
Short- and medium-range structure of amorphous zircon from molecular dynamics simulations

Jincheng Du,1,* Ram Devanathan,1 L. René Corrales,1,† William J. Weber,1 and Alastair N. Cormack2

1Fundamental Science Directorate, Pacific Northwest National Laboratory, Richland, Washington 99352, USA
2School of Engineering, Alfred University, Alfred, New York 14802, USA

�Received 15 March 2006; revised manuscript received 11 July 2006; published 18 December 2006�

We have simulated the structure of amorphous zircon using classical molecular dynamics simulations with
a partial-charge model. We present detailed structural characterizations of the simulated high and low density
amorphous zircon, and compare our results with available neutron diffraction, EXAFS, NMR and other ex-
perimental results. The results show that amorphization leads to polymerization of the silicon-oxygen network
and the formation of regions rich in zirconium. The average n value of Qn species is 1.6–1.8, where a
considerable percentage of the oxygen ions �around 20%� have only zirconium in the first coordination shell in
amorphous zircon. The Zr-O bond length �around 2.10 Å� is shorter and the oxygen coordination number
around zirconium smaller �6–7� than in crystalline zircon, in good agreement with the EXAFS results. The
calculated static neutron structure factors show reasonable agreement with experimental result. The medium
range structures were characterized by the first sharp diffraction peak and primitive ring analysis, as well as
from Qn distribution, oxygen environment and cation-cation pair distribution. It is found that most of the
silicon-oxygen tetrahedra form branched chains and rings of various sizes, while the zircon-oxygen polyhedra
form a percolated network different from the crystalline percolated structure.
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INTRODUCTION

Amorphous zircon has drawn considerable attention in re-
cent years due to both scientific and technological interests.
Zircon has been used in geochronology studies and is a natu-
ral candidate for the immobilization of excess plutonium and
transuranic waste due to its chemical and physical
durability.1,2 Natural zircon becomes amorphous over hun-
dreds of millions of years from the accumulation of radiation
damage from the alpha decay of its radioactive actinide con-
stituents, where the amorphous form of natural zircon is of-
ten referred to as the metamict state.1,3 Amorphization dra-
matically changes the zircon structure, chemical durability
and physical properties that are vital to applications such as
geochronology and nuclear waste forms.2,4,5 Amorphous zir-
con also has applications in optical waveguides6 and as a
thin-film optical coating.7 Recently, there has been active
research interest in zircon-based thin-film high-K dielectric
materials in complementary metal oxide semiconductors
�CMOS� to replace current silica glass films.3,8,9 The amor-
phous zircon structure is stable in direct contact with silicon
and has a higher dielectric constant that results in lower leak-
ing current in sub 100 nm line width CMOS devices.8

The amorphous form of zircon can not be obtained from
normal melting and quenching routes because the zircon
melt phase separates and quenches into crystalline zirconia
and silica glass.10 However, radiation damage accumulation
and ion implantation can amorphize crystalline zircon and
the amorphous form obtained by both of these approaches
are found to have similar structure.1 Significant volume
swelling is found to accompany the amorphization process.
In the fully amorphized form, the volume swelling is 16.6%
in Pu-doped zircon and 18.4% in natural zircon relative to
the original crystalline state.1 Amorphous zircon can also be
formed using reactive magnetron sputtering7 and sol-gel
processing,11 where a volume expansion of 17.7% relative to

the crystalline state was observed.11 The amorphous zircon
obtained by different methods appears to have similar vol-
ume expansion relative to the crystalline form.

Understanding the atomic structure of amorphous zircon
is crucial to the study of the amorphization and annealing
processes of zircon, chemical stability of zircon as a nuclear
waste form, and the dielectric properties of zircon thin
films.3,12 Due to the complex structure and lack of long range
order in amorphous materials, there is relatively limited
knowledge of atomic structure of the amorphous zircon. The
purpose of this work is to study the amorphous zircon struc-
ture using a new set of effective potential models. The
partial-charge model used here is capable of correctly de-
scribing the structural and mechanical properties of the zir-
con, zirconia, and silica crystal and amorphous phases.
Through carefully designed simulations, insights into the
structure modifications that lead to increased leaching and
dissolution rate of amorphous zircon relative to the crystal-
line form are gained through structure analyses including the
extent of polymerization of the silicon-oxygen network, the
change of coordination environment and clustering behavior
of zirconium ions in amorphous zircon.

There have been considerable experimental efforts in the
study of the amorphous zircon structure. Extended x-ray ab-
sorption fine structure �EXAFS� is a very sensitive way to
probe the local environments of cations in glass and amor-
phous materials. Detailed EXAFS studies of natural metam-
ict zircons have found that the Zr-O distance decreases by
0.06 Å and the zirconium coordination number decreases
from 8 in crystalline zircon to 7 in the metamict form.13 A
decrease of Zr-Zr distance by 0.3 Å was also observed in
metamict zircon.13 In a subsequent study of the annealing of
metamict zircon, it was found that the average oxygen coor-
dination number around Zr in metamict zircon ranges from
6.8 to 7.2.14 Based on EXAFS and x-ray diffraction �XRD�
results, it has been suggested that there exist nano-sized Zr-
and Si-rich domains in metamict zircons that are several hun-
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dred million years old.14 The amorphous structure created in
just over a decade in 238Pu-doped zircon was studied using
XRD and EXAFS,15 where it was found that, although the
material lacked long-range order, the distorted zircon struc-
ture was retained over a length scale of 0.5 nm; however, the
above-mentioned shortening of Zr-O bond length and de-
crease of oxygen coordination number of zirconium found in
natural metamict zircons were not observed.15 Solid state
nuclear magnetic resonance �NMR� of 29Si is sensitive to the
change of polymerization in silicate materials and has been
used to study the change of SiO4 Qn species, meaning n
bridging oxygens per tetrahedron, in zircon exposed to dif-
ferent levels of radiation damage.16,17 A sharp peak centered
at about −81.6 ppm was observed in crystalline zircon min-
erals and was assigned to isolated SiO4 tetrahedra �Q0�.18 As
the accumulated alpha-decay dose increases, the peak broad-
ens and gradually moves to higher chemical shifts.16 The
broad peak of fully amorphized zircon corresponds to a com-
bination of Qn species with n ranging from 0 to 4. The av-
erage n value was estimated to range from 2 to 3; this value
is high compared to the oxygen ions gained from the de-
crease of zirconium coordination number, which led the au-
thors to suggest the existence of interstitial oxygens.16 Later
ab initio MD simulation19 of amorphous zircon and subse-
quent calculation of the NMR spectra has shown that the
average n value of Qn species from the above mentioned
NMR study was overestimated due to the use of improper
empirical scale to interpret the NMR data, and an average n
of 1.5 can account for the experimental spectra.16 The only
available neutron diffraction study of amorphous zircon with
238Pu doping shows a diffraction spectra that confirms full
amorphization of the sample and no phase separation in this
relatively young material,20 and the pair distribution function
suggests that the structural units in zircon were largely
preserved.20 Infrared �IR� and Raman spectroscopy have also
been used to characterize the amorphous structure of natural
metamict zircons.21–24 Early IR spectroscopy studies pro-
posed the decomposition of zircon into end member oxides
as a result of metamictization21 but this is not supported by
more recent IR and Raman work.22–24 Raman spectra of
natural zircons exhibiting different levels of radiation dam-
age show that peaks corresponding to SiO4 tetrahedra
stretching and bending soften with increasing radiation
damage.24 Compared to the Raman spectra of silica, the SiO4
tetrahedra were found to be less polymerized in metamict
zircon.24 The slight differences in amorphous structure ob-
served between the relatively young Pu-doped zircon and the
aged natural metamict zircons may suggest that some local
relaxation may be occurring over hundreds of millions of
years in the natural zircons, which is not yet evident in the
decades old Pu-doped zircon.

