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Effect of 90◦ domain walls on the low-field permittivity of PbZr0.2Ti0.8O3 thin films
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We report on the contribution of 90◦ ferroelastic domain walls in strain-engineered PbZr0.2Ti0.8O3

thin films to the room temperature permittivity. Using a combination of phenomenological
Ginzburg-Landau-Devonshire polydomain thin film models and epitaxial thin film growth and char-
acterization, the extrinsic or domain wall contribution to the low-field, reversible dielectric response
is evaluated as a function of increasing domain wall density. Using epitaxial thin film strain we have
engineered a set of samples that possess a known quantity of 90◦ domain walls that act as a model
system with which to probe the contribution from these ferroelastic domain walls. We observe a
strong enhancement of the permittivity with increasing domain wall density that matches the pre-
dictions of the phenomenological models. Additionally, we report experimentally measured bounds
to domain wall stiffness in such PbZr0.2Ti0.8O3 thin films as a function of domain wall density and
frequency.

Domains and domain walls are known to dramati-
cally impact the properties of ferroic materials. In fer-
roelectrics, for instance, the morphology of the domains
generally results in a configuration that minimizes the
sum of elastic and electrostatic energies, but is known
to depend on the material structure, the presence of
surfaces and interfaces, the elastic and thermal history,
electrical boundary conditions, and more.[1] Such do-
main structures can have a profound effect on the di-
electric, [2–4] piezoelectric,[3, 4] and pyroelectric[5] sus-
ceptibilities of ferroelectrics. This is due to the dis-
placement of domain walls under external stimuli (e.g.,
electric field, stress, and temperature) that gives rise
to a so-called extrinsic contribution to the susceptibil-
ities in addition to the intrinsic response of the polar-
ization. For small excitation amplitudes, the extrinsic
contribution is reversible and independent of the exci-
tation amplitude; however, for larger excitations irre-
versible motion of domain walls gives rise to an ampli-
tude dependent contribution.[6, 7] Even in the reversible
regime, these extrinsic contributions have been predicted
to give rise to large room-temperature susceptibilities
near strain- and thickness-induced transformations in
polydomain structures.[4, 8, 9]

Researchers have long recognized the important role
of domain walls in determining the permittivity of poly-
domain ferroelectrics.[10–12] A number of experimen-
tal studies (focused on bulk ceramics and polycrys-
talline films) have examined domain wall contributions
to permittivity.[3, 4, 9, 13] Using low-temperature mea-
surements, for instance, researchers “froze-out” the do-
main wall contribution and found 25-50% of the room
temperature response arising from extrinsic effects.[3]
Studies of textured, polycrystalline films suggested that
the extrinsic contribution to the room temperature per-
mittivity were dominated by 180◦ domain wall mo-
tion and that 90◦ domain walls were important only in
large grained films.[4] Furthermore, it has been observed
that 90◦ domain wall motion is substantially smaller in

PbZr1−xTixO3 (and other perovskite) thin films than in
bulk ceramics of the same composition.[4, 13–15] Recent
work on polycrystalline PbZr1−xTixO3 thin films has,
however, suggested that stress-driven motion of 90◦ do-
main walls can occur and gives rise to strong direct piezo-
electric response.[16, 17]

Models[8, 18–20] have also predicted enhancement
of the room-temperature permittivity in ferroelectric
thin films possessing 90◦ domain walls. First-principles
calculations[21] have shown that 90◦ domain walls should
have a lower lattice barrier for their translational motion
due to their larger width and should contribute signif-
icantly to dielectric properties near room temperature.
The importance of these 90◦ domain walls is further en-
hanced since they are very common in ferroelectric ca-
pacitor structures that are commonly used in practical
applications.[20, 22] Quantitative investigation of the ef-
fect of 90◦ domain walls to the permittivity, however, has
proved difficult to obtain due to the presence of grain
boundaries and a mixture of domain wall types in many
ferroelectric samples.

In this letter, we use a combination of theoretical and
experimental approaches to directly probe the effect of
90◦ domain walls on the room-temperature permittivity
of PbZr0.2Ti0.8O3 thin films and unequivocally demon-
strate how the reversible motion of these domain walls
can dramatically enhance dielectric permittivity. Us-
ing epitaxial thin-film strain, we have tuned the do-
main structure and the resulting permittivity of the films.
Comparisons to polydomain models reveal strong simi-
larities and in-depth experimental analysis enables us to
extract the domain wall contribution to the permittivity,
relate the measured effects to the microscopic details of
the domain wall response under applied electric fields,
and experimentally measure domain wall stiffness. This
highlights the importance of domain walls to the room
temperature permittivity and provides a realistic com-
parison between models and experiment.

