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Abstract

A Raman study of the La_);3Li, TiO5 ionic conductors has been performed as a function of temperature, lithium content and
synthesis cooling rate. Irrespective of thermal treatment or lithium content, the spectrum can always be explained within a tetragonal
symmetry (space group P4/mmm), which suggests that, at a local scale of several unit cells, some cation ordering persists even in samples
submitted to quenching conditions. The mode involving mostly in-plane titanium vibration softens on lowering temperature, though a
phase transition never occurs. The effect is attributed to the tendency of these double-perovskite systems to antiferroelectric ordering,
frustrated by structural disorder. Quenching the samples from high temperature increases cation disorder and suppresses the tendency
of these systems toward antiferroelectric instability. A correlation is found between the degree of instability and the parameter
n=_Lal—La2—x, where Lal and La2 stand for the site occupancy factors of lanthanum ions in sites Lal and La2, respectively.
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1. Introduction

Since the discovery of the excellent behavior of
Lap_y)3Li, TiO3 compounds (LLTO in the following)
as Li-ion conductors,'? intense experimental work has
been performed on them with a variety of techniques:
structural characterization®® conductivity and dielectric
relaxation,” NMR, 101! etc. During recent years we have
undertaken the Raman study of the LLTO family of
compounds as a function of lithium content, tempera-
ture, thermal treatments and Li isotope substitu-
tion.!>!3 To identify the symmetry of the observed
modes, polarization measurements were carried out in a
fiber processed by the laser floating zone technique, as
described elsewhere.!?'* From these studies, useful
information was obtained concerning structure, lithium
dynamics and structural stability against Ti antiferro-
electric (AFE) ordering. In this work we present a more
detailed study of how a rapid cooling rate during
synthesis affects the structural and AFE properties.

* Corresponding author. Tel.: +34-976-761-333; fax: +34-976-
761-229.
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2. Experimental

Ceramic samples used in this work were produced
through a solid-state reaction mechanism.* The powders
were uniaxially pressed and then heated up to 1350 °C
to obtain sintered powders, which were submitted to
two different heat treatments: (a) slow cooling rate of
1°/min, and (b) quenching treatment from 1350 °C to
liquid-nitrogen temperature (LNT).

Raman experiments were performed in a Dilor XY
spectrometer with a diode array detector. Light from an
Ar™ laser at 514.5 nm was focused onto the sample
through a 50x microscope objective lens. The power at
the sample was <10 mw and the spectral resolution ~3
cm~!. Raman frequencies were calibrated against Ar™

plasma lines with an estimated accuracy of £0.5 cm~!.

3. Structure

In spite of intense research, there is still some con-
troversy concerning the actual space group (s.g.) of
LLTO compounds. However, there is agreement in that
the basic unit cell is a double perovskite one, with
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doubling arising from alternation of La-rich and La-
poor planes. From this basic unit cell, which has tetra-
gonal symmetry and s.g. P4/mmm, lower symmetries
are found depending on the lithium content, cooling
rate used in the synthesis and the experimental tech-
nique employed in the structural characterization. By
means of X-ray diffraction (XRD), in samples cooled at
1 °C/min, an orthorhombic symmetry (s.g. Pmmm) is
found for x<0.3, and a tetragonal one (s.g. P4/mmm)
for x>0.3.% If the samples are quenched from the sin-
tering temperature to LNT, much higher symmetries are
found by XRD, yielding in almost every case, except for
very low lithium content, a pseudocubic unit cell with
a~b=c, but still showing some intensity in the form of
broad bands at the angles where superstructure peaks
appear.'®> On the other hand, a supercell of dimensions
2ax2ax2a and orthorhombic symmetry is found by
neutron diffraction in slowly cooled (SC) samples with
low lithium content.”-®

4. Experimental results and interpretation

One of the aims of our work was to obtain more
insight into the local structure of LLTO compounds,
taking advantage of the microscopic character of
Raman spectroscopy, as compared with XRD or neu-
tron diffraction. For this purpose we have measured the
Raman spectra of polycrystalline samples of both SC
and quenched (Q) samples with varying lithium content
(0.12<x<0.47). The spectrum of the x=0.18 sample
before and after the quenching procedure is shown in
Fig. 1. Depending on the lithium content and tempera-
ture of measurement, the spectrum displays from five to
seven bands, whose attribution has been made in pre-
vious works'>!3 and is summarized here: bands near
140 and 320 cm~' are ascribed to modes involving
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Fig. 1. Room temperature spectrum of the x =0.18 sample before and
after the quenching procedure.