Molecular dynamics �MD� simulations employing both
empirical potentials25 and first principle methods19 have been
used to study the amorphous structure of zircon. These simu-
lations provided detailed atomic structure information on
amorphous zircon. In the ab initio MD simulations of
zircon,19 polymerization of the silicon-oxygen units, segre-
gation of zirconium atoms and the decrease of zirconium
coordination number were observed. An average polymeriza-
tion of Q1.5 was found in the low density amorphous

zircon.19 This value is consistent with the experimental find-
ings of Farnan and Saije,16 when a correction is applied to
the empirical scale used to interpret the NMR data.19

A recent study used a different partial-charge Born-Mayer
type potentials to simulate amorphous zircon with two
densities.25 Polymerization of Si-O network was observed
with average n value of 2 for the Qn distribution in the low
density phase. The coordination number of zirconium was
found to decrease to around 7 in the low density phase. How-
ever, the simulated high density amorphous zircon structure
seemed to be more like a distorted zircon crystalline lattice
since both coordination of silicon and zirconium are largely
unchanged and the polymerization and change of bond angle
distribution compared to the crystal is very low. The coordi-
nation number of silicon had an average value of 3.5 in the
low density amorphous phase, lower than the normal tetra-
hedral coordination of silicon in silicate materials. This ap-
pears to be related to the different cation charges of zirco-
nium �+3.8� and silicon �+2.0�.25 Although this set of partial-
charge potential gives excellent description of the structure
and mechanical properties of crystal zircon, the disparity of
the zircon and silicon charges can cause local charge neutral-
ity problem in highly defected crystalline regions and within
the amorphous structure. The potential model used in this
work has the strengths in that it is transferable between end
member oxides and zircon and can be used effectively in
large scale simulations. This makes it desirable to overcome
some of the shortcomings of the previous simulations to ob-
tain insight into the amorphous structure of zircon.

This paper is arranged in the following way. The next
section describes the potential models and procedures used
to simulate the melting of zircon and the generation of the
amorphous zircon structures. This is followed by the results
section that describes the comparison of structure and prop-
erties of crystalline zircon using several previously proposed
potential models and the one used in this work, the melting
processes for zircon, and characterization of amorphous zir-
con structures. Comparison with experimental data including
neutron diffraction, EXAFS and NMR are also presented. A
discussion is then presented on the polymerization and clus-
tering in the amorphous structures, the effects of simulation
cell size and density of the amorphous structure. The results
of this work are summarized in the conclusion.

SIMULATION DETAILS

Potential models play a critical role in the classical mo-
lecular dynamics simulations. The study of collision cascade
in zircon using molecular dynamics demands efficient and
effective potential models. Since highly defected and amor-
phous regions are produced in collision cascades, the poten-
tial models used must be able to not only describe the equi-
librium crystal structure and properties of zircon, but also the
native defects and amorphous zircon structures. Because
phase decomposition and recrystallization of amorphous zir-
con into silica and zirconia has been observed experimen-
tally under some conditions,10,14 the potential model should
also be able to simulate these oxides. The Teter potential
model introduced in this work satisfies these requirements
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and is desirable for the study of amorphous structure of zir-
con.

The potentials used in this study are partial-charge pair
potentials with the parameters developed by D. M. Teter.26

The atomic charges on silicon and zircon ions are both +2.4
and charge of oxygen ion is −1.2. This leads to charge neu-
trality in the zircon structure as well as for the pure states of
zirconia and silica. Short range interactions have the Buck-
ingham form that contains an exponential repulsive term and
a power dispersion term to describe the van der Waals inter-
actions. The interatomic potential between atom i and j has
the form

V�rij� =
qiqje

2

4��rij
+ A exp�− rij/�� − C/rij

6 , �1�

where qi and qj are the atomic charges, rij is the distance
between atom i and j, A, �, and C are Buckingham param-
eters. The atomic charges and potential parameters are listed
in Table I. Due to the dominance of the power term at short
interatomic distances, the total Buckingham potential energy
goes to negative infinity when r approaches zero that leads to
unphysical fusion of atoms. This problem was corrected by
splicing the Ziegler-Biersack-Littmark �ZBL�27 potential,
which provides a realistic repulsive force at short interatomic
distances. The ZBL potential is essentially a screened Cou-
lombic repulsion potential that has the form,

VZBL�rij� =
zizje

2

4��rij
· �

k=1

4

ak exp�−
rij · bk

ao
� , �2�

where zi and zj are the core charges, ak and bk are universal
parameters, and ao is the Bohr radius. The Buckingham �to-
gether with the Coulombic interactions� and the ZBL poten-
tials were smoothly connected using a splice function. The
splice function is a combination of power and exponential
terms with the parameters determined by ensuring the poten-
tial, force and the first derivative of the force are continuous
at the splice points. The final total potential is smooth and
monotonic.

Molecular dynamics simulations were performed using
DL�POLY, a program developed by Smith and Forester in
Daresbury Laboratory, UK.28 Coulombic interactions were
evaluated using the Ewald summation method with a relative
precision of 10−6. The short-range interaction cutoff was
8.0 Å. Integration of the equations of motion was performed
using the Verlet Leapfrog algorithm with a time step of
10−15 second. The Berendsen thermostat was used in con-
stant volume and constant temperature �NVT� ensemble MD

simulations, and the Nosé-Hoover thermostat and barostat
were used in constant pressure and constant temperature
�NpT� ensemble MD simulations.

