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The hyper-Raman spectra of the hydrogen-bonded ferroelectrics PboHPO, (LHP) and PbDPO,
are measured. The very weak intensity of the second-harmonic generation indicates that the space
group of LHP in the paraelectric phase is centrosymmetric P2/c. The expected four B, (X, Y) lat-
tice modes in the paraelectric phase are all observed by hyper-Raman scattering for both com-
pounds, but they do not show the softening. Therefore, the softening mode that was observed in the
ferroelectric phase is assigned to the 4, mode. On the other hand, the very strong relaxational cen-
tral modes with B, symmetry are found by hyper-Raman scattering for both compounds in the
paraelectric phase. It is concluded that the phase transition in PboHPO, and PbDPO, is of the
order-disorder type. The softening of the A, lattice mode in the ferroelectric phase can be well elu-
cidated by the coupling with the central mode for both compounds. The wave-vector dependence of
the central mode shows that one-dimensional properties of PbHPO, are very weak.

I. INTRODUCTION

The hydrogen-bonded ferroelectrics PbHPO, (LHP)
and its deuterated isomorph PbDPO, (DLHP) cause the
ferroelectric phase transitions' around 310 and 452 K, re-
spectively. This large isotope shift of phase-transition
temperature (T ) suggests that the proton dynamics plays
an essential role in the phase-transition mechanism for
LHP as well as for the other hydrogen-bonded ferroelec-
trics. Furthermore, the PO, ion group links one dimen-
sionally by the hydrogen bonds along the ¢ axis, as shown
in Fig. 1, where the spontaneous polarization P, is caused
nearly along the direction of the hydrogen bond. Thus, it
seems that LHP is one of the most suitable compounds to
study the role of the proton dynamics on the isotope
effect of T.

A lot of experiments have been performed in LHP, but
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FIG. 1. Crystal structure of LHP projected onto the a-c
plane. —-@-0 — denotes the hydrogen bond where a proton ex-
ists in either of the two sites.

many problems exist in the basic properties. The experi-
mental results seem to be inconsistent with each other.
First, the crystal structure in the high-temperature phase
is not clear. Negran et al.! assumed that the space group
is to be P2/c (C%,) in the paraelectric phase and
Pc (C%) in the ferroelectric phase. On the other hand,
Nelmes et al.? reported that its crystal structure remains
Pc above T,, though their detailed studies for the crystal
structure have not been reported. In fact, several experi-
ments® > suggested that it belongs to acentric Pc. How-
ever, the previous works of hyper-Raman scattering® and
the second-harmonic-generation (SHG)’ measurements
show that the space group of LHP crystal belongs to cen-
trosymmetric P2/c. Recently, Ermark et al.® reported
that short-range ferroelectric order exists in the paraelec-
tric phase due to the orientated defect in the crystal.
Second, the type of soft mode related to the ferroelec-
tric phase transition is not clear in LHP. The Raman
spectra®*® show that the displacive-type softening mode
exists clearly around 50-80 cm™! in the ferroelectric
phase of LHP [see Fig. 12(a)], though its softening is lim-
ited to about 50 cm ! and the softening in DLHP (Refs.
3 and 4) is very little. This soft mode damps heavily with
increasing temperature and disappears near T.. The
complex dielectric constant! in the gigahertz region also
supported the same conclusion. In this sense, the phase
transition of LHP is of a displacive type. However, Ra-
man spectra’”* also show a relaxational mode as well as
soft lattice mode. The recent complex dielectric measure-
ments'! of LHP and DLHP show the dielectric critical
slowing down in the paraelectric phase. The hyper-
Raman spectra® also show the relaxational-type central
mode in the paraelectric phase. From the point of view
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of the relaxational mode, LHP causes the order-
disorder-type phase transition. As a result, two types of
conflicting modes, that is, relaxational and soft lattice
modes, coexist in LHP.

Third, there is no clear experimental evidence that
LHP is a one-dimensional ferroelectric, though the hy-
drogen bond links one dimensionally in the crystal struc-
ture. Recent static dielectric measurements!! show that
the one-dimensional dielectric property is not found,
though very slight deviation'? from the Curie-Weiss law
seems to exist.

