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ABSTRACT

The mechanism of the a—f phase transition in K,ZnBr, is
investigated by means of X-ray diffraction and Brillouin
scattering. The transition is a fifst order and reconstructive
one éccompanied with a large amount of atomic disélacements..By
X-ray study an interésting relation were found between the unit
cell axes of the & and S phases. The relation can not be
explained by an ordinal group theoretical method applicable to
the secénd order phase transition in orthorhombic Rb,ZnCl,—group
crystals. In order to explain the transition mechanism, an
intermediate body-centered cubic and a hexagonal closed—packed
structure are considered as virtual states between the « and A
phases as the virtual intermediate states model (VIS model).

The Brillouin scattering spectra have been observed near the
transition point (Ttﬁ458K) as a function of temperature. After
the transition, the spectra of high—-temperature ﬁ‘phase take
different values of the fregquency shift in each experimental run
in contrast to the good reproducibility in low a phase. A
characteristic discreﬁe distribution of the frequency shift of
the longitudinal acoustic mode in the [ phase was observed by
Brillouin scattering experiment repeated many times on heating
run through»Tt. On the other hand, the transverse mode shows
negligibly small anomalous behavior near Ti. The results are well
explained by the elastic properties calculated in terms of the
VIS model. Furthermore the space groups of the virtual
intermediate states are concluded as Im3m and P6,/mmc by the both

results of X—rdy and Brillouin scattering studies.
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CHAPTER 1 INTRODUCTION

Phase tfansition phenomena exist widely in nature. They have
been generally classified into two parts; first order transition
and second order one. For the latter case, due to its continuous
behavior near the transition point, a group—subgroup relationship
holds between the high and low symmetry phases which take place
on each side of the transition. This relationship defines the
symmetry of the lower temperature phase as a subgfoup of the
symmetry group of the high temperature phase. The most
characteristic point of the transition is that it is accompanied
with infinitesimal displacements of the atoms from one
equilibrium position to another at the transition. For these
transition, many successful studies havé‘been carried out
theoretically and experimentally in recent few decades in terms
of an application of the symmetry and thermodynamic concepts of
the Landau theory.

On the othér hand, for the first order transiiion, a
finitary atomic displacement and strong discontinuous properties
appear in addition to breakdown of group—subgroup relationship
between the two phases. (Strictly speaking, although a part of
first order phase transitions has the group—subgroup
relationship, we pay attention to the first order phase
transition which do not have the relationship, here.) Due to
these difficulties few studies have been reported for the first

order phase transition. However, although the most of elements,l)

a number of alloysl’z), many of dielectricsz) and ferroelectrics

belong to this category. In particular the reconstructive phase

transition which are accompanied by large atomic displacements is



usually accepted as the transition where no symmetry relation
holds between the relevant phases. By V. Dmitriev etal. some
theoretical studies have been reported for only some
reconstructive phase transitions.3) But these reports can not
explain the characteristic of the reéonstructive phase transition
enough.

In contrast to the preceding idea, the present study adds a
new light to the study of the reconstructive phase transition.
- Here, we consider as the following; a physical relation should
exist between the two phases in each side of the reconstructive
phase transition due to a restraint in the cause of composing
their crystal structures. Then the present study treats the
reéonstructive phase transition changed from a solid phase to the
other one. We chdse here ferroeleqtric K,ZnBr, crystél as a
typical eXample of the reconstructive phase transition, the a-8
transition; The relationship between the crystallographic axes of
the low temperature a and high temperéture B phases is observed
by using X-ray diffraction and Brillouin scattering. In order to
explain the axis relation obtained by X-ray study, the virtual
intermediate states model (the VIS model) is newly proposed as a
mechanism of the a—f transition. The VIS model is assumed the
group—subgroup relation between the a phase and a virtual
‘intermediate state (VIS), and between the B phase and the other
VIS, respectively. The Burgers’' relation between body-centered
cubic (bcc) and a hexagonal closed-packed structure (hcp)
structure is applied to a relationship between the two VIS. By
the VIS model it becomes possible that the reconstructive phase
transition is considered continuocusly. Furthermore, the VIS model

is confirmed by Brillouin scattering study.



In § 1.1 the studies of the A.,BX, type compounds are briefly
described. The historical studies of the o—f8 transition are
summarized in 8 1.2. The purpose of the present study is

described in §1.3.

§ 1.1 A,BX, type Ferroelectrics

Ferroelectrics of A,BX, type compdunds generally have either
a phase transition sequence baséd on the BL-K.SO, type structure4)
or the SrzGeS4 ﬁype structure5). The B—KZSO4‘type compounds have
the isomorphous structure with the space grdup Pmcn'and indicate
a similar sequence df phase'transitioné each other.4’6’7) In
A,BX, type‘compounds, it is well known that the sequence is
realized in the case of A is K or Rb,‘B is Zn or Co and X is Cl
or Br. In this case the‘compounds undergo the phase transition
from the normal phase with F-K,SO, structure (Pmcn) to the
incommensurate phase followed by the commensurate phase of
threefold cell expansion along the c—axis (ferroelectric,
P21cn).7—9) We abbreviate normal, incommensurate and commensurate
as N, INC and C, and for the compounds K,ZnBr,, K,CoBr,, Rb,ZnCl,
and Rb,ZnBr, as KZB, KCB, RZC and RZB,‘hereafter. These compounds
are known as the Rb,ZnCl, group compounds (the RZC group
compounds) expect for KZB and KCB.8) By Shimizu et al. the phase
transition sequences were summarized in ref.10 as shown in
Fig.l1.1.

Some of the latter Sr,GeS, type compounds in A,BX,
ferroelectrics have been investigated by several authors mainly

on the halide compounds for X=Br or I.5’10_17) Gesi first observed

ferroelectricity of the Sr,GeS, type compound of Tl.,ZnI, and



Rb,znCl, i c |INC| N
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Fig. 1.1 f-K.S0, type ferroelectric crystals, where A=Rb or K, B=Zn
or Co and X=Cl or Br, and their phase transition sequences. N:
. normal phase, INC: incommensurate phase, C: commensurate phase.
Each crystal shows ferroelectricity along the a—-axis below iﬁs

incommensurate—~commensurate transition point. [Shimizu et al.lo)]



found a phase transition from a paraelectric Sr,GeS, structure
phase with space group P2,/m to a férroelectric phase with P21.5)
It was also pointed out by Gesi that:there is a possibility of
finding other ferroelectric materials in the Sr,GeS, type
compounds. Recently, the ahaldgbus ferroelectricity and phase
transition sequence have been reported in some other

10,15-17) |

compounds .

Some compounds among these'AzBX4 type ferroelectrics,
KCB9,17~19), KZBQ,10,16,19,20), RbZZnI414’20), szMnI421,22)
{RMI) and szFeI423) (RFI), have both phase transition sequences
based on the Sr,GeS, and F-K,S0, type structures (a and £
‘sequences,brespectively). The a sequence is the low temperature
stable one and the S sequence the high temperature stable one.
Furthermore, a phase transition between the two sequences takes
place and is called as the a—-f transition. The a-f transition is
a first order and reconstructive one. For example the successive
transitions of KZB on the a and B sequences. are summarized in
Fig.l.220’24) The [ sequence changes again to the a sequence
below 440K. If the crystal is quenched rapidly, the crystal
system remains in the B sequence. But below 440K, the £ sequence
is metastable and reverses to the « sequéﬁce. On the [ sequence,
the crystal successively performs the N—INC and INC-C phase
transitions as the RZC-group ferroelectfics.s)

As shown in Fig.1.2, the phases on each sequence are denoted
as ay and ayy in a sequence and BI"BII’ 6III and BIV in the 8
sequence, respectively. The a—f transition takes place between ay
and BII phases. Hereafter oy and BII phases are denoted as a and

B phases for simplicity. The mean structure of disordered-a phase

is shown in Fig.l.3(a).16) Hereafter we call this structure as «



93 Ol 155 Ol 460(K)
? l P2 l P2:1/m
Ol sequence A

BIV 190 BIH 292 BH 561(K) BI
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Fig. 1.2 The phase sequences and the space groups realized in

K,ZnBr, .
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Fig. 1.3 The a and £ structures of K,ZnBr,. (a)The b axis of this
monoclinic unique axis is perpendiculaf both to the a and c axes.
Filled circles (K—gtom) and filled ZnBr, tetrahedron lie on one
mirror plane (z=1/4), and open circles lie on the other mirror
plane (z=3/4).

(b) B structure takes the pseudo-hexagonal structure. The ¢ axis
is the pseudo-hexagonal axis and is perpendicular to the plane.
The filled and open circles showing the tetrahedra (ZnBr,)

indicate the different layers on which the center Zn—-atoms sit.



structure. That is, the a structure is the Sr,GeS, type
structure, monoclinic one. Similarly, B structure shown in
Fig.1.3(b) is given as the mean structure of disordered B1
phase.zo) The B structure is the G-K,S0, type structure,
orthorhombic one. The phase transition accompanies a considerably
lafge atomic displacement because of the difference between the
~two crystal structures.20’24)

In summary,‘the interesting points of the o—-f transition are
as follows: from a structural viewpoint, the succession of phases
on the B8 sequence and'also the crystal structure of'ﬁ-phasezo)
are similar to those of the RZC group. On the other hand the «
sequence shows a quite different sequeﬁce and structure from the
RZC group. In addition to this, the a—f transition is the

reconstructive one, so a considerable amount of atomic

displacement is expected.

