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Surface Domain Structures and Mesoscopic Phase
Transition in Relaxor Ferroelectrics

Andrei Kholkin,* Anna Morozovska, Dmitry Kiselev, Igor Bdikin, Brian Rodriguez,
Pingping Wu, Alexei Bokov, Zuo-Guang Ye, Brahim Dkhil, Long-Qing Chen,

Marija Kosec, and Sergei V. Kalinin*

Relaxor ferroelectrics are a prototypical example of ferroic systems in which
interplay between atomic disorder and order parameters gives rise to emer-
gence of unusual properties, including non-exponential relaxations, memory
effects, polarization rotations, and broad spectrum of bias- and temperature-
induced phase transitions. Despite more than 40 years of extensive research
following the original discovery of ferroelectric relaxors by the Smolensky
group, the most basic aspect of these materials — the existence and nature

of order parameter — has not been understood thoroughly. Using extensive
imaging and spectroscopic studies by variable-temperature and time resolved
piezoresponse force microscopy, we find that the observed mesoscopic
behavior is consistent with the presence of two effective order parameters
describing dynamic and static parts of polarization, respectively. The static
component gives rise to rich spatially ordered systems on the ~100 nm
length scales, and are only weakly responsive to electric field. The surface of
relaxors undergoes a mesoscopic symmetry breaking leading to the freezing of
polarization fluctuations and shift of corresponding transition temperature.

1. Introduction

Disordered systems including magnetic spin and cluster
glasses,!!l ferroelastic martensites,??! dipolar and quadrupolar

glasses,®l ferroelectric relaxors, struc-
tural glasses,’! as well as more exotic
matter such as vortex lattices in super-
conductorsl® have remained a focus of
extensive theoretical and experimental
effort over the last 5 decades. This interest
is precipitated by the unique properties
emerging as a result of disorder interaction
with order parameter field, including high
magnetic and electromechanical coupling
constants, tunability of dielectric and
magnetic responses, as well as unique
memory effects. By now, many of the theo-
retical concepts formulated on the quest to
understand the physics of disordered sys-
tems, such as Edwards—Anderson models
for spin glasses!l and spherical random
bond-random field model for relaxors,”]
have become the bedrock of statistical
physics.

Ferroelectric relaxors are a prototypical
example of disordered ferroic systems.
These materials have been originally discovered by Smolensky
and co-workers in 19548° and were believed to undergo
unusual diffuse phase transitions associated with the broad
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and frequency dispersive variations of dielectric permittivity as
a function of temperature. The origins of these behaviors were
traced to the presence of polar nanoregions of typically 1-5 nm
size,1% the dynamics of which underpins relaxor properties.
The resurgence of interest in relaxors in the last decades is
largely related to applications including ultrasonic medical and
underwater imaging,!'"1? as well as progress in theoretical con-
cepts.!3] Relaxors have been extensively studied using macro-
scopic time-resolved spectroscopies, including a broad range
of phenomena from non-exponential relaxations common for
disordered systems,['l to complex dynamic phenomena such
as spectral hole burning!® and memory effects.'*! Signifi-
cant progress in atomistic understanding of relaxors has been
achieved using model Hamiltonian, density-functional theory,'”!
and optical,’® neutron*! and x-ray scattering.?”) Despite the
progress, many aspects of mesoscopic relaxor physics are still
unresolved, including the existence and nature of order para-
meter, the mechanisms of PNR reorientation, and the nature of
bias- and temperature-induced phase transitions.

The challenge in studies of disordered systems has tradition-
ally been the difficulty in acquiring the spatially resolved infor-
mation. We note that ferroelectric relaxors provide a convenient
model system, in which the local dipole reorientation does not
change the underlying crystallographic lattice, and hence is
(potentially) reversible. At the same time, the strong coupling
between polarization and strain (reversible lattice deformation)
allows the polarization dynamics to be studied. Here, we present
the results of mesoscopic studies of ferroelectric relaxors using
temperature- and time-resolved piezoresponse force micro-
scopy, which reveal the mechanisms of temperature- and bias-
induced phase transitions and suggest the complex nature of
order parameters containing at least two components.

