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Abstract. The light depolarization and Raman scattering spectrum have been measured as a
function of the temperature in a dilute crystal of potassium tantalate niobate (KTN) with 2% Nb.
The careful analysis of the Raman data versus temperature clearly reveals for the first time the
sequence of two phase transitions below the cubic phase around 40 K and 32 K, connected to
the dipolar ordering. The occurrence, well above 40 K, of Raman lines unexpected from the
symmetry and attributed to the phonon density of states, as well as the quasi-elastic scattering, is
interpreted in terms of the precursor phenomena and dynamic clusters in the cubic paraelectric
phase.

1. Introduction

Solid solutions of potassium tantalate niobate KTé&lb,O3; (KTN) are of great interest
regarding the microscopic origin of phase transitions. Replacing tantalum by niobium ions
in the highly polarizable material KTaOinduces a change of the properties which can
be adjusted between those of KTa@nd KNbQ. While pure KTaQ is an incipient
ferroelectric which does not undergo any phase transition, replacing Ta by Nb destabilizes
the lattice and leads to a transition temperature which is strongly dependent on the Nb
content.

The phase diagram of KTN (& x < 1) obtained from various experimental techniques
[1] shows that at low Nb concentrations.@08 < x < x.), KTN presents a single and
direct transition from the cubic phase to the rhombohedral phase, but a sequence of phase
transitions as for pure KNbOfor concentrationsx > x.. The value of the critical
concentrationx,. for the occurrence of successive phase transitions is still debated. The
value x, = 0.05 [1] was accepted for a long time but a lower valye= 0.03 [2] was
recently suggested.

A particular feature of the KTN system is the presence of unexpected Raman lines in
the paraelectric (PE) phase. These new lines were attributed to first-order Raman scattering
at the zone centre normally forbidden by cubic symmetry [3,4]. In spite of intensive
investigations carried out on KTN crystals, the number, nature and mechanism of the phase
transitions, as well as the origin of the lines detected alfuwemain the object of current
controversies, specially for low Nb concentrations [4-8].
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Raman studies on KTN with = 1.2 and 4% [4, 9] were devoted to the high-frequency
lines, the so-called hard modes. The results have shown the presence of polar micro-
regions in the paraelectric phase revealed by the existence db@ie hard mode TQat
200 cnT?, which was attributed to the first-order Raman scattering. Further, the appearance
of the TQ; line lying at 277 cnit, just at 7. was used to define the temperature of the
structural transition. These last investigations were not concerned with the low-frequency
spectrum which generally yields information on the phase transition associated with the soft
mode and the central peak, if they exist.

In our study we pay attention to Raman measurements over a large frequency range,
so that we relate the features at low frequency to the possible change observed at higher
frequency in the hard modes. The KTN crystal used in our study is a dilute crystal with
2% Nb which is close to the critical concentratiap. Anomalies revealed by Raman
scattering are compared with information derived from the light depolarization and the
second-harmonic generation (SHG) measurements, on the sargggiibgy,03 crystal. In
this paper we are specially concerned with the following aims: (1) to give an insight into the
number and mechanism of the transition(s) in a crystal with Nb concentration lowet than
(2) to study the link between the occurrence of a quasi-elastic scattering (QES) and additional
lines in the cubic phase and the precursor ordering phenomenon; (3) to interpret the origin
of the new lines detected at high temperature. We show that they correspond neither to
usual first-order Raman nor the normal second-order processes but can be attributed to the
phonon density of states.

The paper is presented as follows. First, the light transmission and second-harmonic
generation (SHG) measurements are used to obtain some evidence of two temperature
transitions. Then the Raman scattering spectra are reported as a function of the temperature
and carefully analysed. We specially emphasize the characteristics (frequency, width and
integrated intensity) of each Raman peak which are plotted versus temperature. All results
are discussed in section 3 and finally summarized in section 4.

