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ABSTRACT

The ordering of AI*, Fe**, and Mg?* cations along the octahedral sheet in dioctahedral 2:1
phyllosilicates was studied theoretically. The distribution of Fe**/Mg?** was studied in the octahedral
sheet and is compared with the A1**/Fe3* and A1**/Mg?** distributions. The cation exchange interac-
tion parameters J,, as first, second, third, and fourth nearest neighbors were calculated by means of
empirical interatomic potentials. Several compositions with different interlayer cations, and tetrahe-
dral charge close to ferric smectites, illites, and nontronites were studied. From these J, values, a
trend to form FeMg pairs was observed in the Fe/Mg system. Monte Carlo (MC) simulations based
on the previously calculated cation exchange potentials J, of these systems showed ordering phase
transitions in the distribution of the octahedral cations, with different ordering patterns in each case.
The two-species model was extended to a three-species ordering MC simulation model. A new pro-
cedure to study the ordering of three species is presented in this paper. We present for the first time
a theoretical study of the ordering of three octahedral cations Al**, Fe**, and Mg** in clays, describing
compositions more realistic for dioctahedral clay minerals, by means of Monte Carlo simulations
based only on atomistic models. Short-range ordering of Fe was found in compositions of smectites
and illites reproducing experimental cation distribution patterns.

INTRODUCTION

In dioctahedral 2:1 phyllosilicates, isomorphous substitu-
tion of AI** by Fe** and Mg?* in the octahedral sheet and Si** by
AP** in the tetrahedral sheet occurs in nature, giving a great
diversity of 2:1 phyllosilicates (e.g., micas, smectites, illites,
beidellites, montmorillonites, phengites, nontronites, etc.).
Determination of the distribution of cations within the sheets
is a complex problem, especially in the octahedral sheet, to
which we refer in this paper. This type of study can be useful to
understand natural processes, such as the smectite to illite trans-
formation, dehydroxylation processes, and to analyze how cat-
ion distribution affects lattice stability. Also, the industrial and
environmental applications of clays due to their valuable cata-
lytic and adsorptive properties (e.g., as a barrier in nuclear waste
and pollutant disposal repositories) make it of great interest to
establish a firm theoretical understanding of their structure and
behavior.

Cation distribution in aluminosilicates has been one of the
important aspects of mineral behavior for a long time. Spec-
troscopic IR and NMR methods are especially useful for cat-
ion distribution analysis since they probe local environments
and can detect short-range cation relationships. From IR stud-
ies of celadonites Besson et al. (1987) showed that octahedral
cation distribution is not random and AI** and Fe** tend to seg-
regate from each other. Drits et al. (1997) studied the isomor-
phous cation distribution in celadonites, glauconites, and
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Fe-illites by IR, Mossbauer, and EXAFS spectroscopies to-
gether with statistical analysis, and found a certain short-range
ordering. In some synthetic smectites, Grauby et al. (1991)
found that AI** and Fe’* tend to mix rather than to segregate,
Mg?* and Fe** segregate within the same layer, and Mg?* and
Al** segregate creating dioctahedral and trioctahedral layers.
Using 2 Al NMR to study montmorillonite, Morris et al. (1990)
found that Fe was either segregated from Al in the octahedral
sheet or present in a phase different from smectite. Schroeder
(1993) found by means of 2?’Al NMR that Fe mixes with Al in
shale illite-smectite (I-S) samples with low Fe content but Fe
segregates from Al in Fe-rich specimens. Muller et al. (1997)
studied octahedral cation distribution of the Camp-Bertaux
montmorillonite using XRD, EXAFS, and FTIR, and observed
that Mg and Fe form clusters that segregate from Al. There-
fore, these different results make it difficult to extract a defini-
tive conclusion from all these experimental studies.
Atomistic calculations with interatomic empirical potentials
can reproduce the structure and properties of aluminosilicates,
particularly phyllosilicates (Sainz-Diaz et al. 2001a, 2001b;
Collins and Catlow 1992), and they are used to determine or-
dering energies (Bosenick et al. 2000, 2001; Thayaparam et al.
1996; Palin et al. 2001). Monte Carlo (MC) simulations are a
powerful tool for the study of cation distribution and ordering
in minerals, especially aluminosilicates (Dove and Heine 1996;
Dove et al. 1996; Warren et al. 2001). Previous studies of octa-
hedral cation distribution (Al, Fe, and Mg) in a series of illite-
smectite (I-S) mixed-layer samples using FTIR and Al MAS
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NMR data, and Reverse Monte Carlo (RMC) calculations,
showed Fe segregation by short-range Fe ordering (Cuadros et
al. 1999; Sainz-Diaz et al. 2001c¢). Calculations for most of the
illite specimens, however, suggested medium- or long-range
Fe ordering. Cation ordering in the tetrahedral sheet in musco-
vite was studied by means of Monte Carlo simulations, which
showed long-range ordering of the tetrahedral Si and Al cat-
ions (Palin et al. 2001). Recently, Monte Carlo simulations of
Al/Mg and Al/Fe cation distributions along the octahedral sheet
in smectites have been showing order-disorder transitions
(Sainz-Diaz et al. 2003). One of the aims of the present work
is to extend this study to more realistic samples, especially
with respect to the octahedral sheet composition, where Al**,
Fe3*, and Mg?** cations co-exist simultaneously, as in the natu-
ral dioctahedral clay minerals.

