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The ability to produce atomically-precise, artificial oxide heterostructures provides for the 

possibility of producing exotic phases and enhanced susceptibilities not found in parent 

materials. Typical ferroelectric materials either exhibit large saturation polarization away 

from a phase boundary or large dielectric susceptibility near a phase boundary. Here, we 

attain both large ferroelectric polarization and dielectric permittivity wherein fully-epitaxial 

(PbZr0.8Ti0.2O3)n/(PbZr0.4Ti0.6O3)2n (n = 2, 4, 6, 8, 16 unit cells) superlattices are produced 

such that the overall film chemistry is at the morphotropic phase boundary, but constitutive 

layers are not. Long- (n ≥ 6) and short-period (n = 2) superlattices reveal large ferroelectric 

saturation polarization (Ps = 64 µC cm-2) and small dielectric permittivity (εr ≈ 400 at 10 

kHz). Intermediate-period (n = 4) superlattices, however, exhibit both large ferroelectric 

saturation polarization (Ps = 64 µC cm-2) and dielectric permittivity (εr = 776 at 10 kHz). 

First-order reversal curve analysis reveals the presence of switching distributions for each 
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parent layer and a third, interfacial layer wherein superlattice periodicity modulates the 

volume fraction of each switching distribution and thus the overall material response. This 

reveals that deterministic creation of artificial superlattices is an effective pathway for 

designing materials with enhanced responses to applied bias. 

 

Superlattices comprised of thin layers of ferroelectric and/or dielectric materials 

provide ample opportunity for designing artificial heterostructures with tunable and emergent 

properties. For example, ferroelectrics can exhibit large susceptibilities to electric fields, 

stress, temperature, etc. which can be enhanced by the competition of structure and 

polarization between phases and can even lead to the development of novel order 

parameters.[1–3] In this regard, ferroelectric-dielectric superlattices have been widely 

studied[4,5] with particular interest on BaTiO3/SrTiO3
[6–12] and PbTiO3/SrTiO3 

superlattices.[13–15] In PbTiO3/SrTiO3 superlattices alone, for example, researchers have 

observed the evolution of novel order (i.e., improper ferroelectricity),[14] emergent, smoothly-

evolving polar structures (e.g., vortices and skyrmions),[16,17] and even classical flux-closure-

domain structures depending on the periodicity and strain state.[13] Considerably less work, 

however, has focused on superlattices of two different ferroelectric materials[18,19] wherein 

differences in symmetry,[20] polarization magnitude and direction, transition temperature,[21] 

etc. provide for an alternative approach to novel and/or enhanced responses and phases. In 

this regard, the PbZr1-xTixO3 system provides interesting opportunities as there are both 

zirconium-rich rhombohedral and titanium-rich tetragonal phases that are bridged by a 

morphotropic phase boundary[22,23] wherein those phases compete and provide for interesting 

properties (Figure 1a). Polarization rotation at this phase boundary enables an easier route to 
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switching at much lower coercive fields and thus enhances susceptibilities. While there has 

been considerable research on the compositional evolution of structure and properties in this 

system,[24–26] little work exists on the creation of artificial heterostructures and 

superlattices.[27–29] That which does exist focuses on long-period (i.e., layers of thickness ≥ 30 

nm), ferroelectric-ferroelectric heterostructures. We propose the exploration of short-period 

(down to 2 unit cells) ferroelectric-ferroelectric superlattices bridged across the morphotropic 

phase boundary in the PbZr1-xTixO3 system as a potential route to enhanced functionalities. 

Such a systematic study of ultra-thin superlattice periodicities can elucidate the complex 

interplay of competing energy terms (e.g., elastic, electrostatic, gradient, etc.) present in 

ferroelectric systems. 

Large susceptibilities in the PbZr1-xTixO3 system have historically been attained by 

selecting materials in the compositional vicinity of the morphotropic phase boundary.[30–32] 

This typically comes as a trade-off with saturation polarization, as polarization diminishes 

and susceptibility rises at the phase transition. Here, we take advantage of unit-cell-precise 

growth to introduce ferroelectric-ferroelectric interfaces as an additional design parameter 

wherein the material response can be tuned by both composition and superlattice periodicity. 

We likewise focus on heterostructures with overall chemistry near the morphotropic phase 

boundary, but built from compositions far from the phase boundary itself: rhombohedral 

PbZr0.8Ti0.2O3 and tetragonal PbZr0.4Ti0.6O3. Using reflection high-energy electron diffraction 

(RHEED)-assisted pulsed-laser deposition, we create atomically-precise 

(PbZr0.8Ti0.2O3)n/(PbZr0.4Ti0.6O3)2n (n = 2, 4, 6, 8, and 16 unit cells) superlattices with overall 

film chemistry of PbZr0.53Ti0.47O3. As compared to uniform films of the parent materials, the 

superlattice structures exhibit both large saturation polarization (Ps = 64 µC cm-2) and 
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dielectric susceptibility (εr = 776 at 10 kHz for n = 4 superlattices). ac field-dependent 

dielectric measurements suggest the presence of both phase-boundary- and parent-like 

switching events. First-order reversal curve studies reveal separate switching events for each 

of the parent layers in addition to a third interfacial layer. Ultimately, this reveals that 

artificial superlattices can be deterministically designed as an effective pathway for enhanced 

responses to external biases.  

