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Multiple aging mechanisms in relaxor ferroelectrics
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In three relaxor ferroelectrics strong low-field aging effects are found for the dielectric susceptibility. Dif-
ferent regimes, marked by different time dependence and by different stability under subsequent thermal cycles
and field changes, are found in different materials and at different temperatures. One regime strongly resembles
aging in spin glasses, but others do not.
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I. INTRODUCTION

The ways in which underlying chemical disorder leads
a disordered frozen state in the low-temperature regime
relaxor ferroelectrics remain poorly understood.1,2 Proposed
models include simple freezing of small ferroelectric na
odomains in the presence of polar disorder,3 spin-glass-like
frozen disorder induced by random interactions among p
nanodomains,4 spin-glass-like freezing with a small but sig
nificant amount of polar disorder,5 and spin-glass-like freez
ing with strong random anisotropy and weak random vec
fields.6 Probes of the dynamics within the frozen state sho
be useful to distinguish among different models, or at leas
test the extent to which a single picture applies to differ
materials. Since relaxors, like many other frozen disorde
systems,7–13 show significant ‘‘aging’’ of susceptibility
within the frozen regime,14–19we have studied details of th
aging for three different relaxor materials. We find subst
tial diversity in the detailed behavior, suggesting that
relaxor category may lump together materials with sign
cantly different underlying physics.20–22 In particular, the
spin-glass-like aging we reported in one material16 is not
universal in materials called relaxors.

Generically, aging refers to the gradual change~usually
loss! of ac susceptibility when a material sits at fixed te
peratureT and applied fields~E for dielectric systems,H for
magnetic ones, and stress for mechanical ones!. Aging, un-
like simple slow response, cannot result from simple coll
tions of independent two-state systems but rather requ
coupling between processes occurring at different rates.23,24

Aging can be a complicated function of sample history, s
is characterized by a large number of parameters. Syst
that show similar susceptibility and similar aging und
simple conditions can turn out to have very different ag
patterns when more complicated histories are studied.

In a simple experiment,T is lowered to someTA and the
complex susceptibilityx~v! is measured as a function of th
aging timetW . In some cases~e.g., spin glasses9! the reduc-
tion in x~v! depends almost entirely on the productvtW
rather than on the separate factorsv andtW . SuchvtW scal-
ing shows not only that there is a broad distribution of rela
ation rates for both the response and its aging, but also
the time scales for these two types of processes are lin
That result can indicate that the aging and response c
from the same sort of degrees of freedom, as in hierarch
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kinetic schemes.25–28 If, on the other hand, the aging tim
scale is distinct from the response function time scale, on
led to suspect that these are distinct processes, e.g., the
might result from the growth of ordered domains, and t
response from other degrees of freedom within
domains.29,30

The stability of the aging effects under subsequ
changes inT or field can also vary widely. In many but no
all cases, slight increases ofT erase any effects of prior agin
at lower T.9 In some cases, aging atTA reducesx at all
subsequent measurements at lowerT, but in other cases the
effect is confined to a narrow window nearTA .9 Aging be-
low the initial TA can either erase the effects of the aging
TA , add to them, or leave them untouched.9 In the latter
case, one can age at a sequence of decreasingT’s, then mea-
sure a sequence of ‘‘holes’’ inx around thoseT’s upon
reheating.9,31 Ordinary mechanical aging in structural glass
does not show such effects—so long asT is kept below the
glass transition temperature, aging is close enough to b
cumulative and irreversible to invite modeling as a simp
reduction of a scalar parameter, the free volume.12

Perhaps the most interesting aging effects are those ex
ited by spin glasses, in which the aging is believed to
directly connected with equilibration on the free-ener
landscape for spin configurations within the spin-gla
phase.28,31 Other types of aging can involve effects less i
trinsic to the frozen disordered state. For example, in ma
rials with mobile defects, diffusion of defects can stabili
any particular frozen state when the frozen order involv
strain.

