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Ferroelectric nanodomains in the uniaxial relaxor system S(;@l_xBaols‘cJ\leOG:Cei““
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The domain morphology of the disordered relaxor ferroelectric strontium barium niobate doped with cerium,
Sro_m,xBaolggJ\lb206:Cex3+ , has been investigated by piezoelectric force microscopy. The evolution of natural
and written domains above the phase-transition temperadureveals a very slow relaxation into a depolar-
ized multicluster state. This hints at strong pinning forces due to quenched random fields. Belmwvo-
field-cooled nanodomains are observed to show fractal-like shapes. Their size distribution can be described by
a power law with exponential cutoff in accordance with the random-field Ising model.
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I. INTRODUCTION As another consequence of the quenched RF’s one
expect$'!® extreme critical slowing down upon cooling to-

Relaxor ferroelectrics are characterizéwy (i) a signifi- wardsT: and breaking into a ferroelectric domain state be-
cant frequency dependence of their peak permittivityy low T.. In this paper, we report on direct evidence of the
persistence of the local polarization far above the phasepolar nanodomains using piezoelectric force microscopy
transition temperatur@c, and(iii) absence of macroscopic (PFM) under high-resolution conditions. This technique is
spontaneous polarization and structural symmetry breakinggequate for viewing spontaneous and relaxing domains on a
after zero-field cooling. Relaxor ferroelectric behavior occurshanoscale, which is out of reach for the noncontact atomic-
dominantly in lead based perovskite structures B#8,)0; force technique used previoulto monitor the ferroelectric
compositions. The archetypical relaxor compound is the dissitching process in SBN:Ce. Further, the thermal instability
ordered PbMgzNb,:0; (PMN) discovered by Smolenskii o poled macrodomains is investigated by studying the ap-
et al? Similar features are also observed on tungsten bronzesearance of surface roughnessTat T and their temporal
structure materials such #Ba, ,Nb,Og (A= Sr, Pb)?3 decay into nanoclusters @it>Te.

Superparaelectrfcand dipolar glass modélshave been
proposed to explain the polar dynamics and their extreme
slowing down at the “diffuse” phase transition. However,
these models are not capable of describing the ferroelectric
symmetry breaking on a nanometric scafespherical clus- Ce, (x=0.0113) doped SBN crystals were grown by the
ter glass modélinvolving both random bonds and quenched Czochralski technique. Platelet-shaped samples of approxi-
random fields has recently proposed to describe essentialately 0.1 mm thickness with the polaraxis ([001] direc-
properties of PMN type relaxors both above and belw  tion) perpendicular to the surface were cut and polished to
leaving open, however, the mechanism of nanocluster formasptical quality.
tion. Their occurrence in the paraelectric phase is meanwhile Domain images were obtained with a commercial atomic-
accepted to be at the heart of the relaxor propeftfeEheir  force microscopg TOPOMETRIX™, ExploreY'’ operating
origin is very likely explained by a random-fiel(RF)  in PFM mode'® The PFM is a voltage-modulated contact
mechanisi ™ as a consequence of local-charge disorder. method'®*°where an ac voltag¥ .=V, sinwt with an am-

The present research on the disordered uniaxial relaxgslitudeV,=10-20V and a frequenay = 9.3 kHz is applied
compound  Sys:BaysNb,0s (SBN) is motivated by between the tip and the bottom electrode of the sarffifte.
the need to reduce the number of degrees of freedom tDue to the converse piezoelectric effect the alternating exter-
come closer to a simple model situation. Indeed, recennal field gives rise to a sinusoidal thickness variation of the
results of the dielectric susceptibility dispersidand linear  ferroelectric sample. This can be measured via the oscillation
birefringence  measuremefitd* have shown that of the cantilever while phase shifts of 0° and 180°, respec-
Sh.61-xBao 3dNb,05:CE" (SBN:Ce belongs to the same tively, are directly related to antiparallé1809 domains.V,
universality class as the three-dimensional random-fields chosen to be large enough for a reasonable signal-to-noise
Ising model(3D RFIM). Especially the observed crossover ratio, but well below the switching threshold.
of the critical exponenty and» from 3D Ising to 3D RFIM Two kinds of cantilevers were used. One is the standard
behavior upon increasing the doping with3Ceonfirms that  platinum-coated cantilever for electrostatic-force microscopy
charge disorder is at the origin of the postulated RE¥. from TOPOMETRIX™ having a resonance frequency of ap-

