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Light-scattering measurements of the temperature dependence of the Raman-active modes of vibration
in both the paraelectric and ferroelectric states of the hydrogen-bonded ferroelectrics KH,AsO,,
RbH,As0,, and CsH,AsO, and their deuterated isomorphs KD,AsO,, RbD,AsO,, and CsD,AsO, are
reported. Through examination of these spectra we have identified the protonic or deuteronic,
transverse-optic, AsO,;’~ internal, and O-H-O or O-D-O valence vibrations in the Raman scattering
and determined their symmetries and temperature dependence. Evidence for the collective protonic or
deuteronic motions is observed in both the low-frequency B, and E spectra in the paraelectric phase
of each arsenate. The low-frequency B, spectra for the hydrogenated compounds are well fitted by a
coupled-oscillator system representing the ferroelectric mode and a low-frequency phonon. The
low-frequency B, spectra for the deuterated materials reveals the ferroelectric mode to be coupled to at
least two low-frequency phonons, but, in a limited way, the spectra can be fitted to a coupled-oscillator
system representing the ferroelectric mode and the lowest B, phonon. The results reveal the T /7 for
the ferroelectric mode of all the compounds to decrease linearly with decreasing temperature; for real
coupling the T /7 extrapolate to zero well below the transition temperature but for imaginary coupling
the T/7 vanish much closer to the transition. In the limit of small damping, the results for real
coupling are found to be in only partial agreement with the Kobayashi model, while the results for
imaginary coupling are in accord with the Cowley-Coombs anharmonic theory of the transition and
reveal the anomalous self-energy to be small compared to the conventional anharmonic self-energy of

the soft mode.

1. INTRODUCTION

Descriptions of the ferroelectric transition in
hydrogen-bonded ferroelectrics, such as KH,PO,
(KDP), have generally invoked a cooperative order-
ing of protons in a double-well potential along each
hydrogen bond. de Gennes® originally showed that
the individual tunneling of protons between a double-
minima potential well would lead to collective tun-
neling excitations in the presence of proton-proton
interactions, and Brout et al.? and Tokunaga®
showed that such collective tunneling excitations
would have a soft-mode temperature dependence.
Kobayashi* extended this concept to include a cou-
pled interaction between a collective proton tunnel-
ing mode and a transverse-optic lattice vibration
polarized along the ¢ axis of the crystal and showed
that one of the coupled modes, the ferroelectric
mode, of such a system would have a soft-mode
temperature dependence. Dvordk® has modified the
Kobayashi theory by taking into account the inter-
action of the a-polarized transverse-acoustic pho-
non both with the proton tunneling mode and the trans -
verse-optic phonon polarized along the ¢ axis; inthis
theory, as the transition is approached in the para-
electric phase, the ferroelectric mode drives the
acoustic mode toward zero frequency via the piezo-
electric interaction.®” Recently, there have ap-
peared doubts in the literature®=!? as to whether the
proton-tunneling model, originally due to Blinc, !
and its extensions!~%:!2 can give a unified descrip-
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tion of the ferroelectric transition in hydrogen-
bonded ferroelectrics. Blinc et al.® have pointed
out that at high temperatures the approximation
used by Kobayashi of linear equations of motion
will break down leading to diffusional rather than
oscillatory solutions. Reese et al.!® have also
commented on this and have further remarked that
the use of the molecular-field approximation to
describe the spontaneous polarization is unlikely
to yield an accurate description of the temperature
dependence of the ferroelectric mode in view of the
failure of the molecular-field theory to predict the
rather unusual thermodynamic properties of KDP.
Very recently, a number of authors®*~!® have at-
tempted to discuss the ferroelectric transition in
hydrogen-bonded ferroelectrics in terms of an-
harmonic phonons. In view of these different ap-
proaches and their associated theoretical diffi-
culties, it is clear that studies of the line shape
and temperature dependence of the ferroelectric
mode on any relevant hydrogen-bonded ferroelec-
trics may help elucidate a more satisfactory de-
scription of the ferroelectric transition in these
materials.

In this paper we report on light-scattering mea-
surements of the Raman-active modes of vibration
in both the paraelectric and ferroelectric states of
the hydrogen-bonded ferroelectrics KH,AsO, (KDA),
RbH,AsO, (RbDA), CsH,AsO, (CsDA), and their
deuterated isomorphs KD,AsO, (KD*A), RbD,AsO,
(RoD*A), and CsD,AsO, (CsD*A). Although the
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ferroelectric-arsenate family is isomorphous with
the ferroelectric-phosphate family, which is typi-
fied by KDP, relatively few spectroscopic investi-
gations have been previously reported for the
former family compared to the latter. The molec-
ular spectra of KDA!"'!® have been reported and the
low-frequency B, spectra associated with the fer-
roelectric mode have been investigated in KDA and
CsDA" and, in a preliminary report of the present
work, in RbDA.# In this paper we use our mea-
surements to discuss the molecular structure of
the arsenates above and below the ferroelectric
transition and to investigate the nature of the mech-
anism responsible for this transition in the light of
current theories. In a following paper we shall
report on the influence of pressure on the Raman-
active modes of vibration of these materials and

its consequence for the molecular spectra and the
ferroelectric mode.

II. EXPERIMENTAL

The Raman measurements were performed using
excitation from a Coherent Radiation model 52G
argon-ion laser providing about 800 mW at 514.5
nm. Using a right-angle scattering geometry, the
scattered radiation was analyzed by a Spex 1401
dual spectrometer used in conjunction with a cooled
ITT FW-130 photomultiplier and pulse-counting
electronics. The Raman intensities were recorded
on strip chart and, to facilitate the computer line-
shape analyses discussed within the following text,
were determined to an accuracy of better than +1%
using a traveling-microscope arrangement.

The Raman measurements were performed as
a function of temperature in the range 5-350 K.
The temperatures were achieved with an Air Prod-
ucts gas-transfer refrigerator using liquid helium
as the gas source. The temperature stability for
the duration of a recorded spectrum was better
than +1 K,

The samples used were oriented single crystals
obtained from Gould Laboratories, Chicago, for
the hydrogenated compounds and from Quantum
Technology, Toronto, for the deuterated com-
pounds, and were typically at least 7X7%x4 mm in
size. The deuterated samples were supplied with
a 98% or better level of deuteration for KD*A and
RbD*A and 90% or better for CsD*A. The Curie
temperatures determined for these samples were
96.1 K (KDA), 110.1 K (RbDA), 143.0 K (CsDA),
159.8 K (KD*A), 169.8 K (RbD*A), and 202.8 K
(CsD*A). These values are in general accord with
previous values reported in the literature?! with the
exception of the value for CsD*A which is 9 K lower
than the previously reported value. This value may
reflect the lower limit on the level of deuteration
for this salt.
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III. RESULTS AND DISCUSSION

A. Molecular structure

1. Paraelectric phase

The primitive unit cells of both the paraelectric
and ferroelectric phases of KDA and its arsenate
isomorphs contain two formula units (16 atoms).

In the paraelectric phase, the lattice belongs to the
tetragonal crystal system and the structure trans-
forms under symmetry operations according to the
space group D} (142d).?' An analysis of the normal
optic-vibration modes transforming as the various
irreducible representations of the factor groups of
these space groups at the Brillouin-zone center has
been performed by Shur.? According to this, only
those modes transforming as the A, representation
are Raman inactive, Of the remaining representa-
tions, 4 A}, 6 B;, 6 B,, and 12 E are Raman active,
making a total of 28 Raman-active modes for the
paraelectric phase.

Figures 1(a) to 1(e) present the measured Raman
spectra in the range 10-3500 cm™ for the four
unique polarizations in the paraelectric phase of
five of the six compounds. (We have omitted the
spectra for KDA since these are basically similar
to those reported previously by Agrawal and
Perry.!”) In each case the spectrum shown is that
recorded at a few kelvins above the transition tem-
perature, since such spectra generally present
more detail and less ambiguity concerning the res-
onance frequencies (due to the breadth of the fea-
tures) than are found in spectra recorded at higher
temperatures. The frequencies of the features
observed in these spectra (and for completeness
for KDA) are summarized in Table I along with
the irreducible representation of D,; to which they
have been assigned and the polarization in which
that representation is observed.

