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The three symmetry components of the Raman spectra in paraelectric KTa& „Nb„03 (KTN)
mixed crystals have been measured as a function of temperature (T, & T& 800 K) and for several

niobium concentrations (x =0.008, x=0.012, x=0.02, x=0.09, x =0.21, and x=0.36). The results

are analyzed in the framework of an extended shell model by assuming an anisotropic and nonlinear

polarizability of the oxygen ion. This intraionic anharmonicity is indicated to be primarily respon-
sible for the strong second-order Raman efFect. Conclusions on the leading mechanism of the phase
transitions in the KTN system are discussed.

I. INTRODUCTION

The use of the Raman light-scattering spectroscopy to
study the dynamical aspects connected to structural
phase transitions (SPT's) in ferroelectric and related crys-
tals has been extensively carried out in the last few de-
cades. ' Indeed Raman spectroscopy provides valuable
information on both the static and dynamic microscopic
phenomena accompanying reversible SPT's, which can
complete useful data obtained by other techniques such
as infrared spectroscopy, neutron, x-ray or Brillouin
scattering, elastic, dielectric, refractive index, or
birefringence measurements.

In the present work, Raman scattering has been used
in order to investigate the mechanism leading to a SPT
and the characteristics of the impurity-induced transi-
tions in potassium tantalate-niobate mixed crystals of the
formula KTa, „Nb„03 (KTN) for various niobium con-
centrations. In this paper we restrict our interest to the
study of the paraelectric cubic phase only.

Pure KTa03 remains paraelectric down to 0 K, al-
though it exhibits an exemplary soft mode, the frequency
of which goes from 80 crn ' at room temperature down
to a value of 1.5 cm, with a slight stabilization at low
temperature by quantum Suctuation efFects. The intro-
duction in KTa03 of even smaH concentrations of impur-
ities, for instance, replacing Ta ions by Nb ions, induces a
ferroelectric phase. The transition temperature T, can be
adjusted between —273 and 430'C by choosing an ap-
propriate niobium concentration. Much theoretical
and experimental work has been recently devoted to the
inhuence of these impurities on phenomena coupled to
the phase transition (temperature dependence of the soft
mode, occurrence of a central peak) and to the mecha-
nisms drastically modifying the crystal bulk proper-
ties 7 1 1

The question which is still seriously debated is whether
the low-temperature polar phase originates from spon-
taneous collective displaccments of the ions below T,
(displacive SPT) or from the freezing of the impurity-
induced dipolar motion (dipolar spin-glass SPT). From
the pressure-induced low-frequency dispersion of the
dielectric susceptibility and the vanishing of the dielectric
anomalies with dc biasing field, Samara' suggested that
the niobium ion occupies an "ofF-center" position at at-
mospheric pressure and at high temperature ( T & T, ),
implying a glasslike behavior without long-range order-
ing. Kleemann et al. ' interpreted their birefringence
and refractive index data in terms of a "cooperative di-
pole glass model" which assumes local transitions of im-

purity clusters followed by a strain-induced collective or-
dering of these clusters, finally yielding a long-range or-
der. These two models are based on the idea that the Nb
ions behave as Ising-type impurity centers, which have
been classilied by Halperin-and Varma' as "frozen" or
"slowly relaxing" defects. An alternative description is
provided by Prater et al. ,

' who analyzed their Raman
spectroscopy data on KTN with dilute niobium concen-
trations in terms of impurity of class 83. The niobium
ions occupy symmetric sites which favor the low-
temperature phase only weakly in the sense that any local
departure from the symmetric phase occurs on a time
scale of the order of the TO phonon period. Intermediate
and complementary pictures have been given by other au-
thors. "' Yacoby' studied the Raman spectrum of a
KTN crystal with a 6% niobium concentration and con-
cluded that the individual niobium centers induce Auc-
tuations or microdistorsions in the paraelectric phase of a
KTa03 host crystal, whose amplitudes decrease with in-

creasing temperatures above T, . Lee et al. " analyzed
their critical quasielastic light scattering on KTN sarn-
ples with low niobium concentrations in terms of
disorder-induced fiuctuations of the polarizabilities and
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force constants.
More recently, Lyons et al. ,

