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Aging in the ferroic random-field Ising model system strontium-barium niobate
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Large aging effects, investigated via temporal dependences of the dielectric response, are found to be
inherent in the uniaxial ferroelectric relaxor systems SBN:Cr and SBN:Ce. The results are discussed on the
basis of domain coarsening and domain-wall pinning effects. Owing to the different charge disorder induced by
the CP* and Cé&* dopants, a fundamental difference between both systems is established. While SBN:Ce
shows only a weak breaking of ergodicity, the SBN:Cr system experiences true ergodicity breaking.
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I. INTRODUCTION theory suggests a hierarchical arrangement of numerous
metastable states. Here, aging of a given system is pictured
Ferroelectric relaxors as disordered systems have been ias a random walk among these metastable statesjch
tensively studied as very promising materials in many fieldgradually finds a lower free-energy state, when allowed to
of application’ In this context the temporal stability of use- reside under fixed conditiort4.Due to the existence of sig-
ful properties of practical devices is of primary importance. pificant barriers in the energy landscape, it is difficult for the
Since aging is a phenomenon that manifests itself througgystem to visit the whole phase space very quiékigince
the dependence of the properties of a given material on thg, preaking of chemical bonds is involved, such a slow re-
history of the specimefijt must be thoroughly explored be- laxation process is often denoted aphysicalaging® On

fore making use of the selected material in appllcatlonsthe other hand, real-space droplet or domain models have

L]key\(lse, such studies als_o have a conglderable SCIent'f'Been developed for spin glasses or disordered ferroelectrics,
significance because physical systems with extremely slow

relaxation dynamics are, at the same time, ubiquitous anh‘:spdect|vely. Infthg Iatge:jcasg, aglrlllg car(; l(:)je understood fr_om
very fascinating subjects for fundamental resedrain.this f? yr.1am|c.s 0 pllnne cr)]m?jm walls ?n ort1)1|a|3 coarsenlrlllg
meaning, aging reflects the fact that the time needed for th&/eCtS: as time elapses, the density of movable domain walls

system to be equilibrated becomes much larger than the ef€creases, and the remaining domain walls are better and
perimental time scal@. better pinned. This process manifests itself in a gradual de-

The key issue of relaxors is the appearance of polar cluscrease of susceptibility.141°
ters in the paraelectric pha&&which are correlated by the It is believed that depending on the complexity of the
fluctuations of relatively weak random field8F9.6-8In cu-  system, different aging scenarios can be manifested. While
bic relaxors, like lead magnoniobaf®@MN) with almost con- ~ aging due to a simple growth of domains is typically cumu-
tinuous order parametén=8 easy directions alon¢l11)), lative, in contrast, aging of a spin glass at one designated
the dipolar interaction between the polar clusters is proposetgmperatureT,, has little effect on the dielectric susceptibil-
to be at the origin of a random-bond, random-field-ity x(T) at lower temperaturel <T,. It creates a long-term
dominated glassy transitichHence, a cluster glass defines memorized hole-type aging that can be read oyt(if) later
the ground state of PMN af<T.. On the other hand, the upon subsequent warming up To>T,.'* The most impor-
open tetragonal tungsten bronze-type strontium-barium niotant goal of this paper is to recognize the aging scenario in
bate, S§gBag 3Nb,05 (SBN), has a one-component order Ce** and CP* doped SBN single crystals as a newly estab-
parameter, which, in the presence of immobile electridished RFIM!! These two different trivalent cations are
monopoles, makes the system a candidate for th@Bdom-  known to replace A and B sité$;'8respectively, in the crys-
field Ising model (RFIM) universality class®!! Conse- tal structure referring to the general formula &B, and thus
quently, the polar clusters freeze into a metastable domaigive rise to different quenched charge disotélewing to the
state atT<T,, rather than into a cluster glass. Such nan-replacement of bivalent and pentavalent main constituent
odomains with a fractal size distribution have been directlyions, respectively/ We will concentrate on the temperature
observed using high-resolution piezoresponse microstopy.range just adjacent t,, since in the deep ferroelectric state
Metastability in domains and domain wall configurationsat T<T,, the aging of La-doped SBN has already been iden-
causes the structure to be subject to a very slow “agingtified as a purely cumulative one, thus being in sharp contrast
dynamics driving it gradually towards equilibrium. to the data from the lead-based PMN rela¥o®n the other

Several models for aging and related phenomena, such &snd, atT<T, the RF-controlled domains are expected to
rejuvenation and memofAt314have already been proposed relax slowly towards long-range ordéThis specific feature
and can be subdivided in two main categofie©On one  should particularly reveal itself in the hertz and subhertz fre-
hand, the phase-space picture originating from mean-fielduency ranges of the probing ac electric field.
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FIG. 1. Aging of the susceptibility componeng (main panels
andy’ (inset9 of SBN:Cr measured vs temperature after ZFC from vicinity of T,.10
T=450 K at rated'= ¥ 0.016 Ks?! and frequencies 16 Hz (a) and
10* Hz (b) on first cooling to 290 K with intermittent ha{B80 h) at
310 K (curve 1), reheating to 325 Kcurve 23, and subsequent con-
tinuous cooling back to 290 Kcurve 3.

