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Nanoscale Bubble Domains and Topological Transitions

in Ultrathin Ferroelectric Films

Qi Zhang, Lin Xie, Guangqing Liu, Sergei Prokhorenko, Yousra Nahas, Xiaoging Pan,
Laurent Bellaiche, Alexei Gruverman, and Nagarajan Valanoor*

Observation of a new type of nanoscale ferroelectric domains, termed as
“bubble domains”—Ilaterally confined spheroids of sub-10 nm size with local
dipoles self-aligned in a direction opposite to the macroscopic polarization of
a surrounding ferroelectric matrix—is reported. The bubble domains appear in
ultrathin epitaxial PbZr, ,Tig 303/SrTiO3/PbZr, ,Tig 3O; ferroelectric sandwich
structures due to the interplay between charge and lattice degrees of freedom.
The existence of the bubble domains is revealed by high-resolution piezore-
sponse force microscopy (PFM), and is corroborated by aberration-corrected
atomic-resolution scanning transmission electron microscopy mapping of

the polarization displacements. An incommensurate phase and symmetry
breaking is found within these domains resulting in local polarization rotation
and hence impart a mixed Néel-Bloch-like character to the bubble domain
walls. PFM hysteresis loops for the bubble domains reveal that they undergo
an irreversible phase transition to cylindrical domains under the electric field,
accompanied by a transient rise in the electromechanical response. The obser-
vations are in agreement with ab-initio-based calculations, which reveal a very
narrow window of electrical and elastic parameters that allow the existence

of bubble domains. The findings highlight the richness of polar topologies
possible in ultrathin ferroelectric structures and bring forward the prospect of
emergent functionalities due to topological transitions.

[34] [5.6]

domains, Néel-like domain walls
incommensurate curl domains,”) and fer-
rotoroidic domains® have been experi-
mentally reported. The technological
interest in these structures is driven by
their emergent physical properties, such as
nanomagnetism in multiferroic vortices,!
dynamic conduction,l'”! and chirality!'!l
which may be exploited for ultrahigh
(exceeding tens of Tb in~?) memory densi-
ties, low power consumption, and colossal
electromechanical activity.'213]

One class of topological defects that is
both fundamentally and technologically
exciting is nanoscale spheroid ferroelec-
tric bubble domains.' Theoretical pre-
dictions stipulate that for such domains
to be stable, they must have both in-
plane and out-of-plane polarization com-
ponents,'*! and the interface between
the bubble and the ferroelectric matrix
must show polarization rotation to mini-
mize the dipole flux,'% resulting in large
polarization gradients. This is a key fea-
ture that distinguishes bubble domains
from regular cylindrical domains with

The recent discovery of complex domain arrangements in  uniform distribution of polarization. Second, just as modern

nanoscale ferroelectrics has triggered an explosion in the  chiral skyrmions

(17,18

| can be topologically identical to classical

search for exotic topologies that do not exist in the parent magnetic bubble domains,!!% ferroelectric bubble domains can
bulk materials.ll! Structures such as vortex pairs,?! flux-closure ~ be considered a precursor to electrical skyrmions.'®! Finally,
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their predicted size of =10 nm, almost 50 times smaller than
their ferromagnet counterparts,/'l makes them exciting candi-
dates for investigation of emergent phenomena in nanoferroic
materials, which has significant implications for applications in
nanoelectronic sensors, memory, and logic devices and electro-
mechanical systems.

Despite these potentially rich and rather promising
physical properties, the experimental observation of ferro-
electric bubble domains has thus far been elusive. Generally
speaking, the most critical factor influencing the formation
of ultrafine domain topologies is the strength of the residual
depolarization field." If it is too high, which corresponds to
the case of poorly screened polarization, it will simply break
the ferroelectric state into the classical polydomain struc-
ture because the energy cost to create periodic domain walls
is lower than that to maintain a uniform polarization.?! On
the other hand, efficient polarization screening and consider-
able reduction of the residual depolarization field will favor a
monodomain state. Theoretical models predict that polariza-
tion rotation — a key requirement for bubbles — would be only
possible when it is energetically disadvantageous to create
periodic domain walls.['*2122] Thus, the critical condition for
observation of bubble domains is the precise tuning of the
residual depolarization field such that it induces toroidal/
cycloidal topologies. In ultrathin films, this can be achieved
by controlling the interplay between the thickness and elec-
trical/mechanical boundary conditions of the ferroelectric
layer.[23]