Il. EXPERIMENTAL PROCEDURE
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FIG. 1. Natural 180° domain polarized downward in an upward S R e
directed(or neutral environment at temperaturé@s= 295 K (a), 325 .
K (b), and 350 K(c) in full size (left column and magnifiedright o5 s

column in order to present details of the domain boundary in bi-

S
nary contrast. y

proximately 90 kHz and a nominal spring constant of 2—4.5 ° 0 25 50 um o 5 10 um
Nm~L. The other cantilever from NANOSENSORS™ has a

spring constant of 0.18 Nit and a resonant frequency of 12 FIG. 2. Checked 180° domain structure written witi80 V at

kHz. It was used for the high-resolution scans. Ferroelectritemperatures 295KT<350 K (a)—(d) (see text The right column
domain writing processes were performed by applying aresents a magnified square section as indicated in binary contrast.
static voltage V4= =80V, to the conductive tip, while it

was dragged in contact over the sample surface at a speed Qimmetry-broken phase. It reflects the fluctuations of the
25 pm/s. Temperatures between 290 K and 350 K werg,enched RF's conserved in the high-temperature relaxor
achieved using a self-built hot stage. The temperatures wer,

measured with a NiCr-Ni thermocouple to within an accu-

racy of 0.5 K. Similar temperature-induced roughening of the domain

walls can be observed in written domains as displayed in Fig.
2. The checked domain structure in Figa2(left column
lll. RESULTS AND DISCUSSION was obtained by first homogeneous writingrat 295 K with

Figure 1 shows the thermal evolution of a macroscopic S0 V @pplied to the tip. In a second step the central hori-

180° domain(left column upon heating fronT =295 K up zqntal and, finally, the cen_tral vertica_l stripe were wrifcten
to 350 K. This domain is a left over of a preceding poling With +80 V and—80 V applied to the tip, respectively. Fig-
process. Its polarization is downward directed in an upwardir® 4b)—2(d) shows the same section as in Figaj2at el-
directed or neutral environment. The right column present§vated temperature3,=326 K~T¢ (b) 350 K (c), and re-

the magnified rim of the domain. BeloW.~320K the do-  cooled to 295 K(d). The right column of Fig. 2 presents the
main walf® is rather smooth and well defined. On heating tomagnified domain pattern out of a square section as indicated
aboveT. one observes a gradual roughening of the domair®n the left column in binary contrast. As already seen in Fig.
wall. Both, the domain and the environment decay into smalll the domain-wall roughens when heating to temperatures
isolated polar clusters of either sign on a submicron scaleT>T. and the domains decay into polar clusters. However,
Furthermore, the contragte., the difference in the average the written domain structure is not completely deleted even
polarization valuesbetween the domain and its environment at temperature$ ~ T+ 30 K. Obviously the decay into the
gradually fades out &> T, but surprisingly persists up to paraelectric phase is hampered by the local pinning forces of
T=350K. This contrasts with the behavior of a normalthe quenched RF's counteracting the establishment of
ferroelectric material and hints at a local memory of theparaelectric disorder. As will be outlined below, these pin-
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1.0b ' ' T '5 ] main and the bulk polydomains. Here the formation of nan-
t,=3.1x10"s odomains is supported by the underlying spatial RF fluctua-
0 L% (@) T=295K (b) T= 350 K | tions. Another mechanism is due to depolarizing stray fields

at the surface. Since the tip is in contact with the surface, no
polarization compensating charges exist. Therefore, stray
T fields due to the written domain structure give rise to depo-

larization at the surface. Both effects support the formation

_ of nanodomains leading to a broad distribution of domain

sizes and, consequently, activation energies. The resulting
polydispersivity is reflected by the smalvalue. We have to

0.6

A<P>

0.4

0.2

102 . = mention that these data can also be fitted with a power law,
100 ¢t [s] 10 A(P)=P,+Py(t—ty) "# with P;=11.37.0, P,=0.63
0.0 ' : : = ing timg,= i
0 1X10° 2%10° 3510° 2x10° +0.02, 3=0.45+0.08, and the starting timg=0. The fit