METHODS

Mineral models

Models of smectites with different compositions were studied (Table 1).
Two different interlayer cations were included, Na* and K*, to study the effect
of the interlayer cation type on the ordering in the octahedral sheet. Different
tetrahedral charges were also considered to simulate the smectite [tetrahedral
charge (TC) of 0.28 per unit cell] and illite (TC = 0.8 per unit cell) systems. A 2
X 2 % 1 supercell was built with periodic boundary conditions. This supercell
includes 164 atoms and 16 octahedral sites. The supercell was built from a unit
cell with experimental geometry (Tsipursky and Drits 1984) previously opti-
mized by GULP allowing relaxation of the cell volume. Previous studies of
micas with low tetrahedral Al contents found a non-ordered distribution of the
cations in the tetrahedral sheet, which agrees with the Loewenstein rule of Al-
Al pair avoidance (Herrero and Sanz 1991; Warren et al. 2001). This random
distribution was included by imposing partial occupancies of Si and Al at the
crystallographic positions of the tetrahedral sheet in our calculations.

Series of 90 disordered and six ordered configurations were generated for
each composition using a computer program (MCclay98) described previously
by Cuadros et al. (1999). For each configuration, all KL cation pairs (K = Al**,
Mg?, and Fe*, and L = AI**, Mg?*, and Fe*") as first, second, third, and fourth
nearest neighbors were calculated, also using MCclay98 (Cuadros et al. 1999;
Sainz-Diaz et al. 2001c).

Model of interatomic potentials

The basic interatomic potential model was described pre-
viously elsewhere (Sainz-Diaz et al. 2001a). These potentials
are Coulomb interactions between the ionic charges and a short-
range function, which describes the non-Coulombic interac-
tions between ions, that is the Pauli repulsion at short range
and the dispersion forces at longer ranges (Abbot et al. 1989a,
1989b). Electrostatic Coulomb interactions are evaluated by
the Ewald method using formal charges on all atoms, except
for the OH species whose component atoms have partial charges
chosen so as to reproduce the dipole moment of the OH group.
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The overall charge on the molecular hydroxyl ion is the formal
charge of —1le. This charge is distributed as +0.426e for the H
atom and —1.426e for the O atom. This distribution is based on
previous quantum mechanical calculations (Schroder et al.
1992). The intramolecular OH interaction is described by a
Morse potential,

E= 8{1 — exp[—au(r - },L)]}2 1
where r and U are the observed and equilibrium interatomic
distances, respectively. A cut-off of 1.4 A was considered for
this potential. The parameters €, o, and | are described in Table
2. Coulomb forces are not included between atoms coupled by
a Morse potential, since it is assumed that this potential de-
scribes all components of the interactions between both atoms.

The electronic polarizability effect of all O atoms (except
those in the hydroxyl groups) was modeled by means of the
shell model. In this model the atoms consist of a core compris-
ing the nucleus and tightly bound inner electrons, surrounded
by a massless shell of the remaining outer electrons. The core
is assigned a charge of +0.84819¢ and the shell a charge of
—2.84819¢, maintaining a formal value for the overall ionic
charge of —2e. The shell and core are held together by an ideal
harmonic core-shell interaction,

E = Y(ky13) (@)
where kg, is the harmonic spring constant and ry, is the separa-
tion between the centers of core and shell of the O atoms.

The short-range interactions between the Si** cation and the
shell of O atoms and those between shells of O atoms are de-
scribed by Buckingham potentials,

E = A exp(-r/p) - Cr® 3)
where r is the interatomic distance, the parameters A, p, and C
are presented in Table 2, and the exponential and the Cr~° terms
describe the repulsive energy and the longer range attraction,
respectively. The interactions between the rest of the cations
and O-atom shells are described by Born-Mayer potentials,

E = A exp(-r/p) “4)

The long-range interactions between H atoms and O atoms
(OH---O) are described by an H-O Born-Mayer potential
(Winkler et al. 1991).

An empirical AI**-O*" potential was used for all coordina-

TABLE 1. Chemical composition of the systems studied and average values of the cell parameters of the structures optimized

sample  Si* AR (T) AP (0) Mg? Fedr IC a b c B

1 7.72 0.28 3 1 Kz 5.22(1) 891(2) 10.14(5) 102.5(3)
2 7.72 0.28 3 1 Na, 2 5.22(1) 891(1) 10.18(2) 105.1(3)
3 7.2 0.8 3 1 Kis 5.22(1)  8.93(1) 10.03(2) 102.4(2)
4 7.72 0.28 3 1 Kozs 5.24(1) 8.90(2) 9.54(3)  96.0(2)
5 7.2 0.8 3 1 Kos 5.22(0) 8.93(1) 10.24(1) 102.5(1)
6 7.72 0.28 2 2 Koz 5.20(1) 8.96(1) 9.87(1) 101.6(1)

Note: Structural formulae on the unit-cell basis for O,(OH),. Values in brackets represent the standard error in the last figure. Experimental values
for similar composition are: 2=5.18 A, 6=8.98 A, ¢=10.08-10.13 A, b = 100.2—101.4° for (Ca,12Nao4Ko.1-0.6)(Al27-5.2F€3% 02MJ1-0.2) (Siz_sAl1_0) Oz (OH)4;
a=518A, b=8.97 A, c=10.20 A, B = 101.3° for (Cay 11Na, 34Ko 14) (Al> 7sF€3%52F €3 MQ0 6)SigO20(OH)4; 2= 5.20 A, b=9.01 A, c=10.20 A, B = 101.3°
for (Cap 22Nag 06Ko 32) (Al .02F€376MJ0 52) (Siz.06Al0.94)O20(OH) 4 (Tsipursky and Drits 1984). T = tetrahedral, O = octahedral, IC = interlayer cation.
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TABLE 2. Parameters of the interatomic potential models used in

