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ABSTRACT

We study the influence of temperature on the interaction of nano-pores with ferroelectric domain walls in bulk single-crystalline lead zirco-
nate titanate as a function of pore size and concentration. Using a density functional theory-informed finite-temperature phase-field model,
we determine the electric field required to unpin 180°-domain walls from a periodic array of pores, thus gaining insight into the effect of tem-
perature on domain wall kinetics in ferroelectrics with good qualitative agreement between simulated results and experimental

measurements.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0066612

Ferroelectric materials have a permanent electric dipole moment
(or spontaneous polarization) which can be altered by electric fields.
This unique property—in combination with their electro-mechanical,’
thermoelectric,” and electro-optical coupling’—makes ferroelectrics a
versatile class of materials for, e.g., transducers, actuators, sensors, and
memory devices. Since the effective kinetics of polarization switching
at the macroscale is strongly determined by the collective motion™” of
individual domain walls (DWs) at smaller scales,”® understanding the
underlying physics of DW motion and its interaction with defects in
realistic materials (which typically show high sintering-induced poros-
ity with nano- to micrometer-sized pores’) is key for accurate predic-
tions of microstructure-property relations.

Pores can introduce substantial local mechanical'*"'* and electric
fields'" """ in their vicinity which interfere with DW motion, thus
influencing the ferroelectric and piezoelectric properties'* in bulk'*'”
and thin films."" For instance, recent studies on (an-)isometric pores
investigated the effect of pore concentration, size, anisotropy, and ori-
entation for tuning the piezoelectric properties of lead zirconate tita-
nate'” '’ (PZT). Experiments have demonstrated the effects of DW
pinning across scales: At the macroscale, the influence of dopants, oxy-
gen vacancies, and crystal structures in PZT on the bipolar hysteresis
behavior was investigated, * ™’ while insight into the microscopic
kinetics of polarization reversal was gained by tracking individual
DWs via atomic force microscopy, piezoresponse force microscopy,

and polarization sensitive collection mode near-field scanning optical
microscopy.zl’25

When modeling DW motion in complex geometries at realistic
scales, phase-field techniques are often the method of choice to predict
material behavior. Various types of defects have been studied by
phase-field models: from space charges and oxygen vacancy migration
at the atomic level® over impurities, voids,” dislocations,” and grain
boundaries”” at the mesoscale to cracks,”’ notches, and free surfaces”
at the macroscopic device level. At larger scales, scaling arguments and
functional renormalization group techniques have been used to study
DW pinning in disordered elastic systems for random bond and field
disorder,” > crystal-lattice and disorder pinning,’ﬂ“/l’35 and the dipolar
interaction ~ of  incommensurate-commensurate transitions.”®
Stemming from nonlinear continuum mechanics, a theory for inter-
face motion in homogeneous” *’ and heterogeneous materials*"**
was established and used to study, among others, the role of the defect
length scale on the pinning of interface motion as well as the influence
of grain boundary, size, and triple junctions,””** and its impact on the
macroscopic hysteresis.

Although various models have, thus, been proposed to study the
influence of pores, the effect of temperature on DW (de-)pinning is
insufficiently considered in general but plays an important role on
DW kinetics, as evident from experirnents.lS‘ﬁ‘/l(’ We, therefore, use a
finite-temperature phase-field framework,”” which—calibrated by
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Density Functional Theory (DFT) data—captures the temperature
dependence of the Ginzburg-Landau energy as well as thermal fluctu-
ations. This allows us to gain insight into the effect of temperature on
pore-DW interactions for an enhanced predictability of the kinetics of
ferroelectric materials, and more generally, it provides an efficient
numerical tool to probe the temperature-dependent influence of
microstructural features.

