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The infrared-reflectivity spectra of KH,PO, (KDP) and its isomorphs RbH,PO, (RDP) and
KH,AsO, (KDA) are reported in a wide spectral range (from 20 to 4000 cm™!), in the paraelectric
and ferroelectric phases. The phonon responses are obtained by fitting the factorized form of the
dielectric function to the experimental spectra. The comparison of the data obtained in the three
compounds allows the assignment of all vibrational modes. In RDP, the internal v, polar mode
polarized along the ferroelectric axis is found to soften upon approaching T from below or above,
although to a lesser extent. The eigenvector pattern of this mode shows that it interacts strongly
via electrostatic coupling with the intersite tunneling proton motions perpendicular to the fer-
roelectric axis. This phenomenon is thought to be the origin of the v,, mode softening. This
mode also couples with other polar modes of the same symmetry via a mechanism intermediate
between Fano-type interference and classical mode-mode coupling. The coupled excitation evolves
to yield the overdamped ferroelectric mode that triggers the paraelectric-ferroelectric phase transi-
tion. The temperature dependence of its oscillator strength agrees with that of the dielectric con-
stant measured above piezoelectric resonances or in single domain samples. The temperature
dependence of the effective charges carried by the ions, deduced from TO-LO splittings, is also
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consistent with a displacive mechanism.

I. INTRODUCTION

Potassium dihydrogen phosphate and its isomorphs
[RbH,PO, (RDP), KH,AsO, (KDA), KD,PO,
(DKDP),...] undergo a paraelectric (I42d) to fer-
roelectric (Fdd2) phase transition, which was evidenced
more than fifty years ago by Busch and Scherrer.!
Nowadays, we know unambiguously from recent high-
resolution neutron-diffraction measurements®® that the
protons or deuterons are disordered between two posi-
tions in the paraelectric phase, along the O—H—O
bonds. It is generally considered that deuteron motions
between these positions are essentially relaxational, while
protons can cross the potential barrier from one well to
the other by tunneling effect. This concept of proton
tunneling was introduced by Blinc* to explain the large
increase of Curie temperatures upon deuteration. Tun-
neling induces a proton collective mode,’ the coupling of
which with the lattice modes may explain the appear-
ance of a spontaneous polarization perpendicular to the
proton motions. Kobayashi® has shown that the interac-
tion of the proton collective mode with the K+-PO,*~
translational vibration mode of B, symmetry (polariza-
tion parallel to the ferroelectric axis) yields two coupled
modes, denoted w_ and w_, the latter exhibiting a soft-
mode behavior. This soft mode was previously observed
in the low-frequency infrared reflectivity spectra of
Barker and Tinkham,’ and later in the Raman-scattering
experiments of Kaminow and Damen. It is over-
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damped at any temperature, but under high hydrostatic
pressure (above 6 kbar), it becomes slightly under-
damped, with a frequency-to-damping ratio equal to 1.18
at 9.3 kbar, as shown by the Raman-scattering measure-
ments of Peercy.” All these theoretical and experimental
investigations were recently reviewed,'®~'* and the phase
transition appears connected with the condensation of a
soft mode, which comes from the interaction of the pro-
ton collective mode with the translational optical mode
K+-PO43', and also with the Xy shear acoustic mode,
the interaction of which with both others being a
piezoelectric coupling.'®

Recently, a new interpretation'®'® based upon the ob-
servation above T of Raman lines, symmetry forbidden
in the paraelectric phase but allowed in the ferroelectric
phase, in KDP,'”-! DKDP,”° RDP, and RbD,PO,
(DRDP) (Ref. 21) has been proposed. According to
which, the phase transition would be due to an order-
disorder behavior of the whole rigid cluster H,PO,,
without proton tunneling, and without soft mode. The
low-frequency response would then be a relaxational ex-
citation instead of the overdamped soft mode generally
considered.

