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Pb* irradiation of synthetic zircon (ZrSiO,): Infrared spectroscopic investigation—Reply
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We appreciate the opportunity to respond to the discussion by
Nasdala (2009) concerning our interpretation of infrared spectra
used to investigate the change in the structure of Pb-irradiated zir-
con as a function of increasing flux (Zhang et al. 2008a, 2008b).
Nasdala is correct in cautioning experimentalists to carefully
match the analytical technique to the expected irradiation dam-
age profile to optimally probe the irradiation effects, and in fact,
this point was emphasized by Ewing et al. (2003) in a review of
radiation effects in zircon. However, Nasdala’s discussion fails to
fully appreciate three important points. (1) There is a difference
between in situ irradiations of TEM samples that must be electron
transparent, ~200 nm thick, as were completed by Weber et al.
(1994), and more bulk-like irradiations that were completed in
the Zhang et al. (2008a, 2008b) studies. (2) The particle-solid
interactions change along the path of an implanted ion, that is
the distribution and nature of the damage changes with depth as
the ion loses energy, resulting in the greatest number of ballistic
interactions near the end of the particle trajectory (see Fig. 1 of
Ewing et al. 2003). (3) In comparing natural zircon damaged
by alpha-decay events with ion-irradiated zircon, one must be
aware that the recoil nucleus and the alpha particle cause different
types of damage, and the use of the Pb-implantation experiment
is meant to simulate only the alpha-recoil damage.

PB-IMPLANTED VS. METAMICT ZIRCON

Nasdala disagrees with our conclusion that there is a dif-
ference between Pb-implanted and metamict zircon. Although
similarities are found between metamict zircon and Pb-irradiated
(as well as Au-irradiated) zircon, it has been observed that ion
irradiation does not cause the same extent of change in band
frequency and width as those seen in metamict zircon, especially
for the Raman v; band (Zhang et al. 2008a). The work of Zhang
et al. (2008b) simply reported a lack of significant change in IR
band wavenumbers, and it stated clearly that the issue had been
studied and discussed in the work of Zhang et al. (2008a), whose
conclusions, in fact, were based on Raman data of the v; band (it
is not IR-active). The band is the strongest Raman band of zircon
and is located near 1008 cm™ with a FWHM of about 2-3 cm™!
in synthetic zircon. It remains intense in metamict zircon, but
it is located in a low-frequency region (down to 995-955 cm™)
(Nasdala et al. 1995; Zhang et al. 2000; Geisler et al. 2001) with
a FWHM as large as 30 cm™. However, the significant change of
the v; Raman band was not observed in the Au- and Pb-irradiated
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zircon specimens. This shows that the phonon band is less af-
fected by the ion irradiation than by the alpha-decay events
that cause metamictization in natural zircon. The discrepancy
between Au- and Pb-irradiated zircon and metamict zircon is
well discussed in Zhang et al. (2008a) and briefly addressed
in Zhang et al. (2008b). A less defective structure and a lack of
alpha-particle damage in the ion irradiation and strain release
were proposed as the possible causes. Additional studies are
underway to further explore these possible effects.

Additional experimental evidence has emerged that confirms
the lack of a significant change of frequencies in ion-irradiated
zircon. During the preparation of this reply, we noted a recent
study (Lang et al. 2008) that reported Raman data for a synthetic
zircon crystal (30 pm thick), which was entirely exposed to a
defocused centimeter-sized '*Xe-beam of energy 1.47 GeV (at 5
% 10" ions/cm?) with a calculated penetration depth of about 60
um, i.e., the ions completely passed through the sample. While
TEM revealed that the crystalline zircon was heavily damaged,
the Raman data showed that the v; Raman band in an unirradiated
synthetic crystal is located near 1008 cm™ (Fig. 2a of Lang et
al. 2008), and the value of the band frequency for the irradiated
zircon is about 1006 cm™! (Fig. 3a of Lang et al. 2008). This work
clearly shows that high-energy ion irradiations do not produce the
same degree of change in band frequencies (as well as widths) as
observed in metamict zircon. This is consistent with our observa-
tions and conclusions in Zhang et al. (2008a, 2008b).

