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A new explanation for the unusual critical behavior of calcite and sodium nitrate, NaNO3
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ABSTRACT
The phase-transition behavior of both calcite and the isostructural compound NaNO3 have long
been thought to be anomalous. In particular, the β critical exponent for the orientational order-disorder transitions takes on a value close to tricritical behavior (β = 0.25) in both materials, and in NaNO3
two crossovers to regimes where β = 0.22 and then β = 0.41 have been reported as Tc is approached.
The most significant puzzle was why both materials should appear to be tricritical under ambient
conditions of both pressure and the conjugate field. The experimental work on these materials is reanalyzed in the light of recent progress in understanding two-dimensional magnetic ordering. It is
shown that the experimental results are fully consistent with the two-dimensional XY model. Unlike
the tricritical model, this gives a simple physical explanation for the disordering process and observed critical exponents. In particular, it supports other recent experimental findings from calcite
and NaNO3 that the orientational order-disorder occurs through continuous planar rotations of the
carbonate and nitrate groups, rather than discrete jumps.

INTRODUCTION
Over the past 90 years, an astonishing number of papers
have been written on the order-disorder phase transitions in
calcite (CaCO3), and the closely related material NaNO3 (with
mineral name nitratine); a conservative count puts the number
at around 80! There are several reasons for the abiding interest
in these phase transitions: (1) geologically speaking, calcite is
an important material, and the order-disorder phase transition
has a marked influence on the calcite-aragonite transition that
is widely used as a geobarometer and geothermometer (Salje
and Viswanathan 1976; Redfern et al. 1989); (2) both calcite
and NaNO3 represent some of the simplest compounds containing both ionic and covalent interactions and so are interesting from the point of view of developing simulation
techniques; and (3) attempts to assign the phase transitions to
standard models have been largely unsuccessful, thus revealing a degree of complexity that is surprising in such chemically simple materials.
This paper aims to review recent experimental work on the
problem and to provide a simple and transparent re-interpretation of it, in view of recent progress in understanding magnetic phase transitions.
The phase transitions in both calcite and NaNO3 involve an
orientational ordering of the carbonate and nitrate groups, re–
–
spectively, on cooling. The symmetry change is R3m → R3c
in both cases, which is marked by the appearance of superlattice
Bragg reflections at the Z-points of reciprocal space, i.e., the
–
(0,0,3/2) point indexed using the hexagonal setting of R3m. In
the high-temperature phases the nitrate and carbonate molecu-
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lar ions are orientationally disordered about their threefold axes,
which are parallel to the crystallographic c axis. One significant difference between the two materials is the phase-transition temperatures: for NaNO3, Tc = 549 K, whereas for calcite,
Tc = 1260 K. Experimental studies of calcite are made difficult
by the fact that it decomposes into CaO and CO2 at about 1100
K under normal conditions, so that the phase transition may
only be observed if the sample is kept in a partial pressure of
CO2. For this reason, there have been many more experimental
studies of the phase transition in NaNO3, which I will therefore concentrate on.

PREVIOUS WORK
One obvious possibility for the mechanism is a continuous
increase with temperature of the angular oscillation of the
groups about the c axis, leading eventually to a cooperative
free rotation above Tc. This so-called “free-rotation” model was
first suggested by Kracek et al. (1931) and initially received a
large amount of support, until an alternative model was proposed, the “two-position disorder” model. Here, the nitrate
groups become progressively more disordered between the two
possible orientations of the low form, which are achieved by
60° flips of the groups about the c axis. At Tc the space-averaged correlation function along c tends to zero, and the nitrate
groups flip randomly between the two positions. This model
was first put forward by Ketalaar and Strijk (1945), and until
very recently was the generally accepted model. The two models are illustrated schematically in Figure 1.
Thus, the free-rotation model is analogous to the XY model,
where a magnetic dipole can take any orientation in the x-y plane
perpendicular to the z axis, while the two-position disorder model
is analogous to the standard Ising model. However, the nitrate
and carbonate groups are not dipoles, and so the free-rotation
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