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Abstract

Correlation of crystal structure with electric field gradient (EFG) in the fluorite- and pyrochlore-type compounds in the Gd2O3–

ZrO2 system GdxZr1�xO2�x/2 with 0:18pxp0:62 were investigated by 155Gd Mössbauer spectroscopy, powder X-ray diffraction

and point-charge model (PCM) calculation. An intermediate ordered pyrochlore phase forms for 0:45pxp0:55; sandwiched with a

disordered fluorite phase for 0:18pxo0:45 and 0:55oxp0:62: Some 155Gd Mössbauer parameters, especially the quadrupole

coupling constant ðe2qQÞ; were found to exhibit a characteristic maximum around the ideal-pyrochlore Gd2Zr2O7 (x ¼ 0:50)
composition. The validity of the proposed pyrochlore-based structural model was examined by comparing the experimental values

of EFG at the Gd sites with those calculated by the PCM calculations.

r 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Pyrochlore-type gadolinium zirconate Gd2Zr2O7 is
very promising for immobilization of plutonium com-
pared with the corresponding titanate Gd2Ti2O7 cur-
rently being considered for plutonium disposal in
America [1–4]. Clarification of the structural and
fundamental properties of the fluorite- and pyrochlore-
type compounds in the Gd2O3–ZrO2 system
GdxZr1�xO2�x/2 with 0pxp1:0 needs to be conducted
urgently. The fluorite-type compounds in the Gd2O3–
ZrO2 system have been known as good oxide ion
conductors because oxygen ion vacancies exist in the
system. By the way, the ionic conductivities have a
maximum value at about x ¼ 0:50 [5].

Mössbauer spectroscopy is a powerful tool for
investigating the structural and fundamental properties

of various lanthanide compounds [6]. Mössbauer
spectroscopic studies of the pyrochlore-type compounds
Ln2M2O7 (where Ln=lanthanide ion, M=Ti4+, Zr4+,
Hf4+, Sn4+, etc.) [7–10] and the fluorite- and pyro-
chlore-type compounds in the Eu2O3–MO2 (M=Zr4+,
Ce4+, Hf4+, etc.) [11–13] systems have already been
reported. Electric field gradient (EFG) at the Ln

Mössbauer nuclei position in the pyrochlore-type
Ln2Ti2O7 compounds are the largest one in all known
lanthanide compounds. The strong dependence of the
EFG value on the unit-cell parameter can be reasonably
accounted for by the point-charge model (PCM).
However, Correlation of EFGs at the Gd sites with
crystal structures in the fluorite- and pyrochlore-type
compounds in the Gd2O3–ZrO2 system has not been
investigated.

In this paper we describe 155Gd Mössbauer spectro-
scopic and powder X-ray diffraction (XRD) studies of
the fluorite- and pyrochlore-type compounds in the
Gd2O3–ZrO2 system GdxZr1�xO2�x/2 with 0:18pxp
0:62: 155Gd Mössbauer parameters, especially the EFGs
at the 155Gd sites, were found to exhibit some relation-
ships with the Gd content x: Proposed structural model
to the fluorite- and pyrochlore-type compounds in the
Gd2O3–ZrO2 system GdxZr1�xO2�x/2 with 0:18pxp0:62
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was examined by comparing the EFG values obtained
by the 155Gd Mössbauer experiments and the PCM
calculations.

2. Experimental

The polycrystalline samples with x ¼ 021:0 were
prepared by the wet chemical method. A typical
procedure is as follows: the denitrified mixtures of
Gd(NO3)3 � 6H2O and ZrOCl2 � 2H2O were cold-pressed
into a pellet. All pellets were sintered twice at 1773K for
16 h in air. The samples were examined by XRD
measurement. A conventional Rigaku RADIIC diffract-
ometer with CuKa radiation (l ¼ 1:54178 Å) was used
for the measurement of their XRD patterns. The XRD
data were collected with a step scan procedure in the
range of 2y ¼ 5280�. The step interval was 0.02�and
scan speed, 1� min�1. Crystal structures of the fluorite-
and pyrochlore-type compounds in the Gd2O3–ZrO2

system GdxZr1�xO2�x/2 with 0:18pxp0:62 were deter-
mined by full-profile structure refinement of the
collected powder diffraction data using the Rietveld
program RIETAN-97b [14]. In the Rietveld structure
refinement, both of the fluorite- and pyrochlore-type
compounds were assumed to have the similar structural
model with that of the ideal pyrochlore-type Gd2Zr2O7

