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Molecular dynamics simulation of disordered zircon
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The melting of zircon and the amorphous state produced by quenching from the melt were simulated by
molecular dynamics using a partial charge model combined with the Ziegler-Biersack-Littmark potential. The
model has been established for the description of the crystalline and aperiodic structures of zircon in order to
be used for the simulation of displacement cascades. It provides an excellent fit to the structure, and accounts
with convenient precision for the mechanical and thermodynamic properties of zircon. The calculated melting
temperature is about 2100 K. The activation energy for self-diffusion of ions in the liquid state was determined
to be 190–200 kJ/mole. Melt quenching was employed to produce two different disordered states with distinct
densities and structures. In the high density disordered state, the zircon structure is intact but the bond angle
distributions are broader, 4% of the Si units are polymerized, and the volume swelling is about 8%. In the low
density amorphous state, the Zr and Si coordination numbers are lower, and the Zr-O and Si-O bond lengths are
shorter than corresponding values for the crystal. In addition, a highly polymerized Si network, with an average
connectivity of 2, is observed in the low density amorphous state. These features have all been experimentally
observed in natural metamict zircon. The present findings, when considered in light of experimental radiation
effects studies, suggest that the swelling in zircon arises initially from disorder in the zircon crystal, and at high
doses the disordered crystal is unable to accommodate the volume expansion and transforms to the amorphous
state.

DOI: 10.1103/PhysRevB.69.064115 PACS number~s!: 61.43.2j, 64.70.2p, 66.10.2x, 31.15.Qg
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I. INTRODUCTION

Zircon (ZrSiO4) is a promising ceramic host material fo
the disposition of high-level nuclear waste and the immo
lization of excess weapons plutonium.1,2 It occurs in nature
with U and Th concentrations of up to 5000 ppm, and exh
its high resistance to physical and chemical degradation.
con has also been observed to be an important actin
bearing phase in the crystallized core melt of the Cherno
Nuclear Power plant.3 As an actinide bearing phase, natur
ZrSiO4 undergoes self-radiation damage froma decay lead-
ing to an aperiodic or amorphous state known as the met
ict state. Thea-decay event releases a high energy~4–6
MeV! a particle that dissipates its energy mostly by ele
tronic energy loss processes and an energetic recoil nuc
of about 0.1 MeV that slows down by creating an atom
displacement cascade.4 An understanding of radiation effect
in crystalline zircon and a determination of the structure
the aperiodic state are essential to ensure the reliability
zircon and related ceramics for nuclear waste disposit
Furthermore, interest in amorphous zircon is driven by
fact that amorphous zirconium silicates are candidates to
place SiO2 as the gate dielectric material in sub-0.1mm
complementary metal-oxide semiconductor technology.5

The accumulation ofa-decay damage in zircon over ge
logic time scales (;570 million years! has been extensivel
studied because of its importance to geochronology. In a
tion, studies of equivalent radiation effects, accumula
over two decades, in Pu-doped zircon and ion-irradiation
fects in synthetic zircon have shed light on the effects
irradiation dose, temperature and ion mass on the los
0163-1829/2004/69~6!/064115~9!/$22.50 69 0641
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crystalline periodicity of zircon~Ref. 4, and reference
therein!. The volume change associated with the crystall
to amorphous transition was found to be about 18%.4,6 How-
ever, there is considerable disagreement regarding
mechanism of amorphization.4,7,8 Moreover, the atomistic
details of damage accumulation and recovery in zircon
not well understood.