Three zircon super cells of 4�4�4, 6�6�6, and 8
�8�8 unit cells based on the experimental zircon crystal
structure were built with total atom numbers of 1536, 5184,
and 12288, respectively. The melting of zircon was studied
with the 4�4�4 and 6�6�6 super cells using the NpT
ensemble with zero applied pressure. The system tempera-
ture was increased gradually from 300 K to 7000 K for
100,000 simulation steps �100 ps� at each temperature. As
shown in Fig. 1, the zircon crystal shows a well-defined
melting point at around 4800 K. Subsequent cooling leads to
an amorphous zircon phase with around 11 percent volume
expansion with respect to the zircon crystal. This amorphous
phase represents the optimal amorphous density for this
model potential and will be named high density �HD� amor-
phous zircon in comparison to the low density �LD� form
that is constrained to the experimental volume of 18 percent
volume swelling. The melting process studied using both 4
�4�4 and 6�6�6 super cells gave essentially identical
results suggesting little size effect in the simulated melting.

An amorphous zircon sample with experimentally ob-
served 18% volume swelling relative to the zircon crystal
was simulated at constant volume �NVT�. This lower density
amorphous zircon is named LD. �The name and size of simu-
lated zircon structures are summarized in Table II.� The
simulation cell of the zircon melt at 6000 K obtained from
gradually increasing the temperature of the starting crystal-

TABLE I. Atomic charges and Buckingham potential param-
eters.

Pairs A �eV� � �Å� C �eV Å6�

Si2.4-O−1.2 13702.905 0.193817 54.681

O−1.2-O−1.2 2029.2204 0.343645 192.58

Zr2.4-O−1.2 7747.1834 0.252623 93.109

FIG. 1. Volume �a� and potential energy �b� versus temperature
during heating and cooling of zircon at constant pressure.
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line phase �4�4�4 super cell� using the NpT ensemble was
resized to a volume corresponding to 18% swelling of the
fully amorphous zircon. The melt was sequentially cooled to
6000, 5500, 5000, 4500, and 4000 K, with a 200 ps �200,000
steps� in the NVT ensemble followed by a 200 ps run in the
constant volume and constant energy �NVE� ensemble at
each temperature to allow full equilibration at each tempera-
ture. Below 4000 K, the system was cooled gradually to
300 K by continuously scaling the temperature every 250
steps for 370 ps, corresponding to a cooling rate of 2.4 K/ps.
At 300 K, the glass was further equilibrated for 200 ps NVT
and 200 ps NVE MD simulations. The final structure data of
all the glasses were collected every 50 steps during the final
20,000 steps in the NVE runs. To study the simulation cell
size effect on the amorphous zircon structure, two lower den-
sity amorphous zircon structures were simulated using the
above procedure: one started from 4�4�4 zircon super cell
with 1536 atoms �named LD� and the other started from 8
�8�8 super cell with 12288 atoms �named LD-big�.

The evolution of the temperature, pressure, total energy,
as well as structure information such as cation coordination
number and Qn species, were monitored during the simula-
tion processes. The reported final structure of each of the
amorphous zircon phases were obtained by averaging over
400 configurations with each separated by 50 time steps at
the end of the simulations with the NVE ensemble at 300 K.
For comparison with the amorphous phases, crystalline zir-
con with a 4�4�4 super cell was also simulated at 300 K.
A 200 ps run under NVT ensemble was followed by 200 ps
runs in the NVE ensemble. The structure analyses of crystal
zircon were performed in the same way as for the amorphous
phases described above.

RESULTS

The tetragonal zircon structure has a space group of
I41/amd �No. 141� with 4 formula units of ZrSiO4 �24 at-
oms� per unit cell.29 Each unit cell can be further divided into
two primitive cells with each containing two formula units.
The Zr and Si atoms take the 4a and 4b Wyckoff sites at
�0,3 /4 ,1 /8� and �0,1 /4 ,3 /8�, respectively. The O atoms
take the 16h Wyckoff sites at �0,u ,v� with u and v being
internal parameters. The zircon structure is comprised of
edge sharing ZrO8 dodecahedra and SiO4 tetrahedra forming
chains along the �001� direction. These chains are cross-
linked by further edge-sharing of ZrO8 dodecahedra between
chains. Four Zr-O bonds that share edges with SiO4 are
slightly longer than the other four Zr-O bonds that share

corners with SiO4 in each ZrO8. Each oxygen atom bonds to
two zircon and one silicon atom. The SiO4 tetrahedra are
slightly enlongated along the �001� direction leading to two
O-Si-O bond angles of approximately 97 degrees and
116 degrees.

Table III compares the calculated zircon structure using
Teter and three other potential models from the literature
along with those from experiments.29,30 All four sets of po-
tentials give satisfactory description of the structure of zir-
con. The Teter potential used in this work consists of partial-
charge pair wise interactions with the form of Buckingham.
The partial atomic charges in the Teter potential are 2.4, 2.4,
and −1.2 for Si, Zr, and O, respectively. An alternative
partial-charge potential �referred to as the CEA potential�
uses the charges of 2.0, 3.8, and −1.45 for Si, Zr, and O,
respectively;25 these potentials were used in a previous study
of disordered zircon.25 Both the Teter and CEA potentials
reasonably reproduced the mechanical properties of zircon.
The CDG31,32 and PCW33 potentials are full charge model
potentials with the charge of zircon and silicon being 4.0,
and the charge of oxygen being −2.0. The short range inter-
actions in the PCW model also have the Buckingham form,
and those in the CDG model has the Born-Mayer-Huggins
form. Although the full charge models can simulate the crys-
tal structure fairly well, their descriptions of the mechanical
properties are less satisfactory. The CDG potential have the
bulk modulus too low while the PCW too high. Another
problem of the CDG potentials is that the difference between
the two O-Si-O bond angles is too small, 12 degrees com-
pared to 19 degrees in the experimentally measured struc-
ture. This can be attributed to the strong repulsion between
oxygen such that the potential favors symmetric oxygen co-
ordination around the silicon ions. The CEA partial-charge
potential give the best fit to the structure and properties of
crystalline zircon, which makes it excellent for the study of
perfect crystals and point defects in zircon; however, the fur-
ther away the local structure is modified from perfect zircon
stoichiometry, the less well this potential will perform.25 The
Teter potential gives satisfactory description of both the
structure and mechanical properties of zircon while provid-
ing identical partial charges for both zircon and silicon that
maintains charge neutrality in isolated ZrO2 and SiO2
phases. In addition, this new set of potentials also gives a
reasonable description of the structure and properties of the
crystalline ZrO2 and SiO2 phases. Tables IV and V show the
calculated structure parameters, bond length and bond
angles, as well as properties, such as bulk modulus of alpha
quartz and tetragonal zirconia model and the corresponding
experimental data. The results indicate that both the ZrO2

TABLE II. Simulated crystalline and amorphous zircon �ZrSiO4�.

Name
Unit cell

expansion
Total number

of atoms
Cell a/c

parameters �Å�
Volume relative

to crystal

Crystal 4�4�4 1536 26.2/24.3 1.0

HD 4�4�4 1536 27.1/25.2 1.11

LD 4�4�4 1536 27.6/25.7 1.18

LD-big 8�8�8 12288 55.3/51.3 1.18
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and SiO2 phases can be simulated with the current potential
model. This makes the new potential ideal for the study of
amorphous zircon and of more complex phenomena such as
radiation induced amorphization and phase decomposition.

