 1014 ions/cm2.

The TDPAC measurements were performed first at
room temperature (RT = 300 K) in air in the as-implanted
samples, in order to establish the initial degree of substi-
tution of the impurities, the magnitude of the radiation
damage and the hyperfine interactions present before any
thermal treatment of the samples. After these measure-
ments, both samples underwent annealing treatments in
air at 1173 K during 2 h and 24 h for Er2O3 and Gd2O3,
respectively. Afterwards, TDPAC measurements were car-
ried out in air between 300 and 1073 K with 100 K steps
in the case of Er2O3, and at 300, 423, 573, 723, 873, 1023
and 1173 K in the case of the Gd2O3 sample. The typical
elapsed time for these measurements was 24 h.

Fig. 1. R(t) spectra (left) and their corresponding Fourier
transforms (right) of (181Hf →)181Ta in cubic Er2O3 mea-
sured at RT as implanted and after thermal annealing in air
at 1173 K × 2 h, at the indicated measuring temperature Tm.
Solid lines in the R(t) spectra are least-squares fits of equa-
tion (3) to the experimental data. Solid lines in the Fourier
spectra come from the Fourier transform of the R(t) fits. The
frequencies ωn associated with the hyperfine interactions Hfi C
and Hfi D are indicated in the third Fourier transform.

Powder X-ray diffraction (XRD) measurements were
done in the 181Hf-implanted Gd2O3 sample after its ra-
dioactive decay, and in an identical sample mixed with
10% of monoclinic B-Gd2O3 high-temperature phase.

3 Results

Figures 1 and 2 show the R(t) spectra, and their corre-
sponding Fourier transforms, taken on both as-implanted
samples at RT in air and the more relevant spectra taken
after annealing of the samples. The parameter values of
the two fitted hyperfine interactions in the as-implanted
spectra, labelled Hfi C and Hfi D, are listed in Table 1
for both oxides as well as the parameters of the two main
and well-defined interactions found in the after-annealing
spectra taken at RT. A close inspection of the R(t) spectra
reveals that the experimental anisotropy Aexp

22 (between
0.11–0.16) is lower than the value of 0.20 expected for the
geometry and time-resolution of the measurement. How-
ever, the “hard-core” value R(t = ∞) ∼= 0.04 observed
in the as-implanted samples corresponds to such expected
anisotropy. This indicates that the lost of amplitude at
t = 0 must be originated in a fraction of probes that feels
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Table 1. Results of least-squares fits of equation (3) to the R(t) spectra, displayed in Figures 1 and 2, taken at room temperature.
When no errors are quoted it means that the parameter was kept fixed. The fractions fC + fD are normalized to 100% in the
after-annealing results and in the as-implanted result in the case of Gd2O3 (see text).

Hfi C Hfi D
Oxide

f ωQ η δ(%) f ωQ η δ(%)
(Mrad/s) (Mrad/s)

Er2O3

As
implanted 723 1111 0.682 131 281 2022 0.232 4.98

After
annealing 692 115.65 0.5706 1.44 312 203.78 0 0.86

Gd2O3

As
implanted 663 94.39 0.641 131 343 1762 0.322 8.19

After
annealing 743 105.83 0.7684 1.63 261 197.95 0 1.63

Fig. 2. R(t) spectra (left) and their corresponding Fourier
transforms (right) of (181Hf →)181Ta in cubic Gd2O3 measured
at RT as implanted and after thermal annealing in air at 1173 K
× 24 h, at the indicated measuring temperature Tm. Solid lines
in the R(t) spectra are least-squares fits of equation (3) to
the experimental data. Solid lines in the Fourier spectra come
from the Fourier transform of the R(t) fits. The frequencies ωn
associated with the hyperfine interactions Hfi C and Hfi D are
indicated in the second Fourier transform.

a very high ωQ frequency not resolved within the time res-
olution of the spectrometer. In the text all the fractions
are related to the number of probes that sense a resolved
hyperfine interaction, i.e. between 55% and 80% of the
total number of implanted impurities.

Fig. 3. Evolution of the hyperfine parameters of interactions
Hfi C and Hfi D found in C-Er2O3 as a function of the mea-
suring temperature T .

As can be seen from Figures 1 and 2 the R(t) as-
implanted spectra are rather dampened, as usually oc-
curs in the as-implanted stage of impurity-implanted bi-
nary oxides [12,18,23], showing that the radiation damage
produces a not negligible host disorder around the probe-
atoms. But, at the same time, the values of the hyperfine
signals and the almost random distribution of the probes
(as-implanted fractions are nearly in a 3:1 ratio) show a
high degree of impurity substitution at cationic sites. In ef-
fect, already in this stage it is possible to detect almost the
same ωn frequencies corresponding to Hfi C and Hfi D that
will be found after the annealing treatments (see Figs. 1
and 2, first and second Fourier spectra), but with a rather
broad frequency distribution.

