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ABSTRACT

INCOMMENSURATE PHASE TRANSITION IN NaNO,

by

Shen Li Qiu

Adviser: Professor Herman Z. Cummins

The incommensurate phase transition in NaNOp, has been studied by
the following experiments:

Dielectric constant measurements under E-field along the b=axis.

Elastic neutron scattering under E-field along the b-=axis.

Elastic neutron scattering under E-field along the awaxis.

Elastic neutron scattering under Exfield along the craxis.

Brillouin scattering under E=field along the c¢—axis.

Inelastic neutron scattering.

Diffuse neutron scattering.

Dielectric constant measurements under hydrostatic pressure.

Brillouin scattering under hydrostatic pressure.

By numerically minimizing the Landau free energy the predictions of
different Landau free energy expansions for the phase diagram and the
behaviour of the modulation wave vector under E-field along the b=axis
were explored. All the coefficients in the free energy have been deter=n

mined from the dielectric constant measurements, the elastic neutron
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scattering results and the spontaneocus polarization data.

Some discussions of the free energy model are given. Comparison of
the diffuse neutron scattering results with_the predictions of the free
energy model indicates that the n-=term in the free energy cannot be neg-
lected, and that temperature dependence of the coefficient o should be
included. There is another reason why the n~term cannot be neglected:
without an n-term the para -+ INC phase transition will be of first
order. However, the observed para - INC transition is of second order.

Extension of the Lifshitz point theory to the case of a first order
transition from the disordered phase to the ordered phase has for the
first time been discussed in detail. By fittiﬁg our data of the elastic
neutron scattering under transverse electric field to the numerically
calculated results we can determine where the virtual Lifshitz point
should occur and construct the whole phase transition diagram.

Using the ANNNI model, numerical calculations of dielectric constants
under longitudinal electric field were carried and some discussions are
presented.

The microscopic theory of Michel and coworkers is reviewed. Some of
the results of the microscopic theory are cited for comparison with the

results of the phenomenological theory and the Ising model.
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CHAPTER I

INTRODUCTION

A. Definition of an incommensurate phase

In the past two decades incommensurate (abbreviated INC) phases
have been observed in many materials and have attracted considerable in-
terest. The INC phase in insulating nonmagnetic crystals is defined as a
phase in which the lattice period is modulated with a modulation wave-
length which is not a simple multiple of the lattice spacing in the pro-
totypic phase from which it is derived. Usually the INC phase is stable
only in a limited temperature range, and there its lattice modulation
wavelength generally becomes 1longer with decreasing temperature. At
some temperature a commensurate structure becomes more stable than the
INC-structure, and the INC»commensurate "lock=in" phase transition takes
place. Thus we have a sequence of prototypic-INC-commensurate phases®.

The most characteristic features of INC-structures are their dif-
fraction patterns, which consist of primary or parent Bragg reflections
in a regular array in reciprocal space, but with each of these reciprocal
lattice points acting as an origin for a secondary set of satellite ref-
lections with their own characteristic spacing. In spite of the discrete
crystal-like diffraction pattern, INC-structures are not crystalline in
the generally accepted sense because they lack periodic translational
symmetry. INC-structures do not belong to any of the normal three
dimensional space groups® However, de Wolff?® has discussed a classifica-
tion for the three-dimensional structures as a cross-—section of a hyp-
othetical four-dimensional structure where the added dimension repre-

sents the evolution of the actual structure under a continuous change in
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the phase of the modulation. The diffraction pattern can be viewed as
the projection onto the three "physical" dimensions of a net of four-
dimensional reciprocal lattice points.

The possibility of a phase transition leading to a modulated INC
phase is implicitly contained in the theory of structural phase transi-
tions developed long ago by Landau and Lifshitz®. Crystals where the
Lifshitz invariant (compocsed of terms bilinear in the order parameter
components and their spatial first derivatives) is allowed by symmetry
represent type I INC systems. INC phases may under certain circumstances
oceur also in systems where the Lifshitz invariant is forbidden by sym-
metry (i.e. in type II INC systems such as NaNOp, Sc(NH,), or Cs,HgBr,).

INC crystals are interesting from the point of view of basic physics
since the breaking of the three~dimensional lattice periodicity destroys
one of the most fundamental assumptions of solid state- theory. they
show a number of new phenomena which are not found in translationally
periodic crystals. Since they possess three-=dimensional long range order
but lack translational periodicity INC systems are intermediate between
classical periodic crystals and aperiodics biological systems. The study
of INC systems may thus lead to an improved understanding of aperiodic

materials and perhaps even living matterS®.

B. Crystal structure of NaNOp

Sodium nitrite (NaNO) was the first dielectric crystal discovered
to exist in an INC phase. It has a simple crystal structure. The crystal
structure at room temperature was first determined by Ziegler® in 1931.
According to his study, NaNO, has a body centered orthorhombic lattice.

Each NOo~ ion is surrounded by six Na* ions in nearest neighbour posi-
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tions. Its space group is CPy-Im2m, i.e. there are two mirror planes
perpendicular to the a and ¢ axes and the two fold axis is along the in-
tersection of these planes (parallel to thé b-axis). The body-centered
orthorhombic unit cell in the low temperature phase is depicted in Fig.
1.1.

Strijk and MacGillavry’s® found a phase transition at about 158°C
from an abrupt change in the temperature coefficients of the unit cell
constants, and found that the low temperature strong piezoelectric
effect disappears above this temperature. According to their structure
analysis, a third mirror plane perpendicular to the b~axis appears in the
high temperature phase, and the space group changes to D%ﬁ—-lmmnu

The symmetry of the INC-phase of NaNO»> has been discussed by vari-

ous authors®1s,

According to Heine!* the INC phase may be written as:

(INC structure) = (average structure) + CqcosQ-r + CpsinQ-r (1.1)

Where Cy, Cp are two pure component difference structures with the
periodicity of the underlying lattice. The symmetries of Cy, Cy are two
related irreducible representations of the space group Immm of the aver-
age structure (equal to the disordered structure at high temperature)
associated with the point q=0 of reciprocal space. The Cq component is
the pure ferroelectric alignment of the NO,” ions, with the irreducible
representation By, and the symmetry of Cp is BZg- The symmetry descrip-
tion based on the above formula is fully consistent with the discussion
in terms of a four-dimensional space group by Janssen et al'®, Recently
Yamamoto'® carried out the structure analysis of the INC phase based on
the super-space-group P%ng to clarify the discrepancy between the
super-spacer~groups deduced from theory and experiment and compare the

result with that of the model based on ngTm . He concluded that the
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super-space-group of the INC-phase of NaNO, is Plﬂﬂ”’.

The structure analysis of NaNO, has been refined by many researchr
ers!®72l, In each primitive unit cell there is one formula unit both above
and below the ¢transition temperature??,??, Lattice parameters averaged
dver several determinations are listed in Table 1J.

NaNO, was first shown to be ferroelectric by Sawada et al.?* in
1958. The ferroelectric axis is the b-axis. It was pointed out that the
main contribution to the spontaneous polarization comes from the rela=
tive displacement between Na* and NOo~ ions®’ The contribution of NOp~
groups to the spontaneous polarization is not larger than 15% of the
total, owing to its covalent character?®®., The spontaneous polarization
Wwas measured by many reseachers? 2%, The latest result?® is shown in Fig.
1.2. The result in Fig. 1.2 demonstrates that there is a discontinouus
step of Pg at the Curie temperature of about 6 pc cm™. A saturation
value of Pg = 11.7 uc em™? is estimated.

The fact that above the Curie temperature there is no measurable
polarization indicates that the ordered arrangement of NO»™ groups at
low temperature become disordered at the transition temperature. The
random reorientation of NO»™ ions along either +b or ~b causes the spon-
taneous polarization to be zero. Sawada and Nomura?%2® claimed that the
transition in NaNO» is essentlally of the displacive type even if it is
classified as of the order-disorder type. By microscopic analysis of
NaNO», Michel et al.® also concluded that we have in NaNOp a phase tran-
sition of both order—disordér and displacive character.

At the transition temperature, the reorientation of NO»™ groups can
be realized in one of the following two ways: (1) By rotation around the

a-axis, or (2) By rotation around the c~axis. Sato et al.?®!, and Chisler



et al.?® supported mechanism (1) from their I.R. abéorption and Raman
experiments. A sudden change in the frequency w, (153 em™!) near the
Curie temperature was observed. This sudden changeAnear the Curie tem=
perature implies that reorientation of NO,™ ions is around the a-axis. On
the other hand, Betsuyaku®® from NMR studies of Na in NaNOp, Suzuki et
al.?*"®” from their x=ray topographic studies of domain wall growth, Iwa-
izumi et al.®® from their ESR experiment on NO, radicals, Singh et al.®*
from their !N nuclear quadrupole resonance experiments, Shibuya et al."’
from a discussion of x=ray structural results, and Kay?° and Harada et
al.*' from neutron diffraction results arrived at the same conclusion:
the reorientation occurs by rotation around the c-axis. The steric hin=
drance potential of an NOp group in the cage of the six surrounding Nar
atoms was calculated numerically by Ehrhadt and Michel?® and is illus=s
trated in Fig. 1.3, where ¥ denotes a rotation around the a-=axis and ¢ a
rotation around the craxis. From Fig. 1.3 one comes to the conclusion
that the reorientations of NO»™ groups take place essentially through
rotations around the c=axis. Rotations around the a=axis are energeti-
cally much less probable. Since the duration of reorientation of a single
NOo™ group in the strong crystallines field is negligibly small in com~
parison with the lifetime of ferroelectric fluctuations, the angle ¢ can

be taken equal to zero.

C. Historical review

The existence of an INC-phase of NaNO» just above the ferroelectric
Curie temperature was first suggested by Tanisaki*? in 1961. His x-ray
scattering measurements showed that just above the Curie temperature

some of the Bragg reflections developed symmetrical sharp satellites
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along the araxis. The satellites correspond to a periodic modulation of
the crystal structure along the a-axis, and the period calculated from
the separation between satellite and normal peaks is about 8.4a where a
is the lattice constant along the ar-axis., The schematic structure of the
modulated phase of NaNO, is depicted in Fig. 1.4.

In 1963, Yamada"® investigated the temperature dependence of the
satellite intensity. He found that with increasing temperature, the in-
tegrated intensity of the Bragg reflection decreases quite abruptly and
at 163°C distinct satellites peaks appear which are observed in a very
narrow temperature range and which become diffuse with increasing tem-
perature. It was concluded that the phase transitions in NaNOp should be
considered in two stages. At 163°C, ferrcelectricity disappears at a
first order transition and the system becomes antiferroelectric., At
about 164°C, the system undergoes another phase transition of second
order, becoming paraelectric. Yamada proposed a sinusoidal antiferroelec-
triec structural model in which the successive a=-planes have a sinusoi-
dally modulated magnitude of dipoles. According to this model, higher-
order satellites should not be observed. Both x-ray diffraction and neu-
tron scattering results support this prediction*~%7,

In 1964, Hamano*® showed that the dielectric constant gp exhibits
two peaks (at Ty and Tp) which move together under an applied blasing
electric field Ep, merging into a single peak at Ep~3kv/cm. He also found
that the piezoelectric coefficient d,, exhibits two peaks at low bias
field which merge into a single peak at Eb~ukv/cm. Extensive dielectric
studies by Hatta"® and his coworkers revealed that the dielectric con-
stant is strongly frequency dependent, exhibiting Debye-~type dispersion

50

with a single relaxation time above Ty. Yamada et al.”® analyzed the dien~
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lectric relaxation in terms of an Ising model in which the polar W05
groups can flip between two stable (+b, -b) orientations and it was
found that the relaxation time of the flipping motion of each NO,” group
at high temperatures is of the order of 107!! seconds.

Two anomalies, at Tr and T} were also found in the thermal expan-
sion coefficient by Ema et al.® as well as in the specific heat by Hosn-
ino® and Sakiyama®. With increasing temperature the crystal expands in
the a and b direction ,while it contracts in the c¢ direction. The coeffi=
cient of thermal expansion in the a direction is larger than that in the
b direction. The linear compressibilities of NaNOp were determined from
x~ray diffraction by Hazen et al.® and the axial compression ratios in
NaNO, were determined as a : b : ¢ = 1.0 : 0.46 : 0.28 .

In 1965, Gesi et al.®® investigated the T dependence of the dielec-
tric constant e,, of NaNOs under hydrostatic pressure. Both Tr and T, in-
crease With increasing pressure, and the temperature range of the INC-
phase broadens with increasing pressure from 1° at 14.5 psi to about 8°C
at 145,000 psi.

Neutron scattering studies of NaNO, were first reported by Sakurai
et al.®® who investigated the lattice dynamics of both the Cy, orthorhom=
bic Im2m ferroelectric structure below Ty and the Dpp orthorhombic paran
electric Immm structure above T1. No soft mode was observed. Neutron and
x-ray diffraction experiments on NaNO, were reported by Durand et al.
who also extended their investigation to the effects of applied electric
fields"® 3738,

Diffuse x-ray scattering and diffuse neutron scattering were stu~

1 07, 103’ 57.

died by many researchers As temperature is decreased, the inten-

sity of the diffuse scattering becomes stronger and its breadth narrower
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and finally it grows into a satellite peak at Ty. The peak position of
diffuse scattering is obout 0.12 a* at Ty and increases with increasing
temperature to about 0.20 a¥ at ~ 185°C1°,

Ultrasonic velocity and absorption measurements on NaNOp, were rep=
orted by Ota et al.®®, Hatta et al.%%®, Hatta®»%® and Esayan et al.5%°®°
Distinct anomalies in the elastic constants and absorption coefficients
were observed, particularly for C,;; and C,,. Hatta has applied mode cou-
pling theory in analyzing the ultrasonic data to extract the temperature
dependent relaxation time of order parameter fluctuations which couple
to the acoustic modes in third order. Brillouin scattering in NaNO, has
been investigated by Shimizu et al.®® and Yagi et al.®”s%®. Anomalies were
seen in the Brillouin shifts at T, and Ty, but they are much weaker than
those seen at ultrasonic frequencies because of dispersion. These experi-
ments confirm that the relaxation rates for orientational fluctuations
near the transition lie below the hypersonic frequencies relevant to
right angle Brillouin scattering. NaNO, has been investigated by Raman
scattering®7° infrared absorption®%377L:,72 infrared reflectivity meas-=

urement?®®, nuclear magnetic resonance (NMR)?3373,7475

nuclear quadruple
resonance (NQR)3% 75782 optical second harmonic generation®™®%, D.C. con-
ductivity®%, molecular dynamics calculations®, and dynamical structure

analysis (time resolved x-ray diffractometry) which reveals the nonequi-

librium response to a pulsed biasing field®e.

Many theoretical discussions of the phase transition in NaNOp have
been presented over the years. The principal theories can be roughly

divided into three categories:



1. Phenomenological theory

A phenomenological theory of the INC transition in NaNOp, has been
proposed by Levanyuk et al.®!°. They considered the situation where a
one-component order parameter n couples with a generalized coordinate g
which has transformation properties different from n. Although a Lifsh=
itz invariant® is absent in the case of a one-component order parameter,
the existence of gradient invariants of type né&/8z and £4n/8z leads to a
phase transition with an INC structure.

Heine et al.'™»®° have developed a macroscopic approach for the des=—
cription of the INC transition in NaNO,. The theory is based on the exis-
tence of a subsidiary mode which can only have an interaction with the
main mode at nonzero wave vector. In case of NaNOp, the lattice shear is
the subsidiary mode.

Another Landau free energy expansion was developed for the INC
phase transition of NaNOp by Ishibashi et al.»®*%°!. Ishibashi and Shiba
proposed a simple model in which the instability of the prototypic phase
occurs for a given wavenumber kg, quite close to the T point (k=0) and
the representation at the T point is one dimensional. The INC state of
the model and its dielectric properties were analysed by taking harmon-=
ics into account. Ishibashi pointed out that the n-term in their free
energy which is of fourth power in the polarization P and of second
power in the modulation wavevector k plays an important role for the
successive phase transitions in NaNOj.

In a recent paper by Ema et al.®® the role of the different terms in
the free energy has been estimated on the basis of the smalless of the
temperature width in which the INC-phase exists. A consistent phenomeno-

logical theory for dielectric anomalies near type~ll lock-in transition
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has been developed. The effect of the gap between hohogeneous and inho-
mogeneous values of the coefficients of the fourth power of the order

parameter due to the long-range elastic force is considered. The possi-

bility of applying this theory to the case of NaNO» was also discussed.

2. Ising model

The reversal of electric dipoles, each of which is composed of a
NO,™ ion and the nearest neighbouring Na™ ion is capable of being treated
theoretically as a motion of Ising spins. The INC phase transition in
NaNOp, was first discussed on the basis of the Ising model by Yamada et
al."®. The successive appearance of three phases, the order of transi=
tions , and the temperature dependence of the order parameter were sat-
isfactorily explained by their calculations. Yamada and Hatta®® applied a
random phase approximation to an Ising variable system to explain the
susceptibility and to calculate the relaxation time of the flipping
motion of each NO,” ion.

Bak and von Boehm®? developed a computational procedure for analyz=
ing INC»commensurate phase transition in ANNNI system (Ising system with
competitive interactions, nearest and next nearest neighbour interac-
tions). Within the mean field approximation, they calculated the global
ANNNI phase diagram. Yamada®® proposed an "EXAFII" model, i.e. Extended
Antiferroelectric Interaction Ising model which extends the ANNNI model
to third nearest neighbours. Within this model, each substance is charac~
terized by a point in a twordimensional interaction parameter space. This

model gave a unified view of INC-commensurate phase transition in A5BXy

type crystals.
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Recently Selke et al.®® have studied the mean field equations of
the simple cubic ANNNI model in a field and compared their results to
experinments on NaNOp in an electric field. The gross features of the
phase diagram of NaNO, can be reproduced, but the value of Tp = Ty 1is

much larger than the experimental result.

3. Microscopic theory

Starting from a sterical hindrance potential for the motion of the

* ions,

NO,”™ molecular group in the deformable cage of neighbouring Na
Ehrhardt and Michel??, Michel®%®%% and Fivez and Michel®® derived a
microscopic model for the NaNO, crystal. The model leads to a Hamilto=
nian with bilinear coupling between translation and rotation with a
wavevector~-dependent coupling constant. At finite wave vector, molecular
reorietations of NO,” groups around the crystallographic c—axis are cou-
pled to acoustic lattice displacements. A modulation along the a=axis of
nonequilibium expectation values of the orientational order produces a
modulation of expectation values of acoustic displacements with polari=
zation in the b direction. The INC transition corresponds to a freezing-=in
of both types of motion.

Recently Heine et al.!" have extended Michel’s theory to include the
short range electrostatic forces due to the distribution of charge in the
nitrite together with the repulsive parts of the interionic potential as
well as steric hindrance with both the nearest six sodium ions and the
neighbouring eight NO,” ions to explain what they believe is the correct
sign of the displacement modulation, namely a displacement in the posi-

tive b direction where the nitrogen of the NO,” is oriented along the

positive b=axis.
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Lynden-Bell et al.®® have noted the following connection between

the work of  Michel and coworkers and that of Heine and McConnell:
Michel and coworkers have shown that the inclusion of a phonon-reorien-
tation coupling term in the microscopic Hamiltonian of the system can
account for the paraelectric-INC transition. Heine and McConnell, on the
other hand, have discussed the conditions for the formation of INC=phase
in terms of the parameters that appear in the expression for the macros-
copic free energy. Although these two theories emphasized different
aspects of the problem, the Michel Hamiltonian also leads to the Heine~

McConnell form for the free energy.

D. Current research
Despite this wealth of experimental and theoretical research on
NaNOp, several fundamental questions remain unanswered. Among them are:

1. How do the phase transition diagram and the modulation wave
vector change with both longitudinal and transverse electric field as
well as with hydrostatic pressure?

2. Does a Lifshitz point or another new critical point exist in
NaNO,?

3. How well do the phenomenological theory, the Ising model and the
microscopic theory describe the INC-phase transition in NaNO»? What is
the connection between them?

In order to investigate these and related questions I have carried

out the following experiments and theoretical analysis on NaNO»:

a. Experiments




= 13 =

1) Dielectric constant measurements under E~field along the b=
axis.

2) Elastic neutron scattering under E-field along the b=—axis.

3) Elastic neutron scattering under E-field along the a=axis.

1) Elastic neutron scattering under E~field along the craxis.

5) Brillouin scattering under E-field along the cmaxis.

6) Inelastic neutron scattering.

7) Diffuse neutron scattering.

8) Dielectric constant measurements under hydrostatic pressure.

9) Brillouin scattering under hydrostatic pressure.

Experiments 3), 4), 5) were first done by us. In experiment 2) some
important new results were first obtained by us. We performed experiment
2) independently of Durand et al“®. at almost the same time. Durand et
al. put the temperature sensor quite far away from the sample; there-
fore, they corrected the phase transition temperature for different
fields; the maximum correction was about 0.5°C while the whole tempera-=
ture range of the INC-phase under that E-field is less than 0.5°C. For
this reason, it was impossible for them to obtain the correct behavior
of the modulation wavevector under the longitudinal electric field. We
performed the same experiment with the thermister touching the sample
so that both the phase transition diagram and the E=field dependence of
the wave vector were obtained without temperature correction for differ-

ent fields.

b. Theoretical analysis

1) By numerically minimizing the Landau free energy, the complete

predictions of different Landau free energy expansions for the phase
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diagram and the behaviour of the modulation wave vector under E-field
along the bmaxis were explored. All the coefficients in the free energy
have been determined from the dielectric constant measurements, the neu-
tron scattering results and the spontaneous polarization data.

2) Several analyses of the free energy models proposed by Ishi-
bashi et al.?%»®' were made. Comparison of our diffuse neutron scattering
results with the predictions of the free energy model indicates that the
n—~term in the free energy cannot be neglected, and that the temperature
dependence of the coefficient o should also be included. We found
another reason that the n=term cannot be neglected: without the n-—term
the phase transition from the para-phase to the INC-ophase will Dbe of
first order while the observed para-INC transition is of second order.

3) The relation of the Lifshitz point to a system exhibiting a
first-order transition from the disordered phase to the.ordered phase
has been analyzed in detail. By fitting our data of elastic neutron
scattering under transverse electric field to the numerically calculated
results we can determine where the virtual Lifshitz point should occur
and construct the whole phase transition diagram.

