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Modelling the percolation-type transition in radiation damage
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Following the concept of percolation-type transition in zircon under radiation damage suggested
previously, the general simulation model of irradiated material is proposed. The model naturally
gives rise to swelling of the undamaged crystalline part of irradiated material. X-ray scattering
profiles are calculated and show broadening that increases with radiation damage, in good
agreement with published experimental x-ray diffraction data on zircon. The effect of percolation on
material bulk properties is studied. ©2000 American Institute of Physics.
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I. INTRODUCTION

The study of radiation damage in zircon has recen
received a lot of attention. During alpha-decay-induced ir
diation damage in zircon an energetic recoil nucleus p
duces a displacement cascade consisting of about 100
oms and an alpha particle produces several hundred iso
atomic displacements. The important question concerns
nature of the amorphization process at the local lev
whether it happens directly within the displacement casc
or as a result of the overlap of individual damaged regions
was suggested that in zircon,1,2 unlike in other complex sili-
cate structures, the alpha-decay-induced amorphization
cess is consistent with models based on the multiple ove
of displacement cascades.3 This indicated that amorphizatio
in zircon occurs as a result of the collapse of the crystal
structure after the local concentration of defects reac
some critical point, rather than directly in the displacem
cascade. However, more recent experimental data on zir4

indicated that amorphization is consistent with the sin
overlap model.3

More recent work5 has concentrated on the transitio
from the crystalline to amorphous state on a macrosco
length scale and the main question asked was whether
transition can be treated as a ‘‘driven’’ phase transition w
critical dose at the transition point, as was considered ear
In Ref. 5 it was argued that a careful distinction should
made between the damage process on the local and m
scopic level. While on the local level the collapse of t
crystalline structure into an amorphous state is a dri
phase transition with a critical dose, no experimental e
dence exists to support this view on the macroscopic sc
Instead, a percolation-type transition was proposed in Re
which introduces two critical doses which correspond to p
colation points.

a!Author to whom correspondence should be addressed; electronic
martin@esc.cam.ac.uk
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The percolation model, with its two percolation point
has the following effects on the structure of the damag
material. At the first percolation point amorphous regio
which are separated from all others in the crystalline ma
at lower dose, form the percolating cluster which conne
the top and the bottom of the sample. At the second pe
lation point crystalline islands, which were interconnected
lower dose, cease to form a percolating cluster and bec
disconnected in the amorphous matrix. The percolation-t
transition model describes amorphization as a gradual
cess, with an order parameter related to the periodicity of
crystalline structure.5

The purpose of the present work is to simulate the
fects related to volume swelling and diffuse scattering a
ing from the percolation-type transition in irradiated ma
rial, and to investigate the effect of percolation on the bu
properties of irradiated material. In order to do this, we p
pose a general model to simulate the irradiated material
percolation. This model allows us to visualize the chang
that occur in the structure under irradiation. We find that
scattering profiles calculated from this model are in go
agreement with recent experimental data on irradiated zirc
In addition, we find that our model provides the mechani
for swelling of the undamaged crystalline regions caused
the stress imposed by adjacent amorphous regions in the
gent direction.

II. THE MODEL OF IRRADIATED MATERIAL:
PERCOLATION

Central to the development of our computer model
irradiated material is the assumption that the radiation da
age leads to the formation of a certain number of regio
which are amorphous. We set aside the issue of the detai
the mechanism involved in forming the amorphous regio
for our main interest is to study the irradiation damage o
macroscopic level. We represent the whole sample by a
bic primitive lattice with each point representing a region
il:
2 © 2000 American Institute of Physics
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the crystal~i.e., many unit cells! which can be either amor
phous or crystalline. Amorphous regions are introduced
random and their numberNa is set according to a given
concentrationf a5Na /N, where N is the total number of
regions, or points on our lattice. The rest of the points in
cubic lattice represent undamaged crystalline areas.

In addition to direct creation of amorphous regions,
ther in the displacement cascade produced by heavy reco
by spontaneous collapse of the crystalline structure du
critical concentration of point defects, there exists an indir
mechanism which was pointed out in Ref. 5 and was s
experimentally. When a crystalline region is surrounded
amorphous ones there is a point defined by the local con
tration of those amorphous regions and a size of crystal
region at which this crystalline region becomes amorph
as well. This happens when the volume of interface betw
a crystalline and the surrounding amorphous regions
comes large enough, relative to the size of remaining c
talline region, to cause its collapse to amorphous state.

