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The increasing miniaturization of electronics requires a better understanding of material properties at the
nanoscale. Many studies have shown that there is a ferroelectric size limit in oxides, below which the
ferroelectricity will be strongly suppressed due to the depolarization field, and whether such a limit still
exists in the absence of the depolarization field remains unclear. Here, by applying uniaxial strain, we
obtain pure in-plane polarized ferroelectricity in ultrathin SrTiO3 membranes, providing a clean system
with high tunability to explore ferroelectric size effects especially the thickness-dependent ferroelectric
instability with no depolarization field. Surprisingly, the domain size, ferroelectric transition temperature,
and critical strain for room-temperature ferroelectricity all exhibit significant thickness dependence. These
results indicate that the stability of ferroelectricity is suppressed (enhanced) by increasing the surface or
bulk ratio (strain), which can be explained by considering the thickness-dependent dipole-dipole
interactions within the transverse Ising model. Our study provides new insights into ferroelectric size
effects and sheds light on the applications of ferroelectric thin films in nanoelectronics.

DOI: 10.1103/PhysRevLett.130.126801

Ferroelectric oxides with ABO3 perovskite structures,
exhibitingmultitudinous robust performances in high dielec-
tric permittivities [1–3] and piezoelectric responses [4–7],
have promoted promising electronic applications such as
nonvolatile ferroelectric memories [8–12], piezoelectric
sensors [6], capacitors [13,14], and energy harvesters [15].
The ever-increasing commercial demands for high-density
integration and portability of electronics further provide
growing impetus to seek stable ferroelectricity at low
dimensions. However, the ferroelectricity in oxides is
strongly dependent on film thickness. Suffering from pro-
nounced size effects, the ferroelectricity can be suppressed or
even ruined when film thickness shrinks down to the nano-
scale [16–25]. A remarkable challenge, as a result, is to
disclose the key mechanism of size effects in perovskite
ferroelectrics for optimizing the practical design of devices.
To date, many studies on ferroelectric size effects have

been attempted both theoretically and experimentally
[17–20,23–35]. Early reports have shown that the size
effects of ferroelectricity require a critical volume,

approximately hundreds of nanometers, to align the electric
dipoles [27,30]. Nevertheless, with the rapid development
in fabrication techniques over the past decades, much
smaller critical thickness values (a few nanometers) have
been demonstrated in high-quality ferroelectric films
[16–22], providing an abundant opportunity for exploring
intrinsic size effects. On the grounds of these experimental
discoveries and in light of the specific electrical boundary
condition of imperfect screening at surfaces, the theory of
depolarization field [31–34,36] is developed to account for
observed size effects in ultrathin ferroelectrics, especially
for out-of-plane polarized perovskite oxides such as
BaTiO3 [16–18] and PbTiO3 [20–22]. However, in regard
to the case without a depolarization field, a systematic
investigation is largely absent, whereas it is still nontrivial
whether size effects will exist and how the ferroelectric
properties evolve with thickness in this situation. As the
Mermin-Wagner theorem dictates that the long-range
magnetic order is strongly suppressed by thermal fluctuations
in ultrathin ferromagnetic materials [37], whether such an
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inherent dimensionality effect exists in ferroelectricmaterials
regardless of the depolarization field remains elusive. Some
theoretical calculations [38–40] regarding this problem have
been presented to enlighten these explorations, but direct
experimental confirmation remains insufficient. Benefiting
from the recently developed film transfer and stretchmethods
[5,41–45], purely in-plane ferroelectricity with a ferroelectric
transition temperature (Tc) up to 400 K has been realized in
freestanding SrTiO3 (STO) membranes [42], providing a
clean and unique platform for studying the possible uncon-
ventional size effects unrelated to the depolarization field.
In this Letter, we synthesize freestanding STO mem-

branes with various thicknesses and investigate their thick-
ness-dependent stability of ferroelectricity under uniaxial
tensile strain. At reduced thickness, ultrathin in-plane
polarized STO membranes exhibit suppressed Tc,
enhanced critical strain for room-temperature ferroelectric-
ity, and reduced domain size. All these results suggest the
presence of a pronounced ferroelectric size effect even
without a depolarization field, which can be explained by
considering thickness-dependent dipole-dipole interactions
within the framework of the transverse Ising model.
A series of STO films with a thickness of n unit cell (u.c.)