The internal organization of Table I is based
upon the morphological similarity of the various
paraelectric spectra. Therein, all frequencies
occupying the same horizontal line are deemed
sufficiently alike in the different spectra to be as-
signed with confidence to the same origin. This,
of course, does not preclude a similarity of origin
for some of the other lines. For ease of refer-
ence, in the following text modes occupying the
same horizontal line in Table I (and later in Table
III for the ferroelectric phase) will be referred to
as “counterparts” and designated by their sym-
metry.

A comparison between Table I and Figs. 1(a) to
1(e) should make the correspondence between tab-
ulated frequency and spectral feature self-evident.
There are, however, a few spectral pecularities
which lead to ambiguity and should be discussed.
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The first of these occurs in the A; symmetry of
KD*A and RbD*A at 45 and 33 cm™!, respectively.
This feature is very weak and cannot be seen in the
xx polarization for the remaining compounds and
neither is it observable in any of the compounds at
room temperature. As Fig. 2(a) shows, the KDA
E spectrum in the vicinity of 100 cm™ may be de-
scribed as a sharp peak at 79 cm™! with two more
features at 117 and 130 cm™! that appear very much
like interference between two interacting phonons
of the same symmetry; similar features are found
for all the arsenates. It would be of interest to be
able to fit this phenomenon to a coupled-oscillator
system as is discussed later in the text for the B,
spectrum at low frequencies. However, the inter-
ference region is clearly only a part of quite an ex-
tended interacting system of modes, including the
79- and 175-cm™ bands. To fit these features to a
system of four coupled damped harmonic oscillators
is at present a nearly impossible task, especially
since in RbDA and CsDA the system lies closer to
the exciting line and some features apparently over-
lap; these latter comments are also true for the
deuterated compounds. The feature at 135 cm™ in
KDA B, symmetry is very broad and weak but it
appears in all three hydrogenated compounds and
does not vary from compound to compound as do
other modes of which it might be crosstalk; fur-
thermore, this feature cannot be seen at room tem-
perature. The 143-cm™! feature in KDA B, sym-
metry and its counterparts in the other compounds
are related in Table I because a similar feature
always occurs in these spectra at about the fre-
quency of the first minimum in the B, spectrum.
The 218-cm™ feature in KD*A B, symmetry and
its counterparts in the deuterated materials appear
as an additional peak at the high-frequency end of
the interference spectrum. The 238-cm™ feature
in KD*A E symmetry and its counterparts are
quite broad and weak but appear consistent and dis-
tinct in the deuterated data. The features found in
KDA at 275 cm™ in B, symmetry and 290 cm™ in

E symmetry and their associated counterparts ap-
pear as relatively small shoulders on the sides of
much larger lines with consequently uncertain fre-
quency locations, but their behavior from com-
pound to compound indicates their probable reality;
this 275-cm™ band and its counterparts are not
seen at room temperature. The 318-cm™! feature
in KD*A E symmetry and its counterparts are also
observed as shoulders on the sides of stronger
structures; this band is not observed in KD*A at
room temperature. The 383-cm™! feature in KD*A
B, symmetry and its counterparts are part of a
broad spectral feature but appear distinct at low
temperatures; at room temperature it cannot be
distinguished in KD*A. The 421-cm™! feature in
KDA B, symmetry and its counterparts are the

final features of the broad region just described.
They appear only in KDA and KD*A at room tem-
perature. The 555-cm™! feature in KD*A A, sym-
metry and its counterparts are extremely broad
and weak although they remain visible even at room
temperature. The 2385- and 2668-cm™! features

in KD*A B, symmetry and their counterparts in the
deuterated compounds appear as very weak broad
shoulders. The 800-900-cm™ region in the E spec-
tra of the deuterated samples contain a broad re-
gion of scatter but no really distinct features. This
is not fluorescence but cannot be assigned a spe-
cific frequency. Finally, a recurring feature at
3200 cm™! is an instrumental artifact.

The interpretation of these spectra may be
roughly divided into four parts, on the basis of
whether a given mode is associated with a protonic
or deuteronic motion, a lattice vibration, an in-
ternal mode (of an AsO}", H,AsO;, or D,AsOj ion)
or a vibration of the hydrogen or deuterium bonds.
In general, these may be expected to occur in order
of increasing frequency.

A distinctive feature of collective protonic mo-
tion®3 as opposed to the Slater-type random ther-
mal excitation across a potential barrier, 2* apart
from the isotope effect, is the existence of these
motions as distinct lattice-type vibrations observ-
able in this case as low-frequency Raman-scattered
lines. There are four such modes which exist as
a B,, a doubly degenerate E, and an A, vibration. %!
The Slater model leads to a Debye susceptibility
for the proton motion while Kaminow and Damen
demonstrated that the scattering in the low-fre-
quency region under B, symmetry is better de-
scribed as an overdamped harmonic oscillator with
constant friction damping.?® Subsequent investiga-
tions have removed the ambiguity in the tempera-
ture dependence determined for this phonon by
treating the scattering as a result of two interact-
ing B, modes, one a transverse optic phonon and
the other the soft overdamped ferroelectric mode. ¢
This treatment has been extended to other materi-
als'®2%27 apd js used here ina later section to describe
the low-frequency B, spectra obtained in the pres-
ent work. Lavrendi€ et al.?® first proposed the
existence of the mode of E symmetry as a broad
feature at the low-frequency end of the scattered
spectrum for that symmetry in KDP and KD*P.
This feature has been treated by Scott and Wilson?
as an E-symmetry projection of the one-phonon
density of states in the low-frequency region for
G~0 for KDP with the usual wave-vector conserva-
tion relaxed by protonic disorder. Broberg et al.*®
treated a similar feature in NH,H,PO, as the E-
mode polarization fluctuation mentioned above.
Either treatment is complicated here by the multi-
plicity of modes in this region [see Figs. 2(a) and
2(b)] which appear to interact with the broad feature
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as mentioned earlier. A simplified attempt has
been made for KDA, the easiest case, to fit this
feature with just two interacting oscillators. The
results of this attempt suggest an overdamped E
mode located at approximately 150 cm™! at room
temperature. However, the complicated nature of
the spectra prohibit a more precise determination
of the frequency and its temperature dependence.
The remaining protonic mode, of A, symmetry,
would of course be unobservable in a Raman-scat-

(a)
KDA L
L y (xz) x
i
€
=3
—~
5
:é
g
>
r ok
@
z
w
[
Z
U S S S S S S - il 1 PR | e,
0 50 100 150 200 250 300
WAVE NUMBER SHIFT (cm-1)
*
KD™ A
y(xz)x
7
=
z
=
>
[ 4
<
[+4
e
@
[ 4
<
>
=
(2]
z
w
(=
z
1 1 1 | |

[o] 50 100 150 200 250 300
WAVE NUMBER SHIFT (cm™)

FIG. 2. Measured temperature dependence of the low-
frequency E spectra for (a) KDA and (b) KD*A in the
paraelectric phase showing the apparent interference be-
tween interacting phonons in this symmetry.

tering experiment.