2. Experimental results

2.1. Light transmission measurements

We determine the possible phase transition temperatures by the study of any change in the
depolarization of the light transmitted through the crystal. We have recorded the transmitted
intensity between parallel/() and crossed polarizerd (). The depolarization rati® as
defined by

_ I”_IJ_
I+ 1

is plotted as a function of the temperature in figure 1 and compared with the second-harmonic
generation intensity (SHG), measured in the same crystal [10]. On cooling, the behaviour
of R displays anomalies arounfi = 40 K and7> = 32 K. Above Tj, the light is not
depolarized so that the optical properties of the crystal are isotropic, which confirms the
cubic and centrosymmetric structure of the high-temperature phase. BefyaadT>, the
transmitted light is depolarized so that the optical properties are anisotropic rendering the
crystal birefringent. Belowls, the optical anisotropy of the crystal is continuously enhanced
on cooling, then remains constant below 20 K. This change of the transmitted light through
the crystal is the signature of depolarization due to multiple alterations of the polarization
by the various domains caused by the structural changes.

1)



Precursor effects and phase transitions in KTN 10251

T T

100 T T T 2 . T T T T 200 o~
=
L4 e Xone Xomnnnn [V —— Xemmmnmamemmnns e Keoomrmnannane Cé
~ " vl =
~ 095} [ L 4150
§ ". ?; 100 } “’s o ISHGX]()3 qﬁ)
g w2 g
209 p /. ¢ 1100 &
5 — e T 5
2, P el E
X X ks 36 38 = F— S
S 085} T 150 =
I g
. SHG 3
- %5

080 i 1 [ 1 1 1 1 i O

0 10 20 30 40 50 60 70 80 90

Temperature (K )

Figure 1. Temperature dependences of the depolarization ratio in the transmitted light and
the second-harmonic generation (SHG) intensity [10] measured ogd§Nap 0203. The inset
shows the value of (SHG) above 32 K. Anomalies at the temperatufgsnd 7> are denoted

by vertical arrows.

The temperaturegy; and 7,, which are evidenced by the light transmission, are
corroborated by anomalies observed in the SHG results [10]. These authors attributed a
large increase of the SHG signal around 32 K to phase transition from the cubic phase
to the rhombohedral structure and the remanent intensity (see inset of figure 1) Above
to precursor effects. In our opinion, the presence of SHG between 40 K and 32 K arises
from a first symmetry breaking since the SHG signal occurs only in a crystal without an
inversion centre. From these results, we can hereafter define three temperature ranges: the
high temperature rangd (> 40 K), the intermediate temperature range (32K < 40 K)
and the low temperature rang€ K 32 K).

2.2. Raman measurements

Raman measurements were carried out in right-angle scattering geometries on a
KTag.9sNbp 0203 crystal with cut (100) faces. Spectra were obtained with a Spex double
monochromator using the 632.8 nm He—Ne laser line. The incident and scattered light
were generally directed along theand x axes, respectively and the spectra were measured
under the same experimental conditions. These conditions are only changed when the
measurements are recorded at low frequencies instead of the data obtained in a complete
frequency range.

2.2.1. Raman spectra as a function of the temperatukégure 2 shows the spectrum
recorded in two configurations at 100 K. This spectrum displays broad second-order



10252 E Bouziane ad M D Fontana

T T T

'

/ 100K

S S,
2

TERY) /\

/ z(yy)x S

et XA

0 ]50 300 450 600

S

Raman intensity

Frequency shift (cm-1)

Figure 2. Polarized Raman spectra recorded in two configuratigns)x andz(xy)x at 100 K
in KTap.ggNbp 0203. x, y andz are the cubic axes.

scattering bands denoted ® S, characteristic of the cubic structure. Thus they)x
scattering corresponds to the two phonon lines of the symmetiiemé A, whereas the
z(xy)x scattering, as well as the equivalentztocz)x andz(yz)x scattering, gives rise to

F,, modes. The Raman spectrum obeys to the cubic selection rules for all temperatures
down to 40 K. Below 40 K, the intensities of the spectra carried out(iry)x andz(yz)x
scattering are different from each other and much smaller than(®hex spectrum. This

is consistent with the occurrence of the phase transitich .at

Figures 3 and 4 exhibit the low- and high-frequency spectra recorded in(ihgx
scattering, for various temperatures within the same experimental conditions, between 0
and 120 cm! and 150 and 600 cmt respectively. The spectrum displays a significant but
monotonic change as a function of the temperature at low and high frequency ranges.