METAMICT ZIRCON VS. GLASS STRUCTURE OF
QUENCHED ZRSI10,

Nasdala (2009) also takes issue with our conclusion that
there is a difference between the aperiodic structure of metamict
zircon and glass-like or glassy ZrSiO, produced by melting and
quenching. We based our conclusions on the significant spectral
differences observed in the Raman spectra of the two materials
(Zhang et al. 2008a). On this point, Nasdala does not provide
evidence that the two types of aperiodic states are the same. This
is in fact a very difficult distinction to make; however, a careful
study by Sales et al. (1989) has unequivocally established that
the aperiodic state created by ion irradiation of lead pyrophos-
phate does not have the same structure as the glass produced
by quenching this phase from a melt. The results of Sales et al.
(1989) show that the structural state produced by displacive ion
damage of a single crystal is actually “more disordered” or “more
amorphous” than the thermally quenched glass formed from
the same composition. Although these results are for a different
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material, a phosphate, they do show that very different aperiodic
structures can result from different processes, such as ion beam
irradiation vs. quenching from a melt.

There is also substantial evidence indicating differences be-
tween the two types of aperiodic state (metamict vs. quenched
glass). Examples include: (1) spectral and structural differences
(e.g., Sales et al. 1989; references in Zhang et al. 2008a); (2)
ion irradiation can cause significant changes in glasses (e.g.,
Magruder et al. 1990, 1993); (3) metamict minerals tend to
recrystallize epitaxially (e.g., McLaren et al. 1994; Capitani
et al. 2000) while glasses commonly undergo a glass transi-
tion when heated to high temperatures; and (4) glasses have a
roughly defined glass transition temperature, while metamict
zircon shows very different responses at different temperatures
(different defects may be annealed at different temperatures; and
dehydroxylation and decomposition can occur) (e.g., Vance 1975;
Woodhead et al. 1991; Ellsworth et al. 1994; see the discussion
of the transition point by Salje et al. 1999).

THE APPLICATION OF IR-SPECTROSCOPY TO ION-
IMPLANTED SAMPLES

The IR-reflection technique, which is similar to that employed
in our study (Zhang et al. 2008a, 2008b), has been used to char-
acterize ion-beam-irradiated surface and subsurface by several
different research groups (e.g., Arnold and Peercy 1980; Sood et
al. 1984; Baars et al. 1988; Arnold et al. 1990; Magruder et al.
1990, 1993; Zorba et al. 1996; Tung et al. 1998; Key et al. 2000;
Chang et al. 2002; Brink et al. 2004; Vodopyanov and Kozyrev
2006). As compared with other analytical methods, infrared
spectroscopy, as well as Raman spectroscopy, has proven to be
useful in distinguishing differences between the crystalline and
aperiodic structures because it is mainly dependent on atomic
masses and the length and strength of interatomic bonds, and
not primarily on the long-range periodicity of the structure. IR
analysis provides valuable information on the local structure,
bond strength, and composition of the sample. These previous
studies have led to undeniably important observations and find-
ings. The key to the successful application of IR spectroscopy is
the use of weak signals from the damaged layers that are indica-
tive of irradiation-induced changes. This is well demonstrated
by various studies (e.g., Arnold and Peercy 1980; Sood et al.
1984; Arnold et al. 1990; Magruder et al. 1993; Tung et al. 1998;
Brink et al. 2003). In the studies of Zhang et al. (2008a, 2008b),
infrared specular (or external) and micro-reflection spectroscopy
were applied. A grazing angle objective was used, which has two
advantages: (1) improved sensitivity because a novel two-pass
configuration (the IR beam passes the sample surface twice);
and (2) grazing angle incident increasing the travel distance of
the IR incident beam in the layers. Our analysis and description
of the spectra are fully consistent with those of other previous
studies (see earlier references). Referring to the comments by
Nasdala (paragraphs 2 through 8), it appears that he has misun-
derstood the experimental configuration (external reflection, IR
microscope, and a grazing angel incident objective) that we used.
Furthermore, we clearly discussed and indicated the thickness
of the amorphized layer that was examined in our two studies
(Zhang et al. 2008a, 2008b).