Shur®! has, on the basis of a group-theoretical
analysis founded on the assumed space groups D}
and C}3, enumerated the type of mode and the num-
ber of times it may be expected to occur as a given
basis for D,; or C,, in these isomorphs. This is
reproduced in TableII. He has also calculated the
expected frequency values for KDP of the trans-
verse-optic lattice modes, *? that is, the vibrations
of the K* ion against the H,PO; ion, at 4~0. The
frequencies of these modes (and their symmetries)
are ~5 cm™ (B,), 68 cm™ (E), 99 cm™ (E), 118
cm™ (E), 135 cm™ (B,), and 187 cm™ (B,). These
compare reasonably well with experimental re-
sults!?+18:33,3¢ gupject to a qualification on the in-
terpretation of the low-frequency B, spectra. The
proper frequency for the low-frequency B, mode
should be derived on the basis of a fit to the data
involving the interacting modes, as discussed in a
later section of this work. Substitution of As for
P will change the reduced mass of the KDP system
by less than 9% and will presumably have even less
effect on the intermolecular forces. Therefore,
the frequencies calculated for KDP should be rea-
sonable values with which to compare those found
for KDA. No very low-frequency B; mode is ob-
served, but one below 10 cm™ would not have been
using our experimental equipment and neither has
the analogous mode been observed by the work
referenced above on KDP,!"18:32:33 Angther cal-
culation has been made by Fujiwara® which further
substantiates the likely existence of a very low-
frequency B, mode. The three lowest-frequency
E modes in KDA have frequencies of 76, 113, and
125 cm™! at room temperature which do not present
an unreasonable comparison with the calculated
values. Although higher in frequency than the cal-
culated values, they are lower than the analogous
experimental values determined for KDP,!7+18:33,34
The lowest B;-mode frequency observed at low tem-
peratures in KDA in the paraelectric phase is at
135 em™. This mode, however, is not observed
to depend on cation mass as could be expected and
it also fails to appear in a recognizably similar
form in the deuterated compounds and cannot be ob-
served at room temperature. Therefore, we be-
lieve that the next-highest B; mode may be assigned
to the B, symmetry translational optic lattice mode
discussed by Shur; at room temperature in KDA
this mode is at 135 cm™ which is to be compared
against a calculated value of 135 cm™ for KDP,
Finally, accepting the frequency of the underdamped
mode obtained from a coupled oscillator fit as that
of the remaining lattice mode of B, symmetry (see
the later discussion on this subject), we find a
frequency of 146 cm™! at room temperature in KDA
which is to be compared to the calculated value of
187 cm™! for KDP.
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In analogy with the calculations given for KDP in
Table II, there should be three observable libra-
tional modes (2E +A4,) of the H,AsOj] or D,AsO;
complexes. These would be expected to be of lower
frequency than the internal modes of vibration of
the AsO?™ ion. In the absence of calculated values,
however, any frequency assignments must be spec-
ulative. The 266-cm™! band found in KDA A, sym-
metry and its counterparts have a strong anomalous
temperature dependence (being, at room tempera-
ture, at 287, 285, 285, 285, 284, and 282 cm™!,
respectively, for the six compounds in order of in-
creasing atomic weight, which are to be compared
against the low-temperature values given in Table
I). In view of the room-temperature values for
this feature, it is also apparently independent of
the cation mass. If this mode were to be assigned
the role of libration, this latter phenomenon would
be explicable since the A, libration involves no
motion of the cation but does involve a considerable
stretching of the O~H-O or O-D-O bonds.? This
assignment must remain doubtful, however, since
there is a considerable dependence on the substitu-
tion of As for P (at room temperature the mode
moves from 287 cm™ in KDA to 360 cm™! in KDP'")
and these atoms should not be significantly involved
in the libration.?

Under the T, symmetry of the free AsO}" ion,
its normal vibrations transform according to the
bases E (doubly degenerate), F, (triply degenerate),
A, (singly degenerate), and F, (triply degenerate)
in order of increasing frequency. An alternate
origin for the 266 cm™ feature found in KDA A,
symmetry and its counterparts discussed in the
previous paragraph could be the ionic motion of E
symmetry. This would account for the mass de-
pendence displayed by this feature. According to
an earlier analysis performed on KDP spectra, 3*
this 266-cm™ feature and one of B, symmetry at
308 cm™! in KDA would correspond to a splitting of

the lowest AsO?™ mode under the S, site symmetry
of the ion. Again, however, as for the previous
interpretation, the anomalous temperature depen-
dence of the 266-cm™! line is not readily explicable
inthese terms, especially since the 308-cm™ line has
very little temperature dependence (being, at room
temperature, at 306, 298, 306, 296, 306, and 299
cm“, respectively, for the six compounds in order
of increasing atomic weight). Nevertheless, the
assignment suggested here for the E mode of the
AsO}" ion compares well with frequencies deduced
for the arsenate ion free, in solution, and in KDA.%
To continue this manner of assignment, a careful
comparison of the spectra of KDA and KDP!7+18 jn-
dicates that the modes assigned to the F, ion vibra-
tion would be the 368 cm™ (B,) and 368 cm™! (E)
vibrations in KDA. The A, ionic vibration would
then be the 795-cm™ A, vibration in KDA while the
highest-frequency F, ionic mode appears in E sym-
metry at 885 cm™' in KDA. According to the above,
one would expect to see the third mode of the split
F, mode in B, symmetry, but none is observed.
However, the original F, mode when split by the

S, site symmetry may also become a B, mode in
the D,, lattice. Indeed, a B, mode is observed at
746 cm™. Thus this band and the 885-cm™! line
found in E symmetry in KDA could be the 810-cm™!
free-arsenate vibration® split by the crystal field.
Thus while at lower frequencies the spectra are
consistent with an almost free AsO}" ion at an S,
site, the higher-frequency splitting implies a great-
er degree of correlation between ionic motion.

The diffuse bands above 1000 cm™! in the para-
electric phase, which have been assigned B, sym-
metry, are in the frequency region expected to be
occupied by O-H-O or O-D-0 deformations® and
have been ascribed to this origin by several work-
ers on KDP,!"»37 KD*P and KDA, " RbDP**%* and
RbDA.%® A careful comparison of the relative in-
tensities of these high-frequency features found

TABLE II. The numbers of lattice, libration, and internal modes of KDA and its isomorphs, and the irre-

ducible representations according to which they transform (Ref. 31).

T represents temperature, T, is the

transition temperature, and the internal modes are those of the HyAsOj or D,AsOj ion.

Lattice Lattice
Symmetry Representation All modes (acoustic) (optic) Libration Internal

A 4 0 0 1 3

(T>T,) A, 5 0 1 4
D B, 6 0 2 0 4
B, 7 1 1 0 5

E 13 1 3 2 7

Ay 11 1 1 1 8

(T<T,) A, 11 0 2 1 8
cy B, 13 1 3 2 7
B, 13 1 3 2 7
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for the arsenates proves to be consistent with this
earlier work and reveals the three principal fea-
tures in KDA to be at 1800, 2350, and 2690 cm™.
The ratio of a line frequency in the hydrogenated
sample to its counterpart frequency in the corre-
sponding deuterated sample yields the values of
1.35, 1.33, and 1.38, respectively, in order of
increasing frequency for these three principal
lines, which is close to the square root of the deu-
terium to hydrogen mass ratio. Furthermore,
the variation of the equivalent ratios for the Rband Cs
compounds and of any dependence on temperature
is less than 1.5% of the above values. Such results
strongly suggest that the O—H-O or O-D-O defor-
mations are associated with these three principal
‘bands above 1000 cm™. Finally, it is pointed out
that the two highest frequencies tabulated for the
deuterated materials are much reduced in intensity,
existing as barely discernible shoulders. It is
possible that these modes are the remnants of the
two highest-frequency modes found in the hydro-
genated samples and are a result of incomplete deu-
teration. ¥’

In reviewing the discussion so far we note here
that, first, several spectral lines are unaccounted
for, second, that more B; modes are observed than
are group theoretically predicted, and finally that
the librational modes have not been positively iden-
tified, With respect to the latter, it does not seem
possible to accomplish this since several E modes
and one A, are not seen (in the hydrogenated sam-
ples at least) so that the librational modes could
remain entirely unobserved.