The structure of metamict zircon has also been exami
by a series of experiments. Vance9 studied the infrared~IR!
spectra from natural zircon and concluded that the S
bonding was similar to that in vitreous SiO2 , but found no
evidence for phase separation into SiO2 and ZrO2. A subse-
quent study10 using IR spectroscopy concluded that the stru
ture of metamict zircon consists of distorted and disorien
isolated silica tetrahedra and that the immediate environm
of Zr41 ion is highly disturbed with variation in Zr-O bond
distances and Zr-O-Si bond angles. Farges and Calas11 used
x-ray absorption spectroscopy~XAS! to determine that the
Zr41 coordination number in metamict zircon is reduc
from eight to seven in crystalline zircon and that the Zr
bond length contracts by about 0.1 Å in the metamict sta
The study suggests that a further contraction of the Z
bond length by 0.02 Å, which may occur at high radiati
doses, could lead to six-coordinated Zr41. A recent Raman
spectroscopy study12 of natural zircon samples conclude
that ZrO2 and SiO2 are not the principal products of metam
ictization and that the SiO4 tetrahedra are less polymerize
than those in silica. Farnan and Salje13 used 29Si nuclear
magnetic resonance~NMR! to probe local structure in natu
ral zircon. They observed an average polymerization of t
to three bridging oxygens per SiO4 tetrahedra in metamic
©2004 The American Physical Society15-1
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zircon, and suggest that a large number of interstitial de
oxygen sites may be present in the amorphous phase.
metamict state has been claimed to result from quenchin
a molten state due to a thermal spike in the displacem
cascade.14 In contrast to these studies, Begget al.6 have ob-
served by XAS and x-ray diffraction~XRD! that the amor-
phous structure of synthetic zircon containing 8.85 wt
238Pu, subjected to accelerateda-decay damage over 1
years, was lacking in long-range order, but retained a
torted zircon structure with rotated SiO4 and ZrO8 polyhedra
and zircon stoichiometry over length scales up to 0.5 n
There is a pressing need to interpret these experimenta
sults using atomic level simulations of damage accumula
and to compare the structure of metamict zircon to tha
melt-quenched zircon.

In an attempt to elucidate the atomistic details of dam
accumulation and recovery processes in zircon, several c
puter simulations have been performed recently.15–19Despite
the fact that classical molecular dynamics~MD! simulations
do not account for electronic effects, MD is ideally suited f
the small time~ps! and distance~10 nm! scales associate
with the dynamics of primary damage in zircon. MD sim
lations of radiation damage processes in ceramics are ge
ally limited by the availability of reliable interatomic poten
tials to describe the complex interactions in oxide syste
the demands on computation time arising from the lo
range of the Coulombic interaction, and the nonequilibriu
nature of the simulations that preclude the use of shell-mo
potentials found in the literature20–21as well as charge trans
fer techniques that are far from reliable at present.

In the present work, the melting of zircon and structure
the amorphous state produced by melt quenching have
examined using a partial charge interatomic potential mo
developed at the CEA-Saclay. This model gives a quite
isfactory fit to the equilibrium structure and elastic consta
of zircon. In addition, it reproduces the thermal decompo
tion of zircon at a temperature comparable to the experim
tal value and provides diffusion coefficients in the liqu
state that are in general agreement with experimental va
for silicate melts. Two different disordered states with v
ume swelling of about 8 and 18 % have been simulated.
results provide insights into the structure of amorphous
con, and are in broad agreement with experimental obse
tions and a recentab initio molecular dynamics study.19

II. DETAILS OF THE SIMULATION

A. Interionic potential model

The interaction between the ions in zircon was mode
using the Coulomb potential given by

Vi j
C5

qiqje
2

4p«0r i j
, ~1!

whereqi andqj are the charges of the ions interacting a
distancer i j , e is the electron charge, and«0 is the vacuum
permittivity. This interaction was evaluated using the smo
particle mesh Ewald method.22 At distances less than 10 Å
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an additional interaction was included for Zr-O, Si-O, a
O-O pairs in the form of a Born-Mayer potential given by

Vi j
B5Ai j expS 2

r i j

r i j
D . ~2!

The parametersAi j andr i j for the three interactions, and th
chargesq for the Coulomb potential are given in Table I. Th
model parameters, including the ion charges, were de
mined by fitting to the structure, elastic constants, and die
tric properties of crystalline zircon. The specific heatCp and
entropyS have not been included in the fitting. To be tran
ferable to nonbulk crystalline phases and surfaces, fur
refinement of the potential is needed. The potential para
eters were optimized using theGULP code23 by minimizing
the sum of squares of the differences between calculated
experimental values of the fitted properties.

For radiation damage studies, it is important to model
nuclear stopping accurately, by using a realistic repuls
potential. At distances much less than the equilibrium inte
onic separation, the Born-Mayer potential is joined smoot
to the repulsive Ziegler-Biersack-Littmark~ZBL! potential24

F i j using the Fermi functionF(r i j ) to give an effective
short-range interaction ofFVi j

B1(12F)F i j . The ZBL po-
tential is a screened Coulombic repulsion between nu
with a universal screening function fitted to a large numb
of atom pairs and has the form

F~x!50.1818e23.2x10.5099e20.9423x10.0.2802e20.4029x

10.02817e20.2016x, ~3!

where

x5
r i j ~Z1

0.231Z2
0.23!