Rhombohedral PbZr0.8Ti0.2O3 and tetragonal PbZr0.4Ti0.6O3 were chosen for this work 

because they are robust ferroelectric phases that differ in terms of symmetry, polarization 

direction, and have relatively close lattice parameters (a = 4.115 Å for PbZr0.8Ti0.2O3 and a = 

4.008 Å, c = 4.134 Å for PbZr0.4Ti0.6O3) such that high-quality superlattices of various 

periods can be synthesized. All heterostructures are grown on 20 nm Ba0.5Sr0.5RuO3/PrScO3 

(110) substrates (which were chosen because of the compressive strain[33] that is imposed on 

both the PbZr0.8Ti0.2O3 (-2.5%) and PbZr0.4Ti0.6O3 (-0.3%) layers). Details of the growth are 

provided (Experimental Section). To begin, it has been observed in prior studies that the 

exact chemical composition of the morphotropic phase boundary in PbZr1-xTixO3 can shift 

(slightly) towards higher concentrations of zirconium with compressive epitaxial strain.[34] 

Thus, a preliminary study was conducted to assess the average superlattice composition 

required to access phase-boundary-like behavior, namely an enhancement of dielectric 

susceptibility.[35] To sweep across various average compositions, 80-nm-thick 

(PbZr0.8Ti0.2O3)n/(PbZr0.4Ti0.6O3)m superlattices with varying n × m ratios were produced 

while the total periodicity n + m was held constant at 12 unit cells (specifically we studied n 

× m = 7 × 5, 5 × 7, 4 × 8, and 3 × 9, corresponding to average superlattice compositions of 

PbZr0.63Ti0.37O3, PbZr0.57Ti0.43O3, PbZr0.53Ti0.47O3, and PbZr0.5Ti0.5O3, respectively). 
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Subsequent θ-2θ X-ray diffraction studies reveal high-quality, epitaxial superlattices (Figure 

S1a, Supporting Information). Capacitor-based dielectric-permittivity measurements 

(Experimental Section), indicate an enhancement of the out-of-plane dielectric response, akin 

to that expected near the phase boundary, for the 4 × 8 superlattices (Figure S1b, Supporting 

Information) which corresponds to an average composition of PbZr0.53Ti0.47O3. Based on this 

observation, for the remainder of the study we fixed the overall heterostructure chemistry to 

be PbZr0.53Ti0.47O3 thus requiring the production of various n × 2n superlattices. 

At this overall film composition, periodicity-dependent studies were completed. Here, 

we focus on 80-nm-thick heterostructures including the following variants: 1) superlattice 

structures of the form (PbZr0.8Ti0.2O3)n/(PbZr0.4Ti0.6O3)2n (with n = 2, 4, 6, 8, and 16), 2) 

bilayer structures with 27 nm of PbZr0.8Ti0.2O3 and 53 nm of PbZr0.4Ti0.6O3 (i.e., a 1:2 ratio of 

the parent materials, equivalent to the ratio found in all the superlattices), 3) parent 

rhombohedral PbZr0.8Ti0.2O3, 4) parent tetragonal PbZr0.4Ti0.6O3, and 5) morphotropic phase 

boundary PbZr0.52Ti0.48O3. The production of high-quality superlattices was enabled by our 

ability to achieve layer-by-layer growth as monitored during deposition via RHEED (Figure 

1b,c). Throughout (and after growth) the presence of a “streaky” RHEED pattern 

demonstrates a persistent 2D-growth mode and a smooth surface for a representative 

superlattice growth (inset, Figure 1b). θ-2θ X-ray diffraction studies of the resulting 

superlattices reveal epitaxial, 00l-oriented films with superlattice peaks varying as a function 

of superlattice periodicity (Figure 1c). Wide-angle θ-2θ X-ray studies show no secondary 

phases and high-quality, epitaxial growth for all heterostructure variants (Figure S2, 

Supporting Information). Reciprocal space maps about the 103pc-diffraction conditions for all 

superlattice heterostructures show fully-strained films (Figure S3, Supporting Information). 
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Z-contrast, high-angle annular dark-field (HAADF) scanning transmission electron 

microscopy (STEM) imaging and energy dispersive spectroscopy (EDS) studies were 

completed for two superlattice structures [(PbZr0.8Ti0.2O3)n/(PbZr0.4Ti0.6O3)2n with n = 6, 8] 

and reveal the production of high-quality heterostructures with smooth interfaces that exhibit 

no obvious defect structures (Figure S4, Supporting Information). Due to the similar 

chemistry between the layers (i.e., both layers in the superlattice contain lead, zirconium, and 

titanium) the z-contrast between the layers is not as distinct as one might expect for a 

superlattice made from vastly different materials. To confirm the production of the 

superlattice structures, EDS studies were employed to map the local chemical variations 

throughout the superlattice structure (Figure 1d). The EDS signatures from the titanium and 

zirconium are observed to oscillate or alternate in intensity due to the chemical variations in 

each layer of the superlattice (i.e., from zirconium-rich PbZr0.8Ti0.2O3 to titanium-rich 

