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ABSTRACT

Many crystalline solids have multiple nonequivalent sites among which different atoms
show substitutional long-range order-disorder phenomena. The order-disorder kinetics of
an atom among any n nonequivalent sites in a crystal can be described by the equation
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where xi is the site occupancy of the atom at site si, n is the number of nonequivalent sites,
lj (l1 5 0) is constant at a given temperature, pressure, and total composition of the crystal,
and cij(t) is constant or polynomial in t. Four theorems governing a multi-site order-disorder
process have been proved, requiring that lj must be either zero (only l1 5 0), a negative
real number, or a complex-valued quantity with the real part being a nonpositive number.
The kinetic model becomes constrained and naturally complies with crystal-chemical con-
ditions when the mole number per formula unit is chosen as the unit of all site-occupancy
variables, or site multiplicities are explicitly incorporated into the model. When the mole
fraction is directly used as the unit, the model becomes unconstrained, but it is a valid
treatment that is as equally applicable to the multi-site order-disorder kinetics as the con-
strained model.

INTRODUCTION

Substitutional long-range ordering-disordering of dif-
ferent atoms or ions among two or more crystallograph-
ically nonequivalent sites (multi-site) is a common phe-
nomenon in many crystalline solids. Typical examples
include the ordering-disordering of Fe21, Mg21, Mn21, and
Ca21 among the four octahedral sites M1, M2, M3, and
M4 in amphibole, and Al31, B31, Ga31, Si41, and Ge41

among the four tetrahedral sites T1, T2, T3, and T4 in
natural and synthetic feldspar (Hafner and Ghose 1971;
Seifert and Virgo 1975; Dal Negro et al. 1978; Ungaretti
et al. 1981; Ghose and Ganguly 1982; Hawthorne 1983a;
Skogby 1987; Makino and Tomita 1989; Phillips et al.
1989; Burns and Fleet 1990; Fleet 1991, 1992; Kroll et
al. 1991; Hirschmann et al. 1994). Some order-disorder
processes involve even more than ten nonequivalent sites
(Takéuchi et al. 1984a, 1984b; Yao and Franzen 1990,
1991; Yao et al. 1992). For instance, Nb and Ta atoms
can undergo ordering-disordering among twelve distinct
sites in the synthetic crystal Ta6.74Nb5.26S4 (Yao and Fran-
zen 1991), and Bi31, Pb21, and Sb31 show strong order-
disorder phenomena among twenty-four nonequivalent
sites in izoklakeite (Makovicky and Mumme 1986; Arm-
bruster and Hummel 1987). Investigations into such or-
der-disorder phenomena are important to understand the
thermodynamic properties and intracrystalline mixing be-
havior of solid solutions as well as the thermal history of
geological processes (Saxena and Ghose 1970; Navrotsky

1971; Seifert and Virgo 1975; Ganguly 1982; Cohen
1986; Anovitz et al. 1988; Sack and Ghiorso 1991; Gan-
guly et al. 1994; Ghiorso et al. 1995; Ganguly and Do-
meneghetti 1996). Furthermore, differing site occupancies
and their resulting entropy of mixing can significantly
affect the formation and stability of some crystalline sol-
ids, particularly differential site-occupancy stabilized ma-
terials (Franzen and Köckerling 1995).

Several researchers made contributions to the kinetic
theories of order-disorder processes. Following the pio-
neering work of Dienes (1955), Mueller (1967) proposed
a model for order-disorder kinetics in quasibinary crystals
based on an exchange reaction of two different atoms or
ions between two nonequivalent sites. Ganguly (1982) re-
examined this model and made a rather comprehensive
review on the crystal chemistry, thermodynamics, and ki-
netics of order-disorder in ferromagnesian minerals. The
Mueller model has been widely used to fit experimental
data and estimate the kinetic coefficients (Besancon 1981;
Ganguly 1982; Saxena et al. 1987, 1989; Anovitz et al.
1988; Skogby 1992; Sykes-Nord and Molin 1993). De-
spite its success, Sha and Chappell (1996a) pointed out
that if a two-site order-disorder process involves three or
more atoms or ions, Mueller’s method gives no explicit
solution to the kinetic differential equations. Furthermore,
if two atoms or ions undergo ordering-disordering among
three or more nonequivalent sites, there is no explicit so-
lution to his model (Mueller 1969). Therefore, the Muel-


