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Exchange-Interaction-Like Behavior in Ferroelectric Bilayers

Pravin Kavle, Aiden M. Ross, Jacob A. Zorn, Piush Behera, Eric Parsonnet, Xiaoxi Huang,
Ching-Che Lin, Lucas Caretta, Long-Qing Chen,* and Lane W. Martin*

Interlayer coupling in materials, such as exchange interactions at the interface
between an antiferromagnet and a ferromagnet, can produce exotic
phenomena not present in the parent materials. While such interfacial
coupling in magnetic systems is widely studied, there is considerably less
work on analogous electric counterparts (i.e., akin to electric
“exchange-bias-like” or “exchange-spring-like” interactions between two polar
materials) despite the likelihood that such effects can also engender new
features associated with anisotropic electric dipole alignment. Here, electric
analogs of such exchange interactions are reported, and their physical origins
are explained for bilayers of in-plane polarized Pb,_, Sr, TiO; ferroelectrics.
Variation of the strontium content and thickness of the layers provides for
deterministic control over the switching properties of the bilayer system
resulting in phenomena analogous to an exchange-spring interaction and,
leveraging added control of these interactions with an electric field, the ability
to realize multistate-memory function. Such observations not only hold

ferromagnets and antiferromagnets.’]

Among these, the interface coupling phe-
nomena in multilayer magnetic systems,
wherein there can be strong interactions
between a ferromagnet and an adjacent
ferromagnetic or antiferromagnetic layer,
have been widely studied and utilized.[®!
Exchange bias (or exchange anisotropy), in
particular, is one of the most extensively
studied phenomena.>!% It describes the
situation wherein the magnetic response
of a ferromagnetic layer is shifted away
from zero magnetic field, resulting from
an exchange interaction with an adjacent
antiferromagnet layer.®] This effect was
essential for realizing devices such as mag-
netic read—write heads!'! and magnetic
random access memory.['2] Other related
phenomena include exchange-spring mag-

technological promise for ferroelectrics and multiferroics but also extend the
similarities between ferromagnetic and ferroelectric materials to include the

manifestation of exchange-interaction-like phenomena.

1. Introduction

Coupling across interfaces is important for many fields, such
as hydrodynamic coupling across fluid interfaces,'?! coupling
across interfaces in composite materials with layers having
different mechanical properties,**! magnetoelectric coupling
in heterostructures consisting of magnetic and piezoelectric
materials,[>®! and exchange interactions at interfaces between

nets (ESM) which are achieved by coupling
hard and soft ferromagnets such that the
hard magnet provides high anisotropy
and coercive fields, while the soft magnet
enhances the magnetic moment.['* In such
exchange springs, the soft magnet rotates back into alignment
with the hard magnet when the applied field is removed; hence
the analogy to a spring. The possibility of designing synthetic
magnets for specific applications is, thus, intimately related to
the ability to induce and tune the couplings between the individ-
ual magnetic layers.

On the other hand, considerably less work has been done
on anisotropic dipole interactions across the interface between
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different ferroelectric materials and the range of resulting
ferroelectric responses that are possible are still not fully ex-
plored and understood. It should be noted, of course, that an
exchange interaction (in the rigorous sense as defined in mag-
netic systems) is not possible in ferroelectrics, but analogous
coupling between layers via dipolar (electrostatic and poten-
tially elastic) interactions could arise. This said, effects that ap-
pear similar to “exchange bias” have been observed in ferro-
electrics in the form of hysteresis loops that are shifted along
the electric field (voltage) axis due to the presence of an “in-
ternal bias field”." In general, however, such effects are not
due to interfacial coupling but instead can arise for many rea-
sons. For example, it is not uncommon to have preferentially
aligned defect dipoles that pin the polarization of the ferro-
electric in a given direction, effectively biasing the loop in one
direction.">"®] Compositional (or strain) gradients across the
material can also produce similar effects!'*2% due to voltage off-
sets induced by flexoelectric coupling between the polarization
and strain gradient.[’!?2] The observed hysteresis loops!?”! are
similar to that of a soft ferromagnet in an ESM system.[!*] Be-
yond these examples, there are other features that can give rise
to built-in bias fields in ferroelectrics, including the presence
of asymmetric electrodes!?*] wherein different work functions
produce asymmetric band bending at different interfaces, in-
terfacial Schottky effects caused by polarization-dependent band
bending,!?*! charge trapping at electrode interfaces,?’! and sur-
face polar absorbates!?® leading to preferential polarization pin-
ning. A recent study of BaTiO,/PrScO; (110), heterostructures
also showed anisotropic (shifted) ferroelectric hysteresis loops
arising from anisotropic strain, monoclinic distortions induced
by interfacial oxygen octahedral coupling, and interfacial elec-
trostatic potential stabilized, single-variant in-plane polarized
BaTiO;.[?7] Finally, “exchange-spring-like” effects have been stud-
ied via phase-field approaches in ferroelectric BaTiO,-dielectric
SrTiO, superlattices wherein constricted hysteresis loops due to
dipole—dipole interactions have been observed.?] For these in-
stances, the analogy to magnetic exchange interactions (which
is based on cross-interface coupling) does not extend very far.
Researchers have, however, also explored multilayer ferroelec-
tric heterostructures in an attempt to manipulate their proper-
ties. For example, in bilayers based on the PbZr,Ti, , O, system,
structures composed of tetragonal x = 0.3 and rhombohedral
x = 0.7 layers showed enhanced piezoelectric behavior due to
increased ferroelastic-domain activity'?’! and deterministic reori-
entation of ferroelastic domain walls.3%! Bilayers formed from
tetragonal x = 0.2 and x = 0.8 layers exhibited tunable structural,
dielectric, and ferroelectric properties upon altering the order of
the films.l"! Such examples demonstrate the potential for cou-
pling ferroelectric layers across interfaces but fall short of obser-
vations that are truly analogous to exchange bias or exchange-
spring effects. This begs the question of whether such interface-
related phenomena observed in magnetism can be realized
and tuned in ferroelectric—ferroelectric thin films multilayers?

With consideration to interface-controlled effects, in-plane fer-
roelectrics could provide a unique opportunity wherein the po-
larization lies parallel to the substrate surface. For Pb,_,Sr, TiO;,
prior work has illustrated the range of in-plane domain structures
that can be produced in this system, including the formation of
in-plane ferroelectric superdomainsl3!! and the field-induced dy-
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namics of which have been explored using an automated experi-
mental approach (FerroBOTE?)).133] Similar in-plane domains in
the BaTiO; system have been studied for their high-speed col-
lective switching velocities.**] Here, we demonstrate purely in-
plane polarized bilayer ferroelectric heterostructures based on
Pb,_,Sr, TiO,[*] grown on DyScO, (110) substrates where it is
possible to realize phenomena analogous to magnetic exchange-
bias and exchange-spring effects in a purely polar system. This
is achieved by deterministic control of the coercive field of the
individual layers by controlling both the strontium content and
the thickness of the individual layers to induce “hard” (high co-
ercivity) and “soft” (low coercivity) versions of the material. In
turn, an array of interlayer lattice-polarization couplings are ob-
served, including exchange-spring-like function and ferroelectric
bias, which is further tunable via the application of electric fields,
such that it is possible to create stable multistate switching in the
in-plane direction. Such observations not only hold technological
promise for ferroelectric and multiferroic devices but also extend
the similarities between ferromagnetic and ferroelectric materi-
als to include the manifestation of exchange-interaction-like phe-
nomena.

