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Single crystals of ZrSiO4 ~zircon! with a ~110! orientation were implanted with 300 keV Pb1 at
room temperature to fluences ranging from 1014 to 1017 ions/cm2. The damage accumulation and
microstructural evolution were analyzed by cross-sectional transmission electron microscopy
~TEM! and glancing-angle x-ray diffraction~XRD!. The experimental damage profiles as observed
by TEM and XRD methods were compared to Monte Carlo simulations using theSRIM-2000 code.
At the lowest ion fluence (1014 ions/cm2), a buried amorphous layer formed in the zircon matrix.
The surface layer is highly damaged and consists of zircon nanocrystals. The critical amorphization
dose for zircon implanted with 300 keV Pb1 was in the range of 0.25–0.43 displacements per atom.
With increasing ion fluence, the thickness of the amorphous layer increased. When the Pb
concentration in the substrate exceeded;3.5 at. % ~i.e., at 1017 ions/cm2), Pb nanoparticles
precipitated at room temperature and formed a layer;90 nm thick embedded within the amorphous
zircon matrix. Effects of the displacement energies employed in theSRIM-2000 simulation on the
damage profiles and the critical amorphization dose were also analyzed. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1618917#
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I. INTRODUCTION

ZrSiO4 or zircon (I4I /amd, Z54) is extensively uti-
lized in geological age dating and, because of its very h
chemical durability, has been proposed as a matrix for
immobilization of plutonium from dismantled nuclea
weapons.1 Natural zircon is commonly found to be in th
aperiodic metamict state due to thea decay damage from th
radionuclide impurities,238U, 235U, 232Th, and their decay
products.2–5 The alpha-decay damage causes a dramatic
crease in density~17%! at saturation dose. The refractiv
indices of zircon,nc andnw , decrease with increasing radia
tion dose to a value of 1.81, at which point the crystal
isotropic. Concurrently, the birefringence decreases from
range of 0.042–0.065 in an undamaged zircon to zero
completely metamict zircon.6,7 Ion-beam irradiations have
also been used to create buried damage layers of lowe
fractive index in ZrSiO4 for the purpose of creating optica
waveguide regions by either the implanted dopant ions o
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the radiation-induced displacive damage.8,9 Using He1 ion
implantation, Babsailet al.10 synthesized a low-loss optica
waveguide by creating a buried amorphous layer with
lower refractive index within a crystalline zircon matrix
Therefore, an understanding of the radiation-induced tra
formation of zircon from a crystalline-to-amorphous state
important to the nanoscale manipulation of the properties
zircon.

There are extensive studies of radiation effects indu
by ‘‘self-radiation’’ damage from incorporated actinides
naturally occurring zircons11–14 or 238Pu-doped zircon.15–17

The techniques used to characterize the radiation damage
microstructural evolution include: X-ray diffraction
~XRD!,11–15electron microscopy,4,5,18–20Raman7,21,22and in-
frared spectroscopy studies.23–26 With increasing radiation
dose~a-decay events!, the XRD or electron diffraction inten-
sity characteristic of crystalline zircon gradually diminishe
and amorphous features appear due to the increasing per
age of aperiodic regions until the material reaches a fu
amorphous state. Short-range order remains even in the
amorphous state as shown, for example, by Raman7,21,22
5 © 2003 American Institute of Physics
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and infrared spectroscopy studies.23–26Although the level of
understanding of the nature of the radiation-induc
crystalline-to-amorphous transformation in zircon has
creased significantly, there are still many aspects that rem
unclear. These include the dose dependence of the a
phous fraction, the crystalline-to-amorphous transit
mechanism, the structure of amorphous zircon upon ra
tion damage, and the damage recovery processes over
logical time.27

