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X-ray Photoelectron Spectroscopy Study of Disordering in Gd2���Ti12xZrx���2O7 Pyrochlores
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The dramatic increases in ionic conductivity in Gd2�Ti12xZrx�2O7 solid solution are related to disor-
dering on the cation and anion lattices. Disordering in Gd2�Ti12xZrx�2O7 was characterized using x-ray
photoelectron spectroscopy (XPS). As Zr substitutes for Ti in Gd2Ti2O7 to form Gd2�Ti12xZrx�2O7

�0.25 , x # 0.75�, the corresponding O 1s XPS spectrum merges into a single symmetric peak. This
confirms that the cation antisite disorder occurs simultaneously with anion disorder. Furthermore, the
O 1s XPS spectrum of Gd2Zr2O7 experimentally suggests the formation of a split vacancy.
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Pyrochlore-structured oxides have become one of the
most promising candidate ionic and electronic conductiv-
ity materials. Among them, the Gd2�Ti12xZrx�2O7 binary
is of particular interest due to its intrinisic fast oxygen
ion conductivity and its potential for low temperature op-
eration and greater compositional flexibility for materials
optimization [1–3]. The easily controlled ionic conductiv-
ity has made Gd-titanate pyrochlore a candidate material
for use in fuel cells, oxygen sensors, and ion pumps [4].
Furthermore, recent work has shown that pyrochlore be-
comes increasingly radiation resistant with increasing Zr
content in Gd2�Ti12xZrx�2O7 when subjected to 1 MeV
Kr1 irradiation [5–7]. This suggests the potential of ex-
panding the use of Gd2�Ti12xZrx �2O7 as an oxygen sensor
in high-radiation environments. Considering the excellent
conductivity properties and displacive radiation resistance
of Gd2�Ti12xZrx�2O7, it is also a potential material for use
in fuel cells in the radiation environment of space [8].

Previous work on Gd2�Ti12x Zrx�2O7 pyrochlores has
been mainly focused on conductivity variation as a
function of different doping levels [9–11]. Only a few
studies have included detailed structural characterizations
[12–14]. For example, Heremans et al. found that the
formation of cation and anion disordering occurred
separately by studying the progressive changes in the
structure in Y2�Ti12xZrx�2O7 using neutron diffraction
[14]; however, because of the strong absorption of neu-
trons by Gd, neutron diffraction cannot be applied to the
Gd2�Ti12x Zrx�2O7 system. Recently, several calculations
based on energy minimization with a Born-like descrip-
tion of the lattice have indicated that cation disordering
occurs more easily than the anion disordering in the
Gd2�Ti12x Zrx�2O7 system [15,16], but direct experimental
confirmation has been lacking. Because of its sensitivity to
chemical surroundings, x-ray photoelectron spectroscopy
(XPS) is especially useful for the characterization of the
evolution of the chemical environment of an element,
especially in the case of disordered materials. We have
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followed the change in binding energy for oxygen in
Gd2�Ti12xZrx�2O7 and have analyzed the variation of O
1s electron XPS spectra as a function of changes in the
Ti�Zr ratio.

The preparation of samples in the pyrochlore solid-
solution series Gd2�Ti12xZrx �2O7 has been described in de-
tail elsewhere [6]. The transmission electron microscopy
(TEM) observation of the samples was conducted using
a JEOL 4000 EX electron microscope operated at an ac-
celerating voltage of 400 keV. XPS investigations were
performed using an ESCA LAB5 XPS spectrometer with
a Mg Ka x-ray source �hn � 1253.6 eV�. The samples
were kept overnight in the preparation chamber, and then
broken and immediately inserted into the analysis chamber
of the XPS spectrometer where the vacuum was maintained
at �3.7 3 1029 Torr. Ar1 sputtering was used to remove
carbon and other contamination from the fracture surface.
The C 1s photoelectron line �Eb � 284.6 eV� was used to
calibrate the binding energies of the photoelectron.

Figure 1(a) is the O 1s XPS spectrum of Gd2Ti2O7.
There are two peaks in the O 1s electron XPS spectrum,
and the spectrum can be fitted by two Gaussian functions.
The difference in binding energy of oxygen is the conse-
quence of the difference of the effective negative charge
on oxygen. The lower the binding energy, the higher the
average electron density on the element. In Gd2Ti2O7

