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Résumé. — Nous présentons les résultats de mesures de réflectivité infrarouge dans la phase cubique de KNbO;,
ce qui permet d’atteindre les modes polaires dans cette phase dans laquelle il n’existait aucune donnée jusqu’a
maintenant. Lorsqu’on compare avec des mesures par diffusion Raman, on constate que la fréquence du « mode
mou » varie de fagon & peu prés continue de la phase cubique (mode F,,) & la phase orthorhombique (mode B,),
malgré les transitions du premier ordre qui les séparent. Chaque transition correspond a la stabilisation d’une
composante du mode mou lorsque la température décroit. "

Nos résultats confirment que les transitions de phase dans ce matériau ont un caractére displacif prépondérant
aux températures trés supérieures a la transition ferro-paraélectrique, tandis que, prés de cette transition et en
dessous, 'anharmonicité croissante modifie le comportement qui, de displacif, devient celui d’un désordre dyna-
mique.

Abstract. — We have made the first measurements of the polar modes in the cubic phase of the ferroelectric perov-
skite KNbO; by infrared reflectivity studies. Comparison of these frequencies with those measured by Raman
scattering shows that the « soft mode » frequency varies almost continuously from the three-dimensional F,,
mode in the cubic phase to the one-dimensional B, mode in the orthorhombic phase, in spite of the first order
transitions separating these phases. Each transition corresponds to the stabilization of one component of the
soft mode on cooling.

These data confirm that the phase transitions have a mainly displacive character well above the ferro-paraelectric
transition while near and below this transition, the increasing anharmonicity gives rise to modification of the
displacive behaviour becoming dynamically disordered.

1. Introduction. — KNbO, has three ferroelectric
phases at temperatures below 698 K and one para-
electric phase above 698 K (see Fig. 4).

The polar modes of vibration have been extensively
studied since they can be correlated with the dielectric
properties and therefore with the nature of the phase
transitions. In the ferroelectric phases, Raman scatter-
ing studies have most frequently been made [1-5]
and in a few cases the results of these studies have
been compared to infrared reflectivity measure-
ments [6].

However, in the cubic phase, only the infrared
experiments can be performed, since, the phase being

(*) Associé au CN.R.S.

centrosymmetric, the polar modes are Raman inac-
tive. We present the first infrared reflectivity results
obtained in the cubic phase and correlate these with
measurements by Raman scattering. \

2. Cubic phase : infrared reflectivity. — 2.1 Sym-
METRY GROUP ANALYSIS. — The irreducible represen-
tations of the normal modes in cubic KNbOj; (point
group, O,) are as follows :

— 1 F,, mode, Raman and infrared inactive;

— 3 F,, polar optic modes, infrared active only;

— 1 F,, acoustic mode.

All these modes are threefold degenerate, so that
the infrared reflectivity which is directly related to the
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polar modes will be independent of the polarization
of the light beam.

2.2 EXPERIMENTAL DEVICE. — The infrared reflec-
tivity spectra have been obtained with the aid of a
BRUKER IFS 113C scanning interferometer. The
interferogram is analysed by an on-line computer :
the reflectivity spectrum is thus obtained immediately.
The spectrometer has been completed with a high tem-
perature equipment which allows measurements to be
performed up to 1400 K. Problems associated with
the thermal emission of the sample itself have been
solved, as described in an earlier paper [7].

2.3 EXPERIMENTAL RESULTS AND ANALYSIS. — A
spectrum measured at 740 K, 40 K above the ferro-
paraelectric transition is shown as open circles in
figure 1. It has been analysed by both Kramers-Kronig
inversion and the factorized model of the dielectric
function [8, 9]. In the tetragonal ferroelectric phase
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Fig. 1. — Infrared reflection spectrum in cubic KNbO; at 740 K.
Open circles are experimental data. The full line is a fit to equa-
tion (1) with the parameters listed in table 1. The imaginary parts of
the dielectric and inverse dielectric functions calculated with
equation (1) correspond to the structure of TO and LO modes,
respectively.
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of BaTiO;, this model is in excellent agreement with
Raman measurements [10], whereas the classical
dispersion theory fails to describe wide reflection
bands. In this model, the dielectric function is given by :

2 2 :
Lo — W7 + Y00
2 2 ;

iTo — @07 + Wiro @

Q
s=£wl__[Q (1)

where the frequencies and dampings of the transverse
polar optic modes and their corresponding longitu-
dinal mode are ajustable parameters. ¢, is the optical
high frequency dielectric constant.