(n ¼ 5, 7, 10, 15, 20) were grown on single-crystalline
(001) STO substrates with Sr3Al2O6 sacrificial buffer
layers by molecular beam epitaxy, as described elsewhere

]5,46,47 ]. The experimental film transfer and the stretching
process are sketched in Supplemental Material, Fig. S1
[48]. Typical reflection high-energy electron diffraction
(RHEED) intensity oscillations and high-resolution x-ray
diffraction (XRD) scans both indicate the high quality of
epitaxial STO films (Fig. S2 [48]). By transferring STO
membranes onto flexible substrates (polyethylene naph-
ihalate, PEN) using the thermosetting glue of epoxy,
atomically smooth surfaces with clear step terraces can
be well preserved on the lateral millimeter scale (Fig. S1
[48]). Moreover, the possible extrinsic morphology effects
on ferroelectricity can be ruled out. After transfer, the
stretching force (denoted as F) is exerted onto the PEN to
apply continuously tunable tensile strain along the [100]
direction. According to the first-principles density func-
tional theory calculations in Fig. S3 and Ref. [48], in-plane
ferroelectricity of the STO membrane emerges in the
stretched sample, and the value of polarization enhances
with the increased uniaxial tensile strain. The actual strain
state of STO membranes is calibrated using XRD, with a
measurement error of �0.04% (Fig. S4 [48]). To inves-
tigate the dynamics of in-plane ferroelectricity under the
precisely controlled strains, an in situ homemade device for
strain engineering is designed. As schematized in Fig. 1(a),
this device is compatible with both XRD and scanning
probe microscopy (SPM) characterizations.
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FIG. 1. Thickness-dependent domain structures under a fixed strain of 1.8%. (a) Schematic of the device for strain engineering. The
STO membranes are attached to a polymer substrate (PEN) using epoxy. The cantilever is placed with its arm perpendicular to the
stretching direction to detect the in-plane polarization along the [100] direction. (b) High-resolution XRD 2θ − ω scans for 10–20 u.c.
thick STO=epoxy=PEN samples. Asterisks denote the PEN diffraction peaks; the vertical dotted line marks the position of the STO
(002) diffraction peak. (c) LPFM height, amplitude, and phase images (from top to bottom) for STO membranes with various
thicknesses. Red arrows denote the polarization orientations. The scale bars are 400 nm.
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First, the crystal quality of unstrained freestanding STO
membranes is examined byXRD. InFig. 1(b), clear thickness
fringes and Kiessig fringes are observed for 10, 15, and
20 u.c. STOmembranes, indicating thewell-preserved single
crystallinity as well as a macroscopically large-area flat
surface. For example, inFig. S2(b) [48], the overall roughness
and thickness are found to be 240 pm and 6 nm, respectively,
in a 15 u.c. STOmembrane, similar to the pristine states of as-
grown films. Note that diffraction intensities for 5 and 7 u.c.
STO membranes are too weak to be detected here. The local
morphology and ferroelectric order are probed using SPM
methods. Specifically, lateral piezoresponse force micros-
copy (LPFM) is used for high-resolution visualization of the
in-plane domain structures. No response is observed in both
the out-of-plane and in-plane PFM signals from as-grown
STO films as well as unstrained STOmembranes, consistent
with its quantum paraelectric nature.
Having established that in-plane ferroelectricity can be

induced by uniaxial strain, we next investigate thickness-
dependent ferroelectric behaviors of STO membranes by
varying the film thickness while keeping other parameters
identical, especially the uniaxial strain. When increasing
tensile strain to a large value of 1.8%, all transferred STO
membranes demonstrate robust room-temperature ferro-
electricity. As shown in Fig. 1(c) and Fig. S5 [48], stripe-
textured in-plane 180° multidomains and switchable
piezo-hysteresis loops are observed in LPFM measure-
ments, among which the strain-induced 180° stripe domain
in thick STO membranes is consistent with the recent work
by Xu et al. [42]. The formation of such stripe domains is
most likely related to nucleation process of ferroelectric
domains. Under uniaxial strain, there are two equivalent
antiparallel ferroelectric polarizations. As the ferroelectric
stability increases, ferroelectric nucleation starts from any
place and finally evolves into stripe domains. The specific
in-plane polarization orientation of such domains, along
[100] or ½1̄00� is determined by trailing field methods
[62,63]. Temperature-dependent LPFM measurements
indicate that the domain size and morphology do not vary
with the thermal history (Fig. S6 [48]). During the whole
stretching process, no out-of-plane ferroelectric signal is
observed, while the in-plane polarization responses are
gradually enhanced along with the increasing uniaxial
strain. Moreover, the in-plane domain configurations are
strongly thickness dependent. Under the identical tensile
strain of 1.8%, the domain structure in 5 u.c. SrTiO3 is quite
distinct from that in 15 u.c. SrTiO3: the domain sizes are
smaller, and domain density is higher [Fig. 1(c)].
To quantitatively analyze the thickness-dependent