this work
Interatomic interaction Parameters
Shell-core interaction* ke (€V A2) Grore Gonell
OcoreOsheil 74.92 +0.86902  -2.86902
Buckingham potentials*t AeV) p(A) C(eV A®)
(0% )shei (O )shen 22764.0 0.149 27.88
Si**-(0%)shen 1283.9073 0.3205 10.6616
Born-Mayer potentialst A(eV) p(A)
[Si*+-(014267) o ]* 999.98 0.3012
[AR+-(O14267) . 1% 1142.6775 0.2991
[AF*(02)gpe]” 1460.3 0.2991
[Fe**-(0*)nerl§ 3219.335 0.2641
[Fe®-(0"2%) 0] § 3219.335 0.2641
[Mg2+-(01426) o o] 1142.6775 0.2945
[Mg?*-(0%)gpanl* 1428.5 0.2945
[K*-(0)snenl 65269.71 0.2130
[Na*-(0*)snail§ 1271.504 0.3000
[(HO42%%) ore= (O ) shen] 325.0 0.25
Morse potential* € (eV) o (AT w(A)
(HO428) o= (O14257) e 7.0525 2.1986 0.9485
Three-body bond-bendingll 4 (eVrad?) 6 (°)
[0*-T-0*]* 2.09724 109.47
[0-M-0]* 2.09724 90
0?-M-Q'426- 2.09724 90
Q1426--M-Q1 426~ 2.09724 90

* From Winkler et al. (1991).

1 Cut-off at 12 A.

I From Schroderet al. (1992).

§ From Bush et al. 1994.

Il T = cation in the tetrahedral sheet (Si** or Al**), M = any cation in the
octahedral sheet (Al**, Fe®, or Mg?").

tions (Jackson and Catlow 1988). Although the OH groups are
joined to cations of the octahedral sheet, they are close to the
cations of the tetrahedral sheet, therefore we included an em-
pirical Si*.-O'#% . potential for the Si/OH interactions
(Collins and Catlow 1992). Since the isomorphous substitu-
tion of Mg and Fe occur in the octahedral sheet, the Mg-O and
Fe-O potentials were also included for both types of O atoms
(0% 4n and O ). For modeling the interlayer space inter-
actions with exchange cations, the K-O potential from Post and
Burnham (1986) and Na-O potential from Bush et al. (1994)
described quite well the interlayer interactions.

Covalent effects are simulated using three-body bond-bend-
ing interactions,

E = 1/2k(0— 6,)> Q)

where £ is the harmonic three-body force constant, and 6 and
0, are the observed and ideal bond angles, respectively. The
parameters k and 6, (Table 2) are identical for all atoms within
the same coordination.

This shell model with these interatomic potentials and all
these parameters have been used to model accurately struc-
tures and crystal properties of the main rock-forming silicate
minerals (Bosenick et al. 2000, 2001; Dove and Heine 1996;
Dove et al. 1996; Thayaparam et al. 1996) and layer 2:1
phyllosilicates (Collins and Catlow 1992; Palin et al. 2001),
particularly smectites and illites (Sainz-Diaz et al. 2001a,
2001b), with a high level of transferability. All lattice energy
calculations were performed with the GULP code with the
Newton-Raphson minimization method for the lattice relax-
ation (Gale 1997).
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Simulations of cation ordering

For the cation ordering simulations we first compute the
ordering interactions by means of interatomic potentials and
lattice energy relaxation methods, and then use Monte Carlo
methods to simulate the ordering process as a function of tem-
perature (Bosenick et al. 2001; Warren et al. 2001).

The energy related with the ordering interactions can be
extracted from the above lattice energy calculations of these
configurations. This approach makes use of a model Hamilto-
nian for the ordering interactions. Taking into account separate
pair interactions for two ordering cations, the energy of each
configuration can be expressed as

H=E,+ Y (N} yEr o+ N B Nt Ev)  (0)

where 7 indicates different types of neighboring pairs of cat-
ions, N is the number of cation pairs for each type, E is the
partial energy related with this cation pairing, and M and M'
are different octahedral cations (AI**, Mg?*, or Fe*). The total
energy requires summation over all types of interactions. E,
indicates all other components of bond energies and any en-
ergy that has no effect on the ordering process, and hence is a
constant for our ordering study. The energy terms for each
neighbor pair can be combined into a single parameter called
the exchange parameter (/). This parameter indicates the en-
ergy associated with the exchange of two cations to form M—
M and M'-M' linkages instead of two M-M' linkages. This
energy expression can be reduced to

H=FE,+ YNy yEr oy +Er v =2E8 ) @)

This equation can be used for the determination of the ex-
change interactions J with the equation:

H=E,+ 3N} J, (®)

It is useful to define an ordering variable (G) in each site for
the statistical analysis of the energies. We use the value ¢ = -1
if the site is occupied by M and ¢ = +1 if the site is occupied by
M' (different from M). Then, the energy can be described by
the following Hamiltonian model:

H=E,+ Y 06,0,J, &)
<ij>
where <ij> shows that the sum is over all relevant pairs of oc-
tahedral sites, avoiding counting any pair twice. The Hamilto-
nian model holds for all values of the Al:Mg, Al:Fe, and Fe:Mg
ratios of the octahedral sheet.