Infrared-reflectivity spectroscopy associated with the
simulation of the experimental spectra by a dielectric
function model, such as the factorized form,?? is a
powerful method to investigate a ferroelectric soft-mode
behavior, and may help to clarify the problem related to
this controversy. This spectroscopy provides the struc-
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ture of the polar modes, the intensities of which are
nothing but their dielectric strength. Earlier infrared-
reflectivity studies were limited to narrow frequency
ranges. Most experimental spectra were analyzed by
Kramers-Kronig inversion.”?*=2* Owing to the weak-
ness of the classical Born-Huang dielectric function,
found inappropriate to fit such spectra, the Barker-
Hopfield coupled-mode model?® has been applied to fit
both lowest-frequency modes.?”?®  Simulations of
infrared-reflectivity spectra with the factorized form of
the dielectric function were reported just recently,? 3
but they were carried out only in the low-frequency
range (below 400 cm™!), and for KDP alone.

The aim of this paper is to report and compare the
whole (20-4000 cm™!) infrared-reflectivity spectra of
three KDP-type compounds (KDP, T,=123 K; RDP,
T-=145 K; KDA, T-=96 K), above and below T, for
the electric field of the infrared radiation polarized
parallel or perpendicular to the ferroelectric axis. A fit
of the factorized form of the dielectric function to
reflectivity data yields the structure of the polar modes,
whose comparison in the three compounds allows their
assignments.

II. EXPERIMENTAL PROCEDURE

The infrared-reflectivity spectra have been recorded
with a Bruker IFS 113C rapid-scan Fourier-transform
interferometer, giving access to the spectral range
20-4000 cm~! (for a more complete description, see
Ref. 22). Low temperatures were obtained by using a
liquid-nitrogen cryostat, with polyethylene (far-infrared)
and KRS-5 (thallium bromoiodide, near-infrared) win-
dows. The temperature stability is better than 1 K. The
samples were cut into plates about 1 cm X1 cm X1 mm
in size, the ferroelectric axis lying within the largest face
of the plate.

ITI. ANALYSIS OF INFRARED-REFLECTIVITY
SPECTRA

A. Dielectric function models

Theoretically, the real and imaginary parts of the
dielectric function €(w) can be deduced from the
reflectivity spectrum R (w) by Kramers-Kronig inver-
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sion. In practice, it appears that the errors involved in
calculating the phase from the reflectivity lead to a
dielectric function often less accurate than the result of a
fit of an appropriate dielectric function model to the ex-
perimental spectra. The usual method is to use the clas-
sical dielectric function
02
clo)=e, + 3 Ae;—— L : (1
j Qjro— 0" +1iY jTo®

Equation (1) will be referred to as the three-parameter
model, or sum formula of the dielectric function. Each
polar mode is described by three adjustable parameters,
frequency 1o, damping ¥ 7o, and dielectric strength
A¢;. This model fits the experimental spectra of
numerous compounds satisfactorily, except when the
spectra exhibit wide reflection bands, i.e., large TO-LO
splittings. This discrepancy is due to implicitly then as-
suming the same phonon decay for two phonon energy
levels far apart. To improve this, one may use the fac-
torized form of the dielectric function, or four-parameter
model®!

2 o=@ +iY i ow
co)=c I QgLo w2+.71LO .
i Qiro— @ +iY jTo®
Note that when w=0, Eq. (2) is nothing but the
Lyddane-Sachs-Teller relation; € is obtained by factoriz-
ing over poles and zeroes (the transverse and longitudi-
nal optical modes, respectively). Each TO or LO mode
is described by two parameters, frequency and damping,
the oscillator strength of mode j then being obtained
from all TO and LO frequencies

I1 (Q%1o—Qr0)

(2)

€.k
Ae; = . (3)
! Q}TO H(QiTo*QJZ‘To)
k+#j

This model has been shown to describe numerous
spectra satisfactorily, even in the case of relaxational ex-
citations.??

B. Symmetry of the vibration modes

In both paraelectric and ferroelectric phases, KDP-
type crystals contain two formula units per primitive

TABLE I.__Reduction into irreducible representations of the 45 normal optical modes of KDP-type compounds in the paraelec-
tric phase (142d) for T > T. g denotes the degeneracy of the representation; N, the total number of modes, Ny, N, and Ny the
number of translational external, librational, and proton modes, respectively. The number of tetrahedron internal modes is indicat-

ed with Herzberg’s notations (after Refs. 13 and 32).

