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Hybrid polar state in epitaxial (111) PbSc, sNby sO; relaxor ferroelectric films
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In relaxor ferroelectrics, the interplay between the short-range-order dipolar state and long-range-order
ferroelectric state leads to outstanding response functions, which enable valuable capacitor, electromechani-
cal, pyroelectric, and electrocaloric applications. Advanced applications are envisaged with epitaxial relaxor
ferroelectric films, whose fundamentals are still poorly explored. In particular, frustration of ferroelectricity,
contrasting the bulk behavior, has been found and ascribed to nonpolar crystal orientation in (001) epitaxial
films of archetypical lead-based relaxors. Here, a peculiar hybrid polar state, where coexisting long-range
and short-range orders persist to very low temperatures, is demonstrated in epitaxial polar-oriented (111)
PbSc(5Nby 505 films. The hybrid state is evidenced by relaxorlike frustrations of ferroelectric transition and
the Curie-Weiss behavior, validity of the Vogel-Fulcher relationship, a non-Rayleigh dynamic nonlinearity, and
a ferroelectriclike low-temperature polarization. Local fluctuations of lattice strain arising from the relaxation of
large epitaxial misfit are suggested to be responsible for the hybrid polar state. Introducing strain fluctuations by
doping or nanostructuring is anticipated to boost the dynamic dielectric and piezoelectric performance of many

perovskite oxide ferroelectrics.
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I. INTRODUCTION

Great advances in thin-film technology and research over
the past three decades have resulted in the synthesis of
epitaxial ferroelectric (FE) heterostructures with novel and
enhanced properties [1-4]. Phase diagrams and polarization
of epitaxially strained perovskite oxide FE films were the-
oretically predicted by phenomenological and ab initio cal-
culations and the films exhibiting remarkable strain-induced
behavior were experimentally demonstrated [5—14]. Contrast-
ing the progress in studies of epitaxial FE films, similar
development is still elusive with epitaxial perovskite relaxor
ferroelectric (RFE) thin films.

Unlike the abrupt transition between the high-temperature
nonpolar paraelectric (PE) state and the low-temperature long-
range-ordered polar FE state in normal FEs, a short-range po-
lar order and giant dipoles are present in the high-temperature
relaxor (R) state in RFEs [15-18]. On cooling, RFEs undergo
a spontaneous or an electric-field-induced phase transition
from such R phase to a low-temperature FE phase [17].
The complex interplay between a short-range dipolar R state
and long-range FE state leads to outstanding and unmatched
response functions, which enable capacitor, electromechan-
ical, pyroelectric, and electrocaloric applications of RFEs
[19-24]. Advances in nanoscale applications are envisaged
with epitaxial RFE films, and some of them have already
been demonstrated [25,26]. Concurrently, the understanding
of RFE behavior in epitaxial thin films continues to be a
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major challenge despite intensive theoretical efforts made in
recent years [27-33]. In particular, understanding of the low-
temperature state is crucial for achieving desired functionali-
ties in epitaxial RFE films.

As found experimentally, bulk-type RFE behavior is not
encountered with epitaxial (001) RFE films, where the dipolar
R state is more stable. For instance, the temperature- and/or
electric-field-induced R-to-FE phase transitions are frustrated
in epitaxial (001) films of archetypical PbMg;;3Nb;/303
(PMN) and PbSC]/sz1/203 (PSN) RFEs [34—36] The low-
temperature polar phase differs from the bulk one and is
not fundamentally ferroelectric in these films. Moreover, the
R phase is robust in both epitaxially strained and nearly
unstrained (001) RFE films. This observation suggests that
the suppression of the FE transition may be more univer-
sally related to film-substrate coupling, especially substrate-
induced (001) orientation of the films [34-37]. We note that
in these films, the electric field is applied and responses
are measured along the out-of-plane [001] direction, which
contrasts with the [111] polar direction in PMN and PSN
[18,38—41]. Thus, the out-of-plane (111) film orientation may
favor bulklike RFE behavior with the low-temperature FE
long-range-ordered state. However, in contrast to this expec-
tation, we experimentally demonstrate here a hybrid polar
state in epitaxial (111) PSN films, which exhibit frustrated
FE transition and low-temperature coexistence of FE-like
switching with R-like dipolar nonlinearity. Our observations
evidence that the long-range and short-range polar orders
concurrently persist to very low temperatures in these films.
We discuss local fluctuations of lattice strain as responsible
for the hybrid state in the films of PSN and other related
materials.
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II. EXPERIMENT

