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                                Abstract 

    The studies on the optical properties of the ferroelectric  KH2PO4 

and KD2PO4 and the antiferroelectric  NH4H2PO4 have been done using 

far-infrared and Raman spectroscopies. The problem of a lattice 

dynamical theory of the  ferroelectric transition of KH2PO4 type crystal 

has recieved wide attention in recent years. Several experimental  tech-

niques have been used to study the dynamical properties of these crys-

tals, but it has not been completely understood. 

     In the present work the polarized far-infrared and Raman spectra of 

KH2PO4 and KD2PO4 have been measured in both paraelectric and ferro-

electric phases as a function of temperature. The results have been 

analyzed by the use of the group theory. The detailed temperature 

dependence of the spectra has been observed and discussed comparing with 

the recent dynamical theory. The study on the deuterated substance is 

very important because in these hydrogen bonded crystals the hydrogen 

motion is thought to play an important role in the process of phase 

transition. The results of KD2PO4 have been discussed refering to those 

of  KH2PO4. NH4H2PO4 is the isomorphous to KH2PO4in the paraelectric 

phase but is antiferroelectric below the transition temperature and the 

mechanism of the antiferroelectric transition is quite different from 

that of  KH2PO4. Only a few experimental works have been reported. 

     The present works on  KH2PO4, KD2PO4 and  NH4H2PO4 will be shown as 

follows: In 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 
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        to point out the problem of the present work. In Chap. 2 the results 

        of the group theoretical analysis are given. These results will be used 

        in the following chapters to analyze 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 dielectric 

        behavior and the ferroelectric mode. In Chap. 4 the results of reflec-

        tion measurements by HCN laser are shown. The reflectivity at 29.7 cm-1 

         has been measured as a function of temperature. The polarized Raman 

         spectra of these crystals are given in Chap. 5. The measurements have 

        been made  in  wider region. The results of the  determination of the mode 

        symmetries 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 given 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. One group is  character-

        ized by the existence of permanent dipole moments in the paraelectric 

       phase, which become ordered below Curie  temperature.1, 2) The transition 

        to the ferroelectric phase is then an order-disorder type. In the 

        second group there is no permanent dipole moment in the paraelectric 

       phase, and the lattice spontaneously  deforms to the ferroelectric state. 

       The displacive type ferroelectrics have recieved considerable interest 

       due to the relationship between the onset of ferroelectricity and the 

       lattice instability.  Cochran3) has proposed 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 T
c. 

        The atomic displacement below  T
c represents the 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 antiferro-

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

       roelectric transition involves the instability of a lattice vibrational 
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      mode at Brillouin zone center, k = 0, whereas antiferroelectric ordering 

      involves the instability of one at the Brillouin zone boundary. The 

      lattice instability theory was at first proposed only for displacive type 

      ferroelectrics, such as perovskite crystal BaTiO3, where the potential in 

      which atom moves is slightly anharmonic. It was later suggested that 

      essentially the same idea can be applied to the order-disorder type  ferro-

      electric like  KH2PO4(KDP). In KDP the potential for the hydrogen atom is 

      anharmonic or of double  minima4,5) and so KDP type ferroelectrics are also 

      an attractive subject concerning the relationship between the onset of 

      ferroelectricity and the lattice vibration.6,7)In the present work the 

      author will be concerned with the investigation of optical spectra of KDP 

       type ferroelectrics and  antiferroelectrics.8) 

           A characteristic of KDP type ferroelectrics is the existence of  short 

      hydrogen  bonds.9) The deuteration effects the reduction of Curie  tempera-

      ture1,2) and so the hydrogen bond is thought to play an important role in 

                                           7) 
       the phase transition mechanism. Recent theoretical6,and experimental 

 works9, 10) 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. 
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2-1 Infrared Absorption 

    The infrared behavior of the crystal can be conveniently described 

in terms of the dielectric function  6(0. The connection between the 

static dielectric constant and the lattice dispersion is provided by one 

of the Kramers-Kronig dispersion relations.10) 

                    2 Enw ,T)        e(0
, T) - cco =  dw' (1-1) 

Here  s'(w, T) and  c"(w, T) are the real and imaginary parts of complex 

dielectric constant and  c is the high frequency dielectric constant in 

the region where phonon effects are unimportant. Eq. 1-1 shows that 

large temperature dependent low-frequency dielectric constant  c'(0,T), 

which is characterized by Curie-Weiss law behavior in the ferroelectrics, 

can occur only if the spectrum  et(U) contains the contributions from a 

strong and very temperature-dependent soft mode. 

     Experimentally complex dielectric constant can be obtained from the 

far-infrared reflectivity spectrum using Kramers-Kronig dispersion 

 relation.11)              If the oscillator model is valid, the complex dielectric 

constant can be represented as follows: 

 2  S

jwTOj   e(w)  = + E
2 (1-2)                       wT0j  j- w2+ iwY. 

                                   3 

The high frequency dielectric constant E                                          co, characteristic frequency wTOY 

 oscillatorstrengthS.and damping constantYican 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 (111,..0and longitudinal 

                                                             - optic mode frequency  WLO are split by the crystal  polarization.12) 
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         The relation between  wTO and  WLO is; 

                                       2 
                            E

o wLO  
           2(1-3) 

                         mwTO 

         This equation is called as Lyddane-Sachs-Teller relation.13)                                                                     In the 

         ferroelectrics the importance of this relation arises from the Curie-

         Weiss law behavior of the low-frequency dielectric constant: 

                  E
o(T>T).                       T - Tc 

                                                          c 

         w
LO and  Eco are thought to be temperature insensitive 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                       w
TO = A(T - Tc) (1-4) 

          where A is a constant. 

              Since the lattice instability  theory3) of the displacive type ferro-

          electrics have been proposed, 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 

         et  al.14) 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.. 

         The same type measurements were made by Spitzer et  a1.15)                                                                     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 

         in BaTiO3 was made by  Ballentyne,16) who measured the reflectivity at 

          several temperatures. The results indicated that lowest frequency  over-

                                                                                                                                  . 
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damped mode does not shift in accordance with the L. S. T. relation, 

i.e. eq. 1-3, if the peak frequency in  6" is considered. This is because 

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

coincide with the characteristic frequency  wTO18) and then the best fit 

of  6" using an eq. 1-2 is necessary to obtain the characteristic 

frequency. The measurements on  KTa03 were made by Perry et  al.18)                                                               The 

results indicated the presence of a low-frequency soft mode which is in 

accordance with the temperature dependence of the dielectric constant as 

the manner given by eqs. 1-3 and 1-4. 

     These data for perovskite crystal show the presence of a soft mode, 

but the dielectric function cannot be represented by a sum of non-

interacting classical oscillator function19) The importance of optical 

mode coupling has been suggested by Barker and  Hopfield.20)                                                           They have 

shown that the reflectivity of  BaTiO3, SrTiO3 and  KTa03 could be fitted 

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 coherent and 

linearly 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 
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        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 equation12, 21) 

                               2 
        Daij2 

                             DIQ            J(w)cc  IL<( Sp(0)> (1-5) 

        where  IL stands for the intensity of incident light,  aid stands for 

        the polarizability tensor components, Q stands for the displacement in 

         the normal coordinate and  6p(w) is the Fourier component of the 

        polarization fluctuation due to the lattice vibration. <( 613(w))2> 

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

        tibility X"(w) by the fluctuation dissipation theorem21-23) and we 

         obtain 

 J(w) K(n(w) + 1)  x"(w) (1-6) 

         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  6"(w) 

         which is obtained by the far-infrared measurements. If the oscillator 

         model is valid  x"(w) can be represented by such a classical oscillator 

          function as eq. 1-2. 

             The relation in eq. 1-6 was applied in the classical limit  ticAkBT 

         by DiDomenico, Porto and Wemple in their Raman scattering observation 

        of soft mode in BaTiO323) It is noted that when the lattice  vibra-

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

         is the case of PbTiO3 measured by G. Burns and B. A.  Scott.24)                                                                       The 
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       results show that the spectra consist of underdamped modes including a 

        soft mode. In  BaTiO3'23) 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. In this case the Bose factor correction  is needed 

        to extract the actual mode shape  x"(.0) from the Raman signal. This is 

       also the case of KDP25) and will be shown later. DiDomenico et al.23) 

        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 

        BaTiO3. 

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

        The results are reviewed by Worlock26) and others.27, 28)                                                                 Much  Atten-

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

       is the field-induced Raman scattering employed in SrTiO3 and  KTa03 by 

       Fleury and  Worlock.29)                                  These crystals have the perovskite structure 

        and have a center of inversion above the transition temperature. So 

        the soft mode observed by infrared measurements is Raman inactive. The 

       applied field distorts the crystal slightly lowering the crystal  sym-

        metry from Oh to C4
v and causes the infrared active mode to become Raman 

        active. They observed a field-induced soft  mode29) 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.31)                                         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 
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      their data by means of group theory. 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 involving these atomic motions are more affected by the 

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

      investigation made by Balkanski et  al.32) is very  important to get 

      information about the structual phase transtition involving the  ferro-

      electric phase transition. The same type measurements and analysis  of 

      the spectra for SbSI were also done by Agrawal et al.33) They reported 

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

      et al.34) also studied the Raman spectra of SbSI and analyzed the soft 

      mode behavior in terms of two coupled anharmonic oscillators. The soft 

      mode changes its frequency with temperature and crosses a temperature 

      independent mode. This fact offers the possibility of observing mode 

 interactions.35)                        In SbSI such a coupled oscillator was found to be in 

       good agreement with the observed spectra. 

           In some perovskite crystals the instability of  zone boundary mode 

      occurs at the structual phase transition. This is the  antiferroelectric 

      transition because it causes a doubling of the unit cell. Well known 

      example is the cubic to tetragonal transition of SrTiO3 at 110 K. In 

 the  Raman spectra of  SrTiO336) the new lines were observed below 110 K. 

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

      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 
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ferroelectrics and the order-disorder type. These crystals are 

charaterized by the short hydrogen bond which is thought to play a 

significant 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 

 ray9) and neutron diffraction  techniques10) 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 axis (c-axis). This hydrogen bond plays a significant 

role in its ferroelectricity. For example the dueteration increases 

the Curie  temperature1,2) from 120 K to 220 K in KDP as shown in Table 

 1-1. 

     Neutron diffraction experiments10) on KDP showed that the intensity 

 profile of hydrogen atoms corresponds to the structure elongated along 

 the bond axis in the paraelectric phase. In the ferroelectric phase, 

 however, the hydrogens are observed to 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. 
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 Slater37) and Takagi38) proposed a statistical order-disorder 

       model of KDP, but could not explain the large deuteration effect on 

        the Curie temperature. Blinc et  al.39) interpreted their infrared data 

        introducing the tunneling character, in which proton tunnels in a 

        double well potential through a low-intermediate barrier, in order to 

        explain the large isotope shift of the Curie temperature. A pseudo-

        spin-Ising type model was employed by de  Gennes4) to describe the 

        tunneling process. Tokunaga et  al.6) modified Slater's model intro-

        ducing the tunneling character. Their results show that the tunneling 

        mode becomes soft in the same manner as the soft mode of displacive 

         type ferroelectrics. They assumed the order-disorder mechanism for 

       [K-(P04)] sublattice as such that the motion of  [K-(P04)] dipole 

        instantaneously follows these tunneling protons due to the change of 

        electrostatic  field.9)                                 The order-disorder mechanism of [K-(P04)] sub-

        lattice may not be reasonable, but the lattice is thought to play an 

        important role in a sense it carries the spontaneous polarization 

        along the c axis. Because the principal component of hydrogen motion 

        is perpendicular to the polarization axis, it appears that neglect of 

        the [K-(P04)] sublattice cannot give a quantitative description of the 

        spontaneous polarization. The X  ray9) and the neutron  scattering10) 

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

        the opposite displacements along the c axis. When all ionic displace-

        ments are considered, the spontaneous polarization can be accounted for 

         in a reasonable  manner.40)                                    With respect to this point,  Kobayashi7) 

        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 
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 manner as in Cochran's  description3) for the perovskite crystal. 

 Cochran3) proposed that the lattice instability occurs in KDP as 

 the similar manner to the displacive type ferroelectrics. He described 

 the ferroelectric mode as in Fig. 1-2; hydrogen atoms moving in the ab 

 plane and K and P atoms moving oppositely along the c axis. Below 

 Curie temperature this mode motion is frozen out and the spontaneous 

 polarization occurs due to the displacements of K and P atoms. 

      It is thought that essential mechanism which causes the ferro-

 electric transition in KDP type crystal is the proton tunneling mode. 

 The dipole system may be the order-disorder mechanism of other ions or 

 the coupled proton-phonon mode. These  theories6, 7) suggest the 

 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 

 ferroelectrics, as the existence of the proton tunneling  mode4) has 

 been proposed theoretically. The tunneling frequency should be reduced 

 drastically by deuteration. 

      The crystal of  NH4H2PO4(ADP) is isomorphous to KDP but is anti-

 ferroelectric below the transition  temperature.8)  Cochran3) 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; 

 k = (0, 0,27This mode is optically inactive. However, ADP is also 

 the hydrogen bonded crystal and so the proton tunneling mode is 

 probable. And that the low-frequency dielectric  constant41) is very 

 large and varies with temperature, so the temperature dependent mode 
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may exist as predicted by eqs. 1-3 and 1-4. 

3-2 Infrared and Raman Spectra of KDP Type Ferroelectrics 

     The vibrational spectra of KDP may be separated into 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 to 1100  cm  1 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. 

     Several  works5' 42) have been done in the high-frequency region to 

get information for the hydrogen motions. Blinc et  al.5) investigated 

the infrared absorption spectra of KDP type crystals in the region from 

700  cm  1 to 3100  cm  1. They interpreted their data as due to the proton 

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. 

      Wiener43-45) 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 T
cand the occurence of sharpening of these bands 

 below  T. They theorized that these bands are attributed to the 

 internal vibration of  PO4 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 
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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  al.46) measured the far-infrared reflection spectrum of KDP 

at room temperature. The results indicate the existence of a broad 

band near 50  cm  1, 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  1 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  cm1 to 550 

 cm  1 at several temperatures above and below  Tc. The results showed 

that the ferroelectric mode strongly depends on the temperature in its 

peak frequency and intensity. The peak frequency decreases and the 

 intensity increases as the temperature is lowered to  Tc. Below  Tc this 

 mode, disappears. The same type measurements were made by Sugawara et 

 al.50) and the similar results were obtained. 

      The Raman spectrum of the ferroelectric mode of KDP was studied by 

 several groups.51-53)                        The work by Kaminow51) showed that the line 

 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 characteristic frequency 

 exhibits a soft mode behavior 

 wo2 = 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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low-frequency spectra is an attractive subject. Kawamura et al.54) 

measured the far-infrared reflection spectra of  DKDP in the region 

from 20  cm  1 to 550  cm  1 at several temperatures above and below  T. 

 Comparison of the obtained data with the zero-frequency reflectivity 

 indicates that the ferroelectric mode must exist below 20  cm  1, if any. 

