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CONDENSED MATTER PHYSICS

Strain-driven autonomous control of cation
distribution for artificial ferroelectrics

Changhee Sohn'!, Xiang Gao', Rama K. Vasudevan?, Sabine M. Neumayerz,
Nina Balke?, Jong Mok Ok’, Dongkyu Lee', Elizabeth Skoropata', Hu Young Jeong?,

Young-Min Kim*>, Ho Nyung Lee'*

In past few decades, there have been substantial advances in theoretical material design and experimental syn-
thesis, which play a key role in the steep ascent of developing functional materials with unprecedented properties
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useful for next-generation technologies. However, the ultimate goal of synthesis science, i.e., how to locate atoms
in a specific position of matter, has not been achieved. Here, we demonstrate a unique way to inject elements in a
specific crystallographic position in a composite material by strain engineering. While the use of strain so far has
been limited for only mechanical deformation of structures or creation of elemental defects, we show another
powerful way of using strain to autonomously control the atomic position for the synthesis of new materials and
structures. We believe that our synthesis methodology can be applied to wide ranges of systems, thereby providing

a new route to functional materials.

INTRODUCTION

On the basis of advances in thin-film synthesis, epitaxial strain, which
originates from the lattice mismatch between a film and a substrate,
has played a central role in manipulating important physical prop-
erties of materials (1-7) and even revolutionized industries by en-
abling the development of fast central computing processors (8).
Ferroelectricity in strained, ultrathin HfO, and its potential for ul-
trahigh density memory (9) is another recent example showing the
importance of strain engineering in future technologies. While strain
has been a control parameter used mainly in condensed matter
physics and materials sciences for emergent phenomena and en-
hanced functionalities, the main roles of strain have been limited to
either mechanical deformation of materials or creation of elemental
defects. Recently, a theoretical prediction proposed an unreported
role of strain in developing new materials by inserting and reposi-
tioning individual atoms within a unit cell of materials in a site-
specific manner (10).

This strain-driven synthesis methodology is illustrated in Fig. 1
with a combination of the layered perovskite BisTi3O;, (BiT) and
simple perovskite ABOs. BiT is a unique layered ferroelectric mate-
rial with three oxygen octahedral sublayers sandwiched between
two BiO, ™ layers. Its ¢ axis is about eight times longer than a simple
perovskite (a = 5.448 A, b = 5.410 A, and ¢ = 32.840 A), providing a
condition for substitution or addition of ABO;. The main polariza-
tion of this material lies along the [100] direction in the orthorhombic
notation. The most attractive properties of this BiT include the robust
ferroelectricity against defects and alloying (11, 12) and the layered
crystal structure that allows the insertion of A**B>*O; perovskites to
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create multifunctional heterostructures (12, 13). For an example of
the latter, if we insert a BiFeO3; (BFO) perovskite into the layered
BiT, then it will result in the composite BisTisFeO;, (BiTF) with
four oxygen octahedral layers between the two BiO, layers as
shown in Fig. 1. Note that the inserted Fe ions have degrees of free-
dom in their positioning; they can be either at two outer octahedral
layers or at two inner octahedral layers, two distinct crystallographic
positions. The key for this synthesis approach is that the position of
inserted Fe ions can be controlled at the subunit cell level by strain
as a recent theoretical study predicted (10). When Fe ions are located
at the outer perovskite layer, its large local tetragonality increases
the lattice constant along the c¢ axis. As a result, Fe ions prefer to
locate at the two outer (inner) octahedral layers in compressively
(tensile) strained films with a larger (smaller) c lattice constant than
that of bulk. However, the predicted control of cationic distribution
using strain has yet to be experimentally confirmed.