Congruently melting SBN crystals doped with Ce and
[So.614xCE&Bag 3N O,

Cr

II. EXPERIMENTAL DETAILS

x=0.0066,

SBN:Ce;

Sly.61Ba 3dNb;,Cr),06, y=0.0033, SBN:Cf in the melt :
were grown by the Czochralski Method at the University of 1a=310 K<T for 80 h (curve 1 forf=0.1 and 10Hz in
Osnabriick. Al the crystals show natural facets and very hoFi9- 1. Similarly, as in lead-containing cubic relaxdrsi® 2t
mogeneous quality. Platelet-shaped samples with typical d@ deep “hole is burnt” af,, indicating the domain state’s
mensions of & 6x 0.5 mn? were cut with the polac axis
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FIG. 2. Cole-Cole plots of nonage@pper curveé and aged
(80 h at 310 K SBN:Cr. The lines are to guide the eyes.

+0.005 K with the help of a Lake Shore 340 temperature
controller. Very precise temperature stabilization is required
because of the very steep temperature dependengedhe

Ill. RESULTS AND DISCUSSION

Owing to the temperature dependence of the spontaneous
polarization, a supposed rejuvenation effect in the SBN sys-
tem was investigated first. To this end, the dielectric suscep-
tibility measurement on the SBN:Cr single crystal at10

<f<10*Hz on continuous ZFC from abové&, (rate T
=-0.016 K/9 has been interrupted by isothermal aging at

approach to equilibrium by lower real and imaginary suscep-

normal to the large plane and polished to optical quality. intibilities. Remarkably, the decrease in susceptibility during
order to erase the memory of any poling history and to en29ing is much Iarger in the response tesFed at a lower fre-
hance the relaxor properti®sthe samples were annealed 9Uency in comparison to that taken at a high-frequency one.
without electrodes at 893 K for 2 h and then slowly zero- This can convincingly be demonstrated by taking the ratio

field cooled(ZFC) to room temperature at a cooling rate of

T=-0.004 K/s. Vacuum deposition of copper and subse
quent gold films were used to cover the major faces withf
electrodes. Prior to each measurement carried out on coolin

the samples were refreshed at 430 K for 0.5 h in order t
ensure identical conditions for all measurements, and in o

der to eliminate possible memory of previous treatment. Th(?h

dielectric
Solartron
interface.

susceptibility,y=x'—ix”, was measured using a
1260 impedance analyzer with a 1296 dielectri

The amplitude of the ac probing field wa

S

between the susceptibility components measured at a given
frequency att=80 h, y;, and the initial ones measured tat
=0, xo, respectively. These quantities taken at two extreme
requencies 0.1 Hz and 10 kHz, and thus probing the system
(?d two distinctively different dispersion regiod$are com-
r;_)ared in Table 1.

It is obvious that the aging effect is more pronounced in
e imaginary part of susceptibility than in the real part. Very
similar effects were reported for other systems as Wel.
More systematic inferences can be drawn from Fig. 2, where
the data taken at other frequencies are displayed as two Cole-

500 V/m. The temperature was stabilized to within Cole-type plots, which clearly show two dispersion regions
) . ) mentioned above by slopes with different signs. During iso-
B TABLE |. Dielectric data for a SBN:Ce single crystal at thermal aging botly’ (f) andy”(f) decrease by about 20% to
=310k 50%, where the low-frequency branch referring to the irre-
¢ " ” o , , w versible polarization proce¥schanges most drastically.
Xo X XX  Xo X Xi'Xo On further cooling to 295 K the hole is largely erased,
0.1 Hz 2200 825 0.4 18765 12960 0.7 i.e., theyx vsT curves approach the unaged reference ones
10 kHz 1330 908 0.7 9865 8270 0.8 (Fig. 1). This is at variance to the “cumulative” aging ob-

served in SBN:La aT=190 K, where the cooling curve does
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not reproduce the reference offddowever, upon successive
reheating(curve 2 the hole is largely erased due to noniso-
thermal aging on cooling to beloWy. During the next mono-
tonic cooling fromT=325 K< T, (curve 3, a very smooth
temperature dependence gfis observed. The location of
this run just between curves 1 and 2, respectively, is due to
the partial refreshing occurring at temperatures clos&;fo
however, this process is not as effective as in the initial re-
freshing one. Consequently, a cumulative decreasg f

the run 3 is encountered as an example of the initial domain
coarsening experienced &}.