Basis function

g N o Nt Np Ny Internal modes Raman and ir activities
A, 1 4 0 1 1 vi+v, XX +yy,zz
A, 1 5 0 1 2 vi+v,
B, 1 6 1 0 2 Vit vi+vy xy, P,
B, 1 6 2 0 1 Vo v+ vy XX —py
yz,P,
E 2 12 3 2 3 2vy+2v,

xz,P,
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TABLE II. Reduction into irreducible representations of the 45 normal optical modes of KDP-type compounds in the ferroelec-
tric phase (Fdd2). For the notations, see Table I. For T < T, x’=%(x +y)and y'= ;-(x —y) (after Refs. 13 and 32).

Basis function

g N oot Ny Ny Ny Internal modes Raman and ir activities
A, 1 10 1 1 3 Vi+2v,+ v+, x'x',y'y’,zz,P,
A, 1 11 2 1 3 Vi+2vo+vi+ vy x'y’
B, 1 12 3 2 3 2vi+2v, x'z,P,
B, 1 12 3 2 3 2vi+2v, y'z,P.

cell, i.e., 16 atoms. Tables I (paraelectric phase) and II
(ferroelectric phase) show how the 45 normal optical
modes transform as the irreducible representations of the
space groups. This classification assumes local symme-
try S, for the tetrahedron, viz., averaged symmetric
O—H—O bonds. The ferroelectric axis is the z axis
with the notations of Tables I and II, and the soft mode
is of B, symmetry above T and A4, below. Modes of
these representations are infrared active, for a polariza-
tion of the infrared electric field along the ferroelectric
axis. The E modes of the paraelectric phase are infrared
active for the electric field polarized in the plane perpen-
dicular to the ferroelectric axis, and split into B, and B,
modes below T, owing to the loss of the fourfold axis.
There is no inversion center in either phase, so each in-
frared active mode is also Raman active.

IV. RESULTS AND DISCUSSION

The infrared-reflectivity spectra were recorded from
liquid nitrogen up to room temperature, and for both
polarizations of the electric field: parallel to the fer-
roelectric ¢ axis (B, symmetry above T, A, below), or
perpendicular to it. The a and b twofold axes of the
high-temperature phase (E symmetry) are rotated by 45°
from the a or b axis of the low-temperature phase
(B +B, symmetry). No precaution was taken to ensure
monodomain samples, since (i) domains of opposite
directions give the same infrared spectrum polarized
along the ferroelectric axis; (ii) dynamic effects owing to
domains are expected only at frequencies below the in-
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FIG. 1. Infrared-reflectivity spectrum (full line) of RDP
(T=295 K) polarized along the ferroelectric axis. Dotted line:
best simulation obtained with the four-parameter model of the
dielectric function. Dashed line: “result of the three-parameter
model fit obtained by taking same TO frequencies, dampings,
and oscillator strengths as in the four-parameter plot.

frared range. For the perpendicular polarization, the
former argument is no longer valid, and one must con-
sider the whole spectrum as a combination B, +B,.

The infrared reflectivity spectra of KDP-type com-
pounds are really unusual, with all reflection bands
displaying anomalously asymmetric profiles more or less
pronounced, some of them being characteristic of highly
damped excitations (Figs. 1 and 2).

