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Abstract. Two crystals of KTaO3:Li with 1% and 5% Li have been investigated by inelastic
neutron scattering. The transverse acoustic and lowest optic modes have been measured in the
[100] direction from room temperature down to 10 K. The wavevector dependences of the mode
softening, damping and intensities are represented. The measured dispersions are analysed in
the framework of an extended shell model assuming an anisotropic non-linear polarizability of
the oxygen ion. On the basis of this model, structure factors are calculated and compared with
measured phonon intensities. Conclusions on the influence of the lithium substitution on the
non-linear character of the polarizability are discussed.

1. Introduction

The mixed K1−xLi xTaO3 (KTL) system is considered as a prototype system of a dipole glass
especially in the low-Li-concentration (x < 0.04) range [1, 2]. In this system, the Li+ ions
are substituted for the K+ ions, but by occupying off-centre positions in the oxygen cage of
cubic symmetry. The small Li+ ions (Li ionic radius about 0.6̊A) reside on six equivalent
positions, each displaced by about 1Å in the 〈100〉 directions [3] from the substituted K site
(ionic radius, about 1.33̊A), forming consequently dipolar electric and quadrupolar elastic
moments [1, 2].

The KTL system has already been studied by several experimental methods such as x-
rays [4], birefringence [5], Brillouin [6] and Raman spectroscopy [7, 8] and second-harmonic
generation [9]. Dielectric [10–12] and recent acoustic measurements [13–15] have also been
performed. Nevertheless, in this system, the nature of the low-temperature phase as well as
the mechanisms of the transition leading to it are still controversial.

Additional inelastic neutron scattering measurements are proposed here as a
complementary method of studying this system. Several workers have used this method to
characterize pure KTaO3 [16–19] and KTaO3 doped with niobium (KTN) [20–23], but only
three articles on neutron studies of the KTL system exist. In the first article, Kamitakahara
et al [24] have essentially studied the neutron Bragg-reflection intensities for 1.7 and 4%
KTL crystals as a function of temperature, time and electric field. In the second article,
neutron diffraction measurements of the Bragg intensities of a sample with 3% Li were
presented by Maglioneet al [25]. Their results were interpreted in terms of strain distribution
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and characteristic size of the dipolar regions. More recently, Toulouse and Hennion [26]
reported elastic neutron scattering measurements on 3.5% Li KTL in the presence of an
electric field; they found a splitting of the transverse acoustic (TA) branch, below the phase
transition temperature, intoa andc polarized phonons and concluded that a transition from
a cubic to a tetragonal ferroelectric phase occurs in 3.5% Li KTL. The TA branch splitting
has been compared with earlier results obtained on the lowest transverse optic (TO1) mode
measured by Raman scattering [8]. Nevertheless, this optic mode has up to now not been
investigated by neutron scattering measurements.

In this paper a complementary study is presented. The TA mode and the TO1 mode have
been measured in the [100] direction up to the Brillouin zone boundary. These measurements
have been performed between room temperature and 10 K for samples with 1% Li and
5% Li, respectively. They allow the determination of the dispersion and damping of these
transverse modes and their evolution with temperature and Li concentration. These results,
together with other neutron scattering results obtained on pure KTaO3 and on KTN and with
Raman scattering data obtained on the same crystals, provide the experimental basis for the
theoretical considerations. A non-linear lattice dynamical model gives fair agreement with
the measured dispersion curves. In the next section we shall briefly present the experimental
conditions and data analysis procedure. The analysed results will be described in section 3,
the model and the comparison between experimental data and calculations will be presented
in section 4, and conclusions will be drawn in section 5.

2. Experimental conditions and fitting procedure

Inelastic neutron scattering measurements have been performed on the triple-axis
spectrometer lt installed on a thermal beam of the Orphee reactor at the Laboratory Léon
Brillouin in Saclay (France). The monochromator and analyser were pyrolytic graphite in
the [002] reflection. The monochromator was vertically bent and the analyser horizontally
bent with no collimators on the neutron path. Due to the geometry of the spectrometer,
this corresponded to natural collimations of about 25′/35′/50′/50′. The measurements have
been performed at a constantkf = 2.662 Å−1 which yielded an energy resolution (FWHM)
varying from 0.24 THz for elastic scattering to 0.45 THz for an energy transfer of 5 THz.
A graphite filter onkf prevented higher-order contamination.