RESULTS

Synthesis of composite BiTF films using a two-target

growth method

We used pulsed laser deposition with two targets, BiT and BFO, to
demonstrate the growth control of composite materials by deliber-
ately alloying BFO with the layered perovskite BiT. We accurately
calibrated the growth rate per laser pulse and the alternatively ablat-
ed each material at subunit cell level on SrTiO3; (STO) substrates to
precisely control the composition as we previously demonstrated
elsewhere (12). Figure 2A shows the evolution of the crystallographic
structure seen from x-ray diffraction (XRD) 0-26 scans as we in-
crease the fraction of BFO. The bottom line shows an XRD scan of
a pure BiT film, which is consistent with the BiT structure with the
characteristic three octahedral sublayers. As we increased the frac-
tion of BFO in films, the original 004 peak was continuously sepa-
rated into two, indicating that the stoichiometric BiTF structure
with four octahedral layers was created. We note that, while the
combination of BiT and LaCoQj3 we studied before allowed LaCoO;
to site-specifically “substitute” one of the three Bi-Ti-O perovskite
blocks (12), the current work “inserted” the BFO perovskite block
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Fig. 1. A schematic diagram of the developed strain synthesis of composite oxide heterostructures. During the epitaxial growth of host materials (BiT) with a large
c lattice constant, another material (BFO) with a smaller unit cell is incorporated in situ, resulting in a BiTF composite system. There are four octahedral layers with Ti (blue) and
Fe (red) ions between two BiO, ™ layers. In bulk, there is no way to control the local distribution of Ti and Fe ions among four octahedral layers. However, strain in thin film can
work as nanorobot arms in that Fe ions preferentially locate at inner (outer) octahedral layers under tensile (compressive) strain to reduce the total energy of the system.
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Fig. 2. Structural characterization of BiTF thin films grown on various substrates. (A) X-ray diffraction 8-26 scans of BiTF composite films with the different fraction
of BFO blocks. The 6-26 scans show the structural evolution from BiT with three octahedral layers to BiTF with four octahedral layers as BFO blocks are inserted. The aster-
isk indicates the 001 peak from the STO substrate. arb. units, arbitrary units. (B) HAADF images of BiT (left) and BiTF (right) composite films. While gray dashed lines are three
octahedral layers already existing in the BiT film, the red dashed line shows an additional octahedral layer in the BiTF film. It indicates complete insertion of a BFO per-
ovskite block into BiT structures. (C) Reciprocal space maps of strained BiTF films grown on four different substrates. Black dashed lines highlight the substrate (103) gy.
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into BiT and increased the number of perovskite blocks in between
the two BiO,  sublayers. Although we still have to understand the
underlying mechanism that determines the substitution or insertion,
the first demonstration of positioning an entire perovskite block
during the deposition of layered BiT shown here implies that simi-
lar methodologies can be used to develop completely new oxide ma-
terials and structures in combination of layered and simple oxide
perovskites.

Scanning transmission electron microscopy (STEM) further vi-
sualizes complete insertion of the additional octahedral layer between
adjunct BiO,  layers. Figure 2B (left and right) is high-angle annular
dark-field (HAADF) images of BiT and BiTF films grown on STO
substrates, respectively. The bright, intense signal comes from heavy
Bi ions, while weaker signal comes from lighter Ti/Fe ions. As shown
in Fig. 2B (left), three octahedral layers marked with gray dashed
lines are clearly exhibited between two BiO,™ layers. For the case of
the film grown with incorporation of BFO, on the other hand, addi-
tional octahedral layers (red dashed line) were observed, confirm-
ing the complete insertion of BFO perovskite blocks into the host
BiT. These additional octahedral layers were found uniformly in the
wide region of the film (fig. S1).

We further found that this two-target method can be used to syn-
thesize epitaxial BiTF thin films on various substrates with different
directions and magnitudes of strain. BiTF is orthorhombic with lat-
tice constant of a, = 5.4677 A, b, = 5.4396 A, and ¢, = 41.2475 A
(14), which can be represented as pseudo-tetragonal lattice constant
of a; = 3.8563 A. In addition to the STO substrate, which induces
1.3% tensile strain in BiT, we used LaAlO; (LAO), [(LAO)g3-(SrAly s
Tay503)07] (LSAT), and DyScO3 (DSO) substrates to change the
strain state from —1.8% (compressive) on LAO to 2.2% (tensile) on
DSO. While the thickness of BiTF films on LAO, LSAT, and STO
substrates is about 40 nm, we grew BiTF on DSO, which has the
largest lattice mismatch, only about 10 nm in thickness. Because of
the large lattice mismatch between BiTF and DSO, we found that
the strain of BiTF film was immediately relaxed when the film
thickness exceeded 10 nm. Figure 2C exhibits reciprocal space maps
near the 103 peak of the substrates. While BiTF films remain fully
strained on STO and LSAT substrates with a moderate lattice mis-
match, BiTF films on DSO and LAO substrates are partially relaxed
because of large lattice mismatch. However, by comparing with the
bulk lattice constants, we found that those films on DSO and LAO
substrate still have 1.8 and —0.9% strain remaining, respectively.

