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The aim of dielectric spectroscopy is 
to determine the complex dielectric 
function ε(w) = ε (w) -iε (w ) as a func
tion of frequency w . In a normal dielec
tric, the main contribution to the infrared 
spectrum 10 - 104 cm-1 (1000 - 1 pm) 
originates from polar lattice vibrations 
and the dielectric dispersion is, as a rule, 
of the resonance (underdamped oscilla
tor) type. At lower frequencies no dielec
tric dispersion is expected in the case of 
an ideal harmonic crystal, except for 
piezoelectric resonances in non-centro- 
symmetric crystals. In strongly anhar- 
monic and partially disordered crystals, 
however, additional dielectric dispersion 
can occur in the microwave range (10-1 - 
10 cm-1), or even lower, which is con
nected with relatively large - amplitude 
fluctuations in the positions of disorde
red particles. This dispersion is, as a rule, 
of the relaxational (overdamped, dif
fusive) type. In such systems the grea
test attention has been paid to crystals 
exhibiting structural phase transitions 
out of which the most important class is 
the ferroelectric. The increase of interest 
in such systems during the last 20 years 
is connected with new physical pheno
mena occurring near phase transitions.

Soft Modes in Displacive and Order- 
disorder Systems

The existence of soft modes repre
sents the central concept of all dynami
cal theories of structural phase transi
tions. In general terms, a soft mode is a 
collective excitation whose energy 
tends to zero when the temperature ap
proaches the critical temperature Tc . 
This causes an instability of the crystal 
against fluctuations of the soft-mode 
displacements. The soft mode beha

viour is of primary importance for struc
tural phase transitions because it deter
mines a number of anomalies in proper
ties near Tc through its coupling with 
other excitations. Two extreme catego
ries of structural phase transition differ
ing by the character of the soft mode 
displacements can be distinguished :
(a) Displacive Phase Transitions 

In this case the soft mode is one of the 
normal vibrational modes (phonon) and 
the structural change below Tc consists 
of a freezing of the soft-mode eigenvec
tor. If the soft-mode is dielectrically ac
tive, i.e. if its eigenvector has a non-zero 
dipole moment (which is always the 
case for ferroelectric phase transitions), 
its contribution to the dielectric spec
trum is expected to be that of a classical 
oscillator (see Fig. 1a) :

(1)

where f is the oscillator strength. If 
mean field theory is valid, the soft-mode 
eigenfrequency varies like ws(T)   
(TTC)1/2 near Tc. Typically, ws lies in the 
far-infrared region (10 - 100 cm-1) not 
too close to Tc The damping constant 
should be frequency-independent and in 
the first approximation temperature-in
dependent as well. Typically    10 - 50 
cm-1, so that far from Tc, the soft mode 
is underdamped (  < 2ws), but close to 
Tc , it becomes overdamped (  > 2ws).

(b) Order-disorder Phase Transitions 
In this case the soft mode is not one of 

the normal lattice modes but rather an 
additional excitation which describes 
the coherent hopping of the disordered 
particles among various allowed sites. 
The freezing of the soft-mode displace

ments means in this case a collective 
ordering of the particles. If quantum tun
nelling can be neglected (which is nearly 
always the case), the soft-mode res
ponse is expected to be overdamped at 
all temperatures. If, moreover, the time 
which a particle spends between sites 
can be neglected with respect to its 
dwell time about a given site, a pseudo
spin model can be used which ascribes a 
discrete variable to each site. Then one 
can show the contribution to the dielec
tric spectrum (see Fig. 1b) to be of the 
Debye relaxation type :
Δεs(w) = f   s(T)/{1 + iw s(T)} . (2) 
Here f ' is the relaxation strength which 
is determined by the effective dipole mo
ment of the pseudospin; A is a kinetic 
coefficient in the corresponding basic 
equation of irreversible thermodynamics 
which is expected to be roughly inde
pendent of temperature ;   (T) is a tem
perature-dependent relaxation time.