The remaining features must still be accounted
for in terms of their possible reality as first-order
Raman scatter. The 135-cm™ feature found in
KDA B; symmetry and its counterparts are not ob-
served at room temperature and not at all in the
deuterated compounds and it seems likely that they
may not be first-order Raman lines. The feature
at 175 cm™! in KDA E symmetry and its counter-
parts are clearly distinct modes, possibly one of
the libration frequencies. Of the remaining un-
identified modes, only the existence of the 421-cni!
feature in KDA B, symmetry and its counterparts
can be seriously questioned. It generally com-
prises a broad spectral region of ill-defined detail,
in the same frequency range where several features
coexist in other polarizations. This feature, then,
could be crosstalk from these polarizations accom-
panied by some second-order scatter. This fea-
ture is not observed at room temperature in RbDA
and CsDA. We are left, then, with an excess over
group-theoretical predictions of at least one in the
number of B, modes. Previous workers®” have ob-
served a feature at 1295 cm™ in KDP which may be
the counterpart of the 1320-cm™ B, feature in KDA
(and its counterparts in the arsenates); spectra

recorded for partially deuterated KDP reveal a
weakening in intensity of this mode and the appear-
ance of a mode at 985 cm™ in A, symmetry which
we believe may be the counterpart of the 946-cm™!
feature found in KD*A A, symmetry. Interpreta-
tion was not attempted in the earlier work, but it
seems likely from the present work that these fea-
tures in the deuterated and hydrogenated com-
pounds correspond to deuteronic or protonic mo-
tions. In the work on KDP the ratio of the fre-
quency for this feature in the hydrogenated sample
to that in the deuterated sample was ~1.32, which
is close to the square root of the deuterium to
hydrogen mass ratio. In the present case, the ap-
propriate ratios are 1.39, 1.39, and 1,37 for the
K, Rb, and Cs salts, respectively, which compare
favorably with the ratios determined for the higher-
frequency protonic and deuteronic motions dis-
cussed earlier. One significant consequence of
these observations is that the 946-cm™ line found
in KD*A and its counterparts in the deuterated sam-
ples are definitely of A, symmetry. This could im-
ply that their counterparts in the hydrogenated
compounds are also of A; symmetry with a zz com-
ponent of the Raman tensor too small to be ob-
served, especially in view of the weakness of the
line in the xx spectrum. If this symmetry assign-
ment is taken to be the case, then the number of
observed B, modes in the hydrogenated samples
will have been reduced to the proper number, six,
as well as the number of observed A; modes in-
creased to the proper number, four.

Shur?? has shown that the valence vibrations of
the protons would transform as B, symmetries,
providing that there was a correlation between the
motions of all four protons in the unit cell. That
no B, or E modes are observed in the high-fre-
quency region is indicative that no such full corre-
lation is present. A complete lack of correlation
in the proton motions would result in a spectrum
of vibrations possessing A, + B, symmetry. These
B, motions have been observed as outlined above,
thus confirming the lack of coordination, but no A,
contributions were seen. Earlier®® work has in-
dicated the presence of the A; modes at very slight-
ly shifted frequencies, possessing no zz component
of the Raman tensor. We have not attempted to ob-
serve these modes in the present work; such an
observation would require crystals, cut with faces
perpendicular to the [110] direction.®®

A large number of additional features are seen
in the paraelectric deuterated spectra relative to
the hydrogenated spectra. Shur?®3! has pointed
out that if the correlation between protonic motion
has little effect in splitting the ionic normal vibra-
tion frequencies, the number of distinct observable
modes in the paraelectric phase will be reduced
from 28 to 23. Thus, one might propose that an
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increase in the effects of such a correlation for the
deuterated samples would result in the prolifera-
tion of lines. One must approach these data with
caution, however, since, first, many of the new
lines are quite weak, rather than being an obvious
split of a distinct feature, and second, the deuter-
onic motion is still observed in B; symmetry—con-
sistent with uncorrelated motion. In fact, the only
feature which truly appears to be split by deutera-
tion is that at 795 cm™ in KDA A, symmetry which
becomes 757 and 822 cm™! in KD*A A, symmetry;
equivalent splittings for the counterparts of the
795-cm™! KDA line in the other arsenates are also
found. Of the remaining bands in the deuterated
samples which seem uncorrelated with features of
the hydrogenated spectra, the weaker have been
described at the beginning of this discussion., In
addition, the 218- and 712-cm™' features in KD*A
A, symmetry and the 721-cm™ feature in KD*A

E symmetry and their associated counterparts ap-
pear as distinct satellites to higher frequency,
much more intense lines. Further, the 45-cm™!
line in KD*A A, symmetry and its counterparts are
not seen in the xx polarization and are not present
at all at room temperature. Finally, the 333-cm™!
line in KD*A B, symmetry and its counterparts are
parts of a complex of weak lines which cannot be
accounted for by crosstalk. Precise interpretation
of this multitude of lines is impossible but it is
conceivable that many of the weaker lines are non-
zero center scattering allowed by momentum-con-
servation breakdown mediated by deuteron disorder
as proposed by Scott and Wilson?® to account for the
low-frequency E-mode spectrum of KDP.

2. Ferroelectric phase

Upon transition to the ferroelectric phase, the
crystal system of the ferroelectric arsenates be-
comes orthorhombic and the space group Cjy
(Fdd2).?' In the ferroelectric transition, A, and
B, modes of the paraelectric phase become A,
modes under C,, symmetry, A, and B, become A,,
and E modes split into B, and B, modes. In the
ferroelectric phase, all modes (104, 114,, 12B,,
and 12B,) are Raman active, making a total of 45.

Figures 3(a) to 3(f) show the measured Raman
spectra recorded in the ferroelectric phase for the
six compounds. It should be noted that one sup-
posedly unique polarization has been omitted from
Fig. 3. In all cases, the zy polarization has been
examined as well as xz, but in no case has a sig-
nificant difference, other than over-all intensity,
been observed between them. This is due to the
domain structure observed in these materials in
the ferroelectric phase and to the orientation of the
new x', y’ axes which align themselves approxi-
mately along the original [110] axes. Thus, ina
right-angled scattering geometry, y(zz)x (using

tetragonal axis directions) will give a purely zz
spectrum; y(zy)y will give zy’ and zx"; y(xy)x will
give ax’x’ - by'y’ +cx'y’ - dx'y’, where the coeffi-
cients a to d depend on domain size, orientation,
and crystal properties. Thus, in general, the
y(xy)x spectrum will contain information on A, and
A, modes. Even if this situation were altered by
changing the scattering geometry, however, the
size of the domains renders it very difficult, if not
impossible, to get a “clear” spectrum because of
birefringence and internal reflections. In practice,
the A, and A, modes are always separable between
themselves and from B; and B, modes, and the
problem is little greater than that of ordinary
crosstalk discussed earlier for the paraelectric
spectra.

The frequency values of the spectral features
shown in Figs. 3 are summarized in Table III along
with the irreducible representation of C,, to which
they have been assigned and the polarization in
which that representation is observed. The organ-
ization of Table III follows that described earlier
for the preparation of Table I. Apart from some
very weak lines of questionable existence, which
have been indicated by means of parentheses in
Table III, only a few comments need be made about
the tabulation of data. The 366-cm™ (4,) and 372-
cm™ (B,, B,) features observed in KDA can be re-
solved in RbDA but not in CsDA. The ordering of
frequencies 431-453 cm™ in CsDA A, and B sym-
metries has been made on the relative intensity of
the components. Features at 730 cm™ in KDA A,
symmetry and at 865 cm™ in KDA B,, B, symmetry
may be spurious as both are very weak broad
shoulders on much larger bands and do not appear
in the spectra of the isomorphs.

We have been able to identify most of the lattice
and internal modes contributing to the ferroelectric
spectra. The lowest-frequency ferroelectric B,
mode, which will now transform according to A,
symmetry, is still not observable and broadening
of the central lines of the spectra for A, symmetry,
which would indicate its existence at very low fre-
quency, is not observed. The B spectra in the fer-
roelectric phase display several low-frequency fea-
tures which correlate well with the frequencies ob-
served for the low-frequency transverse optic
modes of E symmetry in the paraelectric phase.
The number of such modes does not increase for
KDA, indicating minimal splitting between the B,
B, modes. In the other compounds, the 78-cm™
feature in RbDA E symmetry and its counterparts
is the only additional frequency to be observed,
suggesting that only the lowest-frequency trans-
verse optic mode of E symmetry is split. The 193-
cm™! ferroelectric feature in KDA A, symmetry
and its counterparts correspond to the lowest
transverse optic mode of B; symmetry observed
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TABLE III. Frequencies (in emY) of the observed features in the ferroelectric spectra measured for the six arse-
nates, along with the irreducible representation of C,, to which they have been assigned and the polarization in which

that representation is observed.