After the annealing treatment, these two interactions
are well defined (δ < 2%) and amount to almost 90% and
70% of the fraction of probes for Er2O3 and Gd2O3, re-
spectively, along the whole temperature range of measure-
ment. The temperature dependence of the fitted hyperfine
parameters for both interactions is displayed in Figure 3
for Er2O3 and Figure 4 for Gd2O3. These results show
a near constancy of the fractions, asymmetry parameters
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Fig. 4. Evolution of the hyperfine parameters of interactions
Hfi C and Hfi D found in C-Gd2O3 as a function of the mea-
suring temperature T .

and distributions, as well as a continuous diminution of
the quadrupole frequencies.

For both sesquioxides additional hyperfine interactions
were necessary to obtain the fits shown in Figures 1 and 2.
In the case of Gd2O3, in addition to Hfi C and Hfi D,
a third highly asymmetric hyperfine interaction labelled
Hfi 3, characterized by ω3

Q = 1261 Mrad/s and η3 = 0.891,
gave account of 30% of the pattern. The fraction of Hfi 3
is rather constant along the whole temperature range, has
a high distribution of 7% and already exists in the as-
implanted stage. In the case of Er2O3 this third interaction
amounts to only 3% at RT, around 10–14% in the rest
of the temperature range and is characterized by ω3

Q =
1082 Mrad/s and η3 = 0.858. A fourth interaction labelled
Hfi 4 improved the fit results for this compound below
373 K, being characterized by ω4

Q = 117.29 Mrad/s and
η4 = 0.174. This fraction gives account only for 6–9% of
the pattern.

The XRD experiments performed in the Gd2O3 sample
after the TDPAC measurements showed only the diffrac-
tion peaks of the cubic bixbyite phase. On the other hand,
the XRD results corresponding to the Gd2O3 sample
mixed with 10% of the high temperature B-phase clearly
showed the diffraction peaks of the B-phase superimposed
to those of the bixbyite cubic phase.

4 Discussion

4.1 Assignment of the hyperfine interactions

4.1.1 Main interactions

As has been shown, after the annealing of the samples
the frequency distribution of both interactions is drasti-
cally diminished and the asymmetry parameter of Hfi D
is reduced to zero (axial symmetry) as predicted by the
coordination symmetry of cation site D. Moreover, the to-
tal fraction of both interactions accounts for more than
90% and 70% of the R(t) pattern for Er2O3 and Gd2O3

respectively along the whole temperature range of mea-
surement. After these major changes, Hfi C and Hfi D can
be undoubtedly associated to the crystalline nonequiva-
lent cationic sites called C and D in Section 2.2. In effect,
these interactions have a very low frequency distribution
pointing to a well-defined and stable configuration around
the probe-atoms. The asymmetry parameters correspond
to the expected symmetries and their values agree with
the calculated ones (see Sect. 2.2). Furthermore, the fre-
quency associated with the axially symmetric interaction
is twice as large as the asymmetric one as found previ-
ously with the 181Ta probe in Yb-, Y-, Dy-, Sm- and Lu-
sesquioxides [7,12] and as predicted by PCM calculations.
The continuous trend of Hfi C and Hfi D hyperfine pa-
rameters shown in Figures 3 and 4 as a function of the
measuring temperature is a typical behaviour followed by
probes in substitutional cation sites. Finally, the relative
population of the two sites should be fC/fD = 3 if cationic
sites were occupied according to their natural abundance
in the structure. In the present experiments, fC/fD = 3
was found for Gd2O3. In the case of Er2O3, the experimen-
tal ratio fC/fD is smaller than this value. A departure of
the tantalum (hafnium) relative occupancy of the crystal-
lographic sites C and D is not surprising because similar
behaviours have also been observed with the 181Ta probe
in previous studies of the bixbyite oxides and explained
in terms of the relative ionic size of the probe and the
cationic “space” of the host [18,23]. The present results
for Er and Gd-sesquioxides are in good agreement with
the occupancy trend previously observed.

4.1.2 Additional interactions

The Hfi 3 interaction found in Gd2O3 is very similar to
one of the three interactions of 181Ta in B-Gd2O3 (char-
acterised by ωB