2. Results and Discussion

2.1. Time and Voltage Dynamics of Polarization in Relaxors

As model systems, we have chosen two representa-
tives of the most investigated relaxor families, namely the
ceramics of La-doped lead zirconate-titanate solid solu-
tion (Pby_La,Zry¢sTig 3503, with x = 8% and 9.5%, abbrevi-
ated hereafter as PLZT-8% and PLZT-9.5%)! and the single
crystals of lead-zinc-niobate — lead titanate solid solution
(0.955PbZn, ;3Nb, 305 -0.045PbTiO;, PZN-4.5%PT).22 The
ceramic materials contain well-defined grains that serve as
convenient topographic markers for depth sectioning and vari-
able temperature experiments, and allow us to study the uni-
versality of behaviors for different crystallographic orientations.
In comparison, PZN-4.5%PT crystals of (100) and (111) facets
offer the advantage of known crystallographic orientation for
well-defined material. However, most of the observed behaviors
have been found also in other relaxor systems such as PMN-
PTI2-27] suggesting the observed phenomena are universal for
relaxor materials in general.

The imaging has been performed using piezoresponse force
microscopy (PFM).282% In PFM, a biased conductive tip probe
concentrates an electric field to a nanoscale volume of material
(~10-30 nm) and the measured electromechanical response
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Figure 1. a) Surface topography and b) piezoresponse force microscopy
images of PLZT-9.5% ceramics. Inset shows a 2D FFT of corresponding
PFM image.

provides information on local polarization. In switchingB®% and
spectroscopic experiments,*132 application of a dc bias results
in polarization switching below the probe and the resulting
change in polar structure can be determined as subsequent
imaging (switching experiment) or as a change in ac response
(spectroscopic mode). The details of materials preparation, full
range of studied systems, and experiment are presented in
Experimental Section.

The typical surface topography and PFM images at room
temperature of PLZT-9.5% ceramics are shown in Figure 1.
The system clearly illustrates labyrinthine domain pattern with
well-defined characteristic length scale visible as a ring on the
corresponding Fourier transform.33 Note that, while fractal
domain structures are often observed for relaxor compositions
close to relaxor-ferroelectric boundary,3#35 the labyrinthine
patterns observed for these compositions are consistent with
the presence of a single characteristic length scale (similar to
domain structure). Depending on the grain orientation, both
transversally-isotropic pattern (e.g. similar to those observed
in ultrathin magnetic filmsB®)) and preferential pattern orienta-
tions are observed.]’”] These were also found to depend on the
position within the grain.®¥ Furthermore, recent focused X-ray
studies on similar compositions!** demonstrate that the devia-
tion from cubic symmetry is negligible, suggesting that lattice
distortion associated with labyrinthine structures is small. Note
that in the systems closer to ferroelectric limit, these labyrin-
thine structures roughen and can coexist with classical ferro-
electric domains.[%40

To establish the mechanism controlling polarization
dynamics, tip-induced switching experiments with subsequent
depth analysis were performed. Shown in Figure 2 are the
results of the poling experiment on the surface with labyrin-
thine pattern. In classical ferroelectrics, tip-induced switching
results in formation of localized domain with well-saturated
polarization, i.e., switching proceeds through formation of
well-defined area within which polarization switched form state
—P to P. The resulting domain can be metastable, and will relax
through radial shrinking, albeit maintaining the same phase
state in the core.l*'=*! In comparison, the polarization switching
in relaxors shows a number of remarkable behaviors. Switching
proceeds through formation of domains within the scanned
region, however the signal within the domain scales with
the writing voltage (as opposed to an increase of the effective
domain size). The magnitude of switched contrast is an order
of magnitude higher than the contrast of pre-existing labyrinth
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Figure 2. Piezoresponse force microscopy images of a) pristine PLZT-9.5% surface, b) surface immediately after domain writing, and c) after relaxation
during 5.5 hours; d) the corresponding profiles averaged over 50 lines. Note that, unlike classical ferroelectrics in which relaxation proceeds by domain
wall motion, in relaxors contrast fades uniformly with time. Furthermore, the switchable polarization and polarization wave coexist in the switched

region, and the wave is unaffected by switching.

structures. Most strikingly, the labyrinthine domains are not
affected by the bias pulse, and are clearly visible on top of the
induced polarization pattern. The reverse process is observed in
the bias-off state, when induced polarization relaxes with time.
Unlike in classical ferroelectrics, the polarization decays almost
uniformly within the switched area, rather than through lateral
contraction of this area. The relaxation law follows a stretched
exponential behavior. Notably, the labyrinthine domains emerge
unaltered when the relaxation is finished.