Ordering of three cations

For the case of three ordering cations (Al, Fe, and Mg) in-
stead of two, the Hamiltonian model for the ordering interac-
tions can be expressed as

H = E;+ X(NjuEl + NegreErere + N:/lgMgE”
n

MgMg
+N" E" 4+N" E" +N' E" (10)
AlFe™ AlFe AlMg ™~ AlMg FeMg ™~ FeMg )
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where n represents the different types of cation neighbors of
cations considered, and N indicates the number of cation pairs
for each type (as in Eq. 6). A more detailed discussion of this
Hamiltonian model has been reported elsewhere (Bosenick et
al. 2001). The energy terms for each type of neighbor pair can
be expressed in terms of the three variables Ny, Nger., and
Nyigmg, a8

H=E+ EN/:W (E./I\’]Al + EI:"eMg - E:\lFe - E.:lMg) +
n

n n n n n
NFeFe(EFeFe + EAlMg - EAIFe - EFeMg) +

an

n n n n n
NMgMg(EMgMg + EAch - EAlMg - EFcMg)

Like in Equation 8, this Hamiltonian can be expressed in
terms of exchange interactions J as

H=E+ Z(Nzn\lAl‘lzn\lAl + Nl:eFe‘ll:eFe + N]:’/lgMg‘]]’\;IgMg) (12)

In this case, we have three times as many exchange con-
stants to determine as in the case where there are only two
ordering cations. This can make for a more complicated fitting
procedure in the generation of exchange interactions. From
Equation 12, the three exchange interactions will be for each
type of neighborhood:

a1 = Eqa + EFeMg —Eyre — EAIMg

Jrere = Erepe + EAlMg —Eyr — EFcMg (13)

‘lMgMg = EMgMg +E\r — EAlMg - EFeMg

Some help can be obtained by performing the analysis with
configurations containing only two types of atoms, which can
give the two-atom exchange interactions (now specifically labeled
by the superscript denoting the pairs of cations for clarity):

(AlFe) _
J - EAIAI + EFch - ZEAch

JOME = Ejn + Evigne — ZEA]Mg (14

JEN = B +E

FeFe MgMg -

2E

FeMg

We noted earlier that because of the constraints linking the
numbers of pairs of atoms it is not possible to extract separate
values of the bond energies (such as E 4, and E ). However,
the two-atom exchange interactions provide useful constraints.

By forming appropriate combinations of the two-atom exchange
constants, we have

J(A]Fe) + J(A]Mg) _ J(FcMg) - 2EA1A|

+2F

FeMg

2E

AlFe

2F

AlMg — 2J g

J(AlFe) +J(FeMg» _J(AlMgi =2F +2E (15)

FeFe AlMg

2E 2E . =27,

AlFe — FeMg FeFe
(AIMg) (FeMg) (AlFe) _ _
J +J -J =2Eyme T 2Eupe = 2E Mg — 2 Epemy = 2J v

If an appropriate set of two-atom configurations is com-
bined with the set of three-atom configurations, the database
of configuration energies may be sufficiently constrained to
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enable the fitting procedure to be stable even with many differ-
ent types of interaction. Of course, this relies on there being no
non-analytic dependence of the exchange interactions on chemi-
cal composition.

Determination of exchange interactions

Different relative positions can be defined between the dif-
ferent octahedral sites of these configurations, according to the
shortest interatomic distances in the crystal. Considering a two-
dimensional plane of octahedral cations, the relative positions
can be established as first, second, third, and fourth nearest
neighbors if the interatomic distances are < 3.3, 5.1-5.3, 5.8—
6.2, and 7.7-8.2 A, respectively. Topologically the fourth near-
est neighbor would really be an extracyclic third neighbor, but
the high value of the intercationic distance makes it valid to
name them as fourth neighbors (Fig. 1). Our approach is to
produce a large number of configurations with different arrange-
ments of atoms and to compute the energies of each configura-
tion following the minimization of the lattice energy. Each
configuration consists of a large unit cell thatis a2 x2 x 1
supercell of the unit cell of the system, and the periodic bound-
ary conditions (PBC) are retained to avoid effects of surfaces
and finite sizes. This cell size and the PBC allow calculation of
the exchange interactions defined above between all sites and
cations. Different cations are distributed across the cation sites
at random. The lattice energy of each configuration is relaxed
to relieve stresses associated with the exchange of cations of
different sizes optimizing simultaneously all atomic positions
and the crystal lattice. After the energies of many configura-
tions have been obtained, the values of the parameters J are
fitted against the database of energies. We have found that be-
tween 50-100 configurations are useful for this procedure.

All configurations optimized should be checked in terms of
geometry (cell parameters, a, b, ¢, and ) and optimization pro-
cess (final gradient normalized). In some systems, a few con-
figurations yielded a non-minimum energy structure. In these
cases, the systems were re-optimized and, if the error persisted,
they were rejected. We explored so many configurations that
the rejection of only a few samples did not affect the final re-
sult. In our systems, the energy minimization of the different
configurations generated provided 90 different lattice energies,

FIGURE 1. Definition of the exchange interactions between cation
neighbors within an octahedral layer in a 2 X2 X 1 supercell.
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which formed a set of values for E in the Equation 8. These
energies and the number of Al-Al interactions for each ex-
change pair for each configuration calculated by our program
generated 90 equations of the form of Equation 8 with the val-
ues of E, and exchange interactions determined by multiple
regression analysis.

Monte Carlo simulation

The Monte Carlo (MC) method was used for statistical
analysis of the Hamiltonian of Equation 8. We used the Ossia
code (Warren et al. 2001) that was written for use on large par-
allel computers, with the intention of performing parallel simu-
lations of many different temperatures.