' by combining results of
inelastic light scattering with earlier dielectric relaxation
data, found clear evidence for a cooperative dynamic re-
gime, suggesting, for the crystal with x =0.009, a transi-
tion to a glassy state at 3 K. The mechanism of the tran-
sition is the following: (i) the niobium ions are on site at
high temperature; (ii) their off-site position residence time
increases with lowering temperature; (iii) dipolar clusters
with Nb residing along [I 1 lj and with strongly increasing
relaxation times (obeying a Vogel-Fulcher law) are
formed.

All the above considerations on the nature of the SPT's
in KTN are concerned with physical mechanisms which
play a direct and dominant role in the near vicinity of T,
and which are initiated by difrerent couplings providing
the conditions of crystal instability, In the present paper
we focus on these first interactions, which are treated in
terms of an intraionic anharmonicity of the oxygen ion
responsible for the lowest-frequency mode softening.
Furthermore, we discuss how the introduction of niobi-
um ions in the host KTa03 lattice modifies these primary
couplings. The present work reports a detailed experi-
mental and theoretical analysis of the Raman spectrum in
the paraelectric phase where Ilrstwrder Raman scattering
is forbidden by symmetry. The eventual occurrence of
defect-induced first-order lines is studied as a function of
temperature and niobium concentration within the glass-
like behavior model. In addition, the strong scattered in-
tensity is demonstrated to be due to second-order pro-
cesses related to the anharmonic couplings.

Having in mind these various features, we re-examine
experimentally the Raman spectrum of KTN samples
with both low (x =0.008, x =0.012, and x =0.02) and
high (X =0.09, X =0.21, aild X =0.36) Ilioblunl collceil-
tration. The investigations have been performed in a
wide temperature range, extending from T~800 K to
temperature in the vicinity of T, (but with T y T, ), and
for frequencies up to 1600 cm '. Our Raman results are
discussed in light of other recently available data, such as
the dependence of the soft mode, ' and more generally
of the phonon dispersion curves, on temperature, and
niobium concentration. ' ' These are performed in the
framework of dynamical model calculations, allowing
computation of the one- and two-phonon densities of
states as well as of the second-order Raman spec-
trum.

The present paper is organized as follows. In Sec. II
we present the experimental methods and ihe Raman re-
sults obtained on dilute Nb-concentration crystals
(x &0.02) on one hand, and higher Nb-concentration
crystals up to x =0.36 on the other hand. In Sec. III we
briefly report the physical ideas underlying the anhar-
monic dynamical model which interprets the softening of
the ferroelectric vibration modes and enables the calcula-
tion of the second-order Raman spectrum (the procedure
of which is given). In Sec. IV we compare the experimen-
tal data with the theoretical results and discuss the most
relevant features appearing in the cubic phase on the
basis of the considerations given in the beginning of the
present section.

A. Kxyeriinental techniques and samples

The Raman scattering spectrometer employed in the
present work consists of a Spectra-Physics helium-neon
laser as the excitation source (6328 A) and a Spex double
monochromator for dispersion with a photon-counting
readout system using a cooled RCA C31034 phototube
for detection. The system is linked with a Datamate mi-
croprocessed controller and acquisition processor, the
data being stored on a Aoppy disk. The KTN samples
have been cooled from room temperature to low tempera-
ture (T=10 K) with an Air-Product Displex cryostat
driven by an automatic temperature indicator controller.
For the measurements between room and high tempera-
ture, the samples have been mounted in a temperature-
controlled furnace, the temperature being detected by a
Chromel-Alumel thermocouple located near the sample.
The whole system was arranged in the conventional 90'
scattering geometry.

