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Gd2Ti2O7 and Gd2Zr2O7 pyrochlores were irradiated with swift heavy ions in order to investigate the e�ects
of the chemical composition on the structural changes induced by high electronic excitation. The XRD results
show that the structural modi�cations induced by irradiation with 93 MeV Xe ions are strongly dependent on the
sample composition: Gd2Ti2O7 is readily amorphized, whereas Gd2Zr2O7 is transformed into a radiation-resistant
anion-de�cient �uorite structure. Atomistic simulations with the second-moment tight-binding QEq model allow
us to calculate the lattice properties of both Gd2Ti2O7 and Gd2Zr2O7, and also to quantify the degree of covalency
and ionicity in these compounds. These calculations clearly show that Gd2Ti2O7 is more covalent than Gd2Zr2O7,
thus con�rming that the amorphization resistance can be related to the covalent character of insulators.
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1. Introduction

Pyrochlores with the A2B2O7 stoichiometry provide a
large array of structural and physical properties related
to their various chemical compositions. In particular, due
to the capability to incorporate actinides (e.g. U, Np, Th,
Pu, Am and Cm), the A3+

2 B4+
2 O7 series is of great inter-

est in the �eld of nuclear waste management [1]. Ordered
A2B2O7 pyrochlores belong to the Fd3m space group
which is a superstructure of the ideal �uorite structure
(Fm3m space group) with twice as large the lattice con-
stant. A and B cations occupy the 16c (0, 0, 0) and 16d
(0.5, 0.5, 0.5) sites, respectively, and oxygens are located
at the 48f (x, 0.125, 0.125) and 8b (0.375, 0.375, 0.375)
positions (using the Wycko� notation). The anion sub-
lattice can be completed by adding missing oxygens in
the 8a site to form the �uorite structure. The stability
of the pyrochlore structure is governed by the ratio of
the ionic radii of A and B cations (rA/rB) which extends
from 1.46 for Gd2Zr2O7 to 1.78 for Sm2Ti2O7 [1, 2].
Recently, due to the high radiation resistance of some

compositions, with an amorphization tolerance compa-
rable to �uorite zirconia [3�6], pyrochlores were con-
sidered as potential matrices for the immobilization or
transmutation of actinides produced in nuclear power
plants [1]. Although the crystalline-to-amorphous phase
transformation induced by low-energy ion irradiation in
pyrochlores drew much attention in the past [1, 7�14],
information concerning the damage due to electronic ex-
citation arising from irradiation with swift ions (hun-
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dred MeV range) is still incomplete owing to the small
number of experiments devoted to this topic [15�22].
One of the main results is that the susceptibility to
radiation-induced amorphization exhibits a systematic
decrease with the increasing Zr content, as it has also
been observed for irradiations performed with low-energy
ions. Whereas Gd2Ti2O7 is readily amorphized, the end
member Gd2Zr2O7 is transformed into a radiation resis-
tant anion-de�cient �uorite structure upon irradiation at
room temperature [10�13, 16�22]. From these results, it
was concluded that zirconates are more radiation resis-
tant than titanates, and ion-beam induced amorphiza-
tion increased with the increasing B-site cation size from
Gd2Ti2O7 to Gd2Zr2O7. Nevertheless, recent studies
showed that some zirconates (Nd2Zr2O7, Sm2Zr2O7, and
Eu2Zr2O7) can be amorphized by high electronic excita-
tions [19, 22]. Moreover, it is now believed that the radi-
ation response cannot be described exclusively in terms
of the cationic radius ratio: the defect-formation ener-
gies and the bond type (i.e. the electronic structure of
compounds) must be considered [1, 11, 23]. It has been
suggested that the resistance of materials to amorphiza-
tion in a complex non-metallic compound is determined
by a competition between short-range covalent interac-
tions and long-range ionic forces. However, it is not easy
to quantify the covalency and ionicity and to relate these
parameters to the radiation resistance.

