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Mechanism of the ferroelectric phase transitions in LINbO; and LiTaO4
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The temperature dependences of the nuclear-electric-quadrupole frequgrm:fy117ln doped in LiTaQ
(Tc=938 K) and Li_4In,;3Ta0; with x=0.2 (Tc=818 K) show that the order-disorder of the Li ions is not
the driving mechanism for the ferroelectric instability in LiNp@nd LiTaQ, systems, and imply that the
oxygen order-disorder is the driving mechanism. The significantly different temperature dependenges of
cd in these materials compared, to those!tin, demonstrate that this order-disorder is of dynamic
character.
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[. INTRODUCTION Safaryafi presumed that, at low temperature, the free
space among the oxygen ions of the triangle base is too small
Ferroelectric LINbQ@ (LN) and isostructural LiTaQ(LT)  for Li to easily pass through to the other side. With increas-
are known as important optical, electro-optical, and piezoing temperature, however, the size of the opening becomes
electric materials. Although their diffraction-derived struc- wider, so that Li comes closer to the triangle oxygen base
tural datd were obtained three decades ago, the mechanisaind is more easily disordered. Simultaneously, the Coulomb
of ferroelectric-to-paraelectric phase transitions is not yeinteractions among Li and NKTa) make the Nb(Ta) ion
fully understood. The ferroelectric Curie temperatures of LNcome closer to the center of its oxygen octahedronT At
and LT areT.=1483(10% and 938(5) K3 respectively, the Liion occupies both sites, above and below the oxygen
which are quite high compared to those of other ferroelectriangle, with equal probabilitydynamic disorder and Nb
trics. It can be helpful in designing useful highk-ferroelec- (Ta) occupies the center of its octahedron. According to this
trics if we understand the ferroelectric transition mechanisnproposition, if we replace a Li ion by an ion of a smaller size
in LN and LT systems. or about the same size but with a higher charge, we expect
These oxides undergo only one structural phase transitiorthat the substitute ion can easily go through the oxygen tri-
which corresponds to a ferroelectric transition. The ferroelecangle at a lower temperature than the Li ion does; in the
tric structurgFig. 1(a)] belongs to thék3c space group. The latter case, because of its stronger Coulomb interaction with
atomic arrangement consists of oxygen octahedra sharintpe oxygen ions, the substitute ion must come closer to the
faces along the polar trigonal axis. When the spontaneousxygen triangle than the Liion does, forcing the space of
polarization direction is upward, the Niba) ion on this axis  the triangle to be more open. Therefore, by replacing some of
is displaced upward from the center of its octahedron. Thehe Li ions by ions having either a smaller size or about the
next octahedron above is empty and the one more above
contains a Li ion displaced upward from the bottom-triangle (a) (b)
oxygen base of that octahedron. The paraelectric structure
[Fig. 1(b)] belongs to thék3c space group. The Nfra) ion @ L
is located at the center of its octahedron. The average Li Py o
position is on the triangle oxygen base: the Li ion is disor-
dered and occupies the previously empty octahedron half the O
time (dynamic disorderor unit cells in the other halfstatic Nb (Ta)
disordey.
There are two opposite interpretations of the role of the ®
order-disorder of Li in the transition mechanism. In one in-
terpretation it is the driving mechanistactive rolg, and in
the other it is notpassive rolg A recent theory by Safaryln O
is considered the former example. Another theoretical calcu-
lation by Inbar and Cohénexplored the latter example,
which shows that order-disorder of the oxygen ions, rather
than Li, is the driving mechanism: The Li displacement alone  F|G. 1. The(a) ferroelectric and(b) paraelectric structures of
results in a single minimum in the local potential energy, and.N and LT. The arrow indicates the direction of the spontaneous
the oxygen displacements result in double wells; moreoveolarization Ps) in the ferroelectric phase. Nia) is represented
strongly coupled oxygen and Li displacements result inby the open, Li by the solid circles. The horizontal lines stand for
much deeper double wells. the oxygen planes.
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same size but a higher charge, we may be able to obtain moment of the nuclei with an extranuclear electric-field gra-
ferroelectric material with a loweF. dient (EFG). Detection of the firsty rays with a detector

