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Large electromechanical effects in relaxor ferroelectrics are generally attributed to the collec-
tive 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 PbSc0.5Ta0.5O3. 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 po-
larization 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 a novel diffuse-scattering symmetry, and analysis suggests the films have a polarization cor-
relation length of ≈ 23 nm . Taken together, it is apparent that reduction of sample size and the
resulting distribution of polar structures drives suppression and eventual quenching of the electri-
cal response of relaxors, which may be attributed to increasing dipole-dipole and dipole-interface
interactions.

I. INTRODUCTION

Relaxor ferroelectrics are of great interest for their
large electromechanical responses and are promising can-
didates for a variety of sensor, energy-harvesting, and en-
ergy storage applications.[1–3] Chemical and charge dis-
order in perovskite-based relaxors drives local symme-
try breaking, reduces polar correlations to nanometer-
sized regions, and introduces a complex polar evolution
with temperature. The polar structure within relaxors
has been described as a distribution of polar nanore-
gions (PNRs) embedded in a nonpolar matrix or po-
lar nanodomains (PNDs) with low-angle domain walls[4–
6]. While the explicit nature of these polar clusters re-
mains the subject of ongoing investigation, the tempera-
ture evolution of the polar structure is widely recognized
to exhibit four distinct critical points. First, the local
polarization forms from the high-temperature paraelec-
tric phase upon cooling through the Burns temperature
(Tb), below which the dynamically-correlated polariza-
tion is rapidly fluctuating 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
intermediate temperature (T ∗)[8]. With further cool-
ing, polar clusters grow and begin to impinge upon each
other, increasing their relaxation time, thus giving rise to
the observation of a frequency-dependent dielectric max-
imum temperature (Tm). The frequency dependence of
the dielectric maximum temperature can be described us-
ing the Vogel-Fulcher freezing model, developed in both
structural and magnetic-glass systems, where the pro-
gressive slowing down of relaxation times leads to the
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formation of a percolative network of the largest, slow-
est polar clusters at the freezing temperature (Tf )[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 in-
teraction of these polar clusters. As such, much effort
has been focused on the characterization and manipula-
tion of polar correlations in relaxors. While neutron and
X-ray diffraction-based measurements 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 tech-
niques 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 nor-
mal 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 re-
laxation times. Thus, among a range of open questions,
there remains interest into the effect of reducing sam-
ple dimensions to the length-scale of polar interactions.
While finite-size effects have been studied extensively in
ferroelectrics (revealing the potential for robust polariza-
tion down to the level of just a few unit cells[16, 17]),
few studies, focusing mostly on grain-size-dependent ef-
fects in bulk ceramics, have explored similar concepts in
relaxors[18–22]. Such studies face the additional chal-
lenge of having to alter the synthesis process to achieve
different grain sizes, thus introducing variations in the
degree of chemical order/disorder, grain-boundary den-
sity, and porosities, all of which can add to the complex-
ity of studying these complex polar 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
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pathways to study finite-size effects in relaxors[14].
Here, we study the role of finite-size effects on the

evolution of relaxor order in epitaxial thin films of
PbSc0.5Ta0.5O3. While this composition and other re-
laxor materials have been extensively studied in the bulk,
there is relatively little information 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 polarization
and a reduction in the nonlinearity typically associated
with relaxor order in the thinnest films. This suppres-
sion scales linearly until a 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 permittiv-
ity and frequency dispersion. Diffuse-scattering measure-
ments reveal a novel diffuse-scattering symmetry and a
polarization correlation length of ≈ 23 nm, suggesting
the change in scaling of polarization response is associ-
ated with a critical interaction of polar correlations and
sample size. All told, rather than fundamentally chang-
ing the polar structure, the reduction of film thickness
drives a suppression of collective polarization response,
limiting polarization response to that of the intrinsic lat-
tice which resembles that of a linear dielectric.

