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Abstract The time and temperature evolution of twin-
ning in cordierite is simulated using three computer mod-
els. The orientation of walls between twin domains in nat-
ural cordierite follows mainly the ferroelastic pattern
which minimises the strain energy of the walls between
twin-related domains. Such ferroelastic twinning is simu-
lated in an elastic three-states Potts model in which each
structural six-membered ring is represented by a three
state pseudo-spin. The resulting twin pattern in a sample
with 3169 structural rings shows sector trilling and fine
scale ferroelastic wall patterns which coarsen with in-
creasing annealing time. The poorly defined wall direc-
tions observed in cordierite were found to be related to
twin walls which do not minimise the strain energy. In-
stead, these walls are located along the corners of pseu-
do-hexagonal rings and appear as the consequence of lo-
cal rather than global interatomic interactions. Simula-
tions using two-dimensional (38028 atoms) and three-di-
mensional (408228 atoms) structural models show a pre-
dominance of these topological walls over the strain walls
at early stages in the ordering process. The domain struc-
ture in the simulation is patchy rather than corresponding
to repeated stripe structures found in other ferroelastic and
co-elastic materials. In all models, a strong tendency for
sector trilling is observed. In kinetic tweed patterns a nov-
el 60° tweed is found at atomic length scales while the
usual strain-mediated 90° tweed appears at mesoscopic
length scales. An unusual surface tension effect in domain
formation and ‘writhing’, fluid-like motion was found in
the three-dimensional structural model. This motion,
along with the existence of non strain-mediated walls
may contribute to cordierite’s poorly defined domain wall
directions at the early stages of domain coarsening.
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1 Introduction

The fingerprint for the appearance of cordierite in petro-
logical thin sections is its characteristic ‘sector trilling’
as shown in Fig. 1a for a sample of volcanic origin. Clos-
er inspection of metamorphic and volcanic cordierite
samples often reveals a surprisingly complex microstruc-
ture which includes jagged twin walls, needle domains of
a rather broad, ‘patchy’ nature and rather wiggly twin
walls which appear to bend and twist when viewed along
the pseudo-hexagonal c-axis (Venkatesh 1954; Miiller
and Schreyer 1991). Such extreme bending of twin walls
is uncommon in minerals because it requires large anisot-
ropy energies and, in the case of thick walls, high bending
energies (Salje and Ishibashi 1996; Salje et al. 1998). A
typical example of the complex microstructure in cordie-
rite is shown in Fig. 1b with jagged and curved walls, and
needle domains clearly visible. The most surprising mi-
crostructural property of cordierite is its ability to form
twin walls which are not compatible with the condition
that two adjacent twins exert no stress on the wall. This
condition defines elastically ‘soft’ planes. In all known
ferroelastic materials, besides cordierite, twin walls are
oriented along these soft planes.

In Fig. 1c an example of a cordierite sample is shown
which displays the usual ferroelastic ‘strain walls’ and, in
addition, twin walls which are rotated away from these
elastic soft directions. These latter walls are not stress free
and, for reasons to become clear later, will be referred to
as ‘topological walls’.

Figure 2 shows the early stages of tweed formation for
synthetic cordierite analysed using TEM techniques. At
these much smaller length scales we can see that the
tweed pattern is extremely wiggly with very poorly de-
fined wall directions compared with alkaline feldspars
and YBCO (Putnis and Salje 1994). The domains also
seem to form into small, isolated patches rather than the
long, unbroken stripes observed in these other structures.

The question which is addressed relates to the origin of
these unusual microstructures in cordierite. An intuitive
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Fig. 1a—c Sector trilling in naturally occurring cordierite samples as
observed under an optical microscope. a Sector trilling structure
consisting only of strain-mediated domain walls. The optical axis di-
rections are shown in each domain as calculated from birefringence
analysis. These directions are discussed in Section 7. b Twinning
and needle domain formation. ¢ Sector trilling but with additional
walls which are not strain mediated (marked / and 2)

Fig.2 Time evolution of synthetically grown cordierite. Starting
from a hexagonal structure, tweed patterns form and then coarsen in-

to twin domains. The scale bar shown is 0.2 um long, (after Putnis et
al. 1987)

answer might be expected from the outset. Let us start
from the idea that the formation of twins in cordierite
can be envisaged as the result of a transition between a
hexagonal phase (P6/mcc) and an orthorhombic phase
(Ccem). The hexagonal phase may exist as an equilibrium
phase at temperatures above 1720 K (Miiller and Schreyer
1991; Redfern et al. 1989; Schreyer 1986; Putnis et al.



1987; Salje 1987; Daniels et al. 1992) or as a kinetic pre-
cursor phase which nucleates within the stability field of
the orthorhombic phase and subsequently undergoes a
non-equilibrium ferroelastic phase transition. The topolo-
gy of the crystal structure shows a (pseudo-) hexagonal
atomic arrangement with twin formation along the hexag-
onal basal axes (Putnis and Salje 1994; Nord 1994). This
process is in competition with the requirement that ferro-
elastic twin walls are perpendicular to each other, i.e. they
break the hexagonal symmetry. As a result of the compe-
tition between the requirements of the atomic structure
and the minimisation of the elastic strain energy one
might expect the simultaneous appearance of two types
of walls or a wall structure which represents some com-
promise between atomic and strain features.

The results of the study presented in this paper and the
experimental evidence points clearly to the first solution
of the two wall types with the additional observation that
strain walls dominate over topological walls at late stages
of the microstructural development.

Our analysis consists of computer simulations of three
models with increasing complexity approaching a rather
realistic cordierite structure. The process which leads to
the formation of twins is the atomic ordering of Al and
Si ‘ordering atoms’ within a complex network of oxygen
tetrahedra.

Cordierite (Mg,Al4Si50;g) consists of two sublattices
of atoms which behave in quite different ways. The Al
and Si atoms are always located at the centres of oxygen
tetrahedra but are able to move from one tetrahedron to
another. The precise way in which they form into patterns
dictates the degree of order in the system. Therefore these
atoms are known as ordering atoms. The sublattice of Al
and Si atoms forms a binary alloy.

In contrast, the rest of the lattice (consisting of Mg and
O atoms) is known to be very rigid and these atoms can
only move short distances from their mean positions: they
never swap sites. The sublattice of Mg and O atoms is
called the host lattice.

Al atoms are physically larger than Si atoms and so tet-
rahedra containing Al atoms ‘swell up’ and gain a greater
volume than those with Si at their centres (Gibbs 1966).
The four oxygen atoms at the vertices of these tetrahedra
are therefore pushed outwards and in turn apply forces on
neighbouring atoms. This knock-on effect causes a distor-
tion in the host lattice which propagates throughout the
crystal applying forces on other ordering atoms. Thus,
the ordering atoms interact with each other indirectly
via the host lattice which acts as an elastic background.
This interaction is known to be long-ranging and anisotro-
pic; its symmetry depends on that of the crystal structure
(Bratkovsky et al. 1994a).

Because of this strain mediated interaction between
ordering atoms, we would expect the types of domain
walls allowed to be determined by strain effects which
are independent on the precise atomic structure. This
has indeed been the case in the computer simulations of
other crystals studied in this way (Salje and Parlinkski
1991; Parlinski et al. 1993; Bratkovsky et al. 1994b,
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1996; Tsatskis et al. 1994; Tsatskis and Salje 1996; Vul
and Salje 1995). However here we will show that these
strain mediated walls, while important are not the only al-
lowed walls. In addition, there are topological walls
formed due to local interactions between cordierites char-
acteristic six-membered tetrahedral rings.

2 Crystal structure and domain walls

The structure of cordierite is shown in Fig. 3 (Gibbs
1966). It consists of two types of oxygen tetrahedra called
T1 and T2. The T2 tetrahedra form layers of six-member-
ed rings. In each unit cell, there are two layers of T2 rings
with the rings in alternate layers rotated by 30° with re-
spect to each other. The T1 tetrahedra form ‘ladders’ con-
necting these T2 layers. Al or Si atoms are present in each
tetrahedron. There are also oxygen octahedra present with
Mg atoms at their centres.

Domain formation occurs when each T2 ring contains
2 Al and 4 Si atoms and the Al atoms are aligned on op-
posite sides of the ring. Figure 4 shows one way in which
this can happen. There are three ways of having this type
of order and so there are three types of domain. Each ring
has a domain type associated with it which we will denote
by a number 1, 2 or 3. We will call this number the ring
spin since it is analogous with spins found in ferromagnet-
ic materials. In using this nomenclature we reduce the
system to a three-state Potts model in three dimensions
(e.g. Eichhorn and Binder 1996; Binder 1981).

There is a tendency to exclude two Al from being pres-
ent in adjacent tetrahedra (Loewenstein’s rule: Loewen-
stein, 1954) so that the ‘spin’ of a ring indicates the con-
figuration of ordering atoms in that T2 ring and also in the
surrounding ring of T1 tetrahedra (see Fig. 4). Thus the
configuration of all ordering atoms in the crystal can be
specified by stating the ring spin configuration.

In the computer simulation we will use the ring spin
values shown in Fig. 5 to indicate the type of ordering
in each T2 ring. Notice how we expect the Al opposite
pairs in the two types of T2 rings to be aligned next to
each other such that the Al-bearing T2 sites on each side
of the ring are connected by T1 tetrahedra. The diagram
also indicates how T2 tetrahedra with Al present swell
up distorting the T2 ring into an elliptical shape.

The phase transition between hexagonal and orthorhom-
bic cordierite leads to a symmetry reduction which is illus-
trated in Fig. 5. The strain formed as a result is caused by
the opposite Al pair stretching the T2 ring out with a cor-
responding contraction in the perpendicular direction. This
stretching is then transmitted to neighbouring rings causing
a spontaneous strain of the form (Salje 1993):

e 00
e=|0 — 0 (1)
0 0 O

with respect to the strain’s principle axes in each of the
three domain types.
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Fig. 3 The structure of cordierite in the a-b plane and along the c
direction. T1 and T2 tetrahedra are shown (after Putnis 1992)

When two domains come together the interface is
called a domain wall. If the wall is strain mediated its
orientation must be such that the strain a small distance
away from the wall in both adjacent domains is the same
(Sapriel 1975). Using this condition for a hexagonal/or-
thorhombic system, six walls of fixed direction perpen-
dicular to the T2 planes are obtained:

Domain pair Wall 1 angle Wall 2 angle

1-2 0 +90
1-3 +60 =30
2-3 -60 +30

There are two mutually orthogonal walls between each
pair of domains. The angles shown are with respect to the
x-axis. These walls are shown schematically in the lower
part of Fig. 6. As required by strain interactions, there are
two mutually orthogonal walls for each domain pair.

Fig. 4 Al/Si configuration in ordered cordierite. The dashed lines
show the high temperature hexagonal unit cell and the solid lines
show the orthorhombic unit cell which forms as a result of ordering
below T,, (after Putnis 1992)

Fig. 5 The numbering system used to indicate Al opposite pair con-
figurations in each ring. The axes shown are used throughout. The
two types of T2 rings per unit cell are shown as solid and dashed
lines and the Al positions are shown as black and white circles re-
spectively. Other tetrahedra have Si atoms at their centres

Structurally, the strain wall directions are located half
way between the Al opposite pair orientations.

Three of the walls are formed by linking nearest neigh-
bour T2 rings and we will call these nn strain walls
whereas the other three link next-nearest neighbour T2
rings and will be referred to as nnn strain walls.

Also shown in Fig. 6 are six walls which are not strain
related but do appear in the computer simulations. They
are such that the Al pairs on one side of the wall are
aligned along the wall direction (the domain on the other
side being either of the other two types). We will call
these walls fopological walls since they relate to the local
ring topology of cordierite rather than long ranging strain



Fig. 6 The six strain walls and
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six topological walls observed

in the simulation. A T2 ring is
present at each line intersection

in the diagram. The double-
headed arrows indicate the di-

rection of alignment of the op-
posite pairs of Al in the rings. In
fact the actual Al positions are
rotated by +£15° with respect to
the arrow direction for the two
non-equivalent T2 layers shown
in Fig. 5. The arrow is drawn
half way between these two

Topological walls/7 / / / / / / / \
//X 2//////7:77777777
, 777
/ LA /N

orientations and also corre-
sponds to the strain direction.
The dashed lines indicate the
wall directions

Strain walls

[ L)) LA !

R

nn strain walls

interactions which give rise to the strain walls. Thus cor-
dierite displays 12 domain walls in total, 6 of which are
ferroelastic in nature.

3 Computer models

The problem of cordierite ordering turns out to be consid-
erably more complicated than that of any other material
previously studied in this way. In order to understand
the behaviour thoroughly and learn how different types
of behaviour are governed by different structural elements
we have carried out the simulation on three different lev-
els of complexity, which are discussed individually in the
following sections.

In all three models we use the following basic ideas.
We assume that the host atoms interact with each other
harmonically, i.e. that they are connected in a ‘balls and
springs’ network. The exact strength and geometry of
these springs is not known so we use such spring topology
as to encapsulate our understanding of how cordierite be-
haves. Thus, the models are highly phenomenological:
they are not based on exact interatomic potentials (which
are irrelevant for large-scale microstructures) but on an
elastic response which encapsulates the essential mecha-
nisms for domain formation. It is technically impossible
to explore the full parameter space of a structure of the
complexity of cordierite, the best we can hope for is to

nnn strain walls

get reasonable domain patterns which give us a ‘feel’
for the ordering behaviour.

The ordering atoms interact with nearby host atoms via
constant ‘Kanzaki’ forces depending on the spin value of
each T2 ring. We assume that the direct interaction be-
tween ordering atoms is comparatively weak and we ig-
nore it. Thus, the Hamiltonian can be written as:

H= Hhost + Him (2)

where Hyo 1S the energy of the host atom-host atom inter-
actions and Hj, is the energy of the ordering atom-host
atom interactions (Tsatskis and Salje 1996).

Because we are using simple spring bonds for the host
lattice, we can write Hpog as:

1
Hhost - Z Ekbond(5r)2

bonds

(3)

where dr is the stretching of a bond and kpopg is the spring
constant. The sum is over all bonds in the host lattice. Us-
ing the formalism of the dynamical matrix we can rewrite
this as

Hh()ﬂt - u A U= 2 Z Z unAZmu]m

nm ij

(4)

with the first expression written in matrix format (the ma-
trices must be appropriately partitioned so as to include
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the indices n, m, i, j).__uil is the ith displacement compo-
nent of atom n and AY, represents the spring interaction
between the i and jth displacement components of atoms
n and m.

The force on each host atom, n, denoted fyf (with i cor-
responding to the Cartesian component) is given by:

fi=Y Fip} (5)

loy

where pf, the occupation number indicates the presence
or absence of an ordering atom of type o at site / such that
p =1 if the atom is present and p = 0 if the atom is absent.
In cordierite, for example, we could take pll =1 to repres-
ent the presence of an Al at site / and p? =1 to indicate a
Si. The matrix element F); represents the ith component
of force applied to atom n when an ordering atom of type
o is present at site /. The matrix F therefore gives the set
of Kanzaki forces.

Since the Kanzaki forces are constant, we can now
write the total Hamiltonian as:

1
HZEMTAM—MTF[)

) ST S5 B By SN
] nl i a

nm ij

The evolution of the ordering atom configuration is mod-
elled using the standard Metropolis algorithm of Monte
Carlo analysis, interchanges of ordering atoms are at-
tempted and the attempts accepted with probability

exp(—AE /kgT)

P(AE) = 1 +exp(—AE/kgT) (7)

Thus the system performs a ‘random walk’ from its initial
configuration. Making use of the ergodic nature of the
system, we can take the evolution of the system as it
‘walks’ to correspond to its time evolution. The number
of Monte Carlo steps, fj¢ is related to the real time
elapsed, ¢ by:

t:tMcexp(Ea/kBT) (8)

where E, is some characteristic activation energy of the
Monte Carlo interchange. Thus a sequence of spin config-
uration snapshots represents the time evolution of the sys-
tem.

