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Pressure-Induced Crossover from Long- to Short-Range Order in Compositionally Disordered
Soft Mode Ferroelectrics
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Results on a lanthanum-modified, lead zirconate-titanate have revealed (1) pressure-induced crossover
from normal ferroelectric- (nFE-) to-relaxor (R) behavior; (2) the continuous evolution of the
dynamics of the relaxation process; (3) a spontaneous R-to-nFE transition at a temperature well
below the dynamic glass temperature of the R phase; and (4) the vanishing of this transition with
pressure at a critical point. These results can be understood in terms of a large decrease in the
correlation radius among polar nanodomains—a unique property of soft ferroelectric phonon mode
systems. [S0031-9007(96)00638-2]

PACS numbers: 64.70.Kb, 77.22.Gm, 77.80.Bh

Motivated by the strong interest in developing anshort-range forces, making it simpler to get to the essen-
understanding of the relaxational properties of highlytial physics. This paper demonstrates the value of this
disordered ferroelectrics, we have investigated the diele@approach.
tric properties of a lanthanum-modified, lead zirconate- For the present study we selected a PLZT composition
titanate (or PLZT) material. The key results summarizechear the ferroelectric-relaxor boundary. The substitution
in the abstract provide new insights into the physics ofof La*" for PB*" on theA sites in lead zirconate-titanate
disordered soft mode ferroelectrics. (PZT) leads to a well-known family of ceramics having

In ferroelectrics, relaxor behavior results from eitherthe chemical formula(Pb—3,/,La,) (Zr;—,Ti,)Os, or
frustration- or compositionally induced disorder [1-3]. PLZT, with unusual dielectric and electro-optic proper-
The latter type of disorder and related random fields ardéies [7]. The Ld" ions and accompanying vacancies
believed to be responsible for the relaxor properties ofone vacancy for every two Ba ions), which are ran-
mixed perovskite oxides such as(Ply;,3Nb,/3)O3 (or  domly distributed on thei sites, represent a type of dis-
PMN) [2], KTa;-Nb,O5 (or KTN) [3], K;—Li,TaO;  order which significantly modifies the properties of these
(or KLT) [1], Pb(SgsTays)Os (or PST) [4], and materials. One manifestation of this disorder is the
La-modified Pbzy_,Ti,O; (or PLZT) [5]. The parent condensation of local dipolar nanodomains leading
compounds of these materials are the prototypical sofio local, randomly oriented polarization at a temper-
ferroelectric (TO) mode systems. A newly discoveredature much higher than the ferroelectric transition
feature in the response of some of these materials is themperature (7.) [8]. These polar nanodomains
observation of a spontaneous, first-order relaxor- (R-)ncrease in size with decreasing temperature and,
to-normal ferroelectric (nFE) transition on coolimgthe  for relatively low La concentration, ultimately re-
absence of a poling electric fieldSpecifically, this tran- sult in the formation of macroscopic ferroelectric
sition has been observed in: (1) disordered PST, where domains with long-range FE order. The peak in
vanishes with the introduction of vacancies [4], (2) KLT, the dielectric constant af. is relatively sharp and
where it is observed above a critical (2.2 at.%) Li concenindependent of frequency below the GHz range. For
tration [6]; and PLZTx/40/60, where it is observed over higher La concentrations, the disorder hinders the
a narrow range of La concentration (namely around onset of long-range order, and the polar nanodomains
12 at.%) [5]. condense below the freezing temperatiig,) of the

The physics of the relaxor behavior and R-nFE transipolarization fluctuations [9] into a glasslike, oelaxor,
tion is not well understood. The usual manner of studystate with no macroscopic phase (symmetry) change.
ing these properties has been to vary the composition arféor the particular system La-modified PQZTi350;
degree of disorder in order to induce relaxor behavior(PZT 65/35), relaxor behavior in the dielectric response
However, these approaches introduce complications sudiecomes experimentally discernible [9] for La concen-
as added randomness, compositional fluctuations, lattideations above~6 at.%.
defects, and changed interatomic forces. Consequently, Thus for the present study we chose a composition
there is always considerable vagueness in interpretatiomith 6 at.% La or PLZT6/65/35. It was prepared
We suggest that hydrostatic pressure is a much “cleanetly conventional mixed oxide synthesis and processing
variable for studying such systems. By applying pres{7]. The sample used was a thin plate whose large
sure to a sample of fixed composition one varies only théaces were sputter coated by Cr followed by Au. In-
interatomic interactions and balance between long- antbrmation about the phase transitions and relaxational
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properties was obtained from dielectric constéi} and Pressure causes large decreases in the amplitude of the
dissipation (tan§) measurements. These measurements’(T) anomaly atT,, and in the transition temperatures
were performedvithout a dc biasing fielés functions of and induces full relaxor character for the PE-R transi-
frequency(10>—10° Hz), temperature (290—600 K) and tion by 5 kbar. Figure 2 shows that at 15 kbar there
hydrostatic pressure (0—20 kbar) [10]. is still no frequency dispersion i, but there is in-

