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A B S T R A C T   

The high-pressure behavior of a very low-density amorphous zircon model having Zr (Si) coordination of 5.6 
(4.02) is explored by ab initio simulations. Two consecutive pressure-induced phase modifications are proposed 
for this material. The first transition is from a very low-density amorphous state to a dense amorphous state 
having Zr (Si) coordination of 7.3 (4.5). The second one is from the dense phase to a high-density amorphous 
structure with Zr and Si coordination numbers of about 8 and 5.5, correspondingly. Both phase changes proceed 
progressively. The first phase transformation is irreversible whist the second one is reversible. 

The Voronoi polyhedron analysis reveals the presence of polyhedron of the zircon crystal (<0,4,4,0>), the 
zirconia baddaliyette phase (<1,3,3,0>) and the zirconia cotunnite state (<0,3,6,0>) around Zr atoms in the 
amorphous states formed on both compression and decompression, meaning that the amorphous configurations 
consist of a mixed state of them.   

1. Introduction 

Zircon (ZrSiO4) is an interesting mineral and demonstrates some 
remarkable properties such as a high melting point [1,2], high hardness 
[3], high thermal conductivity and chemical stability [4]. Researchers 
have focused on this material for last decades due to its potential ap
plications. Namely, it can be used in jewelry industry, electronic sectors 
as a dielectric material, nuclear industry and laser technology [5–8]. 

Zircon with space group I41/amd has the lattice constants of a = b =

6.607 Å and c = 5.981 Å, and its structural orientation is orthosilicate 
with the tetragonal symmetry. Zr4+ and Si4+ cations having 42m sym
metry form ZrO8 polyhedrons and SiO4 tetrahedral structures [9,10]. 
The tetragonal zircon converts to a scheelite-structure (space group 
I41/a, a = b = 4.738 Å and c = 10.51 Å) at high temperature and/or 
pressure conditions. Owing to this phase modification, its density rises 
approximately 10% [11]. 

Natural amorphous zircon is a result of radiation damage over years. 
It consists of both noncrystalline and crystalline domains and thus it is 
termed metamict zircon. Its local structure strongly depends on the ra
diation time and dose [12]. At laboratory conditions, amorphization of 
zircon can be also reachable using the reactive magnetron sputtering 
technique, heavy ions methods and sol-gel processing but as in natural 
case, full amorphization could not be realized [13–15]. It appears that 
the rapid solidification technique is ineffective in yielding an amorphous 

state of zircon [16]. 
The high pressure behavior of the radiation amorphized zircon was 

experimentally investigated up to 9 GPa and a gradual phase change into 
a high density amorphous (HDA) arrangement was reported [17]. This 
phase transformation is irreversible. In the same work, ab initio mo
lecular dynamics (MD) simulations were also executed to have an 
atomistic level picture of the structural modifications under pressure 
and it was disclosed that the densification of amorphous zircon is 
associated with a coordination increase of Zr atoms from about 7 to 8. 
Furthermore, the presence of a very high density amorphous (VHDA) 
form of zircon at higher pressures was proposed in the simulations [17]. 
Another experimental study on metamict zircon also suggested struc
tural changes between ~3 and 6 GPa and the irreversibility of the phase 
transformation [18]. 

Recently we have reported the existence of a very low-density 
amorphous form of zircon based on the quantum mechanical simula
tions [19]. The coordination number of Zr and Si atoms in this non
crystalline arrangement is estimated to be about 5.66 and 4.0, 
correspondingly. The main purpose of the present study is to probe its 
high-pressure behavior in details and to compare our findings with those 
of Ref. [17]. 
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2. Methodology 

The ab initio MD investigation was achieved by the SIESTA code 
[20]. The pseudopotentials were produced using the Troullier-Martins 
approach [21]. The PBE generalized gradient approximation (GGA) 
was preferred [22] for the exchange correlation term. The extensive DZP 
orbitals were selected. The electronic structure of the systems was 
determined by the standard diagonalization method. The simulation 
parameters selected were first tested for the crystal and our results along 
with experimental data were summarized in Table 1, demonstrating that 
the parameters used in the present study were reliable enough to model 
an amorphous structure and to study its high-pressure behavior. In our 
earlier work [19], we generated an amorphous zircon configuration 
having 192 atoms using the usual melt and quench technique and a 
cooling rate of 3.6 × 1013 K/ps (see Ref. [19] for more information). The 
lattice parameters of the amorphous structure are a = 13.631 Å, b =
15.503 Å, c = 13.030 Å, α = 90.39◦, β = 89.08◦ and γ = 90.39◦, and 
corresponding density is 3.54 g/cm3. This density is significantly less 
than 4.52 g/cm3 estimated for the crystal and 3.7–4.9 g/cm3 of meta
mict zircon [23] and hence this amorphous structure is referred as a 
low-density amorphous zircon. In the present study, we extended our 
study and investigated its response to pressure. The simulations were 