In this study, we will examine the centrosymmetry of
the crystal structures of LHP and DLHP by measuring
the hyper-Raman spectra. We are also interested in the
soft mode in the paraelectric phase by means of hyper-
Raman scattering, because it has not been found in the
paraelectric phase. If a softening lattice mode exists in
the paraelectric phase, it is very interesting to know the
relation between the softening lattice mode and the relax-
ational mode. Furthermore, it is more important to re-
veal the relation between the soft mode and the proton-
tunneling mode. Because the symmetry of the ferroelec-
tric soft mode related to the phase transition is B, (X, Y)
in the paraelectric phase, this soft mode is active in
hyper-Raman and inactive in Raman scattering. Thus,
hyper-Raman scattering is the very suitable experimental
technique for studying this mode. Next, one-dimensional
dielectric properties will be examined by the wave-vector
dependence of the central mode of LHP, which corre-
sponds to the diffuse scattering measured by the neutron
scattering around the I" point, though it has not been per-
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formed so far. The wave-vector dependence of the cen-
tral mode by means of the hyper-Raman scattering'® has
been successfully studied for the hydrogen-bonded fer-
roelectric CsH,PO,, because its one-dimensional property
has been confirmed.

The unit cell of LHP is shown in Fig. 1. The factor-
group analysis predicts 74'(X,Y)+8A4"(Z) optical lat-
tice modes in the ferroelectric phase and
34,+4B,(X,Y)+24,(Z)+6B, modes in the paraelec-
tric phase for LHP, as shown in Table I, if only the
motions of Pb>* and PO,>~ are considered. On the other
hand, proton modes are divided into 3B,(X,Y) and
3A4,(Z) modes. The energy of the proton mode is gen-
erally higher than that of the lattice mode because of its
light mass. However, the proton-tunneling mode be-
comes a soft mode and can exist in the low-frequency re-
gion of the lattice modes, when it couples with the lattice
mode, as suggested in the phase-transition mechanism of
KH,PO, (KDP) by Kobayashi.'* For LHP, the “fer-
roelectric soft mode” will be included in the B,(X,Y)
modes for the paraelectric phase and in 4'(X,Y) modes
for the ferroelectric phase, because the spontaneous po-
larization is caused in the a-c plain. Here, the “ferroelec-
tric soft mode” means the softening lattice mode that
causes the spontaneous polarization in the ferroelectric
phase for the displacive-type phase transition and the
polarization-fluctuation mode for the order-disorder-type
phase transition. The Raman ( 4,,B,) and hyper-Raman
(A,,B,) tensors in the paraelectric phase are given as
follows:

4, B, B,(X,Y) 4,(2)

a d 0 0 0 e g i j 0 0 ! 0O 0 0 p n O
d b 0 0 0 f I h kK 0 0 0 o p O
0 0 ¢ e f O 0O 0 0 k£ j O n o m 0 0 p

A'(X,Y) and A"(Z) modes in the ferroelectric phase are active in both Raman and hyper-Raman scattering;

A'(X,Y) A"(Z) A'(X,Y) A"(Z)

a d 0 0 0 e g i j 0 0 ! 0O 0 0 p n O
d b 0 0o o0 f ! h kK 0 0 0 0 0 o p O
0 0 ¢ e f O 0O 0 0 k j O n o m 0 0 p

II. EXPERIMENT

Single crystals'"!? of LHP and DLHP were grown at
40°C by the gel method with tetramethoxysilane as the
gel-forming agent. The deuteration rate of DLHP is es-
timated to be more than 96%. The optical quality of the
crystals is very good, though they contain small in-
clusions in the center. Crystals were heated in air to 500
K for LHP and to 600 K for DLHP. There is no change
in the optical quality of the LHP crystal. However, the
DLHP crystal gradually becomes opaque at temperatures
above 500 K for several hours. Though Lockwood et

al.>? reported the change in quality of LHP above 410 K,
this change is not observed by us except for a very small
anomaly at 410 K in the integrated intensity of the cen-
tral modes and SHG (see log,,I, around 410 K in Fig.
11). Ermark et al.® pointed out that the orientation of the
defects exist in the crystal that was grown in the fer-
roelectric phase. However, the LHP crystals were grown
in the paraelectric phase, so such defects do not seem to
exist in this study.

Single crystals were cut into rectangular shapes of
about 3X6X1 mm’ in LHP and 2X3X0.5 mm?® in
DLHP. The direction of each face was parallel to each
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TABLE I. Factor-group analysis of LHP.