In the computer simulation we are only interested in
the motion of the ordering atoms since these dictate do-
main formation. The host atoms are necessary only as
an elastic medium with the required stiffness and geome-
try to cause the correct interactions between ordering at-
oms. In order to express this interaction most clearly,
we allow the host lattice to relax to its minimum energy
configuration between interchanges of ordering atoms.
This also allows us to eliminate the host atom displace-
ments from Eq. 6 and hence reduce the model to a Potts
model.

Minimising Eq. 6 with respect to atomic displacements
gives:
OH
o,

= (Au—Fp),=0 9)

which leads to the matrix of relaxed displacements,
(uo);: (A_le);.
Substituting this back into Eq. 6 yields:

1

Hy = EPTVP

(10)

(11)
with,

Vel = —(FTA7'F) " (12)
This is the Hamiltonian used in the simulation. It is for-
mally the same as that of a Potts model with a highly
complex interaction term V. While in nearest-neighbour
Potts models most elements of V are zero none of the el-
ements are zero in our simulation. In fact, the interaction
can be shown to decrease as R®> where R is the distance
between ordering atoms so it is indeed long ranging as
we expect. The anisotropy of the interaction of the system
can also be derived from an analysis of Eq. 11 (Bratkov-
sky et al. 1994a).

One way to calculate the energy differences required
for the Metropolis algorithm would be to calculate the
tensor V from the springs and Kanzaki forces of the sys-
tem. However the number of atoms considered in these
simulations is very large (of order 10°) and the size of
the dynamical matrix A is (a’N)2 where d is the dimen-
sionality and N the number of host atoms. It is impractical
to attempt to invert such a large matrix and so Newtonian
molecular dynamics with damping is used to move the
host atoms to their lowest energy positions and minimise
the energy in Eq. 6.

The most straightforward way to proceed would be to
calculate the energy for a relaxed system (using molecular
dynamics), interchange ordering atoms, recalculate the
energy and subtract to get the energy change for Eq. 7.
However, the relaxation process for such a large number
of atoms is very computationally intensive and doing two
relaxations per interchange requires too long a computa-
tional time.

Instead of calculating AE directly, we calculate the
quantity

AE = —ugFAp (13)

where uy is the set of relaxed host atom displacements and
Ap is the difference in the ordering atom configuration
due to one Monte Carlo interchange. This quantity turns
out to be related to AE by
AE=AE+56 (14)

where & is the energy correction. It is a constant which
depends only on the structure of the model and can be cal-



culated before running the simulation. This calculation
will be discussed in more detail in the later sections with
respect to each model in turn.

The computer algorithm then operates as follows: the
host lattice is relaxed, all Monte Carlo interchanges in
the lattice are attempted at once and the process is repeat-
ed. Thus all the ring spins can be changed for a single host
lattice relaxation.

We use free boundary conditions throughout rather
than the more usual periodic boundaries because the latter
tend to produce a spurious periodicity in the spin config-
urations generated by the simulation. Periodic boundaries
also prevent the formation of large-wavelength stretching
modes in the host lattice (such as an overall volume ex-
pansion) which we expect to observe.

All the simulations are carried out from an initial ran-
dom ring spin configuration and so correspond to a
quench from infinite temperature or the time evolution
from a hexagonal precursor phase.

The computer programs were run on the Hitachi S-
3600 vector computer, part of the Cambridge University
High Performance Computing Facility.

4 A 3-states strain-mediated Potts model

4.1 Methodology

The essential features of the hexagonal to orthorhombic phase tran-
sition and the elastic nature of the host lattice interactions are cap-
tured in a simple, ‘toy’ model with only one atom per unit cell.
As the long ranging elastic interactions guarantee that the phase
transition follows mean field behaviour, the dimensionality of the
lattice becomes irrelevant (d >2). The simulation is done in the
least allowable dimension, namely d =2.

Figure 7 shows a schematic diagram of the system. There is one
atom (representing the entire T2 ring) and one ring spin present at
each intersection in the diagram and the lines represent springs con-
necting nearest neighbour host atoms. The forces are applied such
that the host lattice stretches to produce the spontaneous strain ex-
pected when each type of ring spin is present at the corresponding
site.

We do not have anything corresponding directly to Al or Si or-
dering atoms in this simulation, instead the ring spins apply forces
directly. The occupation numbers in Eq. 5 now correspond to the
configuration of ring spins such that p# =1 implies that a ring spin
of type o (1, 2 or 3) is present at site /.

Because this system is truly a three state model, it turns out that
the energy correction can only be expressed in terms of A~! which
as we have noted is hard to calculate. However, experience with
similar systems (with only one atom per unit cell) has shown that
the energy correction is rather small compared to typical values of
AE encountered during the simulation. For the simple model, there-
fore we ignore this correction and use AE to represent the energy
changes.

A 2D hexagonal sample was used with 32 atoms on a side of the
hexagon giving 3169 atoms and ring spins in total. The overall hex-
agonal shape of the total sample turns out to be necessary in order to
produce the correct symmetry above 7.

4.2 Results and discussion

Figure 8 shows the ‘time’ evolution of the ring spins in
the simple model at T=0.27, (T. was calculated by
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10 A

Fig.7 The three states strain Potts model. Each intersection in the
diagram represents an atom and a ‘ring spin’. The lines shown are
the host lattice springs. The forces applied due to a spin of type three
being present at the point marked by the circle are shown as arrows.
Equivalent forces are applied by ring spin types 1 and 2 but rotated
by +60°

plotting the average magnetisation of the sample as a
function of temperature). At this low temperature, the
simulation shows very rapid domain formation and
coarsening. The walls which form are the strain walls
described in Fig. 6, with no sign of any topological
walls. For example at =60 Monte Carlo steps per ring
(MCSPR) we see all six strain walls in one plot. The
90° angles between like strain walls are clearly visible
in this snapshot for example the 1-2 vertical wall going
upwards from coordinate (-30,0) and approaching its
horizontal counterpart at around y=210. On the right
hand side of the same figure, we can also see two 90° an-
gles between three 1-3 walls.

In other similar simulations such as the square lattice
(Bratkovsky et al. 1994b, Salje and Parlinski 1991),
there is a strong tendency to form sets of parallel walls
with alternating domain types in between. This period-
icity is not observed here. Instead the domains tend to
form into isolated ‘islands’. The picture is fundamental-
ly patchy with the size of the patches increasing with
MC steps.

Coarsening continues rapidly with the larger domains
growing indefinitely at the expense of the smaller ones.
At =300 MCSPR, we see only three large domains cov-
ering the whole sample.

The contrast between the periodic domains formed in
other structures and the patchy cordierite domains shown
here seems to correspond to experimental evidence from
TEM pictures (Putnis and Salje 1994). The most striking
effect of this is the formation of ‘trilling’ patterns in cor-
dierite where domain growth increases into the macro-
scopic scale with sections of the material consisting of
3—6 domains each several millimetres across. Other mate-
rials such as alkali feldspar do not exhibit this effect and
continue to show periodic twin domains even after very
long annealing times.

Figure 9 shows the early formation of domains at the
same temperature. After only a few MCSPR, the domains
formed are very small and intersect each other in a com-
plex network. This picture corresponds to the kinetic
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Fig. 10 Structure factor plots for the kinetic tweed structure of the
strain model taken with respect to the three spin types shown

5 (k) = (")) (16)
which is easier to calculate on the computer.

Figure 10 shows the three structure factors. In our sim-
ulation, the Brillouin zone is a hexagon of diameter
0.8 A~! 5o the plots show about half of k-space centered
at k=0.

Looking at a =1 first, we see there are two types of
soft direction at different length scales. At short distances,
further from k =0 we see two soft directions which ap-
pear to be perpendicular to the 1-2 and 1-3 nn strain
walls in Fig. 6. Comparing this with the a =2, 3 plots
we again see soft directions perpendicular to the nn strain
walls involving types 2 and 3 again at short length scales
far from k = 0. This seems to indicate that the fine tweed
(at short length scales) consists only of the nn strain walls
which is consistent with the appearance of Fig. 9.

As we move towards the origin and longer length
scales we see that the soft directions rotate until an or-
thogonal cross appears near the centre in each plot. This
rotation is such as to include the soft directions perpendic-
ular to the nnn strain walls.

For example, in the a = 1 plot, we see the effect of the
1-2 and 1-3 nnn strain walls causing rotation away from
+90° and —30° towards +60° and 0°. The near vertical di-
rection at this length scale includes the 1-2 nn and the 1—
3 nnn directions. The other direction refers to the 1-2 nnn
and 1-3 nn directions. Thus the central 90° cross consists
of two pairs of mutually orthogonal directions corre-
sponding to all four walls associated with type 1 rings.
The orthogonal crosses in the other two pictures similarly
represent the four soft directions associated with ring spin
types 2 and 3. Thus we observe two types of tweed forma-
tion: 60° tweed at short (atomic) length scales and more
usual 90° tweed at longer length scales.

Figure 11 shows domain formation at 7T =0.67,. At
this higher temperature, we see that thermal effects intro-

-0.1 0 0.1 0.2

duce random fluctuations causing the domain walls to be-
come much less distinct than before. There are also ran-
dom patches of ring spins appearing within the domains
themselves. Increasing the temperature further causes
these fluctuations to increase until the spin distribution
becomes approximately random.

Strain walls appear in this simulation as before. For ex-
ample, we can see the 90° angle between the two 2-3
strain walls in the /=300 MCSPR snapshot. However, oth-
er walls (such as the 1-3 walls at the top and bottom of
the same picture) are much less well defined: it appears
that the soft directions are starting to become indistinct
at this higher temperature.

Figure 12 shows the domain formation near 7. Six dif-
ferent runs are shown from different, initial random con-
figurations after 20 MCSPR each. The local domain wall
directions have almost entirely broken down at this point.
Instead, a small number of very large though poorly de-
fined domains appear. Although we are at a very much
smaller length scales, these pictures seem to correspond
rather clearly to the trilling observed experimentally
(Fig. 1). In particular, runs 3, 5 and 6 show ‘sector trill-
ing’ with the hexagonal sample divided into six triangles
and opposite triangles containing domains of the same
type. This pattern is very commonly observed at these
temperatures and seems to correspond to domains perco-
lating across the sample and interacting with the sample
edges.

As the temperature is very high in this case there are
strong fluctuations with 20% of ring spins being changed
at each step compared with Fig. 8 where the number of
spin changes approaches zero by #=300. However, the
overall shapes of the domains although poorly defined
do remain fairly constant. The domains co-exist in a dy-
namical equilibrium compared to the static equilibrium
established in Fig. 8.

The wall directions at these temperatures are very un-
clear and a structure factor plot such as Fig. 10 is domi-
nated by the large trilling domains corresponding to peaks
appearing near k =0. So it appears that the tendency to
form domains survives at much higher temperatures than
the tendency to form repeating twin structures with clear
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Fig. 13 The 2D structural model. The lines represent springs con-
necting oxygen atoms. This sample consists of a single type 3 do-
main and we can see that the T2 triangles containing Al are swollen
with a consequent distortion of the rings causing the crystal to lose
symmetry and become orthorhombic. The model used in the simu-
lations has 32 rings on a side of the hexagonal sample rather than
three shown here

Finally, some additional springs are connected between rings to in-
crease the ring-ring interaction (k=200 rel. units). In particular, these
last set of springs encourage Al atoms to align next to each other in
neighbouring T2 rings so producing ferroelastic ordering with adja-
cent ring spins being of the same type. The resulting system is
shown in Fig. 13.

This simulation incorporates all the physical mechanisms we be-
lieve are important in cordierite ordering with the simplest possible
geometry. This simplified model not only saves computer time but
also exhibits the ordering behaviour most clearly without the ‘dis-
traction’ of higher order 3D structures.

Returning to Eq. 5 we use the occupation numbers p to represent
the presence of either Al or Si in the centres of the T2 triangles. The
forces are such that when an Al is present in a triangle its oxygen
atoms are pushed outwards by Kanzaki forces drawn outwards from
the triangle’s centre of mass. No forces are applied when Si atoms
are present.

The only ordering atom changes allowed during the system are
such that each ring configuration changes from one opposite-Al con-
figuration in Fig. 5 to another. Thus each Monte Carlo step involves
changing two Si into Al and two Al into Si i.e. rotating the Al pair
from one ring spin configuration to another. Previous attempts at us-
ing Kawasaki dynamics to interchange nearest neighbour pairs of or-
dering atoms failed to produce the ordering patterns described in
Fig. 5, so it appears that this restriction is computationally neces-
sary. The tendency of ordering atoms to form into patterns other
than those shown in Figs. 4 and 5 was identified by Thayaparam
et al. (1996) who considered such configurations to represent an in-
termediate phase between disorder and the order observed experi-
mentally in Fig. 1 and described in Fig. 5. Since we only wish to an-
alyse this latter type of ordering, we restrict the ordering atom con-
figurations as described.

Because the occupation numbers now refer to the two ordering
atoms rather than the three ring spins, it is possible to calculate
the self-energy correction from a sequence of lattice relaxations. If
we consider a particular ring at the centre of a hexagonal sample
and imagine that the rest of the lattice apart from this ring contains
no ordering atoms (and so no Kanzaki forces are applied to the at-
oms in other rings), then Ej is the relaxed energy of a single Al
placed at any of the six sites in this ring (all six sites are symmetri-
cally identical). E; is the energy of two Als placed next to each other
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in the ring; E» is the energy of two Als placed next but one to each
other and E,,, is the energy of two Al placed opposite each other
(just like in an ordered system). The energy correction can then
be shown to be given by

§=8Ey+2E,, —2E —2E, (17)

and this value was calculated before running the simulations. The
parameter, & was used to calculate AE for each ring rotation as de-
scribed in Egs. 13 and 14.

A 2D hexagonal sample was used with 32 rings on each side of
the hexagon and 38028 atoms in total.

5.2 Results and discussion

Figure 14 shows the ring spin evolution below 7 for this 2D
model. From the start (at t==10 MCSPR) we see the forma-
tion of topological walls: type 1 spin domains tend to have
+60° walls, type 2 —60° and type 3 0°. In each case, the walls
are parallel to the opposite Al pair direction corresponding
to topological walls. This is just as shown in Fig. 6.

As the simulation proceeds and the domains begin to
coarsen, we see the emergence of nnn strain walls such
as the vertical 1-2 wall in the r=2000 plot. However, to-
pological walls still seem to make an important contribu-
tion to the domain patterns even for these larger domains.
For example, in the =150 snapshot, we see a +60° 1-2 to-
pological wall on the right of the diagram and a —60° 1-2
wall on the left. The =2000 snapshot shows a 0° 2-3 to-
pological wall.

The nn strain walls seem to be entirely absent from these
pictures and many other simulations (with the same struc-
ture but different initial random configurations) seem to
confirm this. It seems that the topological walls suppress
the formation of nn walls because they are along the same
directions. The nnn strain walls are along different direc-
tions from the topological walls and so continue to appear.

The coarsening process here is rather similar to that of
Fig. 8: patchy domains form with little evidence of
striped, repeating patterns. The large domains grow at
the expense of the smaller ones until the sample consists
of three large domains: one of each type.