8§1.2 Historicai Revieﬁ of the Studies of a—-f Phase Transition

A few studies have been reported on the ao-f transition:
Shimizu et al. have been reported some anomalous quantities for
the a—f transition at Tt by the differential thermal analysis
(DTA) measurement and dielectric measurement of KCB17’19),
kzB10:19) | rM122,23) ang RF123). The results of KZB are shown in
Figs.1.4(a) and (b).l7) In the curve 2 (the dielectric constant)
of Fig.l.4(a) and the curve 1 (DTA trace) of Fig.l1.4(b), the
anomaly observed around 470K indicates the a8 transition on
heating run. The characteristic of the a—-f transition is the
strong endothermic anomaly as shown in Fig.1.4(b). The curves 1

and 2 in Fig.1.4(a) indicate a cooling and heating runs in the «
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Fig. 1.4 (a) Temperature dependence of dielectric constant, Eg

along the a—axis of K,ZnBr,. (b) DTA trace of K,ZnBr, on heating.

{Shimizu et al.lg)]



sequence, respectively. The anomaly observed around 155K
indicates a phase transition from paraelectric ay phase with
P2,/m to ferroelectric ay1 phase with P2,, which is
characteristic of the a sequence. The curve 3 in Fig.1.4(a) shows
the heating and cooling runs on the £ seQuence below 440K. The
curve 2 in Fig.1.4(b) also indicates the heating on the g
sequence. Thus the high temperatﬁre stable (B sequence is easily
supercooled to realize all other phases on the seqﬁence.

The a—f transition from a to 8 phase haé been iﬁterested
because of the long time behavior of the transition process. In
KCB17) and KZBZS), the time-dependent recovering process from the
metastable B to the a phases has been'investigated in the region
between 470K and room temperature by measuring of dielectric
constant as shown in Figs.1.5(a) and (b).25) In Fig.1.5.(a), the
curve obtained at each quenching temperature show§ a gradual
approach toward thé value of the a phase. Figure 1.5(b) shows the
plot of incubation time obtained in Fig.1.5(a) as a function of
holding temﬁerature. Here the incubation time is defined as
necessary time to start to change to the a sequence. As shown in
Fig.1.5(b), the supercooled sample in the temperature region
around room temperature recovers most quickly.

By Mashiyama ét alzo) the temperature dependence of the unit
cell of KZB is given in both of the a and B8 sequence as a
function of temperature. The unit cell volume of the B phase is
Just twice the «a phase within the experimental errors in the
whole temperature range as shown in Fig.l.B.zo) Finally the
history of studies about the a—-8 transition is summarized in
Table 1.1. However, there is no report about the

reconstructiveness of the a—-f transition.

10
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Fig. 1.5. (a) Time dependence of the'dielectric constant (c-—-
direction) after the sample was quenched to temperatures shown in
the figure, from above the a-f transition. (b) Open circles
indicate the incubation time as a function of quenching
temperature for K,ZnBr,. Broken curve indicates the data of’

K,CoBr,. [Shimizu et al.zs)]
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year
1975
1978

1984
1985

1986
1990

1990

1991

1992
1992

1993
1994

1994

1994
1994

1994
1994
1994
1994
1994
1994

compond

K,CoBry
Rb,Mal,
TlyZaly

K2 CoBr 4
K2 CoBr 4

KZZnBr 4

KZZnBr

& K2C0Br4

K, ZnBr,

KzZnBr 4
& K2C0Br 4
RbZMnI 4

K,Znl,

Rb,Mnl,
& Rb, Fel
K, ZnBr,

KZZnBr 4
&RbZZnI 4

K,ZnBry
K,ZnBr,
K, ZnBr,
K5ZnBr 4
K,ZnBr,
KZZnBr 4

Table 1.1 Historical summary of the studies of the a—pf

HISTORICAL SUMMARY

subjects
a-B Transition (by DTA)  first report

o Transition (by DTA andX-ray)
ferrooelectricity in Sr,GeS 4 type compound ?
ferrooelectricity in Sr,GeS , type compound

first report (by dielectric mesurement)
o-f Transition (by X-ray)

Time dependent Phase Transition
(by dielectric measurement)

New ferroelectric with o-f Transition

(by DTA and dielectric measurements)
N-INC-C Tansition in the § sequence

(by X-ray)
al-all Transition in the ¢ sequence

and structures of the o] & 1] Phase (by X-ray)

dielectric measurement in the ¢ and gsequence.
o-p Transition (by DTA)

ferrooelectricity in Sr,GeS, type compound
(DTA, dielectricand pyroelectric charge method)

o-B Transition (by dielectric and DTA)

o-fTransition  (by Brillouin scattering)

o-B Transition (by X-ray)

o-BTransition  (by Brillouin scattering)
al-al1 Transition in the ¢ sequence
a-BTransition  (by X-ray)

o-B Transition  (by Brillouin scattering)
Time dependent -f Phase Transition.

o-B Transition  (by Brillouin scattering)

transition.

13

authors
H. J. Seifert et al.

H. J. Seifert et al.
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K. Geshi

J. Warczewski et al.

H. Suzuki et al.

F. Shmmizu et al.
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H.Kasano et al.

F.Shimizu et al.

F.Shimizu et al.

F.Shimizu et al.

F.Shimizu et al.

M.Takesada et la.

H.Mashiyama et al.
M.Takesada et ]a.
M.Jochum et al.
M.Takesada et la.
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F.Shimizu et al.

M.Takesada et la.

Ref.No.
17

20
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29
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18
21
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22
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26
36
23
27
24
28



§ 1.3 Purpose of the Present Study

The purpose of the present study is to elucidate a mechanism
of the a-8 transifion in KZB by means of X-ray diffraction and
Brillouin scattefing. The X-ray study is performed- to investigate
a reconstructiveness of the a—f transition and to propose a model
as the mechanism of the reconstructive first—-order a-8
transition. The relation between crystal axes of the a and B
phases is obtained by repetitions of heating and cooling
experimental rumns. Ey X-ray study, however, it is very difficult
to obtain the relation between the single domain a phasz and the
first heated B one, because it is rare to realize a single domain
B.phase in a first heated crystal from a phase. Thén the final
result obtained by X-ray study includes unknown factors. As well
knowﬁ, in order to assign the crystal axes by X-ray diffraction,
we need a whole single domain crystal as a specimen.

On the other hand by‘Brillouin scattering study, it is
possible to obtaih the relation between the o phase énd the first
heated B phase, sinée the focal position can be easily selected
to be a single domaiﬁ area in the crystal. In order to elucidate
‘the mechanism of the a—f transition, the temperature dependence
of the acoustic modes are observed by Brillouin scattering near
the a—f tramsition point Ti. Furthermore in order to get the
relation between the phases which take place on each side of the
reconstructive q—B transition, repetition of the warming runs
using as—grownvsingle crystal was carried out in many times underb
careful temperature control. A characteristic distribution of the
frequency shifts (Av) in the B8 phase are elucidated. By the

Brillouin scattering study the model of the ao—f transition is

14



confirmed.

In the chapter 2, the experimental procedures are described
for X-ray study and Brillouin scattering one. In chapter 3, the
axis relation between the a and 8 phases are given experimentally
by X-ray study. Theﬁ the characteristic distribution of Av in the
B phase are.obtained by Brillouin scattering study. In chapter 4,
using the relation obtained by X-~ray study, a new model is
proposed as the mechanism of the a-f transition. Then the model
is confirmed by the results of thé characteristic distribution
obtained by the Brillouin scattering study. These results have
already published in ref. 24 for X-ray study and refs. 26, 27, 28

and 29 for Brillouin studies.
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CBHAPTER 2. EXPERIMENTAL PROCEDURE
§ 2.1 Crystal Growth and Habit

Crystal growth was performed by evapqration method from
agueous solutions.lo) The reagents of KBr with the purity of 100%
and ZnBr, with the pufity of 97% were dissolved with
stoichiometric ratio in water. In order to reduce dust, aqueous
solution was filtered with a ﬁicron filter (Gelman HT Tuffryn)
0.2um pore size. The saturated solution was slowly evaporated at
- about 380K for several weeks. The crystals were transparent,
colorless and strongly deliquescent. Habit of obtained single

crystal is shown in Fig.2.1.1. The crystal has clear cleaved (10—

1) plane.

§ 2.2 X-ray diffraction Study

The block of single crystal was cut in ligroin liquid under
a polarizing microscope. The specimens for X-ray diffraction were’
prepared by enclosing the small block in a glass capillary in
vacuum. The specimen was mounted on‘a'four—circle diffractmeter
(Rigaku AFC5). Temperature of the specimen was controlled by
blowing hot air.

