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A B S T R A C T

Using a reliable ab initio molecular dynamics method, we investigate the rapid solidification of the zircon melt.
Accompanied by amorphization, a drastic volume expansion of 27% is perceived. This value is fairly larger than
18% observed in the metamict zircon. Such a large volume swelling leads to a significant decrease in the mean
coordination number of Zr atoms, which is about 5.66 and the lowest one reported so far. On the other hand, the
volume expansion is found to have almost no impact on the average coordination number of Si atoms i.e., they
maintain their tetragonal coordination. As suggested by earlier investigations, the polymerization of SiO4 units is
witnessed but our model shows the highest polymerization with respect to the previous simulations. Based on
our findings, we propose that our model does not represent the metamict zircon but a very low density amor-
phous phase of zircon.

1. Introduction

Zircon (ZrSiO4) is an important mineral and used as gemstone for
about 2000 years. Especially colorless zircon is sometimes used as al-
ternative for diamond [1]. Zircon has a high hardness, a high melting
temperature, high thermal conductivity and good chemical stability,
which make it an attractive source of materials science. Additionally, it
can be used in the nuclear platform and even in the laser industry
[2–5].

Zircon has an orthosilicate structure with a tetragonal symmetry.
This mineral has an I41/amd space group with the lattice parameters
a= b=6.607 Å and c=5.981 Å, in which Zr4+ and Si4+ are on the
position of cations with m42 symmetry. Each Zr atom constitutes the
ZrO8 polyhedron having the [ZreO] bond lengths of 2.13/2.27 Å. In the
polyhedron, the [OeO] distances are 2.43 Å along the edge shared and
2.75 Å along the unshared edge, and the angles between the O atoms
and the Zr atom are 64.8°, 69.0°, 80.4° and 92.2°. Each Si atom has 4 O
neighbors at 1.62 Å, and the angles between O atoms and Si atom are
97° and 116° [6–9]. The high pressure phase of zircon with the scheelite
structure was first synthesized in laboratory conditions by Reid and
Ringwood [10]. The scheelite-crystal has the space group of I41/a with
the lattice parameters of a= b=4.738 Å and c=10.51 Å. Accom-
panied by the phase change, the density increases about 10% [10,11].
The critical pressure for this phase transformation was reported to be
around 12 GPa at a temperature of 1073 K. For natural zircon, in shock
wave experiments at room temperature, the phase transformation was

observed at a pressure of about 30 GPa [12] while for synthetic pure
zircon, the onset of the phase transition was perceived at a pressure of
20 GPa [13]. The transition pressure is sufficiently affected by tem-
perature, as expected, because temperature generally accelerates phase
transitions [10]. The scheelite structured zircon was found to be highly
incompressible. Therefore it can serve as an ultrahard material [14].
More information about zircon and zircon type oxides and their high
pressure behavior can be found in a recent review paper [15].

Natural amorphous zircon, a product of the accumulation of ra-
diation damage over years, is also of interest. It mainly consists of
amorphous and crystalline domains and is commonly referred as the
metamict state. The local structure of the crystalline and amorphous
domains in the metamict zircon appears to depend on the radiation
dose and radiation time [16]. Due to the amorphization, the physical
and mechanical properties of zircon change severely [16] such that the
amorphization leads to a considerably volume expansion (18%) [17],
the polymerization of SiO4 units and a decrease in Zr coordination from
8 to about 7 [18].

Amorphous zircon can be experimentally prepared by using heavy
ions, reactive magnetron sputtering and sol-gel processing as well
[19–21]. The melt and quench technique seems to be not successful in
producing amorphous zircon because it leads to the formation of zir-
conia crystal and amorphous silica [22]. It should be pointed out here
that natural and experimentally produced amorphous zircons show
remarkable resemblances.

In order to have information about amorphous zircon at the
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atomistic level, classical [23,24] and ab initio [25] molecular dynamics
(MD) simulations were carried out. In both approaches, the amorphous
models were generated using the melt and quenching technique. In the
classical MD simulation [23], when a NPT ensemble was used, about
11% volume expansion was observed after cooling the zircon melt to
300 K, which is quite less than 18% swelling observed in the metamict
zircon. In the same classical MD study, a NVT ensemble with an 18%
volume enlargement was also performed. In the ab initioMD simulation,
similarly amorphous zircon with two different densities was created.
Although there are some distinctions about the data provided in these
simulations, they have delivered valuable knowledge about the short-
range of amorphous zircon.