accomplished within the isoenthalpic-isobaric (NPH) ensemble. The 
constant pressure relaxation of the atomic structure and volume was 
attained using the Parrinello-Rahman [24] and the power quenching 
techniques. The second method sets the velocity components of atoms 
and simulation cell’s parameters zero once the velocities and forces have 
reverse signs. Our prior researches suggested that the combination of 
these approaches was quite successful in reproducing/predicting 
solid-to-solid phase changes in a wide range of amorphous and crystal
line materials including amorphous and crystalline zirconia [25,26]. For 
amorphous zircon, the external pressure was progressively increased up 
to 39 GPa with an increment of 1.0 GPa. After a certain invariance for 
the average coordination of the Zr atom was experienced, the pressure 
applied was gradually reduced to zero in 2 GPa steps. 

3. Results 

The pressure-volume relation upon the compression and decom
pression procedures is shown in Fig. 1. With the application of pressure, 
the volume decreases progressively but the decrease is not smooth. At 
some pressures, it shows some ripples, and it is possibly related to the 
small size of the system simulated. Above 27 GPa, the change in the 
volume develops smoothly, which might an indication of completion of 
structural modifications induced by the external pressure. On the other 
hand, upon pressure release from two different pressures of 39 and 22 
GPa, the volume slowly increases without any ripples but the original 
volume is not recovered, demonstrating the existence of an irreversible 
process and the permanent densification in amorphous zircon, similar to 
what has been proposed in Refs. [17,18]. The recovered structures are 
distinctively denser (~19% and ~24% upon decompression from 22 
GPa to 39 GPa, respectively) than the uncompressed one. 

The pressure-induced structural alterations at the atomistic level are 
initially explored by partial pair distribution functions (PPDFs). Cation- 
anion and cation-cation PPDFs of the amorphous zircon model for the 
chosen external pressures are illustrated in Fig. 2 and Fig. 3, respec
tively. The structure remains amorphous as indicted by the presence of 
only short-range order at the highest pressure of 39 GPa applied in this 
study. This observation can be interpreted as the existence of 
amorphous-to-amorphous phase transformation(s) in zircon under 
pressure. 

In the next step, we focus on the influence of pressure on the first 
peak of the PPDFs. The Zr–O bond length is 2.00 Å at ambient pressure, 
which is, however, less than the previously reported value of 2.07 Å for 
the amorphous zircon and 2.13 Å for the metamict zircon [27]. With the 
application of pressure, this bond length increases gradually to 
2.07–2.11 Å. Such an increase is undoubtedly associated with the for
mation of new bonds (coordination) under pressure. During the 
decompression processes, the Zr–O bond separation enlarges steadily 
and reaches 2.15 Å at zero pressure. It should be underlined here that 
these values are reasonably comparable with 2.15 Å in the zircon crystal 
[19] and 2.13 Å in the metamict zircon [27]. The mean Si–O bond 
distance of the uncompressed model is 1.65 Å that is in good agreement 
with experimental value of 1.68 Å in amorphous and liquid zircon [27]. 
With increasing pressure, this bond separation progressively increases to 
a value of 1.70 Å at 27 GPa and remains null thereafter. Upon the 
decompression procedures, it slightly increases and has a value of 1.71 
Å at ambient pressure. The Zr–Zr pair splits and the first and second 
peaks are located at 3.48 Å and at 3.95 Å respectively. These correlation 
distances are somewhat different from 3.40 Å and 3.90 Å reported in the 
earlier MD investigation [15]. The splitting is associated with corner 
(first peak) and edge (second peak) sharing of ZrOx polyhedrons [15, 
28]. So, in the uncompressed model, the edge sharing units are 

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

Lattice parameters present Ref. [10]exp. 

a (Å) 6.660 6.604 
c (Å) 6.067 5.980 
Fractional Positions 
Zr (4a)   
x 0.0000 0.0000 
y 0.7500 0.7500 
z 0.1250 0.1250 
Si (4b) 
x 0.0000 0.0000 
y 0.7500 0.7500 
z 0.6250 0.6250 
O (16h) 
x 0.0000 0.0000 
y 0.0647 0.0660 
z 0.1940 0.1951  

Fig. 1. Pressure-volume relation of amorphous zircon under compression and 
decompression. 
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Fig. 2. Cation-anion partial pair distribution functions (PPDFs) of the amorphous zircon model at sellected pressures.  

