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Engineering Relaxor Behavior in (BaTiO;),/(SrTiO;),

Superlattices

Eduardo Lupi, Robert B. Wexler, Derek Meyers, Anton Zahradnik, Yizhe Jiang,
Sandhya Susarla, Ramamoorthy Ramesh, Lane W. Martin, and Andrew M. Rappe*

Complex-oxide superlattices provide a pathway to numerous emergent
phenomena because of the juxtaposition of disparate properties and the strong
interfacial interactions in these unit-cell-precise structures. This is particularly
true in superlattices of ferroelectric and dielectric materials, wherein new forms
of ferroelectricity, exotic dipolar textures, and distinctive domain structures
can be produced. Here, relaxor-like behavior, typically associated with

the chemical inhomogeneity and complexity of solid solutions, is observed

in (BaTiO;), /(SrTiO;), (n = 4-20 unit cells) superlattices. Dielectric studies
and subsequent Vogel-Fulcher analysis show significant frequency dispersion
of the dielectric maximum across a range of periodicities, with enhanced
dielectric constant and more robust relaxor behavior for smaller period

n. Bond-valence molecular-dynamics simulations predict the relaxor-like
behavior observed experimentally, and interpretations of the polar patterns via
2D discrete-wavelet transforms in shorter-period superlattices suggest that
the relaxor behavior arises from shape variations of the dipolar configurations,
in contrast to frozen antipolar stripe domains in longer-period superlattices

(n = 16). Moreover, the size and shape of the dipolar configurations

are tuned by superlattice periodicity, thus providing a definitive design
strategy to use superlattice layering to create relaxor-like behavior which may
expand the ability to control desired properties in these complex systems.

1. Introduction

contributions and leverage the interplay
of various degrees of freedom in complex
oxides to produce emergent phenomena.
Those energies and interactions can be fur-
ther manipulated via epitaxial strain, super-
lattice periodicity, layer-thickness asymme-
try, and other variables, making oxide super-
lattices a veritable playground for new ef-
fects. Superlattices based on alternating lay-
ers of ferroelectric and dielectric materials,
in particular, have garnered considerable in-
terest due to the prospect of producing ex-
otic polar orders and functionalities, such
as improper ferroelectricity, vortex struc-
tures, skyrmions, and large piezoelectric
responses.['3] Such superlattice structures
provide researchers with the opportunity to
control the energy landscape of materials by
manipulating electrostatic, elastic, and gra-
dient energies systematically, thus provid-
ing a route to induce exotic order and func-
tion. For example, in (PbTiO;),/(StTiO;),
superlattices (where n is the number of
unit cells), researchers have shown the
onset of improper ferroelectricity,™* flux-
closure domain structures,®! and emer-
gent polar structures such as vortices(?%7]

Superlattices, or unit-cell-precise layered structures, provide
researchers with the ability to fine tune competing energy

and skyrmions.*#] Superlattice structures have even been
used in all-ferroelectric layered structures to enhance ferroelec-
tric polarization and dielectric response simultaneously, as was
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demonstrated in the PbZr,_, Ti O, system.[l These examples il-
lustrate the expansive design space and the potential to explore
behavior beyond previously reported novel phases and to en-
hance properties in oxide superlattices.

A superlattice system that has been widely studied is
(BaTiO;),/(SrTiO;),, 112l where BaTiO, (SrTiO;) is a prototyp-
ical ferroelectric (dielectric). As a solid solution, Ba,_,Sr,TiO,
has also been widely investigated and used for its dielec-
tric properties,!'** including nonlinear dynamics!'?! and high
tunability."®! As a superlattice, (BaTiO;),/(SrTiO;), has been
studied in an attempt to enhance polarization, produce exotic
domain structures, etc. In prior work on these superlattices, re-
searchers have reported effects akin to relaxor-like behavior.'%]
Despite these intriguing observations, research efforts have been
more focused on tuning interlayer strain to produce a broad
range of physical properties,[!'l and less on explaining the mech-
anism(s) behind effects such as relaxor-like behavior. The obser-
vation of relaxor-like order in superlattice structures with peri-
odic layers is surprising, since relaxor behavior is typically ob-
served in chemically disordered materials.['’~2°! For example, in
heterovalent relaxors such as PbMg, ;Nb, ;0, (PMN)!'82!] the B-
site cations differ in both valence, size (Mg?* and Nb>* have ionic
radii of 72 and 64 pm, respectively), and propensity to displace
off center!??! (Mg?* and Nb°* displace by ~0.08 and ~0.13 A,
respectively, in lead-based perovskites) giving rise to both elec-
tric and elastic random fields that produce relaxor effects.?*] On
the other hand, in homovalent relaxors, such as BaZr,:Ti,sO,
(BZT), the B-site cations, which are primarily responsible for the
onset of polar order, have the same valence but differ in size
(Zr** and Ti** have ionic radii of 72 and 60.5 pm, respectively,
for a 16% size difference) and propensity to displace off center!??]
(Zr** and Ti** displace ~0.13 and ~0.25 A, respectively) thus
resulting in random elastic fields that induce relaxor effects.!?*]
In these and essentially all relaxors, solid solutions provide lo-
cal heterogeneous chemical fluctuations that enable disparate
competing polar structures with low potential energy barriers be-
tween them, leading to a distribution of polar domains, relax-
ation frequencies, and consequent frequency dispersion of the
dielectric response. The (BaTiO;),/(SrTiO;), system, however,
lacks most of these relaxor ingredients. There is no random solid
solution but orderly layers, and the valences of all A/B cations
are +2/+4. Furthermore, the ferroelectric cation (responsible for
off-centering) is identically titanium throughout. The A-site Ba*?
and Sr*? have ionic radii of 144 and 161 pm, respectively, and
this size difference is responsible for BaTiO, being ferroelectric
while SrTiO, is a dielectric at all temperatures. So many simi-
larities and such a small difference begs the question: can there
really be relaxor-like behavior in this chemically and Coulombi-
cally ordered superlattice system, and if so, what is the underlying
mechanism?