In this report, we demonstrate nanoscale bubble domains
in ultrathin (several nm thick) epitaxial PbZr,,Ti;303/SrTiO3/
PbZr,,TiggO0; (PZT/STO/PZT) sandwich heterostructures. The
insertion of a STO dielectric spacer?*?! between two com-
pressively strained (001) PZT ultrathin (=3 nm) ferroelectric
layers drives the formation of a distinctive speckled domain
pattern consisting of nanoscale platelet-like domains (ranging
from <10 to 20 nm in lateral size) embedded into the film
matrix with uniform out-of-plane polarization, as revealed by
high-resolution piezoresponse force microscopy (PFM). The
STO spacer approach is chosen as it has been proven to be
an innovative avenue to tune the depolarization field,??23-2¢]
and hence could be used to influence the nanoscale domain
topology. Cross-sectional aberration-corrected scanning trans-
mission electron microscopy (AC-STEM) mapping of the
polarization displacements reveal that the ultrasmall nano-
domains (<10 nm) are spheroids with both out-of-plane and
in-plane polarization components coupled with polarization
rotation at the domain-matrix interface. We argue that these
naturally forming domains satisfy the required topological con-
ditions in three dimensions to be considered genuine bubble
domains. It is found that the bubbles exhibit polarization rota-
tion with mixed Néel-Bloch character to a point where distin-
guishing between a domain wall and domain becomes nearly
impossible. The induced rotation must break the tetragonal
symmetry of the parent PZT matrix thereby representing an
entirely different ferroic phase. First-principles-based effective
Hamiltonian simulations show that, depending on the depolar-
izing field strength, the polarization pattern in the sandwich
heterostructures can have either labyrinthine, bubble, or mono-
domain structure. Time-dependent PFM investigations show
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that the bubble domains easily transform to a labyrinthine state
under repeated scanning. Hence, the bubble domains repre-
sent a transitional topological state at the interface between the
two stable and more typical phases. Switching spectroscopic
PFM loops find that starting from an as-grown state, the bubble
domains show a steep rise in the electromechanical response
under an initial applied electric field. However this increase
is only temporary as the bubble domains undergo an irrevers-
ible electric field induced transformation to the cylindrical
domain state. Repeated cycling is not able to recover to this
enhanced state although the coercivity is found to be twice as
small in comparison with the reference sample. Thus further
understanding of the phase-field stability of these new type of
domains is necessary to realize emergent bubble-domain-engi-
neered electromechanical and electronic devices.

The (001)-oriented epitaxial PZT/STO/PZT sandwich het-
erostructures were fabricated on the Laj4;S1r(33MnO; (LSMO)
electrode-buffered SrTiOj; single crystalline substrates by pulsed
laser deposition (PLD) (Figure 1a). (Details are given in the
Experimental section.) The thickness of the PZT layers was fixed
at 3 nm in each case, while the thickness of the STO spacer
was varied from 1 to 4 unit cells (u.c.). Introduction of the STO
spacer brings in a competition between long-range electrostatic
coupling and short-range polarization screening requirements:
as it disrupts the polarization continuity, it causes a local depo-
larization field.”! This would break the ferroelectric layers into
the classic polydomain state.’” However, for certain thick-
nesses, the STO becomes polarized, which not only maintains
the out-of-plane electrostatic coupling between the two ferroelec-
tric layers, but also enhances the ferroelectric state.?! When an
additional elastic degree of freedom (through epitaxial strain) is
added, the appropriate strength of the depolarization field and
consequently the required domain topology is attained.?!

Figure 1b shows an asymmetric reciprocal space map
(ARSM) around the (103) peak of a representative sample from
the series, namely a PZT/STO (2 u.c.)/PZT sample (hereafter
referred to as PZT_2ucSTO). The detailed XRD analysis can be
found in Section S1 (Supporting Information). Figure 1b dis-
plays a number of important features of this sample. First, the
PZT/STO/PZT trilayer sample is fully constrained in the plane
to the LSMO-buffered STO substrate, as attested by the fact that
the crystal truncation rods for the ferroelectric heterostructure,
the bottom LSMO electrode, and the STO substrate are aligned
perfectly with each other along Q,. Second, we do not observe
satellite peaks for the PZT (103) peak along Q,, confirming the
absence of stripe domains; and third, there are no ferroelastic
(90°) domains as there is no splitting in the PZT peak along Q..
We point out that for ultrathin layers, extraction of the lattice
parameters requires a comprehensive fitting procedure rather
than simply identifying the 26 position. Table 1 shows the indi-
vidual lattice parameters for each sample obtained from various
characterization methods (i.e., 6-26 XRD peak position, XRD
fitting, and TEM). The trends in the lattice parameter are dis-
cussed further in the Supporting Information. It is important to
point out that the STO spacer has an out-of-plane lattice param-
eter of 0.4 nm up to 3 u.c. spacer thickness, indicating that it is
polarized due to the bottom PZT layer. On the other hand, the
top and bottom PZT layers do not always have identical lattice
parameters. The average out-of-plane lattice parameter for the
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<10nm >=10 nm

Figure 1. a) Schematic description of PZT/STO/PZT/LSMO/STO thin films; b) ARSM for (103) peak of PZT films with 2 u.c. STO spacer (PZT_2ucSTO
film); c) topography, d) PFM amplitude, and e) PFM phase images of PZT_2ucSTO films, the scan size is 300 nm x 200 nm, white dashed boxes indicate
the cylindrical domains with clear domain walls and white boxes indicate the bubble domains with fuzzy domains walls; f) statistical size distribution
of nanoscale domains in PZT_2ucSTO films, the lateral size histogram reveals =70% of the domains are sub-10 nm regime.