This paper reports a comparative study of the damage
created by swift heavy ions in Gd2Ti2O7 and Gd2Zr2O7

in order to investigate the e�ects of the chemical com-
position on the radiation resistance. X-ray di�raction
(XRD) was implemented to determine the structural
changes induced by irradiation, as well as to monitor
the damage build-up. Moreover, in an attempt to ex-
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plain some experimental observations concerning the ra-
diation resistance of pyrochlores as a function of their
composition, numerical calculations were performed us-
ing a new variable-charge model (the so-called SMTB-Q
model, second-moment tight-binding-QEq) [24, 25]. This
model takes advantage of an oxygen-metal interatomic
potential which better describes the iono-covalent bond-
ing of oxides than the classical purely ionic potentials. It
was used in the present work to determine the role played
by the ionicity of the metal�oxygen bond on the radiation
tolerance. Moreover, the fact that all pyrochlores have
the same structure makes them an excellent playground
to test the relevance of the role of the bond type.

2. Experimental results

2.1. Experimental

Polycrystalline pyrochlore pellets were prepared by a
standard solid state process. Stoichiometric amounts of
A2O3 and BO2 oxides were intimately mixed in an ace-
tone slurry using a ball-mill and subsequently dried. Af-
ter drying, the powders were isostatically pressed into
rods at 250 MPa. The homogenized mixtures were then
subjected to a three step heating protocol with inter-
mittent grindings to attain a better homogeneity. The
compacts were �rst sintered at 1200 ◦C for 12 h. The pro-
cedures (grinding, milling, pressing) were repeated twice
with the second heating at 1400 ◦C for 72 h and the �nal
sintering in air at 1450 ◦C for 196 h in order to increase
the density of samples. Pellets were cut with a diamond
saw and the specimens were polished to a 0.5 µm di-
amond �nish. Some properties of the investigated py-
rochlores are listed in Table I which indicates that they
strongly depend on the cation radius ratio (rA/rB).

TABLE I

Cross-sections extracted from the �ts to XRD experi-
mental data with Eq. (1) (see text) for the di�erent com-
pounds. σPA and σPF hold for the amorphous-pyrochlore
and �uorite-pyrochlore phase transformations, respec-
tively. Comparison of the track diameters (d) determined
by XRD is also reported.

Compound Gd2Zr2O7 Gd2Ti2O7

rA/rB 1.46 1.72

σPA [nm2] 0 106± 7

σPF [nm2] 47± 2 0

d [nm] 7.5± 0.5 11.6± 0.5

Pyrochlore oxides were irradiated at room temperature
with 93 MeV Xe ions at the GANIL accelerator in Caen
at the �uences ranging from 2.5× 1011 up to 1014 cm−2.
The ion current was always kept lower than 108 cm−2 s−1

in order to maintain target temperature less than 50 ◦C.
SRIM 2008 calculations [26] indicate that the projected
range of U ions Rp ≈ 8.3 µm, the electronic stopping
power Se ≈ 20 keV/nm and the nuclear stopping power
Sn ≈ 0.3 keV/nm (in the depth range investigated by
XRD); these values depend slightly on the sample com-
position. Thus, in the present experiments Se exceeds Sn

by several orders of magnitude.

XRD experiments were performed with a X'pert Pro
MRD PANalytical di�ractometer, using the Cu Kα anti-
cathode (λKα1 = 0.1540598 nm, λKα2 = 0.1544426 nm).
X-ray patterns were recorded in a standard (θ�2θ) ge-
ometry in the 13◦−90◦ range (2θ) with a step of 0.025◦.
The penetration depth of X-rays in the investigated py-
rochlores is ≈ 1.7 µm.