First, setting parameters (UB-mafrix) of the a phase were
obtained, namely the unit-cell orientation was determined at room
temperature using the program system of peak—-search (PKS).
Second, with monitoring intensity of a Bragg reflection, the
specimen was heated from room temperature to above the a—f8
transition point. The Bragg reflection of the o phase completely
disappeared at the transition point. Then the unit-cell

orientation of the # structure was determined. Again the specimen
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Fig. 2.1.1 Crystal habit of K.ZnBr,
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was cooled through the a—f transition. Bragg reflections were
searched to deterﬁine the unit cell orientation of the «
structure. These processes were repeated several decades times.
Sometimes the sample contained domains with differeni
orientations, then we could not determiﬁe the UB—matrix, though.

In order to elucidate the relation between crystal axes of
‘two phases, we use angles between £ ahd a structures as
illustrated in Fig.2.2.1, where G(aﬁ,aa), G(aﬁ,ba) and G(aB,ca)
indicate angles between the ag- and a,—axes, the ag™ and ba—axes
and the ag- and ca4axes, respectively. That is, the angles
between axes in one and in the other structures are represented
by a 3x3 matrix with nine angles. Hereafter we call this matrix
the a—f axis relation. In addition to this, we can obtain the a-«
axis relation, if crystal is cooled to the &« phase again. The A-8
axis relation is also obtained if the crystal is warmed again up
to the B phase. From all a and £ unit~§ell orientations, the a8,
a—a and G- relations were calculated within all combinations.

The accuracy to determine the axes of a unit cell is
ascertained as the followings; First, there are no difference
between structures of each £ phase or a phase. Second, there is
no possibility that the wrong cell is assigned by using

reflections of different domains in a sample (See Appendix 2.2).
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Fig. 2.2.1 Angles between the unit cell vectors of the o and Jéj

structures.
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8 2.3 Brillouin Scattering Study

Optical setup for Brillouin scattering is schematically
shown in Fig.2.3.1. An art ion laser was used as a light source,
which was operated at A1,=514.5nm with a longitudinal single mode
at an average power of 50-60mW. The incident light was focused
with lens 1 (L1, f=70mm). Then the.scattered light was collected
by the lens 2 (L2, f=70mm), and analyzed by the piezocelectrically
scanned Fabry—-Perot interferometer (Burleigh, DAS-1) on the five-
pass stage.'The analyzed light was detected by the
photomultiplier (HAMAMATSU -Photonics R585). In order to .avoid a
- serious damage of the photomultiplier tube, due to elastically
scattered light, the shutter was used as shown in Fig.2.3.1,
where the shutter was synchronized with the scanning of the
Fabry—Perot interferometer. The Brillouin scattering spectra were
observed from room temperature to 520K as functions of
temperature. Temperature of the sample cell was controlled by
regulating an electric current by Ohkura EC61 with chromel—alumel
thermocouples set mnear the specimen in the light scattering cell
shown in Fig.2.3!2 (see Appendix 2.3). The temperature was
stabilized within the error of +0.03K.

The single crystal obtained by the evaporatibn method has a
cleaved (10-1) plane with the size of 2x3mm? and thickness of
about 1lmm. The épecimen was set in the light-scattering cell
filled with silicone 0il in qrder to avoid absorption of
moisture, and reduce the strong elastic component in the spectra,
and improve the thermal homogeneity around the specimen in the
cell. The scattefing geometry is shown in Fig.2.3.3 (see Appendix

2.3.2). The phonon wave vector q was selected to be parallel to
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Fig. 2.3.3 Scattering geometry for Brillouin scattering
measurement. The scattering angle 6 is calculated by using the

refractive index ng=1.4025 (see Appendix 2.3.2).
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the b—axis at room temperature in the a phase. The scattering
angle O is approximately 78 degrees shown in Fig.2.3.3 (see
Appendix 273.2f. The polarization of incident‘light was parallel
to thé a~axis. ThévmagnituQe of observed phonon wave vector q is
2.422x10 2 [nm—l] at room temperature as described in Appendix

2.3.2.
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CHAPTER 3. EXPERIMENTAL RESULT
§ 3.1 X-ray diffraction Study

It is surprising enough‘that a relation between the crystal
axes of a and £ phases change at every time passing through the
transition. Examples of axis relations are shown as matrixes in
Table 3.1. On the data 1 of the a-f axis relations in Table 3.1
the ba—axis is pafallel to the cB—axis, since the angle between

b, and cB—axis is 0 degree. Similarly, in data 2 the ba —axis is

a
almost parallel to the aﬁ—axis. In data 3 there is no such
relation. Thus, the relation of the unit cell orientation between
a and B phases‘seems to be very complicated. The a—-a and B-8 axis
relations are also shown in Table 3.1. Genérally, the crystal
axes change their directions drastically. Examining‘the a;a and
B—B axis relations, however, we obtain the following feature;
though the crystal axes are almost parallel to the original
crystal axes through the a—B;a transition or the SG-a-8
transition, they often turns approximate by some ten degrees. The
data 6 is such a case. Reconstructivity of the a—-f transition is
expected from these feature. These phenomena will be discussed in
84.1.2. It should be noted here that the crystals did not crack
through the a—f transition although crystal axes changed so much.
The volume per chemical formula was almost ﬁhe same in both a and

B phases as shown in Fig.1.6.20)
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Experimental result

data 1
aa ba ca
afS 38 89 148
bs 128 91 121
cB 90 0 90

data 2
aa ba ca
a3 83172 87
a-5 bBs 133 91 25
cB 135 97 114

data 3
ax ba ca
afs 68 146 122
b3 21 76 91
e 97 120 32

data 4
ax ba ca
aa 178 89 173
ba 90 177 92
ca T2 92 36
a-a data 5
aa ba ca
aa 122 35 91
ba 145 124 78
ca 90 97 19

data 6
af bB cB
aff 12102 89
bB 102 166 83
¢ 91 95173
data 7
afl bB cf
afs 58 146 81
bs 149 120 88
cB 86 97 170
£-6 data 8
afB bl cB
af 48 137 99
b3 B0 69 156
cB 42 54 69
data 9
af bB cB
af 116 153 92
bSs 56 104 142
cB 44 111 53

Table 3.1. Experimental results of axis relations between a—8, a—

a, (-5 phases.
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& 3.2 Brillouin Scattering Study

The observed Brillouin scattering spectrum is composed of
three clear peaks: one longitudinal acoustic mode (LA) and two
transverse acoustic modes (TAl and TA2), as shown in Fig.3.2.1.
The frequency shifts of the three modes were determined by
comparison with the spectra observed in two free spectral ranges
(FSR) of the Fabry-Perot intefferometer;’one was 30.8GHz and the
other 66.0GHz. The three pairs of the peaks in the o phase were
~assigned as LA, TAl and TA2 modes according to the value of the
frequency shifts. These mode assignments were confirmed by an
inelastic neutron scattering as shown in Fig.3.2.2 (see Appendix
3.2). The temperature dependence of the spectra was observed
usiné the FSR of 15GHz.

The frequency shifts have been observed in both a and £
phéses as functions of temperature as shown in Fig.3.2.3, where
the different marks indicate different experimental runs. In the
a phase, the frequency shifts of the different runs show a common
gradual decrease with increasing temperature to Ti{. Both LA and
TAZ modes indicate a discrete jump at Tt’ though the TAl mode
does not show any anomaly at Ty withiﬁ experimental error. The
most striking feature shown in Fig.3.2.3 is the temperature
dependence of LA mode in the £ phase; the frequency shift of
these modes indicate a different value in this phase in each
experimental run. Obviously this is not dﬁe to the experimental
factors because the data points in the « phase show good
reproducibility within experimental error.

Furthermore, in order to investigate the distribution of

temperature dependence of the LA mode, the Brillouin scattering
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indicate the longitudinal acoustic mode and two transverse

acoustic modes, respectively.
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spectra have been observed in many repeated runs in both a and £
phases as a function of temperature, where we investigate only
the LA and TAl modes due to the poor intensity of TA2 mode as
shown in Fig.3.2.1. The temperature dependences of the frequency
shift (Av) of LA and TAl modes are shown in Figs.3.2.4(a) and
3.2.4(b), respectively. In these figures, in order to reduce
systematic experimental errors, the temperature dependences of Av
were normalized to the value of the a phase at 458K (Ty). The LA
mode in the B phase shows a discrete distribution as shown in
Fig.3.2.4(a) in contrast to the TAl mode shown in Fig.3.2.4(b).
The TAl mode does not show any anomalous behavior at the o-f
transition within experimental error as shown in Fig.3.2.4(b).
The temperatﬁre dependence of the Brillouin frequency shift
upon heating and cooling is compared in Fig.3.2.5 in order to
confirm the first—order property of the a-f transition. Figure
3.2.5 indicates that only the LA mode shows a clear jump at Tt'
Upon cooling there is an anomaly of the temperature dependence of
the Brillouin shift at about 353K indicating the transition from
the £/ phase to a phase. A large thermal hysteresis of about 100K
was observed although 30K hysteresis was reported previously by
DTA.lO) This result supports the similarity in the phase
transition sequence between K,ZnBr, and K,CoBr,, as described

aboVe.lo)

The temperature dependence of the peak width (FWHM) of the
LA mode was investigated as shown in Fig.3.2.6. The temperature
dependence does not show any anomaly within experimental error.