A. E parallel to the ferroelectric axis

Typical spectra are shown in Figs. 1 and 2. The imag-
inary dielectric function (i.e., the TO-mode response)
was first obtained from the experimental spectra by
Kramers-Kronig inversion, the result of that analysis
then forming the starting point for simulation of the
spectra with the factorized form of the dielectric func-
tion. Figure 1 illustrates the effect of the fourth adjust-
able parameter: the experimental spectrum of RDP at
295 K is plotted with the best fit with the factorized
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FIG. 2. Experimental infrared-reflectivity spectra (open cir-
cles) and best simulations obtained with the four-parameter
model of the dielectric function (full line) for RDP, KDP, and
KDA for the electric field of the electromagnetic wave polar-
ized along the ferroelectric axis.
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form of the dielectric function. The dashed line is calcu-
lated with the three-parameter model assuming the same
TO frequencies, TO dampings and oscillator strengths as
in the four-parameter plot. The discrepancy between the
dashed and dotted curves illustrates the effect of
phonon-line asymmetries that obviously cannot be de-
scribed by a single damping parameter. The quality of
the fit with the factorized form shows that the descrip-
tion of damping profiles with only two parameters is
sufficient. This is particularly striking in KDP-type
compounds owing to strong asymmetries of the lines due
to Fano-type interferences’>** between discrete and
highly damped modes. This illustrates once again the
power of the four-parameter model.?> Figure 2 shows
one typical example of such a simulation per compound.
Complete numerical results are available elsewhere.?
The TO-mode structure is plotted in Fig. 3 for the
three compounds and at two temperatures in each case.
Apart from the very low frequency region (below 100
cm ™), the spectra are practically temperature indepen-
dent in the paraelectric phase. According to Table I,
comparison of the compounds allows identification of
the lattice modes above T: the cation (Rb* or
K*)-anion (H,PO,” or H,AsO, ) translational mode
lies just below 200 cm™!; the two proton modes are at
the same frequencies in the three compounds, at about
1035 and 1300 cm ™' (the O—H bonds are the only ones
unchanged in all compounds), and the three internal
modes allowed appear at the same frequencies in both
phosphates, and at lower frequencies in the arsenate,
consistent with the natural frequencies of the molecular
ions.*® Upon cooling below the Curie temperature, addi-
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FIG. 3. Imaginary dielectric function (structure of TO
modes) deduced from the simulation of the experimental spec-
tra with the four-parameter model for RDP, KDP, and KDA
(polarization along the ferroelectric axis).
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tional modes appear according to symmetry predictions
(Table II). The librational mode lies near 120 cm™! in
RDP at 80 K, is not observed in the other compounds,
but is visible below 60 K in KDP.*” Two additional
internal modes are also observed according to symmetry
predictions.

In the high-temperature phase, all the modes observed
experimentally are symmetry allowed, apart from the
lowest-frequency overdamped mode. Figure 3 also
shows that the imaginary dielectric function vanishes be-
tween 500 and 700 cm™!, which means that high-
frequency modes (v;, v;, and bending O—H modes) are
decoupled from low-frequency ones. This is even more
pronounced in RDP. Hence, a discussion of the over-
damped mode may be limited to the range 0-500 cm ™!,
at least for this polarization.

Figure 4 displays the temperature dependence of the
imaginary dielectric function of RDP. Below 600 cm ™!,
at the lowest temperatures (80 K), all modes except the
internal v,. mode are only slightly damped. Damping of
the v,, mode, although subcritical, is surprisingly high
even at 80 K. The overdamped mode has vanished at
this temperature. It appears only upon heating above
about 100 K. The low-frequency mode parameters (TO
and LO frequencies, and oscillator strengths) are plotted
in Fig. 5. Upon approaching T from below, the v,
mode frequency decreases, while its oscillator strength
increases strongly and is multiplied by five between 80 K
and T.. Both these phenomena are characteristic of
mode softening. The v,, mode pushes down the transla-
tional external mode with an increase of its oscillator
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FIG. 4. Temperature dependence of the structure of the TO
modes for RDP (polarization along the ferroelectric axis). The
Rb-H,PO, translational mode is dotted, while the hatched re-
gions correspond to the overdamped soft mode and to the v,
mode.
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FIG. 5. Temperature dependence of the LO (full circles) and
TO (open circles) lowest-frequency mode frequencies of RDP
(polarization along the ferroelectric axis). Inserts show the
temperature dependence of the oscillator strength of the modes
denoted by the arrows. The lines are guides to the eye.

strength; the larger the strength, the stronger this an-
ticrossing effect. Therefore, the weak v, mode, between
the v,, and the external modes, is not significantly
affected by the v,. softening. Near T, the external
mode slowing down saturates, and the overdamped
mode then appears below 100 cm~!. This is the fer-
roelectric soft mode, labeled w_ by Kobayashi.6 At T,
its frequency is minimum and its oscillator strength
maximum, but also—the most important point—its os-
cillator strength amounts to the dielectric constant or
nearly so, at least when measured in the millimetric
range,’® or on a single-domain sample® to avoid contri-
butions from domain structure motions. This lowest fre-
quency mode dominates the dielectric response in the vi-
cinity of T to such a degree that its oscillator strength
is almost two orders of magnitude larger than that of all
other modes. This enormous component is described
here by an overdamped mode; its propagative character
was demonstrated by Peercy’s Raman experiments under
pressure.’