Epitaxial heterostructures of the PSN films using SrRuO;
(SRO) bottom electrodes were grown by pulsed laser
deposition (PLD) on (111) SrTiO3 (STO) and (0001) Al,O3
(c-Al,03) single-crystal substrates. Film thicknesses in
the (111)PSN/SRO stacks were 300/20 nm on STO and
150/20 nm on Al,Oj3, while the increased (110) fraction was
obtained in thicker PSN films on (0001)Al,03. Reference
heterostructures using films of normal FE tetragonal
PbZr,TipgO3 and rhombohedral PbZrg¢;5Tip3503 were
deposited on (001) SrTiO; and (0001) Al,O3 substrates for
comparison. All films were grown at 700 °C and 20 Pa of
ambient oxygen pressure.

The room-temperature crystal phases, orientation, epitaxy,
and strain were analyzed using x-ray diffraction (XRD) on
a high-resolution x-ray diffractometer (Bruker D8 Discover
and Rigaku SmartLab) with CuK« | /CuKe radiation. In-plane
epitaxy and stacking were inspected by reciprocal space map-
ping and phi scans. Film lattice parameters were determined
from the positions of diffraction peaks using substrates as a
reference. Surface morphology of the films was studied by
atomic force microscope (AFM, MultiMode 8, Bruker).

The dielectric and ferroelectric responses of the het-
erostructures were measured using a precision LCR me-
ter (4284A, Agilent Technologies), an impedance analyzer
(Alpha-AN, Novocontrol Technologies), and a ferroelectric
test system (TF 2000 E Analyzer, aixACCT Systems GmbH).
The electric field was applied and the responses were mea-
sured along the out-of-plane polar (111) direction of the PSN
films. For the electrical characterization, SRO/PSN/Pt capac-
itors were formed by shadow-mask PLD of Pt top electrode
pads. The capacitance and dielectric loss were determined as
a function of frequency (f = 10?~10° Hz), temperature (T =
100-600 K), amplitude of ac voltage (Vac = 0.001-3 V), and
dc bias (Vpc = 0-10 V). The dynamic/quasistatic polarization
and current loops were recorded as a function of applied
voltage at T = 100-300 K and f =1 kHz. Temperature
control during the measurements was realized by a multiprobe
thermal stage (THMS 600, Linkam Scientific Instruments)
and flow cryostat (ST-100, Janis Research Company, LLC)
equipped with temperature controller (Model 335, Lake Shore
Cryotronics, Inc.).