In this paper we describe detailed measurements of
time dependence of aging and the stability of aging holes
the dielectric susceptibility of three relaxor ferroelectric
PbMg1/3Nb2/3O3 ~PMN!, (PMN)12x~PbTiO3!x ~PMN-PT!,
and (Pb12xLax)(ZryTi12y)12x/4O3 ~PLZT!. We find aging
dynamics that are not at all universal, with multiple regim
as a function of temperature and with strong dissimilarit
between the different materials. In PMN~as we reported
earlier!15 and deep in the relaxor regime of PLZT, we fin
aging strongly resembling spin-glass effects, but aging
PMN-PT and in other temperature ranges in PLZT is qu
tatively different. The phenomena are ‘‘rich,’’ i.e., too com
plicated for us to explain fully. Some speculative comme
on the origins of the distinct aging regimes will be includ
at the end of the paper.
©2001 The American Physical Society07-1
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FIG. 1. x8(T, f ) andx9(T, f )
are shown for each sample at
range off’s from 20 to 200 kHz,
in approximately equal log step
in f. The cooling rates were abou
4 K/min, and the rms ac measur
ing field was 10 V/cm.
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II. EXPERIMENTAL METHODS AND RESULTS

A. Techniques

The materials used were single crystals of PMN and
PMN-PT (x50.28), and a transparent ceramic sample
PLZT ~x50.09,y50.035!. Each sample was about 0.2 m
thick with about 1 mm2 surface area. Contacts were made
sputtered gold pads. The PMN sample was grown by
Chokhralsky method, with the main face perpendicular to
~111! direction. The PMN-PT sample, with the main fa
perpendicular to the~100! direction, was grown by the spon
taneous crystallization method. These two samples were
tained from the Rostov-on-Don Institute of Physics. T
PLZT sample was obtained from D. D. Viehland.

Susceptibility was measured by conventional freque
domain techniques using an ac bridge with a digital lock
amplifier. Except as noted, all measurements employed
measuring fields of approximately 4 V/cm on PMN a
PMN-PT and 7 V/cm on PLZT, within the field range fo
which x does not depend appreciably on field. Temperat
T was maintained with a standard transfer-line cryostat,
pable of changingT at rates up to about 20 K per minut
Because aging data are intrinsically slow to generate, we
not make as many different types of measurements
PMN-PT which seemed relatively uninteresting, as on PL
and PMN.

B. Basic susceptibility and aging measurements

Figure 1 shows the real and imaginary dielectric susc
tibilities ~x8 andx9! as a function ofT for the three samples
measured in continuousT sweeps taken at cooling rates
about 4 K/min. All show the standard relaxor behavior fou
in these materials. A measure of the cooperativity of
freezing effects can be found ind ln TP /d ln(f ), whereTP( f )
is the temperature of the peak inx9(T, f ). For simple
Arrhenius processes with typical attempt rates, this log
13410
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rivative is less than about 25, while in some spin-glass tr
sitions it is as large as 700. For PMN and PLZT it is a litt
greater than 100, while for PMN-PT it is around 300, ind
cating some cooperative freezing effects, although not n
essarily among separate nanodomains.

For PMN at these moderate cooling rates, there is v
little hysteresis between the cooling and heating curves,
ing a well-defined reference curve for comparison with ag
results. For PLZT, aging effects nearTP are very large~as
quantified below! even for moderate heating and coolin
rates, making it difficult to obtain a standardx(T) curve for
comparison with aging results in that regime.

Figure 2 illustrates the basic aging and memory pheno
enon in PMN. WhenT is held at a fixed valueTA ~180 K
here! x9(T) steadily drops as a function oftW . On subse-
quent coolingx9(T) returns to the same curve that wou
have been reached on uninterrupted slow cooling. On s
reheating, there is a hole inx9(T), i.e., a dip below the
standard slow-cooling-slow-heating curve, centered aro
TA with a width of about 5% inT. As one can see from
x9(T), slow dynamics are still present~including, as we
shall see, aging! below 170 K, so the memory effect seen
Fig. 2 is nontrivial.