pyrochlore, there are two different oxygen sites at 48f
and 8a (with origin at Gd). Among them, six out of
every seven oxygen ions occupy the 48f sites and each
is coordinated by two gadolinium and two titanium ions.
The other oxygen ion occupies the 8a site and is sur-
rounded by four gadolinium ions. Considering the lower
electronegativity of Gd31, as compared with that of Ti41,
the ionic character of the Gd-O bond is greater than that
of the Ti-O bond. This means that the electron density
on oxygen for the Gd-O bond is higher than that of the
Ti-O bond. Thus, we assign the peak in the O 1s spec-
trum with the lower binding energy to oxygen ions at 8a
© 2002 The American Physical Society 105901-1
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FIG. 1. O 1s XPS spectra and the corresponding Gaussian functional fitted curves of Gd2�Ti12xZrx�2O7 pyrochlores: (a) x � 0,
(b) x � 0.25, (c) x � 0.5, (d) x � 0.75.
sites, and the peak of the O 1s spectrum with the higher
binding energy is assigned to oxygen at 48f sites. How-
ever, when 25 mol % Ti in Gd2Ti2O7 is replaced by Zr
to form Gd2�Ti0.75Zr0.25�2O7, the XPS spectrum of O 1s
merges into one peak [Fig. 1(b)]. The peak can be fitted
as a single Gaussian function. This means that the chemi-
cal environment of oxygen ions at the 48f and 8a sites has
become nearly identical. The further addition of Zr does
not change the symmetry of O 1s spectrum, as shown in
Figs. 1(c) and 1(d), respectively.

Cation antisite and anion disorder (Frenkel pairs) are the
two main disordering mechanisms in pyrochlore A2B2O7:

AA 1 BB ! A0
B 1 B?

A , (1)

OO ! V ??
O�48f� 1 O00

i�8b� , (2)

where A0
B indicates the substitution of an A31 cation onto

a B site; B?
A for the substitution of a B41 cation onto an

A site. V ??
O�48f� is a vacancy on a 48f site, and O00

i�8b� is
an interstitial on an 8b site in Eq. (2). For the two types
of disorder, only cation disorder increases the similarity
between nonequivalent oxygen sites. Thus, the similarity
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between these oxygen sites as revealed by this XPS study
is a result of disorder on the cation antisites. This interfer-
ence is consistent with the atomic simulation calculation
based on energy minimization by Minervini et al. [15]. In
their calculations, they found that the cation antisite has
the lowest energy intrinsic disorder mechanism. However,
the x-ray diffraction results show that Gd2�Ti12xZrx�2O7
�0 , x # 0.75� is entirely in pyrochlore stability field
[17]. The selected area diffraction (SAD) by TEM also
shows a superlattice pattern that is evidence for the py-
rochlore structure. On the other hand, close examination
of the structure of Gd2Ti2O7 shows that when there is a
partial filling of cation antisites, such as the two pairs of ad-
jacent Gd-Ti cations around 48f, the 48f, 8b, and 8a sites
become crystallographically equivalent [16]. This leads to
the spectrum with a single peak in the O 1s electron XPS
spectrum. Because it is only partial cation disordering,
the peak characteristic of the pyrochlore structure can still
be found in the corresponding XRD patterns and SAD pat-
terns by TEM. Wilde and Catlow have found that just such
a switch of two pairs of adjacent cations can readily result
in the Frenkel defect formation energy being reduced from
105901-2
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5.32 to 1.89 eV for Gd2Ti2O7, and from 4.21 to 1.51 eV
for Gd2Zr2O7, respectively [16]. This proves that such a
switch is energetically favorable.

In a study of the ionic conductivity of
Gd2�Ti12xZrx�2O7, Moon et al. have found that,
at 600 ±C, when x , 0.25, the ionic conductivity
of Gd2�Ti12xZrx �2O7 is nearly the same as that of
Gd2Ti2O7 [1]. When x increases from 0.25 to 0.40, the
ionic conductivity increases rapidly. In addition, the
activation energy is only slightly dependent on x in
Gd2�Ti12xZrx�2O7. This means that the ionic conductivity
is primarily dependent on the preexponential constant [1]:

sO � �4ae2a2
OnONO�V ??

O � exp�SM�k���k , (3)

where sO is the preexponential constant for ionic conduc-
tivity, a is a geometrical factor, e is the elementary charge,
aO is the carrier jump distance, nO is the jump frequency,
NO is the number of oxygen ions at the 48f sites per unit
volume, V ??

O is the fractional oxygen 48f site vacancy con-
centration, SM is the migration entropy, and k is Boltz-
mann’s constant. Obviously, the preexponential constant
reflects the carrier concentration. Thus, the degree of ionic
conductivity in pyrochlore depends on the presence of
anion disorder.