2. Results and Discussion

Here, we explore (BaTiO;),/(StTiO;), superlattices both exper-
imentally and theoretically, with the goal of investigating the
relaxor-like behavior and subsequently explaining the mecha-
nism behind its origin. The current work focuses on symmet-
ric (BaTiOs),/(StTiO,), (n = 4, 6, 8, 10, 12, 16, and 20 unit
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cells) superlattice heterostructures with overall film composi-
tion of Ba, ;Sr, s TiO, epitaxially grown by reflection high-energy
electron diffraction (RHEED)-monitored pulsed-laser deposition
(Methods). GdScO; (110) was selected as the substrate due to its
lattice parameter (a, = 3.96 A) being between that of BaTiO,
(@ = 4.005 A; where pc denotes pseudocubic) and SrTiO; (a =
3.905 A), and thus it induces moderate in-plane compres-
sive strain on the BaTiO; (—0.8%) and tensile strain on the
SrTiO; (1.6%). As a comparison, a single-layer Ba,,Sr,,TiO,
solid-solution film (henceforth referred to as the single-layer
film) was grown for similar measurements. This composi-
tion was readily available and is similar in chemical com-
position and relevant electrical properties, so it serves as a
reference ferroelectric material for BaTiO, layer thicknesses
down to ~3 nm.[>>*?’] From the behavior of single-layer BaTiO,
films, we expect all BaTiO, layers in the superlattice struc-
tures to be polydomain ferroelectric at room temperature. Dur-
ing the growth of the superlattice heterostructures, persis-
tent and streaky RHEED intensity oscillations indicative of
a layer-by-layer growth mode were observed for all deposi-
tions, with representative data shown for a n = 16 superlattice
(Figure 1a). —26 X-ray diffraction studies reveal single-phase,
fully epitaxial, 00l-oriented films (all 70 nm in total thickness),
with superlattice peaks varying as expected according to their su-
perlattice periodicities (Figure 1b). This initial structural charac-
terization shows that high-quality superlattices have been pro-
duced. Reciprocal space maps about the 103, -diffraction con-
ditions of the substrates and superlattices are also consistent
with high-quality epitaxial growth (as expected based on the in
situ RHEED) and reveal that the heterostructures are all co-
herently strained to the substrates (Figure S1, Supporting In-
formation). On-axis reciprocal space maps at room tempera-
ture about the 002, -diffraction conditions do not show any
peaks at Q, # 0 (Figure S2, Supporting Information). This in-
dicates an absence of periodic in-plane features at room tem-
perature (as are observed, for example, in vortex structures in
(PbTiO;),/(SrTiO,), superlattices).[?) While (BaTiO,), /(SrTiO;),
superlattices are somewhat similar to (PbTiO;),/(SrTiO;), su-
perlattices, there are some differences that may account for
the differences in observed polar structures, primarily stem-
ming from the larger and more robust polarization in PbTiO,
compared to BaTiO, and differences in lattice mismatch to
SrTiO;. Z-contrast, high-angle annular dark-field (HAADF) scan-
ning transmission electron microscopy (STEM) imaging fur-
ther confirms the high quality of the superlattice structures
and shows sharp interfaces between the layers, as the Z-
contrast primarily comes from barium versus strontium cations
(Figure 1c). With this foundation, we proceed to study the
evolution of dielectric and ferroelectric properties in these
heterostructures.