In the absence of relaxor behavior, the expected recreased dispersion ie’ at T < T, compared with the
sponse of PLZT6/65/35 at 1 bar is for it to transform response at lower pressures. Taking the differedde,
on cooling from the high temperature cubic paraelectridn T,, between 18 and 1% Hz as a measure of the dis-
(PE) phase to a rhombohedral nFE phase 440 K [9]. persion inT,, the inset in Fig. 2 shows the change in
Figure 1 shows the temperature dependences’ adind AT with pressure. Clearly, this dispersion evolves for
tand at 1 bar at different frequencies. Starting in thereasons which will become clear later. Figure 3 shows
PE phase,’ increases with decreasing temperature inthe response at 20 kbar which is the classic dipolar,
a Curie-like manner and exhibits a maximum at the exglasslike response of a relaxor ferroelectric, with strong
pected PE-FE transition temperature, which we denotdispersion continuing to lower temperatures as discus-
by T,.. €' is frequency independent in the PE phasesed below.
and its magnitudee,,x at T, is also essentially in- A key feature of the response at 20 kbar is the apparent
dependent of frequency.T,, exhibits weak dispersion vanishing of the R-nFE transition &. Figure 4 shows
having a value of 442 K at #OHz and increasing to the shifts inT,, and T, with pressure measured at°18z.
447 K at 10 Hz with most of this increase occurring Within experimental uncertainty7,, and T, have the
above 10 Hz. On further cooling belowr,,, there is same slope, namelyT,, . /dP = —5.2 = 0.2 °C/kbar,
some dispersion in the magnitude &f primarily above a value comparable to that for many perovskite ferro-
10* Hz. This dispersion becomes considerably smalleelectrics which can be understood in terms of soft mode
below a spontaneous R-to-nFE transition denoted’by theory [11]. Note that the differencg, — T, 38 K, is
in Fig. 1 and manifested by a sharper dropeiT) and essentially independent of pressure up to 15 kbar. If this
a sharp frequency-independent peak in theSt@m re- trend were to continue to higher pressures, then at 20 kbar
sponse. These anomalies are the signature of this ty# would be 305 K. Reference to Fig. 3 shows that there
of transition as seen earlier in PST [4], KLT [6], and is no evidence for this transition in either te&T) or the
PLZT 12/40/60 [5]. tand (T') data down to 290 K. The transition is, however,
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FIG. 1. Temperature and frequency dependences of the dFIG. 2. Temperature and frequency dependences’oand
electric constant(e’) and the dissipationtans) for PLZT  tand for PLZT 6/65/35 at 15 kbar. The inset shows the
6/65/35 at 1 bar (0 kbar). increase in the frequency dispersion7ip with pressure.
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clearly evident forP = 15 kbar as marked byl, in  at 20 kbar. This fit yieldsyy = 6.6 X 101* s7!, E =
Figs. 1 and 2. Thus the transition vanishes between 1840 K (= 54 meV), and T, = 303 K. For the 15 kbar
and 20 kbar. Support for this assertion is provided by thelata,E = 1210 K and T, = 330 K. These results show
tans(7T) data in Figs. 1 and 2 which show that theddfi)  the expected large decrease Bfwith pressure and, sat-
peak associated witli, broadens considerably with in- isfyingly, they yielddT,/dP =~ —5 K/kbar, which is of
creasing pressure with indication that it may vanish. the same magnitude &@g,,,/dP. Animportant manifesta-
Results as in Figs. 2 and 3 define relaxation frequention of the results is a large decrease in the relaxation time