In the low-frequency range (below 60 ci) reported in figure 3 we can distinguish two
features: a quasi-elastic scattering (QES) below 15'cas a tail of the Rayleigh line and a
broad scattering above 15 cf Both features monotonically increase in intensity between
100 and 40 K. Two broad bands denoted as 1a and 1b emerge from this scattered intensity
and become more and more resolved when the temperature decreases. Below 35 K, the
QES and the peaks 1la and 1b have quite different behaviours since these lines continuously
increase in intensity whereas the QES progressively vanishes.

As shown in figure 4, the spectrum in the high frequency range displays new lines (lines
2 and 4) which occur around 200 cfand 545 cm' respectively for the temperatures
below 60 K, and an additional peak, denoted 3, which is detected around 280betow
38 K. All these lines are more and more intense and narrow with decreasing temperature.
It can be pointed out that the lines 1, 2 and 4 exist abbvé& 40 K whereas the line 3
appears only close to this transition temperature. Whereas the second-order bands decrease
in intensity as expected when the temperature descreases, all new lines display a surprising
increase in intensity. All appear as well resolved lines in the low-temperature fhasdy)
like usual first-order phonons. However, whereas each line 1b, 2, 3 and 4 is located around
the same frequency on both sidesTef the line 1a exhibits a clear increase of the frequency
when the temperature is lowered bel@w= 32 K.
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Figure 3. Low-frequency Raman spectra recorded at various temperatures gpdNia 020s.

2.2.2. Analysis of Raman resultsln order to analyse more carefully the experimental
data as a function of the temperature and to study their possible relation with the phase
transitions, we determine successively the integrated intensity, frequency and damping of
each line.

Integrated intensity We report in figure 5 the temperature dependence of the integrated
intensity of the quasi-elastic scattering and the new lines, as calculated from

L)
1= e ® @

wherea andb correspond to the low- and high-frequency limits of the pesly) is the
Bose—Einstein population factor addw) denotes the experimental scattered intensity.

We note in the upper part (a) of figure 5 that the broad maxima of the inteh€R¥E)
seemingly coincide with the temperatures= 40 K andT, = 32 K, as defined from the
light depolarization and the SHG measurements. We can also remark that the temperature
T, corresponds to the appearance of the line 3 whefeagems to be related to the main
maximum of the intensitied (QE), J(1), J(2) and J(4). The integrated intensity of each
line increases weakly between 60 K afid= 40 K, then more strongly betweef and 7>
and finally, after an anomaly &b, continues to rise gently belo®.

All these results show that the lines 1, 2 and 4 and the QES on one hand and the line 3
on the other hand have different origins. We note also that the temperature dependence of
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Figure 4. High-frequency Raman spectra recorded at various temperatures gpdiNk® 020s.

the intensity for new lines is very different to the behaviour of the second-order scattering
intensity which decreases when the temperature decreases.

Frequency and damping We have adjusted Raman spectra, recorded in the whole
temperature range, to establish the behaviour of the peak parameters (linewidth and
frequency), specially on both sides of the transition temperatures defined above. In these
calculations, the second-order scattering contribution and the background were eliminated.
The low-frequency Raman spectra were fitted to a sum of decoupled relaxator and damped
harmonic oscillators of the type

() 2 w’T; .

L@=—— =Y K; +K
v wln(w) +1] Z " (@? — 0?)? 4 T2 ? + 7

3)
j=1

where w; and I'; are the frequency and damping of the phonpr(lines la and 1b)

respectively,y, is the inverse relaxation timek; and K’ are the intensity factors for

the oscillatorj and the relaxator strength respectively.