Experimental observation of local Fe ion distributions
in strained BiTF films
To visualize the strain-dependent distribution of Fe ions at the atomic
scale, we conducted energy-dispersive x-ray (EDX) spectroscopy map-
ping combined with STEM on BiTF films. Figure 3 shows schematic
crystal structures, HAADF images, and EDX mapping images/profiles
on each element edge (Bi, Ti, Fe, and O) of films grown on LAO,
STO, and DSO substrates. We excluded the data of BiTF film on
LSAT because the site preference of Fe ions appeared to be interme-
diate between the films on LAO and STO (fig. S2). All STEM images
were taken along the [100] direction in the pseudo-tetragonal nota-
tion (equivalent to the [110] direction in the orthorhombic nota-
tion). In the HAADF images, the bright contrasts originate from the
heavy Bi, while the less bright contrasts are from light Ti/Fe ions.
Atomically resolved EDX mapping and its profile revealed the
distinct evolution in preferential positions of Fe ions among four
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octahedral layers with strain. In the profile of Fe K edge (the rightmost
column of Fig. 3), the position of four octahedral layers was denoted
by numbers. For the case of the film grown on LAO with —0.9%
compressive strain, the Fe K edge signal is enhanced in outer octa-
hedral layers (#1 and #4 layers). When we change the strain to 1.3%
tensile strain using an STO substrate, the site preference of Fe ions
almost disappears, and they are rather randomly distributed among
octahedral layers. If we further increase the tensile strain to 1.8% with
a DSO substrate, then the site preference of Fe ions becomes oppo-
site to the case of LAO, and they prefer to locate at the inner octahe-
drallayers (#2 and #3 layers). The EDX elemental mapping confirms
that the practical size of strain on BiTF films controls the local dis-
tribution of Fe ions within the unit cell as schematically shown in
Fig. 1. The observed trend is consistent with a recent theoretical
calculation that tensile (compressive) strain stabilizes the inner (outer)
configuration of Fe ions. (10) Therefore, although strain is not the
only variable in four substrates, the excellent agreement with the
theoretical prediction supports that strain plays a main role in con-
trolling Fe ion distribution.

In addition to aforementioned intrinsic phenomena by strain, we
would like to discuss some extrinsic effects on cationic distribution
we have observed in the films. Unlike other films, BiTF films on
DSO substrates showed a finite EDX signal of Fe ions in BiO,™ layers
(Fig. 3C). It might originate from intermixing of cations due to a
large lattice mismatch between BiTF film and DSO substrate. For all
films, we observed a slightly higher intensity of Fe EDX signals in #1
layers (close to the surface) than #4 layers (close to the substrate).
This effect becomes significant in the BiTF film on STO (Fig. 3B)
where the intrinsic preference of cation distribution is almost van-
ished. Because these two outer layers are identical in the crystallo-
graphic point of view, it should be an extrinsic effect. Although the
exact origin of these phenomena is not clear, we speculate that it
might be related to a detailed growth mechanism. In the process of
thin-film growth, inversion symmetry always remains broken, so do
nucleation of materials and migration of cations. This effect can be
considerable when there is little preference in position of cations.
Although this effect was not deliberated, it could affect out-of-plane
ferroelectricity as discussed below.