The MC simulation program yields information about the
topology of the bonds between sites. The configuration is de-
fined in terms of a lattice of unit cells, as in a crystal. Each unit
cell contains a set of labeled cation sites. Periodic boundary
conditions are applied to the simulation cell. Each configura-
tion is defined by the set of cation pairs as first, second, third,
and fourth neighbors and by the energy (H) of the Hamiltonian
of Equation 8. Supercells of 16 X 16 X 1 and 18 X 18 x 1 were
used for the two-species and three-species simulations, respec-
tively. The starting configuration for the MC simulation can be
random or can have an ordered distribution. In this configura-
tion, two cations are selected randomly and their positions are
exchanged if this action lowers the H value. If H increases the
cation positions are exchanged with a probability exp(-H/T),
where T is not an absolute temperature but a relative value of
temperature. This step is repeated 10°-108 times. In the begin-
ning, H decreases until the system reaches equilibrium. Then,
H oscillates slightly around the minimum value and all data
and average values are taken at this time. This procedure was
repeated at many different T values (typically between 20 and
60) following a warming or a cooling process to avoid false
minimum states in the annealing simulation process.

The MC experiments yielded some expected values, includ-
ing (E) and (E)* for the energy, from which one can form the
heat capacity C:

() - (E)’
kyT?
The temperature of transition (7,) values are included in the

data analysis for a better description of the phase transition. T,

for a particular system is dependent on the J values for that

system, and the large variation between J values for different

systems explains the corresponding variation in 7.

The Cerius® crystal visualizer program was used for moni-
toring the configurations produced by the MC simulations. This
enabled the identification of ordered configurations, and in
particular identified cases where ordering was accompanied
by the formation of domain microstructures.

C= (16)

RESULTS AND DISCUSSION
Ordering energy

To study the cation ordering of systems with three species
(AP**, Fe*, and Mg?"), different systems with two species should
be studied first. Samples with octahedral compositions of Al/
Mg = Al/Fe = 3/1 were studied previously (Sainz-Diaz et al.

1037

2003) and they are included in Table 1 for comparison. For the
Fe/Mg ordering study, a new sample with an octahedral com-
position of Fe/Mg = 1/1 was included in this work (Table 2).
Although this last composition is difficult to find in natural
clay samples, its study can be very useful to the ordering study
of samples with three cations (Al**, Fe**, and Mg?*), that corre-
spond more closely to a real cation octahedral composition of
clay minerals.

In the supercells of this work, the octahedral sites have real
occupancies of cations. These 2 X2 x 1 supercells (164 and 168
atoms per supercell) were fully optimized allowing us to si-
multaneously optimize the atom positions and cell parameters.
These optimized supercells yielded lattice parameters similar
to the experimental values. In sample 4, the calculated param-
eters ¢ and P are smaller than the experimental ones. In this
sample the interlayer charge is too small and the interlayer in-
teractions are too weak to be described by the method of em-
pirical potentials used in this work. Sample 6 yielded a crystal
lattice with cell parameters consistent with standard experi-
mental data for clays. In general, the small differences between
calculated and experimental cell parameters can be justified
by the differences in the chemical compositions between our
models and experimental samples.

The different configurations of octahedral cations calculated
for each model presented similar lattice parameters, with low
standard deviations for each parameter value (Table 2). In gen-
eral, increasing interlayer charge results in decreasing of cal-
culated ¢, according to previous studies (Sainz-Diaz et al.
2001a). An increase of the interlayer charge reinforces the in-
teractions in the interlayer space which decreases the interlayer
space (Fig. 2). In our calculations we found a linear relation-
ship in this phenomenon and this effect can be expressed quan-
titatively as

¢ =10.4-0.246 Q;, (R*=0.9857) 17
where ¢ is in A, and Q,, indicates the interlayer charge per unit cell.

All configurations calculated in each sample were fitted to
the Hamiltonian model of Equation 8, producing different ex-
change interactions (/,, Table 3). Previous work showed that a
maximum distance of 7.5-8 A should be considered for these
interactions (Sainz-Diaz et al. 2001c). Good quality fits were
obtained yielding low standard errors in the values for £, and

10,3 5
10,2
10,1

-
o

aaadiaaadaaaalaaaalang

9,9

L
[
A

0,5 1 1,5 2

Interlayer charge

o

2,5

FIGURE 2. Relationship between the interlayer charge (per unit
cell) and the parameter ¢ (in A).
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TABLE 3. Exchange interactions () and £ parameter of the Hamiltonian model (in eV, values in brackets represent the standard error

in the last figure)

Parameter £ A A A J
Distance (A) - <3.3 5.1-5.3 5.8-6.2 7.7-8.2
model 1 (AIMg) -5300.45 (66) 0.656 (16) 0.168 (14) 0.089 (18) 0.025 (8)
model 2 (AIMg) -5299.42 (61) 0.652 (14) 0.162 (10) 0.088 (10) 0.015 (9)
model 3 (AIMg) -5222.25 (71) 0.620 (18) 0.151 (11) 0.066 (12) 0.030 (9)
model 4 (AlFe) -5376.14 (8) 0.025 (2) 0.007 (1) 0.003 (1) 0.003 (1)
model 5 (AlFe) -5292.83 (15) 0.015 (3) 0.005 (2) 0.008 (3) 0.001 (2)
model 6 (FeMg) -5211.68 (57) 0.456 (31) 0.101 (23) —0.003 (27) 0.075 (20)

J,.. In some cases, the errors are relatively large due to correla-
tion effects but these errors do not imply that the values are
statistically insignificant. The exchange interaction parameters
of samples 1-5 were recently reported (Sainz-Diaz et al. 2003)
and they are included in Table 3 for comparison. The exchange
parameters J, of sample 6 have an acceptable but higher stan-
dard deviation than in other samples, probably due to the pecu-
liar and non-natural composition and the low number of
configurations calculated (50 instead of 90). Samples 1 and 2
are identical except for the substitution of K by Na as interlayer
cation. Both samples present very similar exchange interac-
tion parameters. Hence, the exchange of Na* by K* has no sig-
nificant effect on the exchange interactions and consequently
on the ordering of octahedral cations. Analogously, the tetra-
hedral charge variation did not produce significant changes in
the exchange interaction values (J,), since models 1-3 have
similar values of J,. The high and positive values of J, indicate
that AIAl and MgMg are likely dispersed. The Al/Fe samples
with different tetrahedral and interlayer charge (4 and 5) gave
J, values significantly lower than those in the Al/Mg system,
indicating no significant ordering preference. In the Fe/Mg
model (model 6), the J, values are significantly higher than in
the Al/Fe models but lower than in the Al/Mg models, espe-
cially J, and J,. This indicates a mixing preference between the
Fe and Mg cations. Of note is the low and negative value of J,
in the Fe/Mg model with respect to the rest of the systems.
This shows that the relative position of two identical cations
(FeFe and MgMg) most favored is as third neighbors.