SrRuO,/(SrTiO;), /[(BaTiO;),/(StTiO;),],/StRuO, capaci-
tor structures (where k is the number of repeat units) were
fabricated to enable dielectric and ferroelectric measurements
(Experimental Section). Room-temperature polarization-electric
field hysteresis loops (Figure 2a) reveal no significant remanence
but strong polarization values at high fields (17-23 uC cm) for
all superlattice heterostructures and for the single-layer film. In
general, however, the nonlinear response is more pronounced
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Figure 1. a) Time evolution of the intensity of the 00 specular spot during RHEED-assisted pulsed-laser of a (BaTiO3)¢/(SrTiO3) 16 heterostructures
demonstrates persistent layer-by-layer deposition control. b) 6—26 X-ray diffraction patterns about the 002-diffraction condition with superlattice fringes
varying directly as a function of superlattice periodicity (n). c) HAADF-STEM image confirming sharp interfaces and exacting deposition control in the

(BaTiO3)44/(SrTiO3) 1 superlattices.

in short-period superlattices, while long-period superlattices
trend more toward linear dielectric response. As compared
to the single-layer film (which demonstrates strong nonlinear
and nonhysteretic behavior—as expected since the transition
temperature (T ~ 250 K[?l) is below room temperature), the
response of the shortest-period superlattices (n = 4) is most
similar. The lack of remanence in the hysteresis loops at room
temperature suggests a lack of stable long-range ferroelectric
order in all heterostructures. The single-layer film and all
superlattices begin to show some hysteresis upon cooling to
80 K, yet only the single-layer film shows robust remanent po-
larization consistent with that expected for a ferroelectric below
its Curie temperature (Figure S3, Supporting Information).!?8]
Hysteresis loops for the single-layer film and each superlattice
(n =4,6, 8, 10, 12, 16, 20) at room temperature (Figure S4,
Supporting Information) and 80 K (Figure S5, Supporting
Information) are provided for clarity. At n = 4, the polarization-
electric field response is most similar to the single-layer film,
suggesting that altering the periodicity down to n = 4 can
tune the behavior from relaxor-like to a weak conventional
ferroelectric.

To investigate the nature of any potential phase transitions
in the superlattice heterostructures, temperature- (80-350 K)
and frequency-dependent (500 Hz-500 kHz) dielectric measure-
ments were completed on all superlattice variants (Figure 2b).
First, the maximum value of dielectric response decreases sys-
tematically as the periodicity n increases. Second, the tempera-
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ture corresponding to the maximum in the dielectric response
(Tpae) increases as the periodicity n increases. Third, all sam-
ples show broad temperature-dependent dielectric peaks and
frequency dispersion. To rule out Maxwell-Wagner relaxation
as a potential cause of the frequency-dependent enhanced di-
electric response,[2>3% dielectric responses (constant and loss)
were measured down to a frequency of 100 Hz across the full
temperature range (80-350 K) (Figure S6, Supporting Informa-
tion) and down to 50 Hz at room temperature (Figure S7, Sup-
porting Information). In all cases, no enhancement of the low-
frequency (<1 kHz) imaginary response was observed, as evi-
denced by flat loss tangent and dielectric constant at low fre-
quencies at room temperature and at 150 K (Figure S8, Sup-
porting Information). Despite the absence of Maxwell-Wagner
relaxation to account for such effects, prior work has observed
similar effects that have been attributed to phenomena as di-
verse as space-charge relaxation*!! to polaronic relaxation.*?]
In this work, broad temperature-dependent dielectric peaks and
frequency dispersion are attributed to thermally induced width
modulations of domains that enable easily accessible polar fluc-
tuations.

In relaxor ferroelectrics, it is typical to observe a broad
temperature-dependent peak and significant frequency disper-
sion of T,.. (AT,.. = 20-35 K as the electric-field frequency
increases from 500 Hz to 500 kHz for the structures studied
here).?*341 Both of these features are present in all superlat-
tice periodicities studied, but the total dielectric constant and
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Figure 2. a) Hysteresis loops demonstrate no significant remanent hysteresis across all superlattices and single-layer Bag ¢Sr 4TiO3. b) Frequency-
and temperature-dependent evolution of the dielectric constant for the various superlattices. For each data set, the colors go from bright to dark with
increasing frequency (from 0.5 to 500 kHz). c) The frequency- and temperature-dependent data from (b) for selected superlattice periods and the
solid-solution film fitted to the Vogel—Fulcher relation. d) Vogel—Fulcher fitted parameters are tabulated.

AT, .. are enhanced in short-period structures. For compari-
son, the single-layer film has a Curie temperature ~165 K with
essentially no frequency dispersion (Figure S9, Supporting In-
formation). This suggests that, despite having similar chemical
compositions, superlattice heterostructures exhibit distinctly dif-
ferent responses from single-layer materials.