We accounted for this indirect mechanism effect by
troducing additional amorphous regions in two ways. In
first approach, which we call the ‘‘one-step approach,’’ ea
crystalline region that happened to be surrounded by
amorphous ones introduced originally was also made am
phous, and no further amorphous regions were introduced
the secondapproach, which we call the ‘‘multi-step ap
proach,’’ every additional amorphous region introduced w
also allowed to convert a neighboring crystalline region in
an amorphous region as in the one-step approach, and
process was repeated until there were no crystalline reg
left surrounded by two amorphous neighbors. On a mic
scopic level, the issue of which approach better reflects
associated physical processes is related to the questio
whether the amorphous region created by the collapse
crystalline structure as a result of the presence of adja
amorphous regions can impose the same effect on the c
talline regions left around it as the original amorphous
gions produced by irradiation.

To illustrate the effect of the choice of either approa
on a macroscopic level, we denotep as the final concentra
tion of amorphous areas, including additional ones int
duced through the above mechanism. We introduced am
phous regions at random in our cubic lattice according t
number of initial concentrationsf a ~defined earlier!. Addi-
tional amorphous regions were introduced according to
ther one-step or multi-step approach and counted, givin
final concentration of amorphous areasp. Using the algo-
rithms described above, we constructed the dependenp
5p( f a) for single-step and multi-step approaches, which
shown on Fig. 1. Since in the multi-step approach ev
newly introduced amorphous region participates in the
pearance of additional neighboring amorphous regions,
approach resulted in a steeper dependence ofp on f a than the
single-step approach. This effect can be seen to be par
larly significant at the intermediate values off a . On the
other hand, we studied the macroscopic expansion, unit
expansion and scattering profiles~see sections below! of the
structures derived in both approaches and found no dif
ence between the results of the two methods. As might h
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been expected, these macroscopic features depend on
value of the final concentration of amorphous areas in
structure only and do not depend on whether the one-ste
the multi-step approach is used to arrive at that value
concentration.

To simulate the first and second percolation poin
which were defined earlier, we constructed a cubic latt
containing 10031003100 points, with each point represen
ing either a crystalline or an amorphous region. When
creasing the portion of ‘‘amorphous’’ points we checked
each value off a whether the cluster formed by amorpho
points starts connecting the top and the bottom of our sim
lation box.6 This value defines the first percolation pointf a

5 f 1. Similarly, the second percolation pointf a5 f 2 is de-
fined by the value off a at which the cluster formed by
‘‘crystalline’’ points stops connecting the top and the botto
of our simulation box.

We give the values off 1, f 2 and corresponding fina
concentrationsp for each of the two approaches describ
above, together with the case when no additional amorph
regions were introduced, which we call the ‘‘direct’’ ap
proach, in Table I. We note that for the direct case the c
culated value off 1 is in good agreement with the know
value of the percolation point for a cubic latticef 150.312.6

It is interesting to see that, according to Table I, the int
duction of new additional amorphous points using either
the methods significantly speeds up the percolation in th
much lower value of the final concentrationp is needed to
reach the first percolation point, such thatp( f 1) has values
0.185 and 0.172 in the two approaches compared w
p( f 1)50.316 when no additional amorphous regions are
troduced. The introduction of additional amorphous poi
breaks the randomness of distribution of amorphous po
throughout the sample and promotes connectivity of am

FIG. 1. Final concentration of amorphous pointsp vs f a derived in one-step
approach~1! and multi-step approach~2!.

TABLE I. Values of f a at the first and second percolation points and c
responding final concentrations.

f 1 p( f 1) f 2 p( f 2)

direct approach 0.316 0.316 0.689 0.689
one-step approach 0.138 0.185 0.476 0.753
multi-step approach 0.116 0.172 0.341 0.785
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phous clusters and percolation. The same mechanism
plains the larger value of the second percolation pointp( f 2)
when additional amorphous points are introduced, as c
pared with the direct approach. We note that in the dir
approach, with random distribution of amorphous and cr
talline points,p( f 1)1p( f 2)51 ~within the computation er-
ror!, while this relation does not hold in one-step and mu
step approaches~Table I!.