PZT layers is 0.421 (£0.002) nm (see Table 1 for details), in
agreement with prior values reported for PLD-grown ultrathin
PbZr(,Tig 505 films.?) In summary, on a “bulk” scale the films
are c-axis oriented with no discernible in-plane domains.

The domain structure for the PZT_2ucSTO sample was first
examined using high-resolution dual amplitude resonance
tracking (DART)-PFM. Figure 1c—e shows topographic, DART-
PFM amplitude and phase images, respectively. They reveal a
fascinating and complex polar nanodomain pattern. The entire
film exhibits nanoscale platelet-like domains ranging from
sub-10 to 20 nm in size. The DART-PFM amplitude (Figure 1d)
reveals two significantly distinct domain topologies. Domains
that are greater than =10 nm in lateral size appear ring-like
(marked by white dashed boxes), where the domain walls, which
separate the up and down domain states, are clearly visible.
As the lateral size of the domain is greater than the thickness
of the trilayer structure, these are analogous to the classical
cylindrical domains with domain walls normal to the bottom
interface. Topologically these domains appear similar to those
observed by Lichtensteiger et al. for 50 nm thick PbTiO; films

with an STO spacer,?®l although their sizes were significantly
larger, =20-100 nm. While they were termed as “bubble” they
are analogues of cylindrical domains, with several smaller cylin-
ders perhaps merging anisotropically to result in the observed
ovoid (pancake-like) shapes. The reduced domain size here
(2-10 times smaller) is a direct consequence of the significantly
lower film thickness.[2%:3%

More interesting are the ultrasmall domains («10 nm)
(marked by white boxes in Figure 1d). These domains appear
as dark spots since PFM cannot distinguish signals from the
domain and the domain wall due to the PFM resolution limit.
Therefore, it becomes impossible to discern their out-of-plane
polarization state. This could easily stem from the fact that their
size hampers clear rendering of the domain wall. However, this
topology was typically found for domains that are smaller than
or at the limit of the film thickness (=7 nm). This observation
thus offers a more tantalizing perspective: that these are truly
spheroid bubble domains, possessing a topological state which
has a continuous local polarization rotation manifested through
mixed Néel-Bloch domain walls.

Table 1. ¢ lattice parameters of PZT sandwich films with various STO spacer thicknesses.

Unit: A Fitting XRD TEM
LSMO Bottom PZT STO Top PZT STO thickness (u.c.) PZT (Avg) PZT (Avg)

PZT_TucSTO 3.86 4.29 4.00 4.24 1£0.5 4.22

PZT_2ucSTO 3.86 4.29 4.00 4.23 2+0.5 4.22 4.24

PZT_3ucSTO 3.86 430 4.00 4.23 3+0.5 4.19

PZT_4ucSTO 3.86 430 3.96 4.13 4+0.5 413
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Irrespective of their size, the corresponding PFM phase
image (Figure 1le) shows that these nanodomains have a phase
contrast that is different from the surrounding matrix and
is less than 180°. This effect can be attributed to the weaker
PFM signal of the bubble domains, which results from the
summation of the various polarization projections on the ver-
tical directions.?! These projections mapped out using trans-
mission electron microscopy techniques are described in
the next section. The histogram of the bubble domains size
(Figure 1f) reveals that =70% of the domains are less than
10 nm (i.e., ultrasmall domains). A 500 x 500 nm? region PFM
image of the same sample shown in Figure S2.1 (Supporting
Information) confirms that the nanodomains with reduced
PFM amplitude are uniformly distributed over the entire
film matrix. The absence of any correlation between the spa-
tial location of the nanodomains and the surface topography
(Figure 1c; Figure S2.1a in the Supporting Information) rules
out the possibility of imaging artifacts. Nanoscale domains
were also observed for the PZT_1ucSTO and PZT_3ucSTO
samples (shown in Figure S2.3 in the Supporting Informa-
tion). On the other hand no bubbles were observed in the
PZT_4ucSTO sample. This could be due to the decoupling
between the two PZT layers separated by STO. The c lattice
parameter of STO in PZT_4uc STO, extracted from XRD fit-
ting, is approximately 0.396 nm, which is significantly smaller
than that of PZT_1ucSTO, PZT_2ucSTO, PZT_3ucSTO films
(=0.4 nm). This indicates that the STO spacer in PZT_4ucSTO
is not polarized to the same extent as the thinner spacer sam-
ples, resulting in the disappearance of nanoscale domains.
We also confirmed that a reference PZT
sample (=7 nm thick PZT films with no STO
spacer) showed uniform domain contrast in
PFM (Figure S2.4, Supporting Information).
Annealing followed by AC PFM imaging
(Supporting Information) experiments found
that it was possible to erase the as-grown
domains and nucleate several new domains
spontaneously as a result of polarization
relaxation. This proves the domains are not
linked to the position or morphology of the
STO layer underneath.