III. RESULTS AND DISCUSSION

A. Crystal structure

Chemically disordered bulk PSN possesses a rhombohe-
dral structure with lattice constant of ap = 4.0828 A and
a = 89.915° at room temperature [39]. Considering coherent
epitaxial growth of (111) oriented pseudocubic perovskite
cells of PSN and SRO on top of (111) STO and (0001)
Al,O3 substrates [see, e.g., Refs. [42—47], the theoretical
film-substrate misfit is large. In particular, the PSN-STO mis-
fit is approximately s =1 —d,7,(PSN)/d,1, (STO) =1 —
dy 15 (PSN)/d,5(STO) ~ —4.6% along the in-plane [110] and
[112] directions, correspondingly. Epitaxial (111) perovskite
oxides (and face-centered-cubic metals) show two possible in-
plane orientations on (0001) Al,O3 with [110] film direction
aligned with substrate [1010] or [1120] directions [44,48,49].
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FIG. 1. (a),(b) XRD ®-20 patterns in (a) PSN/SRO/STO and
(b) PSN/SRO/c-Al,O53 with diffraction peaks from PSN, STO, and
c-Al,O; (substrate diffractions marked with S), and SRO bottom
electrode (marked with “e”). (c) XRD reciprocal space map around
the (312) lattice point in PSN/SRO/STO. (d) XRD phi scans through
PSN (312), (303), (411) and Al,O3 (1126) reciprocal lattice points in
PSN/SRO/c-AlLO3. (e),(f) AFM images of surface topography in (e)
PSN/SRO/STO and (f) PSN/SRO/c-Al,O5. Scan size is 2 x 2 um.

To estimate PSN-Al,O3; misfit, domain matching epitaxy is
assumed [44,49-51]. (111) PSN shows the closest in-plane
match along the close-packed Al,O3 [1010] direction with
mismatch of s = 1 — dp35,(PSN)/d;43, (ALLO3) =~ —5%. Other
in-plane directions show higher lattice mismatches on c-plane
Al,O3 and domain matching epitaxy is required. Similarly,
the misfits are estimated for pseudocubic perovskite (111)
SRO: —0.8% on STO and —1.2% on Al,O5. By extrapolating
lattice parameters to the high deposition temperature, the
misfits of —4.0% for PSN/STO and —4.9% for PSN/AI,O3
are estimated for film growth. For coherent growth of (111)
SRO on (111) STO and (0001) Al,O3, the theoretical PSN-
SRO misfits are close to the large PSN-substrate misfits.
Despite these large misfits, highly oriented (111) PSN films
possessing clear in-plane film-substrate epitaxial relationships
are obtained here.

As evidenced by XRD ®-20 scans, the (111) planes of per-
ovskite cells of PSN and SRO are parallel to the (111) planes
of STO [Fig. 1(a)] and (0001) planes of c-Al,O3 [Fig. 1(b)].
Neither the pyrochlore phase nor chemical ordering along the
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(111) direction are detected in the PSN films. The presence of
a small (110)-oriented PSN fraction is found in the stack on
c-Al, O3 [Fig. 1(b), diffraction peak at ~31°]. From the (222)
PSN peaks, the out-of-plane lattice spacing dyy, =~ 1.178(8) A
and dayy ~ 1.178(4) A is found for PSN on (111) STO and
c-Al, 03, respectively. These values translate to pseudocubic
unit-cell parameters of 4.083 A and 4.082 A, correspondingly.

The in-plane orientation and epitaxy of (111) PSN was
deduced from an XRD reciprocal spaced map and/or phi scans
(Figs. 1(c) and 1(d), Supplemental Material Fig. S2 [47]). The
reciprocal space map around the (312) lattice point in the
PSN/SRO/(111)STO stack confirmed the epitaxial relation-
ship [Fig. 1(c)], and the extracted in-plane lattice spacing of
dfo = 2.886(2) A is consistent with the out-of-plane @-26@
measurements. The phi scans of (111) PSN on ¢-Al,O3 show
off-axis diffractions peaks from PSN {312} crystal planes
at 60° intervals aligned with the substrate {1126} diffrac-
tions [Fig. 1(d)]. Other off-axis diffractions from {303} /{411}
PSN planes were observed with 30° rotation in relation
to the substrate in-plane [1120] direction. Additionally, phi
scans of the {220} PSN diffractions show three- and sixfold
symmetry for PSN/SRO/(111)STO and PSN/SRO/c-Al,03
heterostructures, respectively [47]. This indicates that (111)
PSN on c¢-Al,O; has two crystal variants with epitax-
ial relationships of PSN[110] (11 1)||Al,O3[1 120](0001) and
PSN[110] (111)]|Al,03[1120] (0001). Similar twin-related
A- and B-type crystal variants with different out-of-plane
stacking orders have been observed in other (111)-oriented
films [48,52-54]. The (111) PSN on STO shows one
type of crystal variant and the epitaxial relationship is
PSN[110](111)||STO[1T0](111).