Numerous ion-beam irradiation studies18,20,28–34 have
been completed in order to simulate thea-decay damage
occurring in actinide-bearing zircons, and the radiation da
age and microstructural evolution have been character
using transmission electron microscopy~TEM!. In these
studies, both heavy- and light-ion irradiations were p
formed at controlled temperatures.In situ irradiations com-
bined with TEM have been used to observe the microstr
tural evolution due to ion-beam damage in real time. T
critical amorphization dose,Dc , the irradiation dose require
to fully amorphize a given material, was determined a
function of temperature. The damage process from ion-be
irradiation is comparable to that in natural zircons subjec
to a-decay events, and the critical amorphization dose w
found to be independent of the radiation sources
energies.4 Although ion-beam irradiation reproduces the m
crostructure ofa-decay damaged zircon under controll
temperature conditions, there are a number of experime
limitations. The high surface area to irradiated volume ra
in the electron-transparent region of the sample may af
the damage accumulation process; that is, isolated de
migrate and are annihilated at the surface. The electron b
may cause the radiation-enhanced migration of defects; t
increasing the dose required for amorphization. These li
tations can be overcome by bulk sample irradiations
lowed by cross-sectional TEM analysis. This provides a
rect measurement of the damage distribution, and a deta
microstructural characterization along the trajectory of
implanted ions may be completed. However, a substan
fraction of the amorphous domains~up to 20%! in the crys-
talline substrate, or residual atomic-scale ordering from e
bedded nanoparticles in the amorphous matrix may no
evident in the high-resolution TEM image.35 Thus, TEM
techniques cannot provide a reliable quantitative estimat
the amorphous fraction. More sensitive techniques, suc
XRD, are needed to characterize the radiation damage
determine the amorphous fraction. Accordingly, in t
present study, we have performed bulk sample irradiation
zircon single crystals at room temperature, and the resul
microstructural evolution was characterized by cro
sectional TEM methods combined with glancing-angle XR
The damage profiles observed by cross-sectional TEM
XRD are compared to Monte Carlo simulations made us
the SRIM-2000 code.36

II. EXPERIMENT

ZrSiO4 single crystals were synthesized in a Li2MoO4

flux that was heated to 1300 °C in a covered Pt crucible
then cooled at 1 °C/h. Crystals with a~110! orientation were
Downloaded 21 Oct 2004 to 128.219.12.140. Redistribution subject to AI
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mounted for the 300 keV Pb1 ion implantation that was per
formed at room temperature with the samples irradiated
fluences of 1014, 1015, 1016, and 1017Pb ions/cm2. During
ion implantation, the ion-beam was aligned;15° normal to
the surface of the~110! face to avoid channeling effects. Th
radiation damage and implanted microstructures were ex
ined using cross-sectional and high-resolution TEM~HR-
TEM! techniques with a JEOL JEM 2010F microscope o
erating at 200 keV. Glancing-incidence XRD was comple
using an in-house-designed diffractometer37 that employed
CuKa1 radiation and a position-sensitive detector cover
120° in 2u. The incident angle was typically between 0.2°
5°. For comparison purposes, a highly damaged natural
con was also studied. This sample incorporated 4370690
ppm of uranium and 13206200 ppm of thorium and is esti
mated to be;85% amorphous.14

III. RESULTS

The cross-sectional bright-field TEM images of ZrSiO4

implanted by 300 keV Pb1 at different ion fluences are
shown in Fig. 1. At relatively low ion fluence
(1014 ions/cm2), a buried amorphous layer was created, a
no diffraction contrast was observed within this layer. High
damaged regions were found at the sample surface and
low the buried amorphous layer, as shown by the dark c
trast region in the image@Fig. 1~a!#. This highly damaged
surface layer becomes fully amorphous at higher fluen
(1015 ions/cm2). Further ion implantation thickens the amo
phous layer. Based on the cross-sectional TEM images,
thickness of the amorphous layer at ion fluences of 1014,
1015, 1016, and 1017 ions/cm2 can be approximately deter
mined to be;70, 120, 155, and 178 nm, respectively. Up
ion irradiation at a dose of 1017 ions/cm2, a nanocomposite
layer was created, as shown by the strong dark contrast
dent in Fig. 1~d!. The nanocomposite layer was found to
;90 nm thick as seen in a higher magnification cro
sectional TEM image@Fig. 2~a!#. The size of the nanopar

FIG. 1. Cross-sectional TEM images of zircon single crystals implan
with 300 keV Pb1 at room temperature:~a! 1014, ~b! 1015, ~c! 1016, and~d!
1017 ions/cm2.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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5697J. Appl. Phys., Vol. 94, No. 9, 1 November 2003 Lian et al.
ticles ranged from several nm to;10 nm with an average
value of ;6 nm. Energy dispersive spectroscopy~EDS! of
the nanoparticles gives strong signals characteristic of
Both HRTEM images@Fig. 2~b!# and selected-area electro
diffraction patterns@Fig. 2~c!# can be indexed from the crys
tallographic data of face-centered-cubic~fcc! Pb, indicating
that nanosized Pb-particles precipitated in the amorphous
con matrix.

The increasing thickness of the damaged layer with
creasing ion fluence and the formation of Pb precipitates
the sample irradiated with 1017 ions/cm2 were also observed
by glancing-angle XRD. Figure 3 shows the diffractogra
obtained for three of the implanted ZrSiO4 samples at an
incident angle of 1.5° after having subtracted the backgro
caused by air-related scattering. In samples irradiated w
1015 and 1016 ions/cm2, only the signal coming from the
amorphous zircon layer was observed. During the XRD
amination, the sample orientation was chosen to minim

FIG. 2. Higher magnification cross-sectional TEM image~a! of zircon after
1017 Pb ions/cm2 implantation showing the formation of Pb nanocrysta
~;90 nm thick layer!. The nanoparticles were determined to be fcc Pb
HRTEM images~b! and selected area diffraction patterns~c!.