In order to shed light on the depth-resolved
structure of the ultrasmall domains, not
accessible by PFM, cross-sectional atomic-
resolution scanning transmission electron
microscopy (AC-STEM) imaging, along with
direct polarization displacement mapping,
was performed (the details are given in Sec-
tion S3 in the Supporting Information). Here
it must be borne in mind that the nanoscale
domain size, coupled with their high den-
sity and random distribution, complicates
analysis of the polarization displacement
maps due to nearest neighbor interactions.
To minimize this convolution due to nearest
neighbor interactions, we found it necessary
to examine the film through a selected area-

www.advmat.de

image seen in Section S3 (Supporting Information) reveals a
highly intricate domain structure with significant disorder,
unlike conventional 180°+/c— or 90°c/a-domain patterns
expected for a nominally tetragonal ferroelectric.

The cross-sectional STEM high angle annular dark-field
(HAADF) imaging allowed us to identify regions that possess a
distinct bubble topology. In Figure 2a,b, we compare the matrix
regions with the ultrasmall domains, respectively. Figure 2a
shows that the matrix is predominantly poled downwards, in
agreement with the DART-PFM data. On the other hand, a dra-
matic difference is seen for the region bound by the blue circle
in Figure 2b, with net out-of-plane polarization pointing
upwards. It is nearly impossible to discern between a domain
and a domain wall in this region. Such a diffuse arrangement
is in complete contrast to the well-defined traditional 180° or
90° domain structures found for tetragonal PZT, i.e., but in
close resemblance to dipolar incommensurate nanoregions in
ultrathin PbTiO; films!”l where the apparently disordered state
forms as a consequence of the induced depolarization field at a
tricritical Lifshitz point.??l Even though at first glance the polar-
ization seems random, a closer inspection reveals subtle topo-
logical features with a rich array of polar modulations, ranging
from pure undulations (see bottom interface) to kinks and
ripples. At several locations the dipole arrows propagate away
from a disclination point, following the topological arrange-
ment of center-type domains.??l Furthermore, they have an
in-plane direction that has long-range order and predominantly
poled to the left, which is confirmed by lateral-PFM scans (see
Section S2 in the Supporting Information). Remarkably, the
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Figure 2. Cross-sectional STEM high angle annular dark-field (HAADF) images of PZT_2ucSTO
films (left) and corresponding polarization displacement mapping for zoom in area (right) of
regions with two distinct topologies each representing the a) matrix and b) a bubble domain.
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polarization profile at the bottom interfaces for Figure 2a,b is
strikingly similar to those predicted by Kornev et al.'* during
the formation of bubble domains. Geometric phase analysis
(see the Supporting Information) also found that the shear
strain component and the rotation angle continuously change
across the film, indicating a subtle distortion and rotation of
the lattice between different regions. Furthermore, they do
not reveal point or line defects concomitant with the bubble
density — thus precluding microstructural defects as simply the
origin of the bubble domain contrast.

We found that such nanodomains are dispersed over the
entire cross-section of the film (see Section S3 in the Sup-
porting Information) with size and spacing that closely
matched the PFM images for the ultrasmall domains. For
domain sizes in the sub-10 nm range, it is known that the
energy cost to create a domain wall is prohibitively high and,
hence, the gradient term related to the energy required to rotate
or tilt the polarization in order to minimize depolarization
field?®3 becomes dominant. This results in the precession of the
polarization with an out-of-plane component as it curls around
a disclination center as well as stabilization of incommensurate
phases.?2 Indeed, first-principles-based computations predict
a similar domain pattern, which consists of the spontaneously
formed bubble domains dispersed within a matrix of typically
c-axis oriented ferroelectric domains.l'l Although there is not
enough evidence here to categorically claim continuous pre-
cession of the polarization vector in all three directions (i.e., a
hedgehog polarization state), a combination of PFM and AC-
STEM image analysis nevertheless suggests nucleation of fer-
roelectric bubble domains in the ultrathin PZT film.