Finally, in order to show the stability of this experimental
system, position dependence of the frequency shift and FWHM of

the LA mode were observed as shown in Fig.3.2.7. A standard
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deviation of results of the frequency shift and FWHM of the LA
mode in Fig.3.2.7 are 0.0156GHz and 0.0172GHz, respectively.
Therefore an experimental error of the frequency shift of the LA
mode should be considered within about 0.04GHz.

In summary, we obtained the Brillouin scattering spectra of
K.ZnBr, near the first-order o—f transition as functions of
temperature. Upon heating the temperature dependence of the
frequency shifts in the B phase showed an obvious difference in
each experimental run in contrast to the good reproducibility in
the a phase. The temperature dependence of the LA mode indicates
a discrete distribution in the £ phase by many times repetitions

of experimental runs.
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CHAPTER 4. DISCUSSION
§ 4.1 a-f transition from the view point of the crystal
structure
4.1.1‘X—ray diffraction Study
Investigating the a—-f and -8 axis relations in Table I, we

have to recognize that the a—f transition can not be explained by
a simpie model accompanied with the symmetry breaking from. the
prototype phasezg) as the second order phase transition (See
Appendixes 4.1.1 and 4.1.2). The feature of the axis relation is
summarized as follow; -The a-f axis relation can not be determined
uniquely by the reason explained in Appendix 4.1.1. The fB-f8 axis
relation indicates that the c—axis of the B phase may change its
direction to some dozen of possible directions through the B-a-f8
transition, though the c—axis is the unique axis of a pseudo-
hexagonal structure as discussed in Appendix 4.1.2. Data 8 and 9
in Table I are good examples of such case. Investigating the a—-«
"axis relatioﬁs in Table I, we note that the a—a axis relation
(data 4) indicates the existence of monoclinic domains, which

will be discussed in §4.1.4.

4.1.2 Proposal of VIS model

In order to explain the complicated feature of the axis
relation appeared in the a—-f transition, a model is newly
proposed in the present study. In this model, it is assumed that
the structural change undergoes through two virtual intermediate
states during the a-to—-f transition or fB—-to—a transition; a body-—
centeréd cubic (bcc) state and a hexagonal close—packed (hep)

state. Namely, the phase transition proceeds as the following,
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a 2 (bcc) 2 (hep) 2 8.

Hereafter, we callvthis model as VIS model (Virtual Intermediate
States model). The relation between the hcp and B structures (the
hep-8 felation) is easily understood, since the B phase is a
pseudo—hexagonal structure. The a-bcc relation is explained in
Appendix 4.1.3 with taking account of similarity between the «
structure shown in Fig.4.1.1 and the bece structure in
Fig.4.1.2(b). The bece-hep relation is understood by an

application of the method given in the Burgers' mode130)

shown in
Fig.4.1.3 as discussed in Appendix 4.1.3. For considering the |
model, We‘approximate the crysﬁal structures of the o and A
sequences as « and B structures, respectively.

In Fig.4.1.4 we demonstrate the transition from 8 to «
structﬁre with paying attention on Zn atoms placed at the centers
of ZnBr, tetrahedra. Figure 4.1.4 is drawn according to the
relations discussed in Appendix 4.1.3 with taking account of the
periodicity of all of a crystal. This figure indicates one of the
possible movements. For example, while filled circles A, B, C and
D moves to the positions A', B', C' and D', respectively. Angle
£, which is defined as shown in Fig.4.1.4, changes from 106
degrees to 109 degrees which is realized in the bcc structure.
Then the length of a, b, ¢ axes becomes the lattice constants of
the a structure as shown in Fig.4.1.1. A schematic illustration
of the hcp—becc axis relation is given by Fig.4.1.5.

Considering the bcc structure as a virtual intermediate
state, we can explain the small variations in the crystal axes
observed after the a-f-a or f~a-fB transition as mentioned -in

8§3.1. That is, we can consider two types of transformations
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Fig. 4.1.1 The b-axis projection of the « structufef The angle of
B is about 109 degrees. Only Zn atoms are drawn. The closed and
open circles indicate the difference of the layer on which Zn

atoms sit.



Fig. 4.1.2 The bce structure. The projection of the structure

from the [110] direction is shown in (b). The angle 6 is 109.47

degrees.
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Fig. 4.1.3 The three dimensional picture of the relation between
the bec and hep structures. The open circles are the bece

structure. The solid circles are the hep structure.



Fig. 4.1.4 The atomic displacements at the f—-to—a transition. Solid
circles indicate the hcp structure or the B8 structure. If atoms
move from ABCD to A'B'C'D', the B8 structure transforms into the «
structure approximately. Solid line cell and broken line cells
indicate unit cells of the £ structure and the approximate a
structure,'respectively. The unique axes of both the hep and d

structures are perpendicular to the plane.
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Fig. 4.1.5 The relation Eetween the bcé structure and the hcp
structure. Solid line cells.and broken line cells indicate the
bece and hep structures, respecﬁively; bee: the projection of the
bec structure from the [110] direction, hcp: the hep structure
projected along the unique axis. There are two equivglent types

for the transformation; type—A and type—B.
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indicated as type—A and type-B as shown in Fig.4.1.5. Type-—-A
indicates that the direction of the a,—axis is kept through the
a—to—f transition as in Fig.4.1.4, while type-B indicates that

one of the c,-axis in a structure is kept. If type—-A change to

a

type—B, then the cfystal axes have to turn about ten degrees
around the [110] axis of the bce or b,—axis (unique axis). This
may explain the small change (about ten degrees) in the direction

of the § structure as in the case of data 6 in Table 3.1.

4.1.3 Calculation of Axis-Relafion according to VIS model

In this subsection, we calculate the possible axes
relations, which are defined in §2.2, in the a8 transiiion. It
is well known that in the bcec structure there are six axes
identical to [110] axis. Using the axis relation between the
virtual bcc and hep states given in Fig.4.1.5, the
a—f axis relation is calculated in the case that the sample
undergoes the a—to—-f transition only once. Though, if sample is
cooled again to the a phase from B8 phase, we observe the increase
of number of the possible a-f axis relations after passing
through the transition by warming run again.

The (-5 axis relationé given in 82.2 is calculated here as
the relation between cell-orientations of the B phases which can
be given through the a—to-8 transition from the single a phase
for the first time. The a-a axis relations are calculated within
the restriction that, after a-to—-f transition, the B phase
transforms to the o phase at low temperature, only according to
the atomic displacements shown in Fig.4.1.4. That is, all

possible a—a axis relations are not calculated here to avoid
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complexity. Furthermore we take account of either type—A or type-
B axis relation illustrated in Fig.4.1.5. Thus, a difference of
the angles between type—A and type-B relations is neglected for
siﬁplicity. Therefore, we have to take account of the difference
between the experimental result and the result calculated here
becomes considerably large. Furthermore if the second and the
third a—8 transitions are repeated, the difference may become
twice or three times. The calculated results are given in Table
4.1.1.

The right matrix calculated from the VIS model should be
compared with the experimental result of the left matrix. A8
given in parentheses shows the difference between the VIS model
‘and the experiméntal results. We can conclude that the VIS model
reproduces the experimental results very well.

in Table 4.1.2, A6 for all the experimental results is
summarized. The results can be classified into three groups
according to the angle between two cg-axes or between ba—axis and
cB—axis; the angle of 0 or 180 degfees, 60 or 120 degrees, and 90
degrees. Furthermore, each-group is divided into three sub groups
according to the experimental errors of 8, A8. Most cases are
A6<30°; which seems to support the VIS model.

There are some cases for which A& is over 30 degrees in
Table 4.1.2. The reason of such a large discrepancy is considered
as the following. The calculated axis relations are derived under
the condition that a specimen is exposed only once a—-to-0
transition. However most of the experimental results were the
relation between two phases which were exposed on several times

of a—f transitions as mentioned in § 2.2.
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Experimental result VIS model

data 1
ax ba ca ax ba ca
afs 38 89 148 afS 49(11) 90( 1) 156( 8)
bs 128 91 121 bB 139(11) 90( 1) 114( 7)
¢l S0 0 90 ¢ 90(0) 0(0) 90(0)
data 2
aa ba co ax ba co
aff 83 172 87 aB 76( 7) 155(17) 113(26)
a-0 bB 133 91 25 bB 122(11) 115(24) 31( 6)
cB 135 97 114 cB 145(10) 90( 7) 109( 5)
data 3
aa ba ca ax b ca
afl 68 146 122 aff Ti( 3) 145( 1) 123( 1)
bs 21 176 81 bB 13( 2) 73( 3) 96( 5)
cB 97 120 32 el 90( 7) 120( 0) 34( 2)
data 4 : .
ax ba ca aa ba ca
aa 178 89 173 aa 180( 2) 90( 1) 74( 1)
ba 90 177 92 ba 90( 0) 180( 3) 90( 2)
ca 72 92 36 ca T4( 2) 90( 2) 32( 4)
a-«a data 5
ax ba co aq ba ca
aa 122 35 91 aa 125( 3) 41( 6) 99( 8)
ba 145 124 178 ba 145( 0) 120( 4) 60(18)
ca 90 97 19 ca 78(12) 78(19) 31(12)
data 6 ‘
a8 bB cf afs bs cls
a8 12 102 89 aB  0(12) 90(12) s0( 1)
bs 102 166 83 bB 90(12) 180(14) 90( 7)
¢ 91 95173 cB 90( 1) 90( 5) 180( 7)
“data 7
al bB cfs a3 b3 chS
afl 58 146 81 a8 60( 2) 150( 4) 90( 9)
b 149 120 88 b 150( 1) 120¢ 0) 30( 2)
cB 86 97 170 cB 90( 4) 90( 7) 180(10)
£-8 data 8
af bB ch as bs cl
af 48 137 99 af 49( 1) 139( 2) 30( 9)
bs 80 69 156 bB 68(12) 71( 2) 150( 6)
cB 42 54 69 cB 49( 7) 56( 2) 60( 9)
data 9
aB bB cl ags bB cl3
af 116 153 92 aB 109( 7) 161( 8) 90( 2)
bB 56 104 142 bB 62( 6) 100( 4) 150( 8)
¢l 44 111 53 cB 35( 9) 107( 4) 60( 7)

