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Irradiation-induced amorphization of Cd ,Nb,O; pyrochlore
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Several investigations have recently been undertaken in order to achieve a more complete understanding of
the radiation-damage mechanisms ipBAO, pyrochlore-structure compounds. The present work represents
the first systematic study of the irradiation-induced amorphization of a pyrochloreAwidmd B-site cation
valences of+2 and +5, respectively. Relatively large single crystals of,8H,0, were grown for these
experimentsIn situ ion-irradiation experiments were carried out in a transmission electron microscope in
conjunction withex situRutherford backscattering measurements of ion-irradiatedNGeD; single crystals.
Cd,Nb,0O; can be amorphizeith situ by Ne or Xe ions at temperatures up to 480 and 620 K, respectively. At
room temperature, the amorphization fluence was 36 times higher for 280 ké\hile for 1200 keV X&',
corresponding to a displacement dose that was higher by a factor of 3. Disordering of Cd and Nb over the
available cation sites occurs at intermediate ion doses prior to amorphization. The temperature dependence of
the amorphization dose is modeled, and the results are compared to those of a previous model. The bulk-
sample Rutherford backscattering spectroso@®S) results were generally consistent with tinesitu TEM
measurements. Effects of crystallographic orientation and ion charge state had relatively little effect on the
damage accumulation in bulk crystals. The RBS data are consistent with a defect-accumulation, cascade-
overlap model of amorphization of Gdb,0;, as are then situ TEM observations.
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INTRODUCTION including the actinide’son theA site. In most pyrochlores,
the A- andB-site cations have valences of eitheB and +4

The study of radiation effects in complex oxides is cur-or +2 and +5, respectively. The Synroc nuclear-waste ce-
rently an active field of research due, in part, to the potentiafamics currently of interest contain &d,0; as a major
use of these materials as nuclear waste forms for the storagenstituent phasé where the actinides preferentially parti-
or disposal of actinide elements. The oxide phases that occ@ion onto the largeA-cation site and can substitute for Gd in
in a specific polyphase ceramic nuclear waste form first derelatively large proportiongin fact, pure PyTi,O; has been
veloped in Australia and known as Syntae of particular
interest because some of these phaggsochlore and zir-
conolite are currently being considered for use in the immo-
bilization of plutonium resulting from the dismantling of
nuclear weapon® Synroc nominally consists of three main
actinide-bearing phases: zirconolitdeally CazrT;,0;), py-
rochlore (""AY'B,0;), and perovskite (CaTig).

The present investigation focuses on the study of
radiation-damage effects in pyrochlore—a phase whose main
structural units were first determined by von Gaertner in
1930% Structurally, pyrochlore consists of interconnected
AOg and BQ cation polyhedrawhere the BQ octahedra
are slightly distorted and form a continuous corner-sharing
network(Fig. 1). The large, eight-fold coordinatedsite cat-
ions and the seventh oxygen occupy channels in tb&§B.
network of octahedra® The structure is an anion-deficient
MX, fluorite structure in which thé\ and B cations are or-
dered on theM sites. One-eighth of thX anions are absent  FIG. 1. Crystal structure of pyrochlore. Tiesite cations are
in the pyrochlore structure, and the resulting oxygen vacaniocated at the centers of the shaded octahedra. The kusjte
cies are ordered on the anion sublatficEhe crystal struc- cations(black spheresoccupy channels in the corner-sharing net-
ture of pyrochlore can accommodate a variety of cationswork of BO; octahedra.
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producedl® The zirconate phases G#,0, (Ref. 10 and  over a 5-h period and held at that temperature for 3 h. The
PwZr,0; (Refs. 11 and 1Rhave recently been synthesized furnace was then slowly cooled from 1250 to 1050 °C over a
and are also being investigated as candidate phases for tR80-h period. The furnace was then turned off and allowed to
immobilization of weapons-grade Pu. cool to room temperature, at which point the resulting
Due to the occurrence of actinide-bearing pyrochloreCd;Nb,O; single crystals were mechanically removed from
in Synroc and other titanate-based nuclear waste forms, sethe remaining solidified flux. Any additional adhering flux
eral previous studies have been undertaken to investigate théas removed using a solution of HCI. The crystals ranged in
effects of radiation damage in these Ti-rich compositionssize from~2 mm to upward of 15 mm and are, therefore,
Specifically, an early study showed thaf*‘Cm-doped syn- Some of the largest synthetic single crystals of pyrochlore
thetic G4 Ti,O, became predominantly amorphous after areported to date. The GNb,O; pyrochlore phase was con-
dose of 2.% 10%° alpha decays/f—demonstrating that this firmed by x-ray powder-diffraction analysis.
phase is highly susceptible to irradiation-induced amorphiza-
tion at room temperature. In a detailed investigation of U-
and Th-bearing natural Ti-pyrochlotéthe saturation dose
for amorphization was found to increase with the age of the Crystals of CdNb,O; grown as described above were
specimens—an observation implying that gradual, long-ternprepared for thén situ ion-irradiation/TEM analysis experi-
recrystallization of these phases occurs in the geologic enviments by hand polishing to a thickness of approximately 10
ronment. More recently, ion-beam techniques combined witikm and subsequent ion milling to perforation at room tem-
in situ transmission electron microscopy have been used tperature using 4-keV Ar ions at an incident angle of 20°.
obtain the temperature dependence of the amorphizatiohhese specimens were then irradiatedsitu in an electron
dose in pyrochlore containing a variety éfsite cations, microscope at the HVEM-Tandem Facility at Argonne Na-
including mixtures of Ca, U>®and various lanthanidé$. tional Laboratory. This facility consists of a tandem ion ac-
These compounds are easily amorphized at room tempergelerator interfaced to a modified Kratos/AEI transmission
ture, and in fact, amorphization can be induced at temperaelectron microscop# allowing ion irradiation to be per-
tures as high as 1030 K. The substitution of Zr for Ti on theformedduring TEM observation. The irradiations were car-
B site dramatically increases the “resistance” to amorphizafied out with either 1200-keV X¢& or 280-keV Né ions at
tion to the point where ion-beam-induced amorphizationtemperatures from 20 to 1100 K. These relatively high ion
does not occur at room temperature in,@40;.*° energies were chosen so that most of the ions pass com-
The previous studies of radiation-damage effects in pyropletely through the electron transparent part of the specimen.
chlores have employed either impure natural crystals withThe ion flux was 1.X 10" cm™?s™!. The electron micro-
relatively uncertain geological histories or polycrystalline scope was operated at 300 kV, and the electron beam was not
synthetic, pressed, and sintered pellets. All previous ionincident on the specimen for most of the ion-irradiation time.
beam investigations have used pyrochlores of #®+4  Selected-area electron diffraction was used to determine the
cation valence group. In the present work, we investigate thdose necessary to amorphize the specimen. The experiments
effects of ion irradiation using relatively largeip to 15  were continued until the electron-diffraction maxima disap-
X 15X5 mm) high-purity synthetic single crystals of the peared, as determined by visual examination of the phosphor
cadmium/niobium +2,+5 pyrochlore, CeNb,0O,. Large screen, and the electron-diffraction pattern consisted only of
single crystals of this phase can be readily grown, therebyhe diffuse halo characteristic of an amorphous material. The
providing a unique opportunity to combine both single-thickness of the specimens was estimated to-l@0 nm by
crystal ion implantation and Rutherford backscattering specusing combined thickness-fringe and convergent-beam
troscopy(RBS) analysis experiments with transmission elec-€electron-diffraction measurements. The room-temperature
tron microscopy(TEM) studies of the effects dh situion  experiments were repeated three times in order to estimate
irradiation. The combination of these techniques provideghe mean deviation. This was converted to a percentage of
important new information regarding the mechanisms rethe average value, and the same percentage was used to cal-
sponsible for ion-irradiation-induced amorphization in theculate error bars on all the data points.
Cd,Nb,O; phase.