domain structures, the corresponding average domain sizes
and domain areas for multiple samples, including but not
limited to Fig. 1(c), are calculated for repeated validations.
And the data were taken in large and uniform areas inside
the samples to avoid the possible impact of defects and
nonuniform strain near the sample edge. Figure 2 shows

that both of the sizes and areas evolve dramatically over the
thickness range tested. For the domain size statistics, five
linecuts with equal spacing are performed in the binarized
amplitude patterns parallel and perpendicular to the stretch-
ing direction, as shown in the insets of Figs. 2(b) and 2(b).
A detailed demonstration to extract average domain size
is illustrated in Fig. S7 [48]. By counting the number of
domain walls (minima) that cross these line profiles, the
numbers of parallel and vertical domains can be obtained
accordingly. The average domain area for each film is
calculated as the product of the parallel and vertical domain
sizes. Quantified data are shown in Figs. 2(a)–2(c), which
suggests that the domain size decreases not only along the
[100] direction but also along the [010] direction with
reduced thickness. Correspondingly, the domain area is
also scaled down. These results are consistent with the
phase-field simulation results, showing that 5 u.c. STO
membranes display relatively smaller domain size and
higher domain wall density than 15 u.c membranes at
the same strain of 1.8% [Fig. 2(d)]. The shrunken domain
size at reduced thickness is most likely related to the lower
Tc and weaker polarization in ultrathin membranes. And
similar dependences of domain size on polarization and Tc
have been reported previously in the cases of out-of-
plane ferroelectrics [24,64–66]. These similarities imply
that the shrunken domain size is most likely related to the
lower ferroelectric instability, but a full understanding
of these observations requires further investigations. It is

FIG. 2. Quantitative analysis and phase-field simulations.
Average domain sizes along the [010] (a) and the [100]
(b) directions illustrating strong dependence on the film thick-
ness. Insets display the corresponding positions of five linecuts to
count the number of domains for meaningful statistics. (c) Aver-
age domain area as a function of film thickness. Insets: Two types
of domain configurations. (d) Phase-field simulations of domain
patterns from 15 and 5 u.c. STO membranes with a strain of
1.8%, respectively. Domain wall (DW); error bars represent the
standard deviations.
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noteworthy that the narrower domain size brings about
higher domain wall density in 5–10 u.c. STO membranes
[Fig. 1(c)]. One interesting aspect of this evolution of
domain configuration is the formation of high-density
charged domain walls [67,68], the head-to-head and tail-
to-tail 180° domain walls, as depicted in the insets of
Fig. 2(c) and Fig. S1 [48].
Apart from the evolution of domain structures, we also

explored the evolution of the ferroelectric Curie temper-
ature, Tc, as a function of thickness. The dielectric
measurements show a significant shift of Tc with increasing
strain as shown in Figs. 3(a) and S8. Note that the broad
transition observed in our strained STO membranes may
indicate the possible relaxorlike ferroelectric behavior,
similar to the features previously reported in epitaxially
strained titanate films [69–71]. These Tc values show a
nearly linear dependence on the uniaxial strain [Fig. 3(c)],

similar to previous reports [3,42], indicating the possibility
of using strain to predict Tc and vice versa. As we define
the critical strain in a way that room-temperature ferro-
electricity occurs, the experimental criterion for identifying
the emergence of room-temperature ferroelectricity and the
critical strain is a noticeable transition in LPFM amplitude
and phase images. For example, the determination of a
critical strain of 10 u.c. STO membrane is demonstrated in
Fig. S9 [48]. From the strain-induced variation in LPFM
amplitude intensity, we extract the average deviation
(Vadev) of intensity profiles integrated over the [100] axis,
along which the domain grows and propagates. As shown
in Fig. 3(d), for every STO membrane with different
thicknesses, the steep upturns in the Vadev vs strain curves
signify the emergence of room-temperature Tc.
Figure 3(e) summarizes the behavior of critical strain as a