To get insight into the mechanism of the tip-induced
polarization switching and explore the topology of the ferro-
electric domains in 3D, the preexisting domain structure and
tip-induced domain were probed by depth sectioning experi-
ments. In these, the domain structure was imaged by PFM in
the vicinity of the grain boundary that serves as a convenient
topographic reference mark. Subsequently,
the surface is progressively polished and the
amount of removed material is determined 2)
from the relative change of the depth of topo-
graphic features (polishing scratches). Sub-
sequently, the polishing and imaging step is
repeated. It was verified that polishing does
not disturb the existing domains and domain
structure is stable within the time required
to perform imaging. While the topographic
alignment is imperfect, the partial information
can be recovered. Shown in Figure 3a is
the result of the cross-section experiment
on the pristine PLZT surface. The grain
boundary (shown by dotted line) and the
evolution of the domain structure around it
can be clearly seen. From comparison of the
images in Figure 3a in regions A and B, the
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domain structure changes only weakly with depth of the mate-
rial, suggesting that the domain walls are oriented normal to the
surface. It should be noted that the evolution of domain struc-
ture is followed in this work only down to 50-60 nm. Detailed
cross-sectional experiments and their discussion are reserved
for the separate publication. ¢!

Similar studies for the electrically induced domain are shown
in Figure 3b. Arguably, the relaxation of induced polarization
pattern during polishing is possible; however, the observed
pattern suggests the progressive narrowing of the induced
domain with depth (as opposed to almost uniform relaxation
in the surface as illustrated in Figure 2). Overall, this cross-
sectioning experiment demonstrates that induced polarization
pattern is concentrated in the very thin (~20 nm) near-surface
layer and does not penetrate deep into the material. This

1pm

b) L5pm

Figure 3. a) Depth sections of periodic structures illustrating depth evolution of the domains
that penetrate the material. b) Depth profiling of switched region illustrating that the tip-
induced domain is very shallow, unlike needle-like domains in classical ferroelectrics. Both
measurements are done on PLZT-9.5% ceramics.
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behavior is opposite to that of classical ferroelectrics, in which
the formation of needle-like domains driven by depolariza-
tion fields is universal for uniform field*’] and PFM-induced
switching.[#8-50]

These observations draw a very unusual mesoscopic picture
of ferroelectric relaxors in nominally ergodic state; instead of
random fractal polarization distribution, a presence of charac-
teristic mesoscopic length scale associated with non-switchable
domains that extend normal to the sample surface. The switch-
able polarization is spatially uniform, does not penetrate deep
into the material, and can correspond to the second (dynamic)
component of the order parameter. It is assumed that the static
and dynamic components interact only weakly. Note that while
a number of authors reported the presence of micrometer-thick
surface layers on relaxor surfaces,P!l our previous studies!®’!
have demonstrated that labyrinthine structures can exist even
on nominally cubic surfaces. Furthermore, the data in Figure 3a
suggest that surface layer is associated with the slight change
in morphology of the labyrinthine domains, but not their
absence.

2.2. Variable Temperature Studies of Polarization Dynamics

To get insight into the temperature-dependent polarization
behavior including dynamic and static polarization components,
both spectroscopic and imaging studies were performed as a func-
tion of temperature. These studies are complementary to hot-stage
TEM observations in relaxors as reported by several authors.[5%53]
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Shown in Figure 4a are the temperature-dependent macro-
scopic polarization-field (P-E) hysteresis loops for the polycrys-
talline PLZT-8% sample. At room temperature, the material
exhibits classical ferroelectric-like shaped loops. On increasing
the temperature to 57 °C, the loop develops constrictions,
similar to the shape expected for antiferroelectric materials
(e.g. for FE-AFE transition in BiFeO;)P*¥ or ferroelectric above
corresponding Curie temperature. On further increasing
temperature, the hysteresis loop becomes progressively
slimmer (at 77 °C), and eventually evolves to almost a straight
line at 127 °C. The observed evolution of hysteresis loop with
temperature is somewhat similar to ferroelectric material on
crossing the Curie temperature. The loop shape at 57 °C and
above suggests that the zero-field phase is non-polar, but appli-
cation of the finite bias promotes the polar phase that is kineti-
cally stabilized.