Figure 1 shows the melting process of crystalline zircon
simulated under constant pressure and temperature ensemble
�NpT�. Both the volume �Fig. 1�a�� and the potential energy
�Fig. 1�b�� versus temperature curves show a well-defined
melting temperature near 4800 K. This high melting tem-
perature is partly due to superheating that is usual in the
simulation of defect-free crystal. There is a 19.5% volume
increase and a 3.1% �0.44 eV/atom� potential energy in-
crease during the melting of crystalline zircon. Cooling of
the zircon melt under zero applied pressure to room tempera-
ture leads to an amorphous state with equilibrium density
according to the current potential model of zircon. The above
amorphous state �HD� has higher internal energy and has
about 11% volume swelling as compared to crystalline zir-
con. The simulated glass has a glass transition temperature at
about 2000 K as indicated by the change of slope in both the
cooling curves of the energy and volume versus temperature.

TABLE III. Comparison of the structure and properties of zircon of this work, the results obtained using
three other empirical potential models and those from experiments.

Calculations

ExperimentsdThis work CEAa CDGb PCWc

Lattice constants �Å�
a 6.54 6.60 6.31 6.60

c 6.08 6.09 6.42 5.98

Unit cell volume �Å3� 260.0 265.6 254 260.8 260.8

Internal parameter

u 0.0653 0.0657 0.0652 0.0660

v 0.2070 0.1990 0.2005 0.1951

Bond distances �Å�
Si-O 1.58 1.62 1.59 1.63 1.62

Zr-O 2.12 2.13 2.16 2.06 2.13

2.35 2.32 2.36 2.42 2.27

Bond angles �°�
O-Si-O 100 97 101 97 97

115 116 113 119 116

Bulk modulus �GPa� 245 223 167 259 225

Elastic constants
�GPa�
C11 497 445 505 424

C33 475 479 522 490

C44 110 84 119 114

C66 56 64 0 49

C12 104 64 72 70

C13 149 123 172 150

aReference 25.
bReferences 30 and 35.
cReference 27.
dReferences 40 and 41.

TABLE IV. Comparison of the experimental and simulated
structure and properties of alpha-quartz �P3221� using the potential
model of this work.

Simulation Experimenta

a �Å� 4.943 4.916

c �Å� 5.450 5.405

Volume/SiO2 �Å3� 38.46 37.71

Si �u� 0.4693 0.4697

O �x� 0.4293 0.4135

O �y� 0.2648 0.2669

O �z� 0.7971 0.7857

Si-O 1.587/1.594 1.614/1.605

O-Si-O 110.6/115.0 109.0/110.5

108.1/108.1 108.8/109.2

Si-O-Si 150.9 143.7

Bo �GPa� 37 38

aReference 44.
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The calculated neutron structure factors and neutron
broadened total correlation functions are shown in Fig. 2 for
the LD and HD glasses. The neutron structure factors were
calculated by adding the partial structure factors multiplied
by the weighting factors determined by composition and
neutron scattering length,34,35

SN�Q� = ��
i=1

n

cibi�−2

�
i,j=1

n

cicjbibjSij�Q� , �3�

where ci is the mole fraction of atoms, bi is the neutron
scattering length, for species i. Sij�Q� is the partial structure
factor of the atom pair i and j, which can be calculated
through Fourier transformation of the pair distribution func-
tions �PDF�,

Sij�Q� = 1 + �o�
0

R

4�r2�gij�r� − 1�
sin�Qr�

Qr

sin��r/R�
�r/R

dr ,

�4�

where gij�r� is the pair distribution function of atom pair i
and j, Q is the scattering vector, �o is the average atom
number density, and R is the maximum value of the integra-
tion in real space which is set to half of the size of one side
of the simulation cell. The �sin��r /R�� / ��r /R� part is a
Lortch type window function to reduce the effect due to
the finite cutoff of r.

The neutron structure factors �Fig. 2�a�� are similar for the
LD and HD amorphous states with minor differences on the
first two peaks. The LD state has a slightly stronger first peak
and is located at a lower Q value �at 1.88 Å−1 for LD and
1.95 Å−1 for HD� than the HD amorphous state. The second
peak of the HD has a peak at around 3.5 Å−1 and a shoulder
at around 4.0 Å−1, while the LD state only has a broad peak
at around 3.8 Å−1. The features beyond 8 Å−1 are almost
identical for both HD and LD amorphous states. The high Q
part of the structure factor correlates with short range struc-
ture features, while the features at low Q and the first peak in
particular �normally named first sharp diffraction peak
FSDP�34 are related to the medium range structure of amor-
phous materials. The similarity of the structure factors at
high Q of the LD and HD amorphous states of zircon suggest
that their local environments around zirconium and silicon
are very similar. Differences in the features of the FSDP and
other low Q features manifest the differences in the medium
range structure that manifests between the LD and HD amor-
phous states. This is supported by the neutron broadened
total correlation functions �Fig. 2�b��. The first two peaks,
corresponding to the Si-O and Zr-O distributions respec-
tively, are almost identical for the LD and HD states. The
third peak that comprises contributions of the first peaks of
Zr-Zr, Zr-Si, Si-Si, and O-O pair distributions peaks shows
considerable differences of the two states.

Figure 2 also compares the structure factors of the simu-
lated amorphous zircon with the experimental data from neu-
tron diffraction study of completely amorphous zircon.20 The
experimental zircon sample was doped with 238Pu and accu-
mulated three times the dose necessary to fully amorphize
zircon.20 The authors have attributed the noise in the experi-
mental data to the limited sample size demanded by restric-
tions associated with the Pu contents. In addition, the re-
sidual features at 2.91 Å−1 and 3.32 Å−1 in the experimental
structure factor were suggested to be due to the vanadium
container used during the measurement or possibly quartz
crystal due to minor phase separation. In view of the above,

TABLE V. Comparison of the experimental and simulated struc-
ture of tetragonal zirconia �P42/NMC� using the potential model of
this work.

Simulation Experimenta

a �Å� 3.597 3.605

c �Å� 5.086 5.179

c /a 1.414 1.437

Volume/ZrO2 �Å3� 32.9 33.7

dz
b 0.062 0.065

Zr-O 2.202/2.202 2.102/2.351

Bo �GPa� 228

aReferences 45 and 46.
bdZ is the relative displacement of oxygen atoms in alternating col-
umns in the Z direction.