To understand the formation of such bubble domains, we
have performed Monte Carlo simulations using the effective
Hamiltonian model from ref.[16] for tetragonal PbZr,,Ti)¢O;
films.3* The total energy can be expressed as

ZZ
Eo=Eq ({w}. v} {0} n)-20B— . ). X ui (1)

a €

where the first term, E.g, describes the energy of an epitaxial
ferroelectric film under ideal open circuit (OC) boundary condi-
tions.!"®l The relevant optical phonon modes are parametrized
via the local-mode variables u;, each proportional to a local elec-
tric dipole of the ith unit cell, while vectors v; represent acoustic
phonon branches. E.gexplicitly takes into account various
interactions that affect the dipolar structure. Such interactions
include coupling of local dipoles u; to acoustic phonons, effects
of chemical disorder (variables {o;} describe the distribution of
Zr and Ti atoms), as well as electrostrictive coupling of each
u; to the homogeneous strain tensor 7. The 1 tensor has three
components (in Voigt notation) that are fixed during the sim-
ulations (g = 0, and n; = 1, = 6, with J being the epitaxial
misfit strain between PbZr,4TiysO3; and SrTiO;), while com-
ponents 13, 14, and 75 are allowed to relax in accordance with
elastic boundary conditions for epitaxial (001) films. Finally, E.¢
also includes the energy of depolarizing field stemming from
long-range electrostatic interactions between local dipoles.
In particular, the simulation supercell is periodic only along
[100] and [010] pseudo-cubic directions and has a finite thick-
ness along the [001] direction. Moreover, the electric boundary
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conditions at the film's surface correspond to an interface of
a ferroelectric medium with vacuum. In other words, the local
dipoles u; vanish outside of the film leading to an accumulation
of a bound electric charge at the interface, whose density is pro-
portional to the average [001] component of local modes (u; )
within the interface ferroelectric layer.

The second term describes the effect of degree of polariza-
tion screening. Specifically, it removes a fraction f3 of the energy
related to the depolarizing field and hence, the value of f3 tells
what percentage of the surface charge density is screened. As
such, B = 1 corresponds to the case of 100% screening (ideal
short circuit boundary conditions), while § = 0 corresponds to
an absence of screening charges, or equivalently OC boundary
conditions.

At room temperature (T = 300 K), our simulations show that
several distinct dipolar phases can be stabilized, depending on
the value of B. Specifically, below B = 0.871 the equilibrium
structures can be described as a labyrinth domain pattern
(phase L in Figure 3a and its inset). Upon reaching f3 = 0.871,
the system transitions to a state characterized by the occur-
rence of a significant number of bubble domains (phase B
in Figure 3a) embedded in the homogeneously polarized fer-
roelectric matrix. Finally, increasing f# above 0.895 results in a
transition to a mono-domain state (phase M of Figure 3a). Note
that at low temperatures, our simulations yield only a transi-
tion from the striped domain pattern to the mono-domain state
upon increasing the value of B. Stability of bubble domains,
therefore, requires specific combinations of temperature and
electrical boundary conditions.

Strikingly, the obtained sequence of phase transitions at
room temperature, i.e., from stripe to bubble to mono-domain
state upon increasing 3 (Figure 3a), is similar to that earlier
predicted for PZT thin films at constant strength of the surface
charge compensation (8 = 0.81), but under varying magnitude
of an external electric field*® applied along the [001] pseudo-
cubic direction. This is indeed expected since increasing the
screening strength f, or analogously, applying an external bias
electric field, contributes to effectively reduce the depolarizing
field.

The calculated dipolar structure (already shown in Figure 3b)
reveals further key details. The local dipoles point in a direc-
tion opposite to the polarization of surrounding medium. Note
that the employed Hamiltonian is invariant with respect to
inversion of the z-axis (interfaces of the film with vacuum and
the substrate are treated equivalently) and hence the polariza-
tion of the bubble, while being opposite to that of the matrix,
can be directed either along [001] or [001] pseudocubic direc-
tion. Upon moving away from the bubble core within the (001)
plane, we find that the local dipoles rotate towards the direction
of polarization of the matrix in a mixed Bloch-like/Néel-like
manner. Figure 3c shows an example of Bloch-like rotation
pattern obtained from Monte Carlo simulations that can occur
upon radially traversing the bubble domain. Here, the dipoles
rotate in the plane perpendicular to the chosen radial path
direction. The same bubble domain can also exhibit a Néel-like
rotation pattern along another radial direction (see Figure 3d)
and in this case, the dipoles rotate in a cycloidal manner, devel-
oping non-zero projection along the considered path. Recently,
Néel or Bloch type domain walls were found for PbZr,Ti;_,O;
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(b)