The eigenvectors of the o _ ferroelectric soft mode, of
the external mode and of the v,, mode are drawn in Fig.
6. Obviously, the intersite proton motion couples
strongly to the v, mode, by electrostatic interaction; it
is not infrared active in this polarization, but its interac-
tion with the v,, mode is thought to explain the strong
damping of the latter. These facts lead us to propose the
following interpretation: upon approaching the phase
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FIG. 6. Representation of (a) the overdamped soft-mode
eigenvectors, i.e., static displacements of the ions at the phase
transition; (b) the low-frequency Rb-H,PO, translational exter-
nal mode eigenvectors; and (c) the v, eigenvectors.

transition from below, the onset of intersite proton
motions destabilizes the internal v,, mode which softens.
It couples with lower-frequency modes, particularly with
the most polar one, i.e., the Rb-PO, translational mode.
The v,, mode partially transfers its eigenvectors to this
external mode, yielding the w, mode in Kobayashi’s
description. Mode v,, remains blocked above the LO
mode immediately lower (v,), according to the anticross-
ing rule of discrete states.

Upon approaching T, the proton disorder increases,
resulting in an ever wider spectral response for the v,
mode: the coupled excitation (H,v,,, external mode)
evolves into a quasicontinuum. Then the coupling be-
tween this broad excitation and discrete states is better
described by Fano-type interaction®*** than by the clas-
sical mode-mode coupling, consistent with the asym-
metric line shapes of the phonon responses (see, for in-
stance, the v, modes). In the case of Fano-type interac-
tion, a continuum may cross a discrete state. This ex-
plains the appearance of the quasicontinuum (H,v,,
external mode) at low frequencies, which is nothing but
o _ Kobayashi’s mode, and described here by an over-
damped mode.

Summarizing, the ferroelectric soft mode is the low-
frequency overdamped mode, but the random intersite
proton motions perpendicular to the ferroelectric axis,
which are at the origin of the phase transition, affect the
v4. mode first. Since these proton motions are not taken
into account by group theory, this additional degree of
freedom gives rise to an additional mode via coupling
with the normal modes with which it interacts preferen-
tially.

The situation is presumably the same in other com-
pounds. In KDP (Fig. 7), the v,. and the main external
modes shift down at the same temperature within experi-
mental error, while the overdamped mode appears at
low frequency. The oscillator strength of this mode cor-
responds to the dielectric constant value,**~*' near or
above T.. The experimental signature of the
phenomenon however is less visible than in RDP for two
reasons. (i) The phase transition is of first order in po-
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FIG. 7. Temperature dependence of the LO (full circles) and
TO (open circles) lowest-frequency mode frequencies of KDP
(polarization along the ferroelectric axis). Insert shows the
temperature dependence of the oscillator strength of the over-
damped soft mode. The lines are guides to the eye.

tassium compounds, while it is continuous in the rubidi-
um salt. This is consistent with the abrupt changes of
frequencies within a narrower temperature range. (ii)
The gap between the external translational mode and the
v,-v, group is smaller, and in terms of internal or exter-
nal modes, the assignment should be regarded with pre-
caution.

In KDA (Fig. 8), the oscillator strength of the 260
cm™ ' mode is one order of magnitude larger than that of
the 305 cm~' mode. The oscillator strength of a v,
mode, infrared inactive for a regular tetrahedron, is ex-
pected to be smaller than that of a v, mode. In the
relevant scattering geometry [x (yx)y] and in this spec-
tral range, Raman spectra exhibit only one line* near
390 cm~! in phosphate compounds and near 300 c¢m ™!
in arsenate compounds. This Raman-active mode is
very intense and therefore much more compatible with
v, assignment than v,, the latter usually being weakly
Raman active. So the infrared modes lying at these fre-
quencies are assigned to v,-like modes. Assignments in
terms of internal (v, or v,) and external modes in that
case however should be regarded with some caution be-
cause their positions are close. Some transfer of mode
parameters (eigenvector, oscillator strength, damping)
has already occurred. In KDA, the v,. frequency does
not shift down, because it is blocked between the LO
external and the TO v, modes. Frequency lowering of
the external mode and the appearance of the over-
damped soft mode are observed, and they may be con-

(polarization along the ferroelectric axis). The lines are guides
to the eye.

sidered consequences of the v, .-mode-proton-motion in-
teraction.