FIG. 3. Diffractograms obtained under identical experimental conditi
~1.5° incident angle! for ZrSiO4 samples implanted with increasing Pb1

fluence. Diffractograms have been offset for clarity. For samples irradi
with 1015 and 1016 Pb ions/cm2, the surface is totally damaged and the ch
acteristic pattern of amorphous zircon can be observed. The sharp B
peak in sample irradiated at 1015 Pb ions/cm2 comes from the undamage
bulk zircon. For a sample irradiated at 1017 Pb ions/cm2, diffraction maxima
from precipitated Pb nanoparticles are found.
Downloaded 21 Oct 2004 to 128.219.12.140. Redistribution subject to AI
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diffraction maxima from the bulk ZrSiO4 . The intensity in
the sample irradiated with 1014 ions/cm2 was too weak to be
extracted from the background. As shown in Fig. 4, the p
tern found for the implanted samples is similar to that fou
in highly damaged natural zircon.14 The intensity in natural
zircon is approximately one order of magnitude strong
This is due to the fact that, although measurements w
performed under exactly the same conditions, the dama
region in the ion-implanted sample is restricted to a th
layer; whereas, the natural sample is damaged throughou
entire volume. The slight asymmetry of the first peak in t
natural zircon sample arises from the contribution of t
~200! diffraction maximum coming from crystalline ‘‘is-
lands’’ remaining in the amorphous matrix.

In order to determine the thickness of the damaged la
in the implanted samples, we compared the signal obtai
from implanted and natural samples by the followin
method: Given the absorption coefficient of damaged zirc
376 cm21,38 and the incident angle of 1.5°, the penetrati
depth of the copperKa1 radiation was found to be;1.39
mm.39 Using the integrated intensity over the whole 2u
range, we normalized the data obtained for the implan
samples with the data obtained in the natural sample. For
case of the sample irradiated with 1017 ions/cm2, the peak
intensity coming from Pb-nanoparticles was first subtrac
@see Fig. 5~a!#. Figure 6 compares the thickness of the am
phous layer obtained by XRD with the values obtained
cross-sectional TEM. Despite the large error bars for
XRD results, the agreement is good.

As the incident angle,a i , increases, the beam penetrat
further into the sample, and therefore, the contribution fr
the damaged region decreases. For the case of the sa
irradiated with 1017 ions/cm2, this means that diffraction
maxima coming from the embedded Pb-nanoparticles
come weaker, see Fig. 5~b!. Figure 7 shows the behavior o
the integrated intensity of the doublet~111!/~200! as a func-
tion of the incident angle. The peak profile was fitted to thr
Gaussian functions@see Fig. 5~a!#, and the contribution from
the amorphous layer was subsequently subtracted. The
width at half maximum for the peaks~111!/~200! was found
to be 1.54~1!° ~the instrumental resolution was 0.09°!. Using
Scherrer’s equation,40 the mean size of the Pb-particles wa
therefore, estimated to be;6 nm in good agreement with th

s

d

gg

FIG. 4. Diffractograms corresponding to an implanted ZrSiO4 sample and a
natural sample containing;85% of amorphous regions. For compariso
purposes, the diffractogram for a natural zircon sample has been norma
by a factor of 3.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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TEM images. From the data depicted in Fig. 7, and us
well-known mathematical expressions,41 one can extract the
thickness of the Pb-containing layer. The continuous line
Fig. 7 is the best fit to the data leading to a thickness
5762 nm ~an absorption coefficient of 2607 cm21 was
used!.38 The thickness of the Pb layer found by XRD~;57
nm! is smaller than that found by TEM~;90 nm!. The dis-
crepancy comes from the fact that in the XRD analysis,
pattern is heavily weighted toward the large grains. Mo
over, the contribution of the small grains@present below the
layer containing the large grains, see Fig. 2~a!# to the XRD
pattern is located in the tails of the diffraction maxima.
this case, the contribution of small grains overlaps with
contribution from the amorphous layer, and therefore, is
ficult to evaluate.

FIG. 5. ~a! Intensity of the~111!/~200! Pb peaks in the sample irradiated
1017 Pb ions/cm2 for an incident angle of 0.5°. Note the contribution due
the amorphous zircon layer.~b! Intensity of the~111!/~200! Pb peaks as a
function of the incident angle,a i .