It should be noted that the one-step and multi-step
proaches yield almost the same value of final concentrat
p at the first and second percolation points~Table I!. This
indicates that the final structures derived using those
approaches differ mostly by the distribution of amorpho
and crystalline areas in them, and not by the numbers
those areas which makes the choice of either approach in
nificant. Below we use the one-step approach in study
percolation as well as other macroscopic features.

III. VOLUME SWELLING

One of the crucial effects of introducing the amorpho
areas in the material due to irradiation is the swelling of
amorphous area relative to the pure crystal. This distorts
rest of the crystalline structure by imposing stress on a
cent crystalline regions. One straightforward way to obt
the resulting relaxed structure, taking into account the dis
tion due to swelling, is to employ the molecular dynam
simulation technique. This technique ensures that crysta
and amorphous regions move relative to each other, acc
ing to imposed local stresses, so that in the new equilibr
positions all the regions have relaxed to zero force. To sim
late this relaxation we use the molecular dynamics meth
treating the amorphous and crystalline regions as parti
with different sizes. In this context we use the molecu
dynamics as energy minimizer, rather than to study the
namics of our system. We suppose that the distance f
every amorphous point in our lattice to its next neighb
increases by a certain percentagec if that neighbor is crys-
talline and by 2c if the neighbor is amorphous. The distan
between the neighbors does not change if they both hap
to be crystalline. Thus the value ofc serves as a measure
the swelling of the amorphous region relative to a crystall
one.

We implemented this algorithm by relaxing the structu
using molecular dynamics simulation techniques with
DLPOLY package.7 Pair Buckingham potentials were intro
duced between all neighbor points with parameters wh
yielded required values of distances between points, tak
into account the swelling as defined above. The poten
parameters were tuned so that a minima of potential ac
between crystalline points, amorphous and crystalline po
and amorphous points equal 1, 11c, and 112c, corre-
spondingly. We also introduced potentials acting betwe
diagonal points which allowed the sample to keep its cu
structure during the simulation, subject to the same swel
conditions. Figure 2 schematically illustrates this procedu
It should be noted that the choice of the type of poten
acting between lattice points~which represent either crysta
line or amorphous regions! is insignificant, insofar as this
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potential is only used to relax amorphous and crystall
regions due to local swelling and distortion, i.e., to cre
structures with appropriate distortions and strains.

We note that the ‘‘stress’’ model built in the way ou
lined above is not intended to describe specific atoms or
specific system, but is designed to give strained regions
cording to any given distribution of crystalline and amo
phous regions. It need not be specific for zircon, the sys
we use to compare our results with experiment, but is ap
cable for any system with radiation damage.

A cubic box containing 40340340 points was chosen
for the simulation. The structure was relaxed in the const
pressure and temperature ensemble, thus allowing the
volume of the structure to change. The temperature was
relatively to the interaction energy. Two slices of our stru
ture for two values of dose which correspond tof , f 1 and
f 1, f , f 2 regimes are plotted in Fig. 3. As can be se
from the top picture in Fig. 3, the crystalline areas that
situated far from amorphous ones stay relatively undistor
if compared to those adjacent to amorphous areas. In a
tion to total volume swelling and translations, the distorti
can be seen in the form of shearing, a point to which
return later. When the number of amorphous areas beco
dominant~bottom picture in Fig. 3!, the shear distortion can
be seen throughout the whole structure.

To study the effect of introducing the amorphous are
in our model, we have produced a number of relaxed c
figurations for various values of thef a using the one-step
approach. This allowed us to construct the dependenc
total volume on dose, which is shown in Fig. 4~a!. We also
calculated the average distances between each of two ne
boring crystalline and amorphous points for each value of
dose. The corresponding volume change of the crystal
and amorphous unit cells is shown in Fig. 4~b!. We have
deliberately chosen the model parameterc to be 10%, which
is larger than in zircon, in order to enhance the effects
swelling to see them more clearly. Therefore the value
saturation of the total volume and unit cell swelling of zirco
at high doses measured experimentally~see, for example,
Refs. 1 and 2! is lower than the one obtained in our mode

FIG. 2. Schematic representation of modeling the distortion in the lat
due to introduction of amorphous areas. Shaded circles represent cryst
areas and selected circle represents an amorphous area.
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It is interesting to study the change in the behavior
volume swelling of the sample at the values off a corre-
sponding to the first and second percolation points. At
first percolation point the amorphous cluster starts conn

FIG. 3. Slices of relaxed configuration forf a50.10 ~top! and f a50.35
~bottom!. Large dark balls represent the amorphous regions and small
balls represent the crystalline regions. Selected areas highlight relat
undistorted crystalline regions and shearing in the structure.