The functionality of the short-period superlattices is further
illustrated in room-temperature capacitance-voltage measure-
ments which exhibit significant dielectric tunability for the short-
period superlattices in response to dc electric fields. The tun-
ability of the dielectric constant when applying a dc field of up
to 125 kV cm™! increases from 0% for n = 16 superlattices to
24% for n = 4 superlattices (Figure S10, Supporting Informa-
tion). This increase in tunability in the short-period superlattices
suggests that either the polarization or the domain structures in
these superlattices must be more readily modulated. Likewise,
the long-period superlattices have electric-field-independent di-
electric constants, which is consistent with the linear shape of
their hysteresis loops and is suggestive of larger energy barriers
to polarization and/or domain reorientation. Large tunability has
been reported in Ba,_,Sr, TiO, solid solutions (which has made
such materials a focal point for numerous applications),’*>°! and
the single-layer films in this study live up to this expectation, with
a tunability of 68% at a field strength of 125 kV cm™! (Figure S11,
Supporting Information). These observations are consistent with
heterogeneous chemical fluctuations in the solid solutions and
proximity to the Curie temperature at room temperature. We
also note that the static electric-field tunability of the AC di-
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electric response of traditional relaxors is larger than that ob-
served in the superlattices here, likely due to the diverse set of
local polarization directions in those chemically disordered sys-
tems that provide a nearly flat energy landscape. By compari-
son, the (BaTiO,),/(SrTiO;), superlattices have chemical varia-
tion only in a single direction (the out-of-plane direction) and
only at ordered interfaces and thus likely possess a lower po-
tential for polarization reorientation than a traditional relaxor. To
further explore relaxor-like behavior in this superlattice system,
we analyzed the temperature- and frequency-dependent dielec-
tric response using the Vogel-Fulcher relationship (Experimen-
tal Section).’”! For brevity and due to the similar nature of the
observed responses, we select the n = 4, 6, 8, and 16 superlat-
tice heterostructures and the single-layer films for such analyses
(Figure 2c). Fitting the data for intermediate- and long-period
superlattices to the Vogel-Fulcher equation (Figure 2c, black
lines) gives values that agree with existing relaxor literature
(Figure 2d).%8] The activation energy E, ranges between 0.024
and 0.053 eV for all periodicities longer than n = 4, and the
associated characteristic frequency f, values are in the range
of 108-10'° Hz. For traditional relaxors such as single-crystal
PbMg; ;Nb,;0;, thin-film 0.7 PbMg; ;Nb,;0,-0.3 PbTiO;, and
ceramic Ba 5s St ,s TiO;, values of E, and f; are in the same range
as those noted here for the long-period (BaTiO,), /(StTiO;), su-
perlattices (Figure 2d).[°! Typical relaxors demonstrate frequency
dispersion in their dielectric maxima due to a size distribution of
slush-like dynamic polar structures, and they can consequently
be fit with the Vogel-Fulcher relationship.[**l On the other hand,
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Figure 3. Dipolar configuration-temperature stability diagram for (top) n = 4

, (middle) n =6, and (bottom) n = 16. n = 4 has two dipolar configuration

transitions < 90 K, whereas the lowest phase transition temperature for n = 6 is 130 K. Qualitatively defining T; as the temperature above which the
relaxor-like phase is stable, our results show that n = 4 freezes at a lower temperature (90 K) than n = 6 (130 K) and n = 16 (>170 K), which agrees
with the fitted Vogel-Fulcher parameters. The simulation edges are parallel to the [100] and [010] and the vertical direction is the [001]. The color bar has

units of C m=2.

robust ferroelectrics such as the Ba, (St , TiO; single-layer film
give an unphysically fast characteristic frequency when fit to the
Vogel-Fulcher equation, due to its field-induced transition to a
ferroelectric state exhibiting negligible frequency dispersion.[*!]
For the shortest superlattice period studied in this work (n =
4), the unphysically fast characteristic frequency (~10*® Hz) is
likely explained by a tight distribution of slush-like polar struc-
tures, constrained by the electrostatic boundary conditions of the
superlattice periodicity. Thus, the fitting of shortest-period su-
perlattices (n = 4) to the Vogel-Fulcher relation does not yield
a typical relaxor-like characteristic frequency nor activation en-
ergy. To denote this, the values obtained for the n = 4 and single-
layer film are noted in parentheses to indicate the limitations (or
failure) of these fits (Figure 2d). This does not mean, however,
that the short-period superlattices are simply conventional ferro-
electrics, since we still observe frequency dispersion of the di-
electric response in addition to an overall enhancement of the re-
sponse. Furthermore, experimental freezing temperatures (Tj),
extracted from the Vogel-Fulcher relationship, increase directly
with superlattice periodicity, with T; rising from 178 K for n
= 6 superlattices to 291 K for n = 16 superlattices. This sug-
gests that smaller, less thermally stable domains are present in
the shorter-period superlattices. Taken together, this suggests
that the shortest-period superlattices are essentially conflicted—
forced into a state that exhibits relaxor-like effects as well as ef-
fects more akin to the solid solution. This odd combination, in
turn, arises from the superlattice structure placing these materi-
als in intimate contact at the appropriate length scales.