The deposited perovskite (111) PSN films possess lattice
parameters which are close to the bulk parameter. This prox-
imity implies efficient relaxation of epitaxial misfit strain in
PSN. Such relaxation of large misfit strain is known to pro-
ceed through the formation of a nanocolumnar microstructure
during Stranski-Krastanov epitaxial growth [55]. The result-
ing low-angle columnar boundaries do not destroy epitaxial
relationships [55-59]. Consistent with the previous observa-
tions, epitaxial nanocolumns with lateral dimensions of 50—
70 nm are also found in the PSN films [Figs. 1(e) and 1(f)].

We note that relaxation of large epitaxial strain also pro-
duces substantial inhomogeneities of lattice strain, which are
indicated here by broad XRD peaks. Moreover, in contrast to
monotonic strain distribution across film thickness [60], such
inhomogeneities are random fluctuations of lattice strain on
a nanometer-length scale [61,62]. Notably, these fluctuations
do not have to be directly connected with misfit dislocations,
but they can be produced by nonuniform stress fields result-
ing from dislocations and other structural defects [62]. The
local random strain fluctuations were shown to be responsible
for the unusual dynamic properties of FE BaTiO; films in
strongly mismatched heterostructures [63]. Here, strain fluc-
tuations lead to a hybrid polar state, revealed by the electrical
characterization as described next.

B. Phase transition

In bulk PSN, a spontaneous R-FE phase transition occurs
on cooling within the temperature region of Tgg ~ 341-384 K
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FIG. 2. (a),(b) The real part ¢ of the relative dielectric per-
mittivity at f = 0.3-12 kHz and (c) derivative of the inverse &
of the relative dielectric permittivity at 2.2 kHz as a function of
temperature on cooling for (a),(c) PSN/SRO/(111)STO and (b),(c)
PSN/SRO/c-Al, O3 heterostructures. (d) The Vogel-Fulcher relation-
ship fitting between the observed temperature of the maximum real
part of dielectric permittivity 7,, and the measurement frequency
f (100 Hz-14 kHz) for the PSN/SRO/(111)STO thin-film het-
erostructure. Arrows in (a) and (b) show the direction of increasing
frequency.

and it is manifested by an abrupt drop in the dielectric per-
mittivity at temperatures below the temperature of the maxi-
mum permittivity 7, > Trg [18,34,38,64-68]. The frequency
dispersion of 7,, obeys the Vogel-Fulcher law in PSN, that
is typical for the R state [18,68]. In thin-film capacitor het-
erostructures, tracking the R-FE or PE-FE transitions from the
dielectric peaks is obscure because of extrinsic capacitor con-
tributions to the measured dielectric response [35,69,70]. Also
here, relatively high resistance of the bottom SRO electrode
significantly contributes to frequency dispersion of the real
part of the permittivity (¢') and loss tangent (tan §) [47]. The
effect makes it difficult to conclude on the FE or R state from
the broad frequency-dependent dielectric peaks at around
T,, = 335-350 K [Figs. 2(a) and 2(b)]. However, analysis
of T,,(f) at low frequencies is possible in PSN/SRO/STO.
The analysis reveals the Vogel-Fulcher relationship with the
fitted activation energy E, = 379 K, freezing temperature
Ty =300 K, and averaged relaxation frequency fp = 0.65 x
10% Hz [Fig. 2(d)]. The obtained frequency fy is small com-
pared to typical frequencies of 10!'-10'3 Hz in canonical bulk
relaxors [18] and points to slowly relaxing polar entities: the
corresponding average relaxation time is ~1.5 x 1078 s.