The Raman scattering measurements have been per-
formed on six crystals of KTai „Nb„O~, with x =0.008,
x =0.012, x =0.02, x =0.09, x =0.21, and x =0.36.
The samples used were rectangular-shaped plates approx-
imately 9X 1 X0.7 mm for the three dilute Nb concen-
tration crystals, 6)& 1 p 0.5 mm for x =0.09, and
5)&5&5 mm for x=0.21 and x=0.36. For the various
crystals, the faces of the plates were cut parallel to the
(100) planes. The crystal with x=0.02 was available
with supplementary faces parallel to (011) and (111)
planes. These samples were cut from larger crystals
grown by a flux method described elsewhere. 2" They ex-
hibited a small gradient of concentration along the z axis
of about 0.002 mol/mm, which may lead to a slight dis-
tribution of the transition temperature T, across the sam-
ple. The values of the T, 's have been determined by ul-
trasonic and dielectric methods to be 0 K for x =0.008
17.6 K for x=0.012, 28 K for x=0.02, 93 K for
x =0.09, 175 K for x =0.21, and 275 K for x =0.36.
Recent second-harmonic generation9 (SHG) and linear
birefringence (LB) determination'3 on the same samples
yields the following T, 's: for x =0.008, T, =0 K by SHG
and 10 K by LB; for x =0.012, T, =21 K by SHG and 17
K by LB; for x =0.02, T, =31 K by SHG and 31.5 K by
LB.

The discrepancies (strong for the crystal with
x =0.008) in the T, 's observed in the crystals with the
same nominal concentration are due mainly to the broad
smearing out of both the SHG and LB intensities, leading
to diSculties in the choice of an exact T, . Furthermore
the samples originate from a largo single crystal and were
sometimes cut far apart from each other and thus may
have noticeably di8'erent concentrations.

8. Experimental results

In the report of the experimental data we distinguish
the Raman measurements concerning dilute KTN crys-
tals (x (0.02) fr'om those concerning higher niobium
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concentration crystals (x &0.09). This is justified by the
fact that the sequences of SPT's are different for these
limiting cases. For x &0.02, only a cubic-rhombohedral
transition, whose nature is still largely debated, occurs.
For the crystals with higher niobium concentration, the
SPT's sequence cubic-tetragonal-orthorhombic-
rhombohedral takes place and the mechanism of the tran-
sitions seems to be of dilerent nature. '

1. Roman spectra for loio Nb concentration crystals
(x &0.02)

In Fig. 1 we report the Raman spectra at room temper-
ature on the three KTN crystals, with x =0.008„
x =0.012, and x =0.02. The 90' scattering geometry has
been used with the laser beam along the (001)axis and
without analysis of the scattered light. The major feature
observed in the Raman spectra of the three crystals is the
appearance of the same structures at the same energy as
in pure KTaO&. The lines have been analyzed in detail
in KTa03 as being due to second-order Raman scattering
by pairs of phonons at the Van Hove critical points.

In accordance with the analysis of Nielsen and
Skinner and of Migoni et ul, , ' the main structure
noted S, to S9 can be attributed to the scattering process-
es reported in Table I.

Recently measured phonon dispersion curves in pure
KTaOi ascertain the fact that the critical-zone boundary
point, which is involved in the second-order scattering
process, ls the X polllt. Sollle weak shoulders Si 'to S4
appear at 213, 328, 380, and 430 cm '. The introduction
of small amounts of niobium in the pure KTaO, does not
lead to any signi6cant modification in the room-
temperature Raman spectra. Only a very broad quasi-
elastic background, which has already been observed by
Prater et al. ' appears with increasing Nb concentration.
By Raman scattering on the KTN crystal with 6% Nb,
Yacoby' identiNIed some lines at 184, 200, 280, and 546
cm ' as due to scattering from the first-order lines LO&,

TO2, T03, and TO4. In our experiments, structures are
detected in the intermediate region between 150 and 300
cm, ' which could correspond to the lines identi6ed by
Yacoby. Nevertheless, we will see that even for higher
niobium concentration (up to x =0.36), and due to the
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FIG. 1. Raman spectra at room temperature measured in the
three KTal Nb„03 crysta1s with x=0.008, x=0.012, and
x =0.02.

diSculty in substracting the signal from the background,
the dependence of the line intensities with defect concen-
tration is not easy to evaluate.