Close toT the system encounters a chaotic regime, where
the “equilibrium” domain state changes its structure as a
function of T.1° Such phenomena are well known from spin
glasse®’ and confirm the mesoscopic spherical random bond
RF (SRBRB properties in cubic relaxors:?* However, it is
a priori not expected to occur in the metastable domain state
of a 3d RFIM, whose average domain size should increase at
any annealing step and thus give rise to cumulative changes
of xy. Why does the system appear unrelaxed and reproduce
the nonagedgy upon cooling? Probably, this is closely related
to domain-wall evolution during annealing. On a temporal
mesoscale, primarily the 180° walls will rearrange by opti-

o T sBNGCe '(C')" mizing the local free energy. These processes involve surface
T=310K ) changes on head-to-head and tail-to-tail domain configura-
: tions, which tend to compensate volume RFs. Upon cooling,
- - this local equilibrium becomes perturbed due to Theepen-
dence of the spontaneous polarizatioR, Hence, the
domain-wall mobility, i.e.,y, tends to increase again as ob-
served. Clearly, this hole-burning mechanism is no longer
valid when cooling toT <T,, whereP~ constant*

In order to reveal the temporal evolution of the axial sus-
ceptibility components, time dependencesybfand y” were

measured at selectex, for both SBN:Cr and SBN:Ce. In
the first series of experiments, eathwas reached on ZFC
from 430 K, where the sample had been refreshed for 0.5 h.
Figure 3 presents the time dependencesyaheasured at
frequencies 10 < f<10° Hz during isothermal aging &,
=T,-15 K for SBN:Cr, T.=336 K, [Figs. 3a) and 3b)],

and SBN:Ce,T.=325 K [Figs. 3c) and 3d)], respectively.

It seems that both the real and imaginary partsyafelax
towards some equilibrium level,= x..+ Axf(t), wheref(t) is

a function varying from 1 to zero and the factby measures
the amplitude of the time-dependent part xaf In the ob-
served time regime, all of our aging curves can be best fitted

Time [h]

FIG. 3. Relaxation of the susceptibility componegtsa, 9 and  Using the stretched exponential form
x' (b, d) of SBN:Cr an_d SBN:Ce, respectively, measurt_ad after Y(©) = X + Ay exp(— t/7)P, (1)
ZFC from 430 K vs time atT=T.—-15K and frequenciesf
=10%1), 10%2), 1P(3), 1044), 1045), 10%6), 1047), and  while biexponential, inverse logarithmic, and power-law de-

10° Hz(8).

cay curve$* prove to be less successful. Equatidn con-

TABLE II. Fitting parameters referring to the relaxation f and y” presented in Fig. 4, and the
calculated autocorrelation time).

Data I r2 Ax Xeo B 7h] (n[h]
X' 209 0.9998 8230+150 30050+130 0.514+0.007 9.6+0.5 18.3+1.2
X’ 8.7 0.9997 1048+18 913+13 0.496+0.009 5.0+£0.2 10.2+0.6
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FIG. 4. Relaxation of the susceptibility of SBN:Ce measured
after ZFC vs time af =320 K andf=10 Hz and best fits to Eq1)
(solid lines with fitting parameters y,=30050+130, Ay’
=8230+150, 7'=9.6+0.5 h, 8/=0.514+0.007, (x?)'=209 and
(r)'=0.9998 for ', and x.=916+13, Ay’=1048+18, 7"
=5.0+0.2 h,8"=0.496+0.009(x?)"=8.7 and(r?)"=0.9997 fory”,
respectively. For clarity only every second point is shown.

tains four adjustable parametepg,, Ay, the stretching ex-
ponentB and a characteristic relaxation time which are
listed in Table Il together with the autocorrelation ti® FIG. 6. Frequency dependences of the stretching expofieas
=(7/BT(1/B).% It turns out that the values of fitting param- getermined from the susceptibility relaxation of SBN:@y and
eters practically do not depend on the time span chosen f@BN:Ce(b) (Fig. 3, see teyt The lines are to guide the eyes.
the fitting procedure. This is why we finally decided to skip
an additional free parametgyas used by othet$?*in order  procedure one may inspect Fig. 4, where the isotherms of a
to take a possible delay into account. Equatibhhas been SBN:Ce sample taken a,=320 K andf=10 Hz after ZFC,
used to fit the real and imaginary componenty ofata sepa- and their fitting curves, are presented. Correlation coeffi-
rately. As an example illustrating the quality of the fitting cients r2=0.9998 and 0.9997, respectively, were obtained
andchi® tests prove that the other functions listed above are
L B AR I definitely worse than Eq.l).