S. Bolat and M. Durandurdu                                                                                                                                                                                                                 



Journal of Physics and Chemistry of Solids 153 (2021) 109991

4

Fig. 3. Cation-cation partial pair distribution functions (PPDFs) of the amorphous zircon model at sellected pressures.  
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dominated. As the pressure applied is increased, the spitting disappears 
at 12 GPa. On decompression from 39 GPa, we notice the appearance of 
the splitting again at 20 GPa while it occurs at 2 GPa upon pressure 
release from 22 GPa. For the recovered models, however, the first peak 
becomes more dominant than the second one, implying that they have 
more corner sharing units than the uncompressed network. The Si–Si 
separation is located at 3.09 Å in agreement with 3.10–3.13 Å estimated 
in the earlier studies [15,27]. At 20 GPa, a splitting of the first shell is 
observed in this correlation and it is preserved upon pressure release. At 
zero pressure, the first and the second peaks are placed at 2.76 Å and 
3.17 Å, correspondingly. The Zr–Si correlation has a shoulder at 3.03 Å 
and a main peak at 3.65 Å, which are a result of the edge sharing and 
corner sharing SiO4 and ZrO8 units, correspondingly [19]. With 
increasing pressure, the shoulder becomes the main peak at 12 GPa and 
remains unchanged on decompression. 

The pressure-induced structural modifications are usually recog
nized by the change in coordination number. Therefore, in the next step, 
we probe the variation of mean coordination number of each species as a 
function of pressure using cutoff values of 2.61–2.90 Å for Zr–O and 
2.14–2.35 Å for Si–O depending pressure. Fig. 4 illustrates the alteration 
of the average coordination of Zr, Si and O upon the compression and 
decompression processes. The average coordination number of Zr, Si 
and O at zero pressure is determined as ∼5.7, 4.1 and 2.4, correspond
ingly. All mean coordination numbers alter almost in a similar manner, 
namely nonlinearly, under pressure. The coordination of Zr atoms is 
practically unaffected up to 6 GPa and quickly increases from 5.7 to 7.3 
between 6.0 and 14 GPa. This coordination remains null in the range of 
14 GPa–22 GPa. Above 23 GPa it starts to rise again, reaches a value of 
8.0 at 29 GPa and residues constant up to 39 GPa. The change in Si 
coordination is almost similar to that in Zr coordination but its response 
to pressure arises at a slightly higher value. Such a behavior was also 
reported in Ref. [17] because Si–O bonds is stronger than Zr–O bonds 
[17]. Si coordination remains null until 9 GPa and rises from 4.1 to 4.9 
between 9 GPa and 23 GPa. It reaches a value of 5.4 at 26 GPa and re
tains nearly constant up to 39 GPa. Upon decompression from 22 GPa 
(39 GPa), the coordination number is 6.7 (7.1) for Zr, 4.6 (5.0) for Si and 
2.8 (3.0) for O. Note that these recovered coordination numbers are 
greater than the uncompressed values and Zr coordination in the 
recovered networks is quite comparable with around 7 in the metamict 
zircon [29–31]. On the other hand, it should be noted that the recovered 
structures have different Si coordination than the metamict zircon. 

We perform the Voronoi polyhedra analysis to acquire additional 
information about the system at high pressure. A Voronoi polyhedron is 
expressed by the indices < l3,l4,l5,l6, …>, where li and Σli are the number 
of i-edge faces of the polyhedron and its coordination number, respec
tively. In the zircon crystal, Zr atoms are represented by the <0,4,4,0>
index. Such an index does not exist in the uncompressed network (see 
Fig. 5), suggesting no similarity between the amorphous and crystalline 
states. The uncompressed model largely consists of octahedrons and 
pentagons represented by <0,6,0,0> and <2,3,0,0> indices, respec
tively (see Fig. 6 obtained by the VESTA program [32]). As the pressure 
applied is slowly increased, the <0,4,4,0> type polyhedrons gradually 
develop and their fraction reaches 31% at 22 GPa and 50% at 39 GPa. 
We also notice the formation of sevenfold coordinated motifs having <0, 
5,2,0> index, which is also observed in amorphous zirconia [26] and 
can be classified as an incomplete <0,4,4,0>-like motifs. The recovered 
amorphous configurations present similar type of polyhedrons as well. 
Additionally, ninefold coordinated clusters having <0,3,6,0> index and 
sevenfold coordinated polyhedrons with the <1,3,3,0> index are pre
sented in these high pressure phases. Truly, they are the core building 
motifs of the cotunnite and baddaliyette crystals of zirconia, respec
tively. Therefore, on the basis of these outcomes, we recommend that 
the local structure of Zr-atoms in these amorphous states is partly related 
to that of Zr-atom in the crystal. The formation of the cotunnite type 
clusters might be an indication of a phase transformation into the 
cotunnite-like structure (amorphous or crystal) in the ZrO2 domains at 
higher pressures. 