A further major feature in the Raman scattering spec-
tra concerns the relative intensities of the scattered light
with respect to the scattering con5guration, and conse-
quently to the symmetry component of the spectrum. It
is known that in a cubic material, the symmetry Raman
tensor has only three independent components which
correspond to the irreducible components A is( I'i ),
Tzs(I'zs), and Es(1,2) of a second-rank tensor. The com-
ponents have been measured systematically on the KTN
crystal with x =0.02 where samples with faces parallel to
a (001) plane and to a (110) plane were available. Figure
2 represents the Raman spectra which have been record-
ed at room temperature with the following scattering
con6gurations: Z(XX)F, Z(XZ)F, and XF(XF,XF)Z,
which have been shown to correspond, respectively, to
the foBowing combinations of irreducible components:
A is+4Es, Tzs, and 3Es(X, Y, and Z are the cubic axes).
One important point to observe in the scattering pro5les

TABLE I. Phonon energy assignments for the second-order Raman spectra and derived one-phonon
energies at room temperature.

Second-order Raman
Energy
(cm ') Assignment Assignment

One-phonon energy
Energy
(cm ')

Sj.
S2
S3
S4
S5
S6
S7
SS
S9

2TA(X)
TO2(X) —TA(X)
TO2(X)+ TA(X)
TO3(X)—TA{X)
TO3(X)+TA(X)
TO3(X)+TO1(X)
TO3(X)+TO2(X)
2LO2(X, F')

2TQ3{I )

TA(X)
TO2(X)

TO3(X)
TO1(X)

L02(X, I )

TO3(I )

= 520
= 180

=440
= 550
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FIG. 2. RRoom-temperature Raman scattering in

KTa, „Nb„o, for x =0.02 ~th d r
conSgQrat1ons.

i erent scattering

I

200 400 600
FREQUE NC'( (cm ")

800

FIG. 4. Dependence with temperature of the Raman spec-
trum in KTa& „Nb„03with x =0.012.

is that the same structures appear in the various symm-
tr corny omponents. Nevertheless, it is obvious that the most
important contribution to the spectrum originat f' 'na es rome,s symmetry, while the components I and rt'-
ularl Ty„2s are of much weaker intensity. The same be-

, pa ie-

SrTiO zs as
avior has been observed in KTaO (Ref. 26)

as well as in alkahne~rth oxides with NaC1
structure. ~

Figures 3, 4, and 5 represent the behavior as a function
of temperature of the Raman spectra for the KTN sam-
ples containin 0.8~'

g . %, 1.2%, and 2% mobium, respective-
' 4

ly. In the high-temperature range (Ty 300 K), the
dependence in energy of the previous structures S t S

coherent with the neutron scattering results of Currat
et a. ' on KTaOl. The inliuence of niobium introduc-
tion is ne li ible. Fg g . urthermore, the scattered intensity of
the various structures shows a temperature dependence

&n accordance with the second-order ttsca erring tempera-
ture factors. This observation applies to the spectra cor-
responding to the low-temperature range (T, &? &300
K and distinguishes the nature of the combination band
which is involved in the scattered structures. As shown
in Sec. III, second-order sum bands depend on a phonon
occupation number such as ( n l +n +n n 1

n is thn is t e Bose-Einstein thermal factor for the mode j,
wllcrcas t c dlfFcrcncc-bands llltcllslty val les as

nj, n~l+n~l). For this last case, the intensity approaches
is act ls clearlyzero as the temperature is reduced. This f

seen by the disappearance at low temperatures of the
structures Sl (160 cm ') and S (460 cm ') whic have
been ri htfull'g u y assigned as diiference-processes bands.

A last interesting feature, which appears in the low-
temperature spectra, concerns the evidence, on the 1ow-

frequency side of the 2TA(X) peak, of a broad shoulder

I I
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FREQUENC'( (cm-")

t I

200 400 600
FREQUENCY ( cm ")
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FIG. 3. DDependence with temperature of the Raman spec-
trum in KTa, „Nb„03with x =0.008.