Q = 1203 Mrad/s and ηB = 0.854 [24]).
However this last interaction is not the more populated
one found in Hf-implantation experiments in B-Gd2O3. If
a small amount of the B-phase should be present in the
bixbyite sample, the more populated of the three interac-
tions (a fraction of 80% in B-Gd2O3) should be observed
in our experiments. This fact is in agreement with the re-
sults of XRD experiments carried out in the sample used
in the TDPAC experiments, which discard the existence of
B-phase in the sample. On the other hand, we cannot dis-
card the presence of embryos of the B-phase developing
around the Hf impurities, perhaps with a higher coordi-
nation like in the B-phase. Another possibility, based on
the hyperfine parameters of this interaction and its broad
distribution, may be to correlate Hfi 3 with a distorted
site C. This last interpretation is most probably the case
of the third interaction in Er2O3 we already mentioned,
taking into account their hyperfine parameters and the
diminution of its fraction with temperature. The fourth
interaction found in Er2O3 completely disappears above
473 K. Due to the involved temperatures and the hy-
groscopic tendency of rare-earth oxides, we thought that
the presence of water might be at the origin of this in-
teraction. However, differential thermal analysis (DTA)
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Fig. 5. Nuclear-quadrupole frequencies ωQ and asymmetry pa-
rameters η for substitutional 181Ta impurities at cation sites C
(solid circles) and D (open circles) of the bixbyite structure as
a function of the lattice parameter a.

experiments did not confirm this hypothesis. Finally, the
high frequency responsible for the lost of amplitude at t =
0 in all the spectra could be correlated with the presence
of probes located in grain boundaries or at the surface
of the samples. Whatever the origin of these additional
interactions, it should not affect the following discussion.

4.2 Substitutional sites C and D

We will center now the discussion in the two hyperfine
interactions associated with the cationic sites C and D
in the bixbyite structure of Er2O3 and Gd2O3, i.e., Hfi C
and Hfi D. First, we would like to compare the new results
with the systematics found with 181Ta in other bixbyite
oxides [7,12,18,23]. As can be seen from Figure 5, the new
data agree perfectly with the previous results, increasing
the accuracy of the systematics. An important feature in
this figure is the presence of a jump in the ωQ values for
both sites C and D (Fig. 5, top). This jump has been
already discussed in reference [23]. In Figure 5 (bottom)
we can now show that the local distortion in site D nearly
preserve the axially symmetric environment of the probe.

The agreement of the new results with the 181Ta
systematics implies the confirmation of the already
known trends when comparing 111Cd and 181Ta EFGs in
bixbyites [7,23]. In effect, this very good agreement can be
seen in the ratios between quadrupole interactions shown
in Figures 6 and 7.

Fig. 6. Ratio of the nuclear-quadrupole frequency of site C to
that of site D in bixbyites coming from TDPAC measurements
using 111Cd and 181Ta as probes plotted as a function of the
lattice parameter a. Experimental errors are smaller than the
symbols. Solid line is a linear fit to the 111Cd experimental
data.

Fig. 7. ωQ(Cd) / ωQ(Ta) for sites C and D as a function of the
lattice parameter a for the different bixbyite sesquioxides mea-
sured with the probes 111Cd and 181Ta. Experimental errors
are smaller than the symbols. Dotted line: PCM prediction.
The solid line is just to guide the eyes.

In order to compare the experimental trends with the-
oretical predictions in the frame of the PCM, we calculate
the quadrupole frequency ωPCM

Q for both nonequivalent
cation sites using the crystallographic data of refer-
ence [21]. In Figure 8 we compare these results with the
experimental ratio ωC

Q/ω
D
Q for both probes shown in Fig-

ure 6. This comparison shows that the PCM alone is not
adequate for describing the experimental ratios, especially
at smaller lattice parameters. This is not surprising since
the local EFG contribution (originated in the valence elec-
trons of the probe atom) is not included in this kind of
calculations.

On the other hand, the PCM predicts for the ratio
ωQ(Cd)Site i/ωQ(Ta)Site i a value of (dotted line in Fig. 7):

ωQ(Cd)Site i

ωQ(Ta)Site i
=

(1 − γ∞)CdQ(Cd)
(1 − γ∞)TaQ(Ta)

= 0.1705, (4)
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Fig. 8. Ratio of the nuclear-quadrupole frequency of site C
to that of site D calculated with the point-charge model for
the bixbyites presented in Figure 6 as a function of the lattice
parameter a. Solid line: result for this relation in the idealised
NN oxygen ions located at the corners of a perfect cube around
sites C and D (see Sect. 2.2). Dotted line: linear fit to the 111Cd
experimental data plotted in Figure 6.

which is not in agreement with the experimental ratio
shown in this figure (for a detailed discussion about In
and Sc data see Ref. [23]).