To compare the bulk and surface behavior, the evolution of
switchable polarization is studied by PFM spectroscopy (PFS),
providing a local analog of the piezoelectric hysteresis loops. At
room temperature, the loops are well saturated, indicative of the
onset of completely switched state. The response on the return
branch is constant and the nucleation bias is well defined, indi-
cating that the switched state is stable for more than time scale
of loop acquisition (~5 min). On increasing the temperature,
the loops become progressively shrunk in the vertical direc-
tion, indicative of decrease of switchable polarization. However,
the overall loop shape including almost flat return branches
and well-defined nucleation biases, remains almost the same.
This behavior is in drastic contrast to that in macroscopic
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Figure 4. a) Macroscopic P-E hysteresis loops in PLZT-8% ceramics illustrating disappearance of switchable polarization at 127 °C, b) Local PFM
hysteresis loops showing the persistence of switchable polarization up to 200 °C, i.e., 100 degrees above the bulk transition for PLZT-8% ceramics,
c) Temperature dependence of polarization in macroscopic and local measurements in PLZT 8/65/35 ceramics, and d) periodicity of the periodic
domain patterns. The insets present domain images for PLZT-9.5% at 30 °C and 120 °C, respectively. Note that domain ripples disappear simultane-
ously with switchable polarization, suggesting the presence of coupled mesoscopic surface phase transition.
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Figure 5. Evolution of surface domain structures in PZN-4.5%PT single crystals for a) (100) and b) (111) orientations. Note the difference in domain
pattern morphologies and persistence of domain patterns for much higher temperatures in (100) orientation.

measurements, and differs appreciably from that of PFS of
normal ferroelectrics in which the nucleation bias decreases
with temperature.[°!

The remanent (zero-field) hysteretic responses for the P-E
and PFS loops are compared in Figure 4c. Note that the bulk
polarization exhibits very rapid decay with temperature (resem-
bling that for the first order phase transition in the presence
of defects) with a relatively small high-temperature tail. At the
same time, the PFS signal extends much further in the high-
temperature domain. From the comparison of data in Figure 4c,
it can be induced that the surface tip-induced polarization can
exist at temperatures almost 100 °C above the bulk transition
temperature (around 100 °C).

The evolution of domain structure during the variable tem-
perature measurements illustrates that the domain pattern
remains almost invariant and no reconfiguration of the static
labyrinthine domain patterns is observed. The small decrease
of relevant correlation length as shown in Figure 4d can be
explained by the decrease in image contrast and increase
in noise. In this way, the domain relative contrast becomes
smaller with temperature, following the decay of switchable
polarization.

To get additional insight into the temperature dependence of
static and dynamic polarization and establish the role of crystal-
lographic orientation, similar measurements were performed
on PZN-4.5%PT (100) and (111) surfaces. The temperature
evolution of domain pattern is shown in Figure 5. For (100)
termination, extended domains oriented in the general <011>
direction are observed. For (111) termination, the domains are
much smaller and form mosaic-like pattern. In both cases,
on increasing temperature, the domain morphology remains
invariant, while the associated contrast slowly decreases for
large domains. For both materials domains exist above the tem-
perature of maximum dielectric constant and structural phase
transition in PZN-4.5%PT.

The temperature dependent morphological and spectroscopic
studies are summarized in Figure 6. Similarly to PLZT, the cor-
relation length for PZN-4.5%PT depends on the temperature

Adv. Funct. Mater. 2011, 21, 1977-1987
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relatively weakly and this dependence can be (partially) attrib-
uted to the decay of the image contrast with temperature. In
comparison, the static polarization component (i.e., the ampli-
tude of the PFM contrast in labyrinthine structures) shows
more complex temperature dependence, with rapid decreases
at ~45 °C for (111) surface and ~130 °C for (100) surface and
a high-temperature tail above. The behavior of the dynamic
polarization component is illustrated in Figure 6¢,d. For (111)
orientation, the remanent polarization disappears at ~90 °C.
The corresponding nucleation bias (i.e., the measure of energy
for nucleating the polar phase) and coercive voltage decrease
with temperature and become zero at the same temperature. At
the same time, for (100) termination, both remanent dynamic
polarization and non-zero switching bias persist to much higher
temperature.

These observations clearly illustrate that both static and
dynamic components of polarization in relaxors are strongly
affected by surface termination, in agreement with studies by
Ozgul et al.P”l While the full explanation of the observed phe-
nomena clearly requires more extensive structural studies,
it was believed that the polarization correlations in PMN and
similar materials develop in the (111) orientations.”® Corre-
spondingly, on the (111) surfaces there are two possible up and
down orientations that couple strongly to the normal electric
fields (either due to the tip, or due to the surface terminations),
and 6 components with much smaller normal polarization com-
ponent. At the same time, on the (100) surfaces 4 equivalent
up-oriented and 4 down-oriented polarization components are
degenerate. Correspondingly, the near-surface electric fields
can lift the degeneracy of possible polarization states for (111)
orientation, while it is not the case for (100) termination.