Bond angle distribution functions (BADFs) of the amorphous zircon 
configuration under pressure are plotted in Fig. 7. We notice that all 
angles distribution functions show similar response to pressure. Namely 
their main peaks gradually shift to lower angles as expected due to the 
formation of high coordinated motifs. Noticeable peaks appear in the 
O–Si–O and the O–Zr–O bond angle distributions at high angles during 
pressurizing process and these high-pressure peaks are mainly preserved 
upon decompression. 

Fig. 4. Modification of the average coordination of Zr, Si and O atoms on 
compression and decompression processes. 
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Fig. 5. Fraction of the Voronio polyhedrons at selected pressures.  
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4. Discussion 

The structural evaluations unveil two potential amorphous-to- 
amorphous phase transformations in zircon. The first transformation 
occurs between 7 GPa and 15 GPa and involves a steady coordination 
modification of Zr (Si) atoms from 5.9 (4.1) to 7.3 (4.5). This phase 
remains stable up to 22 GPa. It should be noticed here that the coordi
nation number of Zr atoms in this amorphous state is parallel to that of 
Zr atoms in the metamict zircon but Si atoms have a coordination 
number of 4.5, higher than the tetrahedral coordination in the metamict 
zircon. Therefore, this phase is moderately analogous to the metamict 
zircon. The second phase transformation happens between about 22 GPa 
and 27 GPa and involves a steady increase in Zr coordination from 7.3 to 

8 and in Si coordination from 4.5 to 5.3. The coordination increase 
around Zr atoms is indeed similar to what has been observed in a joint 
experimental and theoretical study [17]. Consequently, the phase 
attained above 27 GPa is labelled as a HDA phase as in Ref. [17], but we 
do not know if the HDA phase observed in Ref. [17] is comparable with 
one proposed in the present work since the type of clusters formed at 
high pressures and information about Si coordination were not provided 
in details [17]. Based on the Voronoi polyhedra analysis, we claim that 
the HDA phase is rather comparable with the crystalline zircon and 
cotunnite like zirconia and at higher pressures the ZrO2 domains can 
transform into the cotunnite-like structure. 

It should be noted that with the application of pressure, Si-rich do
mains in our amorphous model act like SiO2 glass in which Si coordi
nation gradually changes from 4 to 6 between 18 and 40 GPa [33–35]. 
Yet a minor alteration in the pressure range where the transformation 
begins and completes and in Si coordination are observed in the present 
work. Since our model is a mixed state, such a difference is anticipated. 

Upon decompression from two different pressures of 22 GPa and 39 
GPa, a permeant densification is observed in this material, parallel to 
Refs. [17,18]. The recovered amorphous structures are partly related to 
the metamict zircon because their Zr coordination is comparable with 
that of the metamict zircon. Also depending on releasing pressures, 
different amorphous states are observed, similar to what has been pro
posed in Ref. [17]. All these findings and the results of Ref. [17] suggest 
that depending on the starting structures and decompression pressures, 
different transformation mechanisms can be achievable for amorphous 
zircon and there exist various amorphous forms of zircon having a 
different density and a local structure. 

5. Conclusions 

We study the pressure-induced modifications in a very low-density 
amorphous zircon configuration having Zr (Si) coordination of 5.6 
(4.02) by means of ab initio simulations and propose possible two 
amorphous-to-amorphous phase transformations for this material. In the 
first phase change, a very low-density amorphous phase gradually 
converts to a dense amorphous state with Zr and Si coordination 
numbers of about 7.3 and 4.5, correspondingly. In this phase, ZrO2 
domains are partially similar to the metamict zircon and baddaliyette 
zirconia while the SiO2 domains resemblance the densified silica glass. 
The second phase change is from the dense phase to a HDA phase with Zr 
and Si coordination numbers of about 8 and 5.5, respectively. In the 
HDA phase, the ZrO2 domains are somewhat analogous to the metamict 
zircon and cotunnite zirconia. Both phase modifications proceed 
steadily. The first phase change is irreversible whist the second one is 
reversible. 
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Fig. 7. Bond angle distribution functions (BADFs) of the amorphous zircon model at sellected pressures.  
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