FIG. 2. �a� Neutron structure factors of HD �dotted� and LD
�solid� amorphous zircon compared with the experimental data from
Fortner, Badyal, Price, Hanchar, and Weber.20 �b� Neutron broad-
ened total correlation functions of HD and LD amorphous zircon.
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the agreement between simulation and the experimental neu-
tron structure factor is reasonable. In particular, the position
and intensity of the first diffraction peak from simulation
show excellent agreement with experiments. Except for the
above-mentioned features at around 3 Å−1, the experimental
data oscillates around the structure factors from simulation,
suggesting that the amorphous zircon from the simulation is
a good representation of the experimental amorphous zircon
structure. However, new experimental work on neutron dif-
fraction of amorphous zircon with improved data quality will
be highly desirable for better comparison between simulation
and experiment.

The total neutron structure factor was decomposed into
partial structure factors to obtain information of the contri-
butions of the atom pairs to the total structure factor �shown
in Fig. 3�. The first sharp diffraction peak �FSDP� in network
amorphous systems has been shown to have correlations to
the medium range structure.36,37 The decomposition can help
to understand the experimental structure factors, especially
the contributions to the FSDP, where the partial structure
factor can not be readily obtained experimentally. The major
contributions to the FSDP are from the Si-Zr, Zr-Zr pairs and
Zr-O and Si-O pairs. Both the polymerization of the Si-O
network and clustering of Zr-O regions can contribute to the
medium range structure. Contributions to the fairly broad
second peak are from the O-O first peak and the second Zr-O
and Si-O peak. The difference of the FSDP in the HD and
LD amorphous zircon manifests slight differences of their
medium range structure.

Figure 4 shows the Si-O �a� and Zr-O �b� PDFs for LD,
HD amorphous zircon, as well as the crystalline zircon, at
300 K. The first peaks of the Si-O PDF from HD and LD
amorphous zircon are very well defined but slightly broad-

ened and shifted to larger Si-O distances compared to the
crystal form. The coordination number of silicon �shown in
Table VI� is also found to be around 4, suggesting that the
silicon-oxygen tetrahedral structure is maintained. In the
non-balanced partial-charge model used in a previous MD
study of amorphous zircon, the silicon coordination number
was found to be 3.5.25 The two peaks associated with the two
sets of Zr-O distances in crystalline zircon evolve into a
single peak in the amorphous states. The first Zr-O peak
shifts from the 2.13 Å in crystalline zircon to 2.10 Å in the
amorphous forms. The Zr-O coordination numbers range
from five to nine with the average coordination number of
6.46 for LD and 6.61 for HD �Table VI�. The results are in
agreement with the EXAFS studies of metamict zircon.14

The Zr-O distance was found to decrease by 0.06 Å and
average Zr coordination number decreased to 6.8–7.2±0.5.14

Both the bond length shortening and reduction of coordina-
tion number are observed in the simulated amorphous zircon

TABLE VI. Average cation coordination numbers.a

Glass Silicon Zirconium

LD 4.11 6.46

LD-big 4.02 6.44

HD 4.04 6.61

aCoordination numbers are calculated using a Si-O cutoff distance
of 2.2 Å and a Zr-O cutoff distance of 3.0 Å.

FIG. 3. Partial neutron structure factors of the LD glass.

FIG. 4. �Color online� Si-O �a� and Zr-O �b� pair distribution
functions of crystalline zircon �solid line�, LD �dotted line� and HD
�dashed line� amorphous zircon.
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structures. The bond length and bond angles of simulated
amorphous zircon and zircon crystal are summarized in
Table VII.

As shown in Fig. 4, the crystal features of the Si-O and
Zr-O PDFs at longer distances disappear in LD and HD
amorphous zircon indicating the loss of long range order.
Other PDFs shown later have similar trend.

Figure 5 shows the cation-cation PDFs that have impor-
tant information of how the cation oxygen polyhedra are
connected. The first Si-Si peaks of the LD and HD amor-
phous zircon �Fig. 5�a�� shift to 3.13 and 3.10 Å, respec-
tively, from 3.61 Å in crystalline zircon. The rather dramatic
change of the Si-Si PDF first peak position indicates the
existence of corner sharing SiO4 in amorphous zircon; while
in the crystal form, all the SiO4 tetrahedra are isolated. The
polymerization of SiO4 tetrahedra has been observed in
metamict zircon by Si NMR studies.17 The Si-O-Si bond
angle distribution and Qn distribution, shown later, further
quantify the polymerization of the SiO4 tetrahedra.

The Si-Zr PDFs are shown in Fig. 5�b�. Two Si-Zr dis-
tances exist in crystalline zircon: 2.99 Å for edge-sharing
SiO4 and ZrO8 polyhedrons and 3.63 Å for corner-sharing
ones. In the amorphous forms, the peak due to edge-sharing
is greatly depressed and becomes a shoulder; while the peak
due to corner-sharing is broadened and shifts to a slightly
shorter distances of around 3.4 Å. X-ray diffraction studies
found that the first Si-Zr peak in the crystal form disappeared
in the amorphous form, which was explained by the loss of
edge-sharing SiO4 and ZrO8 polyhedrons, consistent with
observations in simulated amorphous zircon.15

The Zr-Zr PDFs are shown in Fig. 5�c�. In amorphous
zircon, the Zr-Zr peak splits into two peaks, one at around
3.4 Å and one at around 3.9 Å, shorter and longer than the
3.61 Å of Zr-Zr first peak in the crystal form, respectively. In
the zircon crystal, all the ZrO8 dodecahedrons are edge-
shared; while in the amorphous forms, zirconium oxygen
polyhedrons differentiate into two groups, edge- and face-
sharing ZrOx polyhedrons contributing to the first Zr-Zr peak
and corner-sharing polyhedrons to the second peak. The

shortening of the Zr-Zr distance in edge-sharing ZrOx poly-
hedrons can be explained by the decrease of Zr coordination
number from 8 in the crystal to a value of 6–7 in amorphous
form and a corresponding shortening of Zr-O distances
�shown in Fig. 4�b��. A considerable amount �shown later� of
face-sharing of ZrOx polyhedra were observed, which con-
tribute to the shorter Zr-Zr distances. The second Zr-Zr peak
is due to corner-sharing ZrOx polyhedrons that do not exist in
zircon crystal. Figure 6�a� shows a snapshot of corner and
edge-sharing ZrOx polyhedra in amorphous zircon. In Fig.
6�b�, the connectivities of the cation polyhedra in crystalline
zircon are shown: edge- and corner sharing of SiO4 and ZrO8
and edge-sharing of ZrO8 dodecahedra. The change of Zr-Zr
distance is in good agreement with EXAFS and diffraction
studies.13–15 EXAFS studies observed a shortened Zr-Zr dis-

TABLE VII. Comparison of bond length and bond angle of
amorphous and crystalline zircon.