II. EXPERIMENTAL

Heterostructures of 80 nm SrRuO3/ 7, 15, 22, 30,
50, and 70 nm PbSc0.5Ta0.5O3/30 nm SrRuO3/DyScO3

(110) were synthesized via pulsed-laser deposition. The
SrRuO3 bottom electrodes were grown at a heater tem-
perature of 690°C in a dynamic oxygen pressure of 100
mTorr with a laser fluence of 1.3 J/cm2 and a laser
repetition rate of 15 Hz from a ceramic target of the
same composition (Praxair). The PbSc0.5Ta0.5O3 lay-
ers were grown at a heater temperature of 550°C in a
dynamic oxygen pressure of 200 mTorr with a laser flu-
ence of 1.5 J/cm2 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 im-
mediately following PbSc0.5Ta0.5O3 deposition using the
same laser and pressure conditions used for the SrRuO3

bottom electrode, at a reduced heater temperature of
550°C to prevent volatilization of lead from the underly-
ing PbSc0.5Ta0.5O3 layer during growth. Following de-
position 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

θ−2θ line scans and 2D reciprocal space mapping (RSM)
studies which were conducted with a high-resolution X-
ray diffractometer (Xpert3 MRD, PANalytical). Further
synchrotron X-ray 3D reciprocal space mapping stud-
ies, 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
Advanced Photon Source, Argonne National Laboratory.
Chemical analysis of the films was accomplished using
Rutherford backscattering spectrometry (RBS, incident
ion energy 3040 keV, incident angle α = 22.5°, exit angle
β = 25.35°, and scattering angle θ = 168°) and the spec-
tra were fit using the RBS analysis software SIMNRA
(simnra.com).
Electrical measurements were performed on circular

capacitor structures of PbSc0.5Ta0.5O3 with symmetric
SrRuO3 electrodes. The top electrodes were defined us-
ing a photoresist mask and subsequent SrRuO3-selective
wet-etch utilizing sodium meta-periodate (NaIO4). Ca-
pacitors of diameter 32 µm, 25 µm, 16 µm, and 12.5 µm,
were measured with no appreciable difference observed
between measurements on different capacitor sizes.
Temperature-dependent dielectric permittivity measure-
ments, 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-
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 1-100 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 permit-
tivity studies were measured by sweeping the AC volt-
age applied to the top electrode. The harmonic analysis
was performed using a waveform 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 1st and 3rd harmonic of polarization.
Polarization-electric field hysteresis loops were measured
at a frequency of 10 kHz using a Precision Multiferroic
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 S1, [23]).
X-ray diffraction studies (Supplemental Material S2,
[23]) reveal the production of single-phase, 00l- oriented
PbSc0.5Ta0.5O3 films, and that the out-of-plane lattice
parameter for all films, regardless of thickness, was 4.075
±0.03 (Fig. 1a). This agrees with bulk studies[33] and
is consistent with the production of fully-relaxed films
(as is expected based on the large -3.3% lattice mis-
match between the PbSc0.5Ta0.5O3 and DyScO3). Sub-
sequent RSM studies about the 103- and 332- diffraction
conditions of the PbSc0.5Ta0.5O3 and DyScO3, respec-
tively, confirm this observation (Supplemental Material
S3, [23]). Analysis of the X-ray rocking curves reveals
that, despite the relaxed nature of the films, a high de-
gree of crystallinity is maintained, as demonstrated by
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FIG. 1. a) X-ray diffraction θ−2θ scans of the PbSc0.5Ta0.5O3/SrRuO3/DyScO
3
heterostructures indicate the bulk-like lattice

parameter of PbSc0.5Ta0.5O3 is maintained in all thicknesses studied. b) Temperature-dependent dielectric permittivity studies
show the suppression of permittivity at reduced thickness. Tm (marked with arrows for 1 kHz and 100 kHz) changes only below
22 nm. c) The 4 critical temperatures are summarized as a function of thickness.

the full-width at half-maximum (FWHM) of ≈ 0.04° of
the 002-diffraction peak of PbSc0.5Ta0.5O3 as compared
to that of ≈ 0.006° for the DyScO3 substrate (Supple-
mental Material S4). All told, the set of films studied
herein has equivalent structure, strain states, and crys-
tallinity, thus providing a model set of materials to ex-
plore finite-size effects on polar-order evolution in relaxor
ferroelectrics.