mostly in-plane and c-axis titanium vibration, respec-
tively, while all the other modes are assigned to oxygen
motion. Coupling of oxygen atoms with lithium cations
was proposed to explain the behavior of the highest
frequency band as a function of temperature and of
lithium content.!3

Irrespective of thermal treatment or lithium content,
the spectrum can always be interpreted within a tetra-
gonal approach. In the case of the orthorhombic com-
pounds this can be explained by broadening arising
from the disorder inherent to the LLTO system due to
the presence of vacancies and lithium ions in La sites.
More interesting is the finding of a tetragonal symmetry
in Li-rich or in quenched samples, that show a quasi-
cubic XRD pattern, suggesting that some cation order-
ing persists, at least to a scale of several unit cells.

At this point, the relevant questions are which is the
cation distribution at a given temperature, how does
quenching alter this distribution, and how are these
changes reflected in the XRD diffractogram. In a recent
work'®> we have shown that, though La diffusion starts
at about 900-1000 °C, this process is slow at these tem-
peratures and some cation ordering may persist at tem-
peratures as high as 1300 °C. Then the simultaneous
appearance of a tetragonal spectrum and a quasicubic
diffractogram in quenched samples can be explained by
the combined effect of two factors: (i) Lanthanum dif-
fusion at high temperatures, that modifies the site occu-
pancy factors (SOF) of Lal and La2 sites with respect
to the values present in SC samples, reducing the differ-
ence between them. This increased disorder explains the
greater broadening of the Raman spectrum of quenched
samples, as well as the intensity changes observed for
some bands. (Quenching is assumed to preserve the
cation distribution given at the temperature of quench-
ing) (ii) The formation of ordered nanoscale domains
that yield the tetragonal Raman spectrum but are aver-
aged in XRD to an almost cubic pattern. Atomic
disorder at the domain boundary is also assumed to
broaden the Raman spectrum.

The preservation of some degree of cation ordering in
quenched samples is further supported by the constancy
of the activation energy for lithium diffusion in SC and
Q samples. In Ref. 13 we showed that the disappearance
of the high frequency band with increasing temperature
was related to the thermal activation of lithium motion.
Only SC samples where included in that analysis. Fol-
lowing the same procedure for Q samples we have now
found that the onset temperature and the activation
energy for the intensity decrease of the high frequency
band are the same as in SC samples. The independence
of the activation energy for lithium motion upon
thermal treatments is also concluded from conductivity
and NMR measurements.'¢

Another important consequence of quenching treat-
ments is the suppression of the tendency of this system
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toward AFE instability. As shown in a previous work,!?
softening of the mode involving mostly in-plane Ti
displacements is observed upon cooling, which was attrib-
uted to the tendency of the structure toward AFE order-
ing by Ti shifts. Fig. 2 shows the temperature dependence
of the Raman shift of this mode, o, for SC and Q
samples. It is clearly seen that softening effects decrease
with increasing lithium content and upon quenching.

Disorder-induced random fields at the Ti site prevent
the occurrence of an actual phase transition. Several
factors may determine the degree of disorder, the most
important being the imperfect alternation of La-rich/
La-poor planes and the presence of Li ions close to a Ti
site.

As a measure of the AFE instability we have taken
the total frequency shift of the Ti soft mode, A, from
the highest temperature reached in our experiments
(about 870 K) down to 10 K, and tried to find whether
there is a unique parameter that permits to explain
simultaneously the variations of A observed in SC and
Q samples.