2. Results and Discussion

To study the potential for interlayer coupling phenomena, a
model system that provides the right combination of proper-
ties is required. Here, a compositional series of 100-nm-thick
Pb,_,Sr, TiO; thin films with x = 0.4, 0.6, and 0.8 was synthesized
on DyScO; (110) substrates via pulsed-laser deposition (Experi-
mental Section). Following the growth, structural studies were
completed via X-ray diffraction (Figure S1, Supporting Informa-
tion, Experimental Section) to probe the evolution of the crystal
structure of the Pb,_, Sr, TiO, films (Figure 1a). High-quality, fully
epitaxial solid-solution films were obtained for all compositions
studied herein. In all cases, the Pb,_,Sr,TiO; 200-diffraction
peaks appear to shift to higher 20 values with increasing stron-
tium content (corresponding to a reduction of the out-of-plane
lattice parameter). This is consistent with what is expected for
the isovalent substitution of a smaller-sized Sr?* cation (144 pm)
at the Pb?* cation (149 pm) site.

Further details about the materials, including the domain
structure, can be obtained by exploring various features in
X-ray reciprocal space mapping (RSM) studies (Experimen-
tal Section). Here, considering the observation of only the
Pb,_,Sr, TiO, 200-diffraction peak, asymmetric RSM studies
about the Pb,_, Sr, TiO, 310-diffraction condition were completed
for all films (Figure S2a, Supporting Information). The asymmet-
ric RSM studies (Figure 1b—d) reveal a film peak corresponding
to the 310-diffraction condition of the in-plane polarized domains
that have the same Q, as the DyScO, 332-diffraction peak indi-
cating that the Pb,_,Sr, TiO, films grow coherently strained with
the underlying substrate. Also, distinct ordering peaks are visible
along the [h00] and at the same Q, position for all Pb,__Sr, TiO,
thin films. For example, in the case of Pb, ;Sr, ,TiO; (Figure 1d),
such peaks indicate the systematic long-range ordering of stripe-
like, in-plane domains with a periodicity of ~55 nm. Further
asymmetric RSM studies were done about the Pb,_, St TiO, 301-
diffraction condition (Figure S2a,b, Supporting Information) to
confirm that similar periodicity exists in the other perpendicular

© 2023 Wiley-VCH GmbH

BSUBD| 7 SUOWILLIOD 9AIEB1D 3|qedljdde au Aq peusenob afe S YO ‘BSN J0 S3|NJ 10} ARig 1T aulUQ AB[IA UO (SUOIIPUOD-PUB-SWLBY/LLOY" A3 | 1M AfeJq 1 BU1|UO//SANY) SUORIPUOD PUe SWS | 84} 38S *[£202/0T/Sg] U0 ARlqiauljuo A|IM ‘de euoleN Aspsiag aousime ] eluioyieD JO AluN AQ E6TOEZ0Z eWpPe/Z00T OT/I0p/Wod A8 1M Areig i jput|uoy/sdiy woiy papeojumoq ‘6€ ‘€202 ‘S607TZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

108 :'|'""‘""l"""""I"""“"I'E

-a) ]
107¢ 3 0592

 DyScO;| Pb,,Sr,TiO; ]

105L 220 200
: 1 0588

x = 0.80

-
o
(&)

T T
Ll

0.584

www.advmat.de

T T
Ll

Log Intensity (Arb. Units)
o
F-S

10° =
] 1 __0.592
102 45
g
101_ ;6‘0588—
45 46 47 48
20 (°) 0.584 '
S ————— Q) PhorshaT, | =040
£ L 0.69%0.4 11 X 1
£ [N I 310 s .-
£100 4 14 0592
0 i P -
g ]
- 80_— A*/'/ ] L
-4 | P o 1 0.588 .
£ eof .~ ©viaPFM] W Satellite
£ [ A" A via RSM | 1 peaks
8 40-llllllll||||||||I|||||1||||I|||||- .r'f//. 2

0.4 0.6 0.8
Strontium content (x)

direction. Also, RSM studies about the symmetric 200-diffraction
condition of the Pb,_,Sr,TiO, (Figure S2c, Supporting Informa-
tion) demonstrate no signature of any satellite peaks, which are
usually induced by any regular out-of-plane polarization arrange-
ments associated with the periodic domains.[*] The two possi-
ble uncharged domain structures with these types of walls are:
i) the aa,/aa, phase wherein the polarization is along the base
diagonals of the Pb,_, Sr, TiO; unit cell (Figure S3a, Supporting
Information) and ii) the a phase (Figure S3b, Supporting Infor-
mation) with the polarization along the longer base edges of the
Pb,_,Sr, TiO; unit cell (also called a,/a, or 90° domains).

To further understand the in-plane domain configuration, it
is directly visualized via piezoresponse force microscopy (PFM)

Adv. Mater. 2023, 35, 2301934
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Lateral-PFM Amplitude

Figure 1. a) 6-20 X-ray diffraction scans for 100-nm-thick Pb,_, Sr, TiO5 thin films grown on DyScO; (110) substrate. From top to bottom, Pbg ,Sro 3 TiO;
(green), Pbg 4Srq ¢TiO; (red), and Pbg ¢St 4TiO; (blue). 2D RSM about the 332 -diffraction peak of DyScO; (110) with a pair of vertical dashed red lines
representing domain periodicity satellite peaks for the 100-nm-thick b) Pbg ,SrgTiO3, ) Pbg 4Sr¢TiO3 and, d) Pbg ¢Srq 4 TiO3. Corresponding lateral
PFM (L-PFM) images of 100 nm-thick e) Pbg,SrygTiO3, f) Pby4SryTiO3, and g) Pby¢Sry 4TiO3. h) Domain periodicity extracted from 2D-RSM and
L-PFM for each composition shows a good match.

which, for an entirely in-plane polarized ferroelectric material is
detected by lateral PFM (L-PFM).I”] Indeed, in-plane domains
are observed in the as-grown films (Figure le-g). The orienta-

tion of the domain walls along the [110] and [110] is consis-
tent with an a,/a,-domain structure.?® Furthermore, the as-
grown Pb,_ Sr, TiO, films show no other surface features other
than substrate terraces (Figure S4a, Supporting Information) and
there is no contrast in vertical PFM (Figure S4b, Supporting
Information); further supporting the conclusion that the films
are fully in-plane polarized. The periodicity of the domain struc-
ture, as measured from L-PFM (App,) matches well with the pe-
riodicity extracted from the ordering peaks (Agg),) in the RSM
studies (Figure 1h; Figure S5a,b, Supporting Information). An

© 2023 Wiley-VCH GmbH
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Figure 2. a) Different local domains based on the in-plane directions. Different superdomain types based on the global polarization direction.
b) type I+, c) type I-, d) type Il- and e) type Il+. f) Representation of different global dipole directions based on superdomain types. g) L-PFM scan
for a 0° device after applying E along the [100] showing type-I- and -1+ superdomains. Inset showing the corresponding phase of the superdomains.
h) Same area is then analyzed after applying E along the [100] showing type-I+ and -1I- superdomains. i) Switching pathway analyzed for a 0° device after
application of E along the [100] on a type-I- superdomain variant subsection (shown in red color box) showing stepwise 90° switching and 180° switching
pathway. j) L-PFM scan for a 45° device after applying E along the [170] showing the resulting type-I- superdomain. Inset showing the corresponding
phase of the superdomains. k) The same area is then analyzed after applying E along the [110] showing the resulting type-I+ superdomain. ) Switching
pathway analyzed for a 45° device after applying E along the [110] on a type-I1+ superdomain showing a 90° switching pathway to convert it into type-II-

superdomain.

