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Calculation of the effect of intrinsic point defects and volume
swelling in the nuclear magnetic resonance spectra of ZrSiO4
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Department of Earth Sciences, University of Cambridge, Downing Street, Cambridge CB2 3EQ, UK

(Received July 2004, in final form September 2004)

A variety of computational tools have been used to study the chemical properties of point defects in the crystalline phase of
ZrSi0y, and their effect in its lattice parameters. The experimental evidence of a large anisotropic volume swelling in natural
and artificially irradiated samples of ZrSiO4 was used to select the subset of defects that give similar lattice swelling for the
concentrations studied, namely interstitials of O and Si, and the anti-site Zrg;. Using the relaxed atomic structures, the nuclear
magnetic resonance spectra were calculated by means of first principles density functional methods, in order to find additional
evidence for the presence of high concentrations of some of these defects in irradiated zircon. The results obtained for the
defects singled out before are still compatible with available experimental information. Our calculations also show that
volume swelling in crystalline ZrSiO, would produce a considerable displacement of the '’O and °'Zr chemical shifts
towards higher values, whereas the >°Si spectra would be largely independent of the defect-induced swelling.
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1. Introduction

The ability to accomodate actinides, its high resistance to
corrosion and low thermal conductivity makes zircon a
candidate ceramic for immobilization of nuclear waste
[1,2]. Defect accumulation and its consequences for the
degradation of the mechanical properties have to be
understood in order to control possible leaching, creep and
fatigue of these materials [3]. Large concentrations of
irradiation induced defects produce strains that affect the
crystalline lattice structure, which can undergo amorphi-
zation, change into a different crystalline phase, or remain
in the same crystal phase with changes in the lattice
parameters. In addition to these changes, the electronic
properties are affected in a way that can produce
substantial differences in the physical and chemical
properties of the original material.

After a radioactive impurity undergoes an a-decay
transition, heavy damage is produced in the crystalline
structure. When the dose of a-decays is not too large there
is a coexistence between the amorphized (metamict)
region and the crystalline phase, the latter containing point
defects. X-ray experiments on damaged samples show
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a unit cell volume expansion of up to 5% in the crystalline
phase. This volume swelling is anisotropic in natural
samples, giving an increase of up to ~1.5% along the
ab-plane, and ~2.0% along the c-axis [4-6]. For
Pu-doped samples, the swelling is much less anisotropic,
suggesting a preferential relaxation of the expansion along
the a-axis over geological times in the natural samples.
2Si nuclear magnetic resonance (NMR) studies of
damaged zircon indicate changes in the Si local
environment towards a polimerization of the structure
during amorphization [7]. This means that Si—O—Si
bonds are formed in the amorphous region and the initially
isolated SiO, tetrahedra are connected through an oxygen
bridge. This polymerization requires that on average the
number of oxygens per Si is smaller in the amorphized
region, possibly favouring the presence of interstitial
oxygens in the rest of the system.

Theoretical studies of neutral point defects show that
the oxygen interstitial is the most stable, followed by
cation antisite defects [8,9]. In previous work [10], we
used first principles electronic structure calculations to
study the influence of very high concentrations of
neutral and charged point defects on the crystalline
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structure of zircon, showing that interstitials of O and Si,
and the antisite defect with Zr in the Si site, can give
lattice expansions similar to the ones experimentally
observed. We now perform first principles calculations
to obtain the NMR spectra produced by the arrangement
of atoms close to these point defects, which could
provide further evidence for their presence in the
crystalline phase of irradiated zircons. In both works, the
use of different computational codes and platforms, and
the parallel calculations of the many defect candidates
considered, was facilitated by the Condor distributed
computing system [11] and implemented as part of the
eMinerals minigrid [12,13].