It is now of interest to consider deuterated crystals.
Infrared reflectivity experiments in DKDP samples are
generally only somewhat conclusive because of surface-
rehydrogenation problems.?* However, Kawamura
et al.?® reported successfully the low-frequency spectra
below 600 cm~!. They observed that in the low-
temperature phase, contrary to the hydrogenated com-
pounds, the v,, mode is but slightly damped, while there
is no large overdamped mode in the far infrared below
100 cm~!. The high dielectric constant value originates
in this case from polar excitations below the infrared
range. Tunneling is known generally not to occur in
deuterated crystals. Protons are known to tunnel at fre-
quencies at least one order of magnitude larger than re-
laxational motions of deuterons. As a result, tunnel pro-
ton motions are expected to couple much more
efficiently with lattice modes, compared to relaxations of
deuterons. Results discussed above show that this is just
what is observed experimentally. In hydrogenated com-
pounds, tunneling thus seems to play a major role via
strong coupling with the v,. mode, whereas no similar
effect is observed in the deuterated compound. The v,.-
mode softening is not properly necessary for the phase
transition to occur. However, in the hydrogenated com-
pounds, in particular in RDP, this mode appears to play
an important role in coupling the protons to PO, distor-
tion that ultimately leads to ferroelectricity.

B. E perpendicular to the ferroelectric axis

In this polarization, spectra must be strongly
influenced by the proton intersite motions since the
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latter vibrate in the plane perpendicular to the ferroelec-
tric axis. Figure 9 shows the imaginary dielectric func-
tion at 80 K of the three compounds. Complete results
of these simulations are reported elsewhere.’® Like in
the other polarization, comparison of the three com-
pounds allows the assignment of the observed modes: (i)
O—H bending modes at 1035 and 1300 cm™'; (i) v,
internal mode region, between 700 and 1300 cm™; (i)
v,-mode region, near 500 cm™~! in phosphates, 360 cm ™'
in arsenate; (iv) translation and libration external modes
at low frequencies.

No mode is seen at 3600 cm ™', i.e., the natural fre-
quency of O—H stretching vibrations. Therefore, one is
forced to assign to proton stretching modes the bands
observed at much lower frequency (1500-2500 cm™!)
and which are strongly damped. Figure 10 displays the
temperature dependence of the imaginary dielectric
function of RDP. Except for the measurement at 80 K,
the TO response is characterized by a very broad excita-
tion, the maximum of which lies at low frequency, but
extends up to high frequencies in the O-H region, to
such a degree that the imaginary dielectric function is
nowhere negligible below 2000 cm~'. This broad excita-
tion is not an additional mode which would appear when
approaching T, from below, because no extra mode was
added to those used to simulate the spectrum at 80 K.
It is a contribution from all modes, originating in the
high-frequency region: upon heating, progressively,
modes interact and transfer their oscillator strengths and
dampings from high- to low-frequency modes. The
lowest-frequency mode is thus strongly enhanced in the
vicinity of T.. The dielectric constant anomaly ob-
served in this direction is mainly due to the temperature
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FIG. 9. Structure of the TO modes for the polarization per-
pendicular to the ferroelectric axis, for RDP (obtained by
simulation with the four-parameter model), KDP and KDA
(obtained by Kramers-Kronig inversion).
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FIG. 10. Temperature dependence of the structure of the
TO modes of RDP, for the polarization perpendicular to the
ferroelectric axis (obtained by simulation with the four-
parameter model).

dependence of this lowest-frequency coupled mode.

Details of the low-frequency region are displayed in
Fig. 11, just above T.. The five symmetry-predicted
external modes are observed (see Table I), as well as both
v, internal modes. None of these modes is overdamped,
and all exist at 80 K. Our results contrast with those re-
cently reported by Wyncke and Bréhat’® in KDP. They
need an additional overdamped mode, which would only
be present above or near T, to simulate their spectra
with the four-parameter model. But their experimental
spectral range is limited to frequencies below 400 cm ™',
and they introduce the higher-frequency contribution by
a temperature-independent effective value of € =5.1,
whereas this contribution depends on temperature.
They are then forced to introduce an additional over-
damped mode to describe the spectra. The difficulties
they encounter demonstrate the need to treat the entire
coupled-mode systems 20-2500 cm ™!, since the imagi-
nary dielectric function does not vanish over this spec-
tral range.