 The Raman spectra of DKDP were measured by the several  groups.51, 54-57) 

 The results by Reese et al.56, 57) showed the ferroelectric mode in 

 very low-frequency region. In these works of Raman scattering on KDP 

 type crystals, the investigation was made on the lowest frequency mode. 

 Scott et  al.58) observed the evidence of strong anharmonic coupling 

 between the ferroelectric mode and the other lattice vibrational mode 

 in the spectra of  CsH2As04 and  KH2As04. 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 the same type analysis was made on KDP and ADP by 

 She and  Broberg.60, 61)                             Such an anharmonic interaction  is  also  mani-

 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 proposed theoretically but its origin is unknown yet. It may be 

  the polarization fluctuation due to the ion displacement induced by the 

  proton tunneling mode6) or the coupled proton-phonon mode.7) 

       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 or the 

       spectra in the partial region. But so far determination of the mode 

        symmetries in both phases, the mode assignments 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 clarify the correct origin of the ferro-

        electric mode. 

             Agrawal et  al.53) observed the Raman spectra of several KDP type 

        ferroelectrics up to 2800  cm  1 both  above• and below  Tc and determined 

        the mode symmetries though insufficient. 

             The antiferroelectric ADP, which is isomorphic with KDP, has 

        received rather little attention. Kawamura et  al.47' 49) reported the 

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

        spectra.* Such a mode is also observed by Broberg et al.61) and Ryan 

        et  a1.62) in their Raman scattering spectra. 

        4. Summary 

             As stated in the preceeding section, considerable progress has 

        been made recently in the understanding 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-

        cerned with the investigation of the phase transition 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 measurements 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 tunneling 

mode, iv) the same type investigations on the deuterated substance DKDP, 

and v) the same type investigations on the antiferroelectric  ADP. These 

experimental works will lead us to the better understanding of the 

ferroelectric phase transition in  KDP type crystals. 
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                       Fig. 1-2 Ferroelectric mode  (Cochran3)) 
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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 

          tetragonal structure above Curie temperature  Tc, and below Tc they 

          become ferroelectric and have an orthorhomic  structure.1)                                                                        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 paraelectric structure of KDP type crystal was examined by X                                         
' 12 

 ray2) and neutron  diffraction3) measurements. The space group is D2d 

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

          The structure of  KDP4) is shown in Fig. 2-1. The orthogonal axes x, y 

          and z are taken to be parallel to its crystallographic axes a1,a2and 
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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  acr5)                            The potassium ions and phosphate ions locate on the 

       points with S4 symmetry. 

            In the  ferroelectric phase the crystal symmetry is reduced. The 

       space group is  C19 (Fdd2) with eight molecules in an enlarged orthorhomic  2v 

        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 rotating  45° in the xy plane. The structure of KDP  belbw 

     T2is shown in Fig. 2-2, where each (HPO4) ion is represented as a 

           c 

        closed  circle.5) The spontaneous polarization occurs along z axis below 

          T
c. 

             The hydrogen bonded  antiferroelectric  ADP6) is isomorphous 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 

        antiferroelectric phase, the structure of ADP is D4  (P212121).7)                                                                      This                                                2 
                                            19 

         is in contrast to KDP, of which structure is C2v in the ferroelectric 

         phase. The transition in ADP results in an only slight  orthorhomic 

         distortion of original unit cell. The structure of ND4D2PO4 (DADP) in 

         the projection on ac plane is shown in Fig. 2-3 as a reference.9)                                                                       The 

         significant difference between the structure of KDP and that of ADP is 

         as follows. In ADP each NH4group is tetrahedrally connected to four 

 PO4 groups by  N-H---O hydrogen bonds. 

               The characteristics of these crystals KDP and ADP are the  O-H---O 

         hydrogen bonds. Each  PO4 group is liriked 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 

        assumed to be as shown in Fig. 2-4 (b) which is depicted by  Nagamiya.10) 

         2. Group Theoretical Consideration and Selection Rules 

 2-1 Factor Group Analysis 

             The space group of KDP in the paraelectric phase is D2d12                                                                            , and one 

         crystallographic unit cell contains four  molecules.4)                                                              As the primitive 

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

         t1, t2, and t3.11)The components of these vectors are given in the 

         rectangular coordinates by (-2'2 22')(22'-2'2 22) and (2'2 2 2           2'2'2), 

                                                                                                                           ' 

          respectively. These vectors are shown in Fig. 2-5 (a)schematically. 

         The primitive unit cell now has the volume a-2                                                       c/2 and contains two 

 molecules. 

            The atomsPPKKHH,HH0.-Pand 0-P(i,                      P3,P4,K3,K4,1"2'H37,4"a .P3j4 

          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 

                  19 
          orthorhomic C2v. One crystallographic unit cell contains eight molecules 

          as shown in Fig. 2-2. In this case the primitive vectors  ti,  t2 and 

          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 consisting of K and (H2PO4) 

 ions.1)                    In this case the normal mode vibrations of the crystal can be 

 classified in two  categories.12)                                             i) The lattice mode or external mode 

 -  24  -



          correspond to the translational and rotational vibrations of ion groups 

         where  (H2PO4) ion vibrates or rotates as a whole; and ii) The internal 

         mode corresponding to the molecular vibrations of (H2PO4) ions. In 

         general the former lies in the low-frequency region and the latter 

         lies in the high-frequency region. 

              The character tables for D2d and  C2v symmetry are shown  in  Table 

         2-1 (a) and (b)  respectively.13)                                            The irreducible representations and 

         the symmetry operations are listed in the table. The distributions of 

          normal mode vibrations among the irreducible representation can be 

         obtained by the  factor  group  analysis.13)                                                    The results are shown in Table 

          2-2. This result is in good agreement with that of  Shur.14)                                                                      In the 

          factor group analysis only the atoms in the primitive unit cell were 

          taken into consideration 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 modes 

          with regard to  Raman scattering and infrared absorption are determined 

          by the representation of the polarizability tensor and the dipole 

          moment. In Table 2-2 the representations of non-vanishing polariza-

          bility tensor components and dipole moment components are also listed12,15) 

               According to the results shown in Table 2-2 there are 28  Raman 

         active modes 4A1+6B1+6B2+12E, of which  6B2+12E are also infrared 

          active in the paraelectric phase. In the infrared B2 modes are  polar-

          ized parallel to the  z  axis and the doubly degenerate  E  modes  are 

          polarized perpendicular to the z axis. 

               In the ferroelectric phase after the transition at Tc, the space 

                                                19* 
          group symmetry changes from D2d12to C2v. The correlation between the 

           *Note: A doubly degenerate E  mode is accounted as one mode. 
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                                                   19          i
rreducible representation of the space group D2d12and C2

v is  shown in 

        Table 2-3,13) and it results in that 4A1+6B2 modes in the paraelectric 

         phase transform into 10A1 modes  in the ferroelectric phase.  5A2+6131 

         modes above  T
c transform to  11A2 modes below  T. The doubly degenerate 

         12E modes above T
c split into 12B1+12B2 modes below Tc. These modes 

         are all Raman active and of which 10A1+12B1+12B2are also infrared 

          active. 

              The antiferroelectric ADP is isomorphous with KDP in the  paraelec-

         tric  phase.6) The similar procedure used to the analysis of KDP is 

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

         and the crystal can be regarded as composed of  NH4 and (H2PO4)  ions. 

         The group theoretical analysis has been given by Shur14) and his 

         results are reproduced in Table 2-4. The number of the translational 

         oscillation is the same with that of KDP, while those of rotational 

         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 A
1+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 (H2PO4) 

 ions.1) In this section the more detailed discussion will be given 

         for the external vibrational mode, the internal vibrational mode of  PO4 

         ion and hydrogen vibrational mode. 

          2-2-1 External Modes 

                                                                                                   • 

              The external motions of  [K-(H2PO4)] 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. In the paraelectric phase 

 A1+A2+2E modes are rotational vibrations and 2B1+2B2+4E are translational 

          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  Pz 

         and (Px,Py) dipole moment except acoustical ones. The translational 

         modes in the ferroelectric phase are given by  Shur14) 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 B2 mode in  which. 

         K ion and  (H PO
4) ion displace oppositely as shown in Fig. 2-6 (a).                  24 

          2-2-2 Internal Modes 

              It is well known that the free  PO4 ion has a tetrahedral point 

         group Td and has four distinct  frequencies:17)                                                          a totally symmetric 

         vibration v11')a doubly degenerate vibration v2(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. 

          In the case of free ion, these absorptions occur at  v1=980  cm  1, v2= 

         363  cm 1, v3=1083 cm1 and  v4=515  cm  1.17)                                                       In the crystal it seems 

         that the tetrahedral  PO4 ion is deformed by the crystalline field 

          under the crystal point group D2d. In the  paraelectric phase  PO4 ions 

         lie on the site of S4 symmetry which is the site group of point group 

 Td.S)                 Murphy et  a1.18) have interpreted their data assuming that the 

 PO4  ion' has  approximately Td symmetry  and occupying  S4  site. If this 

          is the case, the E type  modes of free  PO4 ions transform into A+B type 

         modes of S4 symmetry and the F2 type  nodes transform into B+E type 

          modes. And that molecular vibrations are expected to be almost 
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unchanged. On the other hand, if each atom of  PO4 ion strongly 

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 

site group S4 and the crystal point group D2d are shown in Table 2-5. 

Such a correlation diagram is well known from group  theory.13) 

     In the ferroelectric phase deformation lowers the crystal symmetry 

to  C2
v, and then S4 symmetry can no longer be the site group of  C2v. 

C2 symmetry is the subgroup of  C2
v and also that of Td symmetry. Thus 

C2 symmetry is the only possible site of  PO4 molecule. The correlations 

among Td symmetry, C2 site symmetry and  C2
v 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  1. Many works have been done on KDP type 

crystals using a near-infrared18-21) and Raman spectroscopy22) and have 

given information about the hydrogen motions. 

     Neutron diffraction experiments3)  on KDP have shown that the hydro-

gen motions are largely elongated along OHO bond axis. Blinc et  al.19) 

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 symmetry 

D2d. The primitive unit cell of KDP contains four  non-equivalent hydro-

gen atoms as shown in Fig. 2-1. A set of four symmetry arrangements 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 B2, the modes (c) and (d) 

transforms as E respectively. It is noticeable 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 Cochran 

(Fig. 1-2) and may form an important component of the ferroelectric mode. 

The deuteration 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 A2 symmetry species. The present results is 

also in good agreement with Kaminow et  al.25) 

     In this section the vibrational modes due to  [K-(H2PO4)] 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 -1 to 1100 cm -1 because  PO4 .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-(H2PO4)] 

 sublattice are expected to lie in the low-frequency region. The collec-

 tive proton tunneling modes transform 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. 2-1 Crystal structure of  KH2PO4 in  the  paraelectric phase. 
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Fig. 2-2 Crystal structure of  K11213.04 in the ferroelectric phase. 
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 0 Fig. 2-3 The structure of  ND4D2PO4 in projection on ac plane. 

          (E. A. Wallace et  al.9)) 
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Fig.  2-4 a) Hydrogen ordering in the ferroelectric structure of 

 KH2PO4 in projection on ab plane.  (Frazer2)) 

          b) Hydrogen ordering in the antiferroelectric strucutre 

            of  NH4H2PO4'(Nagamiyal0)) 
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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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      Fig.  2-6 a) Translational vibrations of  j  K.-(E2pold] sublattice 

                   in  D2d symmetry. 

               b) Translational vibrations of  I  IC-(112PO4)] sublattice 

 in  C2v  symmetry-(Shur14)). 

 (H2PO4) groups are represented as open circles. 
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    Fig. 2-7 Schematic representations of the four proton tunneling 

              modes in  KH2PO4fr 
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  , . 

        Table 2-1 ' . 

. . 

                             a) Character table  for D2d  symmetry 

                D2d  E 2S4C222Cx' Y 2crd 

           

, . 

         Al1 11.1  1 

                                 

. 

. 

             1 1 1  -1 -1 R   A2z 

          B11 -1 1  1  -1 

                 1 -1 1 -1 1 2z.z 

 E 2 0 -2 0  0 (Tx,Ty),(Rx, Ry) 
             . 

. . , 

                              b) Character table for  C2v  symmetry 
               21 

 ..._  

                   C2,0.  E  C2  Crv(x,z)  o'v(y'z) 

       Al1 1 1 1 Tz 

                                A2 1 1 -1 -1 Rz 

         Bi  1  -1  1  -1 Tx,R                                                            y 

           1 -1-1 1T     B2y'Rx 

                                                                                                                          -- - -- 

• 

 Table 2-2 

   

• . 

                     Total  nudber of normal mode  ( Ntot) transforming as an irreducible 
                                             12                                   representation for D2d and  C2,,,  syirmotries in NII2PO4 

                                                                  Raman tensor           D12 NNNN N.Dipole  moment 
                 2d tot acous opt rot 3. component 

                Al  4 0 0 1 3 0 ci.-,0(  yyzz . . 

 (T>T0) A2 5 0 0 1 4 ' 

               B1 6 0 2 0 4 c(xic-ars 

 B2 7  1  1  0  5  pixy ?z 

• 

              2 13 1 3 2 7 Cilyx,06z P,P                                                   xY 

 C19  2v 

 Al  - 11 1 1  1 8 axtx,'°10y,'Cizz , Pz 

             f,,TA2 11 0 2  1 8c(x,7, 

. 

                             ...^c, 

               B1  13 1  , 3 2 7 r4                             V`ZIC. P' 

            B2 13 1 3 2 7 ely'z, y' . . 

                                           • 

                        Note:Nacon is,Nopelfrot.andL2.refer to acoustical  and optical 

                               translations, rotational  oscilations and internal vibrations 

                of  (H2PO4)  -1 ions respectively.  

 , 
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                                 Table 2-3 

 Compatibility  relations between irreducible representation of space 

                                    group D12and  C19 in the two phases                          2d  2v 

                     D12  C19  2c1  2v 

 Al     Al 

                                          A2   A2 

•   A 

               31
.2 

              B2   

                  S   Bi        

• - B2 

                                                _ • 

• 

• 

                                 Table  2-4 

                            Total  number, of normal mode  (Neat)  transforming  as an irreducible                   

• representation for D
2d12   symmetry in  NH4H2PO4 

                            D12                           2dXtot  Nacous Nopt Nrot• 

                Al 7 0 0 2  5 

                A2 7 0 0 2  5 
                          T Tt  

 •B
1                      9 0 2 0  7' 

                  B2 9  .  1 1 0 7 

                         20 1 3  4  12 • 

                           Note:  -Xacous'Nopt'rotand Ni refer to acoustical and optical 

                                   translations, rotational osscilations and internal vibrations 

                                  of  (E2PO4)  —1 ions respectively. 
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                                Table 2-5 

 Correlation Table for the  PO4 ion in the Crystal Field of 

                                           D2d  Symmetry 

                Isolated  (PO4)-3  (PO4)-3 KAPO                                                     24 

                    Symmetry  Site ,  symmetry Group symmetry 

      Td  S4 D2d 

       •  

     A1A 

                                                                    --- A
2 

   B1 

                          F2                                                            B

2 

              F2   

                                 Table 2-6 

                    Correlation Table for the  PO4 ion in the Crystal Field of 

 Symmetry  C2v 

                  Isolated  (PO4)-3  (PO4)-3  KA2PO4 

                     Symmetry Site symmetry Group symmetry 

      Td C2 C2v 
       Al   A  A

l 

                                                           A2 

               F2 -'111111101 B   B1 
   F2B2 
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                       Chapter 3 Far-Infrared Spectra 

        The polarized reflection measurements were made on single crystals 

  of KDP and DKDP in the far-infrared region from 20  cm  1 to 550  cm  1 at 

   several temperatures above and below T
c.1-3)                                                     The mode assignments were 

  made in both phases compared with the group theoretical analysis. A 

  strongly temperature dependent B
2 mode was observed in KDP. This mode 

  accounts for the large part of temperature dependence of the low-

  frequency dielectric constant. In DKDP the corresponding band is 

  expected to lie below 20  cm  1. The results are discussed compared with 

  the recent dynamical model of KDP. For the antiferroelectric ADP the 

  same type measurements were made only in the  paraelectric  phase.1, 2) 

  The results are discussed compare4i.ni   with those of KDP. 