The formation of these topological walls is not ob-
served in the simple model and so we conclude that these
walls are caused by the ring structure associated with each
unit cell. The mechanism of swelling tetrahedra and
stretching ellipses gives rise to an additional thermody-
namically favoured pathway: the formation of walls along
the Al pair directions, i.e. topological walls.

Whereas the strain interaction is very long ranging and in-
sensitive to the precise topology of the unit cell, these walls
seem to be caused by the direct ‘rubbing’ together of nearby
elliptical rings. We conclude that the topological walls are a
direct result of the atomic ring structure of cordierite.

Figure 15 shows the atom positions for a topological
wall, an nn strain wall and an nnn strain wall as formed
in this simulation. The Al bearing T2 triangles are swollen
up whereas the Si bearing triangles are somewhat
crushed. The rings next to the walls show some further
distortion and there appears to be a tendency for oxygen
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Fig. 15 The relaxed oxygen at- 80
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6 Three dimensional structural model

6.1 Methodology

In the 3D structural model, we consider the entire cordierite struc-
ture as in Fig. 3. Again, the tetrahedra are considered to be very rigid
and so the four oxygen atoms within them are connected via strong
springs (k=100 rel. units). The T2 rings are also modelled as fairly
rigid units with additional springs being placed around the outside
and the inside of these rings much like in the 2D model.

As an additional piece of known physics we include extra
springs between neighbouring tetrahedra placed so as to exclude
nearest neighbour Al pairs by making such configurations have high
energies. This exclusion is called Loewenstein’s rule (1954) and has
been observed experimentally in ordered cordierite as shown in
Fig. 4. Apart from the common oxygen, the oxygen atoms are con-
nected by springs from one tetrahedron to its neighbour in every
combination. When two Al are next to each other, these springs
stretch increasing the energy so the system tends to avoid these con-
figurations thus preserving Loewenstein’s rule.

The oxygens in the octahedra are also connected by springs
though less rigidly than the tetrahedra (k=50 arb. units). Mg-O
bonds are expressed as relatively weak springs (k=10 arb. units).
Kanzaki forces are again applied so that when an Al is in the centre
of a tetrahedron, the oxygen atoms are pushed outwards. No forces
are applied by Si atoms. Again, we allow only Al pair rotations with-

2-3 nnn strain wall

in the rings during Monte Carlo steps so that the two Al per ring al-
ways remain on opposite sides of their rings as shown in Fig. 5. The
energy corrections are again calculated using Eq. 17.

Because the model is now three dimensional, we are free to
choose any shape for the overall sample to be simulated. However
since we are primarily interested in the domain formation within
the T2 planes, a thin slab geometry is used parallel to these planes.
The number of unit cells in the ¢ direction is chosen so as to be large
enough to avoid serious edge effects and allow interactions between
layers to be expressed without making the simulation impossibly
time consuming (this 3D model is very computationally intensive).
A reasonable compromise between these factors turns out to be a
hexagonal slab with 32 unit cells on a side in the a-b (T2) plane
and 3 unit cells along the c direction. This gives 6 T2 ring layers in-
terspersed with 7 T1-octahedra layers. The total number of atoms
simulated is 408228.

6.2 Results and discussion

In each simulation presented, the domain patterns in all
six T2 ring layers were almost exactly the same but with
some deterioration of the domain structure in the layers
near the surfaces. Therefore, the domain walls are always
perpendicular to the T2 layers as expected. In the follow-



0
29

600

(=)
S
(Y]
- 3
7o) o
: 1] e
&
T
3 o“muuwo
++?_‘1v b3 $¢54
T bY $%$23e 333 $33
2Sadk 3 330
f*#&.‘O”“Q 52
4+++oe 3334
33983 *408
oeo!f
T 4@0’9 14 £
féoeo +
0¢4+++¢+
¢+4++ .
H1
413
(=]
&
T o L
\w o
.I_. = +3:
T - 525
- GR%
525
oowoumu 5
T
oonuuumwo
¥ e °© B 3
T ,{mmm o»»em 53 wwwwnnnwe M
T 3 M“n QQonm 398”“”““0“
H.Hﬁ¢+wumonwuo v‘n S98 r nweuowwooo
_ preaes: .“w"z%% : i 2 b i
N ++~+ 4 +o0wooooeo A + +++o °® Muon eowwwwwoi 258
e av"wnﬁ:?ﬁ: 3 - " ..me.:ﬁz 8
74 13, R 235, 9 e +5 + 9+¢4+4.+
f=4 ++MHHNMHHH ooum«ﬁo.m.uummmmmmmmﬁ+ 3508 M ”mwnw.iiﬁv 43 o =23
+, Y858 + 222 .Z:I +++++ ++++++¢++ +++AI\
[=1 ++++34 3, +Mo.6 385 1$++ +i++++ r o ii++$++«+++++ 48
& +0+++++$++o +«+$oo»“uwo» 2¢3: i+++$+++ ° i++++++++++++ +++H¢M
++++++++o+¢+ owo oooo $3 $38 ++o¢+¢¢++4 ¢++¢+++++++¢ +++¢ L
+++4+++++1 0%03 33! 355 35 ++++++4++4 ooo¢+1++ - $5240 53¢
++»++++ b2 0&003 25353 33582 ++++++1+4+¢ 3++¢++¢+++++ 35085 s o
+¢+++++ - Moooeo 538 09333 4++¢++¢++¢0 ) + > o++¢+++++++ +++++++++
. 1+31+ 838 535 5388 $353 4++¢+t.+++1 + S iti+++¢ 25 ++I+ﬂ»w£+ =4
L +++{._$+ 853 S 382 338 83 o+i.¢¢+++¢+ 53 + 3030+++._3 5 +++++++ 328 -
o & hase %ﬁ{ 3 31. 833 ++o++$++2. 3238 1208 > *41: +++++2 ++I+ L
H+ﬂ+¢+++now +++¢n+ M++¢v «++&+ 0000 524 ¢+++++Ooo+¢+0++¢+ +
o gt ..Iii 233 L wooo A s % o
w =1 o.IHuﬁHHu&Hoti 3 +.£+$ 3 533 &5 32 kN 321 [=
23 $3 $3 - S
j L2 ¢ ﬁnﬁnumnﬁ .amm&? £3 ..n«m.»awn S . N &
f++.1$++ a0 ++++¢ cooo.f 33 00000090000.1 (7]
+ +o4++++tv+ +++.¢+tv 06000 30 6020 v (=
> 62 ootv 903 23
. ¥ uﬁﬁﬁhﬁﬁ?ﬁ» 350338 &“»8“»» mmuomuwunno,, =3
+ oﬂoﬁﬁuﬁﬁnﬁwoooo g2 $33 w»o“nno« ““au %0 . « T
3 Hte,, 3o * . ﬁnn: 568 55 nb&a S5 u“.n“.: * r o Q
1 b, 53 3% R ¥ §a58 33 $833 9933 +t++o330 333 oooooouw! 8
T ++Hﬁuwo++++w“e aedy $032 “zhnﬂwwww“nn o“uo oowcoonooi g I -
x:tﬁu..m i ..“Knxa ".”.msﬁ.wue.: _ . _ =
1++++o44‘0 39 oo++++o 2 3003 004»+ o
o5 33 - 33582
. . «umnuw»oo S umo mnnﬁwﬁﬁ oowunnowmm“mmmm»mwﬁ 3
.7 o s 2 % immmmmnﬁnu+ o »nwooo?om»nnm T 5
+ﬂﬁn . 25 M?+++++unnu++ononnuuowo‘ s b= = ked ooooee ® b
+++o+4“+ 203 $3 on+++++++¢0++v¢¢ ++++ ¥ Q (=1 i.t} 9321. & y
13 + 4 »00000+¢++++¢+++++++++++ 353 : D ¢++1++0¢ooooo *o !
poss33 h:nnnu:x i3 o : :.nﬁ.s.s Ty e 8
3k - +0»++++++¢+4+++¢++wﬂuu 131.3”6"%%” .+H wH
2038 b< = 428 ﬂuﬁuﬂuuwtiii 29 X Jn,,oo?.looooo B0 38 U952 ps
93+++ 3wo+eo 3 +¢+++¢++$+Hnunun&++ oomooﬁ wwwuwo“ be rrroi 33
oet{ 303 o ) 03 i+++e++ittt T + 3.2 ooeoont +$weoeo
.omnﬂ:: xn.a»..i .zﬁunnﬁn&m s 8 13558 33::&& “nu.wno
L 52 82 3 03: ° ooeeoxviﬁv 332 §3333 X v
23 23525 +...++$++o3 3343 4+++¢++++¢+o+ <ol s - 1* ¢oo++o 051 i ietoib %3
tio ++++++++003 3538 53¢ ++++$+10?31+ 352 +++++o+++ 893 was ,+H+1+1++ gnd 250 e
e +++++++++33 22 2629 uot{t. 332 B3 +§; 23 ++++$++¢+ 33359 +H+$to+ ++H*++1++ 131
0¢++Z. 3 +000000M o L A .3 < & o <3 3¢ +¢+¢++¢+4++ 3034 wv?fe?v? +: ++++..¢ ﬁ.i,i
0“m0+++++++ 00000 <4 o +t++fv++¢+++'0 +H+?v+¢+++ 28 +++4++1+++++4++++
285 .XI..I« +¢0000+ s Q + +++¢++++++++ Owbo.vfi.f00“ﬂ++ﬂ+++¢¢+++++¢++&4++
3011,6 53553 Sit =3 L & 1 +«i++++o++ono §52 o+++23 +++H++i+o++++$t++
52 .1++oo 0900300 p D 2250 +++¢++++ 0«00303 i.ooooi 354 +++o+¢+0++¢+¢++o
+009+ ++i66 533 29 i 2988 23as 00000009 3338 323 ¢+++ +¢¢&»++1++¢+++00
2, 001.333 3 Lou 3 (=] 1++¢ I+++ oooooooooeo &3 ooo‘+++++++1+¢ ++++++¢'0
£33 3314& oooonto S [ »oII 5052 ¥ woooooooeoo 3% ++++++¢¢+$++.' 3538 ’
553 oow»i 4+ton 333 365" 383 a oo+¢+¢ ¢I+++oocoooooe 3533 ew+¢¢+++++++++o¢++i 5238
23 00“1, +++¢++3ono $5% 3 33 223 L T = r Io++¢+ +¢+++o‘oooooooowu S5 2% +++¢++++++++»eoo 22
33243.1.2{ £33 83 3% 83303 33 L —_ ++ith +++3oeo¢+aoo 05 Mwooootieito t.++++o 3353 &
803 ioi +¢+++oe »«ooo oooo... s £5e3 3582 sa8s $3 ooooo+++++»++I+¢+++333 &3
2 oooo 413 352 2322 +0000 83 03000000 [=3 [=] I 353 5 82 ooooe 0?o++++++t++ooo+ooooooo 0]
¢ 33!11#3 ooio 33330330 9% +H+ooee+4 2 030333+¢++++++o++33 ooeeoo &
b ooocoeo++++¢.¢ & $833 Owgooooowoo E - — +¢$M .I»nouou.& ooeeo'oe ++i¢+¢++o++~3+3 &3 eooou
3 oeoowo’ e S 253 ;3 nounooooo 7 L T pesees Baes +H+w+H+ 3334 + ++i+++++++oo ooooon oeoﬁf S
5353 £ o“ooo 33 5 58 i £t ++oooooe o1 1+++++++03 3 ooeo«eo 3
R . % 39011.,1 : 53353 3538 243 P ° pacat ++t.+oooe$+o+ +o 3+++++ 000390333 P
t 383 3 P 5 ”ooooo 33598 =1 " peiass ﬁuioto%oo?octie 1 owoooo 8333“?
33282 o ++++0 oooouwouon0»o» T b4 T +++uuunooeo»oe t++.zv 238 ooooo wo 33 398
oooeoo ot +, %333 8 3 n T ++ o+++$+ ++Io ooow¢ 583 13 oeoooww 350 %
33.3 %, e < o8¢ ¥ ++++$ 25352 oeoi + 3333 28 ¥
b4 o 338 352 +o+¢0+oo 0000 o3 o p3ss 30! ieg 00000 oo:t 0000090 3 $29 +
+ eeooooo o++++$$o 3. uooooo 4 (=1 b= 2 22 o o soh 308382 393 $232 $953 4
300 oooo 38 352 2o % 39 (=] ozzloio 143052 3988 9302 &% oy +
& ..“nw“.nmummm“nnxﬁw -8 . ﬁﬁi , hﬁaﬁws .“..mﬁ“nn Tl
L o5 ks »ooooi+¢1+++$N¢nﬁuuwwxn +++++o 223538 s »oiwww»oo 2 oo.onwe”uoi
%, .%&nunnnw ::::zi A Bassesss £233 - hess 53 a»ssr +
¢ hﬁuﬁis 3 anﬁn.v e 258 " poss .zsew“ e
b3 00+++¢++++H¢H¢H+ 3258 @ ot ewn b= T + 323 b<3 oeouwnwo +H”
s o++¢+o+.1+++++¢o 0002.0 ° ®ee =] oo+++ b4 o4 3“33 b2y
+++++~++++++10 0300 pae - 241 0.33 ¥ +
b 00++o+¢+++0++¢30030+ SN ¥ - 3503 +4+++oo 20
¥ ‘Qw + ¥ +1- 0‘00'. 1 .f.f*.& *’*‘.?.1&..0.4.74.0‘?
I . 05 3 AP? *o3e: o %, (=] : 23258 ++.¢++++++++¢ pe s
o 141 3 ++¢++o ++¢.++ 7954 °
[=1 1Y L +¢¢+++++ 4++++e 23
. Y < 3 3 ++++++++3 ¢+++¢owoo
32 4 +4¢++¢+,I.+¢ +++oo++++
S 54 +++++w+ +++0++ ++++++§+ L
(= 253 &3 +¢++i+.+$i++4 ++++¢ 1
[=] o3 +++++++ +++++++1+ b5 +
= 3333 33 ++++++i+ o+¢++1++o. +++0 m
. T L 303 2 +++++++++.v+0++ oeioi +o+§
- o ottt .Muﬁ:wnnﬁaﬁ i ; 1
o 2 .
g 18 35a8s : L a3 H kES <R a3 g
L T A E =1
S 23 . N
(= — ~
b Il 1<3
s . 4
- &
N
24 Moowwnﬂo owoo Q“n % own I =
Tedt 1133 22 of;
T +2+011. 904»0 93¢ “‘
: St S 3 %2503 3 .
§3 03 +1.00+
++0000+++$ 033 02.02.!% m
03¢ 0»1.00 &3 00000 29 r
0 0»«13 9 302
T 't wuou»»»»oo onm“nowwn+ 5
r<2 38, 3 3:
[=]
S
ot Om_
2 t?nnm (=3
.:n&w S .
NM HN 931 L3332 +§+++¢+0 D o
L 2 ..w“m.nﬂ :nnnmn% kK e
b33 03 S 33 23 1
3 o me wo Sedd +Hucwnoo+ o++o++0
. 0 0++0
5 “mmmmmm. ..wﬁmuw £ ".nr“ esed .ﬁwn S | s
9 +3000 203 ++¢o¢+o+++o *; 553233 oeoo!zz. 333 555 =4
o P32 822 +++I+++¢+1 So%¢: 325“ 3331 332 18 L
e +o3: + S eo++¢++:¢40+++++ 23 onoi.oo 3et oooo v
++++IL4+ 302 ¥ +¢++¢¢+~++++¢ oo++ 32 +¢6060+00 2 00606
+++&+00+¢ & Ty ++0+ 00++00+i..«: oi+ %3 ._609000 000.130
e ++++3++++03+ $39: 333 +1: o 0+n+30 * 00330 66325
pae oe++«+ooo++¢ooeo«¢o $354 23 00300033 30 L
Iy 053 o.3++ £33 $333 0042 9980 23 oooooeoowioooo L
%34 pas ¢+2++eo”oo $332 tiunu.» 233 S+ n20+wn 153 ¥
23 ++ + 160 ooooefoow 44+4..+++“0 * 34 ¢ pass 3¢ b= S
by 00.1.0 4
by mem ) .uﬁaa SH. 5T Pt F, g s ¥
moo+ & +5 uuwmn»ooouﬁuﬁ. ° o»wuw ‘oit‘o o
L ° ® 3 23 o.Ix.io 203 W< 5333
% < . *33 m¢w+ h23 +++1uoouo+.3¢ =1
® Hl 4 . nom 8356 3o +oe»nwnoounn+ 5
23353 T, 03.1 3 e 33 34 306 3
25e g & B3 oo+++e+oo &
4 S ¢ 2 011. ¢+¢++0+0
3 be @695 0++‘0++++++ v
33 ot ++1.¢ So3e (=]
b3 e, p3acs has2
L 23 ++.I.0 0++0 +
+ pobe 1%
° S 12% of
* 6+“+ fi.
° 00+ +o
$ 239 +ﬂ$ +HH”HH+
%N 2354 o
+ +onu ew»
. ° oou»o s
L
o
3

600

h_

d
un
aro

t

1 a

de

(o]

] m

tura
truc
2D s
the

f

()

. n

lutio
evo

ime

Tim

16

Fig.