FIG. 4. Dependence of~a! total volume increaseDV/V on f a and ~b! unit
cell volume increaseDV/V on f a for crystalline ~1! and amorphous~2!
parts.
f

e
t-

ing the sample boundaries, but the crystalline cluster pe
lates until the second percolation point is reached. In t
regime adding new amorphous regions is expected to lea
a gradual increase of the total volume@see Fig. 4~a!#. When
the second percolation point is reached, the cluster form
by the crystalline areas no longer connects the boundarie
the sample. Disconnected crystalline regions, not bein
part of one cluster, might be expected to move according
local stresses which are different throughout the sample.
creased shifting and rotating of those regions relative to e
other could lead to the change in the behavior of total v
ume swelling. However, no apparent change in the total v
ume swelling can be seen in Fig. 4~a! at the second percola
tion point. This can be explained by noting that the volum
of the crystalline unit cell increases gradually with the co
centration of amorphous areas@Fig. 4~b!#. This happens even
at low values off a and continues to be the case up to high
valuesf a. f 2. At the second percolation point the crystallin
areas are already locally distorted in the form of swelling a
shearing to the extent that no change in the behavior of
total volume swelling can be observed.

The fact that the average volume of a crystalline unit c
increases withf a , as can be seen from Fig. 4~b!, is quite
interesting because the distance between two adjacent
talline areas, or the size of the crystalline unit cell in o
model, is fixed and was not set to depend onf a . From the
simulation we have the following explanation: while th
stress imposed by swelling of the amorphous region on
jacent crystalline regions in the radial direction results in
total volume increase, the tangent component of the st
stretches the crystalline regions in the tangent direction, fo
ing them to swell. The same can be argued about swellin
the amorphous unit cell@Fig. 4~b!#. It is forced to stretch in
tangent direction under the stress imposed by a newly in
duced adjacent amorphous region. It is generally assu
that the measured unit-cell expansion in the irradiated m
rial is caused by an accumulation of point defects in
crystalline regions. We conclude that in our model the sw
ing of crystalline parts of the structure naturally happens a
result of the tangent stress from adjacent amorphous regi

IV. SCATTERING PROFILES

Generally, the introduction of damaged or complete
amorphous areas in the material under irradiation result
the reduction of the intensity of the Bragg peak and a shif
its scattering vector and appearance of diffuse scatterin
scattering profiles. Scattering profiles of irradiated mate
contain an important information which includes the deg
of damage, swelling, distribution of areas with different d
grees of damage, etc. It is therefore important to study
scattering profiles of damaged structures in our model
compare them with experimental data.

Having produced a number of configurations cor
sponding to various degrees of damage, we calculated s
tering profiles of the form

I ~Q!5U(
j

eiQ•RjU2

, ~1!

ay
ly
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where Q5G1q is the scattering vector,G is the closest
reciprocal lattice vector, andq is the wave vector with re-
spect to the Bragg reflection. In particular, the intensity d
tribution was calculated around the~440! and ~200! reflec-
tions in order to compare with experimental x-ray diffracti
data.8 When calculating scattering profiles, only contrib
tions from crystalline areas were taken into account. Sca
ing profiles were averaged over all equivalentQ vectors. In
order to reduce statistical noise caused by the limited num
of samples and their finite size, the diffuse scattering profi
were smoothed by convolution with Gaussian function. D
fuse scattering tails were convoluted separately from
Bragg peak, to preserve the height and shape of each pr