A possible FE phase transition was investigated by plotting
the derivative of inverse permittivity £ as a function of temper-
ature [Fig. 2(c)]. As shown before, the spontaneous onset of
the FE state is evidenced by a constant value of £(T'), corre-
sponding to the low-temperature Curie-Weiss behavior in PSN
ceramics [34]. The shape of the £(T) curves in the (111) PSN
films does not indicate any FE state at low temperatures. The
derivative £ (T') decreases gradually on cooling down to T =
100 K without a low-temperature plateau or any detectable
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FIG. 3. (a),(b) Dynamic polarization (blue), quasistatic polar-
ization (red), and (c),(d) dynamic current loops of relaxor ferro-
electric (111) PSN thin films at 7 =300 K and f =1 kHz for
(a),(c) PSN/SRO/(111)STO and (b),(d) PSN/SRO/c-Al, O3 thin-film
heterostructures.

deviation point to signify the onset of the phase transition.
The shape of £(T') at high temperatures (>500 K) is assigned
to increased conduction of the PSN film. The observed &(T)
behavior is similar to that in epitaxial (001) RFE films and
PMN crystal, and clearly differs from the behavior of PSN
bulk and normal FE films [34,35,71,72].

The validity of the Vogel-Fulcher relationship and the
low-temperature R-type derivative £(7") show that the FE
transition is frustrated in the (111) PSN films. This frustration
contrasts the spontaneous FE transition, which is present in
bulk PSN irrespective of different degrees of chemical order,
doping, and defect concentrations, or grain size in ceram-
ics [38,39,64,65,73]. On the other hand, a R-to-FE phase
transition was not observed by dielectric measurements in
fine-grained PSN ceramics (grain size <80 nm) [74]. The
low-temperature non-FE state in the (111) PSN films is further
explored by polarization measurements.

C. Polarization

The dielectric response suggests the low-temperature R
state in the (111) PSN films. However, although the spon-
taneous FE transition is frustrated, an electric-field-induced
FE transition is still possible in the R state. Thus, the PSN
films are expected to show FE-type behavior below 7, un-
der the application of external electric field along the [111]
direction. To explore this possibility, ferroelectric properties,
including polarization and switching, of the PSN films were
tested by measuring dynamic polarization-voltage (P-V) and
current-voltage (J-V) loops, quasistatic polarization-voltage
(Pgs-V) loops where polarization is determined at each
voltage point after a constant relaxation time of 1 s, and
capacitance-voltage (C-V) characteristics in a temperature
range of T = 100-300 K, below T,,,.

Figure 3 presents the measured room-temperature dynamic
and quasistatic loops for the studied (111) PSN films. Polar-
ization loops are slim with small remanent polarization and
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FIG. 4. (111) PSN polarization switching at 7 = 100 K: (a),(b)
dynamic polarization P; (c),(d) dynamic switching current density
J; and (e),(f) quasistatic polarization Py and normalized real part
of relative permittivity ¢’/e; . as a function of applied voltage
at f =1 kHz. Results in (a),(c),(e) and (b),(d),(f) are measured
for PSN/SRO/(111)STO and PSN/SRO/c-Al,O; heterostructures,

respectively.

coercive voltage values, especially for quasistatic loops. The
measured minor dielectric hysteresis (C-V loops) is consistent
with polarization loops [47]. The film behavior opposes a
well-defined room-temperature polarization switching of the
bulk PSN [67,68,75]. We note that extrinsic factors (e.g.,
high-resistance electrodes, small film thickness, clamping,
etc.) may, in principle, lead to slim polarization loops in
thin FE films [70,76,77]. However, such slim loops are
not detected in our reference capacitors using films of nor-
mal FE PbZr(,TipgO3 and PbZr( ¢5Tig 3503 grown on SRO-
coated STO and Al,O3 [47]. The reference Pb(Zr,Ti)O5 films
demonstrate well-defined hysteresis loops typical for a single-
crystalline or ceramic bulk FEs. The obvious difference in
the hysteresis behavior between the reference FE films and
the (111) PSN films discards extrinsic factors as causing slim
loops.