2.2. XRD results and phase transformation build-ups

Figure 1 shows the XRD patterns recorded on
Gd2Ti2O7 and Gd2Zr2O7 irradiated with 93 MeV Xe
ions. For Gd2Ti2O7 progressive vanishing of all di�rac-
tion peaks is observed and the additional di�use scat-
tering occurs at the basis of the (222) pyrochlore peak.
These features indicate the amorphization of samples,
which is totally achieved at 5×1012 cm−2. Conversely, for
Gd2Zr2O7 the di�raction peaks related to the supercell
of the pyrochlore structure disappear and only the peaks
corresponding to the �uorite structure are observed at
5× 1012 cm−2. This result indicates that irradiation has
induced an order-disorder phase transition: zirconates
are transformed into the anion-de�cient �uorite struc-
ture by the disordering of cations occupying the A and
B sites.

Fig. 1. XRD patterns recorded on Gd2Ti2O7 (a) and
Gd2Zr2O7 (b) pellets before and after irradiation at in-
creasing �uences with 93 MeV Xe ions.
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Fig. 2. Variation of the fraction of amorphous or �uo-
rite phases versus the ion �uence for Gd2Ti2O7 (a) and
Gd2Zr2O7 (b) irradiated with 93 MeV Xe. Lines are �ts
to XRD data with Eq. (1).

Amorphous, anion-de�cient �uorite and remaining py-
rochlore phase fractions were determined from the analy-
sis of XRD data (see the methodology used in Ref. [19]).
Figure 2 compares the phase transformation build-ups,
i.e. the variation versus the ion �uence of the fraction
of a new phase (either amorphous or �uorite), obtained
for Gd2Ti2O7 and Gd2Zr2O7. These build-ups were ex-
tracted from the analysis of XRD data according to the
procedure described previously. The results show that
only the pyrochlore (P) → amorphous (A) transforma-
tion is observed for Gd2Ti2O7. On the other hand, only
the pyrochlore (P) → anion-de�cient �uorite (F) transi-
tion occurs in Gd2Zr2O7.

2.3. Analysis of phase transformation build-ups

It is now well established that the electronic excitation
resulting from the slowing-down of swift ions in insulat-
ing materials leads to the creation of cylindrical damaged
regions, referred to as ion tracks. Phase transformation
build-ups similar to those exhibited in Fig. 2 are thus gen-
erally accounted for in the framework of a single impact
model [27]. In this model, it is assumed that total phase
transformation is produced by the ion impinging into an
undamaged region (only one impact is generally su�cient
to totally transform the matter inside the ion track), the
overall damage observed at high �uence results from the
overlapping of a large number of ion tracks. Thus, the
variation of the transformed fraction, f , with the ion �u-
ence follows the simple equation:

f = fsat[1− exp(−σφ)], (1)

where fsat is the transformed fraction at saturation (i.e.
at very high �uence), σ is the section of the cylinder
surrounding the ion path in which the transformation
occurred, and φ is the ion �uence. If the pyrochlore-
-amorphous phase transformation is observed, the related
cross-section is σPA, whereas for a pyrochlore-defect �u-
orite phase transformation the cross-section is σPF.
The phase transformation build-ups obtained for the

ion irradiations performed in this work are �tted with
Eq. (1) (see solid lines in Fig. 2). The cross-sections σi
extracted from the �ts to the XRD data are given in
Table II.

TABLE II

Lattice parameter (a), 48f oxygen parameter (x), bulk mod-
ulus (B) and cohesive energy (Ecoh) calculated with the
SMTB-Q model for Gd2Ti2O7 and Gd2Zr2O7, and compar-
ison to experimental values.

Gd2Ti2O7 Gd2Zr2O7

Calculated Experimental Calculated Experimental
a [Å] 10.1843 10.1850 [2] 10.5348 10.5350 [2]
x48f 0.338 0.326 [2] 0.348 0.343 [2]

B [GPa] 184 186 [28] 164 169 [28]
Ecoh [eV] −74.9 −75∗ −82.7 −80.7∗
∗ Estimated from thermodynamical data.