function of film thickness. Every critical strain value was
repeatedly verified using samples of different batches with
the same thickness. In addition, the critical strain values for
10, 15, and 20 u.c. STO membranes extracted from the
dielectric capacitance peaks in Fig. 3(c), are the same as
those determined from the LPFM results in Fig. 3(d).
Obviously, at the same strain state, the ferroelectric tran-
sition temperature decreases as the film thickness decre-
ases, further providing strong evidence for the presence of
ferroelectric size effects. The observed abnormal increase
in the critical strain at 10 u.c. or thinner STO membranes
[Fig. 3(e)] is in line with the transition in domain con-
figurations [Fig. 1(c)]. Both of them corroborate the promi-
nent size effects in in-plane polarized STO membranes.
We now turn to discuss the origin of ferroelectric size

effects in strained STO membranes. With a zero depolari-
zation field, the suppression of ferroelectricity in thinner
membranes is most likely associated with the increasing
surface-to-volume ratio and the different chemical boundary
conditions at the surface, the two main factors emphasized
in the transverse Ising model [49,50,72–79]. This model is
used to microscopically describe the ferroelectric transition
by considering thickness-dependent dipole-dipole inter-
actions within the framework of the pseudospin theory,
which has been commonly employed to describe the phase
transition in STO [80–82]. By considering of the nearest-
neighbor interactions, the Hamiltonian of the system is
written as (for details see the Supplemental Material [48])

H ¼ −Ωi

X

i

Sxi − 1

2

X

i;j

JijS
z
i S

z
j;

where Sxi and Szi are the x and z components of a
pseudospin operator at site i and Jij is the interaction
between the ith and jth sites, with i and j running over all
sites. The transverse field Ω determines the rate of
tunneling of Ti atom from one potential minima to the
other in the double-well energy landscape. It is an energy
perturbation term related to thermal hopping [30], which

FIG. 3. Thickness-dependent Tc of strained STO membranes.
(a) Dielectric characterizations revealing strain-tunable Tc in a
15 u.c. STO=epoxy=PEN sample. Considering the relatively
broader peaks of the measured curves, the first derivative of
capacitance was used to extract the peak positions (black arrows).
(b) Optical image of coplanar interdigital electrodes deposited on
the surface of the 15 u.c. STO membrane. (c) The extracted Tc
values of 10–20 u.c. STO as a function of uniaxial strain. Error
bars include the uncertainty of peak positions extracted from
multiple measurements (vertical) and errors in measuring strain
(horizontal). (d) Normalized average deviation (Vadev) of ampli-
tude intensity vs uniaxial strain revealing domain formation at
room temperature. Curves for various thicknesses are offset for
clarity. The vertical dashed lines indicate the position of critical
strain for room-temperature ferroelectricity. (e) Thickness-de-
pendent critical strain for stretched STO membranes. Error bars
come from the measurement error of strain.

PHYSICAL REVIEW LETTERS 130, 126801 (2023)

126801-4



tends to disorder the parallel alignment of pseudospins
through quantum tunneling across the two double-well
ground states, while the Jij favors ordered alignment of
dipoles. As a result, a phase transition occurs when the
disorder effects are comparable with the ordered effects,
which is sensitive to the strain and thickness of the STO
membranes in our case.
Generally, due to the fewer nearest neighboring sites at

the surface, as schematized in Fig. 4(a), the overall surface
dipole-dipole interaction is naturally weaker than bulk
interaction. Therefore, as the thickness scales down, the
surface-to-volume ratio is elevated, and weak surface
dipole-dipole interactions dominate the overall polarization
state. The stability of ferroelectricity of the membrane is
thus impaired and even ruined below a critical thickness.
Accompanied with this, it results in the lower Tc. The
surface Js is typically weaker than bulk J in many materials
[83–86], which will further strengthen the descending trend
of Tc with reduced thickness. Likewise, the dipole (polari-
zation) orientation at the surface layer is more susceptible

to thermal vibration. Consequently, in our experiment,
lower Tc (larger critical strain) and smaller domain sizes
are observed in thinner membranes (n ≤ 10 u:c:). Larger
critical strain values are required to produce sufficient
atomic displacements (enhanced Js and J) to stabilize
ferroelectricity in thinner membranes and reach the same
transition temperature as thick ones.
To gain more insight into how the film thickness affects