FIG. 5. DDependence with temperature of the Raman spec-
trum of KTai „Nb„03 with x =0.02.
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This structure moves down in frequency with tempera-
ture decreasing towards T, and seems to be enhanced by
the increase of the mobium concentration. Similar
features have been observed by Prater et a/. who attri-
buted it either to further two-phonon scattering or to a
manifestation of an impurity-induced scattering from the
TO, ferroelectric phonon mode. Since the temperature
dependence of the soft mode is now perfectly known
within the cubic phase by our recent hyper-Raman Hiea-

surements, we can discard the last assumption. %'e rath-
er believe in a second-order scattering which necessarily
involves the temperature dependent TOi mode. The po-
sition in frequency of the shoulder and its temperature-
dependence supports, in the three investigated samples,
its second-order nature. The diffuse broadness of the
structure may be explained by the strong damping of the
TO, mode occurring near T„as evidenced by the hyper-
Raman scattering.

2. Experimental spectra for x =0.09, x =0.2l,
and x =0.36

The room-temperature Raman spectra recorded for
KTN crystals with larger amounts of niobium (x =0.09,
x =0.21, and x =0.36) are reported in Fig. 6. The vari-
ous bands S& to Sz already observed in KTa03, as well as
in the KTN samples, with low niobium concentration are
still present at nearly the same frequencies. Nevertheless
the scattering proNe is revea1ed to be more di8'use and
enlarged with increasing niobium concentration.

The structures near 200 cm ', which have been as-
signed by several authors' ' to be due to 6rst-order
scattering induced by niobium, are still detected with an
intensity which seems not to be proportional to the Nb
concentration. The difBculty to extract these lines from
the strong background makes it difficult to make a corre-

C

0

3

200 400 600
F REQUE NC'( (cm &)

FIG. 6. Room temperature Raman spectra in KTa& „Nb„03
with high concentrations of niobium (x =0.09, x =0.21, and
x =0.36).

lation between the niobium concentration and their scat-
tered intensity.

III. THEORETICAL CGNSIDKRATIGNS

A. The dynamical model

The two-phonon Raman effect in crystals is understood
in terms of theoretical calculations of the thermally
weighted two-phonon density of states multiplied by the
second-order coeScients issued from the expansion of the
polarizsbility tensor with normal coordinates. ' It has
been shown by Bruce and Cowley' that these coefficients
can be obtained by considering nonlinear intraionic in-
teractions within a shell-model formalism. Consequently,
the calculation of a second-order Raman spectrum re-
quires a dynamical model which gives a detailed descrip-
tion of the phonon dispersion curves co(q,j) and which
also provides a possibility of calculating the P~(tt, s)

coefficient appearing in the expansion of the polarizabih-
ty tensor.

The essential problem in these calculations is to postu-
late on the origin of the nonlinearity in the model. In our
case we assume a nonlinear electron-ion coupling in the
most polarizable ion: i.e., the oxygen ion. The impor-
tance of such an intraionic anharmonicity in ionic crys-
tals has been show'n in the investigation of Raman spec-
tra of alkaline-earth oxides (CaO, SrO) by Haberkorn
et ttl. and Bilz et al. ~ Furthermore, Migoni et al.
demonstrated in the framework of a fourth-order core-
shell interaction inside the 0 ion that this nonlinearity
is responsible for the ferroelectric mode softening and
also for the strong second-order Raman spectra in
KTa03 and SrTi03. In the present paper we aim to ex-
trapolate this model to Raman calculations in the mixed
KTN solid solutions as function of temperature and
niobium concentration.

The dynamical model used here ' is a modified ver-
sion of the shell model of Cowley35 and Stirling, 36 in
which the harmonic core-shell constant of the oxygen ion
(ko) is substituted by a tensor with only two nonzero pa-
rameters ko „and ko s. These quantities are the corre-
sponding coupling constants in the direction of the neigh-
boring A(K) and 8(Ta or Nb) ious, respectively. This an-
isotropy originates from the introduction in the expan-
sion in terms of relative shell displacements of the poten-
tial in the 8 ion direction of a nonlinear fourth-order con-
tribution k& in addition to the normal linear k2 term.
In the self-consistent phonon approximation, these as-
sumptions lead to a temperature-dependent k o s ( T)
core-shell interaction which can be expressed as