Table 4.1.1. Experimental axis relations between a-B, a-a, B-6
phases and the calculated axis relations by the use of VIS model
against experimental results. The numbers in parenthesis indicate
the difference angle (A8) between the calculated axis relation

and the experimentally observed one.
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The angle between

unique axes 0°(180) 60°(120) 90° Total
| The number
of data 6 17 2 25
B-8 A8 |
~15° 3 9 0 12
15°~30° 3 7 2 12
30°~ 0 1 0 1
The number
of data - 18 54 30 102
a-8 AG ‘
~15° 6 16 6 28
15°~30° 9 33 23 65
30°~ 3 5 1 9

Table 4.1.2. The numbers of observed axis relations that agree

with the VIS model.
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4.1.4 Mdnoclinic domains of a phase

Now we demonstrate that two monoclinic domains in the a
phase are created from the orthorhombic 8 phase. In Fig.4.1.6,
the chain rectangle‘indicates'the unit cell (c—projection) of the
B phase. The crosses are the atomic positions of zinc atoms. They
are on the two léyers of the hcp structure. If zinc atoms move
according the solid arrows within each layer, then a monoclinic
unit cell (a,c) indicated by solidvlines is realized. This case
has been explained in Fig.4.1.4. On the other hand, if atoms move
according the‘broken arrcws, then we get another‘mbnoclinic unit.
cell (a',c'). These two kinds of cells take thé identical «
structure and therefore they.are the monoclinic domains. When the
ratio a/c is 1.28 and the monoclinic angle‘B is 109.0°, the ratio
a'/c' of the counter part is also 1.28 and £’ is.108.3°.
Therefbre these two kind of domains can be constructed with less
strain. in‘this way the VIS model can explain the co—existence of
the monoclinic domaigs with the common a and b axes. Indeed the
co—existence of such monoclinic domains was often recognized by
observing the reflections with /=half integer in samples exposed
to the a—f—-a transition.

The result of data 4 in Table 4.1.1 is a good example. The
angle between the a axes of a phases before and after the a8«
transition is 178 degrees. The angle between b axes is 177
degrees. That is, both a axes and b axes are approximately
parallel with each other. On the(other hand, the angle between
the c axes is 36 degrées. This result indicates that the c¢ axis
direction turns in the real space without changing both a and b

axes directions like as Fig.4.1.6.
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Fig. 4.1.6. Two type of domains of the « structure created after

the f—to—a transition.
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8§ 4.1.5 Remarks

“For many A.BX,-type ferroelectrics with F-K.,SO, structure in
the high temperature phase, it is widely considered that P6;/mmc
is the space group of the prototype phase. However, the o-8
transition in.KZB and KCB can not be explained by assuming that
P6,/mmc is the prototype. In order to explain the change of the
axis relation through a—f transition, we consider the bece and hcp
structures as the virtual intermediate states. It is also

demonstrated that this VIS model explains the monoclinic domain

very well.
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84.2 Discussion from the View Point of Elastic Property
4.2.1 af Transition studied by Brillouin Scattering.

The LA mode in the £ phase shows a diécrete distribution as
shown in Fig.3.2.4(a) in contrast to the TAl‘modé shown in
Fig.3.2.4(b). The most interesting feature, shown inside the
broken—-line of Fig.3.2.4(a), is emphasized in Fig.4.2.1(a), where
an expanded scale was employed. The distribution are roughly
classified as denocted by the alphabetical letters into nine
groups as shown in Fig.4.2.1(a). In addition to these nine
groups, we found totally ten groups of Av in the £ phase as shown
in Fig.4.2.1(b). This distribution is comnsidered to.be caused by
the distribution of the direction of the crystal axes induced by
the reconstructive o8 tfansition.

On the other hand, the TAi mode does not show any anomalous
behavior at the a—f transition as shown in Fig.3.2.1(b). This
indicates that the polarization vector of TAl mode has a minor
correlation with the atomic displacement due to the transition.
In addition to the temperature dependences of LA and TA2 modes,
the present result clearly shows the anisotropy of the atomic
displacement of the VIS model.

We can see in Fig.3.2.5 that there is an obvious difference
between the two series of the temperature dependence of LA mode
upon heating and cooling in the a phase. The result indicates
that the direction of the unique axis changes due to the a—8
transition, since the direction of this LA mode is parallel to
the unique axis of the monoclinic a phase of a virgin crystal.
This result can be also explained by the VIS model with the

relation between the unique axis of « phase and the [110] axis of
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the bee structure. That is, from the comparison of the
temperature dependences of the frequency shifts observed upon
heating and cooling, we confirmed the change of unique axis

direction in the a phase due to the a—f transition.

4.2.2 Calculation of the frequency shift in terms of VIS model

The‘results ére discussed by using the VIS model. The
distributions of the LA and'TAl modes are calculated according to
the VIS model. Hére the VIS model is explained in detail to give
appropriate help to a recognition of the model calculation: From
a microscopical viewpoint the VIS model assumes the bcec and hep
states as the VIS in a boundary betweén a and B phases at Tt'
Then the a—f transition are demonstrated according to the VIS
model. Firstly, the monoclinic a phase changes to the virtual bcec
state with the monoclinic axis of the a phase (the b-axis)
transforming to the [110] axis of the bcc structure, where there
are equivalent six directions of the <110> axis of the bcec
structure. Then the virtual bcc state changes to the virtual hcp
state with the one of the six <110> axes transforming to the
hexagonal axis. Finally the virtual hcp state changes to the
pseudo—hexagonal [ phase with the hexagonal axis transforming to
the pseudo-hexagonal axis (the c-axis of the orthorhombic g
phase). It is possible for the c-axis of the £ phase to have the
equivalent six directions after the -8 transition
thermodynamically because of the six <110> axes of the bcec
structure.

In order to help to understand the VIS model, the directions
of q relative to the crystallographic system of the £ phase are

shown in Fig.4.2.2. Six arrows show the directions of g in the 8
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Y

Fig. 4.2.2 Arrows (1-6) indicate.the directions of the obsérved
wave vector q relative to the crystallographic system in the g
phase. Broken lines indicate the bce structure of the VIS. Solid
lines indicate the hexagon of the pseudo—hexagonal structure of
the £ phase. Small arrows, a, b and ¢, show the crystal axes of

the £ phase.
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phase after the a—-f transition. Strictly speéking, the VIS model
gives thirfy one possible directions (see Appendix 4.2) in the a-
B transition as described §4.i.

If we obtain a complete set of the components of the elastic
stiffness tensor and the refractive indices of the B phase, we
can calculate each of Av in the B phase along the directions of ¢q
on condition that includes the thirty—-one arrows. The tensor has
not been fully obtained for KZB. However, Rb,ZnCl, (RZC) has both
of the structure and the phase transition sequence similar to the
B sequence of KZB, and its elastic stiffness tensor .and its
refractive iﬁdices have been reported.Sl)

The distribution of Av of LA mode shown in Fig.4.2.1(b) is
calculated using the-elastic stiffness tensor of RZC. Here the
rgfractive-indices n was assumed as n=(na+nb+nc)/3. For one
direction of q in the B phase, we were able to solve the elastic
equations and obtained Av of LA and TA modes. The calculated
result of LA mode is éhown in Fig.4.2.3(a), where the
characteristic ten different values of Av appears. The values of
Av denoted as a—c, d-i and j in Fig.4.2.3(a) correspond to the
wave vectors expressed by the arrows of 6 (group III), 2-5 (group
II) and 1 (group I) in Fig.4.2.2, respectively, where the names
of groups, groups I, II and III, correspond to the names
described in Appendix 4.2. Now we can compare the calculated
result of LA mode with the experimental one as shown in
Fig.4.2.3(b). It is clear that the characteristics distributions
of Av shown in Figé.4.2.3(a) and 4.2.3(b) are similar well each
other. This good coincidence suggests that the origin of the

characteristic distribution of Av shown in Fig.4.2.1(a) is caused
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by the virtual bcc and hep structures bf the VIS model in the o—-f
transition. Here in Figs.4.2.3(a) and 4.2.3(b) the difference
between the observed and calcﬁlated results seems to be caused by
the difference in the elastic properties between KZB and RZC.