(not shown is of the same quality as, but indistinguishable
from the KWW fit shown in Fig. 3. Unfortunately there is
FIG. 3. Isothermal relaxation of the averaged polarization confresently no theoretical approach describing the dynamics of
trast, A(P), after writing at T=295K (@ and heating toT backswitching processes under the constraint of RF’s. Here
=350K (b) in forward (triangles and reversécircles scan direc- we prefer phenomenologically the KWW description, which
tion, respectively. The inset shows double-logarithmic plots withavoids an unphysical divergence &fP) att=0.
fits to (a) stretched exponential an@) power laws, respectively After reaching quasiequilibrium at=295K and rapidly
(solid lines, see textwherety=0 (a) and 3.x10°s (b). heating toT=350K~T-+30K a very slow decay into a
depolarized state is observed. It is well described by a power
ning forces give rise to extremely sluggish dynamics even inaw, A(P)=P..+Py(t—ty) # with S=0.57=0.05, P,
the paraelectric regime. =39.6+13.9, andP..~0, wheret,=3.1x 10 s is the start-
Cooling the sample again to beloW. one observes a ing time [solid line (b) in Fig. 3]. A similar fractal time
coarse graining of the randomly distributed up and downdependence was observed on the magnetization of RF-
domains[Fig. 2(d)]. These nanodomains appear at thosenduced metastable domains in the diluted antiferromagnet
places where the underlying spatial RF fluctuations favor thée, ,-Zn, s4.2* The scaling invariant power law hints at a
formation of an inverted domain despite the unfavorable inwide size distribution and, probably, fractality of the final
crease of the free energy due to domain-wall formation. Nevaanoclusters involved. Indeed, the decay of large initial do-
ertheless, the emerging macroscopic ferroelectric domaimains into RF correlated dynamic onesTat T, is governed
structure still comes close to the initial one. by activated cluster flips on many length scales. This is cor-
In a normal ferroelectric material the domains are ex-roborated by the failure of a KWW fit for these data, which
pected to be static below the phase-transition temperatuiie expected to hold only for final stage domain-wall relax-
and to decay rapidly abové;. However, in SBN:Ce very ation in the very long time limit.
strong pinning forces due to the quenched RF’s are active, Obviously, the smoothing of antiferromagnetic domains
which give rise to decelerated dynamics in both the ferroin FeFR,:Zn and the roughening of the ferroelectric single
electric and in the paraelectric phase. Figure 3 shows thdomain in SBN:Ce are both controlled by the same kinetics.
temporal relaxation of the difference of the average polarizaThis emphasizes that quenched RF’s might be at the origin of
tion (difference in contrast after fast-Fourier transformation the nanocluster formation in the high-temperature relaxor
A(P)=(P)—(Py), of written upward and downward polar- phase. Remarkably, exactly the same relaxation laws as those
ized domaingcf. Fig. 2 at two different temperatures in the found on SBN:Ce were reported for PMN in field-induced
ferroelectric(a) and in the paraelectric regim@), respec- linear birefringence measuremeftsfter stepwise changes
tively. At T=295K the remanence stabilizes at about 65% ofof an external electric field the autocorrelation funct{@?)
the saturated initial value within a time of abouxk40*s.  varies power law and stretched exponential-like in the
This relaxation is well described by a Kohlrausch-Williams- paraelectric and ferroelectric regimes, respectively.
Watts (KWW) stretched exponential decay\(P)=(Pq Figure 4a) shows the spatial distribution of the zero-
—P.)exd —(/7)?]+P.. with r=16340+3160s, 3=0.45 field-cooled polarization at room temperature in binary con-
+0.07, andP,,=0.66+0.01 (solid line in Fig. 3, while P,  trast. According to the results of the temporal relaxatioig.
=1 by data normalization. Obviously relaxation into a “qua- 3) the initial paraelectric state was prepared by keeping the
sistatic” domain state is encountered, which is considered asample aflf =350 K for approximately % 10°s. Upon cool-
the result of microscopical backswitching processes. One hdsg the sample to below within about 18's the domain
to take into account that the initially written domains exist pattern evolving in the vicinity o ¢ was frozen in its initial
only in the vicinity of the crystal surface owing to the de- state. The black-and-white pattern shows irregular patches of
crease of the applied electric field far from the #dn the  either “color” on various length scales. There are large uni-
volume of the crystal, where the writing field falls below the form areas with fuzzy borders, splitting off small patches to
coercive field of 140 kV/nf® the original domain structure both sideq“domains in domains’.?® The inset of Fig. &)
resists the writing process. Backswitching will take placerepresents the surface of one typical domain extracted by
primarily at the interface between the superficial single do-computer out of the domain pattern in Figiay(gray col-