FIG. 6. Thickness of the amorphous ZrSiO4 layer as a function of Pb1

fluence.
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IV. DISCUSSION

A. Amorphization process

The amorphization process ina-decay-damaged natura
zircon involves three different stages with increasing dos
depending on the age of the sample and the concentratio
radionuclides. At low damage levels, thea-recoil nuclei pro-
duce a few isolated 2–5 nm amorphous regions that giv
mottled diffraction contrast in the TEM images. Sharp d
fraction maxima are observed in the diffraction pattern, a
the material shows a well-defined atomic-scale periodic
With increasinga-decay dose, areas with a mottled diffra
tion contrast become more numerous and interconnec
and the microstructure consists of crystalline islands in
aperiodic matrix. During the final stage of radiation dama
zircon appears to be fully aperiodic.

The microstructural evolution of synthetic zircons wi
increasing dose under various ion irradiations, including 7
and 1500 keV Kr1, 1500 keV Xe1, and 400 keV He1,28 is
comparable in many respects to that of natural zircons.4,5 A
relatively complete picture of the microstructural evolutio
with increasing radiation dose can be clearly seen from
ion irradiation of bulk samples and subsequent cro
sectional TEM examinations. Figures 8~a! and 8~b! show
HRTEM images of the surface layer and the interface
tween the crystalline and amorphous layers, respectively,
the sample irradiated with 1014Pb ions/cm2. The buried
amorphous layer is further evidenced by the complete los
lattice fringes when the damage level is above the criti
amorphization dose,Dc . At the surface layer, the remainin
nanosized ZrSiO4 particles have an orientation similar to th
of the crystalline substrate. This suggests that the dam
level is belowDc . Strain fields and mottled zones that a
indicated by the dark contrast in Fig. 8~b! exist at the
crystalline–amorphous interface and in the deeper crysta
regions where the damage level may be less thanDc . HR-
TEM images of both the surface layer and the crystallin
amorphous interface reveal the existence of amorphous
gions that are embedded in the crystalline matrix. T
suggests that the amorphization process induced
300 keV Pb1 in ZrSiO4 occurs through a heterogeneous d
placement process instead of a homogeneous proces
which a gradual increase of the point-defect concentra

FIG. 7. Intensity of the Pb doublets~111!/~200! ~after subtracting the con-
tribution from amorphous ZrSiO4) as a function ofa i . The continuous line
is the best fit to the data giving a thickness of;57 nm.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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leads to a sudden change from a perfectly crystalline to
aperiodic material at a critical defect concentration. Th
results confirm previous XRD results. According to Rı´os
et al.,14 the amorphization process in natural zircon occurs
a consequence of the direct impact within cascades ca
by a-recoil nuclei, and even at low doses, isolated am
phous zones exist that are the source of the observed di
x-ray scattering.

B. TRIM calculations and critical amorphization dose

For ion-beam irradiation studies, Monte Carlo calcu
tions using theTRIM ~Transport of Ions in Matter! code are
widely used to simulate the damage profile, the distribut
of implanted ions, and to convert the damage level to d
placements per atom~dpa!. The critical amorphization dos
for 300 keV Pb1 implanted in ZrSiO4 crystals can, therefore
be determined by comparing the experimental damage
file with the simulated profile using theSRIM-2000 code. One
of the fundamental parameters affecting radiation damag
a material is the threshold displacement energy,Ed , which is
the minimum kinetic energy necessary to displace an a
from its equilibrium lattice site. The parameterEd is essen-
tial for quantifying an irradiation dose in terms of the num
ber of displaced atoms in the irradiated material, which
lows quantitative comparisons to be made ofa-decay
damage versus ion-beam-irradiation damage. Howeve
the present time, no displacement energy for the zircon st
ture has been determined experimentally. InTRIM simula-
tions, a default value ofEd525 eV has been used previous

FIG. 8. High-resolution TEM images of the surface layer~a! and the
crystalline–amorphous interface~b! of ZrSiO4 implanted with 300 keV Pb1

to a fluence of 1014 ions/cm2.
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for the damage calculation in zircon.4 Various theoretical
methods, such as static energy minimization42,43and molecu-
lar dynamic simulations,44,45 have been employed to dete
mine the threshold displacement energies in zircon. Th
results are summarized in Table I.27 A significant discrepancy
between these simulated threshold displacement energie
be found, especially for Si and O. A critical issue for th
quantitative comparison of radiation damage among vari
a-decay and ion-beam-irradiation studies is, therefore, to
a consistent value for threshold displacement energies in
TRIM simulations.