The four parameters corresponding to each pair of
TO-LO modes are found by fitting equation (1) to
the experimental data. The fit is shown in figure 1 as
the full line through the experimental points and the
values of the parameters are given in table I with
€, = 5.55.

In this model, each oscillator strength can_be
calculated from
Qﬁ‘O - Q1221"0 l—[ QI?LO - 'QJZTO

Qo k% Qo —

Ag;, = ¢

J 2]

Qho’

Note that the oscillator strength in the classical model
of independent oscillators is the product of the first
two terms of the right hand term. When w = 0,

equation (1) leads to the Lyddane-Sachs-Teller (L. S. T.)
relation giving the static dielectric constant as,

2,0\
&0) = ¢, H <Q’Tz> .

With the values given in table I, one obtains ¢, = 159
(which can also be self consistently calculated from
o + 2 Agj).

Althjough the lowest frequency transverse mode
turns out to be at the limit of the overdamping criterion
p/Q ~ \/f its frequency can easily be determined from
an infrared reflectivity experiment. All the other
transverse and longitudinal modes are sufficiently
underdamped that their frequencies can be accurately
determined. The low frequency reflectivity R, gives
directly the frequency Q_, of the (over-)damped
mode from equation (1) and the L. S. T. relation,

1 -/R,
Qg =/, —Y2
od 6001+ /—RO

Qo [T Qo -
Jj j#od

Table 1.
For comparison : B, mode
\ Ag; frequencies at 300 K
Qrocm™! Qpocm™! Yjro cm~ ! Yirocm ™! oscil. str. TO LO
115 420 165 7 141 57 425
207 193 19 19 9 196 188
522 820 54 22 3 513 830
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This method of determination of the frequency of
this important mode can be used in circumstances
where the experimental conditions are not adequate to
determine all the frequencies. It turns out that only
this low frequency mode varies significantly with
temperature (see Table I), so that the low frequency
reflectivity displays the variation of this mode since
Q. is a monotonically decreasing homographic
function of \/R,.

The correlation of this low frequency mode (L.F.
mode) with the low frequency B,(TO) underdamped
mode observed in the orthorhombic phase by Raman
scattering is discussed below.

3. Orthorhombic phase : Raman scattering. — 3.1
SYMMETRY GROUP ANALYSIS. — The unit cell of the
orthorhombic phase is simply the cubic cell distorted,
but with two of its axes along the diagonals of a face
of the cubic cell (the ferroelectric X axis and Y axis)
and the third axis parallel to the perpendicular edge.
The space group is C}¢ and the normal modes are to be
determined in the C,y point group. With one molecular
unit KNbO; per cell, there are 12 optic modes :

— 4 A, polar optic modes. Dipolar momentum
parallel to X
— 4 B, polar optic modes. Dipolar momentum
parallelto Y
— 3 B, polar optic modes. Dipolar momentum
parallel to Z
— 1 A, non polar optic mode.

Though the C;y symmetry group of the rhombo-
hedral phase is not a subgroup of the C,y group of the
orthorhombic phase and though the transition bet-
ween these phases is of first order, a mode can be relat-
ed to the transition if it is at least partially of displacive
type : such a mode must belong to the B, irreducible
representation since only in this case can the dipolar
momentum rotate the spontaneous polarization in the
correct plane of the unit cell to be compatible with the
rhombohedral configuration.

3.2 B,(TO) FERROELECTRIC MODE, AND ITS TEMPE-
RATURE DEPENDENCE. — All the normal optic modes
have been observed in their transverse configuration
at room temperature [2, 5. The lowest frequency
mode of the B, irreducible representation has been

studied as a function of temperature in the whole of the ,_ ® /
orthorhombic phase (Fig. 2) : since the temperature = /

has a noticeable effect only on this mode; it is presumed
to be the ferroelectric mode.