cies f corresponding to the peak temperatuii@s and  with pressure. This is a consequence of the large decrease
characteristic relaxation times = 1/v, where v is the in the correlation length or radius among nanopolar do-
angular frequency= 27 f). Since relaxation processes mains with pressure as discussed below.
are usually thermally activated, it is natural to present re- In earlier work on KTaQ with dilute dipolar Nb sub-
laxation data as Arrhenius plots of invs 1/T,,. Such stitution for Ta, we observed pressure-induced relaxor
plots for the present data at the higher pressures revebkhavior which was interpreted in terms of a novel,
the non-Arrhenius character of the response as has beenessure-induced crossover phenomenon from long-range
observed for other systems [3,9]. This departure fronFE order to dipolar glass behavior [3]. We believe that
Arrhenius behavior can be satisfactorily described in a vathis phenomenon is a general feature of soft mode fer-
riety of ways, many of which can be expressed [3] inroelectrics with dipolar impurities, or polar nanodomains,
the form of the Vogel-Fulcher (VF) equatian! = » =  and is a consequence of the unique pressure dependence
vo exd —E/k(T — Ty)], which is found to be applicable of the soft mode frequencw,, which controls the po-
to many relaxational phenomena [3]. The parameters ifarizability of the host lattice. Since, decreases and
this equation can be given the following physical inter-tends to zero a§ — T, the polarizability of the lattice,
pretations [12]: v is the attempt frequency related to and thereby-. for polar fluctuations, which are inversely
the cutoff frequency of the distribution of relaxoiB,is  related to w,, increase rapidly asl — T.. Because
an activation energy, and, is a reference temperature w, is determined by a delicate balance between long-
where all relaxation times diverge (and where the distri-and short-range interactions, it is very strongly pressure
bution of 7’s becomes infinitely broad)T,, can be viewed (or volume, V) dependent [3]. A measure of this de-
as the “static” dipolar freezing temperature for the re-pendence is the soft mode Griineisen parameter=
laxation process. The inset in Fig. 3 shows a VF plot—(9 Inw,/0 InV); = %(a In€’/a InV)r, which is simply

the ratio of the fractional change in, to the fraction
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Fulcher plot for the relaxational process.
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FIG. 4. Phase diagram of PLZA/65/35.
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weakly temperature dependent. However, for soft TCenough to permeate (or percolate) most of the sample,
mode hosts like PZH5/35 and other perovskitegy is  and relaxor behavior sets in at and bel@y. In this

very large and increases with decreasing temperature apencentration regime, the higher the La concentration, the
proaching values of several hundred Bs— T.. The smaller the effectiver. and the stronger the frequency
large y translates to a large increase (decrease),ilir.)  dispersion, as observed [5,9]. There is thus an analogy
with pressure. The decreaserpfwith pressure is nonlin- between increasing pressure and increasing La concentra-
ear and largest &, where we estimate it to be about®0 tion in PLZT, but it is the pressure results that clarify
larger than the decrease in the lattice constant of the hosite physics. We believe that this physics is applicable to
[3]. For the present case we estimate thatlecreases by other perovskite relaxors.

a factor of~2.5 between 0 and 20 kbar. Finally, the vanishing of the R-nFE transition above

On the basis of the above discussion, the present r&5 kbar represents a novel feature in the phase diagram of
sults can be understood as follows. With decreading PLZT 6/65/35. Specifically, the R-nFE phase boundary
in the PE phase, the rapidly increasingfor polar fluc- in Fig. 4 terminates in a critical point (CP)—a point that
tuations couples the nanodomains, increasing their sizgehould thermodynamically be equivalent to the liquid-gas
and coulombic interactions; however, thermal fluctuationgritical point in fluids. For a solid, a CP can exist only if
prevent the formation of an ordered state. The weak frethe two phases separated by the phase boundary have the
guency dispersion if,, at 1 bar indicates that the do- same internal symmetry [13]. In PLZT, the R phase, as
mains have become large at this temperature (to be neartietermined by x rays, is macroscopically cubic, whereas
static), but not sufficiently large to permeate most of thethe nFE phase is rhombohedral. So how can a CP exist
sample (i.e., the grains in this ceramic) and condenséor this material? The likely explanation is that whereas
into a nFE state belowW,,. Rather, atT,, dynamic (re- the macroscopic symmetry of the R phase is cubic, at
laxor) slowing down of the fluctuations of these domainsthe polar nanodomain level the symmetry is rhombohedral
occurs resulting in a glasslike state with short-range ormaking a CP possible.
der. Thus at 1 bar the present sample is very close to It is a pleasure to acknowledge the technical assistance
the boundary between long-range and short-range ordeof L.V. Hansen. This work was supported by the U.S.
but slightly favors the latter. On further cooling, there is Department of Energy under Contract No. DE-AC04-
evidently some continued correlation among the dynami94AL85000.
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