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Ion-irradiation-induced amorphization of La 2Zr 2O7 pyrochlore
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The isometric pyrochlore structure,A2B2O7 , is generally susceptible to radiation damage, but certain com-
positions are remarkably resistant to radiation damage. In the binary system Gd2(Ti22xZrx)O7 , the radiation
resistance increases dramatically with the substitution of Zr for Ti, until the pure end member Gd2Zr2O7 cannot
be amorphized, even at doses as high as;100 dpa. Although zirconate pyrochlores are generally considered to
be radiation resistant, we report results for the amorphization of a zirconate pyrochlore La2Zr2O7 by ion beam
irradiation ~;5.5 dpa at room temperature!. The critical amorphization temperatureTc is low, ;310 K. The
susceptibility to ion-beam-induced amorphization and structural disordering for zirconate pyrochlores is related
to the structural deviation from the ideal fluorite structure, as reflected by thex parameter of the O48f .
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Very recently,1–9 there has been considerable interest
the response of the pyrochlore structure type to radia
effects. Pyrochlore has a remarkable range of compositi
more than 500 distinct combinations ofA- and B-site
chemistries,10–12 which display an unusual variety of phys
cal, chemical, and electronic properties.10 The properties of
pyrochlore, e.g., ionic conductivity, can be manipulated o
nanometer scale by the use of ion-beam irradiation or
plantation techniques. The use of ion-beam technologie
manipulate the ionic conductivity of titanante pyrochlore h
allowed the fabrication of nanocomposite ionic conductor13

However, the exploitation of the use of ion-beam irradiatio
to manipulate the properties of the pyrochlore structure
quires an understanding of the effect of composition on
cation and anion disordering process. For most pyroch
compositions, the structure initially disorders to a def
fluorite structure type and then becomes fully amorphou
doses less than 0.5 dpa~Refs. 2, 6, 14, and 15!; however,
zirconate pyrochlores retain the defect fluorite structure
extremely high doses,;15 dpa at room temperature.16

Pyrochlore, ideallyA1 – 2B2O6Y0 – 1 ~typically, A21 or 31

are rare earths and actinides;B51 or 415Ti, Zr, Hf, Sn, or
Pb!, is a derivative of the fluorite structure except there
two cation sites and one-eighth of the anions are abs
ideally (A,B)4O7 . The cations at theA andB sites and the
oxygen vacancies may be ordered or disordered eithe
thermal treatment,10,17 due to chemical substitution10,17,18or
by irradiation.4,13–15 The radiation ‘‘resistance’’ depend
critically on the ability of the structure to sustain cation d
order on theA andB sites, as well as on a disordering of th
oxygen vacancies. The radiation resistance of
Gd2(Ti22xZrx)O7 binary system2,16 has attracted special a
tention because pyrochlore can incorporate Pu~Refs. 19 and
20! and be used as a waste form for the immobilization of
from dismantled nuclear weapons.2,21,22 In situ ion-beam
irradiation15 has shown that Gd2Ti2O7 is readily amorphized
at a low dose~;0.18 dpa! by 1-MeV Kr1 at room tempera-
ture, consistent with the dose of Gd2Ti2O7 doped with
244Cm, an alpha emitter.23 However, zirconate pyrochlore
Gd2Zr2O7 , has a dramatically higher radiation resistance
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ion-beam-induced amorphization and remains crystalline
dose of 5 dpa~1-MeV Kr1 at 25 K!.16,24 Similarly, the
Er2Zr2O7 , which has a disordered defect fluorite structure
radiation resistant and remains crystalline to a high dose
;140 dpa ~531016 ions/cm2 by 350-KeV Xe1 at room
temperature!.1,9 In contrast, the ordered pyrochlore
Er2Ti2O7 , becomes amorphous at a dose of only;0.26 dpa.

A number of studies25–27 have focused on the theoretic
simulation of defect formation in the pyrochlore structu
either by energy minimization or modern potential metho
with the goal of understanding the greater radiation stabi
of zirconate pyrochlores. Simulations have focused on
energetics ofA- and B-site cation disordering and its effec
on oxygen vacancy disordering. Chartieret al.27 have shown
that La2Zr2O7 has a greater tendency toward cation disor
that decreases with increasing Ti content. From the pure e
member zirconate up to the end-member titantate comp
tion, there is a calculated;26% increase in the cation ant
site formation energy. For the end-member La2Zr2O7 , an
increase in the structural disorder~e.g., La-Zr exchange!
causes the calculated cation antisite defect energy to be
ered from 2 to 1.5 eV. Thus the disordered form is energ
cally favored. These theoretical simulations suggest t
La2Zr2O7 should be more ‘‘resistant’’ to radiation damage b
simply disordering to the defect fluorite structure rather th
becoming amorphous.