  1. Introduction 

       Recent dynamical  theories4) of KDP suggest the existence of a polar 

  vibrational mode of which characteristic frequency tends to be zero as 

  the temperature approaches T
c 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-

  lish 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.1, 2) 

        The same type measurements of the far-infrared spectra of DKDP 

  and ADP were also done by the  author.1-3)                                                The deuteration effect on 

  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.5) However, the proton tunneling 

         mode is also probable in ADP and the low-frequency dielectric constant 

         Etaalong 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. Therefore 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 
                                                                Worts 

         Denpa Kogyo Co. The crystal dimension is  2x18x20 mm  4og its x, y and z 

          axis respectively. The far-infrared measurements for  Pz polarization 

• 
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 (EIIC) and P polarization  (E1C) were done on the yz surface. The final 

         polishing was done with ethanol and  0.1u alumina. The single crystals 

         of DKDP were supplied by Prof. Dr. N. Furuya and Dr. 0. 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  %.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 obtained by use of two 

         spectrometers. The one is the far-infrared grating  spectrometer,) 

         which has been constructed in Prof.  Yoshinaga's laboratory. This was 

         used in the region from 30  cm  1 to 550  cm  1. In the low-frequency 

         region from 20  cm  1 to 110  cm  1, a Michelson type Fourier  spectrometer8) 

         was used which has been developed also in the same laboratory. The 

         detectors used were a Golay cell and a  Ge-bolometer.9)                                                                       The Ge-bolometer 

         was used in the low-frequency region below 200  cm  1 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 polarizers 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 groove of a film of diffraction grating. When 

        the wavelength of the radiation is much larger than the spacing of the 

        wires, radiation with the electric vector perpendicular to the wires is 

        largely transmitted. The details are reported by Bird et  al.10) and 

        M. Hass et al.11) 

             In this study, the film of echelette grating with lattice constant 

        d=1.6 pm was made with polyethylen sheet with 300 pm thickness which is 

         transparent in the infrared region. Aluminium was evaporated on the 

        film at an angle of  80°. The degree of polarization was more than 97 % 

        and the polarized transmittance is about 60 % in the region from 20  cm  1 

        to 550  cm  1. 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 diffraction 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  made by setting an  attachment12) 

         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 incidence about 12° both for the grating spectrometer and Fourier 

         spectrometer. The optical system for reflection measurements was care-

        fully adjusted because the miss-alignment of reflecting angle and the 

        position of the sample and the mirror led to a large  experimental error. 

             The accuracy of the reflectivity measurements were ±1 % in the 

        region from 120  cm  1 to 550  cm  1 and ±2 % in the low-frequency region 

        below 120 cm 1. 

         2-3-3 Low Temperature 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 controller. A chromel-

         alumel thermocouple with diameter of 0.3 mm was used as a temperature 

        sensor. It was recalibrated with ice, dryice with ethanol and liquid-

         nitrogen temperature. The minimum temperature obtained was 84 K when 

         the subtank was filled with liquid-nitrogen. The estimated accuracy of 

         the temperature control is ±0.5 K, and'stability about ±0.1 degree 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 sensor was 

         pressed on the sample holder very close to the sample. 

         3. Analysis of Reflection Spectrum 

              In this study the reflection measurements were made. The analysis 

         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 classical dispersion formula and the other 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; 

                                           2                                                                           S
.w. 
 6(w) = 6(3-1) 

                    J2J J                                                      03
3.-co +  iy.w   3 

                   = - 

 c' = n2- K2 (3-2) 

            6" = 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 - 1)2 + K2        R = (3-4) 

                                   (n + 1)2 + K2 

              The parameters are determined by .the 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 complex feature, it is very dif-

         ficult to analyze. The analysis by Kramers-Kronig dispersion relation 

 hasnosuchrestrictions.ButtheparametersS,y.andw.cannot be 
 J 

         obtained by the latter method. 

              From the measurements of the reflectivity R, the optical parameters 

         n and K are determined from following  relationships;13-16) 

                   1- R  
       n = (3-5) 

 1  +  R  -  2^ cos() 

                       sine                                                               (3 -6) 

                                   1 + R -  2A  cose 

         for the normal incidence, where  8 is the phase angle. 

              The complex dielectric constant  6(w) =  Et -  ie" is given also by 

         eqs. 3-2 and 3-3. The phase angle  8 at a particular frequency w
mis 

         expressed by the Kramers-Kronig dispersion relation; 

           2w
m

2 2                                        001TIVR(w) - lnA(w )          e(wm)=dw. (3-7) 
                       o w - wm 

         Compute the phase angle  0 and one can obtain n, K,  Et and  6". The 

         characteristic frequency of the mode is given by the peak of  exw 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. 
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' 

               It is clear from eq. 3-7 that the whole reflection spectrum from 

          zero to infinite frequency region contributes to the value of phase 

          6(1.1m). However reflection spectrum is measured in some finite region. 

          Examination of eq. 3-7 shows that the major contribution comes from the 

         neighbourhood of wmand from the region where the reflectivity is 

          changing rapidly. In these series of experiments, the spectra were 

      measured from 20  cm 1 to 550  cm1 1. The reflectivity above 550 cmwas 

          taken to be constant with a value obtained from high-frequency dielec-

          tric constant  E in the visible region. This assumption is valid since 
                                         00 

          the spectra above 550  cm  1 show relatively small reflectivity which 

          hardly exceeds 25 % and changes gradually with frequency increase. 

               The reflectivity below 20  cm  1 was estimated as follows. The low-

          frequency reflectivity near 0  cm  1 was calculated using an equation 

         R =  lE -  1211/E- +  1  12. The low-frequency dielectric constant used 

          was measured at 9.2 GHz (about 0.03 cm 1)by Kaminow et al.18' 19) in 

          the microwave measurements on KDP, ADP and DKDP. The results are listed 

          in Table 3-1. The reflectivity from 0 to 20  cm  1 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 

          by  Baumgartner20) and Hill et  a1.21)                                                 Thus the use of the dielectric 

           constant at 9.2 GHz for this analysis'is valid. 

                The eqs. 3-5 and 3-6 are obtained from the Fresnel equations at 
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normal  incidence.14) The reflectivity measurements, however, were made 

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

incidence was calculated using Fresnel  equation14) for n=2.0 and  K=1.0. 

The relfectivity for normal incidence is 20 %.  RI and  RI, are 20.7 % and 

 19.3.% respectively for the oblique incidence at 12°, where  Rn is the 

reflectivity for the electric vector parallel to the plane of incidence 

and  RI 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 

incidence is thought to be valid. 

     The main factor which determines the accuracy of the computed 

optical constant depends on the accuracy of measured reflectivity. In 

these experiments the uncertainty of reflectivity was ±2 % below 120 cm1. 

This uncertainty resulted in the peak frequency 60±2  cm  1 and the peak 

intensity 9.9±1.4 for the band observed in  6" spectrum of KDP for  EIIC 

at 295 K. It was found that the uncertainty of the reflectivity did 

not show significant error in  En. 

     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 
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region from 20  cm  1 to 550  cm  1 at 295 K, 200 K, 150 K, 130 K and 84 K 

for the electric vector E of radiation parallel to the c 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 noticed that the 

marked change occurs in the low-frequency reflectivity when the tempera-

ture is lowered, together with the reflectivity near 200  cm  1. Figure 

3-6 shows the reflection spectra for  E1C at 295 K and 200 K. The 

spectra for  EIC are quite different from those for  ElIC  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 was discussed in the preceeding section. The results are shown 

in Figs. 3-7 and 3-8. 

     According to the group character shown in Table 2-2, the B2 symmetry 

species above  T
c transforms as  Pz dipole moment and the  Al symmetry 

species below T
c also transforms as  Pz dipole moment. Therefore the 

bands in the spectrum taken by  EIIC measurement belong to B2 symmetry 

above T
c and  Al symmetry below  T. Similarly the E symmetry species 

transforms as P
xor P dipole moment and so the bands observed in E1C                    y 

spectrum belong to E symmetry. 

     In Fig. 3-7 the broad low-frequency band is clearly observed. 

This band strongly depends on temperature; the peak intensity increases 

and its peak frequency decreases as the temperature is lowered to  Tc 

from above. The peak frequency is 60 cm -1 at 295 K and shifts to 

12  cm  1 at 150 K. Below T
cthis band disappears in the spectrum. The 

band near 200 cm1is  also very  broad  and strongly depends on temperature 

as seen in Fig. 3-7. This band has a 295 K peak at 178  cm  1 and shifts 
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  to higher frequency as temperature approaches  T. When the temperature 

  is lowered through T
cthis band becomes intense and has a 84 K peak at 

  208  cm  1. According to the group theoretical analysis, the external 

  modes of  [K-(H2PO4)] sublattice are expected to be observed in the  low-

  frequency region; one translational vibrational mode of B2 symmetry 

  above T
cand one translational and one rotational vibrational mode of 

 Al symmetry below  T. In the spectrum two bands are observed above T
c 

  while group theory predicts only one mode. The appearance of the low-

  frequency band which has a 295 K peak at 60  cm  1 is thought to relate to 

  the ferroelectric transition mechanism and will be 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  1 below T
c. The rotational 

  mode of  Al symmetry is not found below T
c because it may be very weak. 

  The rotational mode of  Al symmetry is originally  Al mode above T
c* and 

  is infrared inactive. So the oscillator strength of this mode is 

  thought to be very small. 

       The spectra above 300  cm  1 show the existence of several bands. 

  These bands above T
care very weak; a weak band near 380 cm1 and a 

  broad band extending from 400  cm  1 to 480  cm  1. Below T
c new sharp 

  bands appear and have 84 K peak at 344  cm  1 and 514  cm  1. These bands 

  in the region from 300 cm1to 550  cm  1 can be assigned to the  PO4 

  internal mode. The detailed 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 B
2 
          and Al modes above T

c transfornt to Al modes below Tc. The Al 
          mode is the rotational external mode and the B2 mode is the 

          translational one above T
cas shown in Table 2-2. 
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symmetry; these bands have 295 K peaks at 86  cm  1, 104  cm-1, 122  cm  1, 

152  cm  1, 206  cm  1 and 526  cm  1. The 526  cm  1 band is  PO4 internal 

vibration. Group theoretical analysis predicts five external vibrational 

modes. Three of them are translational vibrations of  [K-(H2PO4)] sub-

lattice and the remainders are rotational vibrations. They are in 

close agreement with the five observed bands in the region below 300 cm.1 

In the reflection spectrum for  E1C (E symmetry) shown in Fig. 3-6 the 

background continuum extending from 20  cm  1 to 100  cm  1 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 the reflection spectra of DKDP for  DT at several 

 temperatures  above and below T
c. The spectrum in the region below 100 

 cm  1 is quite different from that of KDP. In DKDP the 295 K reflec-

tivity is about 20 % at 100  cm  1 and increases gradually as the 

frequency lowers. Reflectivity below 100  cm  1 decreases slightly as 

the temperature is lowered. The zero-frequency reflectivities are 

shown in the figure with open circle and two of them above T
c are fairly 

high compared with the reflectivity at 20  cm-1 as shown in the figure . 

The reflectivity measurements below 20  cm  1 were also done. Unfortu-

nately signal to noise ratio was not good enough for quantitative 

analysis, but the results indicate that the reflectivity above T
c has 

an inclination to rise as the frequency decreases. 

     Figure 3-10 shows the reflection spectra of DKDP for  E1C at 295 K 

and 220 K. The spectrum below 250  cm  1 is very similar to that of KDP 
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but reflectivity is relatively low . The spectrum above 300  cm-1 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 compared with that at 20  cm  1 for 

 EIIC. So it is not a good approximation to extrapolate linearly from 

0  cm  1 to 20  cm  1. There is such uncertainty for the approximation 

though, the local nature of Kramers-Kronig dispersion relation gives 

rise to only small error in the dielectric constant except in the low -

frequency region below several tens wavenumber . The obtained imaginary 

parts  E" of complex dielectric constant are shown in Figs. 3-11 and 

3-12. 

     As seen in Fig. 3-9, which shows the reflectivity of DKDP for 

 EIIC, there is no band in the low-frequency region below 100  cm  1
, while 

in KDP the reflectivity rises rapidly below 100  cm  1 . As stated before 

the  zero-frequency reflectivity above T
cis fairly high compared to that 

at 20  cm  1 and the reflectivity below 20  cm  1 has an inclination t
o 

rise. Therefore it can be concluded that the low-frequency mode must 

be below 20  cm  1 in the paraelectric phase . Microwave measurements by 

Hill and  Ichiki21) on KDP show that  ch has a Debye form with a peak 

near 1  cm  1 at room temperature . Recent light scattering experiments 

on DKDP by Reese et  al.22) also support this fact . Below Tthe zero-

                                                                      c frequency reflectivity is nearly equal to that at 20  cm  1 and the lo
w-

frequency mode must disappear after the phase transition . 

     Figure 3-11 shows the existence of two bands near 200  cm  1
. These 

bands form a composite broad peak above  T
c' and below Tc split into two 

isolated peaks. They become sharp and intense below Tand have 84 K 
       c 
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     peaks at 166  cm  1 and 228  cm  1. In KDP only one band corresponding to 

     228  cm  1 band of DKDP is observed at 208  cm-1. These bands of KDP and 

    DKDP can be assigned to the translational vibrational mode of [K-(P04)] 

    sublattice. The band which has a 84 K peak at 166 cm1 in DKDP is not 

     found in KDP. 

          The spectrum in the region above 300  cm  1 shown in Fig.  3-11  has, 

     on the whole, similar feature and similar temperature dependence to those 

     of KDP, except some additional weak bands. These bands observed in the 

     region above 300 cm1 can be also assigned to the  PO4 internal modes and 

     will be discussed in the next section. 