All frequencies occupying the same horizontal line are deemed to have the same origin.

26 K

KDA 74 K RbDA 44 K CsDA 18 K KD*A 12 K RbD*A 20K CsD*A
Ay Ay BB, A Ay By;,By A A, BBy A A B,B, A A By, B, A A; By, By
(zz) (xy) z)  (z2) () z)  (z2) (xy) z)  (zz2)  (xy) z)  (z2)  (y) kz)  (zz2)  (xy) (xz)
80 73 62 78 73 57
78 70 80 79 65)
115 106 95 118 108 90
94
136 128 126 139 132 127
(138)
(147) (141)
169 155 135 167 150 142
(148) 173
(174)
193 189 195 210 205 201
240 236 236 232 232 226
258 262 267 269 270 271
293 293
307 304 306 299 297 298
322 321 321
358 360 362
367 367 365
(340)
359 352
366 361
372 372
368
388 382 373 375 372 364
455 447 431
468 467 461
481 477 453
444 438 429
438
(545)
619)
711 708 697
728 728 727
(730)
754 756 753
762 759 760
761 765 767
771 771 770
785 782 779
788 791 795
824 816 815
796 795 789
837 841 851
(865) A8
883
863 861 859
920 912 909
923 922 925
1050 1025 1011
947 940 925
969 958 941
980 970 956
1115
1255
1305 1280 1269 1290 1275
1335 1315 1297 1315 1280
1785 1825 1765 1355 350 1325
1795 1785 1735
1940 1935 1920
2325 2370 2270 2290
2665 2655 2630 2625
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in the paraelectric phase. The 169- and 240-cm™
ferroelectric features in KDA B symmetry and
their associated counterparts most likely corre-
spond to the 175-cm™! paraelectric feature in KDA
E symmetry and its counterparts. The 258-cm™
ferroelectric feature in KDA A, symmetry and its
counterparts correspond to the 266-cm™ paraelec-
tric feature in KDA A; symmetry and its counter-
parts. The 307-cm™ ferroelectric feature in KDA
A, symmetry and its counterparts should corre-
spond to the 308-cm™ paraelectric feature in KDA
B, symmetry and its counterparts but appears
under the wrong symmetry to do so. The identifi-
cation seems to be well supported by the data,
however, and agrees with previous work' so there
is some apparent ambiguity. It is possible that
the degree of correlation of the ionic motion
changes, resulting in a collective mode of different
symmetry than expected. The 368-cm™! paraelec-
tric features in KDA B, and F symmetry and their
associated counterparts, identified with the Jowest
triply degenerate F, ionic mode, have no clearly
consistent analogs in the ferroelectric phase. The
ferroelectric spectra of all samples display features
in E symmetry over the frequency range 350-375
cm™! which cannot be clearly related on the basis of
spectral similarity. They are of suitable frequency
to be the analogues of the 368-cm™! paraelectric
features in KDA E symmetry and its counterparts,
however, and this would indicate that these features
are split in the ferroelectric phase. An A, mode
corresponding to the 368-cm™ paraelectric feature
in KDA B, symmetry and its counterparts is not
observed in the ferroelectric phase of KDA or the
deuterated materials, but the 359-cm™! feature in
ferroelectric RbDA A, symmetry and its counter-
part in CsDA do correspond to the B, feature ob-
served in their paraelectric phases. The modes
identified with the A, symmetric ionic internal mo-
tion in the paraelectric phase are again observed
at 788 cm™! in the KDA A, ferroelectric symmetry
and its counterparts in the hydrogenated samples,
and at 754 and 824 cm™! in KD*A A, ferroelectric
symmetry and its counterparts in the deuterated
samples. The highest B, and E modes for the com-
pounds in their paraelectric phase, which were as-
signed to the highest triply degenerate F, mode of
the AsO}" ion, have counterparts under B symmetry
in the ferroelectric phase, although the multiplicity
of lines makes it difficult to differentiate between
the split ionic mode and other modes, possibly ob-
served inthe ferroelectric but not in the paraelectric
phase. Once again, the 746-cm™! paraelectric fea-
ture in KDA B, symmetry and its counterparts appear
inthe ferroelectric phase, notas an 4, mode but as
an A, mode at 761 cm™ in KDA and its counterparts.
The large linewidths noted above the transition
disappear, strongly suggesting that they are in-

LOWNDES, N. E. TORNBERG, AND R. C. LEUNG 10

deed related to proton (deuteron) disorder, either
through proton-phonon coupling or a relaxation of
conservation of momentum due to the disorder.
Other workers®® have observed an increase in in-
tensity of the high-frequency features ascribed to
protonic motion when the ferroelectric transition
is made. Although the intensities observed here
did increase, on the average, by a factor of 2 be-
tween room temperature and the transition, the in-
tensities below the transition were considerably
lower, although the frequencies of the bands can
be seen to vary little, The most interesting point
is their appearance in B;, B, symmetry. This is
in apparent contradiction with previous work but
seems strongly indicated. This would be consistent
with the symmetry expected if the proton (deuteron)
motions were correlated. The appearance of this
spectral region in the undeuterated samples is
very similar to that of the paraelectric phase, and
is not shown in the appropriate figures in order
that the wave-number region just above 1000 cm™}
may be presented in greater detail. The feature
at 1320 cm™ in KDA-xx which was attributed to a
protonic motion now appears to be split. No split-
ting is observed, however, in the corresponding
modes in the deuterated samples.

B. Ferroelectric mode

In the hydrogen-bonded ferroelectrics of the KDP
family there are four tunneling protons in the
primitive unit cell of the paraelectric phase whose
vibrations belong to a B,, a doubly degenerate E,
and an A, species. Of these vibrations the B, and
E proton modes are Raman active and would be ex-
pected to couple to optical phonons of the same
species according to the Kobayashi theory.* Kam-
inow and Damen® first observed the ferroelectric
soft mode in KDP by fitting the low-frequency Ra-
man scattering in B, symmetry to a damped har-
monic-oscillator form. Later investigations® have
removed the ambiguity in the temperature depen-
dence educed for this phonon by treating the scat-
tering as a result of two interacting B, modes, one
a transverse-optic phonon and the other the ferro-
electric soft mode. ' Similar investigations on
hydrogen-bonded ferroelectrics have revealed the
ferroelectric soft mode in B, symmetry in KDA
and CsDA, *® KD*P, ' RbDP, ? and, in a preliminary
report of the present work, in RbDA.2’ We now
present our findings for the whole arsenate family.

For all of the ferroelectric arsenates investi-
gated here we observe a distinct broadening or
shoulder close to the exciting line in the xy spectra
which is not observed in other orientations. Fig-
ure 4(a) to 4(f) demonstrates this for the six ar-
senates. As the figure shows, this broadening or
shoulder is markedly temperature dependent mov-
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ing closer to the exciting line with decreasing tem-
perature. Furthermore, in the deuterated samples
this feature is significantly closer to the exciting
line than in the analogous hydrogenated sample.
For these reasons we believe this feature is as-
sociated with the ferroelectric mode in these ma-
terials. In addition, these spectra reveal an anti-
resonant interference between the ferroelectric
mode and a low-frequency B, phonon for the hydro-
genated compounds. For the deuterated compounds
the interference appears to involve two or more
low-frequency phonons.