PbZr0.4Ti0.6O3) and this helps identify the superlattice structure in the absence of robust z-

contrast. All told, the STEM and EDS data, in conjunction with extensive RHEED and X-ray 

diffraction studies, confirm that high-quality superlattices of various periodicities can be 

produced. Thus, it is appropriate to proceed to study the impact of superlattice design on 

dielectric and ferroelectric response. 

Frequency-dependent dielectric-permittivity measurements demonstrate low-loss 

response in all heterostructure variants, but a strong superlattice periodicity dependence of 

the permittivity itself (Figure 2a-b). Similar studies were completed for the parent tetragonal 

PbZr0.4Ti0.6O3 (εr = 362 at 10 kHz), the parent rhombohedral PbZr0.8Ti0.2O3 (εr = 492 at 10 

kHz), and morphotropic phase boundary PbZr0.52Ti0.48O3 (εr = 799 at 10 kHz) (Figure 2a). 

Both the PbZr0.4Ti0.6O3 and PbZr0.8Ti0.2O3 show low dielectric loss, while the PbZr0.52Ti0.48O3 
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shows slightly increased loss consistent with the complex structural evolution under applied 

external fields (Figure 2b). This range of properties provides an important framework in 

which to probe the superlattice heterostructures. The dielectric permittivity hovers around 

≈400 (at 10 kHz) for the bilayer heterostructures and all long-period superlattices (n ≥ 6). At 

the other end of the spectrum, short-period superlattices (n = 2) also exhibit permittivity in a 

similar range. Intermediate-period superlattices (n = 4), however, display dramatically 

enhanced permittivity (≈776 at 10 kHz, Figure 2c). Naively, one might expect that reducing 

the superlattice period should result in a more uniform, morphotropic-phase-boundary-like 

heterostructure and, thus, systematically increasing dielectric response. Our observations, 

however, suggest a more complex evolution of dielectric response with superlattice 

periodicity and begs the question: what gives rise to the dielectric enhancement in the n = 4 

superlattices? 

One potential explanation is that reducing the size (or thickness) of the ferroelectric 

layers is destabilizing the polarization and effectively lowering the Curie temperature which 

would result in an enhanced room-temperature dielectric permittivity in the ultra-thin 

superlattices. To probe this concept, temperature-dependent dielectric measurements were 

completed on the parent PbZr0.4Ti0.6O3 and PbZr0.8Ti0.2O3 heterostructures and the n = 4 

superlattices (Figure S5, Supporting Information). These studies reveal, however, that 

enhancement in dielectric response does not stem simply from a lower transition temperature 

as Curie-Weiss analysis of the phase transition shows that the transition temperatures are 580, 

500, and 560°C for PbZr0.4Ti0.6O3, PbZr0.8Ti0.2O3, and n = 4 superlattice heterostructures, 

respectively. To further explore the phase-boundary behavior of this specific superlattice 

periodicity and deconvolute contributions to the dielectric response, Rayleigh dielectric 
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measurements were employed (Experimental Section). Rayleigh studies utilize an ac-field-

dependent measurement to probe the behavior of ferroelectric materials in three different 

regimes: low, high, and switching fields. Both the low- and high-field regimes are sub-

switching linear regimes from which the reversible and irreversible extrinsic contributions to 

dielectric response, respectively, can be extracted. In the low-field regime,[36] an enhanced 

field-independent constant permittivity represented by the reversible Rayleigh parameter ε′ini 

indicates large intrinsic lattice and reversible extrinsic contributions.[37] In the high-field  

(Rayleigh regime), a steep linear slope indicated by the Rayleigh coefficient α′ is typical of 

an enhanced irreversible contribution.[38] Thus the overall dielectric response is represented 

as:              .            (1) 

Analysis of the Rayleigh studies at sub-switching fields reveals both parent phases and the 

bilayer heterostructures to have small ε′ini (  360) and α′ (  4 cm kV-1) (Figure S6, 

Supporting Information), while the phase-boundary PbZr0.52Ti0.48O3 exhibits large ε′ini (865) 

and α′ (87.6 cm kV-1) (Table 1). In this context, the intermediate-period superlattices (n = 4) 

demonstrate enhanced ε′ini (805) and α′ (32 cm kV-1) (Figure 2d); values considerably larger 

than those in all other superlattices and similar to literature values for bulk 

PbZr0.52Ti0.48O3.
[37] This suggests that this periodicity (n = 4) behaves quite similarly to a 

phase-boundary material, yet it was created from compositions away from the phase 

boundary. Motivated by the observation of this strong periodicity dependence of the small-

field dielectric response, we proceed to study ferroelectric behavior under large applied fields 

wherein we expect to observe hysteresis phase-boundary-like switching behavior. 
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Polarization and current-electric field hysteresis loops (for brevity shown only at 10 

kHz) demonstrate the evolution of both the polarization and switching current in the 

heterostructures. Hysteresis loops for the parent phases PbZr0.8Ti0.2O3 (Figure 3a) and 

