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Raman study of antiferroelectric instability in La ,_y)3Li,TiO3
(0.1=x=0.5) double perovskites
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A Raman study of the double-perovskite systen,LgsLi,TiO3 is presented. The in-plane vibration of Ti
cations shows a soft-mode behavior on lowering the temperature, though the softening ceases below 60 K. The
freezing-in of the atomic displacements involved would result in an antiferroelectric order, but the tendency to
instability is suppressed by structural disorder arising from lithium doping and incomplete cation ordering in
the A site of the perovskite.
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[. INTRODUCTION not show the alternating plane ordering along thexis.
The symmetry of Lg_,)sLi,TiO5 can be described as
Ferroelectricity (FE) is a common property ofABO,  roughly tetragonal[space group(SG) P4/mmm though

consequence of a displacive phase transition driven by §€€n reported, depending on the lithium content, synthesis
zone-center TO mode involving the displacementadr B procedure, thermal treatments, and structural characterization

cations along high-symmetry axes of the perovskite Antifer-teChnique' The OR distortions yield either a double-
g high-sy y P ) erovskite cell with parameteess~a,, b~a,, c~2a,, and

roelectric(AFE) phase transitions have been less studied an G Pmmm or thediagonal cellof dimensionsa~v2a~. b
have focused in PbzZrO and its solid solutions ~v2a, o~ 2a0_8,16,19,11We note that inversion pom‘t’ ’sym-

(Pb, La(Zr, Ti)Os. metry is preserved in these distortions; according to recent
In some cases FE is not fully achieved on lowering temneutron diffraction data, no phase transitions occur below

perature and the paraelectric phase is stabilized by the zereeom temperaturéRT).18

point fluctuations of the atoms involved in the soft-mode

displacements. Examples of theiseipient FE are SrTiQ, Il. EXPERIMENTAL DETAILS

KTaO,, CaTiO, (Refs. 2—4, and rutile TiQ.® In such cases,  Ceramic samples used in this work were produced
the TO soft-mode frequenay, never collapses to zero, but through a solid-state reaction mechanism and are the same
stabilizes below a certain temperatdre, which determines studied in Ref. 8, where structural details can be found. Care
the onset of quantum effects. Conversely, the static dielectrizias taken to use samples that had_ been.s_ynthes.ized follow-
constant of an incipient FE does not diverge at a criticaing the same route, in order to avoid additional disorder ef-
temperature, but reaches a p|ateau below approximﬁ'&eb/ fects. A COOIIng rate of 1 C/ml-n was held from the Slnterlng

In this work we report on similar effects appearing in the ttmperature down to RT. This resulted in an GRimm
double-perovskite system La i TiOs (0.1=x=<0.5), structure forx<0.3 and tetragonaP4/mmm for x=0.3 at
whose basic unit cell is formed by stacking of two pseudocuRT- If faster cooling rates are used, the lithium-poor com-
bic unit cells of parameteai,. The doubling of the cell is a poqnds. present also a tet_ragonal structure. A small amount of
consequence of the ordering along thexis of lanthanum- "th'“"_‘ is required to stabilize the perovsk_lte phasg,_éjgg;)ped
rich and lanthanum-poor planésee Fig. 178 In spite of Lay;3TiO5 can only be grown under reducing conditionis!

intense experimental work, the precise location of Li atoms Raman experiments were performgd In a Duﬁispec-
is not known yef trometer with a diode array detector. Light from an"Aaser

These compounds are excellent ionic conduétfteith at 514.5 nm g\./ast.foclused_rohnto the satn:ﬁle thrngh%
possible use as solid-state electrolytes in lithium secondar ICroscope objeclive 'ens. 1he power at the sample

batteries and have been studied in the past few years byf W and_ the spectrlz?\kl) r(?[sglunor_] t)t/FplcaIIy 3|_6?'n Ra_:ﬂan
variety of techniques: structural characterizafih conduc- requencies were calibraté agziuns Am_asma Inés with an
tivity and dielectric relaxatioh? NMR, % etc. In this work estimated accuracy af 0.5 cm . Possible sample heating

we shall not be concerned with their conducting propertiesfjurlng spectra recording was controlled by means of Stokes—

but will report on the unusual behavior of their Raman SIOec_anti-Stokes ratio measurements. Within the errors usually as-

tra as a function of temperature and lithium doping. In par—fSOCiated With thi_s met_hod we found that temperature increase
ticular, we shall focus on the anomalous softening of thdS = 10°, Wh_lch is attributed to the excellent transparency of
Raman mode associated with Ti in-plane vibration, whichthese materials.
suggests a tendency of the double-perovskite structure to-
ward AFE instability. We note that incipient FE has been
found in La, sNa, TiO3,*° but there is an essential difference  In the tetragonal unit cell of space gro@g/mmm (Fig.