Now we will discuss in more detail the behavior of the
fitting parameters obtained from numerous isotherms. The
4L . relaxation rate is depicted by the characteristic relaxation
time, 7. Frequency dependences of the relaxation times
. and 7’ referring to the relaxation of’ and y”, respectively,
oL ] are presented in Fig. 5. As is qualitatively clear by inspection
of the isotherms presented in Fig. 3, the largest relaxation
@1 rates occur at the lowest frequencies, where the susceptibility
is mainly controlled by creef?. This applies both tg¢’ and
x" measured in both compounds. In addition, significant dif-
ferences in the relaxation times,> 7/, are observed in the
low-frequency limit. Such a behavior seems to reflect differ-
4 . ent superpositions of individual contributions to the resultant
—e—' x' and y” responses, respectively. Whi}¢ measured at a
' given frequencyfy contains all the ingredients coming from
oL i f=f, (additivity of '), x” is mainly controlled by responses
SBN:Ce originating from frequencies adjacentftp Consequentlyr’
T,=310K is a weighted average of a much larger number of constituent
relaxation times than”, which results mainly from relax-
ators being active arounfd. Since the temporal relaxation is
quicker for lowf, then 7' —7" increases with the decreasing
of f as observed in Fig. 5. Remarkably, in the case of

FIG. 5. Frequency dependences of the relaxation timesd ~ SBN:Cr the difference’ — 7" is larger than in SBN:Ce. This
(solid and open symbols, respectivetgferring to the relaxation of ~difference gradually decreases as the frequency of the prob-
x' andy”, respectively, as determined on SBN:CiTgt321 K (a) ing field is increased and practically vanishes fior10* Hz.
and on SBN:Ce af,=310 K (b) after ZFC. The lines are to guide It is also worth stressing that the relaxation timesfew
the eyes. hourg are shorter than the experimental time scale of our

Frequency [Hz]

[y —

SBN:Cr
T =321K

7[h]

c[h]
f

0 ol o vowed v ooved vyl v v evened v ovsnenl b vewed 4gs
10" 10’ 10° 10°
Frequency [Hz]
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FIG. 7. Frequency dependences of the aging amplitige as FIG. _8_._ Frequency dep_endences of the equil_ib_r?um value_s of
determined from the susceptibility relaxation of SBN:@r ¢ and susceptibility, x.., as determined from the susceptlblllty_relaxatlon
SBN:Ce(b, d) (Fig. 3, see teyt The lines are to guide the eyes. Of SBN:Cr(a, g and SBN:Ceb, d) (Fig. 3, see text The lines are

The insets taa, ¢ showA y of poled SBN: Cr on expanded scales. {0 guide the eyes.

measurements. Qualitatively similar behavior characterizeand y” at nearly all frequencied, (Fig. 6), where the values
the relaxation whefi, is reached from below upon zero-field of 8 are generally smaller for the ZFC than for the ZFH
heating(ZFH) starting atT=300 K, where the sample had procedures, respectively, and thus show a very clear influ-
first been relaxed for 0.5 h. However, the relaxation timesence of the sample history. The low values@drising upon
thus extracted are roughly two times longer than after ZFCZFC probably reflect the large size distribution in the domain
from aboveT,. In this case the system starts from a partlystate created during ZFC M, In the case of ZFC td <T,
relaxed domain state and thus takes a longer time for fingbrior to ZFH to T, the domains were subject to growth and
relaxation. gradual evolution towards a more uniform size distribution.
In contrast to the relaxation time, the stretching exponenthis is why 8 measurably rises by about O(Eig. 6, open
B presents a quite different dependence on frequency. Withisymbolg. Consequently, after poling the exponeftin-
experimental errors it has value8~0.3-0.6, for bothy’ creases to 0.72+0.02 and remains almost frequency indepen-
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dent as shown for poled SBN:Cr in Fig(&. This seems to g T "SB'\]'C‘ ™
reflect a coarse domain structure remaining in the remanent i 7o '32% K
poled state with some size distribution preventing the system a”
from relaxing uniformly withB=1. 4
The components of the amplitude of aging relaxatidg) —
and Ay”, display surprisingly large dispersive properties 2
~