2.3. Phenomenological Description

The observed mesoscopic behavior is consistent with the pres-
ence of the frozen and switchable polarization components.
The order parameters demonstrate similar thermal behavior

wileyonlinelibrary.com

1981

“
G
F
F
>
v
m
~




NCEIONAL M ‘ma\j

www.MaterlalsVIews.com

o ‘s 400 : : : : 15 ; ; —
a Z 350l PZN-4.5%PT|] — PZN-4.5% PT
o = —m—
E 5 300 m 00 || 3 m— (100)
& ° o o o (111) — 10} © o (11 |
" g 250 ° o 3 %
5 g 200/ =R om .- . ) & '_‘
. =
[ S 150} S, ] Bosf % ]
8
E 100 1 E oL,
g SO 1 0.0} o0 ]
2 0 L 1 L L 1 1 L L
= 0 50 100 150 200 0 50 100 150 200
a) Temperature / [ °C ] b) Temperature / [°C]
T T T T T T 1.5 T T T T ¥ T
_ 18+ PZN-45% PT|H ~— PZN-4.5% PT
> sl = (100) || 2 —m— (100)
3 b i o (111) \: 10t --o-- (111) H
! | £
| —
S 9r ° o i o
4 ) n = - S 05} -
'S5 61 o s I H
g = -
6 3 o iy g
0 . A L L 0.0- 1 1 L L il
0 50 100 150 200 0 50 100 150 200
C) Temperature/ [ C] d) Temperature/ [°C]

Figure 6. Temperature dependence of a) correlation length, b) static polarization amplitude, c) effective coercive bias and d) switchable polarization
obtained from local PFM hysteresis loops for PZN-4.5%PT single crystals of both (100) and (111) orientations.
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strain relaxation, electric fields, or more com-
plex effects. Note that electrostatic interactions
will favor the in-plane dipole orientation,
rather then out of plane. Hence, we believe
that the presence of the surface breaks the
symmetry between possible polarization ori-
entations in PNRs due to elastic interactions
(either direct, or due to random field-induced
piezostrain). This favors dipole orientation up
and down, resulting in transition from “cubic”
to “tetragonal” phase. The schematic is shown
in Figure 7. The associated lattice deforma-
tions are small, and hence the phase is “cubic”. y
The electrical interaction results in seconda

1y
breaking of symmetry in plane and formation
of classical 180° domain pattern.

2.4. Modelling X
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Figure 8. Phase field modeling of domain structure evolution with frozen disorder as a function

The observed polarization behaviors on the
surface of relaxor material raise a number of
fundamental questions on their physical origins. Note that the
~100-300 nm length scale of the labyrinthine domains is well
outside the range of applicability of both diffuse scattering and
optical microscopy based methods, and hence can be detected
only by PFM. The classical models of the relaxor statel®”->9-62
simply do not provide any rationalization of observed behavior
(albeit these can rationalize the behavior of the dynamic pola-
rization component). Below, we combine the phase-field mode-
ling and analytical Ginzburg-Landau based theory to rationalize
(if not quantify) observed behavior, including (a) absence of clas-
sical ferroelectric domains, (b) slow polarization dynamics, and
(c) nature of the labyrinthine static polarization component.

As a first step in analysis, we explore the role of field dis-
order on the domain structure in a classical ferroelectric.
Briefly, we consider the prototypical phase of rhombohedral fer-
roelectric described by a polarization field, and introduce the
defect effects as built-in random fields of various magnitudes.
The domain structure is then determined by solving the time-
dependent Ginzburg-Landau (TDGL) equation

dPC (xC,t 6F
9P (x%.1) ):—Kic ,i=1,2,3 (1)
ot 0P (xC, 1)

where K is the kinetic coefficient related to the domain mobility
and t is time. The parameters are taken as that for BiFeO; and
have been previously summarized.[®]

The evolution of the initially flat domain wall as a function
of disorder M (defined as on-site built-in random field®¥) is
shown in Figure 8. For small disorder magnitudes, the domain
wall roughens due to the preferential pinning on the defects,
and may develop small pockets of polarization with different
orientation at the interface. For higher disorders (M = 3-7),
the fluctuations on domain wall position exceed domain size,
resulting in meandering structure. However, the preferential up
and down domain states (as stabilized by strain) persist. Finally,
for large disorder (M = 50) the system falls apart in the chaotic
domain mixture.