For PMN-PT, there is substantial hysteresis between
cooling and heating curves, shown in Fig. 3. As in sp
glasses,x9(T) does return to the reference curve when co
ing after aging. However, most importantly, for PMN-P
x9(T) on heating turns out to be independent of prior co
ing history, including any pauses for aging during cooling,
shown. Thus although the initial aging in PMN-PT look
similar to that in PMN, PMN-PT completely lacks the ke
‘‘memory effect’’ found in spin glasses, in PMN, and t
some extent, in some other frozen disordered systems.9

Figure 4 shows a dimensionless model-independent a
magnitude,d ln x9(f,tW)/d ln(tW) at tW5104 s, in simple aging
experiments~described above! as a function ofTA for
7-2
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MULTIPLE AGING MECHANISMS IN RELAXOR . . . PHYSICAL REVIEW B 63 134107
each of the three materials. The magnitudes and tempera
dependences of the aging effects are obviously quite dif
ent. For PMN, aging sets in nearTP and grows monotoni-
cally as T is lowered. For PMN-PT~for which we took
sparser data!, aging remains large nearTP . For PLZT, there
is huge aging near and aboveTP , but at lowT the aging falls
to a level very close to the low-T value for PMN.

Figure 5 shows examples of the decay ofx9(tW) as a
function of tW for each of the materials, in severalT regimes.

FIG. 2. A typical x9(T) aging effect is shown. Dashed line
was taken during cooling at about225 K/min from 350 to 180 K.
T was then held atTA5180 K for 64 h~vertical line!, then cycled
down to 140 K and back~lines 2 and 3!, with about 61-K/min
sweep rates. The reference curve~line 4! is taken on cooling from
350 K at 1 K/min.

FIG. 3. x9(T,10 Hz) on PMN-PT measured at 4 V/cm ac fiel
The numbers denote the order in which the data were taken, wit
T sweeps at close to 2 K/min. Segment 1 includes cooling from
to 375 K and aging for 15 hr at 375 K. Segment 2 shows subseq
cooling to 300 K. Curve 3 shows reheating to 400 K. Curve 4 i
reference heating curve and curve 5 is a reference cooling cu
each taken without aging pauses.
13410
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PMN and PLZT each show a low-temperature regime
which the aging approximately follows a weak power-la
decay in time,15

x9~v,tW!5x09~v!S 11
g~v!

tW
g D . ~1!

PMN-PT aging does not fit this form as well, and inste
shows simple logarithmic aging nearTP . Figure 6 gives the
exponentg for a range ofT for PMN and PLZT. The data for
T.240 K for PMN are very approximate, due to the sm
net aging rate in that regime.

C. Stability under perturbations

Figure 7 illustrates the stability of the aging memory
PMN and PLZT under the effects of rapid~roughly 5-K/min
sweep rate! post-aging thermal cycles. In each case there
strong asymmetry between the effects of heating and c
ing. In all cases, slight heating~about 10% aboveTA! erases
most of the prior aging. In each case, slight cooling redu
the aging memory appreciably, but further cooling does n
leaving a substantial memory effect. Since the sweep
was approximately constant here, the memory loss shoul
viewed as acumulativeeffect over the entire range ofT from
TA to the maximum excursion. Thus these data imply t
memory is lost forT slightly belowTA , but much less so for
T much belowTA .

The loss of memory in PMN and PLZT on rapid coolin
cycles ~at about 5 K/min! is shown as a function ofTA in
Fig. 8. For PMN, the memory on these cycles grows mo
tonically asT is lowered belowTP . For PLZT, there is little
memory loss on cooling near and aboveTP , but there is a
regime near 250 K with substantial memory loss, followed
lower T by a reentrant regime that exhibits increas
memory on cooling cycles. The measured cooling rates in
the data were comparable, so the nonmonotonic depend
of memory loss onTA is not an artifact of different times

all
0
nt

a
e,

FIG. 4. The dimensionless aging rate attW5104 s is shown for
PMN and PMN-PT~ac frequency 10 Hz! and PLZT~ac frequency
40 Hz!.
7-3
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FIG. 5. x9(tW) is shown for a
few representative cases. For th
PMN data, theT drop preceding
the aging was about 20 K
~Roughly similar results were
found if the preagingT was 350
K.! For the other materials,T was
dropped from 350 K before aging
tW was calculated with an adjust
able parameter, to allow for the
delay beforeT reachedTA . The
parameter was adjusted to obtain
good fit to either a power-law or
logarithmic form, if either of these
worked. In the cases shown, on
form gave much smaller chi-
squared than did the other. Fo
these PMN data, the uncertainty i
tW is about 100 s, and for the
other data a few hundred second
varying between data sets.
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spent just belowTA . For the low-T points in PLZT, there
was no change in memory if the cooling temperature w
changed from 150 to 120 K.