Room-temperature irradiations of single crystals of z
con with 1.5 MeV Xe1, 0.7 MeV Kr1, 1.5 MeV Kr1,
1.5 MeV Ar1, 0.8 MeV Ne1, 0.54 MeV Pb1, and
0.6 MeV Bi1 ions have been performed in order to inves
gate energy density effects~eV/nm/ion! on the amorphization
dose.4,46 Complete amorphization occurred for all of the io
and energies. The critical amorphization dose for sing
crystal ZrSiO4 was determined to be;0.55 dpa.4 Also, for
polycrystalline Pu-doped zircon, the amorphization dose
;0.59 dpa ~this dose calculation included only th
92 keV U1 recoil-nucleus contribution!.4 These results show
that the amorphization dose under high dose rates (;1024 to
1023 dpa/s) for heavy-ion irradiation is nearly identical
that of Pu-doped zircon (331029 dpa/s),15 suggesting that
the amorphization process in zircon is independent of
damage source and dose rate. Weberet al.46 recalculated the
amorphization dose from various ion-beam irradiations
synthetic zircons, as well asa-decay damage in Pu-dope
and natural zircons, using full-cascadeTRIM-96 simulations
with displacement energies of 80, 20, and 45 eV for Zr,
and O ~by Williford et al.,42 see Table I!, respectively. For
this case, the amorphization dose increases with ion m
more specifically, with increasing damage-energy dens
and different amorphization doses were obtained for differ
ion-beam irradiations—inconsistent with those calcula
previously usingEd525 eV. For example, for 1.5 MeV Kr1

ion irradiation, the critical amorphization dose can be as l
as 0.30 dpa. For 540 keV Pb1 irradiation in the bulk sample
at 77 K, the critical amorphization dose is close to;0.4 dpa
as analyzed by the Rutherford backscattering~RBS! tech-
nique. Based on these results, a higher critical amorphiza
dose was expected for the Pb1 ion irradiation at room tem-
perature in this study, as compared with that of 540 keV P1

irradiation at 77 K.46

TABLE I. Calculated threshold displacement energies in zircon.a

Method Zr ~eV! Si ~eV! O ~eV! Reference

Energy
minimization

80 20 45 Williford
et al.

~Ref. 42!
Energy
minimization

76 85 38 Meis
~Ref. 43!

Molecular
dynamics

90 98 32 Crocombette
and Ghaleb
~Ref. 44!

Molecular
dynamics

60 48 23 Parket al.
~Ref. 45!

aSee Ref. 27.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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We performed full-cascade calculations using theSRIM-
2000 code using the threshold displacement energies sum
rized in Table I and the default value ofEd525 eV. Figure 9
shows the damage profiles for 300 keV Pb1-implanted
ZrSiO4 at a fluence of 1014Pb ions/cm2. The displacemen
energies employed in theTRIM simulations have a significan
effect on the calculated amorphization dose. As shown
Fig. 8~a!, complete amorphization of ZrSiO4 subjected to
1014Pb ions/cm2 occurred 8–10 nm below the surface lay
By comparing the experimental damage profile@Fig. 8~a!#
with the simulated profiles~Fig. 9!, the amorphization dose
can be precisely determined to be in the range of 0.25–0
dpa ~see Table II!, by varying the threshold displaceme
energies employed in theTRIM calculations. A significantly
lower amorphization dose~as compared with that forin situ
ion-beam irradiation of ZrSiO4) has been observed in th
bulk sample irradiations followed by cross-sectional TE
examination. For example, using 25 eV as the displacem
energy, the amorphization dose for 300 keV Pb1 implanta-
tion is 0.39–0.43 dpa, which is lower than that of synthe
zircon subjected to various ion-beam sources within situ
TEM observation~;0.55 dpa!. Similarly, using the displace
ment energies of Willifordet al.,42 the amorphization dose i
0.25–0.27 dpa, which is lower than that
0.54 MeV Pb1-implanted zircon at 77 K~;0.4 dpa!. Bulk

FIG. 9. Full-cascade calculated damage profiles of zircon at a fluenc
1014 Pb ions/cm2 using theSRIM-2000 code with different threshold displace
ment energies. The critical amorphous dose of zircon subjected
300 keV Pb1 implantation can be determined by comparing the experim
tal microstructure with the calculated damage profiles, as shown by
dotted line at 10 nm depth at which complete amorphization occurred@Fig.
8~a!#. The theoretical density of crystalline zircon was used in theSRIM

simulations, as labeled by C.
Downloaded 21 Oct 2004 to 128.219.12.140. Redistribution subject to AI
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sample irradiation avoids high-surface-area to irradiated v
ume ratio and electron-beam radiation-enhanced annea
effects that may lead to the migration and annihilation
isolated defects at the surface. Therefore, the amorphiza
dose determined from bulk irradiations is expected to
more precise in describing the susceptibility of the mate
to ion-beam irradiation-induced amorphization than the p
vious studies that used ion irradiations of thin TEM samp
combined within situ TEM characterization.