As the length and time scales of interest lie outside the realm of
first-principles techniques, we use a phase-field description based on
the well-established Devonshire-Ginzburg-Landau theory** with the
total polarization vector p as the order parameter, describing the evolu-
tion of the ferroelectric microstructure by resolving the diffuse interfa-
ces between ferroelectric domains. We simulate a Representative
Volume Element (RVE) of a ferroelectric material, whose electro-
mechanical response is described by the mechanical displacement field
u(x, t) and electric potential ¢(x, t), both dependent on position x and
time ¢. The mechanical problem is governed by the balance of linear
momentum (in the absence of body forces and inertial effects),

V.6=0, (1)
where ¢ is the Cauchy stress tensor. The electrical problem obeys
Gauss’ law (assuming no free charges),

V.-d=0,

is the electric displacement field linked to the electric field e = —V¢
through the permittivity of free space, ;. We assume a uniform tempera-
ture 0 within the material, whose electric enthalpy density is of the form™'

W(s, ep, VP, 0) =Yhech. (5) + lI"coupL (ePS7 P) + TPOL (p7 6)
+ lPel. (2) + lI'linter.(vp) —e: P7 (3)

where d = Kxpe+p (2)

comprising the mechanical energy density ¥ ech. dependent on strain
tensor ¢ = 1(Vu+ Vu'), coupling energy density ¥ oup1, polariza-
tion (Landau) potential W}, as well as electric and interface energy
densities W and Wineer., respectively. Material constants (which have
been adapted from DFT calculations for tetragonal PZT**) and the
specific form of the above energy densities are summarized in the sup-
plementary material, Sec. I. Constitutive relations follow as ¢ =
OW/0e and d = —OW /0e. The polarization potential ¥ p(p, 0)—
and hence its minimizer, the spontaneous polarization p,—is
temperature-dependent. Below the Curie temperature 6c (for PZT
Oc = 650 K), from minimizing ¥ pq1. (p, 0), we find

Oc —0
\/ocfl — 30011 CQ — g
po(0) = ¢ . (4)

3011

The evolution of the polarization p is generally described by gra-
dient flow kinetics.”””" Since the latter applies only in the athermal
limit (at 0 K), we here model finite temperature via a stochastic exten-
sion of the Allen-Cahn equation

ow ow
— otV oo, ®)

= op ovVp

with an inverse mobility x > 0. n represents uncorrelated random
noise, which accounts for atomic-level thermal fluctuations at the
mesoscale. Under the assumption of thermal equilibrium, the

scitation.org/journal/apl

stochastic process i(x, t) is identified as a centered Gaussian random

variable, which is unbiased and uncorrelated in space and time and
. 4

whose variance depends on temperature,”’

(e, 1), 1)) = —22

_ = _ ¢ N
_,UVcharAt(S(t ) o(x — '), (6)

where kg denotes Boltzmann’s constant, At is the numerical time
increment, and Vg = afetrctetr is the volume of a perovskite atomic
unit cell (which is assumed to be constant). The effect of temperature,
hence, enters the model through (i) the polarization potential and the
resulting spontaneous polarization in Eq. (4) and (ii) the thermalized
kinetics in Eq. (5). This phase-field model, which was validated against
experimental data and shown to produce realistic domain microstruc-
tures,” is the basis for studying the influence of temperature on DW
pinning in porous single-crystalline PZT. Pores are modeled as non-
switchable cavities with polarization p = 0 and vacuum permittivity
Ko.

We solve Egs. (1), (2), and (5) within a cubic RVE by an FFT-
based homogenization scheme™ with periodic boundary conditions
(supplementary material, Sec. II). Experimental conditions of free-
standing, electrically loaded samples are realized by enforcing a van-
ishing average stress, (¢) = 0, along with a prescribed average electric
field (e), representing the applied field. While for small pores relative
to the RVE size (R/L < 0.1), this setup accurately approximates the
analytical solution for an isolated pore in an infinite medium (see the
supplementary material, Sec. III, including a discussion on numerical
accuracy), larger pores (R/L > 0.1 at fixed RVE size) model periodic
arrays of voids and are viewed representative of porous samples.