2. Methodology

Experimentally, the change in the lattice parameters can
be directly monitored using X-ray diffraction. Point
defects would be randomly distributed through the
crystal lattice. If the number of accumulated a-decays
is not too large (~2 X 10" a/g), and we assume that
~220 atoms are displaced by each « particle [5], we
can expect concentrations of 2 X 10*' defects/cm’.
That is roughly one defect for each two unit cells, the
kind of concentration considered in this work.

Available experiments are not able to suggest a limited
range of defects. Hence, we used a combinatorial
approach similar to the one described in [14]. We
considered a catalogue of neutral and charged intrinsic
defects, that includes interstitials (X;) and vacancies (Vy)
of the three elements (X) present in zircon, Zr and Si anti-
site defects (Zrs; and Siz,), Frenkel pairs (Xrp), and other
combinations of interstitials and vacancies. The theoreti-
cal characterization of the relevant point defects was
performed with a combination of computational methods
for different architectures.

The structures of point defects were calculated with
the self-consistent ab initio siesta method [15,16], using
density functional theory (DFT) [17,18] within the local
density approximation (LDA) [19]. An heterogeneous
set of PCs under the Condor management system [20]
was used. The host crystal (ZrSiO4, space group
I4,/amd) is represented by a supercell generated by
repetition of the conventional tetragonal unit cell (4
formula units). A point defect is then introduced inside
a supercell (adding atoms for interstitials, removing
atoms for vacancies, etc) that is a n X m X p repetition
of the tetragonal unit cell along the three principal
axes. We considered cells with 24, 48 and 96 atoms,
corresponding to 1 X 1 X1, 1 X 1 X2 and 2 X 2X 1.
The minimum-energy structure for each defect was
obtained by relaxing with a conjugate-gradient mini-
mization for the forces and stresses. The lattice vectors
and the atomic positions were allowed to relax until
atomic forces and stresses from the electronic structure
calculations were smaller than 30meV/A and
6 meV/AZ, respectively.

The NMR chemical shifts were obtained for the relaxed
1 X 1 X 1 structures of siesta, by calculating the shielding
of the nuclei due to the electronic current induced by an
external magnetic field. This technique[21] is computa-
tionally very demanding and the use of high-performance
computer facilities is required. We used the paratec code,
[22] which has already been applied to study the effects of
radiation damage in zircon[23] The chemical shifts of 298
and 'O in quartz [24] (SiO») and zirconia [25] (ZrO,) are
used as a reference to fix the scale to experiments. For *'Zr
we studied only shifts relative to the theoretically obtained
crystalline signal.

3. Results

The effect of point defects in the lattice structure after
relaxation is summarized in figure 1, where we show the
changes in volume, and the anisotropy (Aa/Ac) relative to
the neutral structure for the defects studied. In general,
there is a considerable anisotropy in the relaxation, with
different changes in the c-axis and in the ab-plane.
Experimentally [4], an increase in ¢ of ~2% is observed,
while a increases by a smaller amount (~ 1.5%). From this
catalogue, we extract a subset of defects that produce a
swelling of the lattice that is compatible with the
experimental observations (see figure 1). Firstly, a positive
volume expansion (as big as 5%) is expected. Secondly,
Aa/Ac has to be positive and smaller than 1 (larger
expansion in ¢ than in a). These requirements give O;, Si;
and Zrg; (structures in figure 2) as possible originators of
the swelling. A detailed description of the catalogue is
described in [10].

The calculated NMR chemical shifts for '’O and *Si in
each of the atomic positions of the cell used to simulate the
defects, are shown in tables 1 and 2. Table 3 shows the
chemical shifts for °'Zr relative to the value obtained for
crystalline ZrSiOy4. Due to the high concentration of point
defects, there are considerable distortions in the atomic
structure that are revealed in the chemical shifts. In the
following we will present a detailed description of the
defects’ spectra.