The polarization behavior evolves from the R-like to FE-
like on cooling. The remanent polarization P, and coercive
field E, increase monotonically on cooling and reach P, >
1520 C/cm? and E. ~ 100kV/cm at T = 100 K (Fig. 4).
In addition to the FE-like P-V loops, the switching currents
and butterfly-type C-V curves [Figs. 4(c)—4(f)] are also of FE
character. The loops offset is caused by different electrode
materials in the capacitors and by electric-field-induced dy-
namics in the films [36]. We stress that the FE-type switching
behavior is evidenced only at the temperatures much lower
than 7,, in the (111) PSN films, which resembles behavior
in epitaxial (001) PSN films [35]. Concurrently with the FE-
like shape of the loops (Fig. 4), the remanent polarization
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FIG. 5. The real part of dielectric permittivity change A¢’ as a
function of applied ac voltage amplitude Vac and temperature at f =
1 kHz for (a),(c) PSN/SRO/(111)STO and (b),(d) PSN/SRO/c-Al,05
thin-film heterostructures. Dotted lines in (a),(b) show the Ag’ =
a Vi fitsat T = 100 K.

and saturation polarization increase with maximum applied
voltage (Supplemental Material, Fig. S7 [47]). Such increase
is consistent with the electric-field-induced dipolar flips and
flow of a field-induced R-FE phase boundary [36].

D. Dipolar dynamics

To get better insight into the polar state in the (111) PSN
films, we study dynamic dielectric responses as a function
of ac drive therein. In normal FE materials, the subswitch-
ing domain-wall motion produces the Rayleigh-type linear
dependence of permittivity on amplitude Ec of the ac field,
i.e., & (Eac) = €(0) + aEac [78]. In the absence of FE do-
mains and domain walls, the dielectric response of RFEs is
determined by thermally and/or electrically activated flips of
giant dipoles, and the behavior of &'(Eac) is more complex
[17,79]. For instance, in relaxor PMN crystal, the nonlinear
permittivity Ae’ obeys a quadratic ac field dependence [i.e.,
Ag' =& (Exc) — €'(0) o Eac’] at small fields and power
dependence at higher fields [80,81]. Experimentally, quadratic
dependence of Ag’ on Eac was found at low fields for (001)
RFE epitaxial thin films of PMN, PMN-PbTiOs, and PSN
[69,82].

The measured Ag’ versus Vac dependencies for
PSN/SRO/(111)STO and PSN/SRO/c-Al,03 heterostructures
are presented in Fig. 5 up to Vyc =3 V (corresponds to
Eac of 100 and 200 kV/cm). The nonlinear permittivity
Ag’ at T =100 K was fitted with the power function up
to Eac = 100kV/cm, and exponent values of N = 1.85
and N = 1.6 were extracted for PSN/SRO/(111)STO and
PSN/SRO/c-Al,O3 thin-film heterostructures, respectively
(Figs. 5(a) and 5(b), Supplemental Material Fig. S8 [47]).
The Eac range used in fitting extends approximately to the
coercive fields’ values found in the polarization measurements
[Figs. 4(a) and 4(b)]. The obtained exponents evidence the
dipolar dynamics, different from the Rayleigh-type FE
domain-wall motion. Thus, giant dipoles rather than normal

FE domains are present in the (111) PSN films at low T.
Also, at higher temperatures of 150-300 K, the dynamics is
of dipolar character. The field dependence of the nonlinear
part of the PSN permittivity shows a maximum, which shifts
to lower ac voltages with increasing temperature [Figs. 5(c)
and 5(d)]. This behavior is consistent with the theoretical
simulations of dipolar dynamics and previous observations in
epitaxial PMN films [32,82,83]. The results in Fig. 5 imply
the presence of dipoles in the low-temperature state (below
T,,) of the (111) PSN films.