Pores in a ferroelectric act as hot spots for domain switching and
domain nucleation under an applied electric field, which is amplified
to significantly larger local electric fields induced near the pore. This
effect becomes apparent in Fig. 1(a), which shows the evolution of the
polarization around a spherical cavity of radius R = 12 nm and, for
improved visibility, 2D results for the polarization p,/py and the elec-
tric field e, at 100K [Figs. 1(b) and 1(c)] and at 300K [Fig. 1(d)] for
comparison. Initially poled with p = pye,, symmetric needle-shaped
a-domains grow under 45° to compensate for the strain mismatch in
the proximity of the pore. The induced electric field above and below
the pore favors b~ -domains and disfavors the existing b"-domain.
The lowest-energy transition for polarization reversal to occur is
by polarization rotation, which corresponds to two subsequent
90°-switching steps, e.g., from a b -domain via a*-domains to a
b~ -domain. These newly formed a-domains are a consequence of
the induced electric field by the pore and the minimization of the
polarization potential ¥p,q..

In the absence of free charges, the electric field e~ inside the
cavity is related to the electric field et and polarization p outside the
cavity by the jump condition [d]] - n = 0, where n is the outward-
pointing surface normal. Inserting Eq. (2) gives the electric field
outside the cavity as

_ 1
et =e —K—O(p-n)n, (7)

i.e., as a function of the electric field e~ inside the pore and the outside
polarization p (whose magnitude is the spontaneous polarization py in
the absence of external loads). Since the spontaneous polarization
depends on temperature, cf. Eq. (4), the induced electric field also
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FIG. 1. (a) Snapshots of the 3D polarization evolution (L = 51 nm and Ax = a), showing regions with a vertical polarization component p,(x)/po € [—0.5,0.5] in the
vicinity of a spherical cavity with radius R = 12 nm for an imposed average field (e) = 0 and average stress-free conditions ((s) = 0). Comparison of the electric field in the
vertical direction, e, (x), for an imposed average field (e) = 0 at temperatures @ = 100 and 300K is shown in (c) and (d), respectively. A zoomed-in version of the region

highlighted in (c) visualizes polarization component p,(x)/pg in (b).

varies with temperature. This is observed when comparing the com-
puted electric field component e;(x) at the two temperatures of 100
and 300 K in Figs. 1(c) and 1(d), respectively. Due to the smaller spon-
taneous polarization at 300K, the induced electric field in Fig. 1(d) is
lower in amplitude and extends less into the surroundings than at
100K [shown in Fig. 1(c)]. As a consequence, a decreasing influence
of pores onto DW motion with increasing temperature may be
expected.

To systematically investigate the influence of pore size and pore
separation distance on DWs, we simulate pore-DW interactions in
the simpler 2D setting, which gains significant efficiency while not
affecting the physics at play (cf. Fig. 1). We consider a 180°-DW inter-
acting with a periodic array of circular pores of equal radii R (simulat-
ing a square-shaped RVE of side length L = {102, 205, 410} nm with
periodic boundary conditions, see Fig. 2). Independent of parameters
R and L, the single-crystalline RVE contains initially two ferroelectric
domains: the b -domain (red) and b~ -domain (blue), whose polariza-
tions point up and down, respectively. When applying an average elec-
tric field e, in the vertical direction, the lower-energy b"-domain
grows by moving the DWs toward the outer boundaries of the RVE.
The nonswitchable pores, whose size exceeds the thickness of DWs
(Ip = 0.7-2 nm Refs. 52 and 55), serve as obstacles to the moving
DWs. Their interaction is already apparent before the DW reaches the