         As seen in Fig. 3-12 the bands of E symmetry are observed at 96  cm  1, 

    108 cm1, 122  cm  1, 170  cm  1 and 206  cm  1 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  -1 

     is more complex than that of KDP and shows the existence of some addi-

     tional bands. 

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

        i) In the low-frequency region below 300  cm  1. The broad low-

     frequency B2 mode is found around 50  cm-1 in KDP above  T
c, while in DKDP 

     no band is observed in the region from 20  cm  1 to 100  cm  1. The corre-

     sponding band must lie below 20  cm  1. In DKDP two bands are observed 

    near 200  cm  1 both above and below T
c. They have 84 K peaks at 166  cm 1 

     and 228  cm  1. 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-1. But the band 

     corresponding to 166  cm-1 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 -1 to 550 cm 1. The additional bands 

are observed in both spectra of B2 and E symmetries  for  deuterated 

substance. These additional bands can be also assigned to the  PO4 

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

ADP 

     Figures 3-13 and 3-14 show the reflection spectra of ADP for EPIC 

and EIC respectively. Measurements were done at 295 K, 200 K and 152K, 

i.e. only in the paraelectric phase, because the single crystal of ADP 

shatters at the transition temperature Tt  (Tt=148 K). The overall 

feature of the spectrum for  ElIC is alike with that of  KDP. But the 

reflectivity below 100  cm  1 is relatively low compared with that of KDP 

and no remarkable change occurs on approaching  Tt from above. On the 

other hand the spectrum for  ELL is quite different from that of  KDP, 

as seen in Fig. 3-14. The reflectivity shows a minimum near 130 cm1 

and increases rapidly as the frequency lowers and reaches finally 

almost 60 %. The shoulders are observed near 80  cm  1 and 150  cm-1. 

Whereas in  KDP three sharp bands are observed around 100  cm  1. 

     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  cm  1 and 

slightly shifts to the lower frequency as the temperature  lowers.• The 

second band near 200 cm1shows very similar 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 198  cm-1. In 

KDP the corresponding band has a 295 K peak at 178  cm-1. 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  1. The corresponding band is found 

neither in KDP nor in DKDP. This band decreases in its frequency as 

the temperature approaches to Tt from above and has 152 K peak at 34 

cm1. While, the ferroelectric mode of KDP has a peak below 10 cm -1 

at 130 K and disappears below  T. 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 transition point. The other bands below 300 am-1 in 

the spectrum of E symmetry are found at 80  cm  1, 155  cm  1 and 164  cm-1, 

of which 80  mn1 and 155  cm  1 bands are observed as shoulders. The 

corresponding bands of KDP are at 86 cm 1, 104 cm-1, 122 cm 1, 152 cm -1 

and 206  cm  1. The spectral line shape of ADP is quite different from 

that of KDP. 

     The spectra of B2 and E symmetries in the region from 300  cm  1 to 

550  cm  1 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 anomalous temperature dependence of the spectra and the change in 

 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 section. 

 4-2 Internal 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  1 to 550  cm  1. These bands must 

 be due to the  PO4 internal vibrations. The selection rules  for 'PO4 ion 

 have been discussed by Murphy et  al.23)                                         They interpreted that PO4 ion 

 behaves approximately as the isolated ion in the crystal and have Td 

 symmetry and occupy S4 site. 

      In the far-infrared spectra from 300  cm  1 to 550  cm  1, the bands 

 observed are very weak and some are observed as the shoulders of strong 

 bands. Therefore it is difficult to identify the bands in detail. 

 Further discussion will be done in Chap. 5 where the well defined bands 

 are observed in the Raman scattering spectra. Here the author will 

 state the possible interpretation of the infrared active mode on the 

 basis of the Murphy's interpretation; the PO4 ion does approximately 

 hehave as an isolated molecule in the crystal.* This interpretation 

 leads us that the frequency of the internal vibration is not largely 

  changed even in the crystal. In the far-infrared spectrum of B2 symmetry 

  for KDP a weak band is observed near 390  cm  1 and a broad one extending 

  from 400 cm-1 to 480 cm,-1. The 390 cm -1 band is very weak and is 

  assigned to the  V2(E) vibrations of PO4 ion. The absorption due to the 
                                        -1 24) 

 V2(E) vibrations of free  PO4 ion is 363 cm . In the Raman spectrum 

  of B2 symmetry for  KDP the corresponding band is observed at 394 cm1 

  as an intense band. The  v2(E)  vibratipn 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. In the crystal lattice it seems that the  PO4 ion 

     is slightly deformed by the crystalline field and  V2(E) vibration 

     becomes infrared active. As this vibrational mode has originally no 

     dipole moment, its oscillator strength is thought to be very small 

      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. 

     Y. Imry et  a.25) measured the infrared absorption spectra of  powdered 

     KDP and DKDP. They observed a broad band around 400  cm  1 in KDP and 

      interpreted it to be due to the absorption of low-energy protonic level. 

     If this is the case the deuteration causes the reduction of the  fre-

      quency. But the present results show that the broad bands exist near 

     400  cm 1 to 480 cm1 both in KDP and DKDP. Therefore the band near 

     400  cm  1 is not due to the protonic level but is thought to  be the v4(E) 

     vibration of  PO4 ion. Below T
c new bands appear  at  344  cm  1 and 514 cm 1 

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

     v2(E) and v4(F2) of PO4ions. The appearance of these bands below T
c 

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

     correlation table (Table 2-3)  Al and B2 mode for T>T
c transform to  Al 

     mode for T<T
c. The 344  cm  1 and 514  cm  1 bands are Al modes above Tc, 

      and below T
c they transform into  Al modes and become infrared active. 

          The spectra of these crystal in the region above 300 cm -1 are very 

      similar to each other except some additional bands appearing in DKDP. 

     This fact indicates that the  PO4 ion behaves as an individual molecule 

      in these crystal. The bands observed are 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 lowered to Tcfrom 

   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;  Ac  = 12 where 

 6'(0)=21 at 295 K,  AE= 32 where  6'(0)= 40 at 200 K, and  1c  = 80 where 

  E ' (0) = 96 at 150 K respectively. It is found that this band accounts 

   for the large part of low-frequency dielectric constant  C(0) which has 

   anomalous temperature dependence such as Curie-Weiss 1aw.18) The 

   temperature dependence and the contribution to  ci(0) of this band 

   indicate that this band is a ferroelectric mode. The similar results 

   were obtained by  Kaminow26) in his Raman scattering measurements and by 

   Sugawara et  al.27)                          in the far-infrared measurements. 

        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 mode neither the peak frequency of  e" nor that of conductivity 

      ".03/2 give the characteristic  frequency  of the mode .28, 29) a=6                                                                       Kaminow 

   et  a1.26) have analyzed their Raman data with a  simple-damped-harmonic 

   oscillator 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 cm1. 

   The classical oscillator fit to the reflectivity was tried. The eq. 3-1, 

   which includes two oscillators in this case, was used. But it was found 

    impossible because no choice of  parameters gave the dip observed near 

   120  cm  1. The study of similar non-classical oscillator model has been 
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made on  KTa030)                    It is thought that the mode coupling in terms 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 

 reasonable description of BaTiO3 and  SrTiO3.31) 

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

constant in the low-frequency region. As seen in the figure the high-

frequency tail drops more steeply than  w-3. In the case of oscillator 

function, the high-frequency tail drops as  w-3 and in the case of Debye 

type relaxation, it drops as  w-1. Thus results obtained here are far 

from the characteristics of Debye type relaxation and are rather reso-

nance type. This result is in good agreement with that of Kaminow et 

 al.26) 

     In DKDP the spectrum of B2 symmetry shows no bands in the region 

from 20 cm1to 100  cm  1. The low-frequency band must lie in the region 

below 20  cm  1 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  1 to the low-frequency dielectric constant is 

as follows;  (6T(0)-AE)= 9 at 295 K,  = 12 at 200 K and  = 16 at 150 K 

respectively. In DKDP the contribution of the band above 140  cm  1 is 

thought to be almost the same with that of KDP, and the low-frequency 

dielectric constant of DKDP shows also Curie-Weiss law behavior and 

very large near T
c in the paraelectric phase. Therefore the large 

contribution must arise from the low-frequency band below 20  cm  1. 

     The ferroelectric mode is observed in KDP which belongs to B2 sym-

metry and is polarized parallel to the c axis. This mode is rather 

resonance type. In DKDP the corresponding mode must lie below 20 cm1. 

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 model.33,34)                                                     It is to be noticed that 

        group theory predicts only one optically active lattice mode of B2 

         symmetry, while two bands are observed experimentally in the region 

        from 20  cm  1 to 300  cm  1 above  T  ; the ferroelectric mode and the 178 

 cm  1 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 for DKDP, whereas the spectrum of E symmetry for DKDP 

         is very similar to that of KDP. Therefore the author concludes that 

         not only the hydrogen motion but also the lattice vibrational mode of 

         B2 symmetry plays a significant role in the process of  ferroelectric 

         phase transition. 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 B2 and E symmetries. The B2 band is weak compared with that 

         of KDP. The band observed in E symmetry spectra has a 295 K peak at 

         50  cm  1 and a 152 K peak at 34  cm  1. The band grows in intensity as 

         the temperature approaches Tt. The contribution of this band to the 

          low-frequency dielectric constant is very large. The present result is 

          consistent with the measurement of low-frequency dielectric constant 

          along the a axis elawhich is larger than that along the c axis  El and 

          is more temperature  dependent.19) 

               ADP is antiferroelectric below Tt unlike the other crystals. 

 Cochran5) and  others33) have discussed that in ADPaiTNm?).ymode at 

          the corner of Brillouin zone becomes  unstable which is infrared inac-

          tive. Such an antiferroelectric transition is discussed in SrTiO3. 
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      The unstable zone boundary  mode has been reported by Meister et  al.36) 

      in their neutron scattering experiments on ND4D2PO4. So it is probable 

      that the zone boundary phonon becomes unstable and the transition 

       occurs before the observed low-frequency E mode becomes unstable. The 

      origin of the low-frequency E mode is unknown. It is noted that the 

      lattice modes of E symmetry are at 80  cm  1, 155  cm  1 and 164  cm  1. 

      The peak frequency and the line shapes of these bands are quite  dif-

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

      5. Summary 

           The polarized far-infrared reflection spectra of  KDP and DKDP were 

      measured at several temperatures above and below  T  . The frequencies 

      and the symmetries of the observed bands were determined in both phases. 

      The number of the bands in the spectrum of E symmetry below 300  cm  1 

      were in good agreement with the group theoretical  prediction.. While 

      two B2 modes were observed in the region below 300  cm  1, the group 

      theoretical prediction allows only one band. The bands above 300 cm1 

      observed in the spectra of these crystals were well assigned to the 

       internal modes of  PO4  ion. The ferroelectric mode was found in the 

      spectrum of B2 symmetry for  KDP in  the  paraelectric phase. In DKDP 

      the corresponding band must lie below 20  cm  1. The large deuteration 

       effect on the ferroelectric mode is consistent with the recent dynamical 

      model of KDP proposed  theoretically.32-34)                                                   For ADP the spectra were 

      measured only in the paraelectric phase. The frequencies and the sym-

       metries of the observed bands were also determined. In ADP the broad 

       low-frequency band was observed in the spectrum of E symmetry. 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.19) 
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Fig. 3-1 Cryostat for reflection measurements. 
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 Fig.  3-5 Reflectivity of  KDP taken by  Elle  measurement at several 

                    temperatures. Zero frequency reflectivities  are shown 

                    with open circles. 
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 -  67  -



  20 il 11,  

  I 1 
 10 ' _   ^ 

            \ I • 1, 1,1           1 , • 'I , - 
        / • , I\ 

               _ill I 11,           \‘. - 
                           __ _______ , „.               f ....-  .  

        0' 100 200 300 400 500  600 
 WAVENUMBER(am-') 

            Fig. 3-7 Imaginary part of complex dielectric constant 

                      for KDP in the direction  En. 

       

, • . , , 

           I '  /  
              50    •Ii 

 /  1   40  1 
Al il 

         IIl•                                               KDP ElC 

   30 295K   

  En---200K            I11    lii•  
              20 

                  rt 

    iiin. ,„,       Nam 1J1111111 - 
       0 100 200 300 400 500 600 

 WAVENUMBER(cnis) 

            Fig. 3-8 Imaginary part of complex dielectric constant 

                      for KDP in the direction  &Le, 

 -  68  -



     100 

                                   DKDP  El  C 

 80  — — 295  K                                          r\------ 
           A i \ ----- 220K                 -....                 il 1 1 

           1 1 i 1 V   -  190K     60 i ' . , 

               

, ,i   ). ir\ 1 1 I -    84K    1-- . I ti \ 1 
                   //// \ 1 11 X40 40 A                    i 14 1  

, 4.1 1  . i/ -.., 1 

                       I 

                                                  ‘1                                   

. •-....----" . , -.....-,----- .  

 10) 200 300 400 500 600 
                           WAVENUMBER  (cm"  '  ) 

 Fig. 3-9  Reflectivity  of DKDP taken by  EIIC measurement at several 

 temperatures.  Zero-frequency reflectivities are shown 

                  with open circles. ' 

                                                                                                                                                                                                                                                                                                                     ° 

 100 , , , , , 

  DKDP  EIC   
 80  _   295K 

             ,r. 

        ...!---'    1 220K 
                 >--.... 

  603  

                      II-- 
          :. 

  1:3 40  ---,----A1--  — 

     W 

 u_ 17                                                    .----"N 

        '' 

 0 100 200300 400 500 600 
                           WAVENUMBER(tit'-1) 

           Fig. 3-10  Reflectivity of DKDP taken by  EIC measurement.  Zero-

                       frequency reflectivities are shown with open circles. 

 -  69  -



                        1I       Itthe  t • 
         1,u11           i rt 

  10         II                              ii            tl;  ' II   --        1-:•ii           11 -NI 4 a                        .11tl                  :
11ir4 ,in 

                     it1 at it 
                                                                  - It 

 4„, ..• L  

   0 100 200 300 400 500 600 
                         WAVENUMBER  (  cm"  ) 

           Fig.  3-11 Imaginary part of complex dielectric constant for 

                      DKDP  in  the direction  EOC. 

40 . 

  30  li    DKDP EIC        '1   295K  
 220K 

      a•I 

                                                                                                                                                                                                           - 

 20- .  

                                                 ---...i 

     . . .  I• . I ...'  
   0 100 200 300 400 500 600 

                          WAVENUMBER  (cm-I  ) 

            Fig. 3-12 Imaginary part of complex dielectric constant for 

                      DKDP in the direction  E1C. 

 -  70  -



Fig. 3-13 Reflectivity of ADP taken by  EIIC measurement at several 

            temperatures. Zero-frequency reflectivities are shown 

            with open circles. 
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Fig. 3-15 Imaginary part of complex dielectric constant for 

 ADP in the directon EHC. 

70  

60 
1llls. 