0.8854a0
. ~4!

a0 is the Bohr radius andZ1 andZ2 are the atomic number
of the two atoms interacting at distancer i j .

The Fermi function is given by

F~r i j !5
1

11exp~2bf@r i j 2r f # !
. ~5!

The parametersbf and r f were chosen to ensure that th
potential and its derivative are continuous and monotonic
all values ofr i j . The parameters of the Fermi function a
given in Table II. The effective short range potential ener
is shown in Fig. 1 for Zr-O, Si-O, and O-O interactions. T
potential and its derivative were found to be finite, sing
valued and continuous for the range of values ofr i j relevant
to the simulation. The effective short-range potentials for
interactions were read from a table.

TABLE I. Born-Mayer potential parameters for ZrSiO4 .

Interactions Ai j ~eV! r i j ~Å! Charges

Zr-O 1967.0 0.305004 Zr:13.8
Si-O 1277.0 0.227225 Si:12.0
O-O 1755.0 0.306820 O:21.45
5-2
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Table III compares the lattice parameters, unit cell v
ume, bond lengths and bond angles from the present m
of zircon to those obtained by experiment.25 The fit to the
structural properties of zircon is excellent. The relative s
bility of ZrSiO4 in the zircon and reidite structures, shown
Fig. 2, was also evaluated to test the reliability of the pot
tial. Reidite is a high pressure polymorph of zircon found
upper Eocene impact ejecta layer in marine sediments
produced by shock loading of zircon at 30–50 GPa.26 Both
zircon ~space groupI41 /amd) and reidite ~space group
I41 /a) are tetragonal. The density of reidite is about 11
larger and the potential energy at 300 K~in the constant NVT
ensemble! is about 133 kJ/mol higher than the correspond
values for zircon. The present model stabilizes the cor
polymorph of zircon at 300 K.

Table IV compares the elastic constants, thermodyna
properties, and static dielectric constant of zircon fro
experiment27–33 and the present work. Matching the expe
mentally determined elastic constants and thermodyna
properties is essential to correctly model the response of
system to strains produced in the displacement cascad
well as the subsequent relaxation process. The present m
is able to reproduce the equilibrium elastic constants, spe
heat, entropy~calculated in the primitive unit cell with 32k
points along the Brillouin zone!, and static dielectric constan
of crystalline zircon as well as vibrational entropy up to 18
K as shown in Fig. 3.

TABLE II. Fermi function parameters for ZrSiO4 .

Interactions bf(Å
21) r f(Å)

Zr-Zr 6.0 1.00
Zr-Si 6.0 1.00
Zr-O 6.0 0.87
Si-Si 6.0 1.00
Si-O 6.0 0.62
O-O 6.0 0.30

FIG. 1. The effective short range potential energy of the Zr
Si-O, and O-O interactions as a function of distance.
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B. The simulation method

Molecular dynamics simulations were performed usi
version 2.14 of theDLPOLY computer code34 developed at
Daresbury Laboratory, U.K. with a modification to allow th
use of a variable time step. Most of the simulations we
conducted with a cell consisting of 63636 unit cells con-
taining 5184 ions and a maximum time step of 1 fs. Ene
conservation was within 1% of the kinetic energy. In ad
tion, a limited number of simulations were performed with
cell consisting of 18318318 unit cells containing 139 968
ions to examine system size effects. The reidite structure
simulated using 83833 unit cells containing 4608 ions an
22322310 unit cells containing 116 160 ions. Period

,

TABLE III. Zircon structural parameters from experiment an
the present model.

Property Experiment~Ref. 25! Present model

Unit cell volume (Å3) 261.1 265.6
Lattice constanta ~Å! 6.607 6.602
Lattice constantc ~Å! 5.982 6.093
Si-O bond length~Å! 1.622 1.637
Zr-O bond lengths~Å! 2.131 2.129