PbZr0.4Ti0.6O3
 (Figure 3b) show a large saturation polarization Ps = 67 µC cm-2 and a single 

switching event as illustrated by the single current peak (yellow for PbZr0.8Ti0.2O3 and blue 

for PbZr0.4Ti0.6O3). The PbZr0.52Ti0.48O3 phase exhibits a much smaller saturation polarization 

(Ps = 45 µC cm-2, Figure 3c). The bilayer (Figure 3d) and superlattice heterostructures 

(Figure 3e-i) exhibit a consistent Ps = 64 µC cm-2. In the current loops, two switching events 

are evident (as illustrated by the two current peaks) with an intensity ratio that is related to 

the volume fraction of the parent phases in the heterostructures. The two switching events, 

therefore, are hypothesized to be related to the two parent phases present. The puzzling 

conclusion from this data is that the intermediate-period superlattices (n = 4) do not behave 

like the phase-boundary film, but instead are similar to the other superlattice periodicities 

which show indications of mixed-parent-phase behavior. 

While the large-field switching response is consistent among the various superlattices, 

the small-field dielectric response (Figure 2) varies greatly with periodicity. Intermediate-

period superlattices (n = 4) have the most interesting behavior, wherein there is both 

enhanced permittivity (i.e., large εr = 776 at 10 kHz, ε′ini = 805 and α′ = 32 cm kV-1) akin to 

phase-boundary-like response and simultaneously large saturation polarization (Ps = 64 µC 

cm-2) akin to the parent-phase materials and other superlattices. This unusual combination of 

large dielectric permittivity and ferroelectric polarization in the intermediate-period 

superlattices (n = 4) calls for further study as a function of external bias. Here, we extend the 

dielectric Rayleigh measurements (which are typically performed in sub-switching fields) to 
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the third regime – the switching-field regime – at higher fields. Parent phases PbZr0.8Ti0.2O3 

and PbZr0.4Ti0.6O3 exhibit peaks in the dielectric response corresponding to switching at 

relatively large fields (80-125 kV cm-1), whereas phase-boundary PbZr0.52Ti0.48O3 exhibits a 

peak corresponding to switching at lower fields (25-60 kV cm-1) (Figure 4a). This behavior 

can be used as a reference frame to understand the response of the superlattice 

heterostructures which exhibit features similar to both PbZr0.52Ti0.48O3 (i.e., low-field 

response within the switching-field regime) and the parent phases PbZr0.8Ti0.2O3 and 

PbZr0.4Ti0.6O3 (i.e., high-field response within the switching-field regime). While all bilayer 

and superlattice heterostructures exhibit some features of parent- and phase-boundary-like 

character in the switching-field regime, the short- and intermediate-period superlattices (n = 

2, 4) have a particularly pronounced phase-boundary character and the long-period 

superlattices (n ≥ 6) and bilayer heterostructures have pronounced parent character (Figure 

4b). This mixed phase-boundary- and parent-like character suggests that while aspects of the 

response of the parent PbZr0.8Ti0.2O3 and PbZr0.4Ti0.6O3 materials are maintained, the intimate 

interfacing of these materials gives rise to a response more akin to PbZr0.52Ti0.48O3, most 

likely at the interface between the two layers. Additional insight in this regard can be 

extracted from the dielectric loss data taken simultaneously. Again, the PbZr0.52Ti0.48O3
 phase 

exhibits a peak in loss at lower fields (20-50 kV cm-1) while the parent phases PbZr0.8Ti0.2O3 

and PbZr0.4Ti0.6O3 exhibit peaks in loss at relatively larger fields (50-90 kV cm-1) (Figure 4c). 

Likewise, all superlattice heterostructures exhibit mixed loss character (i.e., loss signatures at 

both low and high fields), but in general the shorter the superlattice period (n ≤ 4) the larger 

the proportion of the small-field effects, whereas the opposite trend is observed for long-

period superlattices. In turn, this suggests that the superlattices with more interfaces exhibit 
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more phase-boundary-like switching behavior, thus a higher permittivity in small fields, 

while maintaining aspects of ferroelectric polarization switching akin to that of the parent 

phases PbZr0.8Ti0.2O3 and PbZr0.4Ti0.6O3.  