k, (T)=ko-'+ ,ko-'& W,', &, . -
The quantity {8'oit ) T is the thermal average of the

oxygen sheB displaeements in the 8 ion direction, which
is calculated by using the oxygen shell eigenvectors f ob-
tained from the shell model. Since this paper is focused
on the Raman calculations, the authors advise the
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readers to refer to their previous paper on the soft mode
and lattice dynamical calculations on the KTN system, in

which the computing procedure and the deduced results
are analyzed in detail.

B. Raman scattering intensity calculations

As previously mentioned, the second-order Raman in-
tensity can be expressed as

I pr5(ro)= g P~p Prs P(~q~J&~Jz) .
J& J2

J~l~

The expression p(co, q,j „j2)is the thermally weighted two-phonon density of states,

p(~, qj t, ,j2)=[n(q j &
)+ l][n( qj 2—)+1)]5[co co—(q, J'& ) —co( qj 2—)]

+[n(qj ~
)+1]n( qj 2—)5[co co(q—j &

)+~( —q, j&)]

+n (qj, )[n( qj z—)+1]5[a& ro(q—,j, ) —co( q,j—2 }]

+n(q j, )n( qj—2)5[co+co(q j) )+co( —q,j2)],
n (q,j) is the usual phonon occupation number of mode j.

Migoni has shown that the second-order coeScient P p(~& ~
«) for the three irreducible components A,s, E, and

T2g can be calculated as quadratic forms of the core-shell interactions weighted by expressions involving the eigenvec-
tors f(q,j ) of the oxygen shell displacements. Since in our case, only the parameter k4 is considered difkrent from
zero, the P,p(««) are simpli5ed such as

J~ J2

P p(Ai )
J& J2

=ak4 goB f, 0, . f 0„.
'J& J2

P p(Eg) J] J2
0-8 2=ak4 rioB f, 0, . f, 0„J] Jz fp Op,J& J2

P p(T2s) . . =0 .
J& J2

The f (Op, J«) is the a component of the shell eigenvector
of the oxygen ion located along the p direction for the j
mode. The quantity «)oB is expressed from the shell
model matrix elements S and F such as

0
90Bg~ca It -Jt ' ~E' '

K'

The general expression of the P & coeScients as func-
tions of all the core-sheH tensor elements can be found in
Ref. 37.

Let us now describe the procedure used in our calcula-
tions: (a) research, for each niobium concentration x and
for each temperature T of the ko B(T) value giving to the
soft-mode frequency as obtained by the lattice dynamical
model calculation in accordance with the experimental
data; (b) calculation, within the self-consistent procedure,
of the thermal average of the oxygen shell displacements
in the 8 ion direction ( Wo B ) T and deduction for each
Nbconcentrationx, of the kz and k~ parameters [Eq.
(1)]; (c) determination, for each x and T values, of the
phonon dispersion curves co(q,j) in the entire Brillouin
zone and of the corresponding core e(q, j) and shell

f (qj ) eigenvectors.

(d) calculation, by use of the co(q,j} values, of the
thermally weighted phonon density of states as given in
Eq. (3) for the second-order scattering. (the one-phonon
frequency distribution has also been calculated); (e) calcu-
lation of the polarizability element P p as expressed in

Eq. (4)—(6};(f} calculation of the second-order Raman in-
tensity [Eq. (2)] for the two relevant components A, and
E of the irreducible representation for each Nb concen-
tration x and as a function of temperature.

The main results of these calculations will be given and
analyzed in Sec. IV.

IV. RESULTS OF THE CALCULATIONS
AND DISCUSSIONS

A. Results of the model calculation

The 6rst step of the calculations concerns the deter-
'

mination of the model parameters which explain the tem-
perature dependence of the mode frequencies. Since this
paper is mainly focused on the Rarnan results, the reader
is advised to refer to Ref. 22 and 23 for a detailed analysis
of the dynamical aspect. As typical results, we compare
in Fig. 7 the experimental and theoretical behavior of the
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8. Comparison between the Raman syectra
and the yhonon density of states

300
I

)OO

Ibo
l

TEMPERATURE (K)

FIG, 7. Ferroelectric soft-mode frequency in the
KTal „Nb„03 system as a function of temperature. The data
between 0 and 300 K are hyper-Raman results, those between
300 and 1300 K are IR results.