T<T, T>T. Translational Librational H Internal
A'(X,Y) A, 2 1 5
B,(X,Y) 2 2 3 4
A"(Z) B, 4 2 4
A4,(Z) 1 1 3 5

crystallographic axis of ¢, a’, and b, where a’ is a
pseudo-orthorhombic axis perpendicular to the b-c plane.
All faces of these crystals were polished to give them op-
tically flat surfaces. To define the polarization of hyper-
Raman spectra, the orthogonal Cartesian-coordinate sys-
tem X-Y-Z was used where X, Y, and Z axes were taken
parallel to the crystal axes ¢, a’, and b, respectively, as
shown in the parentheses in Fig. 1.

An acoustic Q-switched neodymium-doped yttrium
aluminum garnet (Nd-YAG) laser was used as a light
source. The wavelength was 1.06 um and the peak power
of the pulse was about 20 kW at 1 kHz. The polarized
laser beam with a single mode was focused into the sam-
ple by a lens of f=100 mm. A double-grating mono-
chromator (Jasco, CT1000D) was used with a slit width
of 100 um that gave the resolution of about 1.2 cm™~!. As
a detector, PIAS (photon-counting two-dimensional im-
age acquisition system, Hamamatsu Photonics K.K.) was
used. Since the intensity of the hyper-Raman-scattering
light was very weak, a gated photon-counting system was
also used to reduce the dark-count levels of the PIAS.

As a light source of the Raman scattering, SHG (532
nm) of the YAG laser was used. A KTiOPO, (KTP)
crystal that was mounted on the kinematic bases was in-
serted into the optical pass of the YAG laser, in order to
get the SHG exactly following the optical pass of the
YAG laser. This light source'® conveniently enabled us
to use the same spectroscopic system that was used for
the hyper-Raman measurement. A gated photon-
counting system with a photomultiplier was used.

III. RESULTS AND DISCUSSION

A. Lattice modes

Figure 2 shows the Raman spectra of LHP that are
measured at 296 K in the ferroelectric phase and at 315
and 363 K in the paraelectric phase. Two prominent A,
bands are seen around 100 and 172 cm™~!. These Raman
spectra are consistent with the results of Lockwood et
al? 1t should be noted that the last 4, band is not
found, though the three A, bands are anticipated by the
factor-group analysis. The several small structures found
in the spectra are the leaked modes that have different
symmetries. The structures marked by the asterisk be-
long to the B, modes and the structure marked by the
vertical line is the B, mode, as discussed later. At the
lower teperature, a prominent structure is found at
around 77 cm™! in the Raman spectra? [see Fig. 12(a)].
This structure has the characteristic temperature depen-

dence that its frequency becomes softened and its width
becomes wide toward T ..

On the other hand, the B, (X,Y) lattice modes are
measured at 315 K for the three scattering configurations
Y(XX,X)Z, Z(YY,Y)X, and Y(ZZ, X+ Y)Z by hyper-
Raman scattering, as shown in Fig. 3, where the first two
letters in the parentheses denote polarizations of the two
incident photons and the third is the polarization of the
scattered photon. The abscissa is the frequency shift
from 2w, where w is the frequency of the incident laser
beam. As shown in Y(XX,X)Z configuration in Fig. 3,
the four lattice modes are clearly seen at 114, 142, 161,
and 207 cm™!. In the case of the Z(YY,Y)X
configuration, the structure at 114 cm ™! is shifted to that
at 106 cm~!. A very weak and broad structure is seen
around 250 cm ™!, Since the structures at 161 and 207
cm ! are not found in the Z(YY, Y )X configuration, they
have the polarization parallel to the ¢(X) axis and the
structures at 114 and 142 cm ™! have the polarization
parallel to the a’(Y) axis. These four B,(X,Y) lattice
modes in the hyper-Raman spectra partly correspond to
the lattice modes assigned by the infrared'® and Raman?
measurements in the ferroelectric phase, as shown in
Table II. However, the soft lattice mode around 77 cm ™!
that is assigned to the B, (X,Y) mode by the Raman?® and
infrared!® measurements cannot be found in hyper-
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FIG. 2. Temperature dependence of the A4, lattice modes
measured by Raman scattering in the Y(XX)Z configuration.
Structures marked by an asterisk are the leaked B, modes. The
structure marked by the tic mark is the B, (X, Y) mode.
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FIG. 3. The hyper-Raman spectra measured in three

different B,(X,Y) configurations at 316 K.

Raman spectra at all.