These large-field Rayleigh studies suggest the potential for a complex switching 

process wherein – particularly in the superlattices – multiple switching phenomena including 

aspects not only related to the parent phases (PbZr0.8Ti0.2O3 and PbZr0.4Ti0.6O3), but also to 

the phase boundary PbZr0.52Ti0.48O3. To probe this idea, first-order reversal curve (FORC) 

analysis, which reveals the Preisach distribution of switchable units (so-called hysterons) 

over bias and coercive fields,[39] was performed by measuring a series of minor loops at 1 

kHz. All heterostructures were first poled with a negative bias and gradually switched with 

positive biases of increasing magnitude (Experimental Section and Figure S7, Supporting 

Information).[40] Analyses of the PbZr0.8Ti0.2O3 (Figure 5a) and PbZr0.4Ti0.6O3 (Figure 5b) 

parent phases reveal singular FORC distributions wherein PbZr0.4Ti0.6O3 has a larger coercive 

field (~70 kV cm-1 versus ~50 kV cm-1). The PbZr0.52Ti0.48O3 phase-boundary material 

(Figure 5c) demonstrates a much lower coercive field (~20 kV cm-1) consistent with the 

polarization-electric field hysteresis loops (Figure 3). The bilayer heterostructures (Figure 5d) 

exhibit two distinct distributions likely arising from the two parent-phase layers. These two 

switching distributions are matched in coercive field (~80 kV cm-1), which suggests that the 

entirety of the film switches together to prevent large penalties in electrostatic energy. 

Because two-thirds of the total ferroelectric layer volume is comprised of PbZr0.4Ti0.6O3, 

which has a large coercive field, it sets the overall coercive field for the entire film and 

pushes the switching distribution of the PbZr0.8Ti0.2O3 component to match in coercive field. 

In the superlattice heterostructures (Figure 5e-h), a third distribution emerges at lower 
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coercive fields (~36 kV cm-1) which can be attributed to a phase-boundary-like interfacial 

region. To better quantify the periodicity-dependent evolution of the different switching 

distributions, a line-profile of the FORC distribution was taken at a reversal field of ~70 kV 

cm-1 (cutting through both the distributions attributed to parent PbZr0.4Ti0.6O3 and phase-

boundary PbZr0.52Ti0.48O3). As the superlattice periodicity is shortened, two changes are 

observed. First, there is a decrease in the intensity of the distribution attributed to the parent-

PbZr0.4Ti0.6O3-like character simultaneous to an increase in the intensity of the distribution 

attributed to the phase-boundary-like character (Figure 5i). Second, the distinct switching 

distributions start to converge as the distribution attributed to the parent-PbZr0.4Ti0.6O3-like 

character shifts to lower fields.  

Additional insight about the evolution of the heterostructures can be extracted by 

recalling that the Preisach density of each FORC distribution (Figure 5) also indicates a 

population map of switching fields in a material,[41] thus we can relate the FORC peak 

intensity to a volume fraction of material responsible for that distribution. For example, in the 

bilayer heterostructures the ratio of distribution intensities attributed to the parent-

PbZr0.4Ti0.6O3- (blue) and parent- PbZr0.8Ti0.2O3-like (yellow) character is consistent with the 

heterostructure volume fraction (66%  PbZr0.4Ti0.6O3 and 33% PbZr0.8Ti0.2O3; a 2:1 ratio) 

(Figure 6a). As the superlattice periodicity is shortened, the intensity of the distribution 

attributed to the parent-PbZr0.4Ti0.6O3-like character decreases and the intensity of the 

distribution attributed to the phase-boundary-like character (green) increases. The intensity of 

the distribution attributed to the parent-PbZr0.8Ti0.2O3-like character remains relatively 

unchanged with periodicity, which is attributed to the larger difference in chemical proximity 

to the phase-boundary for this composition than the parent-PbZr0.4Ti0.6O3 phase. This 
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suggests that as the number of interfaces is increased, the fraction of material in the 

superlattices exhibiting phase-boundary-like character increases – a trend shown 

schematically (and quantitatively based on the intensity evolution of the FORC distributions; 

Figure 6b). In the bilayer heterostructures, the predominant character is that of the parent 

phases; essentially no phase-boundary-like character is observed. Upon transition, first to the 

n = 8 and then to the n = 4 superlattices, however, increasingly strong phase-boundary-like 

character is observed in the FORC corresponding to increasing interfacial volume behavior 

more like that material. In the short-period superlattices (n = 2), the three FORC distributions 

merge together, albeit with a higher coercive field than in the reference single-layer phase-

boundary PbZr0.52Ti0.48O3, suggesting that even in this ultra-thin structure, some remnant 

parent character is maintained. This also explains why this film retains the same coercive 

field as other superlattices.  

In conclusion, this work examined the role of superlattice periodicity in the 

observation of simultaneous large susceptibility and polarization in the PbZr1-xTixO3 system. 

