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For over ten years the existence of a ferroelectric phase transition in K;_, Li, TaO; has been the object
of a strong controversy despite early Raman results which revealed a splitting of the soft TO, mode at
low temperature. We report here the results of an inelastic-neutron-scattering study of a 3.5 at. % Li
crystal which show, for 470, a corresponding splitting of the TA branch between a-polarized and c-
polarized phonons and no condensation of the TA mode. The phonon assignment is based on measure-
ments made in the presence of a bias electric field. These results confirm the existence of a cubic-to-
tetragonal transition in K,_,Li,TaO; even for relatively low concentrations. They reveal the order-
disorder nature of this transition and the strong coupling of c-polarized TA phonons to the spontaneous
polarization. A strong anisotropy of the dispersion surface is also shown to explain the asymmetric

shape of the phonon peaks.

INTRODUCTION

The vibrational properties or lattice dynamics of pure
KTaO, have been well studied in the past by Raman' and
inelastic scattering.? In particular, these studies have re-
vealed that, although no phase transition is observed, the
TO, optic mode nevertheless softens significantly, its en-
ergy decreasing continuously from above 10 meV at 295
K down to approximately 3 meV at 6 K. Concurrently,
the transverse acoustic (TA) branch exhibits softening at
finite g. This anomalous acoustic dispersion in a cen-
trosymmetric crystal was shown to arise from the
quasiharmonic coupling of optic- and acousticlike excita-
tions.?

In lithium-doped KTaO;, K;_,Li, TaO;, two detailed
Raman studies>* have revealed new features. In a study
of the soft optic mode, Prater, Chase, and Boatner? found
that Li induces a transition which is manifested, at
sufficiently high concentration, by the splitting of the re-
lated Raman line. The polarization of the two resulting
lines showed that these were, respectively, the 4, mode
(high frequency) and the E mode (low frequency) found in
the tetragonal symmetry. Below the transition, at about
50 K, the 4, mode stiffens while the E mode continues to
soften. Similar results have also been obtained in our lab-
oratory. Despite this normal behavior, the transition in
Li-doped KTaO; is quite uncommon in that it is preced-
ed by the appearance, many degrees above, of polar
nanoregions. These give rise to otherwise forbidden
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first-order Raman lines, starting at approximately 250 K.
In a detailed study* of the two hard optic modes, the po-
lar TO, and the nonpolar TO; modes, DiAntonio et al.
showed that large structurally ordered domains (= 6000
A) formed at the transition but that the size of the fer-
roelectric or polar domains remained considerably small-
er (2100 A). This confirms the earlier Raman results of
Prater, Chase, and Boatner and is also in agreement with
birefringence and second harmonic generation results.’
Although the occurrence of a transition in
K,_,Li, TaO, (KLT) is now beyond doubt,*” at least for
high enough concentrations (= 2%), the precise nature of
the transition is not entirely clear. While the TO, optic
mode is clearly soft, as shown by Raman and neutron
scattering, it does not condense at the transition,? con-
trary to what would normally be expected for a displacive
phase transition. Instead, the soft mode splits when still
at a relatively high frequency and one which increases
with concentration.® There exists two possible interpre-
tations of these facts. First, due to the existence of pre-
cursor polar nanoregions, the transition may exhibit an
order-disorder character in which case the soft mode
would not condense. Alternatively, considering the TO-
TA coupling and the anomalous acoustic dispersion, the
transition may be driven by the condensation of the TA
mode. It is to examine these two possible explanations
that we undertook an inelastic-neutron-scattering study
of the transverse acoustic branch in KLT. As is shown
below, the neutron results reveal a splitting of the TA
phonon below the transition, very similar to the TO,
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splitting mentioned previously. The TA phonon is also
not seen to condense at the transition, a fact that clearly
points to the order-disorder character of the transition.

RESULTS AND DISCUSSION

The measurements of the transverse acoustic (TA)
branch were made on a KLT crystal with approximately
3.5 at. % Li (nominal 4%). This same crystal had previ-
ously been used for Raman,* dielectric,® and ultrasonic
measurements’ and showed a transition at 7, =52+2 K
upon heating in all three experiments. The inelastic-
neutron-scattering experiment was performed on the
spectrometer 4f2, installed on a cold source of the reactor
Orphee at the Laboratoire Leon Brillouin. Constant-Q
scans were carried out with fixed final wave vectors of the
neutrons k,=1.64 or 2.662 A, higher-order contam-
inations being prevented by a graphite filter. A PG 002
was used for monochromator and analyzer and the first
of the two parallel monochromators was vertically bent.
Only Soller slits collimators of 40’ were set before and
after the analyzer, which corresponded to effective col-
limations —/27' /40’ /40’ and yielded a frequency resolu-
tion (full width at half maximum) of 0.05 THz (k,=1.64
A7 or0.2 THz (k,=2.662 A ™).