Following Katiyar et al.'® we have attempted to
fit these low-frequency xy spectra in terms of two
coupled damped harmonic oscillators in order to
determine the ferroelectric-mode frequency and
its temperature dependence. The scattered power
at a frequency shift w due to a fluctuation in the
a,, component of the polarizability tensor induced
by a lattice polarization fluctuation 6P, is given by

J(w) = C[n(w)+1]x" (w), (1)

where C is an experimental constant, the n are the
phonon population factors, and x” (w) is the imagin-
ary part of the complex susceptibility. For the
coupled system,

" (@) =Im; P,P,G,, (), )

where P; is the strength of the mode i and G, (w)
are solutions to the coupled equations given in Eq.
(3)

(w%—wa—iwr“ A% - jwly, >./G“ Gy

GU GH

=<1°) . ®
01

Equations (3) are overdetermined allowing an ar-
bitrary choice of diagonalization. The two limiting
cases occur for real coupling, that is with T';; =0,
or for imaginary coupling with A2=0. There are,
of course, an arbitrary number of equivalent inter-
mediate forms involving both kinds of coupling
which are obtained by using the appropriate unitary
transformations that diagonalize neither the real
nor imaginary coupling matrices. In the present
work we have used only the two limiting cases of
real or imaginary coupling and have determined

the remaining parameters in Eq. (3) by a computer
least-squares fit to the low-frequency xy spectra.
The curve-fitting technique utilized either the usual
Taylor-expansion method to second order or the
method of steepest descent to minimize the sums
of the squares of the differences between the ob-
served and calculated data. The data values were
weighted by their inverse squares in order to ad-

A%-jwly;  wi-w?-iwT,

just for the most likely inaccuracies in the data
and to ensure that the variance was independent of
scale. For the hydrogenated compounds the fits
were made to the spectra in the 10-230-cm™
range. For the deuterated compounds, however,
the presence of a third oscillator can be seen
around 200 cm™! and for CsD*A there may be a
further oscillator near 140 cm"! (together with a
feature at 55 cm™'). Because of the 16 parameters
involved, we have not been successful in meaning-
fully describing the deuterated system by a three-
coupled oscillator system. In addition, results
were not satisfactory from a two-coupled oscillator
system with a third uncoupled oscillator. We have,
therefore, attempted to ignore the influence of the
third (and any other) oscillator by fitting the data
for the deuterated compounds only in the spectral
range 10-130 cm™! with the two-coupled-oscillator
system. However, we were unable to achieve ac-
ceptable fits to the KD*A low-temperature data
even in this restricted range. In general, the
weighted variance of all the fits achieved were of
the order of 1073-10"*, while the standard error for
the individual parameters characterizing the two
oscillators was of the order of a few percent. The
quality of the fits can be assessed from Fig. 4(a)
to 4(f) in which data points arising from the final
fits are shown superimposed on the low-frequency
xy spectra.

Tables IV and V itemize the educed values of w;
and I'; for the two coupled modes determined for
the separate cases of real and imaginary fits to
the x spectra for the six arsenates; note that we
use the subscripts a and b to distinguish between
the two oscillators in the presence of real coupling,
and o and 5 when imaginary coupling is utilized.
For the presence of real coupling, Table IV shows
that, for each arsenate, mode @ is a soft
overdamped mode, while mode b exhibits the con-
ventional temperature dependence of a normal
phonon. In all cases it can be seen that there is
a systematic trend to lower frequencies of mode b
as the cation mass is increased in either the hydro-
genated or deuterated series. Furthermore, the
process of deuteration leads to a significant de-
crease in the mode-a frequency for a particular
cation, but has relatively little effect on mode 5.

It is to be noted that the values of A2 are not small
in comparison to either w, or w, but are not very
temperature dependent; the process of deuteration
generally leads to a lowering of A2, For real cou-
pling fits, we therefore interpret mode a as the
ferroelectric mode and mode b as a low-frequency
B, phonon.

The parameters characterizing the two modes in
the presence of imaginary coupling are simply de-
termined via the appropriate unitary transforma-
tion*® from the corresponding parameters educed



925

FERROELECTRIC MODE AND MOLECULAR STRUCTURE IN...

10

L0Z 68T 9IT 16 98 06T ¥8T 002 ¥92 L6T 0eg <Lz 68z coe  Cpe 79T ZLT  C¢LT 68T  L61 9T 08T 0LT OFT 6C1 121 €21 3231 LOT %8 1

0L% 632 80T 0L 19 Z2¥e 603 2¥g 028 FO¥ cLT L6  6ST  FeZ 761 cee o 9ee Pt L6 @0t ote T0E 9Za €91 LCT 0T CIT POl 28 LC 91

$ST  SPT 61T 96 96 68 <L 08 9¢ 29 ey LZF  €OF  0CF 92 96 0TT 91T 3T 60T GIT 281 8T ZFT 691 ¢oT .81 FIZ 232 061 °I

66T 8ET LIT TIIT 80T 16T S61 G02 1.2 8T 8T L8T 8LI F6T L6T PLT  CLT OLT tLL 781 88T 28T 24T 991 991 cLT  CLT CLT CLT 3LT g

62 G2 12 St 19t ce [43 e 61 €T 28" 08 €L 69 e 29 29 6¢ 9% 0¢ 18 9L 69 19 L2 86 <6 ¥6 88 69 oy

T0€ €82 G922 L32 012 80€ €L3 ©¢Z% 612 98T 162 2Lz ¥ez  9€Z 612 20¢  L¥Z 212 89T CF1 coe  2FZ €61  8FT  8II L6Z O0FZ F8T 6FT 021 X
V«dSD V+aqy Vxad vasy Yaqy vad

*soanjeroduro) JUSISIJIP & SOJBUISIE XIS 9Y3 JO BIJ0adS OLI09[d
—eaed €x Kouenbaxj-mol ayj o} Surjdnoo Areurdewt ym sy I03B[[10SO-OTUOWIBY-Pa[dnod 9y} WIoI} PAUTWISOP 90y pue ‘91 °31 ‘9m Po jo (;-wo Uy sonfeA ‘A ATAVL

—————————————————————————————

e —————————————————————————

3L SL 99 09 ¥9 g8 28 €8 9L L9 M 20T 91T FPIT 91T el 901 601 FIT OTL 80T TIT OIT 60T 91T ¢€0T 2ol 101 66 66 v

4! 128 14! [4¢ 9 91 L1 (s L1 0¢ 61 91 gt 11 FI It ot 91 1 at 91 LT 6T et F 9 ac 1z 184 LT 9

60€ 082 6% L3 912 062 S63 S8Z <¢LZ 881 £9¢  eec T¢e  €ee  czge 09F 62+ Fe 02F  6LE 92k OTF  99¢ €62 €at 12e 892 FFZ o0ge 182 "1

16 16 16 06 98 IIT PIT PIT 61T 921 19T €9T 9T €91 F9T ¢6 00T TOT Z0T  €OT ZIT  LIT 121 12T 021 LFT TCT FCT LT gel o

80T GOT 76 06 98 LIT SIT CIT TIT 00T FOL L6 €6 £6 28 €91 LCT  9CT  8FT  9F1 TLT 6T OFT 83T LIT LPT 82T LTT 80T 16 o

10¢ €82 692 LZg 013 80¢ €L2 ¢cz 61z 981 162 2LZ ©¢Z 982 G6IZ Z0¢ LPZ 2Tz 891 <Fl co¢  ZF €61 SFT  SIT L62  0F2 8T 6FI 02T X
V+dSO V<A Va3 Vas) VA Va3

orxjoereraed ¢g Aouonbaaj-mol 9y} 03 Surrdnoo [Bax YIIM S JI03B[[10S0-0TUOWIBY-Pajdnod

* soanjeradura) JUSISFIIP J8 SOJEUISIE XIS 9Y) JO BIj0dS
oy} wolj peutwiaojep v pue ‘41 °1 ‘9» °m 30 (-wo uy) senfeA Al IIAV.L



C. LEUNG

AND R.

N. E. TORNBERG,

LOWNDES,

P.

R.