Here we model amorphous zircon using an ab initio MD technique
that was successful in generating amorphous zirconia. Relative to the
previous ab initio MD calculations, we use a larger simulation cell, a
longer simulation time and a NPT ensemble in the present study. We
find that the volume expansion is 27% for our amorphous model and
the mean coordination number of Zr atoms is around 5.66. On the basis
of our observations, we propose that there might exist a very low
density amorphous form of zircon.

2. Methodology

The ab initio MD simulations were performed by the SIESTA code
[26]. For the simulations, double-zeta plus (DZP) polarization orbitals
were chosen. Temperature and pressure were controlled by the velocity
rescaling method and the Parrinello-Rahman method, respectively
[27]. For the exchange-correlation energy, the generalized gradient
approximation (GGA) of Perdew, Burke and Ernzerhof was opted [28].
The Trouller-Martins scheme was used to create pseudopotentials [29].
The zircon crystal (tetragonal symmetry I41/amd) consisting of 192
atoms (32 Zr atoms, 32 Si atoms and 128 O atoms) as shown in Fig. 1
were chosen as an initial structure with the periodic boundary condi-
tions and relaxed using a conjugate gradient technique. The lattice

parameters and the atomic positions of the relaxed structure obtained
using the KPLOT program [30] are provided in Table 1. As can be seen
from the table, our results are comparable with experiments [9]. Each
MD step was set to be one fs. After the relaxation, the crystal was
subjected to a high temperature of 4000 K for 18 ps. Then it was cooled
down to 2600 K in 3 ps and equilibrated for approximately 18 ps at this
temperature. Noted that the melting temperature of zircon is about
2475–2825 K [31]. Yet it was reported that at temperatures in the range
1775–2275 K, zircon could undergo separation into zirconia and SiO2

[32], suggesting the occurrence of high diffusivity in zircon at tem-
peratures even below its melting point. In order to see whether the
structure at 2600 K exhibited the dynamics of a liquid state, we per-
formed a constant volume simulation, run additional 1000 MD steps
and computed the mean square displacement (MSD) using the ISAACS
program [33]. The estimated MSD is provided in Fig. 2. From the linear
fitting between 150 and 400 fs, the diffusion constant D (using the
Einstein relation, ⟨(r(t)− r(0))2 ⟩=6tD) was estimated to be
∼9×10−5 cm2 /s. In the final step, the temperature applied was re-
duced gradually to 300 K in 63 ps. The variation of temperature and
pressure as a function of MD time during the whole simulation pro-
cesses is illustrated in Fig. 3.

Fig. 1. The ball stick representation of the crystalline and disordered zircon
structures having 192 atoms.

Table 1
The lattice parameters and the atomic positions of the relaxed zircon crystal.

Lattice Parameters

present work [9] (experimental ref.)

a (Å) b (Å) c (Å) a (Å) b (Å) c (Å)
6.660 6.660 6.067 6.604 6.604 5.980
Fractional Position
present work [9] (experimental ref.)
x y z x y z

Zr (4a) 0.0000 0.7500 0.1250 0.0000 0.7500 0.1250
Si (4b) 0.0000 0.7500 0.6250 0.0000 0.7500 0.6250
O (16 h) 0.0000 0.0647 0.1940 0.0000 0.0660 0.1951

Fig. 2. Mean square displacement at 2600 K.
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3. Results

Fig. 4 shows the volume per atom of the zircon system versus the
temperature applied. As can be evidently seen from the figure, the
volume decreases during the quenching process and a critical glass
transition zone is observed, suggesting a glass-transition temperature
(Tg) between 1650 K and 1750 K for zircon. This value is, however,
fairly less than the value of 2000 K proposed in the classical MD si-
mulation [23].