4) Using the ANNNI model, numerical calculations of dielectric con=
stants under longitudinal electric field were carried.

5) The microscopic theory of Michel and coworkers?®) 3% 9,97,9 yag
reviewed. Some of the results of the microscopic theory are cited for
comparison with the results of the phenomenological theory and the Ising

model.
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CHAPTER II

INC PHASE TRANSITION UNDER LONGITUDINAL ELECTRIC FIELD

In this chapter we present our experimental results of dielectric
cbnstant measurements and elastic neutron scattering performed on NaNO»
under an electric field applied along the b=axis. Then we present our

theoretical analysis based on the Landau free energy.

A. Dielectric constant measurements under E=field along the

bmaxis

We began our experimental study of NaNO, by measuring the tempera-=
turemdependent dielectric constant as a function of electric field along
the anxis. NaNQOp crystals were grown from the melt in our laboratory
following procedures suggested by Professor Y. Ishibashi .(see Appendix
B). The size of a b~cut sample was typically 0.2 cm?® by 0.14 cm thick.
Selection of samples used for the dielectric constant measurements was
determined by the mosaic observed in neutron diffraction at Brookhaven
National Laborotory (BNL). A gold thin film was deposited by vacuum eva-~
poration on the surfaces of the sample perpendicular to the b=axis. Capn
acitance measurements were carried out with a general radio 716C capacis
tance bridge excited at 1kHz with a one volt per centimeter sine wave.
The capacitance measurements are described in Appendix C. The sample
holder and the oven are also shown in Appendix C. The oven was designed
and built at BNL for the neutron scattering experiment and was also used
for the dielectric constant measurements. The temperature was measured
by a thermistor mounted inside the oven touching the sample. The rela=

tive accuracy of the temperature determination was better than 0.01°C.
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The rate of temperature change was reduced to about 0.2°C/hour near the
transition temperatures of NaNOs. The oven was evacuated to about 5x107°
Torr to minimize the water vapor attacking the sampie, as NaNO, is hyg~
roscopic.

Fig. 2.1 shows the zero-field € versus T curve which was measured
during cooling of the sample. The peak on the right is at the INC transi-
tion temperature Ty = 163.86°C from the paraelectric to the INC-phase
while the peak on the left is at the lockmin transition temperature Ti,
= 162.50°C from the INC to the ferroelectric phase. A comparison between
measurements performed during cooling and heating is shown in Fig. 2.2.
At Ty, thermal hysteresis of about 0.2°C was observed, which is in agree-
ment w;th those observed by Buchheit and Petersson?’. Therefore, the
lock=in transition is of first order while the INC transition is of secod
order. A series of e versus T curves at increasing bias field Ey is shown
in Fig. 2.3. The two peaks of the dielectric constant move towards each
other under an applied biasing electric field En, merging into a single
peak at Ep~3 kv/cm. Plotting Ty and Ty, versus Ep leads to the phase
diagram shown in Fig. 2.4. The point at which the two transition lines
meet is called a triple point. At this triple point the three phases,
para, INC and: ferro coexist. Let E¢ be the electric field at the triple

point. The value of E; has been determined by several authors as fol=

lows:
E¢y = 2 kV/cm, dielectric constant meassurements, by Hamano"®.
Ey = 2.6 kV/cm, dielectric constant meassurements, by Gesi'®.
Ey = 3.4 kV/cm, neutron scattering, by Durand et al®s,

2]
ct
[

= 4,0 kV/cm, x+=ray diffraction, by Yamada'!°.



One possible origin of such disagreement is the finite electrical
conductivity of the sample which may cause uncertainti=s in the actual

value of the applied field.

B. Elastic neutron scattering under E=field along the b=axis

During August of 1982 we initiated a study of the temperature and
electric field dependence of the satellite structure in the INC-phase of
NaNO» at the high flux beam reactor at BNL in collaboration with Dr. S.
Shapiro. For this experiment a sample (typically 0.45 x 0.15 x 0.45 cm?)
with gold electrodes evaporated on the b-faces was mounted on a triple=
axis spectrometer with the c=axis vertical in a temperature controlled
oven which is the same one as used in the dielectric constant measure-~
ments. The temperature of the oven was controlled by an Omega propor=
tional temperature controller and by constantly monitoring the tempera-
ture readout. The temperature was maintained constant to better than
0.01°C, and our measurements were completely reproducible. This is an
important consideration since there is a current through the sample when
a field is applied, producing an ohmic heating of the sample. The oven
was evacuated to about 5x107? Torr. All scans were performed during
cooling. The incident neutrons were fixed at an energy of 14.7 meV and
were collimated to yield a FWHM resolution of 0.006a* (0.013‘1) and a*=
2n/a is the reciprocal lattice vector. Scans of elastic scattering were
taken through the (020) Bragg peak. A typical scan shows the main (020)
Bragg peak flanked by two satellites as illustrated in Fig. 2.5. The scan
is along the a-axis with & (the position of the satellite peak in units
of a*) ranging over 0.25a*. Similar scans were taken over extended

ranges (+ O.Sa*) to see if second or third harmonics could be observed,
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None were seen, indicating that the INC modulation remains strictly sinu-
soidal throughout the INC range This was also true with applied field.

From scans like that of Fig. 2.5 we found the satellite intensity
and the modulation wavevector & (the position of the satellite peak in
units of a¥) as a function of temperature at different bias fields. The
results of these measurements are shown in Fig. 2.6 and 2.7. Fig. 2.6
shows that the satellite intensity increases as T is lowered through Tr1
and, after reaching a maximum, decreases again near T;, and that the
satellite intensity decreases with increasing bias field Ep. Fig. 2.7
shows that § decréases monotonically for decreasing T between Ty and Tf,
and is essentially independent of Ep. Plotting the transition temperas=
tures Ty and Ty, versus Ep leads a phase diagram which is similar to that
shown in Fig. 2.4,

We note that our results are in disagreement with those of Durand
et al. who found that the satellite intensity increases monotonically as
T is lowered from Ty to Ty, decreasing discontinuously to zero at Tp%.
In order to determine the reason for this discrepancy we performed a
special experiment on a sample generously provided by Professor T. Yagi.
The full half-width of the (020) Bragg peak was 0.12 degrees which indi=~
cates that the mosaic of this sample is quite small. The sample was
wrapped in aluminum foil to insure uniform temperature throughout the
sample when it was heated. Much attention was paid to the temperature
control. The temperature was maintained constant to better than 0.002°C.
We spent more than 5 hours to obtain the data within 0.15°C in the vicin=s
ity of Tp. The result shown in Fig. 2.8 agrees with our previous results.
Note that the temperature range between the maximum value and the zero

value of the intensity of the satellite in the vicinity of Ty is about
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0.1°C. One possible reason for the discrepancy between our results and
Durand’s is that Durand et al, put the temperature sensor far away from
the sample, and therefcore the temperature reading in their experiment
was not the real temperature of the sample. Another is that our sample
contain more impurities so that the transition does not occur everywhere

in the crystal simultaneously.

C. Theoretical analysis

Our theoretical analysis is based on the Landau free energy expan-
sion proposed by Ishibashi and Shiba®%°!., Wherever Analytic solution of
the equations of minimization was not possible, we have minimized the
free energy by using a nonlinear least squares computer program to vary
the parameters in the free energy until a minimum is obtained, a proce=
dure which avoids the approximations required by the algebraic

method*® ®*®, The program listing appears in Appendix G.

1. Fourth order free energy model
We first carry out an analysis using a free energy restricted to
terms quadratic and quartic in the order parameter. This implies that
the direct para-ferro transition would be second order. A more realistic
free energy requiring sixth power term is analyzed in the next section.
Following Ishibashi and Shiba®’, we write the free energy density
as:

1 1 1 1
£(x) = 5AP? + BP* + za(VP)? + 1B(VP)? + %npz(vp)z ~ E-P (2.1)

where P (the polarization Pyp) is the order parameter
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A = AT - Ty), B>0, a<0, B8>0, n>0
E is the electric field Ep applied along the b~axis.

The integrated free energy density is: '

F = J f(x)dx where x is along the a-axis

1

L
L is the length of the crystal

The first, third and fourth terms in (1) are quadratic (harmonic)

with respect to the order parameter P, while the second term represents

the anharmonicity in the homogeneous part of the free energy. As pointed

dp?
dx?

out by Ishibashi et al.®°, the meaning of the terms 0%;) and ( )2
becomes clear if the differential forms are transformed into the differ=
ence forms as (P, = Pp-1)® and (Pp+q - 2P + Pp-1)? respectively. The
former represents interaction between the nearest neighbour planes
(planes are taken to be perpendicular to the a-axis), while the term
Pn+1°Pp-1 included the second nearest neighbor planes. The n-term is

required to make the modulation wavevector change with temperature as

observed experimentally (Fig. 2.7).

a. Free energy in the ferroelectric phase: FIerro

In the ferro-phase P=P, .. VP=0

pferro - %Apg + %Bpg - EP, (2.2)
ferro
E o - AP, +BPI=E =0
[+]
AP, + BP} = E (2.3)

For given E and T, P, can be obtained by solving Eq. (2.3); then the

free energy Fferro can be calculated by substituting P, into (2.2).
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In the case E=0, Egq. (2.3) gives:

(2.4)

P%:.‘T

| =

. ferro - -ﬂi
- F “15 (2.5)
For calculation of the free energy, all the coefficients in the

free energy expansion must be known. The determination of the coeffi-

cients will be discussed in section f.

b. Free energy in the INC-phase: Finc

The elastic neutron scattering of NaNOp indicates that the INC
modulation remains strictly sinusoidal throughout the INC range. There=
fore the plane wave solution can be taken in the INC-phase:

P = P, + Pycoskx (2.6)

where x is along the a=axis, k is the modulation wavevector and
k = Gja*. Here 6 is the reduced wavevector (the separation between the
Bragg peak and the satellite peak in units of a*) and a* is the recipro-

cal lattice constant. The integrated free energy density is:
Fine - lapz o lppy + lapz + 3 + BPEPE + SB.PY - EP
5APS s+ Ak 8 KIPSPE + =3BKPE = EP,
(2.7)

where A = A + ok? + %ﬁk“

By = B + %ﬂkz (2.8)
A = AT = To)
There are two ways to calculate FINC, that is to find the values

of Po, Py and k that minimize it and evaluate it for these values:
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1). By solving the equations of minimization:

aFinc
9P,

(2.9)

]
=1

AP, + 3(B + BL)PEP, + BP3

srine ~
aPy

]
o

Ag + %(B + Bi)P3 + ~3-BkP§

m (2.?0)

srine
ok

k? = =

w|R

- 2_%_}3% - %pﬁ (2.?1)
Po, Py and k can be obtained by solving the simultaneous equa-
tions (2.9), (2.10) and (2.11), then the free energy FINC can be calcus
lated by substituting Po, Py and k into Eq. (2.7).
2). By numerically minimizing the free energy:
A computer program can vary the three parameters P, Py and

k to minimize the free energy FINC, For given E and T, the computer pro-

gram gives the minimized free energy as well as the three parameters.

c¢. The INC»ferro phase transition line

The lockmin transition occurs when the minimum value of Fferro
crosses the minimum value of Finc, Therefore, for given E=field, the
lock-in transition temperature T (E) can be obtained by setting Fine(g) =
Fferro(g), The TL(E) versus E curve is just the the INC»ferro phase tran-
sition line.

In the case n=0 and E=0, P, can be dropped in Egs. (2.6) and

(2.7). Eq. (2.7) becomes:



Fine = -)_TAkPﬁ + §-2—BP|2
. . 4

Eq. (2.10) gives: PE = T?ﬁ§Ak

*. Finc Ak

.' . F (n=O,E=O) = 6—5 (2.12)

. 2 AR

By setting Fferro = pinc e, 1{%5 = -E%.
2

we have:  T(0) = To~ 2.2247 AO‘B (2.13)
]

TL(0) is the lock-in transition temperature with E=0, n=0.

d. The para-INC phase transition line
The para-INC phase transition line can be obtained by setting the
coefficient of PZ in Eq. (2.7) equal to zero i.e.

%Ak + -g—(B + Bk)P% =0

or Ay + (B + BPE = 0 (2.14)
Comparison of Eq. (2.14) with Eq. (2.10) leads to:

Pp =0 at T = Tg(E) (2.15)
where Ty(E) is the para-INC phase transition temperature under

electric field Ep.

Eq. (2.15) means that for each given E=field, the para-»INC phase
transition temperature can be obtained as the temperature where Py -0.
The Py versus T éurve can be obtained by numerically minimizing the free
energy, and therefore Ty(E) can be determined numerically.

In the case E=0, P, is equal to zero in both the para and the INC

phases. According to Eq. (2.14) the para-INC transition then occurs at

Ay=0
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fre. ATE(0) = To) + ak® + -8K* = 0 ' (2.16)
At T = T1(0) Py = 0, Eq. (2.11) becomes:

2 . .

k7(0) = 8 (2.17)

Substituting Eq. (2.17) into Eq. (2.16) we get:

(’.2
Ty(0) = T, + ShaB (2.18)

Combination of Eq. (2.13) with Eq. (2.18) gives:

T1(0) - TL(0) = 2.7247 AO:e (2.19)

T1(0) and Tp(0) can be obtained from the dielectric constant meas-

urement which gave:

T1(0) = 163.86°C and TL(0) = 162.50°C
0.2
e i 0.499144,
c’.2
To = T(0) = 53— = 163.61°C (2.20)

2ho8

e. Dielectric constant

In CGS units, the susceptibility X = (—g%)T (2.21)
The dielectric constant e =1+ 4nkX
In practice e can be written as: € = egp *+ UuX (2.22)

where e is the background value of ¢. This includes the contri-

bution to x from degrees of freedom other than the order parameter.

1). Dielectric constant in the ferroelectric phase
Fferro - LAP3 + [BPS - EP, (2.2)

And P, satisfies AP, + BP} = E (2.3)
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oE _ 2 g2gferro
(§§:)T = A + 3BP} = (-——gﬁg——
9P y2rferro
X = —— = —————— '-'1 . .
(51 = ) (2.23)
.*. xferro = (a4 + 3Bp2)~!

.. eferro o ¢ &+ AT __ (2.24)
c b A+ 3BP§ .l
In the case E=0, we have from (2.4): P2 = ﬁg- (2.%)

- ferro - 2"
« s E €p + 5olTo =~ 1)
Ao(To = T) AoT, AT
ferro . -1 . = -
(e Eb) 5o 5 > (2.25)

Eq. (2.25) indicates that in the case E=0 the inverse of the die=
lectric constant in the ferro-phase is a straight line which has a nega-

tive slope and extrapolates to zero at T = T,

2). Dielectriec constant in the paraelectric phase

In the para=phase with an E~field along the braxis, P =Py # 0

.*. Fpara - %ﬂp% + %Bpg - EP, (2.26)

where A = A (T - To) with T > T,

Y
M ara = g —_——
e eP 0 * K+ 38P3 (2.21)

where ef) is the background value of ePara,

If E=0, then P, =0

. Uy
ara = g —_r
. €P € * T =T (2.28)

(Epar‘a - st’))"‘l - Ao(T - To) - AoT _ AoTo

Ty T T (2.29)

Therefore, in the case of zero E~field, the inverse dielectric

constant in the para-phase is a straight line too, but the slope is pos-
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itive. It also extrapolates to zero at T = T,.
Comparing Eq. (2.25) with Eq. (2.29) we have:

(eferro - ¢)=?

- o (2.30)
(Epar'a - 55)"1

Note: at T = T, both (eferro - eb)—? and (ePara - ef)7!' equal zero.

This means that the two staight lines meet at the point T=T,.

3). Dielectric constant in the INC-phase

In the INC-phase:

y2rinc
oP%

)-11 = 1
A + 3BP3 + £(B + By)PE

g

.. glne < eh’ + 3
- A+ 3BP3 + (B + B)PE

(2.31)

where eg' is the background value of gine,

Po, Py and k satisfy Egs. (2.9), (2.10) and (2.11).

f. The coefficients A, Te B, o, B8 and n

1). The coefficient T,
Eq. (2.20) gives: To = 163.61°C
This means that in the case of the fourth order free energy

model, the coefficient T, is fixed.

2). The coefficient A,
Eq. (2.25) and Eq. (2.29) indicate that in both the ferro and the
para phases the inverse dielectric constants are straight lines. The
coefficients A, and T, can be calculated from the slopes and the inter-

cepts of these straight lines. Fig. 2.9 shows the inverse of the dielecs
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tric constants of NaNOy, (the discrete points) of Fig. 2.1. Because the
values of the dielectric constant of NaNOp are very large, their inverses

are very small. Therefore in Fig. 2.9 the ordinate represents the value

of E;ggg—w Eq. (2.25) and Eq. (2.29) can be rewritten as:
b- . i .
10004A,T 1000A,T
- "|000 - . oto _ ‘ (2.32)
eferro - ¢ T -
1000 _ 1000AcTo  1000A,T
=7 lhr * 1411' (2-33)

epara - g
The expressions (2.32) and (2.33) can be used to fit the exper-
imental data. The solid lines in Fig. 2.9 are the fitting results. The

equations for these two straight lines are:

In the ferro-phase y = 286,12 = 1.7523x (2.34)

In the para-phase y = n24,476 + 0;1507x (2.35)

The ratio of the slopes of the two straight lines is about -12
which is in agreement with the result of Buchheit and Petersson??, but in
severe disagreement with Eq. (2.30).

In the ferro-phase the coefficients A, and T, can be determined

from Eq. (2.32) and Eq. (2.34) as:

Ao = 1.1010x1072 (in CGS units) (2.36)

T,

163.28°C

In the para-phase from Eq. (2.33) and Eq. (2.35) we have:

A, = 1.8938x107® (in CGS units) (2.37)

]

T, = 162.42°C
The values ep = e = 880 were chosen to give the best fit of the
linear equations (2.32) and (2.33) to the experimental data.

The severe disagreement between the two values of A, has never

been explained.
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We note that in the present case of the four'thl order free energy
model, the value of T, given in Eq. (2.36) is much closer to the predic-
tion of Eq. (2.20) than that given in Eq. (2.37). Therefore we have taken
the value of A, from the ferro-phase data. It should also be pointed
out that the value of A, in Eq. (2.36) was obtained from the zero E-field
data; hence it is necessary to adjust this value to find a proper value
of A, which is suitable for different E-fields. We have also tried to fit
the experimental data of dielectric constant under different electric
field using Eq. (2.24) and treating ep, A, and B as parameters. The com=
puter program gives the fitted dielectric constant as well as the paramm
eters, One set of the values of the coefficients A, and B obtained in
this way was used to calculate the phase diagr‘_am which is shown in Fig.
2.10., The value of A, is:

A, = 3.4407x1072 (in CGS units)

3). The coefficient B

In the ferro-phase Eq. (2.4) gives:

p2 = Ao(To 3 T)
i
. A0(To = T)
- B = T (2.38)

where P, is the spontaneous polarization which can be esti=

mated from Fig. 1.2 as:

Po = 11 ( “r;’z) ~ 3.300x10* (cgs) at T = 120°%C

e}
e B = 1.3778x107°  (in CGS units)
The value of B used for obtaining the theoretical phase diag=s

ram shown in Fig. 2.10 is:
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B = 1.3124x10™° (in CGS wunits)

This value of B was chosen in the same way as for A,.

4), The coefficients o and B

Eq. (2.17) gives: % = -kZ(0) (2.39)
2
Eq. (2.18) gives: -‘lé- = 2A,(T(0) = To) (2.40)

k1(0) can be obtained from the elastic neutron scattering data

as:
K2(0) = (a*8)% = (ZL-9)? = 4.3750x10™  (cm™?) (2.41)
where a = 3.6647 £ is the lattice constant along the a-

axis at T = Ty(0).

Taking A, = 3.44070x107%2 and T, = 163.61°C then:

o = =3.9255%107% (in CGS units)

] 8.9730x1073%2 (in CGS units)

These values of o and B were used to obtain the phase diagram
shown in Fig. 2.10. The units of these and other parameters of the free

energy are discussed in Appendix A.

5). The coefficient n
The value of n can be determined by fitting the theoretical
modulation wavevector curve to the experimental results as illustrated
in Fig. 2.13. The value found from fits is:
n = 1.9709x107%* (in CGS units)
There is another way to estimate the value of n which is

described as follows.
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At T = T(E), Pk = 0 (see Eq. (2.15)), from Egs. (2.11) and

(2.17) we have

KT%(E) = kr2(0) = = E”EP% (2.42)

Eq. (2.9) gives

AP, + BP} = E (2.43)
where A = A(T(E) ~ To) (2.44)
For roughly estimating the value of n, here we assume that

AP, = E or

E

E
Fo = T 7 T(THO) = To) (2.45)
Substituting (2.45) into (2.43) we get
Kp*(E) = K2(0) = = nE? (2.146)

2B8A3(TT(0) = To)2

From the experimental results of elastic neutron scattering we
can get the value of ky*(E) = ki*0) for given E, then we can calculate n
using Eq. (2.46), since all the quantities (except n) are known. The esti=
mated value of n is

n = 1.1709x107*°  (in CGS units)

Starting from this value we tried to fit the thoeretical modu-

lation wavevector curve to the experimental results, and ajusted this

value of n until the best fit was obtained.

g. The calculated phase diagram

Fig. 2.10 shows the calculated phase diagrams with different n
values. The other coefficients are:

A, = 3.4407x1072
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B = 1.3124x107°
a = =3.9255x107Y7 (in CGS units) (2.47)
B = 8.9730x10732

To = 163.61°C

The procedure for obtaining the phase diagrams shown in Fiq. 2.10
was as follows:

1). Substitute the values of all the coefficients in Eq. (2.47) and
n into the free energy.

2). Use the method of numerically minimizing the free energy to
obtain the equilibrium free energy and the corresponding three parame~
ters, Po, Py and k.

3). The transition temperature Tj, was obtained by setting Fine =
Fferro, Fig, 2.11 depicts the FINC and the FIerro at zero E-field. The
intersection determines the transition temperature T|. For different E=
fields, Ti(E) was determined in the same way.

4). The transition temperature Ty was taken as the temperature
where P + 0. Fig. 2.12 shows Py versus T for zero field. The end point
of the curve on the abscissa gives Ty. For different E-fields Ty(E) was
obtained by this procedure.