1
(°=type
8 T(.‘ ?

0.

T=

ot
in

n

0

m

s com
e

1p

str

ng

t
na
lter

a

he

T than :
the

ra

hes

tc

pa

1
ica
logi ot,
po sh
1 tosnap
st aPR
Imo Cs
€a M
allshaert‘60
in w tt
domalfilng o
0
Thele’ lo
€s. p
Cturexam
strupor
er .
1ls
a
W

3)
pe

=t
blank= Y
25

pe

ty

4=

>

(0,300).

e
inat
-ordin
co

at

in

d
n
llsa

a

2 W

° 1—

60

+

ai are *
dom 1n

type 1S doma

lar g thi

din

oun
urr

lls s

a

\%%

The

gu
a trian
e

se

(&

\%%

T
laye
21

I T

tra

cen

(¢}

from th
ins

Spin
the

ly

on

res’

figu

n.
show
(]

ar

ng

ir di-
air n
Al pwn ol
Al= do gica
the rther pOIO
long fu 3 to
a 1 tleo 2_
ch are a 460
f whi walo. and
s all gfl;?eiVe '
a ide
3w s1 eo
° 1— ne W
0 n o re,
150- n o iCtu
a t10 ep
rec sam
the

walls.
f

D
r the 3
fo

lution

n
ton a

o
eV
in

sp

ng

a
om
T.. D
low

be

T
the

s

17 show
re

Figu

mng

n
oarse
c

d

format
in t

n

ion

lat

e
Ce
0

1 pr
a

ag

Stmu

0
st
const
ins

in

a
dom
he

a

and ag

idly

pl

d ra



291

D.M
T
=) &
L 18
T -
T
+ 4 LY ©e °
: znnr
¢++§++++
Iﬁﬁﬁuﬁ?
+ﬁ++¢++++3++
+++¢4+++++¢+++ 3
T ¢+4¢+++4:++++++ 203
.:++¢:f¢++++++o - ooo
f¢++¢1o+¢£++¢¢+¢ - S Y
+++++3+++1++o+++ SO0 & 538
+++++o++ o+++0++¢ 4] 5354 R:5 303
++++++++0++¢&+ 35 +&o¢+ 0660¢+
o+¢+++¢+oooo 535¢ ++¢++++ 046009
¢4+¢++++06600 g3 +¢¢+++3 002300
(=3 t++++++;eooo 33 o++++ 0066 303,
=1 +++++++++ooo $$ e+1.++ & 3454
N +++++++++0009 $3$ 4.11.0 0000
++++++‘++00 oo.o.{oti 9 5532 N
+++++++1 & 303 .Ii.I. 28 33 R
++++0+++ [0 RS 29 9!‘
H4ﬂ++++«+ o s 33393
L hgSe 34088 3 300 +++.o 9 9830
T
iﬂﬁﬁmﬁmuﬁi 33 unwwnwnnﬁw«»% 3389 352
(=3 3854 #+++++++++++++ooo¢ 600090.1«000 0000906 20" Lo4
(=3 +13 +: +¢~+++.v++++*+ooo ’3 P3¢ 0+§0 oooo g3 0000 23 o
B b25e ooeeoo++++++++oooe 911& Q034 $5383 003300 33882 S
T - o, 003 o++&+++++333¢$+4+ *43 oeootoo 303 tooo 1%
- 3933 ooooe+++++++++¢oooo+++++¢++ 8 g3 338 2084 33388 SO v
.f.f'006"0004+§+4+++ 000&..??v+++#0 .00. 0069900'0'0.0 +++'
- *000 00‘.&. 4+.t¢++ 0+++§.¢¢¢+f§0+ D¢ 0"9900' ..0+}.0
- +900 2 <4 +4+++ +++¢+¢++?¢0+&+ ”00 ’9’0 ‘0{#.?
60000 54 .1++++¢?v4++0. 00 0.0004.??
T 000’00 0++¥§.0#&++#¢ 625 O 9.0¢.++0.f
00000' 00+++0?f+++§+ 4+¢.+ +f§.0++§+0
o oooo 623 S oooo++++++3t t+++++¢+++¢+++ b=
+, #0009 823 0 enoooor+++¢¢++ 5 ‘+++++¢Iz.++
{N o 4 0’0 00.. Ll ° %, 000000.. 900 0000'00.1&:7?& o +§+¢+f§f§¢+§ -
- 00 + ‘0960. 000090000 Q.I!f.' 525 +&.v++.f#f4§.f6# ’
T 333 9 3300390 oooo o+++ 1 ¢ooo+++++¢»
+y 298 33000 030 ooo' 525 525 oio 9+++t¥
++«H+ +++H+ MHHM”N 334 L owwmo “N.wnw¢“0+uﬂ+++ 35250 ++++++
¢++++» 14 T +¢++ ooooo + ¢+++ 525 1+t
+++$+ 25 5254 3 33 owo owe 1 3 2504
T +¢++++w ++4¢+ "0 b2 34 $933 4 bed 2o
zunnr + ““mwm_m_ mm"”m. g HHE 5 8
3
+Hnnwu»uuwﬁ S0 o« * +oo»oe 3 £
+¢¢¢+4++++¢0 ++++ 23 0000
++4+++++++&¢+ 25 33 2 8
[=3 ++¢++++131+ + o ““qon o4 o X
=] :ﬁnuﬁ $55s1 3 " “...«..““. d
N ++i+¢&¢3w “o? + oo noo«oo 00 * =3
nnunﬁ“..ua $3e38 3 $5%5 s & e
++++0fi. -+ 29 030 203 333 NQ n‘. -
+++0¢+0A.+ “ 09‘69 .009000 B2 $2S $4
¥ I Lﬂmﬁﬁﬁ. psss nu.u»um»t “»ioo‘u»»ou Ce, S
I =4 Lﬁﬂﬁhﬁnﬁ 35983 & w«whnﬁuno» “»on uo».u
o 4 3048 +¢.$++4++ 3958 e++¢3¢++¢0 38382 33 38382 o
| e I ++++++q+4o+ 2 ooot +~++o++4+ 203 noooo NS
T +] ++§+++4f0.0+ +0’ 0‘*0.?.7{ &(Tv?f«?c. 2 0’900 [57)
- ﬁ+£v ooo+3.++0 ++++ &i.tt» @ 341 203 $23 1+ T
+++0 ?14 ++++¢...++1+++ 3o 82 0.19 °
+ 90 ++++++++¢¢0 T+t 83 623 +¢+&
to! 9 +++o++t4 ++$+ 60?13 Il
- 5294 oo+++++¢++i&+‘++ 05 +~44+¢
009 00++¢+*+++«++¢++1 0 +¢+++ r
o 3%0 33 otiiri\l.'io +¢+3¢+ b=
< 92 92 %, 2 <2 +¢+++++.¢++0¢+¢090 341.3.& (=4
* %00 °, 262 0 3034 +++¢+¢+++~+1+ooo 4+++X.+«+
+ 303 12634 &3 ov:++¢++¢0++o +++i$+o L
T <3 33 203 0++¢+++4¢t+¢r+ +¢++++00 T i
203 53 $952 0000?1.‘0 ++4++2.
.1.1603 23 P33 33 0000 0++¢+ + m
3339 nu"n“o 24 r »»oo“oo“n ty, 338 0
+33E 48 20 ow m oe“ $2 e ++4++
T W 24 b 253 oounwo *e 35 o“un»uuu Q =)
o+++1+4++ 1909 3 $2 833 823 3 00++f S S
..+++++++++ 33553 3 205 2532 t.+‘+
*++¢++¢+++++ 292 3398 1838 33 t ©
+&+¢+++++++¢ So Se3: 903 94 pos 203 4
A_v+4+++4¢+*0 0L o 80 0.0'0 52 $d 009 5294
+++++++4¢§ + 00 0.0 04 0009' 5% - .f..
+++++++¢0¢++ <32 23 5434 32 000 1¢ $2
+++.I,+++o+¢o 26 82 303 9% 2334 bo3 L
++++++++oo 33 33 093¢ %3 eoooo
+¢+¢¢¢+++ $23 §33 82 oooo N 1=
4.?6.*&1‘44 $2 (S $29 0 <q B2 $2 v o
+¢¢++¢ 43 oooo 328 02 & 9354
t&i.trz +o00o 208 o 0000 3333 g2 3539 s -
- .V+++§¢ ‘f&.&.f’@.’ $3 > O 523 20 ©¢ <d
0++¢.z ++¢+0 tooo $23 000493000 4 ® . ° 000+
¢+++ t.i ¥ 330000 1+, 'S 0.}{43 208 329 - 0U
+1- +] ++¢+ +00600 ++++0+ R:9 5052 543 00*
111 ++¢++¢ 0«.13 +++++++ 3% s 303 L (= (Y]
hooe ++++++++ 0++4++0 3++++++34+++& 203 8 L
G +$+++§++ b ++++: +++++++¢o+++.ov $¥ 08 3 15
+ Hnuﬁnuwi o iﬁ e uﬂdﬁuﬁnﬁn 3355 34 ' =3
+ -+ 0 + + 35 g5 22 $2 S, °
'+ +0¢ooeooo 0" 90 t++++.v+¢¢++oo g2 ++++ (=3
13 toooooooo 024 +y £33 33303 »oooo++ioo+ =]
3003300330 +4+++t- 833 208 +++++++1.+¢ L
.7"09’909" .Qﬁfé..fbf??v.v A+OQ.° $23 +4++++¢-f.fv§ -
0000 00003 +++4»+o++14 ++$003 3¢9 ++++¥++¢+ (=]
$a3¢: 633 oot+++3+¢+¢o+++ 30.3 0003 23 +++++1.++«++ f=3
.706 0'0 ¢++?f§460++++ 40?.'0. 0‘000 ++++Av.f.f¥++.f++
f’. ‘.09 +++++§0+.9++++ #0&.} 0009’ & +¢+++++b.§+‘v§++ - 1
.700 0’00004.??.11.&&.&.?&.** 0009. <3 ++4+++A_v++‘_!v0§ '
oooo‘oeoo++++++++++¢+ 333 & +3+++++++++
193 0000¢+9o++++3 2323 oo++++++¢++ (=
.f.QQ $28 Q00++?¢ o 0++ 00’.++A_v+4.+++
B 1eg %3 ooooizv 3 9 ;+++ 0304¢+++++
Tod¢ 2 3603 +oooe.¢+++ ¢S +Z++ ooo»¢+++¢++
+, $2 ’O‘Q"’O 04.*.0‘.06.&.40 2 *#&. .f4+++f+
393 003 33431.31.4 3 + ¢+++f++ S
0030000 2 4++.I.+o..c++ 03 +++f+21. S }=
232 38382 htie? $39 ¢+¢+¢+¢+++ (=1
183 3038 4 ++o++3++ v ©
pos 90‘99 O... Qf.fff.o{?’
§2S 2 000 .00’ }.o.‘.ff.fb.'
o hoS &2 060 308 ¢+4++++
+9 0 &3 32 4&¢+++o N
+Qooo &4¢+¢¢+
po 3 33 +,v¢+
23 ++++ (=3
88 535 e
393 23 L
o83, o 3
o
I &
o
1 @
- =
s S
=3
0
=1
©