In Fig.4.2.1(b) TAl mode does not show any anomaly at Ty
within the experimental error. On the other hand the calculated
result shows a distribution over'O.5GHz as shown in Fig.4.2.4.
This difference is also caused by a difference between the
elastic properties of both crystals. For a more conclusive

evidence, however, we need a farther study.

4.2.3 Characteristic distribution of frequency shift Av of the LA
mode in A:BX, Type Compounds

The distributions of Av of the LA and TAl modes are
investigated by performing the calculation of Av using the
elastic stiffness tensor of the RZC and RZB of the RZC group
compounds, which have the phase transition sequence and the
structure similar to the £ phase of KZB as mentioned above and.
the elastic stiffness tensors and the refractive indices n are
known.31) The mode; calculations of LA and TA; modes of RZC have
been already shown in 4.2.2. In order to compare with the
characteristic of the RZC-group compounds, we also calculate
about (NH,).SO, (ASO) compouﬁde) which shows a different phase
transition sequence from the RZC-group compounds.

The refractive indices n was assumed as n=(na+nb+nc)/3. The
calculated results show in Figs.4.2.5(a) and 4.2.5(b). The each
calculated result of LA and TAl modes by using the elastic
stiffness tensors of RZC, RZB and ASO indicates a characteristic

independent ten—lines distribution of the Ay based on an
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Fig. 4.2.5.The distribution of LA mode (a) and TAl mode (b)
caléulated bf using the.elastic stiffness tensors of RZC, RZB and
ASb. The three kinds of lines indicate three groups; the solid,
broken and chain lines show the group I, II and III,

reSpectively. Alphabetical létters indicate the group of the

Brillouin frequency shift.
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assumption of the intermediate states with the bece and hep
structure according to the VIS model. On condition that each
alphabetical letter indicates a same direction of a calculated
phonon-wave vector, the distribution of LA and TAl modes in RZC,
RZB and ASO are classified into ten groups as shown in
Figs.4.2.5(a) and 4.2.5(b).

In LA mode the feature of the discrete distribution of RZC
and RZB of the RZC group compounds is similar to each other in
contrast to ASO. To be exact, the distributions of the groups I,
IT and III of RZC and RZB are similar to each other, even then
there are a few differences in an alphabetical order as shown in
Figs.4.2.5(a) and 4.2.5(b). The characteristic distribution of
the calculated results Qf RZC and RZB can be seen in the
experimental one of KZB. This feature of distribution should be
consider as the characteristic of the RZC-group compounds. That
is; the good agreement between the calculated and experimental
results indicates that a Qrigin of the characteristic
distribution of Av in the £ phase is caused by the wvirtual bce
and hcp structures of the VIS model.

In TA1 mode the calculated results of RZC and RZB shown in
Fig.4.2.5(b) indicate that the distribution of TAl mode expands
over about 0.5GHz. However in Fig.3.2.4(b) the experimental
result of TAl mode does not show any anomaly at Ty within the
experimental error. From the difference between experimental and
calculated results the experimental result in Fig.3.2.4(b) seems
to show the difference between the stiffness tensors of RZC group
compound and KZB compound.

In summary of this subsection, the distributions of LA and
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TA1l modes are obtained by numerical calculation usihg the elastic
stiffﬁess tensors of RZC, RZB and ASO compbunds according to the
VIS model. The two distributions of the calculated results of RZC
and RZB are similar to'each other. And the distributions .
calculated are similar to that of the experimental.result of KZB.
The good agreement between the calculated and experimental
results shows that the distribution of LA mode in the B phase is
caused by the virtual bcc and hep structures of the VIS model. On
the other hand the calculated resuit of the TAl mode indicates
that the distribution expands over about 0.5 GHz in contrast to
fhe experimental result which does not expand. It seems that the
difference between the experimental and calculated results
indicates the difference of the stiffness teﬁsor between KZB and

RZC group compound.

66



8§ 4.3 Discussion
4.3.1 Physical meaning of VIS Model

In general a domain structure appears when the crystal
changes its phase from high symmetry phase to low one. In this
section, this domain structure of KZB is explained. We consider
here the simplest example, a phase transition from orthorhombic
to monoclinic phase as shown in Fig.4.3.1. When a crystal changes
its symmetry from orthorhombic to monociinic, two types of
domains, domain—1 and domain-2, appear as shown in Fig.4.3.1. In
other words there are two types of routes for atomic
displacement. Namely it means that these two routes are
equivalent for the orthorhombic structure.

Now we consider about the a-f transition using the as—grown
single crystal. By X-ray diffraction study and Brillouin
scattering study, we observed many domains appeared in the £
phase crystal exposed the a—f transition. The domains are simply
shown in Fig.4.3.2. These many domains, A, B, C..., should be
equivalent in the B phase. The diagram means that the as—grown «a
phase changes to domain—A of the £ phase through route—A at the
a—f transition point, etc. That is, these routes, A, B, C,...,
should be also equivalent each other thermodynamically. But in
this case, because the a phase symmetry is lower than the £ one,
it is difficult to explain that these routes are equivalent
thermodynamically. In order to solve this problem, we assume some
virtual intermediate states (VIS model) of which symmetry is
higher than the one of the S phase. The schematic illustration of
this model is shown in Fig.4.3.3, where we assume one virtual

intermediate state as the simplest model. The space group of the
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orthorhombic domain

monoclinic domain-1

route-1 monoclinic domain-1

orthorhombic domain

route-2 .

monoclinic domain-2

Fig. 4.3.1 Two types of monoclinic domains transformed from an
orthorhombic structure. Domain 1 and 2 are derived through the

route 1 and 2, respectively.
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B phase

domain-A

domain-B

as-grown ¢ phase

domain-C

domain-D

Fig. 4.3.2 Many domains of the £ phase derived from

single phase.

as—grown
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Fig. 4.3.3 The schematic illustration of single virtual
intermediate state model. Letters of A, B, C, D,... indicate the
names of domains in f phase. A crystal changes from the as—grown

a to B phase through the virtual intermedidte state.
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virtual intermediate state derives thermodynamical equivalency of

the domains of the 8 phase. Next we consider a structure of the

virtual intermediate state.

4.3.2 Nécessary Conditions of VIS model
The intermediate state has to satisfy following three

conditions (a), (b) and (c¢), according to the experimental

results.

(a)By X-ray diffractibn study in § 3.1, the axis relations were
observed as given in Table 3.1. One of the results, data 1 in
Table 3.1, indicates that the b axis of the « phase (monoclinic
axis, ba) is parallel to the ¢ axis of the £ phase
(pseudohexagonal axis, CB)' Nameiy one of domains in Fig.4.3.3

should satisfy this condition.

(b)Then from Table 3.1 we obtain the condition that there are
three types of axis relations between a and B phases: the angles
" between b, and cg axes are about 0°(or 180°) of data 1, 90° of

data 2 and 120°(or 60°) of data 3.

Here the results obtained by X-ray diffraction study after
repetitions of heating and cooling runs does not give us any
definite axls relation between the as-grown a phase and the first

heated £ phase as mentioned in 82.2.

(c)By Brillouin scattering study described in 8§4.2.1, the ten
groups of frequency shift Av of the LA mode in the [ phase were

obtained as shown in Fig.4.2.1(b). These results were obtained by
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first heating from as—grown single a phase.

4.3.3 Number of the virtual intermediate states

Next taking account of the conditions of 84.3.2, we consider
about a structure of the virtual intermediate staté. All space
groups are generally classified into éeven crystal systems;
triclinic, monoclinic, orthorhombic, tetragonal, rhombohedral,
héxagonal and cubic. The structure of the intermediate state
should have equivalent axes more than three because of the
condition (b). The structure which has the‘equivalent axes more
than three is rhombohedral, hexagonal or cubic. However, the
structures of the rhombohedral and hexagonal can not give the
angle, about 90 degrees, between ba and cg axes contained in
the condition (b}, since it only gives 60° (120°). Namely we
should consider the cubic structure as the virtual intermediate
state. The transition from a to f phase prpceeds as the
following,

a = cubic - .

A cubic structure has <111>, <100> and <110> axes. Taking
account of the condition (a), we get three types of axis
relations as»follows; (l)ba // one of <111> axes // cg (2)ba //
one of <100> axes // cp and (3)ba // one of <110> axes // cg- By
the single virtual intermediate state model with cubic structure
according to the above three conditions, a number of values of
the frequency shift of the LA mode in the B phase are calculated
as shown in Table 4.3.1. For example, if the a-f transition takes
place according to the axis relation (1), a number of groups of

the frequency shift described in § 3.2 should be three. However,
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axis relation | number of LA mode
a—scubic—f 3
<100>
a—cubic—f3 4
<111>
a—>cubic—f 4
<110>

Table 4.3.1. The Number of values of the frequency shift of the
LA mode, according to one virtual intermediate state model of the

cubic structure.

axis relation  |number of LA mode

a—cubic—hexagonal —f3

3
<111>

a—cubic—hexagonal —f
<100>

a—cubic—hexagonal —f3

<110> 10

Table 4.3.2. The Number of values of the frequency shift of the
LA mode, according to two virtual intermediate states model of

the cubic and hexagonal (or rhombohedral) structures.
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by Brillouin scattering study we found ten grbups of frequency
shift of LA mode in the £ phase as shown in Fig.4.2.1(b). That
is, from the results of Table 4.3.1 we can not explain the
experimental results by using the single virtual intermediate
state model.