The high-frequency modes (lines 2, 3 and 4) are fitted to damped harmonic oscillators.
Some examples of the fit are reported in figure 6. A good agreement is achieved between
the experimental data and the calculated values.

Our low-frequency Raman results are compared with the hyper-Raman (HR) data, as
obtained in the cubic phase of the same crystal [10]. In principle, Raman and hyper-Raman
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Figure 5. Temperature dependence of the integrated intensity for the quasi-elastic scattering
J(QE), the low-frequency peakd(la+ 1b) and the hard moded(2), J(3) and J(4) in
KTap.9sNbp.0203. The temperature®; and 7> are denoted by vertical dashed lines.

measurements do not provide the same information since only the infrared active one-phonon
scattering can be detected in the case of HR experiments. It is therefore not very surprising
to observe the large discrepancy between HR and Raman spectra recorded in the cubic phase
of KTN with 2% Nb, as reported in figure 7. Nevertheless this result clearly shows that
the broad Raman scattering cannot derive from the simple activation of thepfi@non.

To be more consistent with the Raman data which show a QES phenomenon (see figure 3),
the treatment of the HR results is reconsidered, in using a fit of data to a coexisting central
peak and damped oscillator. Results obtained in this new fitting procedure are shown in
figure 7 and are used below among others to discuss the temperature dependence of the
mode parameters.

The calculations show that the high-frequency modes labelled 2, 3 and 4 have a
frequency independent of the temperature but their linewidth largely varies in the high-
(for the line 4) and intermediate-temperature phases (for each line). Figure 8 shows that
the linewidth of the peak 4 is much larger in the high-temperature cubic phase than in
the low-temperature phase, and decreases strongly with decreasing temperature, presenting
changes of slope at transition temperatufesind 7,. The linewidth of the peak 2 shows a
similar behaviour as for the peak 4, with an anomalyat In the low-temperature phase,
each linewidth is nearly constant.

Frequencies and widths for low-frequency peaks are shown in figure 9. BElpw
the frequency of the phonon 1a increases with falling temperature whereas the 1b phonon
frequency is nearly constant. This means that the lowest-frequency mode of the cubic phase,
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Figure 6. Typical Raman spectra fitted to damped harmonic oscillators or using (3) (see
text). Experimental data are represented by symbols. The dashed curves are calculated spectra,
corrected by the second-order scattering and the background.

which clearly softens with decreasing temperature, splif§ &tto two modes which harden
in the lowest-temperature phase.

In the cubic phase, abovE, the widths of lines 1a and 1b are relatively large and
independent of the temperature. Then they abruptly decrease on cooling below 40 K. Finally
in the low-temperature phase, the damping is relatively small for both phonons, reflecting
their stability. We can also note that above 40 ®)( the linewidths of the bands 1la and
1b, as deduced from fit to Raman data, are found much larger than the daim{piQg) as
derived from HR results. Indeed we find the widths of 49-érand 45 cm? for lines 1la
and 1b whereas the damping of T@ 16 cnt. This analysis shows that these parameters
are not really linked on both sides of the transition temperature. Consequently the lines
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Figure 7. Comparison between hyper-Raman (HR) spectra and the Raman spectra recorded at
the same temperatures in KTN with 2% Nb. Experimental data are represented by symbols.
The continuous line is the hyper-Raman spectrum fitted to a model based on the coexistence of
a central relaxational peak and a damped oscillator corresponding to the soft mode. Note the
large broadening of the low-frequency tail in the HR spectrum between 46 and 40 K.
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KTap 9sNbp 0203.

detected at low frequency in Raman scattering and hyper-Raman scattering have clearly
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Figure 9. Temperature dependence of the widths (a) and frequencies (b) of the Raman peaks
1la(®) and 1b @) in KTagggNbg 0203. The damping (a) and frequency (b) of the soft moda , TO
detected by hyper-Raman measurements on the same crystal, are represented by the symbols (

different origins.