As mentioned in Sec. I, the appearance of first-order
lines in a cubic crystal containing impurities can be ex-
plained either from impurity-induced Raman scattering
such as local or resonant modes, or from the disorder
which is inherent to mixed crystals. In the last case the
scattering is proportional to the 6rst-order phonon fre-
quency distribution. This function has been calculated
for each KTN crystal and as a function of temperature by
using a channel of 8 cm ' and by sampling more than
1000 points of the irreducible 1/48 of the Brillouin zone.
An example compiling the room-temperature results of
the calculation is reported in Fig. 9 for the KTN crystal
with x =O.09.

The comparison of the experimental Raman spectra
with the one-phonon frequency distribution indicates that
the most important part of the intrinsic scattering is of
second-order nature; nevertheless, especially in the fre-
quency range between 150 and 300 cm ', a possibility of
a first-order contribution exists on the basis of our calcu-
lation. The weakness of these lines intensities and their
speciSc dependences with niobium concentration and
temperature seem to be in disfavor of the spin-glass mod-
el, in which the Nb ions are assumed off centered at nor-
pressure and temperature, but are rather in agreement
with the cooperative dynamic cluster description as pro-
posed by Lyons et al. '

ferroelectric mode temperature dependence for various
niobium concentrations. This nontrivial agreement, is-
sued from a self-consistent model calculation, indicates
that the softening of the ferroelectric mode originates
from the anisotropic and nonlinear polarizabihty of the
oxygen ion, the magnitude of which is increased with in-
creasing Nb concentration. In Fig. 8 the phonon disper-
sion curves of KTN (x =0.02) calculated at room temper-
ature are shown. Such calculations have been performed
systematically for additional solid solutions of KTN in a
large temperature range. The results will by analyzed
and compared with recent neutron scattering data in a
forthcoming paper.

C. Calculation of the second-order
Raman intensity

Figure 9 shows non-negligible dilerences between the
thermally weighted two-phonon density and the experi-
mental Raman spectrum. This fact proves the highly

th
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FIG. 8. Phonon dispersion curves of KTa& „N1„03
(x=0.02) at room temperature in the three high-symmetry
directions.
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FIG. 9. Comparison between the experimental Raman spec-
trum, the one-phonon density of state (OPDS), and the thermal-
ly weighted two-phonon density of state (TPDS) calcu1ated in
KTa& „Nb„03 (x =0.09) at 300 K. The selective character of
the polarizability tensor is show by the theoretical Raman
curve.
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ill deal with the detailed analysis of this aspect

centration, andwith respect to syminetry, niobium concen
temperature.

om onent A&F' 10 represents the symmetry componenigure
E f the Raman spectrum calculated inin the KTNand g o e

stal (z =2%) at room temperature. The frequeuencies
of the obtained structures, their relative in

h t as well as their ratio according to theeach spectrum, as w
cri-t behavior comparable to the expe '-

nonlinear mechanisms involve
were prirnari y a e'1 t th origin of ferroelectric mode soften-
ing are also iesponsi e'bl for the intense second-order Ra-
man scattering. The assignment which has been pro-

d
' F' 1 is confirmed by our calculations.posed in ig. is

A further valuable test of the model co1 consists in the
comparison between eth theoretical and experimental
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d z =0.02, respectively. The features w ic
appear in the experiment, as, for examp. e, e g
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low temperature o e if th lines assigned due to diiferenc
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FIG. 11. Calculated Raman spectrum o yof s mmetry A&g 1n
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From our calculations this supp lementary line can be as-
signed as due to combination processes involving the er-
roelectric mode, anTO d the transverse TA mode. T is

assumption is co eren wih t ith the temperature behavior of
troscof mode measured by hyper-Raman spectroscopy.thesot m emea
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a ear with a scatteringsponding experimental line app

pro e s owin51 h
'
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ma also inhuence the second-order scattering. Since t is
1 d d in our model„ the calculationhenomenon is not inc u e in

d t t re broadening due to individuacan not affor s ruc u
efs. 38'f '