Zircon-crystal HD LD

Bond length �Å�
Si-O 1.62 1.59 1.60

Zr-O 2.13/2.27 2.10 2.10

Si-Zr 2.99/3.63 3.40 3.48

Zr-Zr 3.61 3.41/3.85 3.42/3.85

Si-Si 3.61 3.10 3.13

O-O 2.59 2.59

Bond angle �degree�
O-Si-O 97/116 107 108

Si-O-Si — 146 145

Si-O-Zr 111/150 95/125 98/127

O-Zr-O 60-150 78 80

Zr-O-Zr 111 102 102

FIG. 5. �Color online� Cation-cation pair distributions of crys-
talline zircon �solid line�, LD �dotted line� and HD �dashed line�
amorphous zircon �a� Si-Si, �b� Si-Zr, �c� Zr-Zr.
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tance of 3.3–3.4 Å in metamict natural zircon.14 Another
EXAFS study observed two sets of Zr-Zr distances in the
amorphous form of Pu doped zircon.15

Figure 7 shows O-Si-O �Fig. 7�a�� and Si-O-Si �Fig. 7�b��
bond angle distributions. Two characteristic O-Si-O bond
angles exist in crystal zircon: one around 97 and one around
116 degrees, respectively. The difference of the two O-Si-O
bond angles is due to edge-sharing of SiO4 with ZrO8 poly-
hedra that leads to an elongation of the SiO4 tetrahedra along
the c-axis. In the amorphous forms, the SiO4 tetrahedra tend
to be more symmetric with a single peak at around 108
degrees, close to the ideal tetrahedral angle of 109.47

degrees. The Si-O-Si bond angle distributions of both the HD
and LD amorphous phases show a major peak at around
145 degrees and a minor peak at around 155 degrees. The
presence of Si-O-Si bond angle distributions reveals the po-
lymerization of the SiO4 tetrahedra. In comparison, there is
no Si-O-Si linkage in crystalline zircon where all the SiO4
tetrahedra are isolated.

Further characterization of the amorphous zircon structure
was performed by determining the statistics of the Qn distri-
butions and the distribution of oxygen species �shown in
Table VIII�. Qn, meaning n bridging oxygen per SiO4 tetra-
hedron, distributions are obtained from silicon NMR studies
and have been used to analyze the network connectivity of
silicate minerals and glasses.16,17,38 The Qn species in the
simulated amorphous zircon range in n value from 0 to 4,
consistent with recent NMR studies of metamict zircon.16

The existence of higher Qn species �n�1� confirms the po-
lymerization of the SiO4 tetrahedra. The average Qn for LD
and HD are 1.66 and 1.81, respectively, suggesting an in-
crease of n and indicating greater SiO4 polymerization in
higher density amorphous states. The Qn values of the amor-
phous zircon in this work are consistent with the value of 1.5
from a recent ab initio molecular dynamics simulations of
LD amorphous zircon19 and those from NMR studies16 with
the correction of the empirical scale to interpret the experi-
mental data.19 A previous MD simulation reported average
Qn value of 1.95 for the LD amorphous zircon.25

FIG. 6. �Color online� �a� Snapshots showing corner- and edge-
sharing zirconium oxygen polyhedra in simulated zircon glass
�LD�. �b� Cation oxygen polyhedra connection in zircon crystal.
Black ball: silicon, small dark gray ball: oxygen, large light gray
ball: zirconium.

FIG. 7. �Color online� O-Si-O �a� and Si-O-Si �b� bond angle
distributions of cation-cation pair distributions of crystalline zircon
�dotted line�, LD �solid line�, and HD �dashed line� amorphous
zircon.
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The distributions of oxygen species are also shown in
Table VIII. The oxygen species were determined by the num-
ber of silicon coordination around each oxygen ion: an oxy-
gen ion is considered to be a free oxygen �FO� if no silicon
ion is within its first coordination shell; similarly, non-
bridging oxygen �NBO� and bridging oxygen �BO� are oxy-
gen ions with one and two silicon in its first coordination
shell, respectively. For instance, all oxygen ions are BO in
quartz and ideal silica glass but NBO in crystalline zircon.
All three species of oxygen exist in amorphous zircon, with
the FO and BO each around 20% and NBO around 60%.
Since the FO is only bonded by zirconium ions, the rather
high FO percentage is indicative of regions rich in zirco-
nium. Similarly, the high percentage of BO together with the
existence of Q3 and Q4 species indicates that there exist sili-
con rich regions. A fragment of connected SiO4 tetrahedra
that forms a chain is shown in Fig. 8. The percentages of FO
and BO increase, while that of NBO decreases, in the HD
compared to the LD amorphous form.

The cation environments around oxygen ions �as shown in
Table IX� in the zircon system provide an indicator of the
change in nearest neighbor structure and configurational en-
tropy of the melt and the glass as compared to the crystalline
state. In crystalline zircon, there exists only one type of oxy-
gen environment 1Si2Zr �meaning one silicon and two zir-
conium in the first coordination shell of oxygen�. In the melt,
there is a dramatic decrease of the 1Si2Zr coordination com-
bination to 22.4%, while there is an increase of all other
cation coordination combinations that range from 2 to 4 cat-
ions around oxygen. The 1Si1Zr is the largest at 31.3% fol-
lowed by 2Si at 12.4% and 3Zr at 12.1%. Among all the
amorphous states �LD, LD-big, and HD�, the cation coordi-
nations around oxygen are similar and remained distributed
amongst different cation combinations as in the melt. A con-

siderable increase of the 1Si2Zr combination to 31–33% and
a decrease of 1Si1Zr to 21–25% are observed as compared to
the melt. The dramatic increase of the complexity of the
cation environments around oxygen ions from the crystalline
state to the melt and the amorphous states suggests an large
increase of configurational entropy, which indicates the fra-
gility of the zircon melt39 and thus partly explains the diffi-
culty to form a glass state from the zircon melt.

To further characterize the medium range structure, we
obtained the statistics of the size of the polymerized Si-O
network. Tables X–XII show the statistics of the size of the
polymerized Si-O network fragments in LD, HD, and LD-
big, respectively. Except for 10–15% of the total SiO4 tetra-
hedrons being isolated, most of the SiO4 are polymerized to
some degree. The largest SiO4 network fragment size de-
pends on the simulation size, ranging from around 130 for
LD and HD to around 1100 for LD-big. The fraction of the
total tetrahedrons in the largest fragment, however, remains
around 50% in all three cell sizes. The result that over half of
the SiO4 tetrahedrons are polymerized indicates that there are
possible energetic reasons behind the polymerization. We
also performed similar calculations on the ZrOx polyhedra
size distribution and found that all the ZrOx polyhedra are
connected in all the amorphous structures studied. The per-
colation of the ZrOx network is not surprising since in the
crystalline zircon structure, all the ZrO8 dodecahedrons are
connected. The difference between the percolated zirconium
oxygen network in the amorphous and crystalline zircon lies
in the fact that the zirconium oxygen polyhedra are con-
nected through corner, edge and face-sharing in the amor-
phous form, while they are connected only through face-
sharing in the crystal.

The statistics of the primitive ring size distribution was
also performed and the results are shown in Fig. 9. The HD

TABLE VIII. Distributions of Qn species in the simulated amorphous zircon.