TEM in situ ion irradiation

Rutherford backscattering analysis

EXPERIMENT The larger CgNb,O; crystals that also exhibited high-
quality growth faces were selected for use in the combined
ion implantation and RBS analysis experiments. The most
Single crystals of CgNb,O; were grown by means of a highly developed growth faces corresponded to th&l}

high-temperature solveriflux) technique. The growth pro- family of crystallographic planes, and these were used for
cess was carried out using 50-mL Pt crucibles that werenost of the experiments. Because of the high quality of the
placed in a temperature-programmable furnace employin§l11} growth faces of the single-crystal specimens, no me-
SiC heating elements. A crystal-growth charge consisting othanical polishing or annealing treatments were required.
a stoichiometric mixture of CdO and BOs was added to a Some of the largest crystals were sectioned with a wire saw
cadmium borate flux produced by the reaction of additionaperpendicular to th€100] direction so that the orientational
CdO and BO;. This growth charge was heated to 1250 °Cdependence of the damage accumulation could be deter-

Crystal growth
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mined. The surfaces of the&00)-plane wafers were pol-
ished to a 0.05tm finish using suspensions of diamond and
colloidal silica.

The specimens were mounted by spring clipping onto a
steel backing plate for ion implantation. One-half of each
sample was masked and was not implanted. The beam cur-
rent was less than 0,8A/cm? so thermally conductive paint
was not applied. The duration of the implant was from sec-
onds to a few minutes. All of the implantations were carried
out at room temperature. The samples were tilted 7° away
from the incident ion beam to minimize channeling effects.
Specimens were irradiated with either 320-keV2Xeto
fluences ranging from 8102 to 1Xx10% ions/cnt, or
with 70-keV Ne" to fluences from X10“ to 1
X 10 jons/cnt. At these energies, both ion types have a
projected range of approximately 60 nm. The specimens
were implanted to a low-ion fluence and were then removed
from the implanter, and RBS in the channeling mode was
performed using a 2.3-MeV Heion beam with the detector
at an angle of 160° relative to the incident Hbeam. Each
specimen was initially aligned in the usual manner by finding
the minimum vyield in the unimplante@masked portion of
the crystal. The specimen was then linearly translated so that
the He beam impinged on the implanted region of the crystal,
and a new spectrum was obtained. Random yields were ob-
tained by tilting the unirradiated part of the crystal away
from the zone axis and then rotating over an angletéf
during data collection. The specimens were subsequently re-
turned to the ion implanter for the accumulation of an addi-
tional ion dose, and the process was repeated until the chan-
neling yield from the near-surface region matched the
random vyield.