926

‘V4aSO (J) PUB ‘V4dqY (3) V4T3 (P)

(M) 3™UNLVHIINIL

°L 00l oL o
T 7 o
/
/
/
/
7 ~
2 7 J
3 / o
E / =
20 \ Oc.
= o
3
° F
~
[
v,ds0 —o1
®
I
(M) 3YNLYY3IIN3L
00§ 002 ® 00l 5 0
T T T T/ T T 0
/
/
/
/
/S 18 <
N
-~
3
o135
=
vasd e
@) |

(M) 3YNLVE3dNIL

(M) 39NLVH3dNIL

‘vaso (9 ‘vaqy (@) ‘vasl (e) 103 a.r\& pue o.r\,n Jo aouapuadap aanjedadwd) pautwiaaied ‘¢ "HOIJ

00¢ 002 [ole]] 9 o 008 00z A®m 9 oo o
/
d —ol
—s m. -0z .
g ¢ )
e —oe
o 3
o o =
= —Hoi3 ot Q,
X o
» - wh
S 1 -os =
oo N v,0M o9
(@) (p)
oL
(M) 3UNLVH3IdW3L () 3YNLVYHIIWN3L .
002 ;00! o o, 00§ 002 00l % B o
T
_ ! de
_ s |
| d _
| - —
| ot I —Hor ¥
| = |
_ Q _ s
| Q | w
3 e 0
| -6 * Gl
| E | g
= x
_ | :
[ oz _ oz
“ vaqy "
|
! (q) sz M (®) sz
1




10 FERROELECTRIC MODE AND MOLECULAR STRUCTURE IN. .. 9217

TABLE VI. Values of T, and T,, determined from the T/7 intercepts, (T,— T,)/
T.= 6/(K+ 6), and the individual protonor deuteron tunneling frequency Q obtained as a
solution of Eq. (9), using the listed values of T, and the room-temperature values

of w, given in Table IV.

KDA RbDA CsDA KD*A RbD*A CsD*A
T,(K) 96 110 143 160 170 203
T,(K) 60+5 55+9 106 123+13 29£20 497
Qem-1) 99 125 115 74 71 69
T (K) 84+5 108 +5 127 +3 15511 1695 1873
5/ (K +8) 0.13 0.02 0.11 0.03 0.01 0.08

for the real coupling fit. In practice we have used
such parameters as our starting estimates for the
least-squares fits and this has sometimes led to
slightly different final parameter values. It is
these final parameters that are listed in Table V.
The results reveal that mode a is a soft over-
damped mode, while mode g is a comparatively
weakly temperature-dependent (sometimes soft)
mode which is heavily damped. The effects

of deuteration do lead again to a significant de-
crease in the mode-a frequency; but mode g ap-
pears to be largely unaffected by a change in cation
mass. Although the results are less physically
appealing than for the case of real coupling, it is
nevertheless clear that mode o describes the fer-
roelectric mode. In our following discussion of
current theories of the hydrogen-bonded ferroelec-
trics it will be shown that one or other of the two
forms of coupling will be the more appropriate
form to be chosen.

As mentioned earlier, the standard deviations of
the w; and T'; (for i =a or a) parameters charac-
terizing the ferroelectric mode were of the order
of a few percent. Nevertheless, we have found
that almost equivalent fits can be obtained for sig-
nificantly different values of w; and I';. As has
been commented on elsewhere, '° what does emerge
from these fitting procedures is that the relaxation
rate 1/7, = w%/T'; remains largely invariant to such
different values of w; and I';; and we accordingly
put more emphasis on 7 than the individual param-
eters when discussing the ferroelectric mode.
Figure 5(a)-5(f) displays the educed temperature
dependence of T/7, and T/7, for the six arsenates.
Previous workers'® have reported on the tempera-
ture dependence of T/7, for KDA and CsDA; al-
though our results are in basic agreement with this
previous work, they are not exactly so and we have
therefore included our results to elucidate the later
discussion.

It is apparent from Figs. 5(a)-5(f) that the T/
determined for all the compounds vary linearly
with temperature over the whole temperature range
covered in these experiments. However, in no case
do the 7/7 vanish at the transition temperature*!;

the 7/, in fact extrapolate to zero significantly be-
low the transition (as has been reported previously
for KDA and CsDA'®) while the T/7, go to zero
within a few degrees of the transition temperature.
Table VI summarizes the extrapolated values of the
temperatures T, and T, at which 7/7, and T/7,,
respectively, vanish.

Two central features of importance emerge from
these fitting analyses. First, the linear dependence
on temperature of the 7/7 found for all the com-
pounds. Second, the failure of the 7/7 values, for
both real and imaginary coupling, to extrapolate to
zero at the transition temperature. The linearity
of T/7 with temperature might be expected, since
in simplistic arguments both w? and I'; should have
a linear temperature dependence. However, the
deviation of the 7/7 from going to zero at the tran-
sition temperature may, at first, seem surprising.
In making our fits to the coupled oscillator system,
we have assumed the response function for both
modes to have the form

Gi(w) = 2wh /(0¥ = w? - jwT)), (4)

where " is the truly harmonic frequency of the
mode and w; contains the influence of the conven-
tional real part of the anharmonic self-energy and
T'; is a frequency-independent inverse lifetime.
Because in a separate experiment *!' we have es-
tablished that the static dielectric constant obeys
Curie-Weiss behavior in the paraelectric phase of
these materials, it follows from our assumed re-
sponse functions that wf should vary as

Wi=K'(T-T,), (5)

with w? becoming unstable at 7,. We now discuss
the departure of our experimental data from this
expected result and show that it is in accord with
current theories of the hydrogen-bonded ferroelec-
trics.

In the Kobayashi model, % a collective proton-
tunneling mode, of frequency §,, is coupled elec-
trostatically to a pure phonon of the same symme-
try, of frequency w,. In the limit of small damping
the coupled responses of the proton-phonon system
can be written as
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w? = $(w? + QF)

£{[ Hw?- Q) P +GH/2, (6)

where G? is an interaction term. It is readily
shown that the w? response has a temperature de-
pendence varying as (7 - T,) and is consequently
identified as the ferroelectric mode; w,, on the
other hand, is relatively temperature independent.
Kobayashi’s theory was formulated within the ap-
proximation assuming only one proton per unit cell
coupling with a single phonon. In reality, of
course, there are four protons per unit cell and a
more appropriate calculation, %2 which takes into
account all four protonic interactions, yields four
collective modes with frequencies (and their sym-
metries) of w, (B,), w, and w; (E) and w, (4,) such
that

Wy < W, =wy < W, . (7

It is found that, of these modes, only w, is strong-
ly temperature dependent and is therefore asso-
ciated with w_.

In the absence of the lattice coupling, the collec-
tive tunneling frequency is given by**

QZ=4Q% - QJ tanh(Q/kT), (8)

where Q is the individual proton tunneling frequency
and J is the dipolar proton-proton interaction. The
collective tunneling frequency has a soft-mode tem-
perature dependence®® which leads to a transition
at a temperature 7, such that 7,< 7,. If Q2=0at
T =T,, then it is readily shown that

QF =402 [1 - tanh (k%) / tanh( ks;o )] (9)

Within the same limit of small damping, the cou-
pled oscillator system with real coupling (this
form of coupling is the more appropriate in view
of the nondissipative nature of the Kobayashi theory)
discussed earlier has coupled responses of the
form

- (0 + o)
([ wD)? s a2,

Within this approximation, therefore, the behavior
of the coupled-harmonic-oscillator system, de-
scribed by Eq. (10), is formally equivalent to that
of the Kobayashi system, described by Eq. (6),
with w, analogous to £, and w, analogous to w,.?’
As mentioned above, the collective tunneling fre-
quency is a soft mode which becomes unstable at

a temperature below T, and such behavior is ob-
served for w, as discussed earlier. Formally,
therefore, the values in Tables IV and VI of w,

and T, determine the values of @, and T, for the dif-
ferent materials. The use of these values then

(10)