Domain formation has long been recognized as a
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FIG. 1: Schematic illustration of predicted ferroelectric do-
main structure in various strain regimes for PbZr0.2Ti0.8O3

thin films and corresponding strain-dependent evolution of
room temperature permittivity. Solid line shows intrinsic plus
extrinsic contributions and dashed line shows the intrinsic
contribution alone.

ubiquitous mechanism for strain relief during the epi-
taxial growth of ferroelectric films.[23–25] The epitax-
ial strain due to the substrate is relieved by the for-
mation of a twinned structure with domains oriented
with their tetragonal axis essentially parallel (c-domains)
and perpendicular (a-domains) to the (001) substrate
normal.[26, 27] The relative abundance of domains of
each type depends on the misfit strain, film thickness,
and the temperature. In general, increasing tensile strain
increases the fraction of the a-domains and the most com-
mon of such domain structures consists of an alternating
array of c- and a-domains separated by 90◦ domain walls
that are oriented at ∼45◦ to the substrate normal (re-
ferred to here as c/a/c/a).

In order to understand the effect of these domain walls
on the physical properties, we consider a tetragonal fer-
roelectric film of PbZr0.2Ti0.8O3 grown epitaxially on a
(001)-oriented cubic substrate. The equilibrium domain
structure of the film at a given misfit strain can be pre-
dicted using polydomain Ginzburg-Landau-Devonshire
(GLD) models for dense domain structures.[5, 20, 22]
Assuming homogeneous strain fields inside the domains
and neglecting the domain wall self-energies and inter-
domain electrostatic interactions, we can write a free
energy for the system in terms of the polarization and
domain fractions while taking into account the coupling
between strain and polarization. By minimizing the free
energy with the in-plane strain imposed by the sub-
strate and by applying short-circuit electrical bound-
ary conditions we can calculate the equilibrium polar-
izations (P1,P2,P3) and domain fractions as a function
of the misfit strain. From such a calculation at 300K,
we see that at large compressive strains the film is mon-

odomain with the c-axis along the substrate normal [left,
Fig. 1]. On reducing the compressive strain it undergoes
an elastically-driven relaxation to the c/a/c/a domain
structure with an increasing fraction of a-domains with
increasing tensile strain [center, Fig. 1]. At a critical
tensile strain, the c-domains vanish and the film adopts
the a1/a2/a1/a2 domain structure. This transformation
from c → c/a/c/a → a1/a2/a1/a2 is accompanied by
a corresponding change in the out-of-plane permittivity
(ǫ33) which can be evaluated as

ǫ33 =
d〈P3〉

dE
= φc

dP3

dE
+ P3

dφc

dE
(1)

where P3, φc, and E represent the out-of-plane polariza-
tion, the fraction of the c-domains, and the electric field
along the substrate normal, respectively. The first term
represents the intrinsic permittivity of the polydomain
state and the second term is the extrinsic contribution to
the permittivity arising from the reversible displacement
of the domain walls that changes the domain fractions.
In the linear approximation (valid at low electric fields),
neglecting the effect of small domain wall displacement
on the polarization within the domains, we can calculate
the extrinsic contribution to the permittivity analytically
as[20]

ǫx =

(

s2
11

− s2
12

)

s11(Q11 −Q12)2P 2
s

(2)

where sij are the elastic compliances, Qij are the elec-
trostrictive coefficients, and Ps is the spontaneous polar-
ization within each domain such that the average polar-
ization along the substrate normal 〈P3〉 = φcPs. We find
that the intrinsic permittivity [dashed line, Fig. 1] of the
polydomain c/a/c/a state is < 100 and that the total per-
mittivity [solid line, Fig. 1] (intrinsic plus extrinsic con-
tributions) is expected to be enhanced. Furthermore, the
extrinsic contribution increases with increasing fraction
of the a-domains (and tensile strain) until the film trans-
forms to the completely in-plane polarized a1/a2/a1/a2
state.
In order to investigate the effect of 90◦ do-

main walls on the permittivity, we have grown
150nm PbZr0.2Ti0.8O3/20nm SrRuO3 heterostructures
on SrTiO3(001), DyScO3(110), TbScO3(110), and
GdScO3(110) using pulsed laser deposition.[28] In or-
der to measure the dielectric and ferroelectric proper-
ties of the thin film heterostructures, capacitor struc-
tures were fabricated with 80nm thick epitaxial SrRuO3