Two K1−xLi xTaO3 crystals withx = 0.01 andx = 0.05 have been investigated. The
sample dimensions were 5 mm×5 mm forx = 0.01 and 4 mm×5 mm×5 mm forx = 0.05.
The scattering plane was of (100) type and measurements were carried out along [2ξ0] to
obtain the TA mode and the TO1 mode in a temperature range from room temperature down
to 10 K.

All the data have been analysed to obtain as far as possible physically meaningful
parameters. The neutron scattering cross section for phonons has been obtained in the form
of a damped harmonic oscillator. The calculated lineshape obtained by folding this cross
section with the resolution function of the spectrometer was fitted to the data by adjusting
the frequency, damping and strength (proportional to the dynamical structure factor) of
the measured point. This was a reasonable assumption except for the TA branch at low
wavevector values where the focusing effect was important. The resulting decrease in the
energy linewidth made clearly visible an asymmetric lineshape resulting from the curvature
of the dispersion surface when going away from the [100] direction. We use for this
curvature an estimate obtained in previous neutron measurements [26] and we accounted
for it in the lineshape calculation.
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Figure 1. Dispersion curves of the TO1 and TA modes (a) for 1% Li KTL between 300 and
10 K and (b) for 5% Li KTL between 300 and 76 K. The lines are guides to the eye.

3. Experimental results

3.1. Dependence of the dispersion curves on temperature and Li concentration

In figure 1 are reported the measured TA and TO1 mode dispersion curves for several
temperatures in both crystals. An important softening is visible, affecting the whole
branch for the TA mode and the smallq-value part for the TO1 mode. This kind of
softening has already been observed in pure KTaO3. To appreciate the dependence on Li
substitution, figure 2(a) and 2(b) display our results for the TO1 mode at room temperature
andT = 10 K, respectively, together with those of pure KTaO3 [16–18] and KTaO3 doped
with 8% Nb [22, 23]. At room temperature, the phonon dispersion is only slightly affected
by substitution, but theT = 10 K data clearly show the importance of substitution on the
softening of the whole TO mode. The substitution by Nb enhances the softening while the
substitution by Li decreases it. Such a reduction in the softening of the TA mode is also
observed when increasing the Li concentration from 1% to 5%. Moreover this increase is
accompanied by the appearance of a structural transition which leads to a splitting of the
TA and TO modes in the 5% KTL. We shall come back to this point later. To complete the
description of the evolution of the TO softening, we have reported in figure 3 the data at
q = 0 known from neutron scattering studies (this study and [16–18]) and of Raman [8] or
hyper-Raman [27, 28] spectroscopy.

3.2. Cubic–tetragonal transition in 5% Li KTL

In the 5% Li KTL, a splitting of the TO mode is clearly observed when the temperature
is decreased. This is illustrated in figure 4 where the scattered intensities in 1% Li KTL
and 5% Li KTL at room temperature and at 10 K are compared. A similar splitting of
the TA mode is observed. Such a splitting has already been reported for the TA mode of
3.5% Li KTL by Toulouse and Hennion [26]. This reflects the occurrence of a transition
towards a low-temperature tetragonal phase. In this phase, thea∗ andc∗ directions are not
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Figure 2. Comparison of the dispersion curves of the TO1 mode in pure KTaO3 [16, 18] 0.8% Li
KTN [22, 23] and in 1% and 5% Li KTL for (a) 300 K and (b) 10 K. The lines are guides to
the eye.

Figure 3. Comparison of the TO phonon frequencies atq = 0 as a function of temperature
for pure KTaO3 [16, 17, 27, 28], 2% Li KTN [28], 1% Li KTL and 5% Li KTL. The lines are
guides to the eye.

equivalent and a superposition of two different dispersions is observed due to the coexistence
of domains inside the sample. The values obtained for the TO mode are in good agreement
with those obtained by Raman scattering in the same sample. The transition temperature
has been determined on the same sample by ultrasonic measurements [13] and isTc = 75 K.