additional noteworthy observation is that the domain periodic-
ity increases upon increasing the strontium content. Observation
of large, single-variant regions would cause large local compres-
sive or tensile strains. Domain formation like that seen here is
an effective mechanism (that does not require the formation of
interfacial misfit dislocations) to alleviate the formation of such
high-strain regions by averaging the strain values in both in-plane
directions (Figure S6a—c, Supporting Information). As the overall
lattice parameters and tetragonality of the Pb,_,Sr, TiO, unit cell
decrease with increasing strontium content, the lattice mismatch
with the substrate consequently reduces (Figure S6d, Support-
ing Information). Therefore, a frequent requirement for forming
such in-plane domain variants in both directions to avoid exces-
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sive local strain areas decreases, leading to the individual domain
stripe size increment and overall periodicity. This provides an ef-
fective tool to tune domain periodicity other than thickness.3!!
Moving on from a static understanding of the as-grown do-
main structures, we can use L-PFM to probe the evolution of
(and pathway for) switching in these in-plane polarized films.
Here, a domain naming scheme is defined such that if the polar-
ization is along the in-plane [100], [100], [010], and [010] those
domains are referred to as a,, a, a,,, and a, domains, re-
spectively (Figure 2a). Assemblies of these small-scale a, and a,
nanodomains can be further arranged in four types of “superdo-
mains” which are related by 90° rotations (Figure 2b—e). These
superdomains are further categorized as type I or II for those

© 2023 Wiley-VCH GmbH
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with domain walls running along the [110] or [110], respectively.
Additional + or — suffixes are added to these superdomain type
names based on the type of a, domains included in the superdo-
main. For example, if the superdomain contains a,, domains it
would be the + variant and if it contained a, domains it would
be the — variant. The resultant global in-plane component of po-
larization (blue arrow, Figure 2a—d) can now be defined and can
lie along the [TIO] (type I+, Figure 2b), [ﬁO] (type I-, Figure 2c),
[110] (type II-, Figure 2d), or [110] (type II+, Figure 2e). Like
local dipoles, these superdomains can be represented as global
dipoles (Figure 2f). To study the dependence of applied electric
field (E) direction on switching characteristics of various super-
domains involving different combinations of local dipoles, pla-
nar device structures were fabricated on the top surface of the
films (Experimental Section) such that in-plane E can be ap-
plied along the [100], [100], [010], or [010] (henceforth referred
to as 0° devices, Figure S7a,b, Supporting Information) and the
[110], [110],[110], or [110] (henceforth referred to as 45° devices,
Figure S7c,d, Supporting Information).

E applied along the [100] results in the stabilization of two su-
perdomain variants (type I- and II+, Figure 2g). Stabilization of
these two superdomain variants, out of the four initial variants,
is based on energy minimization by alignment of the resultant
global polarization direction of the superdomains with the ap-
plied E.313] Upon applying the E along the [100] on the same
structure (Figure 2g), the domains show characteristic switch-
ing wherein the superdomain boundaries remain essentially in-
tact without any significant motion (Figure 2h), but the superdo-
mains themselves show characteristic switching from type II+ to
I+ and I- to II- via local a, and a, domain level switching. This
superdomain switching is further explored by conducting addi-
tional large-area L-PFM scans and scans in other perpendicular
direction (Figures S8, S9, Supporting Information).

To further understand the nature of switching, phase-field
simulations (Experimental Section) were completed to map the
switching pathways (Figure 2i) among multiple potential avail-
able routes (Figure S10, Supporting Information). The domain
structure with two superdomain variants (here, type II+ and I-),
was obtained by applying an electric field E along the [100], is
used as a reference state (inset, Figure 2i). Upon reverse poling
by applying E along the [100], the superdomains switch from type
II+ to I+ and I- to II- via a nucleation-and-growth-like mecha-
nism (Figure 2i; Figure S11, Supporting Information). To capture
the local switching mechanism in response to the applied electric
field E along the [100], we focus on the polarization evolution in a
small subsection of one of these superdomains (within the sim-
ulation cell, marked by the red volume within the type-I- super-
domain, Figure 2i), comprising two tetragonal domain variants —
namely a,, and a,. The phase-field simulations offer further in-
sights into the switching pathways by providing the path each
simulation cell takes (individual lines show the individual cell
switching pathways and the red arrows show the overall, dom-
inant pathways; Figure 2i). There are two dominant pathways,
the first is a one-step process, where a single 90° switching event
causes a,, domains to become a, domains or a, domains to be-
come a, domains. The second pathway is a two-step process in
which the a,, domains first switch to a, domains and then to
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a,. domains. A small portion of a,, domains also undergo a sin-
gle 180° switching step to become a, domains and some a, do-
mains do not undergo any switching. Thus, during this collective
switching process, each unit-cell polarization responds to the ap-
plied E via one of the various switching pathways discussed above
before moving to the final, elastically more compatible switched
state within the superdomain boundary.

On the other hand, applying E along the [110] leads to the sta-
bilization of only type I-superdomains (Figure 2j). This selection
is again based on energy minimization of the global polarization
direction of the superdomain variant with applied E.3!33] Apply-
ing the E along the [110] on the same structure after initial pol-
ing, the superdomain shows no visible signs of domain pattern
changes in L-PFM amplitude (Figure 2k). In reality, this super-
domain variant rearranges itself via local single 90° switching
events at the individual a, and a, domain level from a type-I- to a
type-I+ superdomain. As was done for the 0° devices, additional
large-area scans were carried out (Figures S12, S13, Supporting
Information) and show that ordering within this single superdo-
main variant can occur over a considerable size (limited by the
device size; Figure S14, Supporting Information).

As was done previously, further understanding of the nature
of switching was gained via phase-field simulations for the 45°
devices (Figure 2l; Figure S15, Supporting Information). Apply-
ing E along the [110] energetically favors two tetragonal domain
variants (a,, and a,,) resulting in a single superdomain variant
(type 11+, Figure 2l). Upon reverse poling by applying E along
the [110], the polarization in the two tetragonal domains will at-
tempt to equally align with the electric field, creating an equal
driving force for switching. This balance of driving forces elim-
inates the driving force for any domain-wall motion, leading to
uniform switching along with maintenance of the local domain
order in the in-plane direction (Figure S16, Supporting Informa-
tion). Finally, this equal driving force creates two thermodynam-
ically degenerate states (a,. and a,), stabilizing a single superdo-
main variant (type II-, Figure 21). The phase-field simulations pro-
vide further insight into the actual switching pathways (Figure 21)
and one can plot the path each simulation cell takes during the
45° device switching, where a single 90° switching step causes
a,, domains to become a, domains and a,, domains to become
a,. domains. This notably changes the orientation of the elec-
trostrictive strain (i.e., the polarization-induced or coupled strain)
direction of the domains by 90°. During this collective switch-
ing process, each unit-cell polarization responds to the applied E
by first rotating toward the same direction (i.e., parallel to [110])
before reaching the final, elastically more compatible switched
state (individual lines show the individual cell switching path-
ways and the red arrows show the overall, dominant pathways,
Figure 2l). Such robust control of in-plane domains and super-
domains, guided by phase-field simulations, offers a promising
perspective to design devices based on these in-plane domain
structures.