In order to understand the effect of changing thick-
ness on the temperature-evolution of polar order,
temperature-dependent, low-field dielectric permittivity
(Fig. 1b) and loss (Supplemental Material S5, [23]) stud-
ies were completed and used to extract Tb, Tm, T ∗, and
Tf (Supplemental Figure S6). The overall magnitude of

the dielectric permittivity is found to systematically re-
duce 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
1-100 kHz the change in Tm is ≈ 10 K) which agrees with
bulk data, thus suggesting that the films have a similar
degree of relaxor character[34–36]. Tm is found to be
≈ 40 K lower than typical bulk samples; however, simi-
lar shifts have been observed in bulk samples depending
on synthesis conditions and in sol-gel derived films[37–
40]. A summary of the various critical temperatures, as
a function of film thickness, is provided (Fig. 1c). Start-
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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 remnance at all thicknesses and the thinnest
films never develop strong remnance even at low tempera-
ture.(Inset) Scaling of the maximum polarization as a func-
tion of thickness shows a distinct change in scaling below 30
nm.

ing from the thickest films, negligible change is observed
for Tb, Tm, and T ∗ while Tf 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, Tb undergoes neg-
ligible 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. Tm and T ∗

both decrease in the thinnest films, but Tf remains essen-
tially constant at ≈ 120 K in the thin-film regime. The
shifting of the various temperatures follows an interest-
ing trend with thickness; whereas Tb changes significantly
only at the thinnest films (7 nm and 15 nm), Tf is already
decreasing in 50-nm-thick films. Because Tf is associated
with the percolative freezing of the largest/slowest polar
clusters[9], it is possible that finite-size effects appear at
larger thickness, while Tb is related to the nucleation of
highly-local polarization and therefore is only influenced
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, how-
ever, is that the maximum of the dielectric permittivity
has a strong dependence on film thickness even at the
largest thicknesses studied, indicating a strong influence
of sample size on relaxor response. We note that at tem-
peratures above Tb and below Tf , 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 interac-
tion of polar clusters rather than intrinsic lattice response
of the material[41].

To better understand the role of intrinsic and extrinsic
polarization response in these films, the dielectric per-
mittivity was measured as a function of DC bias (Fig.
2a). The effect of the DC bias is to reorient the po-
lar structures, thus suppressing extrinsic contributions
and reducing the overall permittivity[42]. We observe
the characteristic large tunability expected of relaxors in
thicker films (i.e., > 30 nm), but the tunability is contin-
ually reduced with decreasing thickness until it is com-
pletely 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 be-
tween 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. 2b), where a similar trend of reduced polariza-
tion response and suppressed nonlinearity with decreas-
ing 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 stabilization of polar clusters into
ferroelectric domains in ultrathin films, no change in rem-
nant polarization is observed with film thickness, suggest-
ing that the stabilization of ferroelectricity at reduced
dimensions seems unlikely[43]. Moreover, this behavior
is maintained throughout the temperature range studied,
with the increase in remnant polarization at low tempera-
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tures becoming more pronounced for thicker films, rather
than thinner films; again the 7-nm-thick films never de-
velop nonlinearity or hysteresis (Fig. 2c). 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 re-
sponse of reorienting polar clusters[44], 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 un-
til only the intrinsic response is observed in 7-nm-thick
films. Notably, the suppression of field-induced polariza-
tion appears to be linear with decreasing thickness, with
a distinct change in slope between 20-30 nm (Fig. 2c,
Inset).

Considering the observation of suppressed nonlinear-
ity at reduced thickness, we explored additional ways to
quantify the changes in nonlinearity and dielectric re-
sponse as a function of applied AC field. Nonlinearity
in ferroelectrics has been studied within the context of
Rayleigh-type domain-wall motion in a random distri-
bution of pinning sites, where measurement of the AC-
field dependence reveals regimes of reversible and irre-
versible/hysteretic contributions[45]. Under the applica-
tion 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 re-
sponse. The dielectric permittivity of the PbSc0.5Ta0.5O3