The cation-anion pair distribution functions (PDFs) of the amor-
phous and crystalline structures of zircon are illustrated in Fig. 5. One
can see that the position of the first peak of almost all correlations of the
non-crystalline state is different than that in the crystal. The [ZreO]
bond length in the crystal is located at 2.15/ 2.29 Å, which is com-
parable with the experimental and theoretical results of 2.13/2.27 Å as
seen in Table 1. Similar to the earlier investigations, the [ZreO] dis-
tance somewhat decreases by amorphization. In the present work, it is
estimated to be 2.0 Å, which is less than the values of 2.07–2.13 Å

reported for the amorphous/metamict zircon [25]. The [SieO] bond
separation, on the other hand, increases from 1.64 to 1.65 Å by amor-
phization. Such an increase was reported in the previous ab initio si-
mulation from 1.62 Å (crystal) to 1.68 Å (amorphous) [25] but not in
the classical MD simulation in which the SieO distance decreased from
1.62 (crystal) to 1.59–1.60 Å (high and low density amorphous states,
respectively) [23]. Our [SieO] bond length is indeed in good agreement
with the experimental result of 1.64 Å [34].

The cation-cation PDFs are shown in Fig. 6. We witness the splitting
in the [ZreZr] separation. The first and second peaks are positioned at
~3.48 and 3.95 Å, respectively, which are shorter and longer than the
3.65 Å of the [ZreZr] first peak in the crystal. Such a splitting was also
experienced in the classical MD simulation [23,24] and it was attrib-
uted to the presence of edge and corner sharing ZrOx polyhedra, which
contribute to the second and first peaks of [Zr-Zr] correlation, corre-
spondingly. Furthermore, the shortening of the correlation can be at-
tributed to a decrease in the [ZreO] coordination number as well. Note
that the crystal consists of only edge sharing polyhedrons. We need to
point out here that the main difference between the present study and
the empirical simulation is the intensity of the first peak: it is less than
the second one in our simulation while the opposite trend can be seen in
the empirical simulation [23], suggesting that our model consists of
more edge sharing ZrOx polyhedrons than the empirical model. The
[SieSi] correlation also decreases from 3.65 Å in the crystal to 3.09 Å in
the amorphous state, in agreement with the earlier investigations (see
Table 2). Such a decrease can be attributed to the polymerization of
[SieO] configurations. The first two peaks of [ZreSi] correlation in the
crystal are located at 3.01 Å and 3.47 Å and are due to the edge sharing
and corner sharing SiO4 and ZrO8 units, respectively. In the amorphous
model, these two peaks overlap and produce a broad peak with a
shoulder. The peak and shoulder are located at 3.03 Å and 3.65 Å,
correspondingly. Such an observation also agrees with the previous MD

Fig. 3. Variation of temperature and pressure as a function of MD time.

Fig. 4. The volume per atom versus temperature of zircon system.

Fig. 5. The cation-anion pair distribution functions (PDFs) of the amorphous
and crystalline zircon. The peak intensity of the crystal structure was scaled to
the peak intensity value of amorphous structure for clarity.
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simulation and XRD results [34,38].
Depending on temperature, we use the cutoff radii of ~2.10–2.39 Å

for the [SieO] correlation and ~2.91–3.17 Å for the [ZreO] pairs to

determine the average total/partial coordination numbers (CNs). The
variation of mean CNs of the system as a function of temperature is
given in Fig. 7. From the figure, it can be understood that the CNs are
not very sensitive to temperature. The mean CN of Zr, Si and O atoms in
the amorphous (liquid) structure is 5.66 (5.84), 4.06 (3.94) and 2.43
(2.45) respectively. Consequently, in the amorphous phase we find a
drastic decrease in the mean CN of Zr and O atoms while Si atoms retain
almost the same mean CN in both amorphous and crystalline phases.
Indeed, a decrease in the mean CN of Zr atoms was also stated in the
earlier experimental and theoretical studies [23,39]. However our
value is noticeably less than the simulation results of 6–7 [23] and 7.2
[39] found for amorphous zircon and experimental result of about 7
determined for the metamict zircon [18]. The coordination distribution
of each species is given in Fig. 8. In the amorphous state, the five-fold
and six-fold coordinated Zr atoms are dominant with a frequency of
41% and 44%, respectively. The fraction of four-fold and seven-fold
coordinated configurations are 3% and 12%, correspondingly. So one
can see that the local structure of Zr atoms in the non-crystalline state is
significantly different than that of Zr atoms in the crystal.

