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Abstract

The studies on the optical properties of the ferroelectric KHZPOA:

and KD2P0 and the antiferroelectric NH4H2P04 have been done using

far-infrared and Raman spectroscopies. The problem of a lattice
dynamical theo;y of the ferroelectric transition of KHZPO4 type crystal
has recieved wide attention in recent years. Several experimentél tech—;
niques have been used to study the dynamical ﬁroperties of these crys-
tals, but‘it:has not been completely understood.

In the present work the polarized far—infraredvand Ramén spectra of

KH. PO, and KD,PO, have been measured in both paraelectric and ferro-

274 2774

‘electric phases as a function of temperature. The results have beén
analyzed by the use of the groupktheory. The detailed temperature
dependence of the spectra has been observed and discussed comparing with
the recent dynamical theory. The study onrthe deuterated éubstance is
very important because in these hydrogen bonded Crysféls.the hydrogen
‘motion is thought to play an important role in the process of phase
transition. The results of KDZPO4 have been discussed refering to those
of KHZPOA' NH4H2PO4 is the isomorphous to KHZPO4 in the paraelectric
phase but is antiferroelectric below the transition temperature and the

mechanism of the antiferroelectric transition is quite different from

that of KH,_PO Only a few experimental works have been reported.

2774

The present works on KH2P04, Kb, PO, and NH H PO

2P0, 4B F0, will be shown as

follows: 1In Chap. 1 the author will introduce the lattice dynamical
aspects of ferroelectric transition and review the experimental works

on the ferroelectrics by the use of far-infrared and Raman spectroscopies



to point out the problem of the present werk. In Chap} 2 the results
of the group theoretical analysis are given. These results wlll be used
lin the following chapters to analyée the experimental data. The results
" of far-infrared reflection measurements are given in Chap. 3. In that
chapter the main attention has been paid to its low~frequency d1electrie
hehavior and the ferroelectric mode. 1In Chap 4 the results of reflec~
tion measurements by HCN laser are shoWn. The»reflectivity'at 29.7 cnr1 '
has been measured as a function of temperature. The polarlzed Raman
!spectra of these crystals are given in Chap 5. | The measurements have
ebeen made in wider reg1on. The results of the determ1nat10n of the mode
symmetrles and the establishment of the correlation of the ‘modes from one
' phase to the other are shown. 'Finally in Chap.‘6 the discussion about

the results obtained by three methods are given. The conclusion of the

present work is alSo‘giveh in Chap. 6.
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Chapter 1 Introduction

1. Lattice Dynamics of Ferroelectrics

The phenomenon of ferroelectricity is observed in a large number of
~crystals. They can be divided into two groups. vOne group is charaéter—
ized by the existencelof permanent dipole moments in tﬁé paraélectric

2)

phase, which become ordered below Curie témperature.l’ ‘The’transition
to the ferroélectric phase is then an order—disorde; type. Inkthe‘
'second group there is no permanent dipble moment in the’paraeleétric
phase, and the lattice spontaneously deforms tolthe‘ferroelectridistate.
fhe displacive type ferroelectrics have recieved coﬁsi&érable iﬁtéfest'
due to the relationship between the onset of ferroelectticity aﬁdrthe

3)

1attice'instability. - Cochran >has prbposed a theory of ferroelectricity‘
in which the ferroelectric transition in displacive type crystals is
associated with an instability of one of the normal modes of‘the lattice.
In this theory the frequency of the relevant mode lowers on approaching
the Curie temperature and the restoring force of the atomic displacement
tends to be zero. This mode becomes unstable at the Curie temperature Tc"
The atomic displacément below Tc represents ﬁhe frozen~out displacement
of the unstable mode. This unstable mode is called a soft mode. As the
ferroelectric state is characterized by a macroscopic spontaneous polar-
ization, the soft mode must be polar and of long wavelength (k = 0).

The antiferroelectric state is characterized by the appearance of
two opposite sublattice polarizations. Therefore there is no macroscopic
polarization and an increase in the unit cell size, so that the éntiferrb-

electric soft mode has a finite wavelength. It can be said that the fer-

roelectric transition involves the instability of a lattice vibrational



mode at Brillouin zone center, k = 0, whereas antiferroelectric ordering
involves the instability of one at the Brillouin zone boundéry. The
lattice instability theory was at first proposed only for displaéive type
ferroelectrics, such as perovskite crystal BaTi03, where the potential in
which atom moves is slightly anharmonic. It was later suggestéd that
essentially the same idea can be applied to the order-disorder tyPe ferro-
electrié like KHZPOA(KDP)a In KDP the potential for the hydrogen atom is
anharmonic or of double minima4’5) and so KDP typé ferroelectrics are élso
an attractive subject concerning the relatiénship between the onset of
ferrbelectricity and the lattice vibration.6’7) :Iﬁ tﬁe présenf ﬁork thé
author will be concerned with the investigation of‘optical'spectra of KDP
type ferroelectrics and antiferroelectrics.8 | |

A characteristic of KDP type fertroelectrics is the existence of short
hydrogen bonds.g)"The deuteration effects‘thé reduction of Curie tempera- '
turelfz) and so the hydfogen bond is thought to playvan important role in

_ ' 6,7
the phase transition mechanism. Recent theoretical ’ )

9, 10)

and experimental
works have suggested the existence of unstable optic mode as that

of perovskite crystal. Further discussion will be made in the section 3.

2. Infrared and Raman Spectra of Ferroelectrics

The infrared and the Raman spectroscopies are the powerful tools for
the study of the lattice vibration and the phase transition in ferro-
electrics. The selection rules for these spectra are different from each
other and these two measurements generally give the complementary data.
Measurements with these two techniques give more perfect information

about the lattice vibrational modes.



2-1 Infrared Absorption
The infrared behavior of the crystal can be conveniently described
in terms of the dielectric function e(w). The connection between the

static dielectric constant and the lattice dispersion is provided by one

.’of the Kramers-Kronig dispersion relations.lo)
2 (7 ' '
) "
8' (0’ T) - £ P — _..E__..(U)__l._'l.‘)—— dm' . (1—1)
© ™ 0 W' . ) _

Here €'(w, T) and €"(w, T) are the real and imaginary parté of complex
dielectric constant and ¢ is the high freqﬁency dielectric conmstant in
the region where phonon effects are unimportant. Eq. l—l.shows'that
large temperature dependent 1ow—frequeﬁcy dielectric constant 8'(O,T);
which is charactérized by Curie-Weiss law behavior in the ferrbelectriés;'
can occur only if the spectrum €"(w) contains the contributions from a -
strong and very temperature-dependent soft mode.

Experimentally complex dielectric constant can be obtained from.tﬁe
far-infrared reflectivity spectrum using Kramers-Kronig disperéion’
relation.ll) If the osciilator model is valid, the complex dielectric‘

constant can be represented as follows:

e(w) = €, T X (1-2)

i ow g w o+ iwyj
The high frequency dielectrig constant €_, characteristic frequency wTOj’
oscillator strength Sj and damping constant Yj can be obtained from
optimum fitting of eq. 1-2 to the experimental result.

For the case of an ionic crystal with a single infrared active mode
with no damping, transverse optic mode frequency Wpg and longitudinal

12)

optic mode frequency W o are split by the crystal polarization.



The relation between w and w is;

TO LO
€ wz
L - 20 . (1-3)
€, Wro
" This equation is called as Lyddane-Sachs-Teller relation.l3) In the

ferroelectrics the importance of this relation arises from the Curie-
Weiss law behavior of the low-frequency dielectric constant:

C
€ Y ———— .
o T (P>T,).

Wo and € are thought to be temperature insemsitive and then the L. S. T.

relation together with the Curie-Weiss law for the low-frequency dielectric
constant predicts a soft mode behavior of the infrared active transverse
optical mode;

2

Wi = AT - T) o (1-4)

where A is a constant.

3)

Since the lattice instability theory™’ of the displacive type’ferrd—

electrics have been proposéed, many experimental works on the problem of
»soft mode have been done. The first observation of the temperature

dependence of a low frequency transverse optic mode was made by Barker

14) -

et al. They measured the far-infrared reflectivity of SrTiO3 and

derived complex dielectric constant by means of Kramers—Kronig analysis.
The lowest frequency mode was found to be overdamped and its mode

frequency had the temperature dependence such that given in eq. 1-4..

15)

The same type measurements were made by Spitzer et al. on SrTiO3,

BaTiO3 and TiO2 at room temperature. Their results of'BaTiO3 show the

existence of a soft mode. A more detailed study of low-frequency mode

16)

in BaTiO, was made by Ballentyne, who measured the reflectivity at

3

several temperatures. The results indicated that lowest frequency over-—



damped mode does not shift in accordance with the L. S. T. relation,
i.e. eq. 1-3, if the peak frequency in ¢" is considered. This is because

of the large damping. In a case of large damping the peak of ¢" does not

coincide with the characteristic frequency wTOIS) and then the best fit
of €" using an eq. 1-2 is necessary to obtain the characteristic
18)

frequency. The measurements on KTaO, were made by Perry et al. The

3
results indicated the presence of a low-frequency soft mode which is in
accordance with the temperafure dependence of the dieleétric constant as
the manner given by eqs. 1-3 and 1-4.
These data for perovskite crystal show the presence of a sqft mode,
but the dielectric function cannot be represented by a sum of non-

19)

interacting classical oscillator function| The importance of optical

20)

mode coupling has been suggested by Barker and Hopfield. They have

shown that the reflectivify of BaTiO,, SrTi0., and KTaO, could be fitted

he 3 3
by a coupled oscillator function.
2-2 Raman Effect
Raman scattering experiments have become a powerful tool recently
for the study of ferroelectric phase transition in ferroelectrics. This
is partly due to the fact that Raman scattering is complementary in
nature to infrared absorption. The Raman data together with infrared
data give more complete information about the vibrational spectra.
Recently the laser has been developed and has become.to be used for
the Raman scattering as an exciting source. It gives a cpherent and
lineafly polarized light. This enables us to measure the low frequency
Raman scattering and polarized spectra more accurately.. Thus the Raman

scattering is useful in studying the optical property of crystal, for



example, the soft mode and the line shape anomaly in the spectra.
In addition, because of symmetry information available from polarized
scattering spectra, the Raman scattering technique has been useful in

studying the change of the crystal structure at the phase transition.

The intensity of the Raman scattering is given by the equationlz’ 21)
5 2
ai' 2 ‘ .
J
J(w)= IL ——3'6—-‘ x <( spw)) > : (1'5)

~ where IL stands for tﬁe intensity of incident light, aij éﬁgnds for
“the polarizability tensor components, Q stands for the displacement in
vthé normal coordinate and Op(W) is the Fourier component 6f the
'polarization flucﬁuation‘due to the lattice vibration. <( 6P(Qj)2>

is directly related to the imaginary part of complex dielectrié suscep-

1-23)

tibility X"(w) by the fluctuation dissipation theorem2 and we

obtain

I = K@w + 1) x" W ae
for Stokes line, where n(®w) stands for the Bose factor and K is the
constant. X"(w) obtained by the Raman scattering measurements can be
compared with the imaginary part of complex dielectric constant e"(w)
which is obtained by the far-—infrared measurements. If tﬁe osciilator
model is valid X" (@) can be represented by such a élassical oscillator
function as eq. 1-2.

The relation in eq. 1-6 was applied in the classical limit he< kBT

by DiDomenico, Porto and Wemple in their Raman scattering observation

23)

of soft mode in BaTiO3, It is noted that when the lattice vibra-

tional mode is underdamped its Raman line should be very sharp which

24)

is the case of PbT:'LO3 measured by G. Burns and B. A. Scott. The



results show that the spectra consist of underdamped modes including a

soft mode. In BaT103,23) however, the situation is somewhat different.

The soft mode is of low-frequency and so broad that the Bose factor is
extremely important. The observed spectra do not show a peak but a

~ broad Rayleigh wing. 1In this case the Bose factor correction is needed

to extract the actual mode shape X"(w) from the Raman signal. This is

25) 23)

also the case of KDP and will be shown later. DiDomenico et al.

applied the relation in eq. 1-6 and the classical oscillator function

to their Raman scattering spectra in the observation of a soft mode in

BaT103.

Many works have been done on the ferroelectrics in recent years.

6) 27, 28)

The results are reviewed by Worlock2 and others. Much Atten-

~ tion has been paid also to the soft mode behavior. Of special interest

is the field-induced Ramanvscattering employed in SrTiO
29)

3

These crystals have the perovskite structure

and KTaO3 by
Fleury and Worlock.
and héve a center of inversion above the transition temperéture. So
the soft mode observed by infrared measurements is Raman inactive. The
applied field distorts the crystal slightly lowering the crystal sym-

and causes the infrared active mode to become Raman

29)

metry from Oh to C&v

active. They observed a field-induced soft mode and measured its
temperature dependence.30) The results indicated that the temperature
dependence of a soft mode is in good agreement with the expected one
such as given by eq. 1-4. They also discussed about the electric~
field-induced scattering cross sections and the temperature dependence

32 :
of the soft mode linewidth.Bl) Balkanski et al. ) studied the Raman
spectra and the far-infrared spectra of SbSI. They measured these

spectra of SbSI above and below the transition temperature and analyzed



their data by means of group theofy. The mode symmetries in the
different phases were determined and their correlations from one phase
to the other were established. Since the structual phase transition
is associated with displacements of certain atoms, the lattice vibra-
tional modes invoiving these atomic motions are more affected by.the

- crystalline change from one phase to the other. Therefore such .an

32)

investigation made by Balkanski et al. is very important to get
information about the structual phase transtition involving the'ferrof
electric phase transition. The same type measurements and analysis of

33)

the spectra for SbSI were also done by Agrawal et al They reported°

the ex1stence of a strongly temperature-dependent soft mode. Harbeke

et al. 34)

also studled the Raman spectra of SbST and analyzed the soft t
‘ mode behav1or in terms of two coupled anharmonic oscillators. The soft -
mode changes its frequency w1th temperature_and crosses a temperature-
independent mode. This fact offers the possibility of observing mode

35)

interactions. In SbSI such a coupled oscillator was found to be in‘
good agreenent with.the observed spectra. |
In some perovskite crystals the instabilityvof zone boundary mode
occurs at the structual phase transition. This is the antiferroelectric h
transition because it causes a doubling of the unit cell. Well known
example is the cubic to tetragonal transition of SrTiOS‘at 110 K, 1In
36)

3 the new lines were observed below 110 K.

This fact is thought to be due to the structual change which doubles the

the Raman spectra of SrTiO
unit cell and shifts the modes from the zone boundary to its center.

3. KDP Type Ferroelectrics and Antiferroelectrics

KDP type ferroelectrics are known to be the hydrogen bonded



ferroelectrics and the order-disorder type. These crystals are
charaterized by the short hydrogen bond which is thought to play a
éignificant_role in the process of phase transition. In the low-
temeprature phase they become ferroelectric which is considered to result
from an ordering of the protons. Whereas considerable progress has been
made recently in the understanding of the ferroelectric phenomenon in
KDP type ferroelectrics, the vibrational spectra of these crystal
contain several interesting features which are still not completely
understood. The dynamical aspect of the phase transition of KDP and

the related works are reviewed below.

3-1 Lattice Dynamical Aspects

The crystal structure of KDP has been investigated in detail by X

9) 10)

ray’’ and neutron diffraction techniques and is shown in Fig. 1-1.
A characteristic of the crystal structure is the existence of short
hydrogen bond which connects two PO4 groups perpendicularly to the
polarization éxis (c-axis). This hydrogen bond plays a significant
role in its ferroelectricity. For example the dueteration increases
.the Curie temperaturel’z) from 120 K to 220 K in KDP as shown in Table
1-1.

Neutron diffraction experimentslo) on KDP showed that the intensity
profile of hydrogen atoms corresponds'to the structure'eloﬁgatéd along
the bond axis in the paraelectric phase. In the ferroelectric phase,
however, the hydrogens are observedvpo be in ordered off-center posi-
tion. This is believed to occur from the fact that every hydrogen atom
vibrates along the bond axis or is statistically distributed over two

equilibrium positions along the bond axis in the paraelectric phase.



37) 38)

Slater and Takagi proposed a statistical order-disorder
model of KDP, but could not explain the large deuteration effect on

ﬁhe Curie temperature. Blinc et al.39) interpreted their infrared data
introducing the tunneling character, in which proton tunmnels in a
double well potential through a low-intermediate barrier, in order to
explain the large isotope shift of the Curie temperature. A pseudo-

4)

spin—Ising type model was employed by de Gennes to describe the

6)

tunneling proceés. Tokunaga et al. modified Slater's model intro-
ducing the funnelihg character. Their results show that the tunneling
mode becomes soft in the same manner as the sdft mode of displacive
type ferroelectrics. They assumed the order-disorder mechanism for
[K—(PO4)] sublattice as such that the motion of [K—(POA)] dipole
instantaneously follows these tunneling protons due to the change of

EY)

electrostatic field. The order-disorder mechanism of [Kr(P04)] sub-
lattice may not be reasonable, but the lattice is thought to play an
important role in a sense it carries the spontaneous polafization |
along the c axis. Because the principél component of hydrogen motion
is perpendicular to the polarization axis, it appears that neglect of
the [K—(PO4)] sublattice cannot give a quantitative description of the

spontaneous polarization. The X rayg) 10

and the neutron scattering
data both showed that in the ferroelectric phase K aﬁd P atoms have

the opposite displacements along the c axis. When all ionic displace-
ments are considered, the spontaneoué polarization can be accounted for

40) With respect to this point, Kobayashi7)

in a reasonable manner.
extended the pseudospin tunneling model and proposed the coupling

between the tunneling mode and the optical mode of [K—(PO4)] sublattice.

This yields a coupled mode of which frequency becomes soft in the same

- 10 -



’ PR | s
manner as in Cochran's description ) for the perovskite crystal,

3)

Cochran™’ proposed that the lattice instability occurs in KDP as
the similar manner to the displacive type ferroeleétrics. He described
the ferroelectric mode as in Fig. 1-2; hydrogen atoms moving in the ab
plane and X and P atoms moving oppositely along the c axis. Below
Curie temperature this mode motion is frozen out and the spontgneous
‘polarization occurs due to the displacements of K and P atoms.

It is thought that essential mechanism which causes the ferro-
electric trénsition in KDP type crystal is the proton tunneling mode.
The dipole system may be the order—disorder meéhanism of other ioms or

6, 7 suggest the

the coupled proton-phonon mode. These theories
existence of a polar mode whose characteristic frequency tends to be
zero and vanishes when the temperature is lowered through the Curie
temperature. Such a mode is both infrared and Raman active in KDP.
The effect of deuteration is an attractive subject in KDP type

4)

ferroelectrics, as the existence of the proton tunneling mode ° has
been.proposed theoretically. The tunneling frequency should be reduced
drastically by deuteration.

4H2P04(ADP) is isomorphous to KDP but is anti-

8) 3)

_ferroelectric below the transition temperature.