Glasses
Ave.
Qn

Qn species �%� Oxygen species �%�

Q0 Q1 Q2 Q3 Q4 FO NBO BO

LD 1.66 15.0 28.9 34.2 19.2 2.7 20.4 58.9 20.6

LD-big 1.78 10.2 30.3 35.9 18.4 5.1 21.8 55.9 22.3

HD 1.81 10.6 31.8 30.8 23.4 4.3 21.6 55.9 22.5

TABLE IX. Cation environments around oxygen in crystalline, melt, and amorphous zircon.a

Percentage of cation combinations

2Si 1Si1Zr 2Zr 1Si2Zr 2Si1Zr 3Zr 1Si3Zr 4Zr Others

Zircon
Melt

�4800 K�

12.4 31.3 8.5 22.6 6.9 12.1 2.3 1.4 2.5

LD 15.9 24.8 2.6 32.3 4.4 14.9 1.9 3.0 0.2

LD-big 17.2 23.7 2.4 30.9 5.0 16.0 1.2 3.4 0.2

HD 17.1 20.6 1.9 32.9 5.1 16.9 2.6 2.8 1.1

aCoordination numbers are calculated using a Si-O cutoff distance of 2.2 Å and a Zr-O cutoff distance of 3.0 Å.
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amorphous zircon has a higher concentration of rings with
sizes from 1-12, but less rings with size larger than 12. This
is consistent with the fragment size distribution where there
are more isolated SiO4 tetrahedrons in LD than the HD
amorphous structure. The LD-big has considerably larger
rings �35–40� than the LD and HD, which can be explained
by that larger simulation cell allows larger ring to form. In
general, the number of rings per base Si �with maximum
0.15� in amorphous zircon is much lower than that of silica
with a value of around 3.5. Although there exist considerable
polymerization of the Si-O network and large fragments of
silicon-oxygen network in amorphous zircon most of the
fragments are in the shape of chains or branched chains, only
a small fractions of the Si-O network form rings.

DISCUSSION

Amorphization of zircon by radiation damage due to the
decay of the actinide constituents is known to dramatically
change the chemical durability of zircon where it was found
that the dissolution rate of amorphous zircon is 1–2 orders of
magnitudes higher than the crystalline form.40,41 Character-
ization of the amorphous structure provides a structural basis
to understand these dramatic changes in the pure amorphous
phase, thereby providing a contrast to the crystal phase. The

considerable volume swelling accompanying the amorphiza-
tion opens the structure and enhances the cation diffusion
and hydration. The decrease of the zirconium coordination
number from 8 in the crystal to 6–7 in the glass also weaken
the chemical bond that can enhance the dissolution process at
the amorphous surface and crystal/amorphous interfaces.42

Our simulation results show that the amorphous zircon struc-
ture is characterized by the polymerization of the silicon-
oxygen tetrahedra and formation of regions rich in zirco-
nium. This kind of micro-segregation provides diffusion
channels of zirconium ions and could ease the dissolution of
fragments of silicon-oxygen networks that together increase
the dissolution rate of amorphous zircon.

Crystalline zircon is a type of orthosilicate in which all
the SiO4 tetrahedra are isolated by other cation oxygen poly-

TABLE X. Si-O network fragment size statistics of LD.

Fragment size
# of Si

Number of
fragments

Si atom
percentage

1 38 14.8

2 4 3.1

3 5 5.7

4 1 1.6

5 1 2.0

10 1 3.9

17 1 6.6

31 1 12.1

128 1 50.0

TABLE XI. Si-O network fragment size statistics of HD.

Fragment size
# of Si

Number of
fragments

Si atom
percentage

1 28 10.9

2 7 5.5

3 5 5.9

4 1 1.6

5 2 3.9

6 1 2.3

7 1 2.7

40 1 15.6

132 1 51.6

TABLE XII. Si-O network fragment size statistics of
LD-big.

Fragment size
# of Si

Number of
fragments

Si atom
percentage

1 209 10.2

2 64 6.3

3 24 3.5

4 11 12.2

5 5 31.2

6 6 1.8

7 4 1.4

8 3 1.2

9 1 0.4

10 1 0.5

16 3 2.3

18 1 0.9

19 1 0.9

23 2 2.3

28 1 1.4

32 2 3.1

66 1 3.2

76 1 3.7

1098 1 53.6

FIG. 8. �Color online� Fragments of connected silicon-oxygen
tetrahedra �zirconium atoms removed� in simulated zircon glass
�LD� showing Q1, Q2, and Q3 species. Black ball: silicon, small
gray ball: oxygen.
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hedrons. Amorphization leads to the polymerization of SiO4
tetrahedra and the formation of fragments of silicon-oxygen
networks in zircon in agreement with 29Si NMR studies.16,17

The n value from Qn statistics in simulated amorphous zircon
is 1.6-1.8, suggesting that the polymerization is lower than
that to form a fully linear chain structure of SiO4 polyhe-
drons. In common crystalline silicates, a SiO4 chain structure
is formed when n equals 2, a layered structure is formed
when n equals 3 and a three dimensional network is formed
when n is 4. Examining the distribution of Qn �Table VIII�
species show that there exist a wide range of n values rang-
ing from 0 to 4 suggesting that there exist isolated SiO4
tetrahedra and highly polymerized regions. Most of the net-
works are found to be chain-like as shown in Fig. 8. In crys-
talline zircon, each oxygen is bonded to three cations, two
zirconium and one silicon ion, whereas the polymerization
creates bridging oxygen sites �BO, each oxygen bond to only
two silicon�. The amorphous structures respond to the poly-
merization of silicon oxygen tetrahedra by generating a small
fraction �around 5%� of higher coordinated oxygen ions,
such as four zirconium or one silicon and three zirconium
ions, while lowering the zirconium coordination number
from 8 in crystalline zircon to 6-7 in amorphous zircon. It is
worth noting that, although the zirconium coordination num-
ber decreases, the silicon coordination number remains
around four after polymerization. The latter occurs because
the higher field strength of the smaller silicon ion favors
maintaining an optimal coordination number of four oxygen
ions around silicon.