Cylindrical domains

Figure 3. a) Calculated room temperature (T =300 K) phase diagram of PbZr, 4Tip O; films with varying strength of interfacial screening described by
the phenomenological screening parameter 8. Data points correspond to the calculated equilibrium number of isolated bubble domains (n) and allow
to distinguish between three phases: the labyrinthic domains (L), bubble domains state (B), and the monodomain state (M). The two inset figures
show the regions corresponding to up and down polarization domains within the B phase (8= 0.873) and L phase (8= 0.870), respectively, for a (001)
plane of the supercell. b) Schematic description of nanoscale domains inside the films, the blue box indicates the bubble domains and the zoom-in
figure illustrates the calculated dipolar structure of this bubble domain obtained from Monte Carlo simulations. c) Bloch-like and d) Neel-like character
of dipole rotation upon radially traversing the bubble. Cartesian x, y, and z axes coincide with [001], [010], and [001] pseudocubic crystallographic direc-
tions. Orange to purple color gradient denotes the variation of the z Cartesian component of local dipoles.

single crystals®l where their occurrence was attributed to a
structural phase coexistence/competition effect at the MPB.P!
Since the PZT composition used here is well into the tetrag-
onal part of the PZT phase diagram, we believe that the under-
lying cause here is more closely related dipolar incommensu-
ration driven by depolarization field.l”) Again the high density
of nanodomains in close proximity to each other precludes us
from capturing mixed rotational walls in a clear manner. We
are working towards strategies which will allow us to control
the bubble spacing such that an isolated bubble can be studied.

We now attempt to address a question of why imaging of
ferroelectric bubble domains has remained elusive despite
the fact that theoretical predictions go as far back as 2004.014
Figure 4 shows a series of time-dependent DART-PFM scans of
the PZT_1ucSTO sample. Tiny bubble domains (at the upper
limit of PFM resolution) without clear domain boundaries with
an average diameter of approximate 7-8 nm (marked by arrows
in Figure 4a) are observed in the first scan. We observe that
with under successive imaging scans (using 200 mV imaging
AC bias), the bubbles first start to transform into cylindrical
domains, the cylindrical domains then coalesce, and eventu-
ally the whole region that originally had bubble domains trans-
forms into the well-known labyrinth structure (Figure 4b-e).
This entire sequence is schematically depicted in Figure 4f. The
similar behavior has been observed in other PZT/STO/PZT
sandwich structures with different STO thicknesses (see Figure
S4 in the Supporting Information). It can be concluded that the
bubble domains are stable only within a very narrow range of
boundary conditions determined by a balance between elastic
and polarization energy terms. Even the slightest of external
forces (for example, the tip-induced pressure) is enough to dis-
tort them. It is very likely that bubble domains are the first step
in any ferroelectric domain switching process but are kinetically
unstable, and hence are not easily imaged. Indeed, this feature
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is captured by our theoretical model where the switching pro-
cess is considered as going from right to left in Figure 3a.l'l
On the other hand, the result of such topological transition —
the stripe or labyrinth domain structure — is extremely stable,
which explains why it could be easily visualized as has been
demonstrated on numerous occasions.

Previous computations!'* also predicted that such topolog-
ical structures may have enhanced piezoelectric coefficients
due to the electric-field induced rotation of the polarization
from in-plane to out-of-plane direction.l’3 To test if the bubbles
here can potentially be exploited for their polarization rotation
response, switching spectroscopic PFM hysteresis behavior of
the PZT_2ucSTO sample was investigated.*®l The PFM data
for our bubble domain (Figure 5a) yield fundamental insight
into their stability under an external electric field. Particularly
by looking at the individual segments, especially for the very
first cycle one can identify subtle changes that take place as a
function of the hysteresis drive sequence. In Figure 5a, the first
segment of the first cycle (0 to —4 V, top loop labeled as “17),
plotted in black, shows a steep incline in the PFM amplitude
signal. We attribute this continuously rising PFM amplitude
to progressive increase in the degree of polarization rotation
within the individual bubble domain due to the increasing
electric field. The response rises to a value that is nearly 300%
of the virgin state. Note that the domains in Figure 1d do not
show such a high amplitude contrast as found in Figure 5a as
they are imaged as-grown under small-signal AC bias condi-
tions (the first data point of the segment 1). However applying
this negative bias causes the bubble domains to undergo an
electric-field induced phase transformation to the cylindrical
domain state. Figure 5b,c shows the before and after PFM
phase images of a bubble domain surface, respectively. It
is evident that once a bias of —4 V is applied, the area under
the tip that was previously a bubble is now fully converted to