C. Stabilization of the soft mode in the paraelectric phase

The sum of the TO-mode oscillator strengths is the
lattice-mode contribution to the dielectric constant:

€=€,+ 3 A¢; . 4)
j
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FIG. 11. Details of the low-frequency range of the TO-mode
structure of RDP at T + 3 K (polarization perpendicular to
the ferroelectric axis). Lower part: experimental infrared
reflectivity spectrum (open circles) and best fit with the four-
parameter model of the dielectric function (full line). Upper
part: Structure of the TO polar modes, deduced from the
simulation.

The inverse dielectric constant calculated by Egs. (3)
and (4) is plotted versus temperature in Fig. 12, for the
three compounds. Our values are consistent with mea-
surements in the microwave range.’**'"*3 The experi-
mental data lie almost on straight lines in both phases,
according to the Curie-Weiss law. However, whereas
the simplest Landau model predicts a ratio of slopes be-
tween the ferroelectric and paraelectric phase equal to 2,
Fig. 12 shows much larger ratios. Similar temperature
dependences of the susceptibility were reported by Ra-
man scattering.* The high dielectric-constant level in
the paraelectric phase is due to the oscillator strength of
the enormous overdamped soft mode, the frequency of
which increases only very slowly upon heating above the
Curie temperature. This originates from the proton in-
tersite motion, whose interaction with mode v, persists
to yield the soft mode: proton motions prevent the soft
mode from rapid “hardening.” It is suggested that the
stabilization of the soft mode occurs via quartic anhar-
moni“csity, such as the nonlinear polarizability of heavy
ions.

D. Comparison with other techniques

KDP-type crystals have been investigated more exten-
sively by Raman scattering than by infrared reflectivity.
It is thus interesting to compare results obtained by both
methods, and, for instance, our spectra of KDP (above
T¢,B, symmetry) with the Raman data for TO (Ref. 32)
and LO (Ref. 17) modes. Whereas Raman spectra clear-
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FIG. 12. Temperature dependence of the inverse dielectric
constant. Open circles: values deduced from the TO-mode os-
cillator strengths via Eq. (4) for KDP, RDP, and KDA (polar-
ization along the ferroelectric axis). Triangles: measurements
in the microwave range, at 0.3 cm~! for KDP (Ref. 41) and
KDA, (Ref. 43) and at 5.1 cm~! for RDP (Ref. 38). Dashed
straight lines show Curie-Weiss behaviors.

ly exhibit the TO and LO components of the ferroelec-
tric soft mode, the TO heavy-ion external mode is very
weak, and its LO counterpart invisible. The nonobserva-
tion of LO lines prevents the calculation of dielectric
strengths. Conversely, it must be kept in mind that in
infrared reflectivity, the intensities of the modes are their
dielectric strengths, viz., the essential physical quantity
for ferroelectrics, whereas there is no such direct rela-
tion with Raman line intensities. The v, mode (TO and
LO) gives rise to sharp intense diffusion, while v; and v,
lines are very broad, and split into two components.
The frequencies of v, and external modes are identical
within experimental error when obtained by both tech-
niques, but there is a large discrepancy for the v,, mode
(about 475 cm ™! for the maximum of the Raman broad
line, 400 cm~! for the modulus of the complex pole de-
duced from infrared spectra). Such a difference may be
explained as follows: there are two interacting modes,
one sharp (v,) and the other strongly damped (v,). The
ratio of intensities of both modes is different between
Raman and infrared, and the value of this ratio is re-
sponsible for the spectral shape in this case of discrete
state-continuum Fano-like interference, so the resulting
profiles may be rather different in infrared reflectivity
and Raman scattering. Figure 13 illustrates this
schematically: the full line is the B, (TO) Raman spec-
trum reported by Coignac and Poulet,’? with the strong
narrow v, mode lying just below 400 cm~! and another
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FIG. 13. Raman spectrum (full line) obtained by Coignac

and Poulet (Ref. 32) in KDP. The dotted line shows schemati-
cally the scattering line profile that could be expected for mode
vy if mode v, (responsible for the strong narrow line just
below 400 cm~!) were inactive.

broad maximum around 500 cm~!. The maximum of

the v, line would be strongly shifted by Fano interfer-
ence with respect to its position if both modes did not
interfere as shown schematically in Fig. 13 by a dotted
line.