Tc, the theory of the transverse Ising model is adopted to
simulate the relationship of critical strain vs thickness by
only taking the nearest neighboring dipole-dipole inter-
action into account, as shown in Fig. S10 [48]. With this
simple toy model, the simulated results show a tendency
consistent with our experimental observations, manifesting
a gradual upsurge in the critical strain at a reduced scale.
Furthermore, the ratio between surface Js and bulk J can be
deduced to be approximately 0.8 for the best agreement
between simulations and experimental data, implying the
suppressed dipole-dipole exchange strength at the surface
than in the bulk. As a result, for STO membranes, the weak
surface dipole-dipole interaction can be ascribed to the
fewer nearest neighboring sites as well as weaker Js.
Detailed simulation information can be found in the
Supplemental Material [48].
For the sake of intuitively imaging thickness-dependent

size effects of in-plane ferroelectric STO membranes, the
corresponding domain area and Tc as functions of film
thickness and uniaxial strain are summarized and plotted in
Fig. 4(b), indicating the close correlation between these
parameters. Specifically, we observed prominent in-plane
ferroelectric size effects in uniaxially strained ultrathin STO
membranes, revealing that size effects still exist in ferro-
electrics even without a depolarization field. The significant
suppression in domain size (area) and transition temper-
ature Tc is established in thinner STO membranes
(5–10 u.c.). Such progressive destabilization of ferroelec-
tricity can be explained via the transverse Ising model from
thickness-dependent dipole-dipole interactions. Although
we simplified the transverse Ising model by neglecting the
difference in J between parallel and perpendicular polar-
izations and the role of the next-nearest neighbor, this
simple toy model still captures the key physics and reflects
the expected trend. If such factors are considered, it is
believed that the simulation should have a better match with
experiments. Note that while we mainly use the transverse
Ising model to provide a simple explanation of the
experimental observations, a full understanding of the
underlying mechanisms requires in-depth theoretical inves-
tigations using various modes, such as the soft mode theory
[72,87,88].
It is also important to note that the dipole-dipole

interaction we discussed in STO membranes does not
merely exist in purely in-plane ferroelectrics, instead, in
all ferroelectrics. As expected, for out-of-plane ferroelec-
trics, the depolarization field-effect combined with the
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FIG. 4. The origin of the ferroelectric size effects. (a) Schematic
illustration of the dipole-dipole interaction in a transverse Ising
model considering nearest-neighbor interactions. Js is the surface
dipole-dipole interaction strength, while J is the bulk dipole-
dipole interaction strength. The green triangle and orange box
represent the nearest-neighbor interactions at the surface and in
the bulk, respectively. (b) Summarized phase diagram of STO
membranes unveiling how ferroelectricity (domain area and Tc)
evolves with film thickness and uniaxial strain. Solid lines
represent the experimental results, while the green dashed line
is the simulated data obtained from the transverse Ising model
(see Fig. S10). Different scales are used in the strain axis for
clarification.
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thickness-dependent dipole-dipole interaction should be
considered to explain the observed size effects. Similar to
the dimensionality effects on long-range magnetic order-
ing, our observations inply that such effects also exist in
ferroelectric materials regardless of the depolarization field.
Also note that our results show that even in the thinnest
films (5 u.c.), room-temperature ferroelectricity exists,
which indicates that the critical thickness may be absent
in these systems as long as the dipole-dipole interaction is
strong enough. This encouraging prediction offers tantaliz-
ing prospects for nanoelectronic devices. Last, the presence
of high-density domain walls observed at reduced thickness
brings new opportunities for the artificial creation of high-
density conductive domain walls in ultrathin ferroelectric
membranes, offering a promising avenue for nonvolatile
memory devices through dimensionality engineering. With
this ideal in-plane polarized ferroelectric membrane sys-
tem, we show the inherent size effects of ferroelectricity
driven by thickness-dependent dipole-dipole interactions
and their high tunability by applying uniaxial strain.
Therefore, our study inspires new insights into ferroelectric
size effects and provides instructive design for ferroelectric
devices.
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