We have investigated the radiation response of zircon
pyrochlores as a function of differentA-site cation composi-
tions A2Zr2O7 ~A5La, Nd, Sm, and Gd!, under a 1.5-MeV
Xe1 irradiation usingin situ TEM observation. Furthermore
a 200-KeV Ti ion implantation on bulk Gd2Zr2O7 was con-
ducted to an extremely high ion dose (131017 ions/cm2),
and the microstructural evolution was studied using cro
sectional TEM techniques.

Samples were prepared by a sol-gel method with an aq
ous mixture of zirconyl chloride solutions and the approp
ate rare-earth nitrate. These solutions were mixed and tre
with equal volumes of semimolar aqueous solutions of ci
acid and ethylene glycol. The mixture was evaporated
dryness to form a porous resin mass. This precursor
©2002 The American Physical Society08-1
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FIG. 1. ~A! An ordered pyrochlore structure
for unirradiated zirconate.~B! Highly radiation
resistant disordered defect fluorite structure of
radiated Gd2Zr2O7 at a dose of;36 dpa at 25 K.
Ion irradiation-induced disorder fluorite is ev
denced by the loss of superstructure as compa
with the ordered pyrochlore~A!. ~C! Completely
amorphous structure in La2Zr2O7 irradiated by
1.5-MeV Xe1 at a dose of;5.5 dpa at room
temperature.
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calcined at 700 °C for 15 min, and the final heat treatm
was at 1400 °C in air for 10–30 h. For Gd2Zr2O7 , the cal-
cine was sintered at 1600 °C for 50 h in air, and the mate
tends to adopt a closely related anion deficient fluorite str
ture due to a thermally induced pyrochlore-to-fluorite tran
tion. The pyrochlore superstructures of La2Zr2O7 ,
Gd2Zr2O7 , Sm2Zr2O7 , and Nd2Zr2O7 were confirmed by
transmission electron microscopy@Fig. 1~A!#, and all zircon-
ate samples were stable under 200- and 400-KeV elect
beam irradiations. The 1.5-MeV Xe1 ion irradiation andin
situ TEM observation were performed using the HVEM
Tandem Facility at the Argonne National Laboratory ove
temperature range of 25–300 K, and the ion flux was
31011 ions/cm2/s. The structural damage upon irradiatio
was monitored by the selected area electron diffraction
terns ~SAED! under in situ TEM observations. The critica
amorphization doseDc was determined as the ion dose
which complete amorphization occurs, as manifested by
disappearance of all diffraction maxima in the SAED p
terns. Ti-ion implantation of the bulk Gd2Zr2O7 sample was
conducted using a Varian 200 ion implanter at room tempe
ture. The microstructural evolution upon ion irradiation a
implantation was studied byex situhigh-resolution transmis
sion electron microscope~HRTEM! and cross-sectiona
TEM.

All of the zirconate pyrochlore compositions displayed
ion irradiation-induced pyrochlore-to-defect fluorite stru
tural transformation, as has been reported for Gd2Ti2O7 .13,15

The diffraction maxima from the superstructure of the
dered pyrochlore lattice disappeared gradually with incre
ing ion dose as observed fromin situ TEM. For Gd2Zr2O7 ,
Sm2Zr2O7 , and Nd2Zr2O7 , the defect fluorite structure wa
radiation resistant, and complete amorphization could no
achieved under Xe1 irradiation at 25 K @Fig. 1~B!#. The
Gd2Zr2O7 was also irradiated to a dose of
31017 ions/cm2 at room temperature with 200-keV Ti1. A
highly damaged layer was created by ion implantation wit
thickness of;150 nm. The SAED insets@Fig. 2~B!# and
HRTEM image @Fig. 2~D!# indicate the occurrence of io
implanted-induced pyrochlore-to-fluorite structural tran
tion, as evidenced by the disappearance of superstructu
both diffraction patterns and the HREM image. Based on
damage profile calculated by SRIM-2000,28 employing 50
eV as the displacement energy (Ed), a peak damage level o
;100 dpa was obtained. The disordered defect fluorite st
ture of Gd2Zr2O7 is thus extremely stable under very hig
dose irradiations.