The sample was oriented with a [010] vertical axis and
mounted in a cryostat. The scattering plane was defined
by the (100) and (001) directions. In this plane, the TA
phonon propagated along one of these two directions and
was polarized along the other, therefore probing the C,,
elastic constant at small g. The measurements were per-
formed about the (200) point for reduced wave vectors, g,
between 0.025 and 0.16 and at several temperatures upon
heating.

In the field experiment, a 2 kV/cm dc electric field was
applied along the (001) direction. Measurements were
then successively performed at (2,0,9), (¢,0,2), and (2,4,0)
for g equal to 0.12 and 0.16. The latter measurement was
performed by tilting the scattering plane around the (001)
direction. These three positions corresponded, respec-
tively, to c-a, a-c, and a-a phonons. Here, the first letter
indicates the direction of propagation, the second letter
indicates the direction of polarization and the ¢ direction
is taken to be the direction of the E field, labeled (001) in
the experiment.

The data analysis was complicated by the significant
anisotropy of the dispersion surface in KTa0,.® This an-
isotropy was also investigated in KLT and the results will
be reported in a later publication. The phonon frequen-
cies were found to increase linearly with g along the cubic
directions and quadratically away from them. It is a
well-known fact that, due to the finite size of the resolu-
tion ellipsoid of the instrument, one accumulates some
contribution from the phonon branches perpendicular to
the main direction of propagation. Consequently, for a
phonon propagating in the cubic x direction, the phonon
frequency was written

o’ =[(@o+Clgy —gxo)*+D (g +q7) , (1)

where ¢,, designates the reference point in reciprocal
space and @, the phonon frequency at this point, and C
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FIG. 1. Scattered intensity from the TA mode vs energy, at
g =0.16, for increasing temperatures, 4.8 K (bottom), 40 K, 56
K, 138 K, and 249 K (top). The curves have been shifted for
clarity. Solid curves are the result of the fit (see text).

and D are constant coefficients. The linear g dependence
of the frequency in the direction of the measurement is
normal for acoustic branches at small q.

The neutron spectra were fitted by a theoretical
scattering cross section convoluted with the resolution
function of the spectrometer. The theoretical cross sec-
tion contained the response of one or two damped har-
monic oscillators for the phonon modes plus a constant
background, and included the effect of the dispersion an-
isotropy noted above.

The general results are presented in Fig. 1 where the
TA phonon is shown for g =0. 16 at five different temper-
atures. In order to facilitate the comparison of the scat-
tered intensities, these have been corrected for the Bose
factor. The solid lines are the result of the fits and are
further discussed below. At the three highest tempera-
tures, the phonon are slightly asymmetric, and broader
on the high-frequency side. At 40 K the TA phonon ap-
pears to split into two components and at 4.8 K these are
clearly resolved. It is worth noting that, as previously
determined by Raman studies, the transition temperature
in this 3.5 at. % Li—-KLT crystal is approximately 50 K.
The splitting of the TA phonon thus sets in at the transi-
tion and parallels the splitting of the soft TO, phonon re-
ported earlier. The observation of two components
reflects the formation of domains as discussed below.
The magnitude of the splitting is unexpectedly large
(Aw/©~25% for ¢ =0.16) when compared with the cor-
responding change in lattice parameter
[c =1)/a~0.2%]. It also increases with ¢, as can be
seen in Fig. 2 where the split phonon is shown at 4.8 K
for 0.05<¢ <0.16.

In order to test the validity of the domain hypothesis in
explaining the splitting, we carried out measurements of
the TA phonon in the presence of a dc bias electric field.
This field was applied along a cubic direction hereafter la-
beled ¢, the two perpendicular directions being labeled a.
As indicated in the experimental section, three scattering
configurations were successively selected, to create (c-a),
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FIG. 2. Scattered intensity from the TA mode vs energy, at
T =4.8 K, for different wave vectors, gq. Inset: TA split disper-
sion branch, energy vs wave vector ¢ in the (100) direction.