To do just that, we focus on the 45° devices, which produce
large-scale, single-superdomain-variant ordering upon poling. In
turn, in-plane ferroelectric hysteresis loops (Figure 3a) were mea-
sured for 50-nm-thick Pb,_,Sr, TiO; (x = 0.4, 0.6, and 0.8) films
at 1 kHz (Experimental Section). As-measured hysteresis loops
include a background dielectric contribution which makes them
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Figure 3. a) Polarization-electric field hysteresis loops measured at 1 kHz frequency for a 50-nm-thick Pbg,Sr g TiO3 (green), Pbg 4Srq¢TiO; (red), and
Pbg ¢Srp4TiO; (blue) heterostructures. b) Bilayer of 50-nm-thick Pbg 4Srg¢TiO; on top of 50-nm-thick Pbg ¢Sry 4TiO3 exhibiting ferroelectric bias and
coercivity hardening behavior with minor (red) and major (black) loops, respectively. Switching steps are further analyzed using phase-field simulations
starting with c) the initial state, d) after the first switching event of the top x = 0.6 layer (The magenta regions at the domain wall between the a,, and
a,, domains have polarization pointing along the [110]), e) after domain reshuffling in the bottom x = 0.4 layer, and f) after complete bilayer switching.
For panels c—f), images i) show the equilibrium domain structure of the bilayer system, ii) show the corresponding elastic-energy distribution, and iii)
show a simplified version of the domain arrangement at the interface at each switching step.
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3

appear tilted; this has been subtracted for clarity (Figure S17, Sup-
porting Information, Experimental Section). As previously ob-
served for related systems in the out-of-plane direction,3>*! both
coercive field and remanent polarization decrease as a function of
increasing strontium content. Hereafter, we transition to explore
bilayer structures beginning with a 50-nm-thick x = 0.6 layer on
top of a 50-nm-thick x = 0.4 layer. Under small E it is observed
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that only the top x = 0.6 film switches (Figure 3b) as was de-
termined by the switched polarization value (AP = 22 uC cm™?)
for the first switching event. The bottom x = 0.4 film switches
only once the electric field exceeds ~60 kV cm™, resulting in a
complete switching of the bilayer system. The result is a two-
step switching process that repeats itself under reverse poling

(producing four distinct polarization states). To distinguish the
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two switching events, the first switching event is referred to as
the “minor loop” (and corresponds to the switching of the top
x = 0.6 layer; Figure S18, Supporting Information, Experimental
Section) and the second, larger switching event (corresponding
to the complete switching of the bilayer system) is referred to as
the “major loop”. Both minor loops (one in the first half and the
other in the second half of the bipolar waveform) are highlighted
to aid the reader (red loops inside the major loop which is shown
in black; Figure 3b). The minor loops are considerably shifted
(for the bottom right side, by a bias field E,;, = 14 kV cm™!); a
behavior analogous to exchange bias.

To better understand this effect, we need to consider two cou-
pling phenomena that emerge when the ferroelectric films with
in-plane polarization are placed in direct contact. The first is dipo-
lar coupling which emerges from the electrostatic interaction of
the polarization in the two layers and tends to align the polar-
ization of the neighboring layers. The second is lattice coupling,
which emerges from an elastic-energy interaction and works to
form a domain of a similar type across the interface (i.e., it works
to maintain domain continuity across the interface between the
two layers). Such domain continuity effectively lowers the strain
(elastic) energy cost of having the interface. As discussed ear-
lier, the strontium content of a given layer (and assuming a con-
stant substrate) can be used to engineer the domain periodic-
ity. The lattice coupling, in turn, works to evolve both layers to-
ward a similar strain state which requires similar domain orienta-
tion and periodicity in both layers of the bilayer. The phase-field
simulations provide a detailed look at the equilibrium domain
structure of the bilayer heterostructure at each switching step
(Figure 3c—f, i) and the corresponding elastic-energy distribution
for the bilayer throughout the switching process (Figure 3¢,
ii). Simplified domain-stacking schematics are also provided to
help illustrate the cross-interface domain continuity of the bilay-
ers (Figure 3¢, iii). Using these three representations, we can
explore the evolution of the bilayer systems under the applied
field.

The initial state of the bilayer is a type-II- superdomain
(Figure 3c, i) wherein individual a, and a, domains of the top
x = 0.6 layer are aligned with the 4, and a, domains of the bot-
tom x = 0.4 layer. It is also found that the two layers have nearly
matched domain periodicity, but that there are some additional
small, needle-shaped domains in the bottom x = 0.4 layer which
has intrinsically smaller domain periodicity; accommodated by
dislocation-like domains or so-called “domain dislocations”. This
“matched” periodicity is also captured experimentally, where the
common periodicity of A, = 56 nm (Figure S19¢, Supporting
Information) was observed for the bilayer structure. This period-
icity is marginally higher than the intrinsic periodicity of the bot-
tom x = 0.4 layer and the aforementioned “domain dislocations”
form as the system tries to bridge between the elastic energy state
of the two layers. Examining the elastic-energy density for the ini-
tial state (Figure 3c, ii), however, reveals that while the system has
found a tentative equilibrium, there is some stored elastic energy
in the system, especially in the top x = 0.6 layer and near the in-
terface wherein the “domain dislocations” touch the interface. All
told, however, the initial state of the system sees the same kind
of domains aligning across the interface (Figure 3c, iii), albeit
with some elastic frustration from intrinsic domain periodicity
differences.
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As the E is turned on and the system starts to evolve, the
top x = 0.6 layer, which has a lower coercive field, switches first
(Figure 3d, i). The increasing E along the [110] results in the rota-
tion of local polarization by 90° (i.e., a,. (purple) and a, (dark or-
ange) to a,, (black) and a,, (gray), respectively; Figure 3d, i), and
the corresponding transformation of the electrostrictive strain re-
lated to the initial type-II- superdomain in the top x = 0.6 layer
to a type-1I+ superdomain. As the global dipole associated with
the type-II+ superdomain aligns perfectly with applied E with
these single 90° switching steps, it does not need to follow other
switching routes (e.g., double 90° switching steps or a single 180°
switching step; Figure S15, Supporting Information) to achieve
the same required superdomain state; a mechanism explained
previously for single-layer 45° devices. This 90° rotation of the
electrostrictive strain of the top layer, however, creates elastically
incompatible perpendicular electrostrictive strain at the interface
since the bottom layer does not rotate yet. As the a, (a,) do-
mains of the top x = 0.6 layer switch to a,, (a,,), the bilayer
finds a new equilibrium wherein those domains interface with
a,. (a,) domains in the bottom x = 0.4 layer. This elastic incom-
patibility is clearly seen in the elastic-energy density (Figure 3d,
ii), wherein there is high elastic energy stored at the interface.
This also creates additional domain walls at each of the a; and
a, stripes across the interface and a 90° alignment between po-
larization states across the interface as can be schematically seen
from the overall domain picture (Figure 3d, iii). The result, there-
fore, is that the switching should be anisotropic and energeti-
cally expensive due to the formation of such substantial discon-
tinuity in spontaneous strain and polarization across the inter-
face during this first switching event, leading to an exchange-
bias-like shift in the form of a higher magnitude of the positive-
coercive field than that of the negative-coercive field (Figure 3b).
Similar behavior was observed in the reverse switching direc-
tion of the major loop (Figure 3b) in the form of a higher mag-
nitude of negative-coercive field than that of the positive one.
This “ferroelectric bias” is thus tunable on both sides via an elec-
tric field compared to previously reported defect-based ferroelec-
tric bias, where field cooling was essential to change the bias
direction.8]