Then, we have tq introduce two virtual intermediate states
as the next simpler model. By X-ray diffraction study a 120°
domain was observed as shown in data 7 of Table 3.1. From this
result a hexagonal or rhombohedral structure should be selected
és a virtual intermediate state in addition ;o a cubic structure.
That is, the transition proceeds as the followings,

a - cubic = hexagonal -~ B.

(or rhombohedral)

Taking account of the condition of (a), we obtain the new axis
relations as follows, (4)ba // one of <111> axes // unique axis
of hexagonal (or rhombohedral) // g (S)ba // one of <100> axes
// unique axis of hexagonal (or rhombohedral) // cp and (6)ba //
one of <110> axes // unique axis of hexagonal (or rhombohedral)
// cp- According to the axis relations, (4)—(6), a number of
values of the frequency shift of the LA mode in the £ phase were
obtained in Table 4.3.2. From the condition of (6), we found ten
values of the frequency shift of LA mode successfully. This
result agrees with the experimental result of Fig.4.2.1(b).
Namely two virtual intermediate states must be considered for the
simplest model. This result confirms the VIS model in § 4.1.‘The
schematic illustr;tion of . the two virtual intermediate state

model is given in Fig.4.3.4.
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Fig. 4.3.4. The schematic illustration of the a—f3 transition

according to the VIS model.
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4.3.4 Space group of the virtual intermediate state

The space group of the cubic and hexagonal structures
consistent with the condition of (6) are considered. The
displacement of atoms at the a-f tramsition is treated according
to the VIS model. Furthermore we assume two relations as follows.
(1)The relation between the a phase and the virtual cubic
structure, and also between the £ phase and‘the virtual hexagomnal
structure have group—subgfoup relations, respectively. (2)The
number of formula units per cell of the cubic structure is equal
to 2 as same as one of the « phase.

First we investigate the space group which satisfies the
above condition (1) and the axis relation (6). The a phase has
the momnoclinic structure with space group P2,/m. The relatioﬁ
between the structure and its symmetry operatioﬁs is shown in
Fig.4.3.5. In Fig.4.3.6 the symmetry operations of the « phase
are shown in the coordinate system of cubic structure after a
transition from the a phase to the virtual cubic structure. Among
36 space groups of cubic symmetry, only space group Im3m
satisfies the symmetry operations indicated in Fig.4.3.6. These
symmetry operations can be seen in Im3m of Fig.4.3.7. That is,
the space group of the cubic structure of the virtual
intermediate‘state is determined as Im3m.

Next the space group which satisfies the conditions of (2)
and the axis relation (6) are investigated. The B phase is the
pseudohexagonal structure with the space group Pmcn. The
structure, which is the supergroup of Pmcn and is either
hexagonal or rhombohedral structure, is only hexagonal of P6,/mmc

or P6,/mem. On the other hand from a structural consideration of

76



Fig. 4.3.5. The crystal structure of the a phase of the space
group P2,;/m. Symbols of the symmetry operations are according to

the International Table.BS) Large open and solid circles indicate

the Zn atoms of K,ZnBr,.
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Fig.4.3.6. The symmetry operations of the space group P2,/m in
cubic structure. (a) The projection from the [110] direction. (b)
The projection from the [100] direction. Large open and closed

circles indicate the Zn atoms in the virtual bece structure.
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the pseudohexagonal B structure, the space group of the virtual
hexagonal structure is concluded to be P6,/mmc. The relation

between Pmcn and P6,/mmc is shown in Fig. 4.3.8.
In summary of this section the space groups of the virtual

intermediate states were determined as follows;

a-= cubic (bece) - hexagonal -p8.

Im3m P6,/mmc
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CHAPTER 5. CONCLUSION

By X-ray diffraction study, the axis relations were
elucidaﬁéd between the low temperature a and high temperature 8
phases. The relation indicates that the direction of
crystallographic axes changes at every‘time passing through the
transition point. For many A.BX, typé ferroelectrics which have -
B-K.S0, type structure in the high temperature phase, it is
widely accepted that P6,/mmc is the space group of the protdtype.
However, we found in the present study that fhe experimental
result of K,ZnBr, can not be explained by assuming. the prototype
symmetry PB;/mmc. In order to explain the characteristic feature
of this reconstructive a—f trénsition of XK,ZnBr,, the virtual
intermediate states model, the VIS model, was proposed as the
phasé transition mechanism. The bcc and hep structures were
considered as the virtual intermediate states.

In order to investigation the relationship between the as;
grown a phase and first heated f phase, the Brillouin scattering
spectra of K,ZnBr, were observed as functions of temperature in
both of the a and § phases. On heating the temperature dependence
of the spectra in the B phase showed a clear difference in each
experimental run in contrast to the good reproducibility in the «
phase. Furthermore after many times of the experimental runs
using the as—grown single crystal, the frequency shift of the LA
mode showed a characteristic distribution in the B phase. In
terms of the VIS model, the numerical analysis reveals well the
experimental result.

Finally a detailed discussion was given for the VIS model

taking account of both results of X-ray diffraction and the
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Brillouin scattering. BY this consideration it was concluded that
two states must be necessary as virtual intermediate statesvin
the simplest case. Furthermore the space groups of the virtual
intermediate states was determined as the Im3m and P6,/mmc by

using an application of the group-subgroup relation.
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Appendix 2.2: Eliminatibn of Possibility of Experimental Mistakes
Two cases of experimental mistakés are discussed in the
following. First, there may be a mistake of determining the unit
cell. That is, the unit cell in a‘wrong direction was determined
accidentally. This may happen when the wrong cell parameters are
nearly equal to the correct cell parameters. In order to discuss

this mistake, the case of the data 8 in Table 3.1 is
investigated. If one B structure is equal to the other g
structure in data 8,Ithere is no mistake as above mentioned. The
one B structure is compared with the other B structure by the
correlation coefficient r for.the structure factor observed by X-

ray diffraction, where the correlation coefficient r is defined

as following,
r = ) {[|F(%,4,2)|-F,1x[|Fa(%,4,7)|-F.1}
hkl

Y UF (2, £,2)|-F 12x ¥ [|Fa(%,4,7)|-F,17} 2
hkl hkl ‘

where F(/4,#4,7) is the structure factor and F is an average of all
|F(#%,4,7)|. Reflections satisfied |F[>30(|Fl) are used in the
analysis. In the case of data 8, the number of independent
reflections used is 137. The calculated correlation r is 0.969.
Thus we clarify that the two £ structures are equal with each
other and that there is no mistake in determining the unit cell.
Second, there might bé a possibility that the wrong cell was
assigned. The axes were determined by peak searching of twenty
reflections. A unit cell might be accidentally determined by_
using reflections from different domains of a sample. This unit
cell parameters might be almost equal to the correct unit cell

parameters. However, there was no possibility of such mistake,
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since other diffraction peaks were successfully observed by the
use of the obtained cell-orientation matrix. Thus the two cases

of mistaking the cell orientations are eliminated.

Appendix 2.3.1 Light Scattering Cell

The sample cell for light scattering measurement is shown in
Fig.2.3.2. It was made of a brass block and four windows. Brass
surface was made black by treating one with a aqueous solution of
copper carbonate (30g), ammonia (29%, 345cc) and water (655cc).
This cell was mounted on the basket made of stainless steel with
goniometer like as shown in Fig.2.3.2. In order to heat a sample

a manganin heater was used, C) and D) in Fig.2.3.2.

Appendix 2.3.2 Scattering Geometry for Brillouin Scattering
The magnitude of observed phonon wave vector q associated

with the present Brillouin scattering experiment are calculated.
Then the angle 6 in Fig.A.1 is also estimated by using the
refractive indices of RZC insteéd of KZB. The characteristic of
this scattering configuration is that the magnitude of q does not
change if refractive‘index of the crystal changes. But the
magnitude depends on the index of ng in Fig.A.l1l. In Fig.A.1,
because of the law of Snell, we obtain

sin 45°/sin¢=nc/ns. (A-1)
From the law of conservation of momentum, we obtain

=k ~k; (A-2)
The values of kg  and k; can be written

k =k;=n_K,, (A-3)
where k, is the wave number of thé light in a vacuum. From egs.

(A—1), (A—2) and (A-3),



Fig. A.1. Scattering geometry.
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q=2n,k,sinf/2

=2nék°sinw

=2n_k,sin45°. (A-4)
thus the magnitude of g does not depend on n.. Note that, if the
refractive ng index of silicone o0il depends on temperature, the
magnitude of q also depends on temperature.

By the use of the refractive index of silicone o0il ns=1.4025

at room temperature and ko=2r/A=2r/514.5 (nm—l), where A is a
wave length of the Ar' gas laser, we obtain q=2.4222x10 2 [nm_l].
Finally from the condition of nc:(na,RZC+nb,RZC+nc,RZC)/3=1'57
and eq. (A-1) |
sinyy = 0.632 (A-5)

That is, ¥=39.17. Then we obtain 6=78°.