pore, as shown in Fig. 2(b), where the growing b"-domain (red) is
locally eroded close to the pore by the induced electric field to the left
of the cavity. Such erosion of the 180°-DW near defects under an
applied field was observed in experiments”' using near-field scanning
optical microscopy. The spreading a—- and a’-domains above and
below the pore, respectively, connect to the b -domain by forming
90°-DWs. Local electric fields in the proximity of the cavity reduce the
driving force on the DW, thus slowing down the propagating interface,
until it is pinned at the pore [Fig. 2(d)]. Such pinning of an individual
DW at an isolated defect,”* a dislocation,”™ precipita‘[es,57 secondary
phases,” a twin’” and grain®®’ boundary has been confirmed experi-
mentally. To unpin from the obstacle, the applied electric field must be
increased, which in the case of the cavity promotes the following
mechanism [Fig. 2(e)]: domains with polarization parallel to the cav-
ity’s surface grow, until the top and bottom regions merge to grow a
new b*-domain to the right of the pore. This newly formed domain
then expands by DW motion and eventually merges with the initial
b*-domain from the center of the RVE [Fig. 2(e) and supplementary
material Video 1]. We define the depinning field as the minimum
applied electric field required to unpin the DW from the pore(s); it is
obtained in simulations by increasing the applied electric field
incrementally (with sufficient dwell time between increments,
so finite-temperature Brownian motion can show its effect). The
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FIG. 2. Snapshots of a simulated ferroelectric DW interacting with a circular cavity, showing polarization component p, (x, t) /po (top row) and electric field component e (x, t)
(bottom row) at temperature 0 = 300 K. (a) The initial configuration includes two ferroelectric domains separated by 180°-DWs with two circular pores of radius R at a dis-
tance L, considering periodic boundary conditions. Snapshots (b)—(e) show zoomed-in versions of the highlighted section in (a) for the three cases when (b) and (c) the DW is
approaching the void, (d) the DW is pinned by the pore, and (e) the DW unpins from the void. Small arrows indicate the polarization vector directions. For the full simulation,

see supplementary material Video 1.

recurring pinning and unpinning of DWs at pores appear as stick-slip
behavior of mesoscopic DW motion, or as a pronounced hysteresis at
the macroscale.””

The impact of pore size (radius R) and pore separation (distance
L) on the depinning field is summarized in Figs. 3(a)-3(c) for the three
temperatures of 0 = 200, 300, 400 K. Overall, the depinning field
increases monotonically with pore size, and the slope of the pore-
radius-vs-electric-field curve indicates a higher sensitivity of the depin-
ning field to larger pore densities (assuming uniform pore radii). We,
hence, conclude that at least two characteristic length-scales are at
play: (i) pore radius R determines the locally induced near-field in the
vicinity of the void according to Gauss’ law, and (ii) distance L
between pores accounts for the far-field interference of overlaying elec-
tric fields from adjacent pores. To account for these distinct length
scales, we define the linear pore density v; = 2R/L as the ratio of the
pore diameter and their distance (which is the domain of influence of
a single pore within the ferroelectric). The resulting plot of depinning
field vs v, collapses onto a single master curve f(vy) at each tempera-
ture [Figs. 3(d)-3(f)], each following a linear relation. Note that the
phase-field model is valid in the “large-defect” regime, i.e., for large
pores with 2R > [, below which a more accurate (atomistic) descrip-
tion is required and where other mechanisms are at play. (The largest
DW thickness observed in simulations is about 1 nm at 500 K.)

The interplay of pore size, pore separation distance, and tempera-
ture becomes apparent in Figs. 4(a)-4(c), showing the depinning field
over a wide temperature range. The effect of temperature is generally
dominant over both pore size and concentrations. The pore size gains
importance with the decreasing temperature and with the decreasing
pore separation distance. When approaching the Curie temperature
0c = 650 K, the homogeneous disordering of the ferroelectric polari-
zation makes DW motion negligible and significantly reduces the pin-
ning field [seen in the slope 9f /Ov, vs temperature in Fig. 3(g)]. By

contrast, in the athermal limit 0 — 0 K, thermal fluctuations are
absent, so the associated Brownian motion cannot promote barrier-
crossing events in noncoercive regions’” to lower the depinning field.
While for the largest separation distance (L = 410 nm), the depinning
field depends noticeably on pore size only at low temperatures below
200 K, the effect of pore size is more pronounced at L = 102 nm.