Another way to consider the polymerization effect is by
the average number of oxygen ions per SiO4. In crystalline
zircon, since all the oxygen ions are non-bridging oxygen,
there are four oxygen ions per SiO4. In the polymerized
structure of amorphous zircon, the average Qn is around 1.8,
which means that average number of oxygen ions per SiO4 is
3.1-3.2 since each bridging oxygen ion is shared by two
silicon ions. The difference leads to about 20% oxygen ions
that are not connected to any silicon ion, i.e., free oxygen
�FO�, which is consistent with the statistics of oxygen spe-
cies in amorphous zircon shown in Table VIII. A recent ab

initio MD simulation found that the average n value of Qn
species is around 1.5.19 In the NMR study of fully metamict
zircon, the average n value of Qn species was found to be
around 3.16 It was shown later that the empirical scale used
to obtain the average n value from experiment was incorrect,
and a value close to 1.5 was obtained when corrections was
made on this scale.19

The wide distribution of Qn species, high percentage of
free oxygen, and the existence of oxygen ions that are solely
bonded to silicon or zirconium ions together indicate that
there exist atomic-scale regions rich in silicon-oxygen net-
work �shown in Fig. 8� and regions rich in zirconium �shown
in Fig. 11�. The silicon rich regions and zirconium rich re-
gions are intermingled together as can be seen in Fig. 10 and
Fig. 11. During the annealing of the amorphous zircon, the
silicon rich regions can be precursors to form amorphous or
crystalline silica while the zirconium rich regions can nucle-
ate to form crystalline zirconia. It has been observed in x-ray
diffraction43 and EXAFS14 studies of step annealing of amor-
phous zircon that some amorphous silica and monoclinic zir-
conia may begin to form at intermediate temperatures before
fully recrystallizing into crystalline zircon at high tempera-
ture. Long-term annealing of the amorphous zircon state di-
rectly to intermediate temperatures can lead to phase separa-
tion into amorphous silica and monoclinic zirconia.15 In the
simulated amorphous zircon structure, the zirconium coordi-
nation number of around 7 and the existence of OZr3 and
OZr4 coordinations are similar to the cation and anion envi-
ronment in monoclinic zirconia, which agrees well with the
experimental observations.

The sample size effect on the melting and amorphous zir-
con structure has been studied. A 4�4�4 zircon super cell
with 1536 atoms and a 6�6�6 zircon super cell with 5184
atoms were used in the study of the melting process of zir

FIG. 9. �Color online� Primitive ring statistics of the polymer-
ized Si-O network.

FIG. 10. �Color online� Snapshot of simulated amorphous zircon
structure �LD, 4�4�4, 1536 atoms�. Black ball: silicon, small
dark gray ball: oxygen, large light gray ball: zirconium.
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con. In both cases, the zircon crystal melted at about 4800 K,
and the volume expansion and internal energy change ac-
companying the melting process were also very similar. This
reveals that the simulation cell size effect is minimal. The
quenching �under constant pressure� of the melted zircon of
the two sample sizes generated amorphous phases with simi-
lar volume expansion �around 11%� relative to crystalline
zircon, which is slightly lower than the volume change ob-
served experimentally �around 18%�.1

Two amorphous zircon samples, LD and LD-big corre-
sponding to amorphous phases with 18% volume expansion,
were compared. The LD and LD-big have 1536 and 12288
atoms in the simulation cells and correspond to 4�4�4 and
8�8�8 zircon super cells, respectively. Although the gen-
eral structure features of LD and LD-big amorphous zircon
are very similar, there are observable differences on the sta-
tistics of Qn, distributions of oxygen species and bond angle
distributions. The average n value of Qn species is 1.66 for
LD, lower than that of 1.78 for LD-big. The percentage of
BO and FO are 20.4 and 20.6 for LD, and 21.8 and 22.3 for
LD-big, respectively. The differences of the Si-O-Si bond
angle distributions for the LD and LD-big amorphous zircon
are shown in Fig. 12. The higher BO and FO percentage,
together with higher average n of Qn species, in the LD-big
amorphous zircon than those in LD seemed to suggest that a
larger simulation cell slightly favors higher polymerization
of the silicon-oxygen network and the formation of larger
zirconium-FO segregated regions. However, it is possible
that some of the differences between LD and LD-big is
purely statistical where averaging over independently gener-
ated LD samples can lead to better agreement between LD
and LD-big structures.

Experimentally, it is found that volume swelling of fully
amorphized zircon is around 18%.1 The simulation of low

density �LD� and high density �HD�, corresponding to 18%
and 11% volume swelling, respectively, make it possible to
compare the structure differences for these two amorphous
structures. The LD and HD amorphous zircon have in gen-
eral very similar structure. The HD phase has slightly shorter
bond length �Table VII and Figs. 4 and 5� and higher zirco-
nium coordination number �Table VI�. The HD phase also
has higher average n values of Qn species and higher per-
centage of BO and FO. The HD phase seemed to have
slightly more polymerized silicon-oxygen network and more
clustered regions of zirconium, which is consistent with ex-
perimental annealing data that suggests some polymerization
of silica and clustering of zirconia during early stages of
recovery of the volume expansion.43 These results show that
the Teter potential is well suited to model not only the struc-
ture and properties of crystalline zircon and end member
oxides but also the short and medium range structure of
amorphous zircon.

CONCLUSIONS

Molecular dynamics simulations were used to study the
structure of amorphous zircon by employing a charge bal-
anced partial-charge pair-wise potential capable of describ-
ing the structure and properties of crystalline zircon and end
member oxides. The amorphous zircon structure is character-
ized by polymerization of the SiO4 tetrahedra that form
branched chains like structures, which intermingle together
with regions rich in zirconium. The medium range structures
of amorphous zircon were characterized by the fist sharp
diffraction peak �FSDP�, silicon-oxygen network fragment
size and primitive ring size distributions. It is found that only
about 10–15% of the silicon oxygen tetrahedra are isolated
while the rest of them are polymerized to some degree to
form mostly branched chains and rings with different sizes.
The zirconium-oxygen network was found to percolate with
zirconium oxygen polyhedra connected via corner, edger or
face-sharing. This contrasts the connected zirconium oxygen
dodecahedra, all via edge-sharing, in the crystal form.

In amorphous zircon, the silicon ions maintain their oxy-
gen coordination number of four while the SiO4 tetrahedra
are more symmetric than those in the zircon crystal. Zr-O
distances are shorter than those in the crystalline form and

FIG. 11. �Color online� Snapshot of simulated amorphous zircon
structure �LD, 4�4�4, 1536 atoms� with all the silicon and coor-
dinated oxygen ions removed and only zirconium atoms and free
oxygen ions left. Small dark gray ball: oxygen, large light gray ball:
zirconium.

FIG. 12. Si-O-Si bond angle distributions in LD and LD-big
amorphous zircon.

SHORT- AND MEDIUM-RANGE STRUCTURE OF… PHYSICAL REVIEW B 74, 214204 �2006�

214204-13



the average Zr coordination number decreases to 6–7 in
amorphous zircon. These structural changes lead to stabiliz-
ing the amorphous phase. The average n of the Qn species is
1.6–1.8 and there is a considerable percentage of �20%� free
oxygen ions bonded only to zirconium indicating the exis-
tence of silicon and zirconium rich regions in the amorphous
zircon structure. The decrease of the Zr coordination number
and the resulting decrease of cation coordination number
around O weaken the chemical bonds. These structural
changes coupled with the observed micro-segregation that
introduce interfacial structures can lead to increase of ion
diffusion and dissolution in amorphous zircon.
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