In mean field theory -s1 (T)  (T - Tc), 
which again yields a Curie-Weiss law for 
Δεs(0) if f ' is temperature-independent. 
It should be noted that the mean-field
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Fig. 1 — Schematic views of soft-mode particle motion in effective mean-field potential cor
responding spectra of  ε" (w)/w (proportional to the dynamic structure factor), a: displacive limit, 
b: order-disorder limit, c: intermediate (crossover) case.

dependences are not expected to hold 
close to Tc, but we shall not discuss 
here these so-called non-classical criti
cal phenomena (Ref. 1). Typical values 
for the relaxation rate (2  s)-1, which 
now characterizes the soft-mode fre
quency, are 10-1 -1 cm-1, not too close to
Tc
History

The history of our subject began in the 
early sixties shortly after the theoretical 
prediction of soft modes in displacive 
ferroelectrics independently by W. 
Cochran, P. Anderson and V.L. Ginzburg. 
In 1962, soft-mode behaviour was first 
observed by A.S. Barker, Jr. and M. 
Tinkham in the far infrared reflectivity of 
the incipient displacive ferroelectric 
SrTiO3. In the same year, critical slow- 
ing-down of the relaxation rate was 
found by R.M. Hill and S.K. Ichiki in the 
order-disorder ferroelectric triglycine 
sulphate (TGS) using microwave co
axial-line and waveguide techniques up 
to 4 x 1010 Hz (1.3 cm-1). Afterwards, 
several soft modes were observed in the 
dielectric spectra of various ferroelec
trics (see Refs. 2-5), but the experimen
tal accuracy, especially above   1 cm-1 
was not high enough to study the soft- 
mode behaviour on a satisfactory quan
titative level. In the meantime, inelastic 
light and neutron scattering techniques 
developed rapidly, and the number of 
publications devoted to soft-mode spec
troscopy using these techniques consi
derably exceeded that of similar publica
tions based on far-infrared or microwave 
techniques. However, during the last ten 
years new infrared techniques have 
been developed and renewed interest 
and activity in the dielectric spectro
scopy of soft modes can be noted.

Modern Infrared Techniques
The most interesting results are cur

rently being obtained using two techni
ques: (i) rapid-scan Fourier transform 
spectroscopy and (ii) backward wave 
oscillator (BWO) spectroscopy. The for
mer technique is now commercially 
available for the entire infrared range (10 
- 104 cm-1). It relies on normal bulk re
flectivity measurements which are sub
sequently evaluated by means of pheno
menological fitting procedures or Kra- 
mers-Kronig analysis to obtain the di
electric spectrum. It has been pursued 
mainly at the Institute of High Tempera
ture Physics in Orléans.

The latter technique, which works in 
the difficult spectral range 3 - 30 cm-1, 
especially appropriate for soft-mode 
studies in ferroelectrics, has been deve
loped mainly at the Institute of General 
Physics in Moscow, and is not yet com

mercially available. It is based on mono
chromatic sources, backward-wave os
cillators, which are broadly tunable by an 
applied voltage. The quality of the radia
tion (power 1 -10 mW, monochromatici
ty v/Δ\v   105 and degree of polarization 
99.99%) is similar to that found in 
microwave techniques, but otherwise 
the technique is based on simple optical 
principles: independent measurements 
of the power and phase shift of a wave 
transmitted through a plane-parallel 
sample. On-line connection with a con
trolling minicomputer enables a real time 
evaluation of dielectric spectra to be 
made. Varying the sample thickness 
makes possible a precise determination 
of dielectric spectra over a broad range 
(ε '   -103 ÷ 103, ε" 10-3 ÷ 103). 
Unlike reflectivity measurements, this 
method is independent of any model for 
dielectric dispersion and no fitting pro
cedure is needed to obtain the dielectric 
spectra.

Main Results
So far more than 30 ferroelectric 

crystals have been investigated in the 
vicinity of their phase transitions using 
the described BWO technique. Some of 
the striking results are discussed below.
1. Displacive Ferroelectrics

a) In some crystals which were believ
ed to be of the displacive type, a cross
over between displacive and order-dis
order behaviour has been observed near 
Tc. The soft-mode response in such 
crystals follows the displacive behaviour 
far away from Tc. However, near Tc an 
additional relaxation peak arises in the 
spectrum which softens at Tc, whereas 
the soft mode saturates at a finite fre
quency for T → Tc. The additional relax
ation also produces an increasing cen
tral peak in the inelastic scattering spec
trum near Tc which has been observed 
in phase-transition studies using Raman 
and neutron scattering. However, the 
half-width of the central peak, which 
determines the relaxation frequency