+
T
4‘++
+unuuﬁ+++
u»i.twitv
Lhﬁﬁoﬁ#ﬁ %2l o
++++.++:§++a+ 533 (=]
¢+++v+¢t++a++ 38
+++i+$$$++ - 33 v
++ﬁ+o¢+++¢+oo 5e3 2034 >+
+++++¢ »i.t.: et 0000 23
+I.++ 0+++ 3854 s? ® oeoe.f
++*+ ¢++¢ 323 28 +7: oooooo
+F 28958 3N g232 3830
44t 2heseses SLHH uonownow =]
¢++++++ ¢+++ 23 00003 [=]
»!I.Ii .I.: £ ooooow_r/..
oow&nﬂi 30® 20 3o M o“«uw+
131 > Se38 208 oooooo
o L ++i+ oeoo X o cooooo
A Sese 2 35 033333 o 3303
&w.f.f + p:26 06000**44.0"‘00 O 09
f pese +. & 00003.1#00903 &2 +5
+. &f&.&. +. 4+ L2 0+.f+++§¢ ".’. $23 +
- 12 +y 143?1 '+ 4¢++¢+++ 35 333 $23 53 2
tooeo 3 2054 +++o¢ooo $33 $2 eooo 1
+0°0°.'0 §+.f1¢+ 60.900‘0 0, $28 .00..’9 + .
+.f+“0 009&« #.ff**#.f.* 90.0.0’. 0‘0000‘00.0.’*4 L4
3003 S8 * 1++1++¢+ eoooooiooooo 53 oeo+4++
"M“a%v znnnﬂn& ws..x:sz i5sses
238 333 33111111 8253 ouﬁﬁuwuuﬁn.ﬁﬁﬁ
&3 938 0641&4&121.0 0000 1+¢++++++4¢++++¢+ =)
i 2 o“»»wo ww.wwuﬁuﬁﬁnﬁe»uu«»o Lnﬁﬁﬁﬁuﬁﬁﬁ
to %o 0 004 ° 0,
+ 3 e, S n«euw. »n»wwnﬁﬁﬁn% Nuune ﬁﬁﬂuﬁﬁuﬁﬁ h
+ 3o | $S QQ.OQQOO‘$+#¢+#+{&&. 0‘0 6§+*++++++‘f+
o e 0’ 0.‘ 0.000'00 #&f.f.fbf 0‘.0 §++06f+++++.f
nnm““n o s 53 s S5 e
¢++.I. +++4+ &30 Qooo 0 0++++ &5 ++++.v
+t~++ ++++ 900000 oooeoo 623 +oee¢ 0631&1. ++++++4
hﬂﬁnﬂ i 333 8 o.nnno $ nwwﬂﬂn wmuﬁnﬁnwnuﬂni
4 3988 i + +0060M. A oo.oo oo+++o +++¢+&+4+++§+0+++
§£¢$ siiss s nnnnnnnz .
+ $5¢ tv+++ S o
++34++¢+++¢& .I..I 0 ++++++«f++++ oy
+¢+o++3&+++++ 20 +++.:¢+++ akd
& - +++o+++ 30
»Lﬁﬁuﬁwﬁdﬂ? 383 o ++++++t++++ ;
¢f++i,¥++o' 0++++ oy 292 [=3 * 35088
++4+o+¢o+ o] 00++v S35 03¢ [=1 1 +++00+
+¢&+¢i.++ 06000 D¢ $03¢ 300 N ++¢+00¢
+ﬂ¢ﬂ3~++. o] 0000 o 02S 203 0000 A $
iﬁ?ﬁﬂ 2 uuoun“% «o»“w»w».oo. L 1
L ?t.i .'..Ifoo Sess: S oooooo
+¢++ 3% +++¢+ oooao 33 $<32 %o °e A4 °e ° ® e A
&*i. ' ¢++tv+ 00000 908 0! T, 9 F m
N+Hﬁ.+fw++ﬂ++ “ 000 ¢+++++++ 0 '+ N
= + n:xﬁr bise:1] nﬁnﬁ. 323 8 :
e +++.¢&0+++ 0¢+++...+1 +~+++¢++++w+ 43¢
&tI.ti% ++++++++v¢ ++++++v+++0.1 i
+++eo 29 ++++++++¢++ oeo+++++0++
$a5s 623 13T Rass oeoo++o+i& 5]
e iy o wu.”.izz :
+ +++++&¢+++ 0330 o3 +NNH+++ S5 -
§5258 + ++¢+++ ++30”000 ti& 5354 +
00000 23852 ¢H+¢I++ ++$ow 30 4++¢¢++.I. + f=4
13 +0++.X. 0.16’ 33 +++¢¢++03++ 554
$e5 z.vi.!I. 3 S 203 +&4++0+0++++++¢ - L
+ 35 .v++0 +1- 054 ¢28 +++'e:++4++++
o 3¢50 33 00000 +0ov++&+++++
3534 3 00000 3¢++o+i++
+y w000+ L 0 0003 oo‘++++++
1136 ooo' ooot. 3+++++++ w
+09¢oo 4 + 00+++ o+++++.v¢+
0“» 2554 “+M oo++++ ++++++0
$iein S i §ah :&xﬁ 8
++++o+¢+#++
& 54 +000 00++ ++0.I+++++ 5 ©
F o u“.n.ﬁ # &Jix
0" +f’ P, 623 525 ¢ + - Lo 3 H.f 0#.?
o 00' + 62 °.+t.+°‘ + “ HMN ’f.o.f
303 208 &S oo+++300+ b= +3: +H++¢+ L
3% 0++++ 29 o++++oooo+ [=1 13 Y
3353 ”ovﬁﬁdowomc +»unn+oo 33 B noowﬁ =]
2o
Hist g5 i 3s38ess % & ®
o++¢0vo 633 +0$ 58”2 ooeow ° $29 £33 "
&,ua.“ .“ﬁuﬁ “.ﬁrzn.r.u . R 3
24 o 323 $¢33 g £33 ¢¢+2.+ 00+4+++¢33 334 3 <]
+ oo+++++oo $3 +t.+i o+¢+++++ 29338 534 }=4 N
+, ooo+++.}.o 2 %98 +¢+++ ¢+++0+¢¢ $333 1S L
3+3 303" ++4+o ° 33 29334 i++f+«¢330 &
++¢¢ 292 +++o *y 30, +¢+¢~+++0 «0?14?1 ol @
f++0.0° Do ++0. +++ Do .*fff*o..f}. 4&.0. QO.?.?tv L4 S
90+4+0 998 03 ++++++0+ Tk o++o++ -
3208 32383 o 293¢ ooeo+4+oo 3952 ¢+++2. =]
&.0990 0."9 64+.1 + 00.‘&.&..0 4.?.?0’.4.*.*#** 1
40009' 0‘#’ &’.Tf#fff.fo. O 0.4.10.' 0.0.0.4040*.?
ooofoo?oo o¢++++++&» 142, ooiooo +++e++++ r
00+++++00 +4++++++++ 1,5033300 +++++.rv 2
.f+.f+\7.0.0¢.’ +++$§+4&.+ +++0°’*+¢00.° +.T70t.+f
++0ooooooo ¢+++++++' ¢++§00¢+00 33359 ++++++++++++
*+e 900'00 <d ¢.¢+*4++++# +¢+'. 90’ ++++++¢0+.f.f.f A .
&, 0‘9“. ++044++.'§.f+ 02 4.?.6.0 .’A‘fﬁﬁ.f.f**.f.f.f
-f.f.ff S8 + ’«vf.o..voo 09+.¢++“‘ Q&.-v-v+¢kv*+++++
- .TTf' 09.?10*4&53&.0 ‘*&..f “.’0’ +§0+++++
+++0 @ 0+++¢+++++ & ¢2+ 0000+¢+++++++
¢+00$ 0603141.3 i $o%- +7 RS 000+++++.v + 0
+0000 Q++00+++:+¢:+§+ RS +5 00+++..++
00000?163 '4.1&.12.2, 0+++4+¢4
09000.30 23 + +7; 8854 ¢+¢+f0¢++
’.‘0.609 4 L2 523 *{.0,04.94*
Fo% $382 323 <3 oetho&o: v o
<2 3559 23 033 33 +++$+
“9. .QQQ 20 ..00 +4 ¥
- 30303 4 &S ¥
#.060.'9 529 43 + 1
0600 000 528 +.
+.0Q ¢ g 4+
+oooo
$83¢
n»w»o . 1
53 e, =
&
'
wn
8
@

he

con-
t
differen

satt
ln

W-
0
ere, h
H

d le,
,darou;(amp
thing For
e.
hap
d S

1

e
v
Survi
s

ln

ery
\%
toa
se

11

1ving

a
dom
1

er type
th

h (6]

an
n
sit1o
0

rp

til
un
es

on

ler

smal
he

ft

0

se

en

exp
he

it
ftes w

le g
p
sam
ft of the
le

ttom
bO

le
p
R
he

ft

ight o

t rlg

at P

g to

growi at the
s in

ain ma

m do

1

e

typ

e

larg

the

tre
Cenre’
the cent
ear he
b n st
blo ard
. lar%ees tow
trudesmigra
ex hen
PR-th t
CS wi
110 mp
t sa
at the
f
0

‘Wr
be
to
ear
ains app
dom
the
r’
eve
un
then
b
blo
The
then
d
n
d a
€
form
ly

a
dom
e)

hre

ually t

(us

few

lya

on

the
changing
tly

stan

e
m
SO
see

e

w

18,

in Fig.

in

3)
k=type
blan

1mp

ion

s

lut

do-
er
larg

ith

\%%

S mple
the)t/he ™
f

rt o
pa

lar

2
type

+:

s

(0]
ev
time
he

t
.nuing
1

u
ic
rt
apa
ln

w

re

g

S
. u
rio
cu

T

the

ra

r7

the

(0]

is an

here is
t

t

bu

th

W

TO

Cont main g
dO

(]

or

m

for
T.
low
be
ings
2 ri
fT
[0)
lane
entral p
C
he
f ]
[¢)
. n
lutio
evo
The
17
Fig.
tic
sta
e very
er
w
S
am
m

do-
the
ions,

1 tio

e la

°=typ imu

odel ¢ WO si

e3bm vious
th re

p

the

In

. n.

tio

0

f m

0

e

typ



200

200

200

ften

is is o

2
e
f typ ese
S 0 th
) ﬁnf%gost o
tw le
by e
MCSPRight' e
r
160 and
left
the
from

f
ins o
ain
dom,

rby

neal

for

ndency

te

ng

stro

very

is a

re

The

1agram

to-
ove ly
ich m id
hic rap he
W en t
.Ons. s th ple,
rusi ain am
sped exi domains
¢ ger_shnect. domai
ming fings o single
for ther m
by h o for
€ C to
donds ca her
ar et
w tog
flow