We agree with Nasdala (2009) that IR-penetration depth is
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a complex issue. It is a measure of how deep electromagnetic
radiation can penetrate into a material. It is defined as the depth
at which the intensity of the radiation inside the material falls to
1/e of the original value at the surface. According to the Beer-
Lambert Law, the intensity of infrared radiation inside a material
falls off exponentially from the surface. For a given material, the
penetration depth can generally vary for different wavelengths
of radiation, the refractive indices and absorption coefficients of
the media involved, incident angle, and polarization conditions.
The shorter wavelength radiation penetrates less into the sample
(this is why we mainly focused on implantation-induced bands
in the high-frequency region where the depth is less). Infrared
radiation with a larger incident angle (such as grazing angel
incidence) has a shallower depth.

However, we wish to point out that for ion-irradiated ma-
terials (especially the Pb-irradiated zircon), the determination
of the penetration depth becomes far more complex than that
described in Figure 1 of Nasdada (2009). Not only the depth, but
also the optical path of infrared radiation will be changed by the
Pb-implantation. The effects can come from several factors. (1)
Ion irradiation causes changes of the refractive indices and the
absorption coefficient. The change depends on the irradiation
dose and the type of ions implanted (Townsend et al. 1994).
(2) Refractive index shows a distribution as a function of depth
and an “optical barrier” could form (similar to the observation
of Babsail et al. 1991) (Townsend et al. 1994). (3) Domains and
clusters of newly formed phases (such as SiO,, ZrO,, and lead
silicates) cause additional reflection and refraction when infrared
radiation travels between these phases with different refractive
indices. (4) At higher ion fluxes, more Pb-nanoparticles, as seen
by Lian et al. (2003), are expected to form in the Pb-irradiated
zircon, and they can simply stop some infrared radiation from
further penetrating the sample. (5) Due to local stresses, scatter-
ing of light can occur (even in the strained crystalline zircon),
which makes the radiation more likely to be absorbed. And (6),
the reflected light from the bulk is expected to be disturbed
again by the previously noted factors as the radiation leaves the
crystal. The consequence of these effects is that less incident
radiation may reach the deeper bulk material underneath the
amorphized layer. Unfortunately, apart from the work of Bab-
sail et al. (1991) on optical properties of He-implanted zircon,
these effects have not been investigated, especially for heavy
ion implanted zircon.

SPECTRUM ASSIGNMENTS

Nasdala assigns the IR spectra presented by Zhang et al.
(2008Db) to crystalline zircon underneath the surficial amorphous,
implanted layer (Nasdala 2009). The assignment is problematic
for several reasons: (1) Irradiation-induced additional weak
bands in the high-frequency region are very important to the type
of application, as shown by the previous applications (see earlier
references), but they were simply ignored. (2) Some additional
features are relatively intense (e.g., the band near 1270 cm™)
and are not allowed by the tetragonal symmetry (/4,/amd) of
zircon. (3) The effect of strain is not expected to cause changes
as seen in the Pb-irradiated zircon (so far pressure-induced new
phases in ZrSiO, have been seen at pressures as high as 19-20
GPa, which are too high for the ion irradiation to produce). (4)
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The assignment cannot offer a proper explanation on the increase
in reflectivity below 250 cm™ (Fig. 1b of Zhang et al. 2008b),
which is not seen in crystalline or metamict zircon.

We attribute the reflection spectrum of the zircon irradiated
with Pb* in Zhang et al. (2008a, 2008b) to signals from the
amorphous layer (amorphous phases that are at least in principle
similar to those in metamict zircon and other ion-irradiated zircon
specimens), additional phases or species and remnants, and the
bulk underneath the ion implantation. Nasdala maintains that we
have misinterpreted the spectra. In fact, our understanding and
description of the spectra are correct. For the amorphized phases,
we focused mainly on those weaker bands in the high-frequency
region, and none have the same band frequencies of crystalline
zircon. This is also clearly evident in the comparison of some
frequencies between the irradiated and untreated crystalline
zircon, as is shown by the fact that none of the bands was used
for determining the volume fraction of the amorphous phase.
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