 I 50 i  

     - A: 

 1/  \\  
 E" II11 
    40 

 11 ADP  EtC  30'\• , 295K   
 --  200K 

 1\'    --  152K - 
 20  • ^ 

                                                                                                   •                                                                                                    

• 

• 

    10 

           

• ,  

  0 100 200 300 400 500 600 
 WANENUMUBER(cmC') 

Fig. 3-16 Imaginary part of complex dielectric constant for 

           ADP in the direction  ElC, 

 -  72  -



Fig. 3-17 Imaginary part of complex dielectric constant for 

           KDP in the  low-frequency region. 
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                      Table 3-1 

                        Zero frequency reflectivity  R 

      a) KDP 

 4 

      Temp.  E.  R(Ell  C)  Fa  R(Ei  c) 

    295 K 21 41 % 44 55 % 

   200  40 53  52.4 . 58 

    150  • 96 66 

    130  261  78 

    84 7.5 22 

      b) DKDP 

      Temp.  EZ  R(Ell  C)  E  R(EIC) 

     295 K  I 50  • 56  14  58 59 % 

   220 34  50 62  6o 

    190 6.5 19 

     84 5.1  - 14 

      c) ADP 

              Temp.  p(E  II  c)  a  n(Ei _c) 

    295 K 14 33 %  56 58 % 

   200 16 36 82 64 

   152 18 38 107 68 

 Notia :  •c;  andEci  : low frequency  dielectric  constaat at 9.2  GHz 
             measured by Kaminow et  al.  Reflectivities were derived by 

           the Eq : R = ( re. -1)/('if+1)  I  2. 

                                         ^ 

 -  74  -

1.•^^

Temp. Ect R(  Eli  C) Ca  R(E1C)

295 K  21 41 44  55
0

200 40 53 52.4 58

150 • 96 66

130 261  78

84 7.5 22

Temp. ECi R(Ep  0)  R(E1C)

295  IC 50 56 ea 58 59

220  34 50 62 6o

190 6.5 19

 84 5.1  14

 Temp•  I(E u  c) E,;  R(El.C)

 295  K

200

152

 14

16

18

33

36

38

56

82

10?

58 %

 64

68



                                     Table 3-2 

 •               

. . 

                                Infrared Active Mode Frequencies in  KH2PO4  (Tc.123K) 

 Dipolemoment 295K 200K  150K. 130K  Mode Assignment  84K  Mode Assignment 

                          60cm1  32cm1                                             12cm-1<^10cm-1 B2'lattice  mode?          P
z(E IIC) 

                    178 180 186 190 B2'lattice  mode 208cm-1 A11lattice mode 

                  380w 380w 380w 380w B2,  vi(PO4)  344  Al'  v2(po4) 

                        .:._  400  48ewb  --  B2;  v4(PO4) 

 514  Al,  v4(PO4)     

. F (E_LC) 86  .  88 E, lattice mode 
          Y 

• 

             102  104  K, lattice  mode 

             122  124  E, lattice  code 

             152  152  E, lattice node 

             206  204 E, lattice mode 

           526 526  E'  v4(PO4) . 

                 Note: The mode frequencies are derived from the imaginary part of dielectric  constant E". 

                          Subscript  "a"  means ,a weak band, "s"  means a shoulder of strong band and "b" means 

                          a  broad  band., 

 Table 3-3 

                                   Infrared Active  Mode Frequencies in  KD2PO4  (Te.218K) 

            Dipolemoment 295K 220K Mode Assignment 190K  84K  Mode Assignment 

        PzF(HOm-                            <20c14:20cm-1  82,1attice mode? 
 164 160 B2,154cm?-1                                                                            166cm-. Al, 9 

 • 

                       176 190 B2'lattice mode 226 228  Al'lattice mode 

 • 

 345w 350w  B2,  v2(PO4) 350 352  Al'  v2(p04) 

                                         2                           380ws 38Cws B2, v2(Po4)                                                               378 A1, v2(PO4) 

 --400  480--  B2,  v4(P04) 

 (480 peak)  508  508  Al'  v4(PO4) 

                        96  94.  E,lattice mode 

 P  (sic) 108 108 E,lattice  mode  y 
                       122  124 E,lattice  mode 

                       170 170  E,lattice mode 

                       206 212  E,lattice mode 

                          360bs360bs 5,v2(PO4) 

                       390b 380b  E,  v2(PO4) 
 450b  /Mb  5,  v4(PO4) 

               512b 502b 5, v4(13°4)1 
 'r

ote: The  mode frequencies are derived from  the imaginary part of  dielectric.. 

                                 constant  E" . Subscript  "w" means a weak  band,  "s" means a shoulder of 

                                 strong band and  "b" means a broad band. 
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                                  Table  3-4 

  

. .  

. . • . 

                            Infrared Active  Mode Frequencies in  NIT4E2PO4  (Tt=148K) 
           -   . 

                     Dipolemoment 295K 200K 152K  Mode Assignment 

                Pz111(E  ho) 76cm72cm72cmB2,lattice mode? 

                                 198 200 208B2.mode                                ,1attice       

• 390w 390w 390w B2,v2(PO4)                                                  ) 

                                                                -- 400  480b  --  B2, v4(Po4)         

• P7(E_LC) 50  4o 34 E,lattice  mode? 

                        80s  80s 80s  .E,lattice mode 

• 

 155s 155s 155s  E,lattice mode 

                             164 168  168 E,lattice mode 

                      540  .540  540  E,  v4(PO4) . . 

                            Note: The  Mode frequencies are derived from the imaginary                                  

. part of dielectric constant  el  . • Subscript  "(0! means  

• a weak band,  "s" means a shoulder of  strong.  band and 

 "b" means a broad band. • 

. . 

              Table 3-5  . 

. • 

                                   The mode frequencies and width in  KDP and  ADP 

                    a)  XDP  (ED  C) 

    

. 
. 

                                                                                                  -                   Temp.  X I w1Acolw2'zitu2(cm1) - 
           295  60  ' 89  178 43 

           200 32 85 180  -  37 

          150  12 88  186  3o 

 13o  <  10  - 186 188  • 31 

           84  ---  --- 208 34 • 

. 

. 

 b)  AD?  (Eu  C)  . 

 

.  -  

             Temp.  K wl AW1 w .                                        2 awl  (ca 1) 

            295 76 111  200. 43 

           200  72 109 200 38 

           152  72 101 210 34 

• 

                     c) AD?  (El  C) 
                .  

. 

                   Temp. K ml Aivi (cm 1) 

• 

          295  50 85 

          200 40 74 

 152 . 34 56 

. 

. 

. , 

 Note.  : The frequencies were derived from peaks in  •C 
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 Dipolemoment 295K 200K 152K  ?'ode Assignment art+.

 PZ(E  40) 78cm-1 72cm-1
-

72cm1  B2'lattice  mode?

198 200 208  B2,1attice mode

390w 390w 390w B2,v(POa,24

 -- 400  480b  B2  v4(PO4)

P  (E_LC) 50  40 34  E,lattice  mode

80s  8os  8os  E,lattice mode

 155s 155s 155e  E,lattice mode

164 168  168  E,lattice mode

 540

 

.540 540  E,  v4(PO4)

.44.11  ca7,

89 178

Temp.  X 1 col A4)1  2  dal2 (cm1)
 . 295 60 ' 89 178 43

200 32  85  18o 37

150 12  88  186  3o

130  <  lo  -- 3.88 31

84 --- --- 2°8 34

 88  lob

 3.86 3.86

208

 AW1 co2 Temp.  K  cal  AW1 w A W2  (cri1)

295 76 111  200.  43

200  72  109  200 38

152 72  101 210  34

 109  200

 101 210

Temp. Y.  col  1411  (cm
 -1)

295

200

152

 50

 34

83

71+

56



             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  1  line.I) The 

        reflectivity of KDP for  EIIC 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 suggested that there exists a ferro-

         electric mode, of which frequency tends to be zero as the temperature is 

         lowered to Tcfrom above. If there is such a mode, we can expect the 

        anomaly in the reflectivity in the low frequency when temperature is 

         lowered through Tc.1) 

              The measurement in the low-frequency region using a far-infrared 

         spectrometer is troublesome because of the weak spectral power of the 

 radiation source.2) 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  1 line. This enables us to measure the 

         reflectivity more accurately  and  in good spectral purity at 29.7  cm  1. 

              The purpose of the study in this 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 

              The HCN laser used has been developed by Yamanaka et  al.3)                                                                     The 

         lineary polarized radiation at 29.7  cm  1 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  1 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 measurements. The 

         laser beam was chopped and led to a beam splitter (Mylar film). Then 

          the beam was split to a cryostat and to a mirror. 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 focused to the sample. The diameter of the focused beam was 

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

          2-3 Measurements 

              The reflectivity 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 large experimental error. Therefore the low  tem-

          perature work was done with the sample being kept stationary in the 

          cryostat. Comparing the signal  reflected by the sample with the one 

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

          at room temperature. 

             The sample temperature was kept constant 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 dependence of the polarized 

         reflectivity of  KDP, normalized by the value at room temperature. 

         Although there is the gradual change of the laser output power, the 

          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.4)                      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  EIIC  (Pz dipole  moment) increases rapidly with 

          decreasing temperature and has a maximum near Curie temperature  (Tc= 

          123K), and then decreases steeply below  T  . Such a change in the 

                                                            c 

          reflectivity with temperature reflects the ferroelectric mode observed 
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        in KDP shown in Fig. 3-5. 

          i) T >  T
c 

             We shall consider the optical mode in the single oscillator model. 

        The dielectric constant at a frequency w can be calculated from the 

        dispersion  formula5) 

                                       S(T)w(T)2 
 c(w, T) =  c' -  i= 6.00o (4-1) 

                                            w
o(T)2 - w2 +  iyw 

        where S(T), w
o(T) and y stand for the oscillator strength, characteristic 

        frequency and damping constant respectively. In this case w is equal to 

        the HCN laser frequency (29.7  cm  1). 

             The assumption of the single oscillator model is valid, because the 

        far-infrared measurement of KDP shows that the ferroelectric mode for 

 VIC has a resonant type dielectric dispersion (Chap. 3, Sec. 4-3). 

            Moreover, according to the Raman  scattering,6) S(T) and w
o(T) of 

        the ferroelectric mode are given as 

 S(T) = C / (T - T
c) (4-2) 

 w
o(T)2 = A(T - Tc) / T (4-3) 

       respectively. The reflectivity is obtained by 

                                           - 1 2 
 R  - (4-4)                                  + 1' 

        The parameters A, C, y,  co, were determined by fitting the calculated 

        reflectivity to the experimental ones. The  method of the least squares 

       was used to obtain the best fit to the experimental curve. The following 

 -1 
       values were obtained; yr=180 cm , c= 6.6, C2500 K and A7920(cm1)2 . 

        The calculated curve with these values shown by dashed curve in Fig . 

        4-2. The values obtained are in good agreement with those by  Kaminow.6) 
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        The obtained value of the high-frequency dielectric constant  C
. is 

       larger than the one in the  high-frequency limit  (6L72.3).  This  discrep-

        ancy arises from the assumption of a single oscillator model. From eq. 

        4-1,  the  low-frequency limit of the dielectric constant
ois given by5) 

                  C
o = c00+ S(T). (4-5) 

        In KDP more than one mode are observed in the far-infrared spectrum, so 

        we rewrite eq. 4-5 

                   C
o = ElE SS(T). (4-6)                                                                00 

        The value of  cm obtained here  (=6.6) includes the contribution from the 

       modes above 150  cm  1, then 

                                  6co= C' +E S,.                                                                co 

                                        j=2 

        Thus  Eco is larger than  C,. 

         ii) T <  T
c 

             The reflectivity below T
cdecreases drastically with temperature. 

        It may be able to fit the observed reflectivity by an oscillator model, 

        but as mentioned above the experimental error is large. So it can be 

        said that the mode may have very low-frequency peak or disappear below 

           T. 

            The reflectivity for  E1C increases gradually as the temperature 

        approaches T
c from above and decreases suddenly below  Tc. The far-infrared 

       reflection measurement on KDP for  E1C shows a broad background in the 

        spectrum up to near 100  cm  1. 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  T
c. 

             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 53±1 % for  EHC and  E1C, 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 that 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  EHC 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 

 EHC and  E1C. Both modes show no drastical change in their frequencies 

        or intensity as seen in KDP. The results obtained here correspond to 

        the temperature dependence of the low-frequency modes. 

             The absolute reflectivity at room temperature was measured. The 

       results were 29±1 % and 56±1 % for  EIIC and  E1C respectively, which are 

        also in good agreement with those of reflectivity measurements by the 

        spectrometer shown in Chap. 3. 

        4.  Summary 

             The polarized reflectivities of  OP 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  EIIC of KDP showed Curie-Weiss law behavior and the 

      curve above T
ccould be explained by a strongly damped-harmonic oscil-

      lator, the characteristic frequency of which changes as  w
o2cc(T-Tc) /  T. 

      This result supports that the ferroelectric mode in KDP depends upon 

      temperature as the soft mode of perovskite  crystals.7)                                                            The other 

      results of  KDP and ADP were in good agreement with those of far-

       infrared measurements shown in Chap. 3. 
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Fig.  4-1 Schematic diagram of experimental system. 

         Filter ; powder filter  (T1C1+T1I+NaF) 

          Polarizer ; wire grid  polarizes 

          Polyethylen lens ; 32 mm in diameter and 150 mm 

                               in focal length 
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    Fig.  4-2 Temperature dependence of polarized reflectivity for 

              KDP at 29.7  cm-1. The reflectivity is normarized at 

               room temperature. The dashed curve  shows the calculated 

               reflectivity by single oscillator model. 
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 Fig..  4-3 Temperature dependence of polarized reflectivity for 
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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  71 in both paraelectric and ferroelectric phases as 

          a fuction of  temperature.1, 2)                                         The frequency and the symmetries of the 

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

          of the modes in the different phases and the precise mode assignments  

' were also established .  The detailed temperature dependence  of  ,the  low-

  , 

          frequency spectra were also examined in the vicinity of the  ferroelec-1 

          tric transition temperature. In KDP the Raman scattering due  to the 

 ,polarization fluctuation of the ferroelectric mode was observed and  the     

, present result is in good agreement with the earlier works.3-5)The 

           effect of deuteration on the spectra are discussed comparing the 

                                                                                                                                                                   

, • 

 results of KDP with those of  DKDP.2) 

                For the antiferroelectric ADP the same type measurements were made 

          only in the paraelectric phase. The Raman scattering due to the  polar-        

' iz
ation fluctuation of the low-frequency mode was observed in the 

          spectra of E  symmetry.1) 

           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 tempera-

          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 far 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. 

     The infrared spectrum in the high-frequency 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'  B1, 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 enables us to make more 

complete mode assignments and to determine the mode symmetry and so on . 

Of course the modes of B2 and  E symmetries are both infrared and Raman 

active and so the data obtained by these  tfqo 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  cif 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  9x3x3 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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       crystals of KDP and ADP were  bought from Nippon Denpa Kogyo Co . 

       The final polishing was done with  0.1p alumina and ethanol. The sample 

        of DKDP for the Raman measurements 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 (D20) to  minimize the rehydrogenation. 