2.268 2.297
O-O bond lengths~Å! 2.430 2.430

2.494 2.531
2.752 2.786
2.842 2.854
3.071 3.071

O-Si-O bond angles 97.0° 97.0°
116.1° 116.0°

O-Zr-O bond angles 64.8° 63.8°
80.4° 79.4°
69.0° 69.6°
92.2° 92.3°

Zr-O-Si bond angles 99.2° 100.0°
149.8° 151.0°

Zr-O-Zr bond angle 111.0° 110.4°

FIG. 2. The structure of~a! zircon and~b! reidite polymorphs of
ZrSiO4 . The largest ion is O and the smallest is Si.
5-3
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boundary conditions were used in all the simulations. T
constant NPT ensemble35 was used to simulate the melting o
zircon, while the amorphous state was studied in the cons
NVT ensemble.36 The simulation cell was initially equili-
brated for 10 ps at a constant temperature and average
various thermodynamic properties, diffusion coefficients,
dial distribution functions, and bond angle distributions we
determined over the next 10 to 20 ps. By determining dif
sion coefficients in the melt at several temperatures, the
tivation energies for self diffusion have been determined

Amorphous zircon was produced by melt quenching
simulation cell containing 5184 ions. Starting from the z
con crystal at 2000 K, the temperature was raised to 500
The molar volume of the simulation cell was set 18% high
than that of the perfect crystal of zircon at 300 K. The sim
lation cell was equilibrated at 5000 K for 50 ps and quench
to 30 K over 10 ps by controlling the temperature of t
outermost layers. This corresponds to a quench rate of
order of 1015 K/s and is much higher than rates achieved
quenching experiments. The volume expansion was cho

TABLE IV. Comparison between experimental data and
present zircon model.

Property Experiment
~Refs. 27–33!

Present
model

Density (kg/m3) 4662.0 4584.0
Elastic constants
C11 ~GPa! 424.0 445.0
C33 ~GPa! 490.0 479.0
C44 ~GPa! 114.0 84.0
C66 ~GPa! 49.0 64.0
C12 ~GPa! 70.0 64.0
C13 ~GPa! 149.0 133.0
Bulk modulus~GPa! 225.0 223.0
Cp at 300 K (J mol21 K21) 98.6 102.1
S at 300 K (J mol21 K21) 84.4 84.2
Dielectric constant« «xx5«yy55.4

8–12 «zz511.9

FIG. 3. Comparison between experimental~Ref. 30! and calcu-
lated entropy differenceST2S298.
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to simulate the experimental observed swelling in amorph
zircon,4,6 and be consistent with theab initio simulation of
Balan et al.19 The structure of melt quenched zircon wi
18% swelling was examined at 300 K in the NVT ensem
and the pressure was found to be about 8 GPa. This struc
will be referred to as the low density~LD! amorphous state
to be consistent with the terminology used by Balanet al.19

In addition to the LD amorphous state, a high dens
~HD! disordered state was simulated as follows in order
model a highly distorted zircon structure at the onset
amorphization. Crystalline zircon was equilibrated at 2100
for 20 ps in the NPT ensemble and found to have a volu
expansion of 8% relative to crystalline zircon at 300 K. T
simulation cell was then quenched at constant volume us
static layers at the boundaries and equilibrated in the N
ensemble at 300 K for 10 ps. The computations were p
formed using multiple processors of a 6080 proces
IBM/SP at the National Energy Research Scientific Comp
ing Center at Lawrence Berkeley National Laboratory.

III. RESULTS AND DISCUSSION

Figure 4 shows the simulated molar volume of zircon a
function of temperature at zero pressure. The coefficien
linear expansion at 300 K is about 131025 K21, which is
larger than the experimental value.37 The volume undergoes
an abrupt jump between 2100 and 2200 K. The ZrO2-SiO2
phase diagram38 indicates that ZrSiO4 decomposes into
ZrO2- and SiO2-rich liquid at about 1960 K and the two
phase region extends from 1960 to 2675 K.

The radial distribution functionsg(r ) for zircon in the
NPT ensemble at 300, 2200, and 5000 K are shown in Fig
At 300 K, theg(r ) shows a Si-O peak around 1.6 Å and tw
Zr-O peaks around 2.1 and 2.3 Å. There is clear evidenc
long-range order corresponding to the zircon structure.
2200 K, the two Zr-O distributions merge into a single bro
peak and the peaks of the Si-O and Zr-O distances shif
smaller distances of about 1.55 and 1.95 Å, respectiv
There is no discernible structure beyond about 4 Å, indic
ing that there is no long range order at this temperature
5000 K, the Si-O and Zr-O bond lengths are slightly short

FIG. 4. Temperature dependence of the molar volume of zirc
5-4
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MOLECULAR DYNAMICS SIMULATION OF DISORDERED . . . PHYSICAL REVIEW B 69, 064115 ~2004!
and at long distances, theg(r ) curve overlaps the curve cor
responding to 2200 K.