It was really observédthat the T of In-doped LT, sorts out a set of nuclei in intermediate states with spin align-
Li;_,In,sTaO;, depends linearly on the In concentration, ments against the direction of the detector from the source.
and atx=0.2 (hereafter named 8-mol % In-doped LT  Then time-differential measurements of the secgndays
goes down to 818(5) K. Here the charge on In, which ocfrom the same nuclei with another detector permits a deter-
cupies the Li site, is considered to be close to,3although  mination of the spin precession frequency of the nuclei in
its ionic siz&€ is 80 pm, a little larger than that of Li(76  intermediate states, and then a determination of the magni-
pm). If we trace the behavior of the In ion under increasingtude of the splitting of the level. The time dependence of the
temperature, we can test the proposition of Safaryan. One a@incidence countdN(6,t) of the 90-344-keV cascade
the In isotopes**In, is a nuclide to which the perturbed- rays for samples containin’Cd, and that of 151-245-keV
angular-correlatiofPAC) technique is applicable, giving in- 7y rays for samples containing'™Cd, were taken in a tem-
formation about the local structure around an In ion. Theperature range between 4.2 and 1223 K using a measurement
PAC of **n in LT and 8-mol % In-doped LT will therefore system consisting of four BaFscintillation detectors and
be decisive for this purpose. We performed PAC measurestandard fast-slow electronic modules. H&randt denote
ments on*'In (arising from *'Cd via nuclear decgyin  the angle and the time interval, respectively, between the
polycrystalline samples of 8-mol% In-doped LT in a tem- cascadey rays. The directional anisotropf,,G,,(t) was
perature range covering. of 818 K. In addition, we per- obtained as PN(,t) —N(7/2,t) [/[N(7,t)+2N(7/2}1)].
formed PAC measurements df'Cd (—*'Cd). Although  The value ofA,, depends only on the nuclear properties. The
Cd also occupies the Li site, as was confirmed in our previperturbation factofG,,(t) for a unique static quadrupole in-
ous PAC measurements for LN and {The order-disorder teraction in randomly oriented microcrystals has the form, in
transition of Cd can be different from that of In. Owing to the case of''’In, with an intermediate level having a nuclear
the much larger ionic sifeof C™ (95 pm) than that of Li”  spin of | =3/2,
and Irf*, Cd may not even be dynamically disordered. Com-
bined with the results for LT in Ref. 7, in this paper, we Gaot)=[1+4 cogwt)]/5, @
discuss the mechanism of the ferroelectric phase transition iq;;,here(u:6wQ(1Jr 7%13)2 and 7 is an asymmetry param-
LN and LT systems. We assume that because LN is isoStrugster of the EFG, taking a value between 0 and 1. In the case
tural to LT, the discussions based on the PAC data for LT angy¢ 1114 with its intermediate level havinig=5/2,
8-mol % In-doped LT also apply to the case of LN.