Comparing the obtained depinning field at room temperature,
e/e. ~ 0.044 (averaged over all radii R at L = 205 nm), with hystere-
sis measurements of PZT-5A,°"" reporting e/e. = 0.006, reveals that
in reality DW motion is active even below the electric field values
reported here; this is expected due to simplifying assumptions and the
2D approximation of a spherical pore, overestimating the local electric
field. Despite this difference in the depinning field magnitude, our
model captures several key features previously reported from experi-
ments. For example, the nonlinear temperature dependence of the
depinning field is in good qualitative agreement with measurements of
the DW velocity under random-field pinning in the creep regime” in
epitaxial PZT films at finite temperature, as shown in Fig. 4(d), where
simulated data (normalized by the athermal limit) are compared to
experiments.” Moreover, the observed stick-slip behavior of DW
motion interacting with pores is in agreement with local piezoresponse
force spectroscopy measurements that identified the fine structure in
the hysteresis loops as a fingerprint of an isolated defect.”

In summary, using a temperature-aware phase-field model, we
have investigated the pinning of DWs at nano-sized pores in tetrago-
nal PZT under an applied bias field across a wide temperature range.
DW pinning strongly affects ferroelectric switching through its impact
on DW kinetics. We have highlighted the influence of pore size, pore
concentration, and temperature.

Of course, such a model comes with limitations. First, the 2D
simplification overestimates the electric field induced by the pore by
50% (supplementary material, Sec. III). In a ferroelectric, we expect
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FIG. 3. Influence of the pore radius R (a)-(c) and linear pore density v4 = 2R/L (d)—(f) on the depinning electric field e,, required for a 180°-DW to unpin from and overcome
an array of pores separated at distances L = {102,205, 410}nm (line colors) at temperatures 0 = {200, 300, 400}K (columns). (g) Slope of the depinning field vs v, for all

examined temperatures.
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FIG. 4. (a)—(c) Influence of temperature on the electric field e, (normalized by the temperature-dependent coercive field e;) required for a 180°-DW to unpin and overcome an
array of pores of radii R = {1.6, 3.2, 6.4, 8.0, 10.0, 12.0}nm separated by distances L = {102, 205,410}nm. (d) Summary of all simulated data [each curve normalized by
its athermal value e(0 K), showing the margin between minimum and maximum field per temperature] in comparison with experimental data.”®

even smaller depinning fields due to two additional tetragonal variants,
which increase the available switching paths and, hence, the probabil-
ity of thermally induced barrier-crossing events. Second, we focused
on 180°-DWs and excluded pinning of initially 90°-DW configura-
tions. Due to the differences in energy barriers, we have observed in
analogous studies that 90° depinning fields can be orders of magnitude
lower that the ones reported here. However, other physical effects,
such as nucleation, are dominant with 90°-DWs and result in a

different depinning mechanism, such that a direct transfer of the
reported depinning fields to 90°-DW pinning is challenging. Finally,
the strain mismatch near pores, which is important for pinning, has
not been investigated thoroughly in this study (see the supplementary
material Sec. II for a discussion).

Despite these simplifying assumptions, the reported microscale
interactions of nano-sized pores with 180°-DWs are in general agree-
ment with experimental observations. For example, the induced
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electric field in the proximity of the pore leads locally to polarization
reversal, which appears as bending of the DW around the void. This
effect has been optically captured and reported as bowing of DWs.”’
Furthermore, we observed a stick-slip behavior of DWs at pores,
which is characteristic for the large-defect-regime kinetics** and has
been verified experimentally on isolated defects,”* twin boundaries,””
and dislocations.”® In addition, theoretical* and experimental®* stud-
ies suggest a decrease in the macroscale remanent polarization for
higher porosity, which agrees with our findings that more densely
packed pores (at constant size) increase microscale DW-pinning.
Moreover, the computed temperature dependence of the depinning
field shows agreement with measurements of PZT thin films.”> Our
finite-temperature model, hence, reproduces salient features of DW
pinning seen in experiments and in agreement with theoretical consid-
erations. It improves the predictability of properties of realistic, porous
ferroelectric materials at finite temperature, accounting for DW inter-
actions with dielectric impurities at the microscale for a wide range of
the electric field and temperature.

See the supplementary material for the discussion of all material
parameters and model details (Sec. I), the computational setup (Sec.
1I), the benchmark of a single void in an infinite dielectric (Sec. III),
and a comparison with PEM measurements (Sec. IV). Supplementary
material Video 1 features the DW-pore interaction of Fig. 2.
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