In an effort to understand the structural changes occur
around 2100 K, the connectivity of silicon units was det
mined from the number of bridging oxygens. In a perfe
crystal of zircon, there are no bridging oxygens (Q0), while
in silica there are four bridging oxygens (Q4). The presence
of bridging oxygens is thus an indication of decompositi
of ZrSiO4 into ZrO2 and SiO2 . The cutoff distances for Si-O
and Zr-O bonds have been taken to be 2.7 and 3.3 Å, res
tively, in the present work. These values were chosen ba
on the minima in the respective pair distribution functio
from a large number of configurations with varying levels
volume swelling. Figure 6 represents the connectivity of
at 2100, 2200, and 5000 K. At 2100 K, nearly 93% of Si io
are unconnected, while about 7% have one bridging oxyg
The corresponding values at 1650 K~not shown in Fig. 6!
are 99.3 and 0.7 %, respectively. At 2200 K, more than 5
of Si are connected, withQ1 ~38.6%! andQ2 ~10.5%! being

FIG. 5. Radial distribution function of zircon at 300, 2200, a
5000 K.

FIG. 6. The degree of polymerization of Si units in zircon
2100, 2200, and 5000 K.
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dominant. At 5000 K, only 23.5% of Si are unconnecte
with Q1 ~37.7%!, Q2 ~25.5%!, Q3 ~11%!, and Q4 ~2.3%!
accounting for the rest.

The abrupt increase in volume, loss of long range orde
the radial distribution function, and significant increase in t
fraction of Si connected to other Si through O bridges in
cates decomposition of zircon above 2100 K. In addition,
mean square ionic displacement increases linearly with t
above 2100 K, which is a clear indication of random walk
diffusive processes that are characteristic of the liquid st
This temperature is in good agreement with the experime
value of 1960 K.38 Due to the lack of free surfaces and poi
defects in the present work, the transition temperature
overestimated and the observed temperature can be co
ered the upper limit of the melting temperature. A simulati
cell containing 139 968 ions was examined at 300 and 2
K in the NPT ensemble at zero applied pressure for 10 p
compare with the above results obtained for 5184 ions. T
results were identical for the two system sizes, and indic
that the observed phenomena are independent of system
The ability of the potential to reproduce not only the elas
constants and structure but also the thermal decompositio
zircon indicates that it is well suited for the study of radiati
damage in zircon leading to the disordered state.

The self-diffusion coefficient in molten zircon for eac
ion D ion was calculated in the temperature range 3000
5000 K, by determining the mean square displacem
^Dr ion(t)

2& as a function of timet in the linear regime over
times of the order of 20 to 50 ps using the equation

D ion5
1

6

d

dt
^Dr ion~ t !2&. ~6!

The self-diffusion coefficients of Zr, Si, and O ions in zirco
is plotted on a logarithmic scale as a function of the recip
cal temperature at 500 K intervals between 3000 and 500
in Fig. 7. The least-squares linear fit to the data is a
shown. The self-diffusion coefficients of the ions are w
described by an Arrhenius relationship. The preexponent

FIG. 7. Self-diffusion coefficient (D) in molten zircon as a
function of the reciprocal of temperature (T). R is the universal gas
constant.
5-5
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and activation energies for diffusion are shown in Table
Direct experimental data on self-diffusion in molten zircon
unavailable, which precludes a reliable comparison with
periment. The calculated values are nevertheless consi
with the first stage of recrystallization of partially metam
zircon identified by Giesleret al.39 as driven by point defec
annealing with an activation energy of 212 kJ/mole. Furth
more, the diffusion coefficients obtained in the present w
are broadly consistent with experimentally determined s
diffusivities of Si and O in silicate melts.40–41