The crystal of NH
Cochran™ also
argued that the antiferroelectric transition is caused by the insta-
bility of the temperature dependent zone boundary mode. He inferred
that the antiferroelectric mode in ADP should occur at the Z point;

2T

k = (0, O, E—J. This mode is optically inactive. However, ADP is also

the hydrogen bonded crystal and so the proton tunneling mode is

41)

probable. And that the low-frequency dielectric constant is very

large and varies with témperature, so the temperature dependent mode

- 11 -



may exist as predicted by eqs. 1-3 and 1-4,

3-2 1Infrared and Raman Spectra of KDP Type Ferroelectrics

“The vibrational spectra of KDP may be separatedvinto three regions:
i) the lower-frequency region below 300 cm--1 corresponding to the
external vibrations of the lattice, ii) the mid-frequency region from
300 cm_1 éo 1100 cm—l corresponding to the internal vibrations of the
molecule contained in the crystal and iii) the high-frequency region
above 1100 cm_1 corresponding to the vibrations of light-weight protons

of hydrogen bonds. |

5, 42)

Several works have been done in the high-frequency region to

5)

get information for the hydrogen motions. Blinc et al. investigated
the infrared absorption spectra of KDP typé crystals in the region from
700 cm—1 to 3100 cm—l. They interpretéd their data as due to thevproton
tunneling between two minima of potential energy. This model, the tun-
neling mode model, is the fundamentals of the recent lattice dynamical
model of KDP.
43-45)

Wiener and his co-workers have measured the infrared spectra
of KDP type crystals in the mid-region. The spectra show the existence
of broad bands above Tc and the occurence of sharpening of these bands
below Tc' They theorized that these bands are attributed to the
internal vibration of P04 ions and are broadened above TC because they
are coupled to the low-frequency hydrogen tunneling mode. Below Tc

the tunneling modes disappear as the protons become ordered. Thus
these results revealed several details on the role of the hydrogen

atoms in the process of ferroelectric phase transition of these

crystals. Further the deuteration may cause the reduction of tunneling

- 12 -



frequency and so the significant change in the spectra also.

The low-frequency spectra of KDP type crystal have been investi—
gated by use of the far-infrared and Raman scattering techniques.
Barker et 31.46) measured the far—infrared reflection spectrum of KDP
at room temperature. The results indicate the existence of a broad
band near 50 cmfl, though the data below 100 cm_1 are not sufficient.
‘This mode contributes largely to the low-frequency dielectric constant
and so they concluded that the broad band near 50 cm—l is a ferro-
electric_mode. Kawamura et al.47_49) have also measured the far-
infrared reflection spectra of KDP in wider region from 20 cm_’l to 550
cm — at several temperatures above and below Tc' The results shong
that the ferroelectric mode strongly depends on the temperature in its
peak ffequency and intensity. The peak frequency decreases and the
intensity increases as the temperature is lowered to Té. Below TC this
mode disappears. The same type measurements were made by Sugawara et

a1.50)

and the similar results were obtained.

The Raman spectfum of the ferroelectric mode of KDP was studied by
several groups.51_53) The work by KaminowSl) showed that the ling
shape of this mode, which is observed as a Rayleigh wing, could be
fitted by a simple-damped-harmonic oscillator function. The damping
factor is temperature independent and the characterisﬁic frequency
exhibits a soft mode behavior

woz = K (T - Tc)/T. (1-7)
Such a temperature dependence of the ferroelectric mode is consistent
with either the coupled proton-phonon mode7) or the collective proton

tunneling mode6) model of KDP. The deuteration causes the reduction

of tunneling frequency and therefore the effect of deuteration on the
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» : 54
low-frequency spectra is an attractive subject. Kawamura et al. )

measured the far—infrared reflection épectra of DKDP in the region
from 20 v::m--1 to 550 cm._l at several temperatures above and below'TC.
Cbmpariéon of the obtained data with the zero-frequency reflectivity*
indicates that the ferroelectric mode must exiéf below 20 Cm—l, if any.

The Raman spectra of DKDP were measured by the several groups.sl’ 54-57)

The results by Reese et 31.56, 57)

showed the ferroelectric mode in
very loﬁ?frequency region. In these works of Raman scattering on KDP
type crystals, the investigation was made on the lowest frequency mode.
Scott et a1.58) observed the evidence‘of strong anharmonic coupling
between the ferroelectric mode and the other lattice vibrational mode
in the spectra of CsHZAsD4 and KHZASOA' The Raman spectra of these
crystals show the ferroelectric mode and the overdamped mode above Tc
and.the observed data are accurately described by.a coupled mode
equation. Recently thé same type analysis was made on KDP and ADP by

0, 61 .. . . '
60, ) Such an anharmonic interaction is also mani-

She and Broberg.
fested in the far-infrared spectra of KDP, in which two noninteracting
oscillator function could not successfully be fitted to the observed
spectra.47)
The ferroelectric mode was observed both in the far-infrared and
the Raman spectra. These results are consistent with the recent model
of KDP propoéed theoretically but its origin is unkmown yet. It may be
the polarization fluctuation due to the ion displacement induced by the
6)

proton tunneling mode ° or the coupled proton-phonon mode.

In the series of Raman and far-infrared works mentioned above,

*Note: Zero-frequency reflectivity was calculated from the low-
frequency dielectric constant in the microwave region.
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much attention has been paid_to the ferroelectric mode behavior 6r the
spectra in the partial region. But so far determination of the mode
symmetries in both phases, the mode aésignments and their correlation
from one phase to the other have not been done completely. The deter-
mination of the mode symmetries, the mode assignments and the establish-
ment of the correlation are possible by the aid of group analysis and
such investigations lead us to clérify the correct origin of the férro—
electric mode.

Agrawal et a1.53) observed the Raman spectra of several KDP type
ferroelectrics up to 2800 cm_l both above and below Tc and determined
the mode symmetries though insufficient.

Tﬁe antiferroelectric ADP, which is isomorphic with KDP, has

47, 89)

received rather little attention. Kawamura et al. '’ reported the

observation of the overdamped E symmetry mode in the far-infrared

61)

* .
spectra. Such a mode is also observed by Broberg et al. and Ryan

62) . B
) in their Raman scattering spectra.

et al.
4, Summary

As stated in the preceeding section, considerable progress has
- been made recently in the undersfanding of the phenomena in.KDP |
type ferroelectrics though, the vibrational spectra of these crystals
have not still been completely understood. The present work is con-
cgrned with the investigation of the phase transitidn in KDP type ferro-

electrics using far—-infrared spectroscopy and Raman scattering tech-

nique.

*Note: The ferroelectric mode of KDP belongs to B2 symmetry species.
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The present investigations are as follows; i) the meaéurements of
detailed temperature dependence of the vibrational spectra of KDP using
a polarized radiation; ii) the determination of the mode symmetries in
both phases, the establishment of the correlation from one phase to the
other and of the mode assignments comparing with the group theoretical
analysis, iii) the studies of the anomalous temperature dependence of
the spectra such as ferroelectric mode behavior and the proton tuﬁneling
mode, iv) the same type investigations on the deuterated substance DKDP,
and v) the same type investigations on fhe antiferroelectric ADP. These
experimental works will lead us to the better ﬁnderstanding of the

ferroelectric phase transition in KDP type crystals.
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Table 1-1

Teemy K Tem) &

KE,PO, 123 213
KH,A80, 97 : 162
RbE, PO, 147 218
RbH,AS0,, 110 178

’ Csﬂzﬂsou 143 - 212
Wi, B, PO, 148 _ 232
/

Fig. 1=1 Structure of KHZPOAI(Slater37)).

Fig. 1l-2 Ferroelectric mode (CochranB))
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Chapter 2 Group Character

In this chapter the results of group theoretical analysis are
given for both paraelectric and ferroelectric structures. The group
analysis gives us the information about the number of normal modes,
their mode symmetry and the selection rule. Comparison of the observed
spectra with the results of group theoretical analysis leads us to the
correct mode assignments.

| KDP and its isomorphous crystals are the paraelectrics and have a
fetragonal structure above Curie temperature Tc’ and below Tc they

D

become ferroelectric and have an orthorhomic structure. We can get

~ more accurate information about the ferroelectric transition by the
following procedures: making the precise mode assignment of observed
bands in both phases, and examining the relation between the normal

modes when the crystal goes from one structure to the other.

The KDP type crystals are composed of ions and molecules, and inter-

atomic force in the PO4 group is thought to be‘much stronger than the
forces between the ions. If this is the case the more appropriate

classification of the normal modes is possible. The further discussion

will be made also about this point.

1. Structure

The paraelectrlc structure of KDP type crystal was examlned by X

rayz) and neutron d1ffract10n3) measurements. The space group is Déj

(142d) with four molecules in the body centered tetragonal unit cell.

4) . el

The structure of KDP is shown in Fig. 2-1. The orthogonal axes x, ¥y

and z are taken to be parallel to its crystallographic axes al, a, and
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c, respectively. The symmetry elements of this group are a four-fold
rotation reflection axis S4 and two-fold rotation axis C2 parallel to
the z axis, two—-fold rotation axis C2 parallel to the x and y axes and
glide plane Od.s) The potassium ions and phosphate ions locate on the
points with SA symmetry.

In the ferroelectric phase the crystal symmetry 15 reduced. The
space group is C1 (Fdd2) with eight molecules in an enlarged orthorhomlc
unit cell. The transformation of the unit cell from body—centered to
face-centered is accompanied by doubling of the cell size With crystal-
lographic axes fotating 45° in the xy plane. The structure of KDP be1§w 
‘Tc is ehown in Fig. 2-2, where each (HZPOA) ion is represented as a
closed circle.s) >The spontaneous polarization occurs along z axis below -
Tc' |

The hydrogen bonded antiferroelectric ADP6) is isoﬁorphous with KDP
in the paraelectric phase. The paraelectric structure is the same with

12 7, 8)

that of KDP, namely D2d Below the transition point, i.e. in the

7 This‘

antiferroelectric phase, the strﬁcture of ADP is D (P2l 121)
is in contrast to KDP, of which structdfe is Céz in the ferroelectric
phase. The transition in ADP results in an only slight orthorhomic
distortion of original unit cell. The structure of NDAD PO4 (DADP)‘in
the pnojeetion on ac plane is shown in Fig. 2-3 as a reference.g) The
significant difference between the structure of KDP and that of ADP is
,as‘follows. In ADP each NHAgroup is tetrahedrally connected ‘to four
Péh groups by N—Hr--o hydrogen bonds.vw | | |

The characteristics of these crystals KDP and ADP are the 0-H-—-0
hydrogen bonds. Each POA group is linked by hydrogen bonds to a tetra-

hedral arrangement of PO4 group neighbours. The ordering of 0-H---0
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bonds in KDP has been observed by neutron diffraction experiment3) as
shown in Fig. 2-4 (a). For the antiferroelectric ADP the ordering is

10)

assumed to be as shown in Fig. 2-4 (b) which is depicted by Nagamiya.

2. Group Theoretical Consideration and Selection Rules

2~1 TFactor Group Analysis
The space group of KDP in the paraelectric phase is D;i, and one
crystallographic unit cell contains four molecules_a) As ;he primitive’

lattice vector, it is more convenient to introduce following vectors;

tl’ t2, and t3,ll) The components of these vectors are given in the
rectangular coordinates by (— 2, ;, 2, ,(%, 2, ) and ( %),

respectively. These vectors are shown in Fig. 2-5 (a)schematically.
The primitive unit cell now has the volume agc/Z and contains two
pmiolecules.

The atoms P3, O.—P and Oj-P4 (i,

43 39 K4’ Hl" Hzl’ H3l9 H4I’ 3

j =1, 2, 3, 4) are contained in the primitive unit cell (see Fig. 2- 1.
The other atoms are equivalent to them simply by the translational
operations.

In the ferroelectric phase the crystal structure is face-centered
orthorhomic Céz. One crystallographic unit cell contains eight molecules

as shown in Fig. 2-2. In this case the primitive vectors t!, té and té

can be chosen as shown in Fig. 2-5 (b) and one primitive cell'contains

‘ also two molecules.‘

The KDP crystal may be regarded as cons1sting of K and (HZPOA)
1)

ions. In this case the normal mode vibrations of the crystal can be

12)

-

classified in two categories. i) The lattice mode or external mode
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~ correspond to the translational and rotational vibrations of ion groups
where (H2P04) ion vibrates or rotates as a whole; and ii) The internal
mode corresponding to the molecular vibrations of (H2P04) ions. In
general the former lies in the low-frequency region and the latter

lies in the high-frequency region.

symmetry afe shown inATable

The character_tables for D and»C

2d
3)

. 2v
’ 2-1 (a) and (b) respectively.l The irreducible representations and
the symmetry dperations are listed in the table. The distributions of
normal mode vibrations among the irreducible representation can:be

13)

obtained by the‘factorgroupanalysis. The results are shown in Table

%) 1 the

2-2. This‘reéult is in goodvagreement with that of Shur.
factor group analysis only the atoms in the primitive unit cell were
faken into consideraéion and all other atoms were assumed to have
identical displacements. So these are the normal modes in the long-
wavelength limit. (k=0). The selection rules for all these normal ﬁédes
with regard to Raman scattering and infrared absorption are determined
by the repfesentation of the polarizability tensor and the dipole
moment. In Table 2-2 the représentations of non-vanishing polariza-
bility tensor bomponentsAand dipole momenf components are also listed}z’ls)
According to the results shown in Table 2-2 there are 28 Raman
active modes 4A1+6Bl+6B2+12E,* of whicﬁ 6B2+12E are also infrared
active in the paraelectric phase. In the infrared B2 modes are polar-
ized‘parallel to the‘z'éxis and the doubly degengrape‘E modes a;e 
polarized perpendicular to the » axts.
In the ferroelectric phase after the tranéition at Tc, the space
12 19+

group symmetry changes from D2d to C2 The correlation between the

*Note: A doubly degenerate E mode is accounted as one mode.
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.. for the external Vibrationél‘mode, the internal vibrational_mdde ova;PO4

1rreducib1e representation of the space group Dii nd C;: is shown in
Table 2—3,13) and it results in that 4A1+6B2 modes in the paraelectric

phase transform into 10A. modes in the ferroelectric phase. 5A,+6B

1 2 71

modes above TC transform to llA2 modes below Tc. The doubly degenerate

- 12E modes above Tc split into 12B.+12B, modes below Tc' These modes

1 2
‘are all Raman active and of which 10A1+12Bl+1ZB2 are also infrared
active. |

The'antiferroelectric ADP is isomorphous with KDP in the paraeiec- )

6)

tric phasé. The similar procedure used to the ahalysis of KDP is

also applicable to ADP. The'primitive unit cell now contains 24 atoms =

and the cfystal can be regarded as composed of NH4

The group theoretical analysis has been given by Shur

and (H2P04) ions.’
14) aﬁd‘his
results are reproduced in Table 2 4, The number of the translational
oscillation is the same with that of KDP, while those of rotationai
oscillations and internal oscillation of the ion increase due to the

presence of NH4 ions. The rotational oscillations are now distributed

as 2A1+2A2+4E, while in KDP they are A1+A2+2E.

2-2 Vibrational Modes
In the preceeding section the results of factor group analysis are
given, where the KDP crystal was regarded as composed of K and (H

1)

ions. In thlS section the more detailed discussion will be given

0,)

ion and hydrogen vibrational mode.
2-2-1 External Modes

The external motions of [K—(H2P04)] sublattice consist of
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translational and rotational vibrations and the number of these vibra-
tional modes are given in Table 2-2. 1In the paraelectric phase

A1+A2+2E modes are rotational vibrations and 231+2B +4F are trznslational

vibrations. The schematic representation of the translational vibra-
tional modes are shown in Fig} 2-6 (a). The external vibrations are
purely ionic vibrations, and the B2 modes and E modes transform as;P

and (P s P ) dipole moment except acoustical ones. The translational

14)

modes in the ferroelectric phase are given by Shur and results are

.»reproduced in Fig. 2-6 (b). It is worth noticing that the ferroelectric

" mode depicted by Cochran (Fig. 1—2) corresponds to the B, mode in which

2
K ion and (H PO ) ion dlsplace oppos1tely as shown in Fig 2-6 (a)

2-2—- 2 Internal Modes

It is well known that the free PO4 ion has a tetrahedral point -
) 17) o

group Td and has four distinct frequencies: a totally symmetric

vibration vl(Al), a doubly degenerate vibration vz(E), and two triply
degenerate vibrations V3(F2)‘and V4(F2). These vibrational modes are

all Raman active and of which two F2 modes are also infrared active.

-1
In the case of free ion, these absorptions occur at v,=980 cm v,=

1 * 2
363 cm—l, v3=1083 cm—l and v4—515 cm 1.17) In the crystal it seems

that the tetrahedral PO4 ion is deformed by the crystalline field

under theicrystal point group D2d' In the paraeléctric phase PO4 ions

lie on the site of S, symmetry which is the site group of point group
~18)

‘ VTd'S) Murphy et al have 1nterpreted their data assuming that the

. PO4 ion’ has approx1mately Td symmetry and occupying S4 site. If this
is the case, the E type modes of free P04Vions transform into A+B type
modes of S4 symmetry and the F2 type modes transform into B+E type

modes. And that molecular vibrations are expected to be almost
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unchanged. On the other hand, 1if each atom of PO, ion strongly

4

binds with the lattice, the original molecular vibrations disappear and
new lattice modes with species under the crystal point group D2d are

formed. The corresponding correlation among the molecular group Td’ the

are shown in Table 2-5.

13)

site group S4 and the crystal point group D2d

Such a correlation diagram is well known from group theory.
In the ferroelectric phase deformation lowers the crystal'symmetry

to sz, and then S4 symmetry can no longer be the site group of CZVL

’C2 symmetry is the subgroup of C, and also that of Td symmetry. Thus

2v

Cé symmetry is the only possible site of PO4 molecule. The correlations

among Td symmetry, C2 site symmetry and sz symmetry are shown in Table

2-6.13)

2-2-3 Proton Modes
The vibrations of light—Weight hydrogen atom are in the high-

frequency region above 1000 cm_l. Many works have been done on KDP type

21)

crystals using a near—infraredls_ and Raman spectroscopyzz) and have-

given information about the hydrogen motions.

3)

on KDP have shown that the hydro-
19)

Neutron diffraction experiments
gen motions are largely elongated along OHO bond axis. Blinc et al.
have interpreted their near-infrared data as due to a double minima
potential where proton tunnels quantum mechanically.

Here we consider the proton tunneling mode in the crystal symmefry
D2d' The primitive unit cell of KDP contains four ﬁon—equivalent hydro-
gen atoms as shown in Fig. 2-1. A set of four symmetry arrangementé of
the displacements of these hydrogen atoms are shown in Fig. 2-7 (a)~(d).

In these modes protons tunnel collectively. As k=0 tunneling mode is of

interest here, all equivalent atoms have identical displacements. These
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four proton modes transform according to the irreducible representation
of D2d symmetry: the mode shown in Fig. 2-7 (a) transforms as A2 sym-—
metry species, the mode (b) transforms as BZ’ the modes (c¢) gnd (d)
transforms as E respectively. It is n&ticeable that the mode (b) trans-
- forms as B2 symmetry species which gives Pz‘dipole moment. This mode
corresponds to the ferroelectric mode motion depicted by Cochranl6)
(Fig. 1-2) and may form an important component of the ferroelectric mode.
The deuteratioﬁ should reduce the tunneling frequency. 'So the compari-
son of the spectrum of KDP with that of DKDP should give the information
about the proton tunneling modes and the phase transition.