Inelastic neutron scattering measurements in KTL 1113

Figure 4. Experimental (◦pp) and fitted (——, – – –) neutron groups corresponding to zone-centre
(q = 0) TO phonons atq = 0 (a), (c) for 1% Li KTL at (a) 300 K and (c) 10 K and (b), (d) for
5% Li KTL at (b) 300 K and (d) 10 K. In (d), the neutron groups represent two branches in
different non-equivalent [100] directions which are observed in the given scattering geometry
due to the multidomain structure of the sample below the cubic–tetragonal phase transition.

Below Tc, the A1 symmetry component hardens while the E component softens as shown
in figure 3. Such an observation has been made by Prateret al [8] in 5.4% Li KTL below
68 K. The variation in the lattice parameter has been measured by x-ray diffraction [4]
and found to be quite small (1c/a = 1.4 × 10−3) in comparison with the variation in the
frequencies of the A1 and E modes (1ω/ω = 0.35).

The same phenomenon has been observed for KNbO3 where a cubic–tetragonal phase
transition occurs at 435◦C [29].

In figure 5 are reported the split TA and TO modes at 10 K. The results obtained at 31 K
are given in the inset. Due to the limited resolution, the determination of the TA splitting
is not very precise, particularly because of the asymmetric lineshape of the scattering at
smallq-values. The indicated values have been obtained under the assumptions of identical
damping of the two modes and a 2:1 ratio due to the equipartition of the domains. These
assumptions have been used and proved to be consistent with [26]. The splitting is found
to be uniform (1ω/ω = 0.22) betweenq = 0.15 and the zone boundary. For the TO mode,
the same analysis yields a decrease in the splitting betweenq = 0 andq = 0.2 but could
not be ascertained at largerq-values when it becomes comparable to the resolution of the
measurement. Measurements atT = 31 K still reveal these splittings but nevertheless with
reduced values, which makes it difficult to determine precisely the position of the upper
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Figure 5. Dispersion curves of the TO1 and TA modes for 5% Li KTL at 10 K. The dispersion
curves obtained at 31 K for 5% Li KTL are given in the inset. The lines are guides to the eye.

modes exhibiting intensities half of the lower modes. The main proof of this splitting is
the abnormal linewidth found for the modes when analysed with the assumption of unsplit
branches.

3.3. Temperature and wavevector dependences of the dampings and intensities

In figures 6(a) and 6(b), the damping of the TO phonon at 300 and 10 K is represented as a
function of reduced wavevectors for 1% Li KTL and 5% Li KTL, respectively. In the two
samples, the damping remains constant at low wavevectors and then decreases rapidly for
0.15 < ξ < 0.3. These values correspond to a phonon wavelength of between three and six
lattice parameters.

The correlation length of the TO phonon can be determined by a direct study of the
TO dispersion curve in the long-wavelength approximation [30, 31]. We assume a quadratic
dependence of the soft-mode frequency�q with q such as

�2
q = ω2

0 + Dq2 = ω2
0(1 + r2

c q2) (1)

whereω0 is the soft-mode frequency at the zone centre andrc the correlation length of the
mode.

This equation can also be expressed as

�2
q = ω2

0 + (dξ)2 (2)

with ξ = (a/2π)q andd = (2πω0/a)rc.
By calculating the parametersω0 andd yielding the best adjustment of the dispersion

curves, we deduced the length of correlated chains:nc = rc/a. The results obtained as
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Figure 6. Wavevector dependence of the TO phonon damping at 300 K and 10 K for (a) 1% Li
KTL and (b) 5% Li KTL. The lines are guides to the eye.

functions of temperature for 1% Li KTL and 5% Li KTL are reported in figure 7. When
the radiusrc is larger than 1, at least three cells are correlated. Our results indicate that,
when the wavelength is longer than the correlation length, the phonon damping begins
to increase significantly. In particular, for the 1% Li KTL, it should be noted that the
strong lowering of the TO1 phonon linewidth observed in theq-dependence takes place at
wavevectors corresponding to wavelengths presenting a magnitude equivalent to the polar
cluster dimensions [32, 33]. The shift to lowerq-values of this damping lowering observed
at 10 K for 5% Li KTL certainly results from the enhancement of the correlation length due
to the ferroelectric phase transition. Moreover, the decrease in the TO mode damping at low
wavevectors is connected with an increase in the TA mode damping. This phenomenon can
be considered to be a consequence of the coupling between the optic and acoustic branches
which enhances due to the softening of the TO1 mode.