While atomically-precise (PbZr0.8Ti0.2O3)n/(PbZr0.4Ti0.6O3)2n superlattices with overall film 

chemistry near the morphotropic phase boundary exhibit uniformly large polarization, there is 

significant superlattice-periodicity-dependent evolution of the dielectric permittivity and 

switching behavior.  FORC studies reveal separate switching events for each of the parent 

layers in addition to a phase-boundary-like interfacial layer – with the intensity of the latter 

increasing as the superlattice period is shortened. This corresponds to the creation of a large 

volume fraction of phase-boundary-like character at the interfaces in these heterostructures 

such that one can simultaneously achieve large polarization (enabled by the remnant parent 

character in those layers) and large permittivity (enabled by the emergent interfacial phase-
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boundary-like character layers). Ultimately, this study opens a pathway for artificial 

heterostructure design to enhance responses to external perturbation. 

 

 

Experimental Section 

Heterostructure Growth: All heterostructures were grown via RHEED-assisted 

pulsed-laser deposition using a KrF excimer laser (248 nm, LPX-300, Coherent), in an on-

axis geometry. Films were grown on 20 nm Ba0.5Sr0.5RuO3/PrScO3 (110) single-crystal 

substrates (Crystec) from ceramic targets. The bottom Ba0.5Sr0.5RuO3 layer was grown at a 

heater temperature of 700°C in an oxygen-partial pressure of 100 mTorr with a laser fluence 

of 2.0 J cm-2 and a laser repetition rate of 10 Hz. Parent phases PbZr0.8Ti0.2O3 and/or 

PbZr0.4Ti0.6O3, were deposited at a heater temperature of 610°C in an oxygen-partial pressure 

of 100 mTorr with a laser fluence of 1.4 J cm-2 and a laser repetition rate of 10 Hz using 10% 

lead-excess targets. PbZr0.52Ti0.48O3 was deposited under the same conditions as the parent 

phases, again using a 10% lead-excess target. The top electrode, 40 nm BaSr0.5Ru0.5O3, was 

deposited in situ at 610°C and 100 mTorr immediately after the deposition of ferroelectric 

layer(s). All heterostructures grown were tri-layers of the form: 20 nm bottom electrode, 80 

nm total ferroelectric layer(s), and 40 nm top electrode. After deposition, films were cooled 

down to room temperature in an oxygen pressure of 760 Torr at a rate of 10 ⁰ C min-1.  

Ferroelectric and Dielectric Measurements: All electrical measurements were 

performed on the above noted capacitor structures with symmetric Ba0.5Sr0.5RuO3 electrodes. 

Top electrodes were lithographically patterned and ion-milled to define 50 µm diameter 

circular capacitors. Ferroelectric properties were measured using a Precision Multiferroic 
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Tester (Radiant Technologies). A triangular voltage profile was employed with a maximum 

bias of up to ±4 V. Ferroelectric hysteresis loops were obtained using a bipolar triangular 

profile at frequencies ranging from 0.1-10 kHz. Dielectric measurements were carried out 

using an E4990A Impedance Analyzer (Agilent Technologies) at an ac excitation voltage of 

10 mV. Rayleigh dielectric measurements were carried out at a frequency of 1 kHz, wherein 

the ac-field strength was ramped from 5 mV up to 50 mV for sub-switching regimes and 5 

mV to 1 V for switching regimes.  

First-Order Reversal Curve (FORC) Analysis: FORC analysis was performed by 

measuring a series of ascending minor loops at 1 kHz with a monopolar triangular voltage 

profile between a negative saturation field and variable reversal field Er. The distribution of 

elementary switchable units, according to the Preisach model,[38] is mapped out by taking the 

mixed second derivative of polarization with respect to the actual field (E) and the reversal 

field (Er):  (    )    (     (    ))           (2) 

The coordinates of the FORC distribution was converted to coercive-field and bias-field axes:                            (3) 

 

Supporting Information 

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

Figure 1. (a) Phase diagram of the PbZr1-xTixO3 system with vertical lines indicating the 

selected parent compositions. RHEED-assisted pulsed-laser deposition growth of the 

heterostructures demonstrating (b) persistent layer-by-layer deposition and sharp interface 

control. (c) θ-2θ X-ray diffraction patterns about the 002-diffraction condition for the various 

parent, bilayer, and superlattice heterostructures. (d) STEM image with overlaid EDS 

mapping (right) indicating the production of high-quality superlattice structures. 
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Figure 2. (a) Dielectric permittivity and (b) loss tangent as a function of measurement 

frequency for the various parent, bilayer, and superlattice heterostructures. (c) Summary of 

the dielectric response (i.e., permittivity on the left axis and loss on the right axis) as a 

function of superlattice periodicity demonstrating a strong enhancement at a critical 

superlattice periodicity of n = 4 unit cells. (d) Rayleigh dielectric measurements at sub-

switching fields for the various superlattice heterostructures. 
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Figure 3. Ferroelectric polarization-electric field hysteresis loops (left axis) and ferroelectric 

current-electric field loops (right axis) behavior (at 10 kHz) for single-layer parent (a) 