C. Ion-bombardment-enhanced growth
of the amorphous layer

As shown in Fig. 6, the thickness of the amorphous la
resulting from Pb1 ion bombardment increases with increa
ing ion fluence. This ion-bombardment-enhanced growth
the amorphous layer has been reported in previ
studies.47–50 Figure 10 shows the damage profile and im
planted Pb1-ion distributions in crystalline ZrSiO4 at various
ion fluences using full-cascadeSRIM-2000 calculations and
Williford’s threshold displacement energies.42 The calculated
ion range and damage events corresponding to different
placement energies are summarized in Table II. For
300 keV Pb1 implantation, the ion range is less sensitive
displacement energies than the amorphization dose. Also
calculated approximate ion range~53.4614.7 nm! is deeper
than the damage peak~;38 nm!, but much less than the
observed damage depth at all ion fluences. This discrepa
between calculated damage profile and experimental mi
structure can be explained by detailed calculations of ion
recoil distributions. The damage in the region below the P1

range can be mainly attributed to the displacements cau
by O, Si, and Zr recoils, which can penetrate deeper into
ZrSiO4 crystalline matrix than the Pb1 ions because of thei
smaller atomic masses and lower stopping powers. The i
in Fig. 11 shows the penetration depth for O, Si, and
recoils and Pb1 ions at the end of the ion range.

The accumulated damage level increases with increa
ion fluences at all depths across the cross-sectional dam
profile, as evidenced in Fig. 10~b!. Using ;0.25 dpa as the
critical amorphization dose~using threshold displacemen
energies by Willifordet al.,42 see Table II!, the thickness of
the amorphous layer can be determined to be 50, 88,
and 156 nm, respectively, for 1014, 1015, 1016, and

of

to
-
e

TABLE II. Damage profiles and ion ranges of zircon implanted with 300 keV Pb1 by full-cascade calculation using theSRIM-2000 codea with the densities of
crystalline and amorphous zircon of;4.7 g/cm3 and;3.9 g/cm3, respectively.

Displacement energies in
zircon

Ion range~nm!
Critical amorphization

doseDc (dpa)
Amorphous layer thickness~nm!
at 1014/1015/1016/1017 ions/cm2

crystalline amorphous crystalline amorphous crystalline amorphous

Williford et al.
~Ref. 42!

53.4614.7 64.2617.7 0.25–0.27 0.23–0.25 50/86/118/156 66/104/144/184

Crocombette and Ghaleb
~Ref. 44!

53.4614.7 64.3617.7 0.235–0.257 0.216–0.235 52/86/116/154 66/104/146/188

Parket al.
~Ref. 45!

53.4614.7 64.3617.7 0.34–0.37 0.31–0.338 52/86/118/154 66/104/142/182

25 eV 53.4614.7 64.3617.7 0.39–0.43 0.36–0.39 52/86/118/156 66/104/144/186

aSee Ref. 36.
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1017Pb ions/cm2 @see Fig. 10~b!#. Therefore, the ion-
bombardment-induced increase in the amorphous zone
be explained by increasing damage levels with increasing
fluence. However, there are still significant discrepancies
tween the calculated amorphous layer thickness and the
served microstructure. For ZrSiO4 crystals, there is a signifi
cant density decrease with increasinga-decay dose and ion
beam radiation damage5,12 due to the volume swelling o
amorphous zircon. Depending on the degree of damage
swelling of amorphous domains may vary from;0% for
lower doses~below 231018a-decays/g) to a maximum
value of ;18% ~above 831018a-decays/g).14 Correspond-
ingly, the density decreased by 17%~from ;4.7 to 3.90
g/cm3 at a dose of 1019a-decays/g). Weber15 also reported

FIG. 10. ~a! Damage profiles and ion concentrations of Pb1 ~at
1014 Pb ions/cm2) in the crystalline zircon matrix determined by full
cascade calculations usingSRIM-2000 with the threshold displacement e
ergy determined by Willifordet al. ~see Ref. 42! ~see Table I!. For compari-
son, the calculated damage profile and the Pb1-ion distribution calculated
by SRIM-2000 using the density of amorphous zircon~;3.9 g/cm3! are in-
cluded in ~A!. ~b! Damage profiles of 300 keV Pb1 in crystalline zircon
~;4.7 g/cm3! at 1015, 1016, and 1017 Pb ions/cm2 with the threshold dis-
placement energy by Willifordet al. ~see Ref. 42!. Using 0.25 dpa as the
critical amorphous dose, the thickness of the amorphous layer at diffe
ion fluences can be determined, as indicated by the intercept of the d
line with the different curves.