3. Discussion

Results obtained from the light depolarization, the SHG and the Raman scattering
measurements clearly reveal anomalies around two temperdtuEs40 K and7, = K
characterizing the phase transitions below the cubic phase in KTN with 2% Nb. These
temperature transitions can be defined by maxima in the integrated intensity of the QES and
the lines 1, 2 and 4 whereds is particularly related to the occurrence of the line 3.

At high temperature® > 40 K), the lack of depolarization of the light, the absence of
the SHG signal as well as the presence of the large second-order phonon scattering in the
spectrum obeying selection rules, according to the centrosymmetric crystal, are consistent
with the cubic structure of the phase.

We have noted that the line 3, which is related to the non-polar character of the transverse
optical phonon (out of phase motion of two oxygen ions [11]), occurs closg tolts
appearance coincides, on one hand, with the peak in the plot of the integrated intensities
J(QB), J(1), J(2) and J (4) and, on the other hand, with changes in the optical anisotropy
as well as the detection of the SHG signal. The occurrence of this phonon is thus connected
to a structural change [4, 9].

The QES can be explained by the relaxation of the off-centring Nb ions with a time scale
of 1078 s [12] between two equivalent positions. This process was invoked to interpret the
large frequency dispersion of the dielectric behaviour in KTN crystals. This dispersion was
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shown to be strongly dependent on both the crystal composition and the temperature [5].
The integrated intensity of the QES is related to the correlation length of the Nb fluctuations
which are clearly linked to the mechanism of the phase transitions, as revealed by anomalies
in the temperature dependence of the integrated intensity (see figure 5). &Apothese
correlated off-centred Nb fluctuations constitute clusters in the cubic phase, which reveal a
precursor and partial order of the low-temperature phases.

The presence of the unexpected lines 1, 2 and 4 in the cubic phase Bbavel below
60 K, can be attributed to phonon density of states, activated by the off-centring of Nb ions.
This origin was previously demonstrated in the KTN crystal with a larger (7%) niobium
concentration [13]. This explanation is supported by the fact that the high-frequency modes
are nearly independent of the temperature [14] and the wave vector [15].

All the additional peaks disappear at the structural phase transition tempefratane
give rise to normal first-order lines.

Now we turn to the origin and mechanism of the phase transitions.

The temperaturd; is connected to both the appearance of the non-polar mode denoted
3 and the occurrence of the SHG intensity. Both features reveal that the first phase transition
at 7 is connected to a structural change leading to a non-centrosymmetric phase.

The correlation between relaxing dipoles associated with the motion of Nb ions
increases, as revealed by the rapid increase of the integrated intdni§fy) and the
dielectric permittivity [12], so that a second transition to a ferroelectric phase connected to
the dipolar ordering takes place & = 32 K. The strong increase of the SHG intensity
with decreasing temperature can be interpreted as an increase of the size of ordered regions
from antiparallel to parallel polarization [16].

Since the distance between the two neighbouring Nb ions is relatively large, the size
of clusters increases strongly on cooling and the long-distance polar ordering is not fully
achieved. This explains the continuous increasing of each first-order Raman line intensity
and the SHG signal. The ferroelectric clusters occupy just a fraction of the sample and thus
have the possibility to occupy more and more of the space. This result is in conflict with the
occurrence of one direct phase transition from the cubic phase to the rhombohedral phase.
Our result is however in agreement with non-linear dielectric measurements [6], which show
the occurrence of polarized clusters even for very low Nb conten@®78 < x < 0.02).
Therefore the mechanism of phase transitions in KTN differs from what is usually expected
in a ferroelectric material.

4. Summary

In this work we have carefully analysed the anomalies shown in a dilute KTN crystal (with
2% Nb) by the Raman scattering as well as the light depolarization and the SHG signal.
We have for the first time pointed out the appearance of two successive phase transitions in
this crystal at; = 40 K andT, = 32 K respectively. We have also evidenced the presence

of unexpected lines in the cubic phase between 60 K &ndThese lines were attributed

to the phonon density of states and reflect the occurrence of precursor order processes, as
previously revealed by other techniques such as RMN [17] and EXAFS [18].
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