RESULTS AND DISCUSSION
lon irradiation in situ in the TEM

Cd,Nb,O; was amorphized at room temperature by both
the Ne" and Xé&" irradiations in a two-step crystalline-to-
amorphous transformation process. At low fluen@es, less
than one-third of the total fluence for amorphizajiothe
{022 diffraction maxima from the pyrochlore lattice gradu-
ally disappeared, but tH@44 maxima remained intengsee
Fig. 2. The unit-cell volume was, therefore, reduced by a
factor of 8 as a result of disordering of thhe and B-site
cations and the anion vacancies. With increasing dose, the
{044 diffraction spots gradually decreased in intensity, and,
concurrently, a diffraction halo characteristic of an amor-
phous phase increased in intensity. This type of disordering
prior to amorphization has been documented previously for
other compositions of pyrochlofé™}” The electron-
diffraction patterns presented in Fig. 2 for the case of Ne

irradiation show that, in fact, GlIb,O; does not become FIG. 2. A sequence of electron-diffraction patterns fdrial]

amorphous directly, but rather that it transforms to the diSygne axis of CgNb,0; iradiated with an increasing dose of 280-
ordered defect-fluorite structure at intermediate ion dosesey Ne ions is shown and compared with the diffraction pattern for

For the Xé" irradiation, a similar evolution is observed by an unirradiated specimen illustrated in the top image. The dose in
electron diffraction. displacements per atom is shown in the lower-right-hand corner of

In order to make comparisons of radiation-damage effectgach diffraction pattern. The lowermost diffraction pattern is for
due to different incident ions, the fluence for amorphizationXe-ion-irradiated CgNb,O;, corresponding to an ion dose of 0.07
was converted to dose in units of displacements per atordpaf(i.e., comparible to 0.20 dpa for Ne irradiatjon
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50 - TABLE I. lon fluence for amorphization of Gtlb,O; pyro-
chlore.
40 4
£ lon Temperature Fluence
5 30 (K) X 10
£ ¢ SRIM results .
: — Fuuation 1 ions/cn?
HES S Ne* (280 keV) 20 11.1
2 approximate 100 11.4
10 specimen 1200 keV Xe 130 12.9
™ thickness '
o 303 255
0 5‘0 1CI)0 15‘)0 2CI)D 25‘)0 SEI)O 403 366
Depth (nm)
Xe?" (1200 keVf 20 0.3
50 - 130 0.3
303 0.7
£ 40 - o SRIM Results 473 0.9
% —— Equation | 573 2.0
3 304 623 17.0
E 673 44.2
[ 207
(%]
a 320 keV Xe
]
a 101 whered is the number of displacements per ion at a degpth
Ris the ion rangeg is the stragglindor standard deviation
0 —— i RSP RRSRINGEONR)

andZ is a constant. BotZ and o are parameters that are fit
to match the SRIM calculations. Here, the fit is quite good,
Depth (nm) as shown in Fig. 3. The appropriate number of displacements
throughout the specimen thickness was then calculated by

(top) or 320-keV Xe(bottom in Cd,Nb,0;, calculated using the ![?]Felgratmg ]I‘Et(?{(l) fro”." x=0 (’;Ot;](—loo nm(the ezttlmat%db

Monte Carlo code SRIMcircles. The solid line represents the .'(? r]ess of the specimgran . € average was o alne y

solution to Eq.(1). Equation(1) fits the SRIM results quite well, dividing the result by the Spe_c:lmen thlckn(_ass. The dlsplf_:lce-

especially for the lower ion energy. Similar results were obtaineoment dose D) was t_hen ob.talned by thg simple conversion

for Ne ions in CdNb,O,. Equation(1) was, therefore, used to D =N@/A, whereN is obtained from fitting Eq(1) to the

obtain the value oN used in the fluence-to-dose conversions. SRIM results,¢ is the measured amorphization fluence, and
A is the atomic density of Gib,O; (7.86x 10?2 cm™3).

d Thi . . K led f th The ion fluence required for the amorphization of
(dpa. This conversion requires some knowledge of the aV'CdQNb207, as measured by electron diffraction, is given in

erage number of d|splacemen_ts per o9 thro.ughout the .Table I. These values were converted to an amorphization
thickness of the specimen. This, in turn, requires the atomig o D) in dpa as described above. The temperature de-
displacement energies, which have not been determined f%rendenccze of the amorphization dose .for the Nend X&+
any pyrochlore composition. In order to be consistent withion irradiation of CaNb,0, is plotted in Fig. 4. For Né

previous |nyest|gat|onjs,‘3, we have "?‘SS“med dy of 25 ]jrradiation, the amorphization dose is relatively constant at
eV. Accordingly, by assuming a displacement energy of 53 dpa at temperatures below150 K. At approxi-

g25 t?r\n/ tthg aver?gr? EurTb:f:jOf t(:lls%plra&%mgnts ipner t'ﬁn CaH'lately room temperature, the amorphization dose begins to
€ estimated as a function ol dep'n 1or; 8,7 Using the€ 4, e ase more rapidly, and the critical temperatdrg (i.e.,