Fig. 6. The cation-cation PDFs of the amorphous and crystalline zircon. The
peak intensity of the crystal structure was scaled to the peak intensity value of
amorphous structure for clarity.

Table 2
Comparison the correlation distances (Å).

Structure Ref. ZreO SieO ZreZr SieSi ZreSi

Amorphous present work 2.00 1.65 3.48/3.95 3.09 3.01/3.47
Amorphous [34]a 2.13/2.24 1.64 – – –
Amorphous [25]b 2.07 1.68 3.10
Amorphous [23]c 2.10 1.60 3.42/3.85 3.13 3.48
Crystal present work 2.15/2.27 1.64 3.65 3.65 3.03/3.65
Crystal [25]b 2.13/2.27 1.62
Crystal [9]a 2.13/2.27 1.62 – – –
Crystal [6]a 2.13/2.27 – 3.63 – 2.99/3.63
Crystal [34]a 2.12/2.25 1.61 – – –
Crystal [37]a 2.13/2.27 – 3.66 – 2.99/3.66
Crystal [3]a 2.13 1.62 – – –
Crystal [23]c 2.13/2.27 1.62 3.61 3.61 2.99/3.63
Crystal [24]d 2.13/2.30 1.64 – – –
Crystal [35]e 2.11 1.61 – – –
Crystal [36]f 2.16/2.36 1.59 – – –
Crystal [36]g 2.11/2.26 1.62 – – –

a Experimental.
b ab initio MD simulation.
c Classical MD simulation.
d Classical MD simulation (DLPOLY code).
e Quantum mechanical calculation.
f BMH empirical potential.
g DFT-LDA ab initio.

Fig. 7. The variation of average CNs of the zircon system as a function of
temperature.

Fig. 8. The coordination distribution of each species.
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The earlier studies have revealed that amorphous zircon consists of
numerous SiOx units with either bridging oxygen atoms (BO) or non-
bridging oxygen atoms (NBO). These building arrangements are char-
acterized by Qm

n units. Here m is the total number of BO and NBO
atoms and n is the number of BO atoms. We find that n ranges from 0 to
4 and n=2 is the most dominant cluster (37.5%) in our amorphous
model (Table 3). Relative to the previous investigations, we have the
lowest Q4

0 and the highest Q4
4 values. The mean Qm

n value is 2.3 that is
relatively higher than the values of 1.5–1.95 reported in the literature
[23,24]. The higher n implies the greater SiO4 polymerization. So our
model shows more polymerized SiO4 units than the other models.

Bond angle distribution functions (BADFs) of [O-Si-O], [O-Zr-O],
[Si-O-Si] and [Zr-O-Zr] for the amorphous and crystalline structures are
illustrated in Fig. 9 to compare their short-range order. The most ap-
parent distinction is the occurrence of the [Si-O-Si] angles in the
amorphous configuration in contrast to the crystal, which provides
additional support to the polymerization of SiO4 tetrahedra. The [Si-O-
Si] angles range from 112° to 168° with sharp peaks positioned at about
120°, 141° and 162°. In a contrast to well separated peaks in the present
work, the classical MD simulation produces a broad distribution with a
peak at 145° and a minor peak at 155° [25]. In the glassy SiO2, the [Si-
O-Si] angles show a wide distribution from about 105° to 180° [40]. For
the amorphous structure, the [O-Si-O] distribution exhibits a main peak
at 109.3°, close to the ideal tetrahedral angle of 109.5° [40], indicating
that the SiO4 tetrahedra tends to be more symmetric. In the classical
MD simulation [23] the main peak of [O-Si-O] distribution is located at
108°, in agreement with our result. The [Zr-O-Zr] angles have a very
broad distribution having main peaks at around 100° and 126° for
amorphous zircon while they produce sole peak at 111.4° for the
crystal. Similarly, the [O-Zr-O] angles of the noncrystalline zircon
create a wide distribution.

We finally compare the electronic structure of amorphous zircon
with that of the crystalline zircon. Fig. 10 shows the calculated total and
partial electron density of states of both zircon phases. The calculated
HOMO-LUMO band gap energy of the crystal is 4.65 eV, which is
comparable with the previous DFT calculation result of 4.87 eV [25]
but quite less than the experimental data of 6.5 eV [41] because of the
limitation of the DFT-GGA calculations. For the case of the amorphous
form, the band gap energy is estimated to be 3.9 eV. Consequently,
amorphization leads to a noticeable closure of band gap energy. The
partial electron density of states reveal that the valance band states are
mainly due to the O-atoms while the conduction band states are largely
due to the Zr-atoms.