In Fig. 3a we plot A as a function of lithium content
(x). Though it is clear that increasing x results in smaller
As, SC and Q samples yield two separate curves, as one
would expect since, for a given Li content, quenching
adds disorder at the Ti site. Disorder arising from
imperfect Lal/La2 alternation may be quantified by the
SOF of La cations in Lal and La2 sites, that we will
denote just by Lal and La2, respectively. Table 1 shows
Lal and La2 values for SC and Q samples of varying
lithium content, together with other structural para-
meters, and Fig. 3b shows A as a function of Lal—La2.
Quite surprisingly, there are still two curves, suggesting
that there is more than cation disorder in the origin of
the AFE-instability suppression: SC samples with high
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Fig. 2. Temperature dependence of the Raman shift of the mode
involving in-plane Ti vibration for some SC (a) and Q (b) samples.
Lithium content (x) is specified in each case.

Li content have a much smaller A than Q samples of
low lithium content with the same Lal—La2 value.

To include the additional contribution of lithium
ions, we represent in Fig. 3c the variation of A as a
function of n=Lal—La2—x: The points fit fairly well
to a single curve. We conclude that lithium itself is a
source of disorder at the Ti site, beyond the structural
changes that accompany the increase of lithium
content. The goodness of n in describing structural
stability, at least concerning AFE properties, can be
justified as follows:

We assume that lithium distribution is isotropic so
that no preference for Lal or La2 sites occurs. Then,
from the x Li ions present in a given composition, equal
amounts of x/2 ions are assumed to occupy Lal and
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Fig. 3. The total frequency shift of the Ti soft mode, A, from 870 K
down to 10 K is plotted versus different parameters: (a) A as a func-
tion of lithium content, (b) A as a function of the difference between
the site occupancy factors of Lal and La2 sites, Lal—La2, (c) A as a
function of n=Lal—La2—x, that we have proposed as a parameter
describing the degree of structural instability.
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Table 1
Structural data for slowly cooled (a) and quenched (b) LLTO
compounds

x (L) a(A) b (A) c(A) Lal La2 A (em™))

(a) Slowly cooled

0.12 3.8747(1) 3.8632(1) 7.7846(1) 0.9 0.35 11
0.25 3.8769(2) 3.8659(2) 7.7855(2) 0.87 0.3 10
0.3 3.8727(3) 7.75103) 0.75  0.38 7
0.4 3.8708(3) 7.7491(3) 0.66  0.39 2.5
0.44 3.8700(1) 7.7452(2) 0.62  0.38 2

(b) Quenched

0.12 3.8780(2)
0.18 3.8788(2)
0.3 3.8785(2)
0.44 3.8696(7)

77524(7) 0737 0476 8
77538(5) 0707 0.506 6.5
7.7544(7)  0.632 0.501 5
77394(1)  0.533 0507 <l

a, b and ¢ are the lattice parameters in Pmmm or P4/mmm s.g. Lal
and La2 stand for the site occupancy factors of Lal and La2 sites. Cell
parameters and occupancies for slowly cooled samples are taken from
Ref. 4. We also include the soft mode frequency variation between the
highest and lowest temperatures, A.

La2 sites, respectively. However, it has been found that
lithium ions shift toward the center of the squares
formed by four oxygen atoms, midway between two La
sites.!” Since Lal»>La2 for the most ordered com-
pounds, a Li ion in a Lal site will more likely shift
toward a (probably vacant) La2 site, to a location with
z20.25 (the Ti-O.q plane), than toward another Lal
site, which is probably occupied. Similarly, a lithium
ion in a La2 site will more likely move within the
z=0.5 plane toward another (probably vacant) La2
site than toward a (probably occupied) Lal site.
From these lithium sites, only those at z~0.25 are
expected to perturb the softening of the in-plane Ti
vibration significantly. Since SOF of Lal and La2
sites are normalized to one, the occupancy of lithium
ion in the z=~0.25 sites is not x/2 but x, thus
providing an explanation for the appearance of x in
the definition of n.

5. Summary and conclusions

We have presented a Raman study of the LLTO
family of compounds, from which information on
structural, dynamic and antiferroelectric properties is
obtained. Quenching the samples from high tempera-
ture increases cation disorder, partially suppressing the
Lal/La2 alternation along the c-axis. To explain the
detection of a tetragonal spectrum in samples with a
quasicubic diffractogram we propose that small
ordered domains, with dimensions of several unit cells,
are formed. Finally, we have found that quenching
suppresses the tendency of LLTO systems toward
antiferroelectric instability. A parameter is proposed,

involving lanthanum site occupancy factors as well as
lithium content, to describe the degree of structural
stability.
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