4. Theoretical considerations

4.1. The dynamical model

In order to analyse the influence of Li introduction on the non-linear properties of the KTaO3

matrix, we apply the anharmonic lattice dynamic model described by Migoniet al [34, 35]
and extended by Kugelet al [36] on KTN. In this model, the particularly high oxygen ion
polarizability is supposed to be anisotropic and non-linear; the oxygen core-shell constant
interactionkOB(T ) in the O–B chains includes a fourth-order termk(4)

OB (whereB represents
the Ta ion) and is written as the temperature-dependent expression

k
(T )
OB = k

(2)
OB + 1

2k
(4)
OB〈w2

OB〉T . (3)

The thermal average〈w2
OB〉T of the oxygen displacement in the O–B direction can be written

as

〈w2
OB〉T = h̄

2m0N

∑
q,j

f 2
α (O

q
α,j )

ω(q, j)
coth

(
h̄ω(q, j)

2kBT

)
(4)
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wherem0 is the mass of the oxygen ion,N is the number ofq points considered in the
summation,kB is the Boltzmann constant andω(q, j) is the frequency of the phonon with
branch indexj and wavevectorq. The shell eigenvector components are represented byfα

[35].

Figure 7. Temperature dependence of the correlation length of the soft mode in 1% and 5% Li
KTL in the paraelectric phase.

In our calculations we use the same parameter values as Migoniet al [35] and Kugelet
al [36] have applied to KTaO3 and KTaO3:Nb, respectively. For each temperature and each
Li concentration, the lattice dynamical calculations have been done withkOB(T )-values
fitting the zone centre soft-mode frequency. The suitablekOB(T )-value is the value which
gives a calculated soft-mode frequency in fair agreement with the experimental soft-mode
frequency. These experimental data have been taken from our neutron measurements for 1%
and 5% Li KTL and with neutron data available in the literature for pure KTaO3 [16–18].

Since this model is valuable exclusively in the cubic phase, it has been applied only for
temperatures higher than 70 K in the case of the 5% Li KTL crystal.

4.2. Phonon dispersion curve calculation

Our dynamical calculations provide a complete set of theoretical dispersion curves in the
three high-symmetry directions for different temperatures and concentrations. Figure 8
shows the comparison between the calculated and measured dispersion curves in the [100]
direction for different temperatures in 5% Li KTL. Fair agreement is obtained in the whole
Brillouin zone for both the TO1 and the TA modes. The same calculations have been done
for 1% Li KTL and have led to the same conclusion.
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Figure 8. Comparison of the experimental and calculated dispersion curves for 5% Li KTL
at (a) 300 K, (b) 150 K and (c) 76 K in the [100] direction:�, • , experimental values;
——, calculated values.

4.3. Structure factor calculation

The intensity of the phonon scattering is proportional toC|F |2 whereC contains the Debye–
Waller factor and phonon frequency andF is the one-phonon structure factor given by the
following equation [37]:

F =
∑

κ

bκ

Q · eκ(q, j)√
mκ

exp(iQ · rκ) (5)

wherebκ is the scattering length of the ionκ, rκ its position in the unit cell andmκ its mass.
τ is a reciprocal-lattice vector,Q = kf − ki = τ ± q is the transfer vector andeκ(q, j)

is the polarization vector component for the phonon with branch indexj and wavevectorq
of the ionκ.

The comparison of the experimental (after normalization) and calculated phonon
scattered intensities obtained in the [100] direction at 300 K for the TO and TA modes
is represented in figure 9.

4.4. Calculation of the non-linear oxygen core-shell constant

As detailed in section 4.1, the calculations of the dispersion curves needed a preliminary
estimation of thekOB(T )-values. Figure 10(a) shows the concentration and temperature
dependence of the oxygen core-shell constant interactionkOB(T ) used in our calculations.
From the phonon frequencies and eigenvectors (equation (4)) we determined the thermal
average of the oxygen displacement〈w2

OB〉T in the O–B direction. This quantity is reported
in figure 10(b) for pure KTaO3 and 1% and 5% Li KTL.