FIG. 11. Calculated ion and recoil distributions in the crystalline zirc
matrix implanted with 300 keV Pb1 by full-cascadeSRIM simulation with
the threshold displacement energies of Willifordet al. ~see Ref. 42!. The
inset shows the end of the ion/recoil range at a larger scale.
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that the overall density of Pu-doped synthetic zircon d
creased by 16% before reaching a saturation value. We
calculated the damage profile usingSRIM-2000 assuming a
density of 3.9 g/cm3 for amorphous zircon at all ion fluence
As shown in Fig. 10~a! and Table II, both the damage profil
and Pb1-ion range in an amorphous zircon matrix shift to
depth greater than those in the crystalline zircon matrix. T
thickness of the amorphous layer can be determined to
approximately 66, 104, 144, and 184 nm for 1014, 1015, 1016

and 1017 ions/cm2, respectively. Considering the dimension
change caused by volume swelling of amorphous zircon
to implanted Pb1 ions, the damage range predicted byTRIM

simulations is close to the experimental damage profiles
observed by cross-sectional TEM and by XRD.

D. Pb precipitation and nanoparticle formation

Ion-implantation techniques have been used extensiv
in creating nanocomposite materials and nanostructures.51 As
shown in Fig. 2~a!, a nanocomposite layer was formed b
300 keV Pb1-ion implantation in zircon at room temperatu
at a fluence of 1017Pb ions/cm2. Nanoparticles with the larg-
est sizes are distributed at a depth of 20–60 nm. This na
particle formation may be attributed to a solid-state sup
saturation caused by high-ion-dose implantation at a de
where the implanted ion concentration is greater than
solubility in the matrix. The Pb nanocrystal formation in
ZrSiO4 matrix is further evidenced by az-contrast image
obtained with high-angle annual dark-field scanning TE
~HAADF-STEM! @Fig. 12~a!#. At a lower ion fluence
(1016Pb ions/cm2), no evidence of nanocrystal formatio
was found@Figs. 1~c! and 12~b!#. The brighter contrast in the
HAADF images@Figs. 12~a! and 12~b!# is attributed to the
heavier atomic mass of Pb. STEM-energy dispersive x-
scanning along the white line in Fig. 12~b! indicates a Gauss
ian distribution of Pb1 ions @Fig. 12~c!# with a peak concen-
tration of ;3 at. % at a depth of;76 nm, close to the ion
range~;64.2617.7 nm!. Figure 13 compares the Pb1-ion
distributions for 1016 and 1017Pb ions/cm2 using the dis-
placement energy of Willifordet al.42 For 1016Pb ions/cm2,
the peak ion concentration is estimated to be;3.1 at. %~Fig.
13!, consistent with the STEM-energy dispersive spectr
copy ~EDS! measurement@Fig. 12~c!#. However, although
the maximum Pb1 level at 1017Pb ions/cm2 is at ;64 nm
~Fig. 13!, the largest Pb nanoparticles are at a depth of;50
nm @Fig. 12~a!#. This suggests that once a critical concent
tion of Pb1 is reached, additional implanted Pb1 does not
penetrate deeply; thus, the Pb nanoparticles form at a s
lower depth. From the present results, a rough estimate i
cates that Pb nanoparticles are expected to precipitat
amorphized zircon when the Pb1 concentration exceed
;3.5 at. %.

There is some concern that the implanted Pb1 might be
redistributed either by the subsequent incident ions or
diffusion to the surface. A very slow diffusivity of Pb in
crystalline zircon has been reported over the tempera
range of 1000–1500 °C,52 while a faster transport of Pb wa
found in metamict zircon because the high defect concen
tion may enhance the diffusivity.53 A RBS spectroscopy

nt
ed
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study of zircon single crystals implanted by 100 keV Pb1 to
a fluence of 1015 ions/cm2 at room temperature revealed n
significant redistribution of the near-surface elements a
result of the ion implantation.54

Thus, one important parameter related to the fcc
nanoparticle precipitation is the solubility of Pb1 ions in
amorphous ZrSiO4 . Although pertinent experimental dat
are not available, studies52,55have been completed in order
understand the equilibrium and kinetic behavior of both
parent~U,Th! and daughter~Pb! elements in the crystalline
zircon structure because of the importance of zircon
U–Th–Pb age dating. Generally, lead (Pb050.174 nm and
Pb2150.129 nm) is not easily accommodated in the Zr-s
of the zircon structure due to its larger ionic radius and
difference in charge (Zr4150.084 nm). Only Pb41 ~0.094
nm, eight coordination! has an ionic radius56 and charge tha
is compatible with substitution for Zr41 (0.084 nm). As a
result, natural zircon tends to reject Pb during the crys
growth process, and most Pb in natural zircon is producein
situ from U and Th decay. However, small amounts of no