(2  s)-1, could seldom be resolved by 
those techniques ; moreover, such cen
tral peaks seem to be mostly of an ex
trinsic (defect) nature. On the other 
hand, dielectric spectroscopy clearly 
shows the existence of an additional in
trinsic (not too much sample dependent) 
relaxation near Tc in the 1 - 20 cm-1 re-C
gion in displacive ferroelectrics like 
BaTiO3, KNbO3 (see Ref. 6), SbSI or 
Gd2(Mo04)3. The most probable expla
nation of this behaviour is a partial disor
der in the crystals near Tc. In simple 
terms this means that the particles in
volved in the soft mode with wave vec
tors close to that of soft-mode move 
near Tc in a double (or multi)-minimum 
potential with a potential barrier bet
ween minima of the order of the thermal 
energy kTc (the distance between mini
ma is of the order of 0.1 A). The 
associated soft-mode spectrum con
sists of at least two peaks (see Fig. 1c), 
the higher-frequency corresponding to 
the small-amplitude oscillations in a 
single minimum (classical soft mode)
Fig. 2 — Soft mode spectra of GMO and fits 
to a simple phenomenological coupled-mode 
model. Tc = 432 K. (After Petzelt et al., to be 
pubi)
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Fig. 3 — Temperature 
dependence of the soft 
mode frequency in TSCC. 
The triangles are from 
BWO data, the circles are 
from Raman measure
ments. (After Ref. 8).

and the lower-frequency to the large- 
amplitude hopping among different mi
nima (central mode). The first model cal
culation exhibiting this behaviour was 
performed by Y. Onodera in 1970 and 
has since then been confirmed by more 
refined calculations and computer 
simulations reviewed in Ref. 1.

Significant progress was recently 
achieved in the case of the improper fer
roelectric Gd2(MoO4)3 (GMO) where the 
complete dielectric spectrum in the 5 - 
50 cm-1 region was determined in detail 
and fitted to a phenomenological theory 
based on a coupled-mode formalism. In 
improper ferroelectrics, the polarization 
is not the order parameter and, as a con
sequence, the soft mode is dielectrically 
inactive above Tc; it becomes weakly 
active below Tc only because of an in
teraction of the soft mode with other 
polar modes (see Ref. 7). The resulting 
experimental data together with the fit
ting spectra are shown in Fig. 2. To de
monstrate the growth of the central 
peak, Tε" (ω)lω is plotted as this quanti
ty is proportional to the dynamical struc
ture factor measured in inelastic scatter
ing experiments. The most striking fea
ture (resulting from the parameters of 
the fit) is the nonlinear increase of the 
coupling between the soft and central 
modes near Tc .

b) In some other displacive ferroelec
trics, no intrinsic central mode appears. 
This has been nicely demonstrated on 
the molecular ferroelectric tris- 
sarcosine calcium chloride (CH3NHCH2 
COOH)3CaCI2 (TSCC). Several recent 
theoretical approaches have assumed 
an order-disorder mechanism for the 
phase transition at Tc  130 K. However, 
BWO measurements in the 3 - 18 cm-1 
region revealed an underdamped soft- 
mode both above and below Tc shown 
in Fig. 3. It accounts for the whole static 
dielectric anomaly; TSCC is a textbook 
example of a classical displacive 
system.
2. Hydrogen-bonded Ferroelectrics

Very recently, a new understanding of 
the proton dynamics in classical hydro-

gen-bonded KH2PO4 (KDP) has grown 
up. After 20 years of belief that quantum 
tunnelling of protons in a double-well 
potential is the driving mechanism for 
the ferroelectric phase transition, it has 
become clear that the situation is rather 
more prosaic : The protons are strongly 
coupled to PO4 tetrahedraforming 
(H2PO4)- ions which perform classical 
hopping motion between two configura
tions. There is now much structural as 
well as Raman and infrared spec
troscopic evidence for such a picture, in
cluding the purely relaxational soft- 
mode behaviour evident from BWO 
spectroscopy. In Fig. 4 the temperature 
dependence of the soft-relaxation fre
quency is shown for the mixed system 
KH2(1x)D2xPO4 with different deuterium 
concentrations. The single relaxation 
behaviour observed in the whole com
position range points to the importance 
of long-range forces. The results need a 
theoretical reinterpretation in the light of 
the phase-transition mechanism men
tioned above.
3. Order-disorder Ferroelectrics

Rochelle salt (RS), NaKC4H4O6.4H2O 
was the first ferroelectric, discovered in 
1921 by J. Valasek. However, its proper
ties are by no means simple and remain
ed incompletely understood until now. It 
exhibits two phase transitions at 255 K 
and 297 K and only the intermediate 
phase is ferroelectric. The structure be
low 255 K and above 297 K is nonpolar 
(but piezoelectric) and identical with 
respect to symmetry. Both transitions

Fig.4 — Soft relaxation 
frequencies in the 
KH251 -x)D2xPO4 system 
as function of temperature 
and deuteration. The inset 
shows the ratio of the soft 
mode frequencies of par
tially deuterated crystals 
to that in KDP for a fixed 
temperature interval T-Tc. 
(After Ref. 9).

are second order and the soft mode is 
relaxational.