E. Discussion

Our experimental studies of the (111) PSN films revealed
that in contrast to bulk behavior, spontaneous R-FE transition
is frustrated, giant dipoles remain present on cooling below
T,., and dipolar relaxation is very slow around 7, in the films.
Concurrently, the electric-field-induced low-temperature state
is FE-like. The detected coexistence of the R-like and FE-like
features implies a hybrid polar state, where the short-range
polar order coexists with the long-range one. Because similar
observations were done in the (001) epitaxial films of PSN
and PMN, we discard the film orientation as responsible for
the hybrid state.

We note that the coexistence of short- and long-range polar
orders was recently detected in epitaxial films of normal FE
BaTiO3 (BTO) on STO [63]. Concurrently, relaxation of large
epitaxial misfit was found to result in significant random
fluctuations of lattice strain in such BTO films [61,62]. Be-
cause of strain-polarization coupling in BTO, strain fluctu-
ations produce fluctuations of polarization, leading to polar
nanoregions or giant dipoles. The strain-fluctuation-induced
giant dipoles (or strain dipoles here for brevity) interact
elastically and electrically compared to mainly electrical in-
teraction between dipoles, related to cationic B'—B! charge
imbalance in Pb(B!,B™)O3; RFEs. Due to their elastic origin
and interactions, the strain dipoles possess longer relaxation
times than RFE dipoles. Similar to RFE dipoles, the strain
dipoles manifest themselves in such R-like features as Vogel-
Fulcher behavior, deviation from the Curie-Weiss law, and
non-Rayleigh dynamic nonlinearity.

The strain dipoles can originate from the relaxation of large
epitaxial misfit in the (111) PSN films and in the previously
reported (001) PSN and PMN films. The relaxation time of
~1078 s is significantly longer than for RFE dipoles that con-
firms the presence of the strain dipoles here. The strain dipoles
are responsible for the observed R-type features, pertaining to
the very low temperatures.

We stress that fluctuations of lattice strain can lead to giant
dipoles only in such materials, where polarization is a strong
enough function of strain. For instance, this is not the case
in PbTiO3; and Pb(Zr,Ti)O3 [7,9]. Therefore, relaxation of
large misfit and related fluctuations of lattice strain have no
detectable impact on normal FE behavior in thin films of these
perovskites. The FE properties of our reference Pb(Zr,Ti)O3
films comply with this trend [47].

Finally, we note that the strain dipoles and hybrid polar
state are naturally formed here through misfit relaxation.
However, strain fluctuations can also be created by appro-
priate doping or nanostructuring, allowing for a hybrid polar
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state not only in thin films, but also in bulk samples and
thick layers. We anticipate that advanced dynamic dielectric
and piezoelectric performance can be achieved by introducing
strain fluctuations in many perovskite oxide FEs.

IV. CONCLUSIONS

Heterostructures of perovskite (111) PSN films and (111)
SRO bottom electrodes are grown on (111) SrTiO; and
(0001) Al, O3 substrates. Epitaxy and relaxation of large misfit
strain are revealed in the PSN films. The dielectric response
and polarization are inspected as a function of tempera-
ture, frequency, amplitude of ac voltage, and dc bias in the
Pt/PSN/SRO stacks. The relaxorlike frustration of the ferro-
electric transition, the Vogel-Fulcher relationship, deviation
from the Curie-Weiss behavior, and non-Rayleigh dynamic
nonlinearity are found to coexist with the ferroelectriclike
low-temperature polarization in PSN, implying a hybrid polar

state, where the short-range polar order coexists with the long-
range one. The hybrid polar state is caused by local strain fluc-
tuations, which arise from misfit relaxation and produce po-
larization fluctuations owing to strain-polarization coupling.
Enhanced dynamic dielectric and piezoelectric properties are
expected for a hybrid polar state in many other perovskite
oxide ferroelectrics, where strain fluctuations are induced by
doping or nanostructuring.
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