       2-2 Optical System and Spectrometer 

 The  excitation source for Raman scattering 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 Fig. 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 sample and again reflected and 

       focused on the sample by a concave mirror to improve signal to noise 

       ratio. The scattered radiation was collected by another lens and 

       focused onto the spectrometer slit. The collecting lens is mounted on 

       the holder which has micrometer adjustable positioning. A rotatable 

       polarizer was set in front of the spectrometer slit for the polarization 

       studies. The optical arrangement  for  excitation 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 pm and slit heights 10 mm. This setting was 

       used for most of the scattering 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 region and it is desirable to measure the spectrum as 

       close to the exciting line as  Possible. So it is necessary to reduce 

       the stray light due to  the  Rayleigh line. 

            The photo-multiplier tube used was EMI 9558 A, which has a S-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 

        and scattered radiation, which were  taken to be parallel to the labora-

        tory coordinate  XL,  YL, and ZL, were determined by use of half-
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        wavelength 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 used as a temperature sensor. The estimated accuracy of 

       the temperature control is ±1 K, and stability 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 paste. 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 controller  within-  ±0.1 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 

        Brillouin zone  center.6) 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 

 thepaarvibration 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 modes transform as a xyRaman tensor 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 perpendicular to its polarization and 

 is  a transverse optical phonon  (TO). If measured by the x(yx)z configu-

        ration, a phonon is produced in the xz plane with z polarization. This 

       phonon is both transverse and longitudinal (LO).  Poulet7) has shown 

        that in the polar crystal 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 propaga-

        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) The results for KDP in D2d 

        are listed in Table 5-1. The Raman intensity is proportional to the 

        square of Raman tensor component and 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 experimental 

        configuration for  90° scattering is found to give neither TO nor LO 

          mode. 

             When the temperature is lowered through Tc the crystallographic 
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        axes rotate  45° in the xy plane. The x', y' and z axes are taken to 

        be parallel to these new crystallographic axes. The  vibrational modes 

 in this 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 

         z coordinate. Experiments were done in x, y and z coordinate system. 

        The results of selection rules in  C2v 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 

 T  .  The spectra were taken in the x(yy)z, x(zz)y, x(yx)y and x(yz)y 
                    c. 

         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 because 

         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 recorded at 295 K, 200  K, 130 K  and 

          90 K. As seen in Fig. 5-2 polarizing  tharacteristics 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 

 theparaelectricphaseforMeare  Very broad and change only slightly 

         with the temperature approaching Tc from above. When the temperature 
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         is crossed through  T
c, the marked changes in the spectra occur. Most 

         of the bands become sharp and intense and some new bands appear. In 

         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 Rayleigh wing is observed above  Tc, and it disap-

         pears drastically below  Tc and a new band appears near 150  cm-1; the 

         broad background continuum is observed in  the  x(yz)y spectrum extending 

         from Rayleigh line to 100  cm  1 above Tcand disappears below Tc; a 

         similar feature appears in the x(yy)z spectrum from the exciting line 

         to 180  cm  1 above  T
c and disappears below  T. 

               The Raman frequencies observed in the present measurements are 

         listed in Table 5-3. The discussion about the mode symmetry will be 

 '
made in the following. 

              The spectrum at 295 K are shown in Fig. 5-2 (a). According to the 

 group character table shown in Table 2-2,  Al mode transforms as ate, 

          ayyand azzRaman tensor components. Thus the strong bands in the 

         x(yy)z and x(zz)y spectra can be  assigned  to  Al symmetry and so the 

         bands at 359  cm  1, 918  cm  1 and a broad 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  a and 

          aYYRaman tensor components. The bands at 155  cm 1, 394  cm 1, 473  cm 1 

          can be assigned to  B1 symmetry. 

               The modes of B2 symmetry  transfOrm as axyRaman 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 cm-1 and the bands at 178  cm  1 

       and 394  cm-1 are B2 modes. Also the modes in B2 symmetry transform as 

       Pz dipole moment, and so they are infrared active. The present  Raman 

       spectra are in good agreement with the far-infrared spectra shown in 

       Chap. 3. 

            The modes of E symmetry transform as  a 
yzand azxRaman tensor 

       components and P dipole moment. The bands  in  the x(yz)y spectrum are 

       at 96  cm  1, 116  cm  1, 192  cm  1, 533  cm  1 and 580  cm  1. These bands are 

       assigned to E symmetry. This spectrum taken in the x(yz)y configuration 

        is compared with the far-infrared spectrum for  EIC. In the infrared 

        spectrum five bands are observed in the region below 300  cm-1. They 

       are at 86  cm 1, 104  cm 1, 122  cm 1, 152  an 1 and 206 cm1 (Table 3-2). 

       In the Raman spectrum the 104  cm  1 and 152  cm-1 bands are absent 

        probably because  they  may be very weak. 

             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 transition temperature. 

        The non-zero  Raman  tensor components are characterized by the new normal 

        coordinate (x', y', z). So the Raman tensor must be transformed into 

 (x, y, 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 gives  a, and(a
x„x+ayyORaman tensor components, and 

       so the modes observed in the x(yy)z spectra belong to  Al or A2 symmetry. 

       The  x(yz)y and x(yx)y measurements give c zzand (ax„x-ay,y,) Raman 

        tensor components respectively. The bands in the spectra taken at these 

       configurations belong to  Al symmetry. The bands in the x(yz)y spectra 

       belong to B1 or B2 symmetry which transform as a ,or a zx,  Raman                     yz 
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tensor component. Furthermore when the temperature is  crossed  Tc the 

spectrum changes corresponding to the structural phase transition. The 

correlation of the modes from one phase to the other is as follows; 

in  the  x(yy)z spectrum,  Al and  B1 modes for T>Tc transform to  Al and A2 

modes for  T<Tc, respectively. Similarly we find;  Al modes for  T>Tc 

transform to Almodes for T<Tcin the x(zz)y spectrum, B2modes for T>T 

                                                                             c to Almodes for T<T
c in the x(yx)y spectrum and  E modes for  T>Tc to B1 

and B2 modes for  T<T
c in the x(yz)y spectrum. These correlations are 

naturally consistent with the correlation between the irreducible repre-

sentations of D2d symmetry and those of  C2v symmetry given in Table 2-3. 

     Now turn to the consideration about the spectra taken at 90 K. As 

stated above the strong  bgnds in the spectra taken in the x(yy)z, 

 x(zz)y, and x(yx)y configurations can be assigned to  Al 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  T. A2 modes for T>Tc are optically inactive. Therefore in 

the x(yy)z spectrum the bands 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 the bands at 161  cm  1, 394  cm  1 and 484  cm  1 which are 

assigned to B1 modes above  T. It is interesting to notice that in the 

x(yx)y spectrum, the Rayleigh wing disappears below Tc and a new band 

appears near 143  cm-1. This band is also observed in the x(yy)z 

spectrum and is assigned to  Al 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 B1 and B2 modes below  T. But we cannot distinguish 

B1 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 

        temperatures above and below  T. 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  1, 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;  Al mode which goes from 917  an-1 to 

        883  cm  1, E mode which is shifted from 533  cm  1 to 516  cm  1 and so on. 

        Some additional bands appear in  DKDP. They are at 520  cm  1 in B2 sym-

        metry and 883  cm  1 and 970  cm  1 in E symmetry. The other additional 

        bands are also found at 710 cm1in B1 symmetry and at 970  cm  1 in  Al 

          symmetry. 

             When the temperature is lowered through  T
c, the marked changes 

         occur in the spectra. In the x(yy)z spectrum, a new, rather strong 

        band appears at 1008  cm  1, and a 970  cm  1 band above  T
c splits into two 

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

        band above  T
c splits into two bands at 968  cm  1 and 974  cm-1. In the 
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        x(yx)y  spectrum,  the Rayleigh wing disappears below T
cbut no band is 

         observed below 150 cm-1. While, in  KDP the Rayleigh wing disappears 

         below T
cand a new band appears near 143 cm1. 

       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 shown in Table 5-5. 

         These spectra are very similar to those of KDP, except the spectrum of 

         E symmetry. The high-frequency bands above 300  cm  1 have almost the 

         same frequency as that of KDP. The bands below 300  cm  1 have the 

         frequency about 30  cm  1 higher than that of KDP. The bands above 300 

 cm  1 are attributed to the  PO4 internal modes as discussed later. The 

         bands below 300  cm  1 are the lattice vibrational modes which shift 

         harmonically to the higher frequency as K ion is substituted by NH4 ion. 

              In the  spectrum of E symmetry, the Rayleigh wing is also observed 

         as in that of B2symmetry. Such a Rayleigh wing is not observed in the 

         spectrum of E symmetry for KDP. The other bands of E symmetry for ADP 

         are at 68  cm  1, 121  cm  1, 175  cm  1, 192  cm  1 and 290  cm  1, of which 

         175 cm-1 and 192 cm1 bands form a composite peak. In KDP the corre-

         sponding sponding spectrum shows the existence of several bands at 96 cm, 

         116  cm  1 and 192  cm  1. 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. 

        The remarkable differences between KDP and DKDP are observed in the 

        spectra of B2 symmetry in the region below 300  cm  1. On the other hand 

        the differences between ADP and KDP are observed in the spectra  of .E 

        symmetry in the region below 300  cm  1. 

              In these experiments, the measurements above 1100 cm-1were tried 

         but the results were not good enough for the quantitative analysis, 

         because the scattering efficiencies in these crystals 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 certain 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  1 corresponds to the external vibra-

        tions tions of  [K-(H2PO4)] sublattice, and the region from 300 cmto 1100 

 am  1 corresponds to the internal vibrations of tightly bound PO4 ion. 

         In this section the author will discuss about the spectra in the region 

        from 300  cm  1 to 1100  cm  1 comparing  with the group theoretical 

         analysis given in Chap. 2. 
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              In Chap. 2 the author has discussed how the PO
4 ion behaves in the 

         crystalline field. The present result confirms that the PO
4 ion behaves 

          as an individual molecule in the crystal. The spectra 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 

 a.8) and  others.9) 

              The possible interpretation of the observed spectra due to the PO
4 
          internal  vibration.  is as follows. It is well known that free  PO

4 ion 
         has four distinct  frequencies;10)  v

1(A1)=980 cm1'v2(E)=363  cm 1, 

 v3(F2)=1083  cm  1 and  V
4(F2)=515  cm  1. As seen in Fig. 5-5 the strong 

         bands can be seen near 363  cm 1, 515 cm-1and 980  cm  1 . These bands 

         are the  characteristic of the molecular vibrations of PO
4 ion modified 

         slightly by the crystalline field. As the PO
4 tetrahedra are thought 

         to be slightly deformed in the crystal , the E(v2) mode of free PO4 ion 

         at 363  an  1 splits into two bands at 359  cm  1 and 393  cm  1 in the 

         crystal of  EDP.  Similarly the F
2(v4) mode of free  PO4 ions at 515  cm  1 

         splits into three bands at 473  cm  1 , 533  cm  1 and 580  cm  1. The  Al(vi) 

         mode at 980  cm  1 is observed at 918  cm  1 . Now we consider the spectral 

         decomposition of the modes of T
d  symmetry into the symmetry species of 

         the crystal symmetry D
2d and the site symmetry S4. The results are 

         shown in Tables 5-6 and 5-7. In the paraelectric phase  E(v
2) mode of 

         free  PO4 ion  appears in the  a spectrum at 394  cm  1 but doe
s not in the                                    xy 

         a
YYspectrum. According to Table5-.6 E(v2) mode of  PO4 ion corre-

           sponds to the B symmetry species of S
4 group, but does not to B1 symmetry 

        species of D2d group. Similarly the 473  cm  1 band which is F
2(v4) mode 

         *Note: In the a spectrum the 
weak band is observed at 393  cm-1. 

                 However,  YYreducing the angular aperture viewed from the mono -
                 chromator, this band in the a

YYspectrum disappears. 
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        of free  PO4 ion, appears in the aY
Yspectrum but not in the ayxspectrum. 

       In other words F2(v4) mode corresponds to the B symmetry species of S4 

       group and not to B2 symmetry species of D2d group. The  A1(V1) mode of 

       free PO4 ion is observed in both a
YYand azzspectra, so this mode 

        corresponds to the A symmetry species of S4 group. Therefore the  char-. 

       acteristic vibrational modes  Of free  PO4  ion are found to be decomposed 

        to the modes of S4 symmetry group. The S4 symmetry group is the site 

       group of D2d symmetry where  PO4 ion  lies  in 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 internal 

        modes become 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 molecule 

        in the ferroelectric phase. But the site group is no longer S4 and 

 lower symmetry group. The site group below  Te seems to be C2 group as 

        discussed in Chap. 2. If this is the case the characteristic vibra-

        tional modes of  PO4 ion transform like A and B symmetry species of C2 

        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 type 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 

        not observed experimentally. This may be due to the fact that the 

        spectra were recorded with relatively large spectral slit-width of 

         about 8  cm  1 or more. 

                                                                       • 

             As seen in Fig. 5-5 some additional bands are observed in  DKDP 

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

        according to the previous infrared  works.11-13)                                                            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-1 to 1100  cm 1 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-1 which is also out of the region of the 

        present  experiments.10) 

 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  T
c 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 T
cand the corresponding band is 

        observed also at 154  cm  1 for DKDP. These bands are B1 mode. While 

        the group theoretical analysis allows two  B1 modes which are transla-

        tional vibrations of  [K-(H2PO4)] sublattice, only one band is observed. 

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

        low frequency. Below T
c B1 mode transforms to A2 mode and is observed 
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        at 161  cm  1 for KDP and 160  cm  1 for DKDP. In 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  A
l symmetry species. 

        Figure 5-8 shows the low-frequency spectrum in the x(yx)y configuration . 

        The bands observed above T
c are B2 modes, and below Tc they transform to 

 Al modes. The Rayleigh wing is observed in KDP above  T
c and also 

        observed in DKDP but weak. This Rayleigh wing in KDP is due to the 

        polarization fluctuation of the ferroelectric mode observed in the  far-

         infrared  measurement.1, 14)                                   Below T
cthis wing in KDP disappears 

        gradually and a new band appears, which has a 90 K peak at 143  cm  1. 

        This band is not found in the far-infrared spectrum as shown in Fig . 

        3-7.  In  DKDP the Rayleigh wing also disappears below  T
c, but no mode 

        is observed near 143  cm  1. This 143  cm  1 band of KDP  is largely 

        effected by deuteration and may be an  underdamped ferroelectric mode as 

        suggested by Blinc et  al.15)                                       The other band is observed near 200  cm-1 

        in KDP. This band has a 295 K peak at 178  cm  1 . Below T
cthis band 

        becomes sharp and shifts to higher frequency and has a 90 K peak at 

        208 cm1. This is the translational lattice mode as predicted by the 

        group theoretical analysis. It is worth noticing that the group theo-

        retical analysis predicts only one translational lattice mode above  T
c, 

        while two bands are observed in KDP above T
c. In DKDP the situation is 

 somewhat different. The broad band is observed near 200  cm  1 above T . 