3
Il. EXPERIMENTS Gayt)= zfo Sn(n)cod wpt), 2

8-mol % In-doped LT polycrystalline samples containing wherew,=0 andw,=6woCn(7) (N=1,2,3).S, andC, in
either *'Cd or **""Cd were prepared with an identical Eq. (2) are numerically calculated for a given asymmetry
method for LN and LT containing those Cd isotopes. The parameter. It should be noted that in the caséldh, Gy(t)
parent nuclei**’Cd and***"Cd were separately produced by contains only one frequency component, and the values of
irradiating enriched***CdO and*%CdO, respectively, with  , and 7 cannot be determined independently from the
thermal neutrons available at the research reactor of Kyotgpectrum, whereas in the case dfCd they can be deter-
University. The irradiated oxides, mixed with high-purity mined because the amplitudss and frequencies, in Eq.
powders of LyCG;, In,O3, and TaOs, and then pressed into (2) are modified in a characteristic way as a functionyof
pellets, were sintered in air at 1100 °C for about 1 h, and thus
were obtained Lggng gsdC 00sTaO; containing 'Cd and Il RESULTS AND DISCUSSION
Lio.glNg.0dCt 0,Ta0; containing *MCd. Owing to the short
half-lives of *¥Cd (2.5 h and **™Cd (49 min), in most The PAC spectra measured at 4.2 and 1223 K!4h and
cases samples were prepared for each PAC measuremertCd in 8-mol% In-doped LT are shown in Fig. 2. Each
temperature. For bkignoocCty o Ta0; containing MCd,  anisotropy is modulated in a manner characteristic of the
PAC measurements were performed on the same samplessingle electric quadrupole interaction in polycrystalline
two or three different temperatures between 410 and 710 Ksamples, depending on the spin value of the intermediate
where there is a small, broad peak in the temperature depenuclear level. The PAC spectra &fIn and **'Cd were ana-
dence ofwq of *Cd [see Fig. 8)]. This procedure was lyzed with a single quadrupole frequency having a Lorentz-
intended to diminish the sample dependence of the measuréah distribution around the central valug, . Equations(1)
quadrupole frequency, if any, and was repeated once in ordend (2), modified for the Lorentzian distribution, were fitted
to obtain better statistics. The room-temperature x-rayusing the least-squares method to the observed time spectra
diffraction pattern of a Llgglng oéCtho;TaO; sample after of *In and *!Cd, respectively. They values thereby deter-
PAC measurement, being similar to that of LT, showed amined were scattered around 0.13. Considering that the qual-
singe phase of it. ity of the present PAC spectra is not good enough to deter-

The PAC methotlis mostly applied to an ensemble of mine the» value accurately, we sey=0.13 for all **'Cd
nuclei emitting two consecutives rays. The intermediate spectra. In evaluating the error in tag, value we took into
level is split by the interaction of the electric quadrupoleaccount they value determined in the fit. As discussed be-
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FIG. 3. Temperature dependences af, of (@ ™in
(«"Cd) in LT (solid squares(Ref. 7 and in 8-mol % In-doped
LT (open squarésand those ofb) 'Cd («'MCd) in LT (solid
circles (Ref. 7) and 8-mol % In-doped LTopen circles The two
broken lines show the Curie temperatures of LT and 8-mol % In-
doped LT.

tion of Safaryarf, as described in Sec. I, the In ion should
become disordered at a lower temperature than the Li ion
would require. From the observation that the temperature
dependence obq of *In faithfully reflects the respective
phase transition af -, we conclude that the order-disorder

0 50 100

i 150 200 of the Li ions is not the driving mechanism of the ferroelec-
Time (ns) tric phase transition in LN and LT systems.
FIG. 2. PAC specra of @ Win (—17Cd) in The fact that the value ofg of **In in 8-mol% In-