Figures 9 and 10 illustrate the effect of prolonged seco
aging belowTA on the memory of theTA aging. In PMN
~Fig. 9!, for reduction to 0.63TA , there is some loss of th
aging effect during the temperature cycle. However
memory loss was found during the prolonged aging at 0
TA , despite the substantial aging occurring at this lowerT.
For intermediate reductions~e.g., to 0.94TA! the hole atTA

FIG. 6. The exponentg is shown for those cases for which
could be calculated. Error bars are from standard chi-squared
tings including adjustable baselines and slightly adjustable star
times. Error bars are larger for data taken after large-T decrements
than for data taken after smaller decrements, due to larger un
tainty in theT(t) profile of the sample and hence larger error b
on the starting time.
13410
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is reduced as the new hole forms during prolonged agin
the lowerT, as expected from the transient cooling data. F
PLZT ~Fig. 10!, low-T aging coexisted with a persisten
high-T hole in the regimeTA,200 K and forTA at ~and
presumably also near! 300 K. Figure 10 illustrates this per
sistence forTA5180 and 300 K, as well as the loss o
memory found forTA5270 K.

D. Detailed scaling properties

We reported previously15 that below 220 K, PMN aging
exhibits cleanvtW scaling, with increasingly prominent de
viations at higherT, as illustrated in Fig. 11~b!. In the scaling

t-
g

er-
s

FIG. 7. The aging memory~remaining hole size! is shown as a
function of temperature excursion fromTA for PMN and PLZT at a
few differentTA . All data were taken with sweep rates of about
K/min.
7-4
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FIG. 8. The aging memory after cooling cycles, at abou
K/min, down to 100 K for PMN and down to 150 K for PLZT i
shown as a function ofTA /TP .

FIG. 9. The effect of aging in PMN atT2,TA on the aging
memory atTA is illustrated. After aging 2 hr atTA ~the temperature
referred to on the left-side axis!, T was lowered toT2 ~the tempera-
ture referred to on the right-side axis! and held for a fixed length o
time, before measuringx9(T) on a heating sweep throughTA .
After heating enough aboveTA to reset the memory, the proces
was repeated with a different duration atT2 . The aging atT2 is
shown as a percent of the long-time asymptotic aging, estim
from the extrapolated power-law fit tox9(T2 ,tW) and the initial
x9(T) curve. For someTA , T2 pairs, the manifest effects of agin
at T2 have no effect on the memory atTA .
13410
regime, the long-term asymptoticx9 has very little frequency
dependence, and the aging data can be described by

x9~v,tW ,T!5x09~T!F11
c

~vtW!gG , ~2!

wherec is a dimensionless number about equal to 2.
The high-T regime of PLZT is, as in PMN, very far from

showingvtW scaling, but in the low-T regime the deviations
become less pronounced, as shown in Fig. 11. These rem
ing low-T deviations from scaling were not fully reproduc
ible, and may be due to some artifacts that are hard to av
becausex9 is small in this regime. Figure 12 shows that
high TA aging in PLZTincreasesthe frequency dependenc
of x9(T, f ), in contrast to the reduction in frequency depe
dence found in PMN at lowT. The relatively small size of
the aging nearTP in PMN makes a direct comparison o
matching regimes difficult.

E. Recovery from perturbations

As we have seen, cooling cycles substantially perturb
aging. On returning toTA , the aging in PMN resumes, as
ymptotically approaching the samex9(tW) curve expected
for simple aging at the initialTA , as shown in Fig. 13. The
recovery time is short compared to the time spent at loweT,
not surprisingly since we have already seen that the ag
memory loss during the prolonged time at the lowerT is
negligible, with the memory loss only occurring asT is

d

FIG. 10. These PLZT data were taken by the same procedur
the PMN data of Fig. 8.
7-5
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swept just belowTA . It is important that heretW is only the
time spent atTA , not including time spent at lowerT.

