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PHASE TRANSITIONS

Nondeterministic dynamics in the n-to-0 phase
transition of alumina nanoparticles

Masaya Sakakibara', Minoru Hanaya?,

%, Eiichi 3

Phase diagrams and crystallography are standard tools for studying structural phase transitions,
whereas acquiring kinetic information at the atomistic level has been considered essential

but challenging. The n-to-0 phase transition of alumina is unidirectional in bulk and retains the
crystal lattice orientation. We report a rare example of a statistical kinetics study showing

that for nanoparticles on a bulk AI(OH); surface, this phase transition occurs nondeterministically
through an ergodic equilibrium through the molten state, and the memory of the lattice
orientation is lost in this process. The rate of the interconversion was found to be insensitive

to the electron dose rate, and this process had a small Gibbs free energy of activation.

These nondeterministic kinetics should be a key feature of crystal nucleation occurring in

high-surface-energy regions of bulk crystals.

rystal phase transitions are often irrever-
sible and thus deterministic processes.
For example, alumina (Al,03) undergoes
a series of irreversible first-order phase
transitions with increasing temperature as
it transforms from hydrated alumina [bayerite,
a-Al(OH);] into the metastable n phase, the 6
phase, and finally the most stable o phase pre-
viously reported (Fig. 1A) (2). The transitions in-

ML becomes the most stable only at 2300 K.
Here, the n-to-n and 6-to-6 transitions refer to
the NP changing its orientation relative to the
bulk Al(OH); substrate.

Thus, the n-to-6 phase transition of alumina,
which is unidirectional in bulk, occurs nonde-
terministically through a rapid n/6 equilibrium
that occurs through melting and recrystalli-
zation of NPs on the bulk Al(OH); surface

represent a rare demonstration of the capabil-
ity of real-space TEM observation for elucida-
tion of the mechanism of chemical events
through statistical mechanical analysis (71, 12).

These kinetics data obtained for NPs grown
from Al(OH); crystallites align with the ther-
modynamics of nanosized alumina polymorphs
that Navrotsky et al. studied for NPs prepared
by gas-phase condensation (13). The Navrotsky
data, combined with the data that we present
here, suggest that nondeterministic Kinetics is a
common feature of crystal nucleation in high-
surface-energy regions of alumina crystals. The
discrepancy between the lattice retention in
bulk and the scrambling at the nanoscale sug-
gests that the bulk experiment observations
(4) result from an interplay between localized
disorder in high-energy nanoregions and the
overarching order imposed by the surround-
ing bulk crystal structure (I4). Combined with
the atomistic mechanism of bulk crystal dis-
ordering (15), this disparity challenges tra-
ditional views of phase transitions based on
macroscopic analyses and underscores the
necessity for caution when extrapolating mac-
roscopic data to comprehend their atomistic
mechanism. The observed kinetics and the
EDR insensitivity indicate that the surface
energy is more influential than has been gen-
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The issues associated with the supply of rare-earth metals are a vivid reminder to all of us that natural

resources are limited.
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