The results show that the tracks created in the wake
of swift ions are entirely �uorite in Gd2Zr2O7, and are
mostly amorphous in Gd2Ti2O7. The structures of these
tracks have been recently con�rmed by the TEM ex-
periments on pyrochlores irradiated with 120 MeV U
ions [22]: either an amorphous core (e.g. in Gd2Ti2O7)
surrounded by the anion-de�cient �uorite shell (e.g.
in Gd2TiZrO7) or the entirely �uorite core (e.g. in
Gd2Zr2O7) were observed.
The diameter of ion tracks (d) may be deduced from

the value found for σi according to the equation

d = 2(σi/π)1/2. (2)

The values of d extracted from the �ts to the XRD data
are reported in Table I. The results show that the track
diameter increases with rA/rB and are slightly smaller
than those observed upon irradiation with 120 MeV U
ions [22] for which the electronic energy loss is higher
(25 keV/nm).

3. Atomistic simulation results

3.1. Brief description of the SMTB-Q model

The SMTB-Q (for second-moment tight-binding QEq)
model is a new transferable variable-charge model aimed
at describing the stability, structure and defects formed
in the bulk and at oxide surfaces [24, 25, 29]. This model
allows one to vary ion charges and to take into account
both the ionic and covalent character of bonds [24, 25].
Thus, a more realistic description of the chemical bonding
is achieved, in contrast to the previous works using pure
ionic models (see e.g. in [30]), so that more realistic values
of the energies of defect formation can be obtained. Such
a model was successfully applied to TiO2 to describe bulk
properties and to calculate both the formation energy of
oxygen vacancies and the surface energies [24, 25]. In this
model, the �rst original hypothesis is that the Coulomb
interactions between ions (cation�oxygen) are described
by the Qeq model [31] in which the electrostatic contribu-
tion is reduced with respect to the formal charge models,
�rstly by the reduction of ionic charges and secondly by
the shielding between charges.
The second original hypothesis is that the metal�

oxygen covalent bonding energy is calculated thanks to
the tight-binding analytical description [32]: Ecov =

−ξ
√
ZO

√
(2− |QO|)(2n0/m− (2− |QO|)). In this equa-

tion, ξ is the hopping integral between oxygen 2p and
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outer metal orbitals, ZO, QO and m are the coordina-
tion number, the charge and the stoichiometry of oxy-
gen respectively, n0 is the number of coupled electronic
states between oxygen and metal sublattices. Actually
Ecov is as a function of ξ

√
ZO (as in metals [32]) and of

the oxygen-cation electron transfer: δQ = 2 − |QO|. In
the classical ionic models, Ecov = 0 (|QO| = 2) and the
cohesive energy is purely electrostatic, this latter prop-
erty failing account for the iono-covalent character of the
metal�oxygen bond in oxides. Therefore, a new model of
interatomic potential was derived to describe the metal�
oxygen (M�O) chemical bonding. The interaction energy
of an atom with its neighbours is thus given by

Ei =
∑

j,Rij<RC

A exp

(
−p
(
Rij
R0
− 1

))

−

√√√√ ∑
j,Rij<RC

ξ exp

(
−2q

(
Rij
R0
− 1

))
∆QOij

, (3)

where A, p, ξ, and q are the adjustable parameters, R0

is the �rst neighbour M�O distance and RC is the cut-
-o� radius. Apart from the dependence on ionic charges,
this interatomic potential is clearly close to that devel-
oped in the second moment approximation of the tight
binding (TB-SMA) scheme for transition metals [33]. For
the other short range interactions, the cation�cation ones
can be neglected, and the oxygen�oxygen interactions
are described by the Buckingham potential. The de-
tailed description of the SMTB-Q model can be found
in [24, 25]. All the calculations were performed using the
Monte Carlo code SMASH [34].
In this model, the loss of electrostatic energy is bal-