(x ¼ 0:50) compound. The EFG values at the Gd sites in
the selected Gd0.3Zr0.7O1.85 (x ¼ 0:30), Gd0.4Zr0.6O1.8

(x ¼ 0:40), Gd0.5Zr0.5O1.75 (x ¼ 0:50) and Gd0.6Zr0.4O1.7

(x ¼ 0:60) compounds were calculated by the PCM
method using their structure data obtained by the
Rietveld structure refinement. In other words, the same
structural model was assumed in the Rietveld structure
refinement and the PCM calculation to the all com-
pounds in the Gd2O3–ZrO2 system GdxZr1�xO2�x/2

with 0:18pxp0:62: The detail procedure of the PCM
calculations would be described in Section 3.3.

The 155Gd Mössbauer measurements were performed
with a prepared 155Eu/154SmPd3 (about 231MBq)
source by a neutron irradiation of 154SmPd3 [15–17].
The 155Gd Mössbauer spectra were measured on a
Wissel Mössbauer measurement system. Both the source
and sample containing 115mg Gd cm�2 were kept at
12K in a cryostat equipped with a closed-cycle
refrigerator. The diameter of the sample holder was
1.5 cm. The 86.5 keV g-rays were counted with a pure
germanium detector. The source was moved in triangle
drive mode using the Mössbauer drive unit Wissel
MDU-1200. The Doppler velocity was measured with a
laser Mössbauer velocity calibrator Wissel MVC-450
and calibrated by measuring a 57Fe Mössbauer spectrum
of a-iron foil. The 155Gd Mössbauer spectra were
computer-analyzed in terms of a single, quadrupole-
split pentet (Ig ¼ 3=2; Ie ¼ 5=2; Z ¼ 0) of the Lorentzian
lines [18]. The quadrupole moments used for the ground

and excited states of the 155Gd Mössbauer 86.5 keV
transition are Qg ¼ 1:50 b and Qe ¼ 0:18 b, respectively
[19]. The magnetic interaction was not included in the
curve fitting.

3. Results and discussion

3.1. X-ray diffraction (XRD) study

Fig. 1 shows the plot of the lattice parameters of the
fluorite- and pyrochlore-type compounds in the Gd2O3–
ZrO2 system GdxZr1�xO2�x/2 with 0:18pxp0:62
against the Gd content x: Since the crystal structures
of the pyrochlore-type compounds are the ‘superstruc-
ture’ of the defect fluorite-type compounds, the lattice
parameters of the pyrochlore-type compounds are about
twice of that of the parent defect fluorite-type com-
pounds. For ease of comparison, all of the lattice
parameters of the pyrochlore-type compounds were
plotted as half in Fig. 1. The lattice parameters obtained
in the present study are in good agreement with those
reported by Uehara et al. [20].

Fig. 2 shows the reported structural model of the ideal
pyrochlore-type Gd2Zr2O7 (x ¼ 0:50) compound [21].
The Gd3+(16c) ion is coordinated by eight oxygen ions.
The six Gd–O bond distances for oxygen ions in the 48f

site are longer than for the two oxygen ions in the 8a

site. The two oxygen vacancies are not located adjacent
to Gd3+, but to Zr4+ for the ideal pyrochlore-type
Gd2Zr2O7 compound. In the Rietveld structure refine-
ment, we proposed that both of the fluorite- and
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pyrochlore-type compounds in the Gd2O3–ZrO2 system
have similar structural model with the ideal pyrochlore-
type Gd2Zr2O7 compound as described in Section 2. The
proposed pyrochlore-based structural model was also
used to the PCM calculations of the four compounds
selected from the 12 samples that were investigated
using 155Gd Mössbauer spectroscopy in the present
study (see Section 3.3).