To explain the mechanism behind the experimentally ob-
served relaxor behavior, we analyzed the periodicity- and
temperature-dependent evolution of the underlying dipo-
lar structures in the (BaTiO,),/(SrTiO,), superlattices using
isobaric-isothermal ensemble (NPT) bond-valence molecu-
lar dynamics (BVMD) simulations (Experimental Section).
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Structural snapshots of the out-of-plane (c) component of the
polarization (P.) after finite-temperature equilibration show
dipolar configurations with relaxor-like polarization texture
for a range of temperatures (horizontal axis, Figure 3) and
periodicities (vertical axis, Figure 3) in a simulated cell 80 A in
width. At all temperatures, smaller domain sizes are observed
in shorter period superlattice simulations, which is consistent
with the measured electrical response and nonlinearity. In the
short-period n = 4 superlattices at temperatures of <50 K, a
phase with six antipolar-stripe domains (along the [100] or [010])
per 80 A forms, as denoted in the a—b plane of the top interface
of each simulation cell. Upon heating to 90 K, the number of
antipolar-stripe domains per 80 A reduces to four, corresponding
to an increase in domain width w from 13 to 20 A. Upon further
heating to 110 K, the system favors antipolar-diagonal domains
along the [110] or [110], which corresponds with the formation
of 28 A wide stripe domains in the simulation cell. Therefore,
at temperatures of <110 K, the dipolar-structure evolution
of the n = 4 superlattices upon heating is characterized by a
widening of the domains. Above 110 K, a relaxor-like phase
composed of slush-like polar structures!®! is observed (i.e.,
orderings of only a few unit cells), which then disintegrate as
other ordering directions and centers emerge. The emergence
of a relaxor-like polarization texture above the calculated T;
(90 K for n = 4 superlattices) is in excellent qualitative agreement
with its strongly temperature- and field-dependent experimental
dielectric response. While the thermal evolution of the n = 6
superlattice dipolar configuration is similar to that of the n =
4 superlattice, the stripe-to-diagonal and diagonal-to-relaxor
transition temperatures are higher, and the narrowest (w ~ 13 A)
stripe-domain configuration disappears at low temperatures.
Finally, for n = 16 superlattices, the ground-state dipolar con-
figuration is approximately two antipolar stripe domains per
80 A for the entire range of simulation temperatures, except for
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Figure 4. Daubechies db2 wavelets for examining polar order. For image (and polarization-profile) processing, continuous a) scaling and b) wavelet

functions are replaced with discrete c) scaling and d) wavelet filters. Starting from e) a 2D polarization profile P, =p -2, a DWT corresponds to convo-
lutions of P_ and either low-pass g or high-pass h filters. f-i) A one-level 2D-DWT makes four sets of coefficients for the convolution of the rows and
columns of P_ and g (so-called “approximation” coefficients) (f), the rows of P_ and g and the columns of that convolution with h (so-called “horizontal
detail” coefficients) (g), the rows of P, and h and the columns of that convolution with g (so-called “vertical detail” coefficients) (h), and the rows and

columns of P_ and h (so-called “diagonal detail” coefficients) (i).

simulations at temperatures of <50 K for which there is minor
remanence in the time-averaged out-of-plane component of the
polarization (P.) ~ 1.3 pC cm=2. For this reason, 50 K appears
to mark the transition between antipolar-stripe domains (> 50K)
and robust ferroelectric BaTiO, layers (<50 K).

To further explore the dynamics of polar domains across the
T; in these systems, we performed 2D discrete-wavelet trans-
forms (2D-DWTs, Experimental Section). The 2D-DWTs used
the Daubechies db2 wavelet!*?! (Figure 4a—d) because 1) they
have been used to examine fractal self-similarity,*****] which
has been observed in relaxor ferroelectrics,[*~*8] and 2) the me-
dian absolute deviation of their so-called “diagonal detail” co-
efficients (Figure 4i) estimates the noise level o of a signal
or image,[**] which correlates to the polar features of relaxor
ferroelectrics because it is proportional to the density and dis-
order of domain walls (vide infra). It will be shown that for
a 2D polarization profile (Figure 4e), instead of an image, oy
can be used as a polar order parameter (oy — 0 for a ferro-
electric, oy > 0 for a relaxor ferroelectric, and oy > 0 for a
paraelectric).
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Ultimately, we used 2D-DWTs to capture information about
spatial order in a 2D image, which, in this case, is the

polarization profile (i.e., P.=P-Z, of a [001] layer or the
plane normal to the growth direction) in the simulated
(BaTiO;),/(StTiO,), superlattices. Using PyWavelets,[*] we cal-
culated 2D-DWTs by convolving the 2D-polarization profile (i.e.,
2D array of P, values; Figure 4e), and low- and high-pass filters
(Figure 4c,d), which are discretized representations of the con-
tinuous scaling and wavelet functions (Figure 4a,b). A one-level
2D-DWT produces four coefficient matrices (Figure 4f—i) corre-
sponding to four different convolutions. The matrix elements D;
(same dimensions as original P, ; image) produced by

D = ((PC * h)rows * h)columns (1)

are called the “diagonal detail” coefficients (Figure 4i for their
matrix and Figure 5a for their distribution), where h is the
Daubechies db2 wavelet (i.e., high-pass) filter and the subscripts
“rows” and “columns” denote the convolution axes. It has been

© 2023 Wiley-VCH GmbH
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Figure 5. Distribution of: a) the diagonal detail coefficients and b) their
absolute values estimating the “polar” noise level (proportional to the me-
dian absolute deviation, see purple dashed line and text) from the 2D-DWT
of the polarization profile P j in Figure 4e.

proposed that the median absolute deviation of the elements of
D, {D;} (Figure 5b), is an accurate estimate of oy

 Median (I24)

ON = TPPF(0.75) @)
where PPF(0.75) = 0.67 is the percent point function for the 75th
quantile. For a relaxor ferroelectric, we call oy the “polar” noise
level opy.12*]