Plotting Ty(E) and TL(E) versus E~field for different values of n

leads to the phase diagrams shown in Fig., 2.10.

h. The modulation wavevector

Fig. 2.13 shows the calculated modulation wavevector versus tem=
perature with different n values. The discrete points are the experimen-
tal results. If n=0, the modulation wavevector k is temperature indepen=

dent (see Eq. (2.17)), while if n is not zero then the modulation wave=-
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vector k is temperature dependent. The value of n can be determined by
fitting the theoretical curve to the experimental results as shown in
this figure. The value of n for the solid line in Fig. 2.13 is: n =
1.9709x1072* (in CGS units).

Note that the calculated modulation wavevector does not depend on
the longitudinal E-fields. In other words, all the 6§ versus T curves for
different E=field are coincident, which agrees with our experimental res=
ults.

Since the temperature range of the INC~phase decreases with incre=
asing E-field, hence the length of the § versus T curve decreases with
increasing E-field. Let &1(E) and §.,(E) represent the wavevector at Tp(E)
and T{(E) respectively. Then both the experimental and theoretical ress
ults show that 6&7(E) decreases with increasing E-field while §.(E) incre-
ases with increasing Enfield.

Our results are in disagreement with those of Durand et al.®® who
concluded that the modulation wavevector is a decreasing function of the
applied field®® from the fact that &(E) depends on E.

In contrast to the case of a longitudinal E-=field, our results in
Chapter III will show that in the case of a transverse E~field the modu-

lation wavevector is E=field dependent.

i. The intensity of satellites

According to Tanisaki*? and Xamada”, the intensity of the satel-
lites is propoticnal to PZ. Fig. Z.jh shows the calculated P§ versus tem-=
perature for E=0, Comparison of Fig. 2.8 with Fig. 2.14 indicates that in
the temperature region of Ty, < T < Ty, the intensity distribution of the

satellite can be roughly explained by the Landau free enegy expansion,
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but in the region of T = T, the theoretical result is in disagreement

with the experimental result.

J. The dielectric constant

Eq. (2.21) and Eq. (2.22) give the dielectric constant as:

8P
e=eb+4n—6-E—

The procedure we used for the calculation of the dielectric con-
stant with E # 0 was the following:

1). For a given E = Eq, calculate Po(Ey) by using the method of
numerically minimizing the free energy. |

2). For E = Ep = Ey + AE, calculate Po(Ep).

3). Then the dielectric constant is:

Po(Ez) = Po(Ey)
€= ep *hT , (2.48)

Fig. 2.15 shows the calculated dielectric constant at E = 5

(statvolts

on ) which decreases monotonically with decreasing temperature in

the INCmphase while the experimental result has a minimum value between
Ty, and Ty as shown in Fig. 2.1.

In order to obtain a dielectric constant curve exhibiting a double
maximum, Ishibashi introduced a "field-linear harmonic" term®® in the
expression of the polarization in the INC=phase, i.e.

P = P, + Ppcoskx + Pppcos2kx (2.49)
where Ppy is induced from P, and Pg. Now there are four parameters: P,,
Py, Ppi and K.

The dielectric constant in the INC-phase can be calculated by using

the same method used above. Note that the "field-linear harmonic" term
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does not affect the dielectric constant in the para and ferro phases.

statvolts)

Fig. 2.16 shows the dielectric constant at E = 9 ( om

. It is
clear that a curve of dielectric constant versus temperature with mini-
mum in the INC-phase can be obtained by introducing the "field-=linear
harmonic" term, but we still have some problems:

1). Fig. 2.3 shows that at Ty (E) the experimental peak decreases
with increasing E~field while the theoretical result is just the oppo-
site,

2). The temperature range of the INC-phase is narrowed by introduc=

statvolts)
cm

ing the "field-linear harmonic" term. In the case of E = 5 (
and n = 0 :
Without the Pppcos2kx term
Tp = Tp = 1.36°C (2.50)
With the Pppcos2kx term

T; = T, = 0.40°C. (2.51)

2. Sixth order free energy model

1 ) 1
Tferro _ g M ————
gl €rro — ¢y ghara - ¢p

Fig. 2.9 shows that the two lines of
go to zero at different temperature. The crossing of these two lines
implies that the direct para =+ ferro transition is of first order. But
the fourth order free energy model gives a second order transition from
the para-phase to the ferro-phase. Comparison of Fig. 2.10 with Fig. 2.4
indicates that the triple point on the calculated phase diagram of the

fourth order free energy model is not coincident with the experimental

result. For the above reasons we next consider a free energy model which
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contains a sixth order term. The sixth order free energy model can be

written as®::

=_]_ 2 l 4 _1_ 6 1_ 2 _1_ 120y 2 1_ 2 2 .
f£(x) 2AP + uBP + 6CP + 2(1(VP) + ug(vp) + unP(VP) - EP (2.52)

- Wwhere A = AT - To), B<O, C>0, a<0, B8>0, 0

E is the applied electric field along the b—axis.
The integrated free energy density is:

F =

-% J £(x)ax x is along the a-axis.

a. Free energy in the ferroelectric phase: Fferro

In the ferro-phase P = P,

.. Fferro - %AP% + 7}BP‘O' + lcps - wp,

3 (2.53)
arferro
¢+ —mm—— = AP, + BP2 + CP5~E =0
.« AP, + BP3 + CP3 = E (2.54)
In the case E=0 Eq., (2.54) becomes:
A + BPZ + CP{ =0 (2.55)
b. Free energy in the INC-phase: Finc
In the INC-phase: P = P4 + Py coskx
K
.. rine = lapz o+ lppy 4 lps - gp
..,. = 5 [ ]_T [} 8‘ [ [+]
+ 1oz + 3 + BPIRE + SB,PL
APk * 3 kIPSPL + 35BkPk
+ PCPPE + T2CPEPY + 2CPL (2.56)
where Ay = A + ak? + %ﬁk“
1
By = B + gnk? (2.57)



In the case E = 0, P, =0

3
32

Since the para » INC transition at Tp is experimentally second

Fine = —p.p2 + ==B.P} + 96CPk (2.58)

d=j—

order, the coefficient By must be positive although B is negative.

srine
oPy
—.A +3(B+B)P2+ lo B 15 Spu_
K Fl K/ 5CP¢l + (—- k * —CPO)Pﬁ + gc k = 0 (2159)
aFpine
P,
LA + -—(B + BR)PE + —icpk]Po + (B + 5CPg)P} + CPS = E (2.60)
srine ~
ok
K2 = =% - —ZDEP% - %Fﬁ (2.61)

c. The INC»ferro phase transition line

The free energies of FINC and FIerro yere obtained by using the
method of numerically minimizing the free energy. The transition temper-
ature TL(E) from the INC to the ferro phase was then determined by set-
ting Finc = pferro, plotting T[(E) versus E gives the INC»ferro transi~

tion line.

d. The para-~INC phase transition line

The para-INC phase transition temperature can be obtained by

setting the coefficient of P} to zero in (2.56), i.e.:

A + 3(B + BOPE + 5CP = 0 (2.62)
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Comparing (2.62) with (2.59) we get

Dceypg + 2cpp = 0 (2.63)

This equation has two possible solutions:
P2 =0

5

or (3B, + L2CPY) + ZCPE = 0 (2.64)

Sjw AN

Since By > 0 and C > 0, Eq. (2.64) cannot be satisfied. The only
solution is therefore
Pp =0 at T=Tg (2.65)
Eq. (2.65) means that the transition temperature Tp(E) can be
obtained as the temperature where P, -+ 0.
In the case E=0, P, is equal to zero in both the para and the INC

phases. .°, According to Eq. (2.62) the transition occurs at Ap = 0, i.e.
Ao(T1(0) = To) + ak?® + T8K* = 0 _ (2.66)

AL T =T, P =0 .°. kp(0) = -%‘ (2.67)

Substituting Eq. (2.67) into Eq. (2.66) gives:

2

TE(0) = To + 51%5 (2.68)

which is the same result found in Eq. (2.18) for the fourth power free
energy. (the symbol "(0)" indicates the case of zero E-field).
Combining Egqs. (2.67), (2.65) and (2.61) we have

2 - 2 = wlp2
KI(E) =~ k}(0) 5gF (2.69)
where Kkp represents the wavevector k at Ty, and P, represents

Po(E). .

e. The dielectric constant
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In the para and the ferro phases for nonzero E~field

2 .
x=1 = 28 _ 4+ 3BP2 + sCPY
-~ oP3

R

€= € * (T = To) + 3BP + 50P% (2.70)
In the case E=0, in the para-phase P, = 0
Yq
b, ghara - g + 2T
¢ 0 7 AT - To)
A(T = To)
or ? = — m 2 (2.71)
epara - g K :
At T = T,
L
gpara - gp
In the ferro=phase :
1 _ - 2 4
ferro - o un[A°(T To) + 3BP3 + 5CP¢] (2.72)
b
Co AL T = T + ;—[313?% + 5CP¢]
. [+]
1 _ o
Ferro - o 0 we represent this T as Tff
b
o T = To s Tp = = 2L38PF + 5CP%) (2.73)
where P, represents Po(T¢).
Eq. (2.72) gives: A(T = To) + 3BP3 + 5CP¢ =0 (2.7%)
Combining Eq. (2.73) with Eq. (2.55) leads to:
PZ B =
= .12_C. at T = Tf (2-75)
Substituting (2.75) into (2.73) we have
82
AT = TALC (2.76)

Note that in the fourth order free energy model the two lines



1 and S E— go to zero at the same point T = T, but in

eferro - €p Epar'a' - &

the sixth order model the two lines go to .zero at different tempera-
tures. This is consistent with the experimental result, (see Fig. 2.9),
and is the principal reason that the sixth power free energy was intro-

duced. (see refs. (29), (91), (46)).

f. The coefficients Ay, To, B, C, a, B, and n

1). The coefficients A, and T,

In the case of the fourth order free energy model the coeffi-
cient T, is fixed as given in Eq. (2.20), while in the sixth order model
there is no such restriction. It was found that for obtaining a phase
diagram which is closer to the experimental result than that of the
fourth order free energy model the coefficients A, and_ To should be
taken from the parar-phase data. Since both models predict the same
ghara (Eq. (2.29) and (2.71)) we used the values in Egq. (2.37) which were
obtained from the para~phase data.

Because the values of A, and T, in (2.37) were obtained from
zero=field data, it is necessary to adjust them to obtain proper values
which are suitable for different E=fields. The values of A, and T, used
for obtaining the phase diagram shown in Fig. 2.17 are:

Ao, = 1.8938x107% (in CGS units), T, = 162.30°C (2.77)

These values were found in the same way described in the previ=

ous section for the fourth order free energy model.

2). The coefficients B and C
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Eq. (2.76) can be rewritten as:

N BZ .
C = a7 (2.78)

Substituting Eq. (2.78) into Eq. (2.55) we get:

B=n=

- 17
A A%(T, = T)AT|Z
hRodT [uAOAT)Z . 16AK ) } (2.79)

1
2| P} P3 Py
The value of AT can be obtained from Fig. 2.9 as:
AT = 0.80°C
The spontaneous polarization at T = 162.00°C can be estimated
from Fig. 1.2 as:

Po = 2.01‘}(1 0‘“

o
]

~1.5819x1071 (in CGS units) (2.80)

Q
!

= 4,1292x1072°

3). The coefficients a, 8, n

2
Eq. (2.68) gives: 9‘8— = 244(T7(0) = To) (2.81)

Eq. (2.67) gives: % = rk2(0) (2.82)
From the dielectric constant data we have

T1(0) = 163.86°C (2.83)
The neutron scattering data give:

k;(O) =“.3750X10—'“ cem™? (2.84)
Substituting Egs. (2.77), (2.83) and (2.84) into Egs. (2.81) and

(2.82) we obtain
a = =1.3506x1077

8 = 3.087Ox10“32 (in CGS uints) (2.85)
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The value of n can be determined from fitting the theoretical
wavevector curve to the experimental wavevector data as illustrated in
Fig. 2.19. The determined value of n is
n = 4,1520x107%*  (in CGS units).
The value of n can also be estimated by the same formula as
given in Eq. (2.46), it was obtained as: n = 4.7520x1072® (in CGS wunits).

Then we can use this value to fit the theoretical modulation curve to

the experimental results, and adjust it until the best fit is obtained.

g. The calculated phase diagram

Fig. 2.17 depicts the calculated phase diagram of the sixth order
model (the dashed curve) obtained by using the same procedure which was
used for the fourth order model. For comparison, the phase diagrams of
the fourth order model (the solid curve) and the experimental result
(the discrete points) are also plotted in the same figure. All the coef-=
ficients used for this diagram are listed in Table A.3. The data of W.
Buchheit and J. Petersson?® and of Durand et al“® are also listed in this
table for comparison. The conversion of the free energy from MKS units
into CGS units is discussed in Appendix A, It is clear that the triple
point of the sixth order model 1is coincident with the experimental
result and the phase diagram is closer to the experimental one than that
of the fourth order model.

T1(E) and Ty (E) can be plotted in another way. Fig. 2.18 shows Tp
= T, versus electric field Ep. The discrete points are the experimental
results and the solid curve is the calculated result of the sixth order
free energy model. The agreement between experiment and theory is quite

good.
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h. The calculated modulation wavevector

The calculated modulation wavevector versus T curve (the solid
line) is shown in Fig. 2.19 where the discrete points are the experimen-
tal results., The agreement between theoretical and experimental results
is better than that of the fourth order model (Fig., 2.13).

Fig. 2.20 shows &1 and &, versus electric field Ey. The upper and
lower solid curves are respectively the calculated &r(E) and $.(E) of the
sixth order free energy model. The discrete points are the experimental
results. Fig. 2.18 and Fig. 2.20 are plotted together for comparison in

Fig. 2.2t.

The P§ versus T curve and the dielectric constant curve are sim-
ilar to those of the fourth order free energy model. Without the "field=
linear harmonic" term the dielectric constant in the INC-phase is still a

monotonic function of temperature.

D. Diffuse neutron scattering and discussion

of the free energy model

A diffuse neutron scattering experiment was performed at BNL using
the same apparatus and the same sample described in section B,

Fig. 2.22 shows the experimental results of the peak positions of
the diffuse neutron scattering in the pararphase and the satellite posi=
tions in the INC-phase, both plotted as functions of temperature. The
ratio of the slope of the peak positions of the diffuse scattering to
that of the satellite positions is about 1 : 4.

In a recent paperAby Ema et al®, the role of the different terms in

the free energy has been estimated on the basis of the smallness of the
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temperature width in which the INC-phase exists. According to this paper,
in a consistent phenomenological theory it may be possible to neglect
the n(VP)?P? term, but it may not be possiblé to neglect the temperature
dependence of the coeficient a in the free energy. We can estimate the
relative importance of these two terms experimentally by comparing our
diffuse neutron scattering results with the predictions of the free
energy model. We present here the result of an analysis suggested by
Professor A. P. Levanyuk.

Again, we take the free energy density as

1 1 1 1 1 s 1 ‘
£(x) = FAP? + TBP* + LCPS + Sa(VP)2 + 1-8(V?P)2 & TnP%(7P)? (2.86)
where A = AT = To), B<O, C>0, 0<0, 8>0, n>0

In the INC-phase, for the case of zero E-field, Eq. (2.61) gives

= % o Dps (2.87)
This means that in the INC-phase the satellite positions are governed
by o, 8 and n.
In the para-phase, the response fuction (i.e. the susceptibility x)

can be obtained by taking the second derivative of the Fourier transform
of the free energy with respect to the order parameter. Thus we have

X(K) = ATt = (A + ak® + LK) (2.88)

The intensity of the diffuse scattering is proportional to the square

of the fluctuation in Py, while from the fluctuation-dissipation theorem

the mean square fluctuation is proportional to the susceptibility. Theren

fore the temperature dependence of the peak positions of the diffuse

scattering is governed by the temperature-dependent susceptibility y(k)

in Eq. (2.88). In other words, the peak position of the diffuse scattering

does not depend on the coefficient n.
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If all the temperature dependence of k comes from the n—term (i.e. 7
# 0 and a = constant), the plot of the satellite positions below T; and
the peak positions of the diffuse scattering above Ty would be of the
form shown in Fig. 2.23 (a), where the positions of satellite varies with
temperature while the peak positions of the diffuse scattering are con-
stant.

If all the temperature dependence comes from temperature dependence
of the a-term, on the other hand, and the n~term is neglected (i.e. n =20
and a = o(T)), then there would be no change in the slope at Ty as shown
in Fig. 2.23 (b).

If we keep the n-term and also assume that the coefficient o is tem-
perature dependent (i.e. n # 0 and o = a(T)), then we can obtain a plot
of the form shown in Fig. 2.23 (¢), which is in agreement with our exper=
imental results.

Therefore our diffuse neutron scattering results shown in Fig., 2.22
indicate that the n-term in the free energy cannot be neglected, and the
temperature dependence of o« should be also assumed.

There is another fact which also leads to the conclusion that the
n~term cannot be neglected.

Eq. (2.58) gives the free energy in the INC-phase in the case of zero

E-field as

i 1 3 5
Finc - EAksz + ﬁBkPk“ + '-9—6-CPk6 (2.58)
where By = B + %ﬂkz

It is clear that if n = 0, then By = B < 0, and the phase transition

from the para-=phase to the INCmphase is always of first order. But the

observed para =+ INC transition in NaNO, is of second order. Therefore the
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n-term must be included in order to make By > 0.
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CHAPTER III

INC PHASE TRANSITION UNDER TRANSVERSE ELECTRIC FIELD

The Lifshitz point (LP) was initially proposed by Hornreich, Luban
and Shtrikman!®® in 1975, and many theoretical studies have been done
since then!®’. There have been, to date, only three systems!®%1°%,1% jpn
which there 1is positive experimental evidence for the existence of a
Lifshitz point. To introduce the Lifshitz point Hornreich et al. consi=
dered the expansion of the free energy functional F(M) in terms of the
order parameter M and its spatial derivatives, concentrating their
attention on the term a(VM)2. The coefficient a is assumed to depend on
some perturbation which can change it continuosly from negative to posis
tivé. In the region where o is positive, second order phase transition
from the disordered phase leads to the ordered phase directly. In the
region where a is negative, second order phase transition from the disor-
dered phase leads not to the ordered phase but to a modulated phase
characterized by a modulation wavevector k. The point at which o van=
ishes is called the Lifshitz point (LP). A churacteristic feature of the
LP is that the wavevector k in the modulated phase approaches zero cons
tinuously as the LP is approached. At the LP, k equals zero, and the
three phases, disordered, modulated and ordered, meet in a prescribed
fasion. In Hornriech’s theory, a second order transition from the disor-
dered phase to the ordered phase is required. However, in the case of
NaNO,, the direct transition from the para-phase to the ferro-phase is of
first order. To our knowledge, no theoretical treatment of the LP which

is related to a first order transition from the disordered phase to the

ordered phase based on a Landauntype free energy expasion has been con-
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sidered in detail. Therefore in this chapter we will first discuss what
happens in general to the whole phase diagram and in particular to the
Lifshitz point when the direct transition from the disordered phase to
the ordered phase is of first order starting from the free energy expre-
sion (2.52). We then present our data of elastic neutron scattering
experiments in NaNO, with an electric field applied transverse to the
ferroelectric axis. Finally we compare these experimental results with
the theoretical phase diagram.

Note that previous neutron scattering experiments have explored the
effect of a longitudinal field Ep which leads to a triple point at Ep~3
kv/cm. This is not a LP however, since the modulation wavevector does

not decreases to zero near this point (Fig. 2.20).

A. Relation of the Lifshitz point to a first order transition
from the disordered phase to the ordered phase
Under applied transverse electric field the free energy density for

NaNO, can be written as:

1oapz 4 ]

£x) = 4 - % CPS + ;— a(VPYZ + ET B(V2P)2 + L p2(yPYZ  (3.1)

I
b
with A = A(T - Te), B<O, C>0, B>0, n>0

here the EjP term is taken to be zero as there is no field component
along the b-axis; We assume that a and T, are monotonic functions of the
transverse electric field E. The simplest E-dependent equations for a(E)
and To(E) allowed by symmetry are
Qa = 0o + a,E?

To = Too + ToE? (3.2)
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This T, versus E curve is plotted in Fig. 3.1.

The integrated free energy density is

F- L fr(x) ax ' (3.3)

where x is along the a=axis, and L is the length of the crystal.

1. The para -+ INC phase transition line Ty

In the INCsphase P = Py cos kx (3.4
where‘k is the modulation wavevector,

The free energy in the INC-phase is

; 1
pinc - H.Akpkz + é% BiPy" + é%-CPks (3.5)
with Ay = A + ak? + 32- k"
Bk = B + -:’— nkz (3'6)

3

if By > 0, the para =+ INC phase transition occurs at

A, >0 or,

A+ ak? + 15 BK* = 0 (3.7)
apinc 0 ai
R = lves
P 8
A + 3 BPLZ+ 2 CPL* =0 (3.8)
k * § BkPk g “Tk 3.
apinc .
S = 0 gives

k2 = = % - P2 (3.9)

i
88
Comparing Eq. (3.8) with Eq. (3.7) gives

3BPL? + 2 CP* = 0 (3.10)

Eq. (3.10) has two solutions:
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P2 =0 (3.11)

6B
5C

2

or Py (3.12)

The first solution holds for both cases of By > 0 and By < 0,
while the second solution only holds for the case of By < O.

If we take the first solution, assuming By > 0, we have

F——1
Kk 7 (3.13)

From eq. (3.7) we get

2

TI - Ta = _"2%0'“8' (3.14)

Eq. (3.14) means that the second-order Ty line meets the T, line at
a = 0, which is the LP shown in Fig. 3.1, while Eq. (3.13) indicates that
the wavevector k approaches zero continuously as o approaches zero, and

becomes zero at o = 0.

2. The direct first-order para =~ ferro transition line T,

0

In the para-phase, P
.. Fpara = g

In the ferro-phase P = P,

.*., Fferro =.% AP,2 + % BP,* + % CP,® (3.15)

Since B < 0, the direct para » ferro transition is of first order.