        This broad band seems to consist of two bands, and the strong energy 

        transfer occurs as the temperature approaches T. Such an energy 

        transfer is observed in  SbSI.16)                                             Below  T
c the lower-frequency mode 

        disappears and the higher-frequency one becomes sharp and intense. This 

        band has a 90 K peak at 233  cm-1. This 233  cm  1 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  T
c and below Tc these two bands split and 

         become sharp. These two bands have 90 K peaks at 166 cm -1 and 228 cm 1 . 

         While, in the Raman spectrum the band corresponding to the 166  cm-1  band 

         is not found below T
c. 

             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  1 , 116  cm  1 and 

         192  cm-1 at 295 K and in DKDP they are at 92  cm-1, 113  cm-1 and 184  cm  1 . 

         Thus the lattice modes of  E  symmetry are found to be hardly affected by 

         deuteration. This fact suggests that there is no  interaction between 

         the lattice mode of E symmetry and the proton (deuteron) motion . 

         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  A
l symmetry is 

         at 184  cm  1 (not shown in the figure) and the lattice mode of B2  sym-

         metry is at 203  cm  1. These frequencies 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  NH
4 ion. As seen in Fig. 

         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-infrared  measurements.1, 14) 

  / 

 -  105  -



         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 T
cand it disappears below T. The present result is in good 

        agreement with that of Kaminow et  al .3' 4)                                                   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) =  K(n(w) + 1)  x"(w) (5-1) 

        where  n(w) is the Bose factor, 

                         n(w) =  jexp (—T) -  1]-1. (5-2)                                         K
B 

        The results are shown in Fig. 5-11. This is compared with the imaginary 

        part  C"  ,of. complex dielectric constant obtained by the far-infrared 

 measurements1, 14) shown in Fig. 3-7 . Unfortunately, because of the 

        experimental uncertainty in the region below 40  cm  1
, the peak is not 

        observed in the figure. But the x" spectrum shows the existence of a 

        low-frequency temperature dependent band above  T
c which disappears or 

        decreases in its width below T
c. This result is consistent with the 

        result of the far-infrared measurement. 

            Kaminow et  al.3,4) fitted their Raman spectra by the simple-damped -

       harmonic oscillator function and exhibited the soft mode behavior . 

       Wilson et  al.17) studied recently in more detail . These authors have 

       neglected the strong coupling of the ferroelectric mode with the bands 

       near 180  cm  1 in their analysis. Scott and his  co-workers18-20) 

        observed strong anharmonic coupling  between the ferroelectric mode and 

       the lattice mode of B2 symmetry in  CsH
2As04 and  KH2As04 which are 
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           isomorphous to KDP. The same anharmonic interaction would be neces-

          sary to interprete the low-frequency B2 spectrum of KDP. As stated 

          in Chap. 3 the far-infrared spectrum of B2 symmetry could not be fitted 

          by two uncoupled harmonic oscillators. This result suggests the 

          necessity of coupled harmonic  oscillator approach. The effect of 

          strong coupling  in  KDP has been studied by She et  al.19) for B
2 mode 

          and by Scott and  Wilson20) 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  function18) and 

          the mode strength Pi,  P., as 

 x"(w) =
ijPi3ij                               P.G(w)) (5-3) 

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

           tion 

                w
a2  - w2 + iwra A2 + iwrab1  0                                                    GaaGab 

                                                                    . (5-4)                                2 
            A2 4.  iwrb wb - w2 + iwrb G

ab Gbb 0 1 

          Here we approximate A,  r
a, rb and rab as frequency independent  con-

          stanis. The Raman spectra may therefore be calculated by two coupled 

          modes system in terms of seven parameters w
a, wbra, rb,A,raband 

          P
a/Pb. The numbers of parameters are reduced when we diagonalize as 

 rab  0. 

               The calculation was made and the parameters were obtained by the 

          optimum fitting of eq. 5-1 to the observed spectrum, using expressions 

 forx"(w) and G. (w) in eqs. 5-3 and 5-4. The parameters determined 
                     ij 

          are listed in Table 5-8. Thus we could extract the correct temperature 

          dependence of uncoupled  ferroelectrie mode. The square of character-

          istic frequency w2
aand the temperature weighted inverse equivalent 
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          relaxation time T/T are shown in Fig. 5-12 where T=y
a                                                              /w2. The tempera-

          ture dependence of wis approximately 
                                  a 

                                        wa2  cc (T - Tc)  /  T. 

          This result is similar to the original work of Kaminow et  al.3' 4) but 

          is not in agreement with the work of She et  a1.19)                                                            The result obtained 

          here is consistent with the prediction of the pseudospin tunneling mode 

 model.21)                      Also as seen in Table 5-8, the ferroelectric mode has a very 

          large damping and relatively large mode strength  P
a, which is strongly 

          dependent on temperature. The large mode strength and  its temperature 

          dependence suggest that this mode contributes largely to the low-

          frequency dielectric constant. 

               The soft mode behavior of the ferroelectric mode of KDP becomes 

          clear. But there is a large experimental uncertainty in the  region 

          below 40  cm  1 because 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  T
c, and a new band appears and grows in 

          intensity. This new band is not observed in DKDP. Blinc et al.15) 

          observed the same phenomenon in their  Raman scattering measurements on 

          KDP and DKDP. They 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- 

t 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 

         mode is as that of collective tunneling mode  model.21)                                                                     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  T
c, and below Tc this 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  x" spectrum shows the existence of a broad band above T
cwhich has 

         no peak in this region. Below T
c this band disappears. The same 

         results were obtained by Kaminow et  al.3' 4)                                                      As stated in Chap. 2 the 

         far-infrared measurements on DKDP suggest the existence of a low-

         frequency mode below 20  cm  1. 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. 

         The results are in good agreement with those of Kaminow et  al.3, 4) 

         The characteristic frequency tends  tojpe zero as the temperature 

         approaches T
c from above. In DKDP the existence of such a mode is not 
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          clearly observed experimentally. As pointed in Chap. 3 the correspond-

          ing  mode must have the frequency below 20  cm-1. 

          3-4-2 Tunneling Mode 

               In Chap. 2 the motions of four non-equivalent protons have been 

          discussed. The collective proton tunneling modes transform as  A
2, B2 

          and E symmetry species. Recently Wilson et  al.17) examined the Raman 

          spectra of KDP and found no mode which could be attributed to the  col-

          lective tunneling mode. They also reported the possible evidence of 

          proton ordering in the spectra of  KDP. The similar spectra are 

          obtained in the present work and in good agreement with theirs. As 

          seen in Fig. 5-7 (a) the broad background continuum is observed in the 

          x(yy)z spectrum (A2 symmetry) above  T
c and this continuum  disappears 

          below T
c. The similar feature is also observed in the x(yz)y spectrum 

          (E symmetry). Wilson et  at.17) 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 T
cdecreases gradually in intensity as the 

          temperature is lowered. The 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 T
cdecreases more 

          rapidly than that of KDP. This phenomenon can be explained as follows. 

          The deuteron has the smaller tunneling 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 PO4 

          bands above T
c are very broad. Below Tc these bands suddenly become 

          sharp and intense. The broadening of the bands above  T
c is thought to 
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          be due to the coupling of the PO4 internal vibration with the hydrogen 

          low-frequency mode through anharmonicity. Blinc  at  al.13) suggested 

          the existence of the  enharmonic low-frequency proton mode in a double 

          minima potential well. The sharpening of the bands at the transition 

          corresponds to the disappearance of the proton tunneling mode as the 

          proton becomes ordered. In DKDP the corresponding bands above Tc are 

          narrower than those of KDP. The deuteration effects the reduction of 

           tunneling frequency and causes a disappearance of resonance condition. 

          The similar  interpretatioris were deducted by Wilson et al. in their 

          Raman scattering measurements on KDP and by Levin  et  al.12) in their 

           infrared measurements on KDP and DKDP. 

               The broad  PO4 bands are also found in the spectra of ADP. ADP  is 

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

               As discussed above the remarkable change in the spectral line shape 

           at the transition can be reasonably attributed to the proton ordering. 

           The anomalous line  shapes  in the paraelectric phase, such a broad line-

                                                                are 
          width of  PO4  bands and the background continuum,  Is thought to be due 

           to the coupling of the proton tunneling mode with the other vibrations, 

 PO4 internal and lattice vibration. 

           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 symmetry) 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 those 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 B2 symmetry. 

         The intensity of  E mode increases drastically as the temperature is 

         lowered to  T and this mode is thought to give rise to the dominant 

         contribution to the low-frequency dielectric constant. But the peak 

         frequency hardly shifts with temperature. Therefore this broad  low-

         frequency band observed here may have nothing to do with the  antiferro-

         electric transition. The zone boundary mode will become unstable at 

         the transition as discussed in Chap. 3. The origin of the low-frequency 

         E mode is unknown yet. It is worth noticing that the frequencies of 

         the lattice modes for E symmetry are quite different from those of KDP. 

          The same phenomena are also observed in the far-infrared spectra. 

         Further discussion will be done in Chap. 6. 

         4.  Summary 

              The polarized 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 evidences of the proton (deuteron) ordering were also observed. 

         In the antiferroelectric ADP the Raman scattering due to the  polari-

         zation 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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     Fig. 5-2 2) Raman scattering spectra  of KDP; a) at 295K, b) at 200K, 
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Fig. 5-3 1)  Raman scattering spectra of DKDP; a) at 295K, b) at 220K, 

            c) at 190K and d) at 90K. 

                                       - 119 -



Fig. 5-3 2) Raman scattering spectra of DKDP; a) at 295K, b) at  220Y, 

            c) at 190K and d) at 90K. 
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Fig.  5-4 Raman scattering spectra of ADP; a) at 295K and b) at 150K. 
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Fig. 5-6  Raman lines of KDP  and•DKDP at 90K. 

Fig. 5-5  Raman lines of KDP, DKDP and ADP at 295K.



Fig. 5-7 a) Low-frequency  spectrum  of KDP at 295K and 90K in the 

             x(yy)z configuration. 

          b) Low-frequency  spectrum of DKDP at 295K and 190K in the 

             x(yy)z configuration. 
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Fig. 5-8 a) Low-frequency spectrum of KDP at several temperatures in 

             the x(yx)y configuration. 

           b) Low-frequency spectrum of DKDP at several temperatures in 

             the x(yx)y  configuration. 
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Fig. 5-9 a) Low-frequency spectrum of KDP at several temperatures 

             in the x(yz)y configuration. 

          b) Low-frequency spectrum of DKDP at several temperatures 

             in the x(yz)y configuration. 
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Fig. 5-10 a) Low frequency  spectrum of ADP at several temperatures in 

              the  x(yx)y configuration. 

            b) Low-frequency spectrum of ADP at several temperatures in 

              the x(yx)y configurations. 
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                                    Table 5-1 

                                  a)  Raman Tensor for D2d Symmetry 

                               a 

         Ai: a  B  •                  -c Bd 

                              b                                                                                                   2'• 

                 e - 

           E(Y): E(x): 

                                  e 

                                 b) Polarization Characteristic for D2d Symmetry 

                         Experimental  Raman IntensityCharactor                           Configuration 

              x(yy)z  a2+c2  A1+B2 

        x(zz)y b2 Al 

 x(yx)y d2                                           B2(z): TO  90. 

           x(yx)z  d2  .B2(z):  TO+LO  45. 

           x(yz)y  e2                                                        E(x),E(y):  TO+LO  90. 

                         Note:  9 is the angle between the phonon wave vector and the  z axis. 

                                   Table 5-2 

                                      a)  Raman Tensor for C2v Symmetry 
                                         • 

a 

           Al(z):  b A2:d                                                                                    2'• 

 c. 

 BI(n:  B2(y'):   f 

 se 

                                 b) Polarization Characteristic for  C2v Symmetry 

 Experimental  Raman IntensityCharactor                          Configuration 

                 x(yy)z d2+(a+b)2  A1(z):  TO+LO  45' 

                                                      A2 

 x(zz)y c2  A1(z):  TO  90. 

             x(yx)y (a-b)2  A1(z): TO  90. 

 x(yz)y  f22                                                                LO  90* 

                                                         B2(y'): TO 

                        Note: 1)  Crystallographic axes  are parallel to the  (x.,  y',  a) 

 coordinate. 

                                   Laboratory  coordinate:  (x , y, z, 
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                               2)  e is the angle between phonon wave vector and a axis.

Experimental
Configuration

 Raman Intensity . Charactor  B

 x(yx)z  a2 +c2 A1+B2

 X(zz)Y b2 Ai

x(yx)y  d2  B2(z): TO I  90

x(yx)z  d2 B2( z ) :  TO+LO  45

 x(yz)y e E(x),  E(y) :  TO+LO 90

Experimental

Configuration
Raman  Intensity Charactor 8.

x(yy)z  d2+(a+b)2 Al(z): TO+LO

A2

 49*

 x(zz)y c2 Ai(z): TO  90*

x(yx)y (a-b)2 Al(z): TO  90'

x(yz)y  f2+02 Bi(xl: LO

B2(y'): TO
 90*



                                 Table  5-3 
                               Raman Active Mode  Frequencies in  KH2PO4  (Tc.123K) 

                     RamanTensor                                295K 200K 130K Mode Assignment 90K Mode Assignment                       Component 
                  isimm^^^^........IMM^---__ 

 T>Tc  145cm.1 A1, lattice mode? 
                   IY 154cm-1 155cm-1 156cm-1 B

1 lattice mode 161 1,                                                                            A2, lattice mode   YY 2' 

                                                         322  A2,  v2(P04) 
                        359 358 358  Al'  v2(PO4) 355  Al'  v2(p04) • 

 T<T, 393 395  394  B1,  v2(PO4)  394 .  AP  fiki,v2(PO4) 
 473  478  48oB1, v4(PO4)484  A

2,  v4(PO4) 

                 %,%taw520b 520b 520b  Al,  v4(PO4) 520  Al, v4(PO4)* 
                                                           574  A2'  v4(PO4) 

                        918 917  917  Al'  v1(PO4) 915  Al'  v1(PO4) 

               Of se360  360 359  Al'  v2(PO4) 355  Al'  v2(PO4) 
                       _ 520bw 520bw 520bw  Al'  v4(PO4) 516 A1, v (PO")         "

22 916 917 1, 4 4                                      918 A1, v (PO ) 916 A v (Po')                     1, 1 4 1, 3 4  
                   OCxy - Rayleigh  wing(  -160)-  B2'lattice  mode1143  Al' lattice mode' 

                            178 183 186 B2 lattice mode 208 A
l'lattice mode 

 394 395 395  B2,  v2(PO4) 395  Al'  v2(PO4) 

        at
xt518  Al,  v4(PO4)                      ,—(N,                                                               915w A1,v1(PO4) 

 0(ys 96 100. 102  E, lattice mode 101  B11B2'lattice mode 
                             116  ' 119 120 E,  lattice mode 115 B1,B

2,lattice mode 
                                                                       139w  B1'B2'lattice mode 

• 

                     Ciez a192 195  •  194  E, lattice mode 177w  B1,B2,lattice mode 

                t 

 )1'z 209w B1,B2,lattice mode                                                      
'  •257w  B

1'B2'lattice mode 
                                                                355  B1'B2'  v2(PO4) • 

                         390w 390w 390w  E,  v2(PO4) 393  B1'B2'  v2(PO4) 

 421 BBv(PO)                                                                   l'2'24             
' 518  

Bl'B2'  v4(PO4) " 
                          533 534  535-  E,  v4(PO4) 530w B11B2,v4(PO4) 

 58os  ,580 581  E,  v4(PO4) 582 B112'Bv4(PO4) 

                                                             913  BI,B2,  vi(PO4) 

                                                             976w  Bi,B2,  v3(PO4) 
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                                       Table  5-4- 

                                                                                    • 

                              Raman Active Mode  Frequencies  in  KD2PO4  (T
c=  2180 

... 