Since this mode is highly damped, its frequency
can only be determined by fitting a model to the expe-
rimental data. We found that the classical damped
oscillator model was adequate, which means the
scattering response is proportional to

1
n+1)Im————
( ) w? — w3 + iy
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Fig. 2. — Raman spectra of the B,(TO) soft mode at different
temperatures in the orthorhombic phase of KNbO,. Full line :
experimental spectrum. Dots : calculated points.

where nis the mean number of phonons :

1
exp h_a) —1
kg T
w, and y are shown in figure 3 as a function of
temperature. The frequency w, decreases smoothly
on cooling, without any critical behaviour, whereas
the damping constant diverges slightly near the
orthorhombic tetragonal transition [12]. Thus, this
mode becomes slightly overdamped near the transition
which it is not related to but it disappears at the
rhombohedral-orthorhombic transition [12, 13].
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Fig. 3. — Frequency, w,, and damping, y, of the B,(TO) soft mode
in the orthorhombic phase of KNbQ, as a function of temperature.
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4. Discussion. — 4.1 CONCERNING THE TETRAGO-
NAL PHASE. — Precise measurements could not be
made in the tetragonal phase because it was not
possible, with our experimental set up to obtain or
maintain a single domain. However, noting the
comment at the end of § 2.3, continuous monitoring
of the low frequency reflectivity through the tetragonal
phase during heating, shows that a very damped~
(may be slightly overdamped) mode exists in this
phase, whose frequency monotonically increases but
lies between those of the L.F. modes in the orthorhom-
bic and cubic phases.

Recently, M. D. Fontana et al. [16] carried out an
inelastic neutron scattering study on a single domain
sample of KNbO,; in the tetragonal phase at
T = 518 K. Fontana et al. find a highly damped
mode at the Brillouin zone centre, with a frequency of
1.6 + 0.5 THz (or 55 + 15 cm™!) which they call the
« Ferroelectric Mode ». There is a large uncertainty
in the frequency because the neutron groups are not
very well defined and the authors do not fit a theoretical
model of a damped mode to their experimental data ;
it is well known that the real frequency is always
higher than the frequency of the maximum at the
neutron group.

4.2 CORRELATION OF THE SOFT MODES IN ALL PHASES
AND COMPARISON WITH BaTiO,. — The frequency
of the L.F. mode observed at 740 K in the cubic phase
sits on the curve obtained by extrapolating the low
frequency B,(TO) mode curve in the orthorhombic
phase, and the interpolated frequency in the tetragonal
phase is compatible with the results described in the
above paragraph. This observation will be compared
with what has been obtained on the isomorphous
compound BaTiO,.

KNbO,; and BaTiO, display exactly the same
sequence of phases with temperature, although the
transition temperatures are different. The diffuse
X-ray scattering patterns [17] are similar in all phases
as is the anomalous Raman spectrum in the cubic
phase [18, 19]. However BaTiO; has been more
studied in its tetragonal phase as it is easier to obtain
this compound as a single domain in this phase. The
« continuity » of the frequency of the « ferroelectric
mode » from the tetragonal [20] to the cubic [21]
phase has been demonstrated in BaTiO; by Raman
scattering and infrared reflectivity studies, as shown in
figure 4. By comparing the behaviour of both materials,
we have shown that in KNbOj there is a mode whose
frequency decreases continuously from the cubic to the
orthorhombic phases but with some additional effects
near the transitions. In the rhombohedral phase,
this mode has a much higher frequency [12, 13].

This result is strongly related to the succession of
phases which characterizes BaTiO; and KNbO;.
In the paraelectric cubic phase, the ferroelectric mode
is 3-fold degenerate (F,,). At each successive transition
one component only becomes stable, the other compo-
nent(s) remaining soft (E-type in the tetragonal

JOURNAL DE PHYSIQUE

Ne 3
200 T T T T T
T
£
L :
150 : ..
> H
Q H
& | KNDO, |
8 — orthq——cé 3/5/.
o 100} - rhombic : , |
o H
[TH
E l'.—. -~
50 Y' 1~ cubic — 7]
L—tetra- o Scalabrin (1977)
'—gonal
1 ] 1 ] 1
200 400 600 800 1000 1200 1400

TEMPERATURE (K)

Fig. 4 — Comparison of the frequencies of the modes in the
cubic phase (O BaTiO; [16], ® KNbO;) with the frequency (H)
of the B, soft mode in orthorhombic KNbO, and with the E soft
mode (OJ) in tetragonal BaTiO; [15].

phase, B,-type in the orthorhombic phase) so that
there is no soft mode left in the lowest temperature
phase (rhombohedral). However, there is no direct
correlation between the modes in one phase and those
of the lower temperature phase since the transitions
are all of first order and the symmetry groups are not
successive subgroups of that of the paraelectric phase,
except for the tetragonal phase. For example, one
component of the « ferroelectric» E mode of the
tetragonal phase yields the low frequency B, mode
of the orthorhombic phase (since its polarization is
parallel to the preserved cubic axis) while the other
component must be combined with a A; mode of the
tetragonal phase to give a combination of one A,
and one B, normal modes of the orthorhombic phase.