between sodium and lithium systems: the Na compounds db) the site symmetries and expected zone-center modes are

IIl. EXPERIMENTAL RESULTS
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FIG. 1. Unit cell of the tetragonal double-perovskite structure of 50 150 250 350 ) 450 4 350 650
Lago—aLixTiO5 (0.1=<x=<0.5) and symmetry-adapted displace- Raman shift (cm™)
ments for the TE; mode.

the following: L&1), 4/mmm A,,+E,; La?),
4lmmm Ay +E,; Ti, 4mm A+ Eg+ Ay +E,; O(1),
4mmm A, +E,; OQ2), 4mmm A,,+E,; O(@),
2mm Agg+Big+2Eg+A,+ By +2E,. We therefore
expect within this symmetry six Raman-active modes
(2A14,B14,3Eg) involving Ti and Q3) atoms. For the
present work we shall not be concerned by the actual site of
Li ions and assume that they occupy vacant lanthanum sites.

Properly, for the low-lithium-content region one should
consider the more accurate OR space gapnm in which
nine Raman-active modes are expected. However, several
arguments have inclined ourselves to use the tetragonal SG
for our analysis: (i) the number of modes observed is lower
than predicted by the OR SG and agrees with the tetragonal
prediction.(ii) In the lithium-rich region, where symmetry is L
indeed tetragonal, the spectra show essentially the same fea- 50 150
tures as in lithium-poor compoundgii ) Also the spectra of
fast-cooled, lithium-poor samples, with tetragonal symmetry,
present basically the same features as slowly cooled com- FIG. 2. Raman spectra of A ,sLi,TiO; at RT (a) and at low
pounds, except for some frequency shifts and disorderemperaturgb).
induced broadenindiv) A transition from OR to tetragonal
symmetry is found at about 500°C in an OR=0.18 much more than the other mode4diii ) Its frequency is very
samplet® but no significant change is observed in the Ramarsimilar to that of the TO soft mode of SrTiGat high tem-
spectrum at that temperature. Thus we conclude that, at oyperature, far from any critical behavitf(iv) In the double-
level of resolution, data can be interpreted within the tetragperovskites LgsNbO; and La,sTa0;, the mode appears at
onal P4/mmmgroup. OR splittings, if present, remain unre- lower frequencies along the sequence of increasing masses
solved under the disorder-induced linewidth. (Ti,Nb, Ta).?

The RT Raman spectra of [a,sLixTiO3 (X Due to the depolarization of light in polycrystalline
=0.12,0.25,0.3,0.4,0.5) ceramic samples are shown in Figgamples, we cannot assign a symmetry to the modes ob-
2(a). The corresponding spectra at low temperature are giveserved in these spectra. For this purpose, we have measured
in Fig. 2(b). We can see at least five bands in each spectrunthe Raman spectrum of a la,;Li,TiO5 fiber (x=0.5)
which we have labeled from to E. In this work we shall processed by the laser floating-zone method, in order to get
focus in the lowest-frequency mode, feat@eA more com-  single-crystalline samples. Longitudinal and transverse sec-
plete description of the Raman spectra will be given elsetions were studied by x-ray diffractiofKRD), electron mi-

Raman Intensity (arb. units)

1

L 1 1

250 350 450 550 650

Raman shift (cm™)

where. croscopy, and Raman scattering. Details can be found in Ref.
Several arguments support our attribution of this band to 2.
mode involving the motion of the Ti cations{i) Its low The transverse section of the fiber presented single-crystal

frequency points to a vibration of a heavy atofii) On  grains of the L@ _,);sLi,TiO; phase of about 50—-10Qm
partial substitution of Ti by Al, it shifts to higher frequencies diameter with 0.£x<0.3. According to XRD data, this
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might be due to a strong fourth-order anharmonicity of the

1467 potential that would shift the average resonance frequency
upward as temperature is increa$@éowever, we note that
144 this effect would be accompanied by a parallel line broaden-
ing, contrary to the narrowing observed. Moreover, the al-
~142 most universally found FE or AFE instabilities in Ti, Nb, and
s Ta perovskites leads in a natural way to our present interpre-
= tation of experimental results in terms of lattice stability.
5;5140. In this sense, it is important to see that the condensation
g of the in-planeB cation mode would result in an AFE phase
5138 with parallel ordering in tetragonal-b planes and antiparal-

lel ordering along the& axis. AFE ordering is forced by the

136 ®) presence of inversion symmetry @t/2,1/2,1/2. Within the
I theory of phase transitions this would be an AFE transition
L driven by a zone-center mode, a possibility that was already
134 07700 7200 7300 400 500 600 700 800 suggested in Ref. 1. As regards to the actual Ti displacements