3.1 Oxygen interstitial

The interstitial oxygen (O, in figure 2) forms a dumb-bell
structure with an oxygen atom (O,g) in the crystalline
structure. The high ionicity of the crystal forces the
interstitial to a position where the electronic density
screens the coulomb interactions. The covalent bond to
the interstitial oxygen reduces the strength of the
Sig—0,o bond, and the SiO, tetrahedra loses part of its
charge. Mulliken population analysis shows that the
charges in the interstitial and in the lattice oxygen are
similar, and slightly smaller (6%) than in other oxygen
atoms. This also affects the 2°Si chemical shifts of the
tetrahedral silicon, to which O,y was originally bonded,
that is displaced towards more negative values
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Figure 1. Lattice volume % swelling (circles) and anisotropic factor Aa/Ac (squares) for the set of defects considered in this work. X;, V, Xxp denote
interstitials, vacancies and Frenkel pairs of X, respectively. The different charge states are denoted by % ¢ and the different concentrations of defects by
X n, with n denoting the number of repetitions of the tetragonal unit cell (cells with 24, 48 and 96 atoms, for n = 1,2, 4 respectively). Unless stated, the

neutral defect with n = 2 cell is considered.

(—112ppm), on the edge of what is observed in the
damaged samples [7], as seen in the figure 4. This rises
interesting questions on the concentration of interstitials
of oxygen in the samples, e.g. whether or not strain fields
can spread the peak and shift it to higher value, thus
allowing for the expected high concentration of O;.

?011
' Si5
010

Answering this is, beyond the scope of this work. For the
interstitial oxygen, we obtained a '’O shift much higher
than for crystalline oxygen (282 ppm). Also the chemical
shift for *'Zr changes towards lower values, except for
the one closest to the interstitial oxygen (Zr;), which
displays a larger value.

Zrg;

Figure 2.  Atomic structures for the crystalline ZrSiO,4, and O;, Si; and Zrg; point defects in the 1 X 1 X 1 cell.
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Table 1. Calculated 8 'O chemical shifts (in ppm) for the three point
defects considered. The atomic labels correspond to figure 2. For the
crystalline structure, we obtained 170.1 ppm, in excellent agreement with
the ~ 170 ppm observed [24].

O; Si; Zrs;
0Ol 282
09 148
010 196 117 148
Ol11 154 167 158
012 199 224 158
013 158 149 464
014 164 244 464
015 162 201 464
016 169 322 464
017 168 212 158
018 183 178 158
019 165 95 148
020 178 203 148
021 177 172 166
022 176 161 166
023 144 166 166
024 166 188 166
025 169 114

3.2 Silicon interstitial

In this case, the interstitial (Si;) does not form clear bonds
with the neighbouring atoms [10] (the connections
between Sij, Si;, Oy4 and Ojg in figure 2 are artificial
and were used as a reference for the position of the
interstitial relative to the other atoms), but the lattice is
strongly distorted and the SiO, and ZrOg polyhedra
change to accommodate to the presence of the interstitial.
Upon removal of electrons from Si;, new atomic structures
are obtained, with the interstitial causing oxygen atoms to
approach, and neutralize the charge around it. The
coordination of Si}" increases with n and this can give a
polimerization of the structure and a change of the
chemical shifts of crystalline Si. The interstitial Si has a
higher value of & (less negative) than the tetrahedrally
coordinated silicons, that also have increased shifts
relative to the crystalline structure. The strong dispersion
in the 7O shifts is a consequence of the large distortion of
the cell. No clear trend emerges from the shifts, with
displacements to higher values (322 ppm for the Oy¢) as
well as to lower values (95 ppm for O,9). For °17r the
shifts decrease considerably, a consequence again of the
distortion of the polyhedra.

Table 2. Calculated & 2°Si chemical shifts (in ppm) for the three point
defects considered. The atomic labels correspond to figure 2. The shift
obtained in the crystalline structure (—78.6 ppm) compares relatively
well with the experimental value of —81.5 ppm [26].