N. E. TORNBERG, AND R. C.
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leads to a solution of Eq. (9) for the individual pro-
ton tunneling frequency Q. Values of 2 determined
at close to room temperature are listed in Table
VI. The significant outcome of these calculations
is that, as would be expected, the individual deu-
teron tunneling frequency is small compared to that
for the proton in the corresponding hydrogenated
compounds. It is worth noting here that previous
attempts®* to determine Q have involved the assump-
tion that the term G? [see Eq. (6)] is small com-
pared to [$(Q2 - w?)]?, whereas inspection of Table
IV shows that, by analogy to the equivalent coupled-
harmonic-oscillator parameters, the reverse is
true. However, a persuance of this train of thought
stemming from the formal equivalence of the cou-
pled-harmonic-oscillator and Kobayashi model
should be undertaken with caution in view of the un-
realistic approximation assumed of small damping.
Furthermore, as Fig. 6 shows for CsDA and
CsD*A, although our calculations of w? from Eq.
(10) do reveal w_ to represent a soft mode, in no
case do the results lead to a (T - T,) temperature
dependence with w? going to zero at 7,. When
damping is included, of course, the actual coupled
responses of the oscillator system are given by
solutions of the equation

w* = 3T, +T,) = w¥(w? + w2 +T,T,)

+iw (Wil + wirl,)

+wiwi-at=0, (11)

Table VII compares values of w, and w_ determined
from Egs. (10) and (11) and the large deviations be-
tween the two sets of values emphasize the impor-
tance of the large damping in determining the actual
coupled responses of the system and cast doubts on
the ability of the Kobayashi model to seriously de-
scribe the hydrogen-bonded ferroelectric transition.
The limit of small damping is but one weakness
of the Kobayashi model, ®!° and a number of au-
thors have recently attempted to describe the fer-
roelectric transition in terms of anharmonic pho-

8

g w? (cm-)?'g

§ Aru)

o

Te 200 T,
TEMPERATURE (K)

FIG. 6. Temperature dependence of w": determined
from Eq. (10) for CsDA and CsD*A.



10 FERROELECTRIC MODE AND MOLECULAR STRUCTURE IN... 929

TABLE VII. Comparison of values of w, and w_ob-
tained as solutions to Egs. (10) and (11).

From Eq. (10) From Eq. (11)

T W, w. w, w_
KDA 297 180 103 148 0
RbDA 305 188 81 110 0
CsDA 302 178 61 92 0
KD*A 291 170 88 161 0
RbD*A 308 143 76 112 0
CsD*A 301 123 67 90 0

13- 15,16

nons. *=1® In recent papers Cowley and Coombs
have shown that, for piezoelectric crystals at low
frequencies, there is an additional contribution to
the self-energy of the ferroelectric mode which de-
creases the real part of the self-energy and in-
creases the damping. This additional contribution
arises from the deviations introduced into the pho-
non distribution by the fluctuations of the ferroelec-
tric mode of the piezoelectric system and leads to
a response function for the ferroelectric mode of

Gi(w)=2w"/(w? - w? - jwl; - H), (12)
where

0 -
H=72(J)?Z:l V( % ql)

2

t j1 i

x[n,(n,+1) B~

x (1'5%/71> , (13)

where the V are Fourier transforms of the second-
order cubic coefficients in the Taylor expansion of
the potential energy. If we assume the lifetime 7,
of all the other phonons is the same, 7, then in the
high-temperature limit the Green’s function be-
comes

20!

- i
Gi(w) Wi = WP - ol - 6T/(1 +iwT)’

(14)

where 6 is a positive constant. At high frequencies,
where wT> 1, the response function reduces to a
damped-harmonic-oscillator form with a frequency
w such that

W= (K+0)(T-T,), (15)

while at low frequencies, where wt<< 1, the re-
sponse function reduces to a damped-oscillator
form with a frequency §; such that

Q2=wi-8T=KT-T,), (16)
where
8/(K+8)=1-T,/T, . (6%))

Equation (17) reveals that the ferroelectric mode

will vanish below T, at a temperature 7,. In
drawing comparisons between the w; in Eq. (15)
and the results of our coupled oscillator fits it is
important to note that w_, and not w,, is the more
appropriate value to be used. That this is true
can be seen from Eqs. (10) and (11), from which
it can be shown that w, will not be identically zero
when w_ vanishes at the ferroelectric transition
temperature. For real coupling, therefore, w,
will go to zero below T, even if §=0. For imagi-
nary coupling, however, the coupled responses of
the double-oscillator system are solutions of

w* =¥ (0, +Tp) — w?(w? + w3+ T Ty-T%;)

+iw(Wi T+ Wil )+ w? wi=0 (18)

and it can be shown that one solution exists when
w_and w, (or wy) are identically zero. For imag-
inary coupling, therefore, any deviation from wi
vanishing at 7, can be ascribed to the anomalous
self-energy term 6, with T, being analogous to T,.
The values of T, given in Table VI support the
claim of Eq. (17) that T,=T,< T,. It follows that
the ratio (7,- T,)/T, determines an estimate of
the ratio of the anomalous contribution to the self-
energy to that of the regular term for the ferroelec-
tric mode for w=0. Values of suchratios are listed
inTable VIfrom which it appears that the anom-

alous self-energy is small compared to the con-
ventional anharmonic self-energy of the soft mode.
No significant trends emerge from this data, al-
though it appears that the 8/(K+ 6) ratios are al-
ways larger for the hydrogenated compounds than
for the corresponding deuterated compounds, and
that the 6/(K+ 8) ratios for the rubidium com-
pounds are very small.

IV. CONCLUSIONS

Through examination of the molecular Raman
spectra for the KDA isomorphs, hydrogenated and
deuterated, we have identified the protonic (deu-
teronic), transverse optic, AsOj" internal, and
O-H-O valence vibration contributions to the Ra-
man scattering and determined their symmetries,
mass, and temperature dependence. The trans-
verse-optic-mode frequencies agree reasonably
well with those calculated by Shur for KDP.%2 The
internal arsenate modes correspond well in fre-
quency to those observed in solution and other com-
pounds,* and are observed to be split predomi -
nantly by their S, site symmetry in the KDA lattice.
The O-H-O vibrations exist as very broad bands
in the region 1000-3000 cm™! and are seen to lower
in frequency by a factor of ~0.73 upon substitution
of deuterium for hydrogen. These bands continue
to exist in similar form in the ferroelectric phase.
The marked breadth of many spectral features is
seen to disappear in the ferroelectric phase, sug-
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gesting that it is related to the disorder of the pro-
tons (deuterons) above the transition,

Evidence for the collective protonic or deuter-
onic motions is observed in both the low-frequency
B, and E spectra in the paraelectric phase and the
following conclusions emerge. First, the com-
plexity of the E spectra in all cases precludes a
detailed examination of the contributing modes in
terms of just two interacting oscillators. Secondly,
the low-frequency B, spectra for the hydrogenated
compounds are well fitted by a coupled-oscillator
system representing the ferroelectric mode and a
low-frequency phonon. Third, the low-frequency
B, spectra for the deuterated compounds appear
to imply that the ferroelectric mode is coupled to
at least two low-frequency phonons, and that a
two-coupled-oscillator system can at best only be
used as an approximation to describe these spectra.
Fourth, the 7/7 for all the compounds are well de-
termined and vary linearly with temperature with
T/1, extrapolating to zero well below the transition
temperature and 7/7, going to zero much closer
to the transition temperature. Fifth, the choice
of real coupling between the two oscillators is the

more appropriate in drawing analogies with the
Kobayashi theory but although the results, in the
limit of small damping, support the soft-mode be-
havior of the collective proton-tunneling mode,
they do not lead to w? varying as (7 - T,); in the
presence of damping, however, the actual w? val-
ues are shown to be significantly different from
the values determined in the limit of small damp-
ing. Sixth, the choice of imaginary coupling is
more appropriate in discussing the anharmonic
theories of Cowley and Coombs and reveal the
anomalous self-energy to be small compared to the
conventional real anharmonic self-energy of the
ferroelectric mode.
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