top electrodes (circular capacitors, diameter 50 - 100 µm).
Capacitance-voltage and polarization-electric field hys-
teresis loops were measured at 1 - 100 kHz to character-
ize the dielectric and ferroelectric response.In order to
measure the dielectric constant in the reversible regime
a small AC excitation of 0.1V was used.
The chosen substrates provide lattice mismatches with

the PbZr0.2Ti0.8O3 of -0.8%, 0.2%, 0.6%, and 0.9% for



3

FIG. 2: (a) θ-2θ X-ray diffraction patterns about the 002-
diffraction peaks for various thin film heterostructures reveal
single-phase, epitaxial films. Reciprocal space maps about the
pseudocubic 103-diffraction conditions for heterostructures
grown on (b) SrTiO3 (001), (c) DyScO3 (110), (d) TbScO3

(110), and (e) GdScO3 (110).

SrTiO3, DyScO3, TbScO3, and GdScO3, respectively.
Atomic force microscopy (AFM) of as-grown films re-
vealed smooth surfaces (Suppl. Fig. S1). Detailed X-
ray diffraction (XRD) studies reveal single-phase, fully
epitaxial thin films [Fig. 2(a)]. Off-axis reciprocal space
maps (RSMs) about the 103-pseudocubic diffraction con-
dition revealed that the c-domain portion of the het-
erostructures are coherently strained to the underlying
substrate in all cases [Fig. 2(b)-(e)]. The GLD models
predict that the fraction of a-domains will increase with
increasing tensile strain and this increase in the fraction
of a-domains was observed using a combination of XRD,
AFM, and piezoresponse force microscopy (PFM). Rock-
ing curve and RSM studies of the 200-diffraction peaks of
all films reveal a strong increase in the intensity of these
peaks with increasing tensile strain [Suppl. Fig. S2].
Using standard XRD rocking curve analysis [26] [Suppl.
Fig. S2] and PFM studies [Suppl. Fig. S3] we have es-
timated the fraction of a-domains [Table I]. The PFM
studies also allow us to directly measure the average do-
main periodicity [D, Table I]. We note that detailed PFM
investigations reveal no 180◦ domain walls in these films
consistent with prior studies of ferroelectric films with
asymmetric electrical boundary conditions that stabilize
a preferential direction for polarization.[29, 30] These
analyses reveal that films under strong compressive strain
(e.g. on SrTiO3) are essentially completely c-axis ori-
ented (φa ∼4%) while films under mild tensile strain
(e.g., on GdScO3) possess φa ∼20%. Remnant polariza-
tion (Pr) was extracted from hysteresis loops and PUND
measurements [Suppl. Fig. S4(a), (b)] and are reported
in Table I. Values of Pr are consistent with prior re-
ports of high spontaneous polarization in high-quality
PbZr0.2Ti0.8O3 films.[31]

We note that the φa observed experimentally deviates
slightly from those predicted by the polydomain GLD

model which predicts the onset of the a1/a2/a1/a2 do-
main structure for films grown on GdScO3. This is likely
due to the simplifying assumptions applied in the polydo-
main GLD model and to the finite thickness of our films.
Phase-field models, which account for inter-domain elec-
trostatic interactions and make no a priori assumptions
about the domain structure, predict a transition to the
fully in-plane oriented a1/a2/a1/a2 state at larger ten-
sile strains than the current models.[22, 32] Further, the
lack of complete local charge compensation at the do-
main walls could lead to an increased stability of the
c-domains.[32] Charge compensation mechanisms are de-
pendent on the processing conditions thus it is unreason-
able to expect theoretical models to exactly predict the
experimentally observed strain-dependence. Regardless,
the values of permittivity (and other thermodynamic
properties) predicted from these polydomain GLD mod-
els do show the correct trends. φa is also a function of the
film thickness and it is expected to increase with increas-
ing thickness, but we have focused here on 150 nm thick
films in order to maintain coherently strained c-domains
in the films. Since we can directly measure φa and D
we can relate the effect of domain structure on physical
properties without any a priori assumptions about the
domain distributions.