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a—e) PFM amplitude and phase images of PZT_TucSTO film showing its domain evolution process under an AC amplitude of 200 mV for
successive five scans. White arrows indicate the location of a single bubble domain. f) Schematic of the bubble domain evolution process.
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Figure 5. Local PFM hysteresis loops of a) PZT_2uc STO film acquired at bubble domain regions. Note the steep incline in the first part of the cycle
(black) which signifies the bubble domain is undergoing polarization rotation. Once maximum voltage is reached the ds; response begins to rapidly
decline (segment indicated as 2 in top part of panel (a)). Now the bubble is converted to a cylindrical state, and thus the ds; does not recover to the
maximum value on the return path. Now even after 7 cycles it remains low. Phase images of local bubble regions b) before and c) after PFM hysteresis
loop measurement, white arrows and dashed boxes indicate the tip position where DC voltage applied. In contrast the PZT reference film d) remains
constant with no such progressive changes. e) The calculated d;; piezoelectric coefficient of PbZry 4Tig O3 films with varying strength of interfacial
screening described by the phenomenological screening parameter f3.
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a cylindrical domain, as confirmed by morphology change and
the phase difference between the bubble domain and matrix,
which is now 180° (Figure 5c). We can also infer this by exam-
ining the return segment of the first cycle (4 V to 0, labeled 2
in top part of Figure 5a), where the drop in the PFM amplitude
with decreasing bias is at a slope markedly different from the
initial rise. Critically the next segment of the hysteresis loop,
under positive drive bias is no longer able to reproduce the pos-
itive steep incline observed for the very first segment 1. This
strongly suggests that the bubble domains have undergone
an irreversible phase transition, confirmed by the failure to be
recovered even after repeated cycling (bottom part of Figure
5a). No such changes are found for the reference sample (see
Figure 5d), where the loop shape remains approximately the
same for each cycle. Finally we note the coercive voltage for the
spacer sample after switching to the cylindrical state is lower
than the reference sample, in agreement with our previous
report that revealed the positive effect of ultrathin spacers.[?¢!

Theoretical simulations further support these observations.
Figure 5e plots the calculated d;; piezoelectric coefficient as a
function of the screening parameter f3 (i.e., an internal field). It
shows a peak in ds; of 170 pm V™! at 8 = 0.871, corresponding
to transition from the labyrinth to the nanobubble phase indi-
cating the strong coupling between the strain and polariza-
tion degrees of freedom in such bubble domains. In fact, this
behavior is reminiscent of a ferroelectric with morphotropic
phase boundary composition, the difference here being that
instead of composition-?7! or strain-based*® phases, the com-
petition between ultrafine domain topology variants gives rise
to a giant electromechanical response. However to practically
exploit this enhancement the external stimulus must permit
repeated straddling across the phase boundary, such that
one can retain that state reversibly. Only then will the bubble
domains show immense potential for nanoscale electrome-
chanical devices. We are currently conducting investigations to
explore this point further.

Our observations raise a number of key questions. For
example, given the tremendous improvements in both PFM and
STEM techniques, are there other systems where such bubble
domains could exist? Would it be possible to nucleate these
bubble domains so as to generate ordered, regular periodic
arrays which can be moved along an electrode in a controlled
fashion similar to the experiments on magnetic domain-wall
register,?”) magnetic race track memory*" and skyrmion.l'2*!]
Given that recent theoretical computations predicted the exist-
ence of topological defects in relaxor ferroelectrics,*? it would
be interesting to see if the bubble domains were akin to polar
nanoregions in relaxors in terms of their fundamental dielec-
tric behavior. Although we have not yet observed domain-wall
conduction in the present system, we expect that the design
strategy use here could be applied to other multiferroics (such
as BiFeO;) where domain-wall conduction?! has fuelled an
explosion of ideas. The idea that we could employ such cycloidal
domain topologies in tunnel junction devices!*Y has already
opened new paradigms in “nanoferronics.”’”] Addressing these
questions will stimulate further studies of novel emerging
domain patterns in nanoscale ferroelectrics.

In summary, we have reported the observation of a new type
of ferroelectric nanodomains — bubble domains — in ultrathin
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epitaxial PbZr,,Tiyg0; ferroelectric sandwich structures with
dielectric spacers. First-principles simulations show that the
bubble domains can be stabilized only within a very narrow
range of the electric and elastic boundary conditions. This is
indeed observed experimentally, where the bubbles easily trans-
form into a labyrinthine (stripe) domain structure by simply
continuous scanning of the PFM tip. Innovative strategies are
required to stabilize the bubble domains under electric field,
which would make them appealing for advanced electrome-
chanical devices.

Experimental Section

Film Growth: Epitaxial PbZry,TiggO3/SrTiO3/PbZry,TiggO;3 thin film
heterostructures were deposited on (001)-oriented stepped SrTiO;
substrates (Shinkosha Co., Ltd, Japan) with 15 nm buffered LSMO
electrode using a pulsed laser deposition system (Neocera Co., Ltd,
USA). The thickness of the top and bottom PZT layers were set to
3 nm each while the STO layer varies from 1 to 4 u.c. in thickness. The
thickness of the PZT and the STO spacer layers was calibrated using a
custom-made program based on X-ray reflectivity fitting!*l and ex situ
reflective high energy electron diffraction oscillations (the details are
presented in Section S1 in the Supporting Information). A reference PZT
sample (without STO spacer) with a total thickness of approximately
6 nm was grown on STO (001) substrate with 15 nm buffered LSMO.
For the growth of all the layers, the ambient oxygen pressure was
maintained at 100 mTorr. Substrate—target distance was approximately
15 cm and laser fluence 2-2.5 | cm™'. The LSMO buffer layers were
prepared at 800 °C with a laser repetition rate of 5 Hz, while both the
PZT and STO layers were grown at 700 °C at a laser repetition rate of
3 Hz. After deposition, the samples were cooled to room temperature at
20 °C min~" in 450 Torr of oxygen.