To understand what o, means physically, consider the stripe
polarization profile (Figure 6a-(i)) and its diagonal detail coeffi-
cients (Figure 6a-(ii)). Note, that the difference in the size and
number of squares between panels (Figure 6(i),(ii)) results from
the down-sampling process inherent to the discrete wavelet trans-
form, where each square in panel (ii) represents the detail in-
formation averaged over four neighboring unit cells in panel (i).
The coefficients differ from zero only near domain walls. There-
fore, Equation (1) acts like an edge detector, finding regions with
large polarization gradients. The coefficients are, however, very
small (Figure 6a-(iii)), revealing that polarization profiles with
well-defined (i.e., less noisy) domains are captured mainly by the
Daubechies db2 scaling (i.e., low-pass) filter gand not h. Now con-
sider the random polarization profile (Figure 6b-(i)) and its diag-
onal detail coefficients (Figure 6b-(ii)). The coefficients are much
larger than those of the stripes and normally distributed with a
mean of zero; in other words, the random polarization profile is
pure polar noise.

To further our understanding of polar noise, we calculate opy
for a set of systems exhibiting different domain structures. We
use the same approach (i.e., perform 2D-DWT, obtain the diago-
nal detail coefficients, and calculate o},y) for a ferroelectric, para-
electric, and relaxor ferroelectric; only the values of the coeffi-
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cients and o,y change when you apply this approach to different
2D polarization profiles. For a monodomain ferroelectric mate-
rial, long-range order is characterized by large areas of either +¢
(vellow) or —c (purple) directions (Figure 7a-(i)). In this scenario,
the diagonal detail coefficients are zero (background turquoise
color) and thus o,y = 0 (Figure 7a-(ii)); in other words, mon-
odomain ferroelectrics are “noiseless.” For a paraelectric mate-
rial (with random polarization values; Figure 7b), the 2D-DWT
yields a larger o, = 1.23 (in units of the wavelet coefficients).
Since random polarization values are pure polar noise, we posit
that opy = 1.23 is an upper bound for 2D polarization profiles.
For a relaxor material at a given time ¢ (Figure 7c) and at some
later time (Figure 7d), our polar order parameter is expected to
be somewhere between the extreme cases of ferroelectric and
paraelectric materials (0 < opy < 1.23) due to the coexistence
of ferroelectric- and paraelectric-like phases as slush-like polar
structures.[] Here, for example, the 2D-DWTs for the relaxor
yields a opy = 0.51 which could evolve to another intermediate
value opy = 0.41.

With this introduction, we apply 2D DWTs to analyze the de-
pendence of polar noise level (vertical axis) on a layer-by-layer ba-
sis along the out-of-plane direction (horizontal axis) of the n = 4,
6, and 16 superlattices as a function of temperature (color axis)
(Figure 7e—g) and use this analysis to quantify the Vogel-Fulcher
freezing temperature. For all superlattice periods studied herein,
the opy in the BaTiO, layers are less than those for the SrTiO, at
the same temperature. This can be rationalized by the fact that
BaTiO, is not near a phase transition and thus has a well-defined
ferroelectric domain configuration, and SrTiO; is dielectric (an
incipient ferroelectric). Additionally, our results show that, across
all superlattice periods studied, oy decreases with decreasing
temperature. This demonstrates that the freezing of polar do-
mains as opy decreases corresponds to greater alignment of the
dipoles. Since noninterfacial BaTiO, layers in the superlattices
are the closest to bulk BaTiO; in terms of their local structure
and thus ferroelectric behavior, they are likely to serve as the nu-
cleation center from which polar domains can freeze. Therefore,
defining T; as the temperature at which o,y — 0 for noninter-
facial BaTiO, layers, we find that T increases with periodicity
(from 90 K for n = 4, to 130 K for n = 6, and finally to >170 K for
n = 16), which is in excellent agreement with the measured T;
(Figure 2d). Importantly, the 2D-DWT5s support the existence of
relaxor-like phases in n = 4 and 6 superlattices at temperatures
greater than T}, with intermediate dipolar order with values of
opy between 0.2 and 0.9.

We now rationalize the effect of superlattice periodicity and
temperature on the domain width. Again, at a constant tem-
perature, it is observed that the domain width increases with
superlattice periodicity. Such a dependence is expected®*>!! for
antipolar-stripe domains in ferromagnetic materials and re-
cently generalized for domains in ferroelectric/paraelectric pe-
riodic superlattices.’?) Such derivations begin with the follow-
ing expression for the free energy per unit volume (F) of a
ferroelectric thin film of thickness d in an arbitrary dielectric
medium

F=L4+F
w

elec

(w, d) )
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where y is the domain-wall energy per unit area and F,, is
the electrostatic depolarization energy. Upon applying the lat-
ter theory,?] the relationship between the equilibrium domain
width w and superlattice BaTiO, thickness d is given by