T(K) involved, we note that a shift alongf10 directions, with

) _equalx andy displacements, has the saifig symmetry and
FIG. 3. Temperature dependence of the Raman shift of B Tl qoomg more likely to occur. This displacement pattern is

mode. Solid lines are fits to the Barrett expression; dashed lines are__. . .

quides for the eye. similar to that found in the AFE phase of ;SrCgaTiO;

(0.18<x=<0.4) (Ref. 24 or NaNbQ,?®

phase had tetragonB#/mmmsymmetry, which is attributed 1€ experimental evolution of the Ti-mode Raman shift
to the fast cooling rates involved in the method. For thef€Sembles that of the TO mode in incipient FE. This is not
present work the important result is that these grains wer&UTPrising, since th&y soft mode of the double-cell system
oriented in a(111) pseudocubic plane so that the growth €an be viewed as a superposition of two single-cell TO
direction was parallel to 4111) axis of the perovskite. We modes with alternating phase in each sgbcgll. In incipient FE
performed Raman measurements within one of such graiﬁ@e temperatu_re dependence of the static dl_electrlc constant
as a function of the angle of sample rotation around(fid) ~ can be described by the Barrett mddieind fitted toe = A
axis. The evolution of the peak intensities was compared- B/[(T1/2)coth(T/2T) —To], To representing an effective
with that calculated from the Raman tensors pertaining td-urie temperature and, the temperature below which
4/mmmsymmetry in the configuration of incident and scat- quantum effects can be expectédandB are constants. The
tered electric fields held within the pseudocutitl) plane. validity of this expression and the.ongln of the classical to
These measurements allow us to assign p&aky andD to quantum crossover are dlscuss_ed in Rzefs. 2 and 27. Through
E, symmetry species, whil& andE peaks behave likd,, the Lyddane-Sachs-Teller relatian(T) ;= const, the soft-
modes. TheB,, mode has not been identified yet. The simi- mode frequencyws of incipient FE can be fitted tas={C
larity between spectra collected in the fiber and those of ce+ D/[(T1/2)coth(Ty/2T) — To]} % with C and D constant.
ramic samples allows us to assume that polarization propeiMalues of the fitting parameters for several systems are given
ties are also extrapolable to the spectra presented in thi§ Table I.
work. To exploit the similarity with incipient FE, we have fitted
Therefore, bandB corresponds to thE, mode involving ~ Our experimental data to the Barrett expression with param-
mainly the vibration of Ti cations within the tetragoredb  eters given in Table I. The crossover temperafliyés much
plane, with perhaps some admixture of oxygen motion withhigher in our systems than in incipient FE. We also find a
the same symmetrisee Fig. 1L negative and high value df,, as occurs in LggNa sTiO5
Figure 3 shows the temperature evolution of Bienode ~ and rutile. Since the Barrett expression is derived through a
frequency in Lg—sLixTiOs. An increase is found in all firs_t-order app_rox_imation in th_e treatment of fluctuation_s,
compounds upon heating except perhaps foysLiy =TiOs. which are crucial in understanding the temperature evolution
In parallel to this hardening, the linewidth decreases by 2—®f the soft-mode frequency, doubt arises as to whether these
cm %, depending on the compound. The temperature deperRarameters have a reliable physical meaning or should rather
dence of the Raman shift becomes weaker as the lithiurRe taken as phenomenological ones for comparison purposes
content is increased and almost disappears, within experfnly. Barrett parameters can be related to those derived from
mental accuracy, for L@li,TiOs. All other modes show the model of linearly coupled anharmonic oscillators, as
softening of a few cm® upon heating from 10 to 800 K. given, for instance, in Refs. 2 and 27. We then find thais,
in temperature units, the harmonic frequengyand thatT
V. DISCUSSION is proportional tomwi(v—mwi)/)\, whereV measures the
strength of intercell coupling, which tends to destabilize the
The presence of a mode with softening properties suglattice, and\ is the coefficient of the on-site quartic anhar-
gests that the lattice may be unstable against the atomic disaonic potential term. The highly negative value B is
placements involved in that mode. Alternatively, softeningassociated to both a smalland to the high value o, .22
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TABLE I. Relevant data for Lg ,ysLi,TiO5 and incipient FE  of structural order can be quantified by the site occupancy
€OMPOUNAS.wmax— wmin 1S the difference between the maximum factor of La in Lg1l) and L&2) sites. In the undoped or
and minimum values of the soft-mode frequencies as a function 0§Iightly doped compounds La almost fully occupies site
temperature, either from Raman experiments or from other techt (1), while La(2) site accommodates the remaining La at-
niques.T,/2 andT, are parameters of fitting to the Barrett expres- oms and vacancie< As lithium is introduced, the occupan-
sion. Fitting parameters fox=0.4 are only temptative. The two jes of sites 1 and 2 by La atoms tend to become equal and
values ofT; andT, given for TiO, correspond to measurements of o symmetry approaches the cubic limit. A drastic change
the dielectric constant along tleeand a axes, respectively. occurs atx~0.3,7’8 where the symmetry evolves from an
elongated pseudotetragonal on@2(>a=Db) to an almost
cubic cell c/2=a). A drastic change is also observed in our