The transition line can be obtained by setting

rFpara = pferro = g

-12- AP,2 + + BP,* + % CPyS = 0 (3.16)

i.e. m

srferro

3?0 =0 = Po(A + Bpoz + Cpo“)
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Po = 0 ‘ (3.17)
or A+ BPg2 + CP® = 0
i.e P2 = -2 + = /BT = BAC ' (3.18)
-e. o 5C T 3¢
3
rferro - EL% [-6ABC + B® = (B2 -4AC)3 ] (3.19)

Setting Fferro - o gives

64AC - 12B* = 0

2
ce A= ?gc (3.20)
' a2
or AyT, = To) = 1320
2
or T, = T = 12? = (3.21)
‘o

At any given value of the E-field (or «) the difference
between T, and T, is a constant. The first-order transition line T,(E) is
shown in Fig. 3.1 (the dashed line).

Since we have assumed that
To = Too + ToyE2 (3.2)

The T, versus E line is parabolic, and so is the T, versus E line.

3. The crossing point CP of the Ty line and the T, line

2

~ _a
Tp = To = 5E3 (3.14)
- _ _38%
Ty = To = TeAT (3.21)
Setting Eq. (3.21) equal Eq. (3.14) gives
o2 = 388 (3.22)

C

2
This means that at o? = 3§§ » Tt = T,, which is the point CP in Fig.

3.1. Thus the Tr line crosses the T, line before it meets the T, line. At
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this point the direct first order transition intervenes and the INC tran-

sition becomes virtual before the LP is reached.

4, The INC » ferro transition line T; and the Lifshitz point LP

The INC -+ ferro transition is of first order. The transition line
can be obtained by setting Finc = gferro,
At the point where the Ti, line meets the Tr line, the INC-phase dis-
appears, and the free energy at this point equals zero, i.e.
pferro = pinc = gpara = @ | (3.23)

From eq. (3.23) and eq. (3.19) we have

3
pferro - Eﬁﬁ’ [-6ABC + B3 - (B2 -~ LAC)2 ] = 0 (3.24)

Eq. (3.24) has two solutions:

one is given by eq. (3.20) i.e.

_ 38%
A= or
_r . 3B%
T = To = 755 (3.25)
the other solution is
A=20 or
Tpo = To (3.26)

where Tp,q and Typ denote the two solutions at the critical point at
which the Ty line meets the Ty line.

The Ty, line can meet the Tr line in two different ways: one is that

2
at the point P, where o? = égg—, the Ty, line jumps to the point CP,

where the T, line meets the Tr line. The physical transition is then
along the T, line. The other way is that the Ty line meets the Ty line at

T, (the dotted line in Fig. 3.1), where a = 0 and k = 0, Therefore this
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point is the Lifshitz point (i.e. the point LP in Fig. 3.1).

In principle, the T|, line could be either below or above the T,
line. For NaNOp, our numerical calculations show that the Ty, line is
above the T, line, which is in agreement with Durand et al"s,

Now we can conclude that: mathematically we obtained the Lifshitz
point in the phase diagram exhibiting a first order transition from the
disordered phase to the ordered phase, but it is physically inaccessible.
The phase diagram which can physically occur is shown in Fig. 3.1 by the
heavy solid and dashed lines and is described as follows: the para = INC
transition is along the Ty line (solid line). At the point CP the Ty line
meets the T, line and the INCrphase disappears. The INC -+ ferro transi-
tion is along the Tp, line (solid line with dots on it). At the point P the
Ty, line jumps to the point CP Qhere it meets the Ty line, for E fields
greater than Ecp the physical transition is a direet first-order para -
ferro one along the T, line (heavy dashed line).

Let Tpp be the transition temperature at the LP point and Typp be

the transition temperature on the T, line at o = 0. Then

Tiee = Te = 78528 (3.27)
Therefore the physically accessible point closest to LP (i.e. the

difference between Ty p and Tpp) depends on the coefficients Ao, B and C.

5. The tricritical point TP

From eq. (3.5) we can see that if By > 0, the para » INC transition
will be of second order; if By < 0, it will be of first order. The point

at which By = 0 is a tricritical point®,
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Bk=B+1§nk2=O

. 2=q§§_ ‘
- k " 5 . (3.28)

Substituting eq. (3.13) into eq. (3.28) gives

o = 328 (3.29)
n

Eq. (3.29) means that the transition changes from second order to

first order at point TP in Fig. 3.1 where o = 2’%@- In principle, the tri-

critical point TP could be on either high or low temperature side of the
critical point CP. In other words, the tricritical point could be physi-
cally accessible for some value of the ;:hr'ee'coef‘ficients B, 8 and n. It
would be interesting to find such systems for which the tricritical point
is physically accessible.

The above argument also leads to a conclusion that the n-term in
the free energy cannot be neglected, otherwise the para » INC transition
will be of first order, however, the observed para ~» INC transition at

zero E-field is of second order in the case of NaNO,.

6. The para > INC transition line Ty

As mentioned above, in the region of By < 0, Eq. (3.10) has two
solutions which are given in Egs. (3.11) and (3.12) corresponding to a
second order and a first order transition respectively. If we take the
solution in Eq. (3.12) then we can obtain a transition line Ti. The deri-
vation is given as follows:

Rewrite Eq. (3.5) as

A

inc - 1(2K 13 13¢
e = S(FIP* + glgBIPk” + g(5)P°
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1

= TARPT + TBRRY + FCORS
inc
ang = 0 = P (Ag + BEPL? + C’Py”)
e P =0 or

Ap + BLP2 + C'Py* = 0

. 2 B& 1 SR 23 t¥all
L2 = —— s Lofmer - ouape
' 2’ 2c’ -
. i 3
cone o I Foamper + g - (g2 - angen) |

24¢r2

(3.30)

(3.31)

(3.32)

(3.33)

Since when Bg < 0, the para » INC transition is of first order, the

trasition line Ty can be obtained by setting FPara = pinc,
Fpara - g
. at T =T, Finc <o

The solution of Eq. (3.34) is:

38’2
ap = =X
16C?
3892
l.e. Ap = K
T 8c?
3B2
or Ao(Ti =T,) + ak? + lBk" = K
2 8c’

On the T1 line, Ap = 0, hence
1
AT = To) = mak® = zBk"
Substituting Eq. (3.38) into Eq. (3.37) gives

3B
8c’

AT = Tp) =

Eq. (3.39) indicates that at the tricritical point TP where By

Bg = 0), we have:

(3.38)

(3.35)
(3.36)

(3.37)

(3138)

(3739)

= 0 (or
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T = Tp . (3.40)
Beyond the point TP, From Eg. (3.39), we have:
T > Tp ' (3.41)
Egs. (3.40) and (3.41) mean that the Ti line starts from the tri-
critical point TP, then moves above the Ty line. This is shown in Fig. 3.1
(the dashed=dotted line).
If the tricritical point TP is on the high temperature side of the
critical point CP, then not only the tricritical point TP but also the Ti

line are physically accessible.

B. Elastic neutron scattering under E<field along the a and ¢ axes

The elastic neutron scattering experiments were performed at the
High Flux Beam Reactor at Brookhaven National Laboratory in collabora-
tion with Dr, S, Shapiro and Dr. J. Wicksted. The samples were typically
0.34 x 0.62 x 0.42cm?® and had gold film evaporated on the a-face and c=»
face respectively, for the application of the electric field parallel to
the a=axis and tha c—axis. The experimental apparatus was the same as
described in Chapter 1I. The scans were along the a~axis with é ranging
from 0.09 to 0.13 a* on either side 6f the (020) Bragg peak, to measure
the wavevector and intensity of the satellites that appear in the INC-
phase. The field were applied to a maximum of 1.36 kV/cm in the case of
the field parallel to the araxis and to 2.21 kV/cm for E~field parallel
to the c—axis, before electrical breakdown of the sample occurred.

Figs. 3.2 and 3.3 show the intensity of the satellite versus tempera-
ture, while Figs. 3.4 and 3.5 show the wavevector versus temperature for
different transverse fields parallel to the a-axis (Figs. 3.2 and 3.4)

and the cr~axis (Figs. 3.3 and 3.5) respectively. The range of the INC
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region clearly decreases with increasing E-field, wﬁile the end points
(T1 and TL) both move towards lower temperatures, the effect being more
pronounced for E parallel to the a-axis. The end points of the wavevec-
tor of the satellites (& and 6;) also decrease, with the decrease being
more significant for E parallel to the a=axis. The width of the satel=

lites was resolution limited and no broadening was observed.

C. Comparison of the experimental results with the numerically

calculated results

We calculated the phase transition tempeérature and the modulation
wavevector with applied transverse field by the same procedure of minim=-
ization of the free energy described in Chapter II, and with the same set
of coeficients listed in Table A.3. The application of the transverse
field is equivalent to varying a and T, as shown by Eg. (3.2). The effect
of varying o is to reduce the INC region, while that of varying T, is to
move the INC region to lower temperature, thus reproducing two features
of our observed results. We can fit the experimental data of § versus
temperature shown in Fig. 3.4 and Fig. 3.5. Although the limiting modula=
tion wavevector obtained agreed with experimental data, the calculated
wavevector versus temperature is essentially a continuous curve and does
not reproduce the bend seen in the data of Fig. 3.4 and Fig. 3.5. In Fig.
3.6 the dashed line is the calculated Tp ~ Ty, while the upper and lower
solid lines are respectively the calculated limiting modulation wavevec-
tors 61 and §;, as a function of a. When a goes to zero, the INC region Ty
= Ty, vanishes and the wavevector & goes to zero continously. At the
point at which a=0 and the three lines meet, the conditions for a LP are

satisfied. This point is, however, a virtual one as described above. The
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experimentally obtained points are shown with the tﬁeoretical curve in
Figs. 3.7 and 3.8 for E parallel to the a-axis and c—axis respectively.
We find that the experimental points lie conéistently on the theoretical
curves as shown in Fig. 3.9 and Fig. 3.10, where the data are plotted on
an expanded scale to determine the accuracy of our results. We can cal-
culate a; and To;, from our fits to the data and determine where the vir-
tual LP should occur. We find that the LP should occur at EEp = 7.32
kv/cm and Tﬁp = 122.15°C for E parallel to the a-axis and EEP = 16.37
xv/cm and TEP = 142.73°C for E parallel to the c-axis.

We can now plot the phase diagrams for NaNO2 in a form similar to
the schematic phase diagram in Fig. 3.1. These are shown in Figs. 3.11
and 3.12 for the E-field parallel to the c¢-axis and the a-axis respec-
tively, where the upper solid line is the Ty line, the lower solid line
is the T, line, the dashed line (between Ty line and Tf, 1line) is the T,
line and the dot-dashed line is the T, line. In both Figures the point LP
denotes the Lifshitz point. The LP is virtual and the INCrphase ceases to
exist for a field of 4.59 kV/em for the E~field parallel to the a-axis
and 10.24 kV/cm for the E-field parallel to the c-axis. The tricritical
point TP is at a = - 3.5x107'® (CGS units). Substituting the values of A,,
B and C into Eg. (3.27) gives the difference between the physically
accessible transition temperature Tq;p and the virtual transition tem=-
perature Tpp about 0.6°C. For the case of the E-field parallel to the a=
axis, Tfp = 122.15° and TjLp = 122.75°%; for the case of the E-field
parallel to the c-axis, T(p = 142.73° and TSLp = 143.33°.

Thus our experimental data implies that the application of a
transverse field to NaNO, causes a decrease of both the range of the

INC-phase and the value of the modulation wavevector, both effects sug-
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gesting the onset of an LP, and that our data fit the.calculated results
very well in the range of our experiments. However, this LP cannot be
achieved not only because the samples break down electriclly, but also
because the first order direct transition intervenes and the LP is vir-

tual.
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CHAPTER IV

BRILLOUIN SCATTERING AND INELASTIC NEUTRON SCATTERING

We began our Brillouin scattering in NaNO, by reproducing the 90°
scattering experiments wunder zero E-field reported 1in references
(66)~(68) and extended these measurements in exploring the modifications
of the spectrum under applied electric field along the c-=axis.

For comparison of sound velocities in different frequency regions an

inelastic neutron scattering experiment was also performed at BNL.

A. Brillouin scattering under zero E=field

Qur measurements were performed with a rugh—resolution computers
controlled interferometer (Tropel model 350) in either single-or triple-~
pass, and a single-~mode argon laser (Spectra=Physics model 165) operat-
ing at 51458. Data were collected in a Digital Equipment Corporation
PDPS8E minicomputer, which also maintained interferometer alignment, and
transferred to a central VAX/UNIX system for éubsequent analysis by a
nonlinear least squares fitting program. (The apparatus will be described
in Appendix D)

Large single crystals of good quality were grown from the melt. A
cubemshaped sample with the cmaxis vertical and the a and b axes along
the two diagonals of the c-face was finely polished using a piece of wet
paper (BSWP 090 25 MILLIPORE CORP) and had gold films evaporated on the
c-faces for application of the electric field parallel to the c-axis. The
sample was then placed in a light scattering cell designed especially
for precise temperature regulation from room temperature to about 300°C.

The temperature was measured by a thermistor mounted inside the cell
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touching the sample and the temperature of the oven was controlled by a
Fisher proportional temperature controller. The temperature was maintas=
ined constant to better than 0.01°C. All spectra were taken during cool-
ing. The oven was evacuated to about 5x107? Torr to minimize the water
vapor attacking the sample.

Fig. 4.1 shows a typical Brillouin scattering spectrum of NaNO, under
zero E-field at 198.0°C with the acoustic phonon propagating along the
[010] direction. The discrete points are the experimental data while the
solid curves are the fit obtained with a nonlinear least squares fitting
program. As the output of this fitting program, the computer gives the
center frequency, the halfwidth and the peak height for the Rayleigh
line and each of the Brillouin components.

In Fig, 4.1 the two Brillouin components observed were assigned as a
L-mode and a Tq mode according to the selection rule in Table b1 by
using the four possible combinations of the incident and scattered polar-
izations &, and &g and the three Brillouin tensors (for crystal class
mm2) to compute the quantities [és~TJjéd‘°ﬂ

A series of Brillouin spectra under zerc E~field from 50°C up to
240°C is shown in Fig. 4.2, and the corresponding Brillouin shift of the
L-mode propagating along the [010] direction is shown in Fig. 4.3. The
longitudinal acoustic mode propagating along the [010] direction becomes
soft gradually when the temperature approaches the melting point.

We paid special attention to the INC-phase of NaNO,. Fig. 4.4 shows
the temperature dependence of the Brillouin shift of the longitudinal
acoustic mode propagating along the [010] direction in the vicinity of
the phase transition temperatures Tp, and Tr. The solid lines are drawn

as a guide to the eye. A small but discontinuous change appears at T[, as
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a result of the first order phase transition at 'TL and a bend is
observed at Ty. In the INC-phase the Av curve shows a linear decrease
with increasing temperature. Our results agree with the previous results

reported by Yagi et al.®"s°®,

B. Brillouin scattering under E=field along the c=axis

Fig. 4.5 shows the Brillouin shift versus temperature of the L=mode
propagating along the [010] direction under an E-field along the c-~axis:
(a) Eq = 0.5 kv/em, and (b) Eq = 1.0 kv/cm. The main features of Fig. 4.5
are:

1. Both Ty and T, move towards lower temperatures and Ty-Tj, decre-
ases with‘increasing E=field which agrees with our neutron scattering
results presented in Chapter III.

2. The difference of the Brillouin shift between the para and the
ferro phases decreases with increasing E=field. It is easy to imagine
that at the Lifshitz point the Brillouin shift curve would become
smooth, since at this point there is no difference among the three
phases.

Two serious problems restrict the application of high E-field to the
sample of NaNOo. One is that the surface of the sample becomes opaque
very fast when a higher E-field is applied. The other is that the sample
exhibits electrical breakdown at high E~field, as discussed in Chapter

III.

C. Inelastic neutron scattering
The inelastic neutron scattering experiments were performed at the

High Flux Reactor at BNL in collaboration with Dr. S. Shapiro and Dr. J.
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Wicksted. The apparatus, the incident neutron energy and the é=resolution
were the same as in Chapter III, The scans were taken over the phonon
energy range: -H.O +> +5,0 meV. For each fixed temperature three values
of the wavevector were taken: 0.0SOa*, O.1M5a* and 0.200a*.

Fig. 4.6 shows the acoustic mode energies in NaNO, from inelastic
neutron scattering experiments with q parallel to the a=axis. There are
two sets of data, one was taken at 165.41°C, the other was taken at

180.72°. All the data lie on the same straight line.

D. Discussion
1. Sound velocity along the [010] direction
The hypersonic velocity v of the scattering phonons can be calcu-=
lated from the Brillouin frequency shift by using the following formula:

A\)}\o
voe 2 (4.1)

(n3 + n2)%

where Av is the Brillouin shift, X, is the incident laser wave-
length, n, and ng are the refractive indices in the incident and scat-
tered light polarization directions respectively.

The temperature dependence of no, and ng should be taken into con-
sideration, but as pointed out by Yagi et al.®®, n, and ng have no anomal-
ous feature near T|, and Tr and their change with temperature in the
range considered here is estimated to be smaller than one percent. Thus,
in the calculation of v, the refractive indices can be taken as con=
stants: ng = 1.349 and ng = 1.650 at 165°C for A = 5145857,

The calculated hypersonic velocities along the [010] direction
under diferent E=fields are shown in Fig. 4.7: (a) & (b) E=0, {c¢) E=0.5

kv/em (d) E=1.0 kv/cm. For comparison, the ultrasonic velocity reported
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by Hatta et al®%®!, is shown in Fig. 4.8. It is clear that there is a pro=
nounced continuous minimum in the ultrasonic velocity just below Tp but
there is no minimum in the hypersonic velocity. It was pointed out by
Hatta et al. that the ultrasonic anomalies result from coupling between
strain and the staggered polarization®%®. Comparison of Fig. 4.7 with
Fig. 4.8 indicates that this coupling does not affect the hypersonic
wave,

Figs. 4.7 (¢) and (d) show that the transverse E-field does not
dramatically change the propagation of the hypersonic wave, but it does
reduce the difference of the sound velocities between the para and the
ferro phases. Let vi, and vy be the sound velocities along the [010]
direction at T, and Ty respectively, and Av = vy —~ vi. Then, at E = 0O
kV/em, Av = 1x10° em/s, at E = 0.5 kV/em, Av = 0.4x10% cm/s, and at E =

1.0 kV/cm Av = 0,26x10® cm/s.

2. Sound velocity along the [100] direction
The acoustic phonons observed in inelastic neutron scattering have
frequencies in the terahertz region. The hypersonic phonons observed in
Brillouin scattering are in the gigahertz region. Ultrasonic phonons are
in the megahertz region.
The sound velocity in the terahertz region can be deduced from

Fig. 4.6 by using the formula:

_1d8
* Tk (4.2)

this is just the slope of the line in Fig. 4.6.
In the temperature region from 165.41°C to 180.71°C the value of a*

is almost constant (The change is less than 0.5 percent) which was obta-
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ined from our experiment as: a* = 1.71x10% cm™!,
C.v o= 1.45x%10°% em/s (in the terahertz region) (4.3)
This result is in agreement with the result obtained by Durand et
al."5 %8,
The sound velocity in the megahertz region shown in Fig. 4.8 is:
v = 3.4x10°% cm/s (4.4)
The hypersonic sound velocity along the [100] direction is®® :
v = 3.5x10° em/s (4.5)
It is clear that the hypersonic and ultrasonic sound velocities
along the [100] direction are almost the same, while the sound velocity

in the terahertz region is smaller, by a factor of 2.4.
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CHAPTER V

INC PHASE TRANSITION UNDER HYDROSTATIC PRESSURE

In this chapter the results of dielectric constant and Brillouin
scattering measurements under hydrostatic pressure (in the low pressure
region) are presented, and a neutron scattering experiment under hydros-

tatic pressure is proposed.

A. Dielectric constant measurements under hydrostatic pressure

We measured the pressure dependence of Tr and Tp, in collaboration
with Professor J. Steiner using a temperature controlled hydrostatic
pressure system pressurized with argon gas. The high pressure system is
described in Appendix F. The samples were typically 0.3 x 0.4 cm? in area
and 0.03 cm thick, and had gold films evaporated on the surfaces of the
sample perpendicular to the b-axis. The capacitance measurement appar-
atus is the same as described in Chapter II. The temperature was meas=
ured by a thermocouple and the temperature was maitained constant to
within + 0.01°C. All the measurements were carried out in the cooling
process. The rate of the temperature decrease was about 0,2°C/hour near
the transition temperatures of NaNOp.

Fig. 5.1 shows both Ty and Ty, taken as the temperatures of the
peaks in the dielectric constant, versus hydrostatic pressure. The solid
lines are for guiding the eyef The two sets of data were obtained with
two different methods of temperature measurements. The data indicated
by circles were taken with the thermocouple mounted outside the high

pressure vessel, while the triangle data were taken with the thermocou-

ple mounted inside the high pressure vessel. The two sets of experimen-



= 66 -
tal results show the same behavior: in the range of pressure from 14.5
psi (1 atm.) to 1000 psi, both Ty and Tj, decrease while AT (AT = Ty = Tp,)
decreases slightly. Above 1000 psi, however, T, T;, and AT all increase
with increasing pressure.

In 1965, Gesi et al.®® investigated the temperature dependence of the
dielectric constant e,, of NaNOp, under hydrostatic pressure. They con-=
cluded that Ty, T, and AT increase with increasing pressure. But they did
not give any data between 1 atm (14.5 psi) and 8,000 psi. lfJe paid much

attention to this low pressure region.

B. Brillouin scattering under hydrostatic pressure

Brillouin scattering under hnydrostatic pressure was performed with
the same apparatus described in Chapter IV and Appendix D. The 15 x 12 x
10 em?® steel high-pressure optical cell (41-11552, Newport Scientifie,
Inc.) was wrapped by two heavy insulated heating tapes (11-463 50B,
Fisher Scientific Comp.), and the temperature was controlled by a Fisher
proportional temperature controller. The thermocouple was mounted out=s
side the high-pressure optical cell, but was inserted 4 cm deep in the
steel block. The temperature was maintained constant to within 0.01°C.
The sample was typically 5 x 5 x 6 mm? A standard Helium gas cylinder
equipped with a special pressure regulator (Model No. 37580, Matheson
gas products Inc.) was used to pressurize the system.