PbZr0.8Ti0.2O3 and (b) PbZr0.4Ti0.6O3 as well as single-layer (c) phase-boundary 

PbZr0.52Ti0.48O3 heterostructures together with those of (d) bilayer and superlattice 

heterostructures with (e) n = 16, (f) n = 8, (g) n = 6, (h) n = 4, and (i) n = 2. Note that the 

polarization and current are simultaneously shown to show constant polarization saturation 

and the split component of polarization switching from each parent phase. 
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Figure 4. Dielectric Rayleigh measurements extended to (large) switching-field regimes 

indicating the response during switching (a) at large ac fields in the parent PbZr0.8Ti0.2O3 and 

PbZr0.4Ti0.6O3 phases and small ac fields in phase-boundary PbZr0.52Ti0.48O3. (b) Similar data 

for the various superlattice samples exhibiting a mixture of both small- and large-field effects 

with n = 2, 4 superlattices showing predominant effects at lower fields and n > 4 superlattices 

predominant effects at higher fields. Corresponding dielectric loss for (c) the parent and 

phase-boundary materials indicating singular switching events which are contrasted with 

similar data for the (d) superlattice heterostructures which exhibit components of both parent 

and phase-boundary character.  
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Figure 5. Calculated FORC distributions for (a) parent-phase PbZr0.8Ti0.2O3, (b) parent-phase 

PbZr0.4Ti0.6O3, (c) phase-boundary PbZr0.52Ti0.48O3, (d) bilayer heterostructures as well as (e) 

n = 8, (f) n = 6, (g) n = 4, and (h) n = 2 superlattices. For each FORC analysis, distributions 

correspond to each of the parent phases and phase-boundary character are labeled/attributed. 

(i) A line profile taken across various contour plots in (d-h) at a reversal field of Er ≈ 70 kV 

cm-1 demonstrating the evolution of FORC distribution intensities with superlattice 

periodicity. 
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Figure 6. Additional analysis of the FORC data showing (a) the evolution of peak intensities 

for various FORC distributions as a function of superlattice periodicity. (b) Schematic 

representation of the evolution of peak intensities for various FORC distributions wherein an 

increasing phase-boundary-like green peak (quantitative based on the extracted to volume 

fraction) is found with decreasing superlattice periodicity (n).  

 
 
 

Film          (cm kV-1)         ⁄ (cm kV  ) 

PbZr0.8Ti0.2O3 362 2.8 0.008 
PbZr0.4Ti0.6O3 338 4.  0.0 2 
PbZr0.52Ti0.48O3 865 87.6 0. 0  

Bilayer 370 2.8 0.007 
n =  6 6 3  6.8 0.027 

8 583  6.8 0.029 
6 567  6.6 0.029 
4 805 32 0.040 
2 5 5  3.5 0.026 

 
Table 1. Dielectric Rayleigh parameters of various superlattice films and heterostructures. 
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Simultaneous large susceptibility and polarization in the PbZr1-xTixO3 system is observed 

as a function of superlattice periodicity utilizing unit-cell precise pulsed-laser deposition. 

(PbZr0.8Ti0.2O3)n/(PbZr0.4Ti0.6O3)2n superlattices exhibit a large volume fraction of 

morphotropic phase-boundary-like character at the interfaces, which enables large 

permittivity while remnant parent phases maintain large polarization. 
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A series of (PbZr0.8Ti0.2O3)n/(PbZr0.4Ti0.6O3)m superlattices with varying average composition 

was grown using the same procedure outlined in the main text (Experimental Section). The 

ratio n × m was adjusted to 7 × 5, 5 × 7, 4 × 8, and 3 × 9 corresponding to average 

superlattice compositions of PbZr0.63Ti0.37O3, PbZr0.57Ti0.43O3, PbZr0.53Ti0.47O3, and 

PbZr0.5Ti0.5O3, respectively. θ-2θ X-ray scans show high-quality epitaxial superlattices 

(Figure S1a). The SL(0) 002 peak shifts to a smaller out-of-plane lattice parameter at the near-

phase-boundary composition (47% PbTiO3), consistent with expectations for this material 

system and the observed dielectric permittivity (Figure S1b). The evolution of dielectric 

permittivity across a range of frequencies (1-100 kHz) confirms phase-boundary-like 

behavior at an average composition of PbZr0.53Ti0.47O3 (i.e., the 4 × 8 superlattice). 

II. X-ray Diffraction Studies 

Full-range θ-2θ X-ray diffraction patterns about the 001- and 002-diffraction conditions for 

superlattices of various periodicities and accompanying reference films demonstrate excellent 

epitaxial crystalline quality (Figure S2). Single peaks in the 002-condition can be seen for all 

Figure S1. A series of (PbZr0.8Ti0.2O3)n / (PbZr0.4Ti0.6O3)m superlattices with varying average composition. (a) θ-
2θ X-ray scans and (b) dielectric permittivity reveal phase boundary-like behavior at an average mole fraction of 
PbTiO3 of 47%, as in PbZr0.53Ti0.47O3. 
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films except for the bilayer heterostructure, wherein two peaks are seen (as expected), one for 

each of the parent phase constituents.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

III. Reciprocal Space Maps 

Reciprocal space mapping studies about the 103pc-diffraction condition indicate partial 

relaxation of the PbZr0.8Ti0.2O3 film due to its large (-2.5%) compressive strain imposed by 

the PrScO3 substrate (Figure S3a). The PbZr0.4Ti0.6O3 parent film and the PbZr0.52Ti0.48O3 

film demonstrate fully-strained epitaxy (Figure S3b-c), consistent with all superlattices 

(Figure S3d-h) on the same substrate. The bilayer film also has some partial relaxation due to 

it having a thick layer (27 nm) of PbZr0.8Ti0.2O3 (Figure S3i). 