MC simulations of the two-species systems

In our previous paper (Sainz-Diaz et al. 2003) we reported
simulations of two-species systems corresponding to illite and
smectite compositions, including simulations of Al/Mg 1/1 and
3/1 compositions, and the Al/Fe 3/1 composition. The Al/Mg
1/1 composition gave ordering with different species in near-
est-neighbor sites, as expected from the values of the exchange
interactions, with a transition temperature of 1600 K.

The two 3/1 systems gave different ordered structures, re-
flecting subtle differences in the balance of the values of ex-
change interactions for different neighbors. In the Al/Mg 3/1
system, the most stable configuration was an ordered distribu-
tion where the Mg atoms are maximally dispersed, with an or-
dering temperature of 300 K. This Al/Mg ordering is similar
for smectites and illites, that is, for different tetrahedral charge
or interlayer cations. This result is consistent with experimen-
tal results for dioctahedral smectites and illites, where no MgMg
pair is detected (Cuadros et al. 1999). In addition, FTIR and
*’A1 NMR data together with RMC simulations validate these

theoretical simulations indicating also the highly dispersed dis-
tribution of Mg?* in the octahedral sheet (Sainz-Diaz et al.
2001c). The Al/Fe 3/1 system gave a phase transition at a much
lower temperature (30 K). This ordered configuration has all
Fe’* cations highly dispersed within the octahedral sheet, ac-
cording to the experimentally observed mixing tendency of Al
and Fe cations in synthetic smectites (Decarreau et al. 1992;
Grauby et al. 1991). In natural shale illite-smectite samples
with low Fe contents, Schroeder (1993) also found that Fe mixes
with Al in the octahedral sheet.

To help appreciate the effects of the values of the exchange
interactions, we also performed MC simulations on the Al/Fe
(using the J values from models 4 and 5) and Fe/Mg (using the
set of J, from model 6) 1/1 systems, giving a comparison with
the previous Al/Mg 1/1 system. Both systems show evidence
for phase transitions, as can be seen from the heat capacity
graphs in Figure 3. From these data we see that the phase tran-
sition in the Al/Fe system occurs at a significantly lower tem-
perature, 90 K in model 4 and 75 K in model 5, than in both the
Al/Mg system (described above) and the Fe/Mg 1/1 system
(2000 K). Figures 4 and 5 show snapshot configurations from
the MC experiments for both the Al/Fe and Fe/Mg 1/1 simula-
tions, respectively, showing disordered, partially ordered with
domain walls, and completely ordered arrangements of atoms.
The ordering is of the same type in all three systems, where the
cations are completely mixed. No homo-cationic pairs (AlAl,
FeFe, or MgMg) were found and the configuration is controlled
only by J, interactions.

In the Al/Fe systems, all Fe** cations are highly dispersed,
although the ordering phase transition occurs at much lower
temperature than in other systems. This could mean that the
dispersion tendency of Fe** is much lower than that of Mg* in
these systems. However, in many natural dioctahedral clays
with AI**, Fe**, and Mg?* cations in the octahedral sheet, and a
high Fe content, the segregation tendency of Fe was observed
experimentally (Morris et al. 1990; Cuadros et al. 1999; Sainz-
Diaz et al. 2001c). This disagreement with our previous MC
simulations can be explained by the fact that the presence of
Mg in the octahedral sheet probably helps Fe** segregate. This
hypothesis is based on the values of J, that are considerably
higher in Al/Mg and Fe/Mg systems than in Al/Fe systems, espe-
cially J, and J,. Therefore, a three-species ordering study should
be performed to understand the cation distribution behavior.

MC simulations of three-species systems

Different Al/Fe/Mg compositions were used for the MC
simulations to observe the effect of this octahedral sheet com-
position in the cation ordering. The initial composition Al/Fe/
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FIGURE 3. MC results for the temperature dependence of the heat
capacity for simulations of the octahedral cation distribution for Al/Fe
= 1/1 (model 4) and Fe/Mg = 1/1 (model 6).

Mg = 1/1/1 is used as a standard model with the same relative
proportion for all cations. The Al/Fe/Mg = 1/3/2 model can
represent a nontronite with a high content of Mg?*. The Al/Fe/
Mg = 3/2/1 model can represent a ferric smectite. The Al/Fe/
Mg = 4/1/1 model is representative of the octahedral sheet of
most common smectites and illites. Therefore, the three-spe-
cies models let us work with more realistic systems.