4. Discussion

All analyses disclose the fact that the amorphous and crystalline
zircon phases have entirely different local structural arrangements.
Although we find some overlaps between our results and the previous
experimental and theoretical investigations, our mean CN of Zr atoms is
the lowest one reported so far. The controversy between our calculation
and experiments can be explained in terms of structural and density

differences. Namely our model is completely amorphous while the ex-
perimental samples (metamict zircon) consist of crystalline domains
(means eight-fold coordinated Zr) embedded in the amorphous matrix.
Such crystalline domains, we believe that, yield higher coordinated Zr
atoms in the experimental samples. It should be noted that the density
expansion is about 18% for the metamict zircon while the increase is
about 27% for our amorphous configuration. We also believe that the
density difference between previous simulations and our simulation is
the main factor to witness rather different CN for Zr atoms. In the
earlier studies, the constant volume calculations were performed by
considering 18% volume expansion while a constant pressure simula-
tion was used in the present work. Yet some factors such as time scale,
empirical potentials, size of the simulation cell etc. can have some
contributions to have different resulting products.

Since our model is significantly different from the metamict zircon
(density and CN of Zr atoms), we propose here that it does indeed re-
present a very low density form of amorphous zircon, which has not
been discussed in any earlier investigations.

One might argue that the weakness of our simulation is the re-
sponsible for the observation of the low coordinated Zr atoms in the
amorphous zircon model. Yet we need to underline here that using the
same simulation approaches and parameters (basis, pseudopotentials,
etc) we have modeled amorphous zirconia [42] and found that 64% of
Zr atoms are seven-fold coordinated, in a contrast to what we find in
amorphous zircon. Consequently, we believe that our simulation

Table 3
The Qm

n units distribution in % for amorphous zircon.

Q4
0 Q4

1 Q4
2 Q4

3 Q4
4 Q5

1

Present work 6.25 6.25 37.50 25.00 18.75 6.25
[23]a 15.00 28.90 34.20 19.20 2.70 0
[23]b 10.60 31.80 30.80 23.40 4.30 0
[24]c 0 38.60 10.50 0 0 0
[24]d 0 37.70 25.50 11.00 2.30 0

a Classical MD simulation of LD amorphous zircon.
b Classical MD simulation of HD amorphous zircon.
c Classical MD simulation (DLPOLY code) at 2200 K.
d Classical MD simulation (DLPOLY code) at 5000 K.

Fig. 9. Bond angle distribution functions (BADFs) for the amorphous and
crystal structures of zircon. The peak intensity of the crystal structure for clarity
was scaled to the peak intensity value of amorphous structure.
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produces reliable results for amorphous zircon as well.
Finally we would like to underline here that all our findings are

based on a 192 atoms model. For models having larger sizes, it might be
possible to observe slightly different structured amorphous configura-
tions. Also although we use a quite low quenching rate for ab initio
simulations, it is rather too fast compared to the cooling rates used in
experiments to obtain glassy materials. For different quenching rates, it
is also likely to perceive marginally distinctive local structures for
amorphous zircon. Therefore, further studies are needed to investigate
the impacts of the sizes and quenching rates on the structure of amor-
phous zircon.

5. Conclusions

Amorphous zircon is generated from the melt using an ab initio MD
method. We find that amorphization leads to a dramatic volume
swelling of 27%. This value is relatively larger than 18% perceived in
the metamict zircon. Such a large volume expansion causes a sub-
stantial reduction in the mean coordination number of Zr atoms to
about 5.66. This value is the lowest one projected to date for amor-
phous zircon. The volume swelling is, on the other hand, yields no
change in the nearest neighbor coordination number of Si atoms i.e.,
they are still tetrahedrally coordinated. Amorphization produces the
polymerization of SiO4 units and our model shows the highest poly-
merization with respect to the earlier investigations. On the basis of our
observations, we suggest that our amorphous configuration does not
illustrate the metamict zircon but a very low density form of amorphous
zircon.
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