Y€ (65 + £x€z>
2 ———d (4)
where &g is the dielectric constant of the SrTiO, layers, ¢, (¢,) is
the xx (zz) component of the dielectric tensor for the BaTiO, lay-
ers, and P is the polarization. Qualitatively, this relation suggests
that the domain width should increase with increasing periodic-
ity with w o y/n. The intuition behind the positive correlation be-
tween domain width and periodicity is that thicker layers (larger
d, as in the n = 16 superlattices) need larger domain-wall areas
for each domain wall. Since the energy cost of creating these do-
main walls is greater for thicker layers than thinner ones, this fa-
vors fewer domain walls per unitlength (i.e., wider domains). Ata
constant superlattice thickness, the domain width decreases with
decreasing temperature. This dependence can be understood by
considering the measured temperature-dependence of the po-
larization and dielectric constant in Equation (2). Since the po-
larization increases (| P | increases with decreasing temperature,
Figure 3) and the dielectric constant decreases upon cooling be-
low T; (Figure 2b), the domain width should decrease with de-
creasing temperature.

Finally, we summarize some directions for future research
and discuss some promising strategies for relaxor design
via artificial heterostructuring. A natural next step is to ex-
plore the effect of asymmetric periodicity on the ferroelec-
tric and dielectric properties of (BaTiO,),/(SrTiO;),, superlat-

m
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tices. For example, the stability of polar vortices and vor-
tex mixtures in (PbTiO;),/(SrTiO;),, superlattices strongly de-
pends on the period asymmetry @ = n/m.>] This raises
the following question: is there a critical @ for the forma-
tion of such exotic polarization states (e.g., relaxors, vortices,
skyrmions, etc.) in (BaTiO,),/(StTiO;),, superlattices? A sepa-
rate avenue for subsequent study is to extend our experiments
to other superlattices such as (Ba, ,Sr,TiO;),/(SrTiO;),,,>"
(PbTiO,), /(StTi0;),, P>~ (Pb,_,Sr,TiO;), /(SrTiO;),,,>°) and
(BaTiO,),/(BaZr0;),,."! Such studies, together with exami-
nations of composition-, periodicity-, and composition-plus-
periodicity-graded heterostructures, should supply a sufficient
set of measurements from which to develop a quantitative theory
for relaxor behavior in ferroelectric/paraelectric superlattices.

3. Conclusions

This work studied engineered relaxor Dbehavior in
(BaTiO;),/(StTiO;), superlattices, wherein thermally induced
width modulations of antipolar stripe domains are observed in
short-period superlattices. Easily accessible polar fluctuations
lead to the enhancement of the dielectric constant across a
broad temperature range. All experimentally grown superlattices
demonstrate some degree of relaxor behavior, with stronger
behavior present in shorter periodicities; observations that were
predicted and explained by BVMD simulations and wavelet
analysis of the resulting polar patterns. We also presented a
mechanism for artificially designing relaxor structures in super-
lattices, wherein the thickness of repeating superlattice units
can be modulated to induce relaxor behavior through compe-
tition between dipolar configurations (i.e., antipolar-stripe and
paraelectric domains) which leads to slush-like polar structures.
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Figure 7. Wavelet-based estimator of the polar noise standard deviation (6py). a) 2D discrete wavelet transform of schematic ferroelectric domains
(a-i), through a high-pass filter (a-ii) are shown. b—d) Further schematics of a paraelectric (b), relaxor at some time t (c), and the same relaxor at some
time later t + At (d) are shown. e—g) Time-averaged, layer-resolved opy for the n =4 (e), n =6 (f), and n = 16 (g) superlattices at different temperatures.
opyn and Acpy quantify spatial and temporal order, respectively. opy quantifies the spatial dipolar order in each layer along the c-axis. Temporal dipolar
fluctuations are given by Acpy, i-e., the width of the color bands, where each color band corresponds to a simulation temperature, with dark red at
highest simulation temperature (170 K) and dark blue at the lowest simulation temperature (10 K). (e), (f), and (g) support the existence of relaxor-like
phases in n = 4 and n = 6 superlattices at temperatures between 90 and 130 K with intermediate dipolar order with values of opy between 0.2 and 0.9
and highly fluctuating dipoles with Aopy ~ 0.1 —0.2.

Finally, this work outlines a pathway for top-down design of  tion using a KrF excimer laser (248 nm, LPX-300, Coherent), in an on-axis
relaxational properties in superlattices. geometry. 20 nm thick SrRuO; was deposited (from a ceramic target of
the same composition) as a bottom electrode for all heterostructures on

GdScO; (110) single-crystal substrates (Crystec) at a heater temperature

of 700 °C in a dynamic oxygen partial pressure of 100 mTorr and a laser

4. Experimental Section fluence of 1.1) cm~2 and laser repetition rate of 10 Hz. BaTiO3 and SrTiO;
were both deposited (from ceramic targets of the same composition)