Scanning Probe Microscopy: Ferroelectric domains of PZT thin films
were observed using a commercial scanning probe microscope (Cypher,
Asylum Research, US) using the dual AC resonance tracking (DART)
mode. Conductive Cr/Pt coated silicon cantilevers (BudgetSensors
ElectricMulti75-G, Bulgaria) were used for both PFM imaging and PFM
hysteresis loop measurement. The typical tip radius is less than 25 nm
and the force constant is =3 N m~'. PFM images of nanoscale domains
were captured using AC amplitude ranging from 100 to 600 mV. The
domain size and size distribution were measured using the Gwyddion
software to identify the bubble domain diameters. Specifically, the sizes
of irregular domains were calculated as the average of two in-plane
perpendicular axes.

Transmission Electron Microscopy: STEM HAADF experiments were
carried out on a FEI Titan 60—300 microscope at Nanjing University.
The microscope is equipped with double aberration correctors and
its resolution in STEM mode is =0.6 A. The accelerating voltage,
convergence angle of the incident electrons, and the collection
angle for HAADF imaging are 300 kV, 22 mrad and 79-200 mrad,
respectively. Geometric phase analysis (GPA) and electron energy
loss spectroscopy (EELS) were performed to identify the location of
the interfaces. GPA was done using the commercial software package
DigitalMicrograph with plug-in FRWRtools. Two diffractogram spots,
i.e., [101]*pc and [10-1]*p¢, were selected and the resolution was =1
nm. The strain tensor was then calculated by taking the lower cubic
LSMO as the reference. STEM EELS experiments were performed with
300 kV electrons and a convergence angle of =30 mrad. The collection
angle and energy dispersion for EELS acquisitions were 36 mrad and
1 eV per channel, respectively. For each pixel, a dwell time of 0.1 s
was used to acquire the spectra. During the acquisition, both the zero-
loss peaks and the core-loss spectra were recorded simultaneously in
DualEELS mode. The postprocessing of the spectra, i.e., alignment of
spectra by zero-loss peaks and removal of the backgrounds in core-
loss spectra, was carried out in the commercial software package
DigitalMicrograph.
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Computational Simulations: The dimension of the simulation supercell
was chosen to be 32 X 32 x 5 u.c., and periodic boundary conditions were
considered along pseudo-cubic [100] and [010] directions mimicking the
geometry of epitaxial films. The effective Hamiltonian employed in this
study is that of ref. [46]. Its total internal energy has the form

gtot({“i}v{o-f}v{vi}vn) = Eneff ({”i}v{ai}v{vi}vn) @)
+BY, Eaep)-Z Ui = X E-Z"u;

where u; is the local soft mode in the unit cell i of the film. The product of u;
with the effective charge Z* yields the local electrical dipole in this cell. The
variables o; characterize the atomic configuration of the alloy. Specifically,
it characterizes the atomic distribution of the mixed B-site sublattice with
o;=1(0;= -1) for Ti (Zr) atom. The {v} are the inhomogeneous strain-
related variables inside the film and 7 is the homogeneous strain tensor.
Since we consider epitaxial (001) films, three of the six components of
n (in Voigt notation) are frozen as done in ref. [46]. &y denotes the
alloy effective Hamiltonian (intrinsic energy of the ferroelectric film). Its
expression is given in ref. [46], where for the treatment of dipole—dipole
interactions we use the methodology described in ref. [21] for thin films
under ideal OC conditions. Such electrical boundary conditions naturally
lead to the existence of a maximum depolarizing field (denoted by (Eg,))
inside the film, corresponding to the situation where dipoles point along
the [001] direction. The second term,ﬁzi<5dep -Z" uj, represents the
screening of (Egep) Whose strength is captured by the phenomenological
B parameter. Specifically, the residual depolarizing field, resulting from
the combination of the first and second terms, has a magnitude equal
to (1 — B) Egep Therefore B = 0 corresponds to ideal OC boundary
conditions, while B = 1 represents the ideal short-circuit conditions with
vanishing depolarizing field. Finally, the third term embodies the effect
of an external homogeneous electric field E. The parameters entering
in €yeare derived from first principles. The Monte Carlo simulations
were performed using Metropolis annealing algorithm from 2000 down
to 50 K for varying B values. At each temperature and chosen f3 the
calculations consisted of 100 000 sweeps thermalization followed by
100 000 averaging sweeps.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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