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Abstract

In order to investigate the ferroelectric phase transition mechanism which still
constitutes one of the most important problem of the modern material science, another
approach is adopted based on the general formalism presented by Salje et al. [Z. Phys. B
82, 399 (1991)]. A simple microscopic model of a quantum particle within an
anharmonic local potential is considered. A quasiharmonic model is then proposed by
applying a quasiharmonic approximation to the local potential, and the interaction is
replaced by the mean field one. The rigorous effective potential is reduced from a
double Morse-type potential. The model takes analytically into account some important
aspects such as the possibility for the model to shift the minima of the local potential
and hump, so to adjust the model to a desired context, i.e. the stable positions and local
electronic instability of the environment. The order parameter, the variance, and the
effective soft frequency are given by analytic equations with potential parameters
explaining well why many ferroelectric substances do not allow necessary typical
behavior in either order-disorder or displacive case, and are now exhibited features
common to them. The quasiharmonic model, which represents the system through the
renormalization process of the anharmonic part, by a quasiharmonic system with the
renormalized frequency, and at first only used for displacive systems, is now use for
order-disorder systems. Thermodynamics properties of calculated characteristic
quantities show the occurrence of the structural phase transition, which is either a
second-order, a first-order or a tricritical phase transition. The structural phase transition
mechanism at low temperature is described, and the quantum effect on the evolution of
the ferroelectricity and phase transition is investigated. The origin of the diversity of the
phase transition type in crystals is also discussed.

As an application, a molecular motion of H,PO4 in KDP is considered and the
disappearance of the ordered phase at low temperature under high pressure is discussed.
The difference between KDP and DKDP crystals are described successfully by the
present model. Accordingly, although the ordering of protons on hydrogen bonds is the
principal mechanism leading to ferroelectricity (spontaneous polarization), it is due to
the local distortion of POy ions. Also it appears that motion of K is negligible. Amongst
other things is the large isotope effect because ferroelectric state vanishes in DKDP at a
pressure over threefold than in KDP for which the obtained phase diagram seems to
satisfy. Moreover, the quantum effect on transition temperature 7¢ is demonstrated with
strong evidence if transition takes place at low temperature and, although the proton

tunneling is essential in the proton (deuteron) system with double minimum potential,



the decrease of 7. should be explained on the basis of quantum effects other than
tunneling model. The mechanism of ordering of protons on hydrogen bonds appears
as the principal mechanism leading to the spontaneous polarization in KDP-type
crystals and the phase transition in KDP/DKDP is tricritical one. Also, a slight change
of the model parameters of the Hamiltonian brings about a substantial change in the
thermodynamic picture of the phase transition which has been confirmed experimentally
and shows that the model can be applied to others KDP-type crystals. The model builds
up a picturized understanding on the physical origins of the above huge isotope effect
response and its connection to geometrical effects.

On the other hand, by extending the quasiharmonic approximation to a quantum
particle still within a local potential of the double Morse type, a model describing the
ferroelectric phase transition in SrTiO; induced by oxygen isotope replacement is
developed. The theory uses the variational principle method at finite temperature with
emphasis on the quantum effect manifested in zero-point vibration. The
ferroelectric-paraelectric transition in SrTi(*®0;4'*0y)3 (abbreviated as STO18-x,
hereafter) is analyzed and the x-7, phase diagram is compared with the experimental
one in order to confirm the qualitative validity of the model in good agreement. Because
it seems very important to make a clear method to control quantum effects through
quantum fluctuations, which would be useful for the quantum electronic devices
applications and for further exploring new properties of ferroelectric materials and
oxides, the quantum mechanical effect and the evolution of the ferroelectricity in
STO18-x system are also demonstrated theoretically. Here is clear that the ferroelectric
transition is directly related to the suppression of the quantum effects (fluctuations) to
induce ferroelectric interactions domination. The study also shows the importance of the
mass of component ions and that oxygen isotope substitution in SrTiO; has several
effects even if the mass effect is predominant one.

Then, a theoretical picture for soft mode behavior and the phase transition in
STO18-x system is investigated throughout the concentration range x, from 0 to 1. The
approach is realized also through combining the quasiharmonic approximation model of
the quantum particle model with the predominant mass effect and the cell volume effect
in one hand, and mass effect, the cell volume effect and ferroelectric distortion in other
hand. It is found that below x. = 0.32, there is no ferroelectric phase transition but
only the softness of the soft mode, and as the exchange rate x increases, the soft mode of
STO18-x system shows a perfect softening at the ferroelectric phase transition for
x 2 x,; and thereafter soft mode behavior stiffens in the ferroelectric phase. Accordingly,

a pronounced soft mode-type quantum phase transition mechanism is observed and the



displacive-type phase transition is recognized in STO18-x system of second-order type.
It is also found that the quantum effects govern the low temperature regime, the
ferroelectric distortion and the evolution of the ferroelectricity, demonstrating the
crossover of soft mode dynamics from quantum to classical one. Furthermore, the
analytical results demonstrate the origin of quantum effect and its dependence on the
ferroelectric phase transition and on the lowest-frequency polar phonon (soft mode

frequency).