Adv. Funct. Mater. 2011, 21, 1977-1987
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This behavior can be understood from simple consideration
of domain structure stability in the presence of field disorder,
following classical Imry—Ma arguments.[®®! For random field
defects with strength v (difference in the energy for 2 orien-
tations of polarization) and density 1/D?, the domain of the
size L contains (L/D)*defects, and (L/ D)**defects are aligned,
leading to an energy gain (L/D)**v. For smooth domain
walls, the wall energy per domain is o L2, where o is the sur-
face tension of the boundary). Hence, equilibrium domain
size is L, = D~ (v/o)* and corresponding energy density is
Uy = 03 D3*v=2. In comparison, the energy density of a single-
domain state is Us = v/ D*. Hence, the single domain state is
metastable at v > o D%

The phase-field modeling results and the scaling arguments
above suggest that the presence of the random field defects
destabilizes the single-domain states, and leads to the rapid
decrease of the domain size. The slow dynamics of these
domains is directly responsible for the relaxation behavior in the
induced polarization and hysteresis loops observed above the
transition temperature. However, these domains cannot account
for the periodic domain patterns with characteristic 100-300 nm
length that are observed ubiquitously in ergodic relaxors, and
coexist with macroscopic domains in the non-ergodic systems.

In explaining the origin of these patterns, we note that some
authors!® introduced single- and two order parameter free
energies in which the length appears only in the form of the
standard gradient terms. For these models, the characteristic
domain size appears typically due to the presence of the charac-
teristic length in the system.[®”:%8] Here, the observed instability
of the ferroelectric wall suggests that the renormalized energy
is negative. Correspondingly, the higher-order terms in free
energy expansion become relevant,%8l and should be included
for the description of the long-order correlations between the
next nearest neighbors, while the second derivative coefficients
reflects correlations between the nearest neighbors. Within
the framework of the continuous theory these gradient terms
should be included into the free energy functional expansion
on the polarization P; powers:
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(2)

The first integral in (2) is the bulk energy and the second
one is the surface energy related to the non-electroded surface
z=0,

Note that in what follows we are interested in the intrinsic
scale of the labyrinthic modulation, which we believe is weakly
affected by the random electric fields. This assumption is justi-
fied, since the size of the PNR and random field fluctuations
is of the order of several or several tens of nm, and the period
of labyrinthic structures is above 100 nm. This allows us not
to consider the interaction of polarization with random electric
fields in the expansion (2) and regard L as a longitudinal corre-
lation length, if the latter is noticeably smaller than the relaxor
sample thickness. Depolarization field E¢ originates near the
relaxor surface due to the incomplete external screening of the
nanocluster polarization by the space charge accommodated
above/in the contamination layers of thickness H that is typi-
cally not more than several lattice constants.

Coefficients of the Dbulk and surface energies,
ap(T) =arp (T — Tp) and as(T) =ars(T — Ts), explicitly
depend on temperature T. The coefficient § may be positive or
negative depending upon the transition order and yis positive.
The signs of all other coefficients are defined from following
argumentation. The second derivative coefficients 8i reflect cor-
relations between the nearest neighbors, and the forth deriva-
tives O; the correlations of the next neighbors. In relaxor sys-
tems (e.g., in PZN-PT with low concentration of the ordered
component, say less than 10%), these cannot be the nearest
neighbors, so their interaction strength is described by the
forth order correlation term §,. Thus positive forth-derivative
gradient coefficients 6; > 0 reflect the long-range dipole corre-
lations between PT unit cells, which tend to order the system.
The long-range correlations between the nearest neighbors are
weak, so the second-derivative gradient coefficients are negative
g <0

Substituting  polarization = Fourier image P;(k, 2) =
Py(k) + p(k,2) into equation of state obtained from mini-
mization of (2) and linearizing it with respect to p, we derived
that transverse {x,y} modulation vector as:

P 52 ax(T)

22 V4g2 ¢

ki (T) =
\

G)

In Equation 3 we assumed the natural isotropy of the
relaxor in the transverse x and y directions (i.e., §; =8, =4,
g1=g2=¢g and A, = A, = 1), in contrast to incommensurate
ferroelectrics, which are typically uniaxial. Thus not only the