In contrast, for La2Zr2O7 , the ion-irradiation-induced
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order-disorder transformation occurred simultaneously w
the amorphization process; and with increasing ion dose,
defect fluorite structure amorphized. Above the critical am
phization doseDc ~;5.5 dpa at room temperature!, the dif-
fraction maxima from the crystalline defect fluorite structu
disappeared completely, and the fully amorphous state
achieved as confirmed by a HRTEM image@Fig. 1~C!#. The
temperature dependence of the critical amorphization d
for La2Zr2O7 irradiated by 1.5-MeV Xe1 is shown in Fig. 3.
The critical amorphization dose increases at elevated irra
tion temperatures, and eventually, complete amorphiza
cannot be attained even at high ion doses above this cri
temperature.

The temperature dependence of amorphization is a re
of the competition between amorphization and recovery p
cesses. Based on a cascade-quenching model,29 the main re-
covery mechanism in the irradiation-induced amorphizat
process is epitaxial recrystallization at the interface of
crystalline/amorphous region around the cascade. Wa
Wang, and Ewing30 have presented a model to describe t
temperature dependence of amorphization using the con
of recrystallization efficiency,A, the volume fraction recrys-
tallized within a single cascade. The experimental data
fitted using a temperature-dependent amorphization d
function, and the critical amorphization temperatureTc for
La2Zr2O7 was determined to be;310 K with an activation

FIG. 2. ~A! Cross-sectional TEM image of Gd2Zr2O7 implanted
by 200-keV Ti ions at room temperature to a dose of
31017 ions/cm2 ~;100 dpa!. A highly damaged layer is create
with a thickness of;150 nm. Insets are SAED diffraction pattern
from the damaged layer~B! and the substrate~C!. The loss of su-
perstructure in both the diffraction pattern~B! and the HRTEM
image ~D! of highly damaged layer suggests a disordered fluo
structure formed upon ion implantation.
8-2



ur
ith
er
o

ue
r
am

o

irr
an

st

he
ru

rin
rit

fe

y-

m

ure

-

on-
o-
er-

e
al
it

n
con-

as
ne

not
n-

is-
ion

tent

ring

f
s-

of
eti-

in
-
or-
re-
er

os
-
l
o

di

o
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energy of 0.05 eV. From the temperature dependence c
of La2Zr2O7 , the critical amorphization dose increases w
temperature, and, above the critical amorphization temp
ture, complete amorphization cannot occur. Depending
the models employed, one may obtain quite different val
for the activation energy. ThusTc is a more useful paramete
for comparing the radiation resistant of phases to ion-be
induced amorphization.

The substitution of La31 for Gd31 at theA site of pyro-
chlore has a significant effect on the irradiation behavior
rare-earth zirconate pyrochlores~Fig. 3!. Gd2Zr2O7 is highly
radiation resistant; in contrast, La2Zr2O7 is the only zircon-
ate pyrochlore that has been amorphized by ion beam
diation. Table I summarizes the radiation response of l
thanide zirconate pyrochlores as a function of theA- and
B-cation radius ratios, which can be used to define the
bility field of the pyrochlore superstructure,10 and thex pa-
rameter of 48f oxygen, which can be used to describe t
shapes of the coordination polyhedra in the pyrochlore st
ture. With the systematic decrease in the averageA- to
B-cation radius ratio there is a tendency to cation disorde
of the pyrochlore that leads to a disordered defect fluo
structure, (A,B)4O7 .4,10,17 Gd2Zr2O7 is near the boundary
between the ordered pyrochlore vs the disordered de

FIG. 3. Temperature dependence of critical amorphization d
of La2Zr2O7 irradiated by 1.5-MeV Xe1. The temperature depen
dence curve of La2Zr2O7 is obtained by fitting the experimenta
data based on the model presented in Ref. 30. The critical am
phization temperatureTc is determined to be;310 K, and above
this temperature complete amorphization cannot occur. The irra
tion results for Gd2Zr2O7 , Sm2Zr2O7, and Nd2Zr2O7 are included
for comparison, although none of these compositions is am
phized.
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fluorite structure type. Typical radius ratios for ordered p
rochlores are between 1.46 (Gd2Zr2O7) and 1.78
(Sm2Ti2O7). Disordered, defect fluorite structures can for
when the cation radius ratio is below 1.46~e.g., Gd2Zr2O7

and Er2Zr2O7!. The x parameter of the48f oxygen can be
used to describe the deviation of the pyrochlore struct
from an ideal fluorite structure~for which theA-site cation is
in perfect cubic coordination!. For a perfectly ordered pyro
chlore, thex parameter is 0.3125~the B-site cation is in per-
fect octahedral coordination!; whereas, forx50.375, the
structure becomes an ideal fluorite structure.10 From the irra-
diation results and the correspondingx parameter, a close
correlation exists between the resistance to ion-irradiati
induced amorphization and the deviation from the ideal flu
rite structure and the related tendency toward an ord
disorder transition. La2Zr2O7 has an ordered pyrochlor
structure (x50.333) and the largest deviation from an ide
fluorite structure (x50.375), as evidenced by the fact that
has the smallestx parameter for the 48f oxygen~Table I!. As
a result, La2Zr2O7 has the greatest susceptibility to radiatio
damage among the rare-earth zirconate pyrochlores. In
trast, Gd2Zr2O7 has a structure that is essentially the same
that of stabilized cubic zirconia, which remains crystalli
under Xe21 irradiation up to 680 dpa.31 Thus, Gd2Zr2O7
adopts a disordered defect fluorite structure that does
amorphize25–27 and has a high resistance to ion irradiatio
induced amorphization.