A single phase was found for 0:18pxp0:62 and two
phases coexist for the other compositional ranges
investigated. The defect fluorite-type compounds with
disordered oxygen ion vacancy configuration have been
found to exist for 0:18pxo0:45 and 0:55oxp0:62; the
pyrochlore-type compounds with ordered both cations
(Gd3+, Zr4+) and oxygen ion vacancy configuration
exist for 0:45pxp0:55: Since we judged the pyrochlore-
type compounds exist only when the superstructure
peaks were observed clearly, the range of the pyro-
chlore-type compounds is narrower than that reported
by Uehara, et al. [20].

3.2. 155Gd Mössbauer spectroscopic study

Fig. 3 shows 155Gd Mössbauer spectra for the Gd2O3–
ZrO2 system GdxZr1�xO2�x/2 with x ¼ 0:20 (fluorite-
type compound), 0.30 (fluorite-type compound), 0.40
(fluorite-type compound), 0.50 (pyrochlore-type com-
pound) and 0.62 (fluorite-type compound) at 12K. The
155Gd Mössbauer spectra are a pure electric quadrupole
splitting of the ground and excited levels of the 86.5 keV

transition, where the apparently observed doublets are a
consequence of the dominance of the nuclear quadru-
pole moment of the Ig ¼ 3=2 ground level (Qg=Qe48)
[22]. The 155Gd Mössbauer spectra for the Gd2O3–ZrO2

system GdxZr1�xO2�x/2 with 0:18pxp0:62 obviously
consist of single doublet, indicating basically the
existence of one kind of Gd3+ site. So, the spectra for
x=0.18, 0.30, 0.40, 0.50 and 0.62 as shown in Fig. 3
were fitting assuming only one kind of Gd3+ site.
According to the proposed structural model and the
PCM calculation (see Section 3.3), an additional sub-
spectrum should appear in those spectra for
0:50oxp0:62: However, the additional sub-spectrum
was not observed clearly even in the spectrum for
x ¼ 0:62 as shown in Fig. 3. It could be considered due
to the reason that the contribution of the 16d Gd3+ ions
partially substituting the Zr4+ ions is much smaller
compared with that of the 16c Gd3+ ions.

In addition, it can be observed from Fig. 3 that
splitting and linewidth of the peaks increase with the
increase in the Gd content x from 0.18 to 0.50 and
decrease with the increase in the Gd content x from 0.50
to 0.62. Moreover, the relative absorption intensity of
the spectrum for x ¼ 0:50 (ideal pyrochlore-type
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Gd2Zr2O7 compound) is clearly larger than that for the
other Gd contents, x: This indicates that the recoilless
fraction of the ideal pyrochlore-type Gd2Zr2O7 com-
pound is stronger than that for the other Gd contents, x;
at 12K since the sample thickness (115mgGd cm�2) is
the same for all of the specimens used for the 155Gd
Mössbauer measurement in the present study. The
following make a detail discussion to the splitting of
the 155Gd Mössbauer spectrum due to the pure electric
quadrupole interaction.

Fig. 4 shows the plot of the quadrupole coupling
constant (e2qQ) against the Gd content x for the
Gd2O3–ZrO2 system GdxZr1�xO2�x/2 with 0:18pxp
0:62: The e2qQ values are increased from 4.95 to
8.49mm s�1 with the increase in the Gd content x from
0.18 to 0.50 and decreased to 8.10(5)mm s�1 with the
increase in the Gd content x from 0.50 to 0.62. There is a
maximum value for the ideal pyrochlore-type Gd2Zr2O7

compound.
The e2qQ values reflect the magnitude of the EFG at

Gd site. In case of 155Gd, lattice contribution is
dominant since the Gd3+(4f 7) ion has the high
symmetric valence electron distribution. The lattice
contribution originates from the asymmetric location
of the oxygen ions around Gd3+ ion. Thus, from the
variation of the e2qQ values, we can know that the
displacements of the eight oxygen ions around Gd3+ ion
from the cubic symmetry are maximized for x ¼ 0:50:

3.3. Electric field gradient (EFG) calculation by point-

charge model (PCM)