The similar analysis was made by Kaminow23) and Lavrencic et al.42)
But the results of Lavrencic et al. indicate that the mode given in Fig.
2-7 (a) transforms as B1 symmetry species. This mode is symmetric with
S4 operation along z axis and asymmetric with C2 operation: along x axis.
So it must transform as A, symmetry species. The present results is

2
. . . 25)
also in good agreement with Kaminow et al.

In this section the vibrational modes due to [K—(H2P04)] sublattice,
PO4 molecule and four non-equivalent protons in KDP are considered inde-.
pendently. The intra-molecular vibrations of PO4 ion are expected to
lie in the region from 300 cm—l to 1100 cm—l because Poé,ion perhaps
behaves as an independent molecule in KDP and so its natural frequencies
are expected to be almost unchanged. The vibrational modes of [K_(HZPOA)]
sublattice are expected to lie in the low~frequency region. The collec-
tive proton tunneling modes tfansform as A2, B2 and E representations and
they are interesting in connection with the ferroelectric mode. The
results obtained here will be discussed comparing with the experimental

data in the following chapters.
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Fig. 2-3 The structure of NDQD PO4 in projection on ac plane.
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of NH,H, POA.(NagamiyaIO))
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Fig. 2=5 a) Unit cell of body-centered tetragonal lattice showing

primitive vectors.

b) Unit cell of face-centered orthorhomic lattice showing

primitive vectors.
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" Table 2-1

a)- Character table for' D, 4 symmetry

; Xy ¥
Dy E 25, ¢, 2¢ 207,
. - . ’ /
Ay 1 1 1 1 1
Ay 101 1 - -1 R,
By 1 -1 1 1 -1
B, 1 11 A 1 T,
B 2 - '
0 -2 0 o (Tes T)s (Ryy R
b) Character table for C, symmetry
oy E c; O’V(x'z) G:v(y'z)
4 11 1 1 T,
A, 1 1 -1 -1 | By
. ] S
1 1. - 1 -1 Ter By
B, 1 -1 -1 1 Tor By
. Table 2-2 -

Total nuriber of normal mode (Ntot) transforming as an irreducible

représentai.:iéq for D:ZLi gnd c2v sy@etries in KHVzPO‘}‘
Dgi N'L:oi: Nécous N<>p'l: Nroi: Ni Ril::;o::::or Dipole moment
A b 0 o 1 3 uﬁ?%&“&z
(w4, | 5 o 0 106
By 6 o | 2 0O &b OxzOhyy
B, 7T 1 10 5 [Qy P,
) E i3 b 3 2 7?7 ny,dxz : P;a. Py
2y |
A R 1 1 ) 18 (xx'x':'dy"y" ,lez' P,
(KTC) AZ . ;l o] 2 1 38 c(x'y' - -
B 1 3 2 7 |t 2,
(B, | 13 1 3 2 7 Oyrz Pys
X;ote:. ¥ cous® Nopt' Rr ot -and N refer to acoustical and optical

translations, rotational .oscilations and internal vibrations

of (Hzmh)'l ions respectively.
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Table 2-3
Compatibility ralations between irreducible representation of space

12 19
group I>Zd and Cav in the two phases

% | <

Ay A

4 A,

, By Ay
i e

‘ P
. \$\\3a

Table 2-4

Total number of normal mode (Ntot) transforming as an irreducibdle

T - 12 . R
reprqsentat?gn for D2d symmetry in NH“HZPOu

12 ¢ .
D2d - x\'tot 1\acous Nopt Nrot‘Ni
Al 7 7 0 (o] 2 5
£, 7 0 o 2 5.
>, | v :
_Bl 9 ] 2 0 7
‘BZ 9 1 1 0 7
E 20 1 3 L 12
Nofe: -Nacous' nopt’ N}ot and Ni refer to acoustical gnd ?ptical

translations, rotational osscilations and intgrial vibrations

" of (HaFOL’)-1 ions respectively.
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Table 2-5

Correlation Table for the PO,_+ ion in the Crystal Field of

DZd Symmetry

=3 -3
Isolated (PO, ) (ro,) KR, PO,
Symmetry Site symmetry Group symmetry
[o4
T4 5y D2a
Al A Al
—— A
E B Bl
\
F \
2 B2
F 2 / B B
Table 2-6

Corrélation Table for the POA ion in the Crystal Field of

c v Symmetry

2
Isolated (PO, )™> (p0,)™> KH,PO
L 4 277k
Symmetry Site symmetry Group symmetry

Td CZ CZV

A
1 A Al
E A2
Fa;&i::,,”,,//”" B ‘\\\~\-\\\~ >
F2 82
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Chapter 3 Far-Infrared Spectra

The polarized reflection meaéurements were made on single crystals
of KDP and DKDP in the far-infrared region from 20 cm—l to 550 cm—l at

1=3) The mode assignments were

several temperatures above and below TC.
made in both phases compared with the group theoretical analysis. A
strongly temperature dependent 32 mode was observed in KDP. This mode
accounts for the large part of temperature dependence of the low-
freqﬁency dielectric constant. In DKDP the corresponding band is
expected to lie below 20 cm_l. The results are discussed compared with
the recent dynamical model of KDP. For the antiferroelectric ADP the
1, 2)

same type measurements were made only in the paraelectric phase.

in
The results are discussed compareé“with those of KDP.

1. Introduction

4)

Recent dynamical theories of KDP suggest the existence of a polar
vibrational mode of which characteristic frequency tends to be zero as
the temperature approaches TC from above. This polar mode must be
infrared active. For the study of such a mode, it is necessary to
measure the polarized spectrum as a function of temperature, to estab-
1lish the correlations of the modes from one phase to the other, and to
make mode assignments. Such measurements and analysis on KDP were made
by the present author.l’ 2
The same type measurements of the far-infrared spectra of DKDP

1-3) The deuteration effect on

and ADP were also done by the author.
the spectra is an attractive subject, because the hydrogen bond is

thought to play an important role in the process of phase transition in
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KDP type ferroelectrics. For the antiferroelectric ADP, its antiferro-
electric phenomenon and the process of phase transition are rather
unknown. The zone boundary phonon which is infrared inactive may
become unstable as the Cochran's theory.s) However, the proton tunneling
mode is also probable in ADP and the low-frequency dielectric comstant
gé along the a axis exhibits the temperature variation. The measure-
ments of the far-infrared spectra may give the information in connection
with these points.

The infrared spectrum in the high-frequency region shows the broad
and very weak bands, some bands being observed as a shoulder and so it
is difficult to identify the bands in the infrared spectrum. On the
. other hand the Raman spectrum in>the high-frequency region shows rather
isolated bands. So the Raman scattering technique is more suitable to
study the high-frequency spectra. Tﬁerefore in the present work, main,
attention for the use of far-infrared technique is paid to the investiga-
tion of the low-frequency dielectric behavior. The complex dielectric
constant can be derived from the reflectivity with the Kramers-Kronig
analysis and the contribution of the mode to the low-frequency dielectric
constant can be calculated using eq. 1-1. It is impossible to derive

absolute value of the dielectric constant from the Raman spectra.

2., Experiments

2-1 Sample Preparation

The oriented single crystals of KDP and ADP were bought from Nippon

dlong
Denpa Kogyo Co. The crystal dimension is 2x18%20 mm £ee its x, y and z

-

axis respectively. The far-infrared measurements for Pz polarization
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(EliIC) and Py polarization (ELC) were done on the yz surface. The final
polishing was done with ethanol and 0.1y alumina. The single crystals
of DKDP were supplied by Prof. Dr. N. Furuya and Dr. O. Shimomura in
Yamanashi University. The Curie temperature of the DKDP crystal used
here is about 218.4 K and the degree of deuteration is about 90 2.6)

The crystal was cut parallel to the crystallographic axes with dimension
about 2.5x16x20 mm. The sample was polished with saturated heavy water

(D20). It was done every time just before every measurement to eliminate

the effect of rehydrogenation.

2-2 Far-Infrared Spectrometer

The far-infrared reflection spectrum was obtéined by use of two
spectrometers. The one is the far—-infrared grating spectrometer,7)
which has been constructed in Prof. Yoshinaga's laboratory. This was
used in the region from 30 cm._l to 550 cmfl. In the low-frequency
region from 20 cm_l to 110 cmfl, a Micheison type Fourier spectrometerg)
was used which has been developed also in the same laboratory. The
detectors used were a Golay cell and a Ge—bolométer.g) The Ge-bolometer

was used in the low-frequency region below 200 cm_l to improve the

signal to noise ratio.

2;3 Measurements

In the infrared region KDP type crystals are expected to exhibit
a low-frequency band which strongly depends on temperature and shows the
strong absorption. ‘The KDP type crystals are anisotropic and the modes
expected to be observed are polarized parallel or perpendicular to the

c axis. Therefore in the study of KDP‘type ferroelectrics, it is

necessary to measure the infrared spectrum using polarized radiation
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and reflection method, as a function of temperature.
2-3-1 Polarized Measurements

Several kinds of polarizérs have been developed.for the use in the
far-infrared region. In this experiment the wire grid polarizer was
produced and used for the measurements.

A wire grid polarizer was produced by evapolation of a metal conduc-—
tor on one side of the groové of a film of diffraction grating. When
the wavelength of the radiation is much larger than the spacing of the-
- wires, radiation with the électric vector perpendicular to the wires is

largely transmitted. The details are reported by Bird et al.lO)v

11)

and
M; Hass et al.

‘In this stﬁdy, the film of echelette grgting with lattice constant
d=1.6 um was made with polyethylen shget with 300 um thickness‘which is
transparent in the inffared region. Aluminium was evaporated on the
film at an angle of 80°. The degree of polarization was more thaﬁ 97 %
and the polarized transmittance is about 60 % in the region from 20 cm_l
to 550 cm_l. In the latter half of the experiments, the wire grid
polarizer produced by Perkin Elmer Co. was also used.

In the polarized measurements using a grating spectrometer, the
direction of the electric vector of polarized radiation was carefully
selected, because the diffractioﬁ efficiency of the grating depends
strongly on the direction of polarized radiation. The direction of
polarized radiation was selected so as to give the better diffraction
efficiency.

2-3-2 Reflection Measurements
The reflection measurements were ﬁéde by setting an attachmentlz)

into the spectrometer and using a cryostat. The sample was replaced by
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an aluminized mirror for a reference. The reflectivity could be obtained
by comparing the signal reflected by the sample with the one by the
reference mirror. The reflectivity measurements were made at an angle

of iﬁcidence about 12° both for the grating spectrometer and Fourier
spectrometer. The optical system for reflection measufements was care-
fully adjusted because the miss-alignment of reflecting angle and the
positién of the sample and the mirror led to a large experimentél‘error.

The accuracy of the reflectivity measurements were *1 7 in the
region from 120 cm._l to 550 cm--l and *2 % in the low-frequency region
below 120 cm—l. |
2-3-3 Low Temperatufe Works

i) The low temperature measurements were made using cryostat. The
cryostats for the grating spectrometer and the Fourier spectrometer
were specially constructed. The structure of the cryostat for the
Fourier spectrometer is shown in Fig. 3-1. The other one for‘the grating
spectrometer is the same structure except its dimension. The temperature’
of the sample was determined by equiribrium.between the power -dissipated
in a heater and the cooling rate. The main tank was filled with liquid-
nitrogen and the subtank was kept empty.

The,sample holder temperature was stabilized by controlling the
heater current using an electronic temperature.contfollér. A chromel-
alumel thermocouple Qith diameter of 0.3 mm was used as a temperature
sensor. It was recalibrated with ice, dryice with ethanol and 1iquid—
nitrogen temperature. The minimum temperature obtained was 84 X whén
the subtank was filled with liquid-nitrogen. The estimated accuracy of
the temperature control is 0.5 K, and stability about 0.1 degreé in

the temperature range from 84 K to 300 K.
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ii) The sample holder was made of copper for the good thermal
conduction. The sample was attached to the sample holder with silver
paste which gives good thermal contact. The temperature sensof was

pressed on the sample holder very close to the sample.

3. Analysis of Reflection Spectrum

in this study the reflection measurements were made. Thevanalysis
of the reflectivity was made to extract available information, such as
characteristic frequency, oscillator strength and so on. Usually two
kinds of the analyses are used. One method is an optimum fit of the
data by means of claésical-dispersion formula aﬁd the othgf is the

Kramers-Kronig analysis.13_16)

3-1 Classical Dispersion Analysis

The classical dispersion formula given in the eq. 1-2 is rewritten

here;
S;w% .
e(w) = + 2 J 3 (3-1)
w 3 2 _ 2 .
w, - w + iyv.w
J J
=g' - ig"
et = n2 - KZ (3-2)
e" = 2nk, ' . (3-3)

where the complex refractive index is written in the form N=n-ik. The
reflectivity for the normal incidence is given as follows

(n - l)2 + Kz

R =
(n + 1)2 +.K2

. (3-4)

The parameters aré determined by «sthe optimum fit of the data by

eqs. 3-1, 3-2, 3-3 and 3-4.
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3-2 Kramers-Kronig Analysis

The analysis mentioned before is applicable only when the oscillator
model is valid. When the spectrum has coﬁplex feature, it is very dif-
ficult to analyze. The analysis by Kramers-Kronig dispersion relation
has no such restrictions. But the parameters Sj’ Yj ;nd wj cannot be
obtained by the latter method.

From the measurements of the reflectivity R, the optical parameters

n and K are determined from following relationships;lB_lB)
Q= - 1 -R (3-5)
1+ R - 2/R cosb
¢ = -2/R_sind (326)

1+ R - 2/R cosb
for the normal incidence, where 6 is the phase angle.
The complex dielectric constant €(w) = g' - i€" is given also by
eqs. 3-2 and 3-3. The phase angle 6 at a particular frequency wo is

expressed by the Kramers—Kronig dispersion relation;

zwm jm In/R(w) - ln/ﬁ(wm)

5 > dw. (3-7)

0 W=

0 (wm) - i

Compute the phase angle § and one can obtain n, x, €' and €". The
characteristic frequency of the mode is given by the peak of £"xw vs w

curve.

3-3 Practical Analysis

In the series of these experiments the far-infrared spectra were
analyzed using a Kramers-Kronig dispersion relation. The integration
in eq. 3-7 was performed on a high speed digital computer using a

measured reflection spectrum.

- 46 -



It is clear from eq. 3-7 that the whole reflection spectrum from
zero to infinite frequency region centributes to the value of phase
e(wm). However reflection spectrum is measured in some finite region.
Examination of eq. 3-7 shows that the major contribution comes from the
neighbourhood of W and from the region where the reflectivity is
changing rapidly. In these series of experiments, the spectra were
measured from 20 cm_l to 550 cm_l. The reflectivity above 550 em_l was
taken to be constant with a value obtained from high—freqeency dielec-
tric constant ¢ in the visible region., This assumption is valid since
the spectra above 550 cm—l show relatively smali reflectivity which
hardly exceeds 25 % and eﬁanges.gradually with frequency increase.

The reflectivity below 20 em_l was estimated as follows. The low-
frequency reflectivity near 0 cm_1 was calculated using an equation
R=|Ve - 1]2/|/E'+ 1|2. The low-frequency dielectric constant used
was measured at 9.2 GHz (about 0.03 cm—l) by Kaminow et al.18’ 19) in
the microwave measurements on KDP, ADP and DKDP. The results afe listed
in Table 3-1. The reflectivity from O to 20 cm_l was extrapolated with
a straight line. KDP type crystals are the piezoelectric in both
phases. The static dielectric constant represents the "free" crystal
response, i.e. the contribution of the piezoelectrically coupled,
mechanical resonance is present. The low—freQuency dielectric constant
for analysis of the far-infrared data must be the "clamped" crystal
response in the region above mechanical resonance. The dielectric
constant at 9.2 GHz represents the clamped crystal response as shown

20) 21)

by Baumgartner and Hill et al.

Thus the use of the dielectric
constant at 9.2 GHz for this analysis’is valid.

The egqs. 3-5 and 3-6 are obtained from the Fresnel equations at
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14)

normal incidence. The reflectivity measurements, however, were made

at an angle of incidence about 12°. The reflectivity for the leique

14)

incidence was calculated using Fresnel equation for n=2.0 and k=1.0.
The relfectivity for normal incidence is 20 %. R, and R, are 20.7 % and
19.3 % respectively for the oblique incidencé at 12°, where R" is the
reflectivity for the electric vector parallel to the plane of inéidence
and R; is the one for the electric vector perpendicular to the plane of
incidence. The error due to the assumption of normal incidence is
within the experimental error. Therefore the assumption of normal
incidenceris thought to be valid.

The main factor which determines the accuracy of the computed
optical constant depends on the accuracy of measured'teflectivity; In
these experimenps the:uncertainty of refléctivity was *2 % below.lZO cmf%
This uncertainty resulted in the peak frequency 60+2 cm_l and tﬁe peak
intensity 9.9%1.4 for the band observed in €" spectrum of KDP for EIC
at 295 K. It was found that the uncertainty of the.reflectivity did
not show significant error in g'". |

The typical results of Kramers-Kronig analysis are shown in Figs.
3-2, 3-3 and 3-4. The dispersion relations are clearly shown in terms
of reflectivity, phase angle and other optical constant versus frequency.

The results of KDP will be shown and discussed again in the next

section.

4. Results and Discussion
4-1 Results
KDP

The far-infrared reflection spectra of KDP were measured in the

- 48 -



region from 20 em ¥ to 550 cm T at 295 K, 200 K, 150 K, 130 K and 84 K
for the electric vector E of radiation parallel to the ¢ axis, and the
results are shown in Fig. 3-5. The zero-frequency reflectivities are
shown in the figure with open circles. It is to be ﬁdﬁiced that the
marked change occurs in the low-frequency reflectivity when the tempera-
ture is lowered, together with the reflectivity near 200 cm_l. Figure
3~6 shows the reflection spectra for ELC at 295 K and 200 K. The
spectra for EIC are quite different from those for EIC and do not change
so much with temperature.

The complex dielectric constant was derived from the reflection
spectrum using Kramers-Kronig dispersion relation. The method of deri-
vation wés discussed in the preceeding section. The results afe:shown
in Figs. 3-7 and 3-8. |

According to the group character shown in Tablé 2-2, the Bé symmetry
species above TC transforms as Pz dipole moment and the Al symmetry
specieé below TC also transforms as Pz dipole momerit. Therefore the
bands in the spectrum taken by EIC measurement beldng to B2 symmetry
above TC and Al symmetry below TC. Similarly the E symmetry species
transforms as PX ér Py dipolebmoment and so the bands observed in EIC
spectrum belong to E symmetry.

In Fig. 3-7 the 5road low—frequeﬁcy band is clearly observed.

This band strongly depends on temperature; the peék intensity increases
and its peak frequency decreases as the temperature is lowered to TC

from above. The peak frequency is 60 cm_l at 295 K and shifts to

12 cm—l at 150 K. Below TC this band disappears in the spectrum. The
band néér 200>cm_1 is also.very broad and strongly depends on temperature

as seen in Fig. 3-7. This band has a 295 K peak at 178 em L and shifts
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to higher frequency as temperature approaches Tc' When the temperature
is lowered through TC this band becomes intense-and has a 84 K peak at
208 cm-l. According to the group theoretical analysis, the external
modes of [Kr(H2P04)] sublattice are expected to be observed in the low—
frequency region; one translational vibrational mode of B2 symmetry
above TC and one translational and one rotational vibrational mode of
A1 éymmetry below TC. In the spectrum two bands are obégrved ébove Té
while group theory predicts only one mode. The appearance of Fhe low-
frequency Band which has a 295 K peak at 60 cm—1 is thought to relate to
the ferroelectric transition mechanism and will bé discussed later. The
band which has a 295 K peak at 178 cm__1 must be a translational mode.
This translational mode remains near 208 cm—l below TC. The rotational
mode of Al symmetry ié not found below TC because it_ﬁay be very'weak.