Figure 4 shows the temperature dependence of the
B,(X,Y) lattice modes. Since the prominent frequency
shift cannot be found, the softening lattice mode does not
exist in the paralelectric phase, in contrast to the Raman
spectra? in the ferroelectric phase. The extremely broad
band at 244 cm ™! becomes a little stronger at the high
temperature, so that this mode will be the higher har-
monics. This structure becomes much stronger in the
hyper-Raman spectrum of DLHP at 490 K.

Figure 5 shows the B,(X,Y) lattice modes of DLHP in
the paraelectric phase measured at 490 K by hyper-
Raman scattering. The lattice modes are seen at 114,
138, 157, and 203 cm !, which have a lower frequency by
about 4 cm ™! than those of LHP. Thus, these four
B,(X,Y) modes are not proton-tunneling modes, since
the prominent isotope shift does not exist.
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FIG. 4. Temperature dependence of the B,(X,Y) lattice
modes of LHP measured in the Y(XX,X)Z and Z(YY,Y)X
configurations.

The four B, (X,Y) lattice modes that are anticipated
by the factor-group analysis are entirely found in the
hyper-Raman spectra. Furthermore, these modes are not
ferroelectric soft modes. If the 77-cm ™! soft mode be-
longs to the B, mode, this mode should be found in the
hyper-Raman spectra. However, this mode cannot be ob-
served by hyper-Raman scattering. Therefore, it is con-
cluded that the symmetry of this soft mode in the Raman
spectra is not B, (X, Y) and should be assigned to the 4,
mode. The structures at 100 and 172 cm ™! have always
been assigned to the 4, modes in the Raman and in-
frared measurements. However, the last A, mode has

TABLE II. The assignments of the 4B,(X,Y) and 3 4, lattice modes of LHP by means of hyper-
Raman scattering at 316 K in the Y(XX,X)Z configuration, Raman measurements (Ref. 2) at 315 and
10 K in the Y(XX)Z configuration, and infrared measurements (Ref. 16) at 4 K. No structure can be
found in the energy regions labeled by an asterisk, though a structure has been found by other measure-

ments.
Hyper-Raman Raman Raman (Ref. 2) Infrared (Ref. 16)
316 K 315 K >T.> 10 K 4 k
* * 77 (B,) 79 [B,(c)]
100 (4,) 102 (4,) 100 (4,)
114 [B,(a)] 122 (B,) 112 [B,(a)]
142 [B,(a)] 147 (?) 148 [B,(a)]
* 165 (4,) *
161 [B,(c)] 171 (B,) 168 [B,(c)]
172 (4,) 178 (4,) 187 (A,)
207 [B,(c)] 229 (B,) 229 (4,)
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FIG. 5. The B,(X,Y) lattice modes of DLHP measured by
hyper-Raman scattering at 490 K in the Z(XX,X)Y and
Z(YY,Y)X configurations.

not been definitely found in the paraelectric phase by Ra-
man scattering. From the measurement of the Raman
scattering’ at 10 K, the very weak structure at 164.6
cm ! has been assigned to the last A, mode. However,
this structure can be seen only in the Y(XX)Z
configuration and cannot be seen in the infrared measure-
ment,'® so that this structure may be associated with im-
purities or may be a combination band as is often seen
weakly in the polarized Raman spectrum. Though the
structure at 229 cm ! has been assigned to the last A4,
mode by means of infrared measurement, ' this mode has
been assigned to the B,(X,Y) mode by Raman and
hyper-Raman measurements. Therefore, if the 77-cm ™!
structure belongs to the 4, mode, the assignments of the
other structures by means of all three measurements be-
come consistent with each other.

The infrared'® and Raman®? measurements show that
the direction of polarization by this softening lattice
mode is along the c axis in the ferroelectric phase rather
than the a’ axis. On the contrary, the direction of spon-
taneous polarization is almost along the a’ axis. This fact
suggests that this softening mode is not directly related to
the ferroelectric phase transition.

In the Raman spectra shown in Fig. 2, a B,(X,Y)
mode is slightly seen around 140 cm™! even in the
paraelectric phase. This fact has been already suggested
by Lockwood et al.? From this fact, they concluded that
the crystal structure does not change through the phase
transition. However, the SHG measurements®’ (see also
Sec. III B) clearly show that the crystal structure in the
paraelectric phase has centrosymmetry, while that in the
ferroelectric phase does not have centrosymmetry. From
the point of view of the order-disorder phase transition,
the structure belonging to the ordered phase is often seen
even in the disordered phase, because the disordered “mi-
crodomains” that do not have a real inversion center ap-
pear momentarily in the paraelectric phase. These “‘mi-
crodomains” appear according to the ferroelectric corre-
lation length that is decided by the statistical mechanics.
For example, it is well known that the infrared active

modes appear in the paraelectric Raman spectra!’ of
NaNO,, whose phase transition is of the order-disorder
type. In the case of internal modes, the forbidden-
infrared-active modes have been observed in the Raman
spectra very often.'®

