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Large electromechanical effects in relaxor ferroelectrics are generally attributed to the collective response of
an ensemble of correlated, nanometer-sized polar structures induced by chemical and charge disorder. Here,
we study finite-size effects on such polar order (i.e., how it evolves when sample dimensions approach the
polarization correlation length) in 7-70-nm-thick films of the relaxor ferroelectric PbScy 5Tag sO3. Temperature-
dependent polarization studies reveal a linear suppression of the polarization and nonlinearity associated with
relaxor order as the film thickness decreases to ~30 nm. Below this thickness, however, the suppression
rapidly accelerates, and polarization is completely absent by film thicknesses of ~7 nm, despite the continued
observation of a broad peak in dielectric permittivity and frequency dispersion. Diffuse-scattering measurements
reveal the diffuse-scattering symmetry, and analysis suggests the films have a polarization correlation length
of ~23 nm. Taken together, it is apparent that reduction of sample size and the resulting distribution of
polar structures drive suppression and eventual quenching of the electrical response of relaxors, which may

be attributed to increasing dipole-dipole and dipole-interface interactions.

DOI: 10.1103/PhysRevB.101.094102

I. INTRODUCTION

Relaxor ferroelectrics are of great interest for their large
electromechanical responses and are promising candidates for
a variety of sensor, energy-harvesting, and energy storage ap-
plications [1-3]. Chemical and charge disorder in perovskite-
based relaxors drives local symmetry breaking, reduces polar
correlations to nanometer-sized regions, and introduces a
complex polar evolution with temperature. The polar struc-
ture within relaxors has been described as a distribution of
polar nanoregions embedded in a nonpolar matrix or polar
nanodomains with low-angle domain walls [4—6]. While the
explicit nature of these polar clusters remains the subject
of ongoing investigation, the temperature evolution of the
polar structure is widely recognized to exhibit four distinct
critical points. First, the local polarization forms from the
high-temperature paraelectric phase upon cooling through the
Burns temperature 7, below which the dynamically corre-
lated polarization rapidly fluctuates due to thermal excitations
[7]. As the temperature is further lowered, the local dynamic
polarization becomes more strongly correlated, leading to
the formation of static atomic displacements at an interme-
diate temperature 7* [8]. With further cooling, polar clus-
ters grow and begin to impinge upon each other, increasing
their relaxation time, thus giving rise to the observation of
a frequency-dependent dielectric maximum temperature 7.
The frequency dependence of the dielectric maximum tem-
perature can be described using the Vogel-Fulcher freezing

“Present address: Department of Physics, Oklahoma State Univer-
sity, Stillwater, Oklahoma 74078, USA.
flwmartin @berkeley.edu

2469-9950/2020/101(9)/094102(8)

094102-1

model, developed in both structural and magnetic-glass sys-
tems, where the progressive slowing down of relaxation times
leads to the formation of a percolative network of the largest,
slowest polar clusters at the freezing temperature 77 [9-11].
This evolution of the polar order with temperature and the
stimuli-driven electromechanical response of relaxors more
generally are highly dependent on the size and interaction of
these polar clusters. As such, much effort has been focused
on the characterization and manipulation of polar correlations
in relaxors. While neutron and x-ray diffraction-based mea-
surements of polar-disorder-induced diffuse scattering have
been used to probe the length scales of polar interactions in
macroscopic bulk and single-crystal samples, only recently
have these techniques been applied to thin films [12—14].

Of fundamental importance to relaxor properties is the
connection between local and long-range polar structure.
Whereas the bistable, spontaneous polarization in normal
ferroelectrics has its origin in atomic interactions at the
unit-cell level [15], relaxor properties are derived from the
mesoscopic interactions of an ensemble of polar entities with
distinct anisotropies, magnitudes, and relaxation times. Thus,
among a range of open questions, there remains interest in the
effect of reducing sample dimensions to the length scale of
polar interactions. While finite-size effects have been studied
extensively in ferroelectrics (revealing the potential for robust
polarization down to the level of just a few unit cells [16,17]),
few studies, focusing mostly on grain-size-dependent effects
in bulk ceramics, have explored similar concepts in relaxors
[18-22]. Such studies face the additional challenge of having
to alter the synthesis process to achieve different grain sizes,
thus introducing variations in the degree of chemical order and
disorder, grain-boundary density, and porosities, all of which
can add to the complexity of studying these complex polar
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interactions. Only in the last few years have advances in thin-
film synthesis and commercially available substrates enabled
the high-quality growth of these materials, thus opening up
new pathways to study finite-size effects in relaxors [14].

Here, we study the role of finite-size effects on the evolu-
tion of relaxor order in epitaxial thin films of PbSc 5Tag 503.
While this composition and other relaxor materials have been
extensively studied in the bulk, there is relatively little infor-
mation on epitaxial thin films. Utilizing films from 7 to 70 nm
thick, temperature- and electric-field-dependent dielectric and
polarization studies reveal a general suppression of the polar-
ization and a reduction in the nonlinearity typically associated
with relaxor order in the thinnest films. This suppression
scales linearly until a film thickness of ~30 nm, at which point
the suppression accelerates rapidly, and by a film thickness of
~7 nm the nonlinearity is absent, despite the observation of a
broad peak in dielectric permittivity and frequency dispersion.
Diffuse-scattering measurements reveal the diffuse-scattering
symmetry and a polarization correlation length of 223 nm,
suggesting the change in scaling of polarization response is
associated with a critical interaction of polar correlations and
sample size. All told, rather than fundamentally changing
the polar structure, the reduction of film thickness drives a
suppression of collective polarization response, limiting the
polarization response to that of the intrinsic lattice, which
resembles that of a linear dielectric.

II. EXPERIMENT

Heterostructures of 80-nm SrRuQOj3/7-, 15-, 22-, 30-, 50-,
and 70-nm PbScy5Tags503/30-nm SrRuO3/DyScO; (110)
were synthesized via pulsed-laser deposition. The SrRuO3
bottom electrodes were grown at a heater temperature of 690
°C in a dynamic oxygen pressure of 100 mTorr with a laser
fluence of 1.3 J/cm? and a laser repetition rate of 15 Hz
from a ceramic target of the same composition (Praxair). The
PbSc 5Tag 503 layers were grown at a heater temperature of
550 °C in a dynamic oxygen pressure of 200 mTorr with a
laser fluence of 1.5 J/cm? and a laser repetition rate of 2 Hz
from a ceramic target of the same composition with 10% lead
excess to compensate for lead loss during growth. The SrRuO3
top electrode layers were grown in situ immediately following
PbScysTagsO3 deposition using the same laser and pressure
conditions used for the SrRuOj3 bottom electrode, at a reduced
heater temperature of 550 °C to prevent volatilization of
lead from the underlying PbSc 5sTag 505 layer during growth.
Following deposition, the heterostructures were cooled at a
rate of 10 °C/min in a static oxygen pressure of 760 Torr.

Structural characterization was completed using x-ray 6-26
line scans and two-dimensional (2D) reciprocal space map-
ping (RSM) studies which were conducted with a high-
resolution x-ray diffractometer (X’pert’ MRD, PANalytical).
Further synchrotron x-ray three-dimensional (3D) reciprocal
space mapping studies, particularly focused on the extraction
of diffuse-scattering patterns, were conducted using a Huber
4-circle diffractometer and Pilatus 100K pixel detector with
x-ray energy of 16 keV at beamline 33-BM-C at the Ad-
vanced Photon Source, Argonne National Laboratory. Chem-
ical analysis of the films was accomplished using Rutherford
backscattering spectrometry (RBS, incident ion energy of

3040 keV, incident angle o = 22.5°, exit angle 8 = 25.35°,
and scattering angle 6 = 168°), and the spectra were fit using
the RBS analysis software SIMNRA [23].

Electrical measurements were performed on circular ca-
pacitor structures of PbSc 5Tag 503 with symmetric STRuO3
electrodes. The top electrodes were defined using a pho-
toresist mask and subsequent SrRuQOjs-selective wet etching
utilizing sodium metaperiodate (NalO,4). Capacitors with di-
ameters of 32, 25, 16, and 12.5 um were measured with
no appreciable difference observed between measurements
on different capacitor sizes. Temperature-dependent dielec-
tric permittivity measurements, permittivity-DC bias sweeps,
and nonlinearity studies were performed using an impedance
analyzer (E4990A, Keysight Technologies). The temperature-
dependent dielectric permittivity was measured from 83 to
553 K using a cryogenic vacuum probe-station (TTPX, Lake
Shore Cryotronics Inc.) by driving the top electrode with an
AC voltage of 5 mV from 1 to 100 kHz. DC bias sweeps
were measured by driving the top electrode with an AC
voltage of 5 mV at 10 kHz while the DC bias was swept
from 1000 kV/cm. AC field-dependent permittivity studies
were measured by sweeping the AC voltage applied to the top
electrode. The harmonic analysis was performed using a wave
form generator to apply an AC voltage to the top electrode and
collect current from the bottom electrode through a lock-in
amplifier (SRS 830, Stanford Research Systems) to measure
the phase angle between the first and third harmonics of
polarization. Polarization-electric-field hysteresis loops were
measured at a frequency of 10 kHz using a Precision Multi-
ferroic Tester (Radiant Technologies).

III. RESULTS AND DISCUSSION

RBS studies reveal that, in all cases, the films are sto-
ichiometric to the expected chemistry within the error of
the measurement (Supplemental Material, Fig. S1 [24]).
X-ray diffraction studies (Supplemental Material, Fig. S2
[24]) reveal the production of single-phase, 00!/-oriented
PbScysTap 505 films and that the out-of-plane lattice param-
eter for all films, regardless of thickness, was 4.075 £ 0.03 A
[Fig. 1(a)]. This agrees with bulk studies [25] and is consistent
with the production of fully relaxed films (as is expected based
on the large —3.3% lattice mismatch between PbSc sTay 503
and DyScOs;). Subsequent RSM studies of the 103 and 332
diffraction conditions of PbScy 5Tag sO3 and DyScOj;, respec-
tively, confirm this observation (Supplemental Material, Fig.
S3 [24]). Analysis of the x-ray rocking curves reveals that,
despite the relaxed nature of the films, a high degree of
crystallinity is maintained, as demonstrated by the full width
at half maximum of ~0.04° of the 002 diffraction peak of
PbScy 5Tag sO3 compared to that of ~0.006° for the DyScO;
substrate (Supplemental Material, Fig. S4). All told, the set
of films studied herein has equivalent structures, strain states,
and crystallinity, thus providing a model set of materials to
explore finite-size effects on polar-order evolution in relaxor
ferroelectrics.

In order to understand the effect of changing thickness
on the temperature evolution of polar order, temperature-
dependent, low-field dielectric permittivity [Fig. 1(b)], and
loss (Supplemental Material, Fig. S5 [24]) studies were
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FIG. 1. (a) X-ray diffraction 6-20 scans of the PbSc(sTa;503/SrRuOs3/DyScO; heterostructures indicate the bulklike lattice parameter
of PbSc 5Tay 505 is maintained in all thicknesses studied. (b) Temperature-dependent dielectric permittivity studies show the suppression of
permittivity at reduced thickness. 7,, (marked with arrows for 1 and 100 kHz) changes only below 22 nm. (c) The four critical temperatures

are summarized as a function of thickness.

completed and used to extract Ty, T;,, T*, and Tr (Supplemen-
tal Material, Fig. S6). The overall magnitude of the dielectric
permittivity is found to systematically reduce with decreasing
film thickness, with the maximum permittivity changing from
~1000 in the 70-nm-thick films to just 200 in the 7-nm-thick
films. Despite this change, all films reveal broad temperature
evolution and frequency dispersion of the dielectric response
(between 1 and 100 kHz the change in 7,, is ~10 K) which
agrees with bulk data, thus suggesting that the films have a
similar degree of relaxor character [26-28]. T, is found to
be ~40 K lower than typical bulk samples; however, similar
shifts have been observed in bulk samples depending on
synthesis conditions and in sol-gel-derived films [29-32]. A
summary of the various critical temperatures, as a function
of film thickness, is provided [Fig. 1(c)]. Starting from the
thickest films, a negligible change is observed for T}, T,,, and
T*, while Ty decreases slightly as the thickness is reduced to
30 nm. Upon transitioning to thicknesses <22 nm, however,
significant changes in the critical temperatures are seen. First,
T, undergoes negligible changes down to film thicknesses
of ~15 nm, at which point a slight increase is observed,
before a large decrease occurs in the thinnest (7 nm) films.
T,, and T* both decrease in the thinnest films, but 7y remains
essentially constant at ~120 K in the thin-film regime. The
shifting of the various temperatures follows an interesting

trend with thickness; whereas 7;, changes significantly only
in the thinnest films (7 and 15 nm), T is already decreasing
in 50-nm-thick films. Because Ty is associated with the per-
colative freezing of the largest and slowest polar clusters [9],
it is possible that finite-size effects appear at larger thickness,
while 7}, is related to the nucleation of highly local polariza-
tion and therefore is influenced only in the thinnest films [6].
The general picture presented by the temperature evolution
is that the polar structures and their temperature evolution
are relatively unaffected by film thickness until the films
pass into a thickness regime <22 nm. Another interesting
observation, however, is that the maximum of the dielectric
permittivity has a strong dependence on film thickness even
at the largest thicknesses studied, indicating a strong influ-
ence of sample size on relaxor response. We note that at
temperatures above 7;, and below Tr, where polar clusters
are dissolved into a paraelectric phase or frozen and unable
to respond, respectively, the dielectric permittivity of the
thickest films (=30 nm) approaches the same value of ~300,
suggesting the dominant difference between films of different
thickness is the extrinsic response and interaction of polar
clusters rather than the intrinsic lattice response of the material
[33].

To better understand the role of intrinsic and extrinsic
polarization response in these films, the dielectric permittivity
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FIG. 2. (a) Dielectric tunability and (b) polarization-electric-field
hysteresis loops show a suppression of dielectric and polarization
response with decreasing thickness, indicating a suppression of
extrinsic contributions. (c) Temperature dependence of the remnant
polarization shows that thicker films have larger remanence at all
thicknesses and the thinnest films never develop strong remanence
even at low temperature. Inset: Scaling of the maximum polarization
as a function of thickness shows a distinct change in scaling below
30 nm.

was measured as a function of DC bias [Fig. 2(a)]. The
effect of the DC bias is to reorient the polar structures, thus
suppressing extrinsic contributions and reducing the overall
permittivity [34]. We observe the characteristic large tunabil-
ity expected of relaxors in thicker films (i.e., >30 nm), but
the tunability is continually reduced with decreasing thickness
until the tunability is completely suppressed in the 7-nm-thick
films. At large DC bias fields, the permittivity of all films
approaches ~200, supporting the hypothesis that the intrinsic
dielectric permittivity of the films is relatively unchanged
by the reduced thickness. Instead, the primary difference
between the different thicknesses is observed at low DC
bias fields, where extrinsic contributions are active. Further
insight is garnered from polarization-electric-field loops [Fig.
2(b)], where a similar trend of reduced polarization response

and suppressed nonlinearity with decreasing thickness are
observed. In fact, the 7-nm-thick films behave like linear
dielectrics, with no nonlinearity even under applied fields of 1
MV /cm. It is also worth noting that, despite reports of stabi-
lization of polar clusters into ferroelectric domains in ultrathin
films, no change in remnant polarization is observed with
film thickness, suggesting that the stabilization of ferroelec-
tricity at reduced dimensions seems unlikely [35]. Moreover,
this behavior is maintained throughout the temperature range
studied, with the increase in remnant polarization at low tem-
peratures becoming more pronounced for thicker films, rather
than thinner films; again the 7-nm-thick films never develop
nonlinearity or hysteresis [Fig. 2(c)]. In addition to suppressed
dielectric permittivity, we also note that the curvature of the
hysteresis loops at high fields (=400-800 kV /cm), which is
associated with the nonlinear response of reorienting polar
clusters [36], is also suppressed with decreasing thickness.
Together, these observations suggest that reduction of sample
dimensions suppresses the nonlinear, extrinsic contributions
from mobile polar clusters, essentially stiffening the relaxor
response until only the intrinsic response is observed in 7-nm-
thick films. Notably, the suppression of field-induced polar-
ization appears to be linear with decreasing thickness, with
a distinct change in slope between 20 and 30 nm [Fig. 2(c),
inset].

Considering the observation of suppressed nonlinearity at
reduced thickness, we explored additional ways to quantify
the changes in nonlinearity and dielectric response as a func-
tion of applied AC field. Nonlinearity in ferroelectrics has
been studied within the context of Rayleigh-type domain-
wall motion in a random distribution of pinning sites, where
measurement of the AC-field dependence reveals regimes
of reversible and irreversible (or hysteretic) contributions
[37]. Under the application of small AC fields, domain walls
oscillate within their potential well, unable to overcome the
energy barrier of the local pinning site, and the dielectric
response remains flat. As the field is increased, the driving
force becomes strong enough to drive domain walls over the
energy barrier, allowing them to contribute to the dielectric
response. The dielectric permittivity of the PbScgsTags503
films was measured as a function of applied AC field at 353 K
[Fig. 3(a)], 253 K [Fig. 3(b)], 153 K [Fig. 3(c)], and 93 K
[Fig. 3(d)], revealing a strong dependence of nonlinearity on
film thickness and temperature. The data presented have been
normalized to the low-field permittivity to better visualize
the change in permittivity with increasing applied field. With
the exception of the 7-nm-thick films, all thicknesses show
qualitatively similar behavior. At 353 K [Fig. 3(a); above
T*], the permittivity decreases with increasing field, in agree-
ment with the thermally activated nature of the fluctuating
polar dipoles between T* and 7. Lowering the temperature
below T* brings the appearance of a peak in the permittivity
with increasing field, revealing the transition to domain-type
dynamics owing to the static off centering of cations [38].
This static off centering comes about owing to development
of a local potential well, and the increase in permittivity with
increasing field appears similar to that expected for normal
ferroelectrics. At even larger fields, however, a maximum
in the permittivity appears, indicating that the majority of
clusters are responding to the applied field. Beyond these AC

094102-4



FINITE-SIZE EFFECTS IN LEAD SCANDIUM ...

PHYSICAL REVIEW B 101, 094102 (2020)

r(a) 353 K 1
1.00F P 1
L _ T e 22 N
0.98: Thickness 30
_ 50 nm
>"‘; 0.96— ' 3
4 :
w 1.00_ 3
> I [
£ 0.98f \\,\ \“\»\:
-g \
o 1.4 (C) 153 K //’*\
o E Thicknes
e E
b
N
©
£
o
Z

Thickness

Phase Angle (°)
3
o

0 20 40 60 80 100
AC Electric Field (kV cm™)

100£(

(kV cm™)
o
o O

N
o

E

max
N
o o

10 20 30 40 5 60 70
Thickness (nm)

FIG. 3. Nonlinearity studies performed at (a) 353 K, (b) 253 K,
(c) 153 K, and (d) 93 K show the evolution of dielectric response
to the AC field, indicating the onset of domain-type dynamics below
T* and the progressive slowing down and freezing of polar structures
below T7,,. (e) The phase angle of the third harmonic measured at
253 K shows the progressive increase in field required to maximize
dielectric response. (f) The trend in Ey, as a function of thickness
shows a distinct change in scaling below 30 nm, similar to the
polarization scaling.

fields, the permittivity decreases, an effect that was previously
attributed to either reorientation and saturation of polar-cluster
response or tunability of the permittivity, akin to DC bias
measurements [39]. As the temperature is further lowered, the
low-field permittivity is suppressed, but the degree to which
increasing field can activate more regions increases from a few
percent at 253 K [Fig. 3(b)] to 40% at 153 K [Fig. 3(c)] and

100% at 93 K [Fig. 3(d)] in the 70-nm-thick films. This trend
can be understood in the context of the energy landscape for
polar displacements in relaxors, where local potential wells
become deeper with decreasing temperature, requiring larger
fields to drive dielectric response. In conjunction with DC bias
and polarization measurements, measurements of nonlinear
dielectric response discussed here indicate that reducing film
thickness suppresses the ability of polar structures to respond
to applied electric fields, until the ability to respond is com-
pletely quenched in 7-nm films.

In addition to the dielectric permittivity, measurement
of higher-order harmonics of the permittivity provide ad-
ditional insight into the dynamic motion of polarization
contributions [40], and specifically, the phase angle 85 be-
tween the first and third harmonics has been used to
quantify the onset of the hysteretic response of ferro-
electric domain-wall motion. In ferroelectrics, the low-
field reversible regime is marked by a §3; which remains
~ — 180°. At larger fields, depinning of domain walls appears
as a rapid increase of §3 to = — 90°, where it plateaus as
domain walls are hysteretically moved with the oscillating
field. In contrast, the highly reversible and anhysteretic re-
sponse of relaxors imparts quantitatively distinct behavior, as
shown in PbMg, /3Nb2/303 ceramics, where §3 changes from
~ — 180° at low fields to ~0° at higher fields [39]. ;3 was
measured at 253 K to understand the origin and thickness
dependence of the peak that appears in the permittivity below
T*. All films exhibit an increase in §; from ~ — 160° to
~0° [Fig. 3(e)], with the exception of the 7-nm-thick films,
which show minimal changes with field, as expected for a
dielectric [39]. The field at which 63 = 0°, corresponding
to the field at which the permittivity is maximized Eyx,
appears to increase with decreasing thickness. The presence
of an intermediate plateau §3 ~ —25° also reveals large
differences between films of different thicknesses. While the
origin of this intermediate phase angle is not well understood,
it may be due to a convolution of contributions from both
hysteretic (63 ~ —90°) and anhysteretic (63 ~ 0°) motion
of polar structures, whose combined polarization response
has an intermediate-phase offset. In this case, the proportion
of hysteretic contributors appears to be unchanged by film
thickness, as the plateau occurs at the same 5 for all films,
but decreasing thickness changes the depth of the local wells,
necessitating larger fields to drive the maximum dielectric
response. By analogy to the effect of reducing temperature,
the effect of decreasing film thickness appears to be similar to
that of the deepening of local potential wells, suppressing the
total polarization response that can be achieved and increasing
the field needed to drive polarization response.

To visualize this, we examine E,,, as a function of thick-
ness [Fig. 3(f)]. A linear increase in E,x is observed for
films from 70 to 30 nm thick; however, a sharp increase in
Enax occurs below 30 nm [Fig. 3(f)], similar to the behavior
observed for scaling of the polarization [Fig. 2(c), inset]. The
linear decrease at large thicknesses indicates a proportional
scaling of electrical response with thickness, suggesting the
interaction of polar clusters is directly related to the length
scale over which they can interact. This type of behavior
has been suggested in efforts to model dipolar interactions in
relaxors, where the energy associated with interacting dipoles
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FIG. 4. Two-dimensional intensity plots of 3D RSM studies performed at 153 K to observe diffuse scattering from polar distortions.
(a) The 15-nm, (b) 22-nm, and (c) 70-nm films show a clover-shaped diffuse scattering pattern that is visualized by taking a radial line cut at
q = 0.027 A~!(white dashed line), showing the intensity variation from the four lobes. (d)—(f) The intensity variation along the radial line cut
shows four lobes of intensity with crystallographic directions labeled in (f). (g) Correlation-length analysis is performed on 15-nm films by
taking a line cut along the [100] direction and fitting to Eq. (1) (black line), resulting in a polar correlation length of 23 nm.

in high-permittivity crystals was shown to be inversely pro-
portional to the volume of the crystal [41,42]. While this effect
may play a relatively minor role in macroscopic samples,
reduction of the crystal volume to sizes more comparable to
the dipole correlation length may lead to the strong thickness
dependence observed here. The change in scaling observed
below 30 nm, however, necessitates further study.

The strong dependence of relaxor behavior on the distri-
bution of polar-cluster size and their interactions suggests the
possibility of a fundamental change in properties when the
sample size approaches the polarization correlation length.
As such, understanding the polar structure and polarization
correlation length is necessary to understand the change in
scaling at reduced thickness. Diffuse-scattering measurements
on PbMg, /3Nb2/303, PbZn,;3Nb,/303, and related relaxor
materials have shown correlation lengths between 2 and 20 nm
depending on chemistry and temperature [13,43]. The strong
interplay between cluster size, relaxation time, and the crit-
ical temperatures associated with polar evolution in relaxors
suggests that the consistency in critical temperatures for films
of thicknesses >30 nm is a result of the polar structure
remaining unaffected in this thickness regime. The changes to
the response in films thinner than 30 nm, however, indicate
a change in polar interactions. To understand the origin of
this change, we performed three-dimensional RSM studies at
153 K to study the diffuse scattering from polar structures
and determine the polar correlation length. Diffuse scattering
was studied in 15-nm-thick [Fig. 4(a)], 22-nm-thick [Fig.
4(b)], and 70-nm-thick [Fig. 4(c)] films, and two-dimensional
intensity maps of a slice through (%k0) of the 002-diffraction
condition for PbSc(5Tags03; show a clover-shaped diffuse-
scattering pattern in all films studied, with diffuse intensity
extending along [100], [100], [010], and [010]. The fourfold
symmetry of the diffuse intensity is illustrated by a radial
line cut [white dashed line in Figs. 4(a)-4(c), graphed in

Figs. 4(d)—-4(f)], showing four broad peaks separated by ~90°.
The symmetry of the diffuse intensity suggests a preferred
direction for polar displacements, although further measure-
ments, including measurements near other diffraction condi-
tions, are required to fully describe the shape and orientation
of polar regions [43]. While similar diffuse-scattering patterns
are observed in all films studied, quantitative analysis of
measurements from 22- and 70-nm-thick films is difficult
owing to the presence of additional defect-scattering effects
that overlaps with the cross-shaped pattern (further discussion
on this matter is presented in the Supplemental Material, Fig.
S8 [24]). Using these data, it is possible to perform correlation
length analysis [13] on the data from the 15-nm-thick films by
fitting the diffuse intensity to a Lorentzian profile [Fig. 4(g)]:
I,

(T2 +¢%)
where I is the half width at half maximum, ¢ is the distance
from the center of the peak, and [j is the integrated intensity
of the diffuse scattering. Taking the reciprocal of I provides
a measure of the correlation length & of the polar structures,
which was found to be 223 nm for these films. This coincides
closely with the length scale at which the polarization scaling
abruptly changes (=30 nm), suggesting that this change is
associated with an interaction of the thickness of the film with
the average correlation length of the polar structures.

In light of this observation, we return to discussing the
scaling behavior of the critical temperatures and polarization
response of the films now in the context of this observation.
Whereas the linear decrease in polarization response with
decreasing thickness may be due to increasing dipolar inter-
action strength as the crystal volume is reduced, the change
in scaling that occurs below 30 nm may be due to a critical
interaction of the polar structures with the film interfaces. At
the relaxor-electrode interfaces (both the top and bottom of

Lisr = (H
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the film), weak depolarization fields arising from imperfect
screening from the oxide electrodes can create interfacial
regions where the small polar clusters are pinned into random
orientations to reduce this depolarization field akin to the for-
mation of 180° domains in ultrathin ferroelectrics [16,17,44].
As such, the observation that Ty begins decreasing at the
largest thicknesses is likely evidence of the presence of larger
clusters that begin interacting with the film thickness even at
a film thickness of 50 nm. As thickness is further decreased to
the length scale of polar correlations, it becomes increasingly
likely that polar clusters may extend through the thickness
of the film. This scenario has been proposed as a driving
force for stabilization of ferroelectricity; however, the highly
polarizable relaxor polar structures may allow for an internal
compensation of depolarizing fields, increasing the interaction
between adjacent dipoles in the lattice and accelerating the
suppression of polarization response with decreasing thick-
ness. This may also provide an explanation for the lack of non-
linearity observed in the 7-nm-thick films, despite dielectric
measurements showing a peak and frequency dispersion, since
the film has not become purely dielectric, but only the smallest
polar clusters and boundaries are still free to move, while
most of the polarization is locked in strong locally anisotropic
potential wells. Overall, the effect of reducing sample size (or
thickness here) appears to be that of reducing the collective
response of polar structures, limiting the polarization response
to the intrinsic lattice response. The present results indicate
that large electrical response in relaxors is highly dependent
on the motion of the entire ensemble of polar clusters and
is lost when the volume over which clusters can interact and
reorient is restricted.

In summary, high-quality PbSc(sTapsO3; thin films of
varying thickness were synthesized and studied to understand

finite-size effects in relaxors. The temperature evolution of
polar structure in the films is relatively insensitive to finite-
size effects, with only small changes apparent below ~22
nm, whereas the magnitude of the polarization response is
continually suppressed with decreasing thickness. Between 20
and 30 nm, a distinct change in scaling is observed that is
reflected in changes in the ability of the material to respond to
applied fields. Structural characterization suggests this change
in scaling behavior occurs when the film thickness approaches
the average correlation length of the polar structures; however,
considerably more study of the diffuse-scattering patterns is
required. Ultimately, these results have important implica-
tions for understanding relaxor material response—both in
small-grain-size ceramics and thin-film devices as the large
electrical response typically associated with relaxors is greatly
suppressed at reduced dimensions, placing a lower bound on
the length scale at which relaxors can be utilized.
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