Recent BWO measurements have 
shown that its temperature dependence 
between 180 and 250 K follows a rather 
unusual cubic law

(2  s)-1 = 1.07 (To-T)3 x 10-5 cm-1 
with To = 275 K. A similar law was also 
found in the deuterated salt DRS :

(2  s)-1 = 0.8 (To-T)3 x 10-5 cm-1 
with TO = 280 K. The difference bet
ween To and the actual transition tem
perature is caused by a piezoelectric 
coupling between the soft mode and a 
corresponding acoustic mode. The cu
bic law as well as the existence of two 
transitions can now be understood in 
the framework of a model developed by 
Mitsui already in 1958 which assumes 
two asymmetric double-minimum po
tentials for the disordered particles in 
the unit cell (Ref. 10).
4. Incommensurate Ferroelectrics

Incommensurate ferroelectrics are 
characterized by an incommensurate 
phase which precedes the ferroelectric 
phase upon cooling the crystal from the 
normal nonpolar phase. In this interme
diate phase the structure exhibits a fro
zen-in polarization wave of a period in
commensurate with and much larger 
than the lattice spacing (see Ref. 11). 
This period grows upon approaching the 
ferroelectric transition and the polariza
tion wave changes into a periodic ferro
electric domain structure close to the 
ferroelectric transition. From the point of 
view of lattice dynamics the incommen
surate phase is characterized by new 
low-frequency vibrations, namely by 
fluctuations of the amplitude and phase 
of the incommensurate modulation 
wave, so-called amplitudons and pha- 
sons. Both branches originate from the 
soft branch in the normal phase ; the dis
tinguishing feature of an ideal incom
mensurate phase is that the phason 
branch tends linearly to zero with the 
wave vector k — O.

The behaviour of amplitudons is simi- 
lar to that of the soft mode below a usual 
displacive phase transition and in conse-
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Fig. 5 — Temperature dependence of dielec
tric losses in K2SeO4. The structure between 
T2 and T3 is incommensurate, below T3 im
proper ferroelectric. (After Ref. 13).

quence they have been frequently ob
served in displacive incommensurate 
phases. However, the phason branch 
has much lower frequency and is expec
ted to be overdamped for small k; as a 
result it was not directly observed until 
recently. BWO spectroscopy succeeded 
for the first time to provide evidence for 
a phason mode in the incommensurate 
improper ferroelectric potassium sele
nite K2SeO4. The temperature depen
dence of dielectric losses in K2SeO4 at 
three frequencies is shown in Fig. 5. The 
incommensurate phase between T3 and 
T2 is characterized by an additional con
tribution to losses which can be fitted to 
a Debye relaxation with (2  )-1 = 2 cm-1 
near T2 which softens down to 3 x 10-3 
cm-1 at T3 as follows from subsequent 
microwave measurements by M. Horio- 
ka et al. A group-theoretical analysis of 
selection rules in the incommensurate 
phase shows that the relaxation comes

from a phason mode with a wave vector 
q equal to the wave vector ko of the in
commensurate polarization wave. This 
result can be easily understood from Fig. 
6 where the uniform (q = OO) dielectrical
ly inactive and the q = ko active pha- 
sons and amplitudons are schematically 
depicted. The decrease of the wave vec
tor kO as T — T3, causes an effective 
softening of the dielectric active phason 
mode and a consequent divergence of 
the corresponding ε component.

Conclusions
As we have tried to illustrate, BWO 

spectroscopy is a technique for quanti
tative soft-mode studies in different 
types of ferroelectric. It enables one to 
obtain both the real and imaginary part 
of the dielectric response independently 
of any physical assumption or model. So 
far, however, very few BWO spectrome
ters are working properly so that dielec
tric data in the submillimetre and milli
metre range are still rather scarce. We 
should like to stress that this spectral 
region is also of great interest for many 
other systems.
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