Monf[e Carlo code SRIM in the “full casc;ge mode. In the temperature above which amorphization cannot be in-
previous work on pyrochlore-structure phasethe number duced, is above 400 K. The same basic features occur for

of displacements per ion at the exit surface of the samplg(eu irradiation of CgNb,O,, except that the amorphiza-

;(Iaiprr](atsgcéfgstt?r?\;[glrgf%ﬁgdaﬁfsltlﬁtizlesmvgutrzzﬂéIrl:]):cau tion dose at low temperatures is three times lower than that
9 P Sr the irradiation with Né. For the X&" irradiation, the

:P,ifﬁgia;fstﬁgpsm%g%v;ﬁr ':\ﬁ;erﬁzﬁjjs tgﬁéogsu:ga\aesresihtgﬁworphization dose does not increase significantly until tem-
X . Y, eratures above 500 K are reached, and in this Chsés

value calculated at one-half of the total specimen thicknessgIightly above 600 K
Another technique is to model the SRIM results by using the Several models have been developed that relate the amor-

following simple Gaussian distribution: phization dose to temperature and thereby define the critical
temperature and activation energy for recrystallizaffori®
z —(x—R)?
. p[ (x=R)

- :
0 50 100 150 200 250 300

FIG. 3. The number of displacements per ion for 1200-keV Xe

There is considerable debate in the literature over which
= model is most appropriate for ion irradiation of complex
ex : (1) AT ,
o?\2m 20° ceramics:*?°In Fig. 4, we plot one of the simplest models to
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1 whereDy is the amorphization dose at O (determined by
extrapolation in Fig. # and D, is the amorphization dose
above 0 K. The critical temperature can be obtained by set-

ting D, equal to infinity and solving fof . :

280 keV Ne?*
Equation 3 —>

E
/]\ = T, a

Equation 6 “kIn(Lpo,n)

Equation(3) was fit to the experimental data by allowibg
and In(1epo,7) to vary until the least-squares difference be-
tween the calculated and measured amorphization dose at
each temperature was minimized. The model fits thé Ne
irradiation data quite well. Equatiot¥) predicts a critical
' ' temperature of 580 K for the Neirradiation of CgNb,O.
For the case of the Xé irradiation, however, Eq(3) gives
a more gradual increase . with temperature than is ob-
. served experimentallgFig. 4).

For comparison, the recrystallization of amorphous mate-
rial can be directly modeled with the following differential
equation:

e
(N
T

4

<

| | |
0 100 200 300 400 500

N

1200 keV Xe*

S~
I

Equation 3

Amorphization Dose (dpa)

df,
¢ =P = Aafo(1-fo). ®)

) 200 400 600 Here,P is the dose ratéin dpa/s and\, is a recrystalli-
Temperature (K) zation term{ A ;=7 L exp(— E,/kT), wherer is a time con-

stanf. Similar to Eq.(2), the damage accumulation is pro-

FIG. 4. Temperature dependence of the amorphization dose fodortional to 1-f,. The damage rate is largest in the fully
irradiation of CgNb,O; with 280-keV Ne' (top) or 1200-keV  rvstalline material and approaches zerd at 1. Equation
Xe?t (bottom as determined fronn situ irradiations in the TEM. (5) assumes that recrystallization is most rapid figr= 0.5

The thin curves are caIcu[ated on the basis Qfaleast-squares regr?is_-e_, when there is the maximum amount of crystalline-
sion to Eq.(3) and the solid curves are obtained from E). amorphous interfage A recrystallization probability of this

. . ) type was recently suggested to be appropriate for ion-
the experimental data. According to this model, the temperai s giated ceramic® The solution to Eq(5), under the con-
ture dependence of the amorphization dose is givéfi by straint thatf ,=0 att=0 is

dfa - P—Nafa
——=[¢oa— 7 Texp —E./kT)](1—f,). 2 In P—In| ——
dt 1-f,
D.= ) (6)
e
Here,f, is the amorphous fraction,is time, ¢ is the ion P

fluence, o, is the amorphization cross section,is a time
constant, andE, is an activation energy for recrystallization.

The damage production term is given ko, . Weberet C=—In(1—f,)/D,.% To calculate the curve in Fig. 4, we

al.”® replacef, and, with fy andoy to model a damaged,  od an amorphous fraction of 0.95 Brid 0.002 dpals.

as opposed to an amorphous, fraction. This equation has g revious work demonstrated that a specimen appears com-
ten been used to model the temperature dependence of t ?etely amorphous by electron diffraction f=0.95% In

amorphization dose for complex ceramiesg., Refs. 24— - . .
29]. In Eq. (2), a recrystallization term is subtracted directly Eq.(5), the critical temperature can be determined by setting

where C is a scaling parameter that relates the damage
production rateP to the Kinchin-Pease displacement rate:

; : -~ the damage ratP equal to the recrystallization rate, .%42°
from the d_amag_e pr_oductlon term, ant_a\L _1a is the probabil- Solving fo% the temqperature givesy e
ity for an incoming ion to strike remaining undamaged ma-
terial. When the damage term is set to zero, @gpredicts —E
a maximum recrystallization rate &=0. This implies that T.= ; . (7)
Eq. (2) may not be a useful approximation if there is post- kIn(—)
cascade recrystallization. The solution to E2). under the T

constraints thaf,=0 att=0 is given by® _ _ _ _
Equation (6) gives a good fit to the experimental data