Time t[s]
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650 nm g No(Ap)*Ap  expl —Ap /Ao). @
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The areasAp of the domains were determined by counting
the pixels using the image-processing software GLOBAL
LAB Image (Data Translation, Ing. The best-fit of Eq(1) to

our data[solid line in Fig. 4c)] yields an exponents
=1.53+0.13, which complies with that of the 2D RFIM in
the limit of strong RF's, whereS=1.55 is expected This
result seems to reflect that the PFM merely measures a pro-
jection of the 3D domain pattern in the vicinity of the
surface?? Data on the volume-distribution function of the
domains would be needed to verify the value expected for
the 3D RFIM, §=1.83"

The evaluation of Fig. @) yields the cutoff sizeA,
=5280+9750 nnt. The large error is due to the insufficient
statistics provided by the small domain numRen;~ 300.
Further experiments on samples with different concentrations
of Ce" and better statistics have to be done in order to
] clarify the RF dependence .

102} 1 IV. CONCLUSION

«—>
10°F 100 nm , E One key issue in understanding relaxor behavior is the
1x10° 1x10" 1x10? 1x10° mechanism of polar-cluster formation. In the case of the
A, [nm?] uniaxial system SBN:Ce our experimental results strongly
suggest quenched RF’s to provide the microscopic mecha-
FIG. 4. (a) Spatial distribution of the zero-field-cooled surface Nism. Roughening of 180° domain walls indicates the ther-
polarization and(b) obtained from MC simulatioR’ respectively. ~mally driven decay into a nanodomain state, which is quasi-
(c) Logarithmic averaged number of domaidg with sizeAp plot-  static close to and even aboVg . Isothermal relaxation of
ted versusAp . The solid line represents the fit to Ed). The inset  field-cooled macrodomains shows a stretched exponential
shows the extracted gray-colored single domain fam decay into a RF-induced domain state, whereas a decay of
power law type into a multicluster state is observed above
ored. Its shape reminds of fractal objects similar as thoseT. Fractal-like nanodomains are characteristic for the zero-
found in Monte CarldMC) simulations of the 3D RFIM®?”  field-cooled state and are observed for the first time with
Figure 4b) shows the surface of a typical domain pattern outPFM in SBN. Their size-distribution fits well to a power law
of a simulated 3D RFIM system after RF cooling to belowwith an exponential cutoff as predicted from computer ex-
Tc.2” Similarity with the pattern obtained on SBN:Ce in Fig. periments.
4(a) seems obvious, although the third dimension and the The RF-dependence of the cutoff size is the aim of further
fine structure on an atomic scale are not provided by thexperiments and is expected to decrease with increasing RF's
PFM technique. viz. Ce€* concentration. In addition, future experiments with
Similar results were obtained from high-resolution trans-higher spatial resolution have to be done in order to study the
mission electron-microscopyHRTEM) measurements on domain nucleation upon cooling to beldly and to investi-
SBN.222°However, an incommensurate structure with modu-gate the fractality of the domain walls.
lations of the intraplanar lattice constant was reported for
SBN* Thus, the “domains” visualized by HRTEM are ex- ACKNOWLEDGMENTS
pected to reflect the incommensurate strain pattern in addi-
tion to the polar structure. For this reason PFM might be This research was supported by the Deutsche Forschungs-
considered more adequate for viewing exclusively the polagemeinschaft within the framework of the Schwerpunktpro-
structure of the sample. gramm “Strukturgradienten in Kristallen.” Useful discus-
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