Figure S2. Wide-angle X-ray diffraction patterns 
about the 001- and 002- diffraction conditions. 
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Figure S3. Reciprocal space mapping studies about the 103pc-diffraction condition of the films for the (a) parent-
phase PbZr0.8Ti0.2O3, (b) parent-phase Pb0.4Ti0.6O3, (c) phase-boundary PbZr0.52Ti0.48O3, (d) bilayer 
heterostructure as well as the (e) n = 16, (f) n = 8, (g) n = 6, (h) n = 4, and (i) n = 2 superlattices. All 
heterostructures and superlattices grown demonstrate excellent crystalline quality.  
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IV. Scanning Transmission Electron Microscopy Studies 

Z-contrast, high-angle annular dark-field (HAADF) scanning transmission electron 

microscopy (STEM) imaging of two superlattice structures – namely the 

(PbZr0.8Ti0.2O3)n/(PbZr0.4Ti0.6O3)2n with n = 6, 8 hetersotructures were completed and confirm 

the production of high-quality structures. A lower-resolution image across a wide area of the 

heterostructure, here for a n = 8 superlattice, reveals smooth interfaces with no apparent 

defect structures (Figure S4a). Additional atomic-resolution imaging, here at the interface 

between the bottom electrode and superlattice structure, further confirms the high-quality 

structures and highly commensurate nature of the interface (Figure S4b). As noted in the 

main text, due to the presence of the same cations (i.e., lead, zirconium, and titanium) in both 

layers of the superlattice, the z-constrat is rather weak, but the structure found to be high 

quality nonetheless.  

 

V. Transition Temperatures 

The ferroelectric Curie temperature was confirmed to be 500, 580, and 560°C for 

PbZr0.8Ti0.2O3, PbZr0.4Ti0.6O3, and n = 4 superlattices, respectively (Figure S5). Intermediate-

period (n = 4) superlattices were measured as this sample had the largest enhancement of 

Figure S4. Scanning Transmission Electron Microscopy (STEM) imaging of superlattice structures reveals high 
quality epitaxial growth, on (a) full heterostructure and (b) atomically-precise scales. 
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dielectric permittivity at room temperature. This consistency rules out a diminished transition 

temperature as the cause of dielectric enhancement. 

 

 

VI. Rayleigh Dielectric Measurements – Reference Films  

Rayleigh dielectric (ac-field dependent) measurements were performed on the parent phases, 

bilayer heterostructures, and phase-

boundary films in addition to all 

superlattices (Figure S6). The phase-

boundary PbZr0.52Ti0.48O3 exhibits both the 

largest slope and y-intercept, interpreted as 

Rayleigh parameters α′ and ε′ini, 

respectively. Enhanced values for these 

parameters indicate phase-boundary 

behavior for the PbZr0.52Ti0.48O3 

composition and parent-like behavior for 

bilayer heterostructures (Table 1).  

Figure S6. Rayleigh dielectric measurements on reference 
samples (parent phases, bilayer heterostructures, and 
phase-boundary films) taken at 1 kHz.  

Figure S5. Dielectric permittivity as a function of temperature to probe the transition temperatures for the (a) 
parent-phase PbZr0.8Ti0.2O3, (b) parent-phase PbZr0.4Ti0.6O3, and (c) n = 4 superlattices. 
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VII. Ferroelectric Hysteresis Minor Loops  

First-order reversal curve (FORC) analysis was accomplished by taking multiple minor 

ferroelectric hysteresis loops. Parent-phase PbZr0.8Ti0.2O3 shows two switching steps, 

consistent with the partial relaxation of this thick (80 nm) layer (Figure S7a). Parent-phase 

PbZr0.4Ti0.6O3 demonstrates a singular switching event and a large saturation polarization, 

whereas phase-boundary PbZr0.52Ti0.48O3 has a much smaller saturation polarization and 

coercive field (Figure S7b-c). Bilayer heterostructures have three distinct switching regimes 

attributed to the convolution of both strained parent phases and the partially relaxed 

PbZr0.8Ti0.2O3 (Figure S7d). Superlattice films demonstrate similar saturation polarization to 

that of the parent phases, yet have more subtle behavior revealed by FORC analysis (Figure 

S7e-h). 

 
 

Figure S7. Minor ferroelectric hysteresis polarization – electric field loops taken at 1 kHz from which FORC 
plots are extracted. 