The two A4,(Z) modes of LHP are seen at 141 and 177
cm™! for Y(ZZ,Z)X configuration, as shown in Fig. 6.
These structures are consistent with the results of the
infrared-absorption measurements.'®

B. Central modes

Figure 7 shows the hyper-Raman spectra of LHP in
the energy region of the SHG and the central mode. The
SHG scattering that has the same linewidth as the resolu-
tion cannot be seen near T, and is weakly seen at high
temperatures far above T,. It is clear that the crystal

X 21
LHP 0

331K

HYPER-RAMAN INTENSITY (arb.units)

-70 0 70
FREQUENCY SHIFT(cm)

FIG. 7. The transverse central mode observed by hyper-
Raman scattering of LHP in the Z(YY, Y )X configuration.
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structure of LHP has centrosymmetry. That is, the space
group of LHP is P2/c in the paraelectric phase. Since
the SHG intensity of LHP is as weak as that of the “per-
fect” ionic crystals in the hyper-Raman spectra,'® the op-
tical quality of LHP is found to be very good. The weak
SHG may be caused by the defects that cannot be re-
moved in the crystal.

The central modes of LHP are very strong compared
with the lattice modes. It is found that the peak intensity
of the central mode drastically increases and its half-
width becomes narrow as the temperature decreases to-
ward T,=310 K.

The central modes of DLHP are also shown in Fig. 8.
The linewidth is much narrower than that of LHP. The
SHG intensity of DLHP is also very weak.

The central mode does not become an underdamped
phonon even at very high temperatures far above T..
Each central mode is well fitted by a Lorentzian, as
shown by the solid line in Figs. 7 and 8. Therefore, the
central mode can be represented by the relaxational mode
whose line shape is given by

kT T

I{w) p x(0) T o (1)
Here, 7 is the relaxation time. In the previous hyper-
Raman study,® the line-shape analysis of I(w)w?® has
shown that the central mode of LHP is the relaxational
mode (see Fig. 4 in Ref. 6). In this study, the line-shape
analyses are performed in LHP and DLHP at very high
temperatures, leading to confirm again that the central
mode is the relaxational mode (the figures are not shown).

In the paraelectric phase of LHP, the soft lattice mode
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FIG. 8. The transverse central mode observed by hyper-
Raman scattering of DLHP in the Z(YY,Y)X configuration.
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does not exist and the very strong relaxational mode does
exist. Therefore, it is concluded that the phase transition
in LHP and DLHP is of the order-disorder type.

Since each central mode is well fitted by a single
Lorentzian, the distribution of the relaxation time is very
narrow. This result is consistent with that of the dielec-
tric measurement.'!

The small solid circles in Fig. 9 are the inverse relaxa-
tion times, 7~ ! that are obtained by the half-width of the
Lorentzian fitted to the central modes of LHP. It is
found that the temperature dependence of 7~ ! is in pro-
portion to the temperature as 7=7,T,./(T—T,), where
70=1.6X10" ¥ sec and T, =310 K, as shown by the solid
line of Fig. 9. Therefore, the temperature dependence of
7~ ! of LHP follows the Curie-Weiss law. Thus, the one-
dimensional dielectric properties seem to be weak in
LHP, if any, because the deviation from the Curie-Weiss
law cannot be observed. The estimated 7, are very simi-
lar to those obtained by infrared®® and dielectric'! mea-
surements, as seen in Table III.

The open circles in Fig. 9 also show the relaxation time
of DLHP. The solid line is 7=7,T,/(T—T,), where
To=4.5X 107" sec, and T, =457 K. The DLHP crystal
becomes opaque at high temperatures. Therefore, the re-
laxation times may deviate from the Curie-Weiss law at
high temperatures. In the case of x(0), which will be dis-
cussed later (see T /I, in Fig. 11), the measuring time is
short, so that the crystal quality may not be changed and
x(0) of DLHP well follows the Curie-Weiss law in con-
trast to 7.