In addition to studying the thermal decomposition of z
con, the relative stability of zircon and reidite~high pressure
polymorph! were examined by simulating the reidite stru
ture in the NVT ensemble at 300 K and the NPT ensembl
300 K with zero applied pressure. Reidite cells contain
4608 and 116 160 ions, respectively, were simulated w
lattice constantsa54.738 andc510.506 Å corresponding to
a density of 5161 kg/m3. In the NVT ensemble at 300 K, th
potential energy of reidite was about 133 kJ/mole higher t
that of zircon, and the pressure on the cell was about 17 G
The experimentally documented26 athermal transformation
from reidite to zircon was not observed in the present wo
Instead, when reidite was allowed to relax at zero press
and 300 K in the NPT ensemble, it transformed into an am
phous state with a volume swelling of about 42%, but co
parable to the LD state as far as the Si-O and Zr-O distri
tions, and the lack of long-range order are concerned.
LD state has a potential energy about 15–30 kJ/mole hig
than that of crystalline zircon, depending on the swelling a
level of relaxation of the amorphous state. Thus, there ex
a large driving force of nearly 100 kJ/mole for reidite
transform to the LD amorphous state. The thermodyna
properties of the reidite state and the occurrence of the re
to LD amorphous transformation were found to be indep
dent of system size.

Figure 8 shows the radial distribution functions~RDF’s!
for the HD and LD disordered states. The peak in the S
distribution is at about 1.48 and 1.54 Å in the LD and H
states, respectively. The peak in the Zr-O distribution occ
at 2.0 and 2.2 Å in LD and HD disordered states, resp
tively. The corresponding experimentally determined va
in metamict zircon is about 2.14 Å.42 These distributions are
narrow in the LD state and broader in the HD state. The
state has no long-range order, while the HD state is di
dered but retains peaks characteristic of the zircon struc
as is evident by comparing Fig. 8 and Fig. 5. The averag
coordination is about 3.5 and average Zr coordination
about 7 in the LD state. The latter value reproduces well
experimental Zr coordination of 6.8–7.2 in metam

TABLE V. Pre-exponentialD0 and activation energiesQ for
self-diffusion in molten ZrSiO4

Ion D0 (1026 m2/s) Q ~kJ/mole!

Zr 1.01 198.1
Si 1.58 190.3
O 1.66 195.0
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zircon.42 The Si and Zr coordination numbers in the H
disordered state are 4 and 8, respectively, as is the cas
crystalline zircon.

The connectivity of Si units in LD amorphous and H
disordered states is shown in Fig. 9. The average polym
ization of Si in the LD amorphous state is 1.95, while it
0.04 in the HD state. The decreased coordination of Zr,
shortening of the Zr-O bond, and the average polymeriza
of Si units in the LD amorphous state are all consistent w
recentab initio molecular dynamics simulations19 and ex-
perimental XAS~Ref. 10! and Raman studies.11 However,
the Si-O bond distance of about 1.48–1.56 Å observed in
present work for disordered states is shorter than the valu
1.68 Å observed inab initio calculations.19

Figure 10 shows the pair distribution functions, whic
represent the probability of finding a given pair of ion
weighted by the atomic numbers, for Zr-Zr, Zr-Si, and Si-
pairs in the HD disordered state. These pair distributions,
the coordination numbers of Zr and Si, are similar to tho

FIG. 8. Radial distribution function of the high density~HD!
and low density~LD! disordered states of zircon.

FIG. 9. The degree of polymerization of Si units in high dens
~HD! and low density~LD! states.
5-6
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MOLECULAR DYNAMICS SIMULATION OF DISORDERED . . . PHYSICAL REVIEW B 69, 064115 ~2004!
determined experimentally by Begget al.6 in synthetic zir-
con amorphized by the decay of incorporated238Pu. The
occurence of a single Zr-O peak at 2.2 Å in the pair dis
bution function~not shown in Fig. 10! is also consistent with
the results of Begget al.6 The HD disordered state was foun
to have a potential energy of about 20 kJ/mole higher t
the perfect crystal, while the corresponding value for the
amorphous state is between 15 and 30 kJ/mole. These va
are smaller than the 59 kJ/mole value of enthalpy of ann
ing of metamict zircon determined by calorimetry.43

The structure of HD and LD states was further examin
by comparing the distributions of O-Si-O bonds and Zr-O
bonds in HD and LD states with those for crystalline zirc
equilibrated at 300 K. These are shown in Figs. 11 and
respectively. In crystalline zircon, the O-Si-O distributio
shows sharp peaks at 97° and 116°, while the Zr-O-Si
tribution shows peaks at 100° and 151°, as indicated
Table III. The O-Si-O peaks become broader and star
overlap in the HD state, while the LD state shows a ve
broad distribution with a peak at about 120°. The Zr-O

FIG. 10. Pair distribution functions, weighted by atomic num
bers of interacting species, in the high density state.