Furthermore, on pure KTa03 (Refs.
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FIG. 10. Second-order Raman spectrumrum calculated for the
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KTa Nb 03 {x=0.012) for two temperatures (300 andand 25 K).KTal „Nb„03 x—
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dual appearance at temperatures slightly above the true
critical temperature T, of Srst-order lines characteristic
of the low-'temperature phase. These anomalous struc-
tures are particularly obvious for the KTN crystals with
x =0.02 at 3S K, where the Raman spectrum exhibits an
additional low-frequency scattering similar to an over-
damped soft-mode scattering as well as two small, but
evident, lines at 200 and S48 cm ' corresponding to the
T02 and T04 phonons, respectively. Similar features are
seen in KTN with x =0.008 at 8 K. These observations
will be discussed in a forthcoming paper. %e only men-
tion here that these precursor effects are coherent with
the description of Hock and Thomas, suggesting a
freezing out of the impurities at a local temperature T,'"
above the true critical temperature of the whole crystal.

V. CONCLUSIONS

FIG, 13. Calculated Raman spectrum of symmetry A&g in
KTa, „N1„03(x =0.02) for t~o temperatures (300 and 52 K).

and 39) as well as on KTN (Ref. 21) samples, inelastic
neutron scattering measurements showed a strong and
anomalous coupling between the optic TO& branch and
the transverse TA branch for small but nonzero wave
vectors q. These interactions may yield smearing out of
the sharp structures, as observed on the experimental
curve.

The comparison of the experimental Raman spectra of
the various investigated KTN crystals at a given temper-
ature, as, for example, room temperature, indicates the
occurrence, in addition to the feature which has been al-
ready discussed, of a very broad quasielastic background
increasing with increasing niobium concentration. These
e8ects are not reproduced by our calculations. As pro-
posed by Prater et al. ' it is possible that they originate
from supplementary excitations involving the Nb ions.
Similar features comparable to strong tails of a central
peak have been observed in other niobium compounds
such as AgNb03 (Ref. 40), NaNbOs (Ref. 41), and
KNb03 (Ref. 42). Although ordinary two-phonon
dNerence scattering cannot be entirely excluded as a pos-
sible origin of this di8'use quasielastic scattering, its
strong dependence on niobium concentration rather sug-
gests a mechanism involving fluctuations due to disorder
in the polarizabilities introduced by the Nb substitution.

A last major point, which should be noted in our low-
temperature Raman scattering measurements, is the gra-

A number of conclusions based on the experimental
and theoretical study of the Raman spectra of KTN crys-
tal in the paraelectric phase have been reached here.
First, the Raman spectra for the KTN crystals, even for
those with high niobium concentration, can be interpret-
ed, for temperature T higher than T, +b, T (where b T is
small temperature range depending on the Nb concentra-
tion) by second-order processes involving mainly the crit-
ical X point of the Brillouin zone. Second, the nonlinear
electron-ion coupling in the highly polarizable oxygen
ion, which has been found to be at the origin of the fer-
roelectric mode softening, is primarily responsible for the
strong second-order Raman spectra. Introduction of
niobium ions in KTa03 yields an enhancement of these
nonlinear polarizabilities which favors a stabilization of a
low-temperature ferroelectric phase. Third, since no
disorder-induced scattering is observed, the Nb impuri-
ties are assumed to be in on-center position at tempera-
tures far enough from the true critical temperature. This
result has bein ascertained recently by van der Klink
et al. by NMR measurements. In the near vicinity of
T, below a local critical temperature T,'" and due to the
incipient instability allowed by the anharmonic polariza-
bility, the niobium ions freeze-out, leading to polarization
6uctuations and clusters which enable an important qua-
sielastic scattering and occurrence of precursor first-
order scattering.
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