Appendix 3.2 Mode Assignment by Inelastic Neutron Scattering
The phonon branches of KZB were observed along [010] of «
phase. Single crystal of K,ZnBr, was obtained by evaporation -

method from aqueous solutions (see §2.1). In elastic neutron

3

scattering measurement have been carried out on lcm” samples

mounted in an aluminum can at room temperature. These experiments
were performed by the use of triple—axis spectrometers (TAS) of
guide line 4 (G4) in the research reactor JRR-3M of JAERI
(Tokai). The measurement process was remote—controlled vir a

computer in the building next to the reactor hall. The Bragg peak

width (FWHM) was less than 0.4° in 40'—-open—-40'-40' collimation.

The energy scan with constant Q was performed. The inelastic
neutron scattering intensity was investigated on the lines (2 0

1)-(2 1 1) and (0 4 0)—~(0 5 0) whose scattering vectors Q are (2
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q 1) and (0 4+q 0), respectively. Since phonon propagation vector
q was nearly perpendicular to scattering vector Q=(2 g 1), and
parallel to Q=(0 4+g 0), transverse (TA) modes (almost components
of perpendicular to (2 0 1) plane) and longitudinal (LA) mode
were observed from Q=(2 g 1) and (0 4+q 0), respectively.

The scattering intensity with constant Q=(0 4+g 0) is shown
in Fig.3.2.2(a). The phonon frequency of LA and TA modes was
estimated from the peak position. The dispersion relations of
phonons are shown in Fig.3.2.2(b). The TA and LA modes were
clearly observed. But because of a low resolution of this
experimental system, we can not distinguish between TAl and TA2
modes. Linear lines of the LA, TAl and TA2 modes are cobtained by
using the results of Brillouin scattering study (83.2) of KZB at

room temperature and the magnitude of |q| described in Appendix

2.3.2)

Appendix 4.1.1: The Gemneral Concept of P6,;/mmc Prototype—1
———— The a—B_axis relations ———-—

In the case of the second order phase transition it is
widely accepted that low temperature structures are induced by
symmetry breaking from the high—temperature prototype phase.g)
Then, the a8 transitidn in X,ZnBr, and K,CoBr, might also be
considered with the symmetry breaking from the prototype P63/mmc,
because many A;BX,—type ferroelectric materials with space group
Pmcn are considered to have space group P6,/mmc in the prototype
phase.

In X;:ZnBr,, the low temperature « phase has space group

P2,/m, and has a mirror plane. The space group P6,/mmc has the

two kind of mirror planes, one includes the hexagonal unique axis
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(case i) and the other is perpendicular to the axis (case ii). It
is expected that one of the two kind of mirrors may remain as the
mirror plane in P2,/m. Ih case i the aB—axis (a557.68A) becomes
the b,-axis (ba57.50A). In other words, the mirror plane in Pmecn
becomes one in P2,/m. In case ii, the unique axis in prototype
P6, /mmc becomes the unique axis in the o phase, i.e. the cB—axis
(=7.22A) becomes the b,-axis.

In the case i, since the aB—axis is parallel to the ba—axis,
the angle between them is either 0 or 180 degrees. Further, we
must consider that the £ phase is pseudo—hexagonal and the ag™
axis camn turn 120 degrees about the unique c—axis. Therefore
three directions of the aﬁ-axis are possible. However, the cg”
axis must always be perpendicular to the ba—axis. In Table 3.1,
data 2 seems to satisfy approximately the above condition.
However, it is clear that data 1 and data 3 do not satisfy the
above condition. Hence, the case i is not accepted generally.

Next, we consider the case ii in which the unique axis is
kept at the a-f phase transition. In this model, the cB—axis
becomes the ba—axis. That is, the angle between the cB—axis and
the ba—axis should be 0 or 180 degrees. Investigating the
experimental results in Table 3.1, we find that data 1 seems to
satisfy this condition, whereas data 2 and data 3 do not. Again,
this model seems not to be appropriate.

In the above two models, data 1 and aata 2 can be described
by using the idea of symmetry breaking from P6,/mmc while data 3
cannot be explained by assuming the space group P6,/mmc as the
prototype. Indeed the situations such as data 3 were often

observed and the concept that P6,/mmc is the prototype space
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group is discarded.

Appendix 4.1.2: The General Concept of P6,/mmc Prototype-II
———— The fB-f axis relations -———-

The f(-£ axis relations are investiga£ed, where £ phases were
obtained by repeating the f—a-f transition. If the prototype of
K;ZnBr, is the space group P6;/mmc, the hexagonal unique axis
should be always kept unchanged. The f[-f axis relations given in
Table I shows that data 6 and data 7 seem to keep the unique axis
of pseudo—hexagonal through the S-a-f transition, while data 8
and data 9 do not. That is, data 6 is a good example that the
crystal axis does not change through the S—a-f transition, while
data 7 is an example that the a— and b—axes turn 120 degrees
about the pseudo—hexagonal axis. Data 8 and data 8 indicate that
the a—-f transition can not be explained by a general theory with
P6;/mmc prototype for the A,BX, type ferroelectric crystals.

Though the cB—axis can be considered not to change through
the f-a-f transition in the above mentioned model, the crystal
axis often turns some dozen degrees from the expected value. It
is considered that this difference comes about, not because of
the displacement of the crystal inside the glass capillary, but

because of the essential feature of the a—f transition.

Appendix 4.1.3: Explanation of Relations between each States in

VIS Model

The VIS model explains the relation between a and the bcc
structures shown in Figs.4.1.1 and 4.1.2 as follows; In Fig.
4.1.2(b), the projection of the becec structure from [110]

direction is shown, where filled circles lie on the one layer and
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open circles lie on the other layer shifted perpendicular to the
(110) plane. The angle & is 109.47 degrees. Fig.4.1.1 indicates
the b-axis pfojection of the a structure and the monoclinic angle
.B is 108.99 degreesz). If a— and c—axes are equal in length and
open circles move to the center of the cell drawn with solid
lines in Fig.4.1.1, then the b-axis projection is approxXimately
equal to the projection of the becc structure (Fig.4.1.2(b)). Thus
the a-structure is not so different to the bce structure, except
for its b—axis: in the a structure the axes ratios for b/a and
b/c are 0.817 and 1.04; respectively. However. in the bce-
structure the ratios are 1.63.

The relationship between bce and hep unit cells is
illustrated as a three dimensional picture in Fig.4.1.3. If large
open circles coincide with the filled circles so as to increase
the angle from 109 to 120 degrees, then the bce structure
transform to the hep structure. This relation is known as the

Burgers' modelBo) which illustrates the hcp—-bcecc phase transition

in zirconium.

Appendix 4.2: The Direction of the Observed Phonon Wave Vectof
Thirty—one pbssible directions of observed phonon wave
vector given by the VIS model were explained as follows. Here we

take a count of two types axis relations (type A and type B)
between bcc and hcep structufes of VIS as shown in Fig.A-2
described in 4.1.2. When the bcc state changes to the hcp state,
A'B'C'D'E'F' hexagon of the bcc structure transforms to ABCDEF
hexagon of the hep structure as shown in Fig.A—2 pointed out in

4.1.2. If we‘consider the direction of the observed wave vector
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Fig. A.2. The relation between the bcc and hecp structures. Solid
and broken lines cells indicate the hcp and bcec structures,
respectively; bcc: the projection of the bce structure from the
[110] direction, hcp: the hcp structure projected along the
unigue axis. There are two eguivalent types for the

transformation; Type A and Type B.
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in a coordinate system on the crystal structure of the £ phase
reconstructed by the a—-f transition, the dirgction changes in
each experimental run even then the direction of the observed
phonon wave vector is fixed parallel to the b—axis of the «
phase. That is, the directions of fhe observed phonon-wave Qector
in the B phase are shown in Fig.A—3 in the coordinate system of
the B phase. Here the arrows in Fig.A—3 can be classified into
bthrée groups as follows. I) If an observed phonon wave vector is
parallel to the A arrow, the angle between the b—axis of the «
phase and the c-axis of the B phase after the a—8 transition is O
or 180 degrees [Group I]. II) The eight phonon vectors from B to
I arrows indicate that the angle is 66 or 120 degrees [Group II].
III) The two phonon vectors of J énd K arrows indicate that the
angle is 90 degrees [Group III]. Furthermore we must consider
that in the £ phase the axis direction can turn 120 degrees about
the c—axis of the orthorhombic B phase, since the c—axis is the
pseudo—hexagonal axis.zg) That is, a total of thirty—one arrows
are obtained for the directions of observed phonon wave vector.
On the above conditions the model calculation of Av in the 8
phase can be performed, if we obtain a complete set of the

elastic stiffness tensor of the £ phase.
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b

d

Fig. A.3 The direction of the observed phonon-wave vector in the
B phase after the a—f transition in take account of the relation
between the axis orientations of bcc and hep structure of VIS.
The direction are shown in a coordinate system located on the B
phase reconstructed by tﬁe a—f transition. Arrows (a,b, and c)

show the axis orientation of the orthorhombic B phase.
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