In the ferroelectric phase, relaxational central modes
become Raman active. In fact, relaxational central
modes are observed in the Raman spectra.>? The 7, that
is evaluated from these Raman spectra* for LHP and
DLHP in the temperature region around 7T, is consistent

w

' (10 sec™)
N

400 500
TEMPERATURE(K)

600

FIG. 9. Relaxation times of LHP for the transverse central
mode (small solid circles) and the longitudinal-mixed central
mode (large solid circles) measured by hyper-Raman scattering.
The solid line is 7=1.6 X107 T./(T—T,) sec, where T, is
310 K. The dashed line is 7=1.6X10" 3 T.A(T—T.+LT./2)
sec, where the depolarization field LT, is 220 K. Open circles
are the relaxation times of DLHP for the transverse central
mode. The solid line is 7=4.5X 107" T, /(T —T.) sec, where
T, is 457 K.
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TABLE III. The relaxation times of an isolated dipole, 7, (10™"* sec), in LHP and DLHP.

Infrared Dielectric
(Ref. 20) (Ref. 11) Hyper-Raman
LHP T<T, 0.42
T>T. 1.7 1.9 1.6
DLHP T<T,
T>T. 2.5 4.5

with the 7, that is obtained by the other experimental
methods as shown in Table III. However, it is curious
that the relaxational modes in the Raman spectra’~* do
not obey the Curie-Weiss law.

As shown in Fig. 3, the very strong central mode cen-
tered at 0 cm ! is clearly observed in the Z(YY,Y)X
configuration. ~ However, in the case of the
Y(ZZ,X + ZZ,Y)Z configuration, the central mode is
very broad and weak. On the other hand, in the
Y(XX,X)Z configuration, the central mode cannot be
found. That is, the central mode has the very strong
configuration dependence. Since the direction of spon-
taneous polarization is nearly along the a’(Y) axis,?' the
central mode is strong in the Z(YY,Y)X configuration,
where Y polarization is caused, while the central mode is
absent in the Y(XX,X )Z configuration, where X polariza-
tion is caused.

Because the central mode is the polarization-
fluctuation mode, both transverse and longitudinal modes
exist in the central mode. Figure 10 shows the central
modes in the Y(ZZ, Y)Z configuration. This spectrum is
the longitudinal-mixed central mode, while Figs. 7 and 8
show the transverse central mode. The half-width of the
longitudinal-mixed central mode is much broader than
that of the transverse one and its intensity is much weak-
er. The large solid circles in Fig. 9 represent the temper-

Y(zz,Y)Z

INTENSITY(arb.units)

100
FREQUENCY SHIFT(cm™)

FIG. 10. The longitudinal-mixed central mode observed by
hyper-Raman scattering of LHP in the Y(ZZ,Y)Z
configuration.

ature dependence of 7~ ! for the longitudinal-mixed cen-
tral mode, which also follows the Curie-Weiss law,
1~ !'=C/(T—T,). The parameter C is the same value as
that in the case of the transverse configuration. Howev-
er, T, is 200 K, which is very different from T, =310 K.

It is known that the central mode has a wave-vector
dependence due to the depolarization field, when it is
caused by the polarization fluctuation. In this case,
x(0,q) is written as follows:??

1
T—T,+LT.(q,/q)?

x(0,q9)~ ()

It is known that x(0,q) is proportional to 7(q). Thus, the
depolarization field LT, of LHP is obtained to be 220 K
(dashed line in Fig. 9). For KDP, which is a three-
dimensional ferroelectric, LT, was evaluated to be 60-90
K.?»3 On the other hand, LT, of CsH,PO, (CDP),
which is one-dimensional ferroelectric, is evaluated to be
1555 K.!* In the case of the one-dimensional ferroelec-
trics, LT, is large, becuase the anisotropy due to the
one-dimensional correlation length enlarges the LT,
value. Thus, since LT, is not so large in LHP, it is found
that the one-dimensional correlation length in LHP is
small.

However, there is a problem with determining the ori-
gin of the polarization fluctuation. The structure analy-
ses by means of x ray and neutron scattering are not
sufficient for LHP. Therefore, we tentatively assume the
distorted PO, ions, each of which has a permanent dipole
moment for the origin of the polarization fluctuation.
This mechanism has been supposed for the KDP (Ref.
24) and CDP (Ref. 25).