LiogNoosCthoosTa®s and of (b) tHcd (—1imcd) in doped LT below itsTc is always larger than that in LT indi--
Lio.glNo 0eCth 0:Ta0y at 4.2 and 1223 K. The solid curves representcates that the In ion is closer to the oxygen triangle in
the fits of Egs(1) and(2) in the text. 8-mol% In-doped LT than in LT. To rephrase, the oxygen
triangle is displaced toward the In ion by a great amount of
) U7 ] ] ~ Inions located at Li sites having higher charges. However,
low, since ™I is not considered to be in the same physico-the oxygen triangle does not allow the In ion to be disordered
chemical state a$''Cd, or to be subject to the same asym-yntil the temperature reachds . We speculate that in the
metry of the EFG as'''Cd, we safely sety=0 for all the  paraelectric phase the oxygen triangle, rather than the In or
"n spectra. This is because the Li site has a threefoldtj jon, is disordered: the order-disorder of the oxygen tri-
symmetric axis and the EFG at this site is thus axially sym-angle plays a key role in the phase transition in the LN and
metric. Furthermore, even whep=0.13 is used forIn, LT system. This speculation is consistent with the calculation
the wq value thus obtained differs by only 0.3%, which is results of Inbar and CohehLocally, the order-disorder of
well within the statistical error attached i, . The tempera-  the oxygen triangle appears to be identical to that of the In or
ture dependence of the ratiof the distribution widthAwg  Li ion, but, globally, they are not identical with each other.
to wq determined in the fit,has a general trend. In the case of We then discuss the type of order-disorder of the oxygen
n, & decreases from about 25% to 5% with increasingtriangle, dynamic or static. Although, of 1*In and the’Li
temperature, and fot*’Cd it changes from about 15% to quadrupole coupling constdftfor LT change significantly
4%. The solid curves in Fig. 2 are results of the fits usingwith temperature belowl-, they remain constant at tem-
»=0 for *¥In and »=0.13 for *'Cd. peratures abov@.. The constant part of the temperature
Figure 3a) shows the temperature dependences@fof  dependence fot'’In or “Li means that the geometry among
"nin LT (Ref. 7 (solid squaresand 8-mol % In-doped LT  the In or Li ions and the oxygen ions in the triangle hardly
(open squareésThe wq, of **In in each oxide increases with changes, despite the high temperatures; this indicates that a
increasing temperature up to abol¢, and levels off at local system consisting of In or Li ions and oxygen ions is
temperatures abowghe wq for LT seems to decrease gradu- unusually stable. This large stability is also indicated by the
ally above about 1100 K This temperature dependence is observation that despite the large difference between the two
similar to the ’Li-nuclear magnetic resonance quadrupoleT¢’s, the value ofwg of **In for In-doped LT above itd ¢
coupling constarif for LT (see Fig. 5 of Ref. 7 indicating  is about the same as that for LT. We consider that the con-
that In behaves like Li. However, according to the proposi-stant temperature dependence could represent the dynamic
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disorder of the oxygen triangle: The oxygen triangle movesslectric quadrupole frequenciesg of 1177 and cd in
to and fro through the In or Li ions, and the local system isg_m0|% In-doped LT Tc=818 K) were measured in a

more stabilized. This consideration is further supported by mperature range from 4.2 to 1223 K by means of the PAC
the following discussion of the temperature dependences q chnique. A well-defined, essentially single, static electric

wq of 1. ;

. quadrupole frequency was observed for each probe nuclide
The temperature dependences.gf of **'Cd in LT (Ref. " = """ ) :
7) (solid circles and 8-mol % In-doped LTopen circleg do '(;tﬂl;‘?noi)sdﬁr’ Z§$n8|::1';2/e ItﬁTjge;agqu_lt_a gﬁgﬁ?gg{] tcr:?:r?;er-
not show a leveled-off part at temperatures above their rea_ der of the Li i 7P tthp drivi hanism for th
spectiveT [Fig. 3(b)]. In particular, the latter temperature Isorder ot the L1 10ns 1S not the driving mechanism for the
dependence does not even reflect the phase transitiop at ferroelectric instability, and imply that the order-disorder of

—818 K. These significantly different temperature depen-the oxygen triangles is the driving mechanism. Moreover, the

dences ofwg of ™Cd can be qualitatively understood if we silgnifiqantly different temperature dependencesagf of
assume the order-disorder of the oxygen triangle to be o cd in these r_naterla_ls demonstrate that the order-disorder
dynamic character. From the diffraction data of Ref. 1, theof the oxygen triangle is of dynamic character. It was shown
shortest distance between the center of the triangle and tiiBat, different from '*in®*, Cd** was inadequate to
edge of the oxygen sphefeadius of 140 pm(Ref. § isonly  probe the phase-transition mechanism in the LN and LT sys-
60 pm at 820 K, say, although it will be longer because thgems, owing to its relatively large ionic size. However, this
oxygen triangle must come closer to the substituté’Cdn  very difference was effective in elucidating the dynamic na-
and the space of the triangle must be made more open. Atudre of the order-disorder of the oxygen triangle. Combined
cordingly, the oxygen triangle cannot easily go through CdPAC studies usind/in and **Cd (occupying the same site
owing to its narrow space compared with the large ionicbecause the chemical elements of those parent nuclei are the
radius (95 pm (Ref. 8 of Cd. The crystal being softened same, Cgwill find use in other physical systems.
with increasing temperature, the triangle oxygen ions are
likely to be pushed away by Cd, rather than drawn closer,
making the value ofug of **'Cd smaller.
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