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Makie
ie’S
www.MaterialsViews.com

gradient terms § > 0 and g <0 in the free energy (2) deter-
mine the length scale of the modulation (3), but also the coef-
ficient @r(T) can be renormalized by surface influence and
depolarization field as!®>7%:

2as(T) 1 ( €5, L >
ar(T) ~ a(T) + + 1-
#(T) (7) L g0l e, L +eb H

)

The thickness of contamination layer is H, its permit-
tivity is %;; €b; is the background permittivity of relaxor, &
is the universal dielectric constant. In the linear approxima-
tion the intrinsic modulation exists in the temperature range
T. < T < T,, where the “ferroelectric’ transition tempera-
ture Tc = T+ T 145 — 60%5 (- E}g}fﬁ) and the modulation
‘;;mperatureéﬂ =T + m, at that k% (Te) =0 and

(1) = e The temperatures are renormalized by surface
influence and depolarization field effect.

Note, that linearized solution (3) is qualitatively and semi-
quantitatively valid in the vicinity of T, where the modula-
tion is “soft” or “harmonic”; it becomes quantitatively incorrect
with decreasing temperature, since the modulation becomes
“harder”, and principally invalid when T — T¢, since the solu-
tion tends to zero (ki (Tc) = 0) instead of giving some constant
value (compare with the situation in the incommensurate fer-
roelectric films). Nonlinear solution, denoted as kyr (T), is
derived in the Supporting Information section. In contrast to
linearized solution (3), ky; (T) depends on all the coefficients
involved into the free energy (2). Polarization value, corre-
sponding to the solution (3)-(4) is p}(T) = — § (6 + 2gk*(T)).

With the inclusion of random electric field defects the trans-
verse axially-indifferent modulation becomes the chaotic one
and the period ¢ (T) = % should be regarded as transverse
correlation radius and at temperature-dependent domain pat-
tern near the surface mimics the labyrinth domain structures.
Qualitative explanation of the striking fact can be found in the
papers by Bijelis et al.,’172 where it was shown that the func-
tional (2) minimization leads to non-integratable problem with
chaotic phase portrait, and that periodic solutions are isolated
trajectories at the phase portrait in and are physically
trains of commensurate and incommensurate domains
of various periods. Note that Bjelis et al. considered the
uniaxial case.

Temperature dependences of the correlation length for
relaxor systems: PLZT-8%, PLZT-9.5%, PZN-4.5%PT (100)
and PZN-4.5%PT (111) are shown in Figure 9 in compar-
ison with experimental data. Parameters used in calcula-
tions are summarized in the Table 1. Tabulated parameters
for incommensurate-commensurate normal ferroelectric
Sn,P,(Se,S)s are shown for comparison. Actually the dif-
ference in the parameters a7 (two or three orders lower
than in Sn,P,Ses) and the gradient term & (two orders
higher than in Sn,P,Se¢) play the decisive role. The differ-
ence in g may be reasonable, because relaxors typically have
much broader domain walls than the ordered ferroelectrics
have.”’] The difference in ar originated from the surface
and depolarization effect renormalization (see Equation. 4).
To summarize the modeling section, the absence of the
classical ferroelectric domains and dynamic polarization
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£ 200 250) - wall motion) and penetrates the material only by few tens of
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140 (100) Bl aso are analyzed and attributed to the negative wall energy due
to the contribution of higher-order gradient terms in the free
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Figure 9. Temperature dependence of the correlation length for relaxor
systems: a) PLZT-8%, b) PLZT-9.5%, c) PZN-4.5%PT (100), and d) PZN-
4.5%PT (111). Symbols are experimental data, solid curves are q. (T) and
qni (T) calculated from Equations 3 and 4, respectively. Parameters used
in calculations are summarized in Table 1.

component is consistent with the existing theories of relaxor
state. The labyrinthine patterns can be explained by the pres-
ence of higher-order term in free-energy expansion that natu-
rally gives rise to the polarization modulations. Note that the
length scale of these modulations and the smallness of asso-
ciated lattice deformations severely limit the efficacy of scat-
tering-based studies. Alternatively, these can be a result of the
near-surface electric field and strain relaxation. The likelihood
of this field-based explanation is limited, since these domains
are not affected by electric fields (although they may be due to
the screening by mobile polarization component). The ferroe-
lastic model also does not immediately explain the presence of
characteristic length scale.
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energy expansion.