Evolution of physical properties in BiT films

with incorporation of BFO blocks

A logical question here is how inserting and positioning Fe ions
within BiT can affect the macroscopic properties. We first focused
on the optical properties, which are important not only for funda-
mental understandings on electronic structures, but also for techno-
logical applications. Figure 4 (A to D) shows the real part of optical
conductivity o;(m) of BiT (black lines) and BiTF (red lines) films
grown on each substrate. We note that inserting BFO blocks reduces
the bandgap of the original BiT films by ~0.5 eV. It demonstrates
the capability of our synthesis approach for bandgap tuning, import-
ant for photovoltaic applications as reported in a previous study
with a BiT and LaCoOj3; composite system (12). Because Fe** (d°)
and Ti** (d°) ions do not have low-energy d-d excitations, the lowest
optical transition of BiTF films should be charge transfer transitions
from O 2p to Fe/Ti 3d orbitals. Therefore, we attribute the observed
reduction in the bandgap to the fact that charge transfer energy of
Fe®* octahedra is smaller than that of Ti** octahedra, consistent with
previous density functional theory (DFT) calculations (15). The
bandgap reduction observed here, however, is mostly due to the
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Fig. 3. Strain-dependent Fe distribution in BiTF films. Atomically resolved STEM-EDX mapping of BiTF grown on (A) LAO (-0.9%), (B) STO (1.3%), and (C) DSO (1.8%)
substrates. The leftmost column exhibits schematic diagrams of local Fe distribution in BiTF. The middle column exhibits HAADF, element-selective EDX, and overlaid EDX
images. The Fe K-edge mapping shows that Fe ions are preferentially located at outer (inner) octahedral layer in BiTF/LAO (DSO) and randomly distributed in BiTF/STO. The
rightmost column is line profiles of each element along the white arrows in EDX maps.

insertion of BFO blocks, and there is no qualitative difference be-
tween the cases of Fe ions in inner and outer octahedral layers.
More interesting subject would be the relationship between ferro-
electricity of BiTF films and cationic distribution of Fe ions. Because
BiTF films are expected to show ferroelectric polarization along the
in-plane [100] (orthorhombic notation) direction, typical capacitor
geometry for ferroelectric measurement is hardly conducted. Instead,

Sohn etal., Sci. Adv. 2021; 7 : eabd7394 28 April 2021

we used contact Kelvin probe force microscopy (cKPFM) (16, 17),
an advanced piezoresponse force microscopy (PFM) technique, to
examine piezoelectric properties along the lateral [100] direction in
the orthorhombic notation and the vertical [001] direction of the films.
Note that, while hysteresis response in conventional PFM cannot
guarantee ferroelectricity because of nonferroelectric electrome-
chanical effect, cKPFM gives insight into voltage-dependent processes
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Fig. 4. Bandgap reduction and unexpected out-of-plane ferroelectric polar-
ization in BiTF films. (A to D) () of BiT (black) and BiTF (red) films on each sub-
strate. The observed reduction of the bandgap by inserting BFO blocks implies that
charge transfer energy between Fe 3d and O 2p orbitals is smaller than that be-
tween Ti 3d and O 2p orbitals.

responsible for the hysteresis behavior as a way to rule out these ef-
fects (18).

Strong substrate dependence on lateral and vertical ferroelectricity
was observed. Figure 5 (A to D) shows lateral cKPFM measurements
of the film on each substrate. We observed a clear nonlinear, hystere-
sis signal in BiTF films on LSAT and STO substrates, while those on
LAO and DSO substrates showed weak and negligible ferroelectric
behaviors, respectively. The observed strain dependence was incon-
sistent with the previous DFT calculation, where ferroelectric polariza-
tion varies by only about 10% in the range of strain we used (from —0.9
to 1.8%). Another unusual observation in their ferroelectricity is the
finite ferroelectric behaviors along the vertical direction in the BiTF
film on STO substrate. Figure 5 (E to H) shows vertical cKPFM results
from the film on each substrate. For the films grown on DSO, LSAT, and
LAO, there is no hysteresis behavior, indicating the absence of ferro-
electric polarization along the [001] direction. It is consistent with
the known fact that there is no ferroelectric polarization in BiTF
along the [001] direction (19), because of the mirror symmetry in
even-layer Aurivillius structure. However, as shown in Fig. 5G, clear
hysteresis behaviors have found in the BiTF film grown on STO.