(Fig. 4). For high values ofr andE,, the curvature of the
In 1_% —In 1 _E 3 fitted line is quite steep, whereas, for low values the tempera-
ture rate of increase in dose is less sharp. Equatn
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TABLE Il. Comparison of activation energies and critical tem- 4000 — unimpianted
peratures obtained by solving Ed8) and (6). The amorphization - ?::gﬂ
dose at 0 K(extrapolategland at room temperature is given in the 15x10"
final two columns. 3000 + 25x%10"

1x 10

. 2 - 21x10™
ion  E,(ev) T, (K) Do (0K) D¢ (RT) gzm ] e

Eq.(3) Eq.(6) Eq.(3) Eq.(6) dpa dpa o - fendem
Ne* 004 004 580 480 0.8 0.65 1000 T rttemrerrn
Xe?* 0.01 0.08 695 620 0.09 0.22

0

closely matches both the Neand the Xé* irradiation re- 800 850 00
sults. The activation energies obtained for the recrystalliza- Channel
tion are extremely loja few hundredths of an eV, similar to 5000 + unimplanted
Eq. (3); see Table I). We hesitate to claim such low activa- 70 keV Ne* o
tion energies for this process until further experimental stud- 4000 Lt o 5 - o - 625x10"
ies or molecular dynamics simulations provide a better un- R %@;@f < 825x10"
derstanding of the competing atomic-scale damage and , s | Mﬁﬁ“fi‘%%x;% e 011‘;'5
recrystalli_zation processes. One ad\{antage of(Byis that E - e w/%;?f”*;&;w;f o random
the experimental data can be fit quite closely, allowing for 3 0 W%;?M T
reliable extrapolation of the amorphization dose over a wide R ; ;,&e_.
range of temperature. The critical temperature obtained from 1000 Ao Faatat ™, &°%%
Eq. (7) is estimated to be 480 K and 620 K for the Nand ' """"l--r"-'f
the X&* irradiations, respectively. o “‘M‘“’“‘T”*‘"*”‘“‘“ﬁ”‘"‘"*"*'*’j"'*"**'W«+~¢+-‘””‘w~7w~wa_ .

Attempting to determine which model is more appropriate 800 820 840 860 830 %0 920 940
for the current data sets is not straightforward. Physically, Channel

the difference in the two models resides in the recrystalliza-

'gpn :erm. fE.quclatlo[j(Z()j Ta); b? more ag:)pl)lroprlatet for rercl:om— ford backscattering/channeling spectra f6t11) surfaces of
ination of isolated defects in a crystalline matrix, wherea &,Nb,O, implanted with 320-keV X& or 70-keV N€ at the

Eq. (5) models recrystallization at the amorphousjcrystallineﬂuences indicatedin ions/cn?). A “rotating random” RBS spec-
interfaces. Both processes probably occur to varying degreegym is shown for comparison.

but the curve fitting suggests that the recrystallization of

amorphous zones may be a more important process for thg0-keV Ne' irradiation of CgNb,O,. The damage level ap-
Xe*" irradiations. There may be some question as to theears to increase more rapidly for irradiation along[thid]
applicability of using an amorphization-recrystallization direction than along thELO0] direction. The structure of cu-
model when the electron diffraction results in Fig. 2 suggesbic pyrochlore is more “open” along th¢100] direction

that amorphization occurs via an initial disordering stagethan along the more densely pacKdd 1] axis. This is ex-
This would be true if the structure transformed uniformly pected to lead to enhanced ion-channeling effects along the
and homogeneously from a defective crystal to an amorf100] direction, so that the energetic ions dissipate their en-
phous structure, but E@6) should still be valid if the trans- ergy while creating relatively fewer atomic displacemetts.
formation is not uniform over the entire specimen. Critical

temperatures and activation energies obtained from both %% 70 keV Ne*

models are given in Table II.

FIG. 5. Damage buildup versus ion dose as revealed by Ruther-

4000 +

e, "
[ et random E“*twﬂtrﬁw‘;#’*‘*ﬂﬁ

lon irradiation and RBS/channeling analysis

The results of the RBS channeling measurements are
summarized in Fig. 5, which also shows the RBS data for an
unimplanted C¢lNb,O; (111) surface for purposes of com-
parison. The channeling spectrum for the unimplanted
samples was characterized by a minimum yield in the range
of 3%—5%, and the surface peaks for Nb and Cd are clearly
distinguishable. With increasing ion dose (Ner X&*™), - U
the minimum vyield from the channeling spectrum increased channel
relatively rapidly initially and subsequently increased more F|G. 6. Orientational dependence of the ion-damage behavior
slowly with increasing ion dose. Finally, at the highest dosesfor Cd,Nb,0, irradiated with 70-keV Né. At a dose of 5.25
the RBS spectra match the random value in the near-surface10™ ions/cnf a discernable but relatively small difference is evi-
region. dent between the case of ions implanted along[ftiel] direction