The temperature dependences of the total intensity I
of the central mode and SHG are measured with the
spectral resolution of 100 cm ™!, as shown in the lower
parts of Fig. 11 for LHP and DLHP. Most of the intensi-
ty above T, results from the central mode because the in-
tensity of SHG is weak as shown in Figs. 7 and 8. How-
ever, most of the intensity below T, is due to SHG, be-
cause SHG is allowed in the ferroelectric phase. It is
known that I, /T for the central mode is in proportion to
the susceptibility y(0). One can see that the y(0) follows
the Curie-Weiss law Y~ '(0)~T—T, above T, for LHP
and DLHP rather than the quasi-one-dimensional static
susceptibility,?®” 2% as shown in the upper part of Fig. 11.

On the other hand, one can find that I, is proportional
toT.—Tin T <T,., as shown in Fig. 11. It is empirically
known’ that the intensity of SHG is proportional to the
spontaneous polarization P;. Therefore, it is concluded
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FIG. 11. Temperature dependence of the total intensity I, of
the SHG and the central mode for LHP and DLHP. I, below
T. corresponds to the spontaneous polarization P;. T /I, above
T. corresponds to the inverse susceptibility y ~'(0).

that P,~T,— T below T, in LHP and DLHP. Of course,
when the temperature is far below T,, the intensity of
SHG is varied with temepratures mainly according to the
phase-matching relation because the refractive index has
a temperature dependence. Smuty and Fousek®' have
measured P, whose temperature dependence is con-
sistent with our hyper-Raman results. The I, and T /I,
become zero from below and above T, respectively, and
are smoothly connected to each other at T, as seen in
Fig. 11. This fact suggests that the phase transition of
LHP and DLHP is of second order.

C. Coupling between the lattice and the central modes

Generally, the lattice mode that has the lowest vibra-
tional energy can be coupled more or less with the central
mode, when both modes belong to the same symmetry.
For CDP, this type of coupling has been studied in detail
by means of hyper-Raman scattering.!> As for the
Z(YY,Y)X configuration of LHP, the lattice mode at 106
cm ™! is shifted to the lower energy than those of the oth-
er configurations by about 10 cm~!. Because the central
mode is extremely strong in this configuration, the soften-
ing of the lattice mode is caused due to the coupling with
the central mode. However, the temperature dependence
of this softening is not so large, as shown in Fig. 4(b).
This fact shows that this coupling is not directly related
with the phase transition.

In the case of the ferroelectric phase of LHP, the cen-
tral mode becomes Raman-active. In fact, the central
mode is found in Raman scattering,’ though its intensity
is not so strong as in the hyper-Raman scattering. There-
fore, the A'(X,Y) lattice mode, which is the 4, mode in
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the paraelectric phase, can be coupled with the central
mode in the ferroelectric phase. The lattice mode around
77 cm ! may be strongly coupled with the central mode,
because this mode has the lowest energy among all the
A'(X,Y) lattice modes. As the microscopic coupling
mechanism is not known, we use the simplest coupling
form, as follows:
2 2 8%(T)

“t—_ 2 2 . ONl)
X, T) wy— o —iwy —ionT) "’ (3)

where & is a coupling constant and taken as
220000/(T,—T), T<T,—45K

2 —
84T) T>T,—45 K

" |const,

wy=284 cm~ !,

HT)=2.5X10"2/(T,—T) sec,
y=0.

Figure 12(b) is the example of the calculated results and
Fig. 12(a) shows the Raman spectra measured by Lock-
wood et al.? As shown in Fig. 12, the softening and the
broadening of the phonon are well elucidated by the cou-
pling. Therefore, it is concluded that the anomalous tem-
perature dependence of this mode is caused by the cou-
pling with the central mode.

Figure 13 shows the Raman spectra® of DLHP and
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FIG. 12. (a) The softening mode of LHP in the ferroelectric
phase that was measured by the Raman scattering in the
Y(XX + XY)Z configuration (Ref. 2). (b) The example of the
calculation of the A, lattice mode that is softened by the cou-
pling with the central mode.
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FIG. 13. (a) The softening mode of DLHP in the ferroelectric
phase that was measured by the Raman scattering in the
Y(XX)Z configuration (Ref. 3). (b) The example of the calcula-
tion of the 4, lattice mode that is softened by the coupling with
the central mode.

their calculated results. The used parameters are the
same as those of LHP except 7(7)=1.0X10" "' /(T,~T)
sec, which is longer than that of LHP. This fact shows
that the coupling mechanism of LHP and DLHP is the
same. Because the central mode of DLHP is narrow, the
softening of the lattice mode is not so large.