The time required to forget an aging effect can be cor
lated with the time required for it to occur. Figure 14 sho
that memory recovery atTA5180 K, after fixed-rate cycles

FIG. 11. x9( f ,tW) is illustrated for a discrete set off, as a
function ofvtW for both PMN and PLZT at severalT. Scaling, i.e.,
collapse onto a single curve, is found at lowerT in PMN.

FIG. 12. Aging ofx9( f ,tW) in PLZT is shown for a range off.
Unlike PMN and PLZT at lowerT, aging increases the frequenc
dependence ofx9.
13410
-

to lower T, as a function of the initial aging time. Clearl
those aging effects that form after longer initial aging a
more persistent during these low-T cycles.

The aging can also be reset by changing the fieldE, as
shown for PMN at 160 K in Fig. 15. When the initial field i
restored, the aging asymptotically recovers to thex9(tW)
curve expected for simple aging at a singleE, on a time scale
about equal to the time over whichE was perturbed. HeretW
includes time spent ateach Efield, in contrast to the cooling
cycle data, for which the time spent at the lowerT must be
omitted. The magnitude of the loss of memory on chang
E was a monotonic function ofDE, reaching about 50% los
in the vicinity of 500 V/cm.

FIG. 13. Aging ofx9(10 Hz) for PMN at 160 K~after cooling
from 350 K at about 15 K/min! interrupted by two excursions dow
to 100 K, as shown in the inset. The horizontal axis includes o
time spent at 160 K. The origin of the small glitch near 60 000 s
unknown.

FIG. 14. The memory of holes inx9(TA) is shown as a function
of the initial aging time after cycles at sweep rates of64 K/min
down to T2,TA . For TA5180 K, T25100 K, and for TA

5300 K, T25150 K.
7-6
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MULTIPLE AGING MECHANISMS IN RELAXOR . . . PHYSICAL REVIEW B 63 134107
Figure 16 shows aging in PLZT interrupted by changes
E at TA5160 and 300 K. The low-T data are similar to those
found in PMN. At 300 K, in contrast, the aging curve do
not asymptotically approach the initial curve, at least on
time scale of these experiments.

Figure 17 shows peculiar effects in the initial data tak
from a PLZT sample after aging for about a year in stora

FIG. 15. Aging ofx9(10 Hz) for PMN at 160 K~after cooling
from 350 K at about 15 K/min! interrupted twice by applications o
E5400 V/cm. The horizontal axis includes total time spent at 1
K.

FIG. 16. Aging ofx9(10 Hz) for PLZT at 300 K~part a! and
160 K ~part b! ~after cooling from 350 K at about 17 K/min! inter-
rupted by applications ofE5600 V/cm. The horizontal axis in-
cludes total time spent atTA , regardless ofE.
13410
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near 300 K. Heating for a few minutes to 380 K did not ful
reset the sample. Subsequent aging for an hour at 38
reducedx9(T) rather uniformly over the range from 345 t
380 K, above the range in which the relaxor effects appe
This behavior is unlike the holes that develop within t
relaxor regime, indicating the presence of a second ag
mechanism. One remarkable effect appeared after the
cool down to below 200 K—x9(T) measured on the subse
quent heatingincreased in a window about 20 K wide
around 300 K, the previous long-time aging temperatu
The apparent implication is that a component of the ag
whose effect onx9(T) is positive rather than negative i
forgotten in this cool down. Subsequent aging at 380
erases a huge hole~actually a missing peak! spread over a
much broader range inT, as well as changingx9(T) at lower
T. There thus appear to be at least two aging mechani
present in this regime.