The results obtained for the experimental ratios
of Figures 6 and 7 can be explained as follows. The
equality of the ratio ωC

Q/ω
D
Q for Cd and Ta probes in each

sesquioxide (see Fig. 6) shows that the dependence with
the probe is cancelled. In addition, there is a remaining
dependence of the EFG with the probe coordination
geometry and the lattice parameter a (Fig. 6). On the
other hand, the near constancy of ωQ(Cd)C/ωQ(Ta)C

and ωQ(Cd)D/ωQ(Ta)D with a at each side of the jump
(see Fig. 7) indicates that the dependence with the
coordination geometry is also cancelled. The mismatch
between the experiment and the PCM prediction shown
in Figure 7 must be attributed to a remaining dependence
with the electronic configuration of the probe. Hence,
in order to explain both experimental ratios within the
frame of the PCM and the Sternheimer antishielding
approximation, the quadrupole frequency measured at a
particular site with a certain probe ought to be written as:

ωprobe i
Q (Site i) ∝

µSite i,probe i(1 − γ∞)probe i V lattice
ZZ (Site i). (5)

The factor µ is attributed to the local EFG produced by
valence electrons of the probe atom and its nearest neigh-
bours and must be factorised in two parts: one which de-
pends on the geometry of the site and another that de-
pends on the electronic configuration of the probe.

4.3 Temperature dependence of the EFG

The evolution of ωQ and η with the measuring tempera-
ture Tm for 181Ta probes located at both sites C and D
were displayed in Figures 3 and 4. Within the errors, the
temperature dependence of ωC

Q, ωD
Q and ηC is linear in Tm.

In all cases, the slopes of the curves have an opposite sign

compared to those found in the 111Cd TDPAC measure-
ments [13]. In the case of ηD, no temperature dependence
was observed.

In semiconductor and insulator systems, several tem-
perature dependences have been observed, which have
been explained in terms either of host properties or
processes induced by the presence of the hyperfine
probe [25,26] that nearly always constitutes an impurity
center in the host material. For this reason, we tried to
estimate the influence of structural changes on the tem-
perature dependence of the EFG in order to differentiate
this contribution from electronic effects, as were found,
for example, in C-Lu2O3 [27]. Isotropic lattice expansion
always lead to a diminution in ωQ. The magnitude of this
variation can be evaluated through EFG calculations us-
ing the simple PCM. As far as we know, the only data on a
temperature-dependent structural behaviour of C-Er2O3

and C-Gd2O3 are dilatometric expansion data [28]. An
isotropic expansion of the lattice yields a calculated re-
duction in ωQ for both sites C and D of about 2.4% and
2.5% in Er2O3 and Gd2O3, respectively, in the temper-
ature range of 300–1073 K. The asymmetry parameter
evidently does not change under the assumed isotropic
expansion. These results are in poor agreement with the
stronger decrease of the ωQ values found in these exper-
iments, i.e., 8.8% (5.4%) and 8.9% (10.5%) for site C
and D in Er2O3 (Gd2O3). We conclude that the isotropic
expansion of the lattice cannot explain the temperature
dependence of the EFG tensor at 181Ta impurity located
at both cationic sites of these oxides. Electronic aspects
of the impurity-host entity, such as the impurity charge-
state, should be considered in order to better described
the EFG temperature dependence in these systems.

5 Conclusions

The characterisation of the nuclear-electric-quadrupole in-
teraction of 181Ta impurities at cation sites of the bixbyite
structure of Er2O3 and Gd2O3 was achieved applying
the TDPAC technique, subsequent to the implantation of
181Hf ions into powder samples.

After the high-temperature annealing, both oxides
show two very well-defined hyperfine interactions, which
have been correlated to probes located at the two
nonequivalent free-of-defects cation sites of the structure.
The electric-field gradients at these sites agree perfectly
with the systematics previously found in these compounds
with the 181Ta TDPAC probe. From the comparison of
the present 181Ta data with the already established 111Cd
systematics it has been shown that the EFG at 111Cd
and 181Ta sites in bixbyites exhibit a strong dependence
on the coordination geometry of the site and the elec-
tronic configuration of the probe. In addition, we present
clear evidence that an ionic model alone, where the host
is represented by point-charges and the impurity by the
Sternheimer anti-shielding factor γ∞, is not adequate for
describing the obtained experimental results.

Concerning the temperature dependence of the hyper-
fine parameters that characterise the EFG’s in the two
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cationic sites of Er2O3 and Gd2O3, thermal lattice expan-
sions are not enough to explain the observed decrease of
ωQ at both sites. As a consequence some additional ef-
fect (induced by the presence of the hyperfine probes) has
to be considered in order to explain the experimental be-
haviour.
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Rev. B 28, 5739 (1983); Y2O3: M. Uhrmacher, A.
Bartos, K. Winzer, J. Less-Common Metals 150, 185
(1989); Yb2O3, Dy2O3, and Sc2O3: A. Bartos, K.P. Lieb,
A.F. Pasquevich, M. Uhrmacher, ISOLDE collaboration,
Phys. Lett. A 157, 513 (1991); Ho2O3, Gd2O3, and

Sm2O3: J. Shitu, D. Wiarda, T. Wenzel, M. Uhrmacher,
K.P. Lieb, S. Bedi, A. Bartos, Phys. Rev. B 46, 7987
(1992); Eu2O3: A.F. Pasquevich, A.M. Rodŕıguez, H.
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