Exchange interactions. We derived values for interactions
for the tri-cation systems using the two-atom exchange inter-
actions in Table 3 and Equation 15. These are given in Table 4
as different series of values: (1) Averaged values, derived from
averaged values of the two-atom exchange interactions (aver-
aged values from samples 1-3 for the Al/Mg systems, aver-
aged values from samples 4 and 5 for the Al/Fe systems, and
values from 6 for the Fe/Mg mixture). This is reasonable since
the MC simulations for two species gave similar behavior for
samples 1-3, and samples 4 and 5 showed similar behavior in
the Al/Fe 1/1 system; (2) Smectitic series, that are values de-
rived from the two-atom exchange interactions of samples with
low interlayer charge, like samples 1 and 4; and (3) Illitic se-
ries, derived from samples with higher interlayer charge, like
samples 3 and 5. Data from sample 6 were used in all series of
two-atom exchange interactions (Table 4).

Most of these three-cation samples show evidence for or-
dering phase transitions, as can be seen from the heat capacity
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graphs in Figure 6. Additionally, these ordering phase transi-
tions can usually be observed clearly by plotting the evolution
of a number of J,;; (i = Al, Fe, and Mg) with temperature,
which shows drastic changes of nJ,,; at the phase transition
temperature (see below).

Al/Fe/Mg:1/1/1. The Al/Fe/Mg:1/1/1 system shows an or-
dering phase transition from the heat capacity profile (Fig. 6)
and the nJ,,; plots (Fig. 7). This model is especially interest-
ing, due to the novel ordered superstructure that can be seen. A
snapshot of the structure at low temperature is shown in Figure
8. The ordered structure has rings of Fe atoms joined by J,
interactions, surrounded by larger rings of Al joined by J,, J,,
and J, interactions and Mg joined by J,, J; and J, interactions.
The configuration in Figure 8 shows only a few ordering de-
fects; for example, some Al atoms can be seen within what one
would expect to be the sixfold rings of J,-linked Fe atoms. Par-
tial ordering patterns for each cation are presented in Figures
8b-8d, in which similar cations are joined through J, and J,
links for Mg (Fig. 8b), J, links for Fe (figure 8c), and J, and J,
links for Al (figure 8d). The long-range ordering is perfect for
the Mg cations (Fig. 8b) and near-perfect for the Al (Fig. 8d)
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and Fe (Fig. 8c) cations with only a few ordering defects.
One significant aspect of the ordered Al/Fe/Mg: 1/1/1 model
is that there are no MgMg nearest-neighbor pairs. This is con-
sistent with the experimental behavior of Mg?* in the octahe-
dral sheet of smectites, illites (Sainz-Diaz et al. 2001c), and
nontronites (Manceau et al. 2000). On the other hand, in the
MC simulations the Fe** cations segregate in small globular
clusters, according to experimental results that found a segre-
gation tendency of Fe** in natural smectites and illites from IR,
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FIGURE 5. Configurations
of the octahedral sheet during
the MC simulation of the Fe/
Mg cation distribution (Fe/Mg
= 1/1). Transition from a
disordered distribution (a) to
a completely ordered
configuration (c). Solid and
hollow circles represent Fe
and Mg cations, respectively.
Domain walls are present in
(b), indicated by dotted lines.
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TABLE 4. Exchange interactions for three-species systems (in eV), derived from those ob-

tained for two-species systems (Table 3) *
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NMR spectroscopy, and RMC simulations (Sainz-Diaz et al.
2001c). Manceau et al. (2000) also found small Fe domains
separated by Al and Mg cations in nontronites and this is con-
sistent with the lack of magnetic ordering observed in these
minerals at low temperatures (Lear and Stucki 1990).

Al/Fe/Mg:1/3/2. The Al/Fe/Mg:1/3/2 system appears to
show ordering behavior in the heat capacity data (Fig. 6), but
the snapshot configuration at low temperature given in Figure
9 shows a complex behavior. It appears that there is a segrega-
tion into different ordered structures. Parts of the structure show
an attempt at ordering in the Al/Fe/Mg = 1/1/1 pattern, and at
the bottom right, there is a region of Fe/Mg 3/1 forming a
“superhexagon” pattern. There are also small regions of Al/
Mg 1/1 and Fe/Mg 1/1. This ordering can be observed more
easily in the partial ordering patterns for each cation, where
the existence of different ordering domains can be detected, in
particular for Mg (Fig. 9b) and Fe (Fig. 9c) cations. A rather
lower degree of long-range ordering is observed for the Al cat-
ions (Fig. 9d).

In this mixture of ordering patterns, no MgMg pair is de-
tected, and the Mg cations are dispersed with J,, J3, and J,
MgMyg interactions. On the contrary, Fe* tends to segregate in
small clusters.

Although this octahedral composition is not very common
in nontronites due to the high Mg content, we can compare it
with experimental data from nontronites due to the high Fe
content. Thus, the results of this MC simulation are consistent
with experimental order-disorder studies on nontronites, where
no long-range order was detected, although the same tendency
toward local ordering was reported (Manceau et al. 2000).

Al/Fe/Mg:3/2/1. MC simulations of the Al/Fe/Mg:3/2/1
system also showed a phase transition (Fig. 6). The ordered
distribution shows attempted ordering with Fe atoms forming
chains, and Al and Mg atoms segregating from Fe into differ-
ent chains (Fig. 10). Perfect order was not attained in this sys-
tem on the simulation length of our simulations. This fact can
be observed in the partial ordering patterns (Figs. 10b—10d).
The Mg?* cations are very dispersed in a MgMg network domi-
nated by J; interactions with a small proportion of J, interac-
tions. Similar Mg arrangements were found experimentally in
smectites (Sainz-Diaz et al. 2001c) and nontronites (Manceau
et al. 2000). No specific ordering was found for AI** cations.
The AIAI network is controlled mainly by J, and J, interac-
tions. The Fe3* cations segregate forming chain networks con-
trolled mainly by J, and J, interactions. No crosslinking and
no interchain connection was observed in the Fe chains. This
segregation tendency of Fe** was also
observed experimentally in natural
smectites (Sainz-Diaz et al. 2001c¢).