Using both classical potential andab initio methods,
Chartieret al.27 have modeled the influence of structural d
ordering and the order-disorder transition on the radiat
response of the La2Zr2(12y)Ti2yO7 system. They concluded
that under irradiation, cation antisite defects occur, consis
with previous theoretical results.1,25,26 The cation antisite is
enhanced with the increasing degree of structural disorde
by lowering the cation antisite formation energy~e.g., 2 eV
for ordered La2Zr2O7 and 1.5 eV with coupled switching o
La and Zr!, and the vacant 8a oxygen site becomes increa
ingly occupied. Their results indicate that La2Zr2O7 has a
tendency toward cation disordering, but with the addition
Ti, the tendency toward cation disordering is less energ
cally favorable in the La2Zr2(12y)Ti2yO7 system. This is con-
firmed by a systematic irradiation study of compositions
the Gd2ZrxTi12xO7 system,16 where materials show a gradu
ally increasing resistance to ion-irradiation-induced am
phization with the increasing Zr contents. This reflects a
duction in the energetic barrier to the order-disord
transition.

e

r-

a-

r-
TABLE I. The structural parameters~cation radius ratios andx parameters for the 48f oxygen! and the
radiation response of zirconate pyrochlores to a 1.5-MeV Xe1 irradiation.

Phase Structure r A /r B x parameter
for 48 f oxygen

Tc ~K!

La2Zr2O7 pyrochlore 1.61 0.333 310
Nd2Zr2O7 pyrochlore 1.54 0.335 defect fluorite
Sm2Zr2O7 pyrochlore 1.50 0.342 defect fluorite
Gd2Zr2O7 pyrochlore/fluorite 1.46 0.345 defect fluorite
8-3
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Our results confirm the theoretical calculations. We ha
shown the extremely high resistance of Gd2Zr2O7 to ion-
beam-induced amorphization~to a dose of approximately
100 dpa!. While, for La2Zr2O7 , there is an initial stage o
cation disordering under irradiation as predicted by Char
et al.;27 however, this ion-irradiation-induced disordere
state is unstable with respect to the amorphous state
forms at higher doses. The increasing resistance to
irradiation-induced amorphization for zirconate pyrochlo
as A-site cations become smaller~e.g., La31 to Gd31! em-
phasizes the importance of structural controls. The gre
the deviation from the ideal fluorite structure type (x48f
50.375), the more susceptible the pyrochlore is to radiat
damage~and the greater the energetic barrier to disorderin!.

The relationship between the resistance to ion-irradiati
induced amorphization~the stability of defect fluorite! and
the energetics of the order-disorder transition is analogou
that of thermally induced order-disorder structural transf
mations in pyrochlore. The order-disorder transformation
the pyrochlore-to-fluorite transformation has also been
served for zirconate pyrochloresA2Zr2O7 ~A5Nd,Sm,Gd!
as a result of disordering by thermal treatment. The transi
temperatures for Gd, Sm, and Nd zirconate pyrochlores
1550, 2200, and 2300 °C, respectively.10,17 The more similar
.
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the structure is to ideal fluorite, the greater the tendency
ward structural disordering, and the more stable the de
fluorites is with respect to the ordered pyrochlore state.

In summary, the resistance ofA2Zr2O7 pyrochlores~A
5La, Nd, Sm, and Gd! to radiation damage varies wit
A-site cation composition. The high radiation resistance
Gd2Zr2O7 is further confirmed by a 1.5-MeV Xe1 irradiation
at 25 K and 200-keV Ti-ion implantation at room temper
ture; while La2Zr2O7 is the only zirconate pyrochlore tha
has been amorphized by ion-beam irradiation. The susce
bility to ion-beam damage for pyrochlore compounds
closely related to the deviation from the ideal fluorite stru
ture, as represented by thex parameter for the 48f oxygen.
Pyrochlores that are structurally close to the fluorite struct
~e.g., x50.375! have a greater tendency toward orde
disorder transition and are more resistant to ion-bea
induced amorphization.
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