DISCUSSION

Although the origin of the observed substrate-dependent ferro-
electricity is not clear, we doubt that a simple structural change by
strain can explain our observation. It is because (i) the structural change
by lattice and/or symmetry mismatch should be captured by the
previous DFT calculations (10), where the ferroelectric polarization
changed by only about 10% within our strain range, (ii) the ferroelec-
tricity in Aurivillius materials such as Bi,WOg did not reveal strong
substrate dependence (20), and (iii) the trend of ferroelectric

Sohn etal., Sci. Adv. 2021; 7 : eabd7394 28 April 2021

polarization is nonmonatomic with strain change. Rather, because
BiTF films on LAO and DSO substrates have preferential positions
of Fe ions, suppression of the lateral ferroelectric polarization could
be related to cation ordering.

Below is one of the plausible explanations how cation order/disor-
der can affect ferroelectricity in BiTF, based on different amplitudes
of rotation/tilt modes for different cations. It has been previously
reported in PbTiO3/STO superlattices, for example, that improper
hybrid ferroelectricity emerges from the different tilting amplitudes
of octahedra in alternating Pb and Sr layers (21, 22). Similarly, the
net polarization in BiTF along the [100] direction is mainly attributed
to the displacement of Bi ions of perovskite blocks with cooperative
octahedral tilt/rotation (23-25). For the case of perfect cation or-
dering, the BiTF contains two Ti and two Fegs/Tij 5 octahedral lay-
ers, implying strong inhomogeneity along the ¢ axis. Because of
different tilting/rotation amplitudes between Fe and Ti octahedra,
this inhomogeneity among layers can disturb coherent polar tilt/
rotation modes, thereby reducing the ferroelectric polarization.

The vertical polarization found in the BiTF/STO film, on the other
hand, can be related to extrinsic mirror symmetry breaking by cat-
ionic distribution. Because of the symmetry in even layer Aurivillius
phases, the vertical ferroelectric polarization must be cancelled out.
Therefore, the only way to have finite out-of-plane polarization is
breaking that symmetry. As mentioned above, there is extrinsic pref-
erence of Fe jon position between #1 and #4 layers (Fig. 3), which is
particularly strong in the BiTF film on STO. Therefore, out-of-plane
ferroelectric polarization could not be cancelled out, resulting in a
finite cKPFM signal along the [001] direction.

So far, we have demonstrated the unique strain-driven synthesis
paradigm (Fig. 1), which enables us not only to insert atoms, but also
to autonomously direct them to a specific crystallographic position
of matter. It should be noted that our method developed here is
distinct from well-known synthesis methodologies, such as conven-
tional heterostructure engineering or simple alloying of two materials.
In the history of modern science, advances in synthesis have opened
anew field of research and provided platforms underpinning future
technologies as evidenced by representative examples such as
semiconductor p-n junctions (26-28), conducting polymers (29, 30),
graphene (31-33), and other novel heterostructures (34-37). There-
fore, we expect that the strain-driven autonomous control of atomic
positions may boost research in materials sciences and condensed
matter physics to develop novel multifunctional composite systems.

One might consider that, because BiTF exists stable in nature,
inserting BFO blocks using the two-target method here is redundant.
However, there are at least two advantages in our method compared
to conventional solid-state reaction in addition to controllability of
cationic positions. First, incorporation of additional blocks (BFO
for our case) occurs during the deposition, allowing us to change
mixing ratio of two materials easily. Second, we believe such a
non-equilibrium method can be applied to a wide range of metastable
materials to synthesize otherwise unstable composite systems. For
example, all ABO; perovskites (A = La** and Bi** and B = transition
metal ions) can be inserted and controlled in host ferroelectric
BiT. Instead of Aurivillius phases, other extended lattice materials,
e.g., Ruddlesden-Popper phases, are also viable examples for host
materials. Both dynamic deposition process and strain from sub-
strate are expected to incorporate two materials into a new system,
which do not exist naturally. Thus, similar synthesis approaches
with numerous combinations of materials are highly encouraged.
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Fig. 5. Strain-dependent in-plane and out-of-plane ferroelectric polarizations in BiTF films. (A to D) Lateral cKPFM measured along the orthorhombic [100] direction
after application of different voltage pulses, as a function of read voltage. Clear hysteresis behaviors are observed in the films on LSAT and STO substrates, while ferroelectricity is
unclear and strongly suppressed in the films on LAO and DSO. This result implies that the randomness of Fe ion position plays a role in stabilizing the ferroelectricity. (E to H) Vertical
cKPFM curves of BiTF films on each substrate. Only the film on STO shows clear out-of-plane ferroelectric hysteresis behaviors, which are forbidden by symmetry in bulk.
We attribute this unexpected polarization to extrinsic asymmetry of cationic distribution signified with intrinsic random preference by moderate tensile strain.