With respect to the physics of relaxor compounds, this study
clearly illustrates the importance of mesoscopic polarization pat-
terns that are until now overlooked by major theories of relaxor
states. An obvious and open question is the relation of these
observations to recent neutron based studies illustrating the
presence of static and dynamic order parameters in relaxors,’®!
as well as reports on local strains and domain like dynamics””!
and surface layers.P!

Finally, we note that many of the observed behaviors exist
in other disordered systems, ranging from structural to spin
glasses. In particular, mesoscopic phase separation and two
order parameters were introduced to describe the properties
of cooled water.”8! However, these systems present signifi-
cant challenges for mesoscopic observations due to the lack of
appropriate imaging tools. Ferroelectric relaxors provide a con-
venient model system, in which the dipole reorientation does
not change the underlying crystallographic lattice, and hence is
(potentially) reversible. At the same time, the strong coupling
between polarization and strain (reversible lattice deformation)
allows the polarization dynamics to be studied. The results of
these studies can be extended to other disordered systems such

Table 1. Values of the free energy coefficients used in calculations (columns 2-5) in comparison with data for incommensurate (column 6) and

commensurate (column 7) ferroelectrics.’*75]

Normal incommensu- Normal commensurate

Coefficient PLZT-8% La PLZT-9.5% La PZN-4.5% PT (111) PZN-4.5% PT (100) rate FE (Sn,P,Seg) FE (Sn,P,Se)
o ) mC2K! 1.2x10* 1.6 x10* 3.8x10° 5.0x10° 1.6 x10° 1.6x10°
B, ) m>C* -8x 102 -8 x 108 -8 x 102 -8x 102 -4.8x10% 7.4 %108
7, ) m®C® 8x10'° 8x10'° 8x 10" 8x10'° 8.5x10'° 3.5x10'°
5, )miC? -2.4x107° -1.4x107° -7.9% 10710 —-6.8x 10710 -5.7%x107° (1.4-1.6) 10710
g ) m5C? 720 x 107 2.15x107% 2.56x107% 1.04x 1072 1.8x107% Indetermined
A )m?CH* 4.9x107 2.8x1077 1.8x 1077 1.8x1077 (1.2-1.3) 107 Indetermined
T, °C 162 143 160 222 Tic=-52 Indetermined
T, °C 0 70 150 155 -80 64
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as structural glasses, polymers (in which the dynamics are irre-
versible) and spin- and cluster glasses (in which mapping local
magnetization is still a challenge).

4. Experimental Section

Materials: Our experiments have been carried out on PLZT ceramics
sintered in Jozef Stefan Institute, Slovenia.’l PZN-4.5%PT single crystals
were provided by Dr. Paul Rehrig (TRS Ceramics, USA) and oriented along
(111) and (001) planes using the conventional Laue setup. The ceramics
and oriented crystals were polished to the desired thicknesses by using
several abrasives in the following order: (a) silicon carbide paper, (b)
diamond paste (3 um, 1 um and 0.25 um), (c) colloidal-silica aqueous
suspension (~0.05 um). Submicron polishing was performed only when
required by certain experiments, such as domain studies. The final surface
area of the polished samples used in these experiments varied from
5 mm x 5 mm, while the final thicknesses were in the range 100-200 um.

Macroscopic Measurements: The macroscopic hysteresis loops were
measured in a sinusoidal electric field at a frequency of 50 Hz and at
amplitudes up to 10 kV cm™". The measurements were carried out in the
temperature range from 25 to 130 °C in the home-made setup.

PFM and SS-PFM: Commercial scanning probe systems (NT-MDT,
Ntegra Aura and Agilent 5420) equipped with additional function
generator and lock-in amplifier (Yokogawa FG120, Stanford Research
SR-830) were used for PFM measurements. In this method, a sharp
conductive tip in contact with the surface is periodically biased, and
bias-induced surface displacements are translated into the mechanical
motion of the tip.% In piezoresponse switching spectroscopy, the dc
bias offset applied to the tip is changed to follow a triangular wave, and
the nucleation and growth of the ferroelectric domain below the tip are
reflected in the variation of the effective piezoresponse. The resulting
hysteresis loops contain information on ferroelectric switching at a
single location. We used hard cantilevers (NCHR, 40 N m™!, Nanoworld)
without coating and frequency 50 kHz for both imaging and hysteresis
loop acquisition.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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