Heterostructure  Growth: (BaT|03)n/(SrT|O3)” superlattice het- ina dynamic oxygen-partial pressure of 20 mTorr at 700 °C with a laser
erostructures were synthesized via RHEED-assisted pulsed-laser deposi-  fluence of 2.1 ] cm™2 and laser repetition rate of 5 Hz. Superlattices
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were always started and finished with a layer of SrTiO;. Top SrRuO;
electrodes were deposited in situ immediately after the BaTiO; and
SrTiO; superlattice growth, and the entire system was cooled in a static
oxygen pressure of ~700 Torr at a rate of 10 °C min~'. All superlattice
heterostructures were composed of a 20 nm thick bottom electrode,
70 nm thick superlattice structure, and a 40 nm thick top-electrode layer.
A Bag ¢Srg 4TiO; solid-solution film was grown for reference in a 40 nm
SrRuO;3/150 nm Bag ¢Srg 4TiO3/20 nm SrRuO; stack on a GdScO; (110)
substrate. This growth was performed at 600 °C in an oxygen partial
pressure of 40 mTorr with a laser fluence of 1.52 | cm~2 at 2 Hz.

STEM Measurements: Samples for HAADF-STEM were mechanically
and subsequently argon-ion milled using Gatan precision ion polishing
system (PIPS) starting from 3.5 keV at 4° down to 1 keV at 1° for the final
polish. HAADF-STEM experiments were carried out at Lawrence Berkeley
National Laboratory using the double aberration-corrected TEAM | micro-
scope operating at 300 kV. The probe semiangle and beam current used
for imaging were 30 mrad and 70 pA, respectively.

Fabrication of Capacitor ~ Structures: All  measurements were
completed on capacitor structures fabricated from the symmetric
SrRuO;/(SrTiO3)/(BaTiO3),/(SrTiO3),/SrRUO;  heterostructures.  To
fabricate these structures, large (2200 pm) trenches were ion-milled
through the films and into the substrate to provide space to wire-bond.
Then, top electrodes were patterned to define 25 um diameter circular
capacitors using photolithography. Next, a 200 nm thick MgO insulating
layer was deposited by a room-temperature pulsed-laser deposition
process. 80 nm thick platinum pads were sputtered to provide con-
sistent contact between wire-bond and the circular capacitors during
temperature-dependent measurements.

Ferroelectric and Dielectric Measurements: Hysteresis loops were mea-
sured at a frequency of 10 kHz by a bipolar triangular profile up to 750 kV
cm~! using a Precision Multiferroic Tester (Radiant Technologies). Dielec-
tric measurements were carried out using an E4990A Impedance Ana-
lyzer (Agilent Technologies) at an ac field excitation voltage of 100 mV
and frequency ranges of 50 Hz to 1 MHz using a cryo-cooled probe sta-
tion (Lakeshore CRX-VF) with wire-bonded contacts to the top and bot-
tom electrodes. Heterostructures were cooled to 77 K and measured upon
heating. For Vogel-Fulcher analysis, raw dielectric data was first smoothed
to a polynomial to extract the maxima for each temperature sweep at
a given frequency. Vogel-Fulcher analysis was performed by fitting the
Vogel-Fulcher model

f (Tuax) = foexp [Ea/kg (Thax — Te)] (3)

to frequency- and temperature-dependent dielectric maxima using
the characteristic frequency f,, activation energy E,, and freezing
temperature Tg.

Molecular-Dynamics Simulations: To model the dipolar structure and
dynamics of the synthesized superlattices, molecular dynamics (MD) sim-
ulations in the large-scale atomic/molecular massively parallel simulator
(LAMMPS) were performed!>®! using the composition-transferable bond-
valence interatomic potential for Ba;_,Sr,TiO;.[28] See ref. [28] for further
details about bond-valence-based interatomic potentials, the parameteri-
zation of the interatomic potential, and the MD simulations. Every struc-
ture is a 20 x 20 X 2(n+m) supercell containing 4000(n+m) atoms and
has two periods, i.e., (BaTiO3),/(SrTiO3),,/(BaTiO3),/(SrTiO3),,, in or-
der to include interperiod correlations. To determine the experimentally
relevant, minimum-free-energy domain configurations for the n =4, 6, and
16 superlattices, antipolar stripes, checkerboards, and diagonals of vary-
ing width (Figure S12, Supporting Information) were simulated and calcu-
lated their time-averaged potential energies vs temperature (Figure S13,
Supporting Information). As a point of reference, the Curie temperature
of BaTiO3 in BVMD is calculated!®®! to be 160 K and experimentally mea-
sured to be 393 K.[®"] Considering that the experimental measurements
are in temperature ranges entirely below 393 K, the simulated tempera-
ture range of 10-170 K is appropriate, and the trends from the simula-
tions can be readily mapped to the experimental results. Time averages
were taken over the last 0.35 of 1.35 ns NPT simulations at equilibrium.
Titanium displacements were also initialized of 0.05 A along [111] so as
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to start from the low-temperature ferroelectric and rhombohedral phase of
BaTiO5.1%2] Dielectric constants and equilibrium polarizations for the equi-
librium domain configuration vs temperature were computed. To quantify
the spatial and temporal fluctuations of the dipolar structure, the robust
wavelet-based estimator of the (Gaussian) noise standard deviation im-
plemented in scikit-image was used.[3463]

Supporting Information

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