The rotational mode of Al symmetry is originally A. mode above Tc* and

1
is infrared inactive. So the oscillator strength of this mode is
thought to be very small. | |

The spectra above 300 cm_l show the existence of several bands.
These bands above T, are very weak; a weak band near 380 cm ' and a
broad band extending from 400 cm—l to 480 cm—l. Below T¢ new sharp
bands appear and.have 84 K peak at 344 cm--l and 514 cm—l. These bands
in the region from 300‘<:m_1 to 550 cm'-l can be assigned to the Pb4
internal mode. The detéiled mode assignment of PO4 internal vibrational

mode will be discussed in the following section.

As seen in Fig. 3-8 several bands are observed in the spectra of E

*Note: According to the correlation table given in Table 2-3, the B2
and A, modes above T transfornt to A
1 c 1 1

mode is the rotational external mode and the B2 mode is the

modes. below TC. The A

translational one above TC as shown in Table 2-2.
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symmetry; these bands have 295 K peaks at 86 cm—l, 104 cm—l, 122 cm_l,

152 cm—l, 206 cm—l and 526 cm_l. The 526 c:m—l band is PO4 internal
vibration. Group theoretical analysis predicts five external vibrational
modes. Three of them are translational vibrations ofF[K—(H2P04)] sub-
lattice and the remainders are rotational vibrations. They are in

close agreement with the five observed bands in the region below 300 cm_%
In the reflection spectrum for ELC (E symmetry) shown in Fig. 3—6 the
backgroundvéontinuum extending from 20 cm—1 to 100 cm-'l is observed.

This background continuum is thought to relate to the proton tunneling

mode. The similar phenomenon is also observed in the Raman spectrum of

E symmetry and the discussion will be made in Chap. 5.

DKDP

Figure 3-9 shows tﬁe reflection spectra of DKDP for EIC at several
temperatures above and below Tc. The spectrum in Fhe region‘bélow 100
cm ~ is quite different from that of KDP. In DKDPlthe 295 K reflec-
tivity is about 20 % at 100 c:m_l and increases gradually as the
frequency lowers. Reflectivity below 100 cm_l decreases slightly as
the temperature is lowered. The zero-frequency reflectivities are
shown in the figure with open circle and two of them above TC are fairly
high compared with the reflectivity at 20 cmfl as shown in the figure.
The reflectivity measurements below 20 cm—-l were also done. Unfortu-
nately signal to noise ratio waébnot good enough for quantitétive
analysis, but the results indicate that the reflectivity above Tc has
an inclination to rise as the frequency decreases.

Figure.3410 shows  the reflection spectra of DKDP for ELC at 295 K

and 220 K. The spectrum below 250 crn—l is very similar to that of KDP
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but reflectivity is relatively low. The spectrum above 300 cm—‘l shows
several broad bands.

The complex dielectric constant was derived from the reflection
spectrum by the Kramers-Kronig analysis. As mentioned before the zero-
frequency reflectivity is fairly high compafed with that at 20 cm_l for
ElIC. So it is not a good approximation to extrapolate linearly from
0 cm_-l to 20 cm—l. There is such uncertainty for the approximation
though, the local nature of Kramers—Kronig dispersion relation gives
rise to only small error in the dielectricrconstant except in the low-
frequency region below several tens wavenumber. The‘obtained imaginary

1§

parts ¢ of complex dielectric constant are shown in Figs. 3-11 and
3-12. |

As seen in Fig. 3-9, which shows the reflectivity of DKDPvfbr
ENC, there is ﬁo band in the low-frequency region below 100 cm—l, while
in KDP the reflectivity rises rapidly below 100 cm-l. As stated before
the zero~frequency reflectivity above TC is fairly high comparéd to thap
at 20 cm_1 and the reflectivity below 20 cm—l has aﬁ.inclination to
rise. Therefore it can be concluded that the low-frequency mode must
be below 20 cm_l in the paraelectric phase. Microwave measurements by
Hill and IchikiZI) on KDP show that €" has a Debye form with a peak
near 1 cm_.l at room temperature. Réceht light scattering experiments
on DKDP by Reese et 51.22) also support this féct. Below Tc the zero-
frequency reflectivity is nearly equal to that at 20 cm_l and the low-
frequency mode must disappear after the phase transition.

Figure 3-11 shows the existence of two bands near 200 cm_l. These
bands form a éomposi&e broad peak above Tc’ and below TC split into two

isolated peaks. They become sharp and intense below TC and have 84 K
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peaks at 166 cm_l and 228 cm-l. In KDP only one band cofresponding tq
228 cm—l band of DKDP is observed at 208 cm—l. These bandé of KDP and
DKDP can be assigned to the translational vibrational mode of [K—(Poé)]
sublattice. The band which has a 84 K peak at 166 cm-l in bKDP is not
found in KDP.

The spectrum in the region above 300 <:m_l shown in Fig. 3-11 has,
on the whole, similar feature and similar temperature dependenée to those
of KDP, except some additional weak bands. rTﬁese bands observed in the

region above 300 cm_l can be also assigned to the PO, internal modes and

4
will be discussed in the next section.

As seen in Fig. 3-~12 the bands of E symmetry are observed at 96 cm_l,
108 cm'l; 122 cm'l, 170 cm © and 206 cm ' at 295 K in the low-frequency
region. These bands have almost the same frequency»and‘the same line
shape as those of KDP. These bands can also be assigned to the external
- mode of [K—(P04)] sublattice. The spectrum in the.region above 300 cm_l
is more complex than that of KDP and shows the éxistence of some addi-
tional bands.

The effect of deuteration on KDP is clearly seen in the spectra.

i) 1In the low-frequency region below 300 cm—l: The broad low-
frequency B2 mode is found around 50 cm—1 in XDP above TC, Whilg in DKDP
"no band is observed in.the region from 20 c:m--l to 100 cm_l. The corre-~ -
sponding band must 1ievbelow 20 cm_l. In DKDP two bands are observed

near 200 cm--1 both above and below Tc. They have 84 K peaks at 166 c:m_1

and 228 cm—l. Whereas in KDP only one band corresponding to 228 cm—1
band of DKDP is observed and it has 84 K peak at 208 cm_l. But the band

correspdnding-to 166 cm—l band of DKDP"is absent in KDP. It is worth

noticing that there are some differences between the spectrum of B2
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symmetry for DKDP and that for KDP, while there are no such difference
between the spectrum of E symmetry for DKDP and that for KDP.

ii) In the region from 300 cm—l to 550 cm_l: The additional bands
are observed in both spectra of B2 and E symmetries for deuterated
substance. These additional bands can be aléo assigned to the PO4

internal mode. The effect of deuteration will be discussed later.

ADP

Figures 3-13 and 3-14 show the reflection spectrarof ADP.for ENC
and ELC respectively. Measurements were done at 295 K, 200 K and 152%,
i.e. only in the paraelectfic phase, because the single crystal of ADP
shatters at the transition temperature Tt (Tt=148 K). The overall
feature of the spectrum for ENC is alike with that of KDP. Bﬁt the
reflectivity below 100 cm—1 is relatively low compaféd with that of KDP
and no remarkable change occurs on approaching'Tt_from above. .On the
other hand the spectrum for ELC is quite different from that éf KDP,
as seen in Fig. 3-14. The reflectivity shows a minimum near 130 cm_l
and increases rapidly as the frequency lowers and reacheé finally
almost 60 %. The shoulders are observed near 80 cm—l and 150 cm-l.
Whereas in KDP three sharp bands are observed around 100 cm_l.

In Figs. 3-15 and 3-16 the imaginary parts of complex dielectric
constants are shown. As seen in Fig. 3-15, the low-frequency band is
observed in the spectrum of B2 symmetry. This band is broad but weak
compared with that of KDP. This band has a 295 K peak at 76 c:m_1 and
slightly shifts to the lower frequency as the-temperéture lowers.. The
second band ﬁear 200'cm—l shows very sdimilar line shape and similar

temperature dependecne to those of the band observed near 200 cm—1 in
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the B2 spectrum for KDP. This band has a 295 K peak at i98 cm'l. In
KDP the corresponding band has a 295 K peak at 178 cm—l. The difference
in the frequency is reasonably attributed to the harmonic shift due to
the substitution of K ion by NH4 ion.

Figure 3-16 shows the existence of the broad low-frequency band
which has 295 K peak at 50 cm—l. The corresponding band is found
neither in KDP nor in DKDP. This band decreases in its frequency as
the temperature approgches to Tt from above and has 152 K peak at 34
cm_l. While, the ferroelectric mode of KDP has a peak beloﬁ 10 cm—l'
at 130 K and disappears below Tc' This fact indicate that the-charac—
teristic frequency of this mode becomes zero at the transition point in
KDP. However, in ADP it seems that the characteristic frequency does not
become zero at the tcansition point. The other bands below BOb.cm_l in
the spectrum df E symmetry are found at 80 cm_l, 155 cm—1 and 164 cm_l,
of which 80 cmml and 155 cm—1 bands are observed as shoulders. The _
corresponding bands of KDP are at 86 cm_l, 104 cm_l, 122 cm—l, 152 cm—l
and 206 cm—l. The spectral line shape of ADP is qcite different from-
that of KDP.

The spectra of B, and E symmetries in the region from 300 cm_l to

2
550 cm—l are very similar to that of KDP. This is in contrast with the

case of DKDP in which the additional bands are observed.

The results of the far-infrared measurements on KDP, DKDP and ADP
have been shown above. The results are listed in Tables 3-2, 3-3 and
3-4 together with the mode symmetries and possible mode assignments.
The anomalouc temperature dependence Sf the spectra and the change in

5

the spectra at the phase transition are observed. And the difference
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among the spectra of KDP, DKDP and ADP have become clear. Further

discussion will be made in the following sectiomn.

" 4-2 1Internal Mode of Phosphate Group

The far-infrared spectra of KDP, DKDP and ADP show the existence of
several bands in the region from 300 cm_l to 550 cm-l. These baﬁds must
be due to the PO4 internal vibrations. The selection rules for"PO4 ion
have been discussed by Murphy et a1.23) They interpreted that PO4 ion
behaves approximately as the isolated ion in the'cryéfal and have Td
symmetry and occupy S4 site.

VIn the far-infrared spectra from 300 cm—l to 550 cm—l, the bends
observed are very weak and some are observed as the shoulders of strong
bands. Therefore it is difficult to identify the baﬁds in deteil.'
Further discussion will Be done in Chap. 5 where the:well defined bands
- are observed in the Raman scattering spectra. Here'the authorrwill
state the possible interpretation of the infrared aetive mode:on the
basis of the Murphy's.interpretation; the PO4 ion does approximately
behave as an isolated molecule in the crystal.* This interfretation
leads us that the frequeney of the internal vibration is not largely
‘changed even in the crystal. 1In the far-infrared spectrum of B2 symmetry
for KDP a weak band is observed near 390 cm—lvand a broad one extending .
from 400 cm'-l to 480 cmfl. The 390 cm-l band is very weak and is
assigned to the vZ(E) vibrations of PO4 ion. The absorption eue to the
VZ(E) vibrations of free PO4 ion is 363 cmfl.z4) In the Raman spectrum
of B2 symmetry for KDP the corresponding band is observed at 394 cm_l

as an intense band. 'The vz(E) vibratign of free PO4 ion is Raman active

*Note: This interpretation is also confirmed in the present work as
discussed in Chap. 5.
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but infrared inactive. 1In the crystal lattice it seems thap the PO4 ion
is slightly deformed by the crystalline field and vz(E) vibration
becomes infrared active. As this vibrational mode has.originally no
dipole moment, its oscillator strength is thought to Be.very sﬁall |

even in the crystal.

In the spectrum of B2 symmetry the broad band extending from 400

cm_1 to 480 cm--1 are also observed. This Band is also observed in DKDP.

25)

Y. Imry et al. measured the infrared absorption spectra of powdered

KDP and DKDP. They obéerved a broad band around 400 cm—1 in KDP and
interpreted it to be due to the absorptidn of 1OWbenergy pfotoﬁic level.
- If this is the case the deuteration causes the reduction of the fre-
quency.viBut the present results show that the broad bands exist ﬁear
400 cm_l to 480 cm_l Both in KDP and DKDP. Therefore the band ﬁéar

400 cm-l_is notAdue to the protonic level but is thought to belﬁhe v4(E)
- vibration of PO4 ion. Below TC new bands appear at 344 cm_l and 514 cﬁ—l

‘in the spectrum of A ‘symmetry for KDP. These bands are assigned to

1

vZ(E) and v4(F2) of PO4 ions. The appearance of these bands below T
o v . c

can be explained by the change of the mode symmetry. According to the

correlation table (Table 2-3) A1 and B2 mode for T>TC transform to A

mode for T<Tc' The 344 cm_l and 514 cm--l bands are A

1

1 modes' above Tc’

and below Tc they transform into A1 modes and become infrared active.

The spectra of these crystal in the region ébdve 30C cm—l are very
similar to e;ch other except some.additional bands appearing in DKDP.
This fact indicates that the PO4 ion behaves as an individual molecule
in thesevcrystal. The bands observed ére well assigned to the PO4

internal mode and are listed in Tables 3-2, 3-3 and 3-4.
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4-~3 Phase Transition: Ferroelectric Mode

In KDP the broad low-frequency band is observed in the spectrum of
B2 symmetry. The peak frequency decreases and, at the same time, the
peak intensity increases when the temperature is lowefe& to TC from
above. The peak frequency and the half-width are shown in Table 3-5.
The contribution of this band to the low-frequency dielectric constant
was examined by eq. 1-1. The results are as follows; Ae = 12 wﬁére
gé(O)ﬁ 21 at 295 K, Ae = 32 where eé(O)ﬁ 40 at 200 K, énd A€:=80 where
gé(O)ﬁ 96 at 150 K respectively. It is found thaf this bﬁnd accounts
for the large par; of low-frequency dielectric constant Eé(O) Which has

18)

anomalous temperature dependence such as Curie-Weiss law. The
temperature dependence and the contribution to eé(O) of this band
indicate that this band is a ferroelectric mode. The similar results

26)

were obtained by Kaminow

in his Raman scatteringvmeasurementé.and by
27) ' '

. Sugawara et al. in the far-infrared measurementé.

| The half-width of this mode is very large and this fact indicates
that the ferroelectric mode is highly overdamped. In the case of over=
damped modé neither the peak frequency of €" nor that of conductivity

o=c"+w/2 give the characteristic frequency of the mode.28’ 29)

Kaminow
et al.26) have énalyzed their Raman data with a simple-damped-harmonic
oscillatér function and obtained the characteristic frequency and other
parameters. But the reflection spectrum obtained here suggests that it
is necessary to analyze it including higher frequency band near 200 cm_l.
The classical oscillator fit to the feflectivity was tried. The eq. 3-1,
which includes two oscillators in this case, wés used. But it was found‘

impossible because no choice of parameters gave the dip observed near

120 cm_l. The study of similar non-classical oscillator model has been
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made on KTa03.30) It is thought that the mode coupling in_térms of

anharmonic interaction must be taken into consideration. This theory

has been stated in classical form by Barker et al. and found to give a
31)
3

Figure 3-17 shows the imaginary part €" of complex dielectric

reasohable description of BaTi0, and SrTiO

3
constant in the low-frequency region. As seen in the figure the high-
frequency tail drops more steeply than w_B. In the case of oscillator
function, the high~frequency tail drops as m_3 and in the case of Debye
type relaxation, it drops as w_lﬁ Thus resplts obtained here are far
from the.characteristics of Debye type relaxation and are ratﬁer-reso—
nance type. This result is in gooa agreement with'tﬁat of Kaminow et
al.26) |

In DKDP the speétrum pf B2 symmetry shows no bands in thevfegion
from 20 cm_l to 100 cm_l. The low-frequency band must lie in the region
below 20 cm_l in the paraelectric phase as mentioned before. . This is'
the region beyond the present measurement. In KDP the contribution of )
the bands above 140 cm—l to‘the low-frequency dieleétric constant is
as follows; (¢'(0)-Ae) =9 at 295 K, =~ 12 at 200 K and =~ 16 at 150 K
respectively. 1In DKDP the contribution of the band above 140 cm_l is
thought to be almost the same with that of KDP, and the low-frequency
dielectric constant of DKDP shows alsé Curie;Weiss law beha&ior and
very large near Tc in fhe paraelectric phase. Therefore the large
contribution must arise from the.low—frequency band below 20 cm_l.

The ferroelectric mode is observed in KDP which belongs to B2 sym-—
metry aqd,is polarized parallel to the ¢ axis. This mode is rather
resonance tyée. In DKDP the correspo;ding mode must lie below 20 cm—l.

Thus the deuteration causes a large reduction of the mode frequency.
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32)

Such a result is consistent with the collective tunneling mode™ @ or

the coupled proton-phonon mode mode1.33» 3%

It is to be noticed that
group theory predicts only one optically active lattiee mode of B2
symmetry, while two bands are observed experimentally in the regidn
from 20 cm--1 to 300 cm—l above Tc; the ferroelectric mode and the.l78
cm—l band in KDP. _in DKDP two bands are observed in the same region.
The striking differenCe can be seen between the spectrum of B2 symmetry
for KDP and that foerKDP, whereas the spectrum of E symmetry for DKDP
is very similar to that of KDP. ‘Therefore the author concludes that
not only.the hydfogen motion but also the lattice vibraﬁional mode of

'Bz_symmetry plays a significant role in the process of ferroelectric.

’ phase'tfansition. Further discussion will be done in Chap. 6.

4-4 Antiferroelectric ADP
In ADP the overdamped low-frequency bands are observed in both

spectra for B, and E symmetries. The B, band is weak compared with that

2
of‘KDP.‘:The band observed in E symmetry spectra has a 295 K peak at
50 cm_l and a 152 K peak at 34 cm_l. The band grows in intensity as
the temperature approaches Tt' The contribution of this baqd to the
low-frequency dielectric constant is very 1afge. The present result is
consistent with the measurement ef.low—frequency dielectric constant
- along the a axis 5; which is larger than'that along the c axis Eé and
is more temperature dependent.lg)

ADP is antiferroelectric below Tt unlike the other crystals. |
Cochrans) and other333) have discussed that in ADP(aiﬁgzggﬁmode at
the corner ef Brillouin zone becqmes'unetable Whieh is infrared inac-

. : s i . . . . 35
tive. Such an antiferroelectric transition 1is discussed in SrT103. )
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The unstable zone boundary mode has been reported by Meister et a1.36)

in their neutron scattering experiments on ND4D2P04. So it is probable
that the zone boundary phonon becomes unstable and the transition
occurs before the observed low-frequency E mode becoﬁee unstable. The
origin of the low—frequency E mode is unkneﬁn. It is noted that‘the
lattice modes of E symmetry are at 80 cm~l, 155 cm_1 and 164 cm—l.