O; Si; Zrs;
Sil —-75
Si5 — 82
Si6 — 84 — 76
si7 ~ 8l —47 — 8
Si8 — 112 -5 — 81
Si9 — 86 — 86.6

Table 3. Calculated 8 °'Zr chemical shifts (in ppm) relative to the
crystalline ZrSiOy, for the three point defects considered. The atomic
labels correspond to figure 2.

0; Siy Zrs;
Zrl — 24 49
Zr2 - 38 - 54 -39
Zr3 65 — 180 - 65
Zr4 - 30 — 404 -39
Zr5 — 121
Zr6 — 432

3.3 Cation antisite Zrs;

In Zrg;, the Zrs forms a tetrahedron with four oxygen around
it, with bond lengths of 1.9A(+17% longer than the Si—O
bonds). The Si—O distances increase slightly (~ + 1%)
close to the defect, due to the increase in the lattice
parameters. This explains the low value of the 'O chemical
shift. A clear signal would be expected at ~464 ppm
related to the oxygens surrounding the Zrg;. The shifts are
homogenous for the 2°Si signals towards slightly smaller
values. For °'Zr, anew peak related to the Zrs; would appear
~ 432 ppm lower than the crystalline value.

3.4 Dependence of the Chemical Shifts with the Lattice
Parameters

The amorphised regions produced by radiation cascades
impose a tensile stress on the crystalline matrix that
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Figure 3. Changes in the 'O and *Si chemical shifts (in ppm) as a
function of the swelling in the c¢ lattice paramater relative to the
experimental value. The grid lines correspond to the relaxed parameters
for the corresponding point defects at the concentration of one defect for
each two unit cells.
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Figure 4. 2°Si chemical shifts obtained for O; point defect, as compared with experimental observation [7], in a sample with an accumulated o dose of
2.9 x 10" a/g. The line at — 112 ppm corresponds to the Si atom that is closer to the interstitial’s dumb-bell.

contributes to the expansion of the unit cell induced by
point defects [27]. In addition to this elastic swelling
observed by X-ray experiments, there is a large inelastic
swelling of up to 20% that is shown in the changes of the
density of the samples. It is thought that this inelastic
expansion might come from the overlap of cascades [28].
It is interesting to see the dependence of the chemical
shifts of crystalline bulk zircon with the swelling induced
by the radiation damage, independently of the origin of
that swelling (point defect, amorphous domains or overlap
of damaged regions). For that, we performed calculations
of the perfect crystalline structure with different values of
the lattice parameters (keeping the internal atomic
parameters u and v fixed). In figure 3 we show a plot of
8, for 2°Si, 70 and °'Zr, as a function of the swelling in
the ¢ lattice parameter. It is clear that, though the 2°Si shift
seems to be quite, independent, of the lattice expansion,
there is a clear dependence for the 'O and °'Zr on ¢, that
saturates for a swelling of ~3%. Changes in ¢ similar to
the ones observed for irradiated samples can give shifts of
tens of ppm in the chemical shifts, just coming from the
swelling of the crystalline phase.

4. Conclusions
Simulations of high concentration of point defects in

ZrSi0,4 have been performed to study the effect of these on
the lattice swelling under radiation damage. Based on

experimental evidence of anisotropic swelling, we have
selected a set of defects as good candidates to be
responsible for the lattice expansion in crystalline zircon,
and performed NMR calculations searching for exper-
imental traces of these defects in samples with low
radiation dose. The results show that O; and Zr; should
give a clear signal in the '’O NMR spectra close to 280
and 460 ppm. The oxygen interstitial also distorts the
chemical environment close to a silicon atom, inducing a
shift of the *°Si signal towards lower values (more
negative), but the strain fields across the sample may affect
its position and shape. Additional work is required to
understand the effect of high concentrations of this defect.
We also observed that the volume swelling in irradiated
samples would not affect the chemical shift of 29Si, while
on the contrary it would produce a displacement towards
higher values for the '’O and *'Zr NMR signals.
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