From the ferroelectric hysteresis loops (Figure 3b) itis also evi-
dent that the coercive field of the bottom x = 0.4 layer is enhanced
(hardened) to E,,,4,,= 60 kV cm™! as compared to its value in iso-
lation (E. = 30 kV cm™). This can be understood by taking into
consideration the strain mismatch at the interface (Figure 3d,
ii). This strain mismatch drives the reorganizing of the domain
structure in the bottom x = 0.4 layer where the a, (purple) and
a,. (dark orange) domains redistribute their fraction (periodicity)
and partially switch to a, (dark orange) and a, (purple), respec-
tively, without an overall ferroelectric switch of the entire layer
(Figure 3e, i). This rearrangement of the domain structure in the
bottom x = 0.4 layer works to make the system more elastically
compatible and effectively lowers the elastic-energy density at the
interface (Figure 3e, ii). Thus, the overall domain structure of the
bilayer adjusts to prefer 180° alignment of polarization across the
interface thereby placing a,. and a,, and a, and a,, domains
in contact (Figure 3e, iii). This domain “reshuffling” does, how-
ever, lead to an additional energy penalty resulting in the form of
“coercivity hardening” before ferroelectric switching for the bot-
tom x = 0.4 layer (Figure 3b). Ferroelectric switching begins from
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Figure 4. Polarization-electric field hysteresis loops measured at 1 kHz frequency for a) bilayer of 50 nm-thick Pbg 4Sry ¢ TiO3 on top of 50-nm-thick
Pbg ¢Srp 4 TiO; exhibiting four states. b) The PUND studies reveal the pathway to the different polarization states at a constant pulse width of 1 and
4 ms as a function of different pulse voltages. c) The long-term retention and stability of the multiple polarization states. d) Stability of the multiple
polarization states after long fatigue cycles. e) Bilayer of 50-nm-thick Pbg 4Srq ¢TiO; on top of 50-nm-thick Pbg ¢Sr, 4 TiO3 separated by a 20-nm-thick
SrTiO; spacer layer exhibiting lattice decoupling phenomenon. f) Polarization-electric field hysteresis loops for a bilayer of 75-nm-thick Pbg 4Sro ¢ TiO;3 on
top of 50-nm-thick Pbg ¢Sry 4 TiO5 exhibiting three distinct states. g) Bilayer of 50-nm-thick Pbg ,Srq 3 TiO3 on top of 50-nm-thick Pbg ¢Srq 4, TiO; exhibiting
exchange-spring-like behavior. h) Bilayer of 40-nm-thick Pbg 4Srq ¢ TiO3 on top of 40-nm-thick Pbg ¢St 4 TiO3 exhibiting two states with coercivity softening

of the hard layer.

the substrate side after the completion of the domain reshuffling
process in the bottom x = 0.4 layer (Figure 3e, ii). Finally, in-
creasing E further results in the bottom x = 0.4 layer switching
completely (Figure 3f, i) without generating a high elastic-energy
density at the interface (Figure 3f, ii). The final configuration (as
one would expect) mirrors the initial state in that the same kind
of domain types are present across the interface (Figure 3f, iii).
Importantly, after completing the bilayer switching process, do-
main dislocations can be seen to remain in the bottom x = 0.4
layer (Figure 3f, i) and their influence can be seen in the reverse
switching direction of the hysteresis loop (Figure 3b) with sim-
ilar biasing and coercivity hardening effects. Some small exten-
sions of existing domain dislocations for the bottom x = 0.4 layer
into the top x = 0.6 layer lead to a (slightly) different elastic en-
ergy distribution for the final state (Figure 3f, ii) as compared to
the initial state (Figure 3c, ii). The phase-field simulations not
only provide an ability to watch how switching evolves in these
multilayer structures, but can also be used to extract simulated
versions of the ferroelectric polarization-electric field hysteresis
loops which aptly recreate the two-step switching process ob-
served experimentally (Figure S20, Supporting Information). All
told such a bilayer system with strong interlayer coupling gives
rise to a complex, interdependent domain-switching process that
allows one to produce effects not commonly seen in single layers
alone and, in turn, opens avenues to explore device designs be-
yond traditional purely substrate-controlled domain engineering
pathways.
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With this in mind, we extend the analysis of the switching be-
havior of the same x = 0.6 / x = 0.4 bilayer system. First, we
bring forward (for reference) the overall ferroelectric polarization-
electric field hysteresis loop shown previously which revealed
that the intermediate polarization states produced by the minor
loop (i.e., switching the top x = 0.6 layer) are stable (red loops
crossing at E = 0 kV cm™! with non-zero remanent polarization,
Figure 4a). Further assessment of this data reveals that the first
switching event effectively creates a stable, remanent polarization
value of +/—6 pC cm=2 and complete switching of the bilayer re-
sults in a stable, remanent polarization value of +/-26 uC cm 2.
As the two states have been observed in both the forward and
reverse switching directions, the system exhibits four different
states. Additional pulsed-switching studies (PUND, Experimen-
tal Section) were used to further interrogate the nature of these
four distinct polarization states (Figure 4b; Figure S21, Support-
ing Information). It was found that one can independently ac-
cess all four states — meaning that one can go from one state to
any other state as desired. Furthermore, all four states in the bi-
layer heterostructures were found to be highly stable and showed
minimal change in polarization with time in retention testing
(Figure 4c; Figure S22, Supporting Information, Experimental
Section). While the retention testing showed stability out to over
five hours, other tests have shown the states to be stable for
more than 200 days and, to the best of knowledge, they are sta-
ble well beyond this. Likewise, the endurance of each polarization
state was also explored using a fatigue-pulse sequence (Figure 4d;
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Figure S23, Supporting Information, Experimental Section), and
it was found that each state could be repeatedly accessed and was
easily distinguishable even after >10° write cycles. These results
indicate several essential features required for robust multistate
operation.

To bring home the analogy with magnetic systems and con-
firm that these effects truly arise from cross-interface coupling, a
20-nm-thick SrTiO; dielectric buffer layer was added in the mid-
dle of the same heterostructure such that it is now an x = 0.6 /
StTiO, | x = 0.4 trilayer system. With the SrTiO, layer present,
the minor loop showed minimal horizontal shift (~1.4 kV cm™;
red loops, Figure 4e). Additionally, the minor loops showed sta-
ble remnant polarization after the first switching event, demon-
strating effective decoupling. This decoupling is also reflected
in structural characterization, where each layer’s domain peri-
odicity returned to close to its original periodicity for the 50-nm-
thick individual films (Figure S24, Supporting Information). The
thickness of the SrTiO, spacer layer required to decouple the two
adjoining ferroelectric layers is set by how the electric and elas-
tic fields depend upon the polarization value of each ferroelec-
tric layer, the magnitude of the ferroelectric proximity induced
dipole—dipole interaction strength,[*l and the polarization due
to substrate-induced epitaxial strain.[*! This is consistent with
what has been previously observed in the order-disorder transi-
tion in superlattices exhibiting polar vortices!*! and in ferroelec-
tric proximity effects in ferroelectric bilayers.[*] In essence, the
electric and elastic fields in the SrTiO; layer decay with increas-
ing distance, a distance that scales with the polarization of the
adjoining ferroelectric layers and with the strain.