The peak frequency and the line shapes of these bands afe quite dif—‘

ferent from those of KDP. Further discussion will be made in Chap. 6.

5. Summary
The polarized far-infrared reflection spectra ofAKDP and DKDP‘were.

measured.at several temperatures above and belovac;"The frequeﬁcies
and the’symmetries of the observed bands were determined in bofﬁ phases.
The number of'ﬁﬁe bands in the spectrum of‘E symmetry beloW 306 cm—l
were in good agreement with the group theoretical'prediction...While
two B2 modes were observed in the region below 300 cm_l, the gfoup |
theoretical prediction allows enly one band. The Eaﬁds above 300 cm"1=
,observed in the spectra of these crystals were well assigned to tﬁe
internal modes qf PO4 ion. The ferroelectric mode was found in the
spectrum of Bz symmetry for KDP in the.paraelectric phase. In ﬁKDP

the corresponding band must lie below'20 cm_l. The large dedteration
effect on the fer;oeleétric mode is consistent wiﬁh the recent dynamical
model of KDP proposed theoretically.32_34) For ADP the spectra were
measured only in the paraelectric ﬁhase. The frequencies and the‘sym—
metries ofvthe observed bands were also deterﬁined. In ADP the broad

low—frequency band was observed in thé spectrum of Evsymmetry. The

contribution of this band to the low-frequency dielectric constant is
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very large and strongly temperature dependent. This phenomenon is

consistent with the results of measurements of low-frequency dielectric

constant;lg)
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‘Table 3-1

Zero freguency reflectivity R

a) XDP
Temp. |~ Ee R(EN €) € . R(ELC)
295 K 21 41 o IV 55 o
200 4o 53 ) S52.4 58
150 - 96 66
..+ 130 261 .78
84 7¢5 22
" b) DKDP
Temp. Ee R(EN C) & " R(ELC)
295 X 50 - 56 % 58 59 %
220 34 - 50 62 60
190 6.5 19
&4 5¢L 14
¢) ADP
Temp, € R(E ¥ C) & R(ELC)
295 K 14 ' 33 % 56 58 %
200 16 36 82 6l
152 18 38 107 68

Note : Ea’ and E(_'. ¢ low frequency dielectric constant at 9.2 GHz
" measured by Kaminow et al. Reflectivities were derived by

the Eq : R = [ (JE -1)/(JE +1) ] 2.
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Table 3-2

Infrared Active Mode Freguencies in KH,FO, (Tc=123K)

Dipolenmomernt - 295K 20CK ISOK‘ 130K Mode Assigmment . 8hx llode fAssignment
pz(E 1e) 60cm > BZCm-l 12em™t < 16em b Bz,latticermode? ‘ .
178 180 186 130 Bz,lattice rode | 208cm Alilattice mode
380w 380w 380w 380w | By, v, (PO 3l Bys v,(POy)
= 500 43Cwb - ' By vq(Poh)
51k Ay v (POL)
?y(E_LC) 86 .88 £, lattice mode
102 1ok ' %, lattice mode
122 124 . £, lattice rode
152 152 ‘ 2, lattice mode
206 2Ch B, lattice mode
526 526 E, v,(P0,)

lote: The mode Trequencies are derived from the imaginary part of dielectric constant £ .
Subscript "w" means a wezk band, "s" zeans a shoulder of strong band and "b" means

a broad band.

Table 2=3

Infrared Active Mode Freguencies in KD,PO, (Tc=218K)

Dipolemoment 295K 220K Mode Assignment | 19CK 84K Mode Assignment
P_(E 1C) <20cmt <20en™| B,,lattice mode?
164 160 B,, 2 15ben™ 166em™| Ay, ¢
176 190 Bz,lattice mode | 226 228 Al,lattice mode
345w 350w VBZ, vZ(POh) 350 352 Ay, v, (PO,)
380ws 38Cws B,, vZ(POu) 378 Ay “2(P°4j
--400 480-- B, vh(POk) ‘ o
(430 peak) - 568 568 Ay, v, (POy)
26 gl - E,lattice mode
Py(E.LC) 108 1c8 ‘ E,lattice mode
122 12k E,lattice node
170 170 E,lattice mode
206 212 Z,lattice mode
260bs 260bs E, va(Poh)
390b 380b E, v,(F0,)
Ls50b EL6p E, vu(POu)
512b 502b Ey v, (20,)

‘Mote: The mode frequencies are derived from the imaginary part of dielectric
constant &" . Subscript "e" means a weak band, "s" means a shoulder of

strong band and "b" means a broad hand.



LuTable 3—&

Infrared Active Mode Frequencies in NH E,FO

L (Tt=148x)
Dipolemoment 295K 200K 152K Yiode Assignment
Pz(E 16 76:::11':L 72cm-l 72<:m.1 B,,lattice mode?
‘ 198 200 208 B‘Z.lattice ‘mode
390w 290w 390w BZ’ "2<P:°4)
- 400 4800 == By ”h(Pou)
Py(E_LC) 50 Lo 34 E,lattice mode ?
80s 80s 80s | .E,lattice mode
1558 1558 - 1558 E,lattice mode
164 168 - 168 E,lattice mode
S5k . 540 540 E, :vh(Pok)

Xote: The mode frequencies are derived from the imaginary
. part of dielectric constant g . Subscript "w' means
a weak band, "s" means a shoulder of strong ‘band and

1p% pmeans a broad band.

Table 3-5

The mode frecuencies and width in KDP and ADP

a) Xpr (21 ¢C)

Temp. X 0y N mz: aw, (cm'l)
295 60 89 178 43
200 52 85 180 - 37
150 12 88 186 30
130 <10 - 186 188 . 31
8L — —— 208 34

“b) ADP (Eu C)

Terp. X ©y Awy @y - A w, (cm-l)
295 76 111 200 43
200 72 1109 200 38

152 73 101 210 34

¢) ADP (ELC)

Temp. K ©y Aw, (e 1)
295 S0 ’ &5

200 ] 74

152 34 56

. »
Note, : The frequencies were derived from peaks im '.E.-
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Chapter 4 Low-Frequency Reflectivity Measurements by HCN Laser

The polarized reflectivity of KDP and ADP were measured as a func-
tion of temperature with a HCN laser. in the 29.7 cm—liline.l) The
reflectivity of KDP for EHNC shows a Curie-Weiss law behavior and it can
be explained by a strongly damped oscillator model in the paraelectric

phase.

1. Introduction

In the preceeding section it is suggestéd thatrthere exists a ferro-
electric mode, of which frequency tends to be zero as the temperature is
lowered to TC from above. If there is such a mode, we can expect the
anomaly in the reflectivity in the low frequencyrﬁhen temperature is
lowered through Tc.l)

The measurement in the low-frequency region using a far-infrared
spectrometer is troublesoﬁe because of the weak spectral power of the
radiation sourée.z) Recently the far-infrared HCN laser has been
‘developed,3) which provides relatively high output power and the polar-
ized radiation of 29.7 cm—l line. This enables us to measure the
reflectivify more accurately and in good spectral purity at 29.7 cm—l.

The purpose of the_study in fﬁis chapter is to measure the polar-
ized reflectivities of KDP and ADP as a function of temperature using

HCN laser. This method is simple and provides direct evidence of an

anomaly in the reflectivity accompanying the ferroelectric transition.
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2. Experiments

2-1 Source

3) The

The HCN laser used has been developed by Yamanaka et al.
lineary polarized radiation at 29.7 cm._l is obtained by inserting a
wire grid into the laser cavity. The output power was of the order of
1 mW. The radiation at 29.7 cm._l is much less absorbed by‘Water vapor,

and so the experiments can be done in the air and it makes the measure-

ment easy.

2-2 Optical System

Figure 4-1 shows the optical diagram of the ﬁeasurements. The
laser beam was chopped and led to a beam splitter (Mylar film). Then

.the beam was split to a cryostat and to avmirror. These‘two beams

reached to a Golay cell by being alternatively interrupted with two
shutters. |

The polyethylene lenses were set as shown in the figure and‘the
beam was chused to the sample. The diameter of the focused beam was

_ about 4 mm. The angle of incidence was about 11.5°.

2-3 Measurements

TheAreflectivity.of the sample can be obtained by changing a sample
to an aluminized mirror as a reference. Such a measurement‘was tried.
But the rigidness of the sliding mechanism of the cryostat is poor and
this method results 1arge'éxperimental error. Therefore the low tem-
perature work was done with the sample being kept stationary in the
cryostat. Comparing the signal reflegped by the sample with the one

reflected by the mirror, the relative reflectivity was measured.
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It was measured as a fuﬁction of temperature and normalized by the value
at room temperature.

The sample temperature was keptlconstant within +1 K by controlling
the heater current and the flow rate of liquid-nitrogen from a needle
valve. The cryostat used here has the same structure shown in Fig. 3-1.
An alignment of the optical system in Fig. 4-1 was made using a parallel
visible light beam set at the position of the Golay cell. The lens was
aligned with a plane mirror set at the site of the lens. The lock=-in

detection system was used at a frequency of 10 Hz.

3. Results and Discussion

. 3-1 KDP

Figure 4~2 shows the temperature depeﬁdence of the polarized
reflectivity of KDP, normalized by the value at room tepperature.
Although there is the gradual change of the laser output power, thel
experimental error due to the laser itself was about 1 %.

The laser output power reached to the sample was of the order of
0.1 mW and it raised the temperature of the sample about less than 0.2
degree.A) The experimental error with normalized reflectivity was
+0.02, *+0.05 and *0.1 at 200 K, 120 K and 90 K respectively, simply
depending upon the rigidness of preliminary set up of the optical
system. |

The reflectivity for EHC (Pz dipole moment). increases rapidly with
decreasing temperature and has a maximum near Curie temperature (Tc=
123K), and then decreases steeply belqy Tc. Such a change in the

reflectivity with temperature reflects the ferroelectric mode observed
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in KDP shown in Fig. 3-5.
i > T
i) T o
We shall consider the optical mode in the single oscillator model.
The dielectric constant at a frequency w can be calculated from the

5)

dispersion formula

2
S(Tw_(T)
e, T) =¢g' -1e"=¢_+ 5 2 5 S (4-1)
wO(T) -w + iyw

~where S(T), wo(T) and y stand for the oscillator strength, characteristic
frequency and damping constant respectively. 1In this case w is equal to
the HCN laser frequency (29.7 cm—l).
The assumption of the single oscillator model is valid, because the
far-infrared measurement of KDP shows that the ferroelectric mode for
ElIC has a resonant type dielectric dispersion (Chap. 3, Sec. 4=3).
Moreover, according to the Raman scattering,6) S(T) and wo(T) of

the ferroelectric mode are given as

S(T) = ¢/ (T-7T) (4-2)

2
wo(T) A(T - Tc) /T (4-3)

respectively. The reflectivity is obtained by

- R -0
The'parameters A, C, v, éw were determined by fitting the calculated
reflectivity to the experimental ones. The mgthod of the least squares
was used to obtain the best fit to the experimental curve. The following
values were obtained; y = 180 cm— » €,%6.6, C=2500 K and A=~ 7920(cm—1)2
The calculated curve with these values is shown by dashed curve in Fig.

6)

4-2. The values obtained are in good agreement with those by Kaminow.
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The obtained value of the high-frequency dielectric constant €, is
larger than the one in the high-frequency limit (€;f2.3). This .discrep-
ancy arises from the assumption of a single oscillator model. From eq.

4-1, the low-frequency limit of the dielectric constant eo is given bys)

€, = & + s(T). (4-5)

In KDP more than one mode are observed in the far-infrared spectrum, so
we rewrite eq. 4-5

€ = €L+ I Sy + S(D). (4-6)
j .

The value of € obtained here (®6.6) includes the contribution from the

modes above 150 cm_l, then

' Thus € is larger than €.
ii) T < TC

The reflectivity below Tc decreases drastically with temperature.
‘It may be able to fit the observed reflectivity by an oscillator model,
but as mentioned éﬁove the experimental error is large. So it can be
said that the mode may have very low-frequency peak or disappear below
Tc.: |

The reflectivitj‘for'Eic increases gradually as the temperature
approaches Tc from above and decreases suddenly below Tc. The far-infrared
reflection measurement on KDP for EIC shows a broad background in tﬁe
spectrum up to near 100 cm—l. We have no model to analyze this spectrum.

The results obtained here seem to indicate that this background in the
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spectrum disappears below TC.

The absolute reflectivities at room temperature were measured by
use of the sample holder. The sample was replaced by a reference
mirror alternatively and the absolute reflectivity was measured. The
results were 36*1 % and 531 % for EIC and EIC, respectively, which are
in good agreement with the data obtained using a far-infrared spectro-
meter. The experimental error of this method is smaller than tﬁat of

spectrometer.

3-2 ADP

Figure 4~3 shows the results of ADP. The crystal shatters.below
transition temperature (Tt==148 K) and therefore measurements were made
" only in the paraelectric phase. The reflectivities both for EIC and
ELC increase gradually as temperature is lowered toward Tt' No attempt
was made to analyze these results by the oscillator model. The far-
infrared measurements show that there are low-frequency modes both for
EliC and ELC. Both modes show no drastical change in their frequencies
or intensity'as seen in KDP. The results obtained here correspond to
thevtemperature dependence of the low—frequency-modes.

The absolute reflectivity at room temperature was measured. The
results were 29+1 Z and 56x1 % for ENC and ELC respectively, which are
also in good agreeﬁent with those of reflectivity measurements by the

spectrometer shown in Chap. 3.
4, Summary

The polarized'reflectivities of KDP and ADP at 29,7 cm—1 were

measured as a function of temperature by use of HCN laser. The
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reflectivity for EIC of KDP showed Curie-Weiss law behavior and the
curve above TC could be explained by a strongly damped-harmonic oscil-
lator, the characteristic frequency of which changes as wozm(T—Tc) / T.
This result supports that the ferroelectric mode in KDP depends upon
temperature as the soft mode of perovskitelc;ystals.7) The other
results of KDP and ADP were iﬁ good agreement with those of far-

infrared measurements shown in Chap. 3.
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Fig. b4-3 Temperature dependence of polarized reflectivity for
ADP at 29.7 cm-l. The reflectivity is normarized at

room temperature.
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Chapter 5 Raman Spectra

The polarized Raman spectra of KDP and DKDP were measured in the

'~ region up to 1100 cm—l in both paraelectric and ferroelectric phases as

1, 2)

a fuction of temperature.

- observed bands were determined in both phases. The correlation relation

. of the modes in the different phases and the precise mode éssignments
': were also éétablished. . The detailed temperature dependénce of3£he low=
viﬁffeqﬁeucy spectra were also examined in the vicinity of the‘féfroelec4 -
“:fric tfépsition femperature. In KDP the Raman scattering-due to the
'nﬁolarization‘fluctuatioﬁ of'the,ferroeleétric modé was obser&ed‘énd thé
| | 3-5)

jpreSeﬁt'result is in good agreement with the earlier works. The

w; effect'of'deuteration on the spectra are discussed comparing the

" results of KDP with those of DKDP.Z)

For the antiferroelectric ADP the same type measurements were made’

only in the paraelectric phase. The Raman scattering due to the polar—
ization fluctuation of the low~frequency mode was observed in the

spectra of E symmetry.l)

1. Introduction

In the preceeding chapters the main attention has been paid'to the
low-frequency spectra of KDP type crystals and its dielectric behavior.
The far-infrared measurements on KDP have revealed a strongly tempéra—
ture dependent low-frequency band and showed that this band is respon-
sible for much of low-frequency dielectric constant: i.e., this band
is the ferroelectric mode. But so fé} the assignment of the mode and

the establishment of the correlation relation of the modes in both
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phases have not been done completely.

.Thé infrared spectrum in the high-fre:uency region shows the broad
and weak bands and so it is difficult to identify the bands. The Raman
spectrum shows relatively sharp and isolated bands and moreover it
-shows more detailed polarizing characteristics; for example, the modes
of Al’ Bl’ B2 and E symmetry species of D2d group are Raman active of
which the modes of'B2 and E symmetries are also infrared active. Thus
the Raman scattering experiment is more suitable for the examination of
the polarized spectra in wider region. And it enabies us to make more
complete mode assignments and to determine the mode symmetry and so on.
Of course the modes of B2 and E éymmetries are both infrared and Raman
active and so the data obtained by these two spectroscopic techniques
together give more complete information about the vibrational specta.

In KDP it is thought that the hydrogens play a significant role in
the process of ferroelectric transition. The change in the anharmonic
motions of the hydrogens, proton tunneling and its ordering, at the
phase transition may cause a significant change in the Raman spectra.
So the measurements of the Raman spectra «f KDP, DKDP and ADP as a
function of temperature may lead us to a better understanding of the

role of hydrogen motions in the phase transition.

2., Experiments

2-1 Sample Preparation
The dimension of the sample was typically 9%X3x3 mm with faces
parallel to the orthogonal principal axes %X, y and z for tetragonal

symmetry. The laser beam entered on a 3x3 mm surface. The single
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FCrystals of KDP and ADP were bdught from Nippon Denpa Kogyo Co.

The final polishing was done with 0.1 p alumina and ethanol. Thé sample
of DKDP for the Raman measurementé'was cut from the same single crystal
used for the infrared measurements. The crystal was cut using fiber
wetted with heavy water. The final polishing was done using saturated

solution of heavy water (DZO) to minimize the rehydrogenation.

2-2 Optical System and Spectrometer

. The excitation source for Raman écattering experiments was He-Ne
laser. Its output power was about 50 mW at 6328 A. The general geomet-
rical arrangement of the optical system is shown in Figf 5-1 (a). The
laser beam was reflected by the corner mirrors and entered the sample
from a window on the bottom of the cryostat. The laser beam was focused
on the sample by the collecting lens. As the crystals used were trans-
‘parent, the beam was transmitted through samplevand again reflected and
focused on the samplé by a concave mirror to improve signal to noise
ratio. The scattered radiation was céllected by another lens and
focuséd onto the spectrometer slit. The collecting lens is mounted on
the holder which has microméter adjustable positioning. A rotatable
polarizer was set in front of the spectrometer slit for the polarization
studies. The optical arrangement forexcitation and collection of scat-
tered light is shown in Fig. 5-1 (b). The Raman lines observed in the
present investigation were found to have spectral-width of 8 cm_1 with
all three slits set at 300 pym and élit heights 10 mm. This setting was
used for most of thé scattéring experiments.

The spectrometer used for the experiment was a Spex 1400 double

monochromator. It consists of two identical 3/4-meter Czerny-Turner
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spectrometers linked side by side. The gratings in the instrument were
600 line/mm blazed at 7500 A. The use of a double monochromator was .
essential to the present investigation for the following reason. In the
grating spectrometer the primary source of stray light is the undif-
fracted light scattered by the»grating. Raman lines are so weak in
intensity and consequently masked by the stray light due to the Rayleigh
line in the case of a single monochromator. The stray light in a double
monochromator is much more reduced and it makes possible to measure the
Raman lines. The Raman spectra in the present investigation are in the
low-frequency fegion and it is desirable to measure the spectrum as
close to the exciting line as possible. So it is neceséary to reduce
the stray light due to the Rayleigh line.

The photo-multiplier tube used was EMI 9558 A, which has a §-20
‘type photo-cathode. It was cooled below -20°C to reduce the noise due
to the dark current. The lock-in detection system consisting of a pre-
amplifier, a lock-in amplifier and a recorder was used. The incident

laser beam was chopped by the sector at the frequency of 810 Hz.