Parameter 4 4 4 4 However, this calculated long-range

Al-Al 0.0901, 0.113% 0.0281, 0.037% 0.0391, 0.048% -0.0221, —0.024% order was not observed in natural
(0.105) (0.033) (0.049) (~0.029) _—

Fe-Fe  -0.075f,-0.088f  -0.023f,—0.030f  -0.031f,—0.045f  0.023t, 0.027% samples, but only short and medium
(-0.085) (-0.027) (-0.044) (0.031) length chains of Fe** were detected. This

Mg-Mg  0.531t, 0.544% 0.124t,0.131% 0.028t, 0.042% 0.052t, 0.049% fact can be explained from the point of
(0.545) (0.127) (0.041) (0.049)

* Values in eV, the values in brackets are from averaged Jvalues of two-species systems: Al/Mg
values from samples 1-3, Al/Fe values from 4 and 5, and Fe/Mg values from 6.

1 Values from illitic samples (3, 5, and 6).
I Values from smectitic samples (1, 4, and 6).

view of the natural formation process,
in which the crystallization process
could be too fast to yield a thermody-
namically stable cation configuration.
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An equilibration process of cation arrangements can probably
occur by means of a solid state reaction but the kinetics of this
process is too slow to allow the formation of the theoretical
long-range ordering.

Al/Fe/Mg:4/1/1. The 4/1/1 system represents the most com-
mon octahedral sheet composition found in natural illites and
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showing order-disorder phase transition as discontinuities in certain
n(J,.;) values as a function of temperature.

smectites, and for this reason, we performed three sets of simu-
lations, using the three different sets of J, in Table 4 (cases 1,
2, and 3 described above). The results are shown in Figure 11.
In these simulations, we do not observe long-range order, al-
though short-range order is evident, with the Mg atoms attempt-
ing to disperse, and the Fe atoms showing some clustering.
Accordingly, the form of the heat capacity anomaly in this sys-
tem is different from the other three systems studied (Fig. 6).
One can observe subtle differences between the different
simulations in Figure 11. For example, examining the partial
ordering patterns for Fe, the simulation performed with J set 3
(Fig. 11c) shows evidence of Fe—Fe nearest-neighbor pairs and
occasionally larger clusters of Fe, whilst these are less obvious
in the simulations with J values from 1 (Fig. 11a) and 2 (Fig.
11b). Similarly, comparing the Al partial ordering patterns, we
note that the simulation with J values from set 1 produces a
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pattern which is partially reproduced in the Al network in the
simulation with J set 2, more so than in the simulation with J
values from 3.

Systems 2 and 3 represent smectite and illite compositions,
respectively. System 3 is for samples with higher tetrahedral
and interlayer charge than those of model 2. In the lowest en-
ergy configuration of both systems, the Fe cations segregate
forming small clusters of Fe, which are occasionally larger in
the illite model (Fig. 11c). Previous experimental studies of
clay minerals (Besson et al. 1987; Drits et al. 1997) found that
the Fe distribution is not random and it tends to segregate from
Al with a certain short-range ordering, but no clear description
of this ordering was reported. RMC simulations based only on
FTIR spectroscopic data of smectites and illites (Cuadros et al.
1999) found the existence of Fe clusters in both systems, with
higher cluster sizes in illites. The IR data only gives short-range
ordering information and the estimation of the clustering de-
gree can only be approximate. Further RMC simulations based
on FTIR and >’ Al-NMR data of these minerals (Sainz-Diaz et
al. 2001c) corroborate the Fe clustering tendency but these clus-
ters are very small and similar to those obtained in our MC
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FIGURE 12. Cation distribution in the octahedral sheet for an illite/
smectite sample (64% illite, octahedral composition = Al; ;3Fe, ,Mgo7)
obtained experimentally by means of FTIR, NMR, and RMC
simulations (Sainz-Diaz et al. 2001c). Black circles, dots, and white
circles represent Fe, Al, and Mg, respectively.
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simulations, where a slightly higher medium-range ordering
of Fe* in illites relative to smectites was concluded (Fig. 12).
Therefore, our MC simulations reproduce the cation distribu-
tion pattern of Fe** for illites and smectites found experimen-
tally.

This work has shown how diverse and complex ordering
behaviour can arise within simulations of three-species sys-
tems. In the systems studied here the diversity arises from
changes in the relative proportions of the different species, and
we believe it arises from the fact that the values of the ex-
change interactions for different pairs of species are signifi-
cantly different. Of note is the formation of complex
superstructure ordering in the Al/Fe/Mg 1/1/1 system, segre-
gation into different ordered structures in the Al/Fe/Mg 1/3/2
system, ordering with many defects in the Al/Fe/Mg 3/2/1 sys-
tem, and the formation of only short-range order in the Al/Fe/
Mg 4/1/1 system.

The discrepancies on the cation ordering in the octahedral
sheet of clay minerals found among experimental studies could
be explained by the fact that the experiments take average val-
ues of the cation distribution in the different layers of the min-
eral that are not ordered each order. However, this ordering of
octahedral cations is also highly dependant on the cation com-
position, as we conclude from our MC simulations.

The suite of samples investigated in this study was selected
because of the correspondence of the samples to natural
smectites and illites. The point that we believe we have dem-
onstrated is that the agreement between the simulation results
and experiments provides some validation for the methodol-
ogy presented in the present work, and this approach can be
applied for predictive proposes of cation ordering in clay min-
erals. The methodology presented in this paper can be very
useful to study ordering phenomena in other solids, such as
catalyzers, and semiconductors.
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