Having established the robust nature of the multistate polar-
ization and cross-interface coupling produced in these bilayer
structures, we proceeded to use our knowledge of the individ-
ual layers to further manipulate the nature of multistate switch-
ing and to demonstrate the flexibility of such heterostructures
to produce novel functions. First, we explored the use of layer
thickness to control the polarization value of the distinct inter-
mediate states. For example, in a similar bilayer heterostructure
but with a 75-nm-thick top x = 0.6 layer and a 50-nm-thick bot-
tom x = 0.4 layer, it is possible to produce a minor loop in both
the positive and negative half of the switching cycle that has a
stable intermediate polarization value of 0 pC cm™2 (red loop,
Figure 4f). Thus, here it is possible to make a three-state sys-
tem (as opposed to the four-states shown before). With this as an
example, the flexibility of these heterostructures to produce on-
demand polarization states is demonstrated. Furthermore, the
E,..,=13.8kV cm™ for this bilayer is essentially the same as that
observed for that from the 50-nm-thick x = 0.6 layer on top of
a 50-nm-thick x = 0.4 layer, suggesting that varying the thick-
ness of the soft layer (here, the x = 0.6 layer) has little to no in-
fluence on the magnitude of E,;,.. In turn, we also explored the
use of changing the chemistry of the layers to demonstrate fur-
ther control. Again, in a similar bilayer heterostructure but with
a 50-nm-thick top x = 0.8 layer and 50-nm-thick bottom x = 0.4
layer, it was found that the switching of the top x = 0.8 layer
was not stable, as captured by the minor loop displaying no re-
manence (green loops, Figure 4g). Here, E,;,,= 7 kV cm™! was
observed and suggests that lowering the magnitude of the po-
larization of the soft ferroelectric layer (here, the x = 0.8 layer),
which arises from the further introduction of strontium and a
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lowering of the tetragonality, leads to lower anisotropy during
the first 90° switching event and, thus, a lower E,;, value. In
other words, the lower the switched polarization value of the soft
layer, the lower the E,;,. value. Pulsed-switching studies for the
positive side (inset, Figure 4g) also showed no stable remanence
(dP) after the first switching event (P*), demonstrating that the
switched top x = 0.8 layer returns to its initial configuration, akin
to a spring. After the second switching event (i.e., of the bot-
tom x = 0.4 layer), both layers showed stable switching without
any backswitching as captured by the hysteresis loop and also
with the pulsed-switching studies. Similar behavior was observed
on the negative side (Figure S25, Supporting Information). This
behavior is similar to the ESM concept introduced before,
wherein the appropriate couples of hard and soft ferromagnets
exhibit the high anisotropy and coercive fields of the hard mag-
net, with an enhanced magnetic moment coming from the soft
magnet. In ESMs, the coupling appears below a certain critical
thickness of the soft layer, leading to a simultaneous magneti-
zation reversal process. When this critical value is exceeded, a
two-step feature appears in the hysteresis loop of the system.[*?]
A similar kind of coupling is observed here, but in this case, it is
between the lattice and, in turn, polarization dipoles in two dif-
ferent in-plane polarized ferroelectric layers. The hard and soft
ferroelectric layers are again defined based on the coercive field
of each ferroelectric. The soft, in-plane ferroelectric layer (i.e., the
top x = 0.8 layer) is pinned firmly to the hard layer (i.e., the bot-
tom x = 0.4 layer) at the interface. The top x = 0.8 layer starts
switching only when the applied E exceeds the electric field de-
noted as the bending or nucleation field (Ey), which is the same
as of positive coercivity field here. Upon reducing the applied E
before the second switching event (i.e., that of the bottom x = 0.4
layer), backswitching of the soft, top x = 0.8 layer happens in a
“springy” nature which returns it to its original state as captured
by the minor loops.

In ESMs, there is also a critical thickness below which the soft
magnet is rigidly coupled to the hard one, and the two phases
reverse at the same nucleation field resulting in a rectangular
hysteresis.[*?] Similar thickness-dependence is observed in the
ferroelectric bilayers. For example, when a bilayer heterostruc-
ture of the form of a 40-nm-thick top x = 0.6 layer and a 40-
nm-thick bottom x = 0.4 layer is probed, it is observed that the
entire system switches, in a single event, at E = 23 kV cm™;
which is lower than the coercive field of the bottom x = 0.4
layer alone (E, = 30 kV cm™) but close to that of top x = 0.6
layer (E. = 22 kV cm™!). In essence, the bilayer can be con-
trolled to give rise to “coercivity softening”. As the individual lay-
ers become thinner, the domain periodicity difference between
the two layers reduces(*!l and the average distance from the bi-
layer interface becomes smaller, thus increasing the effective cou-
pling between the films. This causes the individual a, and a, do-
main stripes in each layer (more) perfectly match across the in-
terface without exhibiting any “domain dislocations” in the bot-
tom x = 0.4 layer (Figure 4h; Figure S26a, Supporting Informa-
tion). The periodicity matching phenomenon is also captured ex-
perimentally, where the common periodicity of Az5,, = 50 nm
(Figure S27, Supporting Information) was observed for the bi-
layer structure. This, furthermore, effectively changes the bilayer
switching mechanism. Simulations show that no domain reshuf-
fling occurs in the bottom layer in the absence of domain dislo-
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cations, eliminating the kinetic pathway for multistate switching.
This also creates a high elastic energy interface cost between the
top, switched, soft layer and the bottom, unswitched, hard layer
acting as an additional driving force to switch, thus inducing the
hard layer to switch at a lower E value than the coercive field of
that its isolated version of the hard layer (Figure S28, Support-
ing Information). This behavior is, again, similar to that observed
in ESMs where the decrease of coercivity of the hard ferromag-
net is explained by the propagation of the domain wall formed
in the soft ferromagnet compressing against the interface and
then propagating further, reducing the coercive field of the hard
phase.[*=*] Thus, the geometrical arrangement of domains and
polarization in the in-plane ferroelectrics offers access to a wide
design space and access to phenomena largely unexplored and
inaccessible in prototypical ferroelectric heterostructures made
up of out-of-plane polarized domains. These findings signify that
the in-plane bilayer ferroelectrics can also be engineered in ways
similar to their magnetic cousins and can exhibit effects analo-
gous to exchange-bias and exchange-spring effects via lattice and
polarization coupling.

3. Conclusion

All told, by combining epitaxial thin-film growth, detailed struc-
tural characterization, ferroelectric switching studies, and phase-
field simulations, we have systematically investigated the inter-
layer interactions between in-plane polarized ferroelectric lay-
ers in bilayer Pb,_, Sr, TiO; heterostructures. The combination of
strain, chemistry, thickness, and device geometry provides a fine
level of control of the domain patterns and their arrangement. In
turn, these structures have been analyzed in the bilayer config-
uration for their interlayer coupling-induced exchange-bias-like
phenomenon, an idea adapted from the exchange interactions
in magnetism. This electric analog of exchange bias in the fer-
roelectric system can be additionally tuned via an electric field,
providing added control of the system, which is then used to re-
alize multistate functionality. Further control via strontium con-
tent and thickness selection has shown springy switching nature
and coercivity reduction in the bilayer system, respectively, which
is analogous to exchange spring in magnetism. Thus, this bilayer
system provides a rich playground for tuning interlayer coupling
across the system.

4. Experimental Section

Pulsed-Laser Deposition of Thin-Film Heterostructures: All films were
grown using pulsed-laser deposition in an on-axis geometry with a target-
to-substrate distance of 60 mm, using a KrF excimer laser (248 nm, LPX
300, Coherent). All films were grown from Pb, , TiO; ceramic (K. ). Lesker)
and SrTiOj single-crystal targets. The 20% excess lead in the Pb,,TiO;
target was found to be vital to compensate for the lead loss during the
PbTiOj; thin film growth. The growth rate was established for individual,
single-layer PbTiO; and SrTiO; thin films grown on DyScO; (110) sub-
strates (CrysTec GmbH) using X-ray reflectivity. The composition of the
Pb,_,Sr,TiO; thin-film heterostructures was varied across 0.4 < x < 0.8
using a sub-unit-cell-level mixing method from the Pb, ,TiO; ceramic (K.
J. Lesker) and SrTiOj; single-crystal target via a programmable target ro-
tator (Neocera, LLC) that was synced in real-time with the excimer laser.
For example, here, it took 60 pulses to grew a unit cell of PbTiO; and 50
pulses to grew a unit cell of SrTiO5. Therefore, a Pbg ¢Srq 4 TiO; film could
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be achieved by growing a sequence of 18 pulses of PbTiO3, 10 pulses of
SrTiO3, 18 pulses of PbTiO; and 10 pulses of SrTiO; (for a total of 56
pulses; 36 from PbTiO; and 20 from SrTiO; making the right composi-
tion) overall. This approach was used in numerous prior works.[1%.2045-47]
The growth of the Pb;_,Sr, TiO; thin films (0.4 <x <0.8) was completed on
DyScO; (110) single-crystal substrates at a heater temperature of 640 °C,
a dynamic oxygen pressure of 10 mTorr, a laser fluence of 1.8 ) cm™2,
and the laser repetition rate was 10 and 2 Hz for growth of Pb, ,TiO; and
SrTiO;, respectively. Bilayer films of the specific compositional sequence
were also grown using a similar method. Following growth, the films were
cooled to room temperature at a static oxygen pressure of 700 Torr.