Using the symmetric capacitor structures, we under-
took extensive electrical characterization. Note that ca-
pacitors showing nearly symmetric current-voltage re-
sponse, negligible imprint in the hysteresis loops, and
low loss tangents were used for this study [Suppl. Fig.
S4]. The relationship between the experimentally mea-
sured polarization and φa are also plotted as a function
of epitaxial strain [Suppl. Fig. S5]. The permittivity is
observed to increase with increasing φa [Fig. 3]. Again,
studies were completed at small AC excitations to as-
sure that the permittivity was measured in the reversible
regime [Suppl. Fig. S6] and on all four substrate types
the permittivity shows a significant frequency dispersion
[Suppl. Fig. S7]. The frequency dependence of the di-
electric constant is likely due to two important factors.
First, although some reports suggest that the domain
wall contribution should be frequency independent up to
the domain wall resonance (1 - 10GHz), in practice, the
finite depinning time of the domain walls gives rise to a
logarithmic frequency dependence in the low frequency
regime.[33–35] Second, point defects, such as oxygen va-
cancies, are also known to contribute significantly to the
low frequency (< 100kHz) permittivity and their contri-
bution decreases with increasing frequency.[35–37] Since
these two effects are intimately connected and almost
always present in any real material (be it films, bulk ce-
ramics, or single crystals), it is very difficult to separate
these two effects in any study of these materials. We
note, however, that the trends in the measured permit-
tivity agree well with the predictions of the GLD theory
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FIG. 3: Dielectric permittivity as a function of percentage a-
domains in polydomain PbZr0.2Ti0.8O3 thin films measured
at various frequencies

[solid line, Fig. 3(a)].

To gain a deeper understanding into the observed di-
electric behavior and of the domain wall motion, one
can describe the field induced vibrations of the domain
walls using standard equations of motion.[2, 8] Gener-
ally for a 90◦ domain wall at low frequencies, the mass
of the domain wall is neglected and the restoring force
(Fr) can be written in terms of a domain wall stiffness
k defined as Fr = −kl where l is the amplitude of the
field induced domain wall oscillations. Thus, the domain
wall contribution to the permittivity can be written as

ǫx=
2
√
2P 2

s

ǫ0kD
.[8] The concept of stiffness has been invoked

for many years[2, 8, 18, 38] to understand the behavior
of domain walls, but it is usually treated as an adjustable
parameter which is fitted to the experimental results.
Additionally, there are conflicting reports as to the ef-
fect of domain size on k[18, 39] and since domain wall
pinning is typically neglected in theoretical approaches,
this naturally lead to a frequency independent k. In real
samples, however, k is frequency dependent even in the
1 - 100kHz regime due to pinning and our measurements
allow us to extract a lower bound to the domain wall stiff-
ness at the two bounding frequencies [Table I]. To date,
no experimental values for k have been reported in the
literature and it is difficult to find values from theoretical
treatments. Provided enough information, however, one
can estimate values of k from parameters such as domain
size, grain size, spontaneous polarization, permittivity,
elastic stiffness, etc. From prior studies,[18] we can es-
timate k values of 1014N/m3. This is consistent with
what we observe for samples with low densities of domain
walls. We note, however, that k values increase with in-
creasing density of domain walls and could be dramati-
cally underestimated (by at least an order of magnitude)

in samples possessing φa >20%. This has considerable
implications for estimates of thermodynamic quantities
near the tensile-strain-induced phase boundary and for
overall estimates of domain wall contributions to physi-
cal properties.

TABLE I: Fraction of a-domains (φa), domain periodicity
(D), remnant polarization (Pr), and domain wall stiffness (k)
as measured for film grown on various substrates.

Substrate φa D Pr k
(%) (µm) (µC/cm2) (1015N/m3)

103 Hz 105 Hz
SrTiO3(001) 4.2 2.72 90 0.58 0.75
DyScO3(110) 9.3 2.72 78 0.45 0.56
TbScO3(110) 11.2 1.80 73 0.63 0.78
GdScO3(110) 20.2 0.59 61 1.59 1.76

This work offers unique insight into the microscopic
coupling between electric fields and domain walls in ferro-
electrics. In tetragonal ferroelectrics that can have both
180◦ (ferroelectric) and 90◦ (ferroelastic) domain walls,
it has been suggested that 180◦ domain wall motion will
affect only the permittivity and 90◦ domain wall mo-
tion will affect both dielectric and piezoelectric proper-
ties. Although some work has been done concerning the
effect of 90◦ domain walls on piezoelectric properties in
films,[16, 17, 40] prior studies of effects on permittivity
were obscured by complex polycrystalline structures and
the resulting complex interplay of domain walls and grain
boundaries. We have generated a model set of epitaxial
thin films that closely match polydomain GLD models
and have observed the unambiguous contribution of 90◦

domain walls to dielectric response at room temperature
and experimentally probed domain wall stiffness.
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