The effects of crystallographic orientation on the ion-(crosses and ions implanted along thgl00] direction (open
damage behavior are illustrated in Fig. 6 for the case ofircles.
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3000 - 70 keV Ne 14 4 (a)
o single charged 124 P
+ double charged 4 ’ 21x10
2000 - Mﬁ 14 raras .- 70 keV Ne*
2 4 . . — 320 keV Xe**
g 2“%&%& NO.B Bl .
Hogh e QO W "
3 e, s |/ .
1000 4 & 08 47 qe™
5.25x10" ions/cm’ 2
i 0.4 ’/5.25x1a" """" N )
4 ."'.“ NG .
het 0.2 77 e Bt T N
0 T T T T T b ? :_,1)(10” )
800 820 840 860 880 900 920 940 0 ! ' ' '
4] &0 100 150 200
Channel Depth (nm)
FIG. 7. Dependence of the damage buildup on the charge state 127 4 4,10% ionsrem? ®)
of the implanted ion in CeNb,O; implanted along th¢111] direc- bulkerystal ° .
tion with 70-keV Ne ions to a dose of 5.28.0"* ions/cnf. Re- " . - EeAD onslem
sults are shown for implantation with Neopen circleand Né* 08 4 ,
(crosses No dependence of the degree of radiation damage on the S T ’ -+ Ne'irradiation
implanted-ion charge state is evident. E.o.s : —— Xe® irradiation

1x10"* ionsfem?®
bulk crystal

In other work, we have investigated the effects of charge 04 47
conduction and dissipation during the irradiation of ABO

7x10" ionsfem®
thin foil

perovskite structures by changing the conductivity by many °21
orders of magnitude using low-level dopiffgln that case, o S e .
the large difference in the electrical conductivity of the 0 50 100 150 200

specimens was found to have no effect on the measured Depth (nm)

amorphization dose. In thg pre;ent experiments, bulk single FIG. 8. (a) Depth distribution of the ion damagén dpa for
crys}al_s of C_qNbZO7 were Irradlated_ using 70-keV Neor . 70-keV Ne' (dashed curvesand 320-keV X&' (solid curvey ir-
Ne?*, i.e., singly or doubly charged ions of the same specieg,giation of the[111] surface of CeNb,O, single crystals.(b)
and energy. The two RBS spect(Big. 7) are essentially pepth distributions of the ion damage for the bulk crystals and for
identical after the same ion fluence, indicating that theein situ TEM experiments. For the bulk-crystal RBS results, the
charge state of the ion and potential charge buildup in th@lotted curve corresponds to the dose closest to achieving the ran-
insulating specimen have no discernable effect on the danttom value in the implanted region of the bulk crystal. The damage
age accumulation in ion-irradiated pyrochlore. curve for thein situ experiments corresponds to the fluence for
In order to make valid comparisons between the ion-amorphization, as determined by electron diffraction. Dashed
bombardment/RBS results and ftimesitu TEM experiments, curves: Né irradiation; solid curves: X& irradiation.
the ion fluence for the implantation experiments should also
be converted to a displacement dose using SRIM calculggeak intensity,l, is the peak intensity in the unimplanted
tions. In Fig. &a), the depth dependences of the displace-specimen, and, is the intensity of the random spectrum. A
ment dose, in units of dpa, for the 70-keV Nand 320-keV  problem arises, however, because of the overlapping damage
Xe?* irradiations of bulk CgNb,O; single crystals are and surface peaks—i.e., it is not possible from the raw spec-
shown for three different ion-implantation fluences. In Fig.tra in Fig. 5 to ascertain the depth at which the disordering
8(b), we plot the data series that most closely approximatebegins. The damage peak for Nb overlaps the Cd damage
the dose for amorphization as indicated by the raw RBS datpeak; and for both Cd and Nb, the surface peak also contrib-
(i.e., the data series for which the RBS/channeling yield wasites to the yield from the damaged region.
closest to reaching the random vyield in the near suiface As a first approximation, we have subtracted the unim-
Also plotted in Fig. 8b) are the dpa-vs-depth curves for the planted spectrum from the implanted spectra in order to re-
room-temperature amorphization of ion-irradiated thin foils.move surface peak contributiotiBig. 9). The Cd peak for
The amorphization dose measured inithsitu TEM experi-  the intermediate damage spectra becomes resolvable at chan-
ments over the~100-nm specimen thicknegable ) is  nel 900, corresponding to a backscattered He energy of 1975
about 40% less than the peak dose for amorphization me&eV. Using the surface energy approximation, this corre-
sured by RBS. This apparent discrepancy will be discussedponds to a depth of 34 nm for the maximum damage peak,
below. compared to 43 nm predicted by SRIM. In order to obtain
The RBS/channeling data may provide an estimate of théhe disordered fraction on the Cd sublattice, we simply used
relative amount of disorder at each implant dose. In théhe ratiol/l, obtained from Fig. 9. A more accurate analysis
present case, however, interpretation of the RBS data is difvould take into account dechanneling effects by using a lin-
ficult because the Cd and Nb damage peaks ovésiep Fig. ear dechanneling approximatidhin the present case, be-
5). In the simplest case, for disordering starting at the specicause of the shallow depth of the damage peak, the short
men surface, one can assume that the relative disoRigr  range of the incident ions, and because of the difficulty in
is equal to (—1g)/(I,—1,), wherel is the measured RBS applying the linear dechanneling approximation to these
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4000 T *5x10% slope of the decrease in the Cd yield cannot be accurately
e :]21010@ determined, however, the Nb data are probably too unreli-
2000 | unimplented 025x10" able for an estimation of the disordered fraction.
T spectrum < 1x10" Figure 10 shows a plot of the disordered fraction on the
- 14 . . .
@ SRR S (21wt Cd sublattice as a function of implanted dose for both Ne
52000 fo. it $ T “‘% - random and Xé&" irradiations. The gradual approach of the relative
S TGO S R disorder t I f unitgi hizati hibited b
i AN, 5 isorder to a value of unitgi.e., amorp |za.|o)"|ex ibited by
1000 L [&&j R g, % Cd,Nb,0; (as well as many other ceramic materji&lsnay
4, ot 2.8 oy o o o . . . .
w@%ﬁ O account for the apparent discrepancy in the amorphization
¥ e g T .
T dose as measured liry situ TEM versusex situRBS. TEM
0 ; ‘ is relatively insensitive to the presence of small quantities of
800 850 900 crystalline material in an amorphous matrix. In fact, image
Channel simulations have shown that the best TEM can do under