III. DISCUSSION

A. Possible sources of aging

There are several reasons why aging in relaxor ferroe
trics is likely to be more complicated than in spin glass
One is the large coupling of the ferroelectric order to str
~evident in the huge piezoelectric coefficients1,2,31! which
means that any mobile defect will couple strongly to t
ferroelectric arrangement. Diffusion of defects will slow
stabilize any order. The polar nanodomains themselves,
like the spins in simple spin glasses, are entities that form

0

FIG. 17. Initial data from the PLZT sample, after aging near 2
K for about a year in storage. Sweep 1 was taken on continu
cooling after heating to 380 K for a few minutes. Sweep 2 was th
taken on heating to 350 K. Sweep 3 started with aging for an h
at 380 K, followed by a continuous cooling sweep.
7-7
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T is lowered, so their size can beT dependent and alsotW
dependent. For example, it is believed that below 230 K
PMN the polar nanodomain size isT dependent.21,32Thus the
effective interactions among these domains depend onT and
tW . Such effects are likely to be least prominent in PMN,
which at least the chemical disorder appears to be hig
stable,6,33 unlike in PLZT.18,34

B. PMN, low-temperature PLZT, and spin glasses

As we have discussed before,15 most features of the PMN
aging are very close to those found in spin glasses. Here
discuss briefly some similarities and differences.

As in spin glasses, no loss of the effects of theTA aging is
found to result from subsequent prolonged aging at m
smaller T. However, theTA aging effects do gradually go
away during aging atT just belowTA . The most apparen
difference is that this aging loss just belowTA is quicker in
PMN and PLZT than in spin glasses,30 so that it is difficult to
thermally cycle the relaxors to lowerT without partially los-
ing aging effects atTA . The relatively rapid memory loss in
the relaxors allows a demonstration that shows the chara
istic time for forgetting an aging effect is correlated with t
time for its formation.

The window within which such memory loss occu
should be determined by two effects. One is ‘‘therm
chaos’’—i.e., the lowest free-energy configurations at diff
ent T can be very different if there are many nearly dege
erate configurations, and if they are sufficiently complex
have different entropies.35,36 Thus for a small change inT,
aging leads to a different equilibrium configuration, eras
previous aging. The second effect is a strong dependenc
characteristic rates onT, so that ifT is lowered sufficiently,
many of the effects of higher-T aging are simply frozen in
kinetically, and subsequent low-T aging affects only fine
structure within the previously frozen order. Apparently t
ratios of these two effects are not the same in PMN, PL
and spin glasses. Thermal chaos appears to be more pr
nent in PMN and PLZT than in the spin glasses for which
was first proposed,35 perhaps because theT dependence o
the internal structure of the interacting entities in the relax
can be more important than the entropic differences am
different collective configurations of a fixed set of such e
tities.

The magnitude of theE field required to erase most of th
aging memory in the relaxor regime of PMN provides so
evidence concerning the basic physics of the coopera
units involved in the aging. The fields required to subst
tially perturb aging are of the order of several hundred vo
per centimeter, similar to findings on other relaxors.17,37 The
product of this field scale and the approximate dipole m
ment of an individual polar nanodomain is roughlykBT,
wherekB is Boltzmann’s constant. In spin glasses the pro
uct of the perturbing field and the magnetic moment of
individual spin is on the order of 331023kBT.22 Although
the single-site perturbation-field energy scale calculated
PMN and other relaxors is uncertain to about an order
magnitude, it is still significantly greater than that for sp
glasses.
13410
n

r
ly

e

h

er-

l
-
-
o

g
of

,
mi-
t

s
g

-

e
e
-
s

-

-
n

r
f

The difference in dimensionless sensitivity to field pertu
bation between relaxors and spin glasses suggests tha
cooperative units involved in aging in PMN and PLZT in
volve a smaller number of nanodomains than the roughly5

spins in the cooperative units in spin glasses.22,38 One likely
reason is that single nanodomain kinetics are slower t
single spin kinetics, so that all relaxation phenomena on
experimental time scale involve smaller numbers of n
odomains. However, another relevant basic difference is
time-reversal symmetry does not allow there to be a
quenched random magnetic fields in a simple spin gl
~other than those from the spin-glass state itself!, while com-
positional disorder gives quenched random electric fie
~that do not break time-reversal symmetry! in a relaxor. The
existence of prior quenched random electric fields may
duce the sensitivity of the relaxor state to field perturbatio

C. Other regimes of PLZT

In PLZT, there are several distinct aging regimes. T
high-T regime includes the neighborhood ofTP . A low-T
regime appears below about 230 K. In between, there
regime from about 230 to 280 K in which low-T cycles erase
most of the aging memory. The crossover between these
gimes is gradual, as seen in Fig. 8.