Considering the XPS results, with the effect of cation
disorder in increasing anion disorder as discussed above,
and the change of ion conductivity of Gd2�Ti12xZrx �2O7
with x at 600 ±C, it is reasonable to conclude that the onset
of cation disorder begins when x equals 0.25, and anion
disorder occurs simultaneously. In the study of structure
evolution with Zr content in similar Y2�Ti12xZrx�2O7 py-
rochlore, Heremans et al. have found by a neutron diffrac-
tion study that the cation distribution remained remarkably
ordered through the first half of the solid solution series,
i.e., Y remained confined to the A site and Zr progressively
replaced Ti on the B site. The onset of mixing between A
and B sites began when x 	 0.5 [14,18]. However, like
Gd2�Ti12xZrx�2O7, the conductivity of Y2�Ti12xZrx�2O7
also increases rapidly when x is close to 0.25 [1]; this in-
dicates that there is adequate anion disorder at this com-
position. According to our XPS results and the calculation
mentioned above, which demonstrate that the anion dis-
order depends on the cation disorder, and considering the
ionic conductivity results, it is concluded that the cation
disorder already becomes evident when x � 0.25, rather
than x 	 0.5.

When titanium has been completely replaced by
zirconium, a shoulder occurs on the peak at the low
binding energy side of the XPS spectrum (Fig. 2). This
appears to contradict the results of the O 1s XPS spectra
tend for Gd2�Ti12xZrx�2O7 �0 # x # 0.75�, because the
peak for Gd2Zr2O7 should have been more symmetric than
the peak for Gd2�Ti12xZrx�2O7 �0 # x , 1�. Obviously,
the unsymmetric O 1s XPS spectrum in Gd2Zr2O7 cannot
be the result of cation reordering because cation disorder-
ing increases with x in Gd2�Ti12xZrx�2O7 �0 # x # 1�
[1]. A possible explanation is the nonsymmetric location
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of the interstitial oxygen ions. In simulating the atomic
defect structure and oxygen ion migration mechanism
for Gd2Zr2O7, van Dijik et al. used a “split vacancy” to
explain the decreased activation enthalpy for oxygen ion
conductivity as a function of ordering [19]. In the calcu-
lation, they found a 48f vacancy and 8b interstitial pair
is the most stable among the possible Frenkel defects in
pyrochlore. However, the possibility of the 8b interstitial
near the 48f site relaxing into the latter would result in
the annihilation of this Frenkel defect pair. Considering
the 48f vacancy more closely, it appeared that a split
vacancy structure could be formed. In their model, the
split vacancy is formed by a 48f vacancy pair in the

110� direction with an interstitial oxygen ion located
between the two vacancies. As compared with those at
the 8b site, the surroundings of the interstitial oxygen
are not symmetric, and the interstitial oxygen is closer to
the two Gd31 ions surrounding the 48f vacancy. Gd31

ions have a lower electronegativity as compared with
that of Ti41; thus, the surface electron density of the
interstitial oxygen ion is larger than that of the 8b site.
This may be the explanation for the shoulder on the
lower binding energy side of the O 1s XPS spectrum in
Gd2Zr2O7. The most recent atomic simulation by Pirzada
et al. has shown that the split vacancy becomes more
and more stable with the transition from the pyrochlore
to fluorite structure [20]. This calculation is consistent
with our results that show a symmetric O 1s spectrum
when 0.25 , x # 0.75 in Gd2�Ti12xZrx�2O7, while a
nonsymmetric peak occurs in the O 1s spectrum obtained
for Gd2Zr2O7. This reveals that the migration mechanism
of oxygen in Gd2Zr2O7 may be different from that of
Gd2�Ti12xZrx�2O7 �0 # x # 0.75�. Apparently, the split
vacancy provides more geometric flexibility for the mi-
gration of oxygen ions. This is expected to increase the
preexponential factor as shown in Eq. (3), thus, resulting

FIG. 2. O 1s XPS spectrum of Gd2Zr2O7. It can be fitted by
two Gaussian functional curves, indicating the different anion
migration mechanism from that in Gd2�Ti12xZrx �2O7.
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in higher ionic conductivity. However, because the spec-
trum in Fig. 2 can be fitted by two Gaussian functions,
it is suggested that the split vacancy makes an additional
contribution to the ionic conductivity of Gd2Zr2O7, whose
conductivity mechanisms in Gd2�Ti12xZrx�2O7 �0 #

x # 0.75� still operate in Gd2Zr2O7.
In summary, when compared to Gd2Ti2O7, the O 1s

XPS spectrum of Gd2�Ti12xZrx�2O7 �0.25 # x # 0.75�
has merged to a single symmetric peak as zirconium sub-
stitutes for titanium. Combined with the ionic conductivity
results, this demonstrates that cation antisites occur simul-
taneously with anion disordering. The O 1s XPS results of
Gd2Zr2O7 suggest the existence of a split vacancy and for
the first time, provide experimental support to the atomic
simulation calculations that have proposed a split vacancy
mechanism [19].
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