FIG. 9. RBS-channeling data for X&-irradiated CgNb,O,. ideal conditions is to detect a level of approximately 5% of
The unimplanted spectrum was subtracted from each data seri¢s’yStalline material in an amorphous matrix, although under
The damage peak on the Cd sublattice is readily visible, especiallffonideal conditionsi.e., thick specimensconsiderably more
at intermediate doses. crystalline material is required in order to be detecfeth
other words, even the best sample appears amorphous above
. . =0.95. RBS can be sensitive to small amounts of residual

a
spectrathere is no way to determine where the end of the C rystalline orde?* Owing to the asymptotic approach to

damgge .region s actuallyllocabed\_/e feIF that the beSt. ap- RD=1, at high values of RD, small changes in the detectable
proximation would be obta|_ned by 'gnoring dechann_ehng ef’crystalline fraction are associated with large changes in the
fects. Using these assumptions, the disordered fraction on trbeose (see Fig. 10 If the minimum detectable amount of
Cd sublattice is plotted as a function of dose in Fig. 10. : T :

Interpretation of the RBS yield for the Nb sublattice is residual crystallinity is only slightly lower for RBS than for

TEM, this could easily account for the observed discrepancy

more difficult. At the apparent peak of the Nb damage, thergn the amorphization dose

is also a contribution from He ions that are scattered from Cd The data presented in Fig. 10 can be used to evaluate the

at greater deptifi.e., overlapping Cd and Nb pegksis a nature of the damage process. Assuming that each ion creates

first approximation, one might assume that the Cd yield deé cylindrical damage zone, the dose dependence of the dis-

creases linearly from the observed Cd peak. Because thoerdered fraction can be modeled using the well-known Gib-

bons’ equatiof?
1 -

0.8 4

An

Ay 5 (n—1)

L (AD)"!
—(E %exp(—Aim”, ®)
067 Cd damage

0.4 1 Ne® irradiation whereA, is the total disordered aredy is the area of the

specimenA, is the area of a single collision cascadg,/A,

is the disorderedor amorphougfraction, D is the dose, and

o s . . . . . n is the number of cascade overlaps necessary to produce
0 02 04 06 08 1 12 amorphization(e.qg., for direct impact amorphization=1,

Dose (dpa) for single overlaps1=2, and so oh Equation(8) has been
shown by many authors to fit thfg, vs D curves. In a more
recent model, Wang, Wang, and Ewifi¢pave demonstrated
that these curves can also be fit by assuming a direct impact
amorphization model; however, the electron diffraction re-
sults in Fig. 2 are more consistent with a defect accumulation
picture.

Cd damage Equation(8) can be solved to fit the data plotted in Fig.
Xe™ irradiation 10. Using a nonlinear least-squares refineméntwas al-
lowed to vary until the calculated curve best fit the experi-
mental data. The analyses were repeated for the cases of
=1 (direct impact amorphizationn=2 (amorphization by
single overlaps and so on, until the best fit to the data was
obtained, as determined from the residual of the least-squares
FIG. 10. Relative disorder on the Cd sublattice plotted as @operation. For both the Neand Xé™ irradiations, the re-
function of dose for 70-keV Ne (top) and 320-keV X&" irradia-  Siduals of the least-squares analysis initially decreased with
tion (bottorm). The curves are solutions of E@®) forn=1to 8, and  increasingn, reached a minimum valuge., the best fjt and
the thick solid line represents the best fit to the data. subsequently increased.