Fig. 5.2 shows the Brillouin shift versus temperature as a function
of hydrostatic pressure, at (A) 14.5 psi (latm), (o) 900 psi, (o) 1500 psi.
The data in Fig. 5.2 show that there is a jump in the Brillouin shift at
the lock~in transition temperature Tj, for all three pressures, but the

phase transition temperature does not change with pressure, These res-
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ults are in disagreement with those of the dielectric constant measure-
ments which were presented in section A, To explain this disagreement we
performed dielectric constant measurements again under the same condi-
tions as for Brillouin scattering. The sample was 0.4 x 0.4 cm? and 0.03
em thick, and had gold films evaporated on the surfaces of the sample
perpendicular to the b—axis. The capacitance measurement apparatus was
the same as described in section A. The results of the dielectric con=
stant measurements were in agreement with those of the Brillouin
scattering, i.e. the transition temperatures do not change with pressuref

In order to resolve this conflict .a new neutron scattering experi=n
ment under hydrostatic pressure is necessary. The preparation of this

experiment is in progress.

C. Dependence of the Brillouin shift on pressure

From Fig. 5.2 we can calculate the quantity:

T =‘%§ (57?)
where w is the Brillouin shift at pressure P and Aw is the change
in frequency due to the change in pressure.
Using the data at 900 psi in Fig. 5.2 we obtained
I = 1.06x10%% (psi™!) (5.2)
For comparison we give the values of T for two other materials:
For Polymethylmethacrylate (Ref. 113)
I = 4,5x107% (psi™?) (5.3)
For GaS (Ref. 114)

I = 4.17x1077 (psi™%) (5.4)
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I is a linear function of P for Polymethymethacrylate from zero to
20 kpsi, and for GaS from zero to 720 kpsi. But for NaNOp, T saturates

at very low pressure (about 1.5 kpsi, see Fig. 5.2).
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CHAPTER VI

ISING MODEL

Using the ANNNI model we performed numerical calculations of dielecr

tric constants under a longitudinal electric field.

A. Ising model and mean field approximation

Consider a spin-%—lsing model with

The partition function

Z = L _ exp(= B H(S;)) (6.2)
i v

The free energy

F=-KgT In Z | (6.3)

F determines all equilibrium thermodynamic properties.
The statistical average (or expectation value) of a variable V is

V> = %f IV exp(- B H(Sy)) (6.%)
(si)

In the mean field approximation Eq. (6.1) becomes

H= =135 (£ Jdji S:)
e 3 ij =j
= L8 (F<8) =~ 8§ Hy (6.5)
i J i .
where Hj = .ZJij <Sj> (6.6)
J .

The Hamiltonian H is now a sum of single particle Hamiltonian Hj.

The expectation value of Sj is

I

<S> I S exp(= B H(S;i))
(sy)

1
S'Z . Si exp(~ B Hy) / I exp(~ B Hj) (6.7)
1:,-'

N =
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We therefore have
<8;> = Tanh ( B Hj)
= Tanh B8 (3; Jij <S3>) ' (6.8)
In the polarized (ferro) state, all <Sj> are equal
.'. <8i> = Tanh [8 <S> J] (6.9)
with J = \?Jij
The graphical solution of Eq. (6.9) is shown in Fig. 6.1.
The phase transition occurs when the initial slope of Tanh 8J<S>
equals 1.
8J =1 » Tg= g = w Iy | (6.10)
: B J .
Next, suppose there is a sinusoidal modulation
S;i = So exp (ik rj)
The mean field result is
<8yp> exp (ik rj) = Tanh B( § Jij exp (ik rj <5,>) )
o7 <8¢ = Tanh B <S¢>( ?Jij exp (ik (rj = ri)) )
= Tanh (B <S> Jyg) (6.12)

Again, the phase transition occurs when

Tg - ok 6
- R (6.13)
where Jy = § Jij exp (ik (rj = ri) ) (6.14)
If we take Kp =1, then
Te = Jg (6.15)

B. ANNNI model and mean field phase diagram
The anisotropic Ising model with competing nearest and next nearest

neighbor interaction (the ANNNI model) is depicted in Fig. 6.2. The model
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was invented by Elliott!'' in 1961 in order to describe the modulated
magnetic structure of erbium. Following Elliott, the spins within the xy
planes interact through a ferroelectric nearest neighbor coupling, J, >
0; the nearest neighbor interaction between planes is J,. For reasons of
simplicity we assume J, = Je. The interaction between>spins in next-near-
est-neighbor layers is antiferroelectric, J, < 0. The competing interac-
tions stablize the modulated phase.

The ANNNI Hamiltonian is

xy{(NN) 2(NN) Zz(NNN)
H==Jd, I SiSj = dJd; L Sisj =dJd, I SiSj

ij 1] 13
In mean field theory )

H= -~ izsi [4J,48> + J1(€8i+1> + <Si=1>)
+ Jy(<S542> + <Sj-2>)] (6.16)
The expectation value of the energy is
<H> = = f [ 4J;<Si>2 + J(KS1><S844> + <Si><84-3>)
+ (<55><Sj4> + <Sj-2)]
Assuming, again, a sinusoidal modulation, after some algebra we
obtain

<H>

N = <Se>? [~ 2J; = J, cos ka ~ J, cos 2ka] (6.17)

Minimizing <H> to find the ground state

B -0
where © = ka

'« J, sine + UJ, sin® cose = 0 (6.18)
The solutions of Eq. (6.18) are

0 6 =0 k

]
o

(a) sing ferro-phase

antiferro-phase (6.19)

]
(o
D

]
=
~

1]

(b) sine
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Jl Jl
= — - =1 -
(e) cose =~ I, 8 = cosTYH= 5J, modulated—phase
Eqs. (6.14) and (6.15) give
Tg = 4J, + 2J, cosg + 2J, cos28 (6.20)
s = =1 - 1
with 8 = cos™ (= qu) (6.21)
Eq. (6.20) can be rewritten as
T 24
L. 4 + 20088 + —— COSO (6.22)
J, J, ,
Ja
Let - — = ¢ then
Jy
Told)
% = 4 + 2c0os6 -~ 2¢ cos28 (6.23)
1
- - -1 >
with 6 = cos (u¢) (6.24)

Eq. (6.23) gives the transition line Tq(¢)

TC
¢=O—)J2=0->___=6
Jy
1 Te
= » Jy=rbJ, » == =55
(b Y 1 2 Jl
Te
b =1 » J,==J, =+ == =6.25
Jy

This transition line is shown in Fig. 6.3 (the upper solid line)
Eq. (6.20) gives

- . > 1
cos8 = i .. ¢ 2 i

¢

Hence the modulated phase only exists in the region: ¢ 2 %

The point of ¢ = Jr separates the three phases., This point corres=
L

ponds to the Lifshitz point®® (tHe point P in Fig. 6.3).
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J .
At T = 0 when rji is small, the ground state is ferroelectric which
1

is shown in Fig. 6.4 (a). The cost of creating a domain wall as shown in

Fig. 6.4 (b) is 2J, + J,. When =J, = %dj, the ferroelectric phase becomes

marginally stable. Therefore at T = 0 the point of ¢ = 0.5 is the transi-
tion point. In Fig. 6.3 the line from point P to the point of ¢ = 0.5 sep-

arates the ferroelectric and the sinusoidal phase.

C. The calculated dielectric constant and the phase transition
diagram of the ANNNI model
In NaNO,, the dipole moment of the i=th ionic group p; can be writ-

//HJ

ten as

By = p 5 l_:—l (6.25)

where p is the magnitude of a single moment.
In a longitudinal electric field the hamiltonian can be expressed as

H

ij
- LJjjS8i S5~ E XS (6.26)
ij i

) Jij Si Sj =~ pEgxt iZSi

where E = p Eext, Egxty denotes the external electric field.

In the mean field approximation

H=~ g:si[:gJij <85> +E]
1 . J -
= = I S Hy (6.27)
1
where Hj = £ Jij <Sp> + E (6.28)
J .

Similar to Eq. (6.8) the expectation value of Sj is

<8i> = Tanh B [ T Jij <S>+ E:I (6.29)
J

The free energy per spin is given as® 1%
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m=1 i
F(m,T)=—1m— .ZO[—Tln(2005h8(2J1j<Sj>+E))
1= J
+ <8 > BJgy <85> ] (6.30)
J . .

where m is the number of planes.
In the ANNNI model the expectation value of Sj under electric field
E becomes

<Si>p = Tanh B [ HJi<Sp> + J3(<Sier> + <Simyd)

+ Jp(KSj4+2> + <Sj-p>) * E ] (6.31)
The susceptibility is defined as

&P
= (6.32)
X% SEoxt . .

where P is the polarization

P =23
i Pi
. P =p ISp (6.33)
: i
. _ o _ péP
v SEext O
. )_;.- <Sl>E+AE - (T <Si>E) -

where m is the number of planes.

The procedure we used for calculating y was as follows:

Given J,, J, and E (all in units of KB), choose T, and start with a
set of initial <S;> to compute the <Sj> according to Eq. (6.31) using an
iterative method. For N spins, there are N equations (1 = 1, 2, see N).
The boundary condition <Sy+1> = <S;> is used.

We note that in this approch the INC plane wave approximation has
not been made, and that the modulated wave can develop higher harmonics
naturally. Caculations by Bak and von Boehm®® and those repeated by us,

show that near the temperature T; the spin arrangement, seen to be
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stable, is almost sinusoidal, while higher harmonics develop as the tem~
perature is lowered towards the lock~in temperature Ty. The only restra-
int in this approch is that the spin conf‘igur’hation repeats itself after a
certain number of planes, m.

In order to determine the value of the parameters J, and J,, we use
the IPW (INC plane wave) approximation near Ti. This is justified further
in the case of NaNO, as the modulated wavevector is purely sinusoidal
throughout the INC~phase.

The value of J; can be determined as follows.

In NaNOp, Ty = U437%

From Eq. (6.20) we have

Ty = 4J, + 2J,c086 +2J,c0520 (6.35)

2 = ::1 -
with 8 cos™t ( qu)

Elastic neutron scattering at zero electric field gives
§ = 0.122 where § is the reduced wavevector in units of a.
k = 6a" = 8§ —
f.'_ ka = 2m + 0.122 = 0.77 (radians)
= 43.9°

.« cos ka = 0.72, cos 2ka = 0.037

Ja '
. . = 'J— = ¢D = 0.3“7 (6-36)
. 1 . .

From Eq. (6.35) we obtain

Ja = =28.0

Jd; = 80..7 (in units of Kg) (6.37)
Using these values for the iteration coefficients, with two differn

ent starting spin configurations, we obtained the dielectric constant
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vesurs temperature curves with m = 25, For zero eléctric field, there
are two peaks in the dielectric constant curve, qualitatively similar to
the experimental results. The starting spin'configurations used for the
iteration for the curves shown 1in Fig. 6.5 and Fig. 6.6 were
(=,+,=,**++=++) and (=,=,+,+s*++++) respectively. While there were differ=
ences in some details when starting from the two different configuras
tions, the qualitative features were essentially the same. In the former
case (=,+, starting configuration), the two peaks at zero field are sep-=
erated by a temperature difference of ~ 200°C, while in the latter case
of (-,-,+,+), the temperature difference was ~ 40°C. Both these values
however, are much larger than the 1.4°C experimental value in the case
of NaNOp. We also calculated the free energiy per spin (Eq. (6.30)) for
the final spin configuration at each temperature and found that for the
case of the (-,=,+,+) starting spin configuration, the free energy calcu-
lated from the final spin configuration was lower than in the case where
the starting spin configuration was (z,+). In both cases the application
of an electric field, causes the two peaks to move further apart, that
is, it increases the range of the INC region, rather than producing the
experimentally observed result of the INC region becoming gradually nar=
rower and eventually disappearing for a field of ~ 3 kV/cm. This behavi-
our of the INC region becoming larger with the application of field was
consistently observed for a large range of the parameters J; and J, and
for different starting spin configurations. Furthermore, the application
of the field caused the first peak, (i.e. INC -» ferro), to decrease in
magnitude (absolute value), and the second peak (i.e. para -+ INC) to decr
rease in magnitude and also to broaden. The fields applied were larger

than the experimental values.
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We observed, from these calculations, that the ﬁielectric constant
curves versus temperature obtained were consistent with the mean field
phase diagram, Fig. 6.3, given by Bak et al.® For values of =J,/J; < 0.5,
we obtained, for zero field, two peaks in the dielectric constant curve,
reflecting the two transitions for positive temperatures, while for =
J,/Jd, > 0.5 we only obtained one peak, equivalent to the one transition,
as predicted by the phase diagram.

Another variation we tried was as follows. After we obtained the
self-consistent solution to Egq. (6.31), the solution was used to calcu=
late the free energy per spin (Eq. (6.30)) ‘for that value of m, the
number of planes. This was done for a range of m (3 » 25) and the m with
the minimum free energy per spin is the stable phase at that temperature
and for the given interaction coefficients. Again we found the qualita-
tive behaviour for the dielectric constants calculated to be similar
although the details were different. There were two peaks in the y vs T
curves and with the application of electric field, the two peaks moved
further apart.

Recently, there has been an ANNNI model calculaton by Selke et al.®®
in which a mean field phase diagram (E vs T) was calculated which quali-
tatively models the behaviour in NaNO,, Quantitatively, the values for
the E=field and temperature range of the INCmphase are much larger than
the experimental values. The range of the INC~phase at zero field is ~
40°C, while the field at the triple point is ~ 60 statvolts/cm. The
values of J, and J, that Selke et al. have used are similar to ours; the
reason for the differences between their results and ours, with the

application of electric field is not yet clear.
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There has also been an ANNNI model calculation aﬂd an extended-ANNNI
model calculation in external fields by Randa!®®. Here T/J; vs J,/J, mean-
field~phase diagram have been determined. According to this calculation,
for a field of E = 0.1, there is no INC region for the parameters that
either we or Selke at al. have used. The results of Selke et al. indis
cated that an INC-phase should exist for those parameters of J,, J; and
J, until a value of E ~ 0.8. Again the lack of agreement between the

results of Randa and Selke et al., and between Randa and ours, is not

yet understood.
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CHAPTER VII

MICROSCOPIC THEORY OF MICHEL AND COWORKERS

In this chapter the microscopic theory of NaNOp of Michel and
coworkers??9°,28,97,% {5 peyiewed. Some of the results of the microscopic
theory are cited for comparison with the results of the Landau free

energy and the Ising model.

A. The microscopic model

As shown in Fig. 1.1, each HOo™ ion is 'surrounded by six nearest-
neighbor Na* ions. The single particle (one NO>™ ion) potential which
represents a crystal field term can be calculated numerically as shown
in Fig. 1.3. The energetically most favorable path of reorientation is
along the valley in Fig. 1.3, i.e. the reorientations take place essen-
tially through rotations around the c¢-axis.

As a nitrite ion reorients, it interacts with neighboring sodium ions,
pushing them out of the way. This leads to a coupling of translations
and rotations. The Hamiltonian can be written as:

H=T+Vrr + VIR + VRR (7.1)

where T is the kinetic energy of translations

T =

nj—

E P(k)-P(k) (7.2

Vrr is the corresponding harmonic interactions

Vrr = Z ulio) it utk) (7.3)

The variables u and p respectively are the Fourier transforms (k is
the wavevector) of the center of mass lattice displacements and their

conjugate momenta. The total mass m = myg + mNo, is taken equal to 1.
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M(k) is the corresponding 3x3 dynamical matrix.
The tranlationzrotation interactions Vrgp is given by the bilinear in=
teraction
VIR = & V(k)-u(k) o(~k) (77U)
The coupling matrix V(k) is an even function of k and is quadratic in
k in the long=mwavelength limit.

The direct orientational interaction is written as:

VRR = 3 £ J00) 0k ol-k) (7.5)
J(k) accounts for the electric dipole=~diple interaction, o(k) denotes

an Ising pseudospin order parameter.

B. Free energy and phase diagram

The Helmhotz free energy is given by

W = Tr(pH + Tplnp) (7.6)

where p is the density matrix and T is the temperature in units of
Kg. The density matrix satisfies the condition Tr(p) = 1.

The non=equilibrium free energy depends on the instantaneous expecr
tation values of the slow dynamic variables given by:

si(k,t) = Tppuj(k)

8i(k,t) = TppPilk) (7.7)

m(k,t) = Tppo(k)

where m is the orientational order parameter, s is the displacement
parameter.

After some algebra, the non-equilibrium free energy of the dynamic
variable in Eq. (7.7) and in a mean<field approximation to fourth order

in the order parameter can be written as:
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F = _12_ T ses(-k) + 1 M(k)s(k)s(=k)
k k

N

+ 3 v)mK)s(=Kk) + % $(J(k) + CS5 + T)m(k)m(=k)
k Kk :

+ %%— k,%,q m(~k)m(=p)m(=q)m(k + p + q) + o(m® (778)

here, CS is given by

CS = & I C(k) (7.9)
k
C(k) = v(K)H™}(k)v (k) (7.10)

where T represents transposition. C% takes into account that the
effective self interaction mediated by the lattice must be subtracted in
a mean-field calculation.

The equilibrium free energy can be simply obtained from Eq. (7.8) by

minimization with respect to the expectation values s(k), s(k), and m(k).

oF X
From Y 0 yields

s(k) = - v(k)M ' (k)m(k) (7.11)
From oF =0 follows

as(k)

s(k) =0 (7.12)

Substituting Eq. (7.11) and (7.12) into Eq. (7.8), we have

F = =% L(K(K)=Tm(k)m(=k)
5 kb,qRRnEPIn-Onik + p + q) (7.13)

where the orientational interaction K(k) is defined by

K(k) = C(k) = J(k) - CS (7.14)

F ,
From W = 0 we obtain:

If k=0 then F(0) = =x(K(0) = T)|m(0)[* + 1—2—|m(0)]" (7.15)
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If k#0 thnen

F(k) = ~((k) = D|n0)[* + Znlk)|* (7.16)
A necessary condition to have an INC=phase is that K(k) has an extre=

mum at ko#0., Since K(k) is even in k, we have an extremum at k=0.

Equation :jﬁ;— = 0 has three solutions:
om{k)
m(k)=0; F=0 (all1 T) (7.17)

m(k) = m(ko) &, k, * m(~Ko) Sk,—k,i

lm(ko)|2 = 8 K(kg) = 13

Flko) = = 5(8 K(kg) = 1) (T < Klko) (7.18)
m(ko) = m(0) &,05 m(0)2 = 3 (BK(O) = 1)
F(0) = = 2(8K(0) = 1)? (7.19)

Fig. 7.1 depicts the temperature behavior of the three soluticns of

the free energy. Here we assumed
0 < K(0) < K(kg) (7.20)

Fig. 7.1 is very similar to Fig. 2.11 which was obtained from the
phenomenological free energy.

The transition from the para-phase to the INC-phase is of second
order, since the free energy has a continuous derivative, with transition
temperature

T1 = K(kg) (7121)

On the other hand the transition from the INC to the ferro-phase is

of first order because the free energies F(0) and F(ky) cross each other.

The intersection determines the transition temperature
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TL = K(kg)® ——— ) (7.22)
1 =12 : '
3
_ K(0)
where o = RTEST and 0 < o < j

The resulting phase diagram is shown in Fig. 7.2.

C. Susceptibility and modulation wavevector

The static orientational susceptibilities can be obtained by using

the relation

- 5°F
XTHK) = ey | m(@)=<o(q)> (7.23)

It is found in the.paranphase
x"MKk) = T - K(k) (7.24)
and in the INCrphase
x"k) = T = K(k) + 2Tm? (7.25)
Eq. (7.10) gives C(k) = v(k)M™IvT(k)
Due to the simple structure of v(k), the matrix C has only one
single element:
Ci1 = viM™H 11y (7.26)
The Eq. (7.24) can be rewritten as
X7 = T = Cqq(k) + €3 + J(k) 27
For k = (k,0,0) and in the long wavelength case the coefficients in
Eq. (7.26) can be specified as
My1(k) = a’k? (7.28)

where a’ = C§gp™?, C8g is the bare elastic constant
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p is the material density

V1(k) = 20k?
_ _ Ca? . .
where 0= g C is a coupling parameter

a is the lattice constant
0 is a microscopic model constant
For the dipolar interaction J(k), we use an expansion:
J(k) = -d + ok? + Yk* (7.29)
where d>o0, Y>>0, 6£0

Eq. (7.27) becomes

X7 o= uk® + vkZ + W (7.30)
2
where u = Y, v=2_4n= Ho , w=T+Cqy~=d
?

o
In the para-phase, for a given temperature T, the susceptibility yx(k)

has a maximum at

(7.3?)

With decreasing temperature, x(k) increases and becomes infinite at a
temperature Ty obtained from the solution of

v:a Juw =0

( = §)*
: ' o’ )
ie.  Tp=d-Cot —Sy (7.32)
The corresponding value of k is given by
kKo = Kp (7.33)

Experiment shows that the position of the maximum of x(k) in the
para—mphase shifts to lower values ky with decreasing temperature. In

Michel’s opinion the temperature dependence of Ky arises from a tempera=
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ture dependence of the bilinear coupling ¢ « C. The Eoupling is a func-
tion of lattice parameters., The thermal fluctuations lead to an increase
of coupling C with increasing temperature. Since C « g, it follows from
Eq. (7.31) that k, decreases with decreasing temperature until it reaches
the value kg at Tyr. The decrease of the INC wavevector kg with decreas-
ing temperature which is observed by experiment should also result from
a decrease of the amplitude of fluctuations with decreasing temperature.
Michel pointed out that since we expect that the decrease of the ampli-
tude of fluctuations has a different slope in the disordered and in the
INC~=phase, we expect a different slope in thé temperature variations of

kp(T) and kqo(T).

D. Lattice instability

Fivez and Michel®® have investigated the dynamical consequences of
the translation=rotation coupling mechanism. They concluded that the
dynamics is dominated by the slow relaxation behavior of orientational
fluctuations. Therefore the lattice dynamics of the paramphase is char-=
acterized by phonon side bhands which are not sensibly influenced by the
coupling to the orientational order parameter. There is no phonon soi-
tening. The phonon side bands in the INC-phase are also unaffected by the

translation~rotation coupling and again there is no phonon softening.