FIG. 11. O-Si-O bond angle distribution in crystalline zircon
300 K, HD disordered state, and LD amorphous state.
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also shows this progressive broadening of the bond an
distribution in going from the crystal to the HD state an
then the LD state.

In order to examine the role of volume expansion in t
crystalline-to-amorphous transformation of zircon, the H
state was isotropically expanded at 300 K in the NVT e
semble. After a small expansion of the HD state, correspo
ing to 10% volume swelling relative to the perfect cryst
the transformation to the LD amorphous state occurred.
peak of the Zr-O and Si-O bond length distributions shift
to lower values of 2 and 1.48 Å, respectively. The Zr and
coordination numbers decreased to about 7.2 and 3.6, res
tively. Nearly 10% of the Si showedQ1 connectivity and a
further 2%Q2 connectivity indicating an increase in Si po
lymerization. The energy of the system decreased by abo
kJ/mole during this transformation. These results indic
that the HD state represents a critical volume expansion
yond which crystalline zircon becomes thermodynamica
unstable with respect to the amorphous state. This is con
tent with the fact that the HD state is obtained by quench
from crystalline zircon heated to a temperature just below
onset of melting. Furthermore, experimental results4 from
natural zircon indicate that the volume expansion of the cr
talline regions of the sample increases with dose and s
rates at about 4–6 % for a dose of 0.15–0.3 dpa. The c
tribution of the crystalline fraction dominates the tot
macroscopic swelling up to a dose of 0.15 dpa. At high
doses, the amorphous fraction increases rapidly with d
suggesting that there is a limit beyond which volume exp
sion of the crystal leads to amorphization.

The present simulations are consistent with the gene
ized Lindemann melting criterion44–46 that is based on par
allels between melting and solid state amorphization. W
et al.44 proposed a thermodynamics-based description
melting and solid-state amorphization, according to wh
volume expansion is the underlying cause of disordering
both phenomena. Beyond a critical volume expansion,
disordered crystal becomes thermodynamically unstable w
respect to the amorphous state. Okamoto and co-workers45,46

have proposed that the sum of the dynamic and static r

FIG. 12. Zr-O-Si bond angle distribution in crystalline zircon
300 K, HD disordered state, and LD amorphous state.
5-7
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DEVANATHAN, CORRALES, WEBER, CHARTIER, AND MEIS PHYSICAL REVIEW B69, 064115 ~2004!
mean-square atomic displacements expressed as a fracti
the nearest-neighbor distance is a better indicator of
chanical instability than volume expansion, critical strain,
atomic level stress. According to this model, the crystallin
to-amorphous transition can be viewed as disorder-indu
melting of a defective crystal occurring at temperatures
low the ideal glass transition temperature.

In the present work, the HD state represents the di
dered crystal at the onset of amorphization, while the
state is comparable to fully amorphous zircon. This is e
dent from Fig. 13, which shows a small section of the sim
lation cell for HD and LD states. In the HD state, the bon
are distorted and bond lengths are different when compa
to the perfect crystal, but the ZrO8 and SiO4 units are intact.
When the level of disorder increases beyond the crit
value represented by the HD state, zircon transforms to
LD state with substantial distortion of bonds. This am
phization is accompanied by a decrease in the averag
coordination number, increase in the polymerization of
units, distortion of O-Si-O and Zr-O-Si bonds, formation
Zr-O-Zr linkages, and loss of long-range order in agreem
with previous studies.10–11,19

*Electronic address: ram.devanathan@pnl.gov
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IV. CONCLUSIONS

The thermal decomposition of zircon and the structure
disordered states of zircon have been simulated by molec
dynamics using a newly developed partial charge model
reproduces the structure, elastic properties, and therma
composition of zircon. The activation energy for se
diffusion in the liquid was found to be about 190 kJ/mole
reasonable agreement with experimental data from silic
melts. Two disordered states were simulated to mo
metamict zircon. A high density disordered state with mi
mal Si polymerization, bond distortion, and a volume swe
ing of 8% was found to correspond to a distorted zirc
crystal at the onset of amorphization. A low density am
phous state with a volume swelling of 18%, average po
merization ofQ2, reduced Zr coordination, and considerab
bond distortion matched the structure observed experim
tally in metamict natural zircon. These results, when view
in light of experimental findings in irradiated zircon, sugge
that at low doses, the damage in zircon is accommoda
within the crystal lattice. This disordered crystal becom
thermodynamically unstable with respect to the amorph
state as the volume expansion increases with dose.
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