We would like to additionally address the limitations of current
work and suggest possible future research. Using cKPFM, we provided
experimental evidence that the ferroelectric properties might depend
on the cationic distribution. However, a thorough understanding of
these phenomena is far from complete, and our explanation about
different amplitudes of tilting/rotation of octahedra remains specu-
lative. Further investigation into this problem is needed from both
experimental and theoretical perspective. Thus, it would be very
interesting if magnetic materials can be incorporated with the same
method. It could be a promising way to synthesize multiferroic ma-
terials and to control its magnetic ground state via cationic distribu-
tion. Note that, depending on specific distribution of magnetic ions,
their percolation behaviors can be significantly affected.

MATERIALS AND METHODS

Synthesis of BiTF composite film

We fabricated (001)-oriented BiTF epitaxial films on four different
substrates using pulsed laser deposition with two targets. We alter-
natively ablated two stoichiometric targets, BiT and BFO. The ratio
of number of pulses for BiT and BFO targets was 2:5 in our setup for
stoichiometric BiTF films. Note that the number of pulses we used
for each period (two pulses for BiT and five pulses for BFO) is much
less than the pulses needed for single unit cell of each material, thereby
promoting uniform mixing of two materials. The growth tempera-
ture, oxygen partial pressure, laser fluence, and repetition rate for
all samples were 700°C, 100 mtorr, 1.5 J/cm?, and 5 Hz, respectively.
All films showed high quality, single phase, and perfect epitaxy with
substrates, confirmed by a four-circle XRD (PANalytical).

Structure characterization and elemental mapping
The focused ion beam (FIB; FEI Helios Nano Lab 450) slicing and
lift-out process was used to make thin cross-sectional samples for
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atomic-scale STEM and EDX analyses. The samples were further
milled by Ar ion beam accelerated at 700 V (Fischione Model 1040
NanoMill) to remove damaged surface layers formed by heavy Ga
ion beam milling in the FIB instrument. Atomic structure images of
the samples were taken by a 200-kV aberration-corrected STEM
(JEM-ARM200CF, JEOL) with a convergence semiangle of ~23 mrad.
The acceptance angle of the HAADF detector was 70 to 175 mrad.
Atomically resolved elemental maps of the samples were acquired
by a dual-type EDX detector (JED-2300T, JEOL) with a large effective
solid angle (© = ~1.2 sr) and a highly focused electron probe (~1.1 A)
in the same HAADF-STEM imaging mode.

PFM and cKPFM

A commercially available instrument (Asylum Research, Cypher AFM)
was used to perform PFM and cKPFM under ambient conditions with
a budget sensor cantilever with free resonance nominally 70 kHz
with stiffness k ~ 1.0 N/m (nominal). PFM experiments were per-
formed using the band excitation technique (16, 17), and the contact
resonance peaks for cantilever deflection and torsion are fitted us-
ing a simple harmonic oscillator to extract vertical and lateral PFM
amplitude and phase, respectively.

Spectroscopic ellipsometry

An M-2000 ellipsometer (J.A. Woollam Co.) was used to obtain two
ellipsometric parameters, y and A, for a thin film and a bare STO
substrate at room temperature. A two-layer model composed of the
substrate and the film was constructed to determine the optical constant
of the film. The thickness of the film was determined by separate
x-ray reflectometry measurement and fixed during the fitting.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/18/eabd7394/DC1
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