2-3 Measurements
2-3-1 Polarized Measurements

For the Raman scattering measurement, the sample was set in the
sample holder and illuminated by the laser as shown in Fig. 5-1 (b).
The 90° scattering.geometry was used and the experimental configura-
tions, for example x(yx)y, were chosen according to the selection rule
shown in Tables. 5-1 and 5-2. The polarization directions of incident
énd scattered radiation, which were taken to be parallel to the }abora-

tory coordinate XL’ YL’ and ZL’ were determined by use of half-

- 91 -



vwavelength plate and rotatable polarizer.
2-3-2 Temperature Control

The low temperature works were done by use of a specially con-
structed glass cryostat for liquid-nitrogen. A sample holder was
mounted in the cryostat and a Teflon plate (d=2 mm) was put between the
sample holder and the cooled bath as a thermal insulator. A heater was
wound around the sample holder. The temperature of the sample holder
was stabilized by adjusting the heater current using an electronic
temperature controller. A chromel-alumel thermocouple with a diameter
of 0.3 mm was uéed as a temperature sensor. The estimated accuracy of
the temperature control is *1 K, and sfability is within *0.1 degree
in the temperature range from 80 K to 273 K.

The sample is set into the square well of the sample holder with
silver éaste. Good thermal contact between the sample and the sample
holder was insured by the use of silver paste. The temperature sensor
was set on the sample holder near the sample.

The high temperature furnace was used for the measurements in the
temperature range from 295 K to 400 K. The sample temperature was also
stabilized by the electronic temperature coﬁtroller withiniiO.l degree

at several temperatures between 295 K to 400 K.

2-4 Selection Rules and Polarized Measurements
It is known that the Raman scattering by the polar vibration is
characterized by the wave-vector of the scattering phonon near the

6)

Brillouin zone center. However a group theoretical analysis is carried -
out only for the limiting vibration with k=0 and predicts that the

spectrum should depend only on the direction of polarization of incident
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light and scattered one. In this view point, the selection rules for
the polar vibration will be discussed below in connection with the phonon
propagation direction.

In KDP the B2 mode is both infrared and Raman active. It is. polar-
ized parallel to the z axis. According to the group character table,
B2 mo@es ;ransform as qu Raman tenso? component. When the measurement
is done by the x(yx)y experimental‘configuration, the incident light
travels along x axis and the scattered light travels along y axis. By
the conservation of momentum a phonon is produced in xy plane with z
polarization, since the xy component of tensors -is measured. So this
phonon has a propagation direction perpendicuiar to its polarization and
is a transverse optical phonon (TO). If measured by the x(yx)z configq—
ration, a phonon is produced in the xz plane with z polarization. This

7)

phonon is Both transverse and longitudinal (LO). Poulet has shown
that in the polar érystal the longrange electric field due to the lat-
‘tice polarization tends to make the energy of LO mode greater than that
of TO mode. Therefore it is necessary to consider the phonon prdpaga-
tion direction when we measure the polar vibrational mode.

The selection rules for the polar vibrational mode are easily
derived using the procedure of Poulet.7)A The results for KDP in D2d
are listed in Table 5-1. Thé Raman intensity is proportional to the
square of Raman tensor component an& also listed in the table. In KDP
doubly degenerate E.modes are both infrared and Raman active and
polarized parallel to the x and y axes. In this case any ekperimental
configuration for 90° scattering is found to give neither TO nor LO

mode.

When the temperature is lowered through '1‘c the crystallographic
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axes rotate 45° in the xy plane. fhe x', y' and z axes are taken to
be parallel to these new crystallographic axes. The vibratiopal modes
in thls phase are characterized by the normal coordinate x', y' and z.
In this case we obtain tensors which apply to the longitudinal and
transverse phonons, and then these tensors are transformed to x, y and
bz coordinate. Expe;iments were done in x, y and z coordinate system.

The results of selection rules in sz symmetry are shown in Table 5-2.

3. Results and Discussion

3-1 Mode Symmetries

" Raman spectra for single crystals of KDP and DKDP were measured
in the region up to 1100 cm—1 at several temperatures above and below
Téf The. spectra were taken in the x(yy)z, x(z2)y, x(yx)y.and x(y2)y
configurations. The results are shown in Figs. 5-2(a)~(d) for KDP
and Figs. 5-3(a)~ (d) for DKDP respectively. Experiments on a single
crystal of ADP in the antiferroelectric phase were impossible bécause
ADP crystal shatters and becomes opaque at the transition. So the
measurements were made only in the paraelectric phase. The results

of ADP are shown in Figs. 5-4(a) and (b).

KDP

The polarized spectra were fecorded at 295 K, 200 K, 130 K and
90 K. As seen ifx Fig. 5-2 polarizing chatrdcteristics in the spectra
are clearly observed. Comparison of the results with group character
table enables us to decide the mode symmetries. The observed bands in
the paraelectric phase for T>Tc afe Jéry broad and change only slightly

with the temperature approaching Tc from above. When the temperature
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is crossed through Tc’ the marked‘changes in the spectra occur. Most
of the bands become sharp and intense and some new bands appear. 1In
the spectrum taken in the x(yz)y configuration most of the bands above
TC split at the transition temperature. Some other remarkable changes
in the spectra at the transition temperature are as follows: in the
x(yx)y spectrum the/Réyleigh wing is observed above Tc’ and it disap-
pears drastically below Tc and a new band appears near 150 cmﬂl; the
broad background continuum is observed in the xX(yz)y spectrum extending
from Rayleigh line to 100 cm-l above Tc_andvdisappearsvbelow Tc; a
similar feature appears in the x(yy)z spectrum from the exciting line

to 180 cm—l above Tc and disappears below Tc.

The Raman frequencies observed in the present measuiements are
listed in Table 5-3. The discussion about the mode symmetry will be
‘made in the félloﬁing.

The spectrum at 295 K are shown in Fig. 5-2 (a). According to the
-group character table shown in Table 2-2, A1 mode transforms as uxx’
ayy and o, Raman tensor components. Thus the strong bands in the
x(yy)z and x(zz)y spectra can be assig—ne’dto-Al symmetry and so the
bands at 359 cm—l, 918 cm_1 and a bfoad one at 520 cm'-1 are assigned
to Al symmetry. |

The bands which appear only in the x(yy)z but not in the x(zz)y
spectra should be assigned to B1 symmetry. They transform as Oy and
dyy Raman tensor components. The bands at 155 cm_l, 394 cm—l, 473 cm—l
can be assigned to Bl symmetry.

2

The modes of B, symmetry transform as Oxy Raman tensor component

and so the bands in the x(yx)y spectrum are assigned to B2 symmetry.
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The Rayleigh wing extending up to 150 cﬁfl and the bands at 178 cm'—l

and 394 cmm1 are B2 modes. Also the modes in B2 symmetry transform as
Pz dipole moment, and so they are infrared active. The present Raman
speétra are in good agreement with the far-infrared spectra shown in
Chap. 3.

The modes of E symmetry transform as o z and 0, Raman tensor
components and Py dipole moment. The bénds in' the x(y2)y spectrum are
at 96 cm-l, 116 cm_l, 192 cm-l, 533 cm-l and 580 cmfl. These bands are
- assigned to E symmetry. This spectrum taken in the x(yz)y configuration -
is compared with the far-infrared spectrum for ELC. In the infrared |
spectrum five bands afe observéd in the region below 300 cm_l. They
are at 86 cm T, 104 cm T, 122 cm L, 152 cm L and 206 cm L (Table 3-2).
In the Raman spectrum the 104 cm_l and 152 cm-_l bands are absent
probébly because they may be very ﬁeak.

In the ferroelectric phase the spectra were recorded-at 90 K. The
results are shown in Fig. 5-2 (d). As stated in Chap. 2 the crystallo-
graphic axes rotate 45° in the xy plane below the fransition temperature.
. The non-zéro Ramanteﬁsor’components are characterized by the new normal
coordinate (x', y', z). So the Raman tensor must be transformed into
(x, v, z) coordinate in which experiments were done. Such a calculation
was made in Sec. 2 and the results are shown in Table 5-2. The x(yy)z
configuration giveé ax'y' and(ax,x,+ay,y,)Raman tensor componenté, and
so the modes observed in the.x(yy)z spectra belong to A1 or A2 symmetry.
The x(zz)y and x(yx)y measurements give o, and (dx'x'-ay'y') Rgman
tensor componenté respectively. The bands in the spectra taken at these
coﬁfiguration; belong to Al symmetry. ?The bands in the x(yz)y spectra

belong to Bl or B2 symmetry which transform as ay'z or Q.+ Raman
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tensor component. Furthermore when the temperature is crossed'TC the
spectrum changes corresponding to the structural phase tramsition. The
correlation of the modes from one phase to the other is as follows;:
in the x(yy)2z spectrum, A1 and Bl modes for T>Tc transform to Al and A2
" modes for T<Tc, respectively. Similarly we find; Al modes for T>Tc
transform to Al modes for T<Tc in the x(zz)y spectrum, 32 modes for T>TC
to Al modes for T<chin the x(yx)y spectrum and E modes for T>Td to Bl
and B2 modes for T<Tc in the x(yz)y spectrum. These correlations are
naturally consistent with the correlation between the -irreducible repre-
sentations of D2d syﬁmetry and those of sz symmetry given in Table 2-3.
Now turn to the consideration about the spectra taken at 90 K. As
stated above the strong bénds in the spectra taken in the x(yy)z,
x(zz)y, and x(yx)y configurations can be assigned to A1 symmetry. In
the x(yy)z spectrum, both Al and A2 modes are included. According to

the correlation table A2 modes and B1 modes for T>Tc transform to A2

modes below Tc' A2 modes for T>Tc are optically inactive. Therefore in
the x(yy)z spectrum the bénds which can be assigned to A2 symmetry are
as follows: the bands at 322 cm—1 and 574 cm_1 which are not observed
above Tc’ and thé bands at 161 cm_l, 394 cm-'l and 484 cm_l whicﬁ_are

assigned to B, modes above Tc' It is interesting to notice that in the

1
x(yx)y spectrum, the Rayleigh wing disappears below TC and a new band
appears near 143 cm_l. This band is also-observedAin the x(yy)z
sfectrum and is assigned to A1 symmetry. |

In the x(yz)y spectrum many new bands appear below Tc' This fact
corresponds to the removal of degeneracy such as E modes for T>TC
transform into By and B, modes below TZ. But we cannot distinguish

Bl_mode from B2 mode because in the x(yz)y spectrum both B1 and B2
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modes are included.
The results obtained here are summarized in Table 5-3. The mode

frequencies and their mode symmetries are also listed.

DKDP

The spectra of DKDP are shown in Figs. 5-3 (a)~(d) at several
temperaﬁures above and below Tc' The spectra are, on the whole, similar‘
to those of KDP and the mode symmetries are determined by the similar
manner as in the‘case of KDP. The results are listed in Table 5-4.
Comparison of the spectra with those of KDP leads us to know some
deuteration effects. In the paraelectric phase the deuteration effects
are pointed out as follows: In the spectrum of B2 symmetry two bands
appear around 200 cm_l, while in KDP only one broad band is observed.
These two bands in DKDP form a composite peak and its line shape changes
drastically with temperature. The Rayleigh wing is also observed in
. DKDP but weak compared with that of KDP. The deuteration effects the
shift of frequency of some bands; A1 mode which goes ffom 917 cmhl to
883 cm—l, E mode which is shifted from 533 c:m_l to 516 cm--l and so on.
Some additional bands appear in DKDP. They are at 520 <:m_1 in B2 sym-
metry and 883 cm—l and 970 cm-1 in E symmetry. The other additional
bands are also found at 710 cm—l'in B1 symmetry and at 970 cmm1 in Al
symmetry.

When the temperature is lowered through Tc’ the marked changes
occur in the spectra. In the x(yy)z spectrum, a new, rather strong
band appears at 1008 cm—l, and a 970 cm—l band above Tc splits into two
1

bands at 963 cm-'1 and 968‘cm~1. In the x(zz)y spectrum, a 970 cm

band above Tc splits into two bands at 968 cm—l and 974 cm-l. In the
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x(yx)y spectrum, the Rayleigh wing disappears below Tc but no band is
observed below 150 cmml. While, in KDP the Rayleigh wing disappears

below TC and a new band appears near 143 cm_l.

ADP

In ADP the spectra were recorded at 295 K, 200 K and 152 K, i.e.,
only in the paraelectric phase. The results are shéwn in Table 5-5.
These spectra are very similar to those of KDP, except the spectrum of
E symmetry. The high-frequency bands above 300Acm_l have almost the
séme’frequency as that of KDP. The bands below 300.cm_1 have the
frequency about 30 cm—l higher than that of KDP. The bgnds above 300

cm © are attributed to‘the PO4 internal modes as discussed later. The
bands below 300 cm--l are the lattice vibrational modes which shift
harmonically to the higher frequency as K ion is substituted by NH4 idn.
In the spectrum of E symmetry, the Rayleigh wing is aléo observed
as in that of B2 symmetry. Such a Rayleigh wing is not observed in the
spedtrum of E symmetry for KDP. The other bands of E symmetry for ADP
are at 68 cm—l, 121 cm_l, 175 cm—l, 192 cm—l and 290 cm—l, of which
175 cm_1 and 192 cﬁ—l bands form a composite peak. In KDP the corre-
spondipg spectrum shows the existence of several bands at 96 cm_l,
116 cm:_l and 192 cm_l. The lowest frequency band of ADP has fairly

low~-frequency compared with that of KDP. The 290 cm—1 band of ADP is

not found in KDP nor in DKDP.
The polarized Raman spectra of KDP, DKDP and ADP are measured.

The mode symmetries of the observed hands are determined. The changes

of the spectra at the transition temperature are observed corresponding
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to the structural phase transition.

The differences among the spectra of KDP, DKDP and ADP.are observed,
Thé remarkable differences between KDP and DKDP are observed in the
spectra of B2 symmetry in the region below 300 ém—l. On the other hand
the differences between ADP and KDP are observed in the spectra of E
symmetry in the region below 300 cm-;.

In these experiments, the measurements above 1100 cmflkwere'tried
but fhe results were not good enough for tﬁe’quantitative aﬁalysis,v
because the scattering efficiencies in fhesercrystals are very low,
and the sensitivity of the photo-multiplier (S-20 type photo-cathode)
decreases in the high-frequency region.

Further discussion about the present results will be done in the

following sections.

3-2 Mode Assignments I: In the Region above 300 cm_1

In Fig. 5~5 Raman lines of different substances at 295 K are shown
for comparison. As seen in the figure the spectra are very similar to
each other, except the low-frequency spectra in the x(yx)y and x(yz)y
configurations. The different substituents shift certaiﬁ modes more or
less in the frequency. But their influence on the relative intensities
is hardly observable. The spectra are separated into two regions. The
low—-frequency region below 300 cm”l corresponds to the external vibra-
tions of'[Kr(H2P04)] sublattice, and the region from 300 cm“1 to'llbO
cm corresponds to the internal vibrations of tightly bound P04.ion.
In this section the author will discuss about the spectra in the region
from 300 cm“l to 1100 cm_l comparing yith the group theoretical

analysis given in Chap. 2.
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In Chap. 2 the author has discussed how the PO4 ion behaves in theh
crystallipe field. The present result confirms that thg PO4 ion behaves
as an individual molecule in the crystal. The speétra can be interpreted
as that the PO4 tetrahedra are slightly deformed and have the symmetry
of site group. This result is in consistent with that of Murphy et
51.8) and others.g),

‘Thé possible intérpretation of the observed spectra due to the PO4
internal vibration.is as follows. It is well known that free PO ion

4
10) 1

has four distinct frequencies; vl(A1)=980 cm_l, vz(E)=363 em T,

\)'3(F2)=1083'cm'-l and v4(F2)=515 cm-l. As seen in Fig. 5-5 the strong
bands can be seen near 363 cm—l, 515 cm-_.l and 980 cm—l. These bands

are the characteristic of the molecular vibrations of PO ion modified

A
slightly by the crystalline field. As the PO4 tetrahedra are thought
to be slightly deformed in the crystal, the E(V,) mode of free PO, ion
at 363 cm-¥ splits.into two bands at 359 cm—1 and 393 cm‘_l in the
crystal of KDP. Similarly the F2(v4) mode of free 304 ions at 515 cm--1
épiits into three bands at 473 cm-l, 533 cm_l and 580 cm-l. The Al(vl)
mode at 980 cm‘-l is observed at 918 cm_l_ Now we consider the spectral
decomposition of the modes of Td symmetry into the symmetry species of
the crystal symmetry D2d and the site symmetry S4' The resulté are

shown in Tables 5-6 and 5-7. 1In the paraelectric phase E(vz) modé of
free PO4 ion appears in the qu spectrum at 394 cm—1 but does not in the
dyy spectrum.* According to Table 5.4 - E(vz) mode of PO4 ion corre-
sponds to the B symmefry specieé of S4 group, but does not to»B1 symmetry

species of D2d group. Similarly the 473 cm_l band which is'Fz(v4) mode

g : - A
*Note: 1In the o__ spectrum the weak band is observed at 393 cm 1. '
However, yyreducing the angular aperture viewed from the mono-
chromator, this band in the ayy spectrum disappears.
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of free PO4 ion, appears in the dyy spectrum but not in the ayx spectrum;.
In other words FZ(V4) mode corresponds to the B symmetry species of S,
group and not to B2 symmetry species of D2d group. The Al(vl) mode of
free PO4 ion is observed in both dyy and o, spectra, so this mode
corresponds to the A symmetry species pf S4 group. Therefore the char-
acteristic vibrational modes 6f free PO4 ion are found to be deqomposed
to the modes of S4 symmetry group. The S4 symmetry group is the site
group of D2d symmetry where PO4 ion liesin the crystal. The PO4 ion
’thus seems to behave as individual molecule having S4 symmetry.

- In the ferroelectric phase the bands attributed to the PO4 infernél :
modes becoﬁe sharp and intense, and new bands appear but overall fea—-’
ture of the spectra is almost unchanged as shown in Fig. 5-6. This

- fact suggests that the PO4 ion also behaves as an individual moleéule
- in the ferroelectric phase. But the site group is no longer S4 and
1lower_symmetry group. The site»groub below TC seems to be 02 group as
discussed in Chap. 2. If this is the casé the characteristic vibra-
tional modes of PO4 ion transform like A and B symmetry species of CZF
group as shown in Table‘5—7; and the degeneracy is removed.

The spectra taken in the x(yy)z, x(zz)y and x(yx)y configurations
give modes of A typé symmetry and the x(yz)y spectrum shows‘the modes
of B type symmetry. In the x(yz)y spectrum the splitting of the bands
at the transition is expected to be observed, but such a splitting is
nét observed experimenfally. This may be due to the fact that the
spectra Weré recorded with relatively large spectral slit-width of
about 8 cm-'1 or more.

As seen in Fig. 5-5 some additio;al bands are observed in DKDP

which are not found in KDP. They are 710 cm_l band of B1 symmetry and
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-1
970 cm ~ band of Al'symmetry. These bands are 0-D bending vibrations

according to the previous infrared works.ll_l3)

The corresponding
bands in KDP are in the high-frequency region which is out of the

present experiments.