E. Connection between microscopic theory and

phenomenological theory

Fivez and Michelge pointed out that the expression (7.13) for the
free energy, based on the microscopic model, has the same mathematical

structure as the phenomenological potential wused by Ishibashi and
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Shiba®°,

In order to establish more closely a connection with the macroscopic
approaches used by Levanyuk et al.® and Heine et al.!!, Michel®® related
the center-of=mass displacements to the strain field e(k) by writing

sij(k) = ikg sj(k)

In the longmwavelength limit and k = (k,0,0), Eq. (7.11) reads:

sy(k) = = M7 vi(k) m(k) (7.34)

t‘oExy(k) = lk m(k)' E(?‘C%—é— (7-35)

where a, b, ¢ are the lattice constants.

The correspondence of the axes is a, b, ¢ > x, y, 2

Consequently the strain field is proportional to the gradient of the
orientational order parameter. The bilinear coupling term in Eq. (7.8)
now reads in the longm=wavelength limit

I vi0) sy(k) m* (k)
= - —Cff z [exy(ikm)® + ikmegy] (7.36)
where eyy and m depend on k.

Expression (7.36) has the same form as the gradient terms which are

introduced in the phenomenological theories®!?,
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CHAPTER VIII

CONCLUSIONS

Dielectric constant measurements and Elastic neutron scattering in
the presence of a longitudinal electric field revealed that the tempera-
ture range of the INC-phase of NaNOp decreases with increasing electric
field. At 3 kV/cm the three phases, para, INC and ferro, meet at a point
which is called a triple point. At the triple point the modulation wave-
vector is not equal to zero. In the INC-phase the modulation wavevector
decreases with decreasing temperature but doés not depend on the longin
tudinal electric field.

The phase diagram and the behavior of the modulation wavevector can
be reproduced fairly well by numerical calculations with the Landau-=type
free energy model proposed by Ishibashi et al.’%®!, Comparison of our
diffuse neutron scattering results with the predictions of the free
energy model indicates that the n~term in the free energy cannot be neg-
lected, while the temperature dependence of the coefficient o should
also be retained. There is another fact which also leads to the conclu-
sion that the n-term cannot be neglected: without the n=term the phase
transition from the paranphase to the INC-mphase will be of first order.
However, the observed para - INC transition is of second order.

A1l the coefficients in the free energy model have been determined
from the dielectric constant measurements, the elastic neutron scatter-
ing results and the spotaneous polarization data.

The extension of the Lifshitz point concept to systems with a first
order transition from the disordered phase to the ordered phase has been

discussed in detail. The phase diagram is as follows: the para - INC



= 88 =

transition occurs along the Ty line. At the crossing boint CP the Ty line
meets the first-order para-ferro T, line; the INC =+ ferro transition
occurs along the T[, line. At the point P (a? = 38B2/8C) the Ty, line jumps
to the point CP where it meets the T7 line; beyond this point the direct
para -+ ferro transition occurs along the T, line. Fitting our data of
elastic neutron scattering under transverse electric field to the numers
ically calculated results of &1, 6, and Ty =~ T, indicates that in NalO,
the virtual Lifshitz point is at (7.32 kV/em, 122.15°C) for the E-field
parallel to the araxis, and at (16.37 kV/cm, 142.73°C) for the E-field
parallel to the craxis. The INC-phase ceases to exist at Ez = u759 kV/cm
or E5 = 10.24 kV/cm. The tricritical point TP is at 3.5x107*° (CGS units)f
The difference between the physically accessible transition temperature
TiLp and the virtual transition temperature Typ is about 0.6°C. This LP
point is inaccessible, however, not only because the samples break down
electrically at electric fields above 1.36 kV/em for the E-field paraln
lel to the a=maxis, and at electric fields above 2.21 kV/em for the E-
field parallel to the c-axis, but also because the first order direct
transition intervenes and the LP is virtual.

It should be pointed out that the position of the tricritical point
TP on the phase diagram depends on the coefficients B, B and n (see Eq.
(3.29)). Therefore, in principle, the tricritical point TP could be on the
high temperature side of the critical point CP; in other words, the tri-
critical point could be physically accessible for some values of the
above three coefficients. As a result, the Ti line would also be physi=n
cally accessible. It would be interesting to find such systems for which

the tricritical point and the Ti line are physically accessible,
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The results of Brillouin scattering with an E-field along the c~axis
confirmed the results of neutron scattering under transverse E~field and
also revealed that the transverse electric field does not dramatically
change the propagation of hypersonic waves, but it does reduce the
difference of the sound velocities between the para and the ferro
phases. Let v, and v be the sound velocities along the [010] direction
at Ty, and Ty respectively, and Av = vy, - vi. Then, at E = 0 kV/cm, Av =
1x10% cm/s, at E = 0.5 kV/cm, Av = 0.4x10° em/s, and at E = 1.0 kV/cm, AvV
= 0.26x10% em/s. The sound velocity along the [100] direction deduced
from the inelastic neutron scattering experimeénts is about 1.45x10° cm/s,
which is in agreement with the result obtained by Durand et al."%5®,

The results of the dielectric constant measurements performed in
1983 show that in the range of pressure from TH.S.psi to 1000 psi, both
Ty and Ty, decrease while AT (AT = Ty = Tp) decreases slightly. Above 1000
psi, however, T1, T, and AT all increase with increasing pressure. The
results of Brillouin scattering under hydrostatic pressure show that the
transition temperatures do not depend on the pressure. To explain this
disagreement the dielectric constant measurements were performed again
under the same coditions as for Brillouin scattering, and results identi-
cal to those of the Brillouin scattering experiment were obtained. In
order to resolve this contradiction, a new neutron scattering experiment
under hydrostatic pressure is necessary.

Using the ANNNI model, a preliminary calculation of the dielectric
constants under longitudinal electric field was performed in meannfield
approximation. For zero electric field, there are two peaks in the die=
lectric constant curve, somewhat similar qualitatively to the experimen=

tal results, and consistent with the mean field phase diagram in Fig.
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6.3. But the application of an electric field causeé the two peaks to
move apart rather than reproducing the experimentally observed result of
the INC region becoming gradually narrower with increasing field. This
behaviour of the INC region becoming larger with the application of
field, is consistently observed with a large range of the parameters and
different starting spin configurations.

The microscopic theory of Michel and coworkers?3%979% oan explain
many important experimental results such as the reorientations of NO27
groups which take place essentially through rotations around the c—axis,
and the fact that there are no soft modes 'in either the para or INC
phases, etc.. But the phase diagram and the behavior'of the modulation
wavevector under electric field are not yet explained quantitatively by

the microscopic thoery.
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APPENDIX A

UNITS

It is well known that the Coulomb's law has different forms in

different systems of units.

In MKS units: f = 5%§§3 where f is in Newtons ( N )
q is in Coulombs ( C )
r is in meters (m)
k = 9._OX?O9 %%;

In CGS units: f = E%gi where f is in dynes

g is in esu
r is in cm
The units of the terms in the free energy and their conversion
from MKS to CGS units are derived below. The results are given in Tables

A.1 and A.2.

1. Conversion of the Landau free energy from MKS to CGS units

We take the Landau free energy as:

F o= 1APS + [BPS + CP§ = EPo + (A + ak® + LBK"PZ

1 1
+ g-(zB + LnkHPEPE + §3§(B + FnkPPY

Now we convert F from MKS units to CGS units term by term.

a. Conversion of the first ternl-%APz in F:
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In MKS units we write FM=lAMPM (m
where the subscript M denotes MKS units.

The dimension of energy F is:

7
1 () = 1 (

70°%

erg erg

= 10
cm3) (cma)
The dimension of polarization P is:

C., _ 3x10° ,esu, _ s , esu
i) = o (Gpp) = 30T ()

Therefore the dimension of coefficient A is:

1 (ggg) - 1 100

(statevolt-cm
C 300 3x10°

esu

- 1
9x10°

(statevolt-cm)

esu
: Fy = ——F
. 4= 759°C
1
PM = -3—}a—o—gpc (2)
Ay = 9X109AC

where the subscript C denotes CGS units.

Substituting (2) into (1) we get:

J .21 op vuf 1 2
. Fg = TACPR (3)
b. Conversion of the second ternx-%BP“ in F:
In MKS units F = %BMPM ' )
.. For F 1 (3%) = 10- (£8)
. .oom .- tem
For P 1 ( ¢

_ s ¢ €5U
ET) = 3x10 (cmz)
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VmS, 1 10!° statvolt-cm?®
For B 1 (=) = 35035707 esu’ )
- 1 statvolt-cms)
3%x101° esu’
° F LF
. M = To°C
1
Py = (Wpc)“ (5)
By = =i—t—rgB
M = 30 C
Substituting (5) to (4) we get
LF =] ! B .(_1__59 )
10°C = T3xj0re-Ct3%70° C
. Fg = pBgrRY (6)
c¢. Conversion of the third term %Ps in F:
In MKS units Fy = %chl-el %o
] ym®, 1 10!® statvolt-cm?®
L For C 1 () = 300 3°x10°° esu® )
- ] (statvolt-cmg)
3x10%% esu’
‘. Fy = i=F
o .o M 10 C
P = (s—=sPC)® (8)
M 3x10° C
CM = =et—paC
M 351020 C

Substituting (8) into (7) we get:

1

-1-'O—F

1 . 1 .
C = §3%7025°C (3%703FC)

. Fg = §CcPE (9)
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Conversion of the term of %akzPﬁ in F:

d'
In MKS units Fy = 'ZTO‘MkﬁpﬁM (10)
.. For a: 1 (Vma) _ 1 _1o¢ (statvolt-cm3
.- : ) c 300 3x10° esu
- 1 (statvolt-cma)
3%x10° esu
1, .1 (L
For k: 1 (-IE) = 357 (cm)
Fi = =oF
. M= 3p°C
1
PiM = (3x70%PKC)* (1)
- 1 =1, - 2 5
aM = ('37{1‘6‘5) ac = 3%10°%¢
K§ = 10*ké
Substituting (11) into (10) we get:
1. 3%10° w2, 2
1'OFC = m acx10 ké~(-3—XTC—)-5PkC)
. Fg = -ﬁ-ackéPﬁC (12)
e. Conversion of the term of BkP§ in F:
In MKS units FM = BMKMPEM (13)
. Vm® _ 1 10! statvolt-cm®
For 8: ! (=) = 300 3x10° ( esu )
S N statvolt-cms)
3%x10 esu
: _ 2
o Fu=pfc
(1)

X
=&
I
Py
—
(@]
N
N
Q
N
L o
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Substituting (14) into (13) we get:

32x10807(102kc)“f(§;%ﬁgpkc)2

!

3
(@]

1

= BCKEPRC (15)

!
@]
1

Conversion of the term of nk®P3P¢ in F:

.
In MKS units Fy = anﬁ’IP%MPﬁM (16)
Va’ QI
For n: 1 ( C'na) = 3(130 331x1027(CGS)

_ 1
= gegrors (CGS)

. 1
Fu = 75 %
ny = 3*x10*° n¢ an
ki = (10% k)2
1
PauPiikn = (3379%) PocP’ke

Substituting (17) into (16) we get

%FC = 3X10lsnccﬂOzkc)zf(?i%s)“Pﬁcpzkc (18)
.'. Fg = ngk@P§cP?
g. Cor'wer'sion of the term of EP in F:
In MKS units Fy = EvPM (19)
-
For E: 1 (T\z,f) = —‘;1%2- (cas)
- §§%ﬁv (cas)
.- Fu = 75 FC
! (20)

52}
=
i}
(V8]
»
o
5
2]
Q
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Substituting (20) into (19) we get

L re

1
[N
10 3x10" E¢ §§T63PC

(21)

. Fc = EcPc
The above conversions show that the Landau free energy has the

same form in both MKS and CGS units.

Next we are going to determine the dimension of each coefficient of

the Landau free energy in MKS and CGS units respectively.

2. Dimensions of the coefficients of the Landau free energy

in CGS units
a. Dimensions of the coefficients A and Ao

Take F = +ApP?

2
Dimension of F is: [F] = (2—;%)
. ) C L _ (esusem, _ ,esu
Dimension of P is: [P] ( e ) (cmz)
q1492

Coulomb’s law in vacuum is f=—-yp—

[f] = <9§3r>

£ =Aﬁ;?: fff (fer] = (%Eﬁi) = erg

(E8) - (224
o [F] = () - (224 (23)
o [P1 = (2 o 1pe] = (2
Therefore F and P? have the same dimension, from F = %APZ it is

found that in CGS units A is dimensionless.
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. A = Ay(T = To)
e DAl = () (24)

where T is temperature.

b. Dimensions of the coefficients B and C

(1). Take F ~ BP*

[F] = (220, p] = (22
[B] = (S5, (Lmy - (Lom, (25)
T Yem® /. Vesu?’  ‘esu

(2). Take F ~ CP®

esu? esu®
[F] = (W), [Pf] = (W)

. _ (esu?  .cm'?2 . cm®
e £cl = (—aaz.—)‘(gs—ag) = (m) (26)

¢. Dimensions of the coefficients a, 8 and n

(1). Take F ~ ak?P{

1 esu?
[k?] = (al'z): [P%] = (-E-n'l-z;‘)
[a] = (Z2%)-(end)(Z83) = (en?) (21

(2). Take F ~ BK"P}

2
(k] = (gr)s  [PRD = (220
ce L8] = () (en) (E) = (en®) (28)

(3) Take F ~ nk?P3Pg

2 _ ,esu”
[P3PE] = ('Eﬁpr)

e (29)

. esu? cm®
e [n] = (?rﬁ"_)'-(cmz).-(esu") = (esu
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3. Dimensions of the coefficients of the Landau fﬁee energy
in MKS units
a. Dimensions of the coefficients A and A,

Take F ~ AP?
In MKS units F has dimension: [F] = (é#),

P has dimension: [P] = (%'—3“1 = (ac—z) (30)

where J denotes joule and C denotes coulomb.

Q192

According to Coulomb’s law: f =k T

where k is determined by experiment to be ~ 9 0x10° (ﬁgr)

[f] = ( ) (—z) N, and [fer] = (N-m) = J
() = (22)

e IR = () = ()

On the other hand F = Eq = ~VVq

ce IF1 = (39 = (5 = (29 (31)
. c?
Eq. (29) gives [P?%] = ('ﬁ"')
e [A] - (35 (—z> - (4 - (2D (32)
A = Ao(T - To)
e [hod = () = () (33)

b. Dimensions of the coefficients B and C

(1) Take F ~ BP*

[F] = (55), 7] = (&)



o8] = (.S - I - (28 (31)
(2) Take F ~ CP®
(r1 = (3%, p1 = (S
cored = (BB - -2 (35)

¢. Dimensions of the coefficients o, 8 and n

(1) Take F ~ ak?P}

F1 = (5, reg1 - (S, el = (I
Sl = B Byemy = (I - (28 (36)
(2) Take F ~ BK'P%
[k*] = (=)
18] = ()Tt = (X2 - () (37)
(3) Take F ~ nk2PZPR
(P31 = (S
ol = (IS (B - (A8 - (2 (38)

4. Summary

a. The dimensions of the coefficients of the Landau free energy in both
MKS and CGS units are listed in Table A.1l.

b. The conversions of each coefficient in the Landau free energy from
MKS to CGS units is listed in Table A.2.

¢. The values of the coefficients in the sixth order free energy model

determined by three authors are listed in Table A.3.
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APPENDIX B

CRYSTAL GROWTH OF NaNO,

NaNOs single crystals were grown from the melt in our laboratory
following procedures suggested by Professor Y. Ishibashi which are
described as follows:

1. Use purest reagent

We used S-347 NaNO, powder ordered from Fisher Scientific Com=~
pany (purity is 97%). The material can be further purified by recry=

stallization.

2. Dry the NaNO, powder for several days (~5 days) at a temperan-
ture higher than 100°C in a vacuum of 1072 Torr. This is very important

since NaNOp is hygroscopic.

3. Charge the dried NaNO, powder in a glazed alumina-crucible
(Cat. No. 12=220B from Fisher Scientific Company). Set the crucible in a
vertical electric furnace. Melt the powder, but do not raise the temper=
ature higher than the melting temperature (277°C) + 20°C, because the NOp

may be oxidized.

4§, Hold a seed with b-axis vertical 1 cm above the surface of the
melt. Keep the temperature just a little bit above the melting point for
several (~5) hours in order to obtain a stable temperature distribution
and let the air be released from the crucible wall.

The quality of the seed is very important. The seeds can be

selected by cleaving a big crystal. The cleavage surfaces of the seeds
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should be very smooth and shining. The size of the seed is typically 5

mm? by 5~10 mm long.

5. Put the seed in the melt 1~3 mm, and keep it in for several
(~2) hours, Since there is a temperature gradient along the seed, the

bottom end of the seed may melt but the seed still contacts the melt.

6. Lower the temperature of the melt surface a little below the
melting point. A crystal is first nucleated around the seed on the melt
surface and then develops towards the wall "of the crucible. When the
diameter of the crystal is about half of the diameter of the crucible we
start pulling up the crystal with the aid of a servomotor. Since NaNOp
is plastic, the crystal is not constantly pulled up during growth. We
made a special switch to turn the servomotor on and off alternately. The
intermittent pulling process we used is: turn on the motor for 5 seconds
then turn off it for 25 seconds and repeat;

In the crystallization process, some stress is applied to the
growing crystal when it reaches the wall of the crucible., Therefore the
speed of the servomotor and the intermittent process should match the
horizontal growth rate. The vertical growth rate of the crystal which we

used is about 2 mm/hour.

T. Separate the crystal from the melt when the size of the crystal
is acceptible. Keep it in situ for one hour before cooling down to room
temperature.

The cooling rate we used was about ~8°/hour, but was reduced to

~3°%/hour around 210°C and 163°C.
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8. Keep the crystal in a desiccator to guard against humidity.
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APPENDIX C

DIELECTRIC CONSTANT MEASUREMENT APPARATUS

1. The schematic diagram of capacitance measurement

Fig. C.1 shows the schematic diagram of the General Radio Type 716-C
Capacitance Bridge.

Fig, C.2 shows a simplified schematic diagram of the bridge. Cy is a
precision variable capacitor calibrated from 100 pF to 1150 pF. This cap~
acitor is used to balance the unknown capacitance, Cyg, when the unknown
is connected to the UNKNOWN=DIRECT terminals ‘of the bridge for a direct
measurement. The resistance Ryg of the unknown is balanced by a variable
capacitor, Ca, and since Ryg depends onpon the variable capacitor Cy, as
well as upon Cp, the capacitor cannot be made to read directly the res=
istance, Ryg. Capacitor Cp is calibrated to read directly the dissipation
factor, Dy, of the unknown.

The elementary balance equations of the bridge for direct measure-

ment are:
Cxs = (Ry / Rp)*Cy
RXS = (Cp / Cy)*Rp

Dy = w Cyg Bys = w Cp Ry
The bridge is at balance when no voltage exists at the detector
input. This condition is called a null. To obtain the balance, the CAPACI=
TANCE CONTROL (Cy) and the DISSIPATION FACTOR control (Cp) are adjusted

until the detector output is zero or a minimum.

2. The simplified schematic diagram of capacitance measurement
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under D.C. electric field
Fig. C.3 shows the simplified circuit of the capacitance measurement
under D.C. field, where DCP is the high voltage D.C. power supply (MODEL
410B, JOHN FLUKE MFG. CO. INC+); pA is the microampere meter (KEITHIEY
169 MULTMETER); and DET is the Lock~in Amplifier (model HR~8, PRINCETON
APPLIED RESEARCH) and GEN is a sine wave generator (HEATHKIT SINE=SQUARE

AUDIO GENERATOR) operated typically at 1000 Hz, 1 V/cm.

3. The furnace and the sample holder

Fig. C.4 shows the furnace and the sample holder which were designed
and built at BNL for the neutron scattering experiments and was also
used for the dielectric constant measurements.

A: thermistor for measuring temperature.

B: NaNOp sample.

C: electrodes which were made of soft aluminum foil.

D: sample holder made of boron.

E: aluminum cover #1.

F: aluminum cover #2.

G: aluminum cover #3.

H: heater

I: thermocouple used for the temperature control.
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APPENDIX D

BRILLOUIN SCATTERING APPARATUS

The Brillouin scattering apparatus is illustrated schematically in
Fig. D.1. The Spectra-Physics Model 165 argon-ion laser (either at 4880%
or 5145%) was run in single mode operation by the use of an intracavity
etalon. A check on the stability and quality of the singlermode laser
output was performed from time to time with a small spherical Fabry-
Perot (FPS) (Model 760, COHERENT OPTICS, INC.) with a free spectral range
vpgr of 8 GHz (the free spectral range FSR i5 determined by the spacing
d (cm) between the Fabry-Perot mirrors and is given by the expression
Vpgr = 1/2d in units of wavenumber), whose output was monitored on an
oscilloscope. The oscilloscope’s sawtooth ramp output was used to scan
the small FPS. By simultaneous use of a photodicde power -meter, one can
also maximize the single mode output by careful manipulation of the in-
tracavity air etalon.

The laser beam was focused into sample contained in a sample cell
inside a furnace by a lens (FL = 17.2 cm, f/4.5 ACH.) so that the beam
focuses at the center of the crystal. With the help of a polarization
rotator, the incident beam could be made either vertically or horizon=
tally polarized (with respect to the plane containing the wavevectors of
the incident and scattered light). Light scattered at 90° was collected
by a lens (8.25 inch f/4.5 XEROX, made in England by Rank Taylor Hobson).
The polarization of the scattered light was selected by a polaroid ana-
l&ser, and its aperture was determined by an adjustable iris diaphragm.
The scattered light was collimated and passed through a spatial filter

which served to define the scattering volume and to improve the effecn
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tive instrumental finesse. The size of the pinhole in the spatial filter
(usually 0.1 mm) was chosen to match the image of the scattering column
in the focal plane.