As reviewed in the Introduction, a new interpretation
of the mechanism of the phase transition, which would
be of order-disorder type, was recently formulated. This
interpretation is based upon the observation in the
paraelectric phase of Raman lines which are symmetry
forbidden, whereas they are allowed in the ferroelectric
phase. These lines correspond to modes v,v;,v,, and to
the tetrahedron libration mode. But none of these
modes is forbidden by the symmetry of the paraelectric
phase, but only by the scattering geometry: each of
them is allowed in at least one other scattering
geometry. The appearance of these “forbidden” modes
might be related to depolarizing or nonlinear effects re-
lated to the lack of inversion symmetry of the crystals.
For example, the reflection of the laser beam upon the
back crystal surface may generate modes with mixed
TO-LO character. Moreover, one may speculate that
the existence of an overdamped mode implies that there
are very slow, quasistatic fluctuations, which can locally
distort the lattice and activate symmetry-forbidden
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FIG. 14. Temperature dependence of the sum of the
squared effective charges of the ions weighted by their masses
[obtained by Eq. (5)] for RDP, in the direction of the ferroelec-
tric axis (full circles) or perpendicular to it (open circles). The
lines are guides to the eye.
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FIG. 15. Temperature dependence of the sum of the
squared effective charges of the ions weighted by their masses
[obtained by Eq. (5)] for KDP, in the direction of the ferroelec-
tric axis. The line is a guide to the eye.

modes at Raman time scales. It must be emphasized
that by infrared reflectivity, all symmetry-forbidden
modes unambiguously disappear at T¢. In true order-
disorder systems, such as NaNO, or NH,AIF,, symme-
try forbidden modes are clearly observed several 10 K
above T in infrared reflectivity*® or in Raman spectra.?’
This is even an additional argument in favor of the
displacive character of the phase transition of KDP and
related compounds. Our results agree with the high-
resolution neutron-diffraction experiments by Nelmes
et al.,’ who showed the thermal agitation factors of the
heavy ions to be phononlike, while the proton ones are
order-disorder-like. This is also consistent with the re-
cent nuclear quadrupolar resonance work by Blinc,*
from which all oxygens are equivalent in the whole
paraelectric phase at the NQR time scale. All these re-
sults seem very difficult to interpret in terms of the
heavy-ion order-disorder model reviewed in Ref. 13.

V. EFFECTIVE CHARGES

Knowledge of the entire set of TO- and LO-mode fre-
quencies, given by the four-parameter simulation, allows
us to evaluate the effective charges of the different
ions?>%
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FIG. 16. Temperature dependence of the sum of the
squared effective charges of the ions weighted by their masses
[obtained by Eq. (5)] for KDA, in the direction of the fer-
roelectric axis. The line is a guide to the eye.
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1 (Ze)ia
EVV k my

S (Qo—Qr0)a= (5)
J

where €, denotes the dielectric constant of vacuum,
(Ze)y, is the effective charge of atom k in direction «
(the polarization) contained in volume ¥V, and m, is its
mass. The concept of effective charges is useful to
characterize the variation of the chemical bonds with
temperature. Electrical neutrality provides another rela-
tion

S (Ze)ye=0 . (6)
k

In the case of two nonequivalent ions, these equations
can be solved for the (Ze),,’s. For KDP-type crystals,
which contain four nonequivalent ions in the paraelec-
tric phase, the system remains undetermined. It is only
possible to calculate the sum of the squared effective
charges of the ions, weighted by their masses. The left-
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hand side of Eq. (5) is plotted versus temperature in Fig.
14, for RDP, for both polarizations. The effective
charges decrease strongly just below T. This decrease
is consistent with the shortening of the cation-anion
bond lengths that occurs at the phase transition, and
which is responsible for the appearance of the spontane-
ous polarization, and constitutes the signature of fer-
roelectricity.?>#%° The decrease is less marked perpen-
dicularly to the ferroelectric axis than along it, as it
should be. Figures 15 and 16 exhibit similar behavior
for KDP and KDA along the ferroelectric axis. These
features are consistent with a displacive character of the
phase transition.
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