As described in the above, all of the fluorite-
and pyrochlore-type compounds in the Gd2O3–ZrO2

system GdxZr1�xO2�x/2 with 0:18pxp0:62 were
roposed to have a structure similar to that of the
ideal pyrochlore-type Gd2Zr2O7 compound in the
Rietveld structure refinement. For example, accord-
ing to the proposed structural model, the formulas
for x ¼ 0:30; 0:40; 0:50 and 0.60 can be written as
[Gd1.2Zr0.8][Zr2]O7+0.4, [Gd1.6Zr0.4][Zr2]O7+0.2, [Gd2][Zr2]O7

and [Gd2][Gd0.4Zr1.6]O7�0.2, respectively. This means
that some Gd3+ ions were substituted by some Zr4+

ions for x ¼ 0:30 and 0.40, on the contrary, some Zr4+

ions were substituted by some Gd3+ ions for x ¼ 0:60:
In order to evaluate that the proposed structural

model is reasonable or not, a comparison was made
between the experimental and calculated EFG values at
the Gd site for the Gd2O3–ZrO2 system GdxZr1�xO2�x/2

with 0:18pxp0:62: According to the PCM calculation,
the lattice EFG at a Gd nuclei position can be expressed
as summations over all the ions in the crystal, namely

Lattice EFG ¼
X

½rið3 cos2 yi � 1Þ	=R3
i 	;

where ri is the charge on ion Ii; Ri is a distance of ion
Ii to the origin at the Gd nuclei of interest; yt is the angle
between the line connected ion Ii with the origin at the
Gd nuclei of interest and the axis of lattice EFG. The Ri

and yi can be obtained from the structure data.
The Gd2O3–ZrO2 system GdxZr1�xO2�x/2 with

x=0.30, 0.40, 0.50, 0.60 and 1.0 were selected for the
PCM calculations. Their lattice parameters and the
special position parameters x0 (48f ) used for the PCM
calculations were obtained from the Rietveld structure
refinement (see Table 1). The lattice parameter and the
special position parameter x0 (48f ) of the pyrochlore-
type Gd2Zr2O7 (x ¼ 0:50) compound are consistent with
the single crystal study reported by Moriga, et al. within
the experimental error [21]. The point charges were
taken as Gd3+, Zr4+ and O2�. The Gd3+ and Zr4+ ions
were separately applied to the PCM calculations
according to the populations of them on the 16c site
for that of x ¼ 0:30; 0.40 and 16d site for that of x ¼
0:60: In other words, They were not assigned some
average point charge that lies between 3+and 4+ in the
PCM calculation. The excess O2� ions (x ¼ 0:30; 0.40)
and the insufficient O2� ions (x ¼ 0:60) relative to that
of x ¼ 0:50 were considered and assigned some average
to each O2� ions within an unit cell.

The axis of the lattice EFG were selected to /111S
direction for x=0.30, 0.40, 0.50 and 0.60 (16c). It was
the same with that of Gd2Sn2O7 reported by Barton and
Cashion [19,23]. The summations were performed to the
whole ions over an unit cell. To ensure convergence and
check whether the selected range of the summations was
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adequate or not, EFGs at the 24d and 8b Gd sites of the
C-type Gd2O3 ðx ¼ 1:0Þ were also calculated. The EFG
values of the 24d and 8b Gd sites of the C-type Gd2O3

have been reported by Barton and Cashion. In our
present calculations, the same structure data and axis
direction were used with that of Barton and Cashion. As
a consequence, the calculated EFG values at the 24d and
8b Gd sites of the C-type Gd2O3 are close to that of
Barton and Cashion reported (see Table 1), indicating
that the selected range of the summations is adequate.

The calculated EFG, ðe2qQÞcal and experimental
ðe2qQÞexp results are also listed in Table 1. The
ðe2qQÞcal values were converted from the calculated
EFG values since e2qQ can be written as eQ �EFG
(EFG=eq). The EFG values of the two Gd sites of
[Gd2][Gd0.4Zr1.6]O7�0.2 for x ¼ 0:60 were separately
calculated. Since Gd occupation of the 16d Zr site is
much smaller than that of the 16c Gd site, only the
calculated e2qQ value of the 16d Gd site was used to
compare with that of the experimental e2qQ result. As
described above, the 155Gd Mössbauer spectrum for
x ¼ 0:60 was also fitted well assuming only one kind of
Gd3+ site. The experimental e2qQ values should be
considered to the absolute values since it is difficult to
decide the sign of the EFG values from the 155Gd
Mössbauer spectroscopy [22].