Determination of Crystal Structure via X-Ray Diffraction: The crystal
structure of the Pb,_,Sr,TiO; films was determined using X-ray diffrac-
tion using a high-resolution X-ray diffractometer (Panalytical, X'Pert MRD)
with fixed-incident-optics slits of 1/2° for #-26 and 1/32° for RSM studies,
copper K, radiation (1.54 A), and a fixed receiving slit of 0.275 mm for a
PIXcel3D-Medipix3 detector. 6-26 line scans were performed to investi-
gate the domain structures in the direction perpendicular to the plane of
the DyScO; (110) substrates. In addition, X-ray diffraction RSM studies
were performed about the 2204-, 3324-, and 2404 -diffraction conditions
of the DyScO; (110) substrate to determine the lateral domain periodicity
of in-plane domain variants.

Topography and Domain Structure Characterization: A study of the to-
pography of the Pb,_,Sr, TiO; thin films was carried out using an atomic
force microscope (AFM) (MFP-3D, Asylum Research). All topography
measurements were carried out using silicon AFM probe tips (Tap300Al-G,
BudgetSensor) with a force constant of 40 Nm~" at a resonance frequency
of ~300 kHz using the AC Air Topography mode (non-contact tapping
mode). The PFM studies were carried out using the same MFP-3D AFM
(Asylum Research) system using Ir/Pt-coated conductive tips (Nanosen-
sor, PPP-NCLPt, force constant ~48 Nm~'). Dual AC Resonance Tracking
Piezo Force Microscopy (DART-PFM) mode was used to perform in-plane
(lateral) PFM at a central frequency of ~670 kHz and out-of-plane PFM at
a central frequency of ~#320 kHz to image the domain structures.

Phase-Field Simulations: The phase-field models for ferroelectrics were
used to simulate the temporal evolution of polarization in single-layer
and bilayer Pb,_,Sr, TiO; thin films. In the phase-field models, the time
evolution of the polarization field was described by the time-dependent
Ginzburg-Landau equation:

oP; (r,t
iy, 6F )
ot 6P; (1, 1)

where P; represents the spontaneous polarization (measured in C m=2),
¥ represents the position in space, t is time, and L is the kinetic coefficient
relating to the domain-wall motion. The total free energy functional (F)
contained the following energy-density terms.

3
F= {(ﬂandﬂu +fElasti£ +fElectri£ +medr'ent ) &t (2)

Following the Landau theory of phase transformations, f,,4a, is the
Landau free energy of the Pb;_,Sr,TiO; (PSTO) system was described by a
sixth-order polynomial expansion about the polarization order parameter:

frandau (P) =0y (P2+ P2+ P2) +ayy (PT+P;+P})
+ay, (P2P2 + PIP2 4 PZPZ) + aqqq (P8 + PS + PE)
by (P (73 + ) + P (P14 73) 4 7 (% + 1)
+ay3PAP2P2 ©)

where a;, aj;, and ajy, are the dielectric stiffness coefficients measured un-
der constant stress. For Pb;_,Sr,TiO; the coefficients were calculated as

weighted averages of those for pure PbTiO;[8] and SrTiO;,[°] except for
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a where the linearly averaged dielectric stiffness was employed as previ-
ously used in the literature:[>]

ay = 5.65 X 10° (T = 716.5xp,, + 237.5) / (0.81 + 0.69xp,) )

where T is the temperature in ©C and xp, denotes the mole fraction
of lead in the solid solution Pb,_,Sr,TiO;. The other dielectric stiff-

ness coefficients are aj; = — 7.3 X 107xp, + 1.04 x 103(1 — xp,),
ay, = 7.5 X 103xp, + 7.46 X 107 (1 — xp,,), a79; = 2.6 X 108xp,, aqqp =
6.1x 10%xp,, and @153 = — 3.7 X 10%xp,.

The elastic energy density is expressed as,
0 0
Setastic = Ciju (E/j - 60‘) (ew—€y) (5)

€] = Qju PPy (6)

where ¢y represents the elastic stiffness tensor, Qyy; is the electrostrictive
tensor, g is the total strain, and e?, is the stress-free strain (or eigenstrain)

which is related to the magnitude of the polarization. The elastic-energy
coefficients are Q17 = 0.089xp;, + 0.0496(1 — xp;), Q1 = — 0.026xp, —
0.0131(1 = xpy), Qg = 0.0675xp, +0.019(1 = xp,), S17 = 8.0 10712,
= —25x107"%, and S,y = 9.0x 10712

The electrostatic-energy density is given by:

1
fE/ectric = _EK()KZ?E/EJ - EiPi (7)

where kyis the vacuum permittivity and kfj’. is the background dielectric

constant which is chosen as 45 and to be isotropic. A uniform E was ap-
plied along the (110) ranging from —280 to 280 kV cm™" for the single-
layer- and bilayer-switching calculations. Further information on solving
the elastic and electrostatic equilibrium equations could be found in the
literature.l>]

The local gradient energy contribution can be defined as,

1 (3P, 0Pk
Seradient = 3 y’kla_xj £ 8)
where an isotropic gradient-energy tensor, G, was assumed with renor-
malized values of Gy, = 0.60, G, = —0.60, and G4, = 0.60 in Voigt
notation.

For the bilayer-switching simulations, a system size of (64Ax; X 64Ax,
X (h + 24) Ax3) was used. Here, h represents the thickness of the film with
hAx; grid points as the ferroelectric film, there were 20Ax; grid points
as the substrate, the elastic constants were assumed to be the same as
the film, and there were 4Ax; grid points acted as a vacuum layer above
the film. Periodic boundary conditions were applied for the in-plane lat-
eral directions, whereas natural boundary conditions were applied to the
film-vacuum and film-substrate interfaces. In all simulations Ax; = Ax,
= Ax3 = 1 nm. The bilayer structure was expressed by spatially vary-
ing the material properties (i.e., the Landau coefficients, elastic stiffness,
etc.) using a sharp interface description. The interface between the film
and substrate was assumed to be coherent. Therefore, the lattice mis-
match strains between the DyScO; (110) (DSO) substrate and the PSTO
films were calculated using the pseudocubic lattice constant for PSTO[2]
(i-e., agg = (a%,STOCPSTO)V3 ) and the pseudocubic lattice parameters
of DSOA[E?] Since the lattices of the film and substrate were orthogonal,
there was no in-plane shear misfit strain such that:

[100] _ aPc [010] _ aPc
_ “pso PSTO _ “pso PSTO _ —0 9
&N = [100] y €22 = [070] 1 €1 = €1 = 9)
9bso Ipso

To initiate the simulation, random noise was applied to each spatial
vector point, and the simulation was evolved to a steady-state condition.
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Next, the electric field was applied to simulate the switching behaviors with
the electric field E changing by 4V cm™" for each time step. The phase-field
calculations were completed using the uPro software. Visualization of the
domain structures was completed using a homegrown application using
the Visualization ToolKit.

In-Plane Device Fabrication: In-plane device structures were patterned
via UV lithography using a Heidelberg MLA150 Maskless Aligner in the
Berkeley Marvell NanolLab using AZ MiR 701 Photoresist. For these de-
vices, the finger length was 120 um and finger spacings of 2, 3, 4, and 5 um
were used. After patterning, a layer of &5 nm of titanium (which was used
as an adhesion layer) and a layer of ~#80 nm of platinum was deposited at
room temperature via DC magnetron sputtering at an argon pressure of
2 mTorr (base pressure of 1078 Torr). The additional metal deposited out-
side the primary device structure was then lifted off via an approximately
five-hour soak in 1-methyl-2-pyrrolidone (NMP) at 85 °C which was main-
tained using a hot plate (Thermo Scientific HP88854100 Cimarec+ Digital
Hotplate).