h
dt
an
ther

h o

cac

t to

nec

con

to

e

typ

e

sam

the

n

PR
CS

M

=110

in 1=

le in

amp

p of the s
to

the

in at

ain

m

3 do

type

t—
by

d

id ge

bri

1S

oming
C

ing
€rgin
hem
tc
2 pa
c
1 typ
the smal
to
inks
lin
Iso
. a
ains
dom
two

f
t top o

by
d
persede
su

dly

ious d
than
a
n ds from

m the prev
fro

0 MCSPR
16

101
ar:
W
rapi up
1S Omlng
C
S
n

lut
a
1.
t e 3 do
the typ
ly,
lar

mevo
type
in

2 doma

he doma
thnk

buti9n
imi

ing

nuin 2
kype

istri

d

292

. p— 00
- -
v
+e++¢¢+
T ¢+++t\ Tt Cd o
o++. ++++I.+ Fr,
oHHI.+HHHwuwwihuwnﬂii?i« o
fhn&::Hnn::nnﬁm.upun
T ++¢+&¢ 3 4¢+.v++ ++++++ &3 oee
++¥+ ++++39 ++++++++ o“o 3532 ST
+++++¢ ++.I.+f+o 000»++++¢ owo ¢ooo 000++
e 2503 ¢+++¢+ 13 303 353 325359 wooo ootso
.I.I&o +++++++ T oooo 0 933 120 23 02&.{
++++++ ++¢+++++ §2% 9904 $33932 S5 00w005+++oo
I&tr. 52 ++++e 49 938 oo+++o+o 32.30 =3
++++e+ ++++++¢1o 39 Noo 3311. »'o._f.oo 2
tIeoe +++++:+ + £33 332 060...4.33”0 o.rIéO -
Qoooo o++Z+++ 3309 20392 3+++1 oo,{to 53 v
+ooooeoe+++o++¢ 2608 333333 +++3+ z&t}:v 543
4033 etifv £3e + B33 ootft}, +++¢+».I 19! 029
»ooeeo o+¢+++++ﬂ+ 5424 & 000313 ¢++++t» ++2$+
$02 &3 o.v...tv 2% +++t 000?««: :+++¢+ +4+1+o
T o +; M0+++ 253 t1++ eoo!fé ¢++¢++++ +0+++++
2858 038 +.H+Ho 333588 252 ooié o++02+ + 8|
- 428 oooo 233 $358 4+++¢+¢ 5es 2
<t ootﬁhooee %9 otititionzz °
— (= 3»0 t;oeeo »+¢++u$++f§++++ 2|
. I S &3 888 > 0 3362 ++++oo++ 141
7 %4 338 tI?rI - ++++ o
- 9282 332 33858 t++¢
- W ooo 4 oooo 25 ++o++‘ *
oowooeooo 02 eoooooo.«iiiﬂi 0|
. ooooooooon oooo oooo aoo++f++ 4 +y 05|
oy 303 $2 20 $2 933 o, heh ++4++
Tk 338 %“Mm% 5 <553 3 %nm»nn. mnnnm
. i, ° nnno»u b3 33 a3 m“ 353 Humnunuﬁ
4 i..IIv + (=) 23 20 o O g &2 hS +++3
zﬂmﬁnxu :nnn::?ﬂ & Mm““.nn“m g3 m“ww.am ;
~++++ ++++«++ +++++++ $o8g ¥ ooor.i 30303 e <3
T ¢++++ ++++4++ +++++{+ 4 93 333554 S 2.00++ + 983: $334
¢+4+++ ++++¢+++ +¢+¥1 $35 ¢33 3504 B3 oeo++ ++++ 390 o
++++++ ¢+++. II}& I.wf 3382 3++¢ bY ooo++ +I++ 53 9%
++++ ++ooo o?it 3¢ 03000211, pase +¢++++ & o
¥t 3o5e 3% owzf 1t +t\ooo 0211 o b4 p2s2 +++++++ be
+ 92 $%4 3: 95 !.It. ++++++ o S o
25 2585 33 38928 “32.1 52 g ¢ Y 354 32 333 #
$o8: 393 33980 3o 29243 2 + 25544 2, 353 533 23
L2e o + b ++++0o b4 +++++ 3% oooo 3538 + 4
3300 $528: 038 FEE o !v++++ 32 baoses ve 533 533 333 832
+2z+ 9 082 82 Ioti +I++++ 0% v ® Bags 3054 oooe & $35%3 ooooo 2 o08+ v
+o+++ 3..3 tt«t I++++++ 1138 kS 1 +++3..8 0! 3933 0333
+++¢+ 3 032 +t\++ ¥++1 +++oe e b3 4++30 2 $333% oooe 52 ooeeo +
231& §252e 23 9058 Tt I.+o+ ++++++ o+++oo ooootx. 205 g3 00003 223
3352 tt.i 2 ° 1 332 333 3333 9938 35552
~ oowuuiﬂtt‘. oowoiiii,f 3 3 pass 833: «+++oooo 2 393 33553 +
= 3338 FHHT 3¢+o +It++ * 3 b3 tiii ++++3o 9% 5582 oeooe
L £383 s3ase 439 3 ++$++ T+ b3 - +1+.r_v ++...+o $3 $333 $33 243
I\ [+ 5252 t.fof ++++¢ b4 ++f1 ++fo++ 303, 60090
o ¢»uu om H++ 12.3 +++++++++ 2 b4 131 ¢+++++ 8> $33 32.03 oF [=]
25 + ° Fey 41.2& 1++ &3 303 O+
T il S 52588 3533 Nnnitiiuit.v ¢ 2+$t+¢3t+1 ++$++o 03333 2 3
M - 398 ¢! $33¢ ++H:+t+¢++$ I 38111%tiotutits o.oeeou?! g
<558 $e$3 1t +t++++ 34008 b S ootrz.i 3+i+¢ +++4+o 3352 33 $338 =2
- + m 30 f+++ ++++4 oo+¢++ 311. #I&I wo.ooo. ooeo
g2 ooo: +++++ p2se 55 + 3{3 10 03 oooee
<32 3 $3 202 +++++ b3 t}{i .&Is .I?eo oooooo .
$3 <S 30+++ hes $ +++++i 3 +++¢Io ooooeoo $25
£y 833 o3 00000+ Ba83se ++++Av 58 ¢++o+¢+ 3 woeqoooo $252
i3 3 ooonm“ $3 o»ooo++ﬂ++ e, 48 I & ** }:1.3” % 3¢ (=]
3.32 I S8 $382 9, &3 oo.++++ +.:++4+ tﬁi»eo e+ S
T 3++¢+ o 35082 $3 5233 $3 owooi..., + g2 205 (=] he st 3 N
Itt o++++o (=} ¢33 & 9% $2 oo++++ Iﬂoi. f=1 Ty L4 -
++ti++t$+++ +1+ 4 3034 9 8’3 33++ T+ pS tx.M.
++.Io+ ++»++$ It f{i 3 2 &3 33532 S +§¢+ <D (=3
Iﬁtﬂ{«t«fﬁ. bS +++++ L $83 3 098 28388 2aes .?4»30 <
T .Itot .t}rv+i+ 03 +£4+++H+++ B2 o+++f6 9, pods 33 L
++£1 ++¢+++1 131 th;t‘ 3 3 3588 2853 339 5388 N =3
++.I 25 3+3++ o++3+ +H+ oooo T+ +: ¢+ooo $33 292-
++++t, t?}f Iiti + +oooo 2554 ° 3 - ++383 33 333559 2% < QL
I++++ t«f{« ++3+++++ ++oooo 23584 2 3 33958 $5282 39 333531 521 L =3 N
¢+++++ oit 399 +¢£$ 3T 3¢ +++++ F 2 33593 35353 wow3 $33 oF X
++2++ tt. 33393 oty 4 Itt $ 3 3995282 $653 333 209 o ]
+¢34 32 ¢++¢++o ’ooowowa 25854 b3 +++++++ 3 & 332 wo.ooo ““ 0%
+¥$+++¢+++ b2 oowo 3eaeses +++++++++ He s 33230 535353 5383 353 990" 12 =] o
& ..tI +++3 338 oi%ii +++1+++ 0 b4 330908t 4353 35338 5 $$553 1 v
250 3508 4858 303 338 413 b2 $ 2 3508 113 3335582 o»wo 33+ ) =3
i 33338 ++w+ttz 3 $aas: 383855 oooeoow 283 5353 v
9 . »3313#1: 2 3 & o+++++«+¢++eoo 3333 38“83 —
309 3¢++++ t:,: Ed 3 41 ++¢++++++1+3 333 wooooo 2328 1= T | 38
33 +¢++++ 9{1 +I1i it 4+++I++ 39983 33 $3 350353 + =1 4
L i 328} +3§Z+ $ + itII. 11,30“ $53 33 253 b =
* v+¢++ ¢++4++¢¢9f .Iflf.v T4, F +*++f++ +++++¢00 &2 8333 wooo a9 w
e J9888 It»t‘ Zet\t 29251 & »++$+++ !ft%o “oooo $333 32 [=]
09 o 3398 +++¥+I +3+++++ 131 5 3, ++++++ +¢++.z,+> &2 38838 oewo+ (=
200 ooowoo ¢++I. 258 tt}li t!{o 3 +0.I++ N s o+++++++ 333 300895 5954 2 T
2852 2 333 5 322;{ ttrf tito» P> 5 i+$ + ++Ii4+++ 5253 3533533 92" =3
5 33 weooo $383¢3 ooi.t. tIII 1330 $ 321 +#*, +,..+t++ ++1o« oowoooz. P=asd D
$oS3 $558 33333 &2 ooouoi+ +H++++I++++++o $ ooii 2++t+..u+¢+oo 388% 55353
. oooecooeoooo 0208 ¢f++oo+$of+++¢++ Iii $++++t++ooo eooowoo +oi+++
6003 333 5333 o0++§ 923 53385 +++§++ +++++ ++oooo 308 % i T +ﬁ¢+¢ + °
«.333 3332 0309 &3 pse 3.0 ono 3054 ® ++¢+ +* +.I¢eooo woo.z. ++1¢ ++++++.v++ oes
Tode $3%3 uooooo 33338 owooo 3333340 s R k3 L?Ioo 3503282 +It++++++++++++$+I++I
+ 33 $39533 2525, 39352 333 oooowo»o of o4 - +++oo»' 30°8" (= :oti ++++I+¢ +++2¢++ 5o 3
5343 225 35952 311, o +¢+t.+ 359 =3 +f++4. +++¢++ +++++Z 13- 353
ooooo 2533 23 320 rs 3011 ° 2354 +¥+ +o, 54 L T pats Iti.' ~+++o+ +$+t.ﬂ 23e
353 82 ooooo 33 o 83 ooo3+ 525 03 +t¢+ = ++ $ b4 -~ i Itt# :foi +++i+ 3 oee,f
oom» $53 $59 b3 o“eo»»o ¢ooo+¢+++++ 3 ' 3 Iih. ] a Itfi ++++++¢o++++++ «owooooooi
303 $08 2%, 3388 23 ooe&.iiii 33334 oo.uw t,f ¢ [=] +++++tttlntott:rd; 3333 221:.
2 +++o+t ncooo oeo”oz.ietti 32302 $$3 pdogo03 S ++t+:+t++++ ooo.oe 2308 283 oeoooeti
833 :.++++¢ 523552, 29 $338 ++333n3' $33¢3 +5; & +++++ +£+++?¢o 3333 S 1139 ooooftl o
233 e b 32 oowwooo +H+t.t38o 33533 S5 e o8 o ++++++n+++++io $o g3 o+++1+oooo»++++on
o & o :.+u+++ooo $3353 33 033»3 o S +++i+ +: +++++?+ 353 oew++§++oon?t+eoo [=]
34 “04.1 35 ++33“o“ooo 033 oooo +n+t++3+it+$ 39 0: ¢++++¢3+ +++++30m~ -
r HHLE 285 3032 3833 33353 $3552 + N + +oooo¢ 259ses oeoow ++++f+++++++++3' !
o++o+3+¢oo 23383 u“oooo on a8 o s o 3383 ++z$ 34 oeoooo ++++++or I.+++++¢++
3 3»13330 3555353 33«0 29 =) +583: 80;+++¢+H§$ ooo‘t»ttrfiiittto
+¢¢+34+o+40 00»0“90330 ¥ g (=] 32392 00+i+++++ 230ts 9351HX+++¢++0¢+++++4+¢ 3
++++»I ¢+++0 00000 92 $333 2328 ] T o 43 oooo?.++ fH++o+++ e ooo¢+ 3 ++»++I.+o +*4t- 3
2 iuw;f.ﬁiqu#o 33»3 330538 ) =4 L 3»3%?1‘ 3 +¢u¢+++++oowoo++++¢+uu+++io b4
3 iix.itiio&.oooo 2838 53933 — 355 8593 3o 23035 +I+t+e+2+i++$ ...+$++ $
B4 +++$.+ +++++$ 3303 ooooi M 333 % 23. o%?f + ++++++3 ++++i * Q
+3: 2388 ++,z.o+ be 330 $3 oooot [=3 oooo 533 i oooool +t¢+++ ++++++; p=1
3 ¥ ++++¢HN+++»++++¢N 3535088 ooo? S T = | 25552 $333 334 oow¢333+++++t++++wt4++++++n 1Y
B ++$++¢H4++t.ino $335 S3eess B - +w3w0uoe«weo oownwoo!fuuwf++$~ﬁw++++++++ b
® +¢+++H4++++o+¢nt++ooo 3508 +“n 308 2 oeooooozieoo wwtofrv.: fw+++*+ 3
e, ++1+++¢++ttt+3 $3328 (=3 $939%% 0383 omi.oo 3535339 21}&.16 3
po3cy ttffftﬁ#o»o o P=3 9398 2++3w88 $33 .oiii °
p23es + otiit.,tooo% P=1+} S $3823 $eHE 3 5363925 J0085e3 }fé
paed I+¢+++++3333 23 e 5 &3 $33 J5385e 4+++++I
pase h3s 3a8eds 8‘33 +o, o ¥ oeqeooooi i++++t
pass pasesn: 25 35352 L T + ++¢+¢ 3 3858353 o++++ ++¢+++ g
po besoess 323638 3958 +++t tr,0 3 30305 +++++ I++++++
b3 »o¢++9 $23553 = 4 ++.+++ 142 [N 1o $50] $3 oooif. o++++ HS
o +++..++ 3234 AT, +++++++ Th, ++++++ 4 . he eeo?}l + +++o - i
Ii+++w++ S 4 *+++++* ¢«{+ +¢++++ ey Seaed 323 +. %3 s
b L T ++: ++t+++ 5¢ +2++ ;tt +H+ +1 2454 23 ooooo 523 83
't - +++++++++ 3508 ¢++o o4 1{ +M+ §25¢ +3: 354 of 23 ¢ 5954 32
++t+ ++: 352 339 B5s 9% t.++ + +% 1 B4 623 03 ooooo 209
o ++++++++++++3++ 3 +$o++¥ 3830 oooéoh_i o3 1509 Bes S 02 ooooo 0. 4
S ¥ +Hﬁ+++$+ﬁ_ﬁ+++tIﬁﬂr.whtv“ oooo++++ * +1+ ooooeo &9 oew«o 23 20 30 529
& o ++I+++4++++3n838e 528 oun»i ¥ S04 coeoooo.'oooooooooooeoooo 228 [«
++1¢+ t;zioo ooeoe 3338 +1 b2 [=3 & oooooo 33333333 3+
+++$++i+2¢+ 83 jo3e: ++++ g3 S 9 3 oooooo $33 330 oeooooo $28
++¥++ +++$+ oo«one 3.{3 o 939 oo++oeo 5% &5 oooooeoooo S5 E
L +¥+++ +4+i+++ & 383 otfi A3 525254 35905 oiooa wooooo“o ooooooo +
N ¢+I.++ 321.3 030 033« ¥ ¢++o 3% oo++++o $3 Muooo 03033 -+
+++33t+++++ g3 302,,1 + Iweooe oitfoooo o?nt.ooooooq?
o . awtooiﬂit T b33 3338088 ¥ 19 3985 t%tt 3823 oowoooeoﬁ
23 39048 b3 I«I 2583 111 3538 263, 3333 293¢
3982 +1; 3o *y $353¢" 3583 3 It.fi oeoeow 333 23
L =4 33 * 3e3% o++1e 3434 308 ++74+»+ 233‘ ooeeoooo 333
r % +H+¢+H+++¢++4wn++++ 25 H+¢+4++¢+H++ooooow.voooo: 3554
ooooo ooo+
o S o++3nnni++4+uwﬂu +3: =4 fuuuuofluwweoséooooo ooof.
S ™ =N uuooooiﬁvti 583" < ++++++ tutttowoeooooo wuo?
el - ooouo oa00++++ 1++3+ 5¢5 N +1 ++++o+++++ +i.00 “ooooe 0360% v
— o“ooo ouooo+++++n+++++$ 5 ++t+I++t+3oweooowooo3
=1 — 33 o.ome.»n«tioou%: +++¥++Hﬁt38wnw%3o
N $353 o“ooohwﬂt« $333 Hifttﬁooeeoooowoo .
<) ¥ $33 036 oo!.t.u 62 +. t++$ewoee$3 +
& $os 533 ooo“o 3532 383 ++3++oo 0332 o
1o, 4, $9%: 2503 oooo $29 &3 +¢+++o+ 2300 [=]
T i.r{i ° 25 &3 oo“oo 20333 29! %3 *o%: 00 1
+¢¢&OI. 25e “eeo i 203 ® 33 hes 7 1
+t3«+ 29053 Fep $2 3 <3
111 §2300 229 bo 93 353 m 258 ? o
_ muﬁxm&xr . s i § e s _ g
o++$ +++v+ + B3 +4+~ + & +o+i 200 34
.I$+++ +¢+++++ 5¢ +}- ° - $2 +o++ 20, $2 S 03
3++I 1+ +++¢ +: $3904 & 5 B33 $2 eII ++3 on.oo 2834 0% (=3
4 G2 ++Iti aders 3 r g ks 339 0?1 Iooo $33 330538 02s L S
++1+o++++ 23988 p<33s e, b4 b4 3 3433 3558 ++wooooo ooowo $3 302" "
t:t ++++3 333 i+++ =3 S 8333 2313 193 $35%8 33 53335 3333 35 =] ]
+++¢ ++H++++ he +$ ++++++ b ° 952 30013 ++0000 333832 5332 993 $24
tfi» + 3504 ++++I+ b= b1 63 3213 29852 283 338 35383 2 [=4
+}{t s 388 13 ++++++ 0 b4 3333 2+¢ o+++owc 030033 o3+ 3
T + 33 ti: b4 b4 +++++o $3 3238 3:10 ooooooo 333 ¢ <
++.$++++ 8383 +o+t+$ o o+3+ 333.1«13:0 33833 243 -4
I++++ 3o 03... ++¢++3+« fod b4 ¢+++ I+22 +o3+¢e ooooe 332 393 5354
++¢+++ouo 30++ +I$+¢+ o5 $ pass 131+ 3{13 oooooo 020 eo? (=]
:13 o?I +++¢+¢++¢+ 9% + +o+ti+.1tt¢o oooooooo 331 S
++t.oo 32 +. $398 +¢++¢+++ 2 31&1 iito $338 $332 ooooo
F ++oeo oo» 4, ++¢++3+ +¢++3++ 308 P24 o ° ++++1.§+§I¢3 533 $332 ooooo.I w0
pes 35 388 e ﬁioiiﬁiii?u?i %o 3 ¢3$¢ $+¢§+++e oncoonooeo:
S $93$ 3+++¢ o$+++o+ tz.rixi 23953 f=3 o, o3 oI&?I 1++03 $3 58 [=3
39 5333 ++++¢++ oti?_. 4+$+¢ 23 iy 34&10 ++++oo 323 353
2252 83 oeeoo»»+i++2++ ffii tIt:o 832 Y 5854 oy tott }fs 5355303 52 L
+3¢ oooo 333 2 3»3 +++3+:.+++It¢+ 3333 +3+4 + itt #t.t&o oowe i ©
b2 oooo»oooo »++2+.1+11+++o 3¢ 2252 ooi.' i ++¢++4$ooooo 03
o» $%83 onwoeoowoonoeo +43H+++¢+t+o b3 % 234 i ¢++$+oo3. 33392
. 424 0, $25¢ 4 0 .1++ 3++0. 0003 I
+¢owo»»o»oooww“o 32 $382 3 3 3338888 B39 93 ° pesocy 4++¢300 ooooo+
+ooooo oeocooeowoo 35553 £ oooohu{ S8 2333 R R3e5< +++++3.Noo3
3300330 3333553 3383 §33 ooot_lt, 33 oo" o - H++t.+$ow0 b4 (=
333“«39 258 353 35554 333 .tt 24 293 03333 Hlo ++t++ 33 ) S
wooooo 33 33 “3 393 o8 $333 31+o T+ 305353 93058 [=1 b =
53333 33253 933333; 2 ooo¢o+++ f252 <4 0! 353 18 o
3533 +++¢++ e 25352 oonooo?t% e 2238 35983 33 boosy v
$e38: +++¢$ 203 552 3!+2+$+3 523 8383 333 e =]
2338 i 3383 2 33tz.+ rii $33 oowoo 003 13
P332 '00009 Q»Moiiewiva S ooooo $35383 053 &
34 ouooo o++¢+ 28 of_ioo 330 92303 303
9 * 33382 3 4++++ t&e $2 ono 03 o'oo+
- 3 ooooo o!.t,fito 853382 39525 328 3
00000 ‘0+¢+¢++++oooo 00000 999 9 1= L
23 ooooot.t,ftito &3 33 ooooo 3352
032 3 +¢¢+9+ 3¢ *o3¢ 3 $2S ¢33 $$¢3 -+ E o
: ooo+++ +«++1+Z 3333 09363 S wo +
+++++ ++¢+1+ + ooeo oooo+ i L m
+1+++ +,Ii§+ 250 £33 3¢ eoo+&+
<1+++¢++++++§+»++30 ooi +
¢+t++ﬂﬂ4++$++§$on &3 352530 (=3
b +t.++ﬁ++¥+¢”nuo &3 353452 (=3
o g +++++H+tiihwtiitn,, w
4 +&++*MM+¢I++¢+H:+++++ o
ot ﬁ:txxﬂt. uxﬂﬁ =
o *+ «Lﬁu{ioumm 3528 ' ©
3 .II o $2
s #mnn“m&»mﬂ :
° +++HM““nwoo o
o ° +Hﬁﬂi+o + S
04&. 1
A4 1
&
r 1
o
L =4
=1
0
6m

+:

1;
type

nt
ig. 18 Co
Fig.