Omax— Omin - 11/2 (K) To (K)

—1
(cm™) results at the same composition, as shown in the first column
LaLiTiO x=0.12 11 145 —300 of Table I, indicating that AFE properties and structural order
LaLiTiO x=0.25 10 145 —240 are closely related. A further support is given by the results
LaLiTiO x=0.3 7 130 ~620 in quenched samples witlk=0.12 and x=0.18, which
LaLiTiO x=0.4 25 (160 (-760) present a smaller degree of softening as compared with
LaLiTiO x=0.5 <2 slowly cooled samples of similar Li content.
LaLiTiO x=0.1% 8 Another important point is the relevance of the actual OR
LaLiTiO x=0.18 65 145 ~370 symmetry in the appearance of the hypothetical AFE order-
LayNbO; (Ref. 22 15 130 ~720 ing. Since, at our level of resolution, no splitting of t&g
Lay;Ta0; (Ref. 21 4 140 _730 modes has been_observed, we haye no indicator of Fhe lower
Lag o i ,Ta0; (Ref. 21 35 symmetry that might be followed in parallel to the Ti mode
2971025 shift. At this respect, we note that in AFE perovskites, such
SrTiO; (Ref. 2 >130 42 38 .~ on 29 25
as Si_,CaTiO3“" PbZrQ;, and NaNbQ@,~“> AFE order
KTaO; (Ref. 3 >80 28.5 13.1 . . . o .
CaTiO, (Ref. 4 52 159 derived from antiparallel cation shifts is accompanied by the
L ’\?3 T,O' Ref. 1 9 _770 simultaneous condensation of antiferrodistortivEFD)
05N 511Y3 (Ref. 19 modes involvingBOg octahedra tilts. Thus AFE seems to be
TiO, (Ref. 5 >30 68,78 —166,—-179

favored by the presence of octahedra tilts, in agreement with

aSamples quenched from 1350 °C to LNT. first-principles calculatiorf§ according to which FE and
AFD instabilities suppress each other. Interestingly, in our

The finding thatmw?— V>0 means in fact that the mode is Systems tilts are observed in undoffedr slightly doped

not unstable at any temperature. This represents a strong dfompound¥’ and disappear as lithium content increases, in

ference with SrTiQ and KTaQ, where the soft-mode stabi- Parallel with the magnitude of the AFE effect.

lization at low temperatures has been attributed to quantum Since the mode under discussion is not a polar one, the

fluctuation effects. A more rigorous calculation of the fluc- behavior of the dielectric constant cannot be predietemii-

tuation terni” allows one to reduce the number of parameterHi- According to Kittef* and Okadd? the static permitivity

to 3, giving more realistic values far, but little affectingT, ~ In AFE systems is not necessarily discontinuous at the phase

andT,. transition and may have a small value eveif at Moreover,

We now seek a physical explanation for the higher stabildielectric measurements at low frequency in these systems
ity of our compounds as compared with incipient FE perovs-are dominated by the lithium dynamics contribution, which
kites: A plausible one may be the lattice disorder, whichobscures any possible intrinsic temperature dependence. A
contributes in two ways: (i) Static disorder. The random high but almost constartwas found for Lg,3TiO;_ 5 below
distribution of La and Li cations creates a random dipolarRT->> More experimental work is clearly needed in this field.
field at the Ti sites(ii) Dynamic contribution. The fluctuat-
ing di.po_les c_:reated by' the_ lithium impurities can couple with ACKNOWLEDGMENTS
the Ti vibration, resulting in some sort of low-frequency re-
laxation that prevents further softening, in a mechanism We thank Dr. Alejandro Viez for providing us with the
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