anced by the gain in the energy associated with the short-
-range interactions, which are not purely repulsive as in
the classical ionic models, but have an attractive part
corresponding to the covalent part of the metal�oxygen
bond. Furthermore, atomistic simulations using empiri-
cal interatomic potentials allow performing calculations
on a great number of atoms (up to millions) at �nite tem-
perature, a task which is not yet conceivable by means of
ab initio techniques, and the description of the chemical
bonding obtained with such potentials is incomparably
faster than that using �rst principles, even if this latter
is more reliable. Additionally, the density functional the-
ory (DFT) approach for the �rst principle calculations
applied to atoms with localized orbitals such as 4f elec-
trons (as in Gd2Zr2O7 for instance) is not straightfor-
ward, leading in some cases to prediction of a metallic-
-type conduction whereas the compound is an insulator,
and thus fails to predict the correct electronic structure of
compounds containing rare earths. The SMTB-Q model
is thus used for the �rst time in the present work to cal-
culate properties in pyrochlores.

3.2. Results

The adjustable parameters of the model were opti-
mized to reproduce the bulk properties of Gd2Ti2O7 and

Gd2Zr2O7: lattice parameters, cohesive energy and bulk
modulus. An excellent agreement is obtained between
the calculated and experimental values (see Table II).
The electronic charges of ions (Gd, Ti, Zr, O48f and O8b)
and the charge transfers were also calculated in both
Gd2Ti2O7 and Gd2Zr2O7 compounds. The results are
reported in Table III. The charge transfer (δQcation) due
to the covalent e�ects represents the di�erence between
the formal charge (purely ionic case) of the cation and its
calculated charge with the model, for each cation�oxygen
bond. It is thus an indication of the ionicity/covalency of
the cation�oxygen bond: the higher δQcation, the higher
covalency. It appears clearly that the 〈Gd�O〉 bond has
the same ionicity in Gd2Ti2O7 and Gd2Zr2O7, whereas
a signi�cant di�erence between the 〈Ti-O〉 and 〈Zr�O〉
bonds is observed: 〈Ti�O〉 is signi�cantly more covalent
than 〈Zr�O〉. Several works suggested that the bond type
should be taken into account to explain the radiation be-
haviour of pyrochlores [23, 35]. Naguib and Kelly corre-
lated the radiation tolerance of non-metallic solids with
the relative ionicity of the materials, demonstrating that
more covalently bonded materials are more readily amor-
phized under heavy ion irradiation [35]. Consequently, as
it was experimentally observed that Gd2Zr2O7 is more
resistant to amorphization than Gd2Ti2O7, we con�rm
that the radiation tolerance of non-metallic compounds
can be related to the covalent character of the metal�
oxygen bond.

TABLE III

Calculated electronic charge (|e|) and charge transfer
δQCation for Gd2Ti2O7 and Gd2Zr2O7. δQCation =
(QFormal

Cation − QCalculated
Cation )/ZC, where Q

Formal
Cation is the formal

charge of cation (+4 for B-type cation and +3 for Gd),
QCalculated

Cation is the calculated charge and ZC is the total
oxygen coordination of a cation (8 for Gd, 6 for B-type
cation).

Gd2Ti2O7 Gd2Zr2O7

Gd 2.02 1.98

B (Ti or Zr) 1.70 1.97

O48f −1.08 −1.17
O8b −0.93 −0.87
δQGd 0.123 0.128

δQB(Ti or Zr) 0.383 0.172

4. Conclusion

Gd2Ti2O7 and Gd2Zr2O7 pyrochlores were irradi-
ated with 93 MeV Xe ions in order to investigate the
structural modi�cations induced by electronic excita-
tion in these materials. X-ray di�raction data show
that these structural modi�cations are strongly depen-
dent on the sample composition: Gd2Ti2O7 is readily
amorphized, whereas Gd2Zr2O7 is transformed into a
radiation-resistant anion-de�cient �uorite structure.
Atomistic calculations with the SMTB-Q model con-

cerning both the covalency and ionicity of pyrochlores
show that titanates have a more covalent character than
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the highly ionic zirconates, which are more resistant to
amorphization. This salient result underlines the fact
that the resistance to amorphization is strongly related to
the competition between short (covalent) and long (ionic)
interactions.
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