Relative Disorder

024

0.8 ~

0.6

Relative Disorder

0 i T T T T T 1
0 0.05 0.1 0.15 0.2 0.25 0.3

Dose (dpa)
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The disorder on the Cd sublattice for the Nieradiations, TABLE IlIl. Summaryin situ ion irradiation data for the oxide
along with the least-squares solutions to H) for n pyrochlores.
=1-8, is shown in Fig. 1@). In this example, the best fit to
the data is provided by tha=7 case. In Fig. 1), the Phase lon Dc(dpa ® e (K)
relative gisordgr on the Cd sublattice is plott_et_j for th_e 320'Gd2Ti207 b 1.5 MeV Xe 0.63 1030
keV Xe?* irradiation of CgNb,0O;. The best fit is provided G,Ti,O; ° 1.0 MeV Kr 0.50 840

by then=3 “double overlap” case. These results suggestGdZTizo b 0.6 MeV Ar 0.60 630
fundamental similarities and differences in the damage acc e 5Ce7>0 3,Ti,0; ¢ 1.0 MoV Kr N ad 1010
mulation process associated with the light- and heavy-io Ti'go Qosz Tzt 1'0 MoV Xe déo 780
irradiation of CgNb,O;. For light ions, the defect density _° 5 . 10 Mev K : 1080
within the individual ion tracks may be so low that many 11207 . O Mevirr n.a.

cascades must strike the same area to produce the amorphc?[ﬁgz-r'207d 1.0 Me Kr n.a. 1060
state(i.e., a defect accumulation model of amorphization 24207 . 0.35 MeV Xe

For X&#* irradiation, the data suggest that amorphizationC%Z"207 . 1.0 MeV Kr

also occurs by a cascade overlap, defect accumulation pr&-O'Z'\‘b2o7f 1.2 MeV Xe 0.22 620
cess, but that fewer cascades are required. Cd;Nb,0O, 0.28 MeV Ne 0.65 480

Using the best-fit values obtained fé; in Eq. (8), we
determine a cascade area close to 1.67 fon the Ne™
irradiation of CgNb,O,. For the Xé&* irradiations, the best

At room temperature.
bFrom Ref. 16.
°From Ref. 17.

fit of Eq. (8) gave A;=20.75 nm. The estimated cascade dErom Ref. 3
area is, therefore, 12.4 times larger for the? Xérradiation eFrom Ref. 10
than for Ne". Additionally, the model suggests thatthree  trpc work.

|0n2+|mpacts are required for amorphization with 320'kevgn.a. indicates that the authors did not provide an amorphization
Xe ", whereas, as many as seven may be necessary for thg

ose.
70-keV Ne" irradiation. Since each Xe cascade is larger by a

factor of 12.4 and, according to the model, orhB/7 of the  ticularly within groups of phases having the same crystal
number of ion impacts are required, then the Xe ion fluencetructurege.g., Refs. 29 and 37In other words, thd@ vs D,

for amorphization should be lower by a factor of 1243  curves(i.e., Fig. 4 generally do not cross. This is true for Xe
=29. The actual difference in the ion fluence for amorphlza-irradiation of pyrochlores withA,B cation valences of

tion of Ch,Nb,O; at room temperature measured in ihe 13 +4, but the+2,+5 compound CsNb,O, does not fit the
situ TEM experiments is lower by a factor of 36 for the’Xe  general trend. Sickafuet al® suggested that irradiation-
irradiations compared to Ne(Table ). Considering the nu-  induced amorphization in-3,+4 pyrochlores is controlled
merous assumptions implicit in the model and in the interyy cation radius ratios through their influence on antisite
pretation of the RBS data, this difference of only 20% isdefect formation energies. According to this model, phases

evidence supporting the above analysis. that have radius ratios close to 1:1 have low antisite defect
energies and can accommodate radiation damage by cation
Comparison with previous data disordering, without amorphization. ¢gdb,O; has an A:B

) . o . cation radius ratio of 1.72:{radii from Ref. 38, similar to

In all previous in sit irradiation studies of that of G4 Ti,0; (1.74:1. Accordingly, these phases might
pyrochlore,>*" a disordering of theA- and B-site cations  pe expected to demonstrate a similar resistance to amor-
was reported at low to intermediate ion d05350(3—0-5 phization. Taking eithell, or room temperatur®, (Table
D), as observed here for db,0O;. Wanget al."" reported  ||) as a measure of the radiation resistance shows that
that amorphization and cation disordering occur concurrentl)GdzTi207 and Cg@Nb,O; are, in fact, quite different. If the
in titanate pyrochlores; however, our results in Fig. 2 areyefect energy picture of amorphization is valid, the relation-
consistent with the near completion of disorderpipr 10 ship petween the radius ratios and the antisite defect energies
the onset .of. amorph|zat|on. The critical temperature folin the +2,+5 pyrochlores must be very different from the
Xe?" irradiation estimated from Eq7) (620 K) is lower 3 14 phases. Determination of physical reason for the dif-
than the values reported for Xe-ion irradiation of titanateference between Giib,O, and the+3,+4 pyrochlores will
pyrochlores(Table IIl). In contrast, the room-temperature require further systematic studies on additional,+5
amorphization dose reported here for,88,0, (0.22 dpa phases.

is considerably less than that required to amorphize Gd- and
rare-earth-titanate pyrochlorég8.50 to 0.80 dpg'®'’ These
large differences cannot be attributed to the different Xe-ion
energies, since the doses are normalized in dpa units.

The results show that GNb,O; is more susceptible to The pyrochlore composition GNb,O; can be readily
irradiation-induced amorphization below room temperatureamorphized by either Neor Xe?* irradiation. For the case
than the titanate pyrochlores, but that recovery is more effief Ne* ion irradiations, the amorphization dose is three
cient at high temperatures. For many materials there is atimes higher at low temperatures than for?Xe and the
inverse correlation off, with D, (room temperatude par-  critical temperature is lower by approximately 140 K. The

SUMMARY AND CONCLUSIONS
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