The behaviour described above is characteristic
of the successive transitions. In contrast one may
observe that in PbTiO, which has only the high
temperature-transition, the F,, soft mode of the cubic
phase splits into one A; + one E mode in the tetra-
gonal phase, whose frequencies increase on cooling [22]
while their damping constants decrease.

4.3 ABOUT THE MECHANISM OF THE TRANSITIONS
IN KNbO;. — 4.3.1 Static dielectric constant. —
The existence of a L.F. polar mode whose frequency
decreases through the transitions may be related to
a displacive character of the transitions. Such a cha-
racter can be examined by comparing the experimen-
tal static dielectric constant to that calculated by the
L.S.T. relation from the frequencies of the polar
modes. In the orthorhombic phase at 300 K, the expe-
rimental and calculated dielectric constants are appro-
ximately equal in the direction of the three ortho-
rhombic axes (calculated : Refs [2, 4, 12]; measured :
Ref. [14]).

The measurements of the B, soft mode as a function
of temperature allow us to compare the calculated and
the measured values [14] of the dielectric constant
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Table I1.
T Do) ¢ calc. € eXper. Observations
- 20 51 912 900
0 54 813 820 The calculated value has been obtained from the
+ 20 57 780 + 50  complete L. S. T. relation using measured values
50 60 659 715 of the TO and LO B, modes by Raman scattering
100 62 617 650 spectroscopy [2, 4, 12].
150 64 580 600 The two experimental values given with an uncer-
180 67 528 600 tainty are-taken from table III of E. Wiesen-
200 69.5 490 600 darger’s paper [14], the other values are extra-
215 71 470 610 + 40  polated from figure 1 in the same paper.

in the Z direction in the whole of the orthorhombic
phase. The L.F. mode is the only B, mode which
has a significant temperature dependence (the fre-
quency of the other B, modes is invariant to within
0.5 %) so that the static dielectric constant calculated
from the L. S. T. relation reduces to :

) 2
&T) = £20) x <_5°‘_29>

o(T)

where w20y and wyp, are the frequencies of the soft
mode at 20 °C and T °C respectively. The values are
given in table IL

The calculated and measured values are in good
agreement at the lower temperatures, but there is an
increasing discrepancy for temperatures higher than
150 oC. This suggests that there are two contributions
to the dielectric constant, one from the polar phonons,
and one from other excitations or relaxations.

In the cubic phase, there is a huge discrepancy
between the value 159 of the dielectric constant
calculated in § 2 by the L. S. T. relation from the
infrared reflectivity and the measured value, 2 800,
at the same temperature [14, 15].

4.3.2 Displacive and/or order-disorder character
of the transitions. — The strong displacive character
has been demonstrated in the orthorhombic phase
because the dielectric constant due to polar modes
calculated from the L. S. T. relation accounts for the
measured clamped dielectric constant, except near the
orthorhombic-tetragonal transition (Table II).

At 40 K above the ferro-paraelectric transition
where the frequencies of the polar modes have been
obtained, the calculated dielectric constant due to the
polar modes (L. S. T. relation) accounts for only a
small part of the measured dielectric constant. The

same phenomenon is seen in BaTiO; [21] : in the
latter material, it has been shown that the discrepancy
decreases rapidly when the temperature is increased.
These observations show that, although the behaviour
of these crystals far from the transitions is that of a
standard displacive type, within a range of temperature
encompassing the two high-temperature phase tran-
sitions, this behaviour is dominated by another
mechanism which leads to the first ordér character of
the transitions. A pure displacive mechanism should
lead to a second order transition.

S. Aubry [26] and T. Schneider et al. [27] have

.constructed models which describe displacive, order-

disorder and any mixed type of structural transition.
They show that there can be a large variety of scattering
spectra. When the displacive aspect dominates, the
quasiharmonic modes show up as well defined peaks
that could be termed underdamped phonons. The
results presented in this paper show that one mode is no
longer quasiharmonic when it becomes overdamped.
Moreover, in the case of BaTiO; the overdamping
is such that one cannot distinguish the peak centred at
zero frequency and which is nearly Lorentzian and
a pure Lorentzian peak which would be obtained
from a relaxation.

In conclusion, it appears that the transition in
KNbO, is mainly of displacive character but with a
large anharmonicity which reflects a tendency of the
potential well to be flatter than an harmonic one and
which may indicate a multiple well with low barriers
in the cubic and tetragonal phases. In the orthorhombic
phase the displacive aspect is stronger.
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