The effects related to volume swelling can be obser
in the scattering profiles calculated along the longitudi
direction of a particular reflection. The scattering profi
along the longitudinal direction of~440! reflection is shown
in Fig. 5 for two different values off a . As can be seen from
this figure, increasing the dose clearly results in increa
diffuse scattering tails as a result of highly inhomogene
distortion of the structure. Due to the swelling of the u
cell, the position of the sharp Bragg peak moves from~440!
to (42j,42j,0) (j is a positive value less than 1 — note
that the size of the reciprocal lattice vectors is fixed by
size of the sample, not by the size of the crystalline unit ce!.
On the other hand, the weight of the broad diffuse scatte
profile remains close to~440!, which is to the high side of the
Bragg peak, and with significant asymmetry. This effect
consistent with the scattering profiles obtained experim
tally using x-ray diffraction analysis of irradiate
zircon.5,8–10 The observed asymmetry in the diffuse scatt

FIG. 5. Dependence of intensityI (q) on q along the longitudinal direction
of ~440! reflection for~a! f a50.20 and~b! f a50.40.
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ing is associated with small crystallites that are highly d
torted by the internal stresses.5

In addition to the effect of volume swelling, the amo
phous regions also cause distortion of the structure in
form of shear waves which can be seen in Fig. 3. This eff
can be seen in the scattering profiles calculated along
transverse direction along the~440! reflection, which are
shown in Fig. 6. Note that the profiles shown in Fig. 6 a
calculated with the shift to the new position of the Bra
peak which moves from~440! ~off-central cut! to (42j,4
2j,0) ~central cut! as the volume increases. This allows
to see considerable diffuse scattering in the off-central c
which is less clear in the central cut of this reflection. At
higher valuef a50.2 only a broad peak remains at the po
tion of the Bragg peak and the diffuse scattering parts of
scattered intensity broaden.

In order to compare the effects of swelling and shear
the transverse component of the scattering profile needs t
calculated along the central cut of a particular reflection
ensure that both transverse and longitudinal components
on the same scale of intensity. In Fig. 7 we show scatter
profiles for~800! reflection calculated along the longitudin
and transverse component. The latter profile is calculate
values of q which correspond to the new position of th
Bragg peak (82j,0,0), j50.35. The intensity of the Bragg
peak in this reflection is weaker than the previous reflect
which enables one to see considerable diffuse scatterin
the central cut of the transverse component. As can be s
from the comparison of diffuse scattering of transverse a
longitudinal components in Fig. 7, the degree of shearing
comparable with swelling in our model. Such a considera
shearing is consistent with the one observed recently in
diffuse scattering profiles of radiation-damaged zircon.8

FIG. 6. Dependence of intensityI (q) on q along the transverse direction o
~440! reflection for~a! f a50.10 and~b! f a50.20.
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We tried to establish whether the existence of perco
tion points has an effect on the behavior of the scatter
profiles. Once the second percolation point is reached
the percolating crystalline cluster is broken into disconnec
‘‘floating’’ crystalline regions these regions start rotating a
shifting relative to each other, which could significantly r
duce their coherence in contributing to the scattered in
sity. However, there is no clear change of scattering profi
behavior at the values of dose corresponding to the sec
percolation point. The reason for this is the same as for
smooth behavior of the total volume swelling at the seco
percolation point: crystalline areas start distorting well b
fore the percolation point is reached due to the local stre
imposed by adjacent swelled amorphous regions. This ma
the scattering profiles insensitive to the percolation.

FIG. 7. Dependence of intensityI (q) on q for ~800! reflection atf a50.40
for ~a! longitudinal direction and~b! transverse direction.
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V. CONCLUSIONS

In summary, we have proposed a general model of
irradiated material which undergoes percolation-type tran
tion from crystalline to amorphous state and have studied
effect of percolation on the bulk properties in the samp
Our model gives good reproduction of scattering profiles
served experimentally in zircon,8 including the asymmetry of
diffuse scattering and effects of swelling and sheari
Swelling of the undamaged crystalline parts naturally ari
in this model which can be explained by interaction of tho
parts with adjacent swelled amorphous parts.

We also remark that in addition to bulk properties, t
effect of percolation on transport properties in a sample m
be of interest. If a particle is more likely to diffuse throug
the interface between crystalline and amorphous phase
sample than through either of those phases, then an incr
in diffusion can be observed in thef 1, f a, f 2 regime, when
both crystalline and amorphous percolating clusters ex
This has yet to be verified experimentally.
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