Ferroelectric Hysteresis Loop Measurements: Polarization-electric field
hysteresis loops were measured using a Precision Multiferroic Tester (Ra-
diant Technologies, Inc.). The hysteresis loop measurements were per-
formed at 1 kHz with a double bipolar waveform at an amplitude vary-
ing from 10 to 80 V, depending on the measurement requirements. To
contact the sample electrodes, tungsten probe tips (model 7-B, The Mi-
cromanipulator Company) were used with a point radius of 0.5 um. First,
polarization-electric field hysteresis loops were captured for a given sam-
ple using in-plane platinum devices (Figure S17a, Supporting Informa-
tion). Due to the device geometry, the hysteresis loops included a fer-
roelectric switching signal and a dielectric background signal. Linear fit-
ting was done at both ends at the high-field region (positive and neg-
ative), where the signal predominantly came from the dielectric back-
ground (Figure S17a, Supporting Information). The equation of a sin-
gle line was then calculated (Figure S17b, Supporting Information) by
taking an average of the slope and linear intercept of previously as-
sessed two linearly fitted lines at the high-field regions (positive and neg-
ative). This linear equation was then subtracted from the raw hysteresis
loop data to get switched polarization-only data (Figure S17c, Supporting
Information).

Ferroelectric Hysteresis Measurements for Minor Loops: To capture the
minor loop associated with the first switching event on the positive side of
the loop, first, a double bipolar waveform with voltage amplitude (Vfyyiio0p)
large enough to switch both layers in the bilayer system was applied as
shown (Figure S18a, Supporting Information). This waveform captured
all four states related to the entire switching cycle (Figure S18b, Support-
ing Information). The end state of this bipolar waveform was zero volts,
which was approached explicitly from the negative voltage side. This wave-
form configuration led both layers of the bilayer system to be poled nega-
tively as shown (bottom left, Figure S18b, Supporting Information). Next,
to capture the minor loop switching event on the positive side of the
hysteresis loop, a similar waveform, but this time just enough to switch
the top layer (Vyyp00p) Was applied in the bipolar waveform as shown
(Figure S18c, Supporting Information). Again, this waveform should
start from zero volts and rose to the voltage amplitude of V. o0p in
the positive direction in the first quadrant. This waveform would ap-
ply just enough voltage to switch the layer responsible for the first
switching event of the bilayer from the fully negatively poled initial state
(Figure S18d, Supporting Information). This minor loop was then nor-
malized with the complete bilayer thickness, effectively halving the po-
larization value in this case (Figure S18e, Supporting Information). This
minor loop could then be adjusted vertically to match the first switch-
ing event of the major loop captured initially (Figure S18f, Supporting
Information).

Positive-Up-Negative-Down (PUND) Measurements: Pulsed-switching
measurements were performed using the PUND pulse sequence on the
in-plane device structures using a Precision Multiferroic Tester (Radiant
Technologies, Inc.). PUND tests were used to study the multistate switch-
ing behavior of the bilayer heterostructures. A conventional PUND pulse
sequence was used in these measurements (Figure S21, Supporting Infor-
mation). Each measurement cycle was made up of five pulses comprising

© 2023 Wiley-VCH GmbH
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one preset pulse and four reading pulses with specific voltages and widths.
Alarge preset voltage was applied at the beginning of each cycle to pre-pole
the in-plane domain architecture to the —V direction; no measurement
was performed for this pulse. The pulse width was kept constant (¢ = 1
and 4 ms in this work), while the pulse voltage was increased by 0.5 V for
each consecutive cycle. The second pulse switched the in-plane domains
to the +V direction and measured the amount of switched polarization.
The third pulse was an exact replica of the second pulse, which was used to
read the non-remanent part of polarization along with the dielectric back-
ground, which dissipated during the delay time after the second pulse.
The fourth and fifth pulses mirrored the second and third and switched the
capacitor to the —V direction and read both the switched and non-switched
polarization, respectively. The delay time between all the pulses was set to
t = 100 ms to let the in-plane domain structures backswitch (if required).
These measurements produced +P*, +P*,, +P and +P ,and AP=P*—P ,
AP, =P — P, ~AP=—P*— (-P) and AP, =—P", — (-P',). Here, the as-
terisk (*) represents the total of remanent and non-remanent polarization
components and r represents the remanent polarization component only.
+P* (—P*) was measured at the end of the second (fourth) pulse when the
voltage was on, and +P*, (—P*,) was measured after a certain amount of
delay time (100 ms) when the voltage was off after the second (fourth)
pulse. +P* (—P") was measured at the end of the third (fifth) pulse when
the voltage was on, and +P", (—P',) was measured after a certain amount
of delay time (100 ms) when the voltage was off after the third (fifth) pulse.
These four terms (AP, — AP, AP,, —AP,) defined here were four different
calculations of the remanent polarization only and had produced very sim-
ilar results.

Retention Measurements: The retention measurements were per-
formed using a Precision Multiferroic Tester (Radiant Technologies, Inc.).
Like the PUND measurements, a large preset voltage (here, =50 V ap-
plied for T ms) was applied at the beginning of each cycle to pre-pole the
in-plane domain structures to a negative direction; no measurement was
performed for this pulse (Figure S22, Supporting Information). Each po-
larization state was first accessed using an appropriate pulse width and
voltage which were extracted from the previously shown PUND measure-
ments. For example, 18 V and 1 ms for the partly switched intermedi-
ate state on the positive side of the hysteresis loop of the bilayer het-
erostructures of the form 50-nm-thick top x = 0.6 layer and 50-nm-thick
bottom x = 0.4 layer, and 32 V and 1 ms for the completely switched
state. The system was then held at zero voltage for a specific retention
time. In this case, starting with a 2 ms retention time and then dou-
bling for each successive cycle. After each writing cycle and the reten-
tion wait period, a reading pulse and non-switching pulse (—40 V and
1 ms) were subsequently applied to analyze the retention behavior of the
switched polarization. A similar process was repeated on the negative side
to get characteristics of the retention behavior on the negative side of the
switched polarization.

Fatigue Measurement: The fatigue measurements were performed us-
ing a Precision Multiferroic Tester (Radiant Technologies, Inc.). The fa-
tigue measurement pulse sequence consisted of a large number of tri-
angular waveforms with a voltage amplitude large enough to completely
switch the bilayer system at 1 MHz, followed by the PUND measurement
(Figure S23, Supporting Information). In this measurement, the fatigue cy-
cles were applied to the in-plane device to switch the in-plane domains as
many as 3.9 x 10° cycles. The fatigue cycles were interrupted regularly by
PUND measurement pulses, which monitored the variation of the rema-
nent polarization as a function of write cycles with the known combination
of pulse voltage and width. For example, 18 V and 1 ms for the state-1 on
the positive side of the hysteresis loop for the bilayer heterostructures of
the form 50-nm-thick top x = 0.6 layer and 50-nm-thick bottom x = 0.4 layer,
and 32V and 1 ms for state-2 to imitate the writing of various multistate
polarization values after a large number of fatigue cycles. Consequently,
these measurements produced +P, iP"’,, +P and iPA, and AP=P*— P,
AP, =P, — P, —AP = —P* — (=P, and —AP, = —P*, — (=P',) as ex-
plained previously in the section on the PUND measurements. These four
terms (AP, —AP, AP,, —AP,) defined here were four different calculations
of the remanent polarization only and had again produced very similar
results.
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