In the ferroelectric phase, 7(7T) of LHP has been also
obtained by the Brillouin®? and infrared”® measurements
tobe 9.33X10" " (T, —T) sec and 1.3X 10" " (T, —T)
sec, respectively. However, the evaluated values are
different from each other. Since longitudinal-mixed re-
laxation modes are measured by the Raman-scattering
configuration,? 7(T') is shorter than that of the transverse
relaxation time, which is measured by infrared measure-
ments.

The physical origin of the temperature dependence of
the coupling constant 8(7') cannot be understood. How-
ever, it is clear that this lattice mode takes part in the
phase transition anyway. We think that this softening
lattice mode may be the librational mode, because the li-
brational motion between the PO, ions is more easily
coupled with the central mode that is caused by the fluc-
tuation of the distorted PO, ion, rather than the transla-
tional mode.

However, there is a serious problem. That is, this 4,
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mode is missing in the paraelectric phase in all Raman-
scattering configurations,® though this band is clearly
seen in the ferroelectric phase. The detailed mechanism
has not been understood yet. However, since the polar-
ization fluctuation is very fast in this material, the relaxa-
tion time of the distortion of PO, ions is expected to be
fast. Therefore, the lifetime of the librational motion of
PO, ions may be too short to make a phonon frequency.
The existence of such a “missing” mode in the paraelec-
tric phase has been already known in KDP. In KDP, the
A, librational mode that is coupled with the relaxational
central mode is found in the ferroelectric phase by Ra-
man measurements.>> However, in the case of the
paraelectric phase, this mode cannot be found in the 4,
configuration.®* It is surprising that this 4, librational
mode appears with strong intensity in the B,(Z)
configuration, if the Tominaga’s assignment?*3’ is true.
Moreover, in the case of the hyper-Raman measurements
of KDP,'® this 4, librational mode has not been found in
any configuration. In contrast to KDP, the “missing”
mode in the paraelectric phase of LHP could not be
found in any configuration and any light-scattering
method.

It is well known that hydrogen-bonded ferroelectrics
have prominent isotope effect on T,. However, the
phase-transition mechanism has not been settled irrespec-
tive of a lot of theoretical and experimental efforts.* >’
An important problem is determining how much the pro-
ton tunneling plays a role in the phase-transition mecha-
nism. However, since the proton-tunneling mode has not
been experimentally found, the dynamics of the proton
have not been able to be understood. The phase transi-
tion of LHP is found to be caused by the polarization
fluctuation of distorted PO, ions, so that the proton dy-
namics must be coupled with this polarization fluctua-
tion, if the proton participates in the phase-transition
mechanism. Such a mechanism was proposed for CDP
(Ref. 38) and successfully elucidated the isotope effect on
T.. We think that the librational mode is closely coupled
with the protonic motion, namely tunneling or hopping
to the other site in the double well of the hydrogen bond,
because the librational motion varies the O—H - - - O dis-
tance. The shortening of the O—H - - - O distance may
bring about the proton tunneling. In the phase-transition
mechanism of LHP, the coupling among the proton dy-
namics between PO, ions, librational motion of PO, ions,
and the polarization fluctuations due to the distorted PO,
ions may be important.

IV. CONCLUSION

Irrespective of the prominent isotope effect on T, the
proton-tunneling mode cannot be found in LHP and
DLHP. It is concluded that LHP and DLHP cause the
typical order-disorder phase transition, because hyper-
Raman spectra show the very strong-relaxational-type
central modes and any softening lattice mode cannot be
found in the paraelectric phase. The temperature depen-
dence of the central mode follows the Curie-Weiss law
well. The wave-vector dependence of the central mode
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suggests that LHP is rather a three-dimensional fer-
roelectric, irrespective of the one-dimensional network of
the hydrogen bonds and PO, ions.

It is found that the softening lattice mode that was ob-
served in the ferroelectric phase by Raman scattering be-
longs to the 4, mode. The softening of the lattice mode
in the ferroelectric phase can be well elucidated for both
LHP and DLHP by the calculation of the coupling with
the central mode. The softening of the lattice mode in
DLHP is little because of the narrow width of the central
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mode. However, in the paraelectric phase, this mode is
missing in both Raman and hyper-Raman spectra. The
similarity between this 4, lattice mode of LHP and the
A, librational mode of KDP is suggested because they
are missing in the paraelectric phase and become softened
due to the coupling with the relaxational central modes
in the ferroelectric phase.

Since the SHG intensity is very weak, it is clear that
the space group of LHP and DLHP in the paraelectric
phase is centrosymmetric P2 /c.
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