(0

1

S
0 MCSPR
=11

t_

type

PR
CS

M

=110

in 1=

le in

p

sam

the

type
dvancing ty
al

the

tre.
cen
the



293

[=]
N
T e
.\__J 8
T - -
T
0¢++¢+.~+ (=1
" + Hnm“ummmmmmn.ﬁ“n:.. 1
+¢+++3 ooooo 3% 3533 =
.I++¢+0333 333 33 3538
+.I.¢+++ oooeo 583 3533 20 e
,Iitio 0600 $ 533 S0 2 +++++¢0++
T ++++++33o 333 333 $33 35085 t+++
++++++3339 303 22 ¢ 33 413 .Iiio
HE 252 .I&ooo 29 8383 oné + +++9v0¢0
I+++++¢ 588 oeoeoooouo 035 +I+0.I 230
¢++++++¢.v“oo 0004’3“0 60000 &!I.tio 353
A 268 +0+++ 3 eooooo oS ooooo 3 +.I$++00 $3$ Y
+F 8458 i g2 000000 0000 4#140 0000
o +¢+$+ §88952 ooooo 3334 %4 35953 ae50 53583 4
=3 :.fxnwszw.r 38 “n...“ S 533
x H04++o¢++++qooowo $53 33 0weo¢o«o +++00 $333 353
++4+++&++0 38 338¢ oooeeeoo 3 o.I.oe noveo
s T 3928 23 2325 2528 8358 5234 +++oooou33
41 53 2285 268¢ ooooooooeoono 833 534 ++++30900 3
+ 254 +¢+++H+ 006000.00 oeo.ow 09900 +++ 00000 R m
. # piss 10”"“” 633 ..»ooow om»ueon 33 ouoooo 3: S
(=} - § +1+30¢ uooouu”oo 353 oo“m 338 23333 +H b
N [=3 - Nuﬁnoeoo 33553 oome nw“ 3533 «o++t. 3 n¢un+o
. T8 . nn»w“mmma.m ““mmwmﬁz :Hﬁmm
o+ ’.. 2S -v.f.'.
33N %6 3 ++3o & $282 5% 3398 532 wmo 208
- " .”aﬁ“.“ .nn“"v 8 s ..”“““q.amm“ 35
_ - i mu.u ﬁxznﬁn i ““?..u.. si5c ”mnmm“.ﬁw
L. ++o~3o 333 +: ++3++++++.. - =3 33 33 1+++ v
1% ooeoo«oouo +$++X+t+i T 335 $383 Mooon« o+¥++
133 $533% oo$++++¢++++o+ T 833 203 32 oo++$+
33303 =] +.I+owo 33...++++¢+++i++ $3 3 o353 ooooo 4
039004 o ° to, | st *3 000000++I++¢$0+ 290454 3 59 ouooooo 0000’”
T 523 32+$ Tt Seoe £+++ o+++i+++$++3+$+ ST 3835353 3333 333
023 ++++$+ 4t ¢M++++ ¢t++itt¥+++++ttt‘+++ $383 5388 993 033
o ++«++ 1&34 294 B +o+$+++++$++$+++++o 3933 omo 63 3888
93 jiss: - ,&nﬁ nnmnx&nnnn: s o &
v o + m IS ++kunuuxwﬁ”t & 353 o 13
9 - HHHHH ooonomu +
o8 ++++o b3 ooeo+++ 24
s passs e, X3 3+++++++ o
3933 4 $+ ++eoownnﬂ++3++ S
g : &aih% o
535 23 m | o++++$+
uon»owoo =3 3 ~ Hﬁnﬂuﬁﬁ+
00.. “000’ b4 % &.&f.?ff-f.f*f
'.. 34383 * o f.o.} 4*&..74‘.??0. "
| o “3»30 B3t #t ¢»+++++
paess 3 uo“noo b4 p25d HHHMHH [=]
+oow0 3332 3e 3 Mww ti& =4
++9M6 % b3S “wwo 2 %3 ® . 350 L 4I
+0«No»on 33 »”eo 3 24 s L oz [~
++eoo0eo b 0353+ Mu Q
.u“mﬁ. i HeHS ; S
- m““”."%. fseeiss $hasse 3
.x».“r“ 535 $352 253 S3pr 2
1838 35353 333 030» 28 3
+oooooo¢o + 833 oooon.«ooo $52 i 3 L
uunoooo¢+ 3¢ .'+HHH iumumw“nn“wooon‘owo“nﬂf b=
.v#.v+++ §232% 333 0000!. S
++ttv+ 3998 ¢u+1+++ p25e 43323 6003“0333?
¢++++oooo 3e8? ++I.++ 135882 333 33353 8235 o3 L
L ++++o csese +¢++u(++¢e+ 3538 333 »3333"“... L
i; +$¢+0 3% $2 $3$ 000‘
n“mm.xnn:ﬁ: 3 rnnxﬁmm& 8
Hun0 ﬂmmmmmnunw“unnnu+ n
o3 +: 4++¢+H4++¢++¢+ (=3
5952
i z:xnnnna:n, 3 8
4, +, »++4++§+++++++++¢ 2388
- 3 n&: nﬁnﬁzfi&w g
o 394 ] 25s +w++++»t++
N“ b2 354 +F + +o.++++++++++«...+
QONN+ 1t ++¢+¢¢+¢3++4+¢++§+ :
390 03++++ +4+n0¢+32¢0 383 s+
983 oo+++o b3S 2&2«03”3 3338
& 3 $352 138 o 0+~¢0¢+ oooonn =3
N"nnuﬁrnwnu wnuuuuwn«mcwunn“ww =
. %o%2 ooonbn"ﬂ nwunwn»u“+ U. 1.
S
. N
o
. @
[=]
L 2
(=]
3
8
3

) J 1m
A
o‘mmmmmmuwwuooooogee?wuu
S
2% oeoooooo +. 2
38 ommmnuwuuww»ohunmmmmuw
.00’.9. +:
oeeoe & oooooo ++++¢
9933 oooeoooo I
ooeoo oeoeoe 253 258
eoooo oooe ooow“" be
ammmmmo e
0..0900900‘ 23
*ummummwun“wno &
ooo‘,
o ammmwmmrm.e._
¢
S i +Nm§“§m,
A__ 3»“0 »w“ew“»”
.YQOQ .M@Q’
- ~ m +mwmuwﬂo» wwummmmmw
9¢ 00000009300
e 3% ooooooo 52
++¢++++oo 293 9336
++++¢+++oooo 39 $o 2 0
s 4++++++0000N 3¢ 595
‘++1~++00°N++ 299
¢+¢4+1++++++ 1 3533
o¢+.+++++++ 1 3 3332,
5 fas) + 4++‘&o $32
e ++ﬁﬂu+wﬁﬁwwm++03 9% uﬂu”mmmmwmuu«ooouonu»m 3
++++++++++34 00000 om“# ¢++¢++¢+¢ 33 33 35383
++++t++++++ 24523 33553 $34 3+$ 9 3333 0330 it * =4
+++++++33+o33 oooooo t&iﬁ 393 3«31 THie 548 3
#+++4++;4+eo»3“ 09000000 tfi 33 06++++¢0++ 3% It e
+++¢+¢o++ &3 $3 “ooooooe F +¢+t oov+++¢++++++ 8¢ o+»+++ 4
¢++¢4+¢++ o 33%¢ ooonooq +¢++f+f o+.i+t¢++o¢+ 1 3.I+
+++++¢+ 20 28 000330 b4 (=] e+++¢+ +++++¢ iio« +y +++++
tit +Meo ooooeoeo 3 b g3 Xt»io Ieii + 1 R8s
++++...++$¢H$ 3 $33 ooooo' S ++$$+.I ¢+++2+ 52 B3 b2
t+++1 i+¥+o338 oooo 24 b3 - ¢+++++i++1f++f+ 433 1+ RS2 S
HE i .fH¢¢++ +00w0000 3333 2, +++++++++to++1++uv+i 2 o
pass +Ht++¢++4ooo $3533 3913 $ 0++++++¢1.31v+¢ S5t 32 503 -+
+H+M.v+++¢4++H+++»++++++¢+++++.v b4 N++++i++++++++t+“w+¢o+ ooowo o
33 ++»¢++++¢ﬂ+++++++2++11+ b3 +++¢+++$¢$+++++2+f++o 34 ooo» 304
+++11.+¢ 3298s +H+¢+++++++++o+o¢ b4 ++¢++++.v++3‘++++ 435088 35533 303 53
1% 37 258 3++++ +++++ gos? 3 +3¢ o w+++¢++++++++¢+++++ T 4++3000 23 002 '
2oaes 3323 + +++++++ Rases e ++++++¢++++o+++i +++3 3554 0239 802
¢++:i. 3950 2583 +y beetd o++++$¢+++++++++ ++++ooooeo ooo 0003
H 1+++++++++4 pased 3 +++oeo3++++ +++»++++380n 3 eooeuooi .
¢+++¢¢+++4+¢ 394 +++¢M. o +0009M000++*++++++++300 3 »000660 233
3388 322% 238 ++++ HE pong D .330 00++¢++++ +¢+o 3000 2 32
++++.l s ?I«I +++o P 0938 39358 +++++o ooooo ooo? =4
++++.¢¢4 +++3... + & 23 oeo+ ‘++1++.¢++&00 ooooo
t: +1 +1 2++++ 0000 &
&:ﬁu% i a“w%xzhnnnn.u“ S . -
i 3no.$++4 3 . it - ® s ~
+ﬁuﬁ+¢ «thﬂnﬂv i.w,hﬁ.. S
3.31 ° +«+3+++++ 0+++I$+ [=3 b<d
+++3 ++¢+i$+‘+ oo++¢++++ 1 1 N
g o J% -
¢+++ o 3
3. onmmmmnnu ouummmmmﬁ 8
3332 ooo¢++oo++++.' ?+++++++¢ 354 + o L
$388 ooo+++oo o¥++++1++++++++ 23858
o< $33 2++o n+tt+t++++++++uit+ =] S
by 23 $e8n 5283 “Nﬂ++41+3»++¢++++§¢+¢+
B339 T 33 oooiiittoiii ¥
L 22 33 25980 ooo3+o+$++1 T L
b 258 it\i
4 OU $ of 0HN+»M onnww.um+u¢tﬂ+ 1=
NNNM. Ay Too o 2323 ++++Huﬁnw+umwnooo B3
3 pso® 33 ++++11 $253 sl
oooummwmmm ﬂom mm ummmenuu;?Nunmmomummm“m =3
g3 3393 532 $25%: 33 +++i+‘oooo %2 S
& &03 ooqn+ oouononitiioo 32939, 3538 b
53 "aammmm“numnﬁ S | m..manwmmmu "m.x“mwammm !
33352 oooooooo otiiti S J3: ++++++++¢3 ooo»ooooooo 03
9 3232 oooooo $2 ¢++$+++++ +++$++§++++++ 53358 333“'3 S
88833 $3 oo»tiitiﬂ. § +++++++++++1 owoooo $33 33. 3 L
eooooo 3388 9398 e++¢+$++ 5 ++++++++I+¢ 383 he 333 $33 u!.o 328
263 332 332 3558 o++++++oo» ++4++++++++ 33 333 33 999 woooo
28 $3 2858 838 ou+¢++++oooo f+++++++ 52533 338 «00930 5533 S
333« 5333 1.+++o3 +++1+ G2 9 »3 2 3592 +
+ 9 g9 0000 o1 the S o+++ ! 0000909030
33 2, ooouoe $383 331 3333 3 L3’ o “o»ooouqoo $5%3 1 1
+¢++t¥+ <33 $33 33 3+++ heY 25283 34 - 83 63 ooo«oo+
+++++»t.¢o+¢ oouo 53 0ooo++.v 2580 35 o
+$+++++I+1 32 2333 203 $332 ¢++ooo T [=3
otiitti 3 38002 33 o“oooutitvoooo pas
HE 323 ooo++4¢+ ¥ 2358 3525 43 4++¢+3000+++++ﬁ. Bl . Y
¢o++oooooo+++ww b2 893 $33 o++w+1033+++4+o
52, oo++++t 26%: & 30++$+»uuu+++o+¥+
833 o,f.ti 3 $333 o»‘tiitititi 8
29 i++1£ 82 k3 itiit .Iitl I3
° owo++++++++ 5 Ittf... .Iif{ N
b4 owoiﬁitl 3235 31142343{13 o r
$ 0002&..1“0 0“000 0+++¢¢o+»¢++HNHH4++
4 $=3
e, e, QMMNMNHI‘&Q ¢ 333 54 +¢§++¢¢+4t++
. .mmmmwﬁamwmmma" - . &
++f&+1.++ownnwoo $2 eoo 3 +++++H+
mnﬁnnm“.m““mwmmmmaa.“. E: 8
+++¢+++tvo 33 3535 33 4 + ©
4++++++++ooewo 955 3335 39
wmm“una.%umn..“mma»m. * 8
¢+¢o &3 S of
b 3+++oo S )¢9 333 o o v w
+++++0$0 % 00M0000 3933 24
0++ 934 $2$3¢ Q¢ 32 ¥ of
+ s 0000000600 % 3
twooo+++u 8282 ® .
00331.00 333
508 03++3+0 owoo
H3 noo{.ii 258 351
pe 003 52 peass 0000 +
s Sote +2 L -
= ooooi o,
o
S
. N
o
S
s el
o
. ¥
(=1
S
o)
m6

ak-
ions m to
lon. ue
lr;tent,
€
d

lat

t
n
CO

n

we Clamlte
er

ev

W

Ho

T.

ea

cl

S

les

u
sim
s two

10u to al

7
(o]
30

+

is a

1S

re

the

le,

p.

ami

For ex
Ils.

a

in w

n

stra

n

nn

e

som

ts.
ffec
sion
ten,
ce
,fa
le.
p
sam
110
Z»:
c
f th
to
lef
centre
the
ear
II'n
a
. \%Y%
n
stra
nn
3 n

h
uc
m
be

to

1ls

a

inw

ain
dom
e

ses th
u

ca

ion

810
ten

e

fac

is sur
1S

Th

1

Su
1t
hi

X
ns e

PR
CS

M

is 100

1 is

interva
t

sho

snap

The

d
an
1ls
a.
ical w
ions
directlggloglca
11 to
the
ify
ti
den
lation

for
ion
luti

o)

in ev

ain

dom,

d

nfinue
CO

the

S

W

sho

19

ioure

Fig

Simu
1S

a %

dom: re
i.e. the in the p
her: i.e. d than

t de
Y n

rou

ore

m

a
ng w

1

th

lagram

d
S

(0]
hich tw

1ou
h
eac
into
mn
flow
hen
dt
n
ink a
dtolin
ten
ter
al
f W
o
S
drOp
by
arl
ne

mn-w

\%
the pre
from

10n

lut

ay
t0 the w
lar

1n evo
Stmi
very
1S

type 3)

10S.

he doma
t blank

s

0 doma
tw

g
nuin 2
kype

+:

s

is effect
Thi

1
type

lit-
Sp
ers

fil’lg

0

tw

e

typ

idged by

bri

Iso

is a

1S

PR

CS

oM 0

1= lgl 1t mnt
tin

0) in
32

©,

in at

am

m

3 do

The type
le.

p

samy
f the

O

top

the

at

t
n
19 Co
Fig.