The scattered light from the region of the crystal defined by the
spatial filter was then analysed by a piezoelectrically scanned (single
pass or triple pass) plane Fabry-Perot Interferometer (Tropel Model 360)
which is controlled by a PDP=8E minicomputer. The Fabry=Perot scan is
driven by an associated linear ramp generator (Tropel, Fairport, N.Y.)
which also provides a trigger signal to the minicomputer for multi-scalr
ing data collection. During the scan, a fast shutter closes automatically
whenever the count rate exceeds a preset maximum, and remains closed
during a preset number of channels in order to protect the photomulti=
plier from excessive light. After a preset number of scans, the computer
Jjumps to an alignment routine. With the shutter open and a neutral den-
sity filter inserted in the optical path, the bias voltages to two of the
three piezoelectric stacks are alternately stepped via two programmable
power supplies (0%500V, Ow=ld0OmA, OPS=500 KEPCO Digital Programmer) until
the peak height of the central Rayleigh line is maximized. The position
of the central Rayleigh line is then recorded and used to reset a delay
in the triggered multi-scaling routine to compensate for interferometer
and laser drifts. Before returning to the regular data acquisition mode,
one scan is added to the memory with the ND filter in place in order to
provide reduced Rayleigh peaks in the spectrum for subsequent computer
analysis of the data. The output of the Fabry-Perot was focused on
another pinhole of appropriate diameter that compromised between instru-
mental width and signal output, before being imaged onto a photomulti-

plier tube (I.T.T Startracker, FW=130) operated at a cathode voltage of
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1750 volts d.c.. For reducing the background (dark=current) emission from
the phototube, the phototube is cooled by a refrigerated chamber (model
Te-104, Products for Research Inc.). A narrowband laser filter was
placed in front of the phototube to eliminate the Raman scattering in-
tensity.

Photon counting was used in the detection system. The electrical
pulses emitted by the photomultiplier were processed by a preamplifier-
discriminator (model 10145, Uniphoto System Inec.). The rate at which
photo=electrons are emitted (proportional to the intensity of scattered
light) from the PMT was measured either by a rate meter, whose output
was then recorded on a strip chart recorder, or by the Digital Equipment
Corporation PDP-8 minicomputer which alsoc maintained interferometer
alignment. A total of 512 24=bit memory channels were used in the Bril-~
louin scattering experiment. The counting time per channel was set so
that the 512 channels covered slightly more than two free spectral
ranges. Sequential scans were taken to build up the Brillouin components
until a satisfactory signal to noise ratio was obtained. Data were subses
quently transferred to a central VAX/UNIX system for subsequent analysis
by a nonlinear least squares fitting program. To keep a record of all
necessary experimental conditions during the collection of a particular
spectrum, a raw xny plot of the data in the PDP=8 was recorded by a HP

7040A x~y plotter interfaced to the PDP-8 computer.
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APPENDIX E

NEUTRON SCATTERING APPARATUS

1. The High Flux Beam Research Reactor

The High Flux Beam Research Reactor (HFBR) at Brookhaven National
Laboratory was designed to provide a total flux of 2.4x10'® neus
trons/cm2-sec at a power of 60 megawatts!®,

Fig. E.1 is a plan view of the reactor vessel showing the location of
the experimental beam tubes and irradiation facilities.

The HFBR statistics are listed in the Table E.1.

2. The triple—axis spectrometer

Most of our neutron scattering experiments were performed at the
triple=axis spectrometer H7 which is illustrated schematically in Fig.
E.2,

The H7 station parameters are listed in the Table E.Z2.

3. Determination of the geometry of the sample

In our elastic neutron scattering experiments the scans were taken
through the (020) Bragg peak along the a~axis. The question is : how to
set the sample in respect to the incident neutron beam? The following
calculation is necessary for the determination of the geometry of the

sample.

a. Definition of angles Cq, Cp, C3, A7, Ap, A3
The angles Cq, C2, C3, A1, Ap, A3 are defined in Fig. E.3. Here we

are only interested in the angles Ap and C» where A5 is the acute angle



= 109 -
between the initial and final wavevectors Ky and Kp, Cp is the angle
between the unit vector of the amaxis and the direction perpendicular to

K1.

b. Calculations of Ay and Co
For elastic neutron scattering |K1| = |Kf|
Fig., E.4 shows the vector diagram of the elastic neutron
scattering with the modulation wavevector k along the a® direction.
From Fig. E.4 we have:

Ap

= = 2 2 = i —
Q] = |G + k| = V]G]F + [k] 2|k| sin 5
where G is the reciprocal lattice vector and G = 2b* (for (020)

Bragg reflection).

/T TeF

T A> = 2 sin™X 2|KI|
vs:ulb*lz + Ik |2
= 2 sin™}(= )
sin 2|KI|

When k=0 i.e. for (020) Bragg reflection

L
Ap = 2 sin™! (—)
| K|
In our experiment IKII = 2.6700 em™?, and
at room temperature lb*l = 1,1259 cm™!
P Ap = 49,88°
. sin Y = lkl = Ikl a
" = ——_— ——, nd



T = Ap -
Q——Z——-, B—-Z—.,a.._.

A
v Co=5+(Y+8)= %-+ = + sin™¥ (

N

For k = 0, then

Co = % + %2- = 11&.94"

Therfore the geometry of the sample with respect to the inci-
dent neutron beam is: the amaxis of the sample should be horizontal, the
c~axis should be vertical, and the acute angle between Ki and a should

be equal to Y + g = 24.94°
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APPENDIX F

HYDROSTATIC PRESSURE SYSTEM

The hydrostatic pressure system which we used for the dielectric
measurements described in Chapter V, section A was installed in the
Earth and Planetary Sciences Department of CCNY by Professor J. Steiner.
Pressure was generated by a Harwood Engineering 0-50,000 psi one-to-one
hydraulic intensifier, and measured using a 0s50,000 psi bourdon tube
Heise gauge. Pressure readings are accurate to within 0.1%, based on
dead weight calibﬁations. Experiments were performed in a high pressure
cold-seal vessel modified from the design of Tuttle (Tuttle. O. F., 1949,
Two pressure vessels for silicate-water studies, Geol. Soc. Am. Bull, 60,
1727-1729). The high pressure seal vessel and the sample holder are
shown in Fig. F.1 where:

A: NaNOp sample.

B: Thermocouple with ground junction which is recommended for
high pressure application (SCAIN=010G=40 chromel=alumel subminiature
thermocouple, Omega Engineering, Inc.).

C & D: Shielded wire used as electrodes.

E: Ceramic cylinder. There are three parallel holes through the
cylinder, for the two electrode wires and the thermocouple. At the top
end of the cylindér there are two special screws for fixing the two
wires and the thermocouple.

F: The seal vessel.

G: 100,000 psi pressure AMINCO lines.

H: A special seal.
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CCMPUTER PROGRAM LISTING (TAUROS)

TAUROS: A minimizing subroutine based on the Rosenbrock stepping
metlod: Revised 1984 for double precision by S. L. Oiu

10

2000

12¢0

implicit double precision (o—h,o0-2)

charoctere4d blank,p@fil , pkfil fefil, vkfil

common /porint/x(15),xt(15).,dirin(15) ,maxint, npar

common/qiul/tp,ef , Imin,pO,pk,vk
data btlank/* */
continue

-write(6,2)

tormat(/' enter p® file name')
read(5,3) poOfil

format(o10)

if(pofil.eq.blonk) stop
write(6,4)

formot(/® enter pk file name"')
read(5.3) pktil

write(6,10)

tormat(/* enter vk file name")
recd{5.3) vkiil

write(6,5)

format(/' enter fe {ile name"’)
read(5.3) fefil
open{4,file=p0fil)
open{(7.,.flile=pkfil)
open{(9 ., file=fefil)
open(12,file=vkfil)

f
write(6,6)
format (/' enter e—field in ¢€gs unit')
read(5,7) ef
format{e15.0)
do 20600 n=1,200
tp=162.0040.010en

call minnew
write(4.8) tp,.p@
formot(e15.5,1x,e15.5)
write(7.8) tp,pk
write(9.8) tp,.fmin
write(12,8) tp,vk
continue
close (4)

close (7)

close (9)

cltose (12)

go to 1
end

subroutine minnew
implicit double precision (o~h,o0~2)
common

2/parint/ x(15) yxt(15) - ,dirin(15s)
3/porext/ u(30) Lw(30) .werr(30)
6/unit / isysrd ,isyswr

B/title / title(20) Lisw(7)
9/conveér/ epsi, opsi ,vtest .,natepgq
b/minima/ amin .up ,newmin

c/deriva/ q(30) .
common/qiut/tp.ef  imin,pd,pk,vk

maxint=15

moxext=30

isysrd=5

isyswre=6

nblock=0

continue

nfcn=1

call midoto

cotll intoex(x)
write(isyswr,120)

format(* firat entry to fcn')
cao!ll fen{npor,g.amin,u,t)
cotl fen(npor.g.amin,u,4

coll mprint(1.,omin)

call fen(npor,g.f.u.4)

nfcn=3

coll comond

.moxint
.Mmaoxext

.nblock
Nnfen
.itour

.npor
.Nu

.Nnfcnmx

JAmi (30)



50

100

105

5010

130
135

140
160
200

250
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return
end ¢
subroutine midota

implicit double precision (a~h,o0-2z)
common -

1/names / nom1(30) ,nom2(30)

2/parint/ x(15) Lxt(15) ,dirin(15)

d/parext/ u(30) ,w(30) ,werr(30)

4/timits/ olim(30) ,blim(30) ,lcode(30)
6/unit [/ isysrd ,isyswr

8/title / title(20) ,iaw(7)

9/conver/ epsi, apsi ,vtest ,nstepgq
b/minima/ amin ,up ,newmin
common

c/deriva/ g(30)
common/qiut/tp,ef,fmin,pd,pk,vk
characteres4® range3
dimension array(12)

double precision daox,dbx

equivalence(kp,maxext)

nblock=nblock+1
write(6,1004)

do 50 i=1,7

isw(i)=0

npfix=0

nint=0

nu=0

npar=90

k2=0

kcard=1

do 100 i=1,kp

u(i)=0.9

g(i)=0.

nam1 (i

dirin(i

continue
range3="range3.dot"’
open(11,file=range3)
read(11,5010) (corray(i),i=1,12)
format(e15.0)
u(1)=array(1)
w(1)=array(2)
blim(1)=array(3)
aglim(1)=array(4)
u(2)=array(5)
w(2)=array(6)
blim(2)=arroy(7)
alim(2)=array(8)
u(3)=array(9)
w(3)=array(10)
blim(3)=array(11)
alim(3)=array(12)
do 200 i=1,3

nint=nint+1

lcorsp(i)=nint

nu=max@(nu, i)

werr(i)=w(i)

if(alim(i))14e,138, 140

if(blim(i))140.135.140

lcode(i)=1

go to 160

lcode(i)=4 .

continue

continue
rewind (11)

continue

npar=nint

call extoin(x)

,maxint
.Mmaoxext
,lcorsp(30)

,nbiock
.nicon
,itaur

.npar
. nu
,limset

.nfcnmx
Limi(38)



269

309

1004

50
100

S5e
100

109
200

300
400

goo
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do 300 i=1,nu
k=lcorsp(i)
if(k)300,300,260
saveu(i)+w(i)
be=pintf(sov,i)
saveu(i)-w(i)
o=pintf(sav,i)
dbx=dble(b-x(k
dax=dble(a-x(k
dirin(k)=(dabs(dox)+dobs(dbx))/2.0
xt(k)=x(k)

continue

up=1.0

isw(5)=1

format(1x,/,1x, 'noniinear leost squares fitting prog. ')

return
end
subroutine extoin(pint)

implicit double precision (a-h,o-2z)
common

1/nomes / nam1(38) ,nam2(30)

3/parext/ u(30) L,w(30) ,werr{30)
4/1imits/ alim(30) .blim(30) .icode(30)
6/unit / isysrd ,isyswr .

common/qivl/tp,ef  fmin,p@.pk,vk
dimension pint(30)
limset=0
do 18€ i=1,nu
j=lcorsp(i)
it(j) 100.100,50
pint(jl=spintf(u(i).i)
continue ’
return
end
subroutine intoex(pint)
implicit double precision (a-h,o-2)
common

1/names / nam1(30) .nom2(30)

3/parext/ u(38) ,w(39) . werr(30)
4/Vimits/ olim(30) ,blim(30) .lcode(30)
6/unit / isysrd ,isyswr

common/qiul/tp.ef . fmin,p@,pk,vk
dimension pint(30)
do 1€Q@ i=1,nu
j=tcorsp(i)
it(j) 100.100,50
continue
u(i)=pextf(pint(j).i)
continue
return
end
function pextf(pintj,i)
implicit double precision (a~h,o-12)
common

1/names / nam1(30) .Nom2(30)

3/parext/ u(30) .w(30) - .werr(30)
4/1imits/ olim(30) .b1im(30) ,lcode(30)
6/unit / isysrd ,isyswr

common/qiul/tp,ef fmin, p@,pk,vk
double precision dpintj
igo=lcode(i)
go to (109,200,300,400),ig0
pextf=pintj
go to BOO
continue
continue 4
alimi=alim(i)
blimi=btim(i)
dpintj=dble{pintj)

.moxext . nu
.lcorsp{3@) ,limset

.maxext ,nu
,dcorsp(3@) ,limset

;Tmaoxext . Nu
.dcorsp(3@) .limset

pexti=al imi+0.5e(dsin(dpintj)+1.@)e(blimi~climi)

return
end
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function pintf(pexti,i)
implicit double precision (o=h,o~-2)

common

1/naomes / nam1(30) ,nom2(30)

3/parext/ u(39) Tw(30) ,werr(30) ,maxext ,nu
4/1imits/ alim(30) ,blim(30) ,lcode(38) ,lcorsp(3@) .,limset
6/unit / isysrd Lisyswr

common/qiul/tp.ef fmin,.pd,pk,vk
double precision d
data big.small /1.570796326795,-1.570796326795/
igo=lcode(i)
go to (100,200,300,400),igo
190 pintf=pexti
go to 800
200 continue
300 continue
400 alimi=atim(i)
blimieblim(i)
if(pexti~alimi) 449,500,460
449 a=small
450 pintf=a
pexti=pextf(a,i)
limset=1
write(isyswr, 241) i
go to Be@e
460 if(blimi-pexti) 470,520,488
470 o=big
go to 4590
480 y=2 .0es(pexti-alimi)/(blimi—-alimi)-1.0
dy=dbtle(1.0-yss2)
pintf=daton(y/dsqrt(dy))
go to B8e@0
500 pintf=smoll
go to 800
520 pintf=big
800 return
241 format(' error in pintf. varioble', i3,' not within limits® )
end
function dexdin(x,int)
implicit doubte precision (o-h,o~2)

common
3/porext/ u(3e) ,w(3@) ,werr(30) ,maoxext ,nu
4/1imits/ alim(30) ,bi1im(30) .lcode(3@) ,lcorsp(30) .limset

common/qiul/tp,ef , tmin,p@.pk,vk
double precision dx
do 50 i=1,nu
lc=lcorsp(i)
if(lc—int) 50,100,50
50 continue
dexdin=0.0
go to 200
10@ Id=lcode(i)
go to (11@,120,132,140),1d
112 dexdin=1.0
go to 200
120 continue
130 continue
149 dx=dble(x)
9140 dexdin=(blim(i)~alim(i))e@.5edabs(dcos(dx))
200 return
end
subroutine mprint(ikode,fval)
implicit double precision (a-h,o~-2z)

common
1/nomes / nam1(30) .nom2{30) -
2/parint/ x(15) .xt(15) ,dirin(15) .moxint ,npar
3/parext/ u(3@) .w(30) ,werr(30) ,maxext ,nu
4/1imits/ alim(30) .blim(30) ,lcode(32) ,lcorsp(30) .iimset
5/varian/ v(15,15)

6/unit / isysrd ,isyswr . ‘

8/title / titlie(20) Lisw(7) ,nblock

9/conver/ epsi, apsi svtest ,nstepq .nfecn ,nfcnmx
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b/minima/ amin .up ,newmin . ,itaur
c/deriva/ g(30)
common/qiu1/tp.ef.fmin,pe.pk,vk

double precision dxn,ddirin
dimension ddirin(15)

dimension d(15),y(15).xs(15,15), et(15 15)
np=npar
iswtr=isw(5)-itaur
npfnunfcn

cl=3.

bem~_ 4

gan==2 _/(alebe)
nk=20

neqe=®

do 3@ i=1 ,npor

do 20 j=1,npor
xs(i.ji-@.e
ddirin(i)=dbte(dir
if(dobs(ddirin(i))

"

in(i))
.it.1.ed-208) dirin(i)=1.0e-20

xs(i,i)=1.0

iflag=4

avr=amin

nst=0

write(isyswr 470) epsi.nstepq
colt mprint(1,amin)

write(isyswr,é480)
ast=amin

do 279 j=1,np
yi=1,

ne=9

ns=@

d(j)=0.

kont=0

do 60 i=1,npar
y(i)=x(i)+dirin(j)exs(j,i)
coll intoex(y)

iflag=4

coll fen(npor,g,0,u,iflag)

nfecn=nfcn+i
y2=amin—a
if(y2) 110,7e,80
if(y1) 98,210,110
ne=90
amin=a
yl=y2
ns=1
do 100 i=1,npor
x(i)=y(i)
continue
d(j)=d(j)+dirin(j)
kontwekont+1
if(kont-nk) 105,105,21@
continue
dirin(j)=ocledirin(j)
go to 50
kont=kont+1
if(kont-nk) 115,115,895
dirin(j)=besdirin(j)
if(ns) 120,50,120
continue
if(yt) 16€,140,160
if(ne) 150,150,210
dirin(j)=gomedirin(j)
ne=1
go to 590
x2=dirin(j)/be
xi=x2/al
do=x2eyl 4
db=x1ey2
dpp=do~db
if{(dpp.ge.9.e®®.0nd.dpp.le.1.e-38) dpp=1.e-38
it(dpp.lt.2.e00.and.dpp.gt.~1.e~38) dpp=—~1.e-~-38

.imi(30)
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b/minima/ omin ,up ,newmin .itour JAmi(30)
common/qiul/tp,ef, fmin,p0,pk,vk .
double precision dup,dv
dimension dv(15,15)
dup=dble(up)
squp=dsqrt(dup)
write(isyswr,b1000)
kount=0
do 200 i=1,nu
20 I=tcorsp(i)
if(1.eq.8) go to 55
it(isw(2)-1) 29,25,25
25 it(v(l,1).0t.0.) v(1.1)==v(1.1)
dv(l.l)‘dble(v(l.l;
werr(i)=dexdin(x(!),1)sdsqrt(dv(!,1))ssqup
29 if(kount) 30,30,40
30 kount=1
write(isyswr,1001)fval,nfcn
go to 200
49 continue
go to 200
55 if(ikode.eq.®) go to 200
if(kount) 60,60,70
60 kount=1
write(isyswr,10@1) fval,nfcn
go to 200
79 continue
200 continue
write(isyaswr,1003)

[

return
1000 format(14x,' fecn value’,5x,' colis’)
1001 format(10x,e15.7,i7)
1802 format(’ ' ,55x,i6,i4,1x,204,2x,4¢13.5)
1003 format(' ' )

end

subroutine comand
impticit double precision (o-h,o-2)

common
2/parint/ x(15) ,xt(158) Ldirin(15) ,maxint ,npar
3/parext/ u(30) ,w(30) ,werr(30) ,maxext ,nu
4/1imits/ alim(30) ,blim(30) ,lcode(30) ,dcorsp(32) ,)limset
5/variaon/ v(15.15)
6/unit / isysrd Lisyswr
8/titie / titie(29) Lisw(7) ,nbiock
9/conver/ epsi, apsi ,viest ,nNstepq ,nfen .nfecnmx
a/card / cword ,cword2 ,word7(7)
b/minimo/ omin L Up ,newmin Jitaur yImi(30)

c/deriva/ g(30)
common/qiul/tp,ef fmin,p®,pk,vk
dimension word8(8)
equivolence(wordB,cword2)
npunch=@
itaur=0
nfcnmx=1500
epsi=.0000000000000001
nstepq=2
coll touros
iflag=3
write(isyswr,K5009)
5009 formot(’'@cail to fcn with iflag=3"'/)
cotl fen{npar,g,.f,u,itlag)
return
end
subroutine touros
implicit doubie precision (o-h,o-2z)

common
2/porint/ x(13) Jxt(15) ,dirin(15) ,maxint .npor
3/parext/ u(30) ,w(30) ywerr(30) ,moxext ., nu
6/unit / isysrd Jisyswr

8/titlie / title(20) Lisw(7) ,nblock

9/conver/ epsi, apsi ,vtest .nstepgq .nfcn ,nfecnmx

o/card [/ cword .cword2 word7(7)
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stj=.5¢(daex2+dbex1)/dpp
it(stj) 170,210,170

170 do 180 i=1,npar

180 y(i)=x(i)+stjexsa(j,i)

caoll intoex(y)
iflag=4 N
call fen(npar,g,a,u.iflag)

nfcn=nfcn+i

if(a—-amin) 190,210,210 -
199 amin=aq

do 200 i=1,npar
200 x(i)=y(i)

d(j)=d(j)+st]
210 continue
nst=nst+1
if(i;wtr.ge.J.or.(isvtr.eq.z.and.mod(ns(.10).eq.0)) cati mprint(@,
omin
262 if(nfcn—nfcnmx—npfn) 270,430,430
270 continue

ame=amin—-ast

if(ame) 290,280,280
280 write(isyswr,h498)

go to 435
290 if(epsi+ome) 380,410,410
300 neq=0

310 do 320 i=1_,npor
320 et(np,i)=d(np)exs(np,i)
if(npar.eq.1) go to 49
do 330 j=2,np
ji=np+i=j
do 330 i=1,npor
330 et(jj,i)=et(jj+1,i)4d(jj)exs(jj.i)
do 480 j=1.np
do 3408 k=1,npor
340 xs(j,k)=et(j.k)
if(j—-1) 389,389,350
3508 do 370 i=2,j
d(i)=e.
do 360 k=1,npar
350 d(i)=d(i)+et(j.k)exs(i~1,k)
do 370 k=1,npar
370 xs(j.k)=xs(j.k)-d(i)exs(i-1,k)
380 xn=0.
do 398 k=1,npor
390 xn=xn+xs{j,k)ee2
dxn=dble(xn)
dir=dsqrt(dxn)
dirin(j)=direal
if(dir.le.1.e~38) go to 2222
do 4090 k=1,npar
428 xs(j,k)=xs(j.k)/dir
2222 continue
go to 40
4190 neq=neq+1
if(neq-nstepq) 310,420,420
420 continue
write{isyswr,500)
go to 435
439 write(isyswr,518)
isw(1)=1
435 continue
do 450 i=1,npaor
d(i)=0.
do 450 j=1,np
440 d(i)=d(i)+dirin(jlexs(j.i)
45@ continue
do 460 i=1!,npor
469 dirin(i)=d(i)

caoll intoex(x),
coll mprint(1,omin)
return

470 format(1x,"stort point for touros min',/1x,'convergence criterion’
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1,/vx,'function change less than',e10.2,'during’,i3,"futl iterat’/)
480 format(’ " ) : .
490 format( ‘minimizotion terminated since no improvement®,/1x,

1'can be found on current minimum®)
500 formot(° tauros minimizotion has converged®/)
5190 format(51hOtauros minimization terminated without convergence /)

end
subroutine fcn{npar,g.f.x,iflag)
implicit double precision (a-h,o0-2z)
dimension x(5)
common/qiul/tp.,et tmin,pO,pk,vk
goto(58,50,50,5@)itiog
50 - continue

bixef

b2=3.44070e-02

b3=1.63610e+02

b4=1.31238e-09

b5=~3.92550e~17

b6=<8.97300e~32

b7=1.97094e-24

o=b2e{tp-b3)
ak=g+b5ex(3)ee2.8+40.5eb6ex(3)se4. 0
bk=b4+08.33333eb7ex(3)ee2.8
f=B.5e00x(1)s02.0+02.25+b4ex(1)asd B=blex(1)
f=1+0.25eakex(2)ee2.0
fmf{+0.09375ebkex(2)es4.0
=(+0.375e(bd+bk)ex(1)ee2 . Bux(2)ee2.0
if(ittag.ne.3) return

fminef

po=obs(x(1))

pk=abs{(x(2))

vk=abs(x(3))

return

end
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TABLE CAPTIONS

Table 1.1 Lattice parameters of NaNO, (in unit of R). standard devia

tions are in parentheses and refer to the least significant figures.