When the Li concentration increases, thekOB(T )-value increases and〈w2
OB〉T decreases.

Both these results are opposite to those observed for KTN [36] and confirm that the non-
linear contribution due to the oxygen polarizability in the O–B direction is attenuated by
the Li ions. On the basis of the results shown in figure 10 and of equation (3), the variation
in the lineark(2)

OB and quadratick(4)
OB contributions to the oxygen polarizability with respect
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Figure 9. Comparison of normalized experimental and calculated phonon scattered intensities
at 300 K for (a) the TA mode in 5% Li KTL, (b) the TO mode in 5% Li KTL, (c) the TA mode
in 1% Li KTL and (d) the TO mode in 1% Li KTL.

Figure 10. Concentration and temperature dependences of (a) the oxygen core-shell coupling
constantkOB(T ) and (b) the thermal average of the oxygen shell displacement〈w2

OB 〉T . The
lines are guides to the eye.

to the Li concentration can be calculated by least-square fits. The results obtained are
reported in figure 11 and show that the harmonic constantk

(2)
OB remains nearly constant

(around 345e2/v) in the Li concentration range studied. For comparison, the data obtained
for KTN [36] are given in the inset of figure 11. They show that, for KTN with Nb
concentration from 0 to 2%,k(2)

OB also remains constant around a similar value to that for
KTL. Nevertheless, a slow increase ink(2)

OB is noted for KTL contrary to the data for KTN
where it decreases but very slowly. The non-linear contributionk

(4)
OB decreases with a rate

of 22% for 0%6 xLi 6 5% contrary to the case of KTN in which the equivalent value
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Figure 11. Dependence on Li concentration of the linear and quadratic coupling parameters
k

(2)
OB and k

(4)
OB . The results obtained for KTN [36] are given in the inset for comparison. The

lines are guides to the eye.

was increased by the Nb introduction with a rate of about 20% for 0%6 xNb 6 2%. The
complete substitution of Ta by Nb leads, as shown in [36] to a multiplication ofk

(4)
OB by

2.3.

5. Conclusions about the phase transition and the non-linear character of the system

Our neutron measurements presented here are an additional contribution to the understanding
of questions which are still open in the KTL system. In the 5% Li doped sample, the
results clearly indicate a splitting of the TO1 and TA branches into two components in all
the Brillouin zone at low temperatures. These data are characteristic of a cubic–tetragonal
structural phase transition and of long-range order interactions.

In the 1% Li KTL sample, no splitting of the TO branch can be observed at any
temperature nor for any wavevector. The low-temperature phase, which is known to exhibit
a dipolar glass behaviour, remains cubic.

In accordance with Raman spectroscopy measurements [7], the neutron data show that
the mode frequency of the ferroelectric mode is hardened by the Li introduction, contrary
to what is observed in the Nb-doped sample.

The particular TO phonon damping behaviour seems to be connected to the correlation
length of the soft mode. The comparison with the TA phonon damping is in agreement
with the assumption of a coupling between the two modes.

Lattice dynamic calculations fitting these behaviours lead to the fact that the non-
linear contributionk(4)

OB to the oxygen polarizability decreases when the Li concentration is
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enhanced. This means that the Li reduces the non-linearity along the Ta–O chains.
This observation can, in our sense, be explained by the role played by the strong off-

centring (about 1̊A) of the Li ions [3] when introduced into the perovskite lattice. The Li off-
centring has several consequences: the creation of a dipolar moment directly related to the
Li+; the distortion of the lattice structure around the dipoles and, in particular, displacement
of the first-neighbour O2− ions [33]; the creation of polar clusters of correlation length
depending on the Li content and on the temperature. These effects, described as atomic and
electronic distortions, break the straight chain-line in the Ta–O–Ta sequence and impede the
huge non-linearities developed along such highly polarizable chains [36]. An effect of the
same order on the electronic structure of the O2− ions has been analysed by us [38, 39] in
the interpretation of the photoconductivity detected in the KTL system.
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[11] Christen H M, Ḧochli U T, Chatelain A and Ziolkiewicz S 1991J. Phys.: Condens. Matter3 8387
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