The low-T PLZT aging resembles PMN aging in sever
respects. The absolute magnitude and the time depend
are similar, and so is stability to low-T cycles. There also is
at least an approach tovtW scaling that may be partially
obscured by remnants of distinct aging effects. The beha
under field perturbations closely resembles that of PM
This low-T aging is likely due to the slow approach of th
collective nanodomain configuration to equilibrium.

The huge aging found nearTP in PLZT appears to have
some other explanation. Its recovery from field perturbatio
looks qualitatively different from that found in PMN and i
PLZT at lower TA . Since there is significant aging eve
above the range in which relaxor effects appear, the higT
regime may be dominated by some effects associated
the growth of nanodomains, perhaps coupled to slow che
cal diffusion of Pb vacancies,18 rather than by the formation
of order among fixed nanodomains with fixed interaction

There is some intriguing complications in the PLZ
high-T aging, however. One would expect that aboveTP
defect positions and other slowly relaxing degrees of fr
dom would reach thermal equilibrium with the paraelect
state. On cooling, as nanodomains form, defect positi
would gradually reequilibrate to enhance the stability of t
nanodomains. If some configurations of nanodomain ori
tation are favored by the interactions among them, these c
figurations, too, should gradually stabilize as defects
equilibrate. The net effect would be, roughly speaking,
both the ferroelectric and relaxor energy scales, an incre
in aging time. Since it is the ratio of these scales tokT that is
important in determining the Boltzmann factors, agi
should be approximately equivalent to loweringT. Slightly
aboveTP , however, loweringT increasesx9, in contrast to
the effects of aging. Therefore the simplest generic pictu
of aging would not correctly capture the qualitative behav
7-8
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in this regime. Presumably some subtlety—e.g., different
fects of defect reequilibration on ferroelectric and antifer
electric interactions—is required, but we cannot propos
good model. We certainly have no coherent explanation
the peculiar behavior shown in Fig. 17.

In the intermediate regime around 250 K, low-T cycles
eliminate most of the aging memory, in contrast to effe
found at either higher or lowerTA . We may offer some
sheer speculation by way of explanation. If the aging in t
regime is partly due to defect equilibration and partly due
relaxor configuration equilibration, the defect effects w
create aT-dependent Hamiltonian for the relaxor degrees
freedom. The result would be a very stronglyT-dependent
equilibrium relaxor configuration, causing the component
the aging due to the relaxor degrees of freedom to be er
by aging at lowerT. At still lower T, the defect diffusion
may be slow enough for the aging to be dominated by p
relaxor effects more similar to those in PMN.

D. PMN-PT

In PMN-PT a sharp hole inx9(T) still appears just below
TA on first cooling belowTA . However, there is no memor
of that hole on subsequent reheating. This result is qua
tively unlike those in spin glasses but similar to aging
disordered ferromagnets.9 Given the proximity of the true
tt
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ferroelectric phase in this material,39,40 it is likely that the
aging is dominated by the slow growth of ferroelectric ord
in at least some parts of the sample. The same relativ
simple ferroelectric order parameter applies at different te
peratures, i.e., thermal chaos should be absent.

IV. SUMMARY

In summary, there are a variety of aging regimes in d
ferent relaxor ferroelectrics, with aging properties showi
much more diversity than the dielectric susceptibility. T
relaxor phenomenon is thus likely to include a variety
disordered dielectrics, between which distinctions have
usually been made as sharply as in the magnetic ana
~e.g., spin glasses, wandering-axis ferromagnets, superp
magnets, etc.! Of the materials we studied, the classic relax
PMN came closest to behaving as a spin-glass analog. B
PMN and PLZT show evidence of strong thermal chaos
fects. PMN-PT~near the ferroelectric regime! aged more like
a disordered ferromagnetic.
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