(0



294

(=3 (=]
T T T T T m T T T ™ T m T T T T T m
*+ .+ m
(==} m o o (]
i N o 0060 I o
FreN | {8 fra o*° - 43
- 157 o° %0 -
+ 339533
e® o
03 $333 o,
090 o,
# 0,
8333 o,
+t€»0wo %o
L 4503030308
sheisietaisk P e
183383030283 ES
+393086809020¢
30303080%020%0
+no»““0n000“o
+302020268620'
s b
L +30303026302020 &2 +,
18302026208020: +. 3 +. +. 3
H“ “N»Mww““w“"n HHH+ o83 0 HHH+ Hﬁwﬂf ) 0302020305050 +$+5 v
<3 +; 08+, + 338 pa¢ehey +5035302000¢ +
&3 %3 3ot 252525 9393030200030 0
24 b R e 31 posoaced Isasasiteets a2
32 030 h2552Y 0350 heS5ehes 0303020302030 <3
34 22030 1y 23058 he5ed 309922202020 b3
33 0333938 +. a3 25833938+ ** 13030302090358 g3
<3 030 20,1+t SIS 3e38303e80¢ 238, ++
L 8343 0208080302001+ + ] o36%: 0203030300000+, | L 1393220808085 £25650%
% w“ O“Manoooooono.v&fo.ff $383052 3 000“w0+++++ 139083e3086388 0308620 Sl
3 029 $338250524 25252028 ) * $38923 030383+ LY. ) 13839 099 939!
1172920898020 & 005080+ T > 533333 02030880 41y 0292989802030 299205920 v
$311120%0%0%0%0,, 49 eSedoset ity 9 <3333 $4385¢305¢ada5¢5 2302036362020 030508
3131590882026%0 03¢ $5232328ese 025 33 <3393 0233333535290 05 252 192800983030%0 02030833024
$iitevedetesetetetetatecet it aizy *$ 3333438 eessesseriTitint 128892806363 950505929203
P38a000098545¢5 333549008505 252025 o$e3esetodese! 0 338989452585052505 3990292080202 2302030208830
35098 0002580088Ca0 2L 0005 2adhehdl b ] 998333339 02 328589¢525¢] &3 $3 03030 08330
A I T T i et T T A I I Ty 1293030003520 9203080+ T4 IXTITY. +3039; 030998080305¢
et et e 036803030 00+, 0509050300+ Tttt 0533 3323 0309352202620863"
¥ S5 252925¢5¢ 0050082 505e525252s 3393025808020 1903030300+ 1 I I TN, 139393920 9593020262050 +
ps3so25a52hd5d5d5dhahatahetdhatchdhetdbehal +++ 33820860026203630 T IQOT ST LI AT ILI LY +1+. 980262020902620,0203820262020202035 1+
$3238585a5050520¢5250505053525¢ 505 TE 314 0503929303080300F AT IOLIT I TILILIVINEY 4 2505 030995830250208580202003562080200+ 2540
20308000t Tt it et et el Tt T bR Ey *, o +3030%0203¢: t: e +2980892620202030202020S 030202004 1 41+ 1+ pesesy (=]
$333298005800020202505205052525¢5¢5¢ b RLCY 3345 930303030! ¢heh I329¢325LS 030353038208086¢+ 1T 1T Y 2585
L D323 32525255 202525258 5052590252505 252525 ¥+, +1¥ L RS3528252S S L 2209029302020892030080203028800+ 111 S
930203030SoT T IR I ISTI AT II N, (i Ty 3525 239303230 3525 120036502020200620200098900¢800T T IHIIIEY  Tilty 17 H
P8 239385050 52520¢08020008500 25858520452 238509 ¥ 333253208 S +30302302020802020202020300080 0+ 1 + 1T HTTTY. 25050 IS
0230302030801 1T ita it to0e T HI LTI ity he32s 08000820880+ +: A2 080293080302036800030268020%+ Hata et e it Tititity 3
£3333303254 90520052585 0523 25252505 Sa RS dSehe) v £3$3359430984 v 0305036392050 00990800 TALLIIIINIIEY  SiTiL v
$525490585852585¢5 21 ReieSee SRS dododhd §2 52525400005 2839303030363035303520%' he52odhdod i IRt ohdhe
£52539252505058503 8 g5esehcidiinesdoches 6209+ 1+: 23233303330935382983 Henh SHaEs
£9e5¢5¢58585¢5 25¢585 35a5052Y +14 +30°03080805030 PE252595 35252524
2325252505052 £5ho TIPS 425254 FH 333303332929 250500 Sapc o an g
+ir5s0essee 2523 g25es 95938303030 252521 phehes
p2533505< + 3 +203e3030%0 g52 o3
et 3+ =3 +3038385e + e
L +Nnuu o B w L < - oonuw.,, o L
+ +
¥ v v + Y
+¥ W
A d b5 °© +o
+ +
LY +*+ °, 4+
0, o,
04+ 0+
[=4
8 8 8 8 8 T8 8 * g 8 8 8 8 <
@0 [Te} m ™ N - ©0 wn © "2} ™ N -
[= (=2 (=3
T T T T T b4 T T T T T ou T T T T T (<4
*+ °+ wv
. 200 P 0 —
win 23 9230, inin 0% "%,
=<1 28963 ,923882, - el 000 L
Lo o«»»»n 929583832320, 18 | 0% N 8 S
© s sShasitestussee e eistes, Q1= [ el 8% - -
23 333935 020, 172 023 020,
+338308830383¢30" 3303030%0 £3830 3354343
+3330303039393¢ 03000331+, 0 ] 5099 020!
503088203020368¢ 33533585 RN 039535034 3036293240,
198259398885850 24230008000 had (o383e3e3e +STEITTIS0% Y0
+,939828380202030 paRnesenss o,
+392920; 000%000“»0 +iivtite o4
+398530202050%¢ 2525098
+£92020202020205¢ pacseses
%S o o
- gtpofe3eSe3eteteR0e - R
08 009303039328259 o +
+323030303030%020%¢
$30898920202020503
82080208080208080
+803080802020806
9503030003290
23639892024200030
93030803030
+30¢ w«o 2303050
302626282020
+302680392030%0
3202920908020’
183088803030808
333332928388
+3030003020203¢ [=3 (=]
2205029202930 8 S
[ iagsssesesesss . 353 s, s 1 =
+$93830852302020 1 o 2994 Tiits
+$9398020292020 ‘ite $a20., ° 03930 +ite Fago250d ' '
03030903080, 3% piaacy 93030 288 fasachcy
St T gt $
Sasssasssiessiee, ogsese = b 185538503 mo«mu 233552 i
0395950395926%9%0, $3 . moo m 930303 +.
0395 0000000009“0 920,08883028880001 1 93¢ 90«&“0 8353 2989303080, S+, [=3 [=}
o 1903020305020 003020200020 0y 14Tt o 1o3080208930803 0593029502938 Tt N <
T 200000303608 300 0300000t 11T 1T [ To89802030303¢ 2398020202080+ T e s Y] 3%}
Tttt i 9000808030 0080 0 et v v E 8] 33230302020 308030208084 11111y
A TEI T 202000200 eSeS0 T T I T 0383030302¢30! 0303030363080+ 1315 v i
ittt T 008020008830ttt I Y 3 23035303350 0 $3334985852505
Qi fe%egetotet I T T AT 1892020302030%0 9392030208000+ttt iy * 230509030 0595023089
20 30I0ICICARRLINUOSCOCHCIOILILICICIO b4 3830003000202 203020008000+ I+ 141+ T+ tr 20203080262020 osededeletr it iety
2505054505¢505252520052505¢505¢ 5545 333339399323 28002923250525 2as 2020205 ah 2y 2039202030903 0399020200+ 11 T4ty
L L L T T ¥ ¥ + oo+t riiivtitity: 9262086502030 090208086+ T+ it Ty
CIeaRhe 5852 5e 82 5es2525e0¢eheaeseey 832323003 aaR0e5R82520052a008 50520200k dhds 030395939 090 etiiiiv ity
39352n25250000e 5002525250500 20252505 2 ° 39238505 3eh200588252504052585¢0492505dh +38558320268583 ,0,0009998200F T a Tt LI Y
$745253585¢505¢52a2520¢5¢52045¢585¢5 + $329239035 38 20e5R a0t cleaRaeaeaean et + 0362998202620008000202804 1T IALEL +.
25¢525452525052505054525258525252581 +4,9 SS2IRaeSNa02Lo0a5202505000925¢ 50 % +t+.0 33099503020802020003000880 T LTI I LTIy +14,
oS0t T+t tat e tatat it et it eteTatot+te 25dp odeSedodt trtetitatatatatitatitatatataty o+ 4 030308020203020308030205+ T4 Tt tatatats 4 4
R0SOTHIITHIATITAIILIIIILIINAIINIT e, pag5ed 3030380020 I TLITIXIRTLIATIALLINILIITANY Ty, IR 13085262020802080203086 S+ I T L+ TITIIHIITHTY +. pags
20202000 T+ +T+T T4 T AT +1+. +1+ 980308038300+ T+ + T+t et it ittt ittty +1+. 1t 920302030208020803030+ 1 rtot T4 T4 tetaT  Tate Baghe
- $323393985850545208505 0980402585 054) Bo250 2585 - $3 $985¢525258505¢ 3250505800000 a G 2503 +: o 230505 000 itsodet I iviv Ty tiity, 25852
eSa5as
$333232926850589052525¢525258520 25054 252508 525 +308339: 39852525250505292505252525058% 25250 525 +38252020208088 200+ 94T+ 3 0008 T I IS 252503 paes
90S0STTITTIIITITLOSS AT TITITALAY STty 2525 3 TS Y TR 5254 $83030302020280 4 21T ¥ THE00000TITIIIIATAINIT  $IT Iy £525
2020302031ttt ity 2525252525 E5252525 v 2585254505 iy AR v 060¢¢++++0M0wwo+++++++++++++4 e + ¥
33350300 aeseseseses TR Hhent 3557 Ty 235408 EdosanssanstaiiRasecused
0529234905052525250505 4 8525252 SIS 2525254 - 252525050 0B5 4525254 2525050528 2525250052 RS20 8520
I esetete h2525S TN 2525052 et pellte 02 h252525254 5252
+iiriodode3030 +31 hg5¢hend h25¢8 hg528ets 933
1629303329 + 338 3 ¥ &
F1+2050%0%e <3 +1+2630 + S S
+ig0dess ¥ o +igeSese 8
3 ¥ 33036 6321
+99 + S +99 S 35 8
g +Iite + < - B5es g - 3 e
£52s + g5 49+
# ¥ = ¥ # ¥
+
o
¥

600

500 |

100 |

600

500 |

400 +

100 -

600

500 +
400 -

, as in

ich

in walls whi

f the nn stra

n see the nnn strain and topological walls
the simplified, 2D model seem to be suppressed by the topo-

=}
=}
o
.-
w
]
=}
=2
an
5 2
O =
v 2
Z o
=
Q
=
E&
o
o0 O
S
= |l
@n 4
==
°=
==

s

+=

>

from the prev
type 2

ion
but at a much lower temperature (°=type 1
p yp

lut

1mn evo.

the doma

inuing

Fig.20 Cont

logical walls. For example, the +30° nnn strain walls be-

tween 1-3 and 2-3 are present in the left of the

=220 MCSPR diagram and the +90° nnn strain wall is a lit-

in consecutive snapshots are totally dif-

and the patterns

ferent. As we go from one pattern to the other the three

types of domain constan

tle further up. Where /=320 MCSPR shows a network of
—60° 1-2 topological walls and there is a large 0° 1-3 topo-

tly advance upon each other just

in posi-

as described in Fig. 18 with no clear static doma

logical wall to the centre left of the t=420 MCSPR snapshot.

blished.

ing esta

hapes be

tions or s



The fluctuations in these plots are, of course, driven by
thermal effects. At lower temperatures, the domains do in-
deed settle down to form increasingly large fixed do-
mains. Figure 20 which continues from Fig. 19 shows
this. At this lower temperature, we see dominance of to-
pological walls very clearly. For example there is a
well-defined type 2 parallelogram at =300 formed entire-
ly of topological walls.

7 Discussion

We are now in a position to return to the experimentally
observed domain structures shown in Figs. 1 and 2 and
comment on their characteristics based on the results of
the computer simulations.

Looking first at Fig. 2, which shows the strain modula-
tion of twinned and tweeded cordierite, we recall our pre-
vious observation that the domain structure is very patchy
with poorly defined wall directions. This observation is in
striking contrast with the appearance of tweed in YBCO
and feldspar (Putnis and Salje 1994) which show much
more constrained modulations. This effect can now be ex-
plained in the light of our computer simulations. In the
strain-mediated Potts model, there is only one atom per
unit cell and so the only motion available to the simula-
tion is strain which corresponds directly to the two acous-
tic modes of vibration that the structure possesses. This
model therefore produces only strain-mediated walls in
accordance with Sapriel’s condition. However, the un-
characteristic patchiness is already apparent in this model
simply because of cordierite’s large number of strain
walls (namely 6) compared to the two observed in struc-
tures with only two domain types. Because there are so
many walls to choose from it is unlikely that the crystal
will consist of areas with only one domain wall such as
are observed in these two state structures. Therefore the
patchy domain structure observed experimentally appears
in even the simplest computer model studied.

As we proceed to increase the complexity of the struc-
ture simulated, additional mechanisms become apparent
which further contribute to patchy rather than straight do-
main shapes. In the 2D structural model, the presence of
cordierite’s six-membered tetrahedral ring causes short
range interactions to become important. Whereas strain in-
teractions are independent of the detailed structure of the
unit cell we observe additional, topological walls which
are the result of ‘rubbing’ of neighbouring rings, a process
which is highly dependent on the geometry of these ring
structures. The presence of these characteristic ring struc-
tures results directly in doubling the number of possible
domain walls from 6 to 12. This greater flexibility in pos-
sible wall direction makes patchy domain formation still
more energetically favourable than in the simple model.

Finally, proceeding to the 3D structural model, we now
allow layers of T2 rings to interact in the c-direction. The
ordering process is always such that rings are stretched in
the same way along the c-axis. Thus, tubes of T2 rings
form into bulky, rigid structural units extending though
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the crystal. The direct rubbing together of these tubes rep-
resents an even greater fraction of the free energy total
than in the 2D structural model and so the system is more
likely to form topological walls which reduce the energy
associated with these local interactions.

However, the formation of coherent T2 tubes in the 3D
model introduces a new type of motion into the system
which is not observed in the other structures simulated.
The very strong local interactions between T2 tubes intro-
duce a strong cohesiveness in the domains: the domains
tend to hold together as well-defined areas even at com-
paratively high temperatures. Whereas in the other mod-
els, the thermal fluctuations at high temperatures appear
as poorly defined domain walls and the appearance of
random ring spins throughout the crystal, in the 3D model
such fluctuations appear to cause entire domains to move
around the sample and change their shapes while retaining
very sharp domain walls. There are clear surface tension
effects involved in this fluid-like motion which cause do-
mains to become rounded and tend to move domain walls
away from their expected soft directions.

In summary there appear to be two factors influencing
patchy domain formation in cordierite: the large number
of allowed domain walls, six strain walls and six topolog-
ical walls and the ‘writhing’, fluid-like motion of domains
caused by strong interactions between tubes of T2 rings
observed in the 3D structure.

We now turn to the question of whether such ill-defined
domain patterns also appear in natural cordierite samples
on a macroscopic scale (e.g. as seen under an optical mi-
croscope). In particular we may ask if topological walls ex-
ist in geological samples. In the thin sections of Fig. 1, the
dominant walls appear to be along the crystallographic
{110} planes. The angle between {110} and planes con-
necting pairs of opposite Al in the rings averaged over sub-
sequent layers along the c-axis is 60° (Gibbs 1966; Arm-
bruster 1986). In Fig. 1a, the plane of the optical axes is
30° with respect to the twin walls between segments of
the hexagon. In this configuration there are no domain
walls which are parallel or perpendicular to the plane of
the optical axes in adjacent domains (i.e. perpendicular or
parallel to the Al—AI connecting vector). Hence all the
walls in Fig. 1a are strain walls. In Fig. 1c, however, wall
segments parallel to the Al-Al connecting vector are seen
at some distance from the centre of the hexagon pointing
vertically (marked as 1 and 2). Although the physical origin
of these walls may be related to growth phenomena etc.,
their orientation is not compatible with the strain-free con-
dition of ferroelastic twin walls. It is possible, therefore,
that the formation of these walls is related to the appear-
ance of topological walls in our computer simulation.
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