(Fig. 7). They drop quite rapidly in the low-frequency limit,
f<10 Hz, and continue decreasing at higher frequencies, al- Y
beit at a smaller rate. The influence of the thermal history is - 8
imprinted again. The amplitudes are larger and decrease at a
higher rate, ifT, is attained via ZFC as compared to the ZFH
procedure. This is, again, a clear signature of a decreasing
domain size dispersion when preaging in the latter mode. In
the case Of.SBN:CrAX’(ZFC) measurgd at 16 Hz is al- FIG. 9. Calculated unrelaxed and completely relaxed spectra,
most three times larger thaxy' (ZFH) [Fig. 7@]. After pol- xL+Ay' (solid squaresand y., (solid circley, respectively, of
ing the SBN: Cr sample the dispersionf is substantially  sgn:ce after ZFC toT,=320 K together with a conventionally

reduced as seen in Figs@ay and 1c), albeit it is still mea-  taken nominally unrelaxed spectruy, (open circle
surable as seen in the insets.

The most important conclusions can be drawn from Fig
8, where the frequency dependenceg.ofire presented. The
spectra of the equilibrated values gf and x, are similar to
the published nonequilibrated om&sThe real components,
X.., display very broad dispersion steps at high frequencie
f>10° Hz, and points of inflection at~ 10 Hz [Figs. §a)
and §b)], while the losses have a well-defined minimum at IV. CONCLUSION
f=30 Hz separating two different dispersion regigRgys. o
8(c) and &d)]. Poling strongly reduces the dispersive prop- _In summary, the uniaxial relaxor systems SBN:Cr and
erties of both quantities. Here, a very striking difference be-SBN:Ce display large aging effects when investigating the
tween SBN:Cr and SBN:Ce systems is observed. Wile temporal dependences of dielectric response along the polar
does not depend on history in the case of SBN[Egs. §b)  C axis. _These effects are much _Iarger than reported on sys-
and 8d)], it shows a strong history dependence in SBN:crtems, like lead magnoniobate-titana@MN-PT),** potas-
the different electrochemical nature of¥cand C&* within ~ (NBT),?® or rubidium dihydrogen phosphat®DP).?” De-
the host SBN crystdi18 Since C?* replaces pentavalent Pending on the frequency range of the probing ac field, the
Nb5* on B sites it creates more oxygen vacancies thatt,Ce ading effect is differently manifest. In the subhertz limit,
expected to give rise to a more complicated and finer graine®all creep prpcesséé,agmg is dominated by increasingly
charge disorder giving rise to a free-energy landscape wit§ffective pinning of domain walls, thus decreasing the wall
increased complexity. Here, we propose to follow the coninobility. On the other hand, dt>100 Hz, where dispersion
cept of different types of ergodicity breaking as postulated byeflects segmental relaxation of the domain w#lisging
Alberici et al2* SBN:Ce seems to reveal weak ergodicity 9iVes rise to an enhancement of local energy barriers and
breaking, such that the system is potentially able to visit thdhus to a decrease of the dielectric response in addition to the
whole phase space during relaxation for very long times. Irgffect of domain coarsening. Different kinds of doping in the
contrast, SBN:Cr is subject to true ergodicity breaking,SBN lattice give rise to weak and strong additional charge
where pseudoequilibrium states are separated by high barlisorder, which leads to different types of ergodicity break-
ers of the free-energy landscape, which are mutually unaghd- In the past, only sparse data on the aging of SBN can be

Finally, a very instructive peculiarity: Having frequency analysis of the data obtained has been carried out in this
dependences of., and Ay, it is possible to reconstruct an- Paper.
ticipated spectra for a nonaged sample. An example of such a
reconstruction performed for a SBN:Ce sample is presented
in Fig. 9, where the upper curve presents the frequency de- Financial support by DAAD and DFGSPP “Strukturgra-
pendence of the sum,+Ax’ based on the parameters origi- dienten in Kristalleny is gratefully acknowledged.

PRI EEEETITT EEETTTT BT EERTTIT EERTTTTT MR ATTT BT BT |
10? 10° 10° 10* 10°
Frequency [Hz]

‘nating from isothermal aging ai,=320 K. For comparison,

a direct experimental spectrum taken at the same tempera-
ture, after ZFC from 430 K, is displayed as wébpen
circley. These data interpolate between the anticipated unre-
Jaxed and the final relaxed spectryfig. 9).
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