FIG. 12. HAADF-STEM images showing the formation of Pb nanopartic
(1017 Pb ions/cm2) ~a!, and the Pb1 elemental distribution in implanted zir
con matrix (1016 ions/cm2) ~b!. ~c! Pb1 profile in a ZrSiO4 matrix obtained
by STEM-EDS scanning along the white line in~b!.
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radiogenic Pb~;2 ppb to 80 ppm! can exist in natural zir-
cons as impurities.57

Watsonet al.55 studied the incorporation of Pb in th
crystalline zircon structure by synthesizing zircon cryst
using different approaches including: a high-temperat
growth of large crystals from Pb-silicate melts, hydrotherm
coating of thin epitaxial layers on natural zircon substrat
and the growth of small homogeneously nucleated crys
from aqueous fluids. In a P2O5-free system, zircon containe
,1 ppm Pb, despite 66 wt % PbO in the melt, and with t
addition of 5 wt % P2O5 to the melt,;1500 ppm Pb can be
incorporated into zircon structure due to a specific char
balance mechanism:@2P511Pb21#5@2Si411Zr41#.55,58 A
high concentration of nonradiogenic Pb~.3 at. %! can be
incorporated in fluid-grown low-temperature zircons pr
pared by hydrothermal overcoating methods with the zirc
fluid partition coefficients of 4.2 and 2.6 for Pb41 and Pb21,
respectively. The charge balance is compensated by H1. Be-
cause of the rapid, polythermal modes of zircon growth a
extremely Pb-rich environments in the experimental syste
the high Pb compatibility under these growth circumstan
may not be an equilibrium state. Limited knowledge exi
about the incorporation of Pb into amorphous or metam
zircon.

A higher Pb compatibility in amorphous zircon is e
pected because of the damaged structure, which may
hance the Pb diffusivity. The degree of U–Pb isotopic d
cordance~Pb loss! correlated closely with the degree o
metamictization of single zircon grains.59 Most Pb loss in
zircon is likely a consequence of recrystallization or
transport in zircons with severe radiation damage.52 Metam-
ictization enhances the relative potential for the radioge
loss of Pb in zircon.59 In this study, we have shown that Pb1

with ion concentrations slightly above;3.1 at. %~see Fig.
13! are quite compatible with the amorphous zircon stru
ture, comparable to the large amount~.3 at. %! of Pb in
crystalline zircon synthesized under hydrotherm
conditions.55 No precipitation of Pb was observed in th
sample implanted by Pb1 at a fluence of 1016 ions/cm2.

FIG. 13. Pb1 ion concentrations in amorphous zircon implanted at fluen
of 1016 and 1017 Pb ions/cm2 using aSRIM-2000 full calculation with the
displacement energies of Willifordet al. ~see Ref. 42!. The peak level of the
Pb1 concentration (1016 Pb ions/cm2) is ;3.1 at. %, consistent with the
STEM-EDS line scanning@Fig. 12~c!#. No evidence of nanocrystallization
was found, suggesting that;3.1 at. % Pb1 may be incorporated into the
amorphous domains of zircon.
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V. CONCLUSIONS

Single-crystal zircon has been implanted
300 keV Pb1 to fluences of 1014, 1015, 1016, and
1017Pb ions/cm2, and the radiation damage and microstru
tural evolution upon ion implantation have been charac
ized by cross-sectional TEM and glancing-angle XRD me
ods. At low-ion-fluence implantation (1014Pb ions/cm2), the
complete amorphization process of zircon was studied u
cross-sectional TEM observations that included the bu
amorphous layer, crystalline domains in the amorphous
trix, and the ‘‘mottled’’ zone in the crystalline substrate. Bo
cross-sectional TEM and glancing-angle XRD results in
cated that the increasing ion fluences thicken the amorph
zone. The experimental microstructure was compared w
calculated damage profiles and ion distributions usingSRIM-
2000 simulations. FromSRIM simulations, the critical amor
phization dose is in the range of 0.25–0.43 dpa, which
significantly lower than the ion-irradiation damage found u
der in situ TEM observation conditions. Pb nanoparticl
precipitated at room temperature from the amorphous zir
matrix when the Pb-ion concentration exceeded;3.5 at. %
~i.e., at 1017 ions/cm2.)
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