(a-a), and (a-c) phonons, respectively. Thus, for example,
the (c-a) phonon was one propagating in the direction of
the electric field and polarized perpendicular to it. Typi-
cal results are presented in Fig. 3. The two large peaks
correspond to the (c-a) (low frequency) and the (a-c) (high
frequency) phonons, respectively, and the very broad and
low-amplitude peak corresponds to the (a-a) phonon.
The comparatively low amplitude of the latter is due to a
much tighter collimation and its large width to the par-
ticular scattering configuration used (tilted scattering
plane). There is, however, little doubt that its position
coincides with the low-frequency position of the (c-a)
phonon peak. Thus we see that the determining factor in
the frequency location of the phonon is its polarization.
Also shown are calculated curves incorporating the an-
isotropy of the dispersion surfaces [Eq. (1)]. It is clear
from the fits that this anisotropy accounts satisfactorily
for the asymmetry of the peaks. A comparison of the fre-
quency separation of the two high-intensity phonons in
Fig. 3 with that of the two components in Fig. 1 at the
same temperature, 40 K, clearly confirms the validity of
the domain hypothesis as well as the phonon assignment.
Figures 1 and 3 are for 1=0.16 and 0.12, respectively,
but frequency separation is not too different between
these two g values as can be seen in the inset of Fig. 2. In
Fig. 2, as expected from a multidomain microstructure,
all three phonon types are simultaneously present, the
(c-a) and (a-a) both contributing to the low-frequency
peak. In this case, the theoretical curve was calculated
including two damped harmonic oscillators in the scatter-
ing cross section and assuming a 2/1 ratio of their
strengths consistent with a random distribution of
domain orientations. It also incorporated the anisotropy
of the dispersion surface. It is interesting to note the par-
ticularly strong stiffening effect of the bias electric field
on the (a-c) phonon which, because it is polarized in the
direction of the field, can couple to the induced electric
polarization.

The above neutron results, obtained with and without a
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FIG. 3. Scattered intensity from the TA phonons in the pres-
ence of a 2 KV/cm dc field: @ (c-a), B (a-c), V (a-a) phonon.
Solid lines are the results of a fit as indicated in the text.

dc bias electric field, can be well explained by a single
domain and a multidomain microstructure, respectively.
The experiment with field, which revealed three phonons,
with two of them appearing at the same lower frequency,
clearly indicates a cubic-to-tetragonal transition. In such
a transition, the high-temperature doubly degenerate
phonon should split into an 4,-like phonon and an E-
like phonon. This is indeed what is observed. The 4,-
like phonon is polarized along the tetragonal ¢ axis and,
being coupled to the spontaneous polarization, is expect-
ed to stiffen below the transition. This is also what we
observe. In the absence of a field, and for a random dis-
tribution of domains, the weight of the E-like phonon is
expected to be twice that of the A ;-like phonon, as borne
out by the fitted curves. The “ A ,-like” and “E-like” la-
bels are used to emphasize the parallelism between the
previous results on the optic mode and the present results
on the acoustic mode even though, strictly speaking,
these labels are only valid at ¢ =0, where in fact the
acoustic modes no longer represent internal modes of vi-
bration.

The present neutron results are also in perfect agree-
ment with the earlier Raman results mentioned in the In-
troduction.>* In particular, they show that the behavior
of the TA phonon parallels precisely that of the soft TO,
mode which was also shown to split into 4,- and E-
symmetry phonons at the transition. An important con-
clusion can then be drawn from the two combined sets of
results. Because neither the frequency of the TO; mode
nor that of the TA mode approaches zero, the transition
itself is not displacive, i.e., soft-mode driven, but rather
order-disorder in character. This is consistent with a
process in which polar nanoregions, present above the
transition, reorient to form structural macrodomains
below the transition. This does not negate in any way the
importance of the soft mode both in the lattice dynamics
far above the transition and in the formation of the polar
nanoregions.
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In conclusion, the present neutron-scattering results
confirm that a ferroelectric cubic-to-tetragonal transition
occurs in KLT with x =3.5%. Moreover, these results
show that, in the end, the transition is not driven by the
condensation of the TA mode, and thus presents an
order-disorder character, most likely due to the ordering
of the polar nanoregions. The behavior of the TA mode
parallels that of the TO, mode and, below the transition,
the high-temperature phonon splits into a- and c-
polarized phonons. The large frequency separation of the

two phonons at low temperature suggests a strong elec-
trostrictive effect.
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