 Raman Tensor  295K 220K  M
ode Assignment 190K 90K Mode Assignment      - Compon

ent 

• 

   -1 -1                       
. 154cm 154cm-1 B1, lattice mode 160cm-1 164cm  A2' lattice mode                                                1' 

        Cji" Di<  36o  36o  A
l'  v2(PO4)  358  354  k1,  v2(PO4) 

                                                                        -  

 ,383w384w*--B1,v2(PO4)  384 380                                                                      -.2,AvJ2(P04) 
                458  457  B1,  v4(PO4)  458  462  A2'  v4(PO4) 

                 510bw 513w  Ai,  v4(PO4) 510 506  Al'  v4(PO4)               T<T
,  542 550  A

l,  v4(PO4)  548 561  Al'  v4(PO4)     CICY,°(.t(114(  . 670 A2,?                                                                                           2' 
 710bw  •  710bw B1, Y(OD) 710 708  Al,  y  (0D) 

                883 884  Ai,  vi(PO4) 875 87o Ai
, '1(2°4)                          • 963  A

l,  b-  (00 
              970 970 A1,5  (OD) 968 968                                     1,  A1,  5  (0D) 
                                                   1008  1004 A2,v3(PO4) 

 azz  1)1", 362 357  Al'  v2(PO4) 355 349 A1,v2(PO4) 
                                                           380  Ai,  v2(PO4) 

                519 515 Al,  v4(PO4) 510 506 Ai, v4(PO4) 
           .0.122WV 884                        883  A

l' vl(P°4) 873 869 A1,  v1(PO4) 
                967 967 A1, a (0D) 968 • 968              1,  A1,  5  (CD) 

 9808  980s A1, 6  (op) 980s  974 Ai,  E(OD) • 

              yx T>TRayleigh wing( B2s lattice  mode?         OCc 
 192cm-1  224cm-1 B2, lattice mode  227cm-1  233cm-1  Al, lattice mode 

                                                           352  Al'  v2(PO4) 

 T<Tc 381 381 B2,  v2(PO4) 383 379  Al'  v2(1204) 
 464  A1,  v2(PO4) 

          Oc.,./"Cc?  510bw  510bw B2,  v4(F04) 510w 505  .  Al,  v4(PO4) 
                  880w 882w B2,  vi(PO4)  874w 870  Ai,  vi(PO4)        

. 
965w  B2,  6  (OD)  974w 973  A1,  6  (OD) 

                    92 94 E, lattice mode 94 95 Bi, B2, lattice mode            a 
yZ Tyrc                     113  114 E

, lattice mode 115 118  B1, B2, lattice mode 
                                                      142  144  B11, B2, lattice node 

                    184 185 E, lattice mode  174 176  B1, B2, lattice mode 
                                                                    209  B1, B2, lattice mode 

 T<  TT  , 245 B1,B2,lattice mode 
                                                353 352 B1,  B2,  v2(R04)             Okyz + 0( ,s.,               `" 381w 382w E ,  v2(PO4) 379 379  81, B2, v2(PO4) 

                          458w E,  v4(PO4) 448w  447 B1,  B2,  v4(PO4) 

                                                    470s  470 B1,  B2i v4(PO4) 

                  516 516 E,  v4(1,04) 505 505 B1,  B2, v4(PO4) 

 546s  546s  E,  v4(PO4)  •53 551 B1,  B2, v4(PO4) 

 561 561  B1,  B2, v4(PO4)                 
. 722 B

1,  B2 ? 

' 

                                       793 12B?                                                                    -1'2 • 

 880w  881w_  E, v1(PO4)'871 870 - B1,B2,v1(PO4) 

 . 

 940 961 B1, B2  6  on)) 

                   970w 970w  'E,  5  (00)  .9.70:s 970 B1, B2  S (op) 
                                                 1018 1018 B1, B2, v3(PO4) 

                                                             1103 B1,  B2,  v3(PO4) 

• 
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                                   Table 5-5 

                              Raman Active  Mode Frequencies  in  NH4112PO4  (Te1480 
  . ...s 

 Raman Tensor                                295K  200K 152K Mode Assignment 
                             Component 

                         Qyy  182cm-1  182cm-1  181cm-1 B1,lattice mode 
 340  341  341  A1,  v2(PO4) 

 401  402  404  .  B1,  v2(PO4) 

 481  483 483 B1,  v4(PO4) 

                             542b 544b 546bAl' v4(PO4)  •

• 

                        921  924 926  Al'  v1(PO4) 

                  (X zz 341  344  ,  344 A1,  v2(PO4) 
                               400bw 400bw  400bw  Al'  v2(PO4) 

                         921 924 926 A1,  v1(PO4) 

                                         - Rayleigh Wing  ("-160) -  B2, lattice  mode?                         0(
yx 
                           204 207 209  B2, lattice mode 

 401 402  404 B2'v2(PO4) 

                                         - Rayleigh Wing ("1.60) - E, lattice mode?                         a 
yz 

                        68 68 68 E, lattice mode 

                           121 125 128 E, lattice mode 

                           175 176 177 E, lattice mode 

                                     189 190 E, lattice mode 

                            295w 298 299 E, lattice mode 

                         542 544  546  E,  vii(PO4) 

                           580s  5808 590  E,  v4(PO4) 

                                                                                           • 

• 
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                             Table  5,-6 

                Spectral Decomposition of the PO4 ion in the  Crystal  Yield. 

                  Site Symmetry  Molecular Symmetry Crystal Symmetry 

 S4 Td D2d 

         (DI +0( a ) A  Al (C(xx4450Cgzz)             xx yy1 zz %.,,
,, ,„ ..... Al     61

. A2 

       [1xx yy )             B E  B ( -q7)                                     1 xx              el P 

                                           (CP)                      F2 B2xy'z 

      [C( yz ' dz.] rxyz,  Ocl        E r2 E 

    Px,PyP, P 

           Table 5-7 _ 

                  Spectral Decomposition of the PO4 ion in the Crystal  Field. ' 

  .ei 

                   Site Symmetry  Molecular Symmetry Crystal Symmetry 

     C2 Td C2v 

. 

             rxix"(Xy'y'4zz .......„..../111 • [0(xtxl a 0(y171               Vxtyl a Pz A ...'.'".. .„„....„.. Al Ozz' Pz                  E 4/ ' 

                                 Ai/r. A2 (0(x,y,) 
            [elysz' Ilzx') 22 -Iiii......_ 131 (Oix" P20) 

                               B 

          P , P F AMMIMMIIII""--- B (0( . P )       xt y' 2 . 2 y's 50 

                             Table  5-8 

                                 The Parameters (cm-1)  in KDP 

             maPara .0PbLA       Temp. K.bbb 

            295 104 425 192 163 47 17.1 98 

            250 103 441 180 165 47 11.7  104 

            200 94  445 164 165 46 10.9 105 

           175 92 444  141 169 63 14.7 107 

                                                              • 

           150 86 456 142 170 72 11.1 106 

           130 70 478 115 171  54  11.1 109 

                                                                                                                                                                                     _ 

            126 70 485 138 171 54 10.9 109 
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Temp. K
 coa  Pa ra b

pb rb

295  104 425 192 163 47 17.1 98

250 103 441 180 165  47  11.7  104

200 94 445 164  165 46 10.9 105

175 92  444  141 169 63 14.7 107

150 86 456 142 170 72 11.1 106

130 70 478 115 171 54 11.1 109

126 70 485 138 171  54 10.9 109



                          Chapter 6 Discussion and Conclusion 

        1. Discussion 

        1-1 Far-Infrared and Raman Spectra 

            In the paraelectric KDP, the modes of both B2 and E  gymmetries are 

        infrared and Raman active. Thus 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 disagreements are pointed out in the following. For example, 

       while five bands are observed in the far-infrared spectrum of E symmetry 

        in the region below 300  cm  1, 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  tliOretical 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 frequency and the 

        relatively small 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-1. These 

        bands are attributed to the  PO4 ion internal modes. 

        ii) The additional band is also observed near 160  cm  1 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 observed only in the infrared spectrum but not 

         in the Raman spectrum. 

             These facts indicate that the deuteration causes a significant 

        distortion of lattice and  PO4 tetrahedra. If this is the case the 

         selection rules for DKDP may differ from those for KDP. Skalyo et a1.1) 

         have shown, in their neutron scattering experiments on DKDP, the  exist-

         ence of large distortional motions of oxygen tetrahedra and the deute-

         rium atom movements along the c axis in the paraelectric phase. 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.2)                                           The evidences 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 and 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 

        Hamiltonian and following  Tokunaga3) 

 H  =  -  (20) X.
1-iJZiZ.(6-1)  Tj 3  ij 

               1         whereZ1.±2ol+--represents a dipole along the  ferroelectric c axis, QT is 
        the tunneling frequency, J.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-

        nations. Tokunaga et  al.4) introduced  IK+-(P04)-3] dipoles as  Z., 

        where the motions of these dipoles  instantaneously follow those of 

 proton  motions. This is a necessary deduction from the fact that the 

        proton displacements are at right angles to the c axis. The dynamical 

        properties of this  model3) indicate the displacive type behavior.  The 

        essential one is the proof of the existence of a collective proton mode 

         with the temperature dependent frequency such as 

                             w2  m (T -  Tc).  (T>Tc) (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 existence of a low-frequency dispersion below 20  cm  1. The Raman 

         spectra of DKDP show the  high-frequency tail in  X" falling off more 

         gradually than  w1. It may be a  Debye type dispersion in the case of 

         DKDP. Microwave measurements of Hill et  a1.5) .on DKDP show that x" 
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        has a Debye form with a 300 K peak at 1  cm  1, which is beyond the range 

         of the present experiments. 

 Kobayashi6) proposed a coupled proton-phonon mode model in which 

        the collective proton mode couples to the polar lattice mode of 

         IK-(PO4)] sublattice as shown in Fig. 1-2. This polar mode produces a 

         dipole moment along the c 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 
                                wPTO                                       TO 

                              w2 = B(T - Tc) (T>Tc) 

         where  wTO 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 displacive type ferroelectrics. 

                                                      that 
              It  has  been noted in the preceeding  chapters  two bands are observed 

         in both Raman and far-infrared spectra of B2 symmetry in KDP in the  pare 

 -

         electric phase below 300  cm-1. These bands are the ferroelectric mode 

         and the band near 200  cm  1. Below Tc the ferroelectric mode disappears 

 And the other one near 200  cm  1 remains in both Raman and infrared 

         spectra. On the  other hand the group theoretical analysis predicts 

         only one translational vibrational mode of  fK-(PO4)] sublattice which 

         belongs to B2 symmetry species of D2d group for  T>Tc. The observed 

         band around 200  cm  1 above T
cis 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 

 IK  -(P04)-3] dipole or a coupled proton-phonon mode. If the latter 

       case, the ferroelectric mode can be assigned to  w_ mode and the band 

       near 200  cm  1 to  w+ mode. 

            The effect of deuteration on the ferroelectric mode is clearly 

 observed. The deuteration with its heavier mass reduces the frequency 

       of tunneling motion and causes a reduction of the frequency of the 

        collective tunneling mode or the coupled proton-phonon mode. Thus the 

        present results are consistent with the collective tunneling mode 

 model3) or the coupled proton-phonon mode  model.6)                                                            Below  Tc the  ferro-

        electric mode becomes unstable and the frozen out displacement of the 

        ion produces a large spontaneous polarization along its c axis. Further 

        study 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. If 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 bands below 200  cm  1, 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 large spontaneous polarization along 
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       its c axis is the  le-(P04)-3] dipole or frozen out displacements of 

       B2 mode, i.e., displacements of IK-(P04)] sublattice. In wider sense 

       the coupling of the collective tunneling mode to EK-(P04)] sublattice 

       motion is also essential to the ferroelectric phase transition. 

       1-4 Antiferroelectric ADP 

            The broad low-frequency band is observed in both far-infrared and 

        Raman spectra of B2 symmetry. And also a broad low-frequency band is 

       observed in the spectra of E symmetry. When the temperature is lowered 

        to Tt these bands become intense and shift to lower frequency. As 

       discussed in Chap. 3 it seems that in the antiferroelectric ADP the 

        zone boundary lattice vibrational mode becomes unstable6-8) and the 

        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 tunneling modes transform 

        as  A2, B2 and E symmetry species of D2d group and can interact with 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 similar manner to the ferroelectric mode of B2 symmetry. If this is 

        the case E type proton mode interacts with  1K+-(P04)-3] dipole along its 

        a axis or the lattice vibrational mode of E symmetry. It is worth 

        noticing that the spectrum of E  symmetty 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 polarized infrared and Raman spectra of ferroelectric KDP and 

,/ DKDP have been measured in both paraelectric and ferroelectric phases 

          as a function of temperature: those of ADP only in the paraelectric 

           phase. 

              The frequencies and the symmetries of most of the observed bands 

          have been determined in both phases. The correlation of the modes from 

 one phase to the other is also  established. The mode assignments of the 

          observed bands have been made with the aid of the group theoretical 

 analysis. The  PO4 ion in these crystals has been found to behave as an 

         individual molecule slightly deformed by the crystalline field and the 

          bands due to the internal vibrations of  PO4 have been determined. 

               The ferroelectric mode behavior has been observed in the spectrum 

          of B2symmetry for KDP in the paraelectric phase. The data are consist-

               ent with  the collective tunneling mode model or the coupled  proton-

          phonon mode model. In DKDP the corresponding band has not been observed 

          but the data have suggested the existence of a low-frequency dispersion 

          below 20  cm  1 in the paraelectric phase. The deuteration effect on the 

          ferroelectric mode behavior has also confirmed that the models of KDP 

          based on the collective tunneling mode are appropriate. 

              The evidences 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  phenomena  have been seen in the spectra 

          indirectly through their coupling to the other crystalline  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 for deuteron. It casues a change in the selection 

        rules for infrared absorption and  Raman scattering. 

             In the antiferroelectric ADP the low-frequency broad E mode has 

        been found. This mode is able to be attributed to the E type  collec-

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

        It seems that the zone boundary lattice vibrational mode becomes  unsta-

        ble at the antiferroelectric phase transition and E mode has nothing to 

        do with  the'phase transition. 

             Finally,  it seems probable that the essential excitation which 

         causes the ferroelectric phase transition in KDP is the collective 

         tunneling mode and the dipole system which produces a large  sponta-

        neous polarization is the displacement of  [K-(PO4)] sublattice. 
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