It is clear that the lattice EFG at the Gd site for the
ideal pyrochlore-type Gd2Zr2O7 compound is the largest
one among the Gd2O3–ZrO2 system GdxZr1�xO2�x/2

with x=0.30, 0.40, 0.50 and 0.60. It is consistent with
the results obtained from the 155Gd Mössbauer spectro-
scopy. As shown in Fig. 4, the trend of the calculated

e2qQ values varying with the Gd content x is the same
with that of the experimental e2qQ values. Moreover,
the calculated and experimental e2qQ values are close to
each other. For the Gd2O3–ZrO2 system, especially the
fluorite-type compound with the randomly distributed
oxygen ion vacancies, complete agreement between the
calculated and experimental e2qQ values can not be
expected.

Therefore, the results presented in Table 1 pointed to
the rationality of the proposed structural model. In
other words, all of the fluorite- and pyrochlore-type
compounds in the Gd2O3–ZrO2 system GdxZr1�xO2�x/2

with 0:18pxp0:62 could be proposed to have similar
structural model with the ideal pyrochlore-type
Gd2Zr2O7 (x ¼ 0:50) compound. Some Gd3+ ions were
substituted by Zr4+ ions for 0:18pxo0:50; some Zr4+

ions were substituted by Gd3+ ions for 0:50oxp0:62:

4. Conclusion

155Gd Mössbauer spectroscopic and XRD studies
show that the crystal structures of the fluorite- and
pyrochlore-type compounds in the Gd2O3–ZrO2 system
GdxZr1�xO2�x/2 with 0:18pxp0:62 are strongly corre-
lated with the lattice EFGs at the Gd sites. By
comparing the calculated e2qQ values with the experi-
mental ones, it should be considered that the crystal
structures of the fluorite- and pyrochlore-type com-
pounds have similar structural model with that of the
ideal pyrochlore-type Gd2Zr2O7 (x ¼ 0:50) compound.
Some Gd3+ ions were substituted by Zr4+ ions for
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Table 1

Structure data, calculated electric field gradient (EFG) and calculated and experimental quadrupole coupling constant (e2qQ) of the four

Gd0.3Zr0.7O1.85 (x ¼ 0:30), Gd0.4Zr0.6O1.8 (x ¼ 0:40), Gd0.5Zr0.5O1.75 (x ¼ 0:50) and Gd0.6Zr0.4O1.7 (x ¼ 0:60) compounds selected from the

12 samples that were investigated using 155Gd Mössbauer spectroscopy in the present study to the Gd2O3–ZrO2 system GdxZr1�xO2�x/2

with 0.18pxp0.62

Gd content x Lattice

parameter (Å)

Special position

parameter x0 (48f )

Gd site Direction of

principal axis

EFG (Cal.)

(� 1020Vm�2)

e2qQ (mm s�1)

Cal. Exp.a

0.30 10.378(3) 0.3909(10) 16c /111S �1.1367 �5.95 6.25

0.40 10.445(6) 0.3975(8) 16c /111S �1.2031 �6.30 7.43

0.50 10.523(5) 0.4005(12) 16c /111S �1.3880 �7.27 8.49

0.60 10.587(8) 0.3905(20) 16c /111S �1.3245 �6.94 8.25

1.0 8b /111S +2.1639 +11.34 10.85

(C-type Gd2O3)
b 24d 32� to b-axis �1.1020 �5.34 5.53

(This study) in b–c plane

C-type Gd2O3 8b /111S +2.3357 +12.87 10.46

Ref. [23] 24d 32� to b-axis �1.1401 –6.72 5.50

in b–c plane

The data of the C-type Gd2O3 (x ¼ 1:0) were included as a test of the present point charge model (PCM) procedure against the previous work of

Barton and Cashion [23].
aAbsolute value.
bThe structure data used to the PCM calculations were the same with that of Barton and Cashion used in Ref. [23].
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0:18pxo0:50; Some Zr4+ ions were substituted by
Gd3+ ions for 0:50oxp0:62: The oxygen ions around
the Gd3+ ions in the fluorite- and pyrochlore-type
compounds are displaced from the ideal position of the
related fluorite-type compounds. The displacement is
maximum in the ideal pyrochlore-type Gd2Zr2O7

(x ¼ 0:50) compound.
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