The spectra of ADP in the region from 300 cm © to 1100 em t are
almost the same as those of KDP. The crystal of ADP contains NH4
tetrahedra but the internal vibrational modes of NH4 group have very

- high frequency above 1600 cm-l which is also out of the region of the

present experiments.lo)

When the -experimental results are compared with the group theo-
retical analysis, the behavior of PO4 ion in the crystal becomes clear.
The PO4 ion behaves as an individual molecule in the crystal having S4.
symmetry above TC and C2 symmetry below TC. The exact mode assignments

are made and the results are shown in Tables 5-3, 5~4 and 5-5.
3-3 Mode Assignments II: In the Region below 300 cm_1

KDP and DKDP

The spectra of KDP and DKDP in the low-frequency region below
300 cm_1 are shown in Fig. 5-7 for the x(yy)z configuration. A band
is observed at 154 cm_1 for KDP above TC and the corresponding band is
observed also at 154 cm—l for DKDP. These bands are B, mode. While

1

the group theoretical analysis allows two B1 modes which are transla-
tional vibrations of [K—(H2P04)] sublattice, only one band is observed.

The other is missing probably because it is either very weak or very

low frequency. Below Tc Bl mode transforms to A2 mode and is observed
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at 161 cm_1 for KDP and 160 cmnl for DKDP. 1In KDP a strong band is
observed at 145 cm-1 at 90 K which is absent in DKDP. This band also
appears in the x(yx)y spectrum and is assigned to Al symmetry species.
Figure 5-8 shows the low-frequency spectrum in the x(yx)y configuration.
?he bands observed above Tc are B2 modes, and below Tc they transform to
_Al modes. The Rayleigh wing is observed in KDP above Tc and also
observed in DKDP but weak. This Rayleigh wing in KDP is due to the

- polarization fluctuation of the ferroelectric mode observed in tﬁe far-

1, 14)

" infrared measurement. Below Tc this wing in KDP disappears

gradually and a new band appears, which has a 90 K peak at 143 em T,
:This band islnot found in the far-iﬁfrared spectrum as shown in Fig.
‘3-7.' In DKDP the Rayleigh wing also disappears below Tc’ buf no mode
is observed near 143 cm-l. This 143 cm—1 band of KDP is iargely
~effected by deuteration and‘may be an underdamped ferroelectric mode as

15) The other band is observed near 200 cm-l

suggested by Blinc ét al.
in KDP. This bénd has a 295 K peak at 178 cm_l. Below T this band
becomes sharp and shifts to higher frequency and has a 90 K beak at

208 cm-l.‘ This is the translational lattice mode as predicted by the
group theoretical analysis. It is worth noticing fhat the group theo-
retical analysis predicts only one translational lattice mode above Tc’
while two bands are observed in KDP above Tc. In DKDP the situation is
somewhat different. The broad band is obserﬁed near 200 cm“1 above Tc.
This‘broad band seems to consist of two bands, and the strong energy
transfer occurs as the temperature approaches Tc' chh an energy

transfer is observed in SbSI.lG)

Below Tc the lower—-frequency mode
disappears and the higher-frequency oné becomes sharp and intense. This

band has a 90 K peak at 233 cm—l. This 233 c:m—l band is the translational
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lattice mode. Further, in the far~infrared spectrum two bands - are -
observed around 200 cm-1 above Tc and below Tc these two bands split and
become sharp. These two bands have 90 K peaks at 166 cm—1 and 228 cm_l.
While, in the Raman spectrum the band corresponding to the 166 cm--1 band .
is not found below‘Tc.

| Figure 5-9 shows the spectra of KDP and DKDP for the x(yz)y configu-
ration. ‘In KDP the.lattice modes are observed at 96 cm—l, 116 cm_l and
192 cm-l at 295 K and in DKDP they are at 92 cm-l, 113 cm-l and‘184 cm-l.
Thus the lattice modes of E symmetry are found to be hardly affected by
vdeuteration This fact suggests that there is no interaction between
the lattice mode of E symmetry and the proton (deuteron) motlon.
According to the group theoretical analysis, five E modes are expected ,

to be observed in both Raman and infrared spectra. But only three of-

" them are found experimentally.

- ADP

The low-frequency spectra of ADP are shown in Fig. 5-10 for the
x(yx)y and x(yz)y configurations. The lattice mode of Al symmetry is
at 184 cm_l‘(not showh in the figure) and the lattice mode of B2 sym—
metry is at 203 cm—l. These'freqﬁencies are about 30 cm_1 higher than
‘those of KDP. This fact is reasonably attributed to the harmonic shift
due to the mass difference between K ion and NH4‘ion. As seen in Flg
5-10 (a) the spectrum of E symmetry is quite different from that of KDP.
The Rayleigh wing is also observed in the spectrum of E symmetry and
this wing is due to the polarization fluctuation of the broad low-

frequency mode observed in the far—inﬁrared measurements.l’ 14)
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3~-4 Phase Transition
3-4~1 Ferroelectric Mode

KDp

As seen in Fig. 5-8 (a) the broad Rayleigh wing is observed in KDP

above Tc and it disappears below TC. The present result is in good

3, 4)

agreement with that of Kaminow et al. The imaginary part of complex

susceptibility is derived from the Raman intensity J(w) by use of eq.

"+ 1~6 which is rewritten here

J(w) = R(n@) + 1) x"(w) ‘ (5-1)
where n(w) is the Bose factor,

-1
n(w) = [exp (T%-T -1] . (5-2)
‘The results are shown in Fig. 5-11. This is compared with the iméginary
part €"  of:. complex dielectric constant obtained by the far-infrared

1, 14) shown in Fig. 3-7. Unfortunately, because of the

measurements
experimentaliuncertainty in the region below 40 cm_l, the peak ié not
observed in the figure. But the Y" spectrum shows the existence of a
low-frequency temperature.dependent band above TC which disappears of
decreases in its width below Tc‘ This result is consistent with the
result of the far-infrared measurement.

3,4)

Kaminow et al.”? fitted their Raman spectra by the simple-damped-

harmonic oscillator function and exhibited the soft mode behavior.

17)

Wilson et al. studied recently in more detail. These authors have

neglected the strong coupling of the ferroelectric mode with the bands
-1 8~
near 180 cm 1 in their analysis. Scott and his co—workersl 20)

observed strong anharmonic coupling between the ferroelectric mode and

the lattice mode of B2 éymmetry in CsH2A304 and KH2A304 which are
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isomorphous to KDP. The same anharmonic'interacﬁion would be neces-
sary to interprete‘the low—frequency‘Bé épectrum of KDP. As stated

in Chap. 3 the far-infrared spectrum of.Bi symmetry could not be fitted
kby two uncoupled harmonic oscillators. Tﬁis result suggests the
necessity of coupled harmonic oscillator @&pproach. The effect of

strong coupling in KDP has been studied by She et al.lg)

20)

 for>B2 mode

and by Scott and Wilson for E mode.

The imaginary part of the complex susceptibility X" (w) for the

coupled mode can be written in terms of the Green's functionls) and
the mode strength Pi’ PJ, as
X" (w) = Im(Z P.P, G (w)) (5-3)
i3 13

. where the Green's function satisfies the following coupled mode equa-

tion

w2 -~ w2'+ iwl A2 + iwl G G 10
a a ab aa ab :
2 2 2 ‘ = G
A"+ 1wFab W, = w o+ 1wa Gab be 0 1
Here we approximate A, Pa’ Fb and Pab as frequency independent con-
‘stants. The Raman spectra may therefore be calculated by two coupled

modes system in terms of seven parameters wa, wb

Pa/Pb' The numbers of parameters are reduced when we diagonalize as

s I‘a, PB,A’ Pab and

rrab=0'

The calculatidn was made and the parameters were obtained by the
optimum fitting-of eq. 5-1 to the observed spectrum, using expressions
for'x“(uﬂ and,Gij(w) in eqs. 5-3 and 5-4. The parameters determined
are listed in Table 5—8; Thus we could extract the correct temperature

dependence of uncoupled ferroelectri&® mode. The square of character-

2 . ;
istic frequency w, and the temperature weighted inverse equivalent
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relaxation time T/T are shown in Fig. 5-12 where T=Ya/w§.' The tempera-
ture dependence of wi is approximately

2
w, = (T - Tc) / T.

4)

This result is similar to the original work of Kaminow et a1.3’ but

19)

is not in agreement with the work of She et al. The result obtained

here is consistent with the prediction of the pseudospin tunneling mode

21)

model. Also as seen in Table 5-8, the ferroelectric mode has a very
large damping and relatively iarge mode strength»Pa, which is strongly |
dependent on temperature. The large mode strength_and its temperature
éepgndence suggestvthat thisbmode contributes largely»to the low-
frequency dielectric constant. | |

| The soft mode behavior of the ferroelectric mode of KDP beéomes
clear;' But there is a large experimental uncertainty in the‘region.
below 40 cm_1 bec;use the measurements were made with relatively large

slit-width. It is necessary to measure the low-frequency spectrum

more accurately to study the ferroelectric mode more completely.

As seen in Fig. 5-8 (a) the Rayleigh wing, ferroelectric mode,

disappears gradually below Tc, and a new band appears and grows in

15)

intensity. This new band is not observed in DKDP. Blinc et al;
observed the same phenomenon in their Raman scattering measurementsvon
KDP and DKDP. Ihey explained this phenomenon as follows; the over-
damped proton tunneling mode in the paraelectric phase becomes under-
damped below the transition temperature.

The corresponding band is absent in the far-infrared spectrum as

seen in Fig. 3~5. This fact means that the corresponding vibrational

mode accounts largely for the change in the polarizability but does
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not in the dipole moment. If this band is attributed to the proton
tunneling mode, it must have very small dipole moment because the effec-
tive charge of the proton is very small, but it probably accounts
largely for the change of the polarizability. Thus Blinc's proposal
is reasonably consistent with the experimental results.

In the paraelectric phase the ferroelectric mode is observed in
both Raman and infrared spectra. The temperature dependence of this

21)

mode is as that of collective tunneling mode model. Further discus-

sion will be done in Chap. 6.

DKDP-

As seen in Fig. 5-8 (b) the Rayleigh wing is also observed in the
spectrum of B2 symmetry above Tc’ and beléw TC fhis Rayleigh wing dis-
appears. The imaginary part x"(w) of the complex susceptibility is
derived from the Raman spectrum. The result is shown in Fig. 5-13.
The y" spectrum shows the existence of a broad band above Tc which has
no peak in this region. Below TC this band disappears. The same

results were obtained by Kaminow et a1.3’ 4

As stated in Chap. 2 the
far-infrared measurements on DKDP suggest the existence of a low-

frequency mode below 20 cm—l. The band observed in the x"(w) spectrum

is thought to be a higher-frequency tail of the low-frequency mode.

In KDP the Raman spectra due to the polarization fluctuation of
the ferroelectric mode is observed in the spectrum of B2 symmetry.
| 3, &)

The results are in good agreement with those of Kaminow et al.

The characteristic frequency tends to be zero as the temperature

approaches Tc from above. 1In DKDP the existence of such -a mode is not

- 109 -



clearly observed experimentally. As pointed in Chap. 3 the correspond-
ing mode must have the frequency below 20 cm—l.
3-4-2 Tunneling Mode

In Chap. 2 the motions of four non-equivalent protons have been
discussed. The collective proton tﬁnneling modes transform as A2, B2‘

and E symmetry species. Recently Wilson et al.ly)

examiﬁed the Raman
 spectra of KDP and found no mode which could be attributed‘to the col-
- lectivé tunneling mode. They also reported the possible evidence bf
proton‘ordéring in the spectra of kDP. ‘The similar‘spectra are

' ob;ainéd in the present wofk‘and in good agreement with theirs. As
seen in Fig. 5—7 (a) the broad backéround contiﬁuum is‘obsérved iﬁvthé
x(yy)z spectrum (A2 symmetry)vabove TC and this‘continuum disappears
below Tc° The similar feature is also observed in the x(yz)y spectrum

17)

(E symmetry). Wilson et at. attributed these phenomena to the
ordering of proton. They also pointed'out the evidence of,proton
ordering in the x(yx)y spectrum (B2 symmetry). As seen in Fig. 5-8 (a)
the Rayleigh wing below Tc decreases gradually in intensity as the
temperature is lowered. Thé present results of DKDP confirm their
explanation. Figure 5-8 (b) shows the existence of the Rayleigh wing
in the spectrum of DKDP. This Rayleigh wing below Tc decreases more
rapidly than that of KDP. This phenomenon can be gxplained as follows.
The deuteron hasvthe smaller tumneling frequency than that of the proton
and so the deuteron becomes ordered more rapidly than the proton does.
The other evidence of the proton ordering is also observed in the
spectrum of higher-frequency region. As has been noted before the POQ'

- bands above TC are very broad. Below TC these bands suddenly become

sharp and intense. The broadening of the bands above Tc is thought to
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be due to the couPling of the PO, internal vibration with the hydrogen
low-frequency mode through anharmonicity. Blinc et a1.13) suggested
the existence of the anharmonic low-frequency proton mode in a doublev
minima potential weil. The sharpening of the bands at the transition
corresponds to the disappearance of the pfoton tunneling mode as the
ﬁroton becomes ordgred. In DKDP the corresponding bands above Tc are
narrower than those of KDP, The deuteration effects the rgduction of‘
.-tunneling frequenc§ and caﬁses a disappearance of resonéﬁce condifion.
The similar interpretatioﬁs were deducted by Wiléon‘et al;‘in_their"

12)

- Raman'scattering measurements on KDP and By Levin et al. in their - -
infrared ﬁeasurements on KDP and DKDP.
The broad PO4 bands are also found in the spectra of ADP.  ADP is;

also the hydfogen bonded crystal and the same phenomena is probable.

As discusséd above the remarkable change in the spectfal line shépe
:at the transition can be reasohably attributed to the proton‘ordering.‘
The anomalous line shapesin the paraelectric phase, such a br@ad line—’
~width of P04‘bands and the background continuum,a£: thought to be due “
to the coupling of the proton tunneling mode ﬁith the other vibrations,

PO4 internal and lattice vibratiomn.

3-5 Antiferroelectric ADP

As seen in-Fig. 5-10 x(yx)y spectrum (B2 symmetry) is similar.to
that of KDP. But the x(yz)y spectrum (E symmétry) is quite different
from that of KDP and.shows the existence of a Rayleigh wing. The imagi~-
nary part of complex susceptibility was derived from the Raman scatter-

ing spectra. The results are shown in Fig. 5-14 and are in good
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agreement with thosé obtained by the far-infrared measurements. The
broad bands are observed in both spectra for B2 and E symmetries but

the one for E symmetry is fairly stronger than that for 32 symmetry.

The intensity of E mode increases drastically as the temperature is
'llowered to Tt and this mode is thought to give rise to the dominant
contribution to thellow—frequency.dielectric constant. But the peak
frequency hardly shifté with temperature. Therefore this broad'low—
 frequency band obsefved ﬁere may have nothing to do yith the-anﬁiferr9~‘
'eléctrié transition. The zone boundary mode will become unstable at
 ;£he transition‘as discussed in Chap. 3, The origip of the low—frequency
.E mode is ﬁnknown yet. 1t isvworgh noticing that‘the frequencies‘of'v
tﬁe lattice modes‘for E symmetry are quite different‘frbm-those'of KDP.
The same phendmena are also observed in the faf—infrared spectra.

. Further discussion will be done in Chap. 6.

4, Summary

The bolarized Raman spectra of KDP and DKDP were measured in both
phases as a function of temperature. The measurements on ADP were
also done but only in the paraelectric phase. The frequencies and the
symmetries of most of the observed bands were determined in both
phases, and the correlation of the modes from one phase to the other
was established; The experimental results being compared with the -
results of the group theoretical analysis, the correct mode assignments
were also established. In all these substances PO4 ion was found to
behave as an individual molecule slightly deformed by the crystalline
field, and the bands due to the internal vibrations of PO4 ion were

uniquely assigned.
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In the low-frequency spectra the Rayleigh wing due to the polari-
zation fluctuation of the ferroelectric mode was observed in KDP, and
the soft mode behavior of the ferroelectric mode was confirmed. The
deuteration caused the large changes in the spectrum of B2 symmetry.
‘The éviden;esof the proton (deuteron) ordefing were also observed.
' ‘In fhe antiferroelectric ADP the Raman scattering due to the polari-

* zatiom fluctuation of the low~frequency mode was observed in the.

‘:;'spectrum of E symmetry. This result is consistent with that obtained

by the far-infrared measurements.
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Imaginary part of suscepti-
bility for DKDP obtained from
the Raman scattering spectrum

(Fig. 5-9(b)).

- DKDP
sol X(YX)Y

X" -

10
T 5F
= ] -
{é e
m =
i ] t I EEEL L
=10 50 100 200
WAVENUMBER (cm™)
ADP
10 EX(YX)Y
- 295K_/\\
i ,200—/\
| 150—

X” '1— N !4.”..1 L
100k ADP | "
CUEXYZY A

50 295K~_//:\-:/*\,\

T | 20" AN

5 I | |

{é 150 _

3
10k

| i T BN | L1
10 50 100 200

WAVENUMBER (cm-')

- 128 -

Fig. 5-11"'

Imaginary part of susceptibility
for ADP obtained from the Raman

scattering spectrum (Fig. 5-10).



Table 5-1

a} Raman Tensor for D, Synmetry

a ¢ [ .
Al a Bl: -c BZ: d
. b
e
E(y): E(x): e
e ©
b) Polarization Characteristic for D4 Symmetry
Experimental :
Configuration Raman Intensity . Charactor g
x(yy)z a%+c A, +B
172
: 2
x(zz)y b Al
2 i .
x(yx)y d B,(z): TO 90
x(yx)z a2 . B,(2): T0410 45"
x(yz)y e? E(x),E(y): To+Lo| 90"
Note: & is the angle between the phonon wave vector and. the z axis.

'Al(z)=

Bl(i) H

b

Table 5=2
a) Raman Tensor for C,, Symmetry
d
AZ: d
c )
e
1),
Bz(y ): £
b4

/

b) Polarization Characteristic for sz Symme’cz"y

Experimental : :
Configuration Raman Inteneity Charactor 8 .
x(yy)z d2+(a+b)2. Al(z): TO+LO 45°

. AZ

 x(za)y ? 4,(z): 10 ~90°
x(yx)y (a-b)2 A (z): 10 90°
x(yz)y e B, (x): 1O 90°

Ba(y'): T0 .

Note: 1) Crystallographic axes are parallel to the (x', y*, z)

coordinate .

Laboratory coordinate : {(x , y, zJ

- 2) @ is the angle between phondn wave vector gmd 3 axis.
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Table 5=3
Raman Active Mode Frequencies in KH,PO, (Tc=123K)’

Rgg::?::::°r 295K ZZOOK 130K |Mode Aﬁaignment 90K Mode Assignment

: 145em™t Ay lattice mode?