films was measured as a function of applied AC field at
353 (Fig. 3a), 253 (Fig. 3b), 153 (Fig. 3c), and 93 K
(Fig. 3d), revealing a strong dependence of nonlinearity
on film thickness and temperature. The data presented
has been normalized to the low-field permittivity to bet-
ter visualize the change in perimittivity with increasing
applied field. With the exception of the 7-nm-thick films,
all thicknesses show qualitatively similar behavior. At
353 K (Fig. 3a), (above T ∗) the permittivity decreases
with increasing field, in agreement with the thermally-
activated nature of the fluctuating polar dipoles between
T ∗ and Tb. Lowering the temperature below T ∗ brings
the appearance of a peak in the permittivity with increas-
ing field, revealing the transition to domain-type dynam-
ics owing to the static off-centering of cations [46]. This
static off-centering comes about owing to development
of a local potential well, and the increase in permittiv-
ity 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 fields, the permittivity decreases,
an effect that has been previously attributed to either
reorientation and saturation of polar-cluster response, or
tunability of the permittivity, akin to DC bias measure-
ments [47]. As the temperature is further lowered, the
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FIG. 3. Nonlinearity studies performed at a) 353 K, b) 253 K,
c) 153 K, d) 93 K show the evolution of dielectric response to
AC field indicating the onset of domain-type dynamics below
T

∗ and the progressive slowing down and freezing of polar
structures below Tm. e) The phase angle of the 3rd harmonic
measured at 253 K shows the progressive increase in field
required to maximize dielectric response. f) The trend in
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scaling below 30 nm, similar to the polarization scaling.
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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. 3b) to 40% at 153 K
(Fig. 3c) and 100% at 93 K (Fig. 3d) 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 decreas-
ing temperature, requiring larger fields to drive dielectric
response. In conjunction with DC bias and polarization
measurements, measurements of nonlinear dielectric re-
sponse discussed here indicate that reducing film thick-
ness suppresses the ability of polar structures to respond
to applied electric fields, until it is completely 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[48], and specifically the phase angle (δ3)
between the first and third harmonic has been used to
quantify the onset of the hysteretic response of ferroelec-
tric domain-wall motion. In ferroelectrics, the low-field
reversible regime is marked by a δ3 which remains ≈ -
180°. At larger fields, depinning of domain walls appears
as a rapid increase of δ3 to ≈ -90° where it plateaus as
domain walls are hysteretically moved with the oscillat-
ing field. In contrast, the highly reversible and anhys-
teretic response of relaxors imparts quantitatively dis-
tinct behavior, as shown in PbMg1/3Nb2/3O3 ceramics
where δ3 changes from ≈ -180° at low fields to ≈ 0° at
higher fields[47]. δ3 was measured at 253 K to under-
stand the origin and thickness dependence of the peak
that appears in the permittivity below T ∗. All films ex-
hibit an increase in δ3 from ≈ -160° to ≈ 0° (Fig. 3e);
with the exception of the 7-nm-thick films which show
minimal changes with field, as expected for a dielectric
[47]. The field at which δ3 ≈ 0°, corresponding to the field
at which the permittivity is maximized (Emax), appears
to increase with decreasing thickness. The presence of
an intermediate plateau δ3 ≈ -25° also reveals large dif-
ferences between the films of different thicknesses. While
the origin of this intermediate phase angle is not well un-
derstood, it may be due to a convolution of contributions
from both hysteretic (δ3 ≈ -90°) and anhysteretic (δ3 ≈

0°) motion of polar structures, whose combined polariza-
tion response has an intermediate-phase offset. In this
case, the proportion of hysteretic contributors appears
unchanged by film thickness, as the plateau occurs at the
same δ3 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 ef-
fect 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 polariza-
tion response that can be achieved, and increasing the
field needed to drive polarization response.

To visualize this, we examine Emax as a function of
thickness (Fig. 3f). A linear increase in Emax is ob-
served for films from 70 to 30 nm thick; however, a sharp