Table 4.1 Predicted values of [&4°T-&,] for some acoustic modes in

NaNO5.

Table A.1 Dimensions of the coefficients of the Landau free energy in

both MKS and CGS units.

Table A.2 Conversion of each coefficient in the Landau free energy from

MKS to CGS wunits.

Table A.3 Comparison of the values of the coefficients in the sixth

order free energy model determined by three authors.
Table E.1 HFBR statistics. (Ref. 115)
Table E.2 HT7 station parameters. (Ref. 115)

Table H.1 Character tables of point groups Cpy and Dop. (Ref. 116)



= 121 =
TABLE 1.1
Lattice parameters of NaNO, (in unit of R). Standard deviations

are in parentheses and refer to the least significant figures

room T T=150°C T=Tr T=185°C T=225°C
a 3.560 (10)  3.642 (19) 3.665 3.671 (12)  3.695 (17)
b 5.563 (05) 5.653 (20) 5.670 5.670 (08)  5.701 (30)
c 5.384 (05) 5.375 (16) 5.358 5.341 (18) 57298 (22)

TABLE 4.1

Predicted values of [85:T-&,] for some acoustic modes in NaNO,

Longitudinal (L) Transverse (T,) Transverse (T,)

a = (0,1,0) 2 = (0,0,1) a = (1,0,0)
q pv® = Cyp pvZ = Cuy pv® = Ces

VV [O1OJ Eé paz 0 0

V2
Hy =4.97T010] 0 ——€zey D, 0

V2
Vh ’4.90[010] 0 -—2—€y€z pw 0

1 2 1 2

Hp [o10] "5 ExP12 * FE€yP22 0 0

4,9°C010): A right-hand screw motion through 4.9° from [010], along +&,
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TABLE A.1

Dimmensions of the coefficients of the Landau

1 1

L f £ ax
MKS
(3 = (29 = (L5
(=)
Vm Jm
() = (<)
Vm, _ ,dJm
(23 = ()
(Vm5 i (Jms)
<y T\ T
9 9
Vm?3 Jm?3
() - &
Vm?® JmS
(_C—) = ( Cz)
7 7

free energy in both MKS and CGS units

_2_‘016._, 1_ 21_22122
2Ap + 4BP + gCP - EP + Za(Wﬂ + MB(VP) + EnP(VP)

CGS

erg esu? statvolt-esu
( = = (———)

esu
(cmz)

(Statvolt-cm

) = dimensionless
esu

1) _ (statvolt-cm
F) = (D)
esu-T

( cm“) : (statvolt-cms)
esu* esu’

( cma) _ (statvolt-cmg)
esu’ esu®

- (statvolt-cma)
esu

_ (statvolt-cms)
esu

( cms) _ (statvolt-cm7)
esu’® esu”
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TABLE A.2
Conversion of each coefficient in the Landau

free energy from MKS to CGS units

MKS CGS

(V_m) _ 1 (statvolt-cm)
CT 9X109 Teesy

(Vms) _ 1 (statvolt'cms)
c? - 81x10° esu’

(Vmg) B 1 (statvolt-cmg)
cs B 3%10°° esu®

(Vm3 _ 1 (statvolt'cma)
C 9x10° esu

(Vms) - 1 (statvolt-cms)
C 90 esu

(Vm7) - 1 (statvolt'cm7)
c? 3*x10t° esu’

v _ 1 statvolt

(E) - 3x10" ( cm )
C _ s , €su

(—r-n?) - 3x10 (cmz)

uC _ 3 ,€esu
(Eﬁr) = 3x10 (EET)
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The values of the coefficients in the sixth order
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TABLE A.3

free energy model determined by three authors

CGS
2.4x1072
-8.{6x1 Oaly
5.9x107%°
"-2.6)(10""17

5.5x1073

TAP? + 1BP* + FCP® = EP + Ta(9P)? + 1B(V?P)? + FP(TP)?
S.L.Qiu et al.‘ w..Buchheit et al..” D.Durand et al.."6
MKS cGSs MKS cGs MKS

1.7x107 1.9x107° 1.9%107  2.1x107° 2.2x107

~1.3%10%°  =1.6x107"  =2.2x10%® =2.7x107**  =7.0x10%°
3.0x10%2  4.1x1072°  L4.3x10%2  5.9%1072° 4.3x10%
21.2x1071  =1.4x107Y7 2.3%10711
2.8%107%°  3.1x10%%2 5.,0x107%
3.4x1077 4, 2x1072 3.7x10%8

4,5x1072°

Note: (a). The units of the above coefficients are listed in Table A.1.

(b). The values of the coefficients a, B and n determined by

D. Durand et al."® have been converted :

a  ~T7.3x10° MKS(r.u.)7% » =2.3x1071 (Jm3C=?)

B 4.9x10 MKS(r.u,)™ » 5.0x107%% (Jm°C™?)

n 1.15x10!? MKS(r.u.)™2? + 3.67x10™® (Jm3C™")
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TABLE E.]l

HFBR Statistics

(Ref. 115)

Reactor power
Total fast neutron flux, fuel region
Maximum thermal flux, reflector
Active core volume
Active height of core
Diameter of core (equivalent cylinder)
Number of fuel elements in core
Dimensions of fuel element
Cross section (fuel plates)
Length of 2 outer plates
Length of 18 inner fuel plates
Total length of fuel element
Uranium-233 content of fuel eiement
Total uranium-235 loading
Reactor coolant
Total coolant tlow rate
Maximum operating coolant pressure
Maximum operating inlet coolant temperature
Maximum temperature at fuel element surface
Number of control rods
Dimensions of control rod cross section
(rods are right angle shape)
Length of main rods
Length of auxiliary rods
Neutron absorber in rods
Diameter of spherical portion of reactor vessel
Diameter of neck of reactor
Thickness of thermal shield (lead and steel)
Minimum thickness of biological shield

(heavy concrete)

60 million watts
5
2.4 X 10" n/em*-sec
- 5 2
1.05% 10" n/em®-sec

97 liters

']

52.7 cm

[94]

-
-

.Scm
28

8.113X 7.163 cm

4 cm

o
o W

ot
-1

cm
1544 cm

351 g

9.8 kg

heavy water (D)

1150 liters/sec

1.72% 10° pascais
65" C

=175°C

16

76X7.6X1.78cm
1029 cm

318 cm

Dy203 and EuO3
208.3 cm

1219 cm

229 cm

243.8 cm
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TABLE E.2

H7 Station Parameters (Ref. 115)

Flux at monochromator position

(20" collimation in-pile) 4.1¢10% n/em’-sec
Monochromator scattering angle - 10°<00m<73°
Eo or Ao (PG 002) ' 4.9<E0<240 meV

4.1>10>0.58 A

Beam size at sample 5 (3.1 (w)em”
Sample scattering angle —45°<205<128°
Analyzer scattering angle —-100°<294<100°
In-pile collimation . 10°,20°, ¢ .
External collimation 10, 207, 40r

Detector B,
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TABLE H.1

Character tables of point groups Coy and Dop (ref. 116)

E Co ov(xy) ov(yz) [mm2]

1 1 1 1 z X, y? z?

1 1 e ~1 Ry Xy

1 =1 1 =1 X, Ry X2

1 =1 =1 1 ¥, By yZ
Co Caly) Colx) 1 olxy) olxz) oyz) (mmm]
1 1 1 1 1 1 1 x3,y%,z2°
1 =1 =1 1 1 =1 =1 . Ry Xy
=1 1 =1 1 =1 1 =1 Ry Xz
bl =1 1 1 =1 =1 1 Ry Yz
1 1 1 =1 =1 =1 -1
1 =1 =1 =1 =1 =1 1 Z

~1 1 =1 ll 1 =1 1 y

=1 =1 1 w1 1 1 =51 X
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FIGURE CAPTIONS

Fig. 1.1 Body-centered orthorhombic unit cell of NaNO, in the low tems
perature ferroelectric phase. The spontaneous polarization is along the
b~axis. In the paraelectric phase the NO,” dipoles are oriented with

equal probablity along zb.

Fig. 1.2 Temperature dependence of spontaneous polarization measured

with decreasing temperature®’. Dashed curve: results of Hamano?®.

Fig. 1.3 Single particle potential V° for Q = (Y, ¢). The points A=F
correspond to the values (¢, ¢) = (0, 0); (0, 180); (90, 180); (90, 0);

(=90, 0); (=90, 180) in degrees respectively?s,

Fig. 1.4 Schematic structure of the INC-phase of NaNO,. Upper row: the
two positions (up/down orientations) of the NO,” ions. Lower row: corresns
ponding positions of the Na' ions. Dark, light and shaded: high, low and
average probablity of the site occupation. The repeat distance shown is

of length about 9a®,

Fig. 2.1 Temperature dependence of the dielectric constant of melt=s

grown NaNO, in vacuum with zero bias field.

Fig. 2.2 Thermal hysteresis about 0.2°C at Ty: (A) the heating process

and (+) the cooling process.

Fig. 2.3 Temperature dependence of the dielectric constant of NaNO, in
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vacuum with increasing bias field Ep.

Fig. 2.4 Experimental phase transition diagram under the longitudinal

electric field.

Fig. 2.5 Elastic scattering of neutrons from NaNO,. The scan is along
the a=maxis through the (020) Bragg peak (The wavevector is in units of

the reciprocal lattice vector a*). T=163.5°C.

Fig. 2.6 Intensity of the (620) satellites in NaNO, vs T for bias fields

Ep = 0 (+), 0.6 kV/cm (0), 1.2 kV/cm (A) and 1.8 kV/cm (o).

Fig. 2.7 Modulation wavevector § of the INC-phase of NaNO, vs T for the

bias fields shown in Fig. 2.6.

Fig. 2.8 Intensity of the (820) satellites in NaNO, vs T for Ep = O.
Special attention was paid tc the temperature control in the vicinity of

TL.

Fig. 2.9 Temperature dependence of ef! at 1 kHz as measured at decre=

asing temperature.

Fig. 2.10 Calculated phase diagrams of the fourth order free energy
model with different n values: the solid curve with n = 0, the dashed
curve with n = 5.1709%x107%* (in CGS wunits) and the dot curve with n =

1.1709x1072% (in CGS units).



= 130 -
Fig. 2.11 Free energies FiNC and F{erro at zero electric field. The inw

tersection determines the transition temperature Ty,.

Fig. 2.12 Py versus T curve at zero electric fielid. The end point of

the curve on the abscissa gives Tj.

Fig. 2.13 Calculated modulation wavevector of the fourth order free
energy model with different n values: the horizontal line with n=0, the
dashed line with n = 1.1709xj0"‘2", the solid line with n = 1.9709x1072",
the dot dashed line with n = 1.1709x107%% (all in CGS units). It is clear
that without an n term in the free energy expression the modulation

wavevector is temperature independent.

Fig. 2.14 P} versus T curve which gives the intensity distribution of

the satellites.

Fig. 2.15 Calculated dielectric constant at Ep = 5 statvolts/cm for P =

P, + Pycoskx.

Fig. 2.16 Calculated dielectric constant at (a) Ep = 5, (b) Ep = 7, (c)
Ep = 9 statvolts/cm obtained by introducing the "field-linear harmonic"

term: Pppcos2kx.

Fig. 2.17 Calculated phase transition diagram of the sixth order free
energy model (the dashed curve). For compariscn, the phase diagrams of
the fourth order model (the solid curve) and the experimental results

(the discrete points) are also plotted.
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Fig. 2.18 T; = T}, versus longitudinal electric field Ep. The discrete
points are the experimental results and the solid curve is the calcun~

lated result of the sixth order free energy model.

Fig. 2.19 Calculated modulation wavevector versus T curve of the sixth
order free energy model with n = 4,1520x1072* (in CGS units), the dis-

crete points are the experimental results.

Fig. 2.20 67 and § versus longitudinal electric field. The upper and
lower solid curves are respectively the calculated §7(E) and §,(E) of the
sixth order free energy model,the discrete points are the experimental

results.

Fig. 2.21 Tp = T, 67 and & versus longitudinal electric field. This
figure was obtained by plotting Fig. 2.18 with Fig. 2.20 together. The
ordinate for the ¢ is on the left, while that for the Ty = T[, is on the

right.

Fig. 2.22 Diffuse neutron scattering. The ratio of the slope of the
peak possitions of the diffuse scattering above Ty to the slope of the

satellite possitions below Ty is about 1:l4.

Fig. 2.23 The peak possitions of the diffuse scattering above Tr and
the satellite possitions below Ty predicted qualitatively by the free
energy model , where (a) n # 0, a = constant; (b) n =0, a = a(T); (c) n #

0, a = a(T).
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Fig. 3.1 Schematic phase transition diagram which is related to a first
order transition from the disordered phase to the ordered phase, where

the point LP is a virtual Lifshitz point.

Fig. 3.2 Intensity of the satellites versus temperature when the
applied electric field is along the amaxis. The fields are: + = 0, A =
0.55, o = 0.82, ¥ =1.09, o =1.36 kV/em. The solid lines are for guiding

the eye.

Fig. 3.3 Intensity of the satellite versus temperature when the applied
electric field is along the c—axis. The fields are: + = 0, A = 0.74, o =

1.47, ¥ = 2,21 kV/cm. The solid lines are for guiding the eye.

Fig. 3.4 Modulation wavevector measured in units of a* versus tempera=
ture, the fields along the a-axis are: + = 0, A = 0.55, o = 0.82, ¥ =
1.09, o = 1.36 kV/cm. The solid lines are to guide the eye. The horizons
tal line on the highest field curve represents the extrapolated zero in-
tensity points of the respective curve of Fig. 3.2.

Fig. 3.5 Modulation wavevector measured in units of a* versus temperas
ture, the fields along the c=maxis are: + = 0, A = 0.T4, o = 1.47, * = 2,21
kV/cm. The solid lines are to guide the eye. The horizontal line on the
highest field curve represents the extrapolated zero intensity points of

the respective curve of Fig. 3.3.

Fig. 3.6 Lifshitz point. The dashed line is the calculated Ty = T, while

the upper and lower solid lines are respectively the calculated limiting
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modulation wavevectors §r and §, as a function of . When o goes to zero,
the INC region Ty = T, vanishes and the wavevector § goes to zero contism
nously. At the point at which a=0 and the three lines meet, all the con-
ditions for the existence of an LP are satisfied. The ordinate for the §

is on the left, while that for the Ty =~ Ty, is on the right.

Fig. 3.7 The upper solid line is the calculated value of &1, while the
lower solid line is the calculated value of §;,. The dashed line is a plot
of the calculated value of (T7 = T[) as a function of transverse electric
field. The discrete points are the experimental data for &1, (¥), &, (%),
and Tt = Ty, (o), with the fiéld along the a—axis. The ordinate for the §

is on the left, while that for the Ty = Ty is on the right.

Fig. 3.8  Description for this figure is the same as that for Fig. 3.7,

except the field is along the cwaxis.

Fig. 3.9 The experimental data shown in Fig. 3.7 are now plotted on an

expanded scale with error bars to show the accuracy of the results.

Fig. 3.10 The experimental data shown in Fig. 3.8 are now plotted on an

expanded scale with error bars to show the accuracy of the results.

Fig. 3.11 The calculated phase transition diagram for E=field parallel
to the c~axis, in a manner similar to the schematic phase diagram in Fig.

3.1.

Fig. 3.12 The calculated phase transition diagram for Es~field parallel
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to the a-axis, in a manner similar to the schematic phase diagram in Fig.

3.1,

Fig. 4.1 A typical Brillouin scattering spectrum of NaNO, under zero
electric field at T = 198.0°C with the acoustic phonon propagating along
the [010] direction, where the discrete points are the experimental data
while the solid curves are the fitting results by a nonlinear least
squares fitting program. The two Brillouin components were assigined

experimentally as a L-mode and a T;-mode according to the Table 5.1.

Fig. 4.2 A series of Brillouin spectra of NaNOp under zero electric

field from 50°C upto 240°C.

Fig; 4.3 Brillouin frequency shift versus temperature of the L-mode

propagating along the [010] direction.

Fig. 4.4 The temperature dependence of the longitudinal acoustic phonon
propagating along the [010] direction in the vicinity of the phase tran-

sition temperatures Ty and Ty, The solid lines are drawn as an eye guide.

Fig. 4.5 The Brillouin frequency shifts versus temperature of the L=
mode propagating along the [010] direction under E~=field parallel to the

ewaxis: (a) Eq = 0.5 kV/cm, (b) Eg = 1.0 kV/cm.

Fig. 4.6 Acoustic mode energies in NaNO> from inelastic neutron
scattering experiment with q parallel to the a—axis. (¥) T = 165.41°C, (o)

180.72°C.
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Fig. 4.7 Temperature dependence of the hypersonic velocities of the
longitudinal acoustic wave propagating along the [010] direction, where:

(a) and (b) E = 0, (c) E5 = 0.5 kV/cem, (d) Eg = 1.0 kV/cm,

Fig. 4.8 Temperature dependence of the ultrasonic velocities of the
longitudinal acoustic wave propagating along the directions: (a) [010],
at 2.74 MHz, (b) [100], at 6.60MHz, (e¢) [001], at 12.0Mhz. (from refers

ences (60) and (61)).

Fig. 5.1 T; and Tj, versus hydrostatic pressure, the solid line are for
guiding the eye. The two sets of data were obtained in two different
cases of temperature measurements: (o) the thermocouple was mounted

outside the high pressure vessel; (A) inside the high pressure vessel.
Fig. 5.2 Brillouin frequency shift versus temperature as function of
hydrostatic pressure, where (A) 14.5 psi (1 atm), (o) 900 psi, (o) 1500

psi. The solid lines are for guiding the eye.

Fig. 6.1 The graphical solution of the impliecit mean field Eq. (6.9)

Fig. 6.2 1Ising model with competing interactions. (Ref. 111, 112, 93)
Fig. 6.3 Mean=field phase diagram of the ANNI model. (Ref. 112, 93)

Fig. 6.4 Ground-state spin configurations (T = 0): (a) ferro-phase, (b)

ferronphase with domain wall.
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Fig; 6.5 Dielectric constant calculated from the ANNNI model with an
initial spin configuration of (=,+) and ~J,/J, = 0.347, J, = 80.7. For the
solid curve, E = 0.0; for the dotted curve, E = 10.0; for the dotsdashed
curve, E = 20.0; for the dashed curve, E = 30.0. (E = 1 corresponds to

Eext = 86 statvolts/cm)t

Fig. 6.6 Dielectric constant calculated from the ANNNI model with an
initial spin configuration of (=,~,+,+) and =J,/J, = 0.347, J, = 80.7. For
the solid curve, E = 0.0; for the dotted curve, E = 10.0; for the dot=

dashed curve, E = 20.0; for the dashed curve E = 30.0.

Fig. 7.1 Schematic behavior of the free energy F of the three states
extremizing F. At each temperature the lowest free energy determines the

stable state.

Fig. 7.2 Phase diagram in molecular field approximation to fourth

order. In the shaded region the expansion is not valid.

Fig. C.1 Schematic diagram of the General Radio Type 716=C Capacitance

Bridge.

Fig. C.2 Simplified schematic diagram of the Type T716=C Capacitance

Bridge.

Fig. C.3 Simplified circuit of the capacitance measurement under D.C.
field, where DCP is the high voltage D.C. power supply, vA is the micro-~

ampere meter, DET is the Lock=in amplifier, GEN is a sinemwave generator.
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Fig. C.4 Furnace and sample holder which were designed and built at
BNL for both neutron scattering and dielectric constant measurements. A:
thermistor, B: sample, C: electrodes, D: sample holder, E: cover #1, F:

cover #2, G: cover #3, H: heater, I: thermocouple.

Fig. D.1 Brillouin scattering spectrometer consisting of an ion laser,
computer controlled triple pass Fabry=Perot interferometer and digital

data collection system.

Fig. E.1 Plan view of the location of the experimental beam tubes and

irradiation facilities within the reactor vessel. (Ref. 115)

Fig. E.2 Schematic plan of tripleraxis spectrometer installed at H7.

(Ref. 115)

Fig. E.3 Definition of the angles C,, C,, C,, A,, A,, As;. Where KT and Kp

are the initial and final wavevector of neutrons.

Fig. E.4 Vector diagram of the elastic neutron scattering with the mod~

ulation wavevector k along the a¥* direction.

Fig. F.1 High pressure seal vessel. A: sample, B: thermocouple, C & D:
electrodes, E: ceramic cylinder, F: the seal vessel, G: 100,000 psi pres=

sure AMINCO lines, H: a special seal nut.
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