15hca~* 155¢m™* 1560m™F B, lattice mode|161 A,, lattice mode
: S 322 Ayy vy (POL)

359 358 358 A, v, (PO,) (355 A, v,(PO,)

CTTe 1395 395 39k B, vy (R0 39K (43, ALv,(PO,)

hos 478 480 By, v, (PO,) 484 Azy vy (PO,) -

' O&y'Q&FaVV 520b 520 . 5206 |Ay, v,(PO,) 520 |Ay, v, (PO,)
574 Ayy v, (PO,)

T ‘
Yy

1918 917 917 Apr vy (POL) 915 Ay vy (POy)
W ee 360 360 359 AL vz(Poh) 355 ) uZ(PO#)
' o 520bw ~ 520bw  520bw AL vu(POA) 516 A, v#(poh)
2{916 917 918 Ay v (PO 1926 - 1Ay, vy(PO))
CXiy = Rayleigh wing( ~160)- B,.lattice model 143 Ay, lattice mode? -
178 183 186 B2 lattice mode|{208 &, 4 lattice mode

394 395 395 BZ. "2(P°l+) 395 Al. vz(PO,’)
518 A v“(poh)

%Ol |
x 915w Ay, “1(P°4)-
. : 96 100 . 102 E, lattice mode {101 B, 4B, ,lattice nmode
Jz . 1'72
116 119 120 E, lattice mode|l15 B, yB,,lattice mode
) 172
) T 139w Bl,Ba.lattice mode
+0 192 195 " 194 E, lattice mode 177w Bl.BZ,lattice mode
% vz 209w Bl.Ba.lattice mode

257w Bl,Ba.lattice mode
. ’ 355 Bl’BZ' VZ(POII-) !
390w 390w 390w E, VZ(POA) © 1393 BlaB ’ va(PO,f)

421 B, 4B, v,(FO,)

, ‘ ’ 518 By sB,s v, (PO,)
533 534 535" E, v, (P0,) 530w 1By 4B,y v, (PO,)
580s - : 580 58 _|E, vh(POh) 582 By sB3s v, (PO,)

913 By 4B, vl(Poq)
976w By 4B,y v5(PO,)
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Table 5-=4

Raman Active Mode Freéuencie:s in XD,PO, ,(Tc= 218x)

Ragan Tensor

Component 295K 220K Mode Assignment 190K $0K ¥ode Assignment
S T)T‘ 1 1shen™t 1Sben™t B,, lattice mode| 160cm™> 16hen™ B, lattice mode
C I e | 360 360 Ay v,(POY) 358 - 354 Ay v(POL)
383w 38hw B, VZ(POLF) 384 380 5, A_J, vz(po,‘)
: | 458 k57 By, v, (PO,) 458 62 A,y v (PO,)
KT 510bw 513w A, vl}(POL'_) 510 506 A vh(PO‘*)
: 542 550 AL "’L;(POA) 548 561 A, vh(Pol'_)
x .
ey Xt Oy . A 670, Ay 7
L 710bw - 700bw | By, ¥ (0D) 710 708 | A, ¥ (0D)
883 884 A vl(POk) 875 . 870_ “1,'?’1(?"4)
: . 963 A+ & (oD)
970 970 4y, & (oD) 968 968 A1, 6 (oD)
- 1008 1004 Ay vB(POh-_)'
Oz ™1, | 362 357 Ay v,(PO,) 355 349 Ays v,(P0,)
’ - - 380 Al' vZEPOu))
T 19 515 s v, (PO, ) 510 506 N FO
Uy T 38# 885 K oty 873 86 il o’y
. - ] o 3 Ali Vl Pol* 73 . 9 R Vl L
967 967 Ay, & (0D) 968 - 968 | A,, &(op)
980s 980s Ay, 3 (oD) | 980s 97k 2, & (op)

A(ny DT Rayleigh wing@+150) By, lattice mode? .

192cm-1 22ken™t B,, lattice mode 227c:m-1 233cm Aj» lattice mode

’ 352 Ay, v, (POY)
T | 38 381 By v,(PO,) 383 579 &y vy(PO,)
: : ) ' : ] LI Ayv vy(POY)
X~ Oyy | 5106w 5106w | By, v,(POL) 510w 505 | Ay, v (PO,)
T 880w 882w Byy v4(PO,) 87hw. 870 Ay v (PO,)
| 965w By, § (OD) - 97w 973 A1, & (0D)
(Xyz 'T)Tc 9 ol E, latt::.ce mode | 9k 95 B, 32. lattice mode
- 13 114 E, lattice moce |* 115 118 B), B,, lattice mode
’ ’ 142 15k By BZ' lattice mode
164 ‘185 E, lattice mode 174 176 By, B,, lattice mode
: 209 : EY By, lattice rode
(KT, :, . } 2hs By, BZ’ ;attice mode
- " i D
(Xy'z-i‘(xu: 353 ?sz Bys By, v,(P0,)
_ 381w 382w | E, v,(PO,) 379 579 Bys-Byy vy (PO,)
458w :E, v,_}(POL‘) ‘ L8y L9 Bl' x vh(POh)
o L70s » 490 Byy Byy vk(Po#)
516 516 "E, v4(PO,) 505 505 'Bl, B,, v,(FO,)
5k6s SLbs E, vu(PO,) 553 551 By s B,y v, (FO,)
' : ‘561' 561 By, B,y v, (70,)
722 B, B, 7
. ' 793 B, B, ?
880w 88w | E, vi(Po) T 8 870 | By, 3, v(P0,)
‘ ©o9k0 961 - By B, 5 (0D)
970w 970w | *Es S(0D) - | 97 970 By» B, 5.(0D)
' ’ 1018 1018 " Bys By vs(PO,)
1103 By By "5(?04)
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Table 5-5

. Raman Active Mode Frequencies in NI H,P0, (Tt=1h8K)

Raman Tensor

.

Component 295K 200K 152K Mode Assignment
-1 -1 -1 .

chy 182em 182cm 18lem B,, lattice mode
340 341 341 A va(Pou)
Lol Lo2 upu . va(Poh)
542b Shlbp 546b Ay v4(P04)
921 924 926 A vl(Pok)

[y, 9. 341 344 3kl Ay vy(PO)
400bw 400bw 400bw Ay vz(Pou)
921 924 926 Ayy vy (POL)

Xyx - Rayleigh VWing (~160) = B,, lattice mode 7
20k 207 209 B, lattice mode
Lor 402 4ok BZ._va(Poh) ‘

X ye - Rayleigh Wing (~160) = E, lattice mode?

.68
121
175

295w
sh2
5808

68 68
125 128
176 177
189 190
298 299
skt 546
580s 590
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E, lattice mode

E, lattice mode

E, lattice mode-
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‘Table 5«6

Spectral Decomposition of the POI‘ jon in the Crystal Field.

Site Symmetry MoleculaX Symmetry Crystal Symmetry

Sy Ta DZd
- (Ofn-ro(n, dzz) A A

17 A (dn"%y' o(zz)
\ /A2
E - B

o, -0

SR 2 4 "B " =

[dx.v' Pz} TR %)

Ol yz? Olzx T ) (xy'z’ uzx
E F B

2 o .
x* Py . Px’ Py

| Table 5-7 .

Spectral Decomp.ésition of the PO,* ion in the Crystal Field.

Site Symmetry Molecular Symmetry Crystal Symmetry

) Ta - Gy

fD,(x'x' ’ O(y.y; ’ uz‘z /Al _ . [(Xx'xl ’ u;vyn

. . A
kux'y" P, \ flo(zz'--?z
. £
o | ——ay (O, 0
.
Olytar ﬂz,s' 5 £, B, (o{zx" Px')
P,y P, I“2

\"x y Ba ((Xy'z’ Pyv) R ‘
Table 5-8
The Paranmeters (cm‘l) in XKDP -

Temp. K ' ("a Pa I;\ . 2y Pb ) l_i: A
295 104 425 192 | 163 b7 17.1 98
250 105  4b1 180 165 49  11.7 104
200 94 45 164 165 46 10.9 105
175 92 bhk 161 169 63 14.7 107
150 86 Ls6 142 170 72 1.1 106
130 70 478 115 1M sk 11.1 109
126 20 485 138 17 54  10.9 109
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Chapter 6 Discussion and Conclusion

1. Discussion

1-1 Far—Infréred and Raman Spectra

In the paraelectric kDP, the modes of both B, and E symmetries are
infrared and Raman active. Thﬁs we can compare the results obtained by
the infrared measurements with those by the Raman scattering. The
results measured by two methods, on the whole, agree with each other.
Some disagréements are pointed out in the following. For example,
while five bands are observed in the far-infrared spectrum of E symmetry
in thé region below 300 cm—l, only three bands.are found in the Raman
spectrum of E symmetry. Whereas it is the displacements of ions which
participate in the infrared absorption, it is the displacements of the
electron shells which participate in the Raman scattering. Therefore it
is probable that a vibrational mode is observed in the infrared spectrum
but not in the Raman spectrum even if this mode is allowed to be
observed group~theoretically in both Raman and infrared spectra. The
group tﬁgretical analysis does not give any information for the infrared

strength or the Raman strength.

1-2 Isotope Effects

'The deuteration causes a reduction of the frequency of the tun-
neling motion and this effects the ferroelectric mode frequeﬁcy and the
relati;ely sméll line broadening of the PO4 bands.. The other effects
are also observed in the spectra.

As stated in Chaps. 3 and 5, the deuteration effects on the spectra

are as follows:
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i) Some additional bands, which are not identified in KDP nor ADP, are
observed in both far-infrared and Raman spectra above 300 cm—l. These
bands are attributed to the PO4 ion internal modes.
ii) The additional band is also observed near 160 cm-l in the spectrum
of‘B2 symmetry. In the paraelectric phase this band is observed in
both far-infrared and Raman spectra. In the ferroelectric phase the
corresponding band is obsérved only in the infrared spectrum but not
in the Raman spéctrum.

These facts indicate that the deuteration causes a significant
distortion of lattice and PO, tetrahedra. If this is the case the

4 .
‘selection rules for DKDP may differ from those for KDP. Skalyo et al.l)
have shown, in their neutron scattering experimeﬁts on DKDP, the exisf—
ence of large distortional motions of oxygen tetrahedra and the deute-
rium atom movements along the ¢ axis in the paraelectric phasef Thus

deuteration results in the considerable distortion of the crystal

structure as well as the reduction of tunneling frequency.

1-3 Ferroelectric Phase Transition

As discussed in Chap. 1, the hydrogen motion plays a significant
role in the process of phase transition and is described theoretically
as the proton tunneling mode.z) Thevevidences of proton tunneling and
its ordering are observed in the spectra as discussed in Chap. 5. The
more important evidence of this mode is the ferroelectric mode.

The ferroelectric mode is observed in KDP in both far-infrared
-and Raman spectra. This mode is a polar one‘and is accompanied by the
large polarization. Its frequency ang intensity depend strongly on

temperature. Such results are consistent with collective tunneling
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mode model.3) This model can be described in terms of a pseudospin

3)

Hamiltonian and following Tokunaga

‘Z (6-1)

H=- ; (ZQT) Xi - X Jij Zi 5

i ij
where Zi-i%'represents a dipole along the ferroelectric ¢ axis, QT is

-the tunneling frequency, Jij represents the dipole-dipole and short

- . . range Coulomb interaction. The interaction term tends to align neigh-

. bouring dipoles and the tunneling term disturbs this inclination. The
transition point is determined by balancing these two opposite“incli-

4)

nations. Tokunaga et al. introduced [K+—(P04)-3] dipoles as‘Zi,
where tﬁe motions of these dipoles instantaneously follow those of
protén,motions; ‘This is a necessary deduction from the fact thatvtﬁeb
proton displacements are at right angles to the ¢ axis. The dynamicél
properties of this mode13) indicate thé displacive type behavior. The
essential one is the proof of the existence of a collectiye proton mode
with the temperature dependent frequency such as
Wi (T -T). (1T ) (6-2)

If the deuteron with its heavier mass is substituted for the proton, it
reduces the frequency of tunneling motion. Therefore the interaction
term in eq. 6-1 dominates the tunneling term and the Hamiltonian is
reduced to the Ising spin system. In this case the order-disorder model
is accepted and this model leads to a Debye susceptibility.

In the present work, the far—-infrared measurements on DKDP suggest'
the existencé of a low-frequenéy dispersion below 20 cm—l. The Raman
. spectra of DKDP show the‘high—frequency tail.in X" falling off more
gradually than w—l. It may be a Debye type dispersion in the case of

DKDP. Microwave measurements of Hill et al.s).on DKDP show that X;
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has a Debye form with a 300 K peak at 1 cm—l, which is beyond the rangé
of the present experiments.

KobayashiG) proposed a coupled proton-phonon mode model in which
vthé collective proton mode couples to the polar lattice mode of

[Kf(Poé)J sublattice as shown in Fig. 1-2. This polar mode produces a

-~ dipole moment along the ¢ axis. The electric dipole moment of 0-H-0

bond interacts with the electric field created by the polar lattice

" mode. The frequency of the coupled mode is

2 2
Wy = Wpg o
wzzB(T-T) (T>T )
- C Cc

where Wro is the characteristic frequency of the polar lattice vibra-
tional mode. Thus this model predicts two modes, one of which is like
‘ the soft mode of aisplacive type ferroelectrics.

It has been noted in the preceeding chapte;ifiwo bands are observed
in both Raman and far-infrared spectra of B2 symmetry iﬁ KDP in the para-’
electric phase below 300 cm—l. These bands are the ferroelectric mode
and the band near 200 cm_l. Below TC the ferroelectric mode disappears
and the other one near 200 cm-l remains in both Raman and infrared
spectra. On the other hand the group theoretical analysis predicts
only one translational vibrational mode of.[K—(PO4)] sublattice which
belongs>to B

symmetry species of D group for T>Tc' The observed

2 2d

band around 200 cm—l above TC is the lattice vibrational mode predicted
by the group theoretical analysis. The corresponding band is also
observed in DKDP in both phases and in both Raman and infrared spectra.

Therefore the ferroelectric mode is not thought to be a lattice
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vibrational mode in a usual sense, but a polarization fluctuation of
[K+—(PO4)—3] dipole or a coupled proton-phonon mode. If the latter
‘case, the ferroelectric mode can be assigned to w_ mode and the band
_néar 200 cm—'l to W, mode.

The effect of deuteration on the ferroelectric mode is clearly
bbsérved. The deuteration with its heavier mass reduces the frequency
:of‘funneling motion and causes a reduction of the frequency of tﬁe
céllecﬁive tunneling mode or the coupled proton—phonon mode. Thus the
' present results are consistent with the collective tunneling mode
fmodel3) or fhe coupled éroton—phonon mode model.G) Below Tc the ferro-
eléctric mode becomes unsfable and the frozen out displacement of the
ion produces a large spontaneous polarization along its ¢ axis. Further
sfudy is necessary to identify which one is the correct mechanism of the
ferroelectric phase transition in KDP. Cochran7) proposed a lattice
'instability theory of KDP as the similar manner to that of displacive
type ferroelectrics. 1If this is the case a lattice vibrational mode
" becomes unstable at the transition and frozen out displacements produce
a large spontaneous polarization. The author believes that this model
is not a correct model of KDP. The reason is as follows. While the
present results show the existence of two bandé below 200 cm—l, the |

group theoretical analysis predicts only one lattice mode.. The lattice

instability theory doesn't predict such a phenomenon.

We can conclude that the essential excitation which causes the
ferroelectric transition of KDP is the collective tunneling mode and

»

the dipole system which produces a 1aréé spontaneous polarization along
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its ¢ axis is the [Kf—(POA)—SJ dipole or frozen out displacements of
BZ mode, i.e., displacements of [K—(POA)] sublattice. In wider sense
- the coupling of the collective tunneling mode to [K—(POA)] sublattice

motion is also essential to the ferroelectric phase transitionm.

' 1-4 Antiferroelectric ADP

" The broad low—ffeqdency band is observed in both far-infrared and
'_Ramaﬁ spectra of BZ symmetry. Aﬁd also a broad low-frequency band is
ébserved‘in the spectra of E symmetfy. When the temperature is lowered
to Tt'ﬁhese bands become intense and shift to lower frequency. As
&istussedvin Chap. 3 it seems that in the antiferroelectric ADP the

-8) and the

zone Boundary lattice vibrational mode becomes unstable6
~ antiferroelectric phase transition occurs. So the mode observed here
is thought to have nothing to do with the antiferroelectric phase
 transition.
The broad B2 mode can be attributed to the ferroelectric mode as
that of KDP. The broad E mode is not identified in KDP nor DKDP and
its origin is rather unknown though, a possible explanation is as fol-
lows. As discussed in Chap. 2 the collective ﬁunneling modes transform
as A2,‘B2 and E symmetry species of D2d group and can interactv&ith the
lattice vibrational mode of the same symmetry. Thus the broad E mode
may be the collective tunneling mode or the coupled proton-phonon mode
as éimilar manner to the ferroelectric mode of B2 symmetry. If this is
the case E type proton mode interacts with [K%—(Poa)”B] dipote along its
a axis or the lattice vibrational mode of E symmetry. It is worth
noticing that the spectrum of E symmetry is quite different from that of

KDP or DKDP. This fact means that the lattice vibrational mode of E

symmetry strongly interacts with the proton mode.
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‘2. Conclusion

The poiarized infrared and Raman spectra of ferroeiectric_KDP'and
- iPKDP have been measured in both paraelectric and ferroelectric phases
| ae a‘function of temperature: those of ADPbonly in the paraelectric
lphase. | | | |

The frequencies and the symhetrles of most of the observed bands

have been determlned in both phases. The correlatlon of the modes from '

one‘phase to the other is alSOJestablished.' The mode assignments of the o :

. ebserhed,bands have been made with theeaid of thebgroup theoretieal
‘analysis.J The PO4 ion in these crystals has been found to behave as an ‘
individual molecule sllghtly deformed by the crystalllne field and the
bands due to the internal vibrations of PO4 have been determined .

The ferroelectrlc mode behavior has'been observed in the spectrum a

b"ovazvsymmetry fer KDP in the paraelectric phase. The data are consist-’
leht with the,coilective tunheling mode model or the coupled proton—
ubhonon ﬁode model. 1In DKDP the corresponding band has not been obeerved
bhththe data have suggested the existence of a loh*frequeney dispersion
below 20 cm-.l in the paraelectric phase. The deuteration effect on the
’fetroelectric mode behavior has also confirmed that the models of KDP
‘based on the collective tunneling mode ate appropriate.

Thevevidences of the proton tunneling and its ordering in KDP have
been deduced from the abrupt change in the spectrum on crossing the
transition temperature.‘ These phenohena:hahe been seen in the speetra
indirectly‘threugh their coupling to the other cr&stalline vibrations
and have been also demonstrated by the DKDP results.

»

It has been found that deuteration has resulted in the consider~
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able_distortion of the lattice and PO4 ion as well as the low tun-—
neling»frequency-fof deuteron. It casues a change in the selection

) tules for infrared absorption and Raman>scattering.

.;Z'In'the antiferroelectric‘AbP the low-frequency broad E mode has
:7oheen'found This mode is able to be attrlbuted to the E type collec-“

f tive tunneling mode or the coupled proton—phonon mode of E symmetry.

o It seems ‘that the zone boundary 1attice vibrational mode becomes unsta-

1Fble at the antiferroelectric phase transition and E mode has nothing to:
tdo with the 'phase tran51tion.'
Finally, it” seems probable that the essential excitation Which
"~:eauses the ferroelectric phase transition in KDP is the‘collective
' jtunnelingbmode and the dinole system nhich produces a'large'spontan

‘ﬂ'neous polarization is the displacement of [K—(POA)] sublattice.
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