increase in Emax occurs below 30 nm (Fig. 3f), similar to
the behavior observed for scaling of the polarization (Fig.
2c, Inset). The linear decrease at large thicknesses indi-
cates 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 in high-
permittivity crystals was shown to be inversely propor-
tional to the volume of the crystal [49, 50]. While this ef-
fect may play a relatively minor role in macroscopic sam-
ples, reduction of the crystal volume to sizes more com-
parable 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 dis-
tribution of polar-cluster size and their interactions sug-
gests the possibility of a fundamental change in prop-
erties when the sample size approaches the polarization
correlation length. As such, understanding of the polar
structure and polarization correlation length is necessary
to understand the change in scaling at reduced thickness.
Diffuse-scattering measurements on PbMg1/3Nb2/3O3,
PbZn1/3Nb2/3O3, and related relaxor materials have
shown correlation lengths between 2-20 nm depending
on chemistry and temperature[13, 51]. The strong inter-
play between cluster size, relaxation time, and the critical
temperatures associated with polar evolution in relax-
ors 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 of polar interactions. To un-
derstand 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 po-
lar correlation length. Diffuse scattering was studied
in 15- (Fig. 4a), 22- (Fig. 4b), and 70-nm-thick (Fig.
4c) films, and two-dimensional intensity maps of a slice
through the (hk0) of the 002-diffraction condition for the
PbSc0.5Ta0.5O3 show a clover-shaped diffuse-scattering
pattern in all films studied, with diffuse intensity extend-
ing along the [100], [100], [010], and [010]. The four-fold
symmetry of the diffuse intensity is illustrated by a ra-
dial line cut (white dashed line in Fig. 4a-c, graphed
in Fig. 4d-f), showing four broad peaks separated by
≈ 90°. The symmetry of the diffuse intensity suggests a
preferred direction for polar displacements, although fur-
ther measurements, including measurements near other
diffraction conditions are required to fully describe the
shape and orientation of polar regions[51]. While sim-
ilar 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
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FIG. 4. 2D intensity plots of 3D RSM studies performed at 153 K to observe diffuse-scattering from polar distortions. a) 15
nm, b) 22 nm and c) 70nm films show a clover-shaped diffuse scattering pattern that is visualized by taking a radial line cut at

q = 0.027 Å
−1

(white dashed line) showing the intensity variation from the 4 lobes. d-f) The intensity variation along the radial
line cut shows 4 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 [100] direction and fitting to eq. 1 (black line), resulting in a polar correlation length of
23 nm.

is presented in the Supplemental Material S8, [23]). Us-
ing this 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.
4g):

Idiff =
IoΓ

π(Γ2 + q2)
. (1)

where Γ is the half-width at half-maximum (HWHM),
q is the distance from the center of the peak, and I0 is
the integrated intensity of the diffuse scattering. Taking
the reciprocal of Γ provides a measure of the correlation
length (ξ) of the polar structures; which was found to be
≈ 23 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 associ-
ated 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 discuss the

scaling behavior of the critical temperatures and polar-
ization 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 increas-
ing dipolar interaction 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 struc-

tures with the film interfaces. At the relaxor-electrode
interfaces (both top and bottom of the film), weak depo-
larization 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 formation
of 180° domains in ultrathin ferroelectrics[16, 17, 52]. As
such, the observation that Tf begins decreasing at the
largest thicknesses is likely evidence of the presence of
larger clusters that begin interacting with the film thick-
ness 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 ex-
tend 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 sup-
pression of polarization response with decreasing thick-
ness. This may also provide an explanation for the lack
of nonlinearity observed in the 7-nm-thick films, despite
dielectric measurements showing a peak and frequency-
dispersion, since the film has not become purely dielec-
tric, but only the smallest polar clusters and boundaries
are still free to move while most of the polarization is
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locked in strong locally-anisotropic potential wells. Over-
all, 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 indi-
cate 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 PbSc0.5Ta0.5O3 thin films of

varying thickness were synthesized and studied to un-
derstand finite-size effects in relaxors. The temperature-
evolution of polar structure in the films is relatively insen-
sitive to finite-size effects, with only small changes appar-
ent below ≈ 22 nm, whereas the magnitude of polariza-
tion response is continually suppressed with decreasing
thickness. Between 20 nm and 30 nm, a distinct change in
scaling is observed that is reflected in changes in the abil-
ity 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, con-
siderably more study of the diffuse-scattering patterns
are required. Ultimately, these results have important
implications for understanding relaxor material response

both in small-grain-size ceramics and thin-film devices as
the large electrical response typically associated with re-
laxors is greatly